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NOMENCLATURE 

In the course of this thesis an unexpected structural similarity of PutP to the LeuT structural 

family became evident. All members of this class of proteins share a common core 

composed of 10 transmembrane domains (TMs). In LeuT, this core is formed by the first 10 

TMs which are numbered from 1-10. In PutP, the 10 TM core domain is preceded by a 

peripheral N-terminal TM. In order to avoid confusion the 10 TM core domain of PutP is 

numbered according to LeuT from 1’-10’. The preceding TM is numbered -1’, succeeding C-

terminal TMs are numbered 11’ and 12’. This nomenclature is used in Chapter 1, 4, and 6. 

In Chapter 2 and 3, TMs of PutP are numbered from 1-13, according to the secondary-

structure model, using Roman numerals in Chapter 2 and Arabic numerals in Chapter 3. 

Therefore, TM IX in Chapter 2 or TM 9 in Chapter 3 corresponds to TM 8’ in Chapter 1,4, and 

6. 
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ABBREVIATIONS 

ABC  ATP-binding cassette 

AU  arbitrary units 

BP  high affinity periplasmic binding protein 

BSA  bovine serum albumin 

cw  continuous-wave 

Cys  cysteine 

DEER  double electron-electron resonance 

eL4  extracellular loop domain 4 

EPR  electron paramagnetic resonance 

FM  fluorescein-5-maleimide 

HRP  horseradish peroxidase 

MD  molecular dynamics 

MES  2-[N-morpholino]ethanesulfonic acid 

MTSET methanethiosulfonate ethyltrimethylammonium 

MTSSL (1-oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl)-methanethiosulfonate 

m.w.  microwave 

NEM  N-ethylmaleimide 

NBD  nucleotide binding domain 

Ni2+-NTA Ni2+-nitrilotriacetic acid 

NSS  neurotransmitter/sodium symporter 

PELDOR pulsed electron-electron double resonance 

PEP  phosphoenolpyruvate 

pmf  proton motive force 

PutP(ΔCys) engineered PutP devoid of all five native cysteine residues 

RMSD  root mean-square deviation 

SD  standard deviations 

SDSL  site-directed spin labeling 

smf  sodium motive force 

smFRET single molecule fluorescence resonance energy transfer 

SPA  scintillation proximity assay 

SSSF   sodium solute symporter family 

TM  transmembrane domain 

TRIS  Tris(hydroxymethyl)aminomethan 

TSU  transmembrane subunit 
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SUMMARY 

 Due to its hydrophobicity, the cellular membrane serves as natural permeability 

barrier between the cytoplasm of living cells and the surrounding environment. A prerequisite 

for the viability of bacteria is the controlled exchange of solutes between the interior and 

exterior compartment. Membrane integrated Na+/solute symporters utilize energy stored in 

an electrochemical Na+ gradient to catalyze the import of a wide array of substrates such as 

amino acids, vitamins, ions, or sugars. The main objective of this thesis was to elucidate the 

molecular mechanism of function of transporters belonging to the sodium/solute symporter 

family (SSSF) using the Na+/proline symporter PutP of Escherichia coli as model system. By 

applying a combination of biochemical, biophysical, and bioinformatic approaches, new 

insights into structure-function relationships of PutP were gained. 

 The first part of this thesis addressed the functional significance of transmembrane 

domain (TM) 8’ for the transport mechanism. Previous studies revealed that conserved 

residues in this domain are involved in Na+ binding. A Cys scanning mutagenesis and 

subsequent in vivo proline uptake assays identified G328, S332, A337, Q345, and L346 as 

crucial for transport. Subsequent Cys accessibility studies using various membrane-

permeant and -impermeant thiol-specific compounds indicated that TM 8’ is involved in the 

alternating formation of an inward- and an outward-facing cavity. Proline in the presence of 

Na+ reduced the accessibility on the cytoplasmic half of TM 8’, whereas on the periplasmic 

half Na+ alone had a similar effect. Considering all results, the data suggest that TM 8’ is 

crucial for ion and substrate binding and lines two aqueous vestibules conveying access to 

the ligand binding sites from the periplasm and ligand release to the cytoplasm. 

 Using the crystal structure of the Na+/galactose symporter vSGLT of V. 

parahaemolyticus, in the second part of this work a first three-dimensional structural model of 

PutP was generated, showing the permease in an inward-facing conformation. A LeuT-like 

10-helix core domain became discernable, that was composed of symmetrically related TMs 

1-5 and 6-10. The resulting homology model was in good agreement with available 

experimental data and was used for the identification of the Na+ and proline binding site by 

docking analyses. Remarkably, the predicted residues W59 (TM 1’), Y140 (TM 3’), W244 

(TM 6’), and Y248 (TM 6’) were found to be important for transporter function by kinetic 

analyses and Cys accessibility studies. Besides the characterization of Na+ and proline 

binding residues, this study gave, for the first time, insights into the gating mechanism of 

Na+-coupled proline transport. 

 Finally, an electron paramagnetic resonance (EPR) based approach was chosen to 

analyze the structure and dynamic of extracellular loop 4 (eL4) of PutP. In the course of a 

complete Cys scanning mutagenesis and in vivo uptake assays conserved E311 was shown 
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to be crucial for function. After covalently linking a nitroxide probe to the Cys residues (spin-

labeling), EPR measurements were performed. Based on the spin-label mobility and polarity 

of the microenvironment two α -helical domains (298-308; 310-318) could be identified. The 

presence of Na+ or Na+ and proline specifically induced changes in the EPR spectra hinting 

at rigid body movements of eL4. Ligand-dependent intramolecular distance measurements 

using double electron-electron resonance spectroscopy were used to integrate the dynamics 

of eL4 into the context of the transport cycle implicating eL4 as key element in regulating 

access to the Na+ and/or proline binding site(s) from the periplasm. 
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ZUSAMMENFASSUNG 

 Aufgrund ihrer Hydrophobizität dient die Zellmembran als Permeabilitätsbarriere 

zwischen dem Zytoplasma und dem umgebenden Milieu. Eine Grundvoraussetzung für das 

Überleben von Bakterien ist der kontrollierte Austausch von Stoffen zwischen dem 

Zellinneren und der Umwelt. Membran-integrierte Na+-abhängige Symporter nutzen die 

Energie eines elektrochemischen Na+-Gradienten um die Aufnahme eines Spektrums 

diverser chemischer Substrate, wie zum Beispiel Aminosäuren, Vitamine, Ionen oder Zucker, 

in die Zelle zu katalysieren. Der Schwerpunkt dieser Dissertation lag auf der Analyse  des 

molekularen Funktionsmechanismus von Transportern der Na+/Substrat-Symporter Familie 

(SSSF). Hierfür wurde der Na+/Prolin-Transporter PutP aus Escherichia coli als 

Modellsystem verwendet. Durch eine Kombination biochemischer, biophysikalischer und 

bioinformatischer Methoden wurden neuartige Einblicke in die Struktur-

Funktionsbeziehungen von PutP erhalten. 

 Der erste Teil dieser Arbeit befasste sich mit der funktionellen Bedeutung der 

Transmembrandomäne (TM) 8’ für den Transportmechanismus von PutP. In 

vorhergehenden Arbeiten wurde gezeigt, dass konservierte Reste dieser Domäne an der 

Na+-Bindung beteiligt sind. Um darauf aufbauend die Rolle von TM 8’ weiter zu  

charakterisieren, wurde jede Aminosäure individuell durch Cystein ausgetauscht. In darauf 

folgenden in vivo Aufnahmestudien erwiesen sich die Aminosäuren G328, S332, A337, Q345 

und L346 als besonders wichtig für den Transportprozess. Anschließende Cystein-

Zugänglichkeitsuntersuchungen mittels Membran-permeablen und -impermeablen 

Substanzen wiesen darauf hin, dass TM 8’ an der alternierenden Ausbildung einer nach 

außen beziehungsweise einer nach innen orientierten Kavität beteiligt ist. Bei Anwesenheit 

von Na+ und Prolin wurde auf der zytoplasmatischen Seite von TM 8’ die Zugänglichkeit aus 

der wässrigen Phase drastisch reduziert. Auf der periplasmatischen Seite hatte Na+ allein 

einen vergleichbaren Effekt. Unter Berücksichtigung aller Versuchsergebnisse konnte 

gezeigt werden, dass TM 8’ eine zentrale Rolle in der Ionen- und Substratbindung spielt. Des 

Weiteren konnte nachgewiesen werden, dass TM 8’ an der Ausbildung zweier 

wasserzugänglicher Spalten innerhalb von PutP beteiligt ist, die vermutlich den Zugang des 

Substrats zur Bindestelle von außen und die Entlassung des Substrats in das Zellinnere 

gewährleisten. 

  Im zweiten Teil dieser Arbeit konnte durch Zuhilfenahme der Kristallstruktur des 

Na+/Galactose Symporters vSGLT aus Vibrio parahaemolyticus ein erstes dreidimensionales 

Strukturmodel von PutP generiert werden, das in bemerkenswerter Weise mit bisherigen 

experimentellen Analysen übereinstimmt. Demnach beinhaltet der Transporter eine zentrale 

Domäne, bestehend aus 10 TMs, in der die Helices 1-5 symmetrisch zu den Helices 6-10 
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orientiert sind. Diese Architektur der TMs ist für Proteine der LeuT-Strukturfamilie 

charakteristisch. In der Tertiärstruktur ist zudem eine zum Zytoplasma geöffnete Kavität zu 

erkennen. Anhand von in silico Vorhersagen wurde die mutmaßliche Na+- und Prolin-

Bindestelle identifiziert. In anschließenden kinetischen Analysen und Zugänglichkeitsstudien 

konnte den vorgeschlagenen Resten W59 (TM 1’), Y140 (TM 3’), W244 (TM 6’) und Y248 

(TM 6’) eine wichtige Rolle im Transportmechanismus zugeordnet werden. Zusätzlich zu der 

Charakterisierung der Liganden-Bindestellen wurden erstmalig Einblicke in den gating-

Mechanismus des Na+-gekoppelten Prolintransports erlangt. 

 Im dritten und letzten Teil dieser Dissertation wurde mittels Elektronen-

paramagnetischer Resonanz (EPR) die Struktur und Dynamik der extrazellulären Schleife 4 

(eL4) von PutP untersucht. Jede einzelne Aminosäure dieser Domäne wurde gezielt gegen 

Cystein ausgetauscht. Mit Hilfe anschließender in vivo Prolinaufnahmestudien wurde die für 

die Transporteraktivität essentielle Aminosäure E311 identifiziert. Nach erfolgter Reaktion 

der Cysteinreste mit einem Nitroxidderivat (Spinmarkierung) wurden die Mobilität und die 

Polarität der Umgebung der Spinmarkierung mittels EPR bestimmt. Dabei konnten zwei α -

helikale Bereiche nachgewiesen werden, welche die Aminosäurepositionen 298-308 und 

310-318 umfassen. Durch die Zugabe von Na+ beziehungsweise Na+ und Prolin wurden 

spezifische Änderungen der EPR-Spektren beobachtet, die auf eine Bewegung von eL4 als 

Ganzes relativ zu anderen Domänen in PutP hinweisen. Des Weiteren wurden Liganden-

abhängige intramolekulare Abstandsänderungen gemessen, um die Dynamik von eL4 in den 

Transportzyklus einzuordnen. Zusammenfassend weist diese biophysikalische Analyse 

darauf hin, dass eL4 eine zentrale Rolle in der Regulation der Zugänglichkeit der Na+ 

und/oder Prolinbindestelle(n) aus dem Periplasma spielt. 
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1 INTRODUCTION 

1.1 Diversity of membrane transport systems 
 The cytoplasmic membrane functions as a permeability barrier thereby separating the 

cytosol from the surrounding medium. Occluding the internal compartment from the outside 

world facilitates cellular processes, which otherwise would not be possible because of, e.g. 

an unfavorable pH, low concentrations of educts or enzymes, presence of toxic compounds, 

protein instability, or the lack of macromolecular crowding effects (Lengeler et al., 1999). 

However, in order to maintain cell homeostasis a controlled exchange of ions and molecules 

with the surrounding environment is indispensable. 

 Apolar as well as small and uncharged molecules such as water, ammonia, and 

oxygen can pass the lipid bilayer by diffusion in significant amounts. In contrast polar and 

charged molecules cannot cross the membrane freely. Import of compounds that feed 

catabolic or anabolic pathways and the export of metabolic end products or toxic substances 

with low membrane permeability are mediated by membrane-integrated transport proteins. 

Based on the applied driving force, these carriers can be divided into four different classes: 

channels, primary transporters, secondary transporters, and 

phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) (Fig. 1.1): 

1.1.1 Diffusion/channels 

Contrary to apolar and small and uncharged molecules, large and charged solutes 

cannot pass the membrane freely. Channels in the cytoplasmic membrane or porins in the 

outer membrane of bacteria facilitate the flux of ions and other molecules across the 

membrane in a thermodynamically favorable direction. Directed opening and closing of 

channels can be triggered by voltage changes (KVAP), ligands (GLIC), or mechanical forces 

(MscL) (Kung et al., 2010, Catterall, 2010, Corringer et al., 2010). 

1.1.2 Primary transporter 

Primary transporters couple transport across the membrane to chemical or 

photochemical reactions. Electron transport chains involved in respiratory and photosynthetic 

processes utilize energy that is released by the transfer of electrons from a donor molecule 

(reduced organic or anorganic substrates, H2O, or H2S) to an electron acceptor (O2, SO4
2-, or 

NADP). In the case of respiration, the yielded energy is converted into ATP by the F1FO-

ATPase. Photosynthetically synthesized NADPH is used for the fixation of CO2 and biomass 

production (Schultz & Chan, 2001, Boyer, 1997). ATP-binding cassette (ABC) transporters 

are a large superfamily of transporters which drive the import of a broad range of substrates 

by energy gained from ATP hydrolysis catalyzed in a highly conserved nucleotide binding 
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domain (NBD). Depending on the direction of transport, ABC transporters can be divided into 

two classes. Firstly, there are ABC importers that are involved in nutrient uptake and are 

exclusively found in prokaryotes. These transporters require a periplasmic high affinity 

binding protein (BP) that captures a free substrate and delivers it to a transmembrane 

subunit (TSU) that facilitates its translocation. Secondly, there are ABC exporters that are 

found in all three kingdoms of life. In this case, the TSU recruits the substrate directly from 

either the cytoplasm or the lipid bilayer (Hollenstein et al., 2007). Members of the second 

class are involved in drug resistance of bacterial pathogens or cancer cells (Gottesman & 

Ambudkar, 2001). Beside the above-mentioned systems, also primary transporters are 

known that use energy derived from decarboxylation reactions or methyl-group transfer to 

pump ions across the membrane (Dimroth, 1980, Gottschalk & Thauer, 2001) 

1.1.3 Secondary transporter 

Secondary transporters exploit preexisting (electro)chemical gradients to drive the 

movement of substrates across the lipid bilayer against their own concentration gradients. 

This family of permeases is ubiquitously distributed and can be found in prokaryotes as well 

as in eukaryotes. According to the mode of transport, secondary transporters can be divided 

into three different groups: symporters, antiporters, and uniporters (Fig. 1.1). Symporters 

catalyze the translocation of two compounds across the lipid bilayer in the same direction. 

Well-characterized model systems are the H+/lactose permease LacY (Abramson et al., 

2003), the Na+/proline symporter PutP of Escherichia coli (Jung et al., 1998b), and the 

human Na+/glucose cotransporter SGLT1 (Wright et al., 1992). In contrast to symporters, 

antiporters mediate the transport of two ions or molecules in opposite directions. Recent 

structural data for the arginine/agmatine (AdiC) (Fang et al., 2009), the 

carnitine/butyrobetaine (CaiT) (Schulze et al., 2010), and the Na+/H+ antiporter (NhaA) 

(Hunte et al., 2005) gave insights into the molecular mechanism of function at atomic 

resolution. Due to similar structural and functional properties, uniporters are also added to 

the class of secondary transporters. The driving force for the translocation of the substrate is 

its own concentration gradient. Import is not coupled to other compounds and therefore this 

class of secondary transporters only facilitates transport without accumulation of the 

substrate as shown for the sugar transporter Glf of Zymomonas mobilis (Weisser et al., 

1995). 

1.1.4 Phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) 

The PTSs are multi-component transport systems which are, as known so far, unique 

to (Gram-positive and -negative) bacteria (Saier et al., 2005). A striking feature of this mode 

of transport is that during the translocation process a phosphorylgroup is transferred from 

phosphoenolpyruvate (PEP) to the transported substrate, which is in most cases a 
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carbohydrate. Two general, sugar-unspecific cytoplasmic proteins mediate transfer of the 

phosphoryl group. Enzyme I receives the phosphorylgroup from PEP which subsequently 

hands it over to a second acceptor in the cascade, the heat stable protein HPr. Substrate 

specificity is conferred by the next phospho-acceptor, the enzyme II complex (EII) that 

consists of two soluble proteins EIIA and EIIB where substrate phosphorylation finally comes 

to pass and the membrane integrated permease EIIC. 

 

 
Fig. 1.1 Diversity of transport systems. On the one hand solutes can cross the membrane passively by 
diffusion (free diffusion or mediated by channel-type proteins). On the other hand they can be actively transported 
by carrier-mediated processes. According to the utilized energy source three classes can be discriminated: 
primary transport systems, secondary transport systems, and the phoshphoenolpyruvate:carbohydrate 
phosphotransferase system. Based on (Konings, 2006). (BP: periplasmic binding protein, TSU: transmembrane 
subunit, NBD: nucleotide binding domain, DH: dehydrogenase, oxred: oxidoreductase, EI: enzyme I, HPr: heat 
stable protein, EII: enzyme II, PEP: phosphoenolpyruvate) 
 

1.2 Physiological significance of secondary transport systems 
  In prokaryotes secondary transporters account for up to 68% of all encoded transport 

proteins (Paulsen et al., 2000). The most prominent function of these carriers is the uptake of 

N- and C-sources for anabolic and catabolic purposes. In this way these transporters 

contribute in aerobic bacteria indirectly to the energetization of the cytoplasmic membrane. In 

lactic acid bacteria secondary transporter are also able to create a pmf directly by coupling 

the extrusion of lactate to the export of two protons (Konings, 2006). In addition to this 

metabolic role, secondary transporters are key elements in bacterial stress response 

systems. Under hyperosmotic conditions e.g. the Na+-dependent symporter BetP is 
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upregulated and imports the compatible solute glycine betaine in order to restore normal 

hydration levels within the cell (Ressl et al., 2009). Beside BetP, the Na+/H+ antiporter NhaA 

is not only switched on under osmotic stress, but it is also involved in pH homeostasis 

(Padan et al., 2005). Furthermore the lysine permease LysP, which regulates the 

transcriptional activator CadC by direct interaction, and the lysine/cadaverine antiporter 

CadB are involved in the acid stress response of E. coli (Tetsch et al., 2008). Secondary 

transporters can also function as multidrug efflux pumps and can convey resistance to a 

chemical diverse array of toxic compounds such as antibiotics, bile salts, or dyes (Eicher et 

al., 2009).  

Comparative genomic analysis revealed that many bacterial transport systems have 

identifiable homologues in eukaryotes. In humans, there are 50 solute carrier (SLC) families 

described. Transport proteins of these families are involved in the uptake of nutrients and 

solutes such as sugars, peptides, amino acids, ions, vitamins, or fatty acids. Acquisition of 

these substrates in kidney and intestine is needed to feed anabolic and metabolic pathways. 

In addition, carriers like SERT (Rudnick, 2006) and GAT-1 (Eulenburg & Gomeza, 2010) play 

a role in terminating neurotransmission by extruding neurotransmitters from the synaptic 

space into presynaptic neurons. Furthermore, transporters such as NIS (Dohan et al., 2003) 

are synthesized specifically in thyroid follicular cells to drive the accumulation of I-, which is 

an essential cofactor for thyroid hormones. It was also shown that solute carriers, together 

with other uptake systems determine the permeability properties of the blood-brain barrier 

(Pardridge, 2005). Due to the central role of secondary active transporters in human 

physiology, defects of respective genes are frequently associated with human diseases such 

as hypertension, deafness, diabetes, Parkinson’s disease, depression, or renal glycusoria 

(Wright et al., 2011, Yamashita et al., 2005, Hediger et al., 2004). Owing to this physiological 

significance, transporters are of great pharmaceutical importance. They are either utilized as 

primary drug targets like neurotransmitter transporters or they are alternatively used to 

deliver drugs into respective tissue, for example the Na+/I- symporter NIS is used for the 

radioiodine treatment of thyroid cancer. 

 

1.3 Bioenergetics of secondary transport 
 Secondary transporters exploit energy stored in electrochemical gradients to drive the 

uphill transport of substrates. The most commonly used energy source in bacteria is the 

electrochemical proton gradient ∆µμ!!. The biophysical properties of the bacterial cytoplasmic 

membrane are a major prerequisite to establish a membrane potential. Due to the low ion-

permeability of the lipid bilayer, membrane integrated proton pumps which are involved in 

respiration, photosynthesis, and pyrophosphate hydrolysis, or ATPases in anaerobic bacteria 

are able to translocate protons into the periplasm (Simon et al., 2008, Skulachev, 1991, 
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Baltscheffsky et al., 1999, Feniouk et al., 2007). As a result of this vectorial ion transport, a 

proton motive force pmf is generated that is composed of a pH gradient (∆pH), outside acidic 

versus inside, and an electrical potential (∆ψ) due to the concomitant charge translocation 

(Mitchell, 1966). 
  (1.1) 

𝑝𝑚𝑓 =
∆!!!
!

= − !.!!"
!

∆𝑝𝐻 + ∆𝜓 (1.2) 

As a result of the low permeability of the lipid bilayer for ions, influx of protons is 

mediated by membrane-integrated proteins. These proteins couple the energy stored in the 

inwardly oriented electrochemical gradient to drive other membrane-associated endergonic 

processes such as ATP synthesis by the FOF1-ATPase or the rotation of bacterial flagella 

(Boyer, 1993, Mitsui & Ohshima, 2005). In addition, the pmf is also the driving force for 

symporters and antiporters that catalyze the translocation of solutes and ions across the 

cytoplasmic membrane. Imported substrates can subsequently feed catabolic and anabolic 

pathways. Antiporter mediated exchange of H+ and Na+ can convert the pmf into a sodium 

motive force (smf), an alternative energy source for secondary transporters (Winkelmann, 

2001, Padan et al., 2005). 

In addition to Na+/H+ antiporters several classes of primary Na+ pumps are involved in 

maintaining a Na+ gradient. The oxalacetate decarboxylase of Klebsiella pneumoniae is a 

well characterized representative of a group of membrane proteins that couples the efflux of 

Na+ to the decarboxylation of organic compounds (Dimroth, 1980). Another class, which is so 

far unique to methanogenic archaea, catalyzes the methyl transfer from N(5)-

methyltetrahydromethanopterin to coenzyme M by a Na+-translocating enzyme (Gottschalk & 

Thauer, 2001). Furthermore, electrogenic Na+ extrusion can also be mediated by P-type 

ATPases or ABC transporters (Cheng et al., 1997, Suzuki et al., 2005). Recently, within the 

group of pyrophosphatases, which were thought to exclusively pump H+ out of the cytoplasm, 

also Na+ exporting representatives were identified (Luoto et al., 2011). 

In principle, the created smf provides energy to similar cellular processes as the pmf, 

such as secondary transport, ATP synthesis or the rotation of the flagellar motor. Even 

though there are smf-dependent membrane proteins present in mesophilic prokaryotes, 

these organisms predominantly couple their energy-consuming membrane-bound processes 

to the proton gradient. Originally it was believed that the exclusive use of the smf is an 

adaptive response of organisms that live under extreme environmental conditions like 

alkaline pH (low proton availability) or high temperatures (increased proton leakage of the 

membrane). Due to its pH independence and because the membrane permeability of protons 

is several orders of magnitude higher compared to Na+, the smf is under these conditions the 

preferred energy source (Skulachev, 1988, van de Vossenberg et al., 1995). The major 

disadvantage of using the smf is that primary Na+ pumps within electron transport chains use 

€ 

Δµ
H + = FΔψ + RT ln[H +]in /ln[H

+]out
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a much smaller redox gap compared to primary redox-driven H+-translocators. Therefore the 

energy yield during electron transport coupled phosphorylation is lower (Mulkidjanian et al., 

2008a).  

 Genomic analysis of various hyperthermophilic and alkaliphilic organisms revealed 

that other criteria also play a role in the discrimination between Na+ or H+ ‘users’ (Takami et 

al., 2000, Deckert et al., 1998). Hyperthermophilic bacteria, archaea that live under oxic or 

microoxic conditions, or anaerobes which are using high potential alternative electron 

acceptors cope with the problem of proton leakage by using high potential energy sources. If 

the energy status of microorganisms is tightly calculated for example in Caloramator fervidus 

(former Clostridium fervidus) these organisms utilize the less membrane-permeable Na+ as 

energy source in order to avoid energy losses due to proton leakage (Speelmans et al., 

1993). 

Recent findings support the idea that the smf is not only an adaptation mechanism of 

extremophilic microorganisms, but during evolution the smf may preceded the pmf. This 

theory is strongly supported by evolutionary analysis of V- and F-type ATPases and by the 

fact that H+-tight membranes show a much higher complexity compared to Na+-tight 

membranes, which therefore might have evolved in several distinct evolutionary steps 

(Mulkidjanian et al., 2008b, Konings et al., 2002). 

 

1.4 Symporters work according to an alternating access mechanism 
More than 50 years ago Peter Mitchell discussed the involvement of ‘translocases’ in 

the uptake of solutes into bacterial cells. The first general theory derived from these results 

was refined by Oleg Jardetzky who proposed that secondary transporters work according to 

an alternating access mechanism (Jardetzky, 1966, Mitchell, 1957). This assumption 

suggests that transport proteins isomerize between two major conformations. In these two 

states ligand binding sites, which are located approximately halfway across the membrane, 

are either accessible from the extracellular space or from the cytoplasm via cavities in the 

interior of the protein. In contrast to channels, during the transport cycle only alternatively 

opening and closing intra- and extracellular cavities are observed, but no membrane-

spanning pores. 

Recent biochemical, biophysical, and structural analyses gave rise to a more detailed 

picture of the transport cycle. In the course of the transition between the two major 

conformations, the transporter adopts a number of other transient states that can be merged 

to a 10-step transport mechanism (Fig. 1.2). 



Chapter 1 

	   11 

 

Fig. 1.2 Transport cycle of secondary active symporters based on the alternating-access mechanism. 
Schematic presentation of ion-coupled solute symport and proposed conformational alterations during the 
translocation process. Based on (Forrest et al., 2011). I: coupling ion; S: substrate; CO: outward-facing open 
conformation of the transporter; COI: binary complex of the transporter in the outward-facing open conformation in 
complex with the respective coupling ion; COIS: ternary complex of the transporter in the outward-facing open 
conformation in complex with the respective substrate and coupling ion; COocIS: ternary complex of the transporter 
in the outward-facing occluded conformation; CocIS: ternary complex of the transporter in an occluded 
conformation; CIocIS: ternary complex of the transporter in the inward-facing occluded conformation; CIIS: ternary 
complex of the transporter in the inward-facing open conformation in complex with the respective substrate and 
coupling ion; CII: binary complex of the transporter in the inward-facing open conformation in complex with the 
respective coupling ion; CI: inward-facing open conformation of the transporter; Coc: Apo-state of the transporter in 
an occluded conformation; 

 
As it was shown for several secondary transporters such as LacY, GltS, or PutP of E. 

coli, symporters work according to an ordered binding mechanism, suggesting that substrate 

and coupling ion binding or release are two separate, but interdependent events (Guan & 

Kaback, 2006, Yamato, 1992, Zhou et al., 2004). In the Apo-state, in the absence of ligands, 

the transporter occupies an outward-facing open conformation (CO). In the first step of the 

transport cycle, the coupling ion (I) accesses the ion binding site via an extracellular vestibule 

and binds to the vacant transporter. The formation of this binary complex (COI) leads to 

structural rearrangements, which result in an increase of the affinity of the transporter for its 

actual substrate (S), followed by subsequent binding of the co-transported solute. 

Subsequently, the occupied binding sites in the ion/substrate/carrier ternary complex (COIS) 

are shielded from the outside of the cell by protein domains called gates, leaving the 

transporter in an outward-facing occluded conformation (COocIS). In the course of the 

transition from the outward-facing to the inward-facing conformation the symporter 

undergoes major conformational changes. The extracellular cavity is closed and the protein 

adopts a transient occluded state (CocIS). In the next step the intracellular cavity opens, but 

the intracellular gate, which restricts access to site of substrate and ion binding from the 

cytoplasm, remains closed (CIocIS). Opening of the gates (CIIS) is followed by a sequential 

release of the coupling ion (CIS) and the substrate, resulting in a transporter molecule in the 

inward-facing open Apo-state (CI). In order to start the next transport cycle, the carrier 
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isomerizes from the inward-facing back to the outward-facing conformation, passing through 

a substrate-free occluded state (Coc). 

 

1.5  Structural diversity of secondary active transporters 
 Elucidation of three-dimensional protein structures is indispensable for understanding 

the molecular mechanism of function of secondary active transport. Despite the recent 

advances in the structure determination of membrane proteins, these amphipathic molecules 

are still underrepresented in databases of protein structures. While typically approximately 

30% of the proteome of an organism are membrane proteins, only 1462 out of 76041 (1.9%) 

structures in the protein database represent membrane proteins (Wallin & von Heijne, 1998, 

Tusnady et al., 2004). 

 At the moment 97 high-resolution structures of 28 different secondary transporters 

are available, which describe 11 unique folds (Fig. 1.3) (White, 2011). As described above, 

secondary transporters are supposed to work according to a multi-step alternating access 

mechanism and in order to draw a detailed picture of the transport cycle a crystal structure of 

every single intermediate conformation would be necessary. So far only a few of the 

crystallized symporters and antiporters such as AcrB, GltPh, LeuT, Mhp1, AdiC, or vSGLT 

were caught in different conformations. But for none of these proteins structures of every 

single proposed conformational state were solved. Therefore, there is still a need for other 

biochemical or biophysical approaches to gain deeper and more precise insights into the 

mechanism of secondary active transport. 

 A common feature, which can be found in almost all secondary transporters, are 

internal symmetry-related structural repeats. This term describes protein domains, which are 

built by consecutive loop and transmembrane domains (TMs) that can be superimposed by 

symmetry operations on other domains within the protein that adopt a similar three-

dimensional structure. It is assumed that these structural repeats arose from gene 

duplication and subsequent fusion events (Lolkema et al., 2008). Recent structural modeling 

approaches support the idea that the structural repeats are the molecular basis for the 

alternating access mechanism. Based on the available crystal structures of the Na+/leucine 

transporter LeuT (outward-facing occluded), the Na+/glutamate transporter GltPh (outward-

facing occluded), and the H+/lactose permease (inward-facing open) the identified internal 

repeats were used to calculate the respective inverted conformations (Crisman et al., 2009, 

Forrest et al., 2008, Radestock & Forrest, 2011). The structural relevance of these models 

was either tested and confirmed by biochemical or biophysical approaches or directly shown 

by adequate crystal structures (Reyes et al., 2009). 

 In contrast to carriers in which the structural repeats are found within the protein core, 

the zinc transporter YiiP and the multidrug resistance protein EmrE are functional 
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homodimers (Lu & Fu, 2007, Steiner-Mordoch et al., 2008). These permeases may represent 

ancient forms, which arose prior to the gene duplication and fusion events.  

 
Fig. 1.3 Architecture of secondary active transporters. Ribbon representation of X-ray structures of secondary 
transporters, which represent a unique fold, viewed in the plane of the membrane. Internal structural repeats are 
colored in blue, red, and green. Transmembrane and soluble domains not belonging to the structural repeats are 
colored in gray. For the generation of the ribbon models the following PDB accession codes were used: AcrB 
(1IWG), CLC (1KPL), LacY (1PV7), AAC (1OKC), GltPh (1XFH), NhaA (1ZCD), LeuT (2A65), YiiP (2QFI), NorM 
(3MKT), and UraA (3QE7). Out: extracellular side, in: cytoplasmic side. This figure was prepared using UCSF 
chimera (Pettersen et al., 2004). 
  

1.6 LeuT-structural fold 

1.6.1 LeuT-structural family 

 The transporter classification database (TCDB) applies a functional/phylogenetic 

approach to divide transport proteins into different families (Saier et al., 2006). Since the 

protein fold is the major determinant for the molecular mechanism of function, in addition to 

the sequence based categorization, Lolkema and Slotboom used another approach, which 

not exclusively relies on sequence alignments. By utilizing hydropathy profile alignments, 

they proposed that phylogenetically unrelated transporter families together form structural 

classes (Lolkema & Slotboom, 1998). With the increasing number of available crystal 

structures, these predicted structural similarities of evolutionary unrelated transporter gene 

families were verified. 
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 With the crystallization of the Na+/leucine symporter LeuT of Aquifex aeolicus in 2005, 

a member of the neurotransmitter/sodium symporter (NSS) family, a new transporter fold 

was described that was not known so far (Yamashita et al., 2005). In the following years this 

protein architecture was detected in six other transport proteins of four different transporter 

gene families: vSGLT of Vibrio parahaemolyticus (sodium/solute symporter (SSS) family) 

(Faham et al., 2008), Mhp1 of Microbacterium liquefaciens (nucleobase-cation symporter-1 

(NCS1) family) (Weyand et al., 2008), AdiC of E. coli (amino acid/polyamine/organocation 

(APC) superfamily) (Gao et al., 2009), ApcT of Methanococcus jannaschii (APC) (Shaffer et 

al., 2009), BetP of Corynebacterium glutamicum (betaine/choline/carnitine transporter 

(BCCT) family (Ressl et al., 2009), and CaiT of E. coli (BCCT) (Schulze et al., 2010). Due to 

the lacking sequence similarity, surprisingly these diverse secondary transporters share the 

same core structure. Despite the common helix packing, different modes of transport are 

observed in the LeuT structural family. LeuT, vSGLT, Mhp1, BetP, and ApcT work as 

symporters, AdiC and CaiT as antiporters (Forrest et al., 2011). Also differences in the 

utilized energy sources were observed. Except ApcT, which is using the pmf as driving force, 

all other symporters are Na+-dependent. In contrast to the symporters, AdiC and CaiT 

function in an ion-independent way. Despite these functional differences, there are 

conserved features found in the crystal structures of the respective transport proteins that 

can be used to draw general conclusions about the molecular mechanism of function of 

LeuT-like transporters. 

