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SUMMARY

SUMMARY

Secondary transporters use the free energy stored in ion and/or solute gradients to
drive the selective transport of a variety of substrates across the membrane of pro- and
eukaryotic cells. To understand the molecular mechanism underlying solute transport,
knowledge of the structure and structure-function relationships of secondary transporters and
their complexes is a basic prerequisite. However, due to their size, hydrophobicity, and
conformational flexibility, the generation of high-resolution structural data by X-ray
crystallography and NMR is still a challenge. The main purpose of this thesis was to develop
novel approaches for structure elucidation of membrane proteins and their complexes based
on site-directed spin labeling (SDSL) and pulsed electron paramagnetic resonance (pulsed
EPR) spectroscopy. By using the Na*/proline symporter PutP and the Na'/H" antiporter NhaA
of Escherichia coli as model systems, new insights into the structure and mechanism of
these ion-coupled secondary transporters were obtained.

In the first part of this work, the functional role and structure of transmembrane
domain IX of PutP were analyzed. Individual site-directed replacement of all amino acids of
TM IX and determination of the kinetic properties and accessibility of the derivatives indicate
that the domain participates in the formation of a ligand-translocation pathway in PutP. Six
residues were identified as being important for ligand binding and/or translocation of which
Thr341 is suggested to be directly involved in the coordination of Na*. Furthermore, cross-
linking of paired Cys residues placed in TMs Il and IX supports the idea of a ligand-binding
site located at the intersection of both domains. Moreover, investigation of ligand-dependent
changes in the accessibility of positions in TM IX implicates that this domain is involved in
conformational alterations possibly associated with the alternating access mode of ligand
transport. The backbone structure of TM IX was determined by SDSL and double electron-
electron resonance (DEER) distance measurements. For this purpose, a new approach was
developed based on helix-loop-helix models and explicit modeling of spin label
conformations. The resulting ensemble of backbone structures shows a pronounced kink
near residue Thr341. This kink may serve as a hinge that alters its conformation upon
substrate binding.

In the second part of this thesis, the helix bundle of PutP was modeled based on
DEER distance measurements between spin labels attached to helix ends and template
restraints derived from the ten-helix core of the vSGLT X-ray structure. By applying a novel
approach that relies on distance geometry, the fold of the core of PutP was reliably
recognized and the location of the three non-core helices of PutP with respect to the core
was established. Comparison of the obtained core structure of PutP with known structures of

structurally related transporters leads to a model of putative ligand-binding sites for PutP.



SUMMARY

The pH-regulated Na*/H* antiporter NhaA is known to function as a dimer. In the third
part of this work, continuous-wave (CW) EPR techniques and DEER distance measurements
were used to investigate pH-induced changes in the structure of the NhaA monomer and
dimer. Analyses of the mobility, accessibility, and polarity of the environment of the spin label
attached to positions 225 and 254 at different pH values suggest that residues His225 and
Val254 do not participate in the formation of the pH sensor or ion-translocation site. Rather
they are located in domains that convey the pH signal from the pH sensor to the
translocation site. Furthermore, intermolecular DEER distance measurements indicate that
NhaA exists as a dimer in the membrane. Quantification of pH-dependent alterations of the
modulation depth of the DEER signals suggests a dimerization equilibrium, which depends
moderately on pH. To understand the role of dimerization for ion transport and/or pH-
regulation of NhaA, the first high-resolution structure of the NhaA dimer was determined. For
this purpose, a new approach was developed for structure elucidation of protein complexes
in the native environment. This approach is based on intermolecular DEER distance
measurements and explicit modeling of spin label conformations. The EPR structure shows
two contact sites between the monomers and suggests an ion-translocation mechanism that
depends on relative motion of the translocation domain with respect to the interfacial domain.

Finally, the software package DeerAnalysis2006 is presented for analyzing pulsed
electron-electron double resonance data. Its graphical user interface provides access to a
comprehensive set of tools for extracting distance distributions from dipolar evolution
functions. Features include approximate Pake transformation, Tikhonov regularization with L
curve computation, model-based fitting, excitation bandwidth correction, spin counting,
concentration measurements, and background correction based on experimental data sets of
singly labeled samples. Furthermore, the interface allows for several tests of the reliability

and precision of the extracted information.
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Sekundare Transporter nutzen die freie Energie von lonen- und/oder anderen
Stoffgradienten, um selektiv eine Vielzahl von Substraten tber die Zytoplasmamembran von
pro- und eukaryotischen Zellen zu transportieren. Um den Transportmechanismus auf
molekularer Ebene verstehen zu kdnnen, werden Informationen Uber die Struktur und
Struktur-Funktionsbeziehungen von sekundaren Transportern und deren Komplexen
bendtigt. Aufgrund ihrer Gré3e, Hydrophobizitat und konformationellen Flexibilitat stellt die
Gewinnung von hochaufgeldsten strukturellen Daten mittels Roéntgenkristallographie und
Kernspinresonanzspektroskopie jedoch nach wie vor eine grof3e Herausforderung dar. Das
primare Ziel dieser Arbeit war daher die Entwicklung neuer Methoden zur Strukturaufklarung
von Membranproteinen und deren Komplexen mittels ortsspezifischer Spinmarkierung und
gepulster  Elektronen-paramagnetischer  Resonanz(EPR)-Spektroskopie.  Unter  der
Verwendung des Na'/Prolin-Symporters PutP und des Na'/H'-Antiporters NhaA von
Escherichia coli als Modellsysteme konnten neue Erkenntnisse Uber Struktur und
Mechanismus dieser lonen-gekoppelten sekundaren Transporter gewonnen werden.

Im ersten Teil dieser Arbeit wurde die funktionelle Bedeutung und Struktur der
Transmembrandoméne (TM) IX von PutP untersucht. Durch den individuellen
ortsspezifischen Austausch aller Aminosaurereste in TM IX und Ermittlung der kinetischen
Eigenschaften und Zuganglichkeit der jeweiligen Derivate konnte eine Beteiligung der
Doméane am Liganden-Translokationsweg in PutP gezeigt werden. Sechs Reste wurden
identifiziert, die eine wichtige Rolle fur die Bindung und/oder Translokation der Liganden
spielen. Von diesen Aminosaureresten konnte fiir Thr341 eine direkte Beteiligung an der
Koordination des Na® nachgewiesen werden. Weiterhin zeigen Quervernetzungen von
Cysteinresten, die in TM Il und TM IX eingefligt wurden, dass die Ligandenbindestelle
zwischen diesen Doménen lokalisiert ist. Darliber hinaus wurde Uber den Nachweis einer
Liganden-abhangigen Veranderung der Zuganglichkeit einzelner Aminosaurereste in TM IX
gezeigt, dass TM IX an konformationellen Anderungen beteiligt ist, die mit dem alternating
access-Mechanismus des Transportes von Liganden assoziiert sind. Die Struktur des
Proteinriickgrades von TM IX wurde mittels ortsgerichteter Spinmarkierung und Doppel-
Elektronen-Elektronen-Resonanz (DEER) Distanzmessungen ermittelt. Zu diesem Zweck
wurde eine neue Methode entwickelt, die auf Helix-Loop-Helix Modellen und Modellierung
der Konformationen des Spinmarkers basiert. Das resultierende Strukturensemble zeigt eine
deutliche Krimmung in TM IX in der Nahe des Restes Thr341. Diese Krimmung fungiert
vermutlich als eine Art von Scharnier, dessen Konformation durch Bindung der Substrate

verandert wird.
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Im zweiten Teil der Arbeit wurde das Helixbindel von PutP mit Hilfe von DEER
Distanzmessungen zwischen spinmarkierten Helixenden und Strukturbedingungen, die von
der 10-Helix-Kernstruktur der vSGLT Kristallstruktur abgeleitet wurden, modelliert. Unter
Anwendung einer neu entwickelten, auf Distanzgeometrie basierenden Methode konnte die
Faltung der 10-Helix-Kernstruktur von PutP verlasslich erkannt und die Lokalisierung der drei
weiteren transmembranen Helices relativ zur Kernstruktur bestimmt werden. Ein Vergleich
der ermittelten Kernstrukturen von PutP mit denen bereits bekannter Kristallstrukturen von
strukturell verwandten Transportern ermdglichte die Entwicklung eines Modells fir
vermutliche Ligandenbindestellen fir PutP.

Der pH-regulierte Na*/H" Antiporter NhaA liegt in der Membran als funktionelles
Dimer vor. Im dritten Teil dieser Arbeit wurden continuous-wave (CW) EPR Techniken und
DEER Distanzmessungen verwendet, um pH-induzierte Strukturveranderungen innerhalb
der Monomer- und Dimerstruktur von NhaA zu untersuchen. Durch eine Analyse der
Dynamik, Zugénglichkeit und Umgebungspolaritat der Spinmarkerseitenkette an den
Positionen 225 und 254 bei verschiedenen pH Werten konnte gezeigt werden, dass His225
und Val254 nicht an der Ausbildung des pH Sensors oder an der lonentranslokation beteiligt
sind. Vielmehr wurde nachgewiesen, dass sie in Domanen lokalisiert sind, die das pH Signal
von dem pH Sensor zum Translokationsort weiterleiten. Weiterhin wurde mittels
intermolekulare DEER Distanzmessungen gezeigt, dass NhaA in der Membran von
Proteoliposomen als Dimer vorliegt. Durch Quantifizierung von pH-abhangigen Anderungen
in der Modulationstiefe des DEER Signals konnte ein Dimersierungs-Gleichgewicht
nachgewiesen werden, welches moderat vom pH beeinflusst wird. Um die Rolle der
Dimerisierung fiir den lonentransport und/oder pH Regulation zu verstehen, wurde erstmalig
eine hochaufgeldste Struktur des Dimers von NhaA ermittelt. Zu diesem Zweck wurde ein
neues Verfahren entwickelt, das die Strukturbestimmung von Proteinkomplexen in deren
natirlichen Umgebung erlaubt. Die Methode basiert auf intermolekularen DEER
Distanzmessungen und Modellierung der Spinmarker-Konformationen. Mit Hilfe der EPR
Struktur konnten zwei Interaktionsstellen zwischen den Monomeren identifiziert und
Hinweise fir einen lonen-Translokationsmechanismus gewonnen werden, der eine
Bewegung der Translokationsdoméne relativ zur Grenzflachendoméne beinhaltet.

Im letzten Teil der vorliegenden Arbeit wird das Softwarepaket DeerAnalysis2006
prasentiert, welches die Analyse von Puls-Elektron-Elektron-Doppel-Resonanz-Daten
erlaubt. Die graphische Benutzeroberfliche ermoglicht den Zugriff auf verschiedene
Anwendungsfunktionen fir die Extraktion von Abstandsverteilungen aus dipolaren
Evolutionsfunktionen. Desweiteren beinhaltet DeerAnalysis2006 folgende Funktionen: Pake
Transformation, Tikhonov Regularization mit Berechnung von L-Kurven, Modell-basiertes

Fitten, Korrektur von Anregungsbandbreiten, Spinzahlung, Konzentrationsmessungen und
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Hintergrundkorrektur mit Hilfe von experimentellen Datensétzen von einfach markierten
Proben. Auch erméglicht das Programm, die Verlasslichkeit und Prazision der extrahierten

Informationen auf verschiedene Art und Weise zu testen.
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CHAPTER 1
Introduction
1.1. Diversity of transport systems

Biological membranes are a basic prerequisite for life. They separate the cell's and
organelle’s interior from the environment and determine the exchange of compounds
between the compartments. Unlike small polar and apolar molecules, solutes such as
organic acids, peptides, sugars, and ions cannot pass the permeability barrier of the lipid
bilayer by free diffusion. Therefore, membranes contain passive or active transport systems
that allow the selective uptake and excretion of these compounds. The active transport of a
solute against its concentration gradient is an endergonic reaction that requires an input of
energy. According to the source of energy utilized, three types of transport systems can be
discriminated (Mitchell, 1991) (Fig. 1.1.): (1) Primary transport systems use light, redox, or
chemical energy to generate electrochemical gradients of ions or other solutes. Examples
are the light-driven ion pumps bacterio- and halorhodopsin (Lanyi, 2006; Essen, 2002), Na'-
translocating decarboxylases (Dimroth, 1997), and ATP-driven transport systems (Davidson
and Maloney, 2007). (2) Group translocation systems couple the transport of a solute to the
chemical modification of the solute. The energy for the transport process is provided by
phosphoenolpyruvate that also functions as a phosphoryl donor for the phosphorylation of
the transported solute (Reizer and Saier, 1997). The only known examples are the
phosphoenolpyruvate:sugar phosphotransferase systems (PTS) of bacteria. (3) Secondary
transport systems utilize the energy of an (electro)chemical gradient of a solute or ion to
drive the uphill transport of another solute. Depending on the directions of transport of both
solutes, symport and antiport processes are discriminated. Coupled transport of two or more
solutes in the same direction is indicated as symport. The most extensively studied
symporter is the H'/B-galactoside transporter LacY of Escherichia coli (Guan and Kaback,
2006). Further examples are sodium-coupled neurotransmitter transporters of Homo sapiens
(e.g. SERT) (Rudnick, 1998; Sonders et al., 2005) and the Na*/proline transporter PutP of E.
coli (Jung, 1998). Antiport is defined as coupled transport of solutes in opposite directions
and is exemplified by the Na'/H" antiporter NhaA of E. coli (Padan et al., 2004) and the
mitochondrial ADP/ATP transporter of Bos taurus (Pebay-Peyroula et al., 2003). Because of
the similarity in transport kinetics and mechanism, a third category of secondary transport is
defined as uniport. It comprises the unidirectional translocation of a single solute merely
driven by the (electro)chemical gradient of the transported solute itself. A well known
example is the glucose transporter GIf of Zymomonas mobilis (DiMarco and Romano, 1985;
Barnell et al., 1990).
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Primary Transport Systems PTS Secondary Transport Systems

ATPase ABC transporters Electron transport chain Uniporter Symporter Antiporter

ADP+P,  ATP

PEP Pyruvate
Figure 1.1.: Different classes of active transport systems in prokaryotes. PTS: phosphotransferase system, I': ion (in most
cases H' or Na"), S: solute, ED: electron donor, EA: electron acceptor, PEP: phosphoenolpyruvate.

1.2. Diversity and function of secondary transporters

Secondary transporters are found ubiquitously in all three kingdoms of living
organism. In prokaryotic and eukaryotic systems their percentage among the total
transporters varies between 17% and 80% (Ren and Paulsen, 2005). Thereby, genes
encoding for secondary transporters are most divergent in prokaryotes and unicellular
eukaryotes (Ren and Paulsen, 2005; Nagata et al., 2008). Based on phylogeny and function,
including mode of transport, energy coupling mechanism, and substrate specificity,
approximately 200 families of secondary transporters are currently distinguished in the
transporter classification database (TCDB) (Saier, 1998; Saier, 1999). The largest group of
secondary active membrane transporters is represented by the major facilitator superfamily
(MFS, TC 2.A.1) with over ten thousand identified members of pro- and eukaryotic origin in
69 different families (Saier et al., 1999). This diversity of secondary transporters is reflected
by the broad range of substrates that can be translocated, e. g., sugars, amino acids, ions,
nucleosides, organic acids, compatible solutes, vitamins, neurotransmitters, peptides, urea,
heavy metals, autoinducers, and tRNAs (Saier, 1999). Based on this substrate diversity,
secondary transport systems play vital roles in cellular processes like catabolism, anabolism,
homoeostasis, detoxification, cell-cell communication, and energy metabolism. Examples for
transporters, which facilitate these cellular processes are the glucose uniporter GLUT1 of H.
sapiens, the lactose permease LacY, and the proline transporter PutP of E. coli that feed
catabolic and anabolic pathways (Mueckler, 1994; Guan and Kaback, 2006; Jung, 2001).
The symporters ProP of E. coli, BetP from Corynebacterium glutamicum, and OpuE of
Bacillus subtilis are osmoregulated systems, which play a role in the osmoadaptation of the
respective organisms (Wood, 2007; Kramer and Morbach, 2004; von Blohn et al., 1997).
Other adaptive cellular processes such as pH and Na® homoeostasis involve Na'/H*
antiporters like the bacterial NhaA and the mammalian NHE1 (Padan et al., 2005; Orlowski
and Grinstein, 2004). The detoxification of cytotoxic compounds is another important cellular

process. In this context, multidrug transporters like EmrD and EmrE of E. coli were found to
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catalyze the efflux of a variety of toxic substances (e.g. antibiotics and uncouplers) (Yin et al.,
2006; Schuldiner et al., 1997). Cell-cell communication in bacteria (quorum sensing) involves
small hormone-like molecules, termed auto-inducers (Al), whose extracellular concentration
increases as a function of increasing cell-population density (Camilli and Basler, 2006). In E.
coli, TgsA was identified as an exporter for autoinducer-2 (Al-2) that regulates quorum
sensing dependent processes, like biofilm formation (Herzberg et al., 2006). Finally, some
secondary transporters in anaerobic bacteria are used to generate metabolic energy.
Examples are the oxalate/formiate antiporter OxIT of Oxalobacter formigenes (Ruan et al.,
1992), the citrate/lactate antiporter CitP from Leuconostoc mesenteroides, and the
malate/lactate antiporter MleP of Lactococcus lactis (Bandell et al., 1997). These antiporters
couple the import of a divalent precursor (e.g. oxalate, citrate, or malate) to the export of its
monovalent decarboxylation product (e.g. formiate or lactate). In addition to the cytosolic
consumption of a proton by decarboxylation of the precursor, this leads to the formation of a
membrane potential and a pH gradient. Energy stored in this way can then be used to drive
other processes like ATP synthesis, flagellar rotation, or solute transport (Lolkema et al.,
1996).

1.3. Coupling ions of secondary transporter systems

The most important energy source of secondary transporters in prokaryotes is the
electrochemical proton gradient (Aﬁw) across the cytoplasmic membrane. This gradient is
usually built up by primary proton pumps, such as respiratory and photosynthetic redox
chains, pyrophosphatases, or in some anaerobic bacteria by ATPases or secondary ion-
translocating processes (Skulachev, 1991; Konings et al., 1995; Serrano et al., 2004). As a

result of the vectorial H" translocation, a proton motive force (pmf or Ap) is generated

:—2'3FRT ApH + Ay, * (1.1)

= Aﬁ'_ﬁ

mf
P F

which is composed of a pH gradient (ApH), inside alkaline versus outside, and an electrical
potential (A¥) across the membrane (Mitchell, 1966). According to the chemiosmotic
hypothesis of Peter Mitchell (1961), the pmf provides a source of stored energy that can be
used to drive energy-requiring membrane-bound processes. One example is the
translocation of solutes by secondary transporters like LacY (H*/lactose symporter) and

NhaA (H*/Na" antiporter) of E. coli that use energy released from the influx of H" in response

! R gas contant (R = 8.3145 JK™ mol™); T: absolute temperature, [K]; F: Faraday constant (F =
9.6485-10* Cmol™)
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to the pmf to catalyze transport of substrate against a concentration gradient (Kaback, 2005;
Padan et al., 2004). Beside this pmf-coupled osmotic work, also chemical or mechanical
work in terms of ATP synthesis by the FoF;-ATPase (Junge et al., 1997) and the rotation of
the flagellar motor can be pmf-driven (Blair, 2003).

In addition to H'-dependent transport systems, more and more secondary
transporters such as PutP (Na'/proline symporter) of E. coli and LeuTa, (Na'/leucine
symporter) of Aquifex aeolicus were identified that use Na" as coupling ion (Jung, 1998;
Yamashita et al., 2005). Na'-dependent secondary transport processes imply the existence
of specific Na* pumps for the generation of a sodium motive force (smf) that depends on
ApNa® rather than ApH (cf. Eq (1.1.)). The first example of a primary Na“ pump, the
oxaloacetate decarboxylase of Klebsiella pneumoniae, was discovered in 1980 (Dimroth,
1980). Today, several types of primary Na® transporters are known, including Na'-
translocating methyl-transferases (Gottschalk and Thauer, 2001), NADH-quinone reductases
(Hayashi et al., 2001), oxidoreductases (Tokuda, 1989), ATPases (Speelmans et al., 1993),
pyrophosphatases (Malinen et al., 2007), and various decarboxylases with different substrate
specificities (Dimroth, 1997). The resulting smf is not only used to drive Na’'-dependent
solute uptake, but also ATP-synthesis or flagellar rotation (Dimroth, 1994; Sato and Homma,
2000). In addition to these Na® pumps, Na‘'/H" antiporters are used to convert a pmf
generated by primary H* transport systems into a smf (Schuldiner and Padan, 1993). By this
means, some prokaryotes, e.g. E. coli, are able to functionally complement the Aﬁw by the
sodium potential difference (AﬁNw) and thereby possess both a pmf and smf across the
membrane (Skulachev, 1985; Hase et al., 2001). This feature enables the utilization of H-
and Na'-dependent secondary transporters simultaneously in the same cell or the usage of
transporters, like the melibiose permease (MelB) of E. coli, which can use both, pmf and smf,
to couple the uptake of substrates (Pourcher et al., 1990). However, in some anaerobic
prokaryotes, the smf substitute the pmf completely. Examples are Propionigenium
modestum, Malonomonas rubra, and Caloramator fervidus, which exhibit an energy
metabolism that relies exclusively on Na® (Hilpert et al., 1984, Speelmans et al., 1993;
Dimroth et al., 1997).

1.4. Mechanism of secondary transport

Transporter-mediated movement of polar solutes and ions across the apolar core of a
lipid bilayer is thought to occur through a hydrophilic translocation pathway inside the
transporter protein (Mitchell, 1991; West, 1997). This polar pathway connects the substrate-
and ion-binding sites with both sides of the membrane. However, in contrast to channel
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pores, the translocation pathway of transporters is only open to one surface of the lipid
bilayer at once. Therefore, it is suggested that secondary transporters operate via an
alternating access mechanism (West, 1997; Maloney, 1994; Jardetzky, 1966). In this
mechanism, the transporter can possess two major alternating conformations in which the
opening of the translocation pathway is inward (C) or outward facing (C,) (Fig. 1.2.).
Transitions between these two conformational states expose the substrate-binding site
alternately to the cis and trans side of the lipid bilayer, and thereby allow the translocation of
substrates across the membrane. On the basis of structural, biochemical, and biophysical
analyses of secondary transporters, the alternating access mechanism can be explained by
two different models of conformational changes: the gated-pore and the rocker-switch mode
(Yernool et al., 2004; Yamashita et al., 2005; Huang et al., 2003; Abramson et al., 2003;
Smirnova et al., 2007; Kaback et al., 2007) (Fig. 1.2.).

The gated-pore model stands for transporters in which the substrate- and ion-binding
sites are flanked by two gates that can alternately allow access to either the inner or outer
side of the membrane bilayer (Fig. 1.2.a). This conformational mode is suggested to apply to
the Na'/leucine symporter LeuT s, of the neurotransmitter:sodium symporter (NSS) family (TC
2.A.22) and to the Na'/aspartate symporter Gltp, of the dicarboxylate/amino acid:cation
symporter (DAACS) family (TC 2.A.23) (Yamashita et al., 2005; Yernool et al.,, 2004;
Boudker et al., 2007). In the former case the gates are comprised of hydrophobic residues
and salt bridges that close the passage to either the extra- or intracellular solution, whereas
in the case of the aspartate transporter Gltpy,, this function is assumed by two re-entrant

helical hairpins.

Figure 1.2.: Schematic diagram of alternating access mechanisms with a gated-pore (A) and a rocker-switch type of
movement (B). The diagram describes the kinetic steps of ion-driven symport of solutes and the proposed conformational
alterations of the transporter during the reaction cycle. I, coupling ion (mostly H* or Na"); S, substrate; C,, outward facing
conformation of the transporter; Col*, binary complex of the transporter and coupling ion; Col'S, ternary complex of the
transporter with bound coupling ion and substrate; C;, inward facing conformation of the transporter; CilI*S, ternary complex with
the transporter with bound coupling ion and substrate; Cil*, binary complex of the transporter with bound coupling ion; numbers
1-6, steps of the reaction cycle (see text for further information).
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The rocker-switch mode describes a domain movement of the N- and C-terminal
portions of the transporter against each other (Fig. 1.2.b). This movement is thought to
involve a rotation of the protein domains towards one another resulting in an interconversion
between the outward and inward facing form of the transporter conformation (Smirnova et al.,
2007; Law et al., 2008a; Law et al., 2008b). As compared to the gated-pore mode, the
rocker-switch mode requires larger conformational alterations to change between the
outward and inward facing form of the transporter (Fig. 1.2.). Examples for this mechanistic
principle are LacY (H'/lactose symporter), GIpT (glycerol-phosphate/P; antiporter), EmrD
(H*/multidrug antiporter) of E. coli, and OxIT (oxalate/formiate antiporter) from Oxalobacter
formigenes (Abramson, 2003; Huang et al., 2003; Yin et al., 2006; Hirai et al., 2002). All of
these transporters belong to the MFS, suggesting the idea that the rocker-switch mode of
movement is a common feature of this superfamily.

The reaction cycle of secondary transporters, working in an alternate accessibility
mode, can be depicted by a simple kinetic scheme which is mostly broken into six discrete
stages. Kinetic analyses of ion-dependent symporters, like LacY of E. coli, thereby suggest
an ordered binding mechanism with sequential binding and release of the coupling ion and
translocated substrate (Guan and Kaback, 2006) (Fig. 1.2.). Initially, in the absence of ligand,
the symporters exist in an unloaded, outward-facing conformation (C,). The first stage of the
reaction cycle involves the binding of the coupling ion (I") from the periplasmic side of the
membrane. This binary complex (C.-I") induces rearrangements in the transporter structure
accompanied by an increase of the affinity for the cotransported solute. After binding of the
solute (S) in the second stage, the ternary complex (C,-I'S) passes through conformational
changes (third stage) that result in an inward orientation of the transporter (Ci-I'S). Upon
successive release of the solute and the coupling ion to the inner side of the membrane in
the fourth and fifth stage, the transporter reorientates to the outside resuming the initial state
(Co).

Whereas all known symporters may be presumed to operate via an ordered binding
mechanism that requires two binding sites and a ternary complex, several antiporters are
thought to possess either an alternating access mechanism with a single-binding site or a
ternary complex (West, 1997, Law et al.,, 2008a). Antiporters of the MFS, like GIpT, are
presumed to operate via the single-binding site alternating access mechanism with a six step
reaction cycle (Law et al., 2008b). The first stage of the transport represents the binding of
cosubstrate (S;) to the unloaded outward facing carrier to yield the C,S; complex that
induces a flip of the conformation via the rocker-switch mechanism into the CS; state
(second stage). In the third stage, the translocated bound cosubstrate is released to the inner
side of the membrane resulting in an unloaded transporter in the inward facing conformation
(C)). The half reaction (step1-3) of the translocation is then simply reversed for the transport
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of the countersubstrate (S,) from the inner to the outer side of the membrane. With this
transport mechanism there is only one substrate-binding site and no formation of a ternary
complex. Thus, it is called single-binding site alternating access or ping-pong mechanism
(West, 1997). In contrast, kinetics studies of the ADP/ATP antiporter (ADP/ATP carrier, AAC)
of the mitochondrial carrier (MC) family (TC 2.A.29) lead to the conclusion of a transport
cycle that involves a ternary complex, formed by simultaneous binding of the co- and
countersubstrate to two substrate-binding sites located on different sides of the membrane.
The formation of the ternary complex then triggers conformational changes to facilitate the
translocation of both substrates in opposite directions (Duyckaerts et al., 1980). However, it
is still not known if the functional unit of the transporter is represented by a monomer or a
dimer. Structural data of AAC favored an arrangement of two adjacent monomers in two
different conformations, one binding a nucleotide from the outside and the other one from the
inside. Transport then occurs by a conformational switchover between the two transitions in a

cooperative fashion (Nury et al., 2006).

1.5. Structure of secondary transporters

Knowledge of the structure of secondary transporters is a basic prerequisite for
understanding the molecular mechanism of translocation. Today, three-dimensional (3D) X-
ray structures of ten secondary transporters (AcrB, AAC, CLC, EmrD, EmrE, GlpT, Gltpy,
LacY, LeuTas, and NhaA) are available (Murakami et al., 2002; Pebay-Peyroula et al., 2003;
Dutzler et al., 2002; Yin et al., 2006; Chen et al., 2007; Huang et al., 2003; Yernool et al.,
2004; Abramson et al., 2003 and Guan et al., 2007; Yamashita et al., 2005; Hunte et al.,
2005). The structures revealed a surprisingly high diversity, but also showed some

similarities on different levels of structural organization.

1.5.1. Structure of transmembrane domains

Common structural feature of secondary transporters are hydrophobic, o-helical
domains that traverse the membrane in zig-zag fashion connected by hydrophilic loops.
These transmembrane domains (TMs) are oriented to each other in a specific manner to
build up the helix packing of the tertiary structure. In the X-ray structures of AcrB, AAC,
EmrD, EmrE, GlpT, and LacY, the transmembrane domains display continuous a-helices that
span the lipid bilayer and exhibit a shape that can be bended or kinked. The most
pronounced helix kinks are thereby observed in odd-numbered TMs of the mitochondrial
ATP/ADP carrier with bends up to 35° (Nury et al., 2006) (Fig. 1.3.). Moreover, most TM
helices of these six secondary transporters are tilted with respect to the membrane normal.

Crystal structures of CLC, Gltpn, LeuTa,, and NhaA additionally revealed irregular structural
12
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motifs in form of discontinuous helices (Screpanti and Hunte, 2007). These structures are
integrated in the membrane and can be classified into two different types, the
transmembrane- and the non-transmembrane discontinuous helices. Examples for the
former type were found in LeuT,, and NhaA in form of two antiparallel transmembrane
domains that possess breaks in their a-helical structure at positions approximately in the
middle of the lipid bilayer (Hunte et al., 2005; Yamashita et al., 2005). In contrast, the two
non-transmembrane discontinuous helices found in CLC as well as in Gltpy, do not span the
membrane completely but enter and exit the lipid bilayer on one side of the lipid bilayer
shaping hairpin like, helix-turn-helix structures (Dutzler et al., 2002; Yernool et al., 2004).
Irrespective of the ability of a discontinuous helix to traverse the membrane or not, it
introduces patrtially charged helix termini and unwound regions in the core of the lipid bilayer,
elements that seem to be tightly connected to transporter function and dynamics. Thereby,
the partial charges of the helix ends and polar backbone groups of the unwound regions are
not fully saturated with internal hydrogen-bonds. These elements can be exploited for
attraction and binding of ions and substrates, since they provide acceptor and donor groups
for hydrogen bonds as well as an appropriate electrostatic environment. In addition,
discontinuous helices are more flexible than continuous o-helices and may be associated
with a hinge to allow flexibility of these structural elements during conformational changes of

the transporters (Screpanti and Hunte, 2007).

1.5.2. Transmembrane helix packing and structural symmetry

Within the ten crystallized transporters, three shared almost similar 3D structures,
whereas the remaining seven revealed clearly different folds. The former three transporters,
namely LacY, GIpT, and EmrD of E. coli, show structural similarities despite of differences in
the primary sequence. Since all of them belong to the MFS family this suggests that all
members of this superfamily possess a common fold. The high-resolution structures of Lacy,
GlpT, and EmrD reveal a topology of 12 transmembrane domains subdivided into two
domains of six helices (Fig. 1.3.). The N- and C-terminal domains show a similar topology
and are related by a pseudo two-fold symmetry axis perpendicular to the membrane plane.
This structural symmetry between the domains is in agreement with the suggestion that
many transporters arose by gene duplication events, although there is low sequence
homology between them (Saier, 2003). In accordance with the rocker-type alternating access
mechanism, the two six-helix domains of LacY and GIpT form an internal hydrophilic cavity
that is open to the intracellular side of the membrane and allows the access to the substrate-
binding site from the cytoplasm (Abramson et al., 2003; Guan et al., 2007; Huang et al.,

2003). Differing from this inward-facing conformation (C;) of LacY and GlIpT, the structure of
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the multidrug transporter EmrD does not show this cytoplasmic cleft and, therefore, probably
represents an occluded state between the C, and the C; conformation (Yin et al., 2006).
However, a 3D structure of an MFS transporter in the C, conformation is not available yet.
Further structures of secondary transporters with parallel orientated repeat domains were
obtained for the multidrug transporter AcrB of the resistance-nodulation-cell division (RND)
superfamily (TC 2.A.6.) and AAC of the mitochondrial carrier (MC) family (TC 2.A.29.).
Similar to MFS transporters, the transmembrane part of AcrB is comprised of 12 helices with
a two-fold symmetry between the N- and C-terminal six-helix bundles. However, the helix
packing is considerably different with respect to helix arrangement, tilt, and length, indicating
a different genetic origin (Murakami et al., 2002). Characteristics of AcrB are the two
periplasmic loops, one per domain, that are significantly larger than those of other
transporters crystallized so far (Fig. 1.3.). In contrast to the 12-transmembrane proteins
described above, AAC possesses a structure of six TMs consisting of three repeats
containing each two TMs around a pseudo-threefold axis (Pebay-Peyroula et al., 2003) (Fig.
1.3.). These helices enclose a hydrophilic cavity that is open towards the outer side of the
membrane corresponding to a C, conformational state of the crystallized antiporter.

Internal repeats with opposite orientations in the membrane were found in the X-ray
structures of CLC, LeuTa,, NhaA, and Gltp, (Dutzler et al., 2002; Yamashita et al., 2005,
Hunte et al., 2005; Yernool et al., 2004) (Fig. 1.3.). For the H*/CI" exchange transporter CLC
of the chloride carrier/channel (CLC) family (TC 2.A.49.) an inverted internal repeat was
identified that comprises the whole molecule. The N- and C-terminal halves have similar
structure and are related by a pseudo two-fold axis in the plane of the membrane. The
overall structure of CLC exhibits a complex topology of 18 o-helices that encompass two
aqueous vestibules on either side of the lipid bilayer. In the X-ray structures of LeuT s, NhaA,
and Gltpy, the structural symmetry involves only part of the transporter molecules. LeuT,, is
organized in two unanticipated inverted repeat domains that comprise only the first ten TMs
of the total 12 TMs containing protein (Fig. 1.3.). This core region forms a hydrophilic cavity,
which is orientated towards the outer side of the membrane as it is supposed for a
transporter in C, conformation. Similar to LeuTa,, the crystal structure of NhaA revealed an
internal structural repeat that includes only part of the protein (Fig. 1.3.). The 12 TMs of
NhaA are organized in two domains with different structures. The first domain is formed by
an elongated assembly of six helices without internal symmetry, whereas the second domain
contains two structurally related bundles of three TMs with opposite orientation. At the
domain interface two funnels with openings either to the inner or outer side of the membrane
exist that are both blocked in the middle of the lipid bilayer (Hunte et al., 2005). The smallest
inverted repeats were found in the X-ray structure of Gltpy (Yernool et al., 2004). Here, only

the two hairpins (HP1 and HP2) are structurally related and orientated by a pseudo two-fold
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symmetry axis parallel to the membrane plane (Fig. 1.3.). For the residual eight
transmembrane domains of Glts, no internal symmetry could be observed. The only
crystallized secondary transporter that does not show any structural homologous domains in
the protomer structure is the multidrug transporter EmrE of the drug/metabolite transporter
(DMT) superfamily (TC 2.A.7.) (Chen et al., 2007). It is one of the smallest transporter

proteins with only 110 amino acids and four TMs (structure not shown).

Figure 1.3.: Ribbon representation of known X-ray structures for secondary transporter containing internal structural
repeats. The structures are viewed parallel to the membrane. In case of oligomeric transporters, only the structure of one
monomer is presented. The repeat domains are colored in blue, red, and green, while unpaired transmembrane and
extramembraneous segments are colored in white. (A) Secondary transporters with parallel orientated repeat domains. (B)
Secondary transporters with inverted repeats. o: outer side of the membrane; i: inner side of the membrane side. Following PDB
accession codes (Berman et al., 2007) were used for the generation of the ribbon models: 1PV7 (LacY), 1PW4 (GIpT), 2GFP
(EmrD), 1IWG (ArcB), 10KC (AAC), 1KPL (CLC), 2A65 (LeuTas), 1ZCD (NhaA), and 1XFH (Gltep). Structural representations
were created using UCSF chimera (Pettersen et al., 2004).

1.5.3. Quaternary structure

Protein oligomerization is a common structural feature of many secondary
transporters and may fulfill several functions, including modulation of transporter activity,
formation of one functional unit, stabilization of distinct conformations, and formation of
aqueous “waiting areas” for transported solutes (Hillar et al., 2005; Chen et al.,, 2007,
Kavanaugh, 2004, Veenhoff et al., 2002). The ten X-ray structures of secondary transporters
obtained to date revealed four different quaternary states, including monomers, dimers, and

trimers. For the MFS transporters EmrD, GlpT, and LacY no physiological relevant
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association of protein molecules was observed in the crystals, suggesting that these
transporters function as monomers (Yin et al., 2006; Huang et al., 2003; Abramson et al.,
2003). The monomeric structure of LacY and GIpT was additionally confirmed by different
complementary analyses that address the quaternary structure of these proteins in a non-
crystalline environment (Veenhoff et al., 2002; Auer et al., 2001).

Other secondary transporters appear to operate as dimers, like AAC, CLC, EmrE,
LeuTas, and NhaA. However, with the exception of EmrE, each protomer contains a ligand-
binding site and is most likely capable to form a translocation pathway, implicating that each
monomer constitutes a functional unit. CLC and LeuT s, form homodimers in the crystal with a
two-fold axis perpendicular to the membrane (Dutzler et al., 2002; Yamashita et al., 2005).
The dimer interface between two parallel oriented protomers of CLC is very extensive,
suggesting that the protein exists and functions only as a dimer (Dutzler, 2006). Thereby, the
intermolecular contact comprises several intermolecular interactions between a number of
transmembrane helices. In the case of LeuTa,, the dimer interface area between the subunits
is composed of one a-helix-containing loop that is also involved in the formation of the
hydrophilic cleft and two helices of the C-terminal part of this transporter. Oligomerization
was also reported for eukaryotic relatives of LeuTa,. Here, a dimer of dimers may be formed
under physiological conditions (Sitte et al., 2004; Just et al., 2004). Although AAC and NhaA
were proposed to be organized as dimers in the native membrane (Huang et al., 2001;
Gerchman et al., 2001), both of them were not associated in a physiological dimeric state in
the crystals (Pebay-Peyroula et al., 2003; Hunte et al., 2005). This is thought to be a result of
the harsh conditions during purification and crystallization of the transport proteins that may
lead to excessive delipidation and, hence, to dimer dissociation if the interactions between
the protomers are only weak (Pebay-Peyroula et al., 2003). In a second crystal structure of
AAC, parallel homodimers were discerned in which cardiolipins are tightly bound at the
putative dimerization interface (Nury et al., 2005). The lipids strongly expand the interacting
surface of the dimer and are thus presumably essential for mediating the monomer contact.
In contrast to the parallel dimers described above, EmrE crystallized as an antiparallel, dual
topology homodimer with an internal pseudo-twofold symmetry axis in the plane of the
membrane (Chen et al., 2007). The three N-terminal helices from each monomer form
together one hydrophobic substrate-binding chamber, suggesting that EmrE is an obligate
dimer that displays one functional unit. The dimer interface consists of the two latter TMs of
EmrE that compose, together with their symmetry partners, a four-helix bundle. However,
even the dual topology is also supported by a genetic approach (Rapp et al., 2007),
biochemical data suggested a parallel orientation of the EmrE monomers around a two-fold

symmetry axis perpendicular to the membrane (Schuldiner, 2007). Therefore, the topology is
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still discussed controversially and further experiments are needed to exclude one of the
models with reasonable certainty.

In the crystal structures of AcrB and Gltp,, both transporters were found to exist in a
trimeric organization with a triangular shape and a three-fold symmetry axis perpendicular to
the membrane (Murakami et al., 2002; Yernool et al., 2004). Thereby, the three protomers of
Gltp, form a large extracellular basin that protrudes from the membrane up to the middle of
the bilayer to allow the access to the substrate-binding site in each monomer. The interface
between individual Glts, molecules in the trimer is composed of three TMs of the N-terminal
helix bundle. The physiological significance of the trimer formation and the intersubunit
contacts was proven by cross-linking analysis of Gltpy, in the native membrane (Yernool et al.,
2004). Among the crystallized secondary transporters, AcrB exhibits the most complex
guaternary structure. The AcrB homotrimer consists of two major parts, a membrane integral
domain and a periplasmic domain that are formed by the 12 TMs and the large periplasmic
loops of each protomer, respectively. In the transmembrane part of the trimer the three
symmetrically arranged 12-TMs helix bundles encompass a central cavity, which is proposed
to be filled with phospholipids (Murakami et al., 2002). The respective contact sites between
the individual subunits are mediated by two transmembrane o-helices. The periplasmic part
of AcrB is more densely packed than the membrane integral domain and comprises stronger
interactions between the adjacent molecules. It exhibits a central pore that connects a cavity
near the membrane plane with a funnel-like structure at the top of the complex. This central
pore is proposed to form the translocation pathway for substrates that first enters the
hydrophobic binding sites in each protomer via three vestibules at the monomer interfaces of
the extra-membrane domain. In other crystals of AcrB, asymmetric trimers were obtained in
which each monomer had a different conformation corresponding to the consecutive states

of a three-step transport cycle (Seeger et al., 2006; Murakami et al., 2006).

1.6. Site-directed spin labeling and EPR spectroscopy on membrane proteins

The 3D X-ray structures of secondary transporters provided new insights into the
architecture and function of these proteins. However, despite the high diversity and
physiological importance of secondary transporters, the number of atomic structures
determined to date is very small. This is largely due to the experimental challenges that were
encountered with membrane proteins using classical technigues, like high-resolution NMR
and X-ray crystallography (Lacapére et al., 2007). Most polytopic, a-helical membrane
proteins are too large for current nuclear magnetic resonance (NMR) approaches and, based
on their hydrophobicity and conformational flexibility, often very difficult to crystallize. New

techniques for their structural characterization are thus required. The electron paramagnetic
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resonance (EPR) spectroscopy displays a powerful method for exploring the structure and
dynamics of membrane proteins and their complexes without crystallization under conditions
relevant to function. It is applicable to proteins in solution, detergent micelles, and liposomes
with no significant limitation to the size of the protein (Fanucci and Cafiso, 2006; Bordignon
and Steinhoff, 2007; Jeschke and Polyhach; 2007). EPR is a spectroscopic technique that
measures the resonant absorption of microwave radiation by unpaired electrons in a strong
magnetic field. However, with the exception of radical enzymes (e.g., metalloproteases), the
vast majority of proteins do not possess paramagnetic centers and are not accessible to EPR
analyses without introduction of stable radicals by site-directed spin labeling (Hubbell et al.,
2000). This procedure includes a cystein (Cys) substitution mutagenesis of native amino
acids at desired positions, followed by modification of the sulfhydryl group via a specific
paramagnetic nitroxide spin label, which contains an unpaired electron located in the
nitroxide N-O bond (Fig. 1.4.). The continuous-wave (CW) EPR spectrum of protein
immobilized spin label yields structural information based on nitroxide side chain mobility
(Columbus and Hubbell, 2002), its accessibility to collisions with polar or apolar
paramagnetic quenchers (Altenbach et al., 1994), the polarity of its immediate surrounding,
or distances between the nitroxide and a second paramagnetic center in the protein
(Altenbach et al. 2001). Sequential analysis of a series of spin-labeled membrane protein
variants with respect to these different SDSL techniques allows the detection of secondary
structure elements (Hubbell et al., 1998), the investigation of protein topology (Wegener et
al., 2000) and topography (Steinhoff et al., 2000), and characterization of tertiary and
guaternary structures at the backbone level (Perozo et al.,, 1998; Wegener et al., 2001,
Banham et al., 2006). Furthermore, time-resolved measurements of the parameters,
described above, can follow conformational changes with up to 100 ps time resolution (Rink
et al., 2000).

native aa (e.g. Ser) -

Fig. 1.4.: The general strategy of site-directed spin labeling (SDSL) of proteins. Native amino acids (aa) at desired sites
are replaced by cysteine (Cys) residues via site-directed mutagenesis (1) followed by modification of the sulfhydryl group with a
specific methanethiosulfonate spin label (MTSSL) (2) to generate the nitroxide side chain, designated R1. The protein backbone
is depicted in ribbon representation and amino acid residues are shown in ball-and-stick representation. Hydrogen atoms are
not shown for clearness. Only the side chains of the substituted and modified amino acids are colored by atom type (grey:
carbon, red: oxygen, yellow: sulfur, blue: nitrogen). The figure was prepared with the program UCSF chimera (Pettersen et al.,
2004).
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The determination of interspin distances in proteins or protein complexes with two or
more attached spin labels is the most powerful application for structure elucidation. The EPR
distance measurements are based on the dipole-dipole coupling between spins that is
proportional to the inverse cube of the distance r? (Jeschke, 2002). In the conventional CW
EPR spectrum, the dipolar interaction leads to considerable line broadening that can be
analyzed to extract distances in the range between 0.8 nm and 2.0 nm (Rabenstein and
Shin, 1995; Steinhoff et al., 1997). Above interspin distances of 2 nm CW EPR is not
applicable anymore to separate the dipolar broadening contribution from the natural line
width in the EPR spectrum. Pulsed EPR techniques such as double electron-electron
resonance (DEER) (Milov et al., 1984; Pannier et al., 2000) and double quantum coherence
(DQC) (Borbat and Freed, 1999; Borbat et al.,, 2004) enable the determination of small
dipolar interactions at distances up to 6 nm or, in favorable cases, up to 8 nm and thus
considerably enhance the distance sensitivity of EPR spectroscopy to a range that matches
the dimensions of proteins and their complexes. In particular, the four-pulse DEER
experiment was shown to be applicable to membrane proteins like the light-harvesting
chlorophyll a/b complex (LHCIIb) (Jeschke et al., 2005), PutP (Jeschke et al., 2004a), LacY
(Smirnova et al., 2007), the ABC transporter MsbA (Borbat et al., 2007), rhodopsin
(Altenbach et al., 2008), and the voltage-dependent potassium channel KvAP (Vamvouka et
al., 2008). Beside the determination of accurate mean spin-to-spin distances, the four-pulse
DEER experiment is also capable of providing information on the distance distribution
between spins (Pannier et al.,, 2000; Jeschke et al.,, 2004b), which is important for
characterization of structures with high inherent flexibility, as it is expected for many
transporters whose function demands large-amplitude conformational motions (Smirnova et
al., 2007; Borbat et al., 2007; Jeschke et al., 2004a). However, interpretation of distance
distributions in terms of the structure of the analyzed protein is complicated, since the
distance distribution is measured between the unpaired electrons in the N-O bond of the
nitroxide group rather than between the backbone carbons to which the labels are attached.
For this reason, the size and the conformational dynamics of the spin label side chain have
to be considered to avoid errors of up to 1.2 nm if the interspin distance is interpreted as a
C%C" distance (Borbat et al., 2002). The recently established semidynamic rotamer library
approach has been proven as an efficient means for predicting the tether length and
conformational distribution of the label within the specific protein environment (Jeschke and
Polyhach, 2007). In this approach, the conformational dynamics of the isolated labeled
residue are represented by a rotamer library that contains a discrete set of the possible
conformations of this modified side chain. The energies of these rotamers are then computed
by introducing them into a static potential field, which is considered to be created by a rigid

model of the entire protein or at least of the immediate vicinity of the labeled residue. Finally,
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the energy of each particular rotamer is used to obtain its probability to occur at the selected
position in the protein structure (Jeschke and Polyhach, 2007). In comparison to other
molecular modeling approaches such as Monte Carlo simulations (Sale et al., 2005) and
molecular dynamics (Borovykh et al., 2006), this strategy is significantly faster and needs
less computational power. It is therefore an appropriate method for optimizing a protein
structural model constrained by experimental distance distributions.

In the present work, CW EPR techniques and the four-pulse DEER experiment were
used for characterization of two ion-dependent secondary transporters, PutP and NhaA, at
different levels of structural organization. In cases where reliable interpretation of label-to-
label distance distributions was important for structural modeling of the labeled protein, the
rotamer library approach was used to compute the conformational distribution of the spin

labels for overcoming the intrinsic imprecision of SDSL EPR.
1.7. The Na'/proline symporter PutP of E. coli

PutP belongs to the solute:sodium symporter (SSS) family (TC 2.A.21), which
contains several hundred members of prokaryotic and eukaryotic origin (Jung, 2002; Wright
and Turk, 2004; Reizer et al., 1994). Proteins of this family utilize a smf to drive uphill
transport of substrates such as sugars, amino acids, vitamins, iodide, myo-inositol, phenyl
acetate, and urea (Dohéan et al. 2006; Jung 2001; Wright et al. 2007). Most of the functionally
characterized transporters feed catabolic pathways (e.g. PutP, SGLT, and Ppa) or are
involved in cell adaptation to osmotic stress (e.g. OpuE) (Jung, 2001; Spiegelhalter and
Bremer, 1998). Among the eukaryotic members of the SSS family the Na'/glucose
transporter (SGLT1) and Na'/iodide symporter (NIS) are implicated in the human diseases
glucose-galactose malabsorption and iodide transport defect (Wright et al., 2007; Reed-Tsur
et al., 2008). Both proteins also play an important role in medical therapy (Wright et al., 2007,
Dohan et al., 2006). Furthermore, bacterial transporters such as PutP of Helicobacter pylori
and Staphylococcus aureus contribute to bacterial virulence and thus represent putative
targets for the development of new drugs against pathogens (Kavermann et al., 2003;
Schwan et al., 2006).

Topology and functional properties of PutP - PutP of E. coli is one of the best
characterized prokaryotic members of the SSS family. It is composed of 502 amino acid
residues and has a molecular mass of 54.3 kDa. Gene fusion analyses, Cys accessibility
studies, site-specific proteolysis, and SDSL EPR measurements revealed a secondary
structure model according to which PutP contains 13 TMs with the N terminus located on the
periplasmic side of the membrane and the C terminus facing the cytoplasm (Jung et al.,

1998; Wegener et al., 2000) (Fig. 1.5.). The transporter catalyzes the coupled translocation
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of Na* and proline with a stoichiometry of 1:1 (Yamato and Anraku, 1993). The apparent K,
values for Na* and proline uptake were determined with 30 and 2 pM, respectively (Yamato
and Anraku, 1993). Li* can also be used as coupling ion for proline transport, although the
affinity of the transporter for Li* (K, ~125 uM) is significantly lower than for Na* (Chen et al.,
1985). Kinetic analyses of Na'/proline transport catalyzed by PutP suggested that transport
occurs according to an ordered binding mechanism (Yamato and Anraku, 1990; Yamato,
1992). Thereby, the initial binding of Na" is proposed to induce a conformational alteration
that increases the affinity of the transporter for proline. The ternary complex assumedly
reorientates in the membrane, leading to release of Na® and proline on the other side of the
lipid bilayer. At high substrate concentrations, proline can also bind to the protein in the
absence of Na®, as it was shown by electrophysiological measurements using the rapid
solution exchange technique combined with a solid-supported membrane (SSM) (Zhou et al.,
2004).
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Fig. 1.5.: Secondary structure model of PutP of E. coli highlighting important residues. The model is based on a gene
fusion approach, Cys accessibility analyses, SDSL EPR, and site-specific proteolysis (Jung et al., 1998; Wegener et al., 2000).
Putative TMs are represented as rounded rectangles and numbered with Roman numerals; loops are numbered with Arabic
numerals starting from the N terminus. The single-letter amino acid code is used and the location in the amino acid sequence is
indicated by a number. Residues proposed to be directly involved in ligand binding are shown in red. Amino acids proposed to
be involved in ligand-induced conformational alterations based on Cys accessibility analyses, fluorescence, and EPR
measurements are highlighted or underlined in blue. Other residues of structural and/or functional importance are represented in
green.

Functional important residues of PutP - Site-directed mutagenesis studies identified
several amino acids in PutP that are crucial for transport activity (Fig. 1.5.). Most of the found
residues are located in TM Il of PutP, suggesting that this segment is of particular functional
importance. Thus, the carboxylate of Asp55 in TM Il was proved to be essential for transport,
and significant, albeit highly reduced activity was detected only with Glu at this position

(Quick and Jung, 1997). The latter substitution caused an about 50-fold decrease of the
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apparent affinity of the protein for Na* compared to the wild-type transporter. On the other
hand, only a relatively small alteration of the apparent affinity for proline was observed,
suggesting that Asp55 is at or close to the cation-binding site (Quick and Jung, 1997). Met56
was also identified as a residue which is crucial for high-affinity ion binding (Pirch et al.,
2002). However, in contrast to Asp55 it is not essential for transport and is assumed to be
not involved in direct binding of the coupling ion (Pirch et al., 2002). In addition to Asp55 and
Met56, individual replacements of Ser57 and Gly58 in TM Il led to significantly altered
transport kinetics. Substitutions of Ser57 by Ala, Cys, Gly, or Thr caused a reduction of the
apparent Na* and proline affinities by up to two orders of magnitude with little influence on
Vmax values (Quick et al., 1996). Similarly, Cys substitution of Gly58 decreased the apparent
affinity of PutP for Na* and proline although the effect was less dramatic as in case of Ser57
(Pirch et al., 2002). The influence of these replacements on Na* and proline affinities
supports the idea of a close cooperativity between the cation- and substrate-binding sites in
PutP. Furthermore, Ala48 and Gly63 of TM Il were found to be crucial for transport function,
since replacement of these conserved residues by Cys significantly impaired proline uptake
(Pirch et al., 2003). Analysis of the accessibility of single Cys individually placed at different
positions in TM Il to N-ethylmaleimide (NEM) and fluorescein-5-maleimide indicated a
participation of the TM in the formation of a hydrophilic cleft open to the cytoplasmic side of
the membrane (Pirch et al., 2003). Together with the transport analyses, the data support the
conclusion that residues of TM Il of PutP contribute to the formation of an ion- and/or
substrate-translocation pathway.

Besides amino acids of TM Il, residues of TM IX were shown to be of functional
importance. In particular, experiments on Ser340 and Thr341 of TM IX demonstrated that
these residues are crucial for proline transport (Béhm and Jung, unpublished information).
This is supported by the fact that Ser340 as well as Thr341 are conserved within the SSS
family. Replacement of the corresponding amino acids in NIS (Ser353 and Thr354) revealed
that the hydroxyl groups are involved in Na* binding and/or translocation (De la Vieja et al.,
2007). Furthermore, a similar amino acid arrangement was found in the X-ray structure of the
leucine transporter LeuT,, of the NSS family in which two adjacent polar residues (Thr354,
Ser355) were shown to participate in Na* binding (Yamashita et al., 2005). Combined with
the observed accessibility of the native Cys residue at position 344 in TM IX of PutP to NEM
(Yamato and Anraku, 1988; Hanada et al., 1992), this suggests that TM IX forms part of a
ligand-translocation pathway similar to TM Il of PutP.

In addition to the functionally important residues identified in transmembrane domains
of PutP, four conserved charged residues (Arg40, Aspl87, Arg257, and Glu311) in loop
regions of PutP were identified as being relevant for the transport process (Quick et al.,
1999; Quick and Jung, 1998; Ohsawa et al., 1988; Bbhm and Jung unpublished information)
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(Fig. 1.5.). Removal of the charged side chain at the individual positions led to a reduced Na*
dependence of proline binding. In the case of Arg40 this was accompanied by decreased
apparent affinities of the transporter for Na* while the apparent affinity for proline was only
slightly altered. Therefore, it is proposed that Arg40 is located close to the site of ion binding
and is important for the coupling of ion and proline transport (Quick et al., 1999).
Replacement of Asp187 with Cys led to high-affinity proline binding even at very low Na*
concentrations, which was attributed to an enhanced Na® affinity of the transporter (Quick
and Jung, 1998). The same was expected for Arg257. However, the effect of the Cys
substitution of this residue on proline uptake was significantly lower than that for the
alteration of Asp187 (Ohsawa et al., 1988). These results indicate that Asp187 as well as
Arg257 are located close to the pathway of the coupling ion through the membrane and are
probably involved in the release of Na* to the cytoplasmic side of the membrane. Finally, the
PutP derivative PutP-E311C showed biphasic kinetics with one component manifesting the
kinetic parameters of active transport (i.e. high apparent affinity for proline comparable to the
wild-type) and the other exhibiting the characteristics of facilitated diffusion (i.e. low apparent
affinity for proline) as it is typically for an uncoupled transport process (Béhm and Jung,
unpublished information). Thereby, the binding of the proline was shown to be independent
of the presence of Na®, suggesting that this residue is important for Na* binding and/or
coupling of ion and proline transport.

Conformational dynamics of PutP - A series of protein chemical and spectroscopic
studies was employed to explore Na*- and/or proline-induced conformational alterations at
specific sites in PutP (Wegener et al., 2000; Pirch et al., 2002; Pirch et al., 2003; Pirch and
Jung, unpublished information). SDSL of Cys introduced at position of Leu37 or Phe45 in
loop 2 and TM Il of the transporter and analysis of the corresponding EPR line shapes
revealed ligand-induced mobility changes of the attached nitroxide (Wegener et al., 2000)
(Fig. 1.5.). In the case of PutP-L37R1 (R1 designhates the modified nitroxide side chain, see
above), binding of Na* and/or proline to the transporter led to an immobilization of the spin
label side chain while the nitroxide at position 45 becomes more mobile upon addition of
proline, and Na* alone had no effect. From these findings it was concluded that proline
binding induces a conformational alteration of PutP that involves at least parts of TM Il and
the preceding cytoplasmic loop. Na* could only be shown to affect the structure of loop 2
(Wegener et al., 2000). These results are further supported by DEER distance
measurements between spin labels attached to positions 37 (loop 2) and 187 (loop 6). The
measurements revealed an increase of the mean interspin distance between the nitroxides at
these positions upon Na* binding, suggesting that one or both positions are involved in Na'-
induced structural alterations (Jeschke et al., 2004a). The EPR studies were confirmed and
extended by Cys accessibility analyses in the presence and absence of ligands. Thus, Na*
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was shown to increase the accessibility of Cys placed at the position of Ser57, Gly58 in TM Il
and Ser71 or Glu75 in loop 3 (Pirch et al., 2003; Pirch and Jung, unpublished information)
(Fig. 1.5.). In contrast to Ser57 and Gly58, proline did not affect the accessibility of Cys at
positions 71 and 75. Furthermore, proline inhibited the reaction of sulfhydryl-specific
reagents with Cys at positions in TM Il (Phe45, Val46, Thrd7, Leud9, Ser50, Ala51, Ser54,
Gly63, and Leu64), TM VII (Pro252), Loop 8 (Arg257), and TM IX (Cys344) (Pirch et al.,
2003; Pirch and Jung, unpublished information). Since substitution of the native amino acids
at most of these positions has no or only very little effect on PutP transport kinetics, the
altered Cys accessibility can be attributed to conformational alteration of the protein upon
ligand binding and not to direct steric hindering as it is discussed for Ser57 and Gly58 (Pirch
et al., 2002; Pirch et al., 2003). In addition to these results, fluorescence of PutP site-
specifically labeled with a fluorescence group at position 223 (loop7) was altered by addition
of proline if Na* was present (Pirch and Jung, unpublished information). In conclusion, the
studies suggest that at least parts of TM Il, TM VII, and TM IX and loops 2, 3, 7, and 8 are
involved in structural alterations induced by Na* and/or proline, which correlate well with the
ordered binding model of Na*/proline transport.

Tertiary structural information - To understand the transport mechanism of PutP at the
molecular level, knowledge of the structure is indispensable. However, the only information
on the tertiary structure of PutP available so far was gained by DEER distance
measurements between spin labels attached to positions in loops 2, 4, 6, and 7 (Jeschke et
al., 2004a). The results revealed that the proposed cytoplasmic loops 2 and 6 and the loops
2 and 4 are in close proximity (~2 nm) to each other, whereas the cytoplasmic loop 4 and the
periplasmic loop 7 are separated by a distance of 4.8 nm. This DEER data strongly supports
the idea of loops 2, 4, and 6 being located at the same side and loops 4 and 7 at opposite
sides of the membrane, which is in good agreement with the proposed secondary structure
model of PutP (Jung et al., 1998; Wegener et al., 2000) (Fig. 1.5.).