1.6.2 Global fold and internal symmetry 

Even though the total number of TMs differs between the members of the LeuT 

structural family, all transporters share a conserved structural motif, which consists of 10 

membrane-spanning helices (to avoid confusion, the TMs of the core domain of all discussed 

LeuT-like transporters are numbered as in LeuT from 1-10; in the case of CaiT, BetP, and 

PutP the 10-helix core domain is numbered from 1’-10’ because the 10 TM core is preceded 

by 1 (PutP) or 2 (CaiT, BetP) peripheral helices at the N-terminal part; therefore numbering 

starts from -2 (CaiT, BetP) or from -1 (PutP) respectively; peripheral C-terminal TMs are 

numbered 11’ and 12’). Within the core domain, TMs 1-5 are related to TMs 6-10 by an 

internal pseudo two-fold symmetry axis. The fact that carriers, which do not share significant 

sequence similarities harbor comparable core domains, suggests that this domain might be 

the functional unit of the transport mechanism. This idea is also supported by the observation 

that the helices of both repeats are intertwined and that both, the ion and the substrate 

binding site, are located within the domain-domain interface. 

One key feature of this protein fold is that the symmetry related TMs 1 and 6 are 

formed by two helical domains that are connected by an unwound stretch approximately 

halfway across the membrane (Krishnamurthy et al., 2009). Disruption of the H-bonding 
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pattern of an α-helix exposes backbone carbonyl oxygen and nitrogen atoms as interaction 

partners. In addition, the dipole moments at the end of the helices create a polar 

microenvironment in the otherwise low dielectric core of the membrane (Screpanti & Hunte, 

2007). Together with residues located in the symmetry related TMs 3 and 8, these four 

helices built up the ion and substrate binding site not only in LeuT, but also in Mhp1 and 

AdiC. Interestingly, the last two TMs of each inverted repeat form the so-called ‘V-motifs’, 

which can be superimposed by pseudo-two-fold symmetry operations. Considering the 

available crystal structures, these two domains seem to function as a static scaffold and 

swapping from one conformation to the next is achieved by a movement of the remaining 6 

TMs relative to the rigid framework, build up by the two intertwined ‘V-motifs’ (Boudker & 

Verdon, 2010). 

1.6.3 Na+ binding sites 

Except for the antiporters AdiC and CaiT, all other members of the LeuT structural 

family couple the translocation of the substrate to either the flux of Na+ or H+. Compared to 

the determined crystal structures of other members of the LeuT structural family, the 

structure of LeuT was solved at the highest resolution (1.65 Å). Therefore up to now the 

collected LeuT data set is the only one in which occupied Na+ binding sites were directly 

observed. In total two electron densities representing bound coupling ions were identified. 

Interestingly, both ions are predominantly coordinated by partial charges. In the first binding 

site (Na1), which is in close contact with the substrate, the two carbonyl oxygen of A22 (TM 

1) and T254 (TM 6), the side chain carbonyl oxygen of N27 (TM 1) and N286 (TM 7), the 

hydroxyl oxygen of T254 (TM 6), and the carboxyl oxygen of the substrate leucine coordinate 

the ion in an octahederal manner. The second binding site (Na2), which is ~7 Å away from 

the leucine binding site, is composed of five binding partners, the carbonyl oxygens of G20, 

V23 (both TM1), A351 (TM 8) and, the side chain hydroxyl oxygen of T354 and S355 (both 

TM8) (Yamashita et al., 2005). To address the role of both ion binding sites of LeuT, energy 

perturbation molecular dynamics (FEP/MD) simulations were applied. These in silico analysis 

indicate, that Na2 is of structural importance. It stabilizes Na1 and also mediates selectivity for 

the second ion binding site. In contrast, the close vicinity of Na1 to the leucine binding site 

and the direct interaction of the bound ion with the carboxylate oxygen of the substrate 

already provided clear evidence for the role of this ion in substrate binding. In good 

accordance, molecular dynamics (MD) simulations showed that removing Na+ from Na1 

results in a decreased leucine affinity (Caplan et al., 2008). 

Structural alignments combined with site-directed mutagenesis and subsequent 

functional characterization revealed that Na2 is highly conserved in Na+-dependent 

transporters of the LeuT structural family. The finding that the occupied Na2 is mimicked in 

the Na+-independent secondary transporters ApcT (Shaffer et al., 2009) and CaiT (Schulze 
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et al., 2010) by basic amino acids, K158 and R262, further emphasizes the importance of the 

positive charge exactly at this very position for transporter function.  

1.6.4 Substrate binding sites 

Comparison of crystal structures of LeuT-like transporters in complex with bound 

substrates reveal similar positions of the respective substrate binding sites, approximately 

halfway across the membrane bilayer, at the interface between the two inverted repeat 

domains. LeuT, Mhp1, and AdiC were observed in either an outward-facing open or an 

outward-facing occluded conformation. It was shown that positions located in TMs 1, 3, 6, 

and 8 in all three transporters are involved in substrate coordination. In AdiC, an additional 

helix (TM 10) is involved in substrate binding (Abramson & Wright, 2009). In contrast to the 

former mentioned transporters, vSGLT, CaiT, and BetP are not described in the outward-

facing but in an inward-facing occluded, inward-facing open, or intermediate occluded state. 

Even though the substrates are also located at similar positions within the protein core, the 

TMs involved in shaping the binding sites differ slightly. In BetP and CaiT, both members of 

the BCCT family, the substrate is sandwiched in an aromatic box, composed by tryptophan 

residues located in TM 2’ and 6’ (Ressl et al., 2009, Schulze et al., 2010). The substrate in 

vSGLT is located between TMs 1’, 2’, 6’, 7’, and 10’ (Faham et al., 2008). 

Taking all the different binding pockets into consideration, some conclusions can be 

drawn regarding the general properties of substrate binding sites in transporters of the LeuT 

structural family. The 10-helix core domain provides a scaffold for the formation of different 

pockets that are able to bind a diverse array of chemically different compounds. Substrates 

are located at similar positions in the core domain and are coordinated by H-bonds with polar 

side chains or by main chain nitrogen or carbonyl oxygen atoms in unwound regions. Formal 

charges of the ligand are either compensated by partial charges, helix dipoles, cation-π-

interactions, or coupling ions. Hydrophobic substrate moieties can be docked in hydrophobic 

binding pockets created by side-chain atoms (Krishnamurthy et al., 2009, Forrest et al., 

2011, Abramson & Wright, 2009). 

In addition to the central binding site (S1) described above, for some members of the 

LeuT structural family, a second allosteric binding site (S2) is proposed. Direct evidence for 

the presence of S2 in the LeuT structural family gave the crystal structure of CaiT (Schulze et 

al., 2010). In addition to a substrate in the S1 site, a second γ -butyrobetaine molecule is 

bound in an extracellular cavity. Mutations in the S2 site led to drastically reduced uptake 

rates and the determined Hill coefficient suggested a regulatory function of S2. The authors 

propose a crosstalk between both sites and thereby bound substrate in S2 triggers 

conformational changes in the transporter and subsequent substrate release from S1 into the 

cytoplasm. For LeuT, the second transporter in this group of carriers for which a second 

binding site is proposed, the presence and function of this site is discussed more 
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controversially. On the one hand, until now all available crystal structures of LeuT did not 

provide any evidence of a substrate located in S2 (Singh et al., 2008, Singh et al., 2007, 

Yamashita et al., 2005). On the other hand, based on molecular dynamics (MD) simulations 

in combination with substrate binding assays and single molecule fluorescence resonance 

energy transfer (smFRET) measurements, also an allosteric transport mechanism was 

proposed, similar as described for CaiT (Shi et al., 2008, Zhao et al., 2011, Zhao et al., 

2010). So far no final consensus about a general functional role of a second binding site has 

been reached and in order to elucidate the importance of S2 for the transport cycle more 

experiments need to be done. 

1.6.5 From structure to function: Rigid body movements as key element for 

secondary active transport 

The comparison of various transport protein structures in different conformational 

states gives insights into a putative molecular mechanism of function of members of the 

LeuT structural family. As described above, all members of this group share a conserved 

protein core consisting of 10 TMs, in which the first 5 TMs are related to the second 5 TMs 

by a pseudo two-fold axis along the membrane plane. Forrest and co-workers proposed that 

a 4-helix bundle, composed of TMs 1, 2, 6, and 7, is the major determinant for the alternating 

access mechanism (Forrest et al., 2008). A rigid body movement (‘rocking’) of this bundle 

relative to the remaining 6 helices, the so-called scaffold, is proposed to lead to an 

alternative opening and closing of inward- and outward-facing cavities. In LeuT, these four 

helices are tilted with respect to the rest of the 10-helix core domain by 25° and inverting this 

tilt angle led to a model of LeuT in an inward-facing conformation, which is in good 

agreement with biochemical data and the subsequently published crystal structure of vSGLT 

in the inward-facing conformation (Faham et al., 2008). 

Since Mhp1 is the only transporter in the LeuT structural family that is crystallized in 

three different states (CO, COocIS, and CI), this system can be used to validate the mechanism 

postulated by Forrest and colleagues. The observed structural reorientations in Mhp1 during 

the transition from the outward- to the inward-facing conformation are in good agreement 

with the rocking bundle motion proposed for LeuT (Yamashita et al., 2005, Shimamura et al., 

2010). The authors discriminate more precisely between the 4-helix bundle and the so-called 

‘hash’ motif, composed by TMs 3, 4, 8, and 9. Both domains rotate relative to each other by 

30° and this intramolecular motion is proposed to be the molecular basis for the alternating 

access to the centrally located S1 binding site via an extracellular or an intracellular water-

filled cavity (Shimamura et al., 2010). Interestingly, a recent crystal structure of BetP caught 

the transporter in an occluded state (Ressl et al., 2009). Compared to the outward and the 

inward-facing conformation of Mhp1, BetP adopts an intermediate state. As described above, 

the proposed molecular basis for reciprocal opening and closing of cavities are structural 
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differences between the symmetry related repeat domains (Forrest et al., 2008). 

Remarkably, in the observed intermediate state of BetP the inverted repeats are clearly 

symmetric, what Is in good concordance with the suggested transport mechanism. 

By comparing the available crystal structures also structural variations within the 

LeuT structural family become obvious. As described above, during the transport cycle so-

called gates regulate access to the substrate and ion binding sites. On the one hand, the 

binding pockets can be occluded from the surrounding by bulk protein (thick gates). This is 

observed in all structures of LeuT-like transporters. On the other hand, a small number of 

distinct residues can be sufficient to control access to the binding pockets (thin gates). These 

thin gates differ in their configuration and biochemical nature within the LeuT structural 

family. In the case of LeuT, the sites of Na+ and leucine binding are occluded from the 

extracellular space by a pair of aromatic residues (Y108 and F253) and in addition by the 

charged pair composed of R30 and D404 (Yamashita et al., 2005). In vSGLT three 

hydrophobic amino acid residues (Y262, Y263, and W264) are involved in preventing 

substrate release from the central binding pocket (Faham et al., 2008). In contrast to the 

situation in LeuT and vSGLT, where a distinct and small number of residues is involved in 

gating, the situation in Mhp1 is different. In the transition from the outward-facing open to the 

outward-facing occluded conformation the N-terminal half of TM 10 bends into the water filled 

extracellular cavity and as a result the substrate binding site is no longer accessible from the 

water phase (Weyand et al., 2008). Interestingly, electron paramagnetic resonance (EPR) 

spectroscopic analysis added some details to the gating mechanism in LeuT. It was shown 

that in addition to the above-mentioned gating residues, TM 10 and extracellular loop (eL) 4 

are undergoing conformational alterations upon ligand binding (Claxton et al., 2010). These 

movements might play an important role in the gating mechanism and are in good agreement 

with information derived from other crystal structures e.g. Mhp1 (Shimamura et al., 2010). 

 

1.7 PutP – a member of the LeuT structural family 
PutP is a Na+ dependent L-proline transporter, which belongs to the sodium/solute 

symporter family (SSSF; TC 2A.21, SLC5). This group comprises more than 1000 members 

that can be found in all three kingdoms of life (Jung, 2002, Wright & Turk, 2004). In the 

enteric bacterium Escherichia coli, putP is localized together with putA in the put operon 

(Wood, 1981). PutA is a multifunctional cytoplasmic flavoprotein that mediates the 

degradation of proline to glutamate in a two-step oxidation reaction. In the absence of 

substrate, PutA in its oxidized form functions as a transcriptional repressor of the put operon 

(Ostrovsky de Spicer & Maloy, 1993, Brown & Wood, 1992). In contrast to genes encoding 

for the proline uptake systems proP and proU, putP expression is not osmotically regulated 

(Dattananda & Gowrishankar, 1989, Culham et al., 1993). Therefore, the main purpose of 
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PutP mediated proline uptake is rather to feed metabolic and anabolic pathways than to 

respond to osmotic stress. Remarkably, it was shown by transposon mutagenesis that PutP 

in Helicobacter pylori and Staphylococcus aureus is an essential virulence factor. Functional 

inactivation of the respective genes prevents stomach colonization by H. pylori (Kavermann 

et al., 2003) and in S. aureus the proline permease is indispensable for in vivo survival 

(Bayer et al., 1999). Furthermore, dysfunction of human homologues of PutP such as NIS 

and SGLT1 cause diseases such as iodide transport defect and glucose-galactose 

malabsorption (Dohan et al., 2003, Wright et al., 2007). 

  The putp-gene was cloned and sequenced (Nakao et al., 1987). According to the 

DNA sequence, a primary sequence containing 502 amino acids was proposed resulting in a 

molecular weight of 54.343 kDa. The protein was solubilized, purified, and reconstituted. 

Proline uptake in proteoliposomes was traced back to PutP and a Na+ to proline 

stoichiometry of 1:1 was determined (Jung et al., 1998b, Chen & Wilson, 1986, Hanada et 

al., 1988). In addition, in vivo uptake assays revealed an apparent affinity (Km(pro); K0,5(Na)) of 

PutP for proline of 2 and for Na+ of 30 µM (Yamato & Anraku, 1993). In the transport process 

Li+ may substitute Na+ as coupling ion, but with a much lower affinity (K0,5(Li) ~125 µM). As 

already described above as a general mechanistic principle in secondary transporters, kinetic 

analysis suggested that PutP works according to an ordered binding mechanism (Yamato, 

1992).  

Despite a lacking three-dimensional high-resolution structure, decent biochemical and 

biophysical analyses gave detailed insights into structure-function relationships of PutP of E. 

coli. A combination of gene fusion analyses, site-directed mutagenesis combined with Cys 

accessibility studies, site-specific proteolysis, and spectroscopic approaches revealed a 

topology model of PutP containing 13 TMs, with the N-terminus facing the periplasm and the 

C-terminus facing the cytoplasm (Fig. 1.4) (Jung, 1998, Jung et al., 1998a, Wegener et al., 

2000). 
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Fig. 1.4 Secondary-structure model of the Na+/proline symporter PutP. The predicted topology is based on a 
combination of EPR spectroscopic measurements, gene fusion- and accessibility analyses, and limited 
proteolysis (Wegener et al., 2000, Jung, 1998). TMs are represented as rectangles. For clarity, TMs of the 10-
helix core domain, shared by all members of the LeuT structural family, are numbered from 1’ to 10’, the 
additional N-terminal TM of PutP is numbered -1’ and additional C-terminal TMs 11’ and 12’. Extracellular loops 
(eL) are numbered from -1 to 6, intracellular loops (iL) from 1-7. For the primary sequence the one letter amino 
acid code is used. Residues involved in ligand binding are highlighted in red, positions involved in ligand-
dependent conformational dynamics are colored in blue and other amino acids of structural/or functional 
importance are depicted in green. 
  

The topology of PutP is in good agreement with the proposed general structural motif 

of 13 TMs of members of the SSSF. Biochemical and spectroscopic analyses gave more 

detailed insights into the tertiary structure of PutP. With TM 1’ and 8’ two helices were 

identified that are involved in the formation of a hydrophilic inward-facing cavity (Pirch et al., 

2003, Hilger et al., 2008). Na+ and proline dependent Cys labeling experiments of TM 1’ gave 

first hints at ligand dependent opening and closing of the cytoplasmic vestibule. Remarkably, 

several conserved amino acid residues are clustering in both helices and it was shown that 

both TMs are at least temporarily in close proximity. Another interesting feature of TM 8’ is its 

backbone structure, which was determined by double electron-electron resonance 

measurements of intrahelical distances and subsequent in silico modeling (Hilger et al., 

2009). The structural model revealed a kink near functionally important residue T341. On the 

one hand this kink interrupts the α -helical H-bonding network and therefore backbone 

carbonyl oxygen and nitrogen atoms in this region might be involved in substrate and/or 
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coupling ion coordination. On the other hand this bended TM may function as a hinge, which 

is involved in reciprocal opening and closing of cavities within the transporter. 

In order to gain information on the role of single amino acids for transporter function 

site-directed mutagenesis and additional in vitro and in vivo transport analyses of the 

respective protein derivatives were performed. It was shown that several positions in TM 1’ 

are crucial for transporter function. Substitution of D55 by Cys or Asn abolished PutP 

mediated proline uptake completely, whereas a PutP-D55E derivative showed basal activity 

albeit at a highly reduced initial rate. Kinetic analysis of the latter construct suggested that 

D55 is either directly located in the Na+ binding site or at least in close proximity (Quick & 

Jung, 1997). For the adjacent residue M56, which was shown not to be essential for 

transport, also a direct or indirect role in coupling ion coordination was proposed (Pirch et al., 

2002). In addition to D55 and M56 two further residues, which showed significantly altered 

transport kinetics upon substitution, were identified. Replacing S57 by Ala, Cys, Gly, or Thr 

changed the Km(pro) up to 400 fold, and the apparent Na+ affinity approximately 100 fold. 

Similar but less pronounced effects were also detected by substitution of G58 by Cys (Pirch 

et al., 2002, Quick et al., 1996). In the course of a complete Cys scanning mutagenesis of 

TM 1’, two additional amino acid residues A48 and G63 were identified to be pivotal for 

transporter function (Pirch et al., 2003). 

The characterization of the two highly conserved adjacent residues S340 and T341 

gave insights into Na+ binding (Hilger et al., 2008). Substitution of S340 by Ala, Cys, or Thr 

resulted in significantly reduced transport activity. Kinetic analysis revealed that the apparent 

Na+ affinity decreased by two to three orders of magnitude. Km(pro)  was also affected but to a 

much lesser extent. This finding supports the idea of an interdependence of the sites of 

substrate and the coupling ion binding as it was shown in previous studies (Jung et al., 

1998b, Zhou et al., 2004). Furthermore, the side chain size had a bigger influence on the 

K(0,5)Na+ than the polarity. Hence, it is proposed that S340 is involved in coupling ion 

coordination, rather via backbone carbonyl oxygen than by the hydroxyl side chain. For T341 

a clear dependence of Na+ coupled proline transport on the presence of the hydroxyl group 

was found and a H-bond interaction between the ion and the side chain was proposed 

(Hilger et al., 2008). Similar results were obtained for homologous residues in NIS. It was 

shown that S353 and T354 are crucial for Na+ dependent iodide uptake and an involvement 

of the side chain hydroxyl groups in Na+ binding is proposed (De la Vieja et al., 2007). The 

proposed role of S340 and T341 in PutP is also confirmed by the crystal structure of LeuT. 

Here the corresponding residues T354 and S355 are in H-bonding distance to Na2 

(Yamashita et al., 2005). 

Remarkably, Cys placed at position 340 and 341, which was proposed to be located 

halfway across the membrane according to the topology model, is accessible by sulfhydryl 



Chapter 1 

	   22 

specific compounds from the water phase. Summarizing the kinetic and accessibility 

analyses of the investigated residues in TM 1’ and 8’, the results suggest that both TMs 

participate in the formation of the substrate and/or ion translocation pathway towards the 

cytoplasm. In addition, residues that are presumably located halfway across the membrane 

were shown to be crucial for transporter function, and a possible involvement in shaping the 

proline and/or Na+ binding pocket was suggested. 

In the course of further site directed mutagenesis studies additional functionally 

important residues were identified that are, according to the topology model, localized in 

hydrophilic loop domains. Three charged and functionally important residues (R40, R187, 

and, E311) were found that are conserved in the SSSF (Quick et al., 1999, Quick & Jung, 

1998; Bracher and Jung, unpublished data). In the case of R40, the removal of the positive 

charge led to a drastic decrease of Vmax and to a 10 fold decrease of the apparent Na+ 

affinity. The authors drew the conclusion that R40 is in close proximity to the ion binding site 

and that this residue is important for coupling Na+ to proline transport (Quick et al., 1999). In 

contrast replacement of D187 by Cys increased the affinity of PutP approximately 10 fold and 

further analyses suggested that this residue might be located within or next to the ion 

translocation pathway and controls Na+ release into the cytoplasm (Quick & Jung, 1998). A 

second important negatively charged residue (E311) was identified in eL4, which precedes 

functionally important TM 8’. Substitution of E311 by Gln or Arg abolished transport 

completely. Replacement by Cys and Asp resulted in 1% and 10% initial rate compared to 

wild type PutP. Kinetic studies revealed neither an impact on the proline nor on the Na+ 

affinity. Instead Vmax was reduced by one to two orders of magnitude. These data suggest 

that E311 is rather involved in transporter dynamics than in ligand binding (Bracher and 

Jung, unpublished information). 

A series of spectroscopic and biochemical analyses were performed in order to 

investigate the structural dynamics of PutP (Wegener et al., 2000, Jeschke et al., 2004, Pirch 

et al., 2003, Pirch et al., 2002). Site directed spin labeling (SDSL) of the single-Cys 

derivatives PutPΔCys-L37C and PutPΔCys-F45C revealed Na+ and/or proline dependent 

mobility changes of the nitroxide group of the spin label. This could be explained by ligand 

induced conformational alteration of TM 1’ and the preceding loop (Wegener et al., 2000). 

These observations were additionally supported by intramolecular distance measurements 

using DEER. An increase in the distance between positions 37 and 187 upon Na+ binding 

independently proved structural alterations on the cytoplasmic side of the transporter 

(Jeschke et al., 2004). This initial characterization of the dynamics of PutP was 

complemented by Cys accessibility analyses. In good agreement with the spectroscopic 

data, Cys placed at positions 57 and 58 showed increased accessibility in the presence of 

Na+. Subsequent addition of proline reversed this effect (Pirch et al., 2002). Interestingly, for 
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two positions in the consecutive loop also a Na+ mediated increase in the accessibility was 

observed (Pirch and Jung, unpublished information). In contrast, at several positions on the 

cytoplasmic half of TM 1’ (F45, V46, T47, L49, S50, A51, S54, G63, and, L64) the 

accessibility was reduced by proline in the presence of Na+ (Pirch et al., 2003). Since these 

protective effects were observed across several helical turns and the initial rate of transport 

of the respective single-Cys derivatives was only slightly reduced, these changes in the 

accessibility can most likely be attributed to structural rearrangements. Effects of Na+ and 

proline on the labeling efficiency were also observed in TM 6’ (P252), iL4 (R257), eL4 (D298, 

I315, L317), and TM 8’ (C344) (Pirch and Jung, unpublished information; Imrich and Jung, 

unpublished information). Taken together the biochemical and biophysical analyses suggest 

that PutP is a highly dynamic protein in which various domains are involved in major 

conformational alterations. These findings are in good agreement with the postulated 

alternating access mechanism and the ordered binding model of ligand transport. 

 

1.8 Scope of this work 
 The main objective of this thesis was to obtain insights into the structure, function, 

and dynamics of the Na+/proline symporter PutP of E. coli. In order to address these tasks, a 

biochemical analysis of functionally important TM 8’ of PutP was performed. Furthermore, a 

combination of bioinformatic and biochemical approaches was used to generate a first 

structural model of PutP, and to identify sites of Na+ and proline binding. Finally, the 

mechanistic role of eL4 in the transport cycle was analyzed by electron paramagnetic 

resonance (EPR) spectroscopy. 

 In a previous investigation, S340 and T341 of TM 8’ of PutP were proposed to be 

involved in Na+ binding. Moreover, it was shown by intramolecular cross-linking that TMs 8’ 

and 1’ are at least temporarily in close proximity during the transport cycle. The latter TM 

harbors highly conserved amino acid residues that are involved in ion and substrate binding. 

Furthermore, TM 1’ is also of structural importance as it was shown to participate in shaping 

an inward-facing cavity, which is opened and closed in a ligand-dependent manner. In order 

to identify additional functionally important residues in TM 8’, in the first part of this work, a 

complete Cys scanning mutagenesis was performed and the transport properties of the 

respective PutP derivatives were characterized. To elucidate a putative role of TM 8’ in the 

formation of a water-filled cytoplasmic and/or periplasmic cavity, the accessibility of the 

constructed single-Cys PutP variants to various thiol-specific compounds was tested. Finally, 

conformational alterations in TM 8’ were tracked by analyzing the influence of ligands on the 

accessibility pattern. 

 In the second part of this thesis a homology model of PutP was computed, to obtain 

first insights into the three-dimensional architecture of the transporter. For this purpose, the 
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X-ray crystal structure of the Na+/galactose symporter vSGLT of V. parahaemolyticus was 

used as template, which is the only available high-resolution structure of a member of the 

sodium solute symporter family. The resulting model guided the identification of the Na+ and 

proline binding site by docking analyses. To evaluate the relevance of the model and of the 

proposed substrate binding site, site-directed mutagenesis of predicted proline coordinating 

residues was performed in combination with a subsequent analysis of the transport kinetics 

of the respective PutP variants. Additional insights into substrate binding and ligand-induced 

local conformational alterations were gained by Cys accessibility experiments of functionally 

important residues. 

 Despite the increasing number of high-resolution structures of transport proteins, 

information on conformational dynamics in the course of the translocation cycle is limited. In 

the third part of this dissertation a complete Cys scanning mutagenesis of eL4 of PutP was 

performed. The transport activity and binding properties of the respective PutP derivatives 

were investigated. The secondary structure of the loop domain was assessed by cw EPR 

measurements. To address the dynamics of this domain during the alternating access 

mechanism of PutP, ligand-dependent changes in the mobility and polarity of the 

microenvironment of the spin label were determined. In order to integrate the observed 

ligand effects on the loop domain into the transport cycle the cw EPR analysis of eL4 was 

complemented with intramolecular distance measurements using four-pulse double electron-

electron resonance spectroscopy. 
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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. G328, S332, Q345, and L346 were newly identified as important
for Na+-coupled proline uptake. Placement of Cys at one of these positions
altered Km(pro) (S332C and L346C, 3- and 21-fold decreased, respectively;
Q345C, 38-fold increased), K0.5(Na+) (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]. Mem-
brane-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.
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Introduction

The Na+/solute symporter family (SSSF) (TC
2A.21, SLC5) is an evolutionary related collection
of secondary transporters found in all three king-
doms of life.1–3 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.4 Most of these trans-
porters (PutP, SGLT, and Ppa) feed catabolic path-
ways or play a role in cell adaptation to osmotic
stress conditions (OpuE). PanF scavenges extracel-
lular pantothenate for coenzyme A biosynthesis in
the cells.5 In eukaryotes, SSSF members are respon-
sible for the transport of, for example, monosacchar-
ides (SGLT), myoinositol (SMIT), vitamins (SMVT),
iodide (NIS), and urea (DUR).6–8 So far, missing
information on the three-dimensional structure of
SSSF members limits access to the molecular me-
chanism of Na+-coupled substrate transport.
We use PutP of Escherichia coli as a model to ob-

tain insights into structure and molecular mecha-
nisms of function of SSSF members. Genetic, pro-
tein 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 cyto-
plasm (Fig. 1).9,10 Furthermore, Cys accessibility
experiments propose a participation of TM II in the
formation of a hydrophilic cavity in the transporter
and implicate the TM in ligand-induced conforma-
tional alterations.15 In addition, D55 in TM II is
essential for function and proposed to participate in
binding of the coupling ion.11 S57 and G58 of the

same TM are important for Na+ and proline binding,
suggesting partly overlapping binding sites for both
ligands.12,13 More recent Cys cross-linking data
propose that TM II is close to TM IX in the tertiary
structure of the protein. In fact, also, the latter TM
contains residues (S340 and T341) that are re-
quired for high-affinity Na+ and proline binding.14

Beside PutP, polar residues of TM IX were shown to
be particularly crucial also for function of human
NIS,17 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 (P324 to S351) 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.

Results

Cys scanning mutagenesis of TM IX

TM IX of PutP was subjected to Cys scanning mu-
tagenesis in order to identify residues of particular
structural and/or functional significance. For this
purpose, each amino acid of TM IX (P324 to S351)
was individually replaced with Cys in a functional
PutP molecule devoid of all five native Cys residues
[PutP(ΔCys)]. AWestern blot analysis revealed that

Fig. 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.9,10 Putative
TMs are represented as rectangles and numbered with Roman numerals. Amino acid residues of TMs II and IX previously
shown to be crucial for Na+ and/or proline binding are indicated by open letters.11–14 Residues of TM II proposed to line a
ligand-sensitive hydrophilic cavity in the transporter are highlighted (enlarged letters).15 In TM IX, only Cys344 (enlarged
letter) is known so far to react with sulfhydryl reagents and is protected by substrate.16 TMs II and IX are adjacent in the
tertiary structure of the protein as shown by Cys cross-linking.14
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these replacements resulted in amounts of transpor-
ter molecules in the membrane similar as observed
for PutP(ΔCys), indicating that possible differences
in proline uptake kinetics cannot be attributed to
different amounts of transporter molecules in the
membrane (Fig. 2). Active transport was then mea-
sured under standard test conditions (70 mM Na+,
10 μM proline) by using E. coli WG170 comple-
mented with plasmid-encoded PutP variants. Under
these conditions, PutP(ΔCys) 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 G328, S332,
Q345, and L346 as important for PutP function
(Fig. 3). Themost severe defect was detected for PutP
(ΔCys)-S332C [2.6% and 15.8% of the initial rate and
steady-state level of proline accumulation of PutP
(ΔCys)]. Intermediate inhibitory effects [30–40% of
the initial rate and 70–100% of steady-state level of
proline accumulation of PutP(ΔCys)] were observed
for cells containing PutP(ΔCys)-G328C, -Q345C, or
-L346C. In contrast, cells with PutP(ΔCys)-A337C or
-C344 exhibited about twofold stimulated initial
rates and unaltered steady-state levels of proline
accumulation compared to PutP(ΔCys). It should be
noted that placement of Cys at position 344 [Ser in
PutP(ΔCys)] restored a native Cys residue. All
remaining substitutions had only little or no impact
on transport kinetics (Fig. 3).

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

Substitutions in PutP(ΔCys) causing alterations of
transport were also analyzed in the wild-type
background. Cys in place of G328, S332, Q345, and
L346 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 accumu-
lation (19–56% of the wild-type value). In contrast,
replacement of A337 increased the initial rate of
transport by a factor of 1.8 with no significant effect
on the steady-state level of accumulation (data not
further illustrated). These results confirmed the ob-
servations made in the PutP(ΔCys) background.
A more detailed kinetic analysis of the func-

tional consequences of the Cys substitutions re-
vealed diverse effects on Michaelis–Menten para-
meters (Table 1). Replacement of G328 by Cys

affected Vmax (3-fold decreased) and left Km(pro)
and K0.5(Na+) almost unaltered compared to PutP
(wild type). PutP-S332C and -L346C exhibited dec-
reased Km(pro) (3- and 21-fold, respectively) andVmax
values (22- and 8-fold, respectively). While K0.5(Na+)
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 trans-
porter in an inside–out orientation. Under these

Fig. 3. Influence of amino acid replacements in TM IX
on Na+-coupled proline uptake. Transport of L-[U-14C]
proline (10 μM 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 filtrationmethod. (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(ΔCys) (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.

Fig. 2. Immunological 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 μm 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).
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conditions, S332C exhibited a K0.5(Na+), which was
13-fold reduced compared to the wild type in
proteoliposomes (Table 1). In contrast to PutP-
S332C and -L346C, placement of Cys at the position
of Q345 increased Km(pro) and K0.5(Na+) 38- and 19-
fold, respectively, compared to PutP(wild type).
Vmax was about 2-fold reduced (Table 1). The latter
results fit to previous analyses of substitutions for
Ser340 and Thr341, albeit the impact of alterations at
the latter positions on Km(pro) and K0.5(Na+) was even
stronger than that of the Gln345 replacement.14

Finally, placement of Cys at the position of A337,
which was shown to stimulate proline uptake in the
initial analyses, slightly increased K0.5(Na+) and Vmax
(3- and 1.6-fold) and left Km(pro) unaltered (Table 1).

Influence of Cys modification on transport
activity

Site-directed sulfhydryl modification of single
Cys proteins in situ has been particularly useful for
studying both static and dynamic features of
transporters.18–20 Here, we used the method to
probe a potential participation of TM IX of PutP in
the formation of a hydrophilic cavity in the trans-
porter. In a first approach, accessibility of Cys placed
throughout TM IX to membrane-permeant N-ethyl-
maleimide (MalNEt) 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 MalNEt or MTSET with components of
the respiratory chain). In this way, MalNEt- or
MTSET-treated cells containing PutP(ΔCys) main-
tained a minimum of 80% and 96%, respectively, of

the activity of untreated cells. PutP(ΔCys) was not
chemically modified as demonstrated below and
elsewhere.14

MalNEt avidly reacted with Cys at distinct posi-
tions in the cytoplasmic half of TM IX (C344, L347C,
and S351C) as indicated by the highly reduced
activities of the respective MalNEt-treated cells (8%
or less remaining activity compared to untreated
cells) (Figs. 4a and 5). Intermediate inhibitory effects
of MalNEt were observed with cells containing
PutP(ΔCys)-T341C or -V348C (40% and 48% remain-
ing activity, respectively). The activity of all other
single Cys PutP variants was not or only slightly
altered by MalNEt treatment. Here, either Cys was
not accessible toMalNEt or labeling had only aminor
impact on transport activity. Since alkylation reagents
are known to react with sulfhydryl groups in polar
but not in apolar environments,21,22 the observed
MalNEt inhibition pattern suggested that T341, C344,
L347, V348, and S351 are in contact with a polar
(hydrophilic) environment.

Fig. 4. Influence of sulfhydryl reagents on proline up-
take into cells containing single Cys PutP variants of TM
IX. Cells were incubated with 2 mM sulfhydryl reagent
(MalNEt andMTSET) at room temperature for 15min. 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. Activities of MalNEt-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.

Table 1. Proline uptake kinetics of PutP bearing replace-
ments of given amino acid residues

PutP
Km(pro)
(μM)

Vmax (nmol/min·mg
of protein)

K0.5(Na+)
(mM)

Wild type 1.3±0.2 44.6±1.6 0.038±0.007
(0.7±0.09)a

G328C 1.5±0.5 16.7±1.0 0.018±0.004
S332C 0.4±0.3 2.1±0.2 n.s.b

(0.055±0.014)a

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 5.8±0.3 0.071±0.011

To determine Km(pro) and Vmax, we measured initial rates of
L-[U-14C]proline 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 μM. For
determination of the ion-specific parameters [K0.5(Na+)], transport
of 10 μML-[U-14C]prolinewasmeasured in the presence of 0.005 to
250 mMNaCl at 25 °C. The resulting data were plotted according
to Eadie–Hofstee.

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

b n.s., no stimulation of proline uptake into intact cells by
increasing concentrations of Na+.
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The inhibition pattern of membrane-impermeant,
positively charged MTSET differed significantly
from the MalNEt inhibition pattern (Figs. 4b and
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(ΔCys)-A327C and -V338Cwere
inhibited by MTSET albeit to a significantly lesser
extent (64% and 51% remaining activity, respec-
tively). Contrary to MalNEt, MTSET did not inhibit
single Cys PutP activity when Cys was placed into
the cytoplasmic half of the domain (Figs. 4b and 5).
These results suggested that the transporter con-
tained a narrow cavity (funnel), allowing the posi-
tively 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 MalNEt pre-
sumably could not efficiently enter this cavity or the
transporter variants were insensitive to Cys modi-
fication by the neutral reagent.

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 modifica-
tion was directly determined by analyzing fluore-
scence of single Cys PutP variants incubated with
membrane-permeant fluorescein-5-maleimide (FM).

Fig. 6. Accessibility of Cys in-
dividually introduced throughout
TM IX to FM. Randomly oriented
membrane vesicles containing the
indicated PutP derivative were pre-
pared as described in Experimental
Procedures. One hundred fifty
microliters of a suspension of mem-
branes of E. coli WG170 containing
given PutP derivatives (10 mg of
total membrane protein/mL) were
incubated with 200 μM FM for
10 min. Labeling reactions were
stopped by addition of 5 mM
β-mercaptoethanol. After solubili-

zation with 1.5% (w/v) n-dodecyl-β-D-maltoside and purification via Ni2+-NTA affinity chromatography, 5 μg 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(ΔCys)-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).

Fig. 5. Schematic presentation of
Cys accessibility inTMIX. The figure
summarizes the Cys accessibility
data shown in Figs. 4, 6−8. (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 MalNEt and modified
by FM; gray ellipses denote single
Cys PutP variants not inhibited by
MalNEt but modified by FM; white
ellipses represent single Cys PutP
variants not or only marginally
inhibited or modified by MalNEt
and FM; gray rectangles indicate
single Cys PutP variants inhibited
by MTSET; black rectangles denote
single Cys PutP variant inhibited by
MalNEt and MTSET and modified
by FM. *Cys protected by proline;
+Cys partially protected byNa+. The
accessibility of the remaining resi-
dues was not affected by Na+ or
proline.
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Labeling was performed with randomly oriented
membrane vesicles; labeled PutP derivatives were
solubilized from the membranes, purified by Ni2+-
NTA affinity chromatography, and subjected to SDS-
PAGE. Fluorescence was detected by UV excitation
and normalized to the protein amount. The normal-
ized fluorescence intensity of PutP(ΔCys)-T341C
was arbitrarily set to 100. Unspecific labeling was
estimated with PutP(ΔCys) as negative control and
corresponded to 3 arbitrary units (AU) or less (Fig. 6).
FM reacted essentially with all single Cys PutP

variants inhibited by MalNEt [PutP(ΔCys)-T341C,
-C344, -L347C, -V348C, and -S351C; fluorescence
intensities between 30 and 100 AU] (Figs. 4−6). In
addition, PutP(ΔCys)-P324C was modified by FM
(fluorescence intensity, 40 AU). P324 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. 5 and 6). The only single Cys PutP
variant modified by all three sulfhydryl reagents
was PutP(ΔCys)-T341C. As alkylation by malei-
mide-based reagents requires the sulfhydryl group
to be in the deprotonated form,21,22 the high acces-
sibility 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
MalNEt inhibition pattern.

Influence of ligand on Cys accessibility

The accessibility analyses described above sug-
gest that various residues of TM IX are exposed to a
hydrophilic environment as they originate, for ex-
ample, 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) onCys accessibilitywas 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). Subse-
quently, PutP was isolated and FM fluorescence was
detected as described above.
FM labeling of Cys at positions 324 and 341was not

significantly influenced by ligands (Fig. 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. 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).
The effect of ligands on MTSET labeling of PutP

(ΔCys)-L331C, -A337C, and -T341C was investi-
gated. For this purpose, freshly prepared cells con-
taining the respective single Cys PutP derivatives

were labeled with MTSET in the presence and ab-
sence 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. 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.
8). Instead, the results of the activity assay suggested
a partial protective effect of Na+. In fact, MTSET
labeling of cells containing PutP(ΔCys)-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. 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

Fig. 7. Influence of ligands on Cys accessibility to FM.
Membrane vesicles containing the indicated PutP deriva-
tives were prepared as described in the legend to Fig. 5.
Aliquots (150 μL) of a suspension of membranes of E. coli
WG170 containing given PutP(ΔCys) 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 μM FM
was performed for 10 min. The reaction was stopped by
addition of 5 mM β-mercaptoethanol. Labeled PutP was
isolated and analyzed as described in the legend to Fig. 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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conditions of maximum protection, uptake activities
of MTSET-treated cells were reduced to 30% of the
value of unlabeled cells. Cells containing PutP
(ΔCys)-L331C or -A337C showed a maximum of
60–70% of the activity of unlabeled cells if labeling
was performed in the presence of Na+ and proline.

Discussion

S340 and T341 in TM IX of PutP have previously
been suggested to play key roles in ligand binding
and transport; thereby, the side chain of T341 may
directly participate in Na+ binding.14 The current
analysis of structure–function relationships in PutP
newly identified G328, S332, Q345, and L346 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 struc-

tural 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. Km(pro) is most severely affected (more
than 1 order of magnitude) upon replacement of
Q345 or L346. 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 Km(pro) and K0.5(Na+), comparatively small
changes of Vmax] are, to some extent, reminiscent of
the results obtained upon replacement of S340 or
T341.14 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 Km(pro) and K0.5(Na+) are highly affected upon
replacement of S340, T341, or Q345, the idea that
binding of coupling ion and substrate occurs in close
proximity is supported. Furthermore, the reduced
Vmax values observed with PutP-G328C, -S332C,
and -L346C hint at defects in the transport cycle
subsequent to ligand binding, for example, inhibi-
tion of conformational alterations or a hampered
release of ligands. The latter idea is, in principle,
supported by the decreasedMichaelis–Menten para-
meters found for PutP-S332C [Km(pro) and K0.5(Na+)]
and PutP-Q346C [Km(pro)] (Table 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 mem-
brane. First evidence for the existence of an out-
wardly oriented cavity (funnel) in PutP comes from
labeling of PutP-S340C and -T341C in right-side-out
membrane vesicles with various methane thiosulfo-
nate compounds.14 Here, we present new evidence
for the existence of a funnel that may connect T341
with the periplasmic surface of PutP. This evidence
comes from the observation that Na+-coupled pro-
line uptake into intact cells containing PutP(ΔCys)-
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 posi-
tively charged MTSET with a width similar to the
diameter of hydrated Na+, as well as the previously
reported particular significance of T341 for Na+

binding,14 it is tempting to speculate that the pro-
posed funnel is used by Na+ as an entrance to a Na+

binding site in about the middle of the membrane
(Fig. 9). Clearly, inhibition of MTSET labeling of
the reported residues could also be achieved by

Fig. 8. Influence of ligands on Cys accessibility to
MTSET. Cells containing the respective single Cys variant
were preincubated in the absence (−) or presence of 30mM
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.
4. The effect of ligand is shown as the ratio of the activities
measured after MTSET labeling in the presence (v1) and
absence (v2) of ligand. Ratios N1 indicate inhibition,
whereas ratios b1 denote stimulation of MTSET labeling.

Fig. 9. Model showing the participation of TMs II and
IX in the formation of hydrophilic cavities in PutP. The
model is based on the current analysis as well as on
previous investigations.11–15 Amino acids of TMs II and IX
supposed to line a hydrophilic cavity (funnel) are indi-
cated. 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
II participates in the formation of the outwardly oriented
funnel (drawn as dotted box) suggested to be lined by
residues of TM IX.
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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 acces-
sible to MalNEt and FM but not to MTSET (if
MTSET is added from the periplasmic side of the
membrane). The labeling pattern suggests the exist-
ence of an inwardly oriented hydrophilic cavity
(Fig. 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 2A.22, SLC6).19,23–27 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.17,28,29 For lactose permease, site-directed
spin labeling and EPR spectroscopy revealed a
substrate-induced closure of an inwardly oriented
cytoplasmic cavity.30 Cavities of this kind are fre-
quently thought to participate in the release of
ligands from the transporter into the cytoplasm.
T341 is the only position at which Cys is highly

accessible to all three sulfhydryl reagents (MTSET,
MalNEt, and FM). In this context, it appears inte-
resting to note that a recent backbone model of TM
IX generated based on intrahelical distance mea-
surements by EPR spectroscopy shows a pro-
nounced kink near T341, which is associated with
a short loop-like structure.31 While these results
agree, in principle, with the idea of T341 being lo-
cated at the interface between periplasmic and cyto-
plasmic cavities, a direct involvement in the transi-
tion 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 cyto-
plasmic or periplasmic loop rather than in a TM. The
following arguments are contrary to this interpreta-
tion: (i) the in silico predicted location and orienta-
tion of TM IX of PutP is confirmed by phoA and lacZ
gene fusion analyses and site-specific proteolysis;9

(ii) the FM labeling pattern of the periplasmic half
of TM IX agrees perfectly with the current topo-
logy model of PutP (Figs. 1, 5, and 6)); (iii) the FM
labeling pattern of the cytoplasmic half of TM IX
hints at an α-helical arrangement of this part of the
domain (Figs. 5 and 6); (iv) intrahelical distances
determined by site-directed spin labeling and EPR
spectroscopy are in full agreement with a kinked
α-helical backbone structure of TM IX within the
borders indicated in the current topology model;31

(v) the membrane topography of TM II is confirmed
by site-directed spin labeling and EPR spectro-

scopy,10 and Cys cross-linking14 aligns TMs II and
IX within the borders of the current topology model;
and (vi) our current model is in agreement with
topological analyses of other tSSSF members.32,33

Finally, it should be noted that a Cys accessibility
pattern very similar to the cytoplasmic half of TM IX
was previously observed for TM II (Fig. 1).15 Proline
blocked modification of Cys at respective positions
in TM II 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)3,

14 we suggest that
TM IX is joint by TM II in forming a inwardly
oriented cavity (Fig. 9).
Taken together, the results indicate that G328,

S332, Q345, and L346 in TM IX of PutP are important
for ligand binding and/or translocation in addi-
tion to the previously identified S340 and T341.
Furthermore, it is suggested that distinct residues
of the domain participate in the formation of an
outwardly oriented funnel (L331, A337, and T341)
and a larger inwardly directed cavity (T341, C344,
L347, V348, and S351).

Experimental Procedures

Bacterial strains and plasmids

E. coli JM109 [endA1 recA1 gyrA96 thi hsdR17 supE44
relA1 Δ(lac-proAB) (F´traΔ36pro AB+ lacIqZΔM15)]34 and
E. coli DH5α [F− ϕ80d lacZ ΔM15 Δ(lacZYA-argF) U169
deoR recA1 endA1 hsd R17(rk−,mk+) phoA supE44 λ− thi-1
gyrA96 relA1] were used as carriers for the plasmids
generated in this study. E. coli WG170 [F− trp lacZ rpsL thi
Δ(putPA)101 proP219],35 harboring the given plasmids,
was used for overexpression of the putP gene and
transport assays. The following plasmids, derivatives of
pT7-5,36 containing the lac promoter/operator for expres-
sion of the putP gene were used for all genemanipulations:
pT7-5/putP and pT7-5/putP(ΔCys), 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(ΔCys)], respectively, and a
C-terminal-attached amino acid sequence resembling the
FLAG epitope and a 6His tag.9,10

Site-directed mutagenesis

Every amino acid of TM IX was individually replaced by
Cys by site-directed mutagenesis using plasmid pT7-5/
putP(ΔCys) as a template and synthetic mutagenic oligo-
nucleotides in a one- or two-step PCR reaction with Taq-
DNA polymerase. PCR fragments were digested with PstI
and SpeI and ligated with similarly treated plasmid pT7-5/
putP(ΔCys) additionally incubated with alkaline phospha-
tase. Constructs were verified by sequencing the resulting
plasmid DNA. For overexpression, the mutated putP gene
was cut out with restriction endonucleases NcoI and
HindIII and ligated to the similarly treated vector pTrc99a
additionally incubated with alkaline phosphatase.

Purification and reconstitution of PutP

PutP was purified by Ni2+-NTA affinity chromatogra-
phy and reconstituted into proteoliposomes prepared
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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.37

Proline transport assays

Transport was measured in E. coli WG170 transformed
with plasmid pT7-5/putP(ΔCys) or pT7-5/putP harboring
the given mutations. Cells were grown and prepared as
previously described.12 Smf-driven proline uptake was
assayed under standard conditions with 10 μM L-[U-14C]
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.38 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 accord-
ing to Eadie-Hofstee. The resulting Km(pro), K0.5(Na+), and
Vmax 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 PutA39,40

suggesting that deviations of kinetic parameters are solely
due to the site-specifically introduced amino acid replace-
ments and not to overexpression artifacts.
For transport inhibition analyses, cells containing the

respective single Cys variant were incubated with 2 mM
sulfhydryl reagent (MalNEt or MTSET) at room tempe-
rature for 15 min. The reaction was stopped by two-
fold 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 pre-
sence 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.
Smf-driven proline uptake into proteoliposomes was

analyzed as described before.37

Cys accessibility to FM

E. coli WG170 transformed with pTrc99a/putP(ΔCys)
were grown, disrupted by sonification, and randomly
oriented membrane vesicles were prepared as previously
described.15 For accessibility analyses, 150-μL 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 μM FM was added, and incubation was
continued at 25 °C for an additional 10 min. Reactions were
stopped by addition of 5 mM β-mercaptoethanol. After
labeling, PutP was solubilized with 1.5% (w/v) n-dodecyl-
β-D-maltoside under stirring at 4 °C for 30 min. Then,
samples were purified via Ni2+-NTA spin columns and
eluted with 200 mM imidazole as described before.13 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.

Western blot analysis

Relative amounts of PutP with given amino acid replace-
ments 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.12

Protein determination

Determination of protein was performed according
to Bradford41 for purified protein and a modified Lowry
method42 for total membrane protein with BSA as
standard.
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Na+/solute symporters are essential membrane integrated proteins that
couple the flow of Na+ ions driven by electrochemical Na+ gradients to the
transport of solutes across biological membranes. Here, we used a
combination of molecular modeling techniques and evolutionary conser-
vation analysis to construct and validate a first model of the Na+/proline
symporter PutP of Escherichia coli based on the crystal structure of the
bacterial Na+/galactose symporter vSGLT. Ligand docking experiments
were employed to gain information about residues involved in proline
binding. The proposed model is consistent with the available experimental
data and was further validated by amino acid substitutions and kinetic and
protein chemical analyses. Combination of the results of molecular
modeling and functional studies predicts the location and organization of
the Na+ and proline binding sites. Remarkably, as proposed computation-
ally and discovered here experimentally, residues Y140, W244, and Y248 of
transmembrane segments 4 and 7 are found to be particularly important for
PutP function and suggested to participate in proline binding and/or
gating.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

Sodium solute symporters (SSS) form a large
family of membrane transport proteins (TC 2A.21,
SLC5) that co-transport Na+ with sugars, amino
acids, inorganic ions, and some vitamins.1–3 Mem-
bers of this family are important in human physi-

ology. The function of several family members has
been well characterized, including the mammalian
glucose (SGLTs), the iodide (NIS), the Vibrio para-
haemolyticus galactose/glucose (vSGLT), and the
Escherichia coli proline (PutP) symporters. Like
other secondary transporters, the SSS proteins are
thought to accomplish transport via alternating
access of the substrate binding site to either side of
the membrane.4,5 Experimental evidence for this
mechanism comes from numerous biochemical
analyses and more recently from X-ray crystallo-
graphic data (e.g., Refs. 6,7).
The Na+/proline transporter PutP of E. coli is a

biochemically well-characterized prokaryotic mem-
ber of the SSS family.8,9 It catalyzes the coupled
translocation of Na+ and proline with a stoichiom-
etry of 1:1. Kinetic analyses of Na+/solute symport
catalyzed by different members of the SSS family
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TMS, putative transmembrane segment.
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including PutP suggest that transport occurs accord-
ing to an ordered binding mechanism.10–12 In this
scheme, Na+ binds to the empty transporter first,
thereby inducing a conformational change, which
increases the affinity of the transporter for the solute.
The formation of the ternary complex induces
another structural change that exposes Na+ and
the solute to the opposite side of the membrane. The
transport cycle is completed by the release of Na+

and proline and the reorientation of the empty
transporter in the membrane, allowing the cycle to
start again.
However, an understanding of the mechanism of

action of PutP requires detailed structural informa-
tion. Despite intensive attempts, very little is known
about the three-dimensonal structure of PutP and
the location and structure of the proline binding
site. Biochemical data indicate that the transporter
contains 13 transmembrane segments (TMSs), a
motif supposed to be present in all SSS family
transporters.13 Recently, the three-dimensonal
structure of vSGLT has been determined by X-ray
crystallography at 2.7-Å resolution (PDB: 3DH4).14

The vSGLT structure represents an occluded in-
ward-facing conformation, as indicated by a large
internal hydrophilic cavity open to the cytoplasmic
side. The structure contains 14 TMSs with a core
structure of 10 TMSs arranged in two repeating
units (TMSs 2 to 6 and TMSs 7 to 11). The substrate
galactose is bound in the centre of the core,
occluded from the outside solution by hydrophobic
residues.14

The availability of the structural information
offers an opportunity to build and test a reliable
homology model of PutP using the X-ray structure
of vSGLT as a template and to perform ligand
docking calculations in order to identify possible

ligand binding site(s). In parallel, we applied
biochemical and kinetic approaches to test the
computational results and to reveal how the
structural organization of the transporter is related
to function and ligand recognition (binding).

Results

Homology model of PutP and ligand
docking calculations

Overall architecture of the PutP model

The homology model of PutP from E. coli was
constructed by using the Prime module in Maestro
(Prime, 1.6; Schrödinger, Portland, OR). The back-
bone coordinates for the core of the homology
model were built based on the crystal structure of
vSGLT (PDB: 3DH4). The homology model of PutP
represents a conformation of the transporter open to
the cytoplasmic side of the membrane. It comprises
443 residues (38–481), which are arranged in 12
TMSs (TMSs 2–13), the connecting loops, and the
termini (Fig. 1). TMS 1 was not modeled because the
homologous segment is not resolved in the vSGLT
structure. The model contains an inverted structural
symmetry motif, a common feature in known
structures of α-helical membrane transporters and
channels. It comprises 10 TMSs, organized in two
repeating units (TMSs 2–6, residues 38–220; and
TMSs 7–11, residues 221–434), connected by an
external loop helix (ELH6) and followed by the two
additional TMSs 12 and 13. The helical secondary
structure of TMSs 2 and 7 is interrupted by extended
chains, leading to the formation of the periplasmic
and cytoplasmic helical TMS fragments 2E, 2I, 7E,

Fig. 1. Overall architecture and
electrostatic surface potential of the
PutP homology model in the in-
ward-facing conformation viewed
parallel with the membrane (left),
from the outside (top right) and
from the inside (bottom right).
TMSs are shown as green ribbons
and numbered in circles; the Na+

ion is shown in orange. The elec-
trostatic potential was calculated
using GRASP software; positive
and negative areas are indicated in
blue or red, respectively.
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and 7I. This structural fold has first been observed
for LeuT from Aquifex aeolicus (LeuTAa).

15 The same
fold has been found also for the ApcT transporter,16

although PutP, vSGLT, LeuTAa, and ApcT belong to
different transporter families and do not share
significant sequence identity.
An electrostatic potential surface map of the PutP

model reveals a belt of hydrophobic residues
corresponding to the transmembrane area. The
electrostatic potential surface map viewed from the
cytoplasm demonstrates that the cytoplasmic sur-
face is positively charged (Fig. 1, right, In) whereas
the periplasmic surface is negatively charged, in line
with the positive-inside rule (Fig. 1, right, Out).17

The PutPmodel reveals a large negatively charged
inward-facing cavity, which extends from the
middle of the transmembrane zone to the cyto-
plasm. The cavity is lined by amino acids of TMS 2
(S57), internal loop 3 (D112, F114), TMS 4 (S129,
I133, F136, and Y140), TMS 7 (W244, Y248, and
H253), TMS 9 (T341, C344, V348, and S351), and
TMS 11 (F412, F418) (Fig. 2). These results are in
agreement with previous experimental findings
which demonstrated that residues S41, L42, P44,
T47, L49, A51, S54, and S57 of TMS 2 and residues
T341, C344, L347, V348, and S351 of TMS 9
participate in the formation of a ligand-sensitive
hydrophilic cavity connecting the substrate binding
site and the cytoplasm.18,19 In addition, a small
negatively charged cavity is predicted, which

includes residues D55, E75, and I239 (Fig. 2). These
two cavities point to each other and are separated by
the large hydrophobic residue W244. New Cys
accessibility analyses are described below in the
experimental part of Results and also confirm the
existence of the predicted cavity.

Computational validation of the PutP model

The refined PutP homology model was subjected
to a series of validation analyses for its consistency
and reliability. The overall sequence identity
between PutP and vSGLT is 19% and the sequence
similarity is 41%. The stereochemical quality of the
model was analyzed using the MolProbity web
server. Further protein structure checks of the
homology model were conducted using the ProSa
web server (see Materials and Methods for details).
The homology model is, of course, not comparable
to a structural model obtained by X-ray crystal-
lography. It might be considered as a low-
resolution model with some unavoidable inaccu-
racies. Therefore, the model has to be carefully
validated and subjected to experimental testing.
The ConSurf algorithm‡ has been applied to

determine the level of conservation of each residue

Fig. 2. Surface representation of the PutP model, sliced along the membrane normal to show the inward-facing cavity,
which connects the cytoplasm with the transmembrane area. A second, small negatively charged cavity is located above
the large cavity. Surface coloring represents the electrostatic potential, calculated by GRASP; positive and negative areas
are indicated in blue or red, respectively. The location of residues lining the cavities is indicated.

‡http://consurf.tau.ac.il
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in the PutP model.20 Conservation scores were
calculated individually for vSGLT and PutP by
using two different sets of homologues. For the PutP
model, the protein core was found to be highly
conserved within the PutP subfamily, while residues
located at the protein–lipid and protein–water
interfaces are variable (Fig. 3a). The vSGLT structure
demonstrates a similar distribution of the conserva-
tive and variable regions (Fig. 3b). The observation
that the conserved residues are seen in the cores
whereas the variable residues are located on the
surface of the proteins provides additional support
for the overall correctness of the PutP model.

The Na+ binding site

In our study, the X-ray structure of vSGLT14

serves as the template for the homology modeling of
PutP. However, the Na+ binding site in vSGLT was
not identified crystallographically, but was pre-
dicted based on a comparison with the LeuTAa
structure, conservation of amino acid residues in the
SSS family, and mutational analysis.14,15

In the LeuTAa crystal structure, two distinct Na+

binding sites, Na1 and Na2, were identified. For the
vSGLT structure, only one Na+ binding site has been
proposed based on the different Na+/substrate
stoichiometry. This binding site corresponds to the
Na2 site of LeuTAa and appears to be important for
substrate translocation. In LeuTAa, the Na2 binding
site comprises residues G20 and V23 in TMS 1 and
A351, T354, and S355 in TMS 8, which correspond to
A53 and M56 in TMS 2 and A337, S340, and T341 in
TMS 9 of PutP. Residue A53 of PutP is conserved
within the subfamily of putative Na+/proline
transporters and shown to be crucial for function.18

Substitution of M56 and A337 by Cys led to a 20-fold
and 3-fold increase of the Na+ concentration
required for half-maximum stimulation of transport
[K0.5(Na+)], respectively.

18,19 Previous functional and
site-directed mutagenesis studies on PutP indicated
that residue S340 is located in a potential ligand
translocation pathway and that residue T341 directly
participates in Na+ binding.21

Based on these observations and experimental
results, the Na+ ion was placed in PutP in the

Fig. 3. Evolutionary conservation profiles of PutP (a) and vSGLT (b), calculated by the ConSurf web server.
Conservation scores were calculated individually for vSGLT and PutP by using two different sets of homologues (50
homologues for each). The PutP homology model and crystal structure of vSGLT are colored according to their
conservation scores. The color-coding bar shows the coloring scheme. The most conserved (in magenta) andmost variable
(in blue) positions of each transporter are shown. The depicted residues of the PutP homology model and the
crystallographic structure of vSGLT are colored according to their conservation scores.
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vicinity of residues A53, M56, A337, S340, and T341
(Figs. 4a,c and 5a). This prediction is further
supported by the fact that replacement of S365 in
vSGLT, which is equivalent to T341 of PutP,
completely abrogates Na+-dependent transport.14

Analysis of the evolutionary conservation scores of
the PutP model reveals that all residues that take
part in Na+ binding are highly conserved (Fig. 4a,c).
In our model, the distance between Na+ and oxygen
atoms of A337 and T341 is 2.8 Å, compared to
distances of 3.2 Å and 3.7 Å between Na+ and the
corresponding residues A361 and S365 in vSGLT
(Fig. 5).14 The oxygen atoms of A53, M56, and S340
are located in distances of 3.2 Å , 2.8 Å, and 2.9 Å
from the Na+ ion, compared to distances of 3.6 Å,
3.3 Å, and 3.1 Å between Na+ and the corresponding
residues A62, I65, and S364 in vSGLT. The large
Na+–oxygen distances in vSGLT may be due to the

fact that the vSGLT structure was probably observed
in an ion-releasing state as proposed recently.22 It
should be noted that the Na+–oxygen distances
given for PutP are not experimentally verified. It
remains unclear whether the differences of these
distances between the PutP model and the vSGLT
structure represent different Na+ binding states.

Key residues responsible for proline binding

The potential proline binding site(s) was (were)
predicted using modified fragment-based Glide XP
ligand docking calculations employing the con-
structed PutP homology model. To verify the
accuracy of the Glide XP docking procedures, we
used the Glide XP protocol to observe bound
conformations of the galactose–vSGLT complex
and compared the results to the original crystal

Fig. 4. Overlay of the Na+ binding sites (a) and ligand binding sites (b) of the PutP model and the vSGLT structure and
corresponding local sequence alignments (c, d). PutP backbones are shown in green; vSGLT backbones are shown in pink.
(a) The residues of PutP are labeled in red, and those of vSGLT in black. (b) The residues of PutP are shown and numbered
in green, and those of vSGLT in pink. The substrates proline and galactose are shown in blue and pink, respectively.
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structure (data not shown). Like the galactose
binding site in vSGLT, the PutP ligand binding site
is located at the tip of the negatively charged
inward-facing cavity at the approximate midpoint
of the lipid bilayer and is accessible from the
cytoplasmic side. However, it is shifted towards
the cytoplasmic side by ∼6 Å, and different residues
not predictable by sequence alignments are involved
in ligand binding (Fig. 4b).
The ligand binding site lies within a mainly

hydrophobic pocket approximately halfway across
the membrane, and it is lined by residues of TMSs 2,
4, 7, 9, and 11. The two ligand binding modes with
the lowest energy have been used for the evaluation
of the binding site (Table 1). In the first binding

mode, the proline pyrrolidine ring lies almost
parallel with the membrane, forming hydrogen
bonds with the hydroxyl groups of Y140 (TMS 4)
and Y248 (TMS 7) (Fig. 6a). Binding is further
stabilized by a hydrogen bond between the carboxyl
group of proline and the S54 side chain (TMS 2).
In the second binding mode, the pyrrolidine ring

of proline has a slightly different orientation and is
no longer parallel with the membrane. In contrast to
the first binding mode, the carboxyl group of the
ligand does not form a hydrogen bond with S54,
whereas the pyrrolidine ring of proline forms a
hydrogen bond with the hydroxyl group of Y140.
Furthermore, potential π–cation interactions have
been observed between the ligand pyrrolidine ring

Fig. 5. Na+ binding site organization in PutP (a) and vSGLT (b). The TMSs are drawn as green ribbons for PutP and as
pink ribbons for vSGLT; Na+ is colored orange. The PutP Na+ binding site is composed of residues A53, M56, A337, S340,
and T341 with distances of 3.2 Å, 2.8 Å, 2.8 Å, 2.9 Å, and 2.8 Å between the Na+ ion and the corresponding residue. The
vSGLTNa+ binding site is composed of residues A62, I65, A361, S364, and S365 with distances of 3.6 Å, 3.3 Å, 3.2 Å, 3.1 Å,
and 3.7 Å between the Na+ ion and the corresponding residue. D55 and D187 of PutP are not within the liganding distance
of a Na+ at this position.

Table 1. Docking results for proline docked against the inward-facing PutP model using a fragment-based Glide XP
docking approach

Mode Gscore Emodel E Hbond
Hbond
ligand

Hbond
protein

Hbond
dist, Å

π –cation
inter

π –cation
inter

Protein residues located ∼10 Å
from the ligand molecule

1 −3.02 −27.14 −19.83 −0.70 HN Tyr140:OH 1.9 0 Gln251, Pro252, Tyr248, Phe418, His253,
Ile254, Val348, Phe136, Phe408, Trp59,
Ser54, Thr341, Cys344, Gln345, Leu135,

Val132, Phe418

HN Tyr248:OH 2.0
O Tyr140:H 1.8
O Ser54:H 1.8

2 −3.10 −20.47 −16.10 0 HN Tyr140:OH 2.1 −0.33 Trp59 Val348, His253, Ile254, Cys344, Gln345,
Ser54, Pro252, Thr341, Asp55, Gln251,
Tyr248, Val132, Phe136, Leu135, Phe418,

Phe408, Trp59, Trp244

Tyr140
Tyr248

Gscore, total Glide scoring function; Emodel, model energy scoring function; E-modified Coulomb, van der Waals interaction energy;
Hbond, hydrogen-bonding term; π–cation inter, reward for π–cation interaction.
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and the aromatic rings of residues W59, Y140, and
Y248 (Fig. 6b). In both binding modes, the hydroxyl
group of Y248 forms a hydrogen bond with the
carboxyl oxygen of D55, a residue that influences
Na+ binding.23,24

Besides that, residues W244 (TMS 7), C344 (TMS
9), and F412 (TMS 11), which are located in close
proximity to the bound proline, give an additional
contribution to the formation of the binding
pocket via hydrophobic contacts. Residue W244
is highly conserved and separates the proline
binding pocket from the small negatively charged
cavity located nearby (Figs. 2 and 6). The native
Cys residue at position 344 was previously shown
to be important for proline binding and transport
activity.19,25

Experimental validation of the PutP model

Functional significance of residues predicted to be
involved in proline binding

In order to validate the model structure experi-
mentally and to analyze the significance of the
amino acids predicted to be involved in proline
binding, residues W59, Y140, W244, Y248, and F412
were individually replaced with Cys and other more
structurally related amino acids. Except F412, all
these amino acids proved to be of particular
functional significance (Fig. 7; Table 2). Most
deleterious effects on transport under standard test
conditions (70 mM NaCl, 10 μM proline) were
observed upon replacement of Y140, W244, or Y248

Fig. 7. Influence of the replace-
ment of amino acids predicted to be
involved in proline binding on Na+-
coupled proline uptake. The trans-
port of L-14C-proline (10 μM 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.
Initial rates of proline uptake are
presented as percentage of the wild-
type value (56±5 nmol/min mg).
Standard deviations were calculat-
ed from a minimum of three inde-
pendent experiments.

Fig. 6. The ligand binding site is located halfway across the membrane in the cytoplasmic cavity (a). It is lined by
residuesW59, Y140, W244, and Y248. (b) The second binding mode with a different orientation of the proline ligand in the
binding pocket. Proline ligand is indicated in ball and stick; hydrogen bonds are shown as dot lines.
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by a nonaromatic amino acid (initial rates of 1–16%
of the wild-type value), while respective substitu-
tions for W59 or F412 were comparatively well
tolerated (initial rates of 65% and 50% of the wild-
type value) (Fig. 7). The activity of PutP-Y140C was
not influenced by the presence or absence of the
native Cys at the neighboring position 141 (data not
shown). Out of the substitutions tested for Y140 or
Y248, Phe yielded the highest but still reduced
activities (initial rates of 60% and 35% of the wild-
type value), suggesting that both aromatic ring and
hydroxyl group at these positions were crucial for
function (Fig. 7). Transport activity remained low or
was even further decreased upon substitution of
W59 or W244 with Phe. Western blot analyses
indicated that the reduced proline uptake rates were
not or only to a minor extent due to changes of the
amount of protein in the membrane. Only the
reduced transport rates observed upon substitution
of F412 were explained by reduced amounts of
transporter molecules in the membrane (Fig. 8).
A more detailed kinetic analysis of transport

revealed an increase of the apparent Km for proline
[Km(pro)] by 1 order (Y140C, Y140F, Y248F) or 2
orders of magnitude (W244C, W244F) and minor
alterations for the other substitutions (Table 2).