1.8. The Na'/H" antiporter NhaA of E. coli

Na‘'/H" antiporters are found ubiquitously in all three kingdoms of life. They are
involved in cell energetics and play primary roles in the homeostasis of intracellular pH,
cellular Na* content, and cell volume, which are processes crucial for cell viability (Padan et
al., 2005). In humans, the antiporters participate in many pathological conditions of heart,
kidney, and stomach (Engelhardt et al., 2002; Myers et al., 2003). For example, NHE1 of the
monovalent cation/proton antiporter-1 (CPA1) family (2.A.36) has a role in heart hypertrophy
and in the damage that occurs during ischemia and reperfusion (Orlowski and Grinstein,

2004). In plants, deletion of genes encoding the vacuolar and cytoplasmic membrane Na*/H*
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antiporters generates salt-sensitive plants (Apse and Blumwald, 2007), whereas
overexpression of these genes is exploited to engineer salt-resistant plants (Yamaguchi and
Blumwald, 2005).

Functional properties of NhaA - E. coli has four cation/proton antiporters (NhaA,
NhaB, ChaA, and MdfA) of which NhaA is the only one that is indispensable for the
adaptation to high salinity, resistance to Li* ions, and growth at alkaline pH in the presence of
Na® (Padan et al., 2005). NhaA of E. coli is the prototype of the NhaA Na":H" antiporter
(NhaA) family (2.A.33) that contains homologs from numerous bacteria and archaea
including important pathogenic bacteria such as H. pylori, Vibrio cholera, V.
parahaemoliticus, and V. alginolyticus (Padan et al., 2001). NhaA is an electrogenic
antiporter with a stoichiometry of 2H*/Na* (Taglicht et al., 1993) and apparent affinities for
Na" and Li* of 0.2 and 0.02 mM, respectively (Galili et al., 2004). The activity of the
transporter is strictly regulated by pH, a property it shares with many other prokaryotic and
eukaryotic antiporters and which is essential for cytoplasmic pH regulation (Padan et al.,
2004; Taglicht et al., 1991). It is downregulated below pH 6.5 and exhibits an activity
increase by over three-orders of magnitude upon shift to alkaline pH with maximum activity at
pH 8.5 (Taglicht et al., 1991).

Structure of NhaA - NhaA consists of 388 amino acids and has a molecular mass of
41.4 kDa. Gene fusion analyses, antibody epitope mapping, accessibility studies, and site-
specific proteolysis revealed a secondary structure model according to which NhaA is
composed of 12 TMs with N and C termini exposed to the cytoplasm (Olami et al., 1997,
Rothman et al., 1996) (Fig. 1.6.a). This topology model was confirmed by the low-resolution
structure obtained by cryo-electron microscopy (cryo-EM) on two-dimensional (2D) crystals
(Williams et al., 1999; Williams, 2000). In the crystal, NhaA formed homodimers with each
monomer containing 12 tilted transmembrane helices. Cross-linking analyses, copurification
experiments, and functional complementation studies showed that NhaA also exists and
functions as a dimer in the native membrane (Gerchman et al., 2001). Intermolecular cross-
linking between Cys residues introduced at positions 254 at the cytoplasmic membrane
boundary of TM IX caused a dramatic change in the pH response for a short and rigid linker
and no effect for a long and flexible linker (Gerchman et al., 2001). Furthermore, the
functional complementation was obtained only between conditional lethal NhaA derivatives,
which are either inactive (NhaA-H225R) or overactive (NhaA-G338S) under the
nonpermissive conditions (alkaline pH in the presence of Na®), but not with fully inactive
derivatives (NhaA-D163C and -D164C) (Gerchman et al., 2001). This suggests that the
functional interaction between NhaA molecules is important for the pH response of NhaA

rather than for its transport activity.
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Fig. 1.6.: General architecture of NhaA of E. coli. (A) Secondary structure model of NhaA highlighting important residues.
The model is based on the 3D structure (Hunte et al., 2005). TMs are represented as rounded rectangles and numbered with
Roman numerals; loops are numbered with Arabic numerals starting from the N terminus. The membrane-embedded regions of
the TMs are designated by a continuous line and the regions of the TMs exposed to the cytoplasm or periplasm are designated
by a broken line. The arrow-like boxes show the antiparallel B-sheet element. The single-letter amino acid code is used and the
location in the amino acid sequence is indicated by a number. Sites of mutations that affect the K, for Na* and Li* without
influencing the pH profile are highlighted in red. Sites where mutations affect both the pH profile and the K., for Na" and Li* are
shown in green. Sites where mutations affect only the pH dependence of NhaA are colored in blue. (B) Ribbon representation of
the crystal structure of NhaA (PDB code: 1ZCD) viewed parallel to the membrane. Functionally important residues are shown as
stick models and are colored according to the color scheme in (A). The TMs IV/XI assembly is highlighted in yellow and
numbered with Roman numerals. The figure was prepared with the program UCSF chimera (Pettersen et al., 2004). (C) Cross-
section through the electrostatic potential surface of NhaA with the front part removed along the membrane normal. Surface
model and electrostatic potential were calculated with the program UCSF chimera (Pettersen et al., 2004). The polar surfaces
are colored blue (positively charged) and red (negatively charged). The cytoplasmic and periplasmic funnels are marked by
broken lines. The location of cation binding D164 is indicated by a black dot.

As aforementioned, the 3D X-ray structure of NhaA was determined at 3.45 A
resolution in its acidic-pH downregulated state (pH 4) (Hunte et al., 2005). In line with the
previously established topology model, the architecture of the NhaA crystal structure is

comprised of 12 TMs connected by extramembrane loops with the N and C termini residing
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in the cytoplasm. The longest loop (periplasmic loop 2) contains a short helix (residues 35-
41) followed by a two-stranded antiparallel f-sheet (B1: 45-48; B2: 55-58) (Fig. 1.6.a, b).
Together with the other periplasmic loops it forms a flat and rigid face at the outer boundary
of the lipid bilayer. At the intracellular side of the membrane more flexible loops and several
TMs protrude into the cytoplasm forming a rough surface. The transmembrane segments are
organized in two densely packed domains. As mentioned above, the first domain comprises
a roughly linear arrangement of six helices (TMs |, Il, VI, VII, VIII, and IX), whereas the
second domain contains two internal structural repeats of three TMs each (TMs ll, IV and VI,
X, Xl, and XII) in opposite orientation with respect to the membrane (Fig. 1.3.). All helices of
the 3D X-ray structure were shown to superimpose well with the electron densities from cryo-
electron microscopy of the 2D crystals, revealing that the helix packing of NhaA in the
detergent-solubilized state in the 3D crystals is similar to that in the lipid bilayer of the 2D
crystals (Screpanti et al., 2006). However, no physiologically feasible association of two
monomers could be observed in the 3D crystals (Hunte et al., 2005).

Sites of ion binding - A characteristic feature of the structural fold of NhaA is the
assembly of the two discontinuous transmembrane helices IV and XI, as described in section
1.5.1. (Fig. 1.6.b). These helices are in opposite direction in the membrane and are each
composed of two short helices, one located in the cytoplasmic half and one in the
periplasmic half of the lipid bilayer (IVc, IVp, and Xlc, Xlp), connected by extended
polypeptide chains. The extended polypeptide chains cross each other so that the short
helices of TMs IV and XI combine in an intertwined manner with their partially positively
charged N termini and their partially negatively charged C termini facing each other in the
middle of the membrane (Hunte et al., 2005; Screpanti and Hunte, 2007). For stabilization of
this assembly, the partially positive dipole ends of the short helices are charge-compensated
by Aspl33 of helix IV, whereas the partially negative dipole ends are compensated by
Lys300 of helix X. Removal of the charge at position 133 caused a dramatic reduction of the
apparent affinity of NhaA for both Na* and Li* (Galili et al., 2002). The NhaA derivative NhaA-
K300C had no Na'/H" antiport activity, whereas it catalyzed Li*/H" antiport, albeit with very
low apparent affinity for Li* in the millimolar range (Kozachkov et al., 2007). These results
suggest that the delicately electrostatically balanced TMs IV/XI assembly is crucial for ion
binding and/or conformational alterations of the transporter. Indeed, in addition to Asp133
and Lys300 a number of residues (Pro129, Thr132, Phel36, Alal37 (TM IV), Aspl63, and
Aspl64 (TM V)) are found to be important for cation translocation that cluster near the
intersection of TMs IV and Xl (Galili et al., 2002; Galili et al., 2004, Inoue et al., 1995) (Fig.
1.6.b). Although neither Na™ nor Li* could be observed in the structure, four of these residues
(Asp163, Aspl64 (TM V) and Aspl133, Thrl32 (TM IV)) were designated to form the putative
Na’-binding site (Hunte et al., 2005) (Fig. 1.6.b). Similar to Asp133, substitution of Thr132 by
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Cys resulted in a dramatic reduction of the apparent affinity for both Na* and Li* (Galili et al.,
2002), while replacement of Aspl63 and Aspl64 by Cys or Asn completely abolished the
transport activity of NhaA (Galili et al., 2002; Inoue et al.1995). The functional importance of
this cluster for ion binding is further supported by the fact that Aspl64 is exposed to a
cytoplasmic cavity (Fig. 1.6.c). This cavity, formed by TMs II, IV, V, and IX, is lined by
negatively charged residues and is thus well suited for the attraction of cations. It opens to
the cytoplasm and continues to the middle of the membrane, where it is blocked at the
crossing of the extended chains of the TMs IV/XI assembly (Fig. 1.6.c). Likewise, a shallow
negatively charged funnel that is bordered by TMs I, VIII, and XI opens to the periplasm (Fig.
1.6.c). Both hydrophilic cavities points towards each other but are separated by densely
packed, non-polar residues forming a periplasmic barrier (Fig. 1.6.c).
pH-sensor of NhaA - Site-directed and random mutagenesis studies identified several
amino acid residues that participate in the pH response of NhaA (Galili et al., 2002; Galili et
al., 2004; Kozachkov et al., 2007; Padan et al., 2004; Tzubery et al., 2004; Tzubery et al.,
2008; Rimon et al., 1998). Two groups of residues were found to constitute the putative pH
sensor. The first group includes residues in which alterations influence only the pH-
dependence of NhaA activity, while in the second group replacement of the residues alters
both the pH response and the apparent affinity of the transporter (Fig. 1.6.a, b). Most of the
residues affecting the pH response cluster on the N-terminal half of TMs IX and the adjoining
loop 9, as well as on TM Xlp and the extended chain of TM XI (Hunte et al., 2005) (Fig. 1.6.a,
b). Loop 9 and the N terminus of TM IX are thought to constitute part of the pH sensor at the
orifice of the cytoplasmic cavity (Hunte et al., 2005). One remarkable residue found in this
region is Glu252. Replacement of Glu252 with Cys causes a drastic alkaline shift of the pH
profile of the NhaA activity by one pH unit and decreases the apparent affinity of the
antiporter for Na* by factor 50 (Tzubery et al., 2004). In addition to this residue a number of
charged amino acid residues were identified that cluster, together with Glu252, at the cavity
entrance and are able to change their protonation states, which may lead to conformational
alterations and activation of NhaA (Hunte et al., 2005; Olkhova et al., 2006). Using the
multiconformation continuum electrostatics (MCCE) method, the effect of pH values on the
protonation state of ionisable residues in NhaA was investigated in silico (Olkhova et al.,
2006). The results revealed four clusters of strongly electrostatically interacting residues,
which were spread along the cross-membrane axis of the protein. The first two clusters are
formed by residues of the pH sensor, the second one mainly by the residues within the ion-
binding site, including Asp163 and Aspl164, and the last one by amino acids at the rim of the
periplasmic funnel. Interestingly, the clusters of the pH sensor are connected electrostatically
with the one of the ion-binding site by the functional important residue Aspl133. Based on
these results, it is suggested that the electrostatic interactions between the clusters are
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essential for pH-dependent NhaA activation (Olkhova et al., 2006). The calculations also
predicted abnormally high pK, values for Aspl63 and Aspl64. This indicates that these
residues remain protonated up to a pH value of 15 or more under the assumption that the
structure of NhaA at acidic pH is identical to that at alkaline pH. Thus, structural changes,
which lower their pK, values, are required for activation of NhaA.

Mechanism of pH regulation and translocation of NhaA - Molecular dynamics (MD)
simulations at pH 4 and pH 8 revealed that structural changes must occur in the binding site,
at helix X and in the loop regions, whereas no conformational alterations were observed for
the other o-helices throughout the pH shift (Olkhova et al., 2007). These predictions were
validated and complemented by different experimental approaches. pH-induced
conformational changes of the N terminus (loop 1) and loop 9 were identified by site-specific
immunodecoration with a monoclonal antibody (Venturi et al.,, 2000) and accessibility
analysis to trypsin (Gerchman et al.,, 1999). The predicted pH-dependent conformational
alterations of TM X (at acidic pH, helix X is slightly curved; at alkaline pH, it is kinked around
residue Lys300) were verified by cross-linking between residues of TM IVp and TM X, and
TM Il and TM X (Kozachkov et al., 2007). Accessibility analyses of different residues that
lines the cytoplasmic cavity to various reagents as a function of pH implied that the cavity
deepens at pH 8 (Tzubery et al., 2008). Furthermore, analysis of the accessibility of the Cys
at position 252 to 2-(4"-maleimidylanilino)-naphthalene-6-sulfonic acid (MIANS) showed that
the labeling efficiency of this residue increased with increasing pH, suggesting that TM IX is
also subjected to conformational changes (Tzubery et al.,, 2004). Finally, accessibility
analysis with two conformational monoclonal antibodies that inhibit NhaA function revealed
that TM Xl also plays a role in the structural dynamics of NhaA (Rimon et al., 2008).

Based on these results a putative mechanism of pH regulation and translocation of
NhaA was proposed (Hunte et al., 2005; Padan et al., 2005). Below pH 6.5, NhaA exists in
its downregulated conformation in which only a part of the cation-binding site (Asp164) faces
the cytoplasmic cavity whereas the periplasmic cation passage is blocked. After an alkaline
pH shift, it is suggested that in response to a signal from the pH sensor, TMs IX and X
undergo conformational alterations that trigger a reorientation of the active site. This process
would expose the full Na*/Li*-binding site (Asp164, Asp163 and most probably also Asp133
and Thrl32) to the cytoplasmic cavity but leaving the periplasmic sealing intact. This
conformation is thought to allow the Na’/H* exchange according to the alternating access
mechanism. Binding of Na'/Li* to the substrate-binding site from the cytoplasm is proposed
to result in a charge imbalance at the intersection of TMs IV and Xl that then would trigger
small movements of Xlp and IVc and their extended chains. As a result, the Na'/Li*-loaded
binding site is suggested to be exposed to the periplasm and sealed off from the cytoplasm.

Upon Na'/Li* release, Aspl164 and Aspl63 would become protonated, thus inducing
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conformational alterations that would expose both residues back to the cytoplasm. The
subsequent deprotonation of the aspartates will release the two H* to the periplasm to
complete the transport cycle. By contrast, under the assumption that the NhaA structure at
acidic pH is identical to that at alkaline pH, recent extended MD simulations led to a
proposed mechanism for NhaA catalyzed antiport that implied different roles for Asp164 and
Asp163 (Arkin et al., 2007). Asp164 was suggested to be the Na'-binding site and Asp163
was assigned to control the alternating accessibility of the binding site to the cytoplasm or
periplasm in dependence of its protonation state. The role of NhaA dimerization in the pH-
regulation and/or activity of the antiporter was not implicated in both models, since no

physiologically significant high-resolution structure of the dimer is available yet.
1.9. Scope of this work

The main objective of this thesis was the development of new approaches for
structure determination of membrane proteins in their native environment based on DEER
distance measurements. Further aims were the characterization of the functional role and
dynamics of TM IX of the Na*/proline symporter PutP of E. coli and the improvement of the
DEER data analysis.

Previous site-directed mutagenesis studies revealed that Ser340 and Thr341 in TM IX
are crucial for transport activity of PutP. In the first part of this thesis, the functional relevance
of these residues was further elucidated by genetic and biochemical approaches. In addition,
intramolecular Cys cross-linking studies were performed to test for participation of Ser340
and Thr341 in the formation of a ligand-binding site together with residues of the functional
important TM Il. For identification of additional important amino acids, all residues of TM IX
(positions 324 to 351) were individually replaced by Cys and the impact on transporter
function was analyzed. Furthermore, accessibilities of the generated Cys substitutions to
sulfhydryl-specific reagents of various sizes and polarities were determined to examine if
residues of TM IX line a cytoplasmic or periplasmic cavity. The influence of ligands (Na" and
proline) on the accessibility was investigated in order to identify conformational alterations.
Since the available X-ray structures of ion-dependent secondary transporters revealed that
TMs are often discontinuous or kinked helices (Screpanti and Hunte, 2007), the backbone
structure of TM IX of PutP was determined. For this purpose, a novel approach for structure
elucidation of TMs was established based on SDSL, DEER distance measurements, and
explicit modeling of spin label conformations.

Since no high-resolution X-ray structure for PutP is available yet, the second part of

this thesis was devoted to model the helix bundle of PutP. For this aim, a new approach was
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established that relies on DEER distance measurements between spin labels attached to
helix ends, structural homology, and distance geometry.

Several experiments indicated that the pH-regulated Na*/H" antiporter NhaA forms
homodimers in the native membrane (Padan et al., 2004). Although the interaction between
NhaA molecules was proposed to be involved in the pH response (Gerchman et al., 2001),
the explicit role of the dimeric state for NhaA activity and/or pH regulation has remained
elusive. Thus, in the third part of this thesis, pH dependent structural dynamics of the NhaA
monomer and dimer were studied by CW EPR technigues and DEER distance
measurements. Furthermore, since the available X-ray structure of NhaA displays only a
nonphysiological association of the monomers (Hunte et al., 2005), the native structural
arrangement of the NhaA dimer was determined based on SDSL and DEER distance
measurements. For this purpose a novel approach was introduced that allows for structure
elucidation of protein dimers with high resolution if the X-ray structure of the monomer is
available.

Finally, a comprehensive software package for analyzing DEER or other pulsed
electron-electron double resonance (PELDOR) data was developed. Algorithms for Tikhonov
regularization with L curve computation, model-based fitting, excitation bandwidth correction,
determination and use of experimental background functions, spin counting, and
concentration measurements were implemented into the program. Furthermore, these tools
were tested on three model systems: a shape-persistent biradical, spin-labeled gold

nanoparticles, and singly spin-labeled PutP.
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CHAPTER 2
CHAPTER 2

Role of Ser340 and Thr341 in transmembrane domain IX of the Na'/proline transporter
PutP of Escherichia coli in ligand binding and transport

2.1. Abstract

The Na'/solute symporter family comprises more than 400 members of pro- and
eukaryotic origin. Using the Na'/proline transporter PutP of Escherichia coli as a model, the
role of two conserved residues, Ser340 and Thr341, is investigated to obtain insights into the
mechanism of transport catalyzed by members of this family. Substitution of these amino
acids alters the transport kinetics of cells and proteoliposomes containing the PutP variants
significantly. In particular, the apparent affinities for Na* and Li* are reduced by two orders of
magnitude or more. Also proline binding is affected, albeit to a lesser extent than ion binding.
Thereby, the presence of a hydroxyl group at position 341 is essential for high affinity ligand
binding. Furthermore, Cys placed at position 340 or 341 reacts with sulfhydryl reagents of
different polarity, indicating accessibility from the water phase. In addition, Cys cross-linking
suggests proximity of the residues to other amino acids previously shown to be crucial for
ligand binding. For these reasons it is suggested that Ser340 and Thr341 are located in a
ligand-translocation pathway. Furthermore, it is proposed that the side chain of Thr341

directly participatesin Na* binding.
2.2. Introduction

Members of the Na*/solute symporter (SSS) family (TC 2.A.21, SLC5) are found in
archaea, bacteria, and eukaryotes (Jung, 2002; Jung et al., 2006; Wright and Turk, 2004;
Reizer et al., 1994). They have the capability to couple electrochemical Na* gradients with the
transport of solutes like glucose, nucleosides, proline, pantothenate, or iodide. Some
transporters of the SSS family are implicated in human disease (e.g. the Na‘/glucose
transporter SGLT1) or play an important role in medical therapy (e.g. the human Na'/iodide
symporter NIS) (Dohan et al., 2006; Wright et al., 2007). Furthermore, bacterial transporters
like the Na'/proline transporter PutP of Staphylococcus aureus contribute to virulence
(Schwan et al., 2006).

A crystal structure is not available yet for any member of the SSS family. Beside
intensive trials to crystallize SSS proteins, it is obvious that information on structure-function
relationships is required in addition to structure to understand the mechanism of respective
transport processes at the molecular level. For this purpose we utilize PutP of Escherichia
coli as a model since it can easily be genetically manipulated and produced in milligram

amounts (Jung et al., 1998a; Jung et al., 1998b).
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PutP transports Na* and proline with a 1:1 stoichiometry following an ordered binding
mechanism at low proline concentrations, whereas at high concentrations binding can be
unordered (Chen et al., 1985; Zhou et al., 2004). Current experimental data indicate that the
transporter is composed of 13 transmembrane domains (TMs), a motif suggested being
common to all SSS proteins (Jung et al.,, 1998b; Jung, 1998; Turk and Wright, 1997;
Wegener et al.,, 2000; Jeschke et al., 2004). Furthermore, TM Il of PutP was recently
proposed to form part of the substrate-translocation pathway. The TM contains residues
Asp55, Ser57, and Gly58, implicated in Na* and/or proline binding (Pirch et al., 2002; Quick
et al., 1996; Quick and Jung, 1997). In addition, it participates in the formation of a water-
filled cleft that is open to the cytoplasm in the absence of ligands and closed by proline
binding in the presence of Na* (Pirch et al., 2003).

Inspired by the three-dimensional structure of the leucine transporter LeuTa,
(Na*/neurotransmitter symporter (NSS) family), which revealed an involvement of two
adjacent polar residues (Thr354, Ser355) in Na* binding (Yamashita et al., 2005), PutP was
screened for a similar arrangement. Here, first evidence is presented indicating that TM IX of
PutP is located close to TM Il and contains residues Ser340, Thr341 that are particularly
important for high affinity Na* and proline binding. It is suggested that Ser340 and Thr341 are
located in a ligand-translocation pathway; thereby, Thr341 probably directly participates in

Na* binding.
2.3. Materials and Methods
2.3.1. Bacterial strains and plasmids

E. coli JM109 [endAl recAl gyrA96 thi hsdR17 supE44 relAl A(lac-proAB)
(F'traA36pro AB™ lacl® ZAM15)] (Yanisch-Perron et al., 1985) and E. coli DH5o. [F ®80d lacZ
AM15 A(lacZYA-argF) U169 deoR recAl endAl hsd R17(r,,m\") phoA supE44 M\ thi-1
gyrA96 relAl] were used as carriers for the plasmids generated in this study. E. coli WG170
[F trp lacZ rpsL thi A(putPA)101 proP219] (Stalmach et al., 1983), harboring given plasmids,
was used for overexpression of the putP gene and transport assays. The following plasmids,
derivatives of pT7-5 (Tabor and Richardson, 1985) containing the lac promoter/operator for
expression of the putP gene, were used for all gene manipulations; pT7-5/putP and pT7-
5/putP(ACys), each of which harboring a cassette version of the putP gene encoding PutP-
wild-type and an engineered transporter devoid of all five native Cys residues [PutP(ACys)],
respectively, and a C-terminal-attached amino acid sequence resembling the FLAG epitope
and a Hiss tag (Jung et al., 1998a). Vector pTrc99a (Amann et al., 1988) was used for

overexpression.
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2.3.2. Site-directed mutagenesis

Desired nucleotide substitutions in putP were generated by PCR with Tag-DNA
polymerase using plasmid pT7-5/putP as a template and synthetic mutagenic
oligonucleotides. Resulting PCR fragments were digested with Pstl and Aflll and ligated with
similarly treated plasmid pT7-5/putP or pT7-5/putP(ACys) additionally incubated with alkaline
phosphatase. The resulting plasmid DNA was verified by sequencing using an ABI 377 HT
device. Double-Cys mutants were generated by restriction fragment replacement with Pstl
and Spel. For overexpression, the mutated putP gene was cut out with restriction
endonucleases Ncol and Hindlll and ligated to similarly treated vector pTrc99a additionally

incubated with alkaline phosphatase.
2.3.3. Proline transport in intact cells

Active transport was measured in E. coli WG170 (PutP A" harboring derivatives of
plasmids pT7-5/putP or pT7-5/putP(ACys) encoding PutP with given amino acid
replacements. The cells were grown aerobically in Luria-Bertani (LB) medium (Miller, 1992)
containing 100 pg/ml ampicillin at 37 °C. Overnight cultures were diluted 25-fold and were
allowed to grow up to an optical density at 420 nm (As20) of 1.0 followed by induction with 0.5
mM isopropy! 1-thio-B-D-galactopyranoside for 2 h. Cells were harvested by centrifugation at
13,200 x g for 10 min and washed up to six times with 100 mM Tris/Mes, pH 6.0, at 4 °C to
reduce the Na* contamination below 5 puM. For transport assays cells were resuspended in
the same buffer and adjusted to a total protein concentration of 0.35 mg/ml. Transport of 10
UM L-[U-**C]proline (26 Ci/mol) (if not otherwise indicated) was assayed under standard test
conditions in the presence of 20 mM D-lactate (Na* salt) and 50 mM NaCl. Transport assays
were terminated at various time points (0, 0.17, 0.5, 1, 2, 5, 10, 30 min) using the rapid
filtration method as described (Quick and Jung, 1997). Initial rates of transport were
calculated from the initial linear portion of the time course and steady-state levels of proline
accumulation were taken from time points after leveling off of the uptake curve. Standard

deviations (SD) were determined from at least three independent experiments.
2.3.4. Immunological analysis

Relative amounts of PutP with given amino acid replacements in membranes of E.
coli WG170 were estimated by Western blot analysis with horseradish peroxidase-linked
mouse anti-FLAG IgG directed against the FLAG epitope at the C terminus of each PutP

variant as described before (Quick et al., 1996).
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2.3.5. Cys accessibility analyses

The experiments were performed with right-side-out membrane vesicles prepared
from E. coli WG170 transformed with pTrc99a/putP(ACys) harboring given mutations
following the protocol of Kaback (1971).

Before Cys labeling, the right-side-out vesicle suspension (10 mg total membrane
protein/ml) was reduced with 1 mM dithiothreitol or 1 mM Tris(2-carboxyethyl)phosphine
hydrochloride. The vesicles were washed and resuspended in 100 mM Tris/Mes buffer, pH
6.0. Two hundred-pl aliquots of the suspension (10 mg of total membrane protein/ml) were
incubated with 500 pM [**C]NEM (8 pCi/pmol) at 25 °C for 10 min [PutP(ACys)-T341C] or 15
min [PutP(ACys)-S340C]. The reaction was stopped by the addition of 2 mM dithiothreitol.
When indicated, 500 pM  methanethiosulfonate  ethylammonium  (MTSEA),
methanethiosulfonate ethylsulfonate (MTSES), or methyl methanethiosulfonate (MMTS) were
added before ["'C]JNEM. Similarly, the effect of PutP ligands on Cys accessibility was
analyzed by incubation with 50 mM Na®, Li*, and/or 10 mM proline Na‘/proline before
[“'CIJNEM labeling. After labeling, PutP was solubilized by the addition of 1.5% B-dodecyl-
maltoside under stirring at 4 °C for 30 min. Then PutP was purified via Ni?-NTA affinity
chromatography as described before (Pirch et al., 2002). After protein determination, equal
amounts of protein were subjected to a 10% SDS-PAGE. Gels were stained with Coomassie
Blue and scanned for estimation of relative amounts of protein. Radioactivity was detected
with a Phosphorimager SI of GE Healthcare. The software ImageQuant was used for

guantitative analysis of the images.
2.3.6. In situ site-directed cross-linking

For cross-linking experiments, 0.4 liters of E. coli WG170 transformed with
pT7-5/putP(ACys) encoding PutP with single- or double-Cys replacements and an introduced
double thrombin cleaving site were grown and harvested as described above. Inverted
membrane vesicles were prepared as described (Jung et al.,, 1998a) with 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride as the reducing compound.

Before cross-linking, the membrane vesicles were washed twice and resuspended in
50 mM KP; buffer, pH 7.0. One hundred pg total membrane protein (1 mg total membrane
protein/ml) were incubated with 0.5 mM Cu(1,10-phenanthroline); (CuPh) or with 2 mM
concentrations of one of the homobifunctional cross-linker 1,6-bis-(maleimido) hexane (BMH)
or N,N'-p-phenylenedimaleimide (p-PDM). Stock solutions of 30 mM CuPh (in ethanol) and
200 mM concentrations of the maleimide reagents (in Me,SO) were prepared. Reactions
were performed at 4 °C for 60 (CuPh) or 120 min (maleimide reagents) and at 25 °C for 30 or

60 min to estimate the dependence of cross-linking efficiency on thermal backbone motions.
47



CHAPTER 2

After termination with 10 mM EDTA (CuPh) or 10 mM dithiothreitol (BMH and p-PDM), the
inverted membrane vesicles were subjected to ultracentrifugation at 250,000 x g for 30 min at
4 °C. The membranes were resuspended in thrombin cleavage buffer (Invitrogen) containing
1% B-dodecyl-maltoside and, after a 2-fold dilution in thrombin cleavage buffer, digested
overnight at 4 °C with 1.3 units of thrombin protease. The digested proteins were subjected to

non-reducing SDS-PAGE and immunoblot analysis as described above.
2.3.7. Purification and reconstitution of PutP

PutP was purified by Ni**-NTA affinity chromatography and reconstituted into
proteoliposomes prepared from E. coli polar lipid extracts (Avanti Polar Lipids, Inc.,
Alabaster, Alabama) at a lipid to protein ratio of 100 to 1 (w/w) as described before (Jung et
al., 1998a).

2.3.8. Transport assay with proteoliposomes

L-[**C]proline uptake was measured with proteoliposomes containing PutP(FH) (~2
mg of protein/ml) preloaded with 100 mM KP;, pH 7.5, 2 mM B-mercaptoethanol, 5 mM
MgSO,. The proteoliposomes were extruded through a 400 nm filter before use. Transport
was started by a 400-fold dilution of aliquots of the proteoliposome suspension into the
desired buffer. The following buffers were used: Na*-free 100 mM Tris/Mes, pH 7.5, 2 mM B-
mercaptoethanol, 5 mM MgSO, containing 50 mM NacCl (creation of Apya+) or 50 mM LiCl
(creation of Apy;:) or no further additions (creation of A¥); Na*-free 100 mM Tris, Mes, pH 6.0,
2 mM B-mercaptoethanol, 5 mM MgSO, (creation of Apy.) or 100 mM KP;, pH 7.5, 2 mM -
mercaptoethanol, 5 mM MgSO, (facilitated diffusion, control). All buffers contained 10 uM L-
[**C]proline (26 Ci/mol) and 0.2 pM valinomycin. For the measurement of proline counterflow
(cfl), proteoliposomes preloaded with 10 mM L-proline were diluted 400-fold into 100 mM KP;,
pH 7.5, 2 mM B-mercaptoethanol containing L-[**C]proline at a final concentration of 25 pM
(15 Ci/mol). Transport assays were terminated at various time points (0, 0.17, 0.5,1, 2, 5, 10
min) by quenching of the reaction with 3 ml of ice-cold 100 mM KP;, pH 6.6, 100 mM LiCl and
immediate filtration using Millipore filters type GSTF 02500, 0.2-um pore size as described
(Jung et al., 1998a). Initial rates of transport were determined from the initial linear part of the

transport curve. SD were determined from at least three independent experiments.
2.3.9. Determination of Na*

Na" concentrations in buffers used for transport assays and Cys accessibility analyses

were determined with a Varian AA240 atomic absorption spectrometer.
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2.3.10. Protein determination

Determination of protein was performed according to a modified Lowry method
(Peterson, 1977) for total membrane protein, according to Bradford (1976) for detergent-
solubilized protein, and by the Amido Black method (Schaffner and Weissmann, 1973) for

protein in proteoliposomes.
2.4. Results
2.4.1. Conserved amino acids of TM IX

Searching for amino acid residues of potential structural and/or functional significance
(e.g. residues involved in ligand binding), a multiple sequence alignment of members of the
SSS family was performed. The analysis revealed that Ser340 and Thr341 of E. coli PutP are
conserved within prokaryotic and eukaryotic family members irrespective of their substrate
specificity (e.g. transporters for proline, pantothenate, sugars, or iodide). In fact, the
transporters analyzed contained Ser at the position corresponding to Ser340 and Ser or Thr
at the position corresponding to Thr341 of E. coli PutP (suppl. Fig. 2.1.). The high degree of
conservation suggests that both residues fulfill similar functions in all related transporters. In
addition, a similar amino acid arrangement (Thr354, Ser355) was found to be involved in Na*
binding in the non-homologous leucine transporter LeuT,, (Yamashita et al., 2005).

Therefore, we set out to elucidate the role of Ser340 and Thr341 in PutP of E. coli.

2.4.2. Effect of the substitution of Ser340 and Thr341 on proline uptake and putP
expression in E. coli WG170
Ser340 and Thr341 were individually replaced by Ala, Cys, Thr (Ser340) or Cys, Ser,
Val (Thr341). In addition, double mutants S340A/T341C and S340A/T341V were generated.
In a first step, time courses of L-proline uptake into E. coli WG170 were recorded
under standard test conditions (70 mM Na*, 10 uM L-[**C]proline) (Fig. 2.1.a). Based on the
observed activities, the mutants were divided into three groups: |) mutants with moderately
reduced initial rates (S340A 20%, S340T 40%, T341S 60% of the wild-type rate) but steady-
state values of L-proline accumulation close to wild-type (80-100% of the wild-type value); Il)
mutants with highly reduced initial rates (S340C 9%, T341C 3%, T341V 3.5% of the wild-type
rate) and reduced steady-state values (S340C 60%, T341C 35%, T341V 20% of the wild-type
value); IlIl) mutants with only marginal levels of activity (<1% of the wild type) (S340A/T341C,
S340A/T341V). Western blot analysis of membranes prepared from cell suspensions used for
the transport assays indicated that the observed reduced proline uptake rates were not

because of reduced amounts of transporter molecules in the membrane (Fig. 2.1.b).
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Figure 2.1.: Influence of amino acid replacements in TM IX on proline transport and putP expression. A, time courses of
proline uptake into intact cells of E. coli WG170 were assayed in the presence of 10 uM L—[U—“C]proline, 50 mM NacCl, and 20
mM D-lactate (Na-salt) as the electron donor at 25 °C under aerobic conditions. At given time points transport was terminated
by rapid filtration and filter-bound radioactivity was determined (Quick et al., 1996). Shown are the mean values and SD of at
least three measurements. B, putP expression was estimated by Western blot analysis. 25 pg of total cell protein from each
culture were separated by 10% SDS-PAGE. Proteins were then transferred onto a nitrocellulose membrane (0.45-um pore size)
and probed with horse-radish peroxidase-linked mouse anti-FLAG M2 monoclonal antibody. Detection was performed according
to the enhanced chemiluminescence method. @, wild type (WT); O, S340A (A); ¥, S340C (C); A, S340T (T); B, T341C (C); O,
T341S (S); ¢, T341V (V); <, S340A/T341C (AC); A, S340A/T341V (AV); V, pT7-5.

To test whether the inhibitory effects of the Cys substitution at position 340 or 341
were due to intra- or intermolecular disulfide bridge formation (e.g. with one of the five native
Cys residues), the Cys substitutions were introduced into PutP(ACys). Recording of time
courses of transport yielded similar inhibitory effects as observed in the wild-type background
(data not shown). The results suggested that the altered amino acid side chains per se and
not subsequent reactions caused the detected transport defects.

Taken together the results indicated that the nature of the amino acid side chains at
positions 340 and 341 of PutP of E. coli was crucial for the proline uptake rate. Highest rates
were observed when hydroxyl groups were retained at both positions (e.g. S340T, T341S).
Overall, the steady-state value of proline accumulation was much less affected than the

uptake rate.

2.4.3. Influence of the substitutions on the ion selectivity of PutP

To test for possible changes of the ion selectivity, the energetic requirements of the

transport process were investigated under more defined conditions using purified and
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reconstituted transport protein. It should be noted that the protocol used for reconstitution
yields proteoliposomes containing PutP in an inside-out orientation (Jung et al., 1998a).

First, determination of the initial rates of Na'-coupled (sodium motive force (smf)-
driven) transport in proteoliposomes confirmed in principle the defects described above for
intact cells, although individual values varied to some extent (Fig. 2.2.). Mutants of group |
(S340A, S340T, T341S) showed again the highest activities. However, differing from intact
cells, neither the S340A nor the T341S substitution caused significant inhibition of transport.
This difference may be attributed to the previously described functional asymmetry of the
transporter (Jung et al., 1998a; Yamato and Anraku, 1993). The initial rates of the mutants
T341C and T341V of group Il were highly reduced (about 2.5% of the wild type) as in intact
cells. PutP-S340C (9% residual activity in intact cells) showed only marginal activity (<1% of
the wild type) in proteoliposomes (Fig. 2.2.). Reducing conditions were maintained during all
steps of the preparation to prevent a potential participation of Cys340 in formation of a
disulfide bridge with a native Cys. Nevertheless, oxidation of Cys340 during PutP preparation
could have added to the deleterious effect of the substitution in proteoliposomes. Finally,
activities of mutants of group Il (S340A/T341C, S340/T341V) were reduced to marginal

values (<2% of the wild type) similar as observed with intact cells (not shown).
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Figure 2.2.: lon dependence of proline uptake into proteoliposomes containing PutP with given replacements. PutP was
purified and reconstituted as described previously (Jung et al., 1998a). Proteoliposomes in 100 mM KP;, pH 7.5, were diluted
400-fold into 100 mM Tris/Mes, pH 7.5, 2 mM B-mercaptoethanol, 5 mM MgSO,, 0.2 uM valinomycin, 10 uM [14C]proline. The
following additions were made to generate inwardly directed electrochemical ion gradients: 50 mM NaCl for smf or 50 mM LiCl
for Imf or no further additions for an electrical potential only (Ay). In addition, proteoliposomes were diluted into 100 mM
Tris/Mes, pH 6.0, containing 0.2 pM valinomycin to generate a proton motive force (pmf). Dilution into 100 mM KP;, pH 7.5,
served as a negative control. For the measurement of proline counterflow (cfl), proteoliposomes preloaded with 10 mM L-proline
were diluted 400-fold into 100 mM KP;, pH 7.5, 2 mM B-mercaptoethanol containing L—[“C]proline at a final concentration of 25
UM. Transport was stopped by rapid filtration and analyzed as described under "Experimental Procedures." A, S340A; C,
S340C; T, S340T; C, T341C; S, T341S; V, T341V.

Secondly, analysis of various energetic conditions revealed that in all cases transport
was strictly dependent on an inwardly directed electrochemical Na* (smf) or Li* gradient
(lithium motive force (Imf)) (Fig. 2.2.). AW-Driven transport of the mutants was only marginal

and most likely due to Na* impurities of buffer components (leading to Na* concentrations in
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the assay of about 5-10 pM). Establishment of a H* gradient in addition to A¥ (proton motive
force-driven transport) did not further stimulate transport. These measurements indicated that
the replacements at position 340 or 341 did not cause a dramatic change in ion selectivity
(e.g. from Na'- to H'-coupled transport). However, comparison of smf- and Imf-coupled
transport of PutP-T341S (smf >90% and Imf 30% of wild-type activity) hints at subtle
alterations of the ion preferences of the transporter (Fig. 2.2.).

Besides ion-coupled transport, the impact of the substitutions on proline counterflow
was analyzed. This transport mode neither required a membrane potential nor an ion
gradient. Instead, accumulation of externally applied L-[**C]proline in proteoliposomes was
driven by downhill movement of unlabeled L-proline from preloaded proteoliposomes.
Substitution of Ser340 (by Cys or Thr) or Thr341 (by Cys or Val) led to significantly reduced
counterflow activities (remaining activities below 13% of the wild-type value) (Fig. 2.2.).
Exceptions were PutP-S340A and PutP-T341S, which catalyzed counterflow almost like the
wild type. The latter results confirmed the functional significance of Ser340 and Thr341 and

suggested that these residues are important for proline binding or transport.
2.4.4. Kinetic analyses

More detailed kinetic analyses revealed substantial defects in proline AND Na*
binding. Thereby, binding parameters of group Il mutants were more severely affected than
the ones of group | mutants. The maximum rate of proline uptake was in general less
dramatically affected (reduced to maximum 50% of wild-type V) than binding parameters
(Table 2.1.; Fig. 2.3.). Transport by group lll mutants (S340A/T341V; S340A/T341C) was not
significantly stimulated by increasing ligand concentrations. In more detail, kinetic analysis
with intact cells demonstrated that removal of the hydroxyl group at position 340 or 341
decreased the apparent affinity for proline 15-60-fold in comparison to wild type, suggesting a
defect in proline binding (Table 2.1., Fig. 2.3.). Only PutP-S340T and PutP-T341S yielded
Kmproy Values similar to that of the unaltered transporter. The data indicated that hydroxyl
groups at positions 340 and 341 were crucial for proline binding.

The apparent affinities of PutP for the coupling ions Na* and Li" (Ko sna+) and Kosis)
were even more severely affected by the amino acid replacements than the proline affinity.
So, for all three PutP-S340 variants, 100-1000-fold increases of Kgsnas and Koseivy were
determined (Table 2.1., Fig. 2.3.). The data did not hint at a specific role of the hydroxyl
group at position 340 in ion binding since Ala or Thr at position 340 led to about the same
decrease of the apparent ion affinity (Fig. 2.3.). Furthermore, although PutP-T341S showed
apparent ion affinities close to the wild type, proline uptake into cells catalyzed by group Il

mutants PutP-T341C and -T341V was no longer significantly stimulated by Na* (T341V also
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not by Li*). Therefore, contrary to position 340, high affinity ion binding required a hydroxyl
group at position 341.

Table 2.1.: Proline uptake kinetics of PutP bearing replacements of given amino acid residues. To determine Ky and
Vmax initial rates of L—[U—“C]proline uptake by E. coli, WG170 producing either PutP wild type or PutP with given replacements
were measured in the presence of 50 mM NaCl and 20 mM D-lactate (Na" salt) at proline concentrations from 0.2 to 500 pM.
For determination of the ion-specific parameters (Kosna+), Koswiv), transport of 10 uM L—[U—“C]proline was measured in the
presence of 0.005-250 mM NacCl or LiCl at 25 °C. The resulting data were plotted according to Eadie-Hofstee.

PutP K pro) Vimax Ko.5(Na+) Ko.s(Li+)
UM nmol/min x mg of protein mM mM
wild-type 2.140.2 44.5+3.9 0.038+0.007 (0.7+0.09)* 0.295+0.057
S340A 31.3+£3.7 39.5¢7.1 5.3+1.0 (5.2+£0.49) 53.0+£7.5
S340C 46.3+7.8 53.7£2.6 40.1+£5.7 32.3£7.9
S340T 0.7+0.2 19.7+5.8 3.3+0.3 (11.9+1.7) 32.1+2.8
T341C 60.8+7.8 21.6+0.8 NS® (>250) >100
T341S 3.0£1.0 40.2+11.2 0.051+0.001 2.0+0.29
T341V 117.1+4.6 27.5£2.0 NS® (>250) NS

?Values in parentheses were obtained with proteocliposomes containing the purified PutP variants.
® NS, no stimulation of proline uptake into intact cells by increasing concentrations of Na* or Li*.

Because the lack of Na" (Li*) stimulation of proline uptake by the latter group Il
mutants could be due to insufficient proline binding, the proline concentration in the ion
affinity assay was raised from 10 to 250 uM. However, substitution of Thr341 by Cys or Val
again prevented a significant stimulation of transport by Na* (and in case of T341V, also by
Li"). The same elevation of the proline concentration increased the apparent Na* and Li*
affinities of PutP-wild type and -S340C about 10-fold (other mutants not tested). These data
suggested cooperative interactions between ion- and proline-binding sites. Importantly, ion
binding remained impaired also in the presence of saturating proline concentrations,

suggesting that the observed defects in ion binding were not secondary to proline binding

defects.
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or -»

@ 180x¥ 110x¥ 110x¥ >350x ¥ 7x %4 n.s.

[Prol > [ 15x% 22x¥ x> 30x¥ x> 56x ¥

Figure 2.3.: Influence of amino acid substitutions on apparent ion and proline affinities of PutP. Given are changes of
apparent affinity parameters for proline, Na* and Li* (Km(ro) Kosnas), Koswi+) @ multiples of the corresponding wild-type value.
Calculation is based on the kinetic data of Table 2.1.. Values in brackets were obtained with proteoliposomes containing the
purified PutP variants since proline uptake into intact cells was not significantly stimulated by Na'. n.s., no stimulation of proline
uptake into intact cells of E. coli WG170 by increasing Li* concentrations. A, S340A; C, S340C; T, S340T; C, T341C; S, T341S;
V, T341V.

Because the ion dependence of PutP-T341C and -T341V in intact cells remained
unclear, the apparent Na* affinities were analyzed in the more defined proteoliposome
system. Here, proline uptake into proteoliposomes containing either purified PutP-T341C or -
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T341V was finally stimulated by Na* concentrations of 50 mM or higher, and the Ko sna+) Was
estimated to exceed 250 mM. A precise determination of Ko sina+) Was not possible since NaCl
concentrations in the molar range inhibited PutP-dependent transport in proteocliposomes
(Racher et al., 1999). In contrast to the Cys and Val substitution, PutP with Ser in place of
Thr341 showed transport kinetics close to wild type. These results confirmed the particular
significance of a hydroxyl group at position 341 for high affinity Na* binding.

Contrary to position 341, evidence for a specific function the hydroxyl group at
position 340 was not obtained with the proteoliposome system. Rather, size and polarity of
the residue mattered for transport as already observed for the uptake kinetics of intact cells.
Therefore, the kinetic data obtained with proteoliposomes confirmed the results with intact
cells (compare above).

Taken together, the kinetic analyses indicated that Ser340 and Thr341 were essential
for the high affinities of PutP for coupling ion and substrate. Furthermore, the data suggested

a particular crucial role of the hydroxyl group at position 341 in binding of Na* or Li".
2.4.5. Accessibility to sulfhydryl reagents

To determine whether positions 340 and 341 are in contact with the water phase, the
accessibility of Cys placed at either one of these positions in PutP(ACys) to sulfhydryl
reagents of various sizes and polarities was analyzed. Labeling experiments were performed
with right-side-out membrane vesicles containing the corresponding PutP variant.

In initial studies it was shown that PutP(ACys)-S340C and PutP(ACys)-T341C readily
react with [**C]NEM. Reaction of Cys340 resulted in about 60% labeling of the protein within
10 min. Reaction of the maleimide with Cys341 was faster, yielding about 100% protein
labeling within the same time. These data suggested a somewhat more buried position of
Cys340. In contrast, the negative control PutP(ACys) did not react with [**CJNEM under the
conditions of the experiment even after extended periods of time (Fig. 2.4.a, b). Because
reaction of the maleimide required deprotonation of the sulfhydryl group, the results indicated
a polar environment at positions 340 and 341. The latter conclusion was strongly supported
by the observation that charged reagents methanethiosulfonate ethylammonium (MTSEA)
and methanethiosulfonate ethylsulfonate (MTSES) as well as neutral methyl
methanethiosulfonate (MMTS) efficiently inhibited [**C]NEM labeling of Cys at both positions
(Fig. 2.4.b). Taken together, the data suggested that Ser340 and Thr341 are located in a
water-filled cavity in the membrane that is at least transiently open to the periplasm. Finally,
the influence of PutP ligands on Cys modification by [**CINEM was investigated. Repeated
experiments did not reveal a significant effect of Na*, Li*, proline, or a combination thereof on

the reaction (data not shown).
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Figure 2.4.: Accessibility of Cys at positions 340 and 341 of PutP to sulfhydryl reagent. 200 ul of a suspension of right-
side-out membrane vesicles of E. coli WG170 containing given PutP derivatives (10 mg of total membrane protein/ml) were
incubated with 500 uM [14C]NEM for given periods of time. Labeling reactions were stopg)ed by the addition of 2 mM B-
mercaptoethanol. After solubilization with 1.5% n-dodecyl-B-maltoside and purification via Ni**-NTA affinity chromatography, 5
ug of protein were loaded onto a 10% SDS-PAGE and separated. Radioactivity was detected with a Phosphorlmager Sl of GE
Healthcare. Gels were stained with Coomassie Blue (Coom.) and scanned for an estimation of relative amounts of protein. The
software ImageQuant was used for quantitative analysis of the images. A, time course of [14C]NEM labeling of PutP(ACys),
which was used as a negative control. B, labeling of PutP(ACys)-S340C or -T341C. The [14C]NEM labeling reaction was
performed for 10 min. The right-side-out vesicles were preincubated with 500 puM methanethiosulfonate ethylammonium
(MTSEA; positive charge), methanethiosulfonate ethylsulfonate (MTSES; negative charge), or methyl methanethiosulfonate
(MMTS; neutral) for 10 min where indicated. The diagram gives the percentage of [14C]NEM labeling after preincubation with the
methanethiosulfonate (MTS) reagents, thereby labeling in the absence of MTS-compounds was set to 100%.

14C.NEM labeling
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2.4.6. Proximity between TM Il and TM IX

Because the dramatic changes of the apparent Na* and proline affinities suggested an
involvement of TM IX in ligand binding, a possible proximity between residues of TM IX and
the functionally important TM Il was tested by in situ Cys cross-linking. For this purpose the
following pairs of Cys residues were individually introduced in TMs Il and IX of PutP(ACys):
S41C/C344, D55C/S340C and D55C/T341C, S57C/S340C and S57C/T341C, M62C/A327C.
In addition, thrombin cleavage sites were introduced into periplasmic loop 7 (pL7) to facilitate
determination of cross-linking products (compare the supplemental material for details on the
establishment of protease cleavage sites and activities of all PutP variants used for cross-
linking).

Cross-linking of Cys in TMs Il and IX was performed with BMH (3.47-15.64 A), p-PDM
(9.2-12.29 A), and CuPh (zero-length) (Green et al., 2001) (Fig. 2.5.). Thrombin digestion of

PutP variants in the absence of cross-linker resulted in C-terminal fragments of the expected
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apparent size of 30 kDa, whereas cross-linked and cleaved PutP migrated at the size of
intact PutP (44 kDa) (Fig. 2.5.).

A B
, Mutant dC dc dc dc SC 5C dc dc dac SO S¢ dc dc S SO
Thrombin ) 1IX X X
Thrombin - + + + + + + + + + + + + + +
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Figure 2.5.: In situ cross-linking of TM Il and TM IX of PutP. A, model of TMs Il and I1X showing residues successfully cross-
linked. The solid line connects positions most efficiently cross-linked with CuPh; the dashed lines mark positions less efficiently
cross-linked with CuPh. Two thrombin cleavage sites were inserted into pL7 to facilitate detection of intramolecular cross-linking.
B, primary results of the cross-linking analysis. 100 pl of membranes (1 mg of total membrane protein/ml) containing the given
PutP derivatives were subjected to 0.5 mM zero-length cross-linker CuPh (third through seventh vertical lanes) or to 2 mM
maleimide cross-linker BMH and p-PDM at 4 °C or 25 °C (eighth through fifteenth vertical lanes). Cross-linking reactions were
stopped by adding 10 mM dithiothreitol (maleimide cross-linker) or 10 mM EDTA (CuPh). After solubilization with 1% B-dodecyl-
maltoside protein was digested with thrombin, and the C-terminal FLAG epitope was detected after SDS-PAGE separation and
Western blotting with mouse anti-FLAG IgG as described before (Quick et al., 1996). Intact PutP migrated at a size of 44 kDa
(a). Thrombin digestion of PutP in the absence of cross-linker resulted in C-terminal fragments of 30 kDa (b). Thrombin
digestion of PutP successfully cross-linked between TMs Il and IX resulted in bands of the same size as intact PutP (c). dC
indicates that the double-Cys variant of PutP given on top of each gel was used. The respective single-Cys PutP variants (sC II,
Cys inonly in TM II; sC IX, Cys only in TM IX) served as controls. CuPh-cross-linked PutP was treated with B-mercaptoethanol
to check reversibility of disulfide formation (d).

All three cross-linkers (CuPh, BMH, p-PDM) caused intramolecular cross-linking
between Cys in TMs Il and IX, although the efficiency of cross-linking varied with the cross-
linker and position analyzed (Fig. 2.5.). Cys residues at positions 57 and 341 were most
efficiently cross-linked (>90% intramolecular cross-linking) not only with the zero-length
cross-linker CuPh but also with BMH and p-PDM, indicating a temporal close proximity of
both positions. The fact that the two bifunctional maleimides were also well accommodated
hints at a structurally flexibility of this part of the protein. Positions 57 and 340 were efficiently
cross-linked (>90%) by BMH and p-PDM and to a significant lesser extent by CuPh (15-50%
depending on temperature), suggesting a predominant distance between these positions in
the range of 9.2 A and 12.3 A. Also, the Cys pairs S41C/C344, D55C/S340C, and
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D55C/T341C were cross-linked by all three cross-linkers albeit the cross-linking efficiencies
were lower (20-40% intramolecular cross-linking) than that of S57C/T341C. Finally,
M62C/A327C showed significant cross-linking by CuPh (30% intramolecular cross-linking)
only at 25 °C, whereas reaction at 4 °C was ineffective, proposing that a conformational
alteration preceded disulfide bridge formation. In contrast to CuPh, M62C/A327C could be
cross-linked with BMH or p-PDM (40 to 45% intramolecular cross-linking) already at 4 °C,
suggesting that under this condition the distance between both positions lied in the range of
9.2 A and 12.3 A (distance spanned by rigid p-PDM).

To test for possible ligand-induced changes of distances between TMs Il and IX, the
effect of Na* and proline on Cys cross-linking was analyzed (suppl. Fig. 2.4.). The results did
not reveal any significant effect of the ligands on cross-linking.

Taken together, these results demonstrated an at least temporal proximity of TMs Il
and IX. The distances between selected residues of these domains were not well defined

probably due to the structural flexibility of this protein region.
2.5. Discussion

In a search for residues involved in ion and/or substrate binding in the SSS family
member PutP, the role of two polar amino acids, Ser340 and Thr341, in Na'/proline transport
is analyzed. Both amino acids are located in the middle of TM IX and are conserved in pro-
and eukaryotic members of the family independent of their substrate specificity (e.g. proline,
pantothenate, glucose, iodide). This investigation demonstrates that the two residues are of
particular functional significance. This is documented by the fact that already relative
conservative replacements (S340A, S340C or S340T; T341C, T341S, or T341V) cause a
significant inhibition of proline uptake into intact cells as well as proteoliposomes containing
the reconstituted PutP variants. In addition, simultaneous substitution of both residues (group
Il mutants) inhibits transport almost completely. Kinetic analyses reveal that inhibition of
transport of group | (S340A, S340T, T341S) and group Il mutants (S340C, T341C, T341V)
are primarily due to drastic changes of the apparent affinities of PutP for its ligands. By
contrast, maximum rates of proline uptake are only marginally affected. The results suggest
that events associated with ligand binding rather than with subsequent translocation steps
are hampered by the alterations.

Most severe defects are observed for binding of the coupling ion. Substitution of
Ser340 decreases the apparent Na* and Li* affinities of PutP by 2-3 orders of magnitude (Fig.
2.3.). These dramatic changes ascribe Ser340 a specific role in Na® (and Li*) binding.
However, the size of the side chain at this position had a stronger impact on activity than the

presence of a hydroxyl group. Therefore, it is proposed that the residue is located in the direct
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surroundings of the ion-binding site of PutP. Alternatively, it may participate in ion binding via
its main-chain carbonyl group.

Substitution of the neighboring Thr341 results in a somewhat different phenotype,
indicating a specific role for the hydroxyl group of the side chain in ion binding. Although the
most conservative replacement with Ser has only little effect on ion binding, Na* does not
significantly stimulate proline uptake into intact cells containing PutP-T341C or -T341V. Using
the more defined proteoliposomes system, Na* stimulation of transport containing either one
of these mutants is observed only at elevated ion concentrations, suggesting a highly
reduced (minimum two orders of magnitude) ion affinity. Why is this stimulation not seen with
intact cells? Clearly, it is easier to establish defined energetic conditions with
proteoliposomes than with intact cells in which not only PutP but a number of other
membrane proteins (e.g. Na'/H* antiporter) interfere with electrochemical ion gradients.
Furthermore, high concentrations of Na* have an inhibitory effect on various proteins and
cellular processes (Padan and Krulwich, 2000). In fact, proline uptake into PutP wild-type
cells is inhibited already at Na* concentrations of 250 mM and higher. This is exactly the
concentration range by which proline uptake into PutP-T341C or -T341V proteoliposomes
becomes stimulated. Therefore, because of the complex scenario in intact cells, stimulatory
and inhibitory effects of Na* on proline transport may partially compensate each other. In any
event, the observed distinctive effects of the Thr341 substitutions on the apparent ion affinity
implicate the residue in binding of the coupling ion.

Besides the effects of the amino acid replacements on ion binding, proline binding
and transport is also affected. The substitutions inhibit also counterflow activity, which does
not require an electrochemical ion gradient. In addition, the proline affinity is affected, albeit to
a lesser extent than the ion affinities (Fig. 2.3.). These results provide additional evidence for
the particular functional significance of Ser340 and Thr341 and indicate that both residues
are important for ion and proline binding. Similar observations have already been made upon
replacement of other residues (Asp55, Ser57, Gly58 of TM II) supposed to be involved in
ligand binding (Pirch et al., 2002; Quick et al., 1996; Quick and Jung, 1997). Obviously, there
is an interdependence of ion and proline binding as shown by this and other investigations
(Jung et al., 1998a; Zhou et al., 2004; Yamato and Anraku, 1993; Yamato and Anraku,
1990). A simple explanation for the observed phenomena is a close proximity or even an
overlapping of ion- and proline-binding sites. Such an arrangement would ensure tight
coupling of ion and substrate transport. But what would be the primary function of Ser340
and Thr341? The following results argue for a primary role of the residues in ion binding: (i)
the amino acid replacements have a stronger impact on ion than on proline binding; ii)
apparent ion affinities remain reduced even in presence of a saturating proline concentration;

(iii) Cys at position 340 or 341 is not protected by proline as, e.g. observed for positions 57
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and 58, which are suggested to participate in proline binding (Pirch et al., 2002; Quick et al.,
1996).

A location of Ser340 and Thr341 in or close to a ligand-translocation pathway is
further supported by the result that Cys placed at either position in the middle of TM IX reacts
with methanethiosulfonate compounds of different polarities. This result indicates an
accessibility of both positions from the water phase. The lack of efficient Cys protection by
Na" may be attributed to the highly reduced Na" affinities of the mutants. In addition, coupling
ions are small and, therefore, a priori less efficient in protecting Cys at or close to a ligand-
binding site than a larger co-transported substrate (e.g. amino acid, sugar).

If Ser340 and Thr341 participate in ligand binding, are the residues located close to
other amino acids implicated in Na* (Asp55) and proline binding (Ser57, Gly58)? Here, it is
shown that pairs of Cys residues placed at these positions 55/340, 55/341, 57/340, and
57/341 form disulfide bridges. Albeit the cross-linking efficiency varies between the pairs, the
results support the idea of a functional interaction of TMs Il and IX. However, the necessary
amino acid replacements in (or close to) the proposed ligand-binding sites of PutP impair
transport activity almost completely. Therefore, pairs of Cys residues are also introduced at
either end of TMs Il and IX. The resulting functional PutP variants are also cross-linked,
indicating an at least temporal proximity of TMs Il and IX. Furthermore, the observation that
cross-linkers of varying lengths cross-link positions in both TMs suggests a conformational
flexibility of these parts of the transporter. The latter idea is further supported by the
temperature dependence of cross-linking of M62C/A327C. The proposed proximity between
TMs Il and IX isin general agreement with earlier analyses reporting a clustering of mutations
causing an altered substrate specificity within the N- and C-terminal domains of PutP (Dila
and Maloy, 1986).

Despite comprehensive trials, a significant effect of Na* and proline binding on cross-
linking efficiencies (e.g. via altering intramolecular distances) was not observed, although a
participation of TM Il in ligand-induced conformational alterations was previously reported
(Pirch et al., 2003). Also, in view of the in-part dramatic effects of the Cys substitutions on
apparent ligand affinities, it is assumed that the PutP variants are even in the presence of
ligands still dynamic enough to allow efficient cross-linking of Cys pairs within the given
labeling period. In addition, Cys cross-linking is known to underestimate distances
(Abramson et al., 2003), thereby potentially obscuring ligand-induced changes.

Taken together, the data lead to a working hypothesis according to which amino acids
of TM Il (Asp55) and TM IX (Ser340, Thr341) form part of the ion- and/or substrate-
translocation pathway of PutP, thereby Asp55 and Thr341 may directly participate in Na*
binding (Fig. 2.6.). Furthermore, since binding of Na* and proline is interdependent and side-

chain alterations affect not only binding of Na* but also of proline, it is proposed that binding
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of both ligands occurs in close proximity. Thereby, the carboxylate of proline may even
directly interact with the coupling ion.

Such an arrangement resembles in part the situation found in the three-dimensional
structure of the leucine transporter LeuTa, (NSS family) (Yamashita et al.,, 2005). Here,
binding of two Na* ions occurs in cavities located also in about the middle of the membrane
with Na;" being in direct contact with the substrate leucine. Furthermore, ligand binding also
involves residues in N-terminal and C-terminal domains (e.g. Na;", TMs | and 6; Na,*, TMs |
and VIII). Na,*, for example, makes direct contact to five oxygen atoms out of which three
originate from main-chain carbonyl groups and two come from side-chain hydroxyl groups of
two adjacent polar amino acids, Thr354 and Ser355 (TM VIII). Although the neighborhood of
Thr and Ser resembles the situation in PutP, the results presented here suggest a direct

involvement in Na* binding only for the side chain of Thr341 of PutP.

1341

Figure 2.6.: Model showing the participation amino acids of TM Il and IX in ligand binding and transport. The model is
based on the current analysis as well as on previous investigations (Pirch et al., 2002; Quick et al., 1996; Quick and Jung,
1997). It represents a working hypothesis according to which TMs Il and IX participate in the formation of a ligand-translocation
pathway; Asp55, Ser57, and Thr341 directly participate in Na or proline binding. Further structural information is necessary to
prove or disprove the model.

Can the model presented in Fig. 2.6. be generalized for all members of the SSS
family? The conclusions drawn here are in good agreement with previous analyses of NIS,
which like PutP is a member of the SSS family. In fact, the corresponding amino acids in NIS
(Ser353 and Thr354) are demonstrated to be particularly crucial for Na* binding and/or
translocation (De la Vieja et al., 2007). The general importance of Asp55 and Ser57 is less
clear as these residues are not as conserved within the SSS family as Ser340 and Thr341.
So, it is possible that Na® binding to the N-terminal domains differs significantly between
members of the SSS family. These differences may be attributed to the different
Na':substrate stoichiometries (e.g. 1:1 in PutP; 2:1 in NIS, SGLT1). In addition, because ion-
and substrate-binding sites are supposed to closely interact with each other, the properties of
the substrates (e.g. charged proline versus polar sugar) may also have influenced the precise
mechanism of Na* binding. In human SGLT1, the N-terminal half of the protein is thought to
contain two Na'-binding sites, whereas the C-terminal part is made responsible for sugar
binding and translocation (Meinild et al., 2001; Panayotova-Heiermann et al.,, 1996;

Panayotova-Heiermann et al., 1997; Kumar et al., 2007). Thereby, sugar binding is supposed
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to occur in a hydrophilic cavity formed by TMs X-XIII (Diez-Sampedro et al., 2001; Wright et
al., 2007). Residues directly participating in Na* binding are not yet identified.

Finally, it must be considered that the complete sets of residues involved in ion and/or
substrate binding are neither known for PutP, SGLT1, or other members of the SSS family.
Furthermore, although the results presented here support an involvement of Ser340 and
Thr341 of PutP in ligand binding, it must be stated that the observed binding defects can also
be explained by indirect effects, e.g. distortion of the structural arrangement of neighboring
residues participating in the formation of a binding cavity. Along this line, Ser340 and Thr341
could simply be required for stabilizing intramolecular contacts between N- and C-terminal
domains, which in turn may be necessary for high affinity ligand binding. Clearly, more
information on transporter structure is required to fully understand the phenomena described
here.

In summary, the results demonstrate that Ser340 and Thr341 of PutP are particularly
important for high affinity Na* and proline binding. Being placed in the middle of TM IX, the
residues are accessible from the water phase and located close to residues of TM Il, which
are also implicated in ligand binding. For these reasons it is suggested that Ser340 and
Thr341 are located in a ligand-translocation pathway. Furthermore, it is proposed that Thr341

directly participates in Na* binding.
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2.8. Supplementary Material
2.8.1. Sequence alignment of members of the SSS family

Searching for amino acid residues of potential structural and/or functional significance
(e.g., residues involved in ligand binding) a multiple sequence alignment of members of the
SSSF was performed. The analysis revealed that Ser340 and Thr341 of E. coli PutP are
conserved within prokaryotic and eukaryotic family members irrespective of their substrate
specificity (e.g., transporters for proline, pantothenate, sugars, or iodide). In fact, the
transporters analyzed contained Ser at the position corresponding to Ser340, and Ser or Thr

at the position corresponding to Thr341 of E. coli PutP (suppl. Fig. 2.1.).
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Supplementary Figure 2.1.: Multiple sequence alignment of the region around TM IX of pro- and eukaryotic members of
the SSSF. A multiple alignment was generated using ClustalW (1.82) with sequences (FASTA) obtained from a blastp search
(www.ncbi.nlm.nih.gov/BLAST) against PutP of E. coli K12 (swiss-prot entry P07117) at the EBI www-server
(www.ebi.ac.uk/clustalw/) (Pearson and Lipman, 1988; Pearson, 1990). The chosen matrix was blosum62, penalties were 10
(open gap), 0,05 (extending gap) and 10 (gap distance). The resulting alignment was optically improved by the Boxshade 3.21
program (www.ch.embnet.org), highlighting conserved residues in black (>60% identical to consensus) or grey (>60% similar to
consensus). The term PutP refers to the homology with PutP of E. coli, experimental evidence for Na'/proline transporter activity
exists only for Salmonella typhimurium (SALTY), Staphylococcus aureus (Saureus), and OpuE of Bacillus subtilis (BACSU).
Arabic numbers indicate the position in the primary sequence and refer to the first amino acid of the alignment.

2.8.2. Establisment of protease cleaving sites in PutP

Factor Xa or thrombin cleavage sites were introduced into periplasmic (L7) or
cytoplasmic loops (L8) of PutP(ACys) to facilitate determination of cross-linking between the
TMs Il and IX (suppl. Table 2.1.). Introduction of the cleavage sites was performed by

oligonucleotide-directed site-specific mutagenesis. After PCR amplification, mutagenic
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fragments were treated with Nhel and Pstl and ligated with similarly restricted plasmid pT7-

5/putP(ACys) encoding PutP with the given single or double-Cys substitutions.

Supplementary Table 2.1.: Localization and organization of protease cleaving-sites introduced in PutP(ACys).

Localization and number of protease cleaving-site Primary sequence®

Single thrombin cleaving-site in loop 7 (ThroL?lX) ...DSLEVIKQKLVPRGSIENVDMLK...

Double thrombin cleaving-site in loop 7 (ThroL?ZX) ...DSLEVIKQKLVPRGSLVPRGSIENVDMLK...
Single factor Xa cleaving-site in loop 7 (FXaL7") ...DSLEVIKQKSIEGRNVDMLK...

Double factor Xa cleaving-site in loop 7 (FXaL?ZX) ..DSLEVIKQKSIEGRIEGRNVDMLK...

Single factor Xa cleaving-site in loop 8 (FXaL7") ...RFMAADSHHSIEGRVHARRIS...

2 The single or double protease recognition-sites are underlined. Inserted amino acids (1-letter-code) are displayed with bold
letters.

The capability of the resulting PutP variants to catalyze L-[**C]-proline uptake into E.
coli WG170 was analyzed as described in the main manuscript. While insertion of protease
cleavage sites into L8 inhibited transport completely, transporters with insertions in L7 were
all functional [50 to 100% of PutP(ACys) activity depending on the nature and number of the
introduced sites]. Accessibility of the cleaving sites was tested after protein solubilization
from the membranes as described in the main manuscript. C-terminal fragments resulting
from cleavage in loop 7 were detected with anti-FLAG antibody and migrated at an apparent
M; of about 30 kDa, while uncleaved PutP had an apparent M, of about 44 kDa (Suppl. Fig.
2.2.). Complete cleavage at the desired site without byproducts occurred only when two
adjacent thrombin sites were inserted into periplasmic loop 7 (ThroL7%). Therefore, the latter
construct was used in the following experiments.

For in situ Cys cross-linking experiments, the following pairs of Cys residues were
individually introduced in TMs Il and IX of PutP(ThroL7%): S41C/C344, D55C/T341C,
S57C/T341C, M62C/A327C). Na'-coupled proline uptake into strain WG170 was
demonstrated for PutP(ThroL7%*)-S41C/344C and -M62C/A327C [e.g., 80% and 10%,
respectively, of the PutP(ACys) steady-state level of accumulation], whereas transport
activity of PutP(ThroL7%*)-S57C/S340C and -S57C/T341C was only detectable at elevated
proline concentrations (2% and 3%, respectively, of the PutP(ACys) steady-state level of
accumulation in presence of 250 pM " C-proline). PutP(ThroL7%)-D55C/S340C and
-D55C/T341C were inactive. Western blot analysis showed, that the differences described
between PutP(ACys) and the double-Cys mutants with inserted thrombin cleavage-sites
could not be attributed to defective expression, insertion into the membrane or instability of
the PutP variants. The results were in full agreement with the described functional
significance of the residues (Pirch et al., 2002; Quick et al., 1996; Quick and Jung, 1997; this

article).
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Supplementary Figure 2.2.: Efficiency of site-specific protease cleavage of PutP. Membranes prepared from WG170
containing PutP(ACys) with and without given cleavage sites were solubilized with 1% DDM and subjected to digestion by
Factor Xa (FXa) or Thrombin (Thro) at 4°C for 16 hours. The protein fragments were resolved in a SDS Gel and the C-terminal
FLAG epitope of PutP was detected by Western blotting with HRP-linked monoclonal FLAG antibody. The exponent displays the
number of inserted protease cleaving sites in loop 7 (L7). PutP(ACys) without FXa (FXaL?OX) or Thro cleaving site (ThroL?OX)
was used as a control.

Single-Cys PutP variants were used as negative controls in the cross-linking
experiments. Besides the expected bands for full size and cleaved PutP, an additional band
of about 55 kDa was observed after thrombin cleavage especially when the long and flexible
cross-linker BMH was applied to membranes containing PutP variants with a single Cys in
TM IX (Suppl. Fig. 2.3.). The band was most prominent for single-Cys PutP(ThroL7%*)-A327C
in presence of BMH. A mass spectrum analysis identified the protein as the C-terminal
fragment (30.34 kDa) obtained after thrombin cleavage which presumably dimerized in
presence of BMH. Since the electrophoretic mobility of the dimer band differed significantly

from the other bands, intra- and intermolecular cross-linking could clearly be distinguished.

a b (s d

kDa
66.2

45.0

31.0

Supplementary Figure 2.3.: In situ intermolecular cross-linking PutP(ACys)-A327C. Membranes prepared from WG170
containing PutP(ACys)-A327C with inserted thrombin cleaving sites in loop 7 were subjected to 2 mM BMH at 25°C. Cross-
linking reactions were stopped by adding 10 mM DTT. After solubilization with 1% DDM, protein was digested by thrombin or
was incubated with protease storage buffer at 4°C for 16 hours. The protein fragments were resolved in a SDS Gel and the C-
terminal FLAG epitope of PutP was detected by Western blotting with HRP-linked monoclonal FLAG antibody. In the absence of
BMH, undigested protein (lane a, 44 kDa band) and digested protein (lane c, 30 kDa band) were used as a controls.
Intermolecular crosslinking in the presence of BMH vyielded a band of 68 kDa before (lane b) and of 55 kDa after thrombin
cleavage (lane d).

2.8.3. Effect of ligand on Cys cross-linking

To analyze the effect of Na* and proline on distances between TMs Il and IX, Cys
crosslinking experiments were performed as described in the main manuscript with the
following changes: Where indicated membrane vesicles were pre-incubated with 50 mM Na®,
10 mM L-proline or both followed by addition of cross-linker. Cross-linking was performed at

25 °C for 10 min. Three independent repeats of the experiment did not reveal a significant
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impact of the ligands on the cross-linking efficiency. The results of a typical experiment are

presented in Suppl. Fig. 2.4..
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Supplementary Figure 2.4.: Influence of PutP ligands on cross-linking of TM Il and TM IX. One-hundred pl membranes (1
mg of total membrane protein/ml), containing given PutP derivatives, were subjected to 0.5 mM of CuPh in the presence of 50
mM sodium (Na, lane 2), 50 mM sodium and 10 mM proline (NaP, lane 3), or 50 mM potassium and 10 mM proline (KP, lane 4).
Cross-linking in the absence of ligands was performed as a control (lane 1). After an incubation time of 10 minutes, the cross-
linking reactions were stopped by adding 10 mM of EDTA. After solubilisation with 1% DDM, protein was digested with thrombin
and the C-terminal FLAG epitope was detected after SDS-Page separation and Western blotting with mouse anti-FLAG 1gG.
Thrombin digestion of PutP successfully cross-linked between TMs Il and IX resulted in bands of about 44 kDa. The double-Cys
variants of PutP are given on the left hand side of each gel.
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CHAPTER 3
Function of transmembrane domain IX in the Na‘/proline transporter PutP
3.1. Abstract

Selected residues of transmembrane domain (TM) IX were previously shown to play
key roles in ligand binding and transport in members of the Na'/solute symporter family.
Using the Na*/proline transporter PutP as a model, a complete Cys scanning mutagenesis of
TM IX (positions 324 to 351) was performed here to further investigate the functional
significance of the domain. Gly328, Ser332, GIn345, and Leu346 were newly identified as
important for Na*-coupled proline uptake. Placement of Cys at one of these positions altered
Kmnprey (S332C and L346C, 3- and 21-fold decreased, respectively; Q345C, 38-fold
increased), Kosnas) (S332C, 13-fold decreased; Q345C, 19-fold increased), and/or Vmax
[G328C, S332C, Q345C, and L346C, 3-, 22-, 2-, and 8-fold decreased compared to
PutP(wild type), respectively]. Membrane-permeant N-ethylmaleimide inhibited proline
uptake into cells containing PutP with Cys at distinct positions in the middle (T341C) and
cytoplasmic half of TM IX (C344, L347C, V348C, and S351C) and had little or no effect on all
other single-Cys PutP variants. The inhibition pattern was in agreement with the pattern of
labeling with fluorescein-5-maleimide. In addition, Cys placed into the cytoplasmic half of TM
IX (C344, L347C, V348C, and S351C) was protected from fluorescein-5-maleimide labeling
by proline while Na® alone had no effect. Membrane-impermeant methanethiosulfonate
ethyltrimethylammonium modified Cys in the middle (A337C and T341C) and periplasmic
half (L331C) but not in the cytoplasmic half of TM IX in intact cells. Furthermore, Cys at the
latter positions was partially protected by Na* but not by proline. Based on these results, a
model is discussed according to which residues of TM IX participate in the formation of
ligand-sensitive, hydrophilic cavities in the protein that may reconstitute part of the Na'-

and/or proline-translocation pathway of PutP.
3.2. Introduction

The Na'/solute symporter family (SSSF) (TC 2.A.21, SLC5) is an evolutionary related
collection of secondary transporters found in all three kingdoms of life (Jung, 2002; Wright
and Turk, 2004; Reizer et al., 1994). Prokaryotic members of the family utilize a sodium
motive force (smf) to specifically accumulate, for example, proline (PutP, OpuE), galactose
and glucose (SGLT), pantothenate (PanF), or phenylacetate (Ppa) in cells (Jung, 2001).
Most of these transporters (PutP, SGLT, and Ppa) feed catabolic pathways or play a role in

cell adaptation to osmotic stress conditions (OpuE). PanF scavenges extracellular
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pantothenate for coenzyme A biosynthesis in the cells (Jackowski and Alix, 1990). In
eukaryotes, SSSF members are responsible for the transport of, for example,
monosaccharides (SGLT), myoinositol (SMIT), vitamins (SMVT), iodide (NIS), and urea
(DUR) (Dohan et al., 2006; Wright et al., 2007; Kojima et al., 2007). So far, missing
information on the three-dimensional structure of SSSF members limits access to the

molecular mechanism of Na*-coupled substrate transport.
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Figure 3.1.: Secondary structure model of PutP of E. coli highlighting functional important residues. The model is based
on a gene fusion approach, Cys accessibility analyses, site-directed spin labeling, and site-specific proteolysis (Jung et al.,
1998a; Wegener et al., 2000). Putative TMs are represented as rectangles and numbered with Roman numerals. Amino acid
residues of TMs Il and IX previously shown to be crucial for Na" and/or proline binding are indicated by open letters (Quick et
al., 1996; Quick and Jung, 1997; Pirch et al., 2002; Hilger et al., 2008). Residues of TM Il proposed to line a ligand-sensitive
hydrophilic cavity in the transporter are highlighted (enlarged letters) (Pirch et al., 2003). In TM IX, only Cys344 (enlarged letter)
is known so far to react with sulfhydryl reagents and is protected by substrate (Yamato and Anraku, 1993). TMs Il and IX are
adjacent in the tertiary structure of the protein as shown by Cys cross-linking (Hilger et al., 2008).

We use PutP of Escherichia coli as a model to obtain insights into structure and
molecular mechanisms of function of SSSF members. Genetic, protein chemical, and
spectroscopic analyses suggest a secondary-structure model according to which PutP
contains 13 transmembrane domains (TMs) with the N terminus located on the periplasmic
side of the membrane and the C terminus facing the cytoplasm (Fig. 3.1.) (Jung et al., 1998a;
Wegener et al., 2000). Furthermore, Cys accessibility experiments propose a participation of
TM Il in the formation of a hydrophilic cavity in the transporter and implicate the TM in ligand-
induced conformational alterations (Pirch et al., 2003). In addition, Asp55 in TM Il is essential
for function and proposed to participate in binding of the coupling ion (Quick and Jung,
1997). Ser57 and Gly58 of the same TM are important for Na® and proline binding,
suggesting partly overlapping binding sites for both ligands (Quick et al., 1996; Pirch et al.,
2002). More recent Cys cross-linking data propose that TM Il is close to TM IX in the tertiary
structure of the protein. In fact, also, the latter TM contains residues (Ser340 and Thr341)
that are required for high-affinity Na* and proline binding (Hilger et al., 2008). Beside PutP,

polar residues of TM IX were shown to be particularly crucial also for function of human NIS
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(De la Vieja et al., 2007), suggesting that this domain is of general significance for members
of the SSSF.

To gain further insights into the role of TM IX, all amino acids of the domain of our
model system PutP (Pro324 to Ser351) were individually replaced with Cys and the
functional consequences were analyzed. Furthermore, accessibilities of Cys placed
throughout TM IX to sulfhydryl reagents of various sizes and polarities were determined.
Finally, the influence of ligands (Na*, proline) on the labeling reactions was investigated. The
results led to a model according to which TM IX contributes to the formation of hydrophilic

cavities in PutP, which may reconstitute part of a ligand-translocation pathway of PutP.
3.3. Materials and Methods
3.3.1. Bacterial strains and plasmids

E. coli JM109 [endAl recAl gyrA96 thi hsdR17 supE44 relAl A(lac-proAB)
(F'traA36pro AB" lacl? ZAM15)] (Yanisch-Perron et al., 1985) and E. coli DH5a [F ¢80d lacZ
AM15 A(lacZYA-argF) U169 deoR recAl endAl hsd R17(r,m¢’) phoA supE44 A thi-1
gyrA96 relAl] were used as carriers for the plasmids generated in this study. E. coli WG170

[F~ trp lacZ rpsL thi A(putPA)101 proP219] (Stalmach et al., 1983), harboring given plasmids,
was used for overexpression of the putP gene and transport assays. The following plasmids,
derivatives of pT7-5 (Tabor and Richardson, 1985), containing the lac promoter/operator for
expression of the putP gene were used for all gene manipulations: pT7-5/putP and pT7-
5/putP(ACys), each of which harbors a cassette version of the putP gene encoding PutP-
wild-type and an engineered transporter devoid of all five native Cys residues [PutP(ACys)],
respectively, and a C-terminal-attached amino acid sequence resembling the FLAG epitope
and a 6His tag (Jung et al., 1998a; Wegener et al., 2000).

3.3.2. Site-directed mutagenesis

Every amino acid of TM IX was individually replaced by Cys by site-directed
mutagenesis using plasmid pT7-5/putP(ACys) as a template and synthetic mutagenic
oligonucleotides in a one- or two-step PCR reaction with Taq-DNA polymerase. PCR
fragments were digested with Pstl and Spel and ligated with similarly treated plasmid pT7-
5/putP(ACys) additionally incubated with alkaline phosphatase. Constructs were verified by
sequencing the resulting plasmid DNA. For overexpression, the mutated putP gene was cut
out with restriction endonucleases Ncol and Hindlll and ligated to the similarly treated vector

pTrc99a additionally incubated with alkaline phosphatase.
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3.3.3. Purification and reconstitution of PutP

PutP was purified by Ni**-NTA affinity chromatography and reconstituted into
proteoliposomes prepared from E. coli polar lipid extracts (Avanti Polar Lipids, Inc.,
Alabaster, AL) at a lipid-to-protein ratio of 100:1 (w/w) as described before (Jung et al.,
1998b).

3.3.4. Proline transport assays

Transport was measured in E. coli WG170 transformed with plasmid pT7-
5/putP(ACys) or pT7-5/putP harboring the given mutations. Cells were grown and prepared
as previously described (Quick et al., 1996). Smf-driven proline uptake was assayed under
standard conditions with 10 pM L-[U-**C]proline (26 Ci/mol) in the presence of 20 mM D-
lactate (Na* salt) and 50 mM NaCl using the rapid filtration method as described previously
(Chen et al., 1985). Initial rates of transport were calculated from the initial linear portion of
the time course. Steady-state levels of proline accumulation were determined from time
points after leveling out of the uptake curve. Kinetic parameters were determined by plotting
initial rates and substrate concentrations according to Eadie-Hofstee. The resulting Kmro),
Kosnas), and Vma values of pT7-5/putP-encoded PutP(wild type) closely match the
parameters of the native, fully induced, chromosome-encoded PutP in the absence of PutA
(Wood and Zadworny, 1979; Chen et al.,, 1985) suggesting that deviations of kinetic
parameters are solely due to the site-specifically introduced amino acid replacements and
not to overexpression artifacts.

For transport inhibition analyses, cells containing the respective single-Cys variant
were incubated with 2 mM sulfhydryl reagent (NEM or MTSET) at room temperature for
15 min. The reaction was stopped by twofold dilution of the reaction mixture with 100 mM
Tris/4-morpholineethanesulfonic acid (Mes) buffer, pH 6.0, containing 0.1% bovine serum
albumin (BSA). Cells were washed and resuspended in the same buffer without BSA, and
transport was analyzed as described above.

For analysis of the effect of ligand on MTSET labeling, cells containing the respective
single-Cys variant were washed four times in sodium-free 100 mM Tris/Mes buffer, pH 6.0,
and preincubated in the absence or presence of 30 mM NaCl, 10 mM proline, or 30 mM
NaCl/10 mM proline at 25 °C for 10 min. Subsequently, 2 mM MTSET was added and
incubation was continued for 10 min. The reaction was stopped by twofold dilution of the
reaction mixture with 100 mM Tris/Mes buffer, pH 6.0, containing 0.1% BSA, and washed
two times with the same buffer without BSA. The transport was analyzed as described

above.
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Smf-driven proline uptake into proteoliposomes was analyzed as described before
(Jung et al., 1998b).

3.3.5. Cys accessibility to fluorescein-5-maleimide

E. coli WG170 transformed with pTrc99a/putP(ACys) were grown, disrupted by
sonification, and randomly oriented membrane vesicles were prepared as previously
described (Pirch et al., 2003). For accessibility analyses, 150-uL aliquots of the membrane
suspension containing 10 mg/mL total protein were incubated without or with Na*, K*, and/or
L-proline at given concentrations at 25 °C for 10 min. Subsequently, 200 uM FM was added
and incubation was continued at 25 °C for an additional 10 min. Reactions were stopped by
addition of 5 mM B-mercaptoethanol. After labeling, PutP was solubilized with 1.5% (w/v) n-
dodecyl-B-D-maltoside under stirring at 4 °C for 30 min. Then, samples were purified via Ni**-
NTA spin columns and eluted with 200 mM imidazole as described before (Pirch et al.,
2002). After protein determination, equal amounts of protein were subjected to 10% SDS-
PAGE. Fluorescent bands of PutP were visualized using the Multiimager™ device (BioRad,
Munich) and quantified using the software ImageQuant 5.0. After analysis of fluorescent

PutP bands, the gel was stained with Coomassie Blue to detect total amounts of protein.
3.3.6. Western Blot analysis

Relative amounts of PutP with given amino acid replacements in membranes of E. coli
WG170 were estimated by Western Blot analysis with horseradish peroxidase-linked mouse
anti-FLAG immunoglobulin G directed against the FLAG epitope at the C terminus of each
PutP variant as described before (Quick et al., 1996).

3.3.7. Protein determination

Determination of protein was performed according to Bradford (1976) for purified
protein and a modified Lowry method (Peterson, 1977) for total membrane protein with

bovine serum albumin as standard.
3.4. Results
3.4.1. Cys scanning mutagenesis of TM IX

TM IX of PutP was subjected to Cys scanning mutagenesis in order to identify residues
of particular structural and/or functional significance. For this purpose, each amino acid of

TM IX (Pro324 to Ser351) was individually replaced with Cys in a functional PutP molecule
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devoid of all five native Cys residues [PutP(ACys)]. A Western blot analysis revealed that
these replacements resulted in amounts of transporter molecules in the membrane similar as
observed for PutP(ACys), indicating that possible differences in proline uptake kinetics
cannot be attributed to different amounts of transporter molecules in the membrane (Fig.
3.2)).

Figure 3.2.: Inmunological detection of PutP containing replacements of amino acids in TM IX. Twenty-five micrograms
of total membrane protein of each mutant was separated by 10% SDS-PAGE. Proteins were transferred onto a nitrocellulose
membrane (0.45 ym pore size) and probed with mouse anti-FLAG M2 monoclonal antibody linked to horseradish peroxidase.
Detection was performed according to the enhanced chemiluminescence method. Cells transformed with plasmid pT7-5 without
putP served as negative control (NC).

Active transport was then measured under standard test conditions (70 mM Na*, 10 uM
proline) by using E. coli WG170 complemented with plasmid-encoded PutP variants. Under
these conditions, PutP(ACys) exhibited an initial rate of 23 £5 nmol/min-mg [50% of
PutP(wild type)] and a steady-state level of proline accumulation of 24 + 3 nmol/mg [100% of
PutP(wild type)].

Initial analyses of rates and steady-state levels of proline accumulation newly identified
Gly328, Ser332, GIn345, and Leu346 as important for PutP function (Fig. 3.3.). The most
severe defect was detected for PutP(ACys)-S332C [2.6% and 15.8% of the initial rate and
steady-state level of proline accumulation of PutP(ACys)]. Intermediate inhibitory effects [30-
40% of the initial rate and 70-100% of steady-state level of proline accumulation of
PutP(ACys)] were observed for cells containing PutP(ACys)-G328C, -Q345C, or -L346C. In
contrast, cells with PutP(ACys)-A337C or -C344 exhibited about twofold stimulated initial
rates and unaltered steady-state levels of proline accumulation compared to PutP(ACys). It
should be noted that placement of Cys at position 344 [Ser in PutP(ACys)] restored a native
Cys residue. All remaining substitutions had only little or no impact on transport kinetics (Fig.
3.3)).

3.4.2. Effect of Cys replacements in TM IX of PutP(wild type) on transport kinetics

Substitutions in PutP(ACys) causing alterations of transport were also analyzed in the
wild-type background. Cys in place of Gly328, Ser332, GIn345, and Leu346 reduced the
initial rate of transport to 30%, 6%, 17%, and 28%, respectively, of the wild-type value and, in
the case of the three latter substitutions, also led to reduced maximum levels of proline
accumulation (19-56% of the wild-type value). In contrast, replacement of Ala337 increased

the initial rate of transport by a factor of 1.8 with no significant effect on the steady-state level
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of accumulation (data not further illustrated). These results confirmed the observations made

in the PutP(ACys) background.
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Figure 3.3.: Influence of amino acid replacements in TM IX on Na'-coupled proline uptake. Transport of L—[U—“C]proline
(10 pM final concentration) into cells of E. coli WG170 was assayed in the presence of 50 mM NaCl and 20 mM D-lactate (Na*
salt) as electron donor at 25 °C under aerobic conditions using a rapid filtration method. (a) Initial rates of proline uptake. (b)
Steady-state levels of proline accumulation. All values are expressed as percentage of the corresponding value of PutP(ACys)
(initial rate, 23 £5 nmol/min-mg; steady-state level of proline accumulation, 24 + 3 nmol/mg). Standard deviations were
calculated from a minimum of three independent experiments.

A more detailed kinetic analysis of the functional consequences of the Cys
substitutions revealed diverse effects on Michaelis-Menten parameters (Table 3.1.).

Replacement of Gly328 by Cys affected Vmax (3-fold decreased) and left Ky and
Kosmnas) @lmost unaltered compared to PutP(wild type). PutP-S332C and -L346C exhibited
decreased Ko (3- and 21-fold, respectively) and Vmax values (22- and 8-fold, respectively).
While Kosnary Of PutP-L346C was only slightly altered, the value could not be reliably
determined for PutP-S332C due to the low transport activity (signal-to-noise ratio) in intact
cells. Therefore, the analysis was performed with proteoliposomes containing the purified
transporter in an inside-out orientation. Under these conditions, S332C exhibited a Ko snax+),

which was 13-fold reduced compared to the wild type in proteoliposomes (Table 3.1.). In
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contrast to PutP-S332C and -L346C, placement of Cys at the position of GIn345 increased
Kmepro) @aNd Ko sinaty 38- and 19-fold, respectively, compared to PutP(wild type). Vmax Was about
2-fold reduced (Table 3.1.). The latter results fit to previous analyses of substitutions for
Ser340 and Thr341, albeit the impact of alterations at the latter positions on Kmpr and
Kosmnat) Was even stronger than that of the GIn345 replacement (Hilger et al., 2008). Finally,
placement of Cys at the position of Ala337, which was shown to stimulate proline uptake in
the initial analyses, slightly increased Kosnary and Vmax (3- and 1.6-fold) and left Ko
unaltered (Table 3.1.).

Table 3.1.: Proline uptake kinetics of PutP bearing replacements of given amino acid residues

PutP K pro) Vimax Ko.5(Na+)
um nmol/min x mg of protein mM
Wild-type 1.340.2 44.6+1.6 0.038+0.007 (0.7+0.09)*
G328C 1.5+0.5 16.7+1.0 0.018+0.004
$332C 0.440.3 2.140.2 n.s.” (0.055+0.014)*
A337C 1.7+0.5 72.5+3.8 0.117+0.025
Q345C 49.3+1.0 23.0+1.8 0.705+0.088
L346C 0.063+0.016 5.840.3 0.071+0.011

To determine Kpypo) and Vimax, We measured initial rates of L-[U-“Clproline uptake by E. coli WG170 producing either
PutP(wild type) or PutP with given replacements in the wild-type background in the presence of 50 mM NaCl and 20 mM D-
lactate (Na" salt) at proline concentrations from 0.2 to 500 uM. For determination of the ion specific parameters [Kosnas),
transport of 10 uM L—[U—“C]proline was measured in the presence of 0.005 to 250 mM NacCl or LiCl at 25 °C. The resulting
data were plotted according to Eadie-Hofstee.

 Values in parentheses were obtained with proteoliposomes containing the purified PutP variants.

® n.s., no stimulation of proline uptake into intact cells by increasing concentrations of Na".

3.4.3. Influence of Cys modification on transport activity

Site-directed sulfhydryl modification of single-Cys proteins in situ has been shown to
be particularly useful for studying both static and dynamic features of transporters (Guan and
Kaback, 2007; Kaback et al., 2007; Karlin and Akabas, 1998). Here, we used the method to
probe a potential participation of TM IX of PutP in the formation of a hydrophilic cavity in the
transporter. In a first approach, accessibility of Cys placed throughout TM IX to membrane-
permeant N-ethylmaleimide (NEM) and membrane-impermeant methanethiosulfonate
ethyltrimethylammonium (MTSET) was analyzed via the impact of the reagents on proline
uptake into intact cells. Only freshly prepared cells were used for transport and additional
energization by D-lactate was omitted to minimize indirect inhibitory effects (e.g., caused by
reaction of NEM or MTSET with components of the respiratory chain). In this way, NEM- or
MTSET-treated cells containing PutP(ACys) maintained a minimum of 80% and 96%,
respectively, of the activity of untreated cells. PutP(ACys) was not chemically modified as
demonstrated below and elsewhere (Hilger et al., 2008).

NEM avidly reacted with Cys at distinct positions in the cytoplasmic half of TM IX
(C344, L347C, and S351C) as indicated by the highly reduced activities of the respective
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NEM-treated cells (8% or less remaining activity compared to untreated cells) (Figs. 3.4.a
and 3.5.). Intermediate inhibitory effects of NEM were observed with cells containing
PutP(ACys)-T341C or -V348C (40% and 48% remaining activity, respectively). The activity of
all other single-Cys PutP variants was not or only slightly altered by NEM treatment. Here,
either Cys was not accessible to NEM or labeling had only a minor impact on transport
activity. Since alkylation reagents are known to react with sulfhydryl groups in polar but not in
apolar environments (Zhou et al., 1995; Poelarends and Konings, 2002), the observed NEM
inhibition pattern suggested that Thr341, Cys344, Leu347, Val348, and Ser351 are in contact

with a polar (hydrophilic) environment.
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Figure 3.4.: Influence of sulfhydryl reagents on proline uptake into cells containing single-Cys PutP variants of TM IX.
Cells were incubated with 2 mM sulfhydryl reagent (NEM and MTSET) at room temperature for 15 min. The reaction was
stopped by dilution with 100 mM Tris/Mes buffer, pH 6.0, containing 0.1% BSA. Cells were washed and resuspended in the
same buffer without BSA, and transport was analyzed as described in the legend to Fig. 3.3.. Activities of NEM-treated (a) or
MTSET-treated (b) cells are presented as percentage of the activity of the respective unlabeled PutP variant. Standard
deviations were calculated from a minimum of three measurements.
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The inhibition pattern of membrane-impermeant, positively charged MTSET differed
significantly from the NEM inhibition pattern (Figs. 3.4.b and 3.5.). MTSET inhibited transport
of single-Cys PutP variants when Cys was placed in the periplasmic half (L331C, 29%
remaining activity) or the middle of TM IX (A337C, 23%; T341C, 11% remaining activity).
Also, PutP(ACys)-A327C and -V338C were inhibited by MTSET albeit to a significantly lesser
extent (64% and 51% remaining activity, respectively). Contrary to NEM, MTSET did not
inhibit single-Cys PutP activity when Cys was placed into the cytoplasmic half of the domain
(Figs. 3.4.b and 3.5.). These results suggested that the transporter contained a narrow cavity
(funnel), allowing the positively charged MTSET with a width similar to the diameter of
hydrated Na* to reach amino acids in the middle of TM IX from the periplasmic side of the
membrane. The more rigid and, as compared to MTS reagents, chemically less reactive
NEM presumably could not efficiently enter this cavity or the transporter variants were
insensitive to Cys madification by the neutral reagent.

(a) (b)

Periplasm

Cytoplasm

Figure 3.5.: Schematic presentation of Cys accessibility in TM IX. The figure summarizes the Cys accessibility data shown
in Figs. 3.4., 3.6.-3.8.. (a) Side view of TM IX. (b) Helical wheel projection of TM IX. The helix was visualized by PyMOL. Black
ellipses indicate single-Cys PutP variants inhibited by NEM and modified by FM; gray ellipses denote single-Cys PutP variants
not inhibited by NEM but modified by FM; white ellipses represent single-Cys PutP variants not or only marginally inhibited or
modified by NEM and FM; gray rectangles indicate single-Cys PutP variants inhibited by MTSET; black rectangles denote
single-Cys PutP variant inhibited by NEM and MTSET and modified by FM. *Cys protected by proline; “Cys partially protected
by Na'. The accessibility of the remaining residues was not affected by Na" or proline.

3.4.4. Accessibility of Cys to fluorecein-5-maleimide

Since the analysis of transport inhibition did not allow discrimination between
unlabeled and labeled but functionally unaffected proteins, Cys modification was directly
determined by analyzing fluorescence of single-Cys PutP variants incubated with membrane-
permeant fluorescein-5-maleimide (FM). Labeling was performed with randomly oriented
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membrane vesicles; labeled PutP derivatives were solubilized from the membranes, purified
by Ni**-NTA affinity chromatography and subjected to SDS-PAGE. Fluorescence was
detected by UV excitation and normalized to the protein amount. The normalized
fluorescence intensity of PutP(ACys)-T341C was arbitrarily set to 100. Unspecific labeling
was estimated with PutP(ACys) as negative control and corresponded to three arbitrary units
(AU) or less (Fig. 3.6.).
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Fig. 3.6.: Accessibility of Cys individually introduced throughout TM IX to FM. Randomly oriented membrane vesicles
containing the indicated PutP derivative were prepared as described in Materials and Methods. One hundred fifty microliters of a
suspension of membranes of E. coli WG170 containing given PutP derivatives (10 mg of total membrane protein/mL) were
incubated with 200 yM FM for 10 min. Labeling reactions were stopped by addition of 5 mM B-mercaptoethanol. After
solubilization with 1.5% (w/v) n-dodecyl-B-D-maltoside and purification via NiZ*-NTA affinity chromatography, 5 pg protein was
loaded onto 10% SDS-PAGE and separated. Fluorescent bands were detected using a Multiimager™ (BioRad). Afterwards, the
same gel was stained with Coomassie Blue. Fluorescence intensities detected by Multiimager were corrected for background
fluorescence and quantitatively analyzed using software ImageQuant 5.0 and plotted. (a) Fluorescent protein bands. (b)
Coomassie Blue-stained protein. (c) Relative fluorescence intensities normalized to the amount of protein. PutP(ACys)-T341C
showed the highest fluorescence intensity, and the respective value was arbitrarily set to 100. Relative fluorescence intensity
(rel. fl.) is expressed in arbitrary units (AU).

Fluorescence (arbitrary units)

FM reacted essentially with all single-Cys PutP variants inhibited by NEM
[PutP(ACys)-T341C, -C344, -L347C, -V348C, and -S351C; fluorescence intensities between
30 and 100 AU] (Figs. 3.4.-3.6.). In addition, PutP(ACys)-P324C was modified by FM
(fluorescence intensity, 40 AU). Pro324 is located at the periplasmic border of TM IX.
Following TM IX from the periplasmic side, accessibility decreased abruptly, and Cys at
positions 325 to 340 was not significantly accessible to the sulfhydryl reagent (relative
labeling yields between 0.4% and 7%) including positions at which Cys was modified by
MTSET (Figs. 3.5. and 3.6.). The only single-Cys PutP variant modified by all three sulfhydryl
reagents was PutP(ACys)-T341C. As alkylation by maleimide-based reagents requires the
sulfhydryl group to be in the deprotonated form (Zhou et al., 1995; Poelarends and Konings,
2002), the high accessibility and reactivity of Cys placed into the middle or cytoplasmic half
of TM IX suggest that the respective residues are exposed to a hydrophilic environment as
already deduced above from the NEM inhibition pattern.
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3.4.5. Influence of ligand on Cys accessibility

The accessibility analyses described above suggest that various residues of TM IX
are exposed to a hydrophilic environment as they originate, for example, from hydrophilic
cavities or funnels formed by the transport protein. To explore the physiological significance
of the putative cavities, the influence of ligands (Na®, proline) on Cys accessibility was tested
throughout TM IX. For this purpose, FM labeling of randomly oriented membrane vesicles
containing individual single-Cys PutP variants was performed in the absence and presence
of ligand(s). Subsequently, PutP was isolated and FM fluorescence was detected as
described above.

FM labeling of Cys at positions 324 and 341 was not significantly influenced by
ligands (Fig. 3.7.). However, labeling of the accessible positions 344, 347, 348, and 351 was
inhibited by proline in the presence of Na*, while Na* alone had no effect (Fig. 3.7.). Also,
proline alone inhibited Cys modification at all four positions albeit somewhat less efficient
than upon addition of Na® (data not shown). Finally, neither Na* nor proline stimulated
reaction of FM with Cys at all remaining positions reported inaccessible in the absence of
ligands (data not shown).
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Figure 3.7.: Influence of ligands on Cys accessibility to FM. Membrane vesicles containing the indicated PutP derivatives
were prepared as described in the legend to Fig. 3.5.. Aliquots (150 pL) of a suspension of membranes of E. coli WG170
containing given PutP(ACys) derivatives (10 mg of total membrane protein/mL) were preincubated in the absence (=) or
presence of 30 mM NaCl (Na) and 30 mM NaCl/10 mM proline (Na/P) at 25 °C for 10 min. Subsequently, labeling of the
samples with 200 yM FM was performed for 10 min. The reaction was stopped by addition of 5 mM B-mercaptoethanol. Labeled
PutP was isolated and analyzed as described in the legend to Fig. 3.4.. (a) Fluorescent protein bands. (b) Coomassie Blue-
stained protein. (c) Relative fluorescence intensities (rel. fl.) in arbitrary units (AU) normalized to the amount of protein.
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The effect of ligands on MTSET labeling of PutP(ACys)-L331C, -A337C, and -T341C
was investigated. For this purpose, freshly prepared cells containing the respective single-
Cys PutP derivatives were labeled with MTSET in the presence and absence of ligands, and
proline uptake was analyzed after cell washing. The effect of ligand on MTSET labeling is
expressed as the ratio of the activities measured after MTSET labeling in the presence and
absence of ligand to better compare protective effects between the respective proteins (Fig.
3.8.). In contrast to the protective effect of proline on Cys in the cytoplasmic half of TM IX
described above, the substrate alone did not significantly inhibit labeling of Cys placed into
the periplasmic half or middle of TM IX (position 331, 337, or 341) with MTSET (Fig. 3.8.).
Instead, the results of the activity assay suggested a partial protective effect of Na'. In fact,
MTSET labeling of cells containing PutP(ACys)-L331C, -A337C, or -T341C in the presence
of Na* led to proline uptake rates that were 1.4-, 1.7-, or 1.4-fold higher, respectively, than
that of cells labeled in the absence of Na* (Fig. 3.8.). The protective effect was somewhat
strengthened than when both Na* and proline were present during the labeling reaction.
However, it should be noted that protection of Cys at position 341 was not very efficient as
even under conditions of maximum protection, uptake activities of MTSET-treated cells were
reduced to 30% of the value of unlabeled cells. Cells containing PutP(ACys)-L331C or -337C
showed a maximum of 60-70% of the activity of unlabeled cells if labeling was performed in

the presence of Na* and proline.
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Figure 3.8.: Influence of ligands on Cys accessibility to MTSET. Cells containing the respective single-Cys variant were
preincubated in the absence (=) or presence of 30 mM NaCl (Na), 10 mM proline, or 30 mM NaCl/10 mM proline (Na/P) at 25 °C
for 10 min. Subsequently, 2 mM MTSET was added and incubation was continued for 10 min. The reaction was stopped, cells
were washed and transport was analyzed as described in the legend to Fig. 3.4.. The effect of ligand is shown as the ratio of the
activities measured after MTSET labeling in the presence (vi) and absence (v.) of ligand. Ratios > 1 indicate inhibition, whereas
ratios < 1 denote stimulation of MTSET labeling.

3.5. Discussion
Ser340 and Thr341 in TM IX of PutP have previously been suggested to play key

roles in ligand binding and transport; thereby, the side chain of Thr341 may directly
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participate in Na* binding (Hilger et al., 2008). The current analysis of structure-function
relationships in PutP newly identified Gly328, Ser332, GIn345, and Leu346 of the same
domain as important for Na*-coupled proline uptake. In addition, the Cys accessibility pattern
of TM IX suggests the existence of hydrophilic cavities in the transporter that are affected by
ligand binding.

What are the roles of the newly identified structural and/or functional important
residues? While none of the four residues appears to be crucial for membrane insertion and
stability of PutP, functional analyses of the effect of Cys replacements reveal significant
alterations of kinetic parameters of transport. Ko is most severely affected (more than one
order of magnitude) upon replacement of GIn345 or Leu346. Although the effects at both
positions are diametrical, the data suggest that ligand binding is highly sensitive to alterations
in this part of the protein. In particular, the properties of PutP-Q345C [increased Ky and
Kosnas+), comparatively small changes of Vi are, to some extent, reminiscent of the results
obtained upon replacement of Ser340 or Thr341 (Hilger et al., 2008). These observations
further support the idea that these polar residues of TM IX are located at or close to a ligand-
binding site of PutP. Furthermore, as both Kypo and Koswas are highly affected upon
replacement of Ser340, Thr341, or GIn345, the idea that binding of coupling ion and
substrate occurs in close proximity is supported. Furthermore, the reduced V. values
observed with PutP-G328C, -S332C, and -L346C hint at defects in the transport cycle
subsequent to ligand binding, for example, inhibition of conformational alterations or a
hampered release of ligands. The latter idea is, in principle, supported by the decreased
Michaelis-Menten parameters found for PutP-S332C [Knpro) and Kosnan] and PutP-L346C
[Kmero)] (Table 3.1.).

If, in fact, residues of TM IX are located at or close to a ligand-binding site, they might
be accessible from one side and/or from the other side of membrane. First evidence for the
existence of an outwardly oriented cavity (funnel) in PutP comes from labeling of PutP-
S340C and -T341C in right-side-out membrane vesicles with various methane thiosulfonate
compounds (Hilger et al., 2008). Here, we present new evidence for the existence of a funnel
that may connect Thr341 with the periplasmic surface of PutP. This evidence comes from the
observation that Na*-coupled proline uptake into intact cells containing PutP(ACys)-L331C, -
A337C, or -T341C is efficiently inhibited by MTSET. Na" but not proline inhibits the labeling
reaction, although it cannot completely protect the respective Cys residues from modification
possibly due to the dynamics of the system. Considering the Na'-sensitive accessibility of
these residues to positively charged MTSET with a width similar to the diameter of hydrated
Na*, as well as the previously reported particular significance of Thr341 for Na* binding
(Hilger et al., 2008), it is tempting to speculate that the proposed funnel is used by Na* as an

entrance to a Na'-binding site in about the middle of the membrane (Fig. 3.9.). Clearly,
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inhibition of MTSET labeling of the reported residues could also be achieved by
conformational alterations induced by Na* binding elsewhere.

Unlike the periplasmic half of TM IX, Cys placed at positions in the cytoplasmic half of
the domain (C344, L347C, V348C, and S351C) is highly accessible to NEM and FM but not
to MTSET (if MTSET is added from the periplasmic side of the membrane). The labeling
pattern suggests the existence of an inwardly oriented hydrophilic cavity (Fig. 3.9.). Cavities
open to the cytoplasm have also been seen, for example, by Cys accessibility analyses and
X-ray crystallography of lactose permease and glycerol-3-phosphate transporter (both
members of the major facilitator family), and are suggested for members of the
neurotransmitter/sodium symporter family (TC 2.A.22, SLC6) (Kaback et al., 2007; Abramson
et al., 2003; Huang et al., 2003; Guan et al., 2007; Quick et al., 2006; Zhang and Rudnick,
2006). In the case of PutP, proline but not Na* effectively blocks modification of Cys at the
respective positions. Cys protection may be achieved by direct steric hindering or closure of
the cavity due to either movement of neighboring TMs relative to each other or a gating
mechanism. The latter mechanism has recently been suggested for NIS and members of the
neurotransmitter/sodium symporter family and is supposed to involve amino acids of
adjoining loops that participate in salt bridge formation (De la Vieja et al., 2007; Yamashita et
al., 2005; Loland et al., 2004). For lactose permease, site-directed spin labeling and EPR
spectroscopy revealed a substrate-induced closure of an inwardly oriented cytoplasmic
cavity (Smirnova et al., 2007). Cavities of this kind are frequently thought to participate in the

release of ligands from the transporter into the cytoplasm.
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Figure 3.9.: Model showing the participation of TMs Il and IX in the formation of hydrophilic cavities in PutP. The model
is based on the current analysis as well as on previous investigations (Quick and Jung, 1997; Quick et al., 1996; Pirch et al.,
2002; Hilger et al., 2008; Pirch et al., 2003). Amino acids of TMs Il and IX supposed to line a hydrophilic cavity (funnel) are
indicated. Residues shown to be important for ligand binding and/or translocation are represented as open characters. There is
no evidence so far that the periplasmic half of TM Il participates in the formation of the outwardly oriented funnel (drawn as
dotted box) suggested to be lined by residues of TM IX.

Thr341 is the only position at which Cys is highly accessible to all three sulfhydryl
reagents (MTSET, NEM, and FM). In this context, it appears interesting to note that a recent

backbone model of TM IX generated based on intrahelical distance measurements by EPR
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spectroscopy shows a pronounced kink near Thr341, which is associated with a short loop-
like structure (Hilger et al., submitted). While these results agree, in principle, with the idea of
Thr341 being located at the interface between periplasmic and cytoplasmic cavities, a direct
involvement in the transition of ligands between these cavities remains elusive.

Alternatively to the cavity model, the accessibility of Cys to sulfhydryl reagents could
be taken as a hint at a location of respective positions in a cytoplasmic or periplasmic loop
rather than in a TM. The following arguments are contrary to this interpretation: (i) the in
silico predicted location and orientation of TM IX of PutP is confirmed by phoA and lacZ gene
fusion analyses and site-specific proteolysis (Jung et al., 1998a); (ii) the FM labeling pattern
of the periplasmic half of TM IX agrees perfectly with the current topology model of PutP
(Figs. 3.1., 3.5. and 3.6.); (iii) the FM labeling pattern of the cytoplasmic half of TM IX hints at
an o-helical arrangement of this part of the domain (Figs. 3.5. and 3.6.); (iv) intrahelical
distances determined by site-directed spin labeling and EPR spectroscopy are in full
agreement with a kinked o-helical backbone structure of TM IX within the borders indicated
in the current topology model (Hilger et al., submitted); (v) the membrane topography of TM Il
is confirmed by site-directed spin labeling and EPR spectroscopy (Wegener et al., 2000) and
Cys cross-linking (Hilger et al., 2008) aligns TMs Il and 1X within the borders of the current
topology model; and (vi) our current model is in agreement with topological analyses of other
SSSF members (Turk et al., 1996; Levy et al., 1998).

Finally, it should be noted that a Cys accessibility pattern very similar to the
cytoplasmic half of TM IX was previously observed for TM Il (Fig. 3.1.) (Pirch et al., 2003).
Proline blocked modification of Cys at respective positions in TM |l as detected here for TM
IX. Since pairs of Cys residues placed in both domains can efficiently be cross-linked even
by the “zero length” cross-linker Cu(1,10-phenanthroline)s (Hilger et al., 2008), we suggest
that TM IX is joined by TM Il in forming an inwardly oriented cavity (Fig. 3.9.).

Taken together, the results indicate that Gly328, Ser332, GIn345, and Leu346 in TM IX
of PutP are important for ligand binding and/or translocation in addition to the previously
identified Ser340 and Thr341. Furthermore, it is suggested that distinct residues of the
domain participate in the formation of an outwardly oriented funnel (Leu331, Ala337, and
Thr341) and a larger inwardly directed cavity (Thr341, Cys344, Leu347, Val348, and
Ser351).
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CHAPTER 4

Backbone structure of transmembrane domain IX of the Na*/proline transporter PutP

of Escherichia coli
4.1. Abstract

The backbone structure is determined by site-directed spin labeling, double electron-
electron resonance measurements of distances, and modeling in terms of a helix-loop-helix
construct for a transmembrane domain that is supposed to line the translocation pathway in
the 54.3 kDa Na'/proline symporter PutP of Escherichia coli. The conformational distribution
of the spin labels is accounted for by a rotamer library. An ensemble of backbone models
with a root mean-square deviation of less than 2 A is obtained. These models exhibit a
pronounced kink near residue T341, which is involved in substrate binding. The kink may be

associated with a hinge that allows the protein to open and close an inwardly oriented cavity.
4.2. Introduction

Despite recent advances (Bowie, 2005; Opella and Marassi, 2004; Tamm and Liang,
2006), the process of determining the three-dimensional structures of membrane proteins is
still highly challenging and progress is rather slow (Lacapere et al., 2007). This applies in
particular to integral o-helical membrane proteins with more than a few transmembrane (TM)
domains that are too large for current NMR approaches and are often very difficult to
crystallize. Many transporters, which are potential pharmaceutical targets, belong to this
category of proteins. New techniques for their structural characterization are thus required.
Site-directed spin labeling (SDSL) can complement crystallographic techniques because
membrane proteins can be studied in liposomes or detergent micelles, and NMR because
there is no significant limitation to the size of the protein (Hubbell et al., 2000). For instance,
a structural model of the KcsA channel in its open state has been derived from the crystal
structure of the closed state and continuous-wave electron paramagnetic resonance (EPR)
measurements on spin-labeled mutants (Liu et al., 2001). By combining SDSL with pulsed
EPR technigues, longer-range distances can be measured and distance distributions derived
(Jeschke and Polyhach, 2007; Schiemann and Prisner, 2007). Thus, a detailed picture of
large-amplitude conformational motion in the ATP-binding cassette transporter MsbA can be
obtained (Borbat et al., 2007). In the lactose permease LacY, sugar-triggered conformational
rearrangements on both sides of the molecule have been observed, strongly supporting the
alternative access mechanism of transport (Smirnova et al.,, 2007). Furthermore, the

structures of the soluble protein complex of histidine kinase CheA and its coupling protein

88



CHAPTER 4

CheW (Bhatnagar et al., 2007), and of the dimer of the Na'/H" antiporter NhaA of
Escherichia coli (Hilger et al., 2007) have been determined by rigid-body refinement based
on structures of the component proteins. The latter study demonstrated that the use of labels
with the size of a few Angstroms does not pose a resolution limit if the conformational
distribution of the label is modeled (Jeschke and Polyhach, 2007; Sale et al., 2005) so that
distance distributions can be fitted to the experimental data.

In this work we extend this approach to ab initio structure determination. Specifically,
we work out the backbone structure of TM domain IX of the Na'/proline transporter PutP of
E. coli by obtaining distance distribution measurements for 16 spin-labeled double mutants
using the four-pulse double electron-electron resonance (DEER) technique (Pannier et al.,
2000). PutP belongs to the sodium/solute symporter family (SSSF, TC 2.A.21, SLC5), which
contains several hundred members of prokaryotic and eukaryotic origin (Jung, 2002).
Proteins of this family utilize a sodium motive force to drive uphill transport of substrates such
as sugars, amino acids, vitamins, ions, myo-inositol, phenyl acetate, and urea. Some
transporters are implicated in human disease (e.g., Na'/glucose transporter (SGLT1),
Na'/iodide symporter (NIS)) or play an important role in medical therapy (e.g., NIS) (Dohan et
al., 2006, Wright et al., 2007). Furthermore, bacterial transporters such as the Na*/proline
transporter PutP of Staphylococcus aureus contribute to virulence (Schwan et al., 2006).
Until very recently, no high-resolution structure was available for any member of the protein
family. The first X-ray structure in this protein family, for the sodium/galactose transporter
VvSGLT of Vibrio parahaemolyticus (Faham et al., 2008), is surprisingly analogous to the
structure of the leucine transporter LeuTa, of Aquifex aeolicus from the
neurotransmitter/sodium symporter (NSS) family (Yamashita et al., 2005), although proteins
from both families are dissimilar on the sequence level.

Recent kinetic and protein chemical analyses suggest that amino acids of TM
domain IX (e.g., S340 and T341) form part of the ion- and/or substrate-translocation pathway
of PutP (Hilger et al., 2008). The number of residues conserved within the SSS family,
together with the previously shown functional significance of TM IX of NIS (De la Vieja et al.,
2007), suggests that the domain may fulfill similar functions in the transport cycle of the other
members of the family. Therefore, we set out to determine the structure of TM IX of PutP.

Such TM domains are often discontinuous helices in related transporters whose X-ray
structures have been determined (Screpanti and Hunte, 2007). Therefore, we describe the
backbone structure of TM domain IX in terms of a helix-loop-helix model. This model consists
of two sections with an ideal o-helical secondary structure that are joined by an intervening
loop. The length | of this loop and its position p in the sequence are fit parameters.
Furthermore, the dihedral angles ¢ and y (i = p... p+l-1) for the residues in the loop section
are fitted, whereas the dihedral angles in the helical sections are fixed. Thus, altogether 2|+1
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parameters have to be determined. This is achieved by acquiring experimental data on
distance distributions for 16 pairs of spin labels that scan the shape of the TM domain, and
by fitting the 12 best primary experimental data sets by distance distributions simulated for
different helix-loop-helix models. The remaining four data sets are used to derive lower
bounds for distances and to reject structures that violate these lower bounds. This procedure
provides an ensemble of structural models with low rootmean-square deviation (RMSD)
between simulated and experimental data. The backbone RMSD of <2 A of this ensemble
indicates that structural models of membrane proteins can be derived from SDSL EPR data

with a resolution that allows discussion of the structure-function relations.
4.3. Materials and Methods
4.3.1. Sample preparation

The putP alleles encoding double-Cys PutP molecules used in this study were
generated by site-directed mutagenesis using plasmid pT7-5/putP(ACys) as a template and
synthetic mutagenic oligonucleotides in one- or two-step PCR reactions using Tag-DNA
polymerase. Plasmid pT7-5/putP(ACys) is a derivative of pT7-5 (Tabor and Richardson,
1985) and contains the lac promoter/operator for expression of the putP gene and an
engineered cassette version of this gene that is devoid of all five native Cys residues. PCR
fragments were digested with Pstl and Spel or Aflll and ligated with similarly treated plasmid
pT7-5/putP(ACys). For overexpression, the putP alleles were cloned into plasmid pTrc99a
(Amann et al., 1988) using restriction endonucleases Ncol and Hindlll. The resulting
plasmids were transformed into E. coli WG170 [F trp lacZ rpsL thi A(putPA)101 proP219]
(Stalmach et al., 1983). Cells were grown, membranes were prepared, and PutP was
solubilized and purified by Ni-nitrilotriacetic acid affinity chromatography as previously
described (Jung et al.,, 1998). The double-Cys PutP was labeled with (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)-methanethiosulfonate (MTSSL; Toronto Research Chemicals,
Toronto, Canada) on the column. For this purpose, 1 mM MTSSL in buffer W (50 mM KP;, pH
8.0, 300 mM KCI, 10 mM imidazole, 10% glycerol (v/v), 0.04% B-D-dodecylmaltoside (w/v))
was applied to the column and incubated at 4°C for 3 h. The unbound label was removed by
washing the column with buffer W, and the labeled protein was eluted with 200 mM imidazole
in buffer W. After elution, the protein was reconstituted under nonreducing conditions into
liposomes composed of E. coli lipids (67% phosphatidylethanolamine, 23.2%
phosphatidylglycerol, and 9.8% cardiolipin; Avanti Polar Lipids, Alabaster, AL) at a
lipid/protein ratio of 20:1 (w/w) as previously described (Jung et al., 1998). Finally, the

proteoliposomes were washed twice with 50 mM KP;, pH 7.5, and resuspended in the same
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buffer to yield a PutP concentration of 100-250 uM. The proteoliposomes were frozen and
stored in liquid nitrogen until use.

Unless the native Cys residues Cys344 and Cys349 were used for labeling, they were
mutated to Ser residues. The following spin-labeled double mutants were prepared: W325R1
combined with C344R1 and C349R1, and G328R1 combined with L330R1, S332R1,
A336R1, M339R1, S340R1, T341R1, L342R1, S343R1, C344R1, Q345R1, L346R1,
L347R1, V348R1, and C349R1.