Changes of Km(pro) might arise from changes of the
proline affinity and/or the rate of translocation
following binding. Since for PutP the rate of proline
binding was estimated to be N50-fold higher than
the rate of translocation,12 changes of the rate of
translocation were expected to have only a low
impact on Km(pro). Instead, it was suggested that the
elevated Km(pro) values observed upon substitution
of Y140, W244, or Y248 arose, at least in part, from a
decrease of the proline affinity. In particular, the
elevated Km(pro) values together with the only
slightly affected maximum rates of proline uptake
(Vmax) of PutP-Y140F and PutP-Y248F supported the
docking analysis-based prediction of a participation
of the hydroxyl groups of the Tyr residues in proline
binding either by direct interaction with the sub-
strate or indirectly by stabilizing the substrate
binding pocket. The other substitutions (Y140C;
W244C,F; Y248C,T) altered Vmax significantly (0.5–
30% of the wild-type value), suggesting that the
nature of the amino acid side chains at these
positions was crucial not only for binding but also
for a subsequent step in the transport cycle (Table 2).
Replacement of W59 also reducedVmax but had little
impact on Km(pro). However, K0.5(Na+) was signifi-
cantly increased upon substitution of the latter

Fig. 8. Immunological detection
of PutP containing given amino
acid replacements. Total membrane
protein (25 μg) of each mutant was
separated by 12.5% SDS-PAGE.

Proteins were transferred onto a nitrocellulose membrane (0.45 μm 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 a negative control (NC).

Table 2. Proline uptake kinetics of PutP bearing replacements of given amino acid residues

PutP Km(pro) [μM] K0.5(Na+) [μM] Vmax [nmol/min mg of protein]

Wild type 2.1±0.2 38±7 82.4±3.9
W59C 3.7±1.2 (2×↗)a 513±48 (14×↑) 44.2±3.1 (2×↘)
W59F 2.7±0.7 (1×→) 147±28 (4×↗) 9.9±0.5 (8×↓)
Y140C 24.3±9.0 (12×↑) n.d.b 0.5±0.06 (165×↓)
Y140F 14.9±1.4 (7×↑) 91±16 (2×↗) 98.2±4.3 (1×→)
W244C 915±196 (436×↑) 33±5 (1×→) 7.8±0.6 (11×↓)
W244F 241±52 (115×↑) 30±6 (1×→) 25.9±3.3 (3×↘)
Y248C 3.9±0.8 (2×↗) 963±283 (26×↑) 23.0±3.2 (4×↘)
Y248T 6.3±1.3 (3×↗) 1,040±410 (27×↑) 22.0±4.6 (4×↘)
Y248F 51.7±1.9 (25×↑) 2,041±100 (54×↑) 130.2±8.5 (1.5×↗)
F412C 5.0±1.1 (2×↗) 40±10 (1×→) 27.9±1.4 (3×↘)
F412L 4.2±0.49 (2×↗) 29±1 (1×→) 43.9±1.1 (2×↘)

L-14C-proline uptake by E. coliWG170 producing either PutP-wild-type or PutP with given replacements was measured in the presence of
50 mMNaCl and 20 mM D-lactate (Na+ salt) at proline concentrations from 0.2 to 500 μM (in the case of PutP-W244C, up to 5000 μM). For
determination of the ion-specific parameters [K0.5(Na+), K0.5(Li+)], transport of 10 μML-14C-proline wasmeasured in the presence of 0.005 to
250 mMNaCl at 25 °C. The resulting data were plotted according to Lineweaver–Burk and Eadie–Hofstee using the kinetic module of the
SigmaPlot software.

a The value in parentheses represents the dimension of deviation from the respective wild-type value, and the arrow indicates the
direction of deviation.

b n.d., K0.5(Na+) could not reliably be determined, since the extended washing procedure necessary to adjust the Na+ concentration of
the cell suspension to values lower than 5 μM reduced the proline uptake rate below the detection limit.

66 PutP Homology Model

52



residue. In addition, K0.5(Na+) was elevated by more
than 1 order of magnitude after replacement of Y248
(Table 2). The altered K0.5(Na+) might be due to
defects in Na+ binding or a disturbed cooperativity
between the sites of Na+ and proline binding. The
reduced Vmax values of the F412 substitutions were
explained by the reduced amounts of PutP in the
membrane.
Taken together, the kinetic analyses confirm the

predicted functional significance of W59, Y140,
W244, and Y248 and support the idea of a direct
participation of Y140 and W244 in proline coordi-
nation and/or the gating mechanism.W59 and Y248
may be involved in coupling Na+ and proline
binding. Contrary to the model-based prediction,
the side chains of S54 and F412 are dispensable for
function.

Cys accessibility analyses

Cys modification analyses were performed to
probe the existence of hydrophilic cavities within
the protein and to analyze the potential effects of
ligands on the cavities. For this purpose, all Cys
substitutions (S54C, W59C, Y140C, W244C, Y248,
F412C) were placed into a Cys-free background
[PutP(ΔC)]. PutP(ΔC) possessed about 50% of the
wild-type activity,13 and the resulting mutants
exhibited an activity pattern that was similar to
that of the mutants in the wild-type background
(data not shown). Cys modification was assessed
indirectly by probing the impact of sulfhydryl
reagents [N-ethylmaleimide (NEM), membrane per-
meable; methanethiosulfonate ethyltrimethylammo-
nium (MTSET), membrane impermeable] on the
transport activity of intact cells, and directly by
using fluorescein-5-maleimide (FM) for labeling and
detection of Cys modification by fluorescence

measurements. FM labeling was performed with
membrane vesicles, and fluorescence was detected
after protein purification. The previously character-
ized PutP(ΔC)-D55C was included in the FM
labeling analyses for comparison. The mutant was
transport inactive, Cys was readily modified by
sulfhydryl reagents, and modification was not
influenced by ligands.18

NEM inhibited proline uptake by intact cells
almost completely when Cys was placed at the
position of S54, W59, or Y248 (Fig. 9). The activity of
PutP(ΔC)-F412C was only slightly affected by NEM.
MTSET blocked proline uptake by PutP(ΔC)-W59C,
but had only little or no influence on the other
mutants. The activities of PutP(ΔC)-Y140C and PutP
(ΔC)-W244Cwere within the detection limit and did
not allow a reliable detection of inhibitory effects.
NEM modification of the native Cys at position 344
was previously demonstrated to inhibit transport in
intact cells, while MTSET had no effect under these
conditions.19 FM readily modified Cys in place of
S54 and D55 (Fig. 10). Under the same conditions,
Cys at the position of Y140, W244, Y248, or F412
showed significantly lower labeling rates and was
inaccessible to FM when placed at the position of
W59. Since alkylating reagents are known to react
with sulfhydryl groups in polar, but not in apolar,
environments,26,27 the observed NEM and FM
labeling patterns suggested that S54, D55, and
W59 are in contact with a polar (hydrophilic)
environment. Furthermore, modification of Cys in
place of W59 by NEM and MTSET in intact cells
proposed a location of the residue in a hydrophilic
cavity accessible from the outside, which was too
narrow for the larger FM. Y140, W244, Y248, and
F412 appeared to be located at more buried
positions or in apolar environment under the test
conditions (i.e., in the absence of ligands). Since the

Fig. 9. Influence of sulfhydryl
reagents on proline uptake into
cells containing given PutP(ΔC)
variants. Cells were incubated
with 2 mM sulfhydryl reagent
(NEM, MTSET) at room tempera-
ture for 15 min. The reaction was
stopped by dilution with 100 mM
Tris/Mes buffer (pH 6.0) contain-
ing 0.1% BSA. Cells were washed
and resuspended in the same
buffer without BSA, and trans-
port was analyzed as described in
the legend to Fig. 6. Activities of
NEM (black columns) or MTSET-
treated cells (striped columns) are
presented as percentage of the

activity of the respective unlabeled PutP(ΔC) variant. Standard deviations were calculated from a minimum of
three measurements.
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latter residues were proposed to line the large
hydrophilic cavity (Fig. 2), the latter observation
challenged our homology model.
However, the accessibility analyses described thus

far were done in the absence of ligands, and our
model does not necessarily show the structure of the
empty transporter. Therefore, we analyzed the
impact of Na+ and proline on Cys modification by
FM. Ligand effects were analyzed under standard
conditions by pre-equilibration of membranes with
30 mMNaCl (or KCl) and/or 10 mM proline prior to
FM labeling (Fig. 11). Na+ stimulated the labeling
rate of Cys placed at the position of Y140 about 5-
fold compared to Na+-free conditions. In addition,
reaction of PutP(ΔC)-W244C with FM was stimu-
lated by Na+ albeit to a significantly lesser extent
(1.6-fold). These results suggested a direct partici-
pation of these positions in Na+-induced conforma-
tional alterations and/or the opening of a cavity
within the protein providing access to these posi-
tions. All other labeling reactions were not signifi-
cantly influenced by Na+. K+ was used in control
experiments and affected the rate of Cys labeling
only when used at concentrations higher than
250 mM (Figs. 11 and 12). Furthermore, proline

alone had no or only little effect on FM labeling.
However, in the presence of Na+, proline inhibited
the rate of FM labeling of PutP(ΔC)-S54C (2-fold)
and reversed the stimulatory Na+ effect on the
labeling rate of PutP(ΔC)-Y140C (Fig. 11). These
effects were not observed when Na+ was replaced
by K+ (Fig. 11). In addition, proline at concentrations
higher than 100 mM inhibited the labeling rate of
PutP(ΔC)-W244C (Fig. 12). In these experiments,
glycine was used as a negative control and did not
influence FM labeling (Fig. 12). Finally, labeling of
PutP(ΔC)-D55C, PutP(ΔC)-Y248C, and PutP(ΔC)-
F412 was not influenced by Na+ or proline or a
combination of both (data not shown).
The accessibilities of S54, D55, Y140, and W244

strongly supported a location of the residues at the
boarder of a hydrophilic cavity as suggested by the
PutP homology model. Thereby, the latter two
positions required Na+ to improve contact with the
cavity. On the contrary, the side chains of Y248 and
F412 did not appear to be exposed to the cavity.
Furthermore, the significant differences of the
accessibilities of D55 and Y248 are in conflict with
the model according to which the side chains are in
hydrogen-bond distance. The possibility that the

Fig. 10. Accessibility of Cys indi-
vidually introduced into PutP(ΔC)
to FM. One hundred microliters of a
suspension of membranes of E. coli
WG170 containing given PutP deri-
vatives (10 mg of total membrane
protein/mL) was incubated with
200 μM FM for 0, 2, and 5 min.
Labeling reactions were stopped by
addition of 5 mM β-mercaptoetha-
nol. After solubilization with 1.5%
(w/v) n-dodecyl-β-D-maltoside and
purification via Ni2+–NTA affinity
chromatography, equal amounts of
protein were loaded onto a 12.5%
SDS-PAGE and separated. Fluores-
cent bands were detected using the
gel documentation system N-08 of
Peqlab. Afterwards, the same gel
was stained with Coomassie Blue.
The fluorescence intensities were
corrected for background fluores-
cence and quantitatively analyzed
using software ImageQuant 5.0 and
plotted. (a-i) Fluorescent protein
bands. (a-ii) Coomassie Blue-
stained protein. (b) Rates of fluores-
cence labeling normalized to the
amount of protein.
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necessary Cys substitutions stabilize different con-
formational states cannot be excluded and may
account for the differences. Clearly, we will also
further test and improve the model.

Discussion

In this study, we present a homology model of
PutP from E. coli based on the crystal structure of

vSGLT. The model shows PutP (amino acids 38–481)
with a LeuT-type structural motif in an inward-
facing conformation. It is consistent with the
available Cys accessibility, cross-linking, and elec-
tron paramagnetic resonance distance data as well
as the 13 TMS motif of the previously proposed
secondary-structure model of PutP, except that TMS
1 is omitted from the model.13,21,28

The Na+ ion is placed at the intersection of TMS 2
(A53, M56) and TMS 9 (A337, S340, T341), which

Fig. 11. Influence of ligands on the rate of Cys labeling with fluorescein-5-maleimide. Aliquots (100 μL) of a suspension
of membranes of E. coli WG170 containing given PutP(ΔC) derivatives (10 mg of total membrane protein/ml) were
preincubated in the absence (−) or presence of 30 mM NaCl (Na+) or KCl (K+), 30 mM NaCl/10 mM proline (Na+/P), or
30 mM KCl/10 mM proline (K+/P) at 25°C for 10 min. Subsequently, labeling of the samples with 200 μM FM was
performed and protein was isolated as described in the legend to Fig. 6. (a-i) Fluorescent protein bands. (a-ii) Coomassie
Blue-stained protein. (b) Relative rates of fluorescence labeling normalized to the amount of protein. The labeling rate in
the absence of ligand was set to 1.0 for each PutP(ΔC) variant.

Fig. 12. Influence of ligands on
the rate of FM labeling of PutP(ΔC)-
W244C. Aliquots (100 μL) of a
suspension of membranes of E. coli
WG170 containing PutP(ΔC)-
W244C (10 mg of total membrane
protein/ml) were preincubated in
the absence (−) or presence of given
concentrations of NaCl (Na+) and
KCl (K+) (left half of graph) or in the
presence of 30 mM NaCl (+) and
given concentrations of proline (P)
or glycine (G) (right half of graph)
at 25°C for 10 min. Subsequently,
labeling of the samples with 200 μM
FM was performed, and protein
was isolated as described in the
legend to Fig. 6. (a-i) Fluorescent
protein bands. (a-ii) Coomassie
Blue-stained protein. (b) Relative
rates of fluorescence labeling nor-
malized to the amount of protein.
The labeling rate in the absence of
ligand (−) was arbitrarily set to 1.0.
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corresponds to the predicted Na+ binding site in the
homologous vSGLT and resembles the Na2 binding
site of LeuT.14,15 With shorter Na+–oxygen distances
compared to vSGLT, our model confirms and
extends predictions of Na+ coordinating residues
in PutP from primary sequence alignments and
experimental analyses.14,18,21 Because of fundamen-
tal differences in substrate specificity, the sites of
proline binding cannot be predicted by a simple
primary sequence alignment of PutP and vSGLT.
Also, a primary sequence alignment with amino
acid transporters of the LeuT-type structural family
does not yield helpful information due to low
sequence identity (e.g., 13% with LeuT). Therefore,
we used the PutP homology model for proline
docking. The results suggest a proline binding site
located at the inner end of the inward-facing cavity
and formed by amino acids of TMS 2 (S54, W59),
TMS 4 (Y140), TMS 7 (W244, Y248), TMS 9 (C344),
and TMS 11 (F412). Substitution of the amino acids
led in fact to the identification of four residues of
particular significance for proline uptake (W59 in
TMS 2, Y140 in TMS 4, W244 and Y248 in TMS 7),
demonstrating the validity of our model as a guide
for experimental analyses. C344 was already previ-
ously suggested to be close to the binding site, while
the side chains of S54 and F412 do not seem to be of
particular functional significance (Refs. 24, 25 and
this study).
Do the above residues indeed participate in the

formation of the proline binding pocket, or do they
play different roles in the transport cycle? The
following results support the idea of a direct
interaction of Y140 and W244 with proline: (i) the
residues are conserved within eubacterial (W244)
and archaeal members (Y140) of the SSS family with
experimentally demonstrated or predicted proline
specificity, but are replaced by other amino acids in
SSS members of different specificity (e.g., PanF,
vSGLT, SGLT1); (ii) our docking analysis places
proline close to both residues allowing hydrogen-
bond formation, π–cation interaction, and/or hy-
drophobic contacts; (iii) substitution of Y140 or
W244 dramatically alters transport kinetics includ-
ing Km(pro); and (iv) Na+ apparently stimulates
accessibility of both residues via a hydrophilic
cavity, while proline protects both positions. The
latter behavior is consistent with an ordered binding
mechanism of both ligands. In addition, it should be
noted that tyrosine at a position corresponding to
that of Y140 (middle of TMS 3 of the 10 TMS core) is
part of the amino acid binding pockets of nonho-
mologous LeuT (Y108) and ApcT (Y97).15,16 Fur-
thermore, superimposition of the PutP homology
model on the vSGLT structure places W244 adjacent
to N260 of the sugar transporter. In vSGLT, N260
interacts with the sugar substrate.14 Together with
further comparisons with the crystal structures of
LeuT, BetP, and Mhp1, our results lend further

support to the idea of a common location of the
substrate binding site in transporters with a five-
plus-five TMS inverted repeat core.14,15,29,30 Substi-
tution of key amino acids in this region seems to
ensure substrate specificity.31

Contrary to Y140 and W244, substitution of W59
and Y248 in PutP affects K0.5(Na+) rather than Km(pro).
Also, the accessibility patterns differ significantly
(e.g., Na+ does not stimulate accessibility of the
latter two positions). Based on their location
between the sites of Na+ and proline binding in
our model, the residues may play a role in coupling
Na+ and proline transport and/or participate in
forming a periplasmic gate. The latter idea is
supported by the fact that superimposition of the
PutP model with the vSGLT crystal structure places
Y248 close to Y263 of vSGLT. Y263 participates in
the formation of an inner hydrophobic gate that
blocks the sugar binding site on the cytoplasmic side
of vSGLT.14 In addition, recent molecular dynamic
simulations of vSGLT demonstrate that the release
of sugar requires the rotation of the Y263 side chain
without a significant change in vSGLT backbone
conformation.32 For PutP, it should also be noted
that the hydroxyl group of Y248 forms a hydrogen
bond with the carboxyl group of D55 in our model.
D55 is essential for proline transport and was
previously implicated in Na+ binding.23 Our new
data suggest that D55 and Y248 play a role in the
energy coupling mechanism instead of ligand
coordination. Regarding the participation of S54
and F412 in proline binding proposed by our model,
the lack of significant functional effects of side-chain
alterations still leaves the possibility that substrate
interacts with main-chain atoms at these sites, or
proline binds elsewhere. Previous amino acid
substitution analyses implicate S57 in proline
coordination.18,33 Like S54, the residue is part of
the unwound region of TMS 2. In the current PutP
model, S57 localizes between the sites of Na+ and
proline binding and may rather be involved in
transmitting interactions between the two sites
instead of making direct contact with one of the
ligands. Clearly, further analyses are necessary to
identify the complete network of proline coordinat-
ing sites. Here, the model will serve as a guide. In
addition, a potential contribution of the hitherto
omitted TMS 1 to ligand binding needs to be
considered. Thus far, we have not identified amino
acids in TMS 1 contributing to ligand binding in our
experiments. However, this possibility also cannot
be excluded.
In addition to the information on putative sites of

ligand binding, the homology model allows a re-
evaluation of the role residue D187 in transport. The
residue is highly conserved within the SSS family
and required for optimum PutP function.33 Its
substitution by a neutral residue makes proline
uptake apparently independent from the presence of
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Na+.33 In our homologymodel, the residue is moved
from a previously predicted cytoplasmic loop
position into TMS 6 and is now located in a distance
of 4.4 Å from the Na+ ion (Fig. 5a). This location
further supports our previous assumption that
Asp187 is located close to the pathway of the
coupling ion through the membrane and involved
in the release of Na+ on the cytoplasmic side of the
membrane.33 Similar observations have been made
for the corresponding residue, D189, in human
SGLT1.31,34 Substitution of D189 in SGLT1 generates
a glucose-gated H+ channel.34 Computational stud-
ies demonstrate that the amino acid side chain
exhibits strong electrostatic interaction with the Na+

ion, suggesting that D189 facilitates the diffusion of
the ion toward the cytoplasm.31,32

Clearly, higher-resolution structural data will
likely be needed to unambiguously interpret func-
tional data on the mechanism of the Na+/proline
symport. Nonetheless, in the absence of a crystal
structure, the low-resolution model of PutP pro-
vides valuable first insights into the structural basis
of the Na+/proline symport. The good agreement of
the model with the results of the model-guided
experimental studies demonstrates the relevance of
the model as a structural framework for further
studies on the transporter. For example, more data
are needed to precisely locate a presumed outward-
ly facing cavity of PutP and to test whether
outwardly and inwardly facing cavities open and
close in a reciprocal manner as demanded by the
alternating access mechanism. Also for this purpose,
the homology model will serve as a guide.

Materials and Methods

Homology modeling

Homology modeling was performed by using the Prime
module in Maestro (Prime, 1.6; Schrödinger, Portland,
OR). The backbone coordinates for the core of the
homology model were built based on the crystal structure
of the inward-facing galactose/glucose vSGLT transporter
from V. parahaemolyticus (PDB: 3DH4) as template. For the
template structure, the bound ligand was kept. During the
building of the homology model, the backbones were kept
rigid for those cases in which the backbone does not need
to be reconstructed due to gaps in the alignment. A Na+

atom was placed into the PutP model using the
corresponding LeuTAa and vSGLT coordinates. The side
chain of residue S340 was manually oriented to point
towards the Na+ ion and then minimized together with
the side chains of the neighboring residues using a
standard minimization procedure implemented in Prime
(Schrödinger, Inc).
The sequence of PutP from E. coli was taken from the

NCBI web site§ (ID: NP_415535.1). Initial secondary-

structure prediction was done using the PSIPRED
Protein Structure Prediction Server∥ and Prime module
in Maestro (Prime, 1.6; Schrödinger, Inc.). The HHpred
web serverb identified the Na+/galactose transporter
vSGLT14 and the Na+-independent amino acid trans-
porter ApcT16 as the closest relatives of known
structures with E-values of 1.5e−37 and 1.3e−7 and
HHSearch scores of 284.3 and 96.7, respectively. The
Mhp1 transporter,29 the glycine/betaine transporter
BetP,30 and the Na+/neurotransmitter symporter LeuTAa

15

were found as next possible hits. Therefore, the backbone
coordinates for the core of the homology model were built
based on the crystal structure of the inward-facing
galactose/glucose vSGLT transporter from V. parahaemoly-
ticus (PDB: 3DH4) as a template. The vSGLT structure
possesses a gap in the loop region between residues I178 and
V185, corresponding to positions T175–V183 of E. coli PutP.
We used the sequence of vSGLT as an intermediate to build
the gap and, thus, were able to use all residues of vSGLT.

Homology model validation

The refined PutP homology model was subjected to a
series of validation analyses for its consistency and
reliability. The overall sequence identity between PutP
and vSGLT is 19%, and the sequence similarity is 41%. The
stereochemical quality of the model was analyzed using
the MolProbity web server. It provides an all-atom contact
analysis identifying any steric problems within the
molecule and uses high-accuracy Ramachandran and
rotamer distributions to check main chains and side
chains for conformational outliers. In general, the PutP
model scores were similar to those of the crystallographic
structure of vSGLT. The distribution of the Ψ/Φ angles
was well within the allowed regions. The majority (90.1%)
of all residues was found in the favored regions of the plot,
and almost all (98.1%) residues were found in the allowed
regions. The corresponding percentages for the vSGLT
template structure were 89.2 and 98.0. Several steric
clashes and rotamers outliers were identified and fixed.
Only 8 out of 357 residues of the subsequent PutP model
were located in the disallowed regions, with four outliers
being glycines (G58, G413, G451, and G465). Four more
residues (S122, A182, K231, and Q251) were found in the
loop regions near the surface of the model. Manual
alteration of problematic Ψ/Φ angles along the entire
protein backbone was performed during the refinement
phase of the model construction. Comparing this result
with similar ones for template crystal structures, we
confirmed that the backbone conformations of the model
structure are, by this criterion, as reliable as those of the
template structure.
A validation check of the energetic properties of the

homology model was performed using the ProSa web
server. ProSa analysis of the PutP homologymodel revealed
a z-score of −5.93 compared to the value of −6.22 for the
vSGLT template, and it is in the range of native
conformations of the template.
Next, we examined the locations of amphipathic

aromatic residues (Trp and Tyr) and basic side chains

§ http://www.ncbi.nlm.nih.gov/protein
∥http://bioinf.cs.ucl.ac.uk/psipred/
b http://toolkit.tuebingen.mpg.de
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(Lys and Arg) on the surface of the model. It has been
found that rings of residues Y103, Y160, Y295, Y358,W373,
Y403, and Y491 mark the potential interface in the PutP
model, and residues R40, R91, R96, R98, R117, K121, R123,
K482, R483, and R498 are clustered near the intracellular
membrane–solvent interface. Therefore, the initial PutP
homology model demonstrates a reliable surface side-
chain distribution for a membrane protein.
The ConSurf algorithma was applied to determine the

level of conservation of each residue in the model.20

Finally, the model validation was followed by a
comparison with the experimental results. It has been
observed that the initial homology model was consistent
with the experimental constraints available from the
previous functional biochemical and electron paramag-
netic resonance studies.13,18,19,21,28,35

Docking

The structure of the proline ligand was taken from the
PubChem Substance databaseb (compound ID: 145742) as
sdf file and prepared for docking using the LigPrep utility
(Schrödinger, Portland, OR) with Epik (Schrödinger,
Portland, OR) to define protonation and tautomeric states
at pH 7.0±2.0. The PutP model structure was prepared
using the Protein Preparation Wizard utilities (Schrödin-
ger, Portland, OR) in Maestro with the default options to
assign the charge states of ionizable residues and add
hydrogens. This procedure optimizes the protein's hydrogen
bond network by means of a systematic, cluster-based
approach and performs a restrained minimization that
allows hydrogen atoms to be freely minimized while
allowing for sufficient heavy-atom movement to relax
strained bonds, angles, and clashes. Flexible docking
calculations were performed with Glide XP 5.0 (Grid-
based Ligand Docking from Energetics)36,37 (Schrödinger,
Portland, OR) following the fragment-based procedure in
order to increase the number of energetically favorable
poses to the value of 1000.38 The scoring function Gscore
was employed to rank all poses. The final choice of the
best-docked structure for each ligand was made using a
model energy score (Emodel) that combines the energy
grid score, the binding affinity predicted by Glide score,
and the internal strain energy for the model potential used
to direct the conformational-search algorithm. After dock-
ing, the best poses were minimized within the protein
model. This minimization was performed using conjugate
gradient minimization (0.05 convergence criteria), the
OPLS-AA force field, and the GB/SA continuum water
model. Protein residues that fell within 10 Å of the binding
sites were allowed to optimize during minimization.

Validation of the docking procedure

To verify the accuracy of the Glide XP docking
procedures, we re-docked the galactose to the crystal
structure of vSGLT and compared the results to the
original crystal structure. First, we moved the ligand
galactose out of the active site and then docked it back to

the corresponding vSGLT crystal structure after a mini-
mization of the galactose-free structure. The best docked
poses closely match the crystallographic ligand position.
This result is in good agreement with the crystal structure
of vSGLT, where the galactose binding pocket is formed
by residues Q69, E88, S91, N260, Y263, K294, and Q428.14

Our calculations show that the docked galactose molecule
was bound in a similar orientation and conformation to
the active site of vSGLT. Therefore, the docking results
clearly show that the Glide XP docking algorithm and
scoring function are able to consistently produce top-
scoring poses that are in close agreement with the crystal
structure pose.

Bacterial strains and plasmids

E. coli JM109 [endA1 recA1 gyrA96 thi hsdR17 supE44
relA1 Δ(lac-proAB) (F′traΔ36pro AB+ lacIq ZΔM15)] and E.
coli DH5α [F− ϕ80d lacZ ΔM15 Δ(lacZYA-argF) U169 deoR
recA1 endA1 hsd R17(rk−,mk+) phoA supE44 λ− thi-1 gyrA96
relA1] were used as carriers for the plasmids generated in
this study. E. coli WG170 (F− trp lacZ rpsL thi Δ(putPA)101
proP219)39 harboring given plasmids was used for over-
expression of the putP gene and transport assays. The
following plasmids, derivatives of pT7-5,40 containing the
lac promoter/operator for expression of the putP gene,
were used for all gene manipulations: pT7-5/putP and
pT7-5/putP(ΔC), 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(ΔC)], respectively, and a C-terminal
attached amino acid sequence resembling the FLAG
epitope and a 6His tag.13 Vector pTrc99a41 was used for
overexpression.

Site-directed mutagenesis

Desired nucleotide substitutions in putPwere generated
by PCR with Taq-DNA polymerase using plasmid pT7-5/
putP as a template and synthetic mutagenic oligonucleo-
tides. Altered sequences were cloned into plasmid pT7-5/
putP or pT7-5/putP(ΔC). Resulting plasmid DNA was
verified by sequencing using an ABI 3730 device.

Transport assay

Active transport was measured in E. coli WG170
(PutP−A−) harboring derivatives of plasmids pT7-5/putP
or pT7-5/putP(ΔC) encoding PutP with given amino acid
replacements. The cells were grown aerobically in LB
medium42 containing 100 μg/mL ampicillin at 37 °C.
Overnight cultures were diluted 25-fold and were allowed
to grow to an optical density at 420 nm (OD420) of 1.0,
followed by induction with 0.5 mM IPTG for 2 h. Cells
were harvested by centrifugation at 13,200g for 10min and
washed up to six times with 100 mM Tris/Mes (pH 6.0) at
4 °C to reduce the Na+ contamination below 5 μM. For
transport assays, cells were resuspended in the same
buffer and adjusted to a total protein concentration of
0.35mg/mL. Transport of 10 μML-14C-proline (26Ci/mol)
(if not otherwise indicated) was assayed under standard
test conditions in the presence of 20mMD-lactate (Na+ salt)

a http://consurf.tau.ac.il
b http://www.ncbi.nlm.gov/sites/entrez
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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.23 Initial rates of
transport were calculated from the initial linear portion
of the time course. Standard deviations were determined
from at least three independent experiments. For
transport inhibition analyses, cells containing the respec-
tive single Cys variant were incubated with 2 mM
sulfhydryl reagent (NEM or MTSET) at room tempera-
ture for 15 min. The reaction was stopped by 5-fold
dilution of the reaction mixture with 100 mM Tris/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.

Immunological analysis

Relative amounts of PutP with given amino acid
replacements in membranes of E. coli WG170 were
estimated by Western blot analysis with HRP-linked
mouse anti-FLAG IgG directed against the FLAG epitope
at the C terminus of each PutP variant as described
before.23

Cys accessibility to fluorescein-5-maleimide

E. coli WG170 transformed with pTrc99a/putP(ΔC)
were grown and disrupted by sonification, and randomly
oriented membrane vesicles were prepared as described.18

For accessibility analyses, 100-μL aliquots of the mem-
brane 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 μM FM was added and incubation was continued at
25 °C for additional 0, 2, and 5 min. Reactions were
stopped by addition of 5 mM β-mercaptoethanol. After
labeling, PutP was solubilized with 1.5% (w/v) n-dodecyl-
β-D-maltoside under stirring at 4 °C for 30 min. Then,
samples were purified via Ni2+–NTA spin columns and
eluted with 200 mM imidazole as described before.19 After
protein determination, equal amounts of protein were
subjected to a 12.5% SDS-PAGE. Fluorescent bands of
PutP were visualized using the gel documentation system
N-08 of Peqlab 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.

Determination of Na+

Na+ concentrations in buffers used for transport assays
and Cys accessibility analyses were determined with a
VARIAN AA240 atomic absorption spectrometer.

Protein determination

Determination of protein was performed according to a
modified Lowry method27 for total membrane protein,
according to Bradford43 for detergent solubilized protein,
and by the amido black method44 for protein in
proteoliposomes.
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4 LIGAND-DEPENDENT STRUCTURAL DYNAMICS OF 
EXTRACELLULAR LOOP 4 OF PUTP, A MEMBER OF THE LEUT 
STRUCTURAL FAMILY 

 

4.1 Abstract 
 The structural class of LeuT-like transporters comprises a diverse group of 

permeases that is important for the uptake of a broad range of substrates such as amino 

acids, ions, sugars, or neurotransmitters. Representatives of this structural family are 

involved in a variety of human diseases and play a role in bacterial pathogenicity and are 

therefore targets for therapeutical approaches. Despite the rapidly increasing number of 

available crystal structures little is known about protein dynamics during the transport cycle. 

Deduced from the available crystal structures, several slightly different transport mechanisms 

were proposed, focusing mainly on movements of transmembrane helices. Within this work 

the Na+/proline symporter PutP of Escherichia coli was used to examine the mechanistic role 

of extracellular loop 4 during the transport process. To analyze the functional importance of 

this domain a Cys scanning mutagenesis was performed in combination with subsequent 

spin-labeling, reconstitution, and electron paramagnetic resonance spectroscopic analyses. 

Overall conformational rearrangements in PutP were tracked by double electron-electron 

resonance measurements of distances. The data obtained provided first insights into the 

secondary structure of eL4 and ligand dependent motions of this domain. The results are in 

good agreement with the proposed alternating access mechanism of secondary transporters 

and suggest an involvement of eL4 in the gating mechanism.  

 

4.2 Introduction 
 The sodium/solute symporter family (SSSF; TC 2.A.21; SLC5) comprises several 

hundred representatives, which can be found in all three kingdoms of life (Jung et al., 2012). 

Members of this group of transporters use a preexisting Na+ gradient to drive the uphill 

transport of various solutes such as amino acids, vitamins, or ions across the membrane 

(Jung, 2002). The human Na+/I- symporter (NIS) and the Na+/glucose transporter (SGLT1) 

were shown to be involved in diseases such as iodide transport defect (Reed-Tsur et al., 

2008) or glucose-galactose malabsorption (Wright et al., 2007). Moreover, PutP-mediated 

proline uptake in bacteria plays an important role in human infectious diseases. In 

Staphylococcus aureus, the proline permease contributes to the survival of the pathogen in 

the host organism (Bayer et al., 1999). Furthermore, a knock out of the homologous gene in 
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Helicobacter pylori abolished its ability to colonize the stomach of model organisms 

(Kavermann et al., 2003). 

 To understand the molecular principles of Na+-coupled transport the Na+-dependent 

proline permease PutP of Escherichia coli was used, the functionally best-characterized 

member of the SSSF. Kinetic analysis suggested that this symporter functions according to 

an ordered binding mechanism (Yamato & Anraku, 1990, Yamato, 1992). The Na+-coupled 

proline uptake is mediated with a stoichiometry of 1:1 (Yamato, 1992, Yamato & Anraku, 

1990). For PutP a topology model comprising 13 TMs was proposed with the N-terminus 

facing the periplasm and the C-terminus found in the cytoplasm (Suppl. Fig. 4.2) (Wegener et 

al., 2000, Jung et al., 1998a). With the successful crystallization of vSGLT of Vibrio 

parahaemolyticus, first insights into the architecture of SSSF transporters were gained at 

atomic resolution (Faham et al., 2008). The three dimensional structure revealed that the 

SSSF shares the same fold with the LeuT structural family, a group of unrelated transporter 

gene families that turned out to have a 10 TM core domain in common (Abramson et al., 

2003, Yernool et al., 2004, Schulze et al., 2010, Faham et al., 2008, Weyand et al., 2008, 

Murakami et al., 2002, Ressl et al., 2009, Yamashita et al., 2005). The available structural 

information on vSGLT was used to generate a homology model of PutP (Olkhova et al., 

2010). Using a combination of docking calculations and functional analyses, Na+ and proline 

binding residues were identified.   