The effect of double-Cys replacements on transport activity was determined under
standard test conditions (70 mM Na*, 10 pM proline) by using E. coli WG170 complemented
with plasmid-encoded PutP variants as previously described (Hilger et al., 2008; Raba et al.,
2008). Under these conditions, the majority of double-Cys mutants exhibited an initial rate of
transport of minimum 23% of PutP(ACys), which in turn has 50% of the initial rate of
transport and 100% of the steady-state level of proline accumulation of the wild-type.
Exceptions were mutants 328/332, 328/340, 328/341, 328/345, and 328/346, with initial rates
of ~14%, 9%, 1.8%, 6%, and 9.7% of PutP(ACys). The latter inhibitory effects on transport
activity were in agreement with the previously reported importance of corresponding single-
Cys mutants for Na’-coupled proline uptake (Hilger et al., 2008; Raba et al., 2008). The
effect of insitu alkylation of single-Cys mutants was tested by Raba etal. (2008) using
membrane-permeant N-ethylmaleimide (NEM). Among the Cys-mutants used in this work,
C344 and L347C exhibited highly reduced activity of less than 8% after NEM labeling,
whereas T341C and V348C exhibited moderately reduced activity (40% and 48%,
respectively). The transport activity of all other single-Cys mutants was not significantly

altered by NEM treatment.
4.3.2. DEER measurements

Four-pulse DEER measurements were performed with a Bruker Elexsys 580
spectrometer (Bruker Biospin GmbH, Karlsruhe, Germany) equipped with a 3 mm
split-ring resonator under conditions of strong overcoupling (Q = 100) at a temperature of 50
K. Before insertion into the probe head, the samples were shock-frozen in liquid
nitrogen to avoid crystallization of water. The four-pulse DEER sequence
A2y -t - (M —-t'-(Dyp—-1+5-t'— (1), — %—echo was used (Pannier et al., 2000).
The 712 and 7 pulses at the observer frequency v had equal pulse lengths of 32 ns to ensure
equal excitation bandwidths, while the 7 pulse at the pump frequency v, had a length of 12
ns to maximize modulation depth while still keeping the two excitation bands separate. The
long interpulse delay was » = 2000 ns, except for double mutants W325R1/C344R1 and
W325R1/C349R1, where it was 2300 ns. An initial value of t' = 80 ns and an increment At' =
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8 ns were used to acquire the time trace. To suppress proton modulation, data were added
for eight equidistant values of 7; between 200 and 256 ns. A phase cycle [+(+X),—(—X)] was

applied to the first pulse. The pump frequency 1, (typically 9.33 GHz) was set to the center of
the resonator mode and to coincide with the global maximum of the nitroxide spectrum. The
observer frequency v was set to the local maximum at the low-field edge of the spectrum
(vi—-»» = 65 MHz). Accumulation times for the data sets varied between 8 and 14 h. Data
were analyzed for dipolar evolution times t = t'—1; 2 0. Analysis of the data in terms of
distance distributions and mean distances was performed with the program
DeerAnalysis2006 (Jeschke et al.,, 2006). The number of spins per molecules was
determined based on the calibration performed previously with a series of biradicals and a
triradical (Hilger et al., 2005).

4.3.3. Rotamer library

The lowest-energy MTSSL rotamer R- of the previous library (Hilger et al., 2007) was
supplemented with peptide backbone atoms to an NH,-C*RH-COH structure, geometry-
optimized with ADF 2004.01 using the BLYP density functional and a DZP basis set with
effective core potentials for inner electrons (te Velde et al., 2001). From this reference
structure a set of 108 initial rotamer structures was generated by systematically varying side-
chain dihedrals 1, x2 and y4 in steps of 120° and 3 and ys in steps of 180°, according to the
expected shape of the angular potential (Tombolato et al., 2006). All initial starting structures
were geometry-optimized twice, first in vacuum and then in a dielectric continuum with
permittivity 80.1, corresponding to water, using the COSMO solvation model and the same
functional and basis set as above. As a result of strong intramolecular clashes, 10 rotamers

had to be discarded. The water structures of the remaining 98 rotamers comprise the library.
4.3.4. Structure determination

An ideal a-helix backbone with dihedral angles ¢ = -57° and y; = —48° for all residues
was generated as a starting structure and the appropriate side chains were added with
SCWRL3.0 (Canutescu et al., 2003). For a given position p and length | of the loop region,
the 2| dihedral angles ¢ and w were determined in the following way: All 98 rotamers of the
library were attached and their total Lennard-Jones interaction potentials with the protein
were computed based on the optimized potential for liquid simulations force field (Jorgensen
and Tirado-Rives, 1988). Rotamer populations were calculated assuming a Boltzmann
distribution at a temperature of 175 K corresponding to solidification of a lipid membrane.

The distance distribution of a spin label pair was computed by generating a histogram of N-O
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midpoint distances for all possible combinations of rotamers weighted with the product of
their populations. Rotamers with populations below a cutoff value of 0.001 were considered
as clashing rotamers and discarded. The distance distribution was convoluted with a
Gaussian function with standard deviation of 0.5A to account for librational fluctuation of
dihedrals within their respective potential minima. DEER form factors were computed from
the distance distributions and fitted together with a two-dimensionally homogeneous
background function to the primary experimental data using DeerAnalysis2006 (Jeschke et
al., 2006) subroutines. The global RMSD between simulated and experimental data was
computed by summing the individual RMSDs weighted by the inverse noise level
corresponding to a maximum likelihood estimate. For the best-fit structure, side chains were
repacked with  SCWRL3.0, rotamer populations were recomputed, and the whole fit
procedure was repeated once, giving the final structure for these values of p an |.

Such best-fit structures were computed for loop lengths | = 4 ... 6 and all feasible loop
starting positions p within TM domain IX. At least 10 structures with the smallest RMSD
within a shallow RMSD minimum basin were provisionally accepted. Up to five additional
structures were accepted if their RMSD values were only significantly larger than that of the
worst accepted structure. These structures were checked against those lower limit distance
constraints from DEER data sets that were not used in model fitting. Structures that violated
at least one of the lower limits were rejected. The remaining structures form the final
structural ensemble (see also supplementary Information). A flow chart of the algorithm is

given in Fig. 4.2..
4 4. Results and Discussion

4.4.1. Test of the helix-loop-helix model for TM domains in transporters

Most membrane proteins belong to the structure type of a-helical bundles, and many
TM helices are not ideal straight helices - they are often bent or kinked (Yohannan et al.,
2004). Any technique for elucidating the structural models of such proteins thus must be able
to characterize not only the relative arrangement of helices (Bhatnagar et al., 2007) but also
their backbone shape. The main limitation of SDSL/EPR techniques in this context is the
relatively small number of constraints that can be obtained. Structural models thus need to
be coarse-grained, i.e., defined by a minimum of adjustable parameters. To derive such a
model, we selected three a-helical transporters with known structures: the Na*/H" antiporter
NhaA of E.coli (PDB code: 1ZCD) (Hunte et al., 2005), the leucine transporter LeuTa, of
Aquifex aeolicus (PDB code: 2A65) (Yamashita et al., 2005; Singh et al., 2007; Zhou et al.,

2007), and the H*/CI antiporter CIC of E. coli (PDB code: 1KPK) (Dutzler et al., 2002). For all
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TM domains in these transporters, we analyzed dihedral angles ¢ and . A plot typical of a
strongly kinked helix is shown in Fig. 4.1.. Here, apparently most of the dihedral angles are
very close to values for an ideal o-helix, with significant deviations being confined to a

continuous loop region that comprises residues 14-19.
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Figure 4.1.: Dihedral angles ¢ (open circles) and y (filled squares) for residues for the typical strongly kinked T™M
domain VI of LeuTaa. The solid (-57°) and dashed (—48°) lines correspond to values for an ideal a-helix for ¢ and y,
respectively. The range assigned to a loop in a helix-loop-helix model is marked as a gray box.

This suggests a model for kinked helical TM domains that consists of two ideal o-
helices joined by a loop whose position p in the domain and length | are variable. Ideal o-
helix geometry is assumed for the helical parts, whereas the backbone of the loop is
completely defined by 2| dihedral angles. We fitted this idealized model with loop lengths
varying from | = 1 to 7 for all possible loop positions to all TM domains found in the crystal
structures of NhaA, LeuT,,, and CIC. The results for the closest relative of PutP, LeuT,,, are
given in Table 4.1.. Except for TM domain Xl, all domains are modeled with backbone
RMSDs of less than 0.5 A, which compares favorably to the experimental uncertainty of the
X-ray data. TM domain Xl is doubly kinked near its ends and can be fitted with a backbone
RMSD of 0.11 A, assuming two loop regions (lengths of two residues each, positioned at
residues 8 and 24 out of 30). Similar results are obtained for the other two transporters NhaA
and CIC (see suppl. Tables 4.1. and 4.2.).

Such simplified backbone models have to be supplemented with side-group
coordinates to fit them to primary DEER data because the fitting procedure requires
predicted conformational distributions of the spin labels (Hilger et al., 2007), which in turn
depend on the conformations of neighboring side groups. Because we have no independent
information on side-group conformations, these have to be predicted by an ab initio method,

such as SCWRL3 (Canutescu et al., 2003). Therefore, we tested how well experimental
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coordinates of side groups are predicted by SCWRL3 for transporters. We found side-group
RMSDs of 1.76 A (NhaA), 1.52 A (LeuTa), and 1.27 A (CIC). Although significant, such
deviations below 2 A are not expected to bias the predicted conformational distribution of the

spin label to an extent that exceeds other uncertainties of our methodology.

Table 4.1.: Performance of a helix-loop-helix model in describing the X-ray structure (Yamashita et al., 2005) of TM
domains in the leucine transporter LeuTa, of Aquifex aeolicus (PDB identifier 2A65).

TM domain Loop position, p Loop length, | Backbone RMSD (A)
| 14 6 0.15
I 14 2 0.17
I 22 1 0.45
v 11 2 0.05
\% 7 3 0.06
\Y| 15 5 0.06
VI 16 7 0.09

Vil 21 4 0.12
IX 14 3 0.05
X 9 3 0.09
Xl 23 1 1.50
Xl 17 2 0.06

As a final test of the model, we tried to reproduce the shape of the typical moderately
kinked TM domain VIII in LeuT s, Which may be functionally homologous to TM domain IX in
PutP, from synthetic DEER data by the same fit procedure (see flow chart in Fig. 4.2.) that is
applied to TM domain IX of PutP (vide infra). For this validation of the fit procedure, rotamer
distributions (Jeschke and Polyhach, 2007; Hilger et al., 2007) for 21 labeling positions were
predicted based on experimental backbone and side-group coordinates from the X-ray
structure (Yamashita et al., 2005). Distance distributions for 20 label pairs were obtained
from these rotamer distributions and converted to synthetic DEER form factors with
subroutines of the DeerAnalysis2006 package (Jeschke et al., 2006). An ideal helix
backbone (all ¢ = -57° and ¥ = —-48°) was generated and side groups were added with
SCWRL3 (Canutescu et al., 2003). By starting from an ideal helix model, we were able to
ascertain that a kink (loop segment) is introduced only for those TM domains that cannot be
modeled with sufficient precision by an ideal helix. A rotamer distribution was computed for
this initial model and the NO midpoint coordinates of all rotamers at all labeling positions
were stored in a local frame defined by the backbone atoms N, C, and C” of the labeled
residue. For all possible choices of loop position p and loop length 3 < | < 7, the dihedral
angles (@, ¥) in the loop region were fitted by minimizing the global RMSD with regard to all
synthetic DEER form factors. A loop length of | = 6 was deemed satisfactory, and of all
structures with this length, the one with the lowest RMSD was subjected to SCWRL3 side-
group packing to adapt side-group conformations to the backbone deformation. A new
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rotamer distribution was computed and all fits were repeated. The 11 structure models with

the lowest RMSD were accepted.

Generate ideal helix backbone ]
(¢, = -57°, y, = -48°)

l<

f Generate side groups
(SCWRL3)

Compute spin label rotamer
distribution in residue frame

v

' \

for all loop lengths

.

for all loop positions

Side group packing iteration

fit (¢,,v,) to primary
DEER data

|
+ min. RMSD structure

Accept structures below a
certain RMSD level

v

structure ensemble

Figure 4.2.: Flow chart for generating an ensemble of helix-loop-helix models that fit DEER data by matching the label-
to-label distance distributions inherent in these data.

The backbone coordinates of this ensemble are shown in Fig. 4.3.a. The backbone
RMSD for the whole ensemble is 0.68 A, whereas the backbone RMSD with respect to the
experimental structure (Fig. 4.3.b) is 1.99 A. The larger RMSD with regard to the
experimental structure indicates a systematic deviation of the structural model. This
systematic deviation could be traced back mainly to imperfections in SCWRL3 side group
packing and corresponding deviations in the rotamer distribution. The dependence of the
RMSD on loop length | and position p and the acceptance level are plotted in suppl. Fig. 4.1.,
and the agreement of simulated time-domain data and distance distributions between the
original structure, an ideal helix model, and the best-fit helix-loop-helix model are shown in
suppl. Fig. 4.2.. Corresponding data for the discontinuous TM domain VI of LeuTa, are given

in suppl. Figs. 4.3. and 4.4..
4.4.2. TM domain IX of PutP is kinked

An additional complication arises with experimental DEER data, as these data
correspond to a convolution of the form factor due to spin labels in the same protein
molecule with a background function due to spin labels in neighboring protein molecules. At
short distances separation of the two components is straightforward (Jeschke et al., 2006).

We find that the background is best fitted by a homogeneous two-dimensional spatial
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distribution of protein molecules as is expected for membrane proteins in liposomes.
However, these background fits are not perfect and distance distributions obtained by

Tikhonov regularization contain a minor spurious peak at a distance of ~4.5-5.5 nm.

per-residue
r.m.s.d.

I .

0 B\ 3.5

Figure 4.3.: Validation of the fit procedure on synthetic DEER data generated from the crystal structure (Yamashita et
al., 2005) of LeuTa, (PDB identifier 2A65) for TM domain VIII. (A) Backbone traces for the structural ensemble (11 structures)
color-coded by RMSD per residue with respect to the mean structure. (B) Backbone trace from the crystal structure.

Table 4.2.: Comparison of experimental mean label-to-label distances (rep) with mean distances (riea) in an ideal helix
model and {ryeq) in the best-fit model for TM domain IX of PutP.

Label positions  (reg) (A)  (rigeay (R)  (roesy (A)  Spins/molecule

328-330 17.0 17.2 17.3 1.27
328-332 16.8 16.7 16.6 1.42
328-336 18.2 18.9 18.4 1.34
328-339 22.9 19.4 22.3 1.37
328-340 25.5 22.3 22.6 1.43
328-341 28.1 23.4 26.6 1.49
328-342 22.6 22.3 22.6 1.52
328-343 27.7 23.6 27.2 1.54
328-344 32.0 27.1 32.1 1.37
328-345 30.2 27.4 28.2 1.35
328-346 26.2 27.1 27.2 1.20
328-347 35.7 29.8 33.8 1.50

The number of spins per molecules characterizes the degree of labeling.

For any given helix-loop-helix model in our structure fit and a given double mutant the
form factor F(t) is uniquely determined by the set of dihedral angles (¢, ¥). To fit the primary
data set of this double mutant we have to vary the modulation depth A and background
density factor k as defined in (Jeschke et al., 2006). At short distances this is again

straightforward, but preliminary test runs showed that for the four longest distances,
corresponding to double mutants 328/348, 328/349, 325/344, and 325/349, the background
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fits become unstable and may result in unrealistically small or large modulation depths A. We
thus decided to exclude these data sets from the fit procedure shown in Fig. 4.2.. Note that
background fits performed separately with DeerAnalysis2006 rather than during structure
fitting are stable for these mutants and give modulation depths that correspond to numbers of
spins per molecule of 1.45, 1.28, 1.27, and 1.42, respectively, similar to the values found for
the data sets used (Table 4.2.). Indeed, for the maximum dipolar evolution times of 2.0 us
(328/348 and 328/349) or 2.3 us (325/344 and 325/349) achieved in the experiments model
computations with simulated data sets show that the expected distances of less than 5 nm
can still be determined whereas the width of the distributions becomes uncertain above 4 nm
and the shape of the distributions above 3 nm.

Thus, these data sets can still provide lower limits for the mean distance between the
labels. Structural models that gave a good fit of the remaining 12 data sets, but violated one
or more of these lower limit constraints, were rejected. The experimental distance
distributions, obtained by Tikhonov regularization using the program DeerAnalysis2006
(Jeschke et al., 2006), are shown in Fig. 4.4. (black lines) together with distributions for the
best-fit helix-loop-helix model (red lines) and the best possible fit by assuming an ideal helix
and varying only background parameters A and k (blue lines). The corresponding fits of the
primary data are given in suppl. Fig. 4.5.. For double mutants 328/330-336 fits by the ideal
helix and the helix-loop-helix models nearly coincide and are both good, except for double
mutant 328/336. The larger deviation for the latter mutant might be caused by deficiencies in
SCWRL3 side group prediction. More likely, our rotamer library overestimates conformational
freedom of the spin labeled side group for site 336 with neighboring leucine and alanine side
groups, which is one of the least constrained labeling sites used in this study. For double
mutant 328/339 the fit by the helix-loop-helix model is surprisingly worse than the one by the
ideal helix, although this position is still in the first a-helical section. We attribute this to
perturbations by side groups in the loop section, whose conformations may not be correctly
predicted.

Starting with double mutant 328/340, but except for double mutants 328/342, and
328/345, fits by the helix-loop-helix model are significantly better than fits by an ideal helix. In
only one further case, for double mutant 328/347 the helix-loop-helix model exhibits a
significant deviation from experimental data, corresponding to a slightly longer distance in the
experiment than in the structural model. This may again be due to deficiencies in SCWRL3
side group prediction and modeling of the spin label by the rotamer library.

Experimental mean distances are compared to mean distances for an ideal helix
model and for the best-fit helix-loop-helix model in Table 4.2.. Again with the exception of
double mutant 328/339, agreement is better for the helix-loop-helix model that has a total
RMSD for the mean distances of 1.00 A compared to 3.28 A for the ideal helix model.
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Of the 12 initially accepted structures (Fig. 4.5.) four had to be rejected as they
violated lower distance limits derived from the four data sets not used in fitting. The
ensemble of the remaining eight structures corresponds to a well defined, moderately kinked
backbone of this TM domain with a RMSD of 1.9 A (Fig. 4.6.a). Not surprisingly, variability of

the coordinates is larger in the loop region than in the helix regions.
328-341

328-340

328-339

328-336

328-332

328-330

2 3 4 5 6 2 3 4 5 6
distance (nm) distance (nm)

Figure 4.4.: Experimental label-to-label distance distributions for TM domain IX of PutP (black traces), fits for the best
helix-loop-helix model (red lines), and fits assuming an ideal helix (blue lines).

We have tested stability of the fit by a similar approach as used in (Hilger et al.,
2007). In a first series of test fits, we doubled noise in the input data by adding
pseudorandom numbers. The resulting ensemble of eight structures (Fig. 4.6.b) has a
backbone RMSD of 2.7 A, yet the general shape of the TM domain and the location of the
loop region are preserved. This double-noise test demonstrates that the measurement time
per sample cannot significantly be shortened without compromising the quality of the

structural model.

0.49
Loop length

0.48
o
0 047
=
(2

0.46

acceptan
0.45 Ilmit ..........................
325 330 335 340 345

Loop Position

Figure 4.5.: Dependence of the RMSD between simulated and experimental DEER traces for best-fit helix-loop-helix
models on loop length and position for TM domain IX of PutP. The acceptance limit for including structures in the final
ensemble is shown as a dotted line.
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In a second series of test fits we restricted ourselves to loop length 5 and performed
12 structure determinations, each one excluding one of the originally used 12 primary DEER
data sets. To keep the size of the total ensemble manageable, the number of accepted
structures for each fit was reduced by a factor of two. This provides altogether 65 acceptable
structures, of which 37 are consistent with the lower limit constraints from the remaining four
data sets. To condense this ensemble further, we performed a cluster analysis and selected
those 26 structures that have the smallest RMSD (Fig. 4.6.c). This ensemble has a backbone
RMSD of 1.6 A. Again, the general shape and location of the loop region are preserved.
However, the significant increase in backbone RMSD for some of the accepted models
indicates that at least 10 to 11 constraints are needed to obtain a structural model with

sufficient precision.
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Figure 4.6.: Helix-loop-helix models for the backbone of TM domain IX in PutP. (A) Ensemble obtained by using the 12
DEER data sets with lower limit constraints from four additional data sets (eight structures). (B) Ensemble obtained by using the
same data sets as in A with pseudorandom numbers added to double the noise level (eight structures). (C) Ensemble obtained
from all combinations of only 11 out of the 12 DEER data sets with lower limit constraints from four additional data sets (26
structures). (D) Cartoon of the representative model of the ensemble with 26 structures with ligand-binding residues S340 and
T341 shown as stick. (E) Comparison of TM domain IX in PutP (red) with TM domain VIII in a crystal structure (Singh et al.,
2007) of LeuT a4 (blue, PDB identifier 2Q72). (F) Backbone model including carbonyl oxygens from the crystal structure (Singh et
al., 2007) of TM domain VIII in LeuT a4 (red) with bound sodium ions (yellow) and substrate leucine (blue). Hydrogen bonds are
visualized as dotted green lines (PDB identifier 2Q72).

Because we employed spin labels with a size similar to the one of the bulkiest natural
amino acid side groups, the question arises as to whether the spin labels might have
introduced the observed kink. For the spin labels at our reference points 325 and 328, this

possibility can be safely excluded, since these points are remote from the kink. Because the
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sites near the kink have been found to be highly accessible to water (Raba et al., 2008) and

labeling efficiencies are high, the labels at these sites are not expected to alter the structure.
In most cases studied so far by SDSL techniques, spatial restrictions ata labeling site have
led to poor labeling efficiency rather than to alterations in the structure. Furthermore, the kink
is strongly sensed at at least three labeling sites: 343, 344, and 347. It appears rather
unlikely that the labels at all three sites induce a consistent structural distortion.

Note also that the helix-loop-helix model used in structural modeling amounts to an
assumption regarding the secondary structure. Alternative secondary structures may also be
consistent with our data. Between residues 328 and 339 the observed incremental changes
in distances and their periodicity strongly suggest an o-helical structure, whereas between
residues 340 and 345 the data are not consistent with either an o-helix or a B-sheet. The
prevalence of an o-helical structure between residues 324 and 327 at the one end and
between residues 346 and 351 at the other end cannot be rigorously proved based on the
experimental data alone. The assumption is supported by secondary structure prediction with
PredictProtein (Rost et al., 2004), which is displayed in suppl. Fig. 4.6.b.

In principle, such helix scans and structural modeling could be applied to each TM
domain in an o-helical protein. This would provide coarse-grained backbone structures for
these TM domains. An entire helical bundle with N TM domains could then be constructed by
treating the predetermined backbone structures of the domains as rigid bodies and
elucidating their relative translation and orientation, as demonstrated previously (Smirnova et
al., 2007; Hilger et al., 2007). Because for each pair there are six degrees of freedom and
there are (N-1) independent pairs, this would require fits of another 6(N-1) parameters,
which may require the preparation of and distance measurements on ~10(N-1) further
double mutants. Since some of the prepared mutants may not be suitable for labeling, the
total number of required mutants may well exceed 300 for a protein of the size of PutP.
Although a considerable effort is required, such an approach to a coarse-grained structural
model is feasible with currently available methodology.

Recently, a different approach for deriving structural models from EPR data was
suggested (Alexander et al., 2008) that required fewer constraints by making extensive use
of structure prediction by the program Rosetta (Simons et al., 1997). This approach was
shown to provide full atom models with 1.0 and 2.6 A RMSD for the soluble proteins T4-
lysozyme (107 residue helical domain) and oA-crystallin (88 residue B sandwich),
respectively. For small and medium-sized soluble proteins it may be better suited than the
approach suggested here. For membrane proteins, de novo structure predictions are
currently less reliable. Furthermore, with current algorithms and computers, they are

restricted to proteins with up to 200 residues, well below the size of the transporters.
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Nevertheless, judicial use of constraints from such predictions or from molecular dynamics

simulations may help to decrease the number of required experimental constraints.
4.4.3. Functional implications of the structural model

TM domain IX appears to line the translocation pathway, with residues S340 and
T341 taking part in ligand binding and transport (Hilger et al., 2008). Residues involved in
ligand binding are frequently found at the apex of a hydrophilic cavity in the transporter, as
described for lactose permease, glycerol-3-phosphate transporter (both members of the
major facilitator family), and neurotransmitter transporter relatives (Abramson et al., 2003;
Huang et al., 2003; Quick et al., 2006; Zhang and Rudnick, 2006). Infact, a Cys accessibility
analysis of TM domain IX of PutP suggests that the domain participates in the formation of
an inwardly oriented cavity. Proline binding in the presence of Na* blocks this accessibility
(Raba et al., 2008).

In all of our structural models, residue S340 is found in the loop region; in most
models this also applies to residue T341. These residues are visualized as stick models in a
representative structure from the ensemble of 26 structures (Fig. 4.6.d). This structure has
the lowest RMSD with respect to all the other structures. Note that the orientation of the OH
groups relative to the kink differs within the ensemble.

The structure shows that the inwardly oriented, ligand-sensitive cavity suggested by
Raba etal. (2008) may be due to a kink in the helix that starts approximately at residue S340.
However, the loop already starts around residue V338. Between residues V338 and S340
the domain continues in the direction of the first helical part. However, the backbone is
twisted so that the side groups of these residues point to different directions than in an ideal
helix. These residues may belong to the hinge that alters its conformation when residues
S340 and T341 bind substrate. Possibly, a reorganization of this loop facilitates accessibility
of the proline-binding site from the outside.

Of interest, a very similar kink is observed in the putatively homologous TM domain
VIl of LeuTa, (Yamashita et al., 2005; Sing et al., 2007; Zhou et al., 2007), although all X-ray
structures correspond to substrate-bound states. If the two domains are aligned at
T354/S355 of LeuTa, and S340/T341 of PutP, and are restricted to the same length (Fig.

4.6.e), our model (red) superimposes onthe X-ray structure of TM domain VIl of LeuTa,

(blue) with a backbone RMSD of 1.98 A. The bend of the cytoplasmic end with respect to the
periplasmic end in LeuTa, appears to open access to the substrate-binding site. Some of the
residues in this bend do not exhibit the hydrogen bond pattern typical of o-helical secondary
structure (Fig. 4.6.f). In contrast, the homologous TM domain IX in vSGLT in the substrate-

bound state (Faham et al., 2008) can be well described by the model of an ideal o-helix (E.
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M. Wright, University of California, Los Angeles, personal communication, 2008). If TM
domain IX in PutP on substrate binding indeed performs a hinge motion that closes an
inwardly oriented cavity, it wouldalso be expected to be approximately straight in the

substrate-bound state.

4.5. Conclusions

Most kinked helices in membrane proteins can be described with a backbone RMSD
of less than 0.5 A by helix-loop-helix models with loop lengths | of seven residues or less.
Such models have free 2l+1 parameters, namely, two dihedral angels per loop residue and
the loop position. These parameters can be determined by means of pulsed EPR distance
distribution measurements on doubly spin-labeled mutants. For TM domain IX of the
Na'/proline transporter PutP of E. coli, we obtain structural ensembles whose backbone
coordinate variation is characterized by an internal RMSD of less than 2 A. Taking into
account systematic errors of about the same magnitude due to imperfect prediction of
conformations for unlabeled side groups, and the conformational distribution of spin-labeled
side groups, the backbone RMSD of the representative structure of the ensemble from the
mean native structure is expected to be less than 3 A. At this resolution, kinks in helices can

clearly be discerned and their functional relevance can be discussed. The kinkin TM domain
IX of PutP appears to be a hinge that closes the inwardly oriented cavity on substrate binding
and opens it for substrate release to the interior of the cell.

The newly introduced methodology for determining the shape of a single TM domain
in a membrane protein could be combined with a previously introduced methodology for
establishing the relative position and orientation of two rigid structures (Bhatnagar et al.,
2007; Hilger et al., 2007) to provide structural models of the whole TM domain bundle. For a
protein of the size of PutP, determining 13 TM domain shapes and 12 relative positions and
orientations of TM domain pairs would require measurements on ~300 double mutants. It has
to be taken into account that some of the intended labeling sites may not be accessible due
to tight packing, although the flexibility and size of MTSSL spin labels allows for a
surprisingly high success rate in labeling. To enhance the feasibility of such an approach for
deriving coarse-grained structural models of whole membrane proteins, the number of
required mutants should thus be decreased by systematically taking into account internal

restraints and accessibility information. Work along these lines is now in progress.
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4.8. Supplementary Material

Supplementary Table 4.1.: Performance of a helix-loop-helix model in describing the X-ray structure (Hunte et al., 2005)
of TM domains in the Na'/H" antiporter NhaA of E. coli (PDB identifier 1ZCD).

TM domain Loop position p Loop length | Backbone RMSD (A)
| 7 3 0.06
I 11 3 0.09
1] 11 2 0.13
\Y 8 6 0.26
\Y 15 2 0.14
VI 11 2 0.04
Vi 5 0.02

VI 3 0.03
IX 10 6 0.14
X 13 2 0.67
Xl 4 10 0.21
Xl 17 4 0.11

Supplementary Table 4.2.: Performance of a helix-loop-helix model in describing the X-ray structure (Duzler et al., 2002)
of TM domains in the H'/CI" antiporter CIC of E. coli (PDB identifier 1KPK).

TM domain Loop position p Loop length | Backbone RMSD (A)
| 33 1 0.19
I 12 2 0.12
1] 20 5 0.64
\Y 4 3 0.06
\Y 3 0.06
VI 9 1 0.13
Vi 13 2 0.31

VI 13 2 0.05
IX 23 2 0.48
X 9 5 0.12
Xl 13 1 0.23
Xl 9 2 0.08
Xl 2 1 0.11
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CHAPTER 5

Modeling of the helix bundle of the Na*/proline transporter PutP of Escherichia coli

based on EPR distance restraints and structural homology
5.1. Abstract

Sodium-driven secondary transporters are particularly important for basic cellular
processes as they catalyze the uptake of a diversity of substrates like amino acids, sugars,
neurotransmitters, and vitamins. To understand the principles of Na'/substrate transport,
knowledge about the tertiary structure of the transporters is indispensable. However, despite
the increasing number of structures solved during the past few years, crystallizing membrane
proteins remains a challenging endeavor and progress is rather slow. Although the structure
of the related Na‘/galactose symporter vSGLT of Vibrio parahaemolyticus has recently been
solved, attempts to crystallize the Na*/proline symporter PutP of Escherichia coli have failed
so far. Surprisingly, the fold of the core of ten transmembrane helices of the galactose
symporter vSGLT from the sodium/substrate symporter (SSS) family was also observed in
the previously reported structure of LeuTa, a Na'/leucine transporter of the
neurotransmitter/sodium symporter (NSS) family. Here, we modeled the helix bundle of PutP
based on 45 double electron-electron resonance (DEER) distance measurements between
spin labels attached to helix ends and template restraints derived from the ten-helix core of
the vSGLT crystal structure. Two ensembles of structural models with a root mean-square
deviation of about 12 A are obtained. These models show core structures with similar fold to
that of the vSGLT template. Furthermore, arrangement of the three non-core helices of PutP
with respect to the core is established. Finally, comparison of the core structure of PutP with
that of VSGLT and LeuT,, leads to a model of putative ligand-binding sites for PutP, which

can guide functional studies to identify further residues essential for transporter function.
5.2. Introduction

Knowledge of the three-dimensional structure of membrane proteins is a basic
prerequisite for understanding their molecular mechanism of function. However, structural
information about them is sparse even though they are encoded by 20-30% of all open
reading frames of eubacterial, archaeal and eukaryotic genomes (Stevens and Arkin, 2000;
Krogh et al., 2001). This slow progress in structure determination of membrane proteins is
due to difficulties in obtaining well-ordered three-dimensional crystals for high-resolution X-
ray structural analysis. Furthermore, NMR techniques are currently applicable only to small

membrane proteins or B-barrel proteins, whereas the architecture of many transporters is
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based on a bundle of more than a few a-helices (Saier, 2003). The modeling of such bundles
on the basis of experimental information is thus of considerable interest.

Valuable experimental information for protein modeling strategies are intramolecular
distances that can be obtained by e.g. fluorescence resonance energy transfer (FRET)
measurements or site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR)
spectroscopy (Majumdar et al., 2007; Liu et al., 2001; Smirnova et al., 2007; Sale et al.,
2004). These techniques are applicable to non-crystalline o-helical membrane proteins with
no significant limitation to the size of the molecule. However, a drawback of these techniques
is the relatively small number of distance restraints that can be obtained. Such scarcity of
restraints prevents modeling of the structure with atomistic resolution. Nevertheless,
knowledge of the relative arrangement of the helices in the bundle can potentially be
obtained and this information can guide further functional studies. In the present work we
explore the use of probe techniques, in particular SDSL EPR spectroscopy, for modeling a
helix bundle. Compared to FRET, SDSL EPR has the advantage that spin labels are of
relatively small size, since they resemble the dimensions of large amino acid side chains.
Furthermore, the labeling strategy is simple and provides the measurement of distances
between two spin labels with high precision. By applying SDSL in combination with pulse
EPR, distance distributions between about 1.8 and 5 nm can be obtained that match the
range of distances between helix ends in bundles of o-helices (Jeschke and Polyhach,
2007).

As a model system we use the 13 transmembrane Na*/proline transporter PutP of E.
coli (Jung et al., 1998a; Wegener et al., 2000). PutP is a member of the sodium/solute
symporter (SSS) family (TC 2.A.21, SLC5) that is an evolutionary related collection of
currently around 1,000 proteins found in all kingdoms of life (Jung, 2002; Wright and Turk,
2004). Transporters of this family utilize a sodium motive force to drive uphill transport of
substrates like sugars, amino acids, vitamins, ions, myo-inositol, phenyl acetate, and urea
(Reizer et al., 1994; Jung, 2001). Dysfunctions of two SSS family members, the Na‘/glucose
transporter (SGLT1) and Na'/iodide symporter (NIS), are implicated in the human diseases
glucose-galactose malabsorption, and iodide transport defect (Wright et al., 2007; Reed-Tsur
et al., 2008). Both proteins also play important roles in medical therapy (Wright et al., 2007,
Dohan et al., 2006). Furthermore, bacterial transporters such as PutP of Helicobacter pylori
and Staphylococcus aureus are essential for bacterial virulence (Kavermann et al., 2003;
Schwan et al., 2006).

Very recently, the first crystal structure of one protein of this family, the Na‘/galactose
symporter vSGLT of V. parahaemolyticus, was obtained (Faham et al., 2008). The structure
contains 14 transmembrane helices (TMs) with a core of two inverted repeat domains of five

TMs each. Surprisingly, the core of the a-helix bundle displays a similar helix arrangement to
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that of the leucine transporter LeuTa, of Aquifex aeolicus, which belongs to the
neurotransmitter sodium symporter (NSS) family (TC 2.A.22, SLC6) (Faham et al., 2008;
Yamashita et al., 2005). It may be anticipated that such structural homology of the core of the
o-helix bundle also applies to the more closely related PutP of E. coli. Since there is currently
no crystal structure of PutP available, we modeled the helix bundle in its substrate-free state
on the basis of SDSL EPR distance distribution measurements and tested for structural
homology between the two cores of vSGLT and PutP.

Assuming close-to-regular shapes of the helices, the fold of a helix bundle is defined
by the relative positions and orientations of the N a-helices. Such a model is fully determined
by the Cartesian coordinates of the 2N helix end points that can be derived from
experimentally measured distances between labels attached near the helix ends. As the
measurements are performed between the labels rather than helix end points, the labels
have to be modeled explicitly to obtain a precise structural model with such an approach
(Sale et al., 2005; Bhatnagar et al., 2007; Hilger et al., 2007; Hilger et al., 2009). Each helix
is thus described by a four-point model, including the midpoints of the N-O bond of the
cytoplasmic and periplasmic label and helix backbone end points (Fig. 5.1.). For the
complete determination of a model with N = 6 helices, distances between N(2N-1) pairs of
labels are required to fix the F = 12N-6 degrees of freedom. For the case of PutP with 13
transmembrane domains this implies 325 distance measurements, i.e. 325 experimental
restraints.

This considerable effort can be reduced by including additional structural information.
As the core of the bundle is expected to be structurally homologous to the core of vSGLT, it
is possible to derive approximate distances from the vSGLT template structure (Faham et al.,
2008). The deviation between the core structures of the newly modeled protein PutP and the
template vVSGLT can be considered by defining lower and upper bounds for the template
restraints. Furthermore, a helix bundle is internally constrained by general features of protein
structure, e.g. the approximate length of a helix with n residues or the maximum length of a
loop with m residues that connects two helix ends. Moreover, the distance of a spin label
from the helix axis and the angle between the linker and the helix axis are constrained by the
structure of the label. All these internal constraints can also be expressed as distance
restraints. Since the restraints are uncertain to some extent, each of them is given in terms of
a lower and an upper bound. Additional information about the structure is available, but
cannot easily be encoded in terms of distance restraints. For instance, helices can be
modeled as cylinders with a radius of 0.3 nm, i.e. two helix axes may nowhere approach
closer than 0.6 nm. Together with several other structural characteristics found for

membrane protein helix bundles (Bowie, 1997), these can be used to define an 'energy
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function' of the bundle that can then be utilized to distinguish between poor and good
models.

Distance restraints with lower and upper bounds are best processed by the distance
matrix geometry approach (Crippen and Havel, 1988) that was also used in the early days of
protein structure determination by nuclear magnetic resonance (NMR) technigues (Wthrich,
1990). Our approach for generating structural models thus consists of setting up matrices of
lower |;; and upper bounds u; for all distances d; in the model, bound smoothing based on
triangle inequalities, embedding, and directed refinement. For PutP, we tested this procedure
in modeling the helix bundle in its substrate-free state and obtained two ensembles of helix
bundle structures.

The manuscript is structured as follows: First, we analyzed the crystal structures of
LeuTa, (PDB code: 2A65) and vSGLT (PDB code: 3DH4) to derive internal constraints. Then
we use the structural homology between vSGLT and LeuTa, to test our modeling procedure.

Finally, we model the helix bundle of PutP and discuss its functional implications.
5.3. Materials and Methods
5.3.1. Sample preparation

The putP alleles encoding double-Cys PutP molecules used in this study were
generated by site-directed mutagenesis using plasmid pT7-5/putP(ACys) as a template and
synthetic mutagenic oligonucleotides in one- or two-step PCR reactions using Tag-DNA
polymerase. Plasmid pT7-5/putP(ACys) is a derivative of pT7-5 (Tabor and Richardson,
1985) and contains the lac promoter/operator for expression of the putP gene and an
engineered cassette version of this gene that is devoid of all five native Cys residues. PCR
fragments were digested with appropriate restriction endonucleases and ligated with similarly
treated plasmid pT7-5/putP(ACys). For overexpression, the putP alleles were cloned into
plasmid pTrc99a (Amann et al., 1988) using restriction endonucleases Ncol and Hindlll. The
resulting plasmids were transformed into E. coli WG170 [F~ trp lacZ rpsL thi A(putPA)101
proP219] (Stalmach et al., 1983). Cells were grown, membranes were prepared, and PutP
was solubilized and purified by Ni-nitrilotriacetic acid affinity chromatography as previously
described (Jung et al.,, 1998b). The double-Cys PutP was labeled with (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)-methanethiosulfonate (MTSSL; Toronto Research Chemicals,
Toronto, Canada) on the column. For this purpose, 1 mM MTSSL in buffer W (50 mM KP;, pH
8.0, 300 mM KCI, 10 mM imidazole, 10% glycerol (v/v), 0.04% B-D-dodecylmaltoside (w/v))
was applied to the column and incubated at 4°C for 3 h. The unbound label was removed by
washing the column with buffer W, and the labeled protein was eluted with 200 mM imidazole

in buffer W. After elution, the protein was reconstituted under nonreducing conditions into
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liposomes composed of E. coli lipids (67% phosphatidylethanolamine, 23.2%
phosphatidylglycerol, and 9.8% cardiolipin; Avanti Polar Lipids, Alabaster, AL) at a
lipid/protein ratio of 20:1 (w/w) as previously described (Jung et al., 1998b). Finally, the
proteoliposomes were washed twice with 50 mM KP;, pH 7.5, and resuspended in the same
buffer to yield a PutP concentration of 100-250 uM. The proteoliposomes were frozen and
stored in liquid nitrogen until use.

Unless the native Cys residue Cys349 was used for labeling, it was mutated to a Ser
residue. The following spin-labeled double derivatives were prepared: S41R1 combined with
A25R1, M62R1, K91R1, R126R1, 1128R1, G179R1, Q190R1, H253R1, T276R1, C349R1,
L371R1, S423R1, A430R1, Q446R1, and S470R1; L371 combined with A25R1, M62R1,
K91R1, R126R1, 1128R1, G179R1, Q190R1, H253R1, T276R1, C349R1, S423R1, A430R1,
Q446R1, and S470R1; M62R1 combined with T5R1, 180R1, A149R1, L164R1, G210R1,
L233R1, A294R1, 1326R1, A391R1, L400R1, Q446R1, and L450R1 as well as Q446R1
combined with T5R1, I180R1, A149R1, L164R1, G210R1, L233R1, A294R1, I326R1,
A391R1, L400R1, and L450R1.

The effect of double-Cys replacements on activity of PutP was tested by transport
assays in intact cells. Active transport was measured in E. coli WG170 (PutP"A’) harboring
derivatives of plasmids pTrc99a/putP(ACys) encoding PutP with given amino acid
replacements. The cells were grown aerobically in Luria-Bertani (LB) medium (Miller, 1992)
containing 100 pg/ml ampicillin at 37°C. Overnight cultures were diluted 25-fold and were
allowed to grow up to an optical density at 420 nm (A42) of 1.0 followed by induction with 0.5
mM isopropyl 1-thio-B-D-galactopyranoside for 1 h. Cells were harvested, washed, and
transport assays were performed under standard conditions (70 mM Na®, 10 pM proline) as
previously described (Hilger et al., 2008; Raba et al., 2008). Under these conditions, the
majority of double-Cys mutants exhibited an initial rate of transport of minimum 15% of
PutP(ACys), which in turn has 50% of the initial rate of transport and 100% of the steady-
state level of proline accumulation. Initial rates of transport were calculated from the initial
linear portion of the time course, and steady-state levels of proline accumulation of the wild-
type. [Exceptions were derivatives S41C/G179C, L371C/G179C, WM62C/G210C,
Q446C/G210C, M62C/L400C, and Q446C/L400C, with initial rates of ~1.8%, 1.1%, 8.9%,
1.7%, 9.1%, and 9.1% of PutP(ACys). The latter inhibitory effects on transport activity are
possibly due to a functional relevance of these residues. The glycines at positions 179 and
210 are conserved within the members of the SSS family, whereas the leucine at position
400 is conserved in PutP homologues and panthotenate transporters of different organisms

(suppl. Fig. 5.1.).
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5.3.2. DEER measurements

Four-pulse DEER measurements were performed with Bruker Elexsys 580
spectrometers (Bruker Biospin GmbH, Karlsruhe, Germany) equipped with a 3 mm
split-ring resonator under conditions of strong overcoupling (Q = 100) at a temperature
of 50 K. Before insertion into the probe head, the samples were shock-frozen
in liquid nitrogen to avoid crystallization of water. The four-pulse DEER sequence
A2)-t—- (W —t'-(Dyp-1+5-t'— (1), — %—echo was used (Pannier et al., 2000).
The 712 and z pulses at the observer frequency v, had either pulse lengths of 16 ns (#/2) and
32 ns (7) or equal pulse lengths of 32 ns dependent on the used spectrometer, while the 7
pulse at the pump frequency 1, had a length of 12 ns to maximize modulation depth while still
keeping the two excitation bands separate. The long interpulse delay 5, defining the dipolar
evolution time, was typically 1500-2500 ns depending on the relaxation properties of the
sample and on distance. An initial value of t' = 80 ns and an increment At' = 8 ns were used
to acquire the time trace. To suppress proton modulation, data were added for eight
equidistant values of 7; between 200 and 256 ns. A phase cycle [+(+X),—(—X)] was applied to
the first pulse. The pump frequency 1, (typically 9.33 GHz) was set to the center of the
resonator mode and to coincide with the global maximum of the nitroxide spectrum. The
observer frequency v was set to the local maximum at the low-field edge of the spectrum
(vi—-1, = 65 MHz). Accumulation times for the data sets varied between 8 and 14 h. Data
were analyzed for dipolar evolution times t = t'— 7; 2 0. Analysis of the data in terms of
distance distributions and mean distances was performed with the program
DeerAnalysis2006 (Jeschke et al., 2006).

5.3.3. Determination of number of spins per molecules

The number of spins per molecules was determined based on the calibration
performed previously with a series of biradicals and a triradical (Hilger et al., 2005) except for
derivatives  S41R1/H253R1, S41R1/A430R1, L371R1/R126R1, L371R1/H253R1,
L371R1/A430R1, and T5R1/M62R1. For these derivatives, continuous-wave (CW) EPR
spectra were recorded using a Miniscope MS200 X-band spectrometer (microwave
frequency = 9.4 GHz) equipped with a rectangular TE102 resonator (Magnettech GmbH,
Berlin, Germany). All measurements were performed at 298.15 K adjusted with the
temperature control unit TC HO2 (Magnettech GmbH). The microwave power was set to 1
mW and the B-Field modulation amplitude was 0.12 mT. Doubly integrated EPR signal

intensities were compared with double integrals of spectra of 100 uM MTSSL to determine
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spin concentrations in the samples. The spin numbers per molecule were calculated by

dividing the nitroxyl spin concentration by the molar protein concentration.
5.3.4. Generation of template restraints

Template restraints for the endpoints of the target core helices of LeuTa, and PutP
were derived from the vSGLT template structure (PDB code: 3DH4). To this end, the crystal
structure of vSGLT was projected on a helix bundle model by determining the helix axes as
the lines from which the sum of squares of the distances to the C* atoms is a minimum. The
helix lengths were calculated from the C* coordinates of the residues at the respective helix
ends. This helix bundle model was then adapted to the helix length of the target proteins. For
this purpose, the helix axes of the target protein were superimposed on the helix axis of the
template model. As the number of residues of the target helices generally differed from the
corresponding template helices of vSGLT, the midpoint of each helix was determined and the
distance between the midpoints and the respective helix ends was scaled by the number of
the intermediate residues. Finally, the distances r; between the endpoints of the ten target
core helices were used to define upper and lower bounds

u =r+A (5.1.a)
l=r—A (5.1.b)
for the template restraints by considering putative deviations A between the template and the

target structure.
5.3.5. Structure determination

Two matrices Dy and Dy with lower bounds |;; and upper bounds u; for any pair of
points P;, P; were generated that are consistent with the internal, template, and distance
restraints. Intrinsic relations among these initial set of bounds were ensured by bound
smoothing using the triangle inequalities (Crippen and Havel, 1988),

Uy < Uy + Uy, (5.2.8)

lj =Ty —uy. (5.2.b)
These inequalities were applied to the upper and lower bounds on the distance between any
triples of points P;, P;, and Px. If uj > uy + uy was found then u;; was replaced by its upper limit
Uk + U Similary, if the lower bound l;; was smaller than Iy — uy, it was increased to its lower
limit lix — ux. From the refined matrices D, and Dy trial distance matrices were generated by
selection of uniformly distributed random numbers within the permitted intervals using
metrization (Havel, 1990). After each choice of random distance, triangle inequality bound
smoothing was repeated. Before the smoothing, the upper and lower bounds for the selected

distance were set to the random distance.
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From the trial distance matrix D a metric matrix G was derived by embedding (Havel,
2003). To this end, the vector of squared distances of all points from the centroid of the
model was determined. The elements of the metric matrix G;; are then given by the scalar
product of the two coordinate vectors r; and rj from the centroid to each of the points P; and
P;. From the three largest positive eigenvalues 4,, 4,, and A, of this real symmetric matrix G
with corresponding eigenvectors &, g, and €, of length K, the Cartesian coordinates of the K

points of the helix bundle model were generated (Havel, 2003),

X = /A, 8, (5.3.a)
Y. =48y (5.3.h)
z, =./4,8,. (5.3.c)

If one or more of the largest eigenvalues of the metric matrix G were found to be negative,

the metric matrix G and the corresponding trial distance matrix D were rejected.
5.3.6. Structure refinement

The trial helix bundle models were tested for lower A, and upper bound violations A,

for each pair of points P; and P, by

A= Iij _dij (5.4.a)
A, =d; -uy, (5.4.b)
whereas negative values of A and A, are replaced by zero. The normalized bound violation
AI _Au
Vi = r (5.5.)

i
was then used together with the distance vector djj from point P; to point P; to compute the
improved coordinates of the two points by

P’'=P —iv,d; (5.6.2)
and

Pj’: P, + Av;d; (5.6.b)
where parameter A is a scaling factor. By summation of corrections with respect to all points
P; a new coordinate of point P; was obtained that takes into account all constraint violations
in which this point is involved:

P'=P - ﬂZjVijdij. (5.7.)
To complete one iteration step this correction was performed for all points P; (i = 1...K). In
consecutive iterations the set of coordinates is expected to improve so that the Vvjj decrease
and A can be increased. We find that

A=—r (5.8.)
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works well, with k being the iteration number and kmsx the maximum permissible iteration
number. Parameter knax has to be adapted to the number of points and the extent of violation
of the constraints. We find good convergence behavior and acceptable convergence rate for
Knox =2, 2, Vi » (5.9.)
if the right-hand side of Eq (5.9.) is larger than 1000 and kmax = 1000 otherwise.
Collisions between helices were resolved by determining the normalized bound

violation for the helix midpoints M; by
_B6A-r,

r

v, : (5.10.)

i
where rj; is the distance of closest approach of the two helices. If vij was positive, the
coordinate shift

AR =-A), v;m; (5.11.)
was applied to all points Pk in the helix with index i, where mj;; is the midpoint-midpoint vector.
The definition of the normalized bound violation in Eq. (5.10.) diverges if two helices in the
preliminary model intersect. Therefore, a limit of vjj < 100 was imposed. This limit also guards
against too strong shifts in the rather arbitrary directions between helix midpoints that may

occur for very closely approaching helices.
5.4. Results and Discussion
5.4.1. Derivation of internal restraints

Our coarse-grained model of a helix bundle, where each helix is described by four
points, corresponding to the mean coordinate of the cytoplasmic label (A), the cytoplasmic
(B) and periplasmic (C) end of the helix, and the periplasmic label (D), has some internal

constraints on distances and angles (Fig. 5.1.).

Figure 5.1.: Coarse-grained model of a TM helix that carries a spin label on its cytoplasmic and periplasmic end. The
helix model is described by four points, corresponding to the mean coordinate of the cytoplasmic label (A), the cytoplasmic (B)
and periplasmic (C) end of the helix, and the periplasmic label (D). Only the 2N points B and C; (i = 1...N) are relevant for
describing the fold. Label coordinates correspond to the midpoint of the N-O bond in the nitroxide. L, helix length; I and I,
length between the N-O midpoint of the cytoplasmic or periplasmic label and the corresponding end of the helix, respectively; 6,
and &, angle between the helix axis and the vector I or I, respectively; ¢, angle between the vectors I. and |,.
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The helix length L is constrained by the number n of residues and by the observation
that the length per residue of an a-helix varies only slightly. By projecting the X-ray structure
of LeuTa, (PDB identifier 2A65) onto a bundle of straight helices, we obtained a minimum
length per residue of 0.140 nm and a maximum length per residue of 0.153 nm. Therefore,
we assumed the following internal restraints for the helix length:

[Lmin, Lmax] = N [0.135, 0.155] nm. (5.12.)
As an exception we found the discontinuous helix VI of LeuTa, that has a length per residue
of only 0.130 nm. The constraints defined in Eq. (5.12.) lead to a bound violation by 0.123
nm for the total length of this helix. Given the expected precision of our bundle model, this
violation is acceptable.

We also analyzed the distance of the mean N-O midpoint of the label from the
corresponding end of the helix, i.e. lengths |, and Ic in Fig. 5.1.. For this purpose the
conformational distribution of the labels attached to helix ends in LeuTa, Was simulated by a
rotamer library approach (Jeschke and Polyhach, 2007). These lengths vary between 0.37
and 1.17 nm for LeuT s, and between 0.42 and 0.98 nm for vSGLT. Therefore, we defined the
internal restraints of I, and I; as

Hemins lemax] = pmins lp.max] = [0.30, 1.30] nm. (5.13.)

Upper and lower limits for angles 4, and & can also be derived from the possible
conformations of the label. Analysis for LeuTa, provides a range from 80.2° to 131.7°. Here,
we assumed restraints of 70° and 140°, respectively, which can be converted to restraints on
the label-to-label distance within the same helix. Angle ¢ appears to be unrestrained, as helix
periodicity is far from ideal.

The minimum and maximum possible distance between two labels can then be

computed as follows:

dcp’min = Lmin —2 COS(9m|n) Imax = n0141 nm —089 nm, (514&)
Oep,max = 2[(Lmax/ 2—C0S(Bmax)l max)’ + (SIN(Omax) Imax)z]l/2
= 2[(n/2-0.141 + 0.995 A)? + (0.84)%]"?, (5.14.b)

where we have considered that the minimum distance is obtained for ¢= 0° and the
maximum distance for ¢ = 180°.

Distances between a label on one side of the membrane and the helix end on the
other side (points A and C as well as B and D) can be restrained in analogy to geminal
distances for a fixed bond angle and bond length (Crippen and Havel, 1988)

dacmin = [1emin*Lmin =2 lomin Lmin €OS G min] 2
=[0.09 + n*0.019881 —2:n:0.3-0.141-0.3420]"% nm

=[0.09 + n*0.01988 —n-0.02893]*? nm, (5.15.a)

— 2 2 1/2
dAC,max— [I emaxtL“max —2 Ic,max Limax COS 6:max]
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= [1.69 + n*0.02161 + 2:n-1.3-0.147-0.7660]** nm
= [1.69 + n*0.02161 + n-0.2928]"* nm. (5.15.b)
Because of symmetry we have dgpmin = dacmin @nd Ogpmax = dacmax. Thus, all distances

within the same helix are internally constrained.
5.4.2. Internal constraints on interhelical distances

Two consecutive helices are joined by a loop with m residues. This loop has a
maximum length that corresponds to the contour length of a peptide chain. In crystal
structures, the contour length is usually assumed as 0.36 nm/residue, corresponding to the
length of extended antiparallel -sheets (Pauling and Corey, 1951). Although values of up to
0.40 nm/residue have been found when extending peptide chains in atomic force microscopy
measurements (Ainavarapu et al., 2007), we stick with the former value that is in agreement
with known equilibrium structures of proteins.

Two helices can be joined by a cytoplasmic loop between points B; and Bj.; or by a
periplasmic loop between points C; and Ci:1. In both cases there is an upper bound

ioop,max = M- 0.36 nm + 0.6 nm. (5.16.)
The second term on the right-hand side of Eq. (5.16.) is twice the helix radius. It is required
as the bundle model specifies distances between helix end points situated on the helix axis
rather than between C* atoms of the labeled residues.

For loops that connect consecutive helices we use the lower and upper bounds given
in Sale et al. (2004). The upper bound for short loops (up to 7 residues) was increased by 0.3
nm to account for the fact that Sale et al. (2004) appear to relate distances to the C* atoms in
the helix backbone while we relate them to the helix axis. For loops with more than 20
residues we increase the upper bound to (m-20) - 0.36 nm + 3.2 nm.

Between any two helix ends on the same side of the membrane there exists a lower
distance bound as the helices may not overlap. A study on helix-helix packing in proteins
provides a lower bound for the radius of an a-helix of 0.3 nm (Walther et al., 1996), thus we
have

interhelix,min = 0.6 nm. (5.17.)
In the X-ray structure of LeuTa, helix ends on the same side of the membrane do not
approach closer than 0.9 nm. The mean distance is 2.88 nm, well within the range accessible
by DEER.

Helix ends on opposite sides of the membrane have a larger minimum distance. In
the structure of LeuTa, we find that they can approach as closely as 2.5 nm, while their mean
distance is 4.5 nm, and their maximum distance 7.4 nm. To be safe, we assume

dTM’minz 20 nm. (518)
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The maximum distance between any two helix ends in LeuTa, is 7.4 nm. Of course, this
value depends on protein size. In many cases, one will have an estimate of the maximum
dimensions of the protein molecule. As a conservative estimate for PutP we use
interhelix,max = 10.0 nm. (5.19.a)
For helix ends on the same side of the membrane in LeuTa, we find maximum
distances of 5.35 nm (cytoplasmic) and 5.50 nm (periplasmic). In this case we thus use a
tighter upper bound
diH,cyto,max = irt,peri,max = 7.0 nm. (5.19.b)
Yet another, possibly tighter upper bound can be defined for the far ends of two
consecutive helices (N and C terminus of a TM-helix-loop-TM-helix substructure). This is
based on the fact that tilt angles of TM helices with respect to each other are restricted. In
the structure of LeuTa, we find that the tilt angle 6; for any helix i with respect to any other
helix j does not exceed 81°. We assume a maximum value 6m.x = 90°. We may then
estimate the upper bound for this case as
eonsecutive,max = (Li + Lj) SiN(@,max/2) + Dioop,max » (5.20.)
where L; and L; are the lengths of the two helices and dioop,max is defined by Eq. (5.16.).
Another internal constraint arises as two helices may not overlap anywhere. This
constraint, however, cannot be easily implemented in the distance matrix D. Instead, it is

considered in the error function for refinement of the initial model.
5.4.3. Test of the approach on LeuTa,

Analysis of the X-ray structure of vSGLT revealed an unexpected structural homology
of the ten-helix core with the corresponding helices in LeuT.,, a member of a different
transporter gene family (Faham et al., 2008). The performance of our approach can thus be
tested by modeling the LeuTa, helix bundle based on a template derived from the vSGLT
structure. For that purpose, synthetical EPR restraints were generated in the following way.
In analogy to the selection of labeling sites made for PutP, one residue near the cytoplasmic
and one residue near the periplasmic helix end of each of the 12 TM helices of LeuTa, (PDB
code: 2A65) were selected for labeling. The conformational distribution of the spin label at
each labeled site was modeled by attaching 98 MTSSL rotamers from a precomputed
rotamer library, determining their relative interaction energy with the proteins, and computing
their populations according to a Boltzmann distribution at the expected glass transition
temperature of a lipid bilayer (175 K) as described previously (Hilger et al., 2009). One
reference helix was selected and the 11 distance distributions between the label on the
cytoplasmic end of this helix and the cytoplasmic ends of all other helices were computed

from the respective distribution of label conformations. The same was done for the 11 pairs
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of labels on the periplasmic side. Additionally, a second reference site was selected on each
side of the membrane that was as far away as possible from the first reference point. This
second reference point was used to compute ten further distance distributions between the
labels at the cytoplasmic and periplasmic helix ends, respectively. Furthermore, the four
transmembrane distance distributions between the reference sites were generated, so that
altogether 46 synthetical EPR distance restraints were available.

To derive these distance restraints in the same way as for PutP, we first transformed
the distance distributions to DEER form factors and multiplied them with experimental
background functions. These background functions were generated by random linear
combinations of two DEER data sets from singly spin-labeled PutP mutants. The thus
simulated 46 primary DEER data sets for LeuTa, were encoded with six-digit random
numbers to avoid subjective bias in their analysis. The coding table was stored but not
looked at before the analysis was finished. The data sets were then analyzed in the same
way as the experimental data for PutP to derive distance restraints. At last, the simulated
EPR-based restraints were assigned to the label pairs using the coding table.

In the first modeling step the 46 simulated EPR-based restraints were used together
with internal restraints and template restraints to set up matrices of lower bounds l;; and
upper bounds uj for the 1128 distances in the 48-point model of the spin-labeled helix bundle
of LeuTas. These matrices were subjected to triangle inequality bound smoothing to check
the consistency of the initial set of distance limits. By applying the triangle inequalities, the
matrices were found to be free of erroneous bounds |;; > u;j and the removal of triangle
inequality violations led to smaller distance intervals and thus to a more restricted model
space. For computing different sets of model coordinates that satisfy the constraints, trial
distance matrices were generated from the distance bounds via metrization (Havel, 1990).
This was done by choosing each pair distance from uniformly distributed random numbers
within the permitted intervals. After each distance choice the bound smoothing step was
repeated to guarantee that the distance estimates will obey the triangle inequalities. The trial
distance matrices were then translated into individual sets of Cartesian coordinates of all N
points by embedding the constraints. Finally, bound violations and helix-helix clashes in the
embedded structures were resolved by directed refinement as described in the Materials and
Methods section. For LeuT,, we decided to generate two ensembles of 200 structural
models. Typically 250 embeddings had to be performed to obtain 200 helix bundle
structures. In the remaining embeddings directed refinement failed.

The RMSD Q) of the helix endpoints between the i" EPR-based structural model and
the superimposed X-ray based model can be used as a criterion for the quality of the EPR-
based model. However, for PutP and the majority of membrane proteins, no X-ray structure

is available. Therefore, other criteria have to be found that correlate with Q; and are thus
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suitable for selecting between good and poor structural models. For this purpose, we
analyzed the ensemble of structures in terms of structural characteristics of helical bundles of
membrane proteins derived mainly from structures of G-protein-coupled receptors (Sale et
al., 2004; Bowie, 1997). Generally, only poor correlation between these characteristics and
the RMSD Q; were found with correlation coefficients R between -0.2 and 0.2. However,
three characteristics represent good predictors of structural quality: a characteristic H; based
on the relative tilt of helices, a characteristic T; based on the tilt of the helices with respect to
the approximated membrane plane, and a characteristic M; based on the distance of helix
midpoints to the approximate membrane plane. The correlation with Q; were found to be
maximal for the linear combination P; = 0.0143 H; + 0.9768 T; + 0.0089 M; with R = 0.5294.
While this correlation coefficient is too small to use the penalty function P; as the only
criterion for selecting good structures, it is sufficiently large to recognize very poor structures.

Another criterion for structure selection can be derived solely from the internal
properties of the ensemble. For that we define a matrix §; (i,j = 1...200) of pairwise RMSDs
between the helix end points of structures in the ensemble. The distance of a given structure
i from the center of the ensemble can then be characterized by the sum of the corresponding
row of this matrix V; = X S. We find that for LeuTa. Vi nicely correlates with Q; and,
consequently, V; also correlates with P;. This indicates that the center of the ensemble of
structures is the best representative of the true structure. The center can be computed by
averaging of the end point coordinates. However, we find that such averaging usually leads
to an average structure that features helix-helix collisions. Thus, we selected the central
structure of the ensemble as the representative structure. The central structure is the
structure with the minimum row sum V. It turns out that the quality of the central structure
improves when the ensemble is first reduced to half its size by rejecting the 100 structures
with the largest Vi.

The central structures thus obtained for the two ensembles of LeuTa, Structures have
penalty function values P. of 8.0 and 16.1, respectively, that nicely conform to the value
determined for the LeuTa, X-ray structure (Ps = 13.5). The RMSDs Q. of the structures with
respect to the X-ray structure are 7.17 A and 8.65 A, while the original template derived from
the VSGLT structure has a Q, of 11.65 A. The EPR-based distance restraints thus lead to an
improvement of the model (Fig. 5.2.). In particular, the relative arrangement of the two non-
core TMs Xl and XII with respect to the core, which is poorly predicted by the vSGLT-based
template, is correctly elucidated by our approach, when compared to the X-ray structure of
LeuTaa.

The situation is less clear for the core region. The RMSDs of helix end points for only

the ten core helices are 6.08 A and 6.36 A for the two central structures and 6.49 A for the
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original structure based on only the vSGLT X-ray structure. Thus, for the core region the
refinement is only marginal (Fig. 5.3.), i.e., the resolution of the EPR-based model is not

sufficient to discuss differences in the core between vSGLT and LeuT a,.

A B
XII

cytoplasmic

XI

periplasmic

C

XII

Figure 5.2.: Comparison of helix bundle models for LeuTaa. Helices are indicated by rigid cylinders and selected helices are
numbered with Roman numerals. Helix ends are represented by grey dots. (A) Helix bundle model of the LeuT s, X-ray structure
(PDB code: 2A65). (B) vSGLT-based LeuTa, template of the helix bundle. The crystal structure of vSGLT (Faham et al., 2008)
was projected on a helix bundle model by determining the helix axes as the lines from which the sum of squares of the distance
to the C* atoms is a minimum. The helix lengths were calculated from the C* coordinates of the residues at the respective helix
ends. This helix bundle model was then adapted to the helix length of the target protein. For this purpose, the helix axes of the
target protein were superimposed on the helix axes of the template model. As the number of residues of the target helices
generally differed from the corresponding template helices of vSGLT, the midpoint of each helix was determined and the
distance between the midpoints and the respective helix ends was scaled by the number of the intermediate residues. (C and D)
Central structures of two independently calculated EPR-based ensembles of LeuTa,. View perpendicular to the membrane
normal.

The RMSD of the structural model can be estimated from the standard deviation of
the coordinates in the ensemble. We find that the standard deviation of a subensemble of the
40 structures that are closest to the center of the full ensemble of 200 structures is a good
approximation of the RMSD of the central structure with respect to the X-ray structure. The
standard deviation of the full ensemble overestimates the RMSD by about a factor of 1.5.
This is probably due to the use of a uniform rather than normal distribution of random
numbers in the selection of distances in the intervals between the lower and upper bounds
during metrization.

We also tested whether our approach is a critical test for the quality of the core
template. For such tests we generated core decoys by random permutation of the helix
assignment in the bundle model derived from the X-ray structure of vSGLT. This corresponds
to a situation where the relative arrangement of helices in the bundle is known, but not their

assignment. For a given relative arrangement of the 12 helices, 479 million distinct helix
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assignments are possible. Among 100.000 randomly generated assignments, we found only
24 that allowed for the generation of error-free distance matrices from the lower and upper
bounds derived from all internal, template, and experimental restraints. For two of these 24
decoys we tested embedding. Only 20 out of 103 embeddings succeeded.

A B

cytoplasmic

periplasmic

C A D

Figure 5.3.: Comparison of helix bundle core models for LeuTa.. Helices are indicated by rigid cylinders. Helix ends are
represented by grey dots. (A) Helix bundle core model of the LeuTa, X-ray structure (PDB code: 2A65) (B) vSGLT-based LeuTa,
template of the helix bundle core, generated as described in the legend of Figure 5.2.. (C and D) Central core structures of two
independently calculated EPR-based ensembles of LeuTa,. View perpendicular to the membrane normal.

5.4.4. Helix bundle model for PutP

In the case of PutP that has one more helix than LeuTa,, analogous selection of
labeling sites, including two reference points on each side of the membrane (41 and 371 at
the cytoplasmic ends of TMs Il and X; 62 and 446 at the periplasmic ends of TMs Il and XII)
and one position at each helix end of the other TMs (Fig. 5.4.), provides 50 distance
restraints.

Of these, only 45 were obtained, as five double mutants do not show significant
dipolar modulation after background correction (Table 5.1.). For double mutants 41/253,
41/430, 371/253, and 371/430 this is due to poor labeling efficiency. The average number of
spins per molecule of these PutP derivatives was found to be approximately one (Table 5.1.),
indicating that the cystein side chains introduced at positions 253 and 430 are not accessible
to the spin label. For the fifth double mutant 62/5 we observed a significantly higher spin
number of 1.35. In this case, the interspin distance probably lies below 1.2 nm and therefore
out of the range of sensitivity of DEER measurements. Furthermore, fast transversal

relaxation in the sample 371/126 only allowed the use of a dipolar evolution time of at most
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0.9 us. As such short observation times prevent the reliable extraction of long distances
(Jeschke and Polyhach, 2007), we decided to use the double mutant 371/128 that shows a
significant lower transversal relaxation.
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Figure 5.4.: 13-Helix secondary structure model of the Na'/proline transporter PutP of E. coli according to Jung et al.
(1998a). Transmembrane domains are represented as rectangles and numbered with Roman numerals. Amino acid positions
where spin labels were attached in this work are encircled (red) and labeled with red Arabic numerals. The four reference points
used for construction of double-cystein mutants are indicated by filled circles. Amino acids proposed to be involved in ligand
binding are underlined and numbered with black Arabic numerals.

Because of the five missing distance restraints, the bundle model is slightly less
restrained than for LeuTas. In addition, the spread between the lower and upper distance
bound tends to be somewhat larger for PutP than for LeuTa,. This can be traced back to
larger uncertainties in background correction in the experimental data sets for PutP
compared to the synthetically generated data sets for LeuTa,. Furthermore, the experimental
distance distributions obtained for the PutP derivatives are significantly broader than the
synthetically generated ones for LeuTa, since they most likely represent different
conformations of the PutP protein, while the data set for LeuT,, is based on the crystal
structure of one single conformational state. Consequently the standard deviation of the
structural ensemble is somewhat larger. Compared to standard deviations of 9.05 A and 9.21
A for the 20% of structures closest to the central structure in the two LeuTa, ensembles, we
find standard deviations of 11.52 A and 11.69 A for the two PutP ensembles. To obtain better
statistics for PutP, we generated ensembles of 300 structures. The mean deviation of the
ten-helix core from the core template is about 6.5 A for both PutP and LeuTa.. This indicates
that the arrangement of the core helices in PutP does not deviate more strongly from vSGLT
than LeuTa,. Again we find that the EPR distance restraints are a critical test for agreement
of the core structure with the template. Out of 10.000 decoys generated by random
permutations of helix order only 45 could be metrized with a distance uncertainty of A = 8 A.
Due to the smaller ratio of experimental restraints to degrees of freedom and the larger
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uncertainty of the experimental restraints, this fraction of feasible decoys is larger than for
LeuTa,. However, it is still very unlikely that the set of restraints is consistent with an

erroneous structure of the core.

Table 5.1.: Mean distances between spin labels in double mutants of PutP (in nanometers).

A) Double mutants with cytoplasmic reference points (cRP) 1 and 2.

cRP1 Residue Mean Width Spins/ cRP 2 Residue Mean Width Spins/
2 distance molecule 2 distance molecule
41 25 2.28 0.49 1.41 371 25 3.20 0.36 1.63
41 91 3.06 0.49 1.51 371 91 3.99 0.49 1.41
41 126 4.25 0.69 1.67 371 126 n.a. n.a. 1.36
41 179 431 0.36 1.21 371 128 1.99 0.34 1.21
41 190 2.92 0.40 1.43 371 179 2.10 0.51 1.36
41 253 n.a. n.a. 1.01 371 190 2.86 0.34 1.36
41 276 2.47 0.55 1.31 371 253 n.a. n.a. 0.97
41 349 3.79 0.80 1.81 371 276 3.94 0.38 2.80
41 371 5.04 0.74 1.53 371 349 1.96 0.50 1.60
41 423 4.46 0.51 1.47 371 423 3.85 0.19 1.58
41 430 n.a. n.a. 1.03 371 430 n.a. n.a. 0.94
41 470 3.22 0.80 1.47 371 470 3.22 0.83 1.58

B) Double mutants with periplasmic reference points (pRP) 1 and 2.

pRP 1 Residue Mean Width Spins/ pRP 2 Residue Mean Width Spins/

2 distance molecule 2 distance molecule
62 5 n.a. n.a. 1.35 446 5 492 0.66 1.64
62 80 2.00 0.44 1.51 446 80 3.64 0.55 2.18
62 149 3.92 1.05 1.36 446 149 3.22 0.97 1.38
62 164 3.50 0.99 1.63 446 164 2.14 0.42 1.68
62 210 3.70 1.02 1.39 446 210 4.27 0.65 1.46
62 233 3.54 0.64 1.16 446 233 3.50 0.31 1.66
62 294 3.45 0.84 1.55 446 294 4.40 0.66 1.58
62 326 3.19 1.06 1.73 446 326 4.23 0.54 1.97
62 391 3.88 1.05 1.29 446 391 1.73 0.48 1.88
62 400 2.30 0.31 1.11 446 400 1.40 0.27 1.27
62 446 412 0.68 1.29 446 450 2.29 0.16 1.42
62 450 3.95 0.56 1.30

C) Transmembrane distances between cRPs and pRPs.

Residue Residue  Mean Width Spins/
1 2 distance Molecule
41 62 3.42 0.80 1.64
41 446 4.67 0.47 1.40
62 371 4.26 0.62 1.70
446 371 3.29 0.36 1.77

The number of spins per molecules characterizes the degree of labeling.
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Figure 5.5.: Comparison of helix bundle models for PutP. Helices are indicated by rigid cylinders and selected helices are

numbered with Roman numerals. Helix ends are represented by grey dots. (A) VSGLT based PutP template of the helix bundle,

generated as described in the legend of Figure 5.2.. (B and C) Central core structures of two independently calculated EPR-
based ensembles of PutP. View perpendicular to the membrane normal.

The central structures of the two ensembles (Fig. 5.5.) have penalty function values
P:. of 1.0 and 10.8, i.e. they nicely conform to expectations for a helical bundle of a
membrane protein.

As it was already found for LeuT,, differences in the core are only marginal (Fig.
5.6.). Similar to vSGLT, the PutP core structures are composed of two inverted repeat
domains (TMs II-VI and TMs VII-XI) that are related by a pseudo-two-fold axis in the plane of
the membrane. These structural repeats are intertwined, forming two interior domains: a
central four-helix bundle consisting of TMs I, Ill, VII, and VIII, which is surrounded by a
scaffold defined by TMs IV, V, VI, IX, X, and Xl (Fig. 5.6.). The most relevant differences with
respect to the template based on the vSGLT structure concern the three non-core helices,
whose positions are determined exclusively by internal and experimental restraints. Helix |,
which is found in the back of the bundle for vSGLT is situated in the front in both
experimental structures. For helix XIlI the position of the periplasmic end is not significantly
different, however, the tilt direction differs and thus the cytoplasmic end near the C terminus
of the protein is found in a different position. TM XII is similarly positioned relative to the core
in the PutP models and the vSGLT template, but it is more separated from the remaining
helices in the PutP structures than in the vSGLT template (Fig. 5.5.). Although the positions
of the helices in the two ensembles are fully consistent with the available restraints, such a
separation of TM Xll is presumably energetically unfavorable due to the absence of helix
contacts between TM Xll and other helices of the bundle. However, it must be taken into
account that the calculated central structures of the ensembles represent only two out of
many possibilities, which are consistent with the restraints. Therefore, it is feasible that in
other structures TM Xll is in close contact to the remaining helix bundle. To select those
structures in which the individual helices are in contact with at least one neighboring helix, a

penalty function can be incorporated into our approach. However, the contact penalty
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function published by Sale et al. (2004) cannot be used and must be redefined, since it is not
suitable for discrimination between good and poor structures in the case of LeuTa,. Work
along these lines is now in progress. Furthermore, more distance restraints are needed,

especially between the two reference points and the end of TM Xll on the cytoplasmic side of

the membrane, which cannot be obtained so far.
A B C

cytoplasmic XI

periplasmic

D E F

Figure 5.6.: Comparison of helix bundle core models for PutP. Helices are indicated by rigid cylinders and selected helices
are numbered with Roman numerals. Helix ends are represented by grey dots. (A, D) vSGLT based PutP template of the helix
bundle core, generated as described in the legend of Figure 5.2.. (B, E and C, F) Central structures of two independently
calculated EPR-based ensemble of PutP structures. (A-C) View perpendicular to the membrane normal. (D-F) Top view of the
core from the cytoplasm.

5.4.5. Functional implications of the helix bundle models

Structure-function analyses of PutP provided evidence that TM Il and IX are involved
in the formation of a ligand-binding site (Quick et al., 1996; Quick and Jung, 1997; Pirch et
al., 2002; Hilger et al., 2008; Raba et al., 2008). TM Il contains residue Asp55 that is
proposed to directly participate in binding of the coupling ion (Fig. 5.4.). In addition, residues
Ser57 and Gly58 of the same helix were found to be important for Na* and/or proline binding,
suggesting closely located binding sites for both ligands (Quick et al., 1996; Quick and Jung,
1997; Pirch et al.,, 2002). TM IX harbors residues Ser340 and Thr341, which are also
required for high-affinity Na* and proline binding (Hilger et al., 2008) (Fig. 5.4.). Finally, cross-
linking experiments and Cys accessibility studies revealed that TMs Il and IX are in close
proximity to each other in the tertiary structure of the protein and contribute to the formation
of a translocation pathway (Pirch et al., 2003; Hilger et al.,, 2008; Raba et al., 2008).
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However, the complete set of helices that participate in the formation of the ion- and/or
substrate-binding site in PutP is not known. Given the structural homology between the core
of PutP and vSGLT, we suggest a common transport mechanism for these proteins,
including principles in ligand binding. Indeed, the X-ray structures of the structural
homologous vVSGLT and LeuTa, show similarly located substrate-binding sites at the centre
of the proteins, even though they belong to different transporter gene families and transport
different substrates (Faham et al., 2008; Yamashita et al., 2005). The helix arrangement in
the PutP structures and its comparison with the vSGLT and LeuTa, can thus be used to draw
conclusions about the TMs that are involved in ligand binding in PutP. This information can
then guide further functional studies to identify residues that are particular important for the
transport activity of PutP.

In the two helix bundle structures obtained for PutP, TM Il and TM IX are located in
the core domain (Fig. 5.6.e, f). TM Il forms part of the central four-helix bundle, whereas TM
IX is situated in the surrounding scaffold. The position of both segments relative to each
other is found to be somewhat different in the two bundle structures. In the first one, TM Il
faces TM IX (Fig. 5.6.e), while in the second structure the two transmembrane domains are
separated by TM VI (Fig. 5.6.f). Although both models are consistent with the available
restraints, effective cross-linking between positions in TM Il and TM IX, even by a zero length
cross-linker, favors an arrangement similar to that observed in the first structure (Hilger et al.,
2008) (Fig. 5.6.b, e€). Such an arrangement is also found in the vSGLT X-ray structure in
which the corresponding helices are in close vicinity to each other, forming a sodium-binding
site in approximately the middle of the membrane (Faham et al., 2008) (Fig. 5.6.a, d).
Thereby, the coordination of the coupling ion is predicted to be achieved by one hydroxyl
oxygen of Ser365 of TM IX and three carbonyl oxygens of Ala62, lle65 (TM II), and Ala361
(TM IX). This sodium-binding scenario is in part resembled by the situation suggested for
PutP. In fact the hydroxyl moiety of residue Thr341, which is conserved throughout the SSS
family, is at equivalent position to Ser365 in TM IX of vSGLT (suppl. Fig. 5.1.). Functional
important main-chain carbonyl groups are more difficult to identify as the side chains of the
corresponding amino acids are not necessarily highly conserved and are not required to
possess specific properties (e.g., charged or polar groups). Nevertheless, replacement of
conserved Ala48 and Gly63 in TM Il and Ala337 (corresponds to Ala361 of vSGLT) (suppl.
Fig. 5.1.) in TM IX of PutP has an impact on sodium-dependent transport (Raba et al., 2008;
Pirch et al., 2003; Hilger et al., 2008) (Fig. 5.4.). Thus, it is tempting to speculate that the
main-chain carbonyl groups of some of these residues contribute to sodium binding. In
addition, functional studies on Ser340 suggested that this residue may participate in ion
binding via its main-chain carbonyl group (Hilger et al., 2008) (Fig. 5.4.). Besides the
hydroxyl and carbonyl oxygens, the carboxyl group of Asp55 in TM Il of PutP is proposed to
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be essential for sodium dependence (Quick and Jung, 1997). However, the general
importance of this residue is less clear as it is not conserved within the SSS family as e.g.
Thr341 (suppl. Fig. 5.1.). Possibly, Asp55 stabilizes the empty and/or occupied sodium-
binding site in PutP as it is most likely deprotonated at physiological pH by additional
hydrogen bonds. Furthermore, because TM Il is supposed to be involved in both ion and
substrate binding, the properties of the substrate (e.g. charged proline versus polar sugar)
may also have influenced the precise mechanism of Na® binding. Taken together, the
obtained helix bundle structures in conjunction with structure-function analyses and
comparison with the vSGLT template strongly support the idea of a Na'-binding site that is
located at the interface between TM Il and TM IX. However, additional distance
measurements are required for more reliable determination of the relative position of both
helices in the bundle structures of PutP. Nevertheless, with exception of Asp55 of PutP, the
coordination pattern seems to be conserved in both transporters as it is formed in each case
by hydroxyl groups from serine or threonine of TM IX and carbonyl oxygens of TM Il and TM
IX. Intriguingly, this sodium-binding scenario is also present in LeuTa, that has a different
Na':substrate stoichiometry of 2:1 in comparison to the 1:1 stoichiometry of PutP and vSGLT
und thus possesses two sodium-binding sites (Na;” and Na,") (Yamashita et al., 2005).
Thereby, Na," (Ala351, Ser355, and Thr354 of TM VIl and Gly20 and Val23 of TM 1)
corresponds to the likely sodium-binding sites of PutP and vSGLT, whereas for Na;* no
equivalent site in PutP or vSGLT exists. This indicates that Na," probably plays an essential
role for sodium-coupled substrate translocation in members of this structural family.

As mentioned above, TM Il and TM IX of PutP are not only proposed to be important
for sodium coordination, but also for binding of the substrate. In fact, site-specific amino acid
substitution analyses indicate that the conserved residues Ser57 and Gly58 of TM Il and
Thr341 of TM IX contribute to the formation of a substrate-binding site that is situated in
close vicinity to the ion-binding site (Quick et al., 1996; Pirch et al., 2002; Hilger et al., 2008).
However, information about the complete ensemble of helices that participate in substrate
binding is not available yet. In the obtained bundle structures of PutP, five transmembrane
domains (TMs IV, VI, and Xl of the scaffold and TMs Ill and VII of the four-helix bundle)
enclose the proposed proline-binding site in addition to TM Il and TM IX and thus represent
appropriate candidates for substrate coordination (Fig. 5.6.b, e and c, f). Two of these
helices, TM IV and TM VII, have recently been found to be of functional relevance (Raba, M.,
Pirch, T., and Jung, H., unpublished data). Thereby, residues Tyr140 in TM IV and Trp244
and Tyr248 in TM VII, positions highly conserved throughout the proline symporters of the
SSS family (suppl. Fig. 5.1.), were found to be essential for sodium-dependent proline
transport (Fig. 5.4.). Although helices lll, VI, and XI have not been analyzed yet, the available
data support the idea of a proline-binding site formed by TMs I, IV, VII, and IX. Interestingly,
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this arrangement resembles only in part the situation found in sugar transporter vSGLT,
whereas it is fully consistent with the binding region in LeuT,, that catalyzes, like PutP, the
uptake of amino acids. In particular, the galactose-binding site in vSGLT encompasses
helices I, Ill, VII, and VIII of the four-helix bundle and TM Xl of the surrounding scaffold and
is located approximately 1 nm away from the ion-binding site (Faham et al., 2008). The sugar
in VSGLT is almost exclusively coordinated via side-chain interactions, especially by H-
bonding with polar amino acids. In the X-ray structure of LeuTa,, the substrate-binding site is
located at a slightly different position between TM | and TM VI of the four-helix bundle and
TM Il and TM VIII of the scaffold (Yamashita et al., 2005), which correspond to TMs I, VII,
IV, and IX of PutP. The a-substitutions of leucine are positioned near the unwound regions of
the discontinuous helices | and VI of LeuT,, in a distance of ~0.6 nm to the sodium-binding
site Na,". The a-amino and o-carboxy groups are predominantly exposed to main-chain
atoms of the extended peptides, thereby exploiting helix dipole moments at the end of the
helical segments. Only two amino acid side chains are involved in the coordination of the o-
amino and o-carboxyl group of the leucine molecule, Tyr108 in TM Ill and Ser256 in TM VI.
In PutP, Tyrl40 of TM IV and the hydroxyl group of Tyr248 of TM VII are at equivalent
position to Tyrl08 and Ser256 of LeuTa, and thus may fulfill similar function in coordinating
the carboxyl group of the substrate. Furthermore, the observed functional relevance of Gly58
in TM 1l of PutP is in line with the main-chain interaction between the o-carboxy group of
leucine and the equivalent residue Gly26 in TM | of LeuTa,. In addition to these residues, the
side chain of Ser57 in TM |l of PutP is proposed to be crucial for high-affinity proline uptake
(Quick et al., 1996). However, no corresponding residue is involved in leucine binding in TM |
of LeuTas. This is most likely due to the different substrate specificities of LeuTa, and PutP,
which is determined by variation of the specific interaction sites. In contrast to the o-
substituents that are proposed to be bound in a more polar binding region, the aliphatic side
chain of leucine is located within a hydrophobic pocket formed by residues of TMs lll, VI, and
VIII of LeuTas. One of these residues, Ser355 of TM VIl is engaged in substrate and Na*
binding as it is also suggested for the corresponding residue Thr341 of TM IX in PutP. It is
therefore imaginable that Thr341 also contributes to the formation of a hydrophobic cavity
that accommodates the cyclic aliphatic side chain of proline. In addition to Thr341, Trp244 in
TM VII and GIn345 in TM IX of PutP could also be part of this pocket, since they are
conserved throughout the proline transporters of the SSS family and are crucial for sodium-
dependent proline uptake (Raba et al., 2008; Raba, M., Jung, H., unpublished results).

Taken together, the helix bundle models in combination with biochemical and
mutagenesis studies on PutP indicate a proline-binding site in PutP, which is created by TMs
I, IV, VI, and IX. This helix quartet only partially agrees with the substrate-binding site of

VvSGLT, but is fully concordant with the situation found in LeuT a,, suggesting that the position
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of the binding site in this structural family slightly varies depending on the chemical nature of
the substrate (sugar vs. amino acid). However, it must be stated that the complete set of
residues engaged in substrate binding is not known for PutP and no functional data is
available for TMs lll, VI, and Xl corresponding to the TMs taking part in substrate binding in
VSGLT but not in LeuTa,. Clearly, more information on transporter function is thus required to
verify this putative proline-binding site. Since the crystal structures of vSGLT and LeuTa,
reside in two different conformations, vSGLT in the inward-facing conformation vs. LeuTa, in
the outward-facing conformation, it is also possible that TMs II, I, VII, VIII, and Xl take part
in the initial coordination of the substrate from the cell outside, whereas TMs II, IV, VIl and IX
participate in substrate binding after conversion from the outward-facing to the inward-facing
conformation, before the substrate is released into the cell inside. However, this is highly
speculative and needs to be proven by crystallizing one individual transporter with bound

substrate in these two different conformations.
5.5. Conclusions

It has been demonstrated that the helix bundle structure of the 13 transmembrane
domain membrane protein PutP can be modeled by a distance geometry approach using
sparse DEER distance data together with template restraints derived from the ten-helix core
of the closely related transporter vSGLT and internal restraints of the coarse-grained helix
bundle model. The newly introduced methodology distinguishes with high certainty between
structurally homologous and structurally unrelated core templates. Hence, the fold of the core
can be reliably recognized by this approach.

For PutP, the fold of the ten-helix core is found to be homologous to the core
structure of vSGLT. Since this architecture has been seen before in LeuTa,, the core domain
appears to be the elementary machinery of membrane transport proteins of this structural
family (Faham et al., 2008; Yamashita et al., 2005; Lolkema and Slotboom, 2008). The
similarity in fold among PutP, vSGLT, and LeuT,, implicates commonalities in transport
mechanism, including principles in ligand binding. The most relevant difference between the
helix structures and the template based on the vSGLT structure concerns the three auxiliary
helices, whose positions are established exclusively by internal and experimental restraints.
However, it has to be noticed that the accuracy of the PutP models is still low (RMSD value
of the helix end points about 12 A), and additional distance measurements are required to
reveal more subtle differences between the transporter structures. Along this line, the helix
bundle models can be fine-grained by determining the backbone structures of the
transmembrane domains as it was previously shown for TM IX of PutP (Hilger et al., 2009)
and modeling of missing loops using the “Modeller” software (Fiser et al., 2000). This allows

us in principle to establish the structure of membrane proteins at the level of the backbone
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fold. In contrast to most established techniques, this approach is applicable to membrane
proteins in their native environment of a lipid bilayer and is thus also accessible to molecules

that evade crystallization.
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CHAPTER 6

Assessing oligomerization of membrane proteins by four-pulse DEER: pH-dependent

dimerization of NhaA Na*/H" antiporter of E. coli
6.1. Abstract

The pH dependence of the structure of the main Na'/H* antiporter NhaA of
Escherichia coli is studied by continuous-wave (CW) and pulse electron paramagnetic
resonance (EPR) techniques on singly spin-labeled mutants. Residues 225 and 254 were
selected for site-directed spin labeling, as previous work suggested that they are situated in
domains undergoing pH-dependent structural changes. A well-defined distance of 4.4 nm
between residues H225R1 in neighboring molecules is detected by a modulation in double
electron-electron resonance data. This indicates that NhaA exists as a dimer, as previously
suggested by a low-resolution electron density map and cross-linking experiments. The
modulation depth decreases reversibly when pH is decreased from 8.0 to 5.8. A quantitative
analysis suggests a dimerization equilibrium, which depends moderately on pH.
Furthermore, the mobility and polarity of the environment of a spin label attached to residue
225 change only slightly with changing pH, while no other changes are detected by CW EPR.
As antiporter activity of NhaA changes drastically in the studied pH range, residues 225 and
254 are probably located not in the sensor or ion-translocation sites themselves but in

domains that convey the signal from the pH sensor to the translocation site.
6.2. Introduction

A better understanding of the formation of well-defined homo- and heterooligomers as
well as larger aggregates of membrane proteins could enhance our insight into regulatory
processes (Veenhoff et al.,, 2002) and lead to improved strategies for membrane protein
crystallization (Hunte and Michel, 2000). Such understanding is currently hindered by a
relative lack of characterization techniques that can quantify partial aggregation and that give
detailed structural information on the aggregates. A combination of site-directed spin labeling
(for reviews see, e.g., Hubbell and Altenbach, 1994; Hubbell, et al. 2000; Steinhoff, 2002)
with the measurement of small magnetic dipole-dipole interactions between electron spins at
distances of 2-6 nm by pulse electron paramagnetic resonance (EPR) (Milov et al., 1998;
Borbat and Freed, 2000; Jeschke, 2002) should be well suited for studies of protein
aggregates as it can characterize local structure without depending on long-range order. We
have recently demonstrated that the four-pulse double electron-electron resonance (DEER)

experiment (Pannier et al., 2000) can provide structural information on integral membrane
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proteins (Jeschke et al.,, 2004a). Combined with triangulation techniques (Borbat et al.,
2002), the experiment was used to assess structural differences between monomers and
trimers of plant light harvesting complex llb (Jeschke et al., 2005) - a case where both the
monomer and trimer are stable in detergent micelles and can be separated from each other.
In many cases, however, oligomerization of membrane proteins has to be treated as a
thermodynamic equilibrium, and the dependence of that equilibrium on external parameters
is of interest. This situation implies that not only the structure of the oligomer but also the
average number of protein molecules in the oligomer have to be determined.

Pulse electron double resonance technigues such as four-pulse DEER are suited for
this purpose since the modulation depth in the signal depends on the number of remote
spins coupled to the observer spin (Milov et al.,, 1984). We have recently given the
corresponding equations for the case where spin-to-spin distances are distributed and a
contribution from spins in neighboring oligomers or clusters has to be considered (Jeschke et
al., 2004b). In this study, we estimate the precision of determining the average number of
coupled spins by measurements on a number of authentic biradicals and a triradical (Godt et
al., 2000) and apply the approach to pH-dependent oligomerization of the sodium/proton
antiporter NhaA of Escherichia coli.

NhaA is the main one of two antiporters of E. coli that accomplishes specific exchange
of Na* or Li* for H" (Schuldiner and Padan, 1993). This electrogenic antiporter, which exhibits
a stoichiometry of 2H*/Na’ (Taglicht et al., 1993), is indispensable for ion homeostasis in E.
coli and has homologues in many other enterobacteria (Padan et al., 2001). Among all
Na‘'/H* exchangers, NhaA of E. coli is the best characterized. Two-dimensional crystals
diffracting at 4 A resolution could be obtained, and analysis of electron density projection
maps (Williams et al., 1999) and of a reconstructed three-dimensional map (Williams, 2000)
revealed that NhaA forms dimers in crystals, with each monomer containing 12 tilted
transmembrane helices. Coexpression of pairs of conditional lethal mutants demonstrated
functional complementation, which, together with cross-linking data, strongly suggests that
NhaA also functions as a dimer (Gerchman et al., 2001). Like many other Na*/H" antiporters,
NhaA is regulated by pH (Padan et al., 2001; Padan et al., 2004). It is essentially inactive
below pH 7, and the Na" efflux rate increases by three orders of magnitude between pH 6.5
and 8.5 (Taglicht et al., 1991). Cross-linking between loops 9, which are located in the
interface between the individual NhaA molecules in the dimer, causes a dramatic change in
the pH response for a short and rigid linker and no effect for a long and flexible linker
(Gerchman et al., 2001). This suggests that a functional interaction between NhaA molecules
is involved in the pH response.

From a mechanistic point of view, the pH response could be explained by pH-

dependent dimerization, by a pH-dependent change of the structure in the interface between
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the two molecules (monomers), or by a conformational change within one of the two
monomers that depends on the presence of certain residues in the nearby second monomer.
By measuring the degree of dimerization as a function of pH and distances between residues
in different monomers, we attempt to decide between these possible mechanisms. We
concentrate on two residues that appear to be involved in the pH response. The first of these
residues, His225, is located at the periplasmic end of transmembrane domain VIIl. The
mutation H225R was shown to change, but not eliminate, pH dependence of NhaA antiporter
activity (Gerchman et al., 1993). The second residue, Val254 in loop 9, was selected as its
mutation to Cys causes an acidic shift of the pH response. Furthermore, nearby Lys249 in
the same loop is a site of pH-dependent proteolytic cleavage by trypsin (Gerchman et al.,
1999). Since susceptibility to this cleavage increases in the pH range of activation of NhaA,
one may assume that loop 9 becomes more accessible to trypsin by a conformational
change that is related to the pH response of the antiporter.

This article is organized as follows: First, continuous-wave (CW) EPR is used to study
possible pH-dependent changes of these residues in their mobility and accessibility to water-
and lipid-soluble paramagnetic quenchers. Second, calibration of measurements of the
average number of spins within the same oligomer or aggregate is discussed briefly. Third,
four-pulse DEER is applied to test for pH-dependent changes in the distances
H225R1/H225R1’ and V254R1/V254R1’ in dimers and in the degree of dimerization. Finally,

the results are discussed in terms of the most likely mechanism of pH response.
6.3. Materials and Methods
6.3.1. Preparation and labeling of NhaA

The generation of nhaA alleles encoding single-Cys NhaA molecules used in this
study has already been described (Olami et al., 1997; Gerchman et al.,, 2001). For
overexpression the resulting single-Cys NhaA encoding plasmids were transformed into E.
coli TA16. TA16 is nhaA® nhaB™ laclQ and otherwise isogenic to TA15 (Taglicht et al., 1991).
Cells were grown, membranes were prepared, and NhaA was solubilized and purified by Ni-
nitrilotriacetic acid affinity chromatography as described (Rimon et al., 1998). Before elution
of the single-Cys NhaA molecules (in 20 mM Tris-HCI, pH 7.9, containing 500 mM NacCl, 300
mM imidazole, 10% glycerol (v/v), 0.02% B-D-dodecylmaltoside (w/v)) the protein was
reacted with MTSSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethiosulfonate
(Toronto Research Chemicals, Toronto). For this purpose, washing buffer (20 mM Tris-HCI,
pH 7.5, 500 mM NaCl, 5 mM imidazole, 10% glycerol (v/v), 0.1% B-D-dodecylmaltoside (w/v))
containing 1 mM MTSSL was applied to the column followed by overnight incubation at 4°C
(hereafter we will refer to the spin-labeled residue as R1). Afterwards, unbound label was
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removed by washing the column with washing buffer. The bond of MTSSL to the protein was
stable over the few hours required for sample preparation, and measurements throughout
the pH range from 5.8 to 8.0. No free label was observed in the CW EPR spectra. After
elution the protein was reconstituted into proteoliposomes with a composition of 67%
phosphatidylethanolamine, 23.2% phosphatidylglycerol, and 9.8% cardiolipin at a
lipid/protein ratio of 20:1 (w/w) as described (Jung et al., 1998). Finally, the proteoliposomes
were washed twice with 50 mM KP;, pH 7.5, and resuspended in 10 mM KP;, pH 5.8 or 8.0,
100 mM KCI and 5 mM MgCIl; to yield a NhaA concentration of 50-100 uM. Proteoliposomes

were frozen and stored in liquid nitrogen until use.

6.3.2. Four-pulse DEER measurements

Four-pulse DEER measurements were performed with a Bruker Elexsys 580
spectrometer (Bruker Biospin GmbH, Karlsruhe, Germany) equipped with a 3 mm
split-ring resonator under conditions of strong overcoupling (Q = 100) at a
temperature of 50 K. Before insertion into the probehead, the samples were
shock-frozen in liquid nitrogen to avoid crystallization of water. The pulse sequence
A2)py—1 -y —tU'—-Dp-1+ -t — (1), — n-echo was used. The 7/2- and 7pulses at
the observer frequency v, had equal pulse lengths of 32 ns to ensure equal excitation
bandwidths, while the 7—pulse at the pump frequency 1, had a length of 12 ns to maximize
modulation depth while still keeping the two excitation bands separate. These conditions
maximize sensitivity of the experiment (Jeschke et al., 2004c). The long interpulse delay was
7 = 2000 ns with an initial value of t' = 80 ns and an increment At' = 8 ns. To suppress proton
modulation, data were added for eight equidistant values of 7 between 200 and 256 ns. A
phase cycle [+(+x),—(—X)] was applied to the first pulse, and the two signals were subtracted.
The pump frequency w, (typically 9.33 GHz) was set to the center of the resonator mode and
to coincide with the global maximum of the nitroxide spectrum. The observer frequency v,
was set to the local maximum at the low-field edge of the spectrum (v1—v, = 65 MHz).
Accumulation times for the data sets varied between 8 and 14 h. Data were analyzed for

dipolar evolution times t =t'—1; > 0.

6.3.3. Four-pulse DEER data analysis

Distance distributions and average numbers of spins were obtained from the dipolar
time evolution data by the home-written Matlab (The MathWorks, Natick, MA)
program package DeerAnalysis 2004 (freely available at http://www.mpip-
mainz.mpg.de/~jeschke/distance.html), which is based on algorithms explained in Jeschke et
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al. (2004b) and Weese (1992). The background contribution from spin labels in other dimers
was fitted either by a three-dimensional distribution (spatial background correction)
corresponding to a functional dependence exp(—kt) in time domain or by a two-dimensional
distribution (planar background correction) corresponding to exp(-kt*®). Measurements on
single mutants of a monomeric protein had shown that for membrane proteins inserted into
liposomes, such a two-dimensional distribution fits data significantly better than a three-
dimensional one. Realistic resolution of the distance distributions was estimated from the
dependence of the root mean-square deviation of simulated from experimental data for
Hermite interpolation with different numbers of sampling points. The smallest number of
sampling points for which there was no significant deviation of fitted from experimental data
was selected. Final distance distributions P(r) were then obtained by Tikhonov regularization
in distance domain, incorporating the constraint P(r) > 0. The regularization parameter was
adjusted to obtain the realistic resolution determined before. Modulation depths were
determined from the level of the fitted dipolar evolution function. As fitting is performed for
background-corrected data, these values pertain to the average number of spins in the same

NhaA molecule or dimer, excluding spins in remote molecules or dimers.
6.3.4. CW EPR measurements

CW EPR spectra were recorded with home made X-Band EPR spectrometers
equipped with a dielectric cavity (Bruker, Ettlingen, Germany) for room-temperature (T = 293
K) measurements or with an AEG TE-103 cavity for low-temperature (T = 170 K)
measurements. The magnetic field was monitored using a Bruker B-NM 12 B-field meter;
microwave power was determined using a HP 430C bolometer. The NhaA samples were
loaded into quartz capillaries with an inner diameter of 1 mm. At room temperature, 10 scans
with a scan width of 12.8 mT (microwave power <0.6 mW, modulation amplitude <0.33 mT)
were averaged. At 170 K, 10 or 20 scans (12.8 mT scan width, microwave power <0.4 mW,
modulation amplitude 0.23 mT) were accumulated.

For power saturation experiments in the presence of oxygen or chromium oxalate
(CROX), the samples were loaded into gas-permeable TPX capillaries. The samples were
deoxygenated by passing nitrogen around the sample capillary. For oxygen accessibility
experiments, nitrogen was replaced by air. Saturation curves were determined from the
peak-to-peak amplitudes of the center line measured at seven different incident microwave
power levels in the range from 0.5 to 80 mW. The saturation behavior of the samples was
parametrized by the quantity Py, which is defined as the power level of the incident radiation
at which the amplitude of the saturated line is half of the amplitude in the absence of

saturation. Values for this parameter were calculated from fitting the function
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AP) = IVPlL+ (2 —1)pp,, | 6.1
to the experimental amplitudes A(P) according to the method of Altenbach et al. (1994). The
scaling factor | and the measure of the saturation homogeneity & were adjustable
parameters. The quantity AP;, was calculated from the difference in Py, values in the
presence and absence of the relaxing agent. The APy, values were divided by the peak-peak
line width and normalized by the same quantity of a 2,2-diphenyl-1-picrylhydrazyl (DPPH)

standard sample to obtain the dimensionless accessibility parameter /7.
6.3.5. Simulation of CW EPR spectra

CW EPR powder spectra were simulated based on the method described previously
(Steinhoff et al., 1997). The motion of proteins is strongly restricted for temperatures <200 K.
Below that temperature the apparent hyperfine splitting was found to deviate no more than
2% from the rigid limit value determined at 80 K, and the EPR line shape resembles that of a
powder spectrum. The values of the g- and hyperfine-tensor components were taken from a
sample for which no dipolar broadening is expected: g = 2.0084, gy, = 2.0065, g, = 2.0026,
Ax = 0.51 mT, Ay = 040 mT. To account for unresolved hyperfine interactions and
relaxational broadening, the calculated powder stick spectrum was convoluted by a field-
independent line-shape function (48% Lorentzian and 52% Gaussian with widths of 0.351
and 0.387 mT, respectively). Dipolar interaction is considered by additional convolution with a
Pake pattern (Steinhoff et al., 1997; Radzwill et al., 2001). The width of the distance

distribution was fixed to 0.2 nm.
6.4. Results
6.4.1. Local mobility-CW EPR spectra at room temperature

The room-temperature spectra (T = 293 K) at pH 5.8 of the singly spin-labeled NhaA
mutants are depicted in Fig. 6.1.. The spectrum of V254R1 (dotted line) indicates a more
restricted motion of the bound spin label compared to H225R1 (solid line). This is revealed
by a shift of the low field peak of V254R1 from ~342.0 mT to 340 mT and a reduced
reciprocal line width (AHo™) of ~0.16x10* T compared to 0.22x10* T at position 225.
These values indicate an exposed surface position of the nitroxide at position 225 and a
more buried location of the nitroxide at position 254.

We recorded the room temperature EPR spectra of H225R1 and V254R1 at two
additional pH values to determine whether changes of pH cause conformational changes. In
contrast to the spectra of the V254R1 (Fig. 6.2.b), the data of H225R1 reveal slight but
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significant alterations of the mobility of the spin label side chain (Fig. 6.2.a). The nitroxide
becomes successively more immobile as the pH is shifted from 5.8 to 7.0 (dashed line) and
8.0 (dotted line). This is represented by a peak shift toward 342.0 mT and a coresponding

slightly more pronounced dent in the high field region between 348.5 mT and 349.0 mT.

EPR signal

1 1 1
340 344 348 352
B, [mT]
Figure 6.1.: Comparison of normalized room temperature CW EPR spectra (T = 293 K) of mutants H225R1 (solid line)
and V254R1 (dotted line) recorded at pH 5.8. Differences in the S/N are due to different concentrations of the samples.
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Figure 6.2.: Effect of pH on CW EPR spectra of mutants H225R1 and V254R1 (T =293 K). Normalized spectra are shown
for pH 5.8 (solid lines), pH 7.0 (dashed lines), and pH 8.0 (dotted lines). (a) H225R1. (b) V254R1.
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6.4.2. Polarity- and proximity-CW EPR spectra at low temperature

The existence of a pH-induced conformational change affecting position 225 is
confirmed by low temperature EPR spectroscopy (T = 170 K). Increasing the pH from 5.8 to
8.0 causes a shift of the low field peak minimum to lower field strengths and, consequently,
an increase of the A;; value by ~0.5 mT. This is evidence for a movement of the R1 side
chain into a more polar environment (Fig. 6.3.). In contrast, the change of pH does not affect
the A;; value determined for V254R1, which indicates that the environmental polarity of the
nitroxide attached to position 254 is not influenced by pH (data not shown).

Low temperature EPR spectra of H225R1 and V254R1 were also analysed for possible
dipole-dipole interactions, which would be manifested in CW EPR spectra if dimerization
leads to interspin distances H225R1/H225R1’ or V254R1/V/254R1’ shorter than 2 nm.
However, none of the low-temperature spectra of the singly spin-labeled NhaA mutants
exhibits significant dipolar line broadening. Best fits of the spectra according to the method
described by Steinhoff et al. (1997) are obtained with interspin distance values equal to or
exceeding (2.0 + 0.1) nm (data not shown), which corresponds to the upper detection limit of
the CW EPR technique. Therefore, we conclude that there is no significant fraction of NhaA
with interspin distance values of H225R1 and V254R1 shorter than 1.8 nm. No evidence for
dimerization is obtained by CW EPR.

N

EPR signal

320 324
B, [mT]

Figure 6.3.: Effect of pH on the low temperature CW EPR spectrum (T = 170 K) of NhaA mutant H225R1. Normalized
spectra are shown for pH 5.8 (solid lines) and pH 8.0 (dotted lines).

6.4.3. Accessibility measurements by CW EPR

To obtain semi-quantitative information on the location of residues H225R1 and
V254R1 relative to the membrane, we use power saturation of CW EPR spectra to determine

the accessibility parameter /7 of the nitroxide side chains for freely diffusing paramagnetic
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guenchers (Altenbach et al., 1990; Altenbach et al., 1994). Molecular oxygen and water-
soluble chromium oxalate (CROX) are suitable quenchers because of their sizes and
solubility properties. Molecular oxygen has a low concentration in the tightly packed protein
interior, whereas both the solubility and the diffusion coefficient are high in the lipid bilayer.
Therefore, for spin label side chains located in the protein interior, the collision frequency
with oxygen and the accessibility parameter /logen are low, whereas these are high if the
spin label faces the bilayer. Likewise, measurement of the collision frequency with the water-
soluble CROX allows determination of the location of the R1 side chain with respect to the
aqueous phase (Altenbach et al., 1994; Anthony-Cabhill et al., 1992). In principle, it has to be
taken into account that the collision frequency of the R1 side chain with the negatively
charged CROX is a function of both accessibility and local electrostatic potential. However, at
the relatively high salt concentrations used here the electrostatic potential is strongly

screened, so that accessibility has the dominating influence on the collision frequency.

Table 6.1.: Accessibility of nitroxide groups in NhaA mutants H225R1 and V254R1

pH 5.8 pH 8.0
Mutant IToxygen ITcrox IToxygen ITcrox
NhaA-H225R1 0.44 0.02 0.48 0.04
NhaA-V254R1 0.40 0.01 0.27 0.02

11, orientation of the spin-labeled side chains with respect to the protein, lipid, or aqueous phase (see text) normalized by the
quantities of a DPPH standard sample (/7 = (Py2/lw — Pi2(N2)/l(N2) x I(DPPH)/P12(DPPH)). Py, power level of the incident
radiation at which the amplitude of the saturated line is half of the amplitude in absence of saturation.

lw, line width.

TToxygen, measured in equilibrium with air and scaled to pure oxygen.

ITcrox, measured in the presence of 50 mM CROX.

The results of the accessibility analysis are displayed in Table 6.1.. The low IZrox
values of 0.01 and 0.02 at pH 5.8 imply low collision frequencies with CROX for nitroxides at
both positions 225 and 254. This suggests that both nitroxide groups are either facing the
phospholipid bilayer or are buried within the protein monomer or dimer. Also, for both
residues, [loxgen Values of ~0.4 indicate intermediate oxygen accessibility at pH 5.8
suggesting that the R1 side chain is in contact with the apolar environment of the bilayer.

Increasing pH from 5.8 to 8.0 does not significantly affect the accessibility of both nitroxides.
6.4.4. Calibration of spin counting by DEER measurements

For sufficiently dilute samples, primary DEER data can be separated into
contributions due to spins within the same nanoobject as the observer spin and due to spins
in other nanoobijects. This requires that the size of the nanoobiject, in our case a membrane
protein monomer or oligomer, must be within the distance range accessible to DEER. For
membrane proteins, we find that this range extends from 1.75 to 6 nm. In this situation, the

modulation depth A for the contribution from spins within the same nanoobject depends on
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the average number {n) of spins in that nanoobject as

<n>:1+M, (6.2.)
C

where the parameter C depends on the excitation profile of the pump pulse and spectral line
shape of the nitroxide (Milov et al.,, 1984; Jeschke et al.,, 2004b). For measurements
performed with the same microwave resonator and pulses of the same lengths on nitroxides
with similar A, values, C can be considered a constant. For calibration of that constant
across the distance range of interest, we used dilutions in o-terphenyl of the rigid biradicals 3
from Jeschke et al. (2002) with an average distance {r) = 1.96 nm and 1 ({r) = 2.84 nm), 2a
(«ry = 3.65 nm), and 2b ({ry = 5.02 nm) from Godt et al. (2000), the flexible biradical 4 ({r) =
1.96 nm) from Jeschke et al. (2002) and the rigid symmetric triradical 3 ({r) = 3.40 nm) from
Godt et al. (2000). We find a correlation coefficient of 0.9665. The calibration was tested by
independent measurements on rigid biradicals 2a and 2b (Godt et al., 2000) and the
ultralong biradical shown in Fig. 4a of Jeschke et al. (2004c) ({r) = 7.6 nm), all diluted in
perdeuterated o-terphenyl. In these test measurements, we find (n) = 2.08, 1.99, and 2.03,

respectively, in good agreement with the expectation of (n) = 2.
6.4.5. Evidence for specific oligomerization by four-pulse DEER

Pulse EPR distance measurements using the four-pulse DEER sequence were
performed for both mutants, H225R1 and V254R1. Primary time-domain DEER data at pH
8.0 are compared in Fig. 6.4.. For a homogeneous distribution of the spin labels in three
dimensions or in a lipid membrane, one would expect a smoothly decaying signal as
indicated by the dashed lines. Clearly, the experimental data contain additional contributions
at short times. These contributions correspond to label-to-label distances within a nano-
object composed of several NhaA molecules that must be smaller than the upper limit of
DEER distance measurements of 6 nm.

To quantify the label-to-label distance distribution, one has to separate the contribution
of labels within the same nanoobject from the contribution of labels in neighboring objects.
The latter contribution corresponds to the smooth decay and is of the form exp(-kt) for a
homogeneous spatial distribution of spins in three dimensions and of the form exp(-kt*®) for a
homogeneous planar distribution as expected for nanoobjects distributed in a membrane. For
singly labeled mutants of Na*/proline transporter PutP in liposomes, we have found that the
decay conforms to a planar distribution (Hilger, D., Jung, H., Steinhoff, H.-J., and Jeschke,
G., unpublished), while singly labeled mutants of plant light-harvesting complex Ilb

monomers solubilized in detergent micelles conform to a spatial distribution (Jeschke et al.,

155



CHAPTER 6

2005). In the case at hand, a planar distribution is more likely but cannot be verified
independently by control experiments. We therefore analyze our data for the cases of both

planar and spatial distributions (Fig. 6.5.).
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Figure 6.4.: Normalized DEER time-domain data for mutants H225R1 (bottom) and V254R1 (top, shifted by 0.2) at pH 8.
The dashed lines indicate smooth decaying signals as expected for a homogeneous distribution.

For H225R1 the distance distribution does not strongly depend on the choice of the
background distribution. Less noise-related baseline artifacts are observed with the planar
distribution (Fig. 6.5.a) compared to the spatial distribution (Fig. 6.5.b), which suggests that
the planar distribution is the better model. The dominant peak in the distribution is at (4.36 *
0.04) nm and has a width of ~0.3 nm, as found by fitting the data with a distance distribution
consisting of a single Gaussian peak. The occurrence of one relatively narrow peak strongly
suggests formation of an oligomer with well-defined structure. This oligomer cannot be
composed of more than four NhaA molecules, as this would imply more than one peak in the
distance distribution H225R1/H225R1’. For a tetramer a single peak would only be expected
if it had tetrahedral symmetry, which can be excluded for an integral membrane protein. The
distance distribution is thus consistent only with a dimer or trimer.

For V254R1, the reliability of the distance distribution crucially depends on the proper
choice of background function. A single peak at 2.00 + 0.04 nm with a width of 0.20 + 0.10
nm is found under the assumption of a planar distribution of aggregates (Fig. 6.5.c), whereas
a broad distribution covering the whole range between at least 1.5 and 5 nm is found when
assuming a three-dimensional spatial distribution (Fig. 6.5.d). We have checked that the
result for the planar distribution is self-consistent: For the distance distribution in Fig. 6.5.c

the time-domain data at t > 600 ns are exclusively due to labels in neighboring nanoobjects.
The dimensionality D can thus be determined independently by fitting a function exp(—kt™?)
to the decay at t > 600 ns. We find D = 2.009 in good agreement with the expectation of D =

2 for a planar distribution. Furthermore, as helix 1X is thought to extend up to residue Pro257
(Rothman et al., 1996) one would hardly expect a very broad distance distribution for residue

V254R1 as seen in Fig. 6.5.d, even if one accounts for the conformational freedom of the
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MTSSL label. Finally the peak at 2 nm persists even with the three-dimensional background
correction and is also found at pH 5.8 and 7.0 (data not shown). We thus assume that the
distance distributions for H225R1 and V254R1 are both monomodal. In any case it is safe to
conclude that in the observed oligomer of NhaA, labeled residues H225R1 are separated by
more than 4 nm and there is at least a population of oligomers with a separation of <2.5 nm
between labeled residues V254R1.
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Figure 6.5.: DEER distance distributions P(r) obtained from the time-domain data in Fig. 6.4. by Tikhonov regularization
in the range from 1 to 8 nm with a regularization parameter of 100. (a) H225R1 with planar background correction. (b)
H225R1 with spatial background correction. (c) V254R1 with planar background correction. The dotted line marks the lower limit
of distances that are detectable by DEER with our setup. (d) V254R1 with spatial background correction.

The probabilities to find a second labeled NhaA molecule at a distance within the
DEER range from 1.75 to 6 nm can be compared for H225R1 and V254R1 by comparing the
vertical scales of Fig. 6.5.a and ¢, or, more directly, the deviations from the smooth dashed
line in Fig. 6.4.. Clearly, this probability is lower for V254R1. This result could be explained
by assuming that the mutation at position 225 and the attachment of the MTSSL label
increase the tendency for oligomerization, or conversely, mutation and attachment at position
254 decrease this tendency. However, our experience with measurements of short distances
in the Na'/proline transporter (Jeschke et al., 2004a) and labeled peptides (J. Banham, G.
Jeschke, and C. Timmel, unpublished) suggests that the low modulation depth for V254R1
could also be due to suppression of part of the distance distribution at the lower edge of the
DEER distance range (see dotted line in Fig. 6.5.c), even if significant dipolar broadening
cannot be detected in the CW EPR spectra. However, it cannot be excluded that the labeling

efficiency at this position is less than that at position 225. Because of this ambiguity and the
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stronger dependency of data analysis on the choice of background function at position 254,
we restrict further discussion of the pH dependence to the mutant H225R 1.

Conformational changes that lead to a movement of the periplasmatic end of helix VIII
should manifest in a peak shift in the distance distribution for residue H225R1, whereas
changes in the degree of oligomerization should result in an amplitude scaling of P(r), as
only labels within oligomers contribute to P(r). The data displayed in Fig. 6.5.a, which were
obtained on the same sample with increasing pH, rule out any significant peak shift, but point
to a sizeable amplitude change. Similar data were obtained on a second sample with
decreasing pH (not shown). Quantitative analysis of the modulation depth can thus provide

more information on the type and extent of oligomerization.
6.4.6. Dependence of the average degree of oligomerization on pH

As mentioned above, the average number {n) of labels per protein oligomer can be
obtained from the modulation depth. To obtain precise values, the contribution due to labels
in neighboring oligomers has to be removed by a background correction that is as accurate
as possible. Ideally, the background is fitted at times where modulation due to labels within
the same oligomer has decayed completely. For the distance of 4.36 nm in H225R1
oligomers of NhaA, such complete decay is not observed within experimentally feasible
observation times. In this situation the background fit can still be optimized, since we know
that for distances larger than the expected size of the nanoobject P(r) must approach zero.
For a given background function, this optimization is done by varying the starting time t of
the background fit and eliminating the background as well as computing P(r) by approximate
Pake transformation (Jeschke et al., 2002) for each choice of ty. For all data sets of H225R1
samples, we find optimum values of t; between 360 and 376 ns. Further analysis was thus
performed with typ = 368 ns as indicated by the dashed line in Fig. 6.6.a. The best planar
background fit by a function exp(—kt?®) is shown as a solid line. The dipolar evolution function
corresponding to only labels within the same oligomer is now obtained by dividing the original
data (dots) by the background function. The dipolar spectrum obtained by Fourier
transformation of the corrected data (Fig. 6.6.b) has the expected shape of a broadened
Pake pattern and is well fitted by the dipolar spectrum corresponding to the distance
distribution in Fig. 6.5.a.

This high fit quality indicates that we can confidently extract modulation depths A (Fig.
6.6.c) and thus reliable estimates of the average number {n) of labels per oligomer from our
data. Indeed, the data in Fig. 6.6.d demonstrate that the dependence of (ny on pH for

H225R1 samples of NhaA agrees within the expected error for two different sample
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preparations measured with increasing and decreasing pH, respectively. We find that {n)
increases slightly but significantly upon shifting pH from 5.8 to 8.0. On the other hand,

lowering pH from 8.0 to 5.8 decreases (n), indicating the pH effect is completely reversible

(Fig. 6.6.d).
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Figure 6.6.: Measurement of the pH dependence of the average oligomerization number (n) of the H225R1 spin-labeled
mutant of NhaA. (a) Primary data (dots) at pH 8 normalized to the echo intensity at t = 0 with planar background fit (solid line).
The fit range are times t > t; with t, indicated by the dashed line. (b) Dipolar spectrum obtained by Fourier transformation of
background corrected data (dots) and fit by the spectrum corresponding to the distance distribution shown in Fig. 6.5.a. (c)
Dipolar evolution function due to labels within the same oligomer (dots) obtained by the background correction and fit
corresponding to the distance distribution shown in Fig. 6.5.a. Data are normalized to the background-corrected echo intensity
at t = 0. The dashed lines and double arrow indicate the total modulation depth A. (d) pH dependences of (n) obtained in two
series of measurements with increasing pH (A, bold error bars) and decreasing pH (V, slim lined error bars). Error bars are
estimated from calibration experiments on a sample set of six chemically pure biradicals and one triradical.