 Despite the increasing number of available transporter crystal structures with LeuT-

like core architecture, detailed information on the protein dynamics during the translocation 

cycle is rather low. Based on the available structural information on LeuT, a molecular 

mechanism of function was proposed (Forrest et al., 2008, Forrest & Rudnick, 2009). 

According to this model the reciprocal opening and closing of an outward- and an inward-

facing cavity is achieved by a ‘rocking bundle’ motion of two domains formed by topologically 

inverted repeats. Movements of TMs 1, 2, 6, and 7 with respect to the remaining protein 

‘scaffold’ were predicted. The importance of these helices for transport was supported by 

LeuT structures in the outward- and inward facing conformation (Krishnamurthy & Gouaux, 

2012). Major conformational alterations were shown for TMs 1, 2, 5, 6, and 7. A similar 

mechanism was suggested for the Na+/L-5-benzyl-hydantoin symporter Mhp1 of 

Microbacterium liquefaciens based on crystal structures of different conformations 

(Shimamura et al., 2010). In this symporter, the so-called ‘hash’ motif, a protein domain 

comprising TMs 3, 4, 8, and 9, moves relative to the rest of the protein during the transport 

cycle. These rigid body motions are proposed to be the basis for the alternating access to the 

substrate binding site from either side of the membrane. Since crystal structures just provide 

static snapshots of proteins and transitions between different conformational states are just 
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extrapolated, biochemical and biophysical studies are indispensable to directly address 

transporter dynamics. 

 Available high-resolution structures were used as a starting point to guide electron 

paramagnetic resonance (EPR) spectroscopic and single molecule fluorescence energy 

resonance transfer (smFRET) measurements in LeuT and other members of the structural 

family. For LeuT, it was shown that TM1a is involved in the transition between the outward-

facing and the inward-facing conformation (Zhao et al., 2010, Zhao et al., 2011). EPR 

spectroscopic analysis of TM 1’ of PutP suggests that this helix plays a similar role in the 

transport cycle as in LeuT. Binding of proline in the presence of Na+ induced conformational 

alterations in the respective helix and the preceding loop (Wegener et al., 2000). Moreover, a 

Cys scanning mutagenesis in combination with Cys accessibility analyses supported these 

findings (Pirch et al., 2003). The data suggest that the cytoplasmic half of TM 1’ is involved in 

the formation of a water-filled inwardly oriented cavity that is occluded upon Na+ and proline 

binding. 

 Interestingly, it was shown that closing of the outward-facing cavity is not exclusively 

achieved by movements of transmembrane helices. In Mhp1 an α -helical domain in 

extracellular loop 4 (eL4), connecting TMs 7 and 8, contributes to the formation of a ‘thick’ 

gate that occludes the substrate binding site (Shimamura et al., 2010). The general 

importance of this loop structure for the molecular mechanism of function of LeuT-like 

transporters was also supported by biophysical measurements on LeuT (Claxton et al., 

2010). EPR spectroscopic analyses could demonstrate that eL4 regulates access from the 

extracellular milieu to the ion and substrate binding sites in a Na+ and leucine dependent 

manner. These data were supported by the comparison of crystal structures of LeuT in an 

outward-open and an inward-open conformation (Krishnamurthy & Gouaux, 2012). The 

transition of an outward-facing open to an inward-facing open conformation comes along with 

a substrate dependent movement of eL4 into the outward-facing cavity thereby occluding the 

binding site from the extracellular space. The functional role of eL4 is also described for 

eukaryotic representatives of this structural family. Cys accessibility analyses of SERT 

supports the idea that eL4 undergoes conformational alterations during the transport cycle 

(Mitchell et al., 2004). As observed for LeuT and Mhp1, a direct participation of any residue 

of eL4 in substrate binding could not be shown. A similar mechanistic role was also observed 

in the γ -aminobutyric acid transporter GAT-1 (Zomot & Kanner, 2003). The authors also 

proposed that at least parts of eL4 are involved in structural rearrangements during transport. 

But in contrast to SERT, in GAT-1 direct or indirect participation of residues located in eL4 in 

GABA binding was suggested. 

 In order to provide first experimental information on the dynamics and functional role 

of the homologous loop (eL4) in members of the sodium/solute symporter family (SSSF), a 
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Cys scanning mutagenesis of the respective domain in PutP was performed, followed by 

site-directed spin labeling and EPR spectroscopic analyses. EPR is a suitable technique to 

determine structures of subdomains and ligand-dependent rearrangements within membrane 

proteins under physiological conditions (Hilger et al., 2009, Wegener et al., 2000, Hubbell et 

al., 2000). For the EPR spectroscopic characterization of PutP three different parameters 

were determined: the mobility of the nitroxide spin label, the polarity of the microenvironment 

surrounding the spin label, and intramolecular inter spin distances by double electron-

electron resonance (DEER). In the course of this work three major tasks were addressed: 

First, the secondary structure of eL4 was analyzed based on the EPR data. Second, ligand 

induced local dynamics of eL4 were monitored by a combination of mobility and polarity 

measurements in the presence or absence of Na+ and/or proline. Third, to correlate the 

ligand dependent transitions of eL4 with the global conformations of PutP during the 

transport cycle, interspin distances in specifically selected double-Cys PutP constructs were 

measured.  

 

4.3 Materials and Methods 

4.3.1 In vivo proline transport assay 

 In order to determine the influence of the amino acid substitutions on PutP activity an 

in vivo proline uptake assay was performed. Transport was measured in E. coli WG170 

transformed with the plasmid pTrc99a/putP(ΔCys) harboring the given mutations. Over night 

cultures were diluted 1:50 in Luria-Bertani (LB) medium (Miller, 1992) containing 100 µg/mL 

ampicillin. The cells were grown under oxic conditions at 37°C up to an optical density 

measured at 420 nm (A420) of 1.0, followed by induction with 0.5 mM isopropyl 1-thio-β-D-

galactopyranoside for 1 h. Cells were harvested, washed with 100 mM Tris/MES pH 6.0 and 

resuspended to an A420 of 5.0. PutP mediated proline transport was assayed under standard 

conditions with 10 µM L-[U-14C] proline (26 Ci/mol) in the presence of 20 mM D-lactate (Na+ 

salt) and 50 mM NaCl using a rapid filtration method as described previously (Chen et al., 

1985). The initial rate of transport was calculated from the initial linear portion of the time 

course. Under theses conditions PutPΔCys exhibits 50% intial rate of transport of wild type 

PutP. 

4.3.2 Scintillation proximity assay (SPA) 

 To test the impact of the amino acid substitutions and spin-labeling on the proline 

binding properties of PutP, a scintillation proximity assay was performed. The PutP 

derivatives were purified and spin-labeled as described in the following section. The Cu2+ 

chelate YSi scintillation SPA beads (PerkinElmer) were diluted in 150 mM Tris/MES, pH 7.5, 

50 mM NaCl, 10% glycerol, and 0.1% DDM to a concentration of 2.5 mg/mL. One hundred 
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microliter of the suspension were supplemented with 1 µM 3H-proline (4.2 Ci/mmol) and 50 

ng of the respective PutPΔCys derivative. The samples were incubated for one hour on a 

vibrating platform at 4°C in a 96-well white-wall clear bottom plate and measured in a 

photomultiplier (1450 LSC & Lumiescence Counter, WALLAC Micro Beta TriLux, 

PerkinElmer) in SPA cpm mode. To compare the proline affinities of labeled and unlabeled 

protein, the samples were measured with and without the addition of 5 mM DTT. For 

background correction 800 mM imidazole was added. Total radioactivity was determined by 

addition of 200 µ l Optiphase Supermix (PerkinElmer) and after 3 h incubation the plate was 

again measured in normal cpm mode. Binding properties of PutPΔCys and the respective 

single- and double-Cys variants were calculated relative to unlabeled PutP wild type. 

4.3.3 Determination of Na+ 

 Na+ concentrations in buffers used for incubation of proteoliposomes and subsequent 

ligand dependent EPR measurements were determined with a VARIAN AA240 atomic 

absorption spectrometer. 

4.3.4 Site-directed spin labeling 

The putP alleles encoding single- and double-Cys PutP molecules used in this study 

were generated by site-directed mutagenesis using plasmid pT7-5/putP(ΔCys) as a template 

and synthetic mutagenic oligonucleotides in one- or two-step PCR reactions using Taq-DNA 

polymerase. Plasmid pT7-5/putP(ΔCys) is a derivative of pT7-5 (Tabor & Richardson, 1985) 

and contains the lac promoter/operator for expression of putP and an engineered cassette 

version of this gene that is devoid of all five native Cys coding codons. PCR fragments were 

digested with appropriate restriction endonucleases and ligated with similarly treated plasmid 

pT7-5/putP(ΔCys). For overexpression, the putP alleles were cloned into plasmid pTrc99a 

(Amann et al., 1988) using restriction endonucleases NcoI and HindIII. The resulting 

plasmids were transformed into E. coli WG170 [F− trp lacZ rpsL thi Δ(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., 1998a). The single- or double-Cys PutP variants were 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 KPi, pH 8.0, 300 mM KCl, 10 mM imidazole, 10% glycerol (v/v), 0.04% β-D-

dodecylmaltoside (w/v)) was applied to the column and incubated for 3 h at 4°C. 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 non-reducing conditions into liposomes composed of E. coli lipids (67% 

phosphatidylethanolamine, 23.2% phosphatidylglycerol, and 9.8% cardiolipin; Avanti Polar 
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Lipids, Alabaster, AL) at a lipid/protein ratio of 20:1 (single-Cys PutP derivatives) or 40:1 

(double-Cys  PutP derivatives) (w/w) as previously described (Jung et al., 1998b). Finally, the 

proteoliposomes were washed twice with 50 mM Tris/HCl, pH 7.5 and stored in liquid 

nitrogen until use. To determine the influence of ligands on the EPR spectra, after thawing 

the respective proteoliposomes were supplemented with 50 mN NaCl or 50 mM NaCl and 10 

mM proline, incubated at 4°C over night, centrifuged and resuspended in the appropriate 

buffer to yield a PutP concentration of 100 – 250 µM. As negative control, measurements 

were also performed in the presence of 50 mM KCl or 50 mM KCl and 10 mM proline. 

The following spin-labeled single- and double-Cys PutP molecules were prepared: 

single spin-labeled derivatives: A294R1, Y295R1, F296R1, N297R1, D298R1, H299R1, 

P300R1, A301R1, L302R1, A303R1, G304R1, A305R1, V306R1, N307R1, Q308R1, 

N309R1, A310R1, E311R1, R312R1, V313R1, F314R1, I315R1, E316R1, L317R1, A318R1, 

Q319R1, I320R1, L321R1, F322R1, N323R1, and P324R1. 

double spin-labeled derivatives: S50R1/G304R1, K91R1/L371R1, A149R1/L450R1, 

A294R1/Y403R1, and D298R1/Q446R1. 

4.3.5 Continous-wave EPR (cw EPR) measurements 

 Spin label mobility and ligand dependent changes in the EPR spectra were 

determined by cw EPR measurements using a Miniscope MS200 X-band spectrometer 

(microwave frequency ≈ 9.4 GHz) equipped with a rectangular TE102 resonator (Magnettech 

GmbH). The experiments were performed at a stable temperature of 298 K adjusted by a 

temperature control unit TC H02 (Magnettech GmbH). The microwave power was set to 10 

mW and the B-field modulation amplitude was individually adjusted for every sample (⅓ of 

the linewidth measured at 500 mG). The minima and maxima of the experimental cw EPR 

spectra were fitted by fifth-order polynomals with the MATLAB (The MathWorks, Natick, MA)-

based program DynAnalysis. The line widths of the spectra were extracted and the reciprocal 

line width ΔH0
-1 was used as a measure for the spin label mobility. 

 The polarity of spin label environment was determined at 160 K using a homemade 

X-band EPR spectrometer equipped with an AEG H103 rectangular cavity. The microwave 

power was set to 0.2 mW and the B-field modulation amplitude adjusted to 0.25 mT. A B-N 

12 B-field meter (Bruker) and a continuous flow cryostat Oxford ESR 900 allowed 

measurement of the magnetic field and stabilization of the sample temperature. 

Proteoliposomes in the absence of Na+ and proline or supplemented with the respective 

ligands were measured in quartz cappilaries (3 mm inner diameter) at a concentration of 15-

20 mg/mL. As a measure for the polarity Azz was determined.  
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4.3.6 DEER measurements 

Four-pulse DEER measurements were performed at Q-band frequency (34-35 GHz) 

on a homemade spectrometer equipped with a homemade 3 mm rectangular resonator 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 

(π/2)ν1− τ1 − (π)ν1 − t' − (π)ν2 − τ1 + τ2 − t' − (π)ν1 − τ2 − echo was used (Pannier et al., 2000). All 

pulses were set to 12 ns. The long interpulse delay τ2, defining the dipolar evolution time  was 

typically 3000-3600 ns, depending on the relaxation properties of the sample and on 

distance. Deuterium nuclear modulations were averaged by increasing the first interpulse 

delay by 16 ns for 8 steps. A phase cycle [+(+x),−(−x)] was applied to the first pulse. The 

pump frequency ν2 was set at the maximum of the echo detected field swept spectrum, 80 

MHz higher than the observer frequency ν1. Accumulation times for the data sets varied 

between 6 and 14 h. Data were analyzed for dipolar evolution times t = t' − τ1 ≥ 0. Analysis of 

the data in terms of distance distributions and mean distances was performed with the 

program DeerAnalysis2011 (Jeschke et al., 2006).  

 

4.4 Results 

4.4.1 Activity and binding properties of spin-labeled PutPΔCys derivatives 
For the elucidation of the functional role of eL4 of PutP in the transport cycle, an EPR-

based approach was chosen. To be able to site-specifically introduce nitroxide spin labels 

into this extracellular domain, a Cys scanning mutagenesis from position 294 to 324 was 

performed. In addition, a set of double-Cys variants was constructed to correlate the 

dynamics of eL4 with the alternating access mechanism by tracking intramolecular, ligand 

dependent distance changes. For this purpose positions on the periplasmic and the 

cytoplasmic side were chosen that are, according to the proposed transport mechanism of 

LeuT-like transporters, involved in conformational rearrangements. To test the influence of 

these substitutions on the transporter activity, the initial rate of transport was determined in 

vivo (Fig. 4.1 A) by a proline uptake assay. Furthermore, the proline binding properties of 

purified MTSSL-labeled and unlabeled protein were determined (Fig. 4.1 B). A Western Blot 

analysis showed that all constructs and PutPΔCys were produced in comparable amounts 

(data not shown). Therefore, variation in the expression level of the putP mutants could be 

excluded as reason for the differences in the initial rate of transport. 
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Fig. 4.1 Influence of single- and double-Cys substitutions and spin labeling on PutPΔCys activity. (A) 
Initial rate of transport of L-[U-14C]-proline (10 µM final concentration) into 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 (Chen et al., 1985). The diagramed initial rates are the result of two independent 
experiments. (B) The proline binding properties of the constructed PutPΔCys-derivatives and the influence of spin 
labeling was determined by means of the scintillation proximity assay. Measurements were either performed with 
purified and spin labeled protein or with unlabeled protein (MTSSL was removed by addition of 5 mM DTT). Data 
are shown as the mean ± S.E.M. (standard error of the mean) and relative to unlabeled PutP wild type. Standard 
deviations were calculated from a minimum of three independent experiments. 
 

In vivo proline uptake assays showed that the majority of the single- and double-Cys 

derivatives exhibited transport activities similar to PutPΔCys (differences ≤50%). Only at a 

small number of positions, the replacement of the native amino acids by Cys led to a 

drastically reduced initial rate of transport (E311, F322, N323, P324). In order to test the 

influence of the respective amino acid substitutions and spin-labeling on proline binding, a 
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SPA was performed. Kinetic analysis of wild type PutP and PutPΔCys revealed a Kd(pro) of 2 

µM (data not shown). This is in good agreement with the previously determined proline 

affinity of PutP (Yamato & Anraku, 1993). For all generated PutP derivatives proline binding 

was detected. Compared to unlabeled wild type PutP, PutPΔCys supplemented with 5 mM 

DTT (‘unlabeled’) resulted in 98% and without DTT (‘labeled’) in 92% substrate binding 

activity. For none of the PutP derivatives a severe impact of the nitroxide spin label on the 

proline binding capacity was observed: all PutP derivatives showed significant binding 

activities. The biggest impact on the substrate affinity was observed upon substitution of 

F322. From the combination of in vivo uptake experiments and in vitro binding assays, it can 

be concluded that the reduction in the initial rate of transport of variants such as L302C, 

E311C, Q319C, F322C, N323C and P324C results rather from an affected transport cycle 

than from reduced binding activities.  

4.4.2 Analysis of the mobility of spin labels attached to Cys placed in eL4 of 

PutP  

In order to get first insights into the architecture of eL4, the spin label mobility was 

determined. The local protein environment influences the reorientation motion of the nitroxide 

side chain (Steinhoff et al., 2000). While tertiary interactions, van der Waals interactions, 

backbone atoms or other amino acid side chains confine the side chain mobility, spin labels 

on helix surfaces or in loop regions exhibit only slightly reduced motional dynamics. In recent 

studies it was shown that cw EPR data are suitable to analyze and predict secondary 

structures (Dalmas et al., 2010, Bordignon et al., 2005). Therefore, X-band EPR spectra of 

the modified transporter variants were determined at room temperature in the absence of 

ligands (Fig. 4.2). As measure for the mobility of the spin probe attached to the respective 

thiol group, the reciprocal line width (ΔH0
-1) of the central resonance line was determined. In 

most of the nitroxide spectra a composite spectral shape was observed. This can be a result 

of inhomogeneous structural constraints in the microenvironment of the spin label, as 

reported previously or might hint on different stable spin label conformations (Hubbell et al., 

1996, Langen et al., 2000). According to the spectral line widths, eL4 can be divided into two 

subdomains (Fig. 4.3, black line): a region in the N-terminal half (298-308) with weak to 

moderate interactions and a region in the C-terminal (309-324) half that is involved in tertiary 

interactions. 
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Fig. 4.2 Room temperature cw X-band EPR spectra of singly spin-labeled PutP derivatives in the 
membrane environment. The spectra were recorded at 298 K in the absence of ligands using a Miniscope 
HS200 X-band spectrometer. The PutP variants were purified, labeled with MTSSL and subsequently 
reconstituted into E. coli lipids with a protein to lipid ratio of 1:20 (w/w). The native amino acids at the respective 
positions are shown as single letter code. R1: MTSSL side chain linked to site specifically introduced Cys 
residues by disulfide bridges.  

 
Moving from the periplasmic side of TM 7 into eL4 leads to a steady increase of the 

spin label mobility (Fig. 4.3, black line), starting from a ΔH0
-1 of ~2 mT-1, a characteristic value 

for side chains participating in tertiary interactions (Bordignon & Steinhoff, 2007). The 

increase in the reciprocal line width leads to the first maximum that is reached at position 

301, followed by two other highly dynamic nitroxide side chains attached to positions 304 and 

308. For these three positions a ΔH0
-1 of ~4 mT-1 was determined, a typical value for spin 

labels involved in weak or no interactions as detected for positions in loop regions of soluble 

and membrane proteins (McHaourab et al., 1996). Between positions 309 to 324, moderate 

to strong interactions of the nitroxide side chain with the protein were detected (ΔH0
-1 values 

between 1.7 and 2.6 mT-1). Interestingly, the mobility profile of the ΔH0
-1 values revealed a 

clear periodic pattern at the N-terminal half of eL4 between residues D298 and Q308. The 

corresponding minima and maxima are shifted by three to four positions, suggesting that this 

N-terminal region forms a secondary structure in which attached spin labels with minor 

restraints on the mobility cluster on one side of a putative α -helix. In the C-terminal half of 
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eL4 a second periodic pattern, resembling a second putative α-helix was observed in the 

mobility profile, starting from position 310 and ending at position 317. An α-helical domain in 

this part of eL4 was already proposed in a vSGLT based homology model, but the predicted 

secondary structure was predicted between residues 313 to 317 (Olkhova et al., 2010). 

Fig. 4.3 Ligand dependent changes in the spin label mobility parameter ΔH0
-1 in eL4. The purified PutPΔCys 

single-Cys derivatives were spin labeled and reconstituted at a protein to lipid ratio of 1:20 (w/w). The cw EPR 
spectra were collected at 298 K using a Miniscope HS200 X-band spectrometer. In order to investigate the 
influence of the coupling ion and the substrate on the spin label mobility measurements were performed in the 
absence of ligands (black) or in the presence of 50 mM NaCl (red) or 50 mM NaCl and 10 mM proline (green). 

  

4.4.3 Analysis of the polarity of the microenvironment of nitroxide spin labels 

attached to single-Cys derivatives 

 To gain a more detailed view on the microenvironment of the attached spin label, the 

polarity of the surrounding milieu was determined. For that low temperature cw EPR spectra 

of the singly spin-labeled PutP derivatives were measured. As a measure for the chemical 

nature of the surrounding milieu, the hyperfine tensor element AZZ was determined. In an 

apolar surrounding attached spin labels are described by low and in polar microenvironments 

by high AZZ values (Bordignon & Steinhoff, 2007). Major determinants for the polarity of the 

microenvironment are neighboring amino acid side chains, aqueous solvent or the 

membrane bilayer (polar headgroups/apolar aliphatic tail). 

The obtained polarity profile (Fig. 4.4) of eL4 revealed significant differences in the 

chemical nature of the environment of spin labels attached to positions under investigation. 

The resulting AZZ values range from 3.64 mT at position 298 corresponding to a highly polar 

environment to 3.40 mT at position 310 corresponding to a highly apolar environment. In 

addition to 298, maxima (~3.55 or higher) in the AZZ profile were observed at positions 304, 
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305, 312, 315, and 319. Minima (~3.45 or lower) in the profile were detected at positions 

299, 307, 310, 311, 314, 318, and 322.  

Fig. 4.4 Ligand dependent changes in the polarity of the microenvironment of spin labels attached to 
positions in eL4 of PutP. The purified PutP single-Cys derivatives were spin labeled and reconstituted at a 
protein to lipid ratio of 1:20 (w/w). The EPR spectra were measured at 160 K. To elucidate the influence of both 
ligands on the microenvironment of the MTSSL side chain either no ligands (black) or 50 mM NaCl (red) or 50 
mM NaCl and 10 mM proline (green) were added.  

As already seen in the mobility measurements, a periodic pattern in the recorded 

polarity profile became evident. Starting from position 310, periods of approximately 3.6 

between the respective minima or maxima were detected, hinting at an α-helical secondary 

structure in the C-terminal part of eL4 ending at position 318. This is in good agreement with 

spin label mobility data. In the N-terminal region, the periodicity was not as pronounced as in 

the succeeding part. In combination with the ΔH0
-1 profile, an α-helix ranging from 298 to 308 

was predicted. A periodic pattern is also visible in the polarity profile in this region with 

maxima at positions 298, 304 and, 308. A disturbed putative fourth maximum at position 301 

might be explained by the influence of neighboring side chains, which in addition to the 

solvent determine the microenvironment. The minima in the N-terminal region (294-309) of 

eL4, harboring the first α-helical domain are exposed to a more polar environment compared 

to the minima in the C-terminal region (310-324). An explanation could be that the rear part 

of this loop is more protected from the water phase, or the surrounding protein bulk is more 

hydrophobic. 

If residues were fully exposed to water or the periplasm respectively, AZZ values 

between 3.6 and 3.7 would be expected. Since only a small number of positions under 

investigation were found in this range, it can be assumed that major parts of eL4 are involved 
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in the formation of secondary structures, tertiary contacts or in the interaction with the 

membrane. 

4.4.4 Ligand influence on spin label mobility and on the microenvironment 

PutP of E. coli is suggested to work according to an ordered binding mechanism 

(Yamato, 1992). To track the dynamics of eL4 during the transport cycle, the influence of Na+ 

or Na+ and proline on the spin label mobility and on the polarity of the surrounding milieu was 

tested. Therefore the ΔH0
-1 and the AZZ values were determined in the presence of 50 mM 

NaCl or 50 mM NaCl and 10 mM proline and compared with the values obtained in the 

absence of ligands. To determine the specificity of the changes in the EPR spectra, for 

selected positions measurements were performed in the presence of 50 mM KCl or 50 mM 

KCl and 10 mM proline. Measurements without ligands or if Na+ was replaced by K+ were 

performed in the virtual absence of Na+ (~10 µM). 

Spin label mobility – In comparison to the EPR spectra obtained in the absence of 

ligands, at positions 298, 299, 300, 302, 306, 314, 319, 320, and 324 a pronounced change 

in ΔH0
-1 was measured upon addition of Na+ or Na+ and proline. The impact of Na+ alone on 

the line width was less pronounced than the influence of proline in the presence of Na+. At 

positions 302, adding the coupling ion resulted in a decreased mobility of the MTSSL side 

chain, at position 324 the contrary effect was detected. Strikingly a slight but systematic 

decrease of the ΔH0
-1 values in the C-terminal region of eL4 (311-319) was observed (Fig. 

4.3, red line). Compared to Na+, proline in the presence of Na+ had a bigger impact on the 

mobility profile. The addition of both ligands increased the reciprocal line width at positions 

298, 300, 302, 306, 319, 320, and 324 (Fig. 4.3, green line). The mobility of the MTSSL side 

chain was more restricted at positions 299 and 314. Since the reciprocal line width is strongly 

biased by the mobile component of the spectrum, for a more subtle interpretation of the spin 

label dynamics the low field peaks were considered (Suppl. Fig 4.3 A). The respective 

changes revealed that the presence of Na+ induced a decrease of the mobile component in 

the spectra of positions 294, 296, 302, 305, 307, 309, 312, 317, 318, and 321. Upon addition 

of both ligands, for residues 295-297, 299, 305, 309, 312-315, and 317 a decrease in the 

mobile component was detected. The opposite effect was measured for 298, 300, 302, 308, 

316, 319, 320, and 324. In order to test the specificity of the observed effects measurements 

in the presence of 50 mM KCl and/or 10 mM proline were performed (Suppl. Fig. 4.3 B; 

Supp. Table 4.1). As described above Na+ induced changes in ΔH0
-1 at positions 302 and 

324. If K+ was added to PutP-L302R1 instead of Na+, the decrease of the spin label mobility 

is less pronounced, indicating a Na+-specific effect. In contrast, at position 324 both ions had 

a similar impact on the EPR spectra, hinting on an unspecific ionic effect. Proline effects on 

the spin label mobility observed for D298R1, P300R1, F314R1, and Q319R1 proved to be 

dependent on Na+. If K+ and proline were added the effects were less pronounced, compared 
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to the results obtained upon addition of Na+ and proline. At position 319 no significant 

difference in the shift of ΔH0
-1 between Na+ and proline or K+ and proline was detected.  

Polarity measurements – To describe the putative conformational flexibility of eL4 in 

more detail, ligand-induced changes in the microenvironment of the spin label were 

measured. At the transition zones between the periplasmic loop and the adjoining TMs 7’ 

and 8’, the presence of the coupling ion shifted Azz to values corresponding to a more apolar 

environment (295, 296, 297, 320, 321, and 324) (Fig. 4.4, red line). Within eL4 only for 

positions 301, 305, and 315 a decrease in the polarity was observed upon Na+ binding. In 

contrast, MTSSL side chains at positions 299, 300, 302, 308, 309, 311, 312, 313, and 314 

were shown to move into a more polar environment in a Na+-dependent manner. If both 

ligands are added to the labeled PutP derivatives, a systematic pattern in the polarity profile 

was detected (Fig. 4.4, green line). Except for 298, 302, 304, 308, and 313, all other residues 

were shifted to a more polar environment. 

Even though the addition of Na+ or Na+ and proline led to changes in the mobility as 

well as the polarity profile, no structural rearrangements in the putative α -helical structures 

could be shown. The data rather suggest ligand-induced movements of the loop as a rigid 

body.  

4.4.5 Intramolecular distances and ligand influence on the distance 

distribution 

A characteristic feature of the alternating access mechanism is the reciprocal opening 

and closing of two water-filled hemichannels. These polar permeation pathways mediate 

access to the substrate and ion binding site, either from the periplasm or the cytoplasm. In 

order to integrate the local dynamics of eL4 into the context of global conformational 

alterations during the transport cycle, DEER measurements were performed. A PutP 

homology model, based on the crystal structure of vSGLT of V. parahaemolyticus (Olkhova 

et al., 2010), was used to select for double-Cys derivatives appropriate to track putative 

ligand induced changes in the transporter conformation (Fig. 4.5). Even though the 

oligomeric state of PutP still remains to be elucidated, in previous EPR studies no evidence 

for PutP oligomerization was observed (Jeschke et al., 2006). Therefore spin-spin dipolar 

coupling effects most probably result from MTSSL side chains attached to the respective 

thiol groups in the constructed PutP double- Cys variants.  
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Fig. 4.5 Intramolecular distance measurements of spin-labeled double-Cys PutP derivatives in the absence 
or presence of ligands. Positions substituted by Cys and subsequently labeled by MTSSL are shown as blue 
sticks. Utilized double-Cys variants on the periplasmic side viewed from the periplasm (A), on the cytoplasmic side 
viewed from the cytoplasm (B), and derivatives used to analyze motions of eL4 relative to the proline binding site, 
viewed from the plane of the membrane (C). A PutP homology model based on the vSGLT (3DH4) crystal structure 
was used to guide the selection of the PutP double-Cys derivatives (Olkhova et al., 2010). The PutP variants were 
overproduced, purified, spin labeled, and reconstituted. Samples were measured at 50 K in the absence or 
presence of ligands. To improve phase memory time of electron spins 10% glycerol-d8 was added. (D) Results of 
the inter-spin distance determination for each variant under investigation. The graphs show from left to right the 
normalized experimental data V(t)/V(0), the background-corrected normalized form factor F(t)/F(0) and distance 
distribution (P(r)) obtained by Tikhonov regularization using a regulation parameter of 100. To test the influence of 
ligands on P(r), measurements were performed in the absence of ligands (black) or in the presence of 50 mM NaCl 
(red) or 50 mM NaCl and 10 mM proline (green). 
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On the periplasmic half of PutP, the distance distributions (P(r)) between D298R1 

(eL4) and Q446R1 (non-core TM 11’), A294R1 (eL4) and Y403R1 (TM 10’), and A149R1 

(TM 3’) and L450R1 (TM 12’) were determined. On the cytoplasmic side the pair K91R1 (TM 

2’) - L371R1 (TM 9’) was investigated. To determine putative movements of eL4 relative to 

the proline binding site, the pair S50R1 (TM 1’) - G304R1 (eL4) was chosen. The value P(r) 

describes the probability that two introduced spin labels, each harboring an unpaired 

electron, are located within a distinct distance. 

The most pronounced effects of Na+ or Na+ and proline on the distance distribution 

were observed for PutP-D298R1/Q446R1. In the absence of ligands, two peaks were 

detected at 4.5 and 5.5 nm respectively. These two populations could indicate an equilibrium 

of two conformational states of PutP or different spin label conformations. A mean distance 

of 4.82 nm (σ = 0.53 nm) was calculated. Upon addition of 50 mM NaCl, the distance 

distribution was shifted to shorter distances (4.70 nm; σ = 0.49 nm). If 10 mM proline in the 

presence of 50 mM NaCl was added, the distance distribution was shifted to longer distances 

(4.93 nm; σ = 0.61). The shifts in the mean distance are mainly caused by changes in the 

equilibrium between the two major peaks. In fact, additional measurements of this variant in 

micelles revealed that the peak at 5.5 nm results from aggregated PutP molecules or 

concentrative effects in liposomes. This peak vanishes in micelles while the other peak stays 

put and narrows. In micelles, no change whatsoever in the distance between D298R1 and 

Q446R1 upon addition of Na+/proline was observed. Also for the labeled double-Cys 

derivatives A149R1/L450R1 and A294R1/Y403R1 no significant changes in the mean 

distance were detected upon ligand binding. In the case of PutP-A149R1/L450R1, neither in 

the absence nor in presence of ligands (absence of ligands: 4.10 nm (σ = 0.61); Na+: 4.13 

nm; σ = 0.75; Na+ and proline: 4.12; σ = 0.71) changes in the mean distance were observed. 

For PutP-A294R1/Y403R1 a shift to shorter distances (absence of ligands: 4.84, σ = 0.83; 

Na+: 4.85, σ = 0.77; Na+ and proline: 4.59, σ = 0.83) was detected in the presence of Na+ and 

proline, compared to samples without ligands or supplemented with Na+. However due to the 

low signal to noise ratio of the primary data, the significance of these changes cannot clearly 

be evaluated.  

To address the conformational alterations on the cytoplasmic side, the derivative 

PutP-K91R1/L371R1 was chosen. Position 91 is found in TM 2’, which is part of the four- 

helix bundle. Position 371 is located in TM 9’ that contributes to the formation of the ‘hash’ 

motif. Comparing the inward- and the outward-facing conformation of Mhp1, these two 

domains undergo pronounced conformational alterations during reciprocal opening and 

closing of extra- and intracellular vestibule (Shimamura et al., 2010). If PutP and Mhp1 share 

the same mechanism of transport, changes in the interspin distance should be expected. The 

determined distance distributions again showed only subtle differences between samples 
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measured without ligands (3.98 nm; σ = 0.23) and samples containing 50 mM NaCl (3.97 

nm; σ = 0.24) or 50 mM NaCl and 10 mM proline (3.89; σ = 0.27).  

To describe the role of eL4 as a putative gate in the transport mechanism interspin 

distances between positions 50 and 304 were analyzed. According to the PutP homology 

model, S50 is located in TM 1’ below the proline binding site. Therefore changes in the 

distance distribution would hint at movements of the loop domain relative to the binding 

pocket. Shorter distances would further support the idea that eL4 might be involved in 

regulating access to the binding site from the periplasm. The recorded spectra showed a 

very broad distance distribution and no siginificant changes in the mean distance (absence of 

ligands: 4.08 nm, σ = 0.90; Na+: 4.04, σ = 0.87; Na+ and proline: 4.11, σ = 0.86). 