To interpret {n) as an average number {Ny,) of NhaA molecules per oligomer, we have
to make an assumption about the fraction f of labeled protein molecules. Incomplete labeling

of the protein corresponds to f < 1. We find

— n-—1

<nm>:1+M:1+< > . (63)
fC f

Independently of the value of f, {n) > 1 implies {n,) > 1. Hence, our measurements show that

even at the lowest pH value of 5.8, a significant amount of dimer is present. The value of {n)

~ 1.6 at pH = 8.0 would correspond to complete dimerization for f = 0.6. Indeed, we found by

determination of the spin concentration and protein concentration of a H225R1 sample after
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the DEER measurement that at least 60% of the protein molecules are labeled (f > 0.6),
hence {ny,) < 2. Within experimental error, our results are thus consistent with complete
dimerization at pH = 8.0 but do not exclude incomplete dimerization at that pH value. Note
that the relative change in (n,) —1 is independent of the uncertainty in f and is nicely
reproducible. We can thus safely conclude that for H225R1 mutants, a fraction of oligomers
is already present at pH 5.8 ({nm) — 1 > 0) and that the degree of oligomerization increases

significantly when increasing pH from 5.8 to 8.0.
6.5. Discussion
6.5.1. Comparison with structural models for NhaA dimers

For mutant H225R1, we find that the average number {n) of spin labels at distances in
the DEER range from 1.75 to 6 nm depends on pH (Fig. 6.6.d). Clearly, a fraction of NhaA
undergoes a change in the pH range between 5.8 and 8.0. Furthermore, distances H225R1/
H225R1' shorter than 1.8 nm are inconsistent with the CW EPR spectra at any pH. We may
thus safely conclude that for a fraction of NhaA, a decrease of pH from 8.0 to 5.8 causes an
increase in the distance between H225R1 and H225R1' from 4.36 nm to more than 6 nm.
This observation is most easily explained by dissociation of a fraction of NhaA dimers at
lower pH, i.e., by a pH-dependent dimerization equilibrium. In principle, our data could also
be explained by pH-dependent dissociation of a symmetric trimer. However, as the low-
resolution crystal structure (Williams et al., 1999; Williams, 2000) also suggests dimerization,
we feel that the latter explanation is unlikely. A symmetric trimer could also hardly be
reconciled with the cross-linking experiments (Gerchman et al., 2001), which show that
dimers cross-linked between residues H254C are active and, for a long, flexible cross-linker,
exhibit essentially the same pH profile of activity as NhaA that is not cross-linked. It seems
implausible that such linked dimers could form a symmetric trimer in which residues H254R1
have a distance of only 2 nm. In the following, we therefore discuss our data in terms of a
dimer structure.

Structural models of NhaA with different degree of detail have been suggested by
Williams (2000) based on electron crystallography, by Ravna et al. (2001) based on the
model by Williams (2000) and an analogy to LacY permease, and by Rimon et al. (2002)
based on site-directed thiol cross-linking. The latter two models can essentially be
considered as tentative assignments of the helices detected in the crystal structure. For
discussion of such assignments, we may note that His225 is the last loop residue before the
periplasmic end of helix VIl and Val254 is separated by two residues from the cytoplasmic

end of helix IX (Padan et al., 2001). We may thus relate our data and the helix assignments
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to the horizontal slices through the electron density of the putative dimer reported by Williams
(2000). The slices 0.8 nm 'above' and 'below' the membrane plane are shown in Fig. 6.7.a
and b, respectively. It appears likely that the terms 'above' and 'below' the plane have to be
assigned to the periplasmic and cytoplasmic side, respectively, as the cross-linking study
(Rimon et al., 2002) suggests that it is the periplasmic side where helices are more densely
packed. Note that Ravna et al. (2001) make the same assignment. In such projection maps,
the locations of the spin labels that are consistent with our distance measurements can be
visualized as circles centered at the twofold symmetry axis with a diameter corresponding to
the measured distance. Given the size of the spin label and the distance of the labeled
residues from the helix, the assignment of helix VIII by Ravna et al. (2001) might be
consistent with our data (label R:VIIl in Fig. 6.7.a), but the assignment of helix IX clearly is
not (label R:IX in Fig. 6.7.b). Whatever the loop and helix conformations are, it is hardly
possible for this assignment to lead to a distance H225R1/H225R1’ that is by 2 nm longer
than the distance V254R1/V254R1’.

Figure 6.7.: Comparison of intradimer distances between residues H225R1/H225R1" and V254R1/V254R1" to electron
density maps of NhaA taken from Williams (Williams, 2000) and to assignments of transmembrane helices VIl and IX in
these maps. Arrows pinpoint a helix-helix contact in the electron density maps that was assigned as an interdimer contact by
Williams (Williams, 2000). Labels R:VIII and R:IX designate assignments made by Ravna et al. (2001), whereas labels H:VIII
and H:IX are assignments that are compatible with our measurements and conclusions by Rimon et al. (2002). (a) Horizontal
slice 0.8 nm above the center of the membrane, assigned here to the periplasmic side. (b) Horizontal slice 0.8 nm below the
center of the membrane, assigned here to the cytoplasmic side.
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Rimon et al. (2002) did not explicitly map their helix assignment to the electron density
map and made very clear that it is tentative. However, it seems to be clear from their results
that helices VIII and IX reside on the outside rather than in the core of the helix bundle. If we
assume that this is indeed the case, our data suggest a unique assignment of these two
helices in the electron density map (labeled H:VIIl and H:IX in Fig. 6.7.).

We also checked whether the helix assignment of Ravna et al. (2001) can be rescued
by assuming a different choice of the dimer in the crystal structure. This idea is based on a
close 'interdimer' contact between the helices labeled R:IX in Fig. 6.7. (see arrow) that was
pointed out in the crystal structure by Williams (2000). If this is interpreted as an intradimer
contact, one obtains an alternative dimer that interacts only via helices R:IX. In this case, a
distance V254R1/V254R1' of 2 nm appears feasible, but the distance H225R1/H225R1’
would be expected to be significantly shorter than 4.3 nm. In principle, it might also be
possible that the functional dimer existing in a biomembrane or a liposome is different from
the dimer formed in crystals since crystallization is performed at pH 4.0, significantly below
the range where NhaA is active. However, as our measurements show that the extent of
dimerization depends only moderately on pH (Fig. 6.6.d) and distance H225R1/H225R1"
does not at all depend on pH, it appears likely that the dimer observed by us is also formed
at pH 4.0 and sufficiently high concentrations of NhaA. Furthermore, it is possible that
substitution of His225 or Val254 by Cys and the subsequent labeling reaction affect the
monomer-dimer equilibrium. Therefore, it can not be excluded that the influence of pH on the
oligomeric state of NhaA wild-type in the native membrane is much stronger than observed in
our experiments. In any case, our assignment of helices VIl and IX in the electron density
map is a prediction that can be tested when a crystal structure with atomistic resolution
becomes available. Even if it would turn out to be wrong, the two distances H225R1/H225R1’
and V254R1/V254R1’ determined by us should allow for identification of the functional dimer

from such a structure.

6.5.2. Mechanistic implications of the observed pH dependence

Previous work has demonstrated that the activity of NhaA changes drastically in the
studied range between pH 5.8 and 8.0, not only for the wild type (Taglicht et al., 1991) but
also for mutants H225R (Gerchman et al., 1993) and V254C (Gerchman et al., 2001).
Considering this, the pH dependence of mobility, accessibility, and conformation close to
residues H225R1 and V254R1 is surprisingly weak. The CW EPR spectra of mutant H225R1
indicate that residue 225 is slightly less mobile and resides in a slightly more polar
environment in the dimer as compared to the monomer. These slight changes suggest that
the basic mechanism of pH-dependent activation of NhaA does not depend on this residue.

Rather, His225 may serve only to fine tune the pH response of NhaA. In fact, it may not even
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be involved in the pH sensor, but may belong to the part of the protein that conveys the
signal from the site of the sensor to the site of the ion-translocation pathway.

Note also that the low accessibility of position 225 in the mutant H225R1 to water-
soluble CROX is in apparent contradiction to the at least moderate accessibility of this
residue to the alkylation reagent N-ethylmaleimide in mutant H225C, as this reagent requires
ionization of cystein (Olami et al., 1997). This contradiction could be resolved by assuming
that the thiol group of Cys225 is accessible, whereas the nitroxide group of the longer side
chain of Cys-MTSSL 225 is buried. Alternatively, the residue might be buried in the protein
but accessible to nearby water molecules that help to ionize the thiol group. We may not,
however, exclude an alternative explanation based on the different time scales of the two
experiments. In a dynamic environment, chemical experiments such as cross-linking or
alkylation techniques sense proximity or exposure of residues, even if it is realized only
during small fractions of the conformational trajectory, as reaction times are in the range of
tens of minutes. EPR experiments, on the other hand, measure the time average of
accessibility and, for ergodic systems, also the distribution of distances over the whole
trajectory.

Just as for position 225, no significant changes of nitroxide accessibility were detected
for V254R1. Furthermore, neither the mobility and polarity analyses nor the DEER
measurements of distance V254R1/V254R1’ in dimers of NhaA revealed a significant
conformational change close to this residue. For the DEER measurement, this failure to
detect any change may be partially due to the small modulation depth and relatively poor
signal-to-noise ratio in the measurements on mutant V254R1. We can thus neither exclude
nor prove a small change of up to 0.3 nm in this distance in the range between pH 5.8 and
8.0. Much larger changes, however, can be excluded. On the other hand, a significant
change at residue Lys249 is implied by the strong pH dependence of its accessibility to
trypsin (Gerchman et al., 1999). Taken together, these results would suggest that loop 9
moves only slightly or does not move at all close to its point of attachment to helix IX, where
residue 254 is located, but undergoes a conformational change of its central part that
exposes residue Lys249.

On the basis of the much better DEER data sets for mutant H225R1, we can safely
exclude any significant change of distance H225R1/H225R1’. Taken together, these findings
indicate that the monomer-monomer interface in the NhaA dimer does not undergo any
large-scale changes in the range between pH 5.8 and 8.0.

The increase in the degree of dimerization « of mutant H225R1 with increasing pH

(Fig. 6.6.d) is the most significant change that we observed in this study. As (n,) =1 + o, Eq.

6.3. yields
(m-1 (6.4.)
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If labeling is complete (f = 1), our data would correspond to a change from approximately
o=0.35 at pH 5.8 to = 0.6 at pH = 8.0. With f = 0.6, which could be assumed as a lower
limit of the degree of labeling, we find o= 0.6 at pH 5.8 and o= 1 at pH = 8.0. In any case,
dimerization is substantial at pH 5.8 where antiporter activity of NhaA mutant H225C is
almost absent. It may thus be safe to conclude that dimerization is not a sufficient condition
for antiporter activity of NhaA. Dimerization may still be a necessary condition, as is indicated
by the fact that coexpression of pairs of conditional lethal mutants may restore activity that is
missing in the individual mutants (Gerchman et al., 2001).

The fact that the degree of dimerization and the structure at the monomer-monomer
interface change only moderately with pH may suggest that the pH-dependent ion-
translocation pathway is not located in this interface. This may also indirectly be deduced
from the fact that many residues which are essential for NhaA function or selectivity are
located in transmembrane helices IV, V, and Xl (Padan et al., 2001; Galili et al., 2002; Galili
et al., 2004), which appear to be remote from helix IX (Rimon et al., 2002), and thus from
residue 254 and the monomer-monomer interface. It thus appears to be likely that the pH-
induced conformational change of loop 9 translates the primary structural change at pH-
sensing residues to the ion-translocation pathway through the membrane. In such a picture,
dimerization serves to optimize the pH sensor. The pH dependence of the dimerization
equilibrium would then be an indirect effect of the localization of pH sensing residues at or
close to the monomer-monomer interface but not be directly related to control of the ion flow

by pH.
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CHAPTER 7

High-resolution structure of a Na*/H" antiporter dimer obtained by pulsed EPR

distance measurements
7.1. Abstract

Transient or partial formation of complexes between biomacromolecules is a general
mechanism used to control cellular functions. Several of these complexes escape structure
determination by crystallographic means. We developed a new approach for determining the
structure of protein dimers in the native environment (e.g., in the membrane) with high
resolution in cases where the structure of the two monomers is known. The approach is
based on measurements of distance distributions between spin labels in the range between
2 and 6 nanometers by a pulsed electron paramagnetic resonance technique and explicit
modeling of spin label conformations. By applying this method to the membrane protein
homodimer of the Na*/H" antiporter NhaA of Escherichia coli, the structure of the presumably
physiological dimer was determined. It reveals two points of contact between the two

monomers, with one of them confirming results of earlier cross-linking experiments.
7.2. Introduction

Many processes in living cells depend on the transient or partial formation of
complexes between biomacromolecules. These processes include signal transduction via
protein cascades, regulation of gene expression, and the control of individual activities of
transporters and enzymes. The structure of such complexes may be difficult to elucidate by
crystallographic technigues, as packing interactions in the crystal compete with the weak
interactions holding together a complex that is in equilibrium with its components. The Na*/H*
antiporter NhaA of Escherichia coli (Padan et al., 2004) is a case in point. This antiporter is
involved in the regulation of intracellular pH, cellular Na* content, and cell volume - functions
shared with many other Na*/H* antiporters of microorganisms, plants, and animals. Although
regulation of the Na* content is based on the level of expression of nhaA, the pH response
occurs on the protein level. NhaA is downregulated below pH 6.5 and exhibits an activity
increase by a factor of 1000 upon shift to alkaline pH with maximum activity at pH 8.5. Dimer
formation of NhaA was observed in a low-resolution structure obtained by cryoelectron
microscopy (cryo-EM) on two-dimensional (2D) crystals (Williams et al.,, 1999; Williams,
2000), and functional complementation of mutants that are lethal at high pH and Na’

concentration suggests that the antiporter functions as a dimer (Gerchmann et al., 2001).
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This suggestion is also supported by cross-linking experiments. Reversible
incomplete pH-dependent dimerization was observed in the pH range between 5.8 and 8.0
by pulsed electron paramagnetic resonance (EPR) distance measurements between spin-
labeled mutants of NhaA reconstituted into liposomes (Hilger et al., 2005). Yet, a recently
obtained highly resolved X-ray structure displays nonphysiological association of the
molecules in three-dimensional (3D) crystals (Hunte et al., 2005), even though the monomer
structure appears to be in good agreement with the structure observed in the dimers in 2D
crystals (Screpanti et al., 2006). The crystal structure provides substantial insight into the
possible locations of the ion-translocation site and of the pH sensor. It suggests that long-
range interactions in the protein are required to transmit the signal from this pH sensor to the
translocation site. However, the detailed structural changes during ion transport, and in
particular the possible role of dimerization, remain unknown. In this context, we report here
on a novel approach of protein-protein interaction analysis and its application to the
determination of the structure of the presumably physiological NhaA dimer in its
downregulated state.

Assuming that the structure of the two NhaA monomers is nearly unchanged in the
dimer with respect to the crystal structure (Protein Data Bank identifier 1ZCD), only the
relative arrangement of the two molecules has to be determined to obtain a structure of the
dimer. This corresponds to solving the problem of docking two biomacromolecules based on
long-range distance constraints. To discuss interactions in the interface between the two
moieties, this arrangement needs to be known with atomistic resolution. Our approach to this
type of problem relies on site-directed spin labeling (SDSL) (Altenbach et al., 1990)
combined with measurements of label-to-label distances (Rabenstein and Shin, 1995) and
restraint-driven rigid body transformations (Sompornpisut et al., 2001). By applying a pulsed
electron-electron double-resonance technique (Milov et al., 1981; Pannier et al., 2000), we
obtain distance constraints in the range between 20 A and 60 A. As this range matches the
dimensions of biomacromolecules, a relatively small number of distance constraints provides
a unigue structure. Compared to a recently introduced approach that also combined X-ray
data and pulsed EPR distance measurements for reconstruction of the chemotaxis receptor-
kinase assembly (Park et al., 2006), our method for the first time, to our knowledge, utilizes
information on the distribution of distances (Jeschke et al., 2001) to match a modeled
conformational distribution of the spin labels (Sale et al., 2005; Borovykh et al., 2006;
Jeschke and Polyhach, 2007).

By this technique we overcome the intrinsic imprecision of SDSL EPR caused by its
reliance on labels with a size of ~1 nm and obtain a resolution of the dimer model that is
limited only by the resolution of the X-ray structure of the monomer. As EPR does not require

any long-range order in the packing, this approach allows to determine the structure of a
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membrane protein dimer in liposomes, i.e., in an environment that is closer to the
physiological environment than a protein crystal or 2D crystal. Furthermore, external
parameters such as the pH value can be controlled. Similar techniques should be applicable
to heterodimers of both soluble and membrane proteins or to complexes of proteins with
RNA or DNA. Therefore, we first discuss the general approach for structure elucidation of a
complex of two macromolecules, while pointing out simplifications that could be made for the
symmetric homodimer of NhaA. Then we describe the obtained structure of the NhaA dimer,

and, finally, we discuss its functional implications.
7.3. Materials and Methods
7.3.1. Preparation and labeling of NhaA

The generation of nhaA alleles encoding single-Cys NhaA molecules used in this
study has already been described (Gerchmann et al., 2001; Rimon et al.,, 2002). For
overexpression, the resulting single-Cys NhaA encoding plasmids were transformed into E.
coli TA16. TA16 is nhaA® nhaB™ laclQ and otherwise isogenic to TA15 (Taglicht et al., 1991).
Cells were grown aerobically in Luria-Bertani medium (Miller, 1992) containing 100 pg/mi
ampicillin and 50 pg/ml kanamycin at 37 °C to an Ao nm Of 1.0. After induction with 0.5 mM
isopropyl-thio-B-D-galactoside and further growth for 3 h, membranes were prepared as
described (Jung et al.,, 1998) using a cell disruptor (IUL Instruments, Koénigswinter,
Germany). NhaA was solubilized and purified by Ni-nitrilotriacetic acid affinity
chromatography as described (Rimon et al., 1998). Labeling the single-Cys NhaA with (1-
oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethiosulfonate (MTSSL, Toronto Research
Chemicals, Toronto, Canada) was performed on the column.

For this purpose, 1 mM MTSSL in buffer W (20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 5
mM imidazole, 10% glycerol (v/v), 0.1% B-D-dodecylmaltoside (w/v)) was applied to the
column and incubated at 4 °C for 3 hours. Unbound label was removed by washing the
column with buffer W, and labeled protein was eluted with 300 mM imidazole in buffer W.
After elution the protein was reconstituted under nonreducing conditions into liposomes
composed of E. coli lipids (Avanti Polar Lipids, Alabaster, AL, 67%
phosphatidylethanolamine, 23.2% phosphatidylglycerol, and 9.8% cardiolipin) at a
lipid/protein ratio of 20:1 (w/w) as described (Jung et al., 1998). Finally, the proteoliposomes
were washed twice with 50 mM KP;, pH 7.5, and resuspended in 10 mM KP;, pH 5.8, 100 mM
KCI, and 5 mM MgCI, to yield a NhaA concentration of 50-100 uM. Proteoliposomes were

frozen and stored in liquid nitrogen until use.
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7.3.2. EPR measurements

Four-pulse double electron-electron resonance (DEER) measurements were
performed with a Bruker Elexsys 580 spectrometer (Bruker Biospin, Karlsruhe, Germany)
equipped with a 3 mm split-ring resonator under conditions of strong overcoupling (Q = 100)
at a temperature of 50 K. Before insertion into the probe head, the samples were shock-
frozen in liquid nitrogen to avoid crystallization of water. The four-pulse DEER sequence
A2)py— 16—y —t'—-Dp—-1+ -t — (1), - n-echo was used (Pannier et al., 2000). The
a2 and 7z pulses at the observer frequency 1, had equal pulse lengths of 32 ns to ensure
equal excitation bandwidths, whereas the r pulse at the pump frequency 1, had a length of
12 ns to maximize modulation depth while still keeping the two excitation bands separate.
These conditions maximize sensitivity of the experiment (Jeschke et al., 2004a). The long
interpulse delay was » = 2000 ns except for mutants E82R1, S87R1, and N177R1, where it
was 2300 ns, and A118R1, where it was 2500 ns. An initial value of t' = 80 ns and an
increment At' = 8 ns were used to acquire the time trace. To suppress proton modulation,
data were added for eight equidistant values of 7; between 200 and 256 ns. A phase cycle
[+(+X),—(—X)] was applied to the first pulse and the two signals were subtracted. The pump
frequency 1, (typically 9.33 GHz) was set to the center of the resonator mode and to coincide
with the global maximum of the nitroxide spectrum. The observer frequency v; was set to the
local maximum at the low-field edge of the spectrum (v;-v, = 65 MHz). Accumulation times
for the data sets varied between 8 and 14 h. Data were analyzed for dipolar evolution times
t=t'—57>0.

7.3.3. Estimates of mean distances

The home-written program DeerAnalysis2006 (Jeschke et al., 2006) was used for
processing of the primary experimental data V(t). To account for suppression of short
distances due to low modulation depth (Jeschke et al., 2006; Milov et al.,, 2004), the
background for a two-dimensional distribution of the spin-labeled objects was computed from
a distance distribution that is defined as Pg(r) = 0 for r < 1.5 nm and otherwise as
Pg(r) = 2c.r, where ¢, is the area density of singly spin-labeled objects. The background
factor B(t) was determined with an optimized fit range (Jeschke et al., 2006), and the
baseline corrected form factor F(t) = [V(t)-B(t)]/B(t) was computed. The distance distribution
P(r) for the spin labels within the same dimer was then estimated by Tikhonov regularization

(Tikhonov, 1995), using the L curve as a criterion for selecting the optimum regularization

parameter (Hansen, 1992; Chiang et al.,, 2005). The mean distance of the distance
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distribution was computed, disregarding any minor peaks that were well separated from the

major peak.
7.3.4. Grid search for determination of the initial structure

A grid of angle values @ and ¢ and of translation parameters X and Y is set up. For
each parameter set (&, &, %, Yk), mean distances (Ii)vo for the model are computed, where
index k runs over all grid points and index i runs over the selected labels (A202R1: | = 1,
K221R1: | = 2, H225R1: | = 3, and E241R1: | = 4). The initial structure corresponds to the

parameter set, for which the root mean-square deviation (RMSD)

RMSD = \/Z (r), =(0), o (7.1)

is minimum. We find 6 = 45°, ¢, = 320 °, Xo = -40 A, yo=20 A.

7.3.5. Structure refinement by direct fit to the primary experimental data

Nelder-Mead simplex minimization of the RMSD between simulated and experimental
four-pulse DEER data was used for structure refinement. Simulation of four-pulse DEER data
involved the following steps. For a given parameter set (6, ¢, X, Y), the theoretical distance
distribution Prj(r) between N-O midpoints for all nine labels was computed as described
above. This distance distribution was then converted to a theoretical form factor Fr(t) by
applying subroutine pcf2deer of the DeerAnalysis2006 package (Jeschke et al., 2006). The
theoretical four-pulse DEER data are computed as

Ve, (0 =- /i Fr, 0B, © (7.2)
where the theoretical background factor Br(t) is computed with subroutine pcf2deer from a
distance distribution Pg;(r) which is identical zero for r < 15 A and given by Pg;(r) = ¢y, r for
r > 15 A. The modulation depth 4 and the concentration parameter c,; are determined by
minimizing the RMSD between Vr,(t) and the primary experimental data Vi(t) for this label,
i.e., by a fit within a fit procedure. The figure of merit of the model is the sum of these
minimum RMSD values for all nine labels, it depends on (6, ¢, X, y). Minimization with respect

to these four parameters provides the geometric parameters for the final structure.
7.3.6. Estimate of the resolution of the structure

The final structure was systematically tested with respect to the influence of the
number of constraints and of the experimental noise on backbone atom positions. To this
end the 36 possible combinations of seven out of the nine existing DEER data sets were

used, and the noise level in each individual DEER data set was estimated from the difference
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between experimental and simulated data for the final structure obtained with all nine data
sets. For each of the 36 combinations the whole procedure of structure determination was
repeated four times. In each trial the noise level of the DEER traces was doubled with
respect to the original data by adding different pseudorandom artificial noise. This procedure
gave a family of 144 approximate structures of the dimer. Each of these structures was
superimposed onto the final structure from refinement with all nine constraints using the
Magic Fit function of DeepView (Guex and Peitsch, 1997), and the backbone RMSD of each
structure from the final structure was computed using DeepView scripting language. The total
RMSD of the whole structure family from the final structure was 0.6 A, which compares to a

3.45 A resolution of the crystal structure used in deriving the dimer structure.
7.3.7. Superposition of the EPR and cryo-electron microscopy structures

A 2D electron density map of a single dimer was cut out from Fig. 4 of Williams (2000)
and was converted to a smooth grayscale picture using Corel PhotoPaint to ensure better
visibility. Utmost care was taken not to suppress or enhance any features of the original
density map as published in Williams (2000). Both in the cryo-EM and in the EPR structure,
the membrane normal is known. Superposition thus involves fitting of only one unknown
parameter, an angle & corresponding to an Euler rotation about the C, symmetry axis of

the dimer. This angle was fitted by visual inspection of the superposition picture.
7.4. Results and Discussion
7.4.1. Structure determination and refinement

In the first stages of structure determination, we treat the two component molecules
as rigid bodies with structures known from previous crystallographic or NMR studies. The
relative arrangement of two rigid bodies is fully described by six parameters: the three Euler
angles accounting for the rotational degrees of freedom and the three components of a
translation vector. A unique structure can thus be obtained by measuring six distances
between the components. In practice, the actual number of distance constraints should
exceed the number of free parameters at least by a factor of two. This allows us to test
whether the components can indeed be treated as rigid bodies and to estimate the
uncertainty of the obtained structure. Such a number of distance constraints can be obtained
for proteins by current SDSL and pulsed EPR methodology (Borbat et al., 2006). In the case
of a symmetric homodimer, as assumed for NhaA, C, symmetry reduces the number of
parameters to four (Fig. 7.1.). Two angles, 8and ¢, determine the orientation of the symmetry

axis in the frame of the monomer coordinates.
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based refinement of side-chain
conformations in the interface

Figure 7.1.: Overview schematic for the general EPR structure determination approach for protein dimers. Steps labeled
with an asterisk require an existing structure of the monomers, e.g., from previous X-ray or NMR work.

The coordinates of the second molecule are then generated from the coordinates of
the first molecule by a rotation about the C, axis (z axis) by 180°, taking the origin of the
frame as the geometric center of the protein, and by a subsequent translation by a vector (X,
y, 0). The translation is within the membrane plane. We decided to determine the four
structural parameters 6, ¢, X, and y based on nine distance measurements by the four-pulse
DEER sequence (Pannier et al., 2000), using single-cystein mutants E82R1, S87R1,
A118R1, N177R1, A202R1, K221R1, H225R1, E241R1, and V254R1 labeled with the
methanethiosulfonate spin label (MTSSL) (R1 corresponds to MTSSL-labeled cystein). As a
basis for the structure determination, we first converted all DEER data sets to distance
distributions by Tikhonov regularization (Tikhonov, 1995) with the optimum regularization
parameter determined from the L curve (Hansen, 1992; Chiang et al., 2005) and computed
mean distances. Previously, mean distances have been found to be stable parameters of
broad distance distributions, which are not much affected by the ill-posedness of the data

conversion from time to distance domain (Jeschke et al., 2004b). This first step of data
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analysis is illustrated in Fig. 7.2. for the mutant K221R1, and the mean distances are given in
Table 7.1..
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Figure 7.2.: Estimate of the mean distance on the example of spin label K221R1. (A) Normalized primary experimental data
(solid line) and fit by a homogeneous background distribution in a plane for r > 1.5 nm (dotted line, fit range right from the
vertical dashed line). Left from the dashed line the fit is extrapolated and is invalid for t < 0. (B) Normalized form factor (solid
line) and best fit by Tikhonov regularization with optimized regularization parameter (dotted line). (C) L curve of Tikhonov
regularization. The solid circle denotes the selected corner of the L curve, corresponding to a regularization parameter « = 10.
(D) Distance distribution obtained by Tikhonov regularization. The mean value of the distance for the peak between the two
vertical dashed lines, (r)r = 2.83 nm, was used in the first stage of structure determination.

Table 7.1.: Mean distances between spin labels in the NhaA dimer (in angstroms).

Mutant E82R1 S87R1 A118R1 N177R1 A202R1 K221R1 H225R1 E241R1 V254R1
1 (A) 44.8 47.3 45.8 48.4 34.1 28.3 44.5 25.7 18.9
Om (B) 50.3 53.6 81.8 54.7 36.0 28.6 46.1 27.5 16.2

The value obtained by Tikhonov regularization is (r)r, and the value corresponding to the final structural model is (ryu. Values
that were used in the first stage of structure determination are marked by bold typeface.

To obtain a first set of geometrical parameters (6, ¢, X, y) without making any further
assumptions on the structure, the full parameter space should be searched. We performed a
grid search as described in the Materials and Methods section for the range of @ from 0° to
90° and of ¢ from 0° to 355°, both in steps of 5°. For the translation parameters X and y we

tested a range from —100 to 100 A in steps of 5 A. These ranges ensured that all relative
arrangements were included for which the two molecules can actually be in contact with each
other. During the grid search we fitted the mean distances between the spin labels in the
structural model to mean experimental distances. The mean experimental distances were
obtained by model-free analysis of the label-to-label distance distribution (Jeschke et al.,
2001; Sale et al.,, 2005; Jeschke et al., 2006). For the modeling of the conformational
distribution, we used a library of 62 rotamers of MTSSL attached to a cystein residue and
considered restrictions due to clashes with neighboring protein side groups or with the

backbone by a Lennard-Jones potential parameterized as in the optimized potential for liquid
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simulations (OPLS) force field (Jorgensen and Tirado-Rives, 1988). The label site was
identified with the midpoint of the N-O bond of the spin label. In the grid search we used the
minimum number of four distance constraints. That way we could select residues with a
mean distance in the range where it can be determined most precisely by pulsed EPR (20-45
A). For NhaA, these are residues A202R1, K221R1, H225R1, and V241R1. The initial
parameter set obtained by the grid search is 6,=45°, ¢ =320 °, Xo=—-40 A, yo=20 A.

In the first refinement step we fitted the parameter set by minimizing the RMSD
between the primary experimental DEER time traces and simulated DEER time traces. This
fitting procedure utilizes the full information on the distance distribution contained in the
primary DEER data while avoiding the ill-posed problem of explicitly converting the time-
domain data to a distance distribution. The simulated DEER time traces are based on the
modeled distance distribution between the label sites, considering all 62 rotamers in each
moiety with their appropriate weighting factors derived from the Lennard-Jones potential. A
2D background function was used in the DEER simulations to account for contributions from
neighboring dimers (Hilger et al., 2005). In this refinement step all nine distance constraints
were used. The best-fit parameter setis = 42.7°, ¢o = 324.0 °, Xo = -39.7 A, yo=20.1 A.

The change compared to the values previously found in the grid search with only four
of the nine constraints is relatively small. This suggests a good internal consistency of the
experimental data and thus validity of the hypothesis that the two monomers move as rigid
bodies. The quality of the final fit is illustrated in Fig. 7.3.. The modulation depth A ranges
between 0.09 and 0.23 for most residues, probably reflecting differences in labeling
efficiency. We may not exclude that the extent of dimer formation also varies somewhat for
the different labeling sites. Exceptionally low modulation depths are observed for mutants
E82R1 (4 = 0.02) and V254R1 (A4 = 0.04). In the latter case, the low modulation depth is
probably due to suppression effects for distances shorter than 1.8 nm (Jeschke et al., 2006;
Milov et al., 2004). The background density ranges between 0.043 and 0.102, with the lowest
value again corresponding to mutant E82R1. The relatively narrow range for the background
density suggests that separation into background and form factor work well.

Although the fit quality is generally good, significant deviations of the fits (red lines)
from the experimental data (black lines) are observed for the two cases with the most nicely
resolved oscillations, A202R1 and K221R1. This indicates limitations in the precision of the
modeling of the conformational distributions by our rotamer approach, which may be due to
our neglect of any interactions of the label with the protein except for van der Waals
interactions. The modeled distance distributions appear to be somewhat broader than the
true distributions. More sophisticated modeling of the label conformations by molecular
dynamics simulations (Sale et al., 2005; Steinhoff and Hubbell, 1996) could be integrated
into our approach. It was recently demonstrated that such modeling significantly improves
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agreement with experimental spin-to-spin distances compared to simply interpreting them as
c?-c” distances (Sale et al., 2005).

This raises the question how imperfections of the conformational modeling and noise
in the experimental data influence the precision of the four geometrical parameters and thus
the resolution of the structure. We checked this by examining a family of structures that was
obtained by considering only seven out of the nine constraints. Structures that result from
using any combination of seven constraints in both the initial grid search and first refinement
have the same or a larger final RMSD compared to our best-fit structure. To estimate the
reliability of the final coordinates, we repeated refinement four times for any of the 36
combinations of seven out of nine constraints while doubling the noise amplitude of the
experimental data by adding pseudo-random numbers. Using only seven of the nine
constraints ensured that errors in modeling of the label conformations and in the assumption
of rigid-body behavior of the components contribute to the scatter in the coordinates. The
backbone RMSD of the resulting set of 144 structures with respect to the best-fit structure is
only 0.6 A, which suggests that the quality of the final structure is limited by the resolution of
3.45 A of the crystal structure of the monomer rather than by the SDSL EPR docking fit.

1
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=
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0 1 2 0 1 2 0 1 2
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Figure 7.3.: Fits of primary experimental DEER data (black lines) by simulated data (red lines) corresponding to the
final structure of the NhaA dimer and a distribution of spin label conformations modeled by a rotamer library.

This resolution is significantly better than the one achieved in an earlier EPR docking
approach that was based on continuous-wave EPR-derived distance constraints

(Sompornpisut et al., 2001). The main improvements are the use of longer-range and higher
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precision distance constraints from a pulsed EPR method and utilization of information on the
whole distribution of distances rather than of only a single number for the site-to-site
distances. These two features also distinguish our approach from protein-protein docking
approaches based on NMR shift data or other ‘ambiguous interaction restraints’ (Dominguez
et al., 2003). Due to the requirement for spin labels our approach is more invasive compared
to NMR titration. However, if labeling sites are carefully selected and are reexamined after
solving the structure, any influence of the labels on protein-protein complex formation can be
excluded.

The structure obtained at this point exhibits contacts between the two component
molecules in three parts of the sequence, from residue 39 to 60 (3-sheets), from 202 to 211
(helix VII), and from 253 to 259 (helix IX). There exist no strong clashes between side group
atoms and no clashes at all between backbone atoms of the two monomers. Nevertheless, it
has to be realized that the side chains of the contact-forming residues are unlikely to be
oriented in the same way as in the crystal structure of the monomer. As we do not have
experimental information on side-chain orientation, we optimized the interface by repeated
energy minimization using the GROMOS96 force field (van Gunsteren and Berendsen, 1990)
as implemented in DeepView (Guex and Peitsch, 1997). The converged structure after 10

minimizations (Fig. 7.4.a) is the final structure discussed in the following.
7.4.2. Contacts in the NhaA dimer

Contacts between the two monomers in the dimer were analyzed with the CSU
software (Sobolev et al.,, 1999). The main intermolecular contact is mediated by the two-
stranded antiparallel B-sheets, which are probably hold together by four hydrogen bonds
formed between residues Q47 and R49 and backbone groups of the respective other B-sheet
(Fig. 7.4.b) and by a number of hydrophobic contacts. Residue Q47 is also involved in
stabilizing the nonphysiological dimer observed in 3D crystals (Hunte et al., 2005). Contact
between helices VIl and IX (Fig. 7.4.c) is restricted to a few residues and most likely involves
a hydrogen bond between R204 und V254 as well as hydrophobic contacts of R204 and
L210 with W258. In general the interface is not densely packed, which indicates a relatively
weak binding between the moieties in agreement with the pH-dependence of dimer formation
(Hilger et al., 2005) and the dissociation of the physiological dimer during 3D crystallization.
Location of residue V254 in the interface was suggested before by a cross-linking study
(Gerchman et al., 2001). Indeed, we find a distance of 8.1 A between the S atoms of the
corresponding cysteins. This is in good agreement with the finding that the rigid cross-linking
agent p-phenylenedimaleimide, which can cross-link only residues that are at least 10 A

apart, causes a change in the pH profile of NhaA activation (Williams, 2000). In contrast, the
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flexible cross-linking agent 1,6-bismaleimidohexane does not cause such a change. Location
of residue V254 in the interface may also explain the low modulation depth, i.e. lower
propensity for dimer formation observed in our earlier work when mutating this residue
(Hilger et al., 2005).

Contacts between the two monomers are restricted to one of the two bundles of six
helices, the interfacial domain (blue line in Fig. 7.5.). According to previous work, this
interfacial domain contains the pH sensor of NhaA around residues 241-252 (Hunte et al.,
2005). The other bundle of six helices contains the putative ion-translocation pathway and
thus forms the translocation domain (red line in Fig. 7.5.). Although the two domains appear
distinct, there are interdomain contacts. Helix | (residues 12-30) in the interfacial domain
interacts with helix XIlI (357-382) near the periplasmic side and with helix IVc near the

cytoplasmic side (Hunte et al., 2005).

Figure 7.4.: EPR structure of the dimer of the Na'/H" antiporter NhaA of E. coli. (a) Overview of the whole structure. (b)
Contacts between the two-stranded antiparallel 3-sheets (residues 39-60). (c) Contacts between helices VIl and IX. Highlighted
residues are proposed to be directly involved in intermolecular interactions. Created with DeepView (Guex and Peitsch, 1997).

7.4.3. Comparison with the low-resolution structure

Although no information from the cryo-EM structure in 2D crystals (Williams et al.,
1999; Williams, 2000) was used, there is a rather good agreement between this structure
and our EPR structure, in particular in the interfacial domain (Fig. 7.5.). This is not a trivial

result, as the present EPR study is performed on NhaA dimers in liposomes rather than in 2D
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crystals where packing effects might have influenced the structure of the weakly bound
dimer. Indeed, our finding contrasts with a fit of the high-resolution monomer 3D crystal
structure to the electron density obtained by cryo-EM, which predicted that the two-stranded
antiparallel B-sheets would collide and should thus be displaced by ~6 A out of the
membrane plane and by ~6 A towards the molecule center (Screpanti et al., 2006). However,
such a structure would imply shorter distances for residues A202R1 and K221R1 than we
observe. As the DEER data for these two residues are of high quality, we can exclude this
arrangement of the two moieties at least in liposomes. The disagreement may arise from the
attempt to perfectly superimpose not only the interfacial domain but also the ion-translocation
domain Trl, which appears to be slightly displaced in our structure with respect to the cryo-
EM data.

Figure 7.5.: Comparison between the EPR structure and the electron density projection to the membrane plane
obtained by cryo-EM on 2D crystals (Williams et al., 1999; Wiliams, 2000). The interfacial domain Int and the ion-
translocation domain Trl involved in Na* and H" transport are indicated by the blue and red lines, respectively.

The displacement of the translocation domain relative to the interfacial domain could
be a packing artifact of either the high-resolution monomer structure or of the cryo-EM
structure. In the former case, the artifact would transmit to the EPR structure of the dimer, as
we assumed rigid body motion of the two domains as a whole. Such a displacement in the
3D crystals may be induced by crystal contacts that stabilize the nonphysiological dimer,
which are observed for residues D354, E356, and N359 in the translocation domain. This
domain includes helices Il (residues 95-116), IV (121-143), and V (150-175) and the helices
X, Xl, and Xl with their intervening loops comprising residues 290 to the C terminus. Among
the residues selected for mutation and distance measurements, only A118 is situated within
this domain. Because of the long-distance between sites A118R1 in the two moieties of ~82
A, our DEER data may not be sensitive to a displacement of this residue by up to 10 A. A

displacement of the translocation domain in liposomes compared to the crystal structure of
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the monomer would thus be consistent with our data, but we cannot exclude that the

difference is rather between liposomes and 2D crystals.
7.4.4. Functional implications of the EPR structure

For residues H225R1 and V254R1 (Hilger et al., 2005) as well as A118R1 and
N177R1, we tested for pH-dependence of the distance distribution by performing
measurements at pH 5.8, 7.0 and 8.0. Quite unexpectedly, in none of these cases any
significant changes were detected. Only the depth of the DEER modulation, which
corresponds to the extent of dimer formation, varies with pH (Hilger et al., 2005). This
indicates that the structure of the interfacial domain, i.e., of the antiparallel B-sheets and
helices I-lll, and VI-IX, is conserved during pH changes. Also the interface between these
domains appears to be conserved although propensity for dimer formation varies slightly.

Due to the scarcity of labeled residues in the translocation domain and the large
separation between the two translocation domains in the dimer, we cannot exclude that this
domain moves with respect to the interfacial domain on changing pH. In fact, with the pH
sensor being located around residues 241-252 and Na'/H" transport probably involving
relative movement of helices IVc (residues 134-143) and Xlp (residues 340-350) (Hunte et
al., 2005), a change in the relative arrangement of the two domains might be the most likely
explanation for transmittance of the signal from the pH sensor to the translocation pathway.
The putative pH sensor is located near the contact region between helices VIl and IX in the
dimer. Mutation of V254, which forms a hydrogen bond with R204 across the interface, was
found to change the pH-dependence of activity (Gerchmann et al., 1999). Note also that the
interface between the two monomers is lined by a number of polar residues (Fig. 7.6.).
Among them R204 has a predicted pK, value of 7.1 in a membrane environment (Olkhova et
al., 2006). Protonation/deprotonation of this residue may influence contacts between the
monomers.

Signal transmittance between the translocation and interfacial domains is also
required to rationalize functional complementation between the conditional lethal mutants.
For instance, in the mutant H225R, antiporter activity increases between pH 6 and 7 but is
shut off again at pH > 7, so that the mutant is lethal at pH 8.5 and high Na* concentration
(Gerchman et al., 2001). Likewise, mutant G338S is lethal, but for a different reason: in this
mutant antiporter activity persists at pH below 7 so that at high Na* concentration pH in the
cell becomes too low (Gerchmann et al., 2001). If both mutants are coexpressed, the cells
survive under the conditions that kill them if only one of the mutants is present. Such
functional complementation between remote sites is only feasible if ion translocation is a

process that involves a cooperative, but asymmetric motion of both moieties of the dimer.
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This raises the questions how local structural changes in the two domains of a
monomer are coupled and how structural changes are transmitted between the monomers in
the dimer. Remarkable in this respect is the particularly high number of potentially positively
charged residues (R203, R204, H243, R245, K249, R250, H253, and H256) which are at or
close to the cytoplasmic contact site of the monomers (Fig. 7.6.). Taking into account that the
predicted pK, values for R204, H253, and H256 (Olkhova et al.,, 2006) allow
protonation/deprotonation events in the range between pH 5-7.5 it can be envisaged that pH
directly influences contacts between the monomers. This idea is in agreement with the
previous finding that pH influences the monomer-dimer equilibrium of NhaA (Hilger et al.,
2005).

Figure 7.6.: Distribution of arginine (red), lysine (purple), and histidine (blue) residues near the interface. Figure created
with DeepView (Guex and Peitsch, 1997).

Among the residues that can be protonated/deprotonated in the transition region,
R204 may play a pivotal role in this process since it appears to form a hydrogen bond across
the interface with the carbonyl group of V254 in the other monomer. V254 in turn is in
hydrophobic contact with R250 in its own moiety. These interactions may also ensure contact
between large clusters of residues strongly interacting within a monomer across the
interface. These clusters were identified by a recent continuum electrostatics analysis of the
monomer and involve E78, R81, E82, E252, H253, and H256 belonging to the pH sensor
and D133, R203, H243, K249, and R250 (Rimon et al., 1998). The clusters provide a
coupling between the putative ion-translocation domain and the interfacial domain, as
residue D133 is located in the narrow passage of the translocation channel (Hunte et al.,
2005).

Residue H225, which is spatially close to the pH sensor cluster, mediates contact
between the interfacial domain, in which it is located, and residues A172 and Y175 in the
translocation domain of the same moiety. Replacement of the histidine by arginine in the

conditional lethal mutant H225R may modify or destroy this contact, which needs to exist in
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one of the two moieties to ensure activity. A further contact between the translocation and
interfacial domain in the same moiety is provided by residues 135-143 in helix IVc, which is
in the cytoplasmic part of the putative ion-translocation channel, and residues 12-19 in helix
I. Likewise some residues in the range between 64 and 72 in helix Il have contact with
residues in the range between 341 and 350 in helix Xlp, which is in the periplasmic part of
the ion-translocation channel. Interestingly, helix IVc and helix XIp were suggested to be the
moving parts in pH-regulation of NhaA activity (Hunte et al., 2005).

Based on the EPR structure of the dimer, one may now speculate that the proposed
movement of helix IVc during activation is related to a movement of the cytoplasmic end of
helix | towards the interface, whereas the proposed movement of helix Xlp is related to a
movement of the periplasmic end of helix Il towards the interface. Activation would thus
correspond to a clockwise rotation of the interface or, keeping the interfacial domains fixed,
to an anticlockwise rotation of the two translocation domains with respect to the interface
(seen from the periplasmic side). The displacement of the translocation domain seen in the
EPR structure compared to the cryo-EM structure roughly corresponds to such an
anticlockwise rotation, although it has to be said that the wildtype is still inactive at the pH of
5.8 where most of the EPR distance measurements were performed and that the reasons for
the displacement are currently unknown. Clearly, structural information at pH above 6.5 is
required to prove or refute the hypothesis and to obtain further insight into the cooperative
motion of the two moieties of the dimer that appears to be the basis of ion translocation.

In conclusion, it is demonstrated that SDSL combined with pulsed EPR
measurements of distances in the range between 20 and 60 A and modeling of the
conformational distribution of the spin label side groups provides a new approach for
elucidating structures of dimers or complexes of biomacromolecules with essentially the
same resolution that can be obtained for the structures of the constituents. The method does
not provide experimental information on a possible repacking of side chains in the interface.
In contrast to most established techniques, this approach is applicable even if interactions
between the molecules are rather weak and complex or dimer formation is thus incomplete. It
does not require crystallization; so that structures of membrane protein complexes can be

determined in liposomes where external parameters such as pH can be varied.
7.5. Acknowledgments

We thank H. W. Spiess for access to the EPR spectrometer at Max Planck Institute
for Polymer Research in Mainz and C. Bauer for technical assistance. This work was

supported by Deutsche Forschungsgemeinschaft JE 246/3-2 and Ju 333/4-2.

183



CHAPTER 7

7.6. References

Altenbach, C., Marti, T., Khorana, H. G., and Hubbell, W. L. (1990) Transmembrane
protein-structure - Spin labeling of bacteriorhodopsin mutants. Science 248:
1088-1092.

Borbat, P., Ramlall, T. F., Freed, J. H., and Eliezer, D. (2006) Inter-helix distances in
lysophospholipid  micelle-bound  alpha-synuclein  from  pulsed ESR
measurements. J. Am. Chem. Soc. 128: 10004-10005.

Borovykh, I. V., Ceola, S., Gajula, P., Gast, P., Steinhoff, H.-J., and Huber, M. (2006)
Distance between a native cofactor and a spin label in the reaction centre of
Rhodobacter sphaeroides by a two-frequency pulsed electron paramagnetic
resonance method and molecular dynamics simulations. J. Magn. Reson. 180:
178-185.

Chiang, Y. W., Borbat, P. P., and Freed, J. H. (2005) The determination of pair distance
distributions by pulsed ESR using Tikhonov regularization. J. Magn. Reson. 172:
279-295.

Dominguez, C., Boelens, R., and Bonvin, A. M. J. J. (2003) HADDOCK: A protein-protein
docking approach based on biochemical or biophysical information. J. Am. Chem.
Soc. 125: 1731-1737.

Gerchmann, Y., Rimon, A., and Padan, E. (1999) A pH-dependent conformational change
of NhaA Na'/H" antiporter of Escherichia coli involves loop VIII-IX, plays a role in
the pH response of the protein, and is maintained by the pure protein in dodecyl
maltoside. J. Biol. Chem. 274: 24617-24624.

Gerchman, Y., Rimon, A., Venturi, M., and Padan, E. (2001) Oligomerization of NhaA, the
Na‘’/H" antiporter of Escherichia coli in the membrane and its functional and
structural consequences. Biochemistry 40: 3403-3412.

Guex, N., and Peitsch, M. C. (1997) SWISS-MODEL and the Swiss-PdbViewer: An
environment for comparative protein modeling. Electrophoresis 18: 2714-2723.

Hansen, P. C. (1992) Analysis of discrete ill-posed problems by means of the L-curve. SIAM
Rev. 34: 561-580.

Hilger, D., Jung, H., Padan, E., Wegener, C., Vogel, K.-P., Steinhoff, H.-J., and Jeschke,
G. (2005) Assessing oligomerization of membrane proteins by four-pulse DEER:
pH-dependent dimerization of NhaA Na*/H" antiporter of E. coli. Biophys. J. 89:
1328-1338.

Hunte, C., Screpanti, E., Venturi, M., Rimon, A., Padan, E., and Michel, H. (2005)
Structure of a Na'/H" antiporter and insights into mechanism of action and
regulation by pH. Nature 435: 1197-1202.

Jeschke, G., Koch, A., Jonas, U., and Godt, A. (2001) Direct conversion of EPR dipolar
time evolution data to distance distributions. J. Magn. Reson. 155: 72-82.

Jeschke, G., Bender, A., Paulsen, H., Zimmermann, H., and Godt, A. (2004a) Sensitivity
enhancement in pulse EPR distance measurements. J. Magn. Reson. 169: 1-12.

184



CHAPTER 7

Jeschke, G., Panek, G., Godt, A., Bender, A., and Paulsen, H. (2004b) Data analysis
procedures for pulse ELDOR measurements of broad distance distributions.
Appl. Magn. Reson. 26: 223-244.

Jeschke, G., Chechik, V., lonita, P., Godt, A., Zimmermann, H., Banham, J., Timmel, C.
R., Hilger, D., and Jung, H. (2006) DeerAnalysis2006 - a comprehensive
software package for analyzing pulsed ELDOR data. Appl. Magn. Reson. 30:
473-498.

Jeschke, G., and Polyhach, Y. (2007) Distance measurements on spin-labelled
biomacromolecules by pulsed electron paramagnetic resonance. Phys. Chem.
Chem. Phys. 9: 1895-1910.

Jorgensen, W. L., and Tirado-Rives J. (1988) The OPLS potential functions for proteins -
Energy minimizations for crystals of cyclic peptides and crambin. J. Am. Chem.
Soc. 110: 1657-1666.

Jung, H., Tebbe, S., Schmid, R., and Jung, K. (1998) Unidirectional reconstitution and
characterization of purified Na'/proline transporter of Escherichia coli.
Biochemistry 37: 11083-11088.

Milov, A. D., Salikhov, K. M., and Shirov, M. D. (1981) Application of ELDOR in electron
spin echo for paramegnetic center space distribution in solids. Fiz. Tverd. Tela
(Leningrad) 23: 975-982.

Miller, J. H. (1992) A short course in bacterial genetics. A laboratory manual and handbook
for Escherichia coli and related bacteria, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor.

Milov, A. D., Naumov, B. D., and Tsvetkov, Y. D. (2004) The effect of microwave pulse
duration on the distance distribution function between spin labels obtained by
PELDOR data analysis. Appl. Magn. Reson. 26: 587-599.

Olkhova, E., Hunte, C., Screpanti, E., Padan, E., and Michel, H. (2006) Multiconformation
continuum electrostatics analysis of the NhaA Na'/H" antiporter of Escherichia
coli with functional implications. Proc. Natl. Acad. Sci. U. S. A. 103: 2629-2634.

Padan, E., Tzubery, T., Herz, K., Kozachkov, L., Rimon, A., and Galili, L. (2004) NhaA of
Escherichia coli, as a model of a pH-regulated Na‘’/H" antiporter. Biochim.
Biophys. Acta 1658: 2-13.

Pannier, M., Veit, S., Godt, A., Jeschke, G., and Spiess, H. W. (2000) Dead-time free
measurement of dipole-dipole interactions between electron spins. J. Magn.
Reson. 142: 331-340.

Park, S. Y., Borbat, P. P., Gonzalez-Bonet, G., Bhatnagar, J., Pollard, A. M., Freed, J. H.,
Bilwes, A. M., and Crane, B. R. (2006) Reconstruction of the chemotaxis
receptor-kinase assembly. Nat. Struct. Mol. Biol. 13: 400-407.

Rabenstein, M., and Shin, Y. K. (1995) Determination of the distance between 2 spin labels
attached to a macromolecule. Proc. Natl. Acad. Sci. U. S. A. 92: 8239-8243.

Rimon, A., Gerchman, Y., Kariv, Z., and Padan, E. (1998) A point mutation (G338S) and
its suppressor mutations affect both the pH response of the NhaA-Na'/H*

185



CHAPTER 7

antiporter as well as the growth phenotype of Escherichia coli. J. Biol. Chem.
273: 26470-26476.

Rimon, A., Tzubery, T., Galili, L., and Padan, E. (2002) Proximity of cytoplasmic and
periplasmic loops in NhaA Na*/H" antiporter of Escherichia coli as determined by
site-directed thiol cross-linking. Biochemistry 41: 14897-14905.

Sale, K., Song, L., Liu, Y. S, Perozo, E., and Fajer, P. (2005) Explicit treatment of spin
labels in modeling of distance constraints from dipolar EPR and DEER. J. Am.
Chem. Soc. 127: 9334-9335.

Screpanti, E., Padan, E., Rimon, A., Michel, H., and Hunte, C. (2006) Crucial steps in the
structure determination of the Na'/H" antiporter NhaA in its native conformation.
J. Mol. Biol. 362: 192-202.

Sobolev, V., Sorokine, A., Prilusky, J., Abola, E. E., and Edelman, M. (1999) Automated
analysis of interatomic contacts in proteins. Bioinformatics 15: 327-332.

Sompornpisut, P., Liu, Y. S., and Perozo, E. (2001) Calculation of rigid-body
conformational changes using restraint-driven Cartesian transformations.
Biophys. J. 81: 2530-2546.

Steinhoff, H.-J., and Hubbell, W. L. (1996) Calculation of electron paramagnetic resonance
spectra from Brownian dynamics trajectories: Application to nitroxide side chains
in proteins. Biophys. J. 71: 2201-2212.

Taglicht, D., Padan, E., and Schuldiner S. (1991) Overproduction and purification of a
functional Na*/H* antiporter coded by nhaA (ant) from Escherichia coli. J. Biol.
Chem. 266: 11289-11294.

Tikhonov, A. N. (1995) Numerical methods for the solution of ill-posed problems, Kluwer
Academic Publishers, Dordrecht, Boston.

van Gunsteren, W. F., and Berendsen, H. J. C. (1990) Computer simulation of molecular
dynamics - Methodology, applications, and perspectives in chemistry. Angew.
Chem. Int. Ed. Engl. 29: 992-1023.

Williams, K. A., Geldmacher-Kaufer, U., Padan, E., Schuldiner, S., and Kuhlbrandt, W.
(1999) Projection structure of NhaA, a secondary transporter from Escherichia
coli, at 4.0 A resolution. EMBO J. 18: 3558-3563.

Williams, K. A. (2000) Three-dimensional structure of the ion-coupled transport protein
NhaA. Nature 403: 112-115.

186



CHAPTER 8

CHAPTER 8

DeerAnalysis2006 - A comprehensive software package for analyzing pulsed ELDOR

data

8.1. Abstract

Pulsed electron-electron double resonance techniques such as the four-pulse double
electron-electron resonance experiment measure a dipolar evolution function of the sample.
For a sample consisting of spin-carrying nanoobijects, this function is the product of a form
factor, corresponding to the internal structure of the nanoobject, and a background factor,
corresponding to the distribution of nanoobjects in space. The form factor contains
information on the spin-to-spin distance distribution within the nanoobject and on the average
number of spins per nanoobject, while the background factor depends on constraints, such
as a confinement of the nanoobjects to a two-dimensional layer. Separation of the dipolar
evolution function into these two contributions and extraction of the spin-to-spin distance
distribution require numerically stable mathematical algorithms that can handle data for
different classes of samples, e.g. spin-labelled biomacromolecules and synthetic materials.
Furthermore, experimental imperfections such as the limited excitation bandwidth of
microwave pulses need to be considered. The software package DeerAnalysis2006 provides
access to a comprehensive set of tools for such data analysis within a common user
interface. This interface allows for several tests of the reliability and precision of the extracted
information. User-supplied models for the spin-to-spin distance distribution within a certain
class of nanoobjects can be added to an existing library and be fitted with a universal

algorithm.

8.2. Introduction

Pulsed electron-electron double resonance (PELDOR) experiments for the
determination of distances between paramagnetic centers (Milov et al., 1981; Milov et al.,
1984) have recently become a very active field of research with numerous applications on
nanostructured materials (Pannier et al., 2000a; Pannier et al., 2001; Jeschke, 2002a;
Jeschke and Godt, 2003; Hinderberger et al., 2004a; Hinderberger et al., 2004b), soluble
proteins (Persson et al., 2001; Elsasser et al., 2002; van Amsterdam et al., 2003; Zhou et al.,
2005; Nakamura et al., 2005; Fajer, 2005; Bennati et al., 2005; Kay et al., 2006; Banham et
al., 2006), membrane proteins (Jeschke et al., 2004a; Jeschke et al., 2005; Hilger et al.,
2005; Borovykh et al., 2006), nucleic acids (Schiemann et al., 2004), and peptides (Milov et

al., 2000). In many of these studies, careful analysis of the dipolar evolution data was
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recognized as a crucial precondition for their reliable interpretation. For the well-structured
biomacromolecules such analysis also needs to consider the flexibility of the spin label
(Borovykh et al., 2006; Sale et al., 2005). For broad or multimodal spin-to-spin distance
distributions, as often encountered in materials (Pannier et al., 2000a; Pannier et al., 2001,
Jeschke, 2002a; Jeschke and Godt, 2003; Hinderberger et al., 2004a; Hinderberger et al.,
2004b), analysis in terms of a single value for the distance is not appropriate. These
problems have inspired the development of several approaches for the conversion of dipolar
evolution data to distance distributions (Jeschke et al., 2002; Milov et al., 2004a; Bowman et
al., 2004; Jeschke et al., 2004b; Jeschke et al., 2004c; Chiang et al., 2005). The experience
with these approaches suggested a number of modifications and extensions to our previous
open-source program package DeerAnalysis2004 (Jeschke et al.,, 2002; Jeschke et al.,
2004b; Jeschke et al., 2004c) as well as a complete reprogramming of the graphical user
interface. In addition to model-free computation of distance distributions, a flexible interface
for model-based fitting (Pannier et al., 2000a; Pannier et al., 2001; Jeschke and Godt, 2003)
is now included and recent work on effects of limited excitation bandwidth of the microwave
(m.w.) pulses (Maryasov and Tsvetkov, 2000; Milov et al., 2004b) is considered. Spin
counting (Milov et al., 1984; Hilger et al., 2005) and concentration measurements (Milov et
al., 1984; Jeschke, 2002b) are implemented. Experimental background functions can be
derived from singly labelled biomacromolecules and used for the analysis of data from
doubly labelled molecules. This paper describes the underlying theory and algorithms and
illustrates features of the program on data for three model systems: a shape-persistent
biradical (Godt et al., 2000), spin-labelled gold nanoparticles (Chechik et al., 2004), and a
spin-labelled membrane protein (Jeschke et al., 2004a).

The paper is organized as follows. After the Materials and Methods section, the
theoretical foundations of the program are described. In particular, we consider the sample
as a collection of nanoobjects carrying one or more spins, with a spatial distribution of the
nanoobijects that may be homogeneous or may be confined on a nanoscopic length scale to
less than three dimensions. We discuss separation of the primary experimental data into a
form factor, corresponding to spin-to-spin distances within the nanoobject, and a background
factor, corresponding to the distribution of nanoobjects. Tikhonov regularization with L curve
computation and model-based fitting are considered as techniques for extracting the distance
distribution from the form factor. After explaining the determination of the average number of
spins per nanoobiject, the theoretical part concludes with a discussion of corrections that are
necessary when the excitation bandwidth of the m.w. pulses is of the same order of
magnitude or smaller than the largest dipole-dipole couplings between spins. The next
section gives a brief description of the algorithms underlying the steps in data processing.

This description is intended to provide the user of the program with sufficient background
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knowledge for deciding which kind of data processing is most appropriate for a given sample.
The final section illustrates the concepts of DeerAnalysis2006 on three samples that are
representative of the main application scenarios. The determination of the shape of a narrow
distance distribution is demonstrated for a shape-persistent biradical. This example also
presents a critical test for the reliability of model-free extraction of the distance distribution,
as the result can be compared with the wormlike chain model from polymer physics. Analysis
of a broad distribution, again both with a model-free and model-based approach is illustrated
for gold nanoparticles with a spin-labelled surface layer of alkyl chains. This example
provides a test for excitation bandwidth correction. The use of experimentally derived
background functions is tested on two singly labelled mutants of the membrane protein PutP

and their mixture.
8.3. Materials and Methods

Syntheses of the shape-persistent biradical (Godt et al., 2000) and of the spin-
labelled gold nanoparticles (Chechik et al., 2004) have been described elsewhere. The gold
nanoparticle sample is based on butanethiol-coated particles (C4S) exchanged with the
disulfide-modified nitroxide spin label N4. Spin-labelled mutants of the Na*/proline transporter
PutP of Escherichia coli were prepared and reconstituted into proteoliposomes as described
in Jeschke et al. (2004a), apart from the labelling procedure. This was done by adding
washing buffer (50 mM KP;, pH 8.0; 300 mM KCI; 10 mM imidazole; 10% glycerol [v/V];
0.04% B-D-dodecylmaltoside [w/v]) containing 1 mM (1-oxyl-2,2,5,5,-tetramethylpyrroline-3-
methyl)-methanethio-sulfonate (Toronto Research Chemicals, Canada) to the Ni*-NTA
column, followed by overnight incubation at 4 °C (hereafter we will refer to the spin-labeled
residue as R1). Afterwards, unbound label was removed by washing the column with
washing buffer.

Dipolar time evolution data were obtained at X-band frequencies (ca. 9.3-9.4 GHz) on
a Bruker ElexSys 580 spectrometer equipped with a Bruker Flexline split-ring
resonator ER 4118X_MS3 using the four-pulse DEER experiment
A2)py— 16—y —t'—(Dp-1+ -t — (1), — n-echo (Pannier et al., 2000b). The dipolar
evolution time in this experiment is t = t'—7;. A phase cycle [(+X)-(—X)] was applied to the 2
pulse to cancel any receiver offset. Data were analysed only for t > 0. The resonator was
overcoupled to Q = 100, the pump frequency vpump Was set to the centre of the resonator dip
and coincided with the maximum of the nitroxide EPR spectrum, while the observer
frequency vos Was 65 MHz higher and coincided with the low-field local maximum of the
spectrum. All experiments were performed with a pump pulse length of 12 ns and with

observer pulse lengths of 32 ns at a temperature of 50 K. Proton modulation was averaged
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by adding traces at 8 different 7 values, starting at 7z(0) = 200 ns and incrementing by At; =8
ns. Deuterium modulation was averaged by adding 8 traces starting at 7(0) = 400 ns and
incrementing by At; = 56 ns.

Numerical computations of the modulation depth as a function of dipolar frequency
were performed with a home-written MatLab program based on the EasySpin (Stoll and
Schweiger, 2006) library. The program performs density operator computations of the whole
four-pulse double electron-electron resonance (DEER) sequence, considering both the m.w.
and static Hamiltonian during the pulses. The resonance offsets of both the observer and
pumped spins are varied throughout the nitroxide line shape with proper weighting derived
from an experimental echo-detected EPR spectrum. Details will be published elsewhere (J.
Banham et al., unpublished).

Algorithms for data processing are described below. The MatLab source codes are

available at http://www.mpip-mainz.mpg.de/~jeschke/distance.html.
8.4. Theory
8.4.1. Separation into form factor and background factor

PELDOR experiments measure dipole-dipole couplings between an observer spin A
and pumped spins By. For a given observer spin A, the signal V(t) can be written as a

product of the signals of all spin pairs involving A and any spin By in the sample,
V(O) = [ Vae, ©.
k

The signal can be observed until times tmax (Fig. 8.1.) that are a small multiple of the
phase relaxation time T, of the A spin. Hence, we can neglect all B spins in the sample for
which VA,B1< =1 at times t < tmax. Usually, this condition is fulfilled for B spins at distances
larger than rmax = 40 nm, so that only B spins within a sphere with radius rmax need to be
considered (Jeschke et al., 2002). Many samples of interest are dilute solutions of spin-
labelled nanoobjects, such as labelled biomacromolecules, synthetic macromolecules, or
nanoparticles. It is thus convenient to further classify B spins into spins within the same
nanoobject as spin A and spins in other nanoobjects. The signal can then be written as a
product of a form factor F(t) from B spins within the same nanoobject and a background
factor B(t) from spins in neighboring nanoobjects. Note that B spins at distances r > rya do
not contribute at all. This separation is analogous to the separation into a form factor and
structure factor used in the analysis of scattering data (Lindner and Zemb, 2002). If the

paramagnetic centers are homogeneously distributed rather than grouped into nanoobjects,
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one has F(t) = 1. In the limit of infinite dilution of the nanoobjects, one has B(t) = 1. In all
other cases, the experimentally detected dipolar evolution function V(t) has to be separated
into F(t) and B(t) before further data analysis.

Separation can be based on the fact that F(t) decays to a constant value 1-A within a
time tgecay (Fig. 8.1.). The decay time tgecay is determined by the maximum distance between
spins and the width of the spin-to-spin distance distribution within the nanoobject (Jeschke et
al., 2002). Here A is the modulation depth that depends on the number of spins within the
nanoobject (Milov et al., 1984; Jeschke et al., 2004b). At times t > tgecay, the shape of the

dipolar evolution function V(t) is governed by the background factor B(t).
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Figure 8.1.: Separation into background factor B(t) and form factor F(t). Dots are experimental data points for surface-
labelled gold nanoparticles. The solid line is the fitted background factor B(t) assuming a homogeneous distribution of the
nanoparticles in three dimensions, the dashed line is the back extrapolation of B(t) to times shorter than tecy. The inset shows
the form factor F(t) obtained by dividing the primary data V(t) by B(t) and renormalization according to Eq. (8.6.).

In the most simple case, where the nanoobjects or paramagnetic centers are
distributed homogeneously throughout the observation sphere with radius rma around spin A,
and when longitudinal relaxation of A and B spins during the measurement can be neglected,
B(t) is an exponentially decaying function (Milov et al., 1981; Milov et al., 1984). When a
dead-time-free experiment, such as four-pulse DEER (Pannier et al., 2000b), is used, V(t)
can be normalized to V(0) = 1. Furthermore, by using a phase cycle for cancelling receiver
offsets, it can be assured that V(t — <) = 0. At sufficiently long times we then have

V(> Ly ) = (1= A) exp(—kt) ,
so that only two parameters A and k need to be fitted. Such fits tend to be stable even in the
case tgecay = tmax Where the form factor does not fully decay within the observation time.

The background function differs from an exponential decay whenever the nanoobjects

are confined to a domain which has an extension d < rp, in at least one dimension. A typical

191



CHAPTER 8

example are membrane proteins in liposomes. The lipid bilayer of the liposome is planar on
the length scale of rna. Hence, to a first approximation the spatial distribution of membrane
proteins in liposomes is a two-dimensional (2-D) rather than 3-D homogeneous distribution
(Hilger et al., 2005). For the general case of a D-D homogeneous distribution, the
background function is given by Milov and Tsvetkov (1997)

B(t) = exp(— kt"?). 8.1)

Back extrapolation of B(t) from the fit range at long times t to shorter times becomes
less reliable with decreasing dimensionality D, as the background functions then become
steeper at short times compared to long times. Fits with dimensionality D = 2 are usually
reliable if tgecay < tmax/4. The dimensionality D itself can also be treated as a fit parameter and
can be noninteger, corresponding to a fractal dimension of the distribution of nanoobjects.
Such fits, however, tend to be unstable unless tgecay << tmax.

Another complication results from the fact that the spins within the nanoobject may
have a minimum distance, dnmin, to the surface of the object. As at the closest approach the
nanoobjects can only have surface-to-surface contact but cannot overlap, contributions to
B(t) from distances shorter than 2dmi, are suppressed. Generally, any heterogeneous
distribution of spins within the nanoobject causes slight deviations from the expression given
in Eg. (8.1.). The exact form of B(t) can then only be obtained experimentally. For
measurements of doubly labelled biomacromolecules with site-directed spin labelling
techniques (Hubbell and Altenbach, 1990), this problem can be solved by preparing the two
corresponding singly labelled macromolecules for which F(t) = 1, so that DEER
measurements directly provide the background functions Bi(t) and B,(t). The background
function for the doubly labelled biomacromolecule can then be approximated by

B(t) = B, (t)B,(t). (8.2.)

Such an approach is tested in Sect. 8.6.3..
8.4.2. Tikhonov regularization

Converting the form factor F(t) into a distribution of distances P(r) is a moderately ill-
posed problem. This means that small changes in the input data F(t), for instance due to
noise or small errors in the separation of the form and background factor, can result in large
changes in the output data P(r). A number of different approaches for overcoming this
problem have been tested (Jeschke et al., 2002; Milov et al., 2004a; Bowman et al., 2004;
Jeschke et al., 2004b; Jeschke et al., 2004c; Chiang et al., 2005). Among them, approximate
Pake transformation (APT) (Jeschke et al., 2002) is computationally most efficient, but

suffers from the drawback that it cannot incorporate the constraint P(r) > 0, which strongly
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stabilizes the solution. Nevertheless, APT is useful for optimizing the separation into F(t) and
B(t) (Sect. 8.5.2.) and for obtaining starting values for model fits (Sect. 8.5.3.). However, for
the final computation of P(r) an approach should be used that incorporates the constraint
P(r) > 0. Our own experience with Hermite polynomial interpolation and Tikhonov
regularization (Jeschke et al., 2004b) suggests that different approaches with this constraint
provide very similar results if an appropriate smoothing in the distance domain is selected.
As a guideline for estimating the optimum degree of smoothing the L curve criterion appears
to be better (Chiang et al., 2005) than the self-consistency criterion previously used by us. In
the following, we thus explain exclusively Tikhonov regularization with L curve computation,
which is the main approach for model-free conversion of F(t) to P(r) in DeerAnalysis2006.

For a given distance distribution P(r), the corresponding form factor can be computed
in a straightforward manner by multiplication with a kernel function K(t,r)

F(t)=K(t,r)P(r).

This is a linear transformation which poses no particular problems. The inverse
problem of computing P(r) from F(t) is ill-posed. Straightforward minimization of the root
mean square deviation (RMSD) of KP from F typically leads to distance distributions that
consist of a large number of very narrow peaks, even if the constraint P(r) > 0 is applied.
Position and amplitudes of the narrow peaks depend strongly on noise. Characteristics of the
whole distribution, such as the mean distance {r) and the standard deviation o; are stable
(Jeschke et al., 2004b). A physically reasonable solution for P(r) can be found by requiring a

certain smoothness of the distribution. This can be achieved by minimizing the target function

2

2
G, (P)=|KP-F|* +a :r—ZP , (8.3.)

rather than only the RMSD. This approach is a Tikhonov regularization (Tikhonov, 1995). In
Eq. (8.3.), p = |KP- F||2 is the mean square deviation and the second term on the right
hand side is the product of the regularization parameter o with the square norm 7 of the
second derivative of the distance distribution. The regularization parameter o weighs the
smoothness criterion (second term) with respect to the criterion of minimum RMSD (first
term). For very small «, the simulated form factor replicates parts of the noise in the
experimental form factor, which leads to a P(r) with many unrealistically narrow peaks (Fig.
8.2.b, c). At the optimum ¢, the experimental F(t) is fitted well and P(r) is reasonably smooth
(Fig. 8.2.d, e). For large ¢, the distribution is very smooth but the simulated form factor may

deviate from the measured one (Fig. 8.2., g).
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Figure 8.2.: Tikhonov regularization with the additional constraint P(r) > 0 for a shape-persistent biradical. The
dependence of the fit of the experimental form factor F(t) and of the smoothness of the distance distribution P(r) on the

regularization parameter « is shown. Data were acquired for 12 h at T = 50 K on a sample of 0.4 mmol/liter biradical in
perdeuterated o-terphenyl with a 12 ns pump pulse. a) Structure of the biradical. b) Experimental F(t) (grey dots) and fit (black
solid line) for o= 10°, ¢) The RMSD of the fit is 0.000471. P(r) for o= 10°. d) Experimental F(t) and fit for optimum o = V10. e)
RMSD: 0.000490. P(r) for optimum o = V10. The bar denotes artefact peaks as explained in Sect. 8.5.7.. f) Experimental F(t)
and fit for o= 10°, g) RMSD: 0.000762. The bar denotes artefact peaks as explained in the text. g) P(r) for o= 10°.
The solution P(r) thus depends strongly on the choice of the regularization parameter
o. This choice can be guided by the L curve (Fig. 8.3.), which is a plot of In 77 vs. In p for the
different values of a. For small & (left side of the L curve) the square norm 7 of the second
derivative of P(r) is large as the distance distribution is not smooth. Hence, log 7 is large and
depends strongly on «. This causes a steeply decaying branch of the curve at small ¢, as the
mean square deviation, p, is small and does not depend very strongly on « for weak
smoothing. In contrast, for large « data are oversmoothed, which leads to a larger p term that
increases strongly with further smoothing (right side of the L curve). In this situation, 7
depends only weakly on ¢, as P(r) is already rather smooth. This behavior causes an only
weakly decaying branch of the curve. The optimum compromise between smoothness of P(r)
and quality of the fit of F(t) corresponds to the corner of the L curve (circles in Fig. 8.3.).
Comparison of Fig. 8.3.a and b demonstrates that an experimental L curve conforms
best to these considerations when the distance distribution is narrow and the signal-to-noise
ratio is high. For a narrow distance distribution, oversmoothing leads to an overdamping of
the dipolar oscillation (Fig. 8.2.c) that in turn causes a strong increase in p if the dipolar
oscillation at long times has a higher amplitude than the noise. In contrast, for broad
distributions minor oversmoothing has only a small effect on p. Furthermore, assignment of
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the optimum regularization parameter to the most pronounced corner of the L curve is a
purely mathematical criterion that does not take into account any previous knowledge about
the expected resolution of the distance distribution. It is therefore advisable to inspect the
smoothness of the distance distribution and the quality of the fit of F(t) for different values of
arather than to rely only on the L curve. For this purpose, DeerAnalysis2006 stores fits and

distance distributions for all & values used in an L curve computation.
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Figure 8.3.: Tikhonov L curves for two experimental data sets. a) Narrow distance distribution and high signal-to-noise ratio
for a shape-persistent biradical in perdeuterated o-terphenyl. The circle denotes the optimum regularization parameter o= v10.
b) Broad distance distribution and moderate signal-to-noise ratio for surface-labelled gold nanoparticles. The circle denotes the
optimum regularization parameter o= V10-10°,

8.4.3. Fitting of the form factor by a model

Tikhonov regularization involves compromise between distortions of P(r) by noise
artefacts for small « and artificial broadening for large «. Indeed, such a compromise needs
to be made in any model-free computation of P(r) from F(t), so that all these approaches
have difficulties with distance distributions that contain both narrow and broad contributions
(Jeschke et al., 2004b). Artificial broadening can be avoided and noise artefacts still be
suppressed if there exists a good model for the shape of P(r). For instance, a homogeneous
distribution of spin labels on the surface of a sphere with diameter dsyn corresponds to a
distance distribution P(r) with P(0) = O that linearly increases for 0 < r < dspnh and is zero for
I > dyn. Furthermore, if one allows for a Gaussian distribution of sphere diameters dspn > 0
with standard deviation gy, the resulting Pmogel(r) is expected to be a good model for the spin-
to-spin distance distribution in surface-labelled spherical nanoparticles. This model has only
two free parameters, while the number of free parameters in a model-free computation is the
number of r values at which P(r) is defined. Fits of an appropriate model are thus much less
susceptible to noise artefacts and can be performed by minimization of the RMSD between
K(r,t)Pmogei(r) and F(t). Furthermore, there is no obvious problem with fitting a distribution

Pmodet(r) that contains both narrow and broad features.
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The quality of a model for P(r) can be judged by comparing the RMSD of the model-
based fit to the RMSD for Tikhonov regularization with an optimum regularization parameter.
If, and only if, the RMSD with Tikhonov regularization is significantly lower, differences
between the model-free distance distribution and Pmogei(r) can be discussed in terms of a

deviation of the real nanoobject from the model.
8.4.4. Spin counting

The modulation depth A in a PELDOR measurement depends on the average number
(ny of spins per nanoobject and on experimental parameters such as pulse lengths, observer
and pump position in the spectrum, and the shape and width of the resonator mode. The
experimental parameters can be conveniently expressed by a modulation depth factor A,
which is the modulation depth for a nanoobject that contains exactly two spins (1= A for (n) =
2). For modulation depth factors A << 1, the total modulation depth A of the form factor F(t) is
then given by A = 4 ({n) — 1) (Milov et al., 1984). Using an equation of Jeschke et al. (2004b),

we can relax the condition A << 1. We find
lim n F(t) =—4((n) ~1)
and thus
1-A=lim F(t) = exp|- i({n)—l)] :

Hence, the average number of spins per nanoobject can be determined from the
modulation depth A of F(t) at times t > tgecay (iNset in Fig. 8.1.) using the expression (Hilger et
al., 2005)

(m=1+ 025 (8.4)

In contrast to Hilger et al. (2005), we here define the modulation depth factor A4 as a
positive number. In addition to the parameters mentioned earlier, A is influenced by the
shape of the pump pulse and the position of the pump frequency v,ump With respect to the
center of the mode (Jeschke et al., 2006). Because of the dependence on so many
parameters that are hard to estimate precisely, reliable spin counting based on Eq. (8.4.)
requires determination of 4 by an experimental calibration using, for example, an authentic
biradical such as the one shown in Fig. 8.2.a. In a calibration using five biradicals and one
triradical, 4 could determined with a correlation coefficient of 0.9965 (Hilger et al., 2005). The
default value of 4 in DeerAnalysis2006 is based on these data sets, which are distributed
together with the program. It is strongly advisable to recalibrate spin counting with at least

one biradical sample for each different combination of a spectrometer and probe head.
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8.4.5. Excitation bandwidth correction

PELDOR measurements of distances between spins require that the excitation
bandwidth of the pulses is at least of the order of magnitude of the dipole-dipole coupling.
Contributions from distances shorter than 1.5 nm are largely suppressed with the usual m.w.
pulse powers (Pannier et al., 2000b; Martin et al., 1998). Furthermore, it has been pointed
out that, unless the excitation bandwidth is much larger than the dipole-dipole coupling, the
static Hamiltonian needs to be considered during the m.w. pulses (Maryasov and Tsvetkov,
2000; Milov et al., 2004b). The usual theoretical expressions for the dipolar evolution function
(Milov et al., 1981; Milov et al., 1984; Jeschke et al., 2004b; Jeschke, 2002b) are derived for
ideal pulses and thus do not apply. Analytical expressions for the three-pulse PELDOR
experiment could be obtained by keeping the assumptions that the observer pulses
exclusively excite A spins, the pump pulse exclusively excites B spins, and only the secular

part of the dipole-dipole Hamiltonian

with ,

wyy (r,0) = (3cos’ 0—1)”3”07_2&%3 :
needs to be considered (Maryasov and Tsvetkov, 2000). Here, @ is the angle between the
spin-spin vector r and the direction of the static magnetic field, i is the Bohr magneton,
the permeability of the vacuum, ga and gg are the g values of A and B spins, respectively,
and r is the spin-to-spin distance. This approach neglects the pseudosecular dipole-dipole
Hamiltonian

A

H psec _a_zc'C'(éA,XSB,X +éA,yéB,y)’
and thus requires that the difference between resonance frequencies of the A and B spins is
much larger than the dipole-dipole coupling ays (Jeschke et al., 2000). This is equivalent to
the assumption that the difference of the two m.w. frequencies is much larger than axg.
Closer analysis of the results reveals that with these assumptions the frequency of the
dipolar oscillation remains unaffected by nonideality of the pulses but that the modulation
depth factor 4 becomes dependent on ayy (Maryasov and Tsvetkov, 2000; Milov et al.,
2004b). Furthermore, independent of the magnitude of ayq, the dipolar evolution function is

time shifted by half the duration of the pump pulse.
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Figure 8.4.: Dependence of the modulation depth factor 4 on the dipole-dipole coupling via = ana/(27) for a four-pulse
DEER sequence with observer pulses of 32 ns length and a pump pulse of 12 ns length (simulation). Full grey circles are
results from numerical computations using the density operator formalism and the solid black line is a fit by a Gaussian with
standard deviation of 17 MHz. The dotted lines denote the half width at half height of the excitation profile, corresponding to
vaa= 14 MHz and a distance of approximately 1.55 nm.

Despite the remaining assumptions, the full analytical expressions are rather
extensive and slow down computation of the kernel function K(t,r) considerably. Therefore,
we studied the dependence of the dipolar oscillation frequency, modulation depth factor A,
and time shift of the oscillation on ayg for the four-pulse DEER experiment by numerical
density operator computations taking into account both I-AISeC and H psec and excitation of both
A and B spins by both observer and pump pulses. Details of these computations will be
published elsewhere (J. Banham et al., unpublished). We find that within the whole range of
dipolar couplings where the modulation depth factor A differs significantly from zero, the
dipolar oscillation frequency and the time shift are independent of ay. Hence, the kernel
function for ideal pulses needs to be corrected only by the dependence of 4 on any. This
dependence is plotted in Fig. 8.4. for observer pulse lengths of 32 ns and a pump pulse
length of 12 ns, as used in this work. The numerical results can be fitted quite well by a

Gaussian excitation profile of the whole pulse sequence

6()2
Mog) =4 exp[— %) ,

O-GXC

where o is the excitation bandwidth parameter, which assumes a value of 2n:17 MHz for
the given pulse lengths. In terms of a half width at half height, the excitation bandwidth of
four-pulse DEER with respect to dipolar couplings is thus 14 MHz for these pulse lengths.
This corresponds to a distance of 1.55 nm. The general shape of the excitation profile
remains the same for different pulse lengths, just oex. and the modulation depth factor in the
limit of very small dipole-dipole couplings, Ao, vary. Knowledge of 4, is not required for the

extraction of distance distributions. Rather, the constant contribution 1-A can be subtracted
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from F(t) and the remaining pure dipolar modulation Fneg(t) can be renormalized to Frnog(0) =

1. The excitation bandwidth corrected kernel function corresponding to Fmoq is given by

2
ex

K(t,r)= Iexp[— M} cos[myy (r,0)t]d cosd. (8.5

8.5. Algorithms
8.5.1. Preprocessing

As noted above, computation of the distance distribution from the form factor is an ill-
posed problem. Hence, experimental imperfections of the form factor have to be avoided as
far as possible. This requires careful correction of the signal phase and of the time shift
(Sect. 8.4.5.) of the dipolar evolution function and limitation of the form factor F(t) to a time
range t < tmax Where it can be measured free from artefacts and with sufficient signal-to-noise
ratio. In the following these three preprocessing steps are discussed in turn.

Exact adjustment of the phase of the echo signal in PELDOR experiments can be
difficult if the signal is weak. Furthermore, during the long accumulation times used for
biomacromolecules, the signal phase may drift slightly. It is therefore advisable to record
complex data by quadrature detection and perform phase correction after the measurement.
This phase correction can be based on the fact that the imaginary part of the signal is zero
after proper adjustment. Deviations may occur at times where the pump pulse is close to an
observer pulse. Automatic phase correction in DeerAnalysis2006 is thus performed in the
time range selected for background fitting. Directly after loading, this range is selected as the
last three quarters of the data set. The optimum phase is determined by minimizing the
RMSD of the imaginary part of the signal from zero. This presupposes that receiver offsets
have been eliminated by [(+X)—(-X)] phase cycling of the observer /2 pulse. Such phase
cycling is also required to ascertain that V/(t) approaches zero at infinite times, which is an
assumption implicit in separation of form factor and background factor.

Determination of the time origin of the dipolar evolution, e.qg., its zero time, can be
based on the fact that, except for noise, the time origin corresponds to a maximum of the
dipolar evolution function and that four-pulse DEER data should be symmetric about the time
origin. After loading a data set and correcting phase, DeerAnalysis2006 determines the time
to where the real part is maximum. If to> 0, the program considers a window with width t that
moves through the whole data set. The first moment of the real part of the data with respect
to the center of this window is determined for all positions of the window. For a symmetric

function the first moment is zero. Thus, the best guess for the time origin is the center of the
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window with the minimum absolute value of the first moment. This algorithm is affected by
any distortion of the data at early times that break symmetry about the time origin and by
strong noise, although it is more stable with respect to noise than just assuming that the
maximum of the real part is the time origin. It is good practice to determine zero time on a
given spectrometer with given interpulse delays and pulse lengths for a standard sample with
good signal-to-noise ratio and to use this experimental value in later measurements on
weaker samples. Zero time is not affected by the choice of the interpulse delay z.

Dipolar evolution data V(t) may be distorted at times near tmax by approach of the
pump pulse to the last observer pulse. Moreover, extraction of F(t) involves dividing V(t) by
the background factor B(t). If B(t) has decayed to a small value at tmax, this causes a poor
signal-to-noise ratio of F(t) near tna. In such situations, the reliability of the extracted
distance distribution may be better when tmax is redefined to a smaller value, i.e., if some data
points at the end of V/(t) are cut off. The cutoff should be set at a time tcwff Where the RMSD
from the theoretical form factor exceeds a certain multiple of the RMSD in the undistorted
and less noisy part of the data at early times. Determination of a suggested cutoff time is
thus not strictly preprocessing - it already requires an estimate of P(r) and of the
corresponding theoretical form factor Feor(t). After loading a data set, an initial estimate for
Fineor is provided by APT.

DeerAnalysis2006 determines the RMSDs for a moving 11-point window of data
points and estimates the noise level at early times t as the minimum RMSD of any of these
windows. The program suggests to cut off a data point at the end if the RMSD in a window
centered at this point exceeds the noise level by at least a factor of 6. Then the next data
point towards shorter times is tested in the same way until a data point is encountered for
which the RMSD in the window is less then 6 times the noise level. After performing the
suggested cutoff, P(r) and Feor(t) change. This may result in a new suggested cutoff time
teutoff that is even shorter. The cutoff correction thus needs to be performed iteratively until
the suggestion does not change anymore. In some cases the suggestion may change once
more after Fieor is improved by Tikhonov regularization or model-based fitting. It is then

advisable to correct teoff and repeat the fit.
8.5.2. Separation into form factor and background factor

The form factor F(t) is computed in the interval from t = 0 (time origin) to teuorr as

F(t) = B(O)\é—g; : (8.6.)
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where multiplication with B(0) assures that a normalized form factor, F(0) = 1, is obtained
from a normalized dipolar evolution function. Separation of V(t) into F(t) and B(t) requires an
appropriate choice of the background function (Sect. 8.4.1.) and of the range in which this
function is fitted to V(t). The upper limit for the fit range is tewof (Sect. 8.5.1.). The initial value
for the lower limit is tmax/4, which assumes that tuecay < tmax/4. If taecay Can be estimated from
the appearance of the primary data (Fig. 8.1.), and if it is smaller than tnax/2, the lower limit
should be readjusted to tgecay. If an estimate of tgecay from the appearance of V(t) is difficult or
if tgecay @approaches or exceeds tmax, an appropriate lower limit can be found by minimizing
|P(r)| at distances that are larger than the size of the nanoobjects.

This algorithm relies on the fact that for a proper separation, P(r) should be identical
zero at distances larger than the maximum extension of the nanoobject. For a P(r) computed
by APT (Jeschke et al., 2002) undercorrection of the background contribution results in
P(r) > 0 at such distances, while overcorrection results in P(r) < 0. DeerAnalysis2006 uses
the sum of the last three data points of |P(r)| as a figure of merit. The lower limit of the
background fit range is set to the time where this figure of merit is minimum. This algorithm
presupposes that the maximum distance rmax for which P(r) can be computed by APT
(Jeschke et al., 2002) is larger than the maximum extension of the nanoobject. A good

approximation is

Mo = 3104, /usnm .

For example, if data are measured to tnax = 2 WS, one cannot expect to obtain any

information on distances larger than 5.9 nm.
8.5.3. Determining and using experimental background functions

If the spin labels inside the nanoobject have a minimum distance to its surface that
exceeds 0.75 nm, the minimum label-to-label distance is larger than 1.5 nm. The background
function B(t) may then not fully conform to Eq. (8.1.). Likewise, if the nanoobjects are
confined to a domain with at least one dimension longer than 1.5 nm but shorter than 40 nm,
such a description by a homogeneous distribution with fractal dimension D is not necessarily
appropriate. Such a case may be encountered for membrane proteins. Computation of F(t)
for the doubly labelled protein by Eq. (8.6.) is then best performed with an experimental
background function Bexp(t) which can be obtained by measurements on the corresponding
two singly labelled proteins. However, direct use of the sum of the experimental dipolar
evolution functions Vi(t) and V(1) of the singly labelled proteins is not appropriate for two
reasons. First, noise from the measurements on the single mutants would be introduced into

F(t) of the double mutant. Second, any differences in protein concentration could not be
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accounted for. It is thus necessary to parametrize the experimental background functions.
For this purpose, a fit of the logarithm of V/(t) is most appropriate, as In V(t) scales linearly
with concentration. Furthermore, by taking the logarithm, Eq. (8.2.) simplifies to an addition of
the coefficients in series expansions of By(t) and By(t). As a flexible background model

function, we thus use
n
INB (1) => a,t" (8.7.)
k=1

where the a;x are real coefficients of the background polynomial and n is the order of this
polynomial. The a;x are determined by fitting the Vi(t) for the singly labelled nanoobjects in
the range from t = 0 to t = t,ax. Note that tyax should be at least as long as in the intended
measurement of the doubly or multiply labelled nanoobjects. The order n of the polynomial is

adjusted so that the residual of the fit is a flat line except for noise. Background functions of

two or more singly labelled nanoobjects are combined by adding the coefficients,

n

INB(t)=c> W > a,t" (8.8.)

i k=l
with weighting factors w; that account for any differences in concentration. The weighting
factor of the first component is set to wy = 1. In the most simple case where all singly labelled
objects are measured at the same concentration, one thus has W, = 1 for all i. The parameter

c in Eq. (8.8.) serves for fitting B(t) to V(t) of the doubly labelled or multiply labelled

nanoobjects.
8.5.4. Concentration measurements

For a homogeneous 3-D distribution of nanoobjects (D = 3), parameter K in Eq. (8.1.)
can be expressed as k = Xc, where C is the local concentration of spins within a sphere with a
radius of 20-40 nm around observer spin A. The factor X depends on the modulation depth
factor A and on the product of the g values of the observer and pumped spins. Because of
the dependence of 4 on many experimental variables (see Sect. 8.4.5.), X is best determined
by calibration. The default value of DeerAnalysis2006 corresponds to a 12 ns pump pulse
applied at the global maximum of a nitroxide spectrum. It was determined from a
measurement on a solution of TEMPOL in toluene with a concentration of 2 mmol/liter at
room temperature, corresponding to a concentration of 2.5 mmol/liter at 80 K. The calibration
data set is distributed with the program. For measurements under the same conditions, the

displayed density in the subpanel 'Background model' of the user interface of
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DeerAnalysis2006 corresponds to a concentration in units of millimoles per liter. For any new

combination of spectrometer and resonator a recalibration is strongly suggested.
8.5.5. Tikhonov regularization with L curve computation

The L curve for Tikhonov regularization can be computed very efficiently if Eq. (8.3.)
is applied without further constraints (Chiang et al., 2005; Hansen, 1992). DeerAnalysis2006
does use the constraint P(r) > 0, which strongly stabilizes the solution, hence a
computationally somewhat less efficient approach was implemented. As an advantage, this
approach provides not only the L curve, but also the distance distributions P(r) and
corresponding form factors Fieor(t) = K(t,r)P(r) for all predefined values of the regularization
parameter . By default these values are the integer powers of 10 between 10 and 10°.
This range and spacing of regularization parameters was found to be sufficient for all
applications that we encountered so far. If necessary, the set of regularization parameters
can be changed by editing the file Lcurve_abscissa.dat that is read on starting
DeerAnalysis2006.

For these values of «, Tikhonov regularization according to Eq. (8.3.) and
incorporating the constraint P(r) is performed using the external program FTIKREG
(Honerkamp and Weese, 1990; Weese, 1992) and the kernel function from Jeschke et al.
(2004b). If excitation bandwidth correction is selected, the kernel function is modified
according to Eqg. (8.5.). The L curve is displayed in the form of discrete points corresponding
to the regularization parameters « at which P(r), Fieor(t), p, and 1 were computed. The
corner is located by forward linear extrapolation of the first three points, backward linear
extrapolation of the last three points, and selection of the point that is closest to the
intersection of the two lines. It is checked whether the curve makes an angle that deviates
less from 180° than at the next point. If so, the next point is selected as the corner. For well-
behaved, i.e., nicely L-shaped, curves this simple procedure usually finds the corner. In
cases such as the one in Fig. 8.3.b, interactive correction is required. The user interface
allows for scanning through the whole set of regularization parameters and observing how
P(r), the fit of Fieor(t) to F(t) and the RMSD of this fit vary. Even if the corner is not very
pronounced, this usually allows one to make a reasonable estimate of the optimum

regularization parameter.
8.5.6. Fitting of models for the distance distribution

DeerAnalyis2006 provides an interface for user-defined models of P(r) that does not

suppose any knowledge of the inner working of the program. A user-defined model can have
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up to six parameters. Any parameter needs to be defined with a symbol, a default starting
value and upper and lower limits. These items are given in comment lines of the function
head (see Appendix). The model has to be defined as a Matlab function in the models
subdirectory of DeerAnalysis2006. The function receives a vector of distance values r0 and a
vector of parameters par. It has to compute a distance distribution distr defined at the values
of r0. The distribution must depend on all parameters provided in the vector par.

All functions defined in that way can be selected from the user interface. The program
then simultaneously displays the P(r) computed by APT and the Pmogel(r) provided by the
model function in output variable distr, first using the default values for the parameters (Fig.
8.5.). It also displays Fineor(t) computed from Progei(r). The starting parameters can then be
adjusted interactively so that Fieor(t) roughly fits F(t). During subsequent least-squares

fitting, individual parameters can be fixed if necessary.
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Figure 8.5.: Selection of starting values in model-based fitting. A single Gaussian peak with default mean distance (r) = 3.5
nm and default standard deviation s(r) = 0.5 nm is assumed (see Appendix). Experimental data are for the biradical shown in
Fig. 8.2.. a) Experimental form factor F(t) (solid line) and theoretical form factor Fueo(t) (dotted line). The faster oscillation of
Fieor(t) SUggests to increase the starting value (r), while the faster damping of the oscillation suggests to decrease s(r). b)
Distance distribution P(r) provided by APT (solid line) and distance distribution Proqi(r) provided by the model function (dotted
line). Starting parameters can be optimized by improving the superposition of the two lines. Negative contributions in the P(r)
provided by APT are due to orientation selection and noise in the input data.

8.5.7. Suppression test for artefact peaks in the distance distribution

For ill-posed problems, such as the conversion of F(t) into a distance distribution P(r),
noise and other distortions of the input data transform in a nonlinear and nonintuitive way to
features in the output data. Thus, the question arises whether minor features, such as the
small peaks between 5.4 and 6.6 nm in the distance distribution of the shape-persistent
biradical (bar in Fig. 8.2.e), correspond to spin-to-spin distances actually present in the
sample or are artefacts. This question can be answered by suppressing these peaks in P(r),
i.e., by setting P(r) = 0 in the interval from 5.4 to 6.6 nm and recomputing the theoretical form
factor with this changed distribution. DeerAnalysis2006 allows for such suppression of peaks

in a selected distance interval.
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Whether or not the peaks are artefacts can best be estimated by changes in the
RMSD of Fineor(t) from F(t) due to their suppression and by visual changes in the fit residual.
In the case at hand, the root mean square value changes only slightly from 0.000479 for the
original distribution to 0.000498 with suppression of the peaks. The reason for the
appearance of these peaks becomes apparent by considering the change in the fit residual
(arrows in Fig. 8.6.a). This change is confined to a range where the residual anyway deviates
systematically from zero. The systematic deviation, in turn, is caused by orientation selection
(Larsen and Singel, 1993; Schweiger and Jeschke, 2001) that suppresses the outer
shoulders of the Pake pattern (arrows in Fig. 8.6.b), since orientations where the spin-spin
vector is parallel to the external magnetic field are underrepresented. This example illustrates
that it may be necessary to inspect different representations of the data, for instance, the
form factor in time domain (Fig. 8.2.d), the corresponding dipolar spectrum (Fig. 8.6.b), and
the fit residual with and without peak suppression (Fig. 8.6.a) to understand the reason for

unexpected features in the distance distribution.
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Figure 8.6.: Suppression test for artefacts and model-based fitting for a shape-persistent biradical (see also Fig. 8.2.). a)
Fit residuals of the form factor from Tikhonov regularization (regularization parameter o = 1) with (grey line) and without (black
line) suppression of the small peaks marked by a bar in Fig. 8.2.e. The arrows mark significant changes in the residual. The bar
denotes an additional range where some oscillatory deviations are apparent. b) Dipolar spectra obtained by Fourier
transformation of the experimental form factor (solid line) and of the theoretical form factor without artefact suppression (dotted
line). The arrows denote attenuation of the outer shoulders of the Pake pattern by orientation selection. c) Residual for a fit by
the theoretical end-to-end distance distribution of a wormlike chain. Fit parameters are a contour length of 5.2 nm and a
persistence length of 23.8 nm. The arrows denote stronger oscillatory deviations than for Tikhonov regularization at early times,
the bar denotes weaker deviations at late times. d) Distance distributions obtained with Tikhonov regularization (= V10, solid
line) and with the worm-like chain model (dotted line).
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8.5.8. Dual display-scaling procedures for direct comparison of two data sets

In many applications it is of interest whether the distance distribution changes
significantly on changing external conditions or the composition of the investigated system.
Due to the nonintuitive influence of noise and other nonidealities in the dipolar evolution
function V(t) on the distance distribution P(r), it is not advisable to decide this by merely
comparing distance distributions. Rather, the primary data Vi(t) and V,(t) of the two samples
should be compared (Jeschke et al., 2004b). In particular for biomacromolecules, where
labelling efficiency may not be exactly reproducible, this introduces the problem that
modulation depths, A, may differ between the two experiments. Small differences in the A
may also arise from imperfections in experimental setup such as differences in the effective
flip angle of the pump pulse or in the overcoupling of the resonator, which both influence the

modulation depth factor A. As pointed out earlier (Jeschke et al., 2004b), the logarithm of V(t)

is proportional to A, so that such differences can be corrected for by a scaling factor
N

> v, (t,)F

fﬂ — k=1 ,

ZN: IV, (t,)InV, (t,)
k=1

where the summation runs over the data points. Superposition of two data sets with or

without such modulation depth scaling is implemented in the dual display feature of the
graphical user interface of DeerAnalysis2006. If modulation depth scaling is applied, both the
primary data and the form factor of the second data set are scaled to the modulation depth of
the first data set. Without modulation depth scaling, the distance distribution of the second
data set is displayed with the same maximum amplitude as the one of the first data set. This
guarantees that all features in both distributions are visible. With modulation depth scaling,
the distance distributions are normalized so that they have the same integral, which in turn is
proportional to the modulation depth of the first data set. This scaling is best suited for
detecting changes in the distance distribution. Such changes are likely to be significant, if a

difference between the modulation depth scaled primary data sets Vi and exp(f; InV,) is

apparent.
8.6. Examples
8.6.1. Asymmetric distance distribution in shape-persistent biradicals

Shape-persistent biradicals were previously used for testing the precision of distance
measurements by PELDOR (Jeschke et al., 2004c; Godt et al., 2000; Pannier et al., 2000b;

Martin et al., 1998). The most precise of these measurements on the compounds with the
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longest p-phenylenethynylene backbones (Jeschke et al.,, 2004c) revealed that molecular
force fields do not quantitatively account for the length of the backbone. This strongly
suggests that current force field parameters cannot predict the flexibility of poly(p-
phenyleneethynylene). A precise measurement of the end-to-end distance distribution of
such compounds allows for quantification of the flexibility, as this distribution exhibits a
distinct asymmetry and a shape and width that depends on the persistence length of the
polymer backbone (Wilhelm and Frey, 1996). Such an asymmetry is apparent in the model-
free analysis of the data for the biradical with a length of approximately 5 nm (Fig. 8.2.e).

An analytical expression for the end-to-end distance distribution of a semiflexible
polymer has been derived on the basis of a continuous form of the worm-like chain model
(Wilhelm and Frey, 1996). The distribution depends on only two parameters, the length L of
the fully stretched chain, which is the contour length of the polymer, and the persistence
length |, that quantifies flexibility. Here we use these expressions to illustrate the combined
use of model-free and model-based data analysis.

A fit of the form factor of the biradical by the continuous worm-like chain model
provides a distance distribution with similar asymmetry but less general broadening than
model-free data analysis by Tikhonov regularization with an optimized regularization
parameter of V10 (Fig. 8.6.d). The RMSD increases from 0.000490 for Tikhonov
regularization to 0.000515 for the worm-like chain model. Closer inspection of the fit
residuals (Fig. 8.6.a, c) reveals that at early times the model-based fit displays more
oscillatory deviations (arrows in Fig. 8.6.c), while at late times stronger deviations are found
in the model-free fit (bars in Fig. 8.6.a, c). The deviations at late times suggest that Tikhonov
regularization slightly oversmoothes the distance distribution. On the other hand, the
deviation of the model-based approach at early times suggests that the distribution does not
exactly have the shape implied by the model. This is not surprising, as we have neglected
the conformational distribution of the nitroxide endlabels, which introduces additional
broadening of the distance distribution. The significant deviations for the simple model
suggest that this conformational distribution should be taken into account in an improved

model.
8.6.2. Broad distance distribution in spin-labelled gold nanoparticles

Broad distance distributions present a more critical test for data analysis procedures
(Jeschke et al., 2004b). Surface-labelled gold nanoparticles are particularly well suited for
such a test, as a good model for the distance distribution exists (Sect. 8.4.3.). The surface
labels (Fig. 8.7.a) are supposed to be distributed randomly on the surface. Spin counting

indicates an average number of <ny = 1.4 labels per particle. Much lower degree of labelling
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leads to a low modulation depth and, hence, to a poor signal-to-noise ratio. For a much
higher degree of labelling, relaxation time is expected to decrease. The number of labels per
particle is expected to follow a Poisson distribution. Particles with no label at all do not
contribute to V(t), particles with one label contribute only to B(t). Particles with two (Fig.
8.7.b) or more labels contribute to both B(t) and F(t). As the form factor F(t) corresponds to
the pair distribution function, it is the same for two and more than two labels, except for
differences in modulation depth. The model for the distribution of label-to-label distances r
(Fig. 8.7.b) is based on the assumption of spherical particles and a Gaussian distribution of
the effective sphere diameter due to a combined distribution of particle diameters and
conformations of the label-carrying surface-attached alkyl chains. Such a model has two
parameters, the mean diameter {ds) of the sphere and the standard deviation oy of this
diameter. The distance distribution extends from r = 0 to the effective sphere diameter, so
that the data also allow for testing whether excitation bandwidth correction can recover

suppressed contributions to the distance distribution at short distances.
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Figure 8.7.: Model-free and model-based fitting of the distance distribution for surface-labelled gold nanoparticles with
and without excitation bandwidth correction. a) Structure of the surface label. b) Schematic structure of the particle,
assuming a case with two surface labels. c) Distance distribution P(r) obtained with Tikhonov regularization with o =V10-10
without (dashed line) and with (solid line) excitation bandwidth correction according to Eq. (8.5.), assuming ex:=2n-17 MHz. The
dotted line is the distance distribution obtained with excitation bandwidth correction for a model of labels homogeneously
distributed on the surface of a sphere with a normally distributed diameter d;. Parameters of the normal distribution are mean
diameter (ds) = 4.18 nm and standard deviation oy = 0.66 hm. d) Experimental dipolar spectrum (grey dots) and fit by the sphere
model (black line).

As can be seen in Fig. 8.7.c, the distance distributions obtained by Tikhonov
regularization with (solid line) and without (dashed line) excitation bandwidth correction
indeed differ for distances shorter than about 2 nm. The RMSD of the fit of the form factor is
slightly better without (0.000234) than with the correction (0.000236); however, the difference

208



CHAPTER 8

is hardly significant. The form factor can be fitted well without the correction, but this is
expected to cause a systematic distortion of the distance distribution. Comparison with the
model-based fit with excitation bandwidth correction (dotted line in Fig. 8.7.c) reveals good
agreement of all approaches at distances larger than 2 nm. The model-based fit has an
RMSD of 0.000240 from the experimental form factor. As revealed by the superposition of
the experimental and simulated dipolar spectrum (Fig. 8.7.d), this corresponds to a very good
fit quality. The fit residual is white noise without any oscillatory deviations (data not shown).
The model-based fit can thus be used to discuss the performance of excitation bandwidth
correction.

As expected, neglect of the excitation bandwidth correction in Tikhonov regularization
(dashed line in Fig. 8.7.c) leads to an underestimate of the contribution of short distances
with respect to the model-based fit (dotted line). Somewhat unexpectedly, use of the kernel
function given in Eq. (8.5.) with the numerically determined excitation bandwidth cex. = 2n-17
MHz (solid line) appears to overcompensate this suppression. We checked that the exact
shape of the distance distribution cannot be recovered by adjusting ce... We tentatively
assign this overcompensation to contributions from distances below 1.3 nm, where the
assumptions of a constant oscillation frequency and a constant time shift fail. A more detailed
account will be given elsewhere (J. Banham et al., unpublished). Despite this shortcoming,
excitation bandwidth correction does improve agreement with the model-based distribution.
In any case, a significant difference between results with and without correction points to a
distortion of the uncorrected result.

Not unexpectedly, model-based fitting is much more robust with respect to limited
excitation bandwidth than Tikhonov regularization. In the case at hand, F(t) is dominated by
contributions from distances larger than 2 nm, so that a two-parameter-fit is hardly affected
by these effects. With excitation bandwidth correction, we find {(ds) = 4.18 nm and oy = 0.66
nm, without such correction (dsy = 4.20 nm and oy = 0.63 nm. The RMSD of the fit of F(t)
does not change. The values for the sphere diameter and its standard deviation can be
compared with previous work by transmission electron microscopy (TEM) and continuous-
wave (CW) EPR (lonita et al., 2005). For the diameter of the gold core, analysis of TEM
pictures gives an estimate of 1.99 + 0.42 nm, while the average distance between the label
and its point of attachment to the surface is at least 0.8 nm according to CW EPR. For a fully
stretched label, this length would be 1.2 nm. From these values, a mean sphere diameter (ds)
between 3.6 and at most 4.4 nm and a standard deviation between 0.5 and 0.7 nm would be
expected. The values from DEER fall within this range. In fact, the TEM estimate of the gold

core diameter is probably the most significant error source in this comparison.
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8.6.3. Derivation and test of an experimental background function for a membrane

protein

As explained in Sect. 8.5.3., for a spin label inside a membrane protein, the
intermolecular background function may not conform to Eq. (8.1.). In Fig. 8.8. this is
illustrated for a methane thiosulfonate (MTSSL) spin label attached to residue 41 in PutP
after mutation of this residue from serine to cysteine. For this singly labelled membrane
protein, a fit by a spatially unconstrained homogeneous distribution (D = 3) is particularly
poor (Fig. 8.8.a), corresponding to an RMSD ||V(t) — B(t)|| = 0.001880. Considering that the
protein is reconstitued into proteoliposomes with a radius much larger than the length scale
of pulsed ELDOR distance measurements, confinement to two dimensions (D = 2) appears
likely. Indeed, this does improve the fit so that the RMSD decreases to 0.000823, but
significant deviations are still apparent (Fig. 8.8.b). Relaxing the strictness of the 2-D
confinement by fitting both k and D in Eq. (8.1.) improves the RMSD to 0.000743 at the best-
fit fractional dimension of 2.17, but the deviations do not vanish completely (data not shown).
This becomes apparent when In V(t) is fitted by a fifth-order polynomial according to Eq.
(8.7.). The RMSD again decreases drastically to 0.000480 and the fit is now almost perfect
(Fig. 8.8.c). In fact, even a fit by a second-order polynomial with only one more parameter
than the fit for a fractal dimension improves the root mean square value already to 0.000490
(data not shown).

Similar observations are made for a label attached to residue 423 in PutP. Here the
RMSD decreases from 0.001715 for D = 3 via 0.000664 for D = 2 and 0.000648 for the best-

fit fractal dimension D = 2.08 to 0.000565 for the fifth-order polynomial. The improvement by
the polynomial compared to D = 2 is not drastic in this case, which probably means that this

site is closer to the surface of the protein.

1 a 1 b 1 C
0.8 0.8 0.8
> > >
> > >
0.6 0.6 0.6
0.4 0.4 0.4
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2

t (Hs) t (Ks) t (Ks)

Figure 8.8.: Different background fits for the singly labelled mutant S41R1 of PutP. a) Experimental four-pulse DEER data
(grey line) and fit by a background function (black line) assuming a homogeneous distribution of spin labels in three dimensions.
b) Experimental data (grey line) and fit (black line) assuming a homogeneous distribution confined to two dimensions. c)
Experimental data (grey line) and polynomial background fit (black line) based on Eg. (8.7.) with polynomial order n = 5.

The quality of the experimentally derived background model can be tested on a
mixture of both singly labelled proteins. In this case, the RMSDs with analytical background

models are 0.000645 for D = 2 and 0.000579 for the best-fit fractal dimension D = 2.15.
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Using the background polynomial obtained with the spin label at residue 41 improves the root
mean square value to 0.000409, while using the polynomial obtained with the spin label at
residue 423 improves the root mean square value to 0.000430. Note that these fits with the
experimental background parameter have only a single free fit parameter, namely parameter
c in Eq. (8.8.), as the ajx were determined before on the single mutants. Using the sum of
both experimental background polynomials with w; = w, = 1, the fit again improves slightly to
an RMSD of 0.000403. Again, only c is a fit parameter. As B(t) is well reproduced for the
mixture of the single mutants, one can expect that the approach is well suited for the
corresponding double mutant. Indeed, we find that fit parameter ¢ depends only slightly on
the selected range for the background fit, i.e., the procedure of fitting B(t) at later times and
extrapolating it back to early times works well for the mixture of single mutants. The same
procedure can be applied for nanoobjects that can be prepared both with a single label and
with multiple labels. It is not applicable to samples with statistical labelling, as for instance the

surface-labelled gold nanoparticles in Sect. 8.6.2..
8.7. Appendix

Example for a user-defined model function for the distance distribution
function distr=Gaussian(r0,par),

%

% Model library of DeerAnalysis2006: Gaussian

%

% single Gaussian peak with mean distance <r> and width
% (standard deviation) s(r)

% (c) G. Jeschke, 2006

%

% PARAMETERS

% name symbol default lower bound upper bound

% par(l) <r> 35 1.5 10

% par(2) s(ry 0.5 0.05 5
gauss0=(r0-par(1)*ones(size(r0)))/par(2);
distr=exp(-gauss0."2);
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CHAPTER 9
Discussion

Secondary transporters are found in all species throughout the kingdoms of life (Ren
and Paulsen, 2005). They catalyze the translocation of a variety of compounds and play vital
roles in cellular physiology. Their dysfunction is implicated in several human diseases and
many secondary transporters are important pharmaceutical targets (Dahl et al., 2002). In the
present study, the Na*/proline symporter PutP and the Na*/H" antiporter NhaA were used as
model systems to gain insights into the structure, function, and dynamics of ion-coupled
secondary transporters. For structural characterization of these proteins, new approaches
were developed based on DEER distance measurements. These allow for the determination
of secondary, tertiary, and quaternary structures of membrane proteins in the native
environment of a lipid bilayer. Furthermore, a new software package is presented that

provides access to a comprehensive set of tools for pulsed ELDOR data analysis.
9.1. Functional role and structural dynamics of transmembrane domain IX of PutP

The Na'/proline transporter PutP of E. coli is composed of 13 putative
transmembrane domains of which TMs Il and IX harbor the highest density of conserved
residues (suppl. Fig. 5.1.). Previous analyses of structure-function relationships of TM I
suggest that this region of PutP is particularly important for Na* and proline binding (Quick et
al., 1996; Quick and Jung, 1997; Pirch et al., 2002; Pirch et al., 2003). Furthermore, this
domain appears to line a hydrophilic cytoplasmic cavity and is supposed to be involved in
Na’- and proline-induced conformational alterations (Pirch et al., 2003). In this study, the
functional role and structural dynamics of TM IX of PutP were investigated using genetic and
biochemical approaches. Individual site-directed replacement of all residues in TM IX and
analysis of transport function of the respective PutP derivatives revealed that this
transmembrane segment is of particular functional importance. Six residues of TM IX
(Gly328, Ser332, Ser340, Thr341, GIn345, and Leu346) were identified as being relevant for
Na’-coupled proline uptake. Thus, individual substitution of these amino acids results in
significant alterations of the kinetic parameters of transport (Tables 2.1. and 3.1.). Most
severe defects were observed upon replacement of the conserved residues Ser340 and
Thr341. Removal of the polar hydroxyl group at position 340 or 341 drastically reduces the
apparent affinity of PutP for Na* and Li* (Fig. 2.3. and Table 2.1.). However, the size of the
side chain at position 340 has a stronger impact on transport kinetics than the presence of
the hydroxyl group, whereas the hydroxyl oxygen at position 341 is found to be essential for

high affinity ion binding (Fig. 2.3. and Table 2.1.). These findings suggest that Ser340 is
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located in the immediate vicinity of the Na*-binding site or may participate in Na* binding via
its main-chain carbonyl! group. In contrast, Thr341 is probably directly involved in Na* binding
via its polar side chain. Besides their putative primary role in coordination of the coupling ion,
both residues were also shown to be important for substrate binding. This is documented by
the fact that substitutions at position 340 or 341 affect the apparent proline affinity, albeit to a
lesser extent than the Na' affinity (Fig. 2.3. and Table 2.1.). Similar observations have
already been made upon substitution of Asp55, Ser57, or Gly58 of TM I, residues supposed
to be involved in ligand binding (Quick et al., 1996; Quick and Jung, 1997; Pirch et al., 2002).
Obviously, the binding of the coupling ion and the substrate occurs in close proximity. This
idea is further supported by the kinetic properties of PutP-Q345C (decreased apparent
affinities for Na* and proline, comparatively small changes of V) that are, to some extent,
reminiscent of those found for replacements of Ser340 or Thr341 (Tables 2.1. and 3.1.).
Furthermore, individual Cys substitution of Gly328, Ser332, and Leu346 leads to reduced
Vmax values that can be explained by defects in the transport cycle subsequent to ligand
binding. The defects are probably caused by inhibition of conformational alterations or a
hampered release of the ligands. The latter explanation agrees, in principle, with the
increased apparent ligand affinities observed for PutP-S332C and -L346C (Table 3.1.).

To obtain further information on the role of TM IX in ligand binding and ligand-induced
conformational alterations, the accessibility of Cys residues placed throughout TM IX to
sulfhydryl reagents of various sizes and polarities was determined. Labeling of Cys side
chains at distinct positions in the periplasmic half (L331C and A337C) and the middle of TM
IX (T341C) by the membrane-impermeable MTSET efficiently inhibits Na*-coupled proline
uptake into intact cells (Fig. 3.4.b). Furthermore, Cys placed at positions 340 and 341 reacts
with MTS compounds of different polarities as shown in right-side-out membrane vesicles
(Fig. 2.4.b). These results indicate an accessibility of the four positions from the water phase
and thus provide first evidence for the existence of an outwardly oriented hydrophilic funnel
in PutP. This water-filled crevice may connect the proposed ion-binding residue Thr341 in the
middle of the lipid bilayer with the periplasmic surface of PutP (Fig. 3.9.). Differing from the
MTSET inhibition pattern, labeling with the membrane-permeable NEM inhibits the Na'-
coupled proline uptake of five individual Cys replacements at positions in the cytoplasmic half
(C344, L347C, V348C, and S351C) and in the middle (T341C) of TM IX (Fig. 3.4.a). The
same residues were also found to be accessible to the sulfhydryl reagent FM, suggesting
that the corresponding amino acid positions are exposed to an inwardly oriented hydrophilic
cavity (Figs. 3.6. and 3.9.). The fact that the residues in the periplasmic half of TM IX are not
accessible to the bulky FM (molecular volume of ~352 A®) but to the relatively small MTSET
(~167 A% implicates that the cytoplasmic cavity is significant larger than the periplasmic one.

The only position in the periplasmic half of the domain where the introduced Cys side chain
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reacts with FM is P324C (Fig. 3.6.). This is probably due to the presumed location of P324C
at the periplasmic boarder of TM IX, which may protrude into the periplasm and is therefore
highly accessible even for relatively large sulfhydryl reagents. Remarkably, PutP(ACys)-
T341C is the only derivate whose Cys residue is highly reactive to all three sulfhydryl
reagents (MTSET, NEM, and FM) (Figs. 3.4. and 3.6.). This observation underlines the
particular functional importance of this residue in ligand binding and is consistent with the
idea of Thr341 being located at the interface between the periplasmic and cytoplasmic
cavities. Such a position is in agreement with the alternating access mode of solute transport
in which the ligand-binding site in the middle of the membrane is alternately exposed to both
faces of the lipid bilayer (Jardetzky, 1966). In comparison to T341C, the Cys replacement of
Ser340 only shows reactivity with NEM and MTS compounds in right-side-out membrane
vesicles (Fig. 2.4.b), but it is neither inhibited by MTSET or NEM in intact cells nor reacts with
FM in randomly oriented membrane vesicles (Figs. 3.4. and 3.6.). These results are
consistent with a buried position of the side chain of S340C in the protein interior in the
presence of a membrane potential (A¥), whereas in the absence of AY, it is somewhat
exposed to the periplasmic hydrophilic crevice. Similar observations have been made, in
principle, for the H*/lactose transporter LacY of E. coli (Nie et al., 2007). Here, the generation
of an H* electrochemical gradient (Aﬁw) increases the reactivity of Cys residues on the
periplasmic side of the sugar-binding site and in the putative hydrophilic pathway of LacY.
The effect of Na* and/or proline on the accessibility of a given Cys side chain in TM IX
was shown to be dependent on the location of the residue in either the periplasmic or
cytoplasmic half of this segment. Na* but not proline inhibits labeling of positions in the
periplasmic half (L331C and A337C) and middle (T341C) of TM IX, although it cannot
completely protect the respective Cys residue from modification possibly due to the dynamics
of the system (Fig. 3.8.). The reduced accessibility of these positions may be attributed to
Na‘-induced conformational alterations of the local environment around the Cys residue or of
the pathway from the bulk solution to the position. This idea correlates well with the proposed
ordered binding model of Na*-coupled proline symport of PutP (Yamato and Anraku, 1993;
Zhou et al., 2004). In this scheme, Na" binds to the empty transporter first, thereby inducing a
conformational alteration, which increases the affinity of the transporter for the substrate.
Another possible explanation is that the Na*-dependent Cys protection is due to direct steric
hindrance by the coupling ion. However, while the side chain of Thr341 is supposed to be
directly involved in ion binding, the side chains of Leu331 and Ala337 are nonpolar and
cannot interact with monovalent cations, e.g. via electrostatic interactions or hydrogen bond
formation. Hence, it is highly unlikely that protection of the latter positions is achieved by
direct steric hindrance by Na'. Differing from the periplasmic half of TM IX, Cys placed at
individual positions in the cytoplasmic half (C344, L347C, V348C, and S351C) of the
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segment is effectively blocked against modification by proline but not by Na* (Fig. 3.7.). Since
replacement of Cys344 by Ser (Yamato and Anraku, 1988) and Leu347, Val348, and Ser351
by Cys (Fig. 3.3.) does not significantly impair transport activity of PutP, the proline protective
effect is probably not attributed to direct steric hindering by the substrate. Rather, the findings
may be explained by proline-induced conformational alterations of TM IX or other helices that
bury the residues within the protein. Interestingly, no significant influence of proline was
observed on Cys accessibility to FM at position 341 (Fig. 3.7.). This result can be interpreted
in two different ways: proline binding takes place at a site different from this part of TM IX or
binding is prevented by the alteration of the substrate-binding site caused by the Cys
substitution itself. The kinetic data of the replacement of Thr341 strongly support the latter
idea (Table 2.1. and Fig. 2.3.).