Considering all determined intramolecular distance measurements in PutP, compared 

to DEER analysis in LeuT (Claxton et al., 2010), on the peripasmic- as well as on the 

cytoplasmic side of PutP only negligible changes in the mean distance were observed upon 

ligand binding implicating that in a reconstituted system, in the absence of a membrane 

potential at 50 K no transition between an inward- and an outward facing conformation can 

be observed. 

 

4.5 Discussion 
Starting with the crystallization of the bacterial multi-drug efflux pump AcrB (Murakami 

et al., 2002), the progress in structure determination of secondary transporters is 

accelerating rapidly. The high-resolution X-ray structure of the Na+/leucine symporter LeuT 

(Yamashita et al., 2005) gave rise to the LeuT structural family, a group of phylogenetically 

unrelated transporter gene families, sharing the same core architecture. By the crystal 

structure of vSGLT it was shown that amongst others also the SSSF belongs to this 

structural class. Despite the wealth of structural information, X-ray structures only represent 

a static snapshot and deduced transport mechanisms differ between the individual LeuT-like 

transporters (Krishnamurthy & Gouaux, 2012, Shimamura et al., 2010). In this study new 

insights were gained into the conformational dynamics underlying the translocation cycle of 

transporters belonging to the SSSF, emphasizing the functional significance of eL4 in the 

Na+/proline symporter PutP. 

In vivo proline uptake assays gave first evidence for the importance of the 

investigated loop domain. Substituting E311 by Cys abolished transport almost completely 

(Fig. 4.1 A). Interestingly, anionic amino acid side chains are highly conserved among 

prokaryotic and eukaryotic members of the SSSF at this position (Suppl. Fig. 4.1). Since the 

proline binding properties were almost unaffected, the amino acid substitution rather impairs 

the translocation cycle subsequent to ligand binding than substrate binding itself. For LeuT it 

was shown that charged amino acids can be involved in the gating mechanism by salt bridge 
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formation (Yamashita et al., 2005, Shi et al., 2008). Using the PutP homology model, putative 

cationic interaction partners close to E311 were predicted. In order to experimentally confirm 

these in silico analysis, a site-directed mutagenesis study was performed and the transport 

activity of the respective variants were tested. However, Coulombic interactions of the 

negatively charged side chain with adjacent positively charged amino acids (R150, R312 and 

R396) could not be shown (Bracher and Jung, unpublished data). Nevertheless ionic 

interactions of E311 with cationic amino acids cannot be excluded since water molecules are 

known to mediate interactions between side chains that are actually not within interaction 

range (Sabarinathan et al., 2011). Replacement of F322, N323 and P324 also resulted in 

reduced initial rates of transport. P324 is highly conserved and it was shown to be located at 

the N-terminal end of the functionally important TM 8’ at the water/membrane interface (Raba 

et al., 2008). Pro was shown to be of general structural importance (MacArthur & Thornton, 

1991). It is frequently found as first amino acid of α -helices, but it can also disrupt or kink 

helices. Hence the reduction in the transport activity might be explained by the structural 

distortion of the following functionally important TM 8’. In contrast, amino acid residues at 

position 322 and 323 are not conserved and in order to investigate their mechanistic role, 

more detailed functional analyses are required. Functionally important residues in 

homologous loop domains of LeuT like transporters were identified. In SERT replacement of 

native amino acids by Cys led to a decreased transporter activity while no direct involvement 

in serotonin binding was observed (Mitchell et al., 2004, Smicun et al., 1999). First direct 

structural evidence for the functional importance of eL4 was gained by the X-ray crystal 

structures of LeuT in complex with transporter-inhibiting tricyclic antidepressants. It was 

shown that residues located at the helix turn between eL4a and eL4b are involved in inhibitor 

binding (Zhou et al., 2007, Singh et al., 2007). Subsequent steered molecular dynamics 

simulations in combination with docking analysis predicted a second substrate binding site 

(S2) at a similar position in the periplasmic vestibule of LeuT, in which A319 and F320 of eL4 

are involved in leucine coordination (Shi et al., 2008). The antidepressant binding site and S2 

are formed by a similar set of residues. Binding of the second substrate is supposed to 

allosterically trigger Na+ and leucine release from the primary binding site, halfway across the 

membrane, into the cytoplasm. As a remark, there is still a vivid discussion in the field 

concerning the importance of S2. Since leucine was never directly observed in X-ray crystal 

structures, it is alternatively proposed that the substrate only transiently occupies S2 on its 

way from the periplasm to S1 and that S2 does not have a regulatory function at all. To date 

there is no experimental evidence for the presence of a second proline binding site, but a 

more detailed analysis of the PutP stoichiometry needs to be performed.  

Since no high resolution information on the tertiary structure of PutP is available, 

biochemical, biophysical, and bioinformatic approaches were chosen to gain structural 
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insights into the Na+/proline symporter (Jung et al., 2012). The results of this work can be 

used to extend and refine the available three-dimensional model of PutP and the proposed 

molecular mechanism of function. EPR spectroscopic analysis of the Apo-state of PutP 

revealed periodic patterns in the spin label mobility as well as in the polarity profile. Periods 

of 3.6 between the respective ΔH0
-1 (Fig. 4.3) or AZZ (Fig. 4.4) maxima indicate two α-helices 

comprising residues D298 to Q308 as well as A310 to A318. A recently computed homology 

model of PutP predicted only one α-helical domain from V313 to G319 (Olkhova et al., 2010). 

In vSGLT two α -helices (EL8a and EL8b) in the homologous loop domain were identified 

(Faham et al., 2008, Watanabe et al., 2010). The proposed secondary structure of the PutP 

model aligns with EL8b in the C-terminal part of the extracellular loop of vSGLT. Most 

probably a second α-helix in PutP, following TM 7’, could not be identified because of the low 

sequence identity and similarity in this region. Available crystal structures of members of the 

LeuT structural family showed that two α-helices are a common feature in the corresponding 

loop domains, except for Mhp1 and BetP, in which only one secondary structural element 

was observed. Also biochemical studies on the homologous loop in SERT identified two α -

helical domains, connected by a hinge (Mitchell et al., 2004). 

In the course of the X-ray structure based proposed transport cycle of LeuT 

(Krishnamurthy & Gouaux, 2012) and Mhp1 (Shimamura et al., 2010) no structural 

rearrangements within the secondary structures of eL4 were observed. This is in good 

agreement with the recorded mobility and polarity profiles of PutP upon Na+ and/or proline 

binding. Again no clear shifts in the periodicity patterns (Fig. 4.3 and 4.4) were observed. 

Nevertheless the spectroscopic measurements revealed changes in the spin label mobility as 

well as in the polarity of the spin label microenvironment (Fig. 4.6 A). Addition of Na+ had 

minor effects on the MTSSL mobility. Only the flexibility of spin labels attached to the C-

terminal half of eL4 was slightly reduced. The polarity profile of eL4 at the water/membrane 

transition zone was shifted in the presence of Na+ to a more apolar environment. At positions 

in the hinge region connecting the two α-helical domains, approximately in the middle of eL4, 

a clear shift to a more polar environment was observed (Fig. 4.6 B). This shift in the polarity 

might either be explained by the presence of polar solvent or by a closer proximity to 

hydrophilic protein bulk. A concomitant decrease of the spin label mobility and an increase in 

the polarity of the microenvironment rather supports the latter idea. This assumption is 

supported by the fact that spin labels attached to Cys at the water/membrane interface (295, 

296, 297, 322, and 324) are shifted to a more apolar environment upon Na+ binding. This 

might be explained by movements of the respective residues deeper into the membrane or 

the extracellular vestibule. To sum up the data suggest that during the transition from the 

Apo- to the Na+-bound state eL4 is dipping deeper into a putative periplasmic cavity. A 

crevice that might be lined by predominantely hydrophilic residues, as it was also observed 
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e.g. in LeuT, ApcT, vSGLT, and LacY (Yamashita et al., 2005, Shaffer et al., 2009, Faham et 

al., 2008). The resulting closer interaction with polar residues could explain the observed 

decrease of the mobility and the concomitant increase in the polarity of the surrounding of 

the spin label. Ligand induced movements of homologous loop domains were also described 

for other representatives of the LeuT structural family (Shimamura et al., 2010, 

Krishnamurthy & Gouaux, 2012, Claxton et al., 2010). 

Fig. 4.6 The presence of Na+ and/or proline induces changes in the spin label mobility and polarity. 
Residue specific mapping of changes in ΔH0

-1 (A) and the AZZ (B) upon Na+ binding relative to the Apo-state or 
upon proline binding relative to the Na+ bound state onto the PutP homology model (Olkhova et al., 2010). 
Residues exhibiting an increase in ΔH0

-1 or Azz are shown as sticks and are colored in blue. Residues with 
decreased ΔH0

-1 or Azz are shown as sticks and are highlighted in red. Na+ is depicted as purple sphere, proline is 
shown as stick model. 
 

When Na+ and proline were added and the formation of the ternary complex was 

induced, the effects on the spin label mobility were reversed with respect to the Na+ bound 

state. The overall mobility is increased even though at some positions a slight decrease in 

the spin label flexibility was observed (296, 299, 306, 307, and 314). In parallel, for almost all 

positions in the loop domain an increase in the polarity of the microenvironment was 

detected. Combining these observations suggests that interactions of eL4 with other protein 

domains are weakened upon addition of Na+ and proline, compared to the Na+-bound state. 



Chapter 4 

	   81 

This could be explained by looser packing of eL4 into a periplasmic cavity that is followed by 

water influx. But it also needs to be discussed whether the loop itself is moving or if 

surrounding helices, comprising a putative periplasmic cavity, move farther apart.  

In order to describe the impact of ligands on the transporter conformation 

intramolecular distance changes triggered by Na+ or Na+ and proline were determined. These 

results might help to put the dynamics of eL4 into the global context of the alternating access 

mechanism. The observed ligand induced changes in spin label mobility and polarity of the 

microenvironment supported the idea that Na+ induces stronger interactions of eL4 with other 

domains of PutP. Subsequent addition of proline reversed this effect (increased spin label 

mobility and polarity even compared to the Apo-state). If eL4 adopts a similar plug-like 

function in PutP as the homologous domain in LeuT, these findings could suggest that the 

decreased tertiary interactions hint on an opening of a periplasmic cavity. 

For all tested PutP double-Cys derivatives neither on the periplasmic nor on the 

cytoplasmic side significant ligand-induced changes in the mean distance were detected. In 

proteoliposomes harboring PutP-D298R1/Q446R1 indeed an equilibrium between two 

distances (4.5 nm and 5.5 nm) was detected. Two distance peaks might hint on two 

conformational states of the protein or of the spin-label. However subsequent measurements 

in micelles showed that the latter peak could be attributed to a fraction of aggregated PutP in 

the reconstituted sample and not to a reciprocal opening and closing of cavities. Interestingly, 

for the corresponding positions in LeuT (Claxton et al., 2010), in the presence Na+ and the 

substrate leucine significant shifts in the distance distribution were observed. If PutP works 

according to the proposed mechanism of function of LeuT and Mhp1, also on the cytoplasmic 

side, between K91 (TM 2’) and L371 (TM 9’), significant distance changes would have been 

expected. For both proteins, a relative movement of the four-helix bundle (TMs 1, 2, 6, and 7) 

relative to the ‘hash’ motif (TM 3, 4, 8, and 9) is the proposed molecular basis for the 

alternating access of the ligand binding sites via a periplasmic or a cytoplasmic vestibule 

(Shimamura et al., 2010, Krishnamurthy & Gouaux, 2012). But again only subtle changes in 

the mean distance were detected. For the double-Cys constructs 50/304 and 149/450 also 

no changes in the mean distance were observed. Interestingly, in both samples broad 

distance distributions were determined indicating a highly dynamic system. These dynamics 

could derive from spin label flexibility or from structural rearrangements within the protein 

(Polyhach et al., 2011, Fleissner et al., 2011). In fact, the broad distance distribution most 

probably results from a combination of both, dynamics of the protein and the spin-label. In 

summary, under the experimental conditions the addition of ligands did not trigger global 

conformational alterations in PutP between an inward- and an outward-facing conformation 

as they were expected according to the alternating access mechanism (Jardetzky, 1966) and 

as they were already described for LeuT under similar conditions (Zhao et al., 2010, Claxton 
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et al., 2010). Since the binding properties of spin-labeled PutP were not affected (Fig. 4.1 B) 

and the results of the DEER measurements in PutP and LeuT showed significant 

discrepancies, this study suggests that despite their structural similarity, the transport 

mechanism of both proteins might differ considerably. These findings raise the question at 

which stage the mechanistic differences become obvious? Previously it was shown that PutP 

function is not only dependent on a Na+-gradient, but also on the membrane potential (Chen 

& Wilson, 1986, Jung et al., 1998b). For LeuT, a Na+-gradient proved to be the driving force 

for leucine uptake. Until now, the role of the membrane potential was not investigated in 

detail. In the absence of a membrane potential LeuT is found predominately in an outward-

facing conformation (Zhao et al., 2010, Wang et al., 2012), whereas PutP was shown to be in 

an inward-facing conformation (Pirch et al., 2003). For SGLT1, another member of the SSSF 

a similar orientation was shown and a transition to an outward-facing conformation was 

triggered only in the presence of a membrane potential (Loo et al., 1998). Since the EPR 

measurements were performed in non-energized proteoliposomes, it might be possible that 

the energy source required for the transition between an inwardly-oriented and an outwardly-

oriented conformation was missing. The observed subtle distance changes might also be 

explained by the cryogenic conditions (50 K) during the DEER measurements since low 

temperatures may trap proteins in distinct conformations (Xu & Gunner, 2001). Due to the 

observed changes in the polarity profile and previously described distance changes in PutP 

(Jeschke et al., 2004), LacY (Smirnova et al., 2007), and LeuT (Claxton et al., 2010), the 

latter possibility seems to be rather unlikely. 

How do these observations fit into the proposed transport mechanism of PutP? Since 

PutP functions as a Na+/proline symporter, catalyzing the accumulation of proline in the 

bacterial cell, the results of this investigation on the first glimpse contradict this accepted fact. 

Binding of Na+ seems to result in stronger tertiary interactions of eL4 with other PutP 

domains on the periplasmic side. Subsequent binding of proline more than reverses this 

effect, possibly explained by opening of an outward-facing cavity. For an importer one would 

expect opposite effects. An explanation for this phenomenon might be that depending on the 

orientation of the electrochemical Na+ gradient, PutP (Jung et al., 1998b) and other members 

of the SSSF e.g. the Na+/glucose symporter (Wright et al., 1994) were shown to work in 

either one direction or the other. To interpret the results of this work it needs to be clarified 

which conformation PutP adopts in the Apo-state. Cys accessibility studies suggested that in 

the absence of ligands, in non-energized membrane vesicles, PutP is predominantly found in 

an inward-facing conformation (Raba et al., 2008, Pirch et al., 2003). Interestingly, as already 

mentioned above, it was also shown that in the absence of a membrane potential SGLT1 is 

not accessible from the extracellular phase by membrane impermeant compounds, if no 

ligands are present (Loo et al., 1998). If the membrane was energized, the transporter 
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became accessible from the outside reminiscent with the opening of an outwardly-oriented 

vestibule. Since the EPR measurements on eL4 of PutP were performed in non-energized 

proteoliposomes, it can be assumed that reconstituted PutP adopts a similar orientation. In 

summary, it can be supposed that the inward-facing conformation of PutP is harboring the 

lowest free energy and that this state is the starting point for conformational alterations under 

the experimental conditions (Fig. 4.7). 

Fig. 4.7 Predicted schematic of the ligand induced dynamics of eL4 in the transport cycle of PutP. Under 
the experimental conditions, PutP is proposed to adopt an inward-facing open conformation in the Apo-state. The 
presence of Na+ induced tighter packing of eL4 into the periplasmic cavity, while the cytoplasmic cavity was 
stabilized. According to the ordered binding mechanism, the affinity for the actual substrate proline is increased 
subsequent to Na+ binding. If both ligands were added, a decrease of tertiary interactions of eL4 and an increase 
in the polarity of the surrounding was observed, supporting the idea of an improved accessibility of the substrate 
binding sites. The fact that no distance changes on the cytoplasmic side were detected, but previous Cys 
accessibility analyses showed that the presence of both ligands led to a reduced accessibility of residues lining 
the intracellular cavity, might hint at a inward-facing occluded conformation  (red triangle: eL4; Pro: proline; 
out:periplasm; in cytoplasm). 
 

For this reason added Na+ accesses the ion binding site via an intracellular cavity. In 

this study, upon ion binding neither on the periplasmic, nor on the cytoplasmic side 

significant distance changes were observed. However, previously a Na+ dependent increase 

of the distance between spin labels attached to positions 37 (iL1) and D187 (TM 5’) was 

observed (Jeschke et al., 2004). For this reason it might be speculated that Na+ stabilizes the 

inward facing conformation. In addtition, in Cys accessibility analyses of TM 1’ and 8’ Na+ did 

not alter the labeling pattern of residues lining the intracellular vestibule (Pirch et al., 2003, 

Raba et al., 2008). In contrast, proline in the presence of Na+ had more pronounced effects 

on the mobility and polarity profile of eL4 compared to Na+ alone, suggesting that interactions 

between eL4 and other protein domains were weakened. The fact that Na+ and proline 

together did not lead to changes in the distance distributions suggests that no global 

alterations such as reciprocal opening and closing of cavities were induced in PutP. Although 

closure of an intracellular cavity could not be shown using DEER, previous Cys accessibility 

analyses on TM 1’ and 8’ gave evidence for conformational alterations on the cytoplasmic 

side (Pirch et al., 2002, Pirch et al., 2003, Raba et al., 2008). The addition of Na+ and proline, 

reduced the labeling efficiency by fluorescein-5-maleimide (FM) on the intracellular side 

drastically. Due to the presented DEER data these observations might rather be explained by 
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closing intracellular gates that occlude a water-filled cavity than a complete closure of the 

vestibule reminiscent to the situation in the occluded state of BetP (Ressl et al., 2009). In the 

X-ray crystal structure an evolving inward-cavity was visible that is occluded by residues 

located in TMs 1’, 5’, and 8’ right before the translocation pathway opens out into the 

cytoplasm. 

In conclusion, the results of this work showed that Na+ and proline induce 

conformational alterations within PutP that are to some extent in accordance with the 

alternating access mechanism. EL4 presumably adopts a similar functional role as key 

element in regulating access to the substrate binding site from the periplasmic space, as it 

was described for other members of the LeuT structural family. Differences in the observed 

conformational rearrangements and the fact that no transitions between an inward- and an 

outward-facing conformation were detected might be explained by the energetic properties of 

Leut-like transporters. In contrast to LeuT, in PutP the membrane potential is pivotal for 

transporter function. According to the results of this work, the energetic state of the 

membrane is essential to swap the transporter from an inward- to an outward-facing state. 

To test this hypothesis additional central questions have to be addressed in the near future. 

How does the membrane potential influence ligand induced distance changes? Under 

energized conditions, do Na+ and/or proline trigger conformational alterations in a 

physiological direction? How does PutP ‘sense’ the membrane potential and how is an 

outward facing conformation triggered? Challenges for these follow up experiments will be 

the generation of a membrane potential and a Na+-gradient, and a concerted start of these 

bulk experiments under the experimental conditions. These obstacles might be overcome by 

co-reconstitution of PutP with light inducible ion-pumps such as channelrhodopsin-1 and 2 

(Nagel et al., 2005). Thus, a joint start of the transporter activity could be achieved by using 

directed light pulses. An alternative would be a caged substrate, an inert precursor that can 

directly be transformed to a biologically active compound by photolysis. 
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4.7 Supplementary Material 

 
 
Suppl. Fig. 4.1 Multiple sequence alignment of pro- and eukaryotic members of the SSSF (Hilger, 2010). A 
multiple alignment was generated using ClustalX (2.0.10) 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, 1990, Pearson & Lipman, 1988). The chosen matrix was Gonnet series, 
penalties were 10 (gap opening), 0.2 (gap extension) and 4 (gap separation distance). The resulting alignment 
was optically improved by ESPript.cgi Version 3.06 CGI 3.05 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). 
Strictly conserved residues (100% identical to consensus) are in red blocks and highly homologous residues 
(>60% similar to consensus) are in red type inserted in blue boxes. 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 (STAAS), and OpuE of Bacillus subtilis (BACSU). Arabic numbers indicate the 
position in the primary sequence and refer to the first amino acid of PutP of E. coli of the alignment. Black bars on 
the top mark the position of the transmembrane domains (numbered with Roman numerals) in PutP of E. coli, 
according to Jung et al. (1998).  
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Suppl. Fig. 4.2 Secondary-structure model of PutP highlighting functionally important residues (Chapter 
1, Fig. 1.4). The prediction of the topological arrangement is based on Cys accessibility analyses, gene fusion 
assays, site-directed spin labeling, and site-specific proteolysis (Wegener et al., 2000, Jung et al., 1998a). The N-
terminus is facing the periplasm, the C-terminus the cytoplasm. TMs are shown as rectangles and numbered with 
arabic numerals. For clarity, TMs of the 10-helix core domain, shared by all members of the LeuT structural 
family, are numbered from 1’ to 10’, the additional N-terminal TM is numbered -1’, the additional C-terminal TMs 
11’ and 12’. Residues involved in ligand binding are highlighted in red, positions involved in ligand-dependent 
conformational alterations are colored in blue and other amino acids of structural/or functional importance are 
depicted in green. (eL: extracellular loop; iL intracellular loop) 
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Suppl. Fig. 4.3 Ligand dependent cw EPR spectra of spin labeled single-Cys PutP derivatives. (A) EPR 
spectra of singly-labeled PutP derivatives in which changes in the low- and high field peaks were observed upon 
ligand binding. PutP constructs were expressed, purified, spin-labeled, and reconstituted in a protein to lipid ratio 
of 1:20 (w/w). EPR measurements were performed at 298 K in the absence of ligands (black line) or in the 
presence of 50 mM NaCl (red line) or 50 mM NaCl and10 mM proline (green line). (B) As negative control 
samples were measured in the presence of KCl instead of NaCl. black line: EPR spectrum in the absence of 
ligands; orange line: EPR spectrum in the presence of 50 mM KCl; dark green line: EPR spectrum in the 
presence of 50 mM KCl/10 mM proline; R1: MTSSL side chain linked to site specifically introduced Cys residues 
by disulfide bridges. Native amino acids at the respective positions are shown as one letter code. 
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Suppl. Table 4.1 Ligand dependent changes in ΔH0
-1 of spin labeled single-Cys PutP derivatives. To test 

the significance of the observed changes in the reciprocal line width, in addition to samples supplemented with 
NaCl or NaCl and proline samples containing KCl or KCl and proline were also analyzed.  
 

 ΔH0
-1 [mT-1] 

 D298R1 P300R1 L302R1 F314R1 Q319R1 P324R1 

Apo 2,70 3,33 3,03 1,92 1,96 1,92 

50 mM NaCl 2,70 3,23 2,78 1,92 2,00 1,85 

50 mM KCl 2,70 3,23 2,94 1,89 1,96 1,85 

50 mM NaCl/10 mM proline 3,33 3,70 3,03 1,32 2,22 2,22 

50 mM KCl/10 mM proline 3,33 3,57 2,86 1,92 2,17 2,08 
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1. ABSTRACT 
 

The Na+/L-proline transporter PutP is a member 
of the Na+/solute symporter family (TC 2A.21, SLC5), 
which contains several hundred proteins of pro- and 
eukaryotic origin. Within the family, the capability of L-
proline uptake is restricted to proteins of prokaryotes. PutP 
contributes to the use of L-proline as a nutrient. In addition, 
the transporter may supply cells with compatible solute 
during adaptation to osmotic stress. Based on these and 
other functions, PutP is of significance for various bacteria-
host interactions including the virulence of human 
pathogens. A homology model of Escherichia coli PutP 
was generated based on the crystal structure of the Vibrio 
parahaemolyticus Na+/galactose symporter. According to 
the model, PutP has a core structure of five plus five 
transmembrane domains forming an inverted repeat similar 
as originally revealed by the crystal structure of the 
Na+/leucine transporter LeuT. The homology model is 
experimentally verified by Cys cross-linking and site-
directed spin labeling in combination with electron 
paramagnetic resonance spectroscopy. The putative sites of 
Na+ and L-proline binding are described, and a putative 
transport mechanism is discussed. 

 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

L-Proline is an amino acid of particular 
significance. It is the only proteinogenic amino acid in 
which the nitrogen attached to Calpha forms a secondary 
amine with an aliphatic side chain. In proteins, the resulting 
rigid ring system has a specific impact on structure and 
may serve, for example, as alpha-helix breaker (1). Also 
free L-proline carries out important functions in cells of all 
branches of life. It may serve as i) source of carbon, 
nitrogen and energy (2-4); ii) compatible solute during 
adaptation to conditions of high osmolality (5, 6); iii) 
regulator of cell metabolism (7); iv) scavenger of reactive 
oxygen species (8, 9); and v) modulator of the intracellular 
redox environment (10). The free amino acid does not only 
occur intracellularly, but is also found on inner and outer 
surfaces of higher eukaryotes, for example, in the gastric 
juice, urine, the gut of mammals and nematodes, the insect 
fat body, and plant exudates in concentrations ranging from 
micromolar to millimolar (11-15). In view of the 
abundance and different functions of L-proline, it is not 
surprising that bacteria employ various L-proline-specific 
transport systems and enzymes allowing utilization of 
external L-proline. These systems play important roles in 
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adaptation of single cell organisms to steadily changing 
environmental conditions as they occur in soil, water and 
during interactions with eukaryotic hosts. For example, 
enteric bacteria like Escherichia coli contain three L-
proline transport systems (PutP, ProP, ProU) which differ 
in substrate specificity, mechanism of energy coupling, and 
physiological role. PutP is a high affinity transporter 
specific for L-proline and involved in L-proline catabolism 
(16-18). ProP is less specific and catalyzes the uptake of L-
proline and betaines with low affinity. It functions both as 
an osmosensor and transporter (19-21). ProU (ProWXV) 
transports L-proline and betaines, and is like ProP involved 
in cell adaption to osmotic stress (5, 22). PutP and ProP are 
secondary transporters, while ProU is an ABC-type 
transporter. The transport and enzymatic functions of these 
proteins are conserved among different bacteria and 
archaea, whereas the genetic organization and regulatory 
mechanisms are diverse, and the physiological significance 
varies. This review focuses on the properties and 
physiological roles of PutP in bacteria, and summarizes the 
current state of knowledge of the transporter structure and 
molecular mechanism of function. Since PutP and other 
Na+/solute transporters are assumed to share a structural 
fold originally described for the bacterial Na+/leucine 
transporter LeuT (23), known structure-function 
relationships of PutP are discussed in relation to the 
information obtained from crystal structures of LeuT and 
structurally similar proteins.  
 
3. PUTP – A MEMBER OF THE NA+/SOLUTE 
SYMPORTER FAMILY 
 

The Na+/L-proline transporter PutP is a member 
of the Na+/solute symporter (SSS) family (TC 2A.21, 
SLC5), which contains several hundred proteins of pro- and 
eukaryotic origin (4, 24, 25). These proteins have the 
capability to couple an electrochemical Na+ gradient with 
the transport of solutes like glucose, nucleosides, L-proline, 
pantothenate, or iodide. Within the SSS family, the 
capability of L-proline uptake is restricted to proteins of 
bacteria and archaea.  

 
PutP of E. coli is the best characterized bacterial 

L-proline transporter of the SSS family. It catalyzes the 
symport of Na+ and L-proline with a stoichiometry of 1:1 
(17). Na+ can be substituted by Li+, however despite earlier 
assumptions H+-driven L-proline uptake by PutP could not 
be demonstrated (17, 26, 27). Kinetic and ligand binding 
analyses identify PutP as a high affinity L-proline 
transporter with a kd(Pro) and km(Pro) of 2 µM (16, 17, 28). 
Modifications of the pyrrolidine ring or the carboxyl group 
of proline reduce affinity significantly, an observation 
which is in agreement with the high specificity of PutP for 
L-proline. Known competitive inhibitors are 3,4-
dehydroproline (ki = 9 µM), azetidine-2-carboxylate (ki = 
125 µM), and thioproline (ki = 190 µM) (29). A Na+ 
concentration required for half-maximum stimulation of L-
proline uptake (k0.5(Na+)) of 30 µM suggests a high affinity 
also for Na+ (26, 30). However, the kd(Na+) of Na+ binding is 
with about 10 mM more than two orders of magnitude 
higher than, k0.5(Na+) (30). The discrepancy between kinetic 
and binding parameters is explained by a functional 

asymmetry of the transporter i.e., the Na+ affinity is high on 
the periplasmic side and low on the cytoplasmic side of the 
transporter (17, 30). This idea is supported by a 
significantly increased k0.5(Na+) when uptake is measured 
with PutP in an inside-out orientation (28). The lower Na+ 
affinity on the inside of the transporter may facilitate ligand 
release into the cytosol under physiological conditions.  

 
Besides transport proteins, the SSS family 

comprises proteins containing a domain similar to PutP at 
the primary and secondary structure level, fused to domains 
typically found in bacterial sensor kinases (4). Proteins 
exhibiting such a domain composition are found in 
proteobacteria of the subgroups alpha, gamma, delta (for 
example the putative proline sensor PrlS of Aeromonas 
hydrophila, CbrA of Pseudomonas aeruginosa). CbrA 
appears to be a global regulator that modulates metabolism, 
virulence and antibiotic resistance in P. aeruginosa (31). 
The signal(s) sensed by this type of sensor kinases remains 
to be elucidated. Based on the similarity of the N-terminal 
domain of CbrA to PutP one may speculate that the domain 
functions as an amino acid (L-proline) sensor. However, an 
analysis of the functional properties of CbrA did neither 
reveal a transport activity for L-proline or other amino 
acids, nor an influence of these compounds on the 
autokinase activity (Kerstin Schipper and Heinrich Jung, 
unpublished information).  
 
4. PHYSIOLOGICAL SIGNIFICANCE OF PUTP 
 
4.1. PutP in L-proline catabolism and osmoprotection 

In enteric bacteria putP is genetically associated 
with putA in the put operon (2, 3, 32). The putA gene 
encodes a multifunctional enzyme catalyzing the sequential 
oxidation of L-proline and delta1-pyrroline-5-carboxylate to 
L-glutamate (3, 33, 34). The put operon is responsible for 
the use of L-proline as source of carbon, nitrogen and 
energy. Expression of the operon is induced by L-proline 
and subject to catabolite repression. Induction involves the 
chemical reduction of PutA, which in its oxidized state 
functions as a transcriptional repressor of the put operon 
(34, 35). Other bacteria such as Vibrio, Pseudomonas, and 
Helicobacter species control expression of the put operon 
by separate proteins. In P. aeruginsosa, the regulator PruR 
mediates put gene expression, while P. putida PutA 
regulates L-proline catabolism similar as enteric bacteria 
(36). In Vibrio vulnificus the regulator PutR and a cAMP 
binding protein (CRP) coactivate put expression (37). 
Remarkably, oxidation of L-proline to L-glutamate is 
stimulated under high salt conditions in V. vulnificans. The 
resulting L-glutamate is accumulated as a compatible solute 
and contributes to osmoprotection (38, 39). However, the 
putP gene and its orthologs are not always genetically 
linked with putA, and the transporter may not be 
functionally associated with a L-proline degradation 
pathway. For example OpuE, a PutP ortholog of Bacillus 
subtilis, is involved in cell adaptation to osmotic stress 
(40). The opuE gene is expressed from two osmoregulated 
promoters: opuE P-1 recognized by the vegetative sigma 
factor A and opuE P-2 dependent on the stress-induced 
transcription factor sigma B (41). Consistent with the 
temporary pattern of sigmaB activation after sudden
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Table 1. Significance of put and related genes for bacteria-host interactions 
Bacterium Gene  Encoded Protein Significance Reference 

putP Na+/proline symporter* essential for stomach colonization (49) Helicobacter pylori  
putA proline dehydrogenase essential for bacterial motility and stomach colonization (50, 53) 

Helicobacter hepaticus putA proline dehydrogenase modification of bacterial redox status, impact on host 
inflammatory response 

(52, 53) 

Staphylococcus aureus  putP Na+/proline symporter transcriptional activation by low proline concentrations and 
osmotic stress, contribution to in vivo survival of S. aureus 
in various infection models 

(45-47) 

putP Na+/proline symporter important for initial steps in biofilm formation (monlayer 
formation) 

(58, 59) Vibrio cholerae  

sssA Na+/solute symporter* important for initial steps in biofilm formation (monlayer 
formation) 

(58, 59) 

Vibrio vulnificus putP Na+/proline symporter adaption to changing osmolalities during host infection (39) 
Francisella novicia  putP  Na+/proline symporter* required for pulmonary and systematic infection of mice  (56) 
Yesinia pestis  putP  Na+/proline symporter* induced upon temperature shift from 26 to 37oC  (57) 
Photorhabdus 
luminescens 

putP  Na+/proline symporter* regulation of alternative lifestyles during adaptation to 
nematode and insect hosts 

(7) 

putP Na+/proline symporter facilitation of the colonization of plant rhizosphere (12) Pseudomonas putida 
putA proline dehydrogenase facilitation of the colonization of plant rhizosphere (12) 

Escherichia coli putP Na+/proline symporter expressed in clinical isolates, performs housekeeping 
functions important for survival of E. coli in different 
environments including the human host 

(108) 

*Protein function not experimentally verified 
 
environmental challenges, activity of the sigmaB-dependent 
opuE P-2 promoter rises transiently upon osmotic upshock. 
The promoter allows the input of other typical sigmaB-
inducing stimuli such as heat and ethanol stress into the 
genetic control of opuE. In contrast, transcription initiating 
from the sigmaA-dependent opuE P-1 promoter increases in 
proportion to the external osmolarity and is maintained at 
high levels (41). Differing from other uptake systems for 
osmoprotectants such as ProP or BetP, OpuE activity is not 
controlled at the protein level (19, 41, 42). B. subtilis 
contains another PutP ortholog, YcgO, as well as genes 
predicted to encode proline oxidizing enzymes. Whether or 
not the gene products are involved in L-proline catabolism 
remains to be experimentally tested. 
 
4.2. Role of PutP in bacteria host interactions 

In addition to ensuring bacterial survival and 
growth in soil and aqueous environments, PutP and its 
substrate L-proline play a role in various bacteria host 
interactions (Table 1). Most extensive investigations have been 
performed for Staphylococcus aureus infections. The L-proline 
transporter PutP does specifically contribute to in vivo survival 
of S. aureus in various animal models, for example, murine 
abscess, urinary tract and systemic infection models (43-45). 
Here, PutP supports adaptation of the bacterium to high 
osmolarity. Similar to opuE of B. subtilis, the putP gene of S. 
aureus is not genetically linked with a gene coding for a L-
proline oxidizing enzyme. Furthermore, the putP gene is 
transcriptionally activated by low-proline and high osmotic 
environments both in growth media and in murine or human 
clinical specimens (44, 46, 47). However, in high-proline and 
high osmotic environments, putP expression is down-
regulated. Under these conditions, proline uptake is likely to be 
taken over by the osmoresponsive, low affinity proline and 
betaine transporter ProP which is also present in S. aureus. 
Down-regulation of putP expression depends on sigmaB which 
acts here as a transcriptional repressor (46). PutP activity of S. 
aureus is not known to be regulated at the protein level. 

 
L-proline transport and metabolism is also 

important for interactions between Gram-negative bacterial 

pathogens and hosts. Growth of Helicobacter pylori, the 
causative agent of type B gastritis, peptic ulcer and a risk 
factor for the development of gastric carcinoma and 
mucosa associated lymphoma in humans, is reported to be 
enhanced by amino acids released by gastric epithelial cells 
(48). A genome-wide screen for genes involved in the 
virulence of H. pylori identified the putP gene as essential 
for colonization of the stomach in the Mongolian gerbil 
infection model (49). H. pylori putP forms together with 
the L-proline dehydrogenase gene putA the put operon. 
Remarkably, a putA mutant does neither accumulate L-
proline, show motility in response to amino acids, nor 
display swarming activity. Flagella seem to exist but full 
length sheathed flagella are rarely observed. Finally, the 
putA mutant proves incapable to colonize the stomach of 
mice (50). The precise role of putP and putA in H. pylori 
metabolism and virulence is not known. The respective 
proteins may be required to utilize L-proline as a nutrient 
ensuring, for example, the supply of energy for 
transmembrane transport processes and bacterial cell 
motility. In fact, L-proline is suggested to be the 
predominant amino acid in the gastric juice of humans 
infected with H. pylori reaching concentration of up to 10 
mg per g gastric juice (11, 50, 51). In addition, L-proline is 
shown to function as respiratory substrate in H. pylori (11, 
52). But it cannot be excluded that the PutP-catalyzed 
accumulation of L-proline contributes also to the resistance 
of H. pylori against osmotic or oxidative stress. In fact, L-
proline appears to be the most abundant free amino acid in 
H. pylori cells (accumulation to up to 600 nmol/g wet 
weight of cells during growth on Brucella agar plates (50). 
While L-proline accumulation may protect the bacterium 
from oxidative stress in the host, there is also the potential 
that L-proline oxidation via PutA affects the redox status of 
the bacterium by the transfer of electrons from reduced 
flavin to molecular oxygen leading to the generation of 
reactive oxygen species (52, 53). Clearly, further 
investigations are necessary to fully understand the 
significance of PutP and PutA in H. pylori. Finally, it is not 
known whether PutP is solely responsible for L-proline 
accumulation in H. pylori. The genome analysis predicts 
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the existence of minimum two additional transporters 
potentially catalyzing L-proline accumulation: ProP and 
ProU (ProV/ProWX) (54). Since L-proline is not an 
essential amino acid for H. pylori (55), L-proline 
biosynthesis may also contribute to intracellular L-proline 
accumulation. The significance of the latter transporters 
and of L-proline biosynthesis for H. pylori is not known.  

 
Similar to H. pylori, a recent genome-wide screen 

in Francisella novicida, a Gram-negative facultative 
intracellular bacterium and a causative agent of the 
potentially life-threatening disease tularemia in a large 
number of mammals, identified putP as one of the genes 
required for pulmonary and systemic infection of mice 
(56). The molecular basis of the effect of the putP deletion 
is not known. Furthermore, in Yersinia pestis, eleven genes 
required for efficient catabolism of amino acids are rapidly 
induced upon temperature shift from 26 to 37 °C, including 
those encoding the L-proline transporter PutP and the 
proline dehydrogenase PutA. It is speculated that these 
and other regulatory events allow a profligate 
catabolism of numerous metabolites available in the 
mammalian host (57). In Vibrio cholerae, a halophilic 
bacterium found in estuarine and coastal waters and an 
infectious agent of the diarrheal disease cholera, utilizes 
PutP and the ABC-type transporter OpuD for 
accumulation of L-proline and betaine under osmotic 
stress conditions. In this context it is hypothesized that 
these transport processes support the association of V. 
cholerae with the surfaces of algae, phytoplankton, and 
zooplankton, which in turn may lead to cholera outbreaks 
during plankton blooms (58). In addition, PutP and its 
homolog SssA are shown to play a role in the transition 
from transient to permanent attachment of V. cholorae to 
surfaces (59). L-proline is also involved in regulating 
alternative lifestyles in entomopathogenic bacteria (7, 
60). Bacteria of the genera Photorhabdus and Xenorhabdus 
participate in trilateral interactions in which they enable their 
nematode hosts to parasitize insect larvae. Differential 
metabolomic profiling in Photorhabdus luminescens and 
Xenorhabdus nematophila revealed that L-proline in the 
insect’s hemolymph initiates a metabolic shift leading to 
adaptation of the bacterial metabolism to the host 
environment. Thereby, PutP, PutA, and the ProU system 
are proposed to regulate the metabolic shift and to 
maintain the bacterial proton motive force that ultimately 
regulates the downstream bacterial pathways affecting 
virulence and antibiotic production (7).  

 
L-Proline uptake and metabolism may also 

support symbiotic interactions between bacteria and plants. 
Almost all of the twenty proteinogenic amino acids can be 
detected in plant exudates, with L-proline being one of the 
most abundant (12, 13). For root colonizing Pseudomonas 
species it is assumed that the PutP and PutA-dependent L-
proline catabolism supports interactions of the soil bacteria 
with the plant rhizosphere (12). In Sinorhizobium meliloti, 
L-proline catabolism contributes to root colonization as 
well as to the establishment of symbiotic interactions with 
roots (61, 62). However, the latter strain does not contain a 
PutP homolog, and the role and mechanism of proline 
transport in the strain remains to be elucidated. 

5. PUTP AND THE LEUT-TYPE STRUCTURAL 
FOLD 
 

In view of the significance of PutP for bacterial 
physiology and interorganismic interactions, the molecular 
mechanism of Na+/solute symport catalyzed by the 
transporter is investigated. Clearly, information of the three 
dimensional structure of the protein is a prerequisite for 
understanding of this mechanism. However, despite the 
growing number of available crystal structures of 
secondary transporters (23, 63-72), a high resolution 
structure of PutP or any other L-proline transporting 
integral membrane protein is not available yet. A first 
insight into the fold of a member of the SSS family was 
gained by the crystallization of the Na+-dependent 
galactose symporter vSGLT of Vibrio parahaemolyticus 
(65). It turned out that vSGLT shares a characteristic core 
architecture with genetically unrelated gene families which 
are integrated in a structural family of LeuT-like 
transporters (23, 65, 67, 68, 70-72). The common core 
architecture is in good agreement with former hydropathy 
profile alignments (73). The core contains ten 
transmembrane domains (TMs) in which TMs 1-5 are 
related to TMs 6-10 by a pseudo-two-fold axis located in 
the plane of the membrane. This finding suggests that these 
two domains arose by gene duplication and evolved from 
an ancestral transporter whose functional unit consisted of 
multiple identical domains (74). With the increasing 
number of high resolution structures of LeuT-like proteins 
it became obvious that the ten TM core can be divided into 
two subdomains. TMs 3, 4, 8, and 9 form a so called hash 
motif, and a four helix bundle is built up by TMs 1, 2, 6, 
and 7 (67). These two domains do not only built up 
substrate and ion binding sites. They are also involved in 
structural rearrangements which allow sequential opening 
and closing of extra- and intracelluar cavities during the 
transport cycle. Beside this unexpected internal structural 
repeat, the first TMs of both repeats (TMs 1 and 6) adopt 
an “alpha-helix – extended peptide - alpha-helix“ motif. As 
a consequence of these breaks in the alpha-helical 
structures approximately in the middle of the membrane, 
main chain carbonyl oxygen and nitrogen atoms are 
exposed and serve as hydrogen bonding partners for ions 
and substrates. This interruption of the secondary structure 
is accompanied by the exposition of positive and negative 
partial charges of helix dipoles in a low dielectric 
environment in the middle of the membrane which can be 
saturated either by tertiary contacts or by interaction with 
ions or substrates. The antiparallel oriented TMs 1 and 6 
which are in close proximity in LeuT-like proteins are not 
only major determinants for the formation of polar 
microenvironments of binding pockets but also for 
transporter dynamics with the unwound regions used as a 
hinge (65, 75). 

 
Based on the crystal structure of vSGLT, a 

homology model of PutP was generated which contains 
amino acids 38–481 (76) (Figure 1). In the model the core 
of PutP exhibits the characteristics described above for a 
core of LeuT-like proteins. The 3D model does not contain 
the N-terminal extension of the core (TM -1) which is also 
missing in the vSGLT structure. Two additional TMs are 
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Figure 1. Architecture of the Na+/proline symporter PutP of E. coli. A. Topology model of PutP. To avoid confusion the 10 TM 
core is numbered as in LeuT. TM 2 of PutP corresponds to TM 1 in LeuT. Additional peripheral TMs (N-terminal: -1; C-
terminal: 12 and 13) are colored in grey. The five TM repeats related by a pseudo-two-fold symmetry axis are overlapped by a 
green and purple triangle respectively. TMs corresponding in the two repeats are highlighted in the same color. B. Homology 
model of PutP based on the crystal structure of vSGLT. The structure represents PutP in an inward-facing, occluded 
conformation. TMs are colored as in A. L-Proline (shown as spheres) is located in the center of the 10 TM core domain 
approximately in the middle of the membrane. Na+ (yellow sphere) is placed in a binding site corresponding to Na2 of LeuT ~11 
Angstrom away from the substrate. C. Close up view on the Na+ binding site. Residues in TM 1 and 8 involved in ion 
coordination are displayed as sticks colored by atom type. D. Close up view on the L-proline binding site. Residues in TMs 1, 3, 
6, and 10 predicted to be close to or part of the L-proline binding pocket are depicted as sticks colored by atom type. L-Proline is 
highlighted in green. The figure was prepared with the program UCSF Chimera (109). 

 
located C-terminal to the ten TMs core (Figure 1AB). The 
model shows PutP in an inward-facing occluded 
conformation (CicS). In this conformation PutP contains a 
large negatively charged cavity extending from 
approximately the middle of the membrane to the 
cytoplasmic space. It is built by TMs 1, 3, 6, 8, 10, and the 
internal loop cL4 (76). Direct access from the cytoplasm to 
the putative sites of Na+ and L-proline binding located at 
the apex of the cavity is blocked by an intramolecular gate. 

 
Is the homology model of PutP supported by 

experimental data? Topological analyses of PutP by 
hydropathy profile analysis, Cys-accessibility, LacZ/PhoA-
fusions and electron paramagnetic resonance (EPR) 
spectroscopy revealed a thirteen TM motif with the N-
terminus facing the periplasm and the C-terminus facing 
the cytoplasm (28, 77, 78). This motif is in good agreement 

with the homology model except that boarders of some 
TMs had to be shifted. Furthermore, biochemical and 
biophysical approaches support the tertiary structure of 
PutP. Previous Cys scanning mutagenesis of TMs 1 and 8 
suggested already a close proximity of both TMs and an 
involvement in the formation of a cytoplasmic cavity which 
spans approximately from the middle of the membrane to 
the cytoplasm (79-81). A more detailed view on TM 8 was 
gained by a combination of site-directed spin labeling and 
double electron electron resonance (DEER) measurements 
of distances and subsequent modeling of the membrane 
spanning domain. The results suggest that TM 8 exhibits a 
pronounced kink near residue T341 which is important for 
Na+ binding (79-82). Breaking up interhelical H-bonds in 
this region of the protein exposes backbone oxygen atoms 
which may allow complexing of the cation. Also A337 
which is located near this non-helical interruption is 
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supposed to be involved in the formation of the Na+ 
binding site (76, 81). Taken together, the currently 
available experimental data strongly support the PutP 
homology model. 

 
6. STRUCTURE-FUNCTION RELATIONSHIPS IN 
PUTP 

 
6.1. The Na+ binding site 

Despite the increasing number of available 
transporter structures with the LeuT-type structural fold, 
only the LeuT diffraction data provide direct information of 
Na+ coordinating amino acids. In LeuT two binding sites, 
Na1 and Na2, were identified (23). The Na+ binding sites of 
structurally related Na+ dependent transporters were 
assigned only indirectly by sequence and structure 
alignments with LeuT and inclusion of functional analyses.  

 
For PutP, site-directed mutagenesis studies and 

biochemical characterization identified various residues 
important for Na+ binding (79-81, 83, 84). Combining these 
data with the vSGLT-based homology model and LeuT led 
to the proposal of a Na+ binding site corresponding to Na2 
of LeuT (23, 65, 76). Accordingly, Na+ is coordinated by 
A53 and M56 of TM 1, and A337, S340 and T341 of TM 8 
in a trigonal bi-pyramidal manner (Figure 1C). Since A53 
and M56 are located in the unwound region of TM 1 and 
A337 at the kinked part of TM 8 the residues are able to 
bind Na+ by main chain carbonyl oxygen atoms. In 
contrast, S340 and T341 are coordinating Na+ by hydroxyl 
oxygens (76). Interestingly this cation binding site can be 
found in all crystallized symporters within the LeuT 
structural family up to now. A fascinating aspect is the 
observation, that even in Na+-independent transporters a 
positive charge at the according positions seems to be 
essential. In the H+-coupled amino acid transporter ApcT, 
Na+ is replaced by K158 and in the L-carnitine/γ-
butyrobetaine antiporter CaiT by R262 (70, 85).  

 
What is the functional role of the bound coupling 

ion? It was postulated that Na+ bound to the Na2-site 
stabilizes unwound TM 1, thereby increasing the substrate 
binding affinity of the transporter (86, 87). In vSGLT, N64 
is part of the unwound region of TM 1 near the Na2 site and 
thought to mediate crosstalk between the sites of Na+ and 
substrate binding and an intracellular gate formed by Y263. 
The first structure showed vSGLT in an inward-facing, 
occluded conformation (65). Here a loosely coordinating 
Na+ binding site is described which is readily releasing the 
ion to the intracellular space (65, 88, 89). A follow up 
structure shows vSGLT in an inward-facing, open 
conformation. The release of Na+ leads to a reorientation of 
gating residue Y263 and minor helical movements, which 
open the substrate binding site towards the cytoplasm and 
allows dissociation of galactose (90). 

 
6.2. The L-proline binding site 

Putative L-proline coordinating sites in PutP were 
identified by ligand docking experiments with the PutP 
homology model and experimental analyses (76) (Figure 
1D). The L-proline binding pocket is located at the apex of 
the inward-facing cavity, approximately in the middle of 

the membrane bilayer. This is in good agreement with the 
location of substrate binding sites observed in crystal 
structures of other transporters with a LeuT-like structural 
fold. Residues located in TMs 1, 3, 6, 8, and 10 of PutP are 
involved in L-proline coordination. The interrupted helices 
of TMs 1 and 6 play an important role in the formation of 
the L-proline binding pocket. Main chain hydrogen 
bonding partners are exposed in the unwound stretch of the 
respective TMs and in addition helix dipoles contribute to a 
polar environment that allows substrate coordination. These 
polar features of the binding site may be important for 
recognition of the imino and carbonyl groups. However, the 
role of the helix dipoles of TMs 1 and 6 and of backbone 
carbonyl H-bonding partners remains elusive since these 
are difficult to track. Also a hydrophobic pocket seems to 
be involved in L-proline binding (29). Recently the two 
conserved amino acids Y140 (TM 3) and W244 (TM 6) 
were shown to be crucial for PutP function and are 
proposed to play a role in L-proline coordination. 
Substitution of the residues led to a decrease of the 
apparent L-proline affinity by two or three orders of 
magnitude (76). For Y140, both the apolar benzene side 
chain and the hydroxyl group are required for optimum L-
proline binding. Y140 of PutP aligns with Y108 of LeuT 
which builds together with other residues of TMs 6 and 8 a 
hydrophobic pocket allowing accommodation of the 
aliphatic tale of the LeuT substrate leucine. In PutP, Y140 
and W244 may not only be involved in L-proline binding 
but may also fulfill a gating function. Further discussions of 
the subject can be found below (paragraph 7.3). 

 
Kinetic analysis suggested either a direct 

involvement of S57 in substrate binding or at least close 
proximity to the binding site (91). In the homology model, 
S57 is localized within the unwound stretch of TM 1 but 
does not seem to directly participate in L-proline 
coordination. It is shown for other LeuT-like transporters 
that residues localized in this discontinuous segment are 
involved in substrate binding (68). The exact localization of 
S57 between the Na+ and the proline binding site rather 
suggests an involvement in coupling Na+ and L-proline 
binding.  

 
 
7. MOLECULAR MECHANISM OF NA+/SOLUTE 
SYMPORT 
 
7.1. Transport via alternating access 

Based on available information on membrane 
topology, structure, conformational alterations, and 
kinetics, PutP and other secondary transporters are thought 
to operate via an alternating access mechanism (92-94). 
According to this mechanism, the transporter can adopt two 
major alternating conformations in which the opening of 
the translocation pathway is outward- (Co) or inward-
facing (Ci) (Figure 2). Transitions between these two 
conformational states expose the substrate-binding site 
alternately to the cis or trans side of the lipid bilayer, and 
thereby allow the translocation of substrates across the 
membrane without formation of a continuous 
transmembrane pore. By comparison of the currently 
available X-ray crystal structures of members of the LeuT 
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Figure 2. Alternating access mechanism for symport. The individual conformational states appearing throughout the transport 
cycle are shown based on currently available crystal structures of secondary transporters of the LeuT structural family. Shown are 
slices through surface-models of the transporters, viewed approximately parallel to the membrane with the extracellular side at 
the top. The surface of residues lining the cavities and substrate binding sites is colored in yellow. Respective bound substrates 
are shown as van der Waals spheres, highlighted in red and the backbone of the proteins is illustrated as ribbon models colored in 
dark grey. The position of the thin and thick gates is exemplarily shown for Mhp1 in the CocS state by grey dashed lines. For 
ApcT, the position of the putative ligand-binding site is highlighted by a white dashed ellipse. Predicted transport intermediates 
for which no crystal structure is available yet are represented by grey question marks. S, substrate; I+, coupling ion; Co, open, 
outward-facing; Coc, occluded, outward-facing; Cc, occluded; Cic, occluded, inward-facing; Ci, open, inward-facing. The figure 
was prepared with the program UCSF Chimera (109). 

 
structural family, the alternating access mode of transport 
can be extended to at least eight different conformational 
states that emerge throughout the transport cycle (23, 65, 
67, 68, 70, 71, 90, 95, 96) (Figure 2). Since PutP shares the 
same overall fold of the ten-helix core domain with the 
LeuT structural family, it is suggested to show similar 
conformational states during substrate transport. In the 
following, the individual steps of the alternating access 
mechanism are described in detail based on the structures 
of Mhp1, AdiC, LeuT, BetP, vSGLT, CaiT, and ApcT, that 
all share the LeuT structural fold. 

 
In the first state of the transport cycle, the protein 

adopts an open, outward-facing conformation (Co), as 
represented by the substrate-free structures of Mhp1 (PDB: 
2JLN) and AdiC (PDB: 3HQK, 3LRB). This state exposes 
a water-filled cavity to the extracellular aqeous solution and 
allows access to the ligand binding sites from the outside of 
the membrane. Subsequently, the translocation pathway 

becomes partly occluded due to small conformational 
alterations induced by solute binding. Such an occluded, 
outward-facing conformation (CocS) can be found in the 
substrate-bound structures of Mhp1 (PDB: 2JLO), LeuT 
(PDB: 2A65), and AdiC (PDB: 3L1L). Here, the binding 
pocket is shielded from the extracellular, aqueous bulk by 
relatively small structural elements that build up a thin gate, 
while the access to the intracellular solvent in the Co and 
the CocS state is blocked by around 20 Angstrom of tightly 
packed protein residues, known as a thick gate (Figure 2). 
The transporter then converts from the outward- to the 
inward-facing state via an intermediate, occluded 
conformation (CcS) that is suggested to be represented by 
the BetP structure (PDB: 2WIT). In this state, the ligand-
binding site is protected from the extracellular aqueous 
bulk by a thick gate, but an initial stage of an evolving 
intracellular cavity is observed. However, it can be clearly 
distinguished from the next, inward-facing, occluded state 
(CicS) by the fact that opening of the cytoplasmic cavity 

101



Putp 

will require considerable conformational changes of the 
protein backbone. An additional argument for the correct 
assignment of the BetP structure as a CcS state is given by 
the structural symmetry of the two 5 TM repeats that was 
observed to be significantly higher than in the inward- and 
outward-facing conformations (71). The already mentioned 
CicS state can be described by the structure of vSGLT 
(PDB: 3DH4) in its substrate-bound form. This 
conformation exposes an intracellular cavity to the inner 
aqueous bulk. Similar to the CocS state, the substrate 
resides in the binding pocket at the apex of the cavity, and 
is separated from the translocation pathway by a thin gate, 
whereas the accessibility from the extracellular 
environment is blocked by a thick gate. Interestingly, MD 
simulations of this CicS state of vSGLT indicates that this 
structure already represents an ion-releasing state 
facilitating the diffusion of Na+ towards the cytoplasm (88-
90). The transporter then proceeds through the cycle by 
opening the small gate to connect the substrate binding site 
with the water-filled cavity. This open, inward-facing 
conformation (Ci), which is shown in the ligand-free 
structures of vSGLT (PDB: 2XQ2), CaiT (PDB: 2WSX, 
2WSW), and Mhp1 (2X79), allows dissociation of the 
substrate to the intracellular solvent and thus completes the 
translocation process. However, to enable several rounds of 
substrate translocation, the empty transporter has to switch 
back to the Co state to restart the transport cycle. Such a 
reorientation of the protein may occur through three 
additional substrate-free conformations: an occluded, 
inward-facing (Cic), occluded (Cc), and occluded, outward-
facing (Coc) state. While there is no crystal structure 
available yet for the Cc and Coc conformations, the apo 
state of ApcT (PDB: 3GIA) is proposed to represent the Cic 
state, appearing after substrate release and closure of the 
intracellular thin gate that shields the binding pocket from 
the intracellular oriented cavity.  

 
For PutP, no direct evidence for one of the eight 

conformations is available due to missing three-
dimensional structural information. Nevertheless, analyses 
of changes in Cys accessibility, spectroscopic properties of 
site-specifically attached fluorescent or paramagnetic 
groups and intramolecular distances have led to the 
identification of an inward-facing, polar cavity (76, 80, 81, 
83, 97, 98). This finding is in good agreement with the 
homology model of PutP, representing an inward-facing 
conformation (76). In addition to topological analyses, it is 
shown that binding of Na+ and/or L-proline to the 
transporter decreases the accessibility to Cys-specific labels 
and the mobility of paramagnetic groups attached to 
positions located in the identified crevice. From these 
findings, it is concluded that binding of ligands induces 
conformational alterations of PutP that may lead to a 
closure of the intracellular permeation pathway and thus to 
an occluded state of the transporter. Alternatively, it can be 
envisaged that the conformational changes switch the 
protein from an inward-facing to an outward-facing 
conformation. Although the latter idea remains highly 
speculative, it is supported by a Na+-induced increase in the 
accessibility to thiol-specific ligands observed at positions 
located above the putative L-proline-binding site on the 
periplasmic side of the protein (76, 80, 83). Still, whether 

these accessibility changes are really due to opening of an 
outer cavity remains to be demonstrated. 
 
7.2. Impact of Na+ on the outward-facing cavity and 
substrate binding 

During the transport process, the transitions 
between different conformational states must be tightly 
regulated to avoid uncoupling of ion and substrate 
transport. In the case of PutP and other symporters, such a 
regulation has to prevent interconversion of the outward- 
and inward-facing state from occurring when only one of 
the ligands is bound. Otherwise, each solute could traverse 
the membrane independently, and coupling would be 
abolished. Furthermore, the opening and closure of the 
extracellular and intracellular gates has to be strictly 
regulated to assure that only one gate is open at a time in 
order to prevent the formation of a continuous membrane-
spanning pore. To understand the molecular principles of 
solute transport including the coupling and gating 
mechanism, the sequence of ligand binding, the 
translocation pathway of the solutes and conformational 
changes have to be considered. For PutP kinetic and 
electrophysiological measurements show that transport at 
low L-proline concentrations occurs according to an 
ordered binding mechanism (30, 99). In this scheme, Na+ 
binds to the empty transporter first, thereby inducing a 
conformational change, which increases the affinity of the 
transporter for L-proline. At high L-proline concentrations, 
binding of Na+ and L-proline is random (99). Evidence for 
the Na+-induced conformational change of PutP comes 
from analyses of Cys-accessibility to thiol-specific reagents 
in the presence or absence of Na+ (76, 79-81). In particular, 
the accessibility of positions in the periplasmic halves of 
TMs 1, 3, and 6 was shown to increase in the presence of 
Na+, while positions in the middle and periplasmic half of 
TM 8 was partially protected by Na+ binding to the 
protein. As mentioned above these findings can be 
interpreted as a Na+-induced conformational change that 
opens an extracellular cavity, which is formed minimum 
by TMs 1, 3, 6, and 8 of the core structure of PutP. 
Notably, similar observations have been made by site-
directed spin labeling in combination with EPR 
measurements and MD simulations on LeuT (100). The 
latter study provides evidence for a Na+-dependent 
opening of the extracellular permeation pathway of 
LeuT that is lined by TM 1a, TM 3, TM6b, TM8, and 
TM 10, in full agreement with the results obtained for 
PutP. The conformational alteration leading to this open 
conformation of LeuT is based on a movement of eL4 
(eL9 in PutP) out of the extracellular crevice. The 
movement of eL4 allows the entrance of substrate to the 
binding pocket and thus facilitates solute binding. 
Furthermore, MD and free energy perturbation simulations 
on LeuT suggest that Na2 is important for structural 
stabilization of the substrate binding pocket leading to a 
slight increase in binding affinity (86). Although it is not 
clear whether general conclusions can be drawn from these 
observations for other members of the structural family, 
they provide the opportunity to speculate that the ion-based 
opening of the outer cavity and stabilization of the substrate 
binding pocket permit cooperativeness of ion and substrate 
binding.  
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7.3. The outer thin gate and substrate binding 
As described before, substrate binding from the 

periplasmic site of the membrane induces closure of the 
outer thin gate and switches the transporter to a CocS 
configuration (Figure 2). The importance of this gate in 
preventing substrate diffusion back to the extracellular 
aqueous milieu raises the question how these structural 
elements open and close. In PutP, accessibility 
measurements provide evidence that the positions in TMs 
1, 3, and 6, which are exposed to the periplasmic cavity in 
the presence of Na+, are protected upon addition of L-
proline (76, 80, 83). Since the putative gating residues 
Y140 and W244 of PutP are located in two of these helices 
(TM 3 and TM 6), and found to be accessible in the Na+- 
but not in the Na+/L-proline bound state, it is tempting to 
speculate that these residues build up a thin gate that closes 
due to movement of TMs 3 and 6 towards each other. 
Notably, both residues are also predicted to be involved in 
substrate binding, so that closure of this aromatic lid may 
simultaneously allow improvement of substrate binding. 
Although these ideas of PutP function are speculative, they 
parallel results obtained from crystallization, EPR 
spectroscopy, MD simulations, and accessibility 
measurements of other transporters of the LeuT family (68, 
72, 100, 101). For AdiC, structural alignment of the two 
available X-ray structures in the Co and CocS state revealed 
a pronounced structural rearrangement in TM 6 and, to a 
lesser extent, in TMs 2 and 10 (72). Due to the movement 
of TM 6, the gating residue W202 (W244 in PutP) is 
positioned directly above the bound substrate, blocking its 
diffusion back to the extracellular solution. With Mhp1, in 
comparing the Co and CocS state, the most substantial 
conformational change was observed in the N-terminal part 
of TM 10 (68). This structural element moves into the 
outward-facing cavity and occludes the substrate-binding 
site. Thereby, the side-chain of the corresponding residue 
W220 in TM 6 is repositioned to interact with the bound 
substrate, akin to W202 of AdiC. Similar conformational 
changes are proposed based on accessibility measurements 
of TM 10 of human SGLT1 (101). For LeuT, EPR 
measurements and MD simulations show that binding of 
the substrate leucine alters the conformation of eL4, TM 6 
and TM 10 (100). In agreement with the observed changes 
of the orientation of aromatic residues in other transporters, 
Y108 and F253 (Y140 and W244 in PutP), engage different 
rotamer states in the presence of substrate that lead to 
shielding of the binding pocket from the extracellular 
vestibule. Besides the aromatic lid, LeuT also exhibits a 
salt bridge formed by residues R30 and D404 (23). As this 
salt bridge is proposed to close and open depending on 
ligand binding, the salt bridge is believed to be part of the 
extracellular thin gate together with Y108 and F253 (87, 
102). Taken together, the ligand-induced conformational 
changes occurring during closure of the extracellular thin 
gate are relatively small. Although the general principles of 
gating, for example, the structural elements that undergo 
conformational changes, seem to be conserved, the extent 
and the direction of the conformational alteration varies 
between the individual transporters of the LeuT structural 
family. Therefore, further experimental studies are required 
to understand the movements in PutP that describe the 
opening or closing of the extracellular gate.  

7.4. Transition between outward- and inward-facing 
conformations 

In contrast to the relatively small structural 
rearrangement associated with ligand binding from the 
extracellular bulk, the transition between the Co and Ci 
state requires larger-scale conformational alterations that 
are distributed almost over the entire protein. This is due to 
the second gating mechanism that includes closing of the 
outward-facing cavity by a thick extracellular gate and 
opening of an intracellular thick gate to establish an 
inward-facing translocation pathway. Evidence for a 
inwardly-oriented cavity in PutP comes from accessibility 
analyses at positions in TMs 1 and 8 (80, 81). The results 
suggest that minimum TMs 1 and 8 participate in the 
formation of an inner hydrophilic translocation pathway 
that is closed upon L-proline binding in the presence of 
Na+. The latter effect of substrate binding on the inner 
cavity clearly contradicts the presumption that the bound 
ligand induces an inward-facing conformation of the 
transporter that allows releasing of the solute to the 
cytoplasm. One possible reason for this phenomenon could 
be that the accessibility measurements were performed in 
random oriented membrane vesicles in the absence of a 
membrane potential. Since Na+-coupled proline uptake is 
not detected in the absence of such a potential, inclusion of 
the effect of a membrane potential in the studies might lead 
to different results (A. Hackmann, M. Nietschke, and H. 
Jung, unpublished data). Nevertheless, the identification of 
the inward-facing conformation suggests that PutP 
undergoes ligand-induced transitions between outward- and 
inward-facing conformations.  

 
The only known member of the LeuT family that 

was crystallized in three states (Ce, CecS, and Ci) is Mhp1 
(67, 68) (Figure 2). Therefore, comparison between the 
different conformations of Mhp1 may provide important 
insights into the conformational alterations involved in 
transitions between the outward- and inward-facing states. 
During the conformational switch, the hash motif (TMs 3, 
4, 8, and 9) undergoes a rigid-body movement with respect 
to the four-helix bundle (TMs 1, 2, 6, and 7) to close the 
outwardly- and to open the inwardly-oriented cavity. 
During this movement, TMs 5 and 10, which participate in 
building up the extracellular and intracellular thin gates, 
bend independently near their helix midpoints. This 
reorientations lead to closure of the extracellular and 
opening of the intracellular thin gates, followed by 
dissociation of the ligands into the cytoplasm. Besides this 
mechanism, two additional mechanistic models have been 
proposed (23, 103). In the first one, transitions between the 
CocS and CicS conformations of LeuT are suggested to 
involve flexing of the discontinuous TMs 1 and 6, together 
with reorientation of TMs 2 and 7 (23). Although, such 
bending of the pseudo two-fold related TMs 1 and 6 is in 
agreement with single-molecule FRET analyses of LeuT 
and with the conformational alterations seen by comparison 
of the Co and CocS of AdiC, it is still not known whether 
this reorientation is sufficient to cause a switch between the 
outward- and inward-facing state (68, 104). The second 
model involves a rocking movement of the four-helix 
bundle (TMs 1, 2, 6, and 7) against the scaffold (TMs 3, 4, 
5, 8, 9, and 10) of the core structure (103). Similar to the 
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other two proposed mechanisms, this model allows 
synchronization of the opening and closure of the 
extracellular and intracellular gates, respectively, to avoid 
simultaneous opening of both barriers and the formation of 
a continuous transmembrane pore. 

 
7.5. The inner thin gate and substrate release into the 
cytoplasm 

After adaptation of the inward-facing 
conformation, the question arises whether release of 
coupling ion and substrate also occurs in a cooperative 
manner, as it is proposed for binding. With the recently 
published vSGLT structure in the Ci state in combination 
with MD simulations, this appears to be indeed the case 
(90). In this study, it is proposed that during transition from 
the CocS to the CicS (Figure 2), the distance between the 
Na+-binding TMs 1 and 8 increases, resulting in a fast 
release of the ion from the binding site to the cytoplasm. 
Upon dissociation, the unwound region of TM 1 undergoes 
a conformational change that disrupts the H-bonds between 
the functional important N64 and the gating residue Y263. 
Subsequently, the side-chain of Y263 becomes reoriented 
in order to open the cytoplasmic thin gate and to allow 
dissociation of the substrate. Additionally, the substrate 
release is facilitated by small rigid-body movements in the 
hash motif and in the 4-helix bundle that widen the 
intracellular cavity. As mentioned above, the predicted role 
of N64 and Y263 in coupling Na+ and substrate release in 
vSGLT perfectly fits to the observations made for the 
corresponding residues, D55 and Y248 in PutP (76, 84). In 
particular, the carboxylate of D55 proved essential for 
transport and was previously implicated in Na+ binding 
(84). However, in the homology model of PutP, the side-
chain of D55 is not found to be part of the Na+-binding 
pocket, but it is involved in H-bonding with the hydroxyl 
group of Y248 in TM 6, similar to the situation found in 
vSGLT (76, 90). A substitution analysis implicates Y248 of 
PutP in coupling Na+ and proline transport and/or gating. 
These results are consistent with the idea that Na+ and L-
proline release is coupled in PutP in the same way as it is 
assumed for vSGLT. This assumption is further supported 
by the observed role of the highly conserved residue D187 
of PutP (D189 in vSGLT) (88-90, 105). In both transporters 
the aspartate residue is located close to the putative Na+-
binding site and forms part of the putative pathway of the 
coupling ion through the membrane. This finding implies 
that this residue is important for release of Na+ on the 
cytoplasmic side of the membrane. Indeed, computational 
studies demonstrate that D189 of vSGLT facilitates the 
diffusion of the ion toward the cytoplasm (88-90). 