Previously, a similar Cys accessibility pattern to the cytoplasmic half of TM IX was
found for the functionally important TM Il of PutP (Pirch et al., 2003). Proline blocked
modification of Cys at respective positions in TM Il as detected here for TM IX. Therefore,
intramolecular cross-linking between Cys introduced in TMs Il and IX was performed in this
study with cross-linkers of different lengths to test for a possible proximity between residues
of these segments. Cys pairs positioned at the cytoplasmic and periplasmic end or middle of
TM Il and TM IX are efficiently cross-linked, even with the zero-length cross-linker CuPh (Fig.
2.5.b). Although the capacity of cross-linking varied with the position analyzed, the data
indicate an at least temporal proximity of TMs Il and IX. Furthermore, the observations that
cross-linkers of varying lengths cross-link positions in both TMs and ligands do not influence
the cross-linking efficiency suggest a high conformational flexibility of these parts of the
transporter (Fig. 2.5.b and suppl. Fig. 2.4.). The strongest intermolecular cross-linking
(>90%) with each of the cross-linking reagents was observed between Cys replacements of
the proposed ligand-binding residues Ser57 (TM II) and Thr341 (TM IX). Together with the
kinetic data and accessibility analyses of these and other residues in both domains, this
supports the idea of a ligand-binding site located at the intersection of TMs Il and IX (Fig.
2.6.). An equivalent site was observed and assigned as a Na'-binding site in the recently
obtained X-ray structure of the Na'/galactose symporter vSGLT of the same transporter
(SSS) family, as well as in the structure of the Na'/leucine symporter LeuTa, of the NSS
family, the Na'/benzyl-hydantoin symporter Mhpl of the nucleobase:cation symporter-1
(NCS1) family (TC 2.A.39), and the Na'/glycine betaine symporter BetP of the
betaine/carnitine/choline transporter (BCCT) family (TC 2.A.15) (Faham et al.,, 2008;
Yamashita et al., 2005; Weyand et al.,, 2008; Ressl et al.,, 2009). Surprisingly, these
transporters share a common ten-helix core structure even though they do not have
significant similarity at the sequence level. In all of these structures TM | and TM VIII of the

core domain are tilted against each other forming close contacts in the middle of the
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membrane. At the intersection of both domains, two hydroxyl groups from adjacent Ser
and/or Thr residues of TM VIII are located, of which one (VSGLT) or two (LeuTas, Mhpl,
BetP) are involved in Na* binding. Although this arrangement is resembled by Ser340 and
Thr341 in TM IX of PutP (corresponds to TM VIl of the core domain), the kinetic data
suggest a direct participation in Na* binding only for the hydroxyl group of Thr341, while
Ser340 may only interacts via its main-chain carbonyl group (Table 2.1.). In LeuTas, the Na'-
binding residue Ser355 is also crucial for binding of the substrate, which is consistent with
the results obtained for the corresponding residue Thr341 in TM IX of PutP (Table 2.1.).

In summary, the results indicate that TM IX of PutP is of particular functional
importance. Six residues (Gly328, Ser332, Ser340, Thr341, GIn345, and Leu346) were found
to be relevant for ligand binding and/or translocation. The periplasmic half of TM IX is
proposed to line a periplasmic funnel that may be used by Na* as an entrance to the ion-
binding site in about the middle of the membrane. In this region, Ser340 and Thr341 are
located of which the side chain of Thr341 is presumably directly involved in Na* binding. As
shown by cross-linking experiments, these residues are at least temporally in close proximity
to putative ligand-binding residues in TM Il of PutP. This suggests that TMs Il and IX may
participate in the formation of a ligand-binding site located at the intersection of both
domains. Furthermore, TM Il and TM IX are found to line a large cytoplasmic cavity that
allows the release of the ligands from the binding site into the intracellular bulk. Finally,
ligand-induced conformational changes of TM IX and/or other helices lead to structural
alteration of the periplasmic and cytoplasmic cavities presumably associated with an

alternating access mode of ligand transport.
9.2. Backbone structure of transmembrane domain IX of PutP

To learn more about the structure and function of TM IX of PutP, an approach was
developed for ab initio determination of backbone folds of TMs based on SDSL and DEER
distance distribution measurements. Since many TMs of transport proteins are not ideal
straight helices but often bent or kinked (Screpanti and Hunte, 2007), the backbone structure
of TM IX was described in terms of a helix-loop-helix model. Starting from an ideal helix
backbone, the dihedral angles ¢ and i in the loop region were fitted to the raw experimental
DEER time traces for various loop lengths and positions, thereby also taking into account
spin label rotamer distributions. For validation of this approach, the shape of TM VIl in the
structure of LeuTa, was reproduced from synthetic DEER data. By using 20 synthetic DEER
time traces, an ensemble of 11 structure models was obtained with a backbone RMSD of
0.68 A, whereas the backbone RMSD with respect to the experimental structure was
determined with approximately 2 A (Fig. 4.3.). The larger RMSD with regard to the

experimental structure indicates a systematic deviation of the structural model. This
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systematic deviation could be traced back mainly to imperfections in SCWRL3 side group
packing and corresponding deviations in the spin label rotamer distribution. Nevertheless, the
results demonstrate that the established approach is suitable for the determination of
backbone structures of TMs with a resolution that allows discussion of structure-function
relations.

For transmembrane helix IX of PutP the use of 16 experimental DEER data sets
results in an ensemble of 26 structures with a backbone RMSD of 1.6 A (Fig. 4.6.c). The
representative structure from this ensemble exhibits a pronounced kink near the functional
important residue Thr341 (Figs. 4.6.d and 9.1.a). In this region the o-helical structure is
interrupted by a loop segment with residues Val338 to Ser340 adopting extended, non-
helical conformations. Similar interruptions in transmembrane helices have been
encountered in the X-ray structures of other secondary transporters, like LeuTa,, VSGLT,
Mhpl, BetP, NhaA, and CIC, where they are thought to be involved in ligand binding
(Yamashita et al., 2005; Faham et al., 2008; Weyand et al., 2008; Ressl et al., 2009; Hunte
et al., 2005; Dutzler et al.,, 2002). The fact that in most of the 26 structural models both
putative ligand-binding residues Ser340 and Thr341 are found in the loop segment supports
the idea that this also applies to the interruption in TM IX of PutP. Possibly, this structural
feature is favorable for the coordination of ligands, because it exposes main-chain hydrogen-
bonding partners and partially charged helix dipoles that are well suited for ligand attraction
and/or ligand binding within the lipid bilayer (Screpanti and Hunte, 2007). Together with polar
side chains in close vicinity, these electrostatic elements may confer selectivity for the ligand
based on its size, polarity, and charge. In this context it is of interest that Cys substitution of
Ala337 in TM IX slightly decreases the apparent Na* affinity of PutP (threefold) (Table 3.1.).
Since Ala337 is located at the C-terminal end of the first helical segment of TM IX, the
partially negatively charged helix dipole at this position and/or the main-chain carbonyl
oxygen of this residue may participate in Na* binding. This conclusion is strongly supported
by the X-ray structures of LeuTa,, Mhpl, and vSGLT in which the corresponding residues in
the putatively homologous TMs are proposed to fulfill similar functions (Yamashita et al.,
2005; Weyand et al., 2008; Faham et al., 2008). However, it must be stated that the
observed binding defect of PutP-A337C can also be explained by indirect effects, e.g.
distortion of the loop structure followed by changes in the structural arrangement of the Na'-
binding residues Ser340 and Thr341. The four remaining functional important residues
identified in TM IX (Gly328, Ser332, GIn345, and Leu346) are found in the helical sections of
the representative structure of this domain (Table 3.1; Fig. 9.1.a). Interestingly, these
positions cluster on the phase of TM IX that is located opposite to Ala337, Ser340, and
Thr341. Considering that none of the residues on this side of the helical segment is

accessible from the aqueous bulk (Fig. 9.1.b), it is tempting to speculate that they may
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interact with other helices in the protein and do not line the ligand-translocation pathway.
Supported by the kinetic parameters ascertained for individual replacements at positions
328, 332, 345, and 346, these interactions might be of functional importance. Probably, they
stabilize the structure of TM IX or convey conformational changes induced by ligand binding
at the unwound region to other parts of the protein. The latter idea correlates well with the
observed ligand-dependent changes in the accessibility pattern of TM IX, discussed below.
Due to the kinetic analysis, it is also possible that residue GIn345 is directly involved in
substrate binding (Table 3.1.). However, because of its inaccessibility from the aqueous bulk,
it might be only important for transient binding of proline in the occluded state of the

transporter.

B

Fig. 9.1.: Localization of functionally and structurally important residues in the representative structure of TM IX of
PutP. The TM is represented as a ribbon model and selected amino acids are shown as stick models. The single-letter amino
acid code is used and the location of the residues in the amino acid sequence of the whole protein is indicated by a number. (A)
Functional important amino acids are highlighted in red. The side chains are colored by atom type (grey: carbon, blue: nitrogen,
red: oxygen). The labels & and & indicate the partial charge at the helix ends. (B) Amino acid residues of which Cys
replacements were found to be accessible to membrane-impermeable MTS-compounds are shown in green. Amino acid
residues of which Cys replacements were found to be accessible to MTSET, NEM, and FM are colored in red. Amino acid
residues of which Cys replacements were found to be accessible to NEM and FM are highlighted in blue. Amino acid residues of
which Cys replacements were found to be accessible to FM are shown in yellow. Putative cytoplasmic and periplasmic aqueous
cavities are marked by broken lines. (C) Amino acid residues of which Cys replacements are partially protected by Na* are
colored in red. Amino acid residues of which Cys replacements are protected by proline are shown in green. Amino acid
residues of which Cys replacements are not protected by Na* or proline are highlighted in blue. The figure was prepared with
the program UCSF chimera (Pettersen et al., 2004).

In contrast to the inaccessible residues, the accessible positions cluster on the phase
of TM IX where the ligand-binding site appears to be located, suggesting that this side of the
domain lines the translocation pathway (Fig. 9.1.b). Remarkably, the accessibility pattern of
the different Cys-specific labels correlates well with the kinked structure of TM IX. Positions
that are labeled by membrane-impermeable MTS-compounds from the outside of the lipid
bilayer (Leu331, Ala337, and Ser340) are located above the kink, whereas positions that are

accessible to the membrane-permeable NEM and FM from the inside of the membrane
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(Cys344, Leu347, Val348, and Ser351) are found below the kink (Fig. 9.1.b). Furthermore,
Thr341 of which the Cys replacement is the only one modified by all thiol-specific label
reagents is situated in the immediate vicinity of the kink. Based on these observations it is
likely that the periplasmic funnel and the cytoplasmic cavity may be due to the bend in TM IX
(Fig. 9.1.b). Moreover, its central position at the interface between the crevices near the
presumed ligand-binding site indicates that the kink might be associated with a hinge that
facilitates movements required for ligand transport. This idea is supported by the observed
ligand-dependent changes in the accessibility pattern of TM IX (Fig. 3.7. and Fig. 3.8.). As
shown by the structure of TM IX, the sensitivity of the accessibility for either Na* or proline
depends on the position of the residue with respect to the kink (Fig. 9.1.c). Residues that are
partially protected from labeling by Na* binding to the transporter are located above (Leu331
and Ala337) or at the kink (Thr341). On the contrary, residues that show a proline-dependent
protection of accessibility are positioned below the kink (Cys344, Leu347, Val348, and
Ser351). Thus, it can be envisaged that the Na'-induced accessibility changes may reflect
conformational alterations in the kink region of TM IX that lead to changes in the shape of the
periplasmic funnel. According to the ordered binding mechanism proposed for PutP (Yamato
and Anraku, 1993; Zhou et al., 2004), these structural changes at the ligand-binding site
might increase the affinity of the transporter to proline. In the case of the proline-protective
effect, substrate binding probably induces hinge motions in TM IX followed by a closure of
the cytoplasmic cavity that buries the residues inside the protein. Since no stimulatory proline
effect is found for residues on the periplasmic side of the protein, this conformation may
represent an occluded state of the transporter.

The X-ray structures of the structural related LeuTa,, VSGLT, and BetP provide
evidence for different conformational states as they might proceed through the alternating
access mechanism of Na*-coupled substrate transport (Yamashita et al., 2005; Singh et al.,
2007; Zhou et al., 2007; Faham et al., 2008; Ressl et al., 2009). Comparison of the structure
of TM IX of PutP with the corresponding TMs in the crystal structures can thus provide new
insights into conformational alterations of this domain. Interestingly, the structural model of
TM IX of PutP and the putatively equivalent TM VIl in LeuTa, show similar kinked backbone
structures, although the X-ray structure corresponds to a substrate-bound state (Singh et al.,
2007) (Fig. 4.6.e). If the two domains are aligned at Thr354/Ser355 of LeuT,, and
Ser340/Thr341 of PutP, and are restricted to the same length, the model of TM IX
superimposes on the structure of TM VIII with a backbone RMSD of 1.98 A. On changing
from the outward-facing conformation (LeuTa,) over the occluded state (BetP) to the inward-
facing conformation of vSGLT, the transmembrane helix straightens and can be well
described by a model of an ideal o-helix. Assuming that TM IX of PutP changes its

conformation by a hinge motion that closes the cytoplasmic cavity and changes the shape of
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the periplasmic funnel, it would also be expected to be approximately straight in the
substrate-bound state. However, this notion needs to be proven by modeling the backbone
structure of TM IX using DEER distance distribution measurements obtained in the presence
of ligands.

Taken together, the newly developed approach based on DEER distance distribution
measurements on doubly spin-labeled protein derivatives and modeling of backbone folds in
terms of helix-loop-helix models is shown to provide an efficient mean for ab initio structure
determination of transmembrane helices with a resolution that allows discussion of structure-
function relations. For TM IX of PutP, a structural ensemble is obtained with an internal
RMSD of less than 2 A. The structures show a pronounced kink near the presumed ligand-
binding site. This kink appears to be a hinge that closes the cytoplasmic hydrophilic cavity

and changes the shape of the periplasmic funnel upon ligand binding.
9.3. Helix packing of PutP

In addition to information about the structure and function of single transmembrane
helices, the architecture of the whole helix bundle of a polytopic membrane protein is of great
interest for understanding its mechanism of function. However, although the X-ray structures
of the presumably structurally related Na*-coupled solute transporters LeuTas, Mhpl, BetP,
and vSGLT could be solved during the past few years, attempts to crystallize PutP have
failed so far (Yamashita et al., 2005; Weyand et al., 2008; Ressl et al., 2009; Faham et al.,
2008). In this study, DEER distance measurements between spin labels attached near the
helix ends were used to model the helix bundle of PutP. For this purpose, the TMs of the
helix bundle were considered as cylinders whose orientation in space is defined by the
Cartesian coordinates of their end points. The uncertainty associated with the size and the
conformational distribution of the spin label was accounted for by describing each helix by a
four-point model including the midpoints of the N-O bonds of the spin labels and the helix
ends (Fig. 5.1.). For PutP that comprises 13 TMs a complete determination of such a model
would require a minimum of 325 interspin distances. To reduce this considerable effort,
internal restraints of the coarse-grained helix bundle and template restraints derived from the
putative structurally homologous ten-helix core of vSGLT were utilized. Finally, the distance
matrix geometry approach of Crippen and Havel (1988) was used for generation of helix
bundle models that conform to all internal, experimental, and template restraints. The
performance of this newly developed procedure was tested by modeling the LeuTa, helix
bundle based on 46 synthetical EPR distance restraints and a template derived from the
VvSGLT core structure. The central structures of the two resulting ensembles of 200 structural

models have RMSD Qcvalues of 7.17 A and 8.65 A with respect to the X-ray structure, while

the original template derived from the VSGLT structure has a Q, of 11.65 A. This
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demonstrates that the use of EPR distance restraints significantly improves the model. In
particular, the approach correctly establishes the relative arrangement of the two none-core
TMs Xl and XII of LeuTaa, Which is poorly predicted by the vSGLT-based template (Fig. 5.2.).
The refinement of the ten-helix core, however, is only marginal as shown by the RMSDs of
6.08 A and 6.38 A obtained for only the core helices of the two central structures in
comparison to 6.49 A of the original vSGLT template (Fig. 5.3.). Clearly, the number of the
utilized synthetical EPR distance restraints is not high enough to achieve a resolution that
allows the discussion of differences in the core between vSGLT and LeuTa,. Nevertheless,
testing of the approach with core decoys generated by random permutations of the helix
assignment of the vSGLT-derived template demonstrates that the approach can distinguish
with high certainty between structurally homologous and structurally unrelated core
templates. Hence, the fold of the core can be reliably recognized.

For PutP, 45 DEER distance restraints were used to generate two ensembles of 300
structures. The standard deviation of the 20% of structures closest to the central structures,
which is shown by LeuTa, to be a good approximation of the RMSD with respect to the X-ray
structure, is determined with 11.52 A and 11.69 A for the two PutP ensembles. Similar to the
LeuT,, models, the RMSD of the ten-helix core of the central structures of PutP from the
VSGLT core template is about 6.5 A. This suggests that the arrangement of the core helices
in PutP does not deviate more strongly from vSGLT than LeuTa,. Furthermore, as tested by
decoys, it is very unlikely that the set of restraints is consistent with a core architecture that is
significantly different from vSGLT. Together, these findings provide evidence that the core
structure of PutP is structurally homologous to vSGLT. Like in vSGLT, the core of the PutP
helix bundles contains two inverted repeat domains (TMs II-VI and TMs VII-XI), not
detectable in the amino acid sequence, that are related by a pseudo-two-fold axis in the
plane of the membrane (Faham et al.,, 2008) (Fig. 5.6.). These structural repeats are
intertwined, giving a central four-helix bundle consisting of TMs I, Ill, VII, and VIII that is
surrounded by a scaffold defined by TMs IV, V, VI, IX, X, and XI. The most relevant
differences with respect to the template based on the vSGLT structure concern the three
non-core helices, whose positions are determined exclusively by internal and experimental
restraints (Fig. 5.5.). TM [, which is situated in the back of the bundle of vSGLT, is localized
in the front in both experimental PutP structures. For TM XIlll the position of the periplasmic
end is found to be similar in both proteins. However, the tilt direction of this domain differs
and thus the cytoplasmic end near the C terminus of PutP is localized elsewhere. TM Xll is
similarly situated relative to the core, but it is more separated from the bundle in the PutP
structures than in the vSGLT template. As the PutP models and the X-ray structure of vSGLT
have the same common fold of the ten-helix core but show different orientations of the

auxiliary transmembrane helices, the core domain may define the fundamental machinery of
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these transporters. Furthermore, the homologous architecture of the core domains implies
commonalities in mechanism, including principles in ligand binding. Indeed, the ligand-
binding sites in the X-ray structures of the structural homologous vSGLT, LeuTa,, Mhpl, and
BetP are similarly located at the center of the proteins, even though they belong to different
transporter gene families and transport different substrates (Faham et al., 2008; Yamashita
et al., 2005; Weyand et al., 2008; Ressl et al., 2009). Considering that the complete set of
helices that participate in the formation of the ion- and/or substrate-binding site in PutP is not
known, comparison of the helix arrangement in the PutP models with the X-ray structures of
VSGLT, LeuTas, Mhpl, and BetP can thus draw conclusion about the TMs that are involved
in ligand binding.

In the two helix bundle models of PutP, the functional important TMs Il and IX, which
are proposed to participate in the formation of the ligand-binding site, are located in the core
domain (Fig. 5.6.e, f). TM |l forms part of the central four-helix bundle, whereas TM IX is
situated in the surrounding scaffold. The position of both segments relative to each other is
found to be somewhat different in the two models. In the first one TM Il faces TM IX (Fig.
5.6.e) while in the second structure the two TMs are separated by TM VI (Fig. 5.6.f).
Although both structures are consistent with the available restraints, effective cross-linking
between residues in TM Il and TM IX, even by the zero length cross-linker CuPh, favors an
arrangement similar to that observed in the first model (Figs. 2.5.b and 5.6.e). As mentioned
above, such an arrangement is also found in the X-ray structures of vVSGLT, LeuTa,, Mhpl,
and BetP (Faham et al., 2008; Yamashita et al., 2005; Weyand et al., 2008; Ressl et al.,
2009). In the latter structures the corresponding TM | and TM VIII of the ten-helix core are in
close vicinity to each other, forming a Na*-binding site at the intersection of these domains in
approximately the middle of the membrane. There appears to be a conserved Na'-binding
pattern made by main-chain carbonyl oxygens of residues in TM | (VSGLT: Ala62, lle65;
LeuTaa: Gly20, Val23; Mhpl: Ala38, lle4l; BetP: Alal47) and by hydroxyl groups from Ser
and/or Thr residues in TM VIII of the core (VSGLT: Ser365; LeuTa,: Thr354, Ser355; Mhp1l:
Ser312, Thr313; BetP: Thr467, Ser468). In case of VSGLT, LeuTa,, and Mhpl, also the
main-chain carbonyl oxygen of an Ala residue in TM VIl is proposed to be involved in Na*
binding (vSGLT: Ala361; LeuTa,: Ala351; Mhpl: Ala309). This coordination pattern is in part
resembled by the situation suggested for PutP. In particular, the putative Na’-binding
residues Ser340 and Thr341 in TM IX of PutP are at positions equivalent to the ion-binding
polar residues in VSGLT, LeuTas, Mhpl, and BetP. Although Ser340 is proposed to bind Na*
by the main-chain carbonyl oxygen, these residues may fulfill similar functions in PutP
(Chapter 2). Additionally, the carbonyl oxygen of Ala337 might also participate in the
coordination of Na* as it is suggested by the results of the kinetic analyses, accessibility
studies, and the backbone structure of TM IX of PutP (Table 3.1.; Figs. 3.4., 3.8., 9.1.). Thus,
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it is likely that the Na*-binding motif AXXS/TS/T, found in the corresponding TMs of vSGLT,
LeuTas, and Mhpl, also exists in TM IX of PutP. In TM Il of PutP the situation is less clear.
Here, the carboxyl group of Asp55 is identified to be essential for Na* dependence of the
transporter. However, this residue is not conserved within the SSS family as Ser340 and
Thr341 and there is no analog residue in the available X-ray structures of VSGLT, LeuTa,,
Mhpl, or BetP. Probably, Asp55 stabilizes the empty and/or occupied Na'-binding site in
PutP as it is most likely deprotonated at physiological pH by additional hydrogen bonds. Due
to this deprotonation it is also possible that Asp55 permits charge compensation of the
partially positively charged helix dipole near residue Ser340 and Thr341 of the adjacent
discontinuous helix IX of PutP (Fig. 9.1.a). This may shape the ion-binding site and/or
reduces the electrostatic repulsion between the dipole end and the bound Na®. Furthermore,
because TM Il is supposed to be involved in both ion and substrate binding, the properties of
the substrate may also have influenced the precise mechanism of Na* binding. Besides the
carboxyl group of Asp55, individual replacements of Ala48 and Gly63 in TM Il have an
impact on Na'-dependent transport (Pirch et al., 2003). Since TM | of the core region of
VSGLT, LeuTa,, Mhpl, and BetP contributes main-chain carbonyl groups to the cation-
binding site, it is tempting to speculate that these residues might also play a role in
coordination of the coupling ion. Taken together, the helix bundle structures in conjunction
with structure-function analyses and comparison with the available crystal structures of this
structural family strongly support the idea of a Na*-binding site that is located at the interface
between TMs Il and IX of PutP. However, additional distance measurements are required for
more reliable determination of the relative position of both helices in the bundle structure of
PutP.

As mentioned above, TM Il and TM IX of PutP are not only proposed to be important
for Na* binding, but also for coordination of proline. In fact, Ser57 and Gly58 of TM Il and
Ser340, Thr341, and GIn345 of TM IX are suggested to participate in the formation of a
substrate-binding site that is situated in close vicinity or even overlaps with the ion-binding
site (Quick et al., 1996; Pirch et al., 2002; Chapters 2 and 3). This putative proline-binding
pocket at the interface between TMs Il and IX is additionally enclosed by five TMs (IV, VI,
and Xl of the scaffold and Ill and VIl of the four-helix bundle) that represent further
appropriate candidates for substrate coordination (Fig. 5.6.b, e and c, f). Two of these
helices, TMs IV and VI, have been recently identified to be crucial for transport function
(Raba, M., Pirch, T., and Jung, H., unpublished data). Thereby, the conserved residues
Trp244 and Tyr248 in TM VII and Tyr140 in TM IV were found to be important for Na'-
coupled substrate transport (Fig. 5.4.). The available data support the notion of a proline-
binding site formed by TMs Il, IV, VII, and IX (TMs |, I, VI, and VIII of the core). Interestingly,

this arrangement resembles only in part the situation found in vSGLT, BetP, and Mhp1, but is
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fully consistent with the binding region in LeuTaa. In the sugar transporter vSGLT, helices |, I,
VI, VII, and X of the core domain are involved in substrate binding (Faham et al., 2008).
These TMs coordinate the OH-moieties of the galactose by hydrogen bonds from polar side
chains. For BetP, the substrate betaine is placed between TMs Il and VI of the core domain
and is bound by one Tyr and three Trp residues via cation-rt and van der Waals interactions
(Ressl et al., 2009). In Mhpl, TMs |, lll, VI, and VIII are involved in the coordination of the
benzyl-hydantoin, similar to the proposed set of substrate-binding transmembrane helices in
PutP (Weyand et al., 2008). In Mhpl, however, the benzyl-hydantoin is coordinated
exclusively by side chains (n-stacking interactions with Trp residues and hydrogen bonds
with conserved Glu and Asn residues), whereas in PutP also main-chain atoms contribute to
proline binding. Within the four crystallized Na*-coupled transporters of this structural family,
the involvement of main-chain atoms in substrate binding is exclusively found in LeuTa,
(Yamashita et al., 2005). Here, the o-substitutions of leucine are predominantly bound by
exposed carbonyl oxygens and amid nitrogens and of the partially charged helix dipoles of
the unwound regions in TMs | and VI. Only two amino acid side chains patrticipate in the
coordination of the a-substitutions of leucine, Tyrl08 in TM Ill and Ser256 in TM VI. As
residues Tyrl40 in TM IV and Tyr248 in TM VII of PutP are at equivalent position to the
corresponding residues Tyrl08 and Ser256 of LeuTas, they may fulfill similar function in
coordinating the carboxyl group of the substrate. Furthermore, the functional important
residue Gly58 in TM Il of PutP probably corresponds to Gly26 in TM | of LeuTa, that forms a
main-chain interaction between the amide nitrogen and the a-carboxy group of leucine (Pirch
et al.,, 2002). In addition to these residues, the side chain of Ser57 in TM Il of PutP is
proposed to be crucial for high-affinity proline uptake (Quick et al., 1996). However, in the
corresponding TM | of LeuTa, no equivalent residue exists that is involved in substrate
binding. This is most likely due to the different substrate specificity of PutP and LeuT 4, that is
ensured by variation of specific interaction sites. In contrast to this polar part of the substrate-
binding pocket in LeuT,, that accomodates the o-substitutions of leucine, the aliphatic side
chain of the substrate is located within a hydrophobic binding region formed by residues of
TMs lll, VI, and VIII (Yamashita et al., 2005). As aforementioned, one of these residues,
Ser355 of TM VIII, is engaged in substrate and Na* binding as it is also proposed for the
equivalent residue Thr341 in TM IX of PutP (Chapter 2). Thus, it is possible that Thr341 is
also involved in the formation of a hydrophobic binding pocket, which might maintain the
cyclic aliphatic side chain of proline. In addition to Thr341, Trp244 in TM VII and GIn345 in
TM IX of PutP may also constitute part of this hydrophobic pocket. Both residues are
conserved throughout the proline transporters of the SSS family and are crucial for Na'-
dependent proline uptake (suppl. Fig. 5.1., Tables 2.1. and 3.1., Raba, M., Pirch, T., and

Jung, H., unpublished data).
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Altogether, the helix bundle models in combination with biochemical and mutagenesis
studies on PutP indicate a proline-binding site, which is created by TMs II, IV, VII, and IX.
Comparison of this arrangement with those in the X-ray structures of vSGLT, LeuTa,, Mhpl,
and BetP shows that it is most similar to the situation found in LeuTa,. Since LeuTa,
catalyzes the uptake of amino acids, like PutP, this suggests that the specific interactions
within the common core structure of this structural family vary in order to ensure substrate
specificity for a diverse range of substrates. However, it must be stated that the complete set
of residues engaged in substrate binding is not known for PutP. Furthermore, no functional
data is available for TMs lll, VI, and Xl that also represent potential helices for substrate
binding. Clearly, more functional data for PutP is required to verify the presumed proline-
binding site.

In conclusion, it is shown that the established approach for modeling of the helix
bundle of membrane proteins based on DEER distance measurements, structural homology,
and distance geometry is suitable to determine the fold of proteins in the native environment
of a lipid bilayer. For PutP, two ensembles of structural models are obtained with a RMSD of
11.52 A and 11.69 A. The low resolution of these ensembles indicates that the number of
utilized EPR distance restraints is not sufficient to discuss differences in the core structure
between vSGLT and PutP. Nevertheless, the fold of the core domain of PutP is reliably
recognized and the arrangement of the three non-core helices with respect to the core is
established. Finally, comparison of the core structure of PutP with those of VSGLT, LeuTa,,
Mhpl, and BetP leads to a model of putative ligand-binding sites. This model can guide

functional studies to identify the complete set of residues essential for transporter function.
9.4. Structural dynamics of the NhaA dimer

Previously, genetic complementation studies, biochemical pull-down experiments,
cross-linking analyses (Gerchman et al., 2001), and cryoelectron microscopy of 2D crystals
(Williams et al., 1999; Williams, 2000) revealed that the Na*/H* antiporter NhaA of E. coli
functions as a homodimer in the native membrane. The dimeric state is probably important
with respect to the pH regulation of NhaA, as suggested by intermolecular cross-linking
between two NhaA monomers at the dimer interface that changed the pH profile of the
antiporter (Gerchman et al., 2001). However, the explicit role of dimerization for ion transport
and/or pH-regulation of NhaA remains elusive. In this study, the pH dependence of the
structure of NhaA and its dimer was investigated by means of CW and pulsed EPR
techniques using singly spin-labeled derivatives H225R1 and V254R1, as they appear to be
involved in the pH response of the antiporter (Rimon et al., 1995; Gerchman et al., 1999).
The CW EPR spectra of the singly spin-labeled NhaA variant H225R1 reveal that the mobility

of the nitroxide at position 225 slightly decreases as the pH is shifted from 5.8 to 7.0 and 8.0
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(Fig. 6.2.a). Since the mobility of the spin label side chain depends on its topographical
location, this indicates that a pH-shift towards the alkaline range induces small but significant
conformational alterations in the region of position 225. The existence of these pH-induced
structural changes is confirmed by low temperature EPR spectroscopy. Increasing the pH
from 5.8 to 8.0 causes a movement of the nitroxide in a slightly more polar environment (Fig.
6.3.). Considering the drastic changes in activity in the studied pH range between 5.8 and 8.0
for the wild-type protein (Taglicht et al., 1991) as well as for the derivative H225C (Rimon et
al., 1995), the pH dependence of the spectral changes is surprisingly weak. Thus, it is
tempting to speculate that this residue may not be part of the pH sensor but is involved in the
transduction of the signal from the site of the sensor to the site of the ion-translocation
pathway. This is supported by the X-ray structure of pH-downregulated NhaA (Hunte et al.,
2005). In the structure, His225 is located at the periplasmic end of TM VIl in close vicinity to
TM V that is proposed to participate in Na* binding (Fig. 1.6.a, b). Possibly, the pH-induced
conformational changes observed and predicted for the preceding loop 9 (Venturi et al.,
2000; Gerchman et al., 1999; Olkhova et al., 2007), which constitutes part of the pH sensor,
have small impact on the conformation of TM VIIl. Hence, the orientation of the side chain of
His225 might alter slightly, allowing the formation of hydrogen bonds with the polar residue
Tyrl75 and/or with main-chain atoms of Alal72 at the periplasmic end of the ion-binding TM
V. This, in turn, may stabilize the conformation of TM V in the active state of NhaA,
promoting Na* binding to the transporter. In line with this assumption, replacement of His225
by either Cys or Ser but not Ala yielded an antiporter with a wild-type pH-sensitive
phenotype, suggesting that polarity and/or the ability to form hydrogen bonds are essential at
this position for pH regulation of NhaA (Rimon et al., 1995). As indicated by the CROX and
oxygen accessibility measurements, the localization of the spin label at position 225 relative
to the membrane does not significantly change during a pH-shift from 5.8 to 8.0 (Table 6.1.).
The low CROX and intermediate oxygen accessibility of H225R1 implies that residue His225
faces the apolar environment of the lipid bilayer. Although this is in agreement with the
crystal structure of NhaA, the low accessibility to water-soluble CROX is in apparent
contradiction to the at least moderate accessibility of this residue to NEM, as this alkylation
reagent requires ionization of the thiol group (Olami et al., 1997). This contradiction might be
explained by the different timescales of the two experiments. In a dynamic environment,
labeling studies sense exposure of residues, even if it is realized only during small fractions
of the conformational trajectory, as reaction times are in the range of tens of minutes. EPR
experiments, on the other hand, measure the time average of accessibility. Alternatively, the
residue might be transiently accessible to nearby water molecules that penetrate the

membrane and help to ionize the Cys residue.
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Similar to position 225, the nitroxide accessibility detected for V254R1 implies an
exposure of the spin label side chain to the apolar environment of the membrane (Table
6.1.). Furthermore, the mobility analysis suggests a more buried location for V254R1 than for
H225R1 (Fig. 6.1.). The latter result agrees well with the proposed position of V254 in the
dimer interface, as indicated by cross-linking analysis (Gerchman et al., 2001). Moreover,
neither the mobility and polarity analyses nor the accessibility studies revealed significant
pH-dependent structural alterations close to this residue (Fig. 6.2.b and Table 6.1.). This
seems to be inconsistent with the proposed pH-induced conformational change of the
periplasmic end of TM IX at alkaline pH (Tzubery et al., 2004; Gerchman et al., 1999).
However, residues for which the pH-dependent structural alterations were identified by
changes in accessibility to trypsin (Lys249) and MIANS (Glu252) are situated on the phase of
TM IX that is located opposite to Val254 (Hunte et al., 2005) (Fig. 1.6.b). Thus,
conformational alterations of TM IX that affect the accessibility of Lys249 and Glu252 do not
necessarily have an impact on residue Val254. Another explanation could be that the
changes in accessibility of Lys249 and Glu252 are not due to structural alterations in TM IX
but in TM IlI, which is adjacent to this side of TM IX. Finally, it has to be taken into account
that the mobility and accessibility of the nitroxide and the polarity in its microenvironment are
not necessarily affected by a conformational alteration. Therefore, DEER distance
measurements were performed using the singly spin-labeled NhaA derivatives V254R1 and
H225R1. For V254R1, a single peak at 2.00 nm with a width of 0.2 nm is found (Fig. 6.5.c),
indicating that NhaA exists as a homodimer in the membrane with well-defined structure. In
principle, the data could also be explained by a symmetric trimer. However, as the cross-
linking analyses and the cryo-EM structure of NhaA imply dimerization, this seems to be
unlikely (Gerchman et al., 2001; Williams et al., 1999; Wiliams, 2000). In line with the CW
EPR measurements, no pH-dependent alteration of the interspin distance V254R1/V254R1’
could be observed, suggesting that the dimer interface of NhaA does not undergo any large-
scale changes in the range between pH 5.8 and 8.0. Most interestingly, the modulation depth
A of the DEER time traces, which corresponds to the average number (n) of labels per
oligomer, slightly increases with increasing pH. Similar results are obtained for H225R1.
Here, the DEER measurements reveal an interspin distance of 4.36 nm with a width of ~0.3
nm (Fig. 6.5.a). The distance does not significantly change, but A varies during a pH shift
from 5.8 to 7.0 and 8.0. Due to the significant better DEER data of NhaA-H225R1, A was
guantitatively analyzed and the reversibility of the pH effect was tested for this derivative.
The gquantification of A provides evidence that the average number (n) of labels per protein
oligomer slightly but significantly increases upon shifting pH from 5.8 to 8.0 (Fig. 6.6.d). On
the other hand, lowering pH from 8.0 to 5.8 decreases {n), indicating that the pH effect is
completely reversible (Fig. 6.6.d). This observation is most easily explained by a dimerization

231



DiscussioN CHAPTER 9

equilibrium that depends moderately on pH. Assuming that labeling of the protein molecules
is complete (f = 1), the degree of dimerization « of derivative H225R1 increases from
approximately = 0.35 at pH 5.8 to = 0.6 at pH 8.0. With f = 0.6, which is estimated to be
the lower limit of the degree of labeling, « is about 0.6 at pH 5.8 and 1.0 at pH 8.0.
Independently of the value of f, & > 0 implies that dimerization is substantial at pH 5.8 where
the NhaA derivative H225C is almost inactive (Olami et al., 1997). It may thus be safe to
conclude that dimerization is not a sufficient condition for antiporter activity of NhaA.
Dimerization might be important for pH regulation of NhaA. This is supported by
intermolecular cross-linking of the V254C derivative at the dimer interface that alters the pH
profile of the antiporter and by functional complementation of pairs of conditional lethal
mutants, impaired in pH response (Gerchman et al., 2001). Based on the DEER distance
measurements between the V254R1 derivatives and cross-linking analyses, the putative pH
sensor appears to be located at or near the dimer interface. It can thus be envisaged that
dimerization serves to optimize the pH sensor. The pH dependence of the dimerization would
then be an indirect effect of the presumed pH-induced conformational change of the
periplasmic end of TM IX and/or the loop 9 that influences the intermolecular contact site but
not be directly related to control of the ion flow by pH. Furthermore, two residues near
position 254, His253 and His256, have predicted pK, values of 5.2 and 7.5 in a membrane
environment (Olkhova et al.,, 2006). Thus, protonation/deprotonation events at these
positions may also have an impact on the dimer equilibrium.

In summary, the DEER distance measurements between singly spin-labeled NhaA
derivatives H225R1 and V254R1 indicate that NhaA exists as a dimer in the membrane, as
previously suggested by a low-resolution electron density map and cross-linking
experiments. The modulation depth is shown to decrease reversibly when pH is shifted from
pH 8.0 to 5.8. A quantitative analysis suggests a dimerization equilibrium, which depends
moderately on pH. Furthermore, only slight pH-dependent changes are observed for the
mobility of the nitroxide and polarity of the microenvironment of the spin label attached to
position 225, while no other changes are detected by CW EPR. This indicates that His225
and Val254 may not contribute to the pH sensor or the ion-binding site but are probably

involved in the transmittance of the pH signal from the sensor to the translocation site.

9.5. High-resolution structure of the NhaA dimer

To better understand the role of the dimeric state of NhaA for its function and/or pH
regulation, knowledge about the high-resolution structure of the dimer is indispensable. Since
the X-ray structure of NhaA displays a nonphysiological association of the NhaA monomers

in 3D crystals, a novel approach was developed to determine the structure of the presumably
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physiological dimer in the native membrane based on pulsed EPR spectroscopy. As the X-
ray structure of the NhaA monomer was shown to be in good agreement with the low-
resolution structure observed in the dimers in 2D crystals (Screpanti et al., 2006), the
structure of the dimer was obtained only by determining the relative arrangement of the two
molecules. For this purpose, DEER distance measurements between nine singly spin-
labeled NhaA derivatives (E82R1, S87R1, A118R1, N177R1, A202R1, K221R1, H225R1,
E241R1, and V254R1) at pH 5.8 and restraint-driven rigid body transformations were used to
determine the four geometric parameters that fully describe the relative arrangement of the
monomers in the dimer. Thereby, information on the distance distribution was utilized to
match a modeled conformational distribution of the spin labels. The resulting set of 144
structures shows a backbone RMSD of 0.6 A with respect to the bestfit structure. This
implies that the quality of the final structure is limited by the resolution of the crystal structure
of the monomer rather than by the SDSL EPR docking fit. The best-fit structure shows two
points of contacts between the two monomers in the dimer (Fig. 7.4.). The main contact is
built by the two-stranded antiparalell B-sheets in loop 2 at the periplasmic side of the
membrane (Fig. 7.4.b). This interaction site is stabilized by four hydrogen bonds between
residues GIn47 and Arg49 and backbone groups of the respective other B-sheet and a
number of hydrophobic contacts. The second contact is formed between TMs VIl and IX at
the cytoplasmic site of the membrane (Fig. 7.4.c). Most likely, this contact involves a
hydrogen bond between Arg204 and Val254 as well as hydrophobic contacts of Arg204 and
Leu210 with Trp258. In general, the dimer interface is not densely packed, suggesting a
relatively weak binding between the moieties. This is in accordance to the pH dependence of
dimer formation and the dissociation of the physiological dimer during 3D crystallization
(Screpanti et al., 2006). The interface between the monomers is constituted by one of the
two bundles of six helices, the interfacial domain (TMs |, I, VI-IX) (Fig. 7.5.). This interfacial
domain contains the pH sensor of NhaA at the periplasmic end of TM IX (Hunte et al., 2005).
The other bundle contains the putative ion-translocation pathway and thus forms the
translocation domain (TMs IlI-V, X-XII). Although the two domains are apparently separated,
there are interdomain contacts formed by helix | of the interfacial domain with helix XII near
the periplasmic side and with helix IVc near the cytoplasmic side of the transporter (Hunte et
al., 2005).

Remarkably, recent mutagenesis, cross-linking, and cryo-EM studies support the
structural arrangement of the monomers in the EPR structure. Deletion of the two-stranded
antiparallel p-sheets is shown to result in a NhaA derivative that exists exclusively as a
monomer in the native membrane, suggesting that the B-sheets are essential for dimerization
(Rimon et al., 2007). In addition, substitution of each individual residue in the B-sheets by

Cys and testing for intermolecular cross-linking and gel mobility on BN-Page reveal that
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GIn47 and Arg49 perform the strongest cross-linking and are crucial for stabilization of the
dimer (Herz et al., 2009). Furthermore, cross-linking between residues near the cytoplasmic
contact side in TM IX implies that Ser246, Pro247, Ala248, Val254, and Leu255 form the
interface of the NhaA dimer at this region (Tzubery et al., 2008). The estimated distances
between these residues are in good agreement with the distances predicted by the EPR
structure. In particular, for V254 a distance of 8.1 A is found between the S atoms of the
corresponding cysteins in the EPR structure. This is in line with the finding that the rigid
cross-linking agent p-PDM, which can cross-link only residues that are at least 10 A apart,
causes a change in the pH profile of NhaA activation (Gerchman et al., 2001). Moreover,
investigation of the role of these residues for dimerization of NhaA by BN page shows that
Cys replacement of the individual residues does not impair the NhaA dimer, suggesting that
the B-sheets at the periplasmic side of the lipid bilayer represent the main contact that holds
the NhaA dimer (Herz et al., 2009).

Comparison of the EPR structure of NhaA with the recently published cryo-EM based
dimer model shows that the dimer geometry is very similar (Appel et al., 2009).
Superimposition of both structures yields a RMSD of 1.88 A (Fig. 9.2.). The main difference
between the structures is related to the tips of the B-hairpins that are displaced in the cryo-
EM model by ~11 A out of the membrane plane (Fig. 9.2.b). This difference in the
conformation of loop 2 could be explained by a distortion induced by crystal contacts that
stabilize the nonphysiological dimer in the 3D crystals. However, as shown by the structural
alignment, the distortion is probably limited to the B-sheets.

With respect to the relevance of the dimer for NhaA function it is remarkable that the
monomeric form of NhaA, deleted in the B-sheets, exhibits antiporter activity and pH
regulation similar to the wild-type, indicating that the functional unit of NhaA is the monomer
(Rimon et al., 2007). However, under extreme stress conditions (0.1 M LiCl or 0.7 M NaCl at
pH 8.5), the dimer is found to be more beneficial than the monomer in conferring growth
resistance. This is thought to be due to the higher stability of the dimer in comparison to the
monomer under these conditions (Herz et al., 2009).

In addition to H225R1 and V254R1, also N177R1 in the interfacial domain and
A118R1 in the translocation domain of NhaA were tested for pH dependence of the distance
distribution. Similar to the results obtained for H225R1 and V254R1, the DEER data of
N177R1 and Al118R1 do not reveal significant changes with increasing pH, except for
variations in the modulation depth. This supports the contention that the structure of the
interfacial domain and the dimer interface is conserved during a pH shift from 5.8 to 8.0,
although propensity for dimer formation varies slightly. For the DEER measurements of
A118R1, this failure to detect any change might be due to the long-distance of approximately

82 A (Table 7.1.). Because of this large distance, the DEER data may not be sensitive to a
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displacement of this residue by up to 10 A. A conformational change in this region of loop 4
would thus be consistent with the measurements. Indeed, as predicted by MD simulations of
NhaA at pH 4.0 and pH 8.0, loop 4 undergoes structural rearrangements that may facilitate a
movement of helix IVp (Olkhova et al., 2007). This pH-induced displacement of helix IVp is in
agreement with the pH-dependent conformational changes observed in cryo-EM projection
maps of 2D crystals incubated at different pH values (Appel et al., 2009). Furthermore, helix
IVc and TMs IX, X, and XI of the translocation domain might undergo structural alterations as
indicated by cross-linking analysis (Kozachkov et al., 2007), epitope mapping of monoclonal
antibodies (Rimon et al., 2008), and MD simulations (Olkhova et al., 2007; Arkin et al., 2007).
Based on these findings, it is tempting to speculate that the translocation domain moves with
respect to the interfacial domain on changing pH. Such a change in the relative arrangement
of the two domains might be the most likely explanation for transmittance of the signal from

the pH sensor in the interfacial domain to the translocation pathway.

Fig. 9.2.: Superimposition of the EPR structure of the NhaA dimer and the cryo-EM based NhaA dimer model (Appel et
al., 2009). The EPR structure (blue) and the cryo-EM based structure (white) are represented as ribbon models. (A) Top view of
the structural alignment from the cytoplasm. (B) View of the superimposed structures in plane of the membrane.

Signal transmittance between the domains is also required to explain functional
complementation between the conditional lethal mutants H225R and G338S (Gerchman et
al., 2001). The replacement H225R does not support growth at alkaline pH, because its
activity is shut off above pH 7.5 (Gerchman et al., 1993). Likewise, the substitution G338S is
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lethal, but this derivative has lost pH control so that the uncontrolled activity at high pH and
high Na® concentrations probably depletes the cells of energy and/or causes over-
acidification of the cytoplasm (Rimon et al., 1998). If both mutants are coexpressed, the
activity and/or pH regulation of NhaA and accordingly the growth of the cells at alkaline pH in
the presence of high Na® concentrations are restored (Gerchman et al., 2001). Such
functional complementation between remote sites is only feasible if ion translocation is a
process that involves a cooperative, but asymmetric motion of both moieties of the dimer.

This raises the questions of how local structural changes in the two domains of a
monomer are coupled and how structural changes are transmitted between the monomers in
the dimer. Presumably, the many positively charged residues (Arg203, Arg204, His243,
Arg245, Lys249, Arg250, His253, and His256) at or near the dimer interface are important for
these processes (Fig. 7.6.). Arg204, His253, and His256 have predicted pK, values that
allow protonation/deprotonation events in the range between pH 5.0-7.5 (Olkhova et al.,
2006). Thus, it can be assumed that pH directly influences contacts between the monomers,
which is in line with the observed pH dependence of the monomer-dimer equilibrium of
NhaA. Among these residues, Arg204 may play a central role. This residue probably forms a
hydrogen bond across the interface with the main-chain carbonyl oxygen of Val254 in the
other monomer. Val254 in turn is in hydrophobic contact with Arg250 in its own moiety.
These interactions are of high importance since they may ensure contact between large
clusters of strongly interacting residues within a monomer across the interface. These
clusters were identified in silico by multiconformation continuum electrostatics (MCCE)
analysis of the X-ray structure of NhaA and involve Glu78, Glu82, His243, Lys249, Arg250,
Glu252, His253, and His256 of the pH sensor and Asp133, Asp163, Asp164, and Lys300 of
the presumed ion-binding site (Olkhova et al., 2006). Thus, the clusters provide evidence for
a direct electrostatic coupling between the translocation pathway in the translocation domain
and the pH senor in the interfacial domain.

Besides these electrostatic interactions, three further contact sites exist between the
translocation domain and the interfacial domain of a monomer. As mentioned above, His225
in TM VIII of the interfacial domain of NhaA may mediate contact with residues Alal72 and
Tyrl75 in TM V, which harbors the ion-binding residues Asp163 and Asp164 and belongs to
the translocation domain. The importance of this interaction for pH-regulation of NhaA activity
is demonstrated by the conditional lethal derivative H225R in which the contact is probably
modified or destroyed (Gerchman et al., 2001). The second contact between both domains of
the NhaA monomer is provided by residues Alal35-Leul43 in helix IVc, which lines the
cytoplasmic part of the ion-translocation pathway, and residues Alal2-1le19 in helix I. At the
third contact site, some residues in the range between Asn64 and Phe72 in TM Il interact

with residues between Met341 and Phe350 in helix Xlp, which is in the periplasmic part of
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the ion-translocation channel. Interestingly, displacement of helices IVc and Xlp in the
antiporter structure at alkaline pH is suggested to lead to an exposure of the ion-binding site
to the cytoplasmic cavity (Hunte et al., 2005). This conformation is proposed to allow Na'/H*
exchange.

Based on the EPR structure of the NhaA dimer, it is now imaginable that during
activation of NhaA, a movement of helix IVc results in a shift of the cytoplasmic end of TM |
toward the interface. On the periplamic site of the protein, the proposed movement of helix
Xlp is presumably related to a displacement of the N-terminal end of helix Il toward the
contact site of the two monomers. Activation would thus correspond to a clockwise rotation of
the interface, or keeping the interfacial domains fixed, to an anticlockwise rotation of the two
translocation domains with respect to the interface, when seen from the periplasmic side.
The latter idea agrees well with the displacement of the translocation domain seen in the
EPR structure compared to the cryo-EM structure published by Williams (2000) (Fig. 7.5.).
However, in contrast to this observation, superimposition of the more recent cryo-EM based
dimer model of NhaA (Appel et al., 2009) and the EPR structure does not reveal any
significant changes in both domains of the monomer (Fig. 9.2.). Furthermore, it has to be
said that the EPR structure as well as the cryo-EM structures were obtained at pH < 5.8
where the wild-type protein is still inactive. Clearly, a high-resolution structure at pH above
6.5 is required to proof or refute the hypothesis of cooperative structural rearrangements in
the two moieties of the dimers that appear to be the basis for the ion translocation and/or pH
regulation of NhaA.

In conclusion, the new established method based on DEER distance measurements
and modeling of the conformational distribution of the spin label side chain is shown to
provide structures of dimers or complexes of biomacromolecules with essentially the same
resolution that can be obtained for the structures of the constituents. It is also applicable
even if the interactions between the molecules are rather weak, since it does not require
crystallization. Thus, the structures of membrane proteins can be determined in the native
environment of a lipid bilayer. For NhaA, a high-resolution structure of the putative
physiological dimer was obtained with a resolution of 0.6 A. It reveals two points of contact
between the two moieties that were confirmed by recent cross-linking and cryo-EM studies.
Finally, the structure suggests cooperative conformational motions in the two monomers of

the dimer, important for ion translocation and/or pH-regulation of NhaA.

9.6. DeerAnalysis2006 - A comprehensive software package for analyzing of pulsed
ELDOR data

Extraction of distance distributions from dipolar evolution functions measured by

pulsed ELDOR techniques such as the four-pulsed DEER experiment requires numerically
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stable mathematical algorithms that can handle data for different classes of samples.
Furthermore, experimental imperfections such as the limited excitation bandwidth of
microwave pulses need to be considered (Maryasov and Tsvetkov, 2000; Milov et al., 2004;
Banham et al., 2008). The software package DeerAnalysis2006 features a comprehensive
set of tools for such data analysis within a common user interface. In comparison to
DeerAnalysis2004 (Jeschke et al., 2002; Jeschke et al., 2004a; Jeschke et al., 2004b), a
number of new approaches are incorporated for the derivation and use of experimental
background functions as well as for Tikhonov regularization with L curve computation, model-
based computation of distance distributions, excitation bandwidth correction, spin counting,
and concentration measurements.

The determination and use of experimental background functions was tested on two
singly spin-labeled PutP derivatives and their mixture reconstituted into liposomes. A fit of the
experimental DEER data of S41R1 by background functions assuming homogeneous
distribution confined to two (D = 2) and three dimensions (D = 3) shows that the RMSD with
D = 2 is significantly better than with D = 3 (Fig. 8.8.a, b). This finding fully agrees with the
2D confinement assumed for a membrane protein embedded in the bilayer of a liposome.
The RMSD again improves when the logarithm of V(t) is fitted by a fifth-order polynomial,
suggesting that S41R1 is not located at the surface but in the interior of the protein (Fig.
8.8.c). Similar observations are made for S423R1, although the improvement by the
polynomial compared to D = 2 is not drastic in this case, which probably means that this site
is closer to the surface of PutP. Taken together, the results indicate that polynomial fits are
well suited for the derivation of experimental background functions from singly labeled
samples. This is important, as the direct use of the noisy experimental data sets of the singly
labeled samples would introduce significant statistical errors. Furthermore, in contrast to the
experimental data sets, utilization of smooth fit functions allows to account for differences in
protein concentration.

The quality of the experimentally determined background models was tested on the
mixture of both singly labeled proteins. By fitting the individual background polynomials
obtained for S41R1 and S423R1 to V(t) of the mixture, the RMSD significantly improves as
compared to a fit with analytical background models. The best fit is obtained by using the
weighted sum of both experimentally derived background functions, suggesting that the sum
is a better approximation for B(t) of the mixture than each individual background function. As
the B(t) of the mixture is well reproduced by the experimental background function, one can
expect that the approach is well suited for the background correction of the corresponding

doubly labeled mutant. Indeed, the only fit parameter ¢ depends only slightly on the selected

range for the background fit, i.e., the procedure of fitting B(t) at later times and extrapolating
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it back to early times works well for the mixture of single mutants. The same procedure can
also be applied for complexes of two different macromolecules, but not for dimers or higher
homooligomers.

The efficiency of model-free and model-based computation of distance distribution
P(r) from F(t) is demonstrated by determining the shape of the narrow asymmetric distance
distribution of a shape-persistent biradical (Godt et al., 2000). For model-free analysis the
Tikhonov regularization with L curve computation of the regularization parameter o was
used, which is the main approach for model-free conversion of F(t) to P(r) in
DeerAnalysis2006. In contrast to the self-consistency criterion (Weese, 1992) implemented
in the past version, DeerAnalysis2004, the L curve criterion is more transparent and less
susceptible to failure due to noisy data (Chiang et al., 2005). For model-based analysis, the
continuous form of the worm-like chain model from polymer physics was utilized, which
depends on only two parameters, the contour length L of the polymer and the persistence
length |, that quantifies flexibility (Wilhelm and Frey, 1996). Comparison of the distance
distribution P(r) obtained by Tikhonov regularization and model-based data analysis
suggests that the Tikhonov regularization slightly oversmoothes the distribution (Fig. 8.6.d).
This is also indicated by the fit residuals that reveal more oscillatory deviations at late times
for the model-free fit of the experimental form factor than for the model-based fit (Fig. 8.6.a,
c). Nevertheless, the distributions provided by Tikonov regularization and the wormlike chain
model show similar asymmetry. This demonstrates that monomodal distance distributions
with narrow peaks can be reliable determined from experimental form factors by Tikhonov
regularization with L curve computation, even if no information about the expected resolution
of the distance distribution is available. Although, fitting of the form factor F(t) by a model
distribution generally improves the reliability of the analysis (Jeschke and Polyhach, 2007),
some deviations are found in the model-based fit at early times, implying that the distribution
does not exactly have the shape suggested by the model (Fig. 8.6.c). This can be explained
by the neglected conformational distribution of the nitroxide endlabels that introduces
additional broadening of the distance distribution. Thus, in an improved model this
conformational distribution should be taken into account to reduce such deviations.
DeerAnalysis2006 allows for implementing of user-defined models with up to six parameters.
The quality of such a model can be checked by comparing its RMSD to the one of Tikhonov
regularization with optimum regularization parameter. Furthermore, it is advisable to visually
inspect whether the shapes of P(r) obtained by both approaches agree.

The precision of the data analysis procedures was further tested on a broad distance
distribution in surface-labeled gold nanoparticles (Chechik et al., 2004). For these

nanoparticles a good model for the distance distribution P(r) exists that has two parameters,
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the mean diameter (ds) of the sphere and the standard deviation oy of this diameter (Sect.
8.3.3.). The distance distribution extends from r = 0 to the effective sphere diameter.
Therefore, the data were also utilized for testing whether excitation bandwidth correction can
recover suppressed contributions to the distance distribution at short distances. The distance
profiles obtained by Tikhonov regularization with and without bandwidth correction and by
model-based analysis with bandwidth correction are very similar at distances larger than 2
nm (Fig. 8.7.c). However, at distances shorter than about 2 nm, significant deviations are
observed. Compared with the model-based fit, a neglect of the excitation bandwidth
correction in Tikhonov regularization leads to an underestimate of the contribution of short
distances. Surprisingly, Tikhonov regularization with excitation bandwidth correction appears
to overcompensate this suppression with respect to the model-based fit (Fig. 8.7.c). Since
the exact shape of the distance distribution cannot be recovered by adjusting the excitation
bandwidth parameter oo (EQq. 8.5.), the overcompensation is tentatively assigned to
contributions from distances below 1.3 nm. In this range, the assumptions of a constant
oscillation frequency and a constant time shift fail. Nevertheless, the results demonstrate that
excitation bandwidth correction does improve agreement with the model based distribution.
As shown by test measurements on a series of spin-labeled peptides the excitation
bandwidth correction is applicable down to distances of about 1.6 nm (Banham et al., 2008).

The model-based fit is shown to be much more robust with respect to limited
excitation bandwidth than Tikhonov regularization. For the spin-labeled gold nanopatrticles,
F(t) is dominated by contributions from distances larger than 2 nm, so that the two-parameter
fit is hardly affected by these effects. The values for (dsy and o4 obtained with and without
excitation bandwidth correction are quite similar and the RMSD of the fit of the experimental
form factor does not change. Since these values agree well with previous transmission
electron microscopy analysis of the diameter of the gold core and CW EPR measurements of
the distance between the label and its point of attachment to the surface (lonita et al. 2005),
this implies that the model is well suited for reliable analyzing the distance distribution in the
gold nanoparticles.

Taken together, the model-free analysis by Tikhonov regularization with L curve
computation provides an efficient means for reliable determination of the shape of P(r) for
narrow distance distributions. However, as shown by the broad distance distribution,
Tikhonov regularization gives reasonable results only for contributions above 2 nm, while
distances below 2 nm are strongly suppressed if the excitation bandwidth limitation is not
considered. The analysis of distances close to the lower boundary of applicability of the
DEER experiment can be significantly improved by excitation bandwidth correction. Model-

based computation of P(r) stabilizes the solution against the suppression of short distances

due to limited excitation bandwidth. The quality of the model for P(r) can be inspected by
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comparing the RMSD of the model-based fit to the RMSD for Tikhonov regularization with an
optimum regularization parameter.

The number {n) of spins per nanoobject can be determined from the modulation depth
A of the background corrected form factor of a given sample (Milov et al., 1984; Chapter 6).
Quantification of {n) requires knowledge of the modulation depth factor /., which is influenced
by the position of the shape of the pump pulse and the position of the pump frequency with
respect to the center of the mode (Jeschke et al., 2006). Thus, reliable computation of {n)
requires determination of A by an experimental calibration with known samples. As shown in
Chapter 6, a calibration using five biradicals and one triradical, A could be determined with a
correlation coefficient of 0.9965. The default value of % in DeerAnalysis2006 is based on
these data sets. However, as this parameter strongly depends on the measurement
conditions, it has to be recalibrated with at least one biradical sample for each spectrometer
and probe head.

In addition to the determination of the number of spins per nanoobject, also
measurements of local concentrations have to be calibrated. For a homogeneous 3D
distribution of nanoobjects, the density parameter is given by k = xc, where ¢ is the local
concentration of spins. Because the factor X depends on the modulation depth factor &, X is
best determined by calibration. In the DeerAnalysis2006 package, an example data set is
provided that was acquired with a 2.5 mM TEMPOL solution in toluene. However, for any
new combination of spectrometer and resonator a recalibration is necessary with a sample of
known concentration.

In summary, DeerAnalysis2006 provides several modifications and extensions that
enhance its reliability and functionality with respect to the previous version
DeerAnalysis2004. Its graphical user interface allows for determination of distance
distributions, spin numbers, and spin concentrations from experimental dipolar evolution
functions. Furthermore, the reliability and precision of the extracted information can be
tested. Finally, user-supplied models for spin-to-spin distance distribution within a certain
class of nanoobjects can be added to an existing library and be fitted with a universal

algorithm.
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