 
Besides the Na+-couled release of the substrate on 

the inner side of the membrane, LeuT ligand-binding 
experiments, MD simulations and steered-molecular-
dynamics have identified another mechanism potentially 
important for coupling of ion and substrate transport (106). 
This mechanism involves a second binding site (S2) in the 
extracellular vestibule of LeuT, that triggers Na+ and 
substrate release from the primary binding site (S1) upon 
substrate binding. A S2 site has also been found in the 
extracellular part of CaiT that triggers binding of co-
substrate from the inside of this antiporter (70). Since the 

position and function of the allosterical sites in the different 
transporter significantly varies, it is not clear wheather this 
principle is of general impact for the transport mechanism 
of LeuT-like proteins. Furthermore, it has to be noted, that 
the existence of a second binding site in LeuT is still 
discussed and the data are controversial (107). Moreover, 
kinetic and binding analyses published for PutP so far have 
identified only one binding site for L-proline (17). 
 
8. CONCLUSIONS AND PERSPECTIVES 

 
Depending on the availability of external L-

proline and on environmental conditions, PutP may play 
important roles for the metabolism and stress response of 
bacteria and archaea. Clearly, further investigations are 
necessary to fully understand the molecular basis of the 
significance of PutP and potentially other L-proline uptake 
systems. Furthermore, it is expected that L-proline and 
related transporters and enzymes are crucial for bacteria-
host interactions in many more systems than known so far.  
Because of its physiological significance and as amenable 
bacterial member of the SSS family, PutP is used as a 
model system to understand the molecular mechanism of 
function of SSS family proteins. The described homology 
model of PutP shows the protein in a LeuT-type structural 
motif and is in good agreement with the available Cys 
accessibility, cross-linking, and EPR distance data as well 
as the previously proposed 13 TMs topology. In addition, 
the Na+ and L-proline binding sites are predicted and 
confirmed based on ligand docking calculations and 
functional analyses, demonstrating the validity of the model 
as a guide for further analyses of structure-function 
relationships. However, it is clear that due to the relatively 
low sequence identity to the template vSGLT, the 
homology model has to be considered as a low resolution 
model and awaits further experimental validation. This can 
be done by intramolecular distance measurements based on 
SDSL in combination with DEER spectroscopy. 
Investigations along this way are currently in progress. 
Notwithstanding the power of this technique in determining 
structural data, it does not provide information on side-
chain orientation. Therefore, a high-resolution structure 
obtained, for example by X-ray crystallography, is 
indispensable for the understanding of molecular 
interactions and ligand-coordination within the protein. In 
addition to the structure, information on functional relevant 
conformational alterations is needed to describe how the 
ligands are translocated through the protein. Analyses of 
Cys accessibility and SDSL EPR measurements on PutP in 
the absence or presence of ligands support a mechanistic 
model according to which transport follows an alternating 
access mechanism. With the elucidation of X-ray structures 
of different LeuT structural family members in different 
conformations, the mechanistic states and the 
conformational changes that occur throughout the transport 
cycle can be predicted. Although the structural alterations 
observed for PutP fit to this mechanistic model, it is based 
on structural comparison of transporters with low sequence 
identity and different substrate specificity. A detailed 
description of the conformational alterations of an 
individual transporter, thus require the determination of its 
structure in each state of the transport cycle. Since the 
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crystallization of secondary transporters is still highly 
challenging and the structures only represent static pictures, 
alternating techniques to investigate the dynamic of 
transporters are required. For PutP, again SDSL EPR 
spectroscopy provides an efficient means for obtaining 
information on the nature and the extent of structural 
changes. This can be done with high time resolution and, in 
contrast to X-ray crystallography, under native conditions 
in a lipid bilayer. 
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6 CONCLUDING DISCUSSION 

 Secondary active transporters are key elements in the physiology of pro- and 

eukaryotic organisms. These membrane-integrated proteins couple the import or export of a 

variety of compounds to the energy stored in preexisting solute gradients. We utilized the 

Na+/proline symporter PutP of E. coli as a model system to gain general insights into the 

molecular mechanism of function of the SSSF. For this purpose a combination of 

biochemical, bioinformatic, and biophysical approaches was chosen. In the course of this 

work a first three-dimensional model of PutP was proposed. Based on this model the Na+ 

and proline binding site were predicted and evaluated. Furthermore the functional properties 

and the dynamics of TM 8’ (numbering according to the 10 TM core of the LeuT structural 

family) and extracellular loop 4 were analyzed, giving new insights into the molecular 

mechanism of function of PutP. 

 

6.1 A homology model based on vSGLT gives insights into the three-
dimensional architecture of PutP 

 High-resolution structures are an important prerequisite to understand the molecular 

mechanism of secondary active transporters. Especially due to their hydrophobicity and 

flexibility, crystallization of membrane proteins is still a challenge and until now a three-

dimensional structure of PutP is not available. With the X-ray crystal structure of vSGLT of V. 

parahaemolyticus, a member of the SSSF, an unexpected structural similarity to the LeuT 

structural family became obvious. Transporter of the SSSF harbor the same 10-helix core 

domain as LeuT-like transporters (Abramson & Wright, 2009). Within this 10-helix bundle 

TMs 1-5 can be superimposed on TMs 6-10 along a pseudo two-fold symmetry axis. In 

vSGLT as well as in PutP TM 1’ of the core is preceded by one none-core helix (numbering 

according to LeuT, PutP core helices are numbered from 1’-10’; additional N-terminal non-

core helix: TM -1’; additional C-terminal helices: TM 11’ and TM 12’). To obtain a deeper 

knowledge of the tertiary structure of PutP, a homology model was created using vSGLT as 

template (Chapter 3, Fig. 1). The model shows PutP (amino acids 38-481) composed of 12 

membrane-spanning helices (TM -1’ is not resolved in the template structure). This is in good 

agreement with the previously proposed 13 TM motif of the SSSF (Jung et al., 1998a, Hilger 

et al., 2008, Wegener et al., 2000), except that borders of some TMs had to be shifted 

slightly. In the structure, PutP adopts an inward-facing conformation, revealing a large 

negatively charged cytoplasmic cavity lined by TMs 1’, 3’, 6’, 8’, and 10’ (Chapter 3, Fig. 2). 

As in all other members of the LeuT structural family, also in PutP the symmetry related TMs 

1’ and 6’ were predicted to harbor unwound segments approximately halfway across the lipid 
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bilayer. Discontinuous membrane-integrated helices are known to form a polar surrounding 

in the membrane environment by providing partially positive and partially negative helix 

dipoles or backbone carbonyl oxygens for substrate coordination (Screpanti & Hunte, 2007). 

Since PutP and vSGLT share only a sequence identity of 19% and sequence similarity of 

41%, the reliability of the computed model was biochemically validated. Cys accessibility 

analyses of TMs 1’ (Pirch et al., 2003) and 8’ (Chapter 2, Fig 6) support the proposed 

involvement of these helices in the formation of an aqueous cytoplasmic vestibule. Cys put at 

positions that were predicted to line the cavity were highly accessible to thiol specific 

compounds from the water phase. The data suggest that in the absence of ligands, the 

inward-facing state is the most stable conformation of PutP in the absence of a membrane 

potential. As already proposed by Cys crosslinking studies (Hilger et al., 2008) of TMs 1’ and 

8’, also in the model both TMs are located in close proximity, approximately halfway across 

the membrane. Taken together, the currently available experimental data strongly support 

the generated PutP homology model.  

 Despite the good accordance of the biochemical data with the PutP model, 

experimental information on the PutP structure is indispensable. In order to determine the 

secondary structure of functionally important eL4 of PutP, an EPR-based approach was 

chosen. In the course of this work the mobility and polarity of the microenvironment of spin 

labels attached throughout the whole loop domain were determined (Chapter 4, Fig. 4.3 and 

4.4). In the mobility as well as in the polarity profile periodic patterns were identified 

reminiscent of two α -helices, one in the N-terminal half succeeding TM 7’ (positions 298 to 

308) and one on the C-terminal half preceding TM 8’ (positions 310–318). In the homology 

model one α-helix between residues V313 and Q319 was predicted. This discrepancy can be 

explained by the low sequence identity and similarity in the N-terminal region of eL4. A 

comparison of available structures of members of the LeuT structural family revealed two α-

helical domains in the connecting loop between TMs 7’ and 8’ as a common feature, except 

for Mhp1 and BetP (Fig. 6.1). 



Chapter 6 

 112 

 
Fig. 6.1 Homologous loop domains to eL4 of PutP in LeuT-like transporters. Two α -helical domains 
connected by a small unstructured region are a common feature in the LeuT structural family. In BetP and Mhp1 
just one secondary structure was detected. In contrast to its template, in the PutP homology model only one α-
helix between positions 313 and 319 was predicted in eL4. The analysis of the spin label mobility and the polarity 
profile of eL4 revealed two α -helices (298 to 308; 310 to 318). Differences between the computational and 
experimental data are most probably due to the low sequence identity and similarity between PutP and vSGLT in 
the N-terminal half of eL4. eL4 in the respective X-ray crystal structures are colored in red; all structures are 
viewed from the extracellular side. The figure was prepared with the program UCSF chimera (Pettersen et al., 
2004). 
 

6.2 Sites of Na+ and proline binding and release in PutP 
 The Na+ binding site - Since the PutP model was consistent with available 

biochemical and biophysical data it was used to identify the sites of Na+ and proline binding. 

Based on the homology model, the Na+ binding site in PutP was identified at the intersection 

between TMs 1’ and 8’, composed of the previously identified ion coordinating residues 

A337, S340, and T341 in TM 8’ (Chapter 2; Hilger et al., 2008) and A53 and M56 in TM 1’ 

(Fig. 6.2 A). Even though the latter two amino acid residues were found to be of functional 

significance previously (Pirch et al., 2003), a direct involvement in ion coordination has so far 

been unknown. Remarkably, A53 is highly conserved in the SSSF and M56 is conserved in 

Na+/proline symporters in various organisms even though Na+ binding occurs by backbone 

carbonyl oxygen atoms and not by the amino acid side chains, suggesting that the side chain 

size at least contributes to the precise binding-site architecture. Corresponding to these 

observations, A53 and M56 were found close to the unwound region of TM 1’ where 

backbone carbonyl oxygen atoms are exposed. Replacement of the native amino acids by 

Cys led in both cases to significantly reduced transport activities (Pirch et al., 2003). Also for 

A337, Na+ coordination was proposed to be mediated by the backbone carbonyl oxygen 

atom (Chapter 2). Taking the backbone structure of TM 8’ into account, A337 is found near a 

kinked region within the TM (Hilger et al., 2009). This interruption in the regular α -helix 
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architecture disturbs the intrahelical H-bonding pattern. Hence, the backbone oxygen atom of 

A337 is available as H-bonding partner for Na+ similar as described above for A53 and M56. 

In a previous study on S340 and T341, a detailed kinetic analysis already suggested a direct 

participation of these residues in Na+ binding (Hilger et al., 2008). While in the case of T341 

the side chain hydroxyl group was proposed to coordinate the coupling ion, at position S340 

the backbone oxygen atom was suggested to directly bind Na+. Additionally, effects on the 

proline affinity were observed at both positions, albeit to a lesser extent. This supports the 

idea of a coupling between the proline and the ion binding site. The described Na+ binding 

site corresponds to the highly conserved Na2 site of LeuT, found in all Na+-dependent LeuT-

like transporters. Interestingly, in Na+-independent transporters of the LeuT structural family, 

the missing positive charge of the coupling ion is supplied by cationic amino acid side chains 

of the protein itself, such as K158 in ApcT (Shaffer et al., 2009) or R262 in CaiT (Schulze et 

al., 2010). Similar to observations in PutP (Hilger et al., 2008), impairing Na2 in ApcT 

abolishes transport activity. MD simulations on LeuT gave first hints on the functional role of 

Na2. The bound ion stabilizes the unwound stretch in TM 1, which is involved in leucine 

binding and in the coordination of a second Na+, thereby increasing the substrate affinity of 

the transporter (Celik et al., 2008, Caplan et al., 2008). 

 Na+ release into the cytoplasm - In addition to the identified Na+ binding site, the PutP 

model also shed light on the role of D187, a residue earlier proposed to be involved in Na+ 

release (Quick & Jung, 1998). It is located in the intracellular half of TM 5’, 5.6 Å away from 

bound Na+. This residue is highly conserved throughout the SSSF and particularly crucial for 

PutP activity. If Asp at this position is replaced by a less polar Cys side chain, a decrease in 

K0.5(Na+) was observed and Vmax was drastically reduced. These findings can be explained by 

molecular dynamics simulations on the ion releasing state of vSGLT (Li & Tajkhorshid, 2009, 

Watanabe et al., 2010). It was shown that after exiting the conserved Na2 binding site 

(corresponding the above described Na+ binding site in PutP), the ion is immediately 

attracted by the negative charge of D189 (corresponds to D187 in PutP) and after transiently 

interacting with the amino acid side chain, the ion is released into the cytoplasm. By 

replacing the polar residue Asp with the more unpolar amino acid Cys in PutP (Quick & Jung, 

1998), diffusion of Na+ from the binding site into the ion-releasing pathway is energetically 

less favorable, and the probability that Na+ remains in the ion binding site increases. This 

hypothesis would be in good agreement with the observed decrease in K0.5(Na+) and Vmax. If 

Na+ is not readily released, the transporter stays for a longer period of time in the inward-

facing Na+ and proline bound state, explaining the drastic decrease of the latter parameter. 

This idea is supported by he fact that substitution of D187 by more polar residues Glu or Asn 

results in an increase of K0.5(Na+) and Vmax compared to D187C. 
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 The proline binding site - To identify putative proline binding sites the PutP homology 

model was used to perform docking analysis, and the docked proline poses harboring the 

lowest energy were further evaluated (Chapter 3, Table 1). The predicted substrate binding 

pocket is found at the apex of the inward-facing cavity at the approximate midpoint of the 

membrane close to the identified Na+ binding site (10 Å), similar to the situation in Mhp1 and 

vSGLT (Krishnamurthy et al., 2009). However compared to the galactose binding site in 

vSGLT, the proline binding site is shifted by 6 Å towards the cytoplasm. Coordinating 

residues were predicted in TMs 1’, 3’, 6’, 8’, and 10’ of PutP (Fig. 6.2 B). Interestingly, in 

vSGLT instead of TMs 3’ and 8’, TMs 2’ and 7’ are supposed to participate in substrate 

binding. Since vSGLT is catalyzing the uptake of a carbohydrate whereas PutP drives the 

uphill transport of an amino acid, these differences in the composition of the binding pocket 

might be explained by the different substrate specificities. However the results of the docking 

analysis of PutP are in good agreement with crystal structures of LeuT, vSGLT, Mhp1, AdiC, 

and ApcT (Faham et al., 2008, Yamashita et al., 2005, Weyand et al., 2008, Shaffer et al., 

2009, Gao et al., 2009). Structural alignments of LeuT-like transporters revealed a common 

location of the substrate binding sites in the center of the core domain (Abramson & Wright, 

2009). Interestingly, a conserved set of TMs (TMs 1, 3, 6, and 8) is involved in the formation 

of the substrate binding sites (Fig. 6.2 C). In the case of AdiC and vSGLT, TM 10 

complements the binding pocket. 
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Fig. 6.2 Architecture of the structurally conserved ion and substrate binding site of PutP (A) Close up view 
of the Na+ binding site (Na+ is shown as yellow sphere). Residues in TM 1’ and 8’ involved in ion coordination are 
displayed as sticks coloured by atom type. (B) Close up view of the proline binding site. Residues in TM 1’, 3’, 6’, 
8’, and 10’ predicted to be close to, or part of the L-proline binding pocket are depicted as sticks colored by atom 
type. Proline is highlighted in green. (C) Superposition of TMs involved in substrate binding and the respective 
substrates in LeuT(2A65)/leucine (purple), Mhp1(2JLN)/L-5-benzyl-hydantoin (white), vSGLT(3DH4)/galactose 
(turquoise), AdiC(3L1L)/arginine (yellow), and the PutP homology model/proline (red). The binding sites are 
located approximately halfway across the membrane in the intersection between TMs 1, 3, 6, 8, and 10 (TMs 1, 2, 
6, 7, and 10 for vSGLT). Proteins are viewed from the plane of the membrane and TMs are depicted as pipes. 
TMs 2 and 7 of vSGLT were omitted for clarity. The periplasmic side is found on the bottom, the cytoplasmic side 
on the top. The figure was prepared with the program UCSF chimera (Pettersen et al., 2004). 
 

 In the course of the biochemical analysis of the predicted binding site, four additional 

functionally important residues were identified: W59, Y140, W244, and Y248 (Chapter 3). All 

four residues are highly conserved in proline specific SSSF transporters. Substitution of 

Y140 or W244 increased Km(pro) by two to three orders of magnitude, suggesting that both 

residues are involved in substrate binding (Chapter 3, Table 2). In contrast the Na+ affinity 

remained unaffected. For Y140, the data hint on π-cation interactions between the aromatic 

ring and proline, also H-bonding between the side chain hydroxyl group and proline could not 

be excluded. For W244, comparable effects were observed. The kinetic data suggest that 

similar to Y140, W244 might participate in proline coordination via π-cation interactions or H-

bond formation but additional hydrophobic interactions might also play a role. Furthermore, 

the docking analysis showed that Q345 is located in close proximity to the predicted proline 

binding site, but a direct participation in substrate coordination could not be detected. 

However, kinetic analysis of PutP-Q345C revealed a drastic decrease in the proline affinity of 

the transporter (Chapter 2, Table 1). Even though a direct interaction of Q345 with the 
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substrate could not be shown bioinformatically, the side chain might be involved in shaping 

the proline binding pocket.  

 Gating and substrate release - Another striking feature of the kinetic analysis was that 

beside the proline affinity, also Vmax of PutP-Y140C and PutP-W244C were reduced by two 

to three orders of magnitude. This result indicates that the aromatic character at the 

respective positions is not only crucial for proline binding, but also for the progression of the 

transport cycle after the formation of the ternary complex. Structure based alignments 

showed that Y140 of PutP corresponds to Y97 in ApcT, Y108 in LeuT, W117 in Mhp1, and 

M104 in AdiC, residues which were shown to be important for substrate specificity and 

binding. The well-characterized amino acid Y108 in LeuT is not only involved in leucine 

binding, but it also regulates access to the substrate binding site from the periplasm together 

with F253 by the aromatic side chains (small gate) (Yamashita et al., 2005). Remarkably, 

F253 in LeuT aligns with W244 of PutP. If the indole ring of W244 was replaced by an 

aliphatic side chain in PutP, a drastic reduction of Vmax was detected. The same was 

observed for Y140, supporting the idea that Y140 and W244 adopt a similar role as the 

Y108/F253-gate in LeuT. Furthermore W244 also aligns with W220 in Mhp1, N260 in vSGLT, 

and W202 in AdiC, residues which were shown to be involved in substrate binding and to 

some extent also in the gating mechanism. Cys accessibility analyses of the PutP derivatives 

Y140C and W244C were consistent with the proposed ordered binding mechanism of PutP 

(Chapter 3, Fig. 11 and 12). Addition of Na+ increased FM-labeling efficiency, while proline in 

the presence of Na+ reduced the labeling rates, suggesting that the respective positions 

move into the binding site in a Na+-dependent manner. Subsequent substrate binding 

inhibited the labeling reaction at both positions. These proposed rearrangements are 

reminiscent of ligand-induced movements of W220 in Mhp1 and W202 in AdiC (Weyand et 

al., 2008, Gao et al., 2010). 

 In contrast to Y140 and W244, substitution of Y248 rather affected the apparent Na+ 

affinity than Km(pro). The proposed involvement of the latter residue in proline binding could 

not clearly be shown, but nevertheless especially the kinetic data of the analyzed Y248 

derivatives gave deeper insights into the coupling between the proline and the Na+ binding 

site (Chapter 3, Table 2). In the PutP homology model, Y248 is in H-bonding distance to D55 

in TM 1’ (Fig. 6.2 B). The latter residue was shown to be crucial for transport activity (Quick & 

Jung, 1997). Substitution of D55 led to a significant decrease of the apparent Na+ affinity, 

while the proline affinity remained unaffected. The side chain carboxylate group proved to be 

essential for function. In structure based alignments the functionally important residues D55 

and Y248 align with N64 and Y263 of vSGLT (Faham et al., 2008). Both residues of vSGLT 

were shown to coordinate the substrate and to interact via H-bonding. N64 is also in H-

bonding distance to C2-OH of galactose and Y263 stacks with the pyranose ring and thus 
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prevents the substrate from being released to the cytoplasm (small gate). If Na+ is released 

from the Na2 site in vSGLT, N64 which is located next to Na+ binding residues I65 and A62, 

reorients and the H-bond between N64 and Y263 is disrupted. Subsequently Y263 flips into 

another conformation and galactose can be released from the binding site into the cytoplasm 

(Watanabe et al., 2010). The in vivo analysis of D55 and Y248 in PutP, combined with the 

structural comparison with vSGLT suggests that D55 is not directly involved in Na+ binding 

as it was previously suggested (Quick & Jung, 1997). It can be speculated whether D55 of 

PutP adopts a role similar to that of N64 in vSGLT and mediates proline release after Na+ 

exits its binding site according to the ordered binding mechanism. Similar to Y248, W59 and 

S57 are also localized in the intersection between the sites of substrate and ion binding, 

suggesting that both residues might also be involved in the energy coupling mechanism. 

Based on a previous amino acid substitution analysis, for the latter residue a direct 

participation in proline binding was proposed (Quick et al., 1996). 

 In summary, the PutP homology model guided the identification of the Na+ and proline 

binding sites. Residues that are involved in ion and substrate coordination as well as in the 

gating mechanism were identified. The results support the idea of structurally conserved 

positions of the Na+ (lined by residues located in TMs 1’ and 8’) and substrate binding site 

(lined by residues located in TMs 1’, 3’, 6’, and 8’). Furthermore, the periplasmic gate, formed 

by Y140 and W244 in PutP, most likely resembles the situation in LeuT (formed by Y108 and 

F253). These findings strongly support the idea that members of the LeuT structural family 

share a common transport mechanism. The good agreement of the structure based 

predictions and the experimental data underline the relevance of the PutP homology model 

that can be used as guide for further investigations. 

 

6.3 Substrate translocation pathway and structural dynamics of PutP 
 In 1966 Oleg Jardetzky proposed that secondary active transporter work according to 

an alternating access mechanism (Jardetzky, 1966). This theory concludes that access to 

the substrate binding site and release of the transported solutes on the other side is 

accomplished by reciprocal opening and closing of two hemichannels, implicating major 

conformational alterations, which transport proteins undergo during the transport cycle.  

 In contrast to the comparably well-characterized inward-facing vestibule (Chapters 2 

and 3), little is known about the periplasmic cavity of PutP that mediates access to the ion 

and substrate binding sites from the periplasm. In vivo Cys accessibility analyses indicated 

that positions 59, 331, 337, and 341 in TMs 1’ and 8’ were accessible from the periplasmic 

space (Chapter 2 and 3). In addition, a previous study in right-side-out membrane vesicles 

demonstrated that also S340 is accessible from the extracellular space (Hilger et al., 2008). 

These residues were modified by the small thiol specific compound MTSET (width similar to 
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the diameter of hydrated Na+) but not by bigger compounds such as FM. Together these 

data give first evidence for a periplasmic funnel lined by residues W59 of TM 1’ and L331 

and A337 of TM 8’, that allows Na+ to enter the ion binding site, comprised of A53, M56, 

A337, S340, and T341, which is found approximately halfway across the membrane. In 

ligand-dependent labeling experiments, it was shown that Na+ but not proline inhibited Cys 

modification at positions 331, 337, and 341 (Chapter 2, Fig. 8), hinting at Na+ induced 

conformational alterations on the periplasmic side of the protein. This would be in good 

agreement with the proposed ordered binding mechanism of PutP (Zhou et al., 2004, 

Yamato & Anraku, 1993). In this scenario Na+ binds first to the empty transporter, and 

structural changes lead to an increase of the affinity of PutP for its actual substrate proline. 

This hypothesis is further supported by the observed Na+-dependent stimulation of the 

accessibility of Cys put at positions 140 and 244 (Chapter 3, Fig. 11 and 12). Since A337 and 

T341 were shown to participate in ion binding, direct steric hindrance by Na+ could also 

explain the observed inhibition of the labeling reaction.  

 Na+-induced effects on the accessibility pattern were predominantly observed on the 

periplasmic side of the transporter. In contrast, proline in the presence of Na+ affected 

labeling reactions on the cytoplasmic side. As described above (cf. 6.1), based on the PutP 

model and Cys accessibility studies, an inwardly oriented, water-filled vestibule lined by the 

cytoplasmic halves of TMs 1’ and 8’, was identified. Proline together with Na+ specifically 

inhibited the labeling reactions (Chapter 2, Fig. 7). Cys protective effects might be explained 

either by direct steric hindrance or conformational alterations of the protein excluding the thiol 

group from the aqueous phase. Since Cys substitutions on the respective positions did not 

affect transporter activity, the latter explanation seems to be more plausible. So far, 

independent of the method used, large ligand-induced conformational changes (e.g., >0.3 

nm) were not observed [Cys crosslinking between TM 1’ and 8’ (Hilger et al., 2008); 

intramolecular distance measurements between TM -1’ and TM 5’ (Jeschke et al., 2004) or 

TM 2’ and TM 9’ (Chapter 4)]. Therefore, global structural rearrangements such as a closure 

of the inward-facing cavity seem to be rather unlikely under the experimental conditions 

(absence of a membrane potential). However, the reduced accessibility could be attributed to 

closing gates that occlude the aqueous cavity form the surrounding milieu. Gates can either 

be formed by a small number of amino acid residues (small gates) or by protein domains 

such as TMs or loops (thick gates), as seen in vSGLT, LeuT, or Mhp1 (Faham et al., 2008, 

Yamashita et al., 2005, Krishnamurthy & Gouaux, 2012, Shimamura et al., 2010). To test this 

hypothesis and to identify gating-domains on the cytoplasmic side of PutP, further analyses 

needs to be done. 

 Besides the putative gating residues Y140 and W244 on the periplasmic side (cf. 6.2), 

eL4 of PutP was shown to be crucial for transporter function, and a pivotal role of this domain 
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in controlling access to the ion and substrate binding site was proposed. Initial in vivo proline 

uptake assays and SPA revealed E311 as crucial for transporter function. Since the binding 

properties of the PutPΔCys-E311C were not affected (Chapter 4, Fig. 4.1 A and B), PutP 

mediated proline uptake is probably inhibited at a step subsequent to proline binding, giving 

first hint for the importance of eL4 in the transport process. Further kinetic analyses 

supported these findings. In PutP-E311D Vmax is drastically decreased whereas Km(Pro) and 

K0.5(Na+) were only slightly affected, suggesting defects in transporter dynamics and not in 

ligand binding (Bracher and Jung, unpublished data). 

 To determine ligand-induced conformational alterations of eL4, EPR measurements 

were performed in the absence of ligands or in the presence of Na+ or Na+ and proline. As 

described above (cf. 6.1), EPR-measurements of the Apo-state of PutP revealed two α-

helices in this loop domain. Changes in the periodic patterns of the mobility and polarity 

profile were not detected in subsequent ligand-dependent measurements, consequently 

changes in the secondary structure were not observed. However, the coupling ion and the 

substrate induced alterations in spin label dynamics and in the polarity of the 

microenvironment support the idea that eL4 is mechanistically involved in the proposed 

alternating access mechanism of PutP (Chapter 4, Fig. 4.6). Addition of Na+ resulted in a 

decrease of the spin label mobility, especially in the C-terminal half of eL4 (312, 314, 316, 

317, 321, and 322) and an increase of the polarity at the kink preceding the second α-helical 

domain. Spin labels attached to positions at the water-membrane interface (295, 296, 297, 

320, 322, and 324) moved into a more apolar environment, suggesting that these regions of 

the loop domain move deeper into the lipid bilayer or are interacting with hydrophobic amino 

acids of the protein. To conclude, Na+ binding stabilizes a conformational state of PutP in 

which eL4 undergoes stronger tertiary interactions compared to the Apo-state. A movement 

of eL4 deeper into a putative hydrophilic periplasmic cavity (increase of the polarity) could 

result in a tighter interaction of eL4 with other domains on the extracellular half of PutP 

(decrease of spin label mobility). The addition of proline in the presence of Na+ reversed the 

effects detected upon addition of Na+. An overall increase in spin label mobility throughout 

the whole loop domain was shown, except for positions 299 and 314 where a strong 

decrease, and at positions 296, 307, and 309 where a slight decrease was observed. In 

addition, the presence of both ligands induced a shift of the whole loop domain into a more 

polar environment. Taking both parameters, the spin label mobility and the polarity, into 

account, the data suggest weaker interactions of eL4 in the ternary complex of PutP, 

compared to the Apo- and the Na+-bound state. An increase in the polarity of the surrounding 

of the spin label could either be explained by closer proximity of the spin label to polar protein 

domains of PutP or by an increased accessibility to water. The concomitant increase of the 

polarity and the mobility upon Na+ and proline binding rather supports the latter idea. In 
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summary, the cw EPR measurements provided evidence that eL4 is not just a simple 

connector between TMs 7’ and 8’, but a functionally important loop domain that is subject to 

ligand-induced conformational rearrangements. To integrate the dynamics of eL4 into the 

transport cycle of PutP DEER measurements were performed (Chapter 4, Fig. 4.5). Under 

the experimental conditions (measurements were performed in proteoliposomes in the 

absence of a membrane potential), only subtle distance changes on the periplasmic side, as 

well as on the cytoplasmic side of PutP were detected. In contrast, in the structural 

homologue LeuT, more distinct intramolecular distance changes between corresponding 

positions were observed (Claxton et al., 2010), indicating an reciprocal opening and closing 

of two hemichannels on the extra- and intracellular side. Combining the intramolecular 

distance measurements with the Cys accessibility analyses of TMs 1’ and 8’, the data 

suggest that PutP adopts an inward-facing conformation in the Apo-state, and subsequent 

addition of Na+ and proline triggers an inward-facing occluded state. Interestingly and in good 

agreement with the alternating access mechanism, the accessibility studies and the EPR 

measurements suggest a coupled movement of the periplasmic- and of the cytoplasmic half 

of the transporter. The differences between LeuT and PutP might be explained by different 

energy coupling mechanisms. As it was previously shown, in contrast to LeuT the membrane 

potential is essential for the transport activity of PutP and other members of the SSSF (Jung 

et al., 1998b, Loo et al., 1998). For SGLT1, another member of the SSSF, it has been found 

that an outward-facing conformation could only be triggered in the presence of a membrane 

potential (Loo et al., 1998). Therefore, more distinct conformational dynamics might be 

observed if measurements are performed in the presence of a membrane potential. 

 In summary, the results of this work considerably extended the knowledge of the 

molecular mechanism of function of the Na+/proline symporter PutP of E. coli. Based on the 

results of this work, the following transport cycle can be deduced (Fig. 6.3). 
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Fig. 6.3 Hypothetic model of the alternating access mechanism of PutP. In the Apo-state Na+ accesses the 
ion binding site, composed of residues located in TMs 1’ and 8’ via a small periplasmic funnel (upper left). Bound 
Na+ induces conformational alterations in the proline binding site, thereby increasing the substrate affinity of the 
transporter (upper right). After proline coordination, the substrate binding site is occluded from the periplasmic 
space by thin gates and eL4. Subsequently, PutP undergoes major structural rearrangements and switches from 
an outward-facing to an inward-facing occluded conformation (lower right; cytoplasmic gate: thick line). Finally, 
gates on the cytoplasmic side are opened whereupon both ligands are released into the cytoplasm via an 
inwardly-oriented aqueous vestibule. The resulting inward-open state is the most stable conformation in the 
absence of a membrane potential (lower left, thick lines). After reorientation of the empty transporter, the Apo-
state again adopts the outward-facing state. Amino acids of structural and functional importance are illustrated as 
single letter code at the respective positions and are colored according their TM localization (green: TM 1’, purple: 
TM 3’, orange: TM 6’, blue: TM 8’). 
 
 In the Apo-state, Na+ enters the ion binding site via a small funnel lined by residues in 

TMs 1’ and 8’. Na+ is supposed to be coordinated by carbonyl oxygen atoms of A53 (TM 1’), 

M56 (TM 1’), A337 (TM 8’), and S340 (TM 8’) and the side chain hydroxyl group of T341 (TM 

8’). Supporting the idea that PutP works according to an ordered binding mechanism, bound 

Na+ was shown to induce conformational alterations on the periplasmic side, and binding 

residues Y140 (TM 3’) and W244 (TM 6’) faced an increased water accessibility, implicating 
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reorientations in the proline binding pocket that might increase the substrate affinity of the 

transporter. Together with the latter residues, Y248 and Q345 are supposed to shape the 

substrate binding pocket which is located approximately halfway across the membrane. 

Furthermore, Y140 and W244 were predicted to build up a thin gate in the ternary complex, 

which occludes the ion and substrate binding site from the periplasm. In addition to the thin 

gates, ligand-induced dynamics suggested that eL4 adopts a key role in regulating access 

from the extracellular space by functioning as a thick gate, similar to the homologous 

domains in LeuT (Krishnamurthy & Gouaux, 2012) and Mhp1 (Shimamura et al., 2010). 

According to the ordered binding mechanism, Na+ was suggested to be released from the ion 

binding site first and may temporarily interact with D187 before exiting into the cytoplasm. 

Finally, it is speculated that Na+ release disrupts the interaction between D55 and Y248 and 

thus a permeation pathway is opened and proline exits into cytoplasm. 
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