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Nomenclature

Gene products of cadC are numbered in a way that the first methionine of the wild
type protein is designated "1" in the amino acid sequence. N-terminal affinity tags are

left unconsidered.

All full-length CadC derivatives produced in this study exhibit an N-terminal deca-
histidine (His) tag attached to the N-terminus of the protein via a nine amino acid spacer
(SSGHIEGRH). The complete notation Hisjg-CadC was reduced to the designation

CadC by means of shortness. The same elision is done on the level of genes.

The periplasmic domain of CadC was produced as a hybrid protein with thioredoxin.
After thrombin cleavage, the resulting protein encompasses 32 amino acids (GSGMKE-
TAAAKFERQHMDSPDLGTDDDDKAMA) in front of a hexa-His tag N-terminally
fused to amino acids 188 - 512 of the periplasmic domain of CadC. This protein con-
struct is designated CadC188-512 or CadCyq.

Amino acid substitutions in CadC are termed as follows: The native amino acid is
designated in one-letter code, followed by the respective amino acid position in the
protein. The amino acid introduced by (site-directed) mutagenesis is terminally added
in one-letter code (Example: CadC_D471N).

Unless otherwise noted, nucleotide positions indicate the distance from the transcrip-
tional start site (++1).
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SUMMARY

Escherichia coli is a neutrophilic bacterium that can survive drastic changes in the
external pH (pH 5 - 9) while sustaining the intracellular pH at pH 7.4 - 7.8. Signal
transduction systems that detect external signals are vital to the maintenance of the
intracellular pH as they induce appropriate cellular responses. Among the different
response systems, manifold prototypes can be found. The simplest conceivable way
of transducing information from the exterior to the interior of a cell is to sense in-
formation outside (in the periplasmic domain) and to transduce the information over
the membrane (transmembrane domain) into the cytoplasm to the cytoplasmic effector
domain in one single polypeptide. The ToxR-like regulator CadC of E. coli is such
a one-component system and activates transcription of an acid stress response system
(cadBA operon) at acidic pH when lysine is available. CadC senses and integrates two
stimulating and one inhibiting signal and regulates cadBA transcription in response to
these signals (lysine, low pH, cadaverine). During the course of this thesis the so-far-
unknown molecular mechanisms of signal perception by CadC have been investigated.

First, transcriptional analyses of the cadBA operon were performed at high tem-
poral resolution. Together with the determination of the amount of cadaverine and the
CadA activity of the same samples, these data allowed the compilation of a mathe-
matical model. With the help of the model the cellular response for a lysP mutant
was predicted. Furthermore, the model helped to ascertain that the transient cadBA
expression can be ascribed to cadaverine-mediated feedback inhibition.

In line with the goals of this thesis, the first three dimensional structure out of
the group of ToxR-like transcriptional activators, the crystal structure of the periplas-
mic (sensor) domain of CadC, was solved at 1.8 A resolution. In addition to the wild
type domain, the structures of two CadC variants were determined. The periplasmic
domain possesses a so far unknown protein fold; only the C-terminal subdomain shows
similarities to helical bundles of known three dimensional structures. For the first time,
dimerization of CadC was proven within the crystals.

With the help of the crystal structure and an elaborate mutagenesis study, a
patch of acidic amino acids (Asp_ 198, Asp 200, Glu_ 461, Glu_ 468 and Asp 471)
was identified that is essential for detection of acidification of the surrounding milieu.
Remarkably, these acidic residues are located at the CadC dimer interface. By virtue
of localization of these amino acids, it is likely that upon acidification the residues
get protonated (neutralized) and hence repelling surfaces between the monomers are
omitted. In consequence, CadC becomes active and induces transcription of the cadBA

operon. Additionally, the importance of the first periplasmic subdomain of CadC for

XV



SUMMARY

signal transduction was demonstrated.

The mechanism of feedback inhibition was further elucidated with the finding
that cadaverine likely binds two distinct binding sites, leading to inactivation of CadC.
With the help of the mathematical model the number of binding sites (four within a
dimer) and cooperative binding were established.

Finally, the transcriptional fine-tuning of lysP (the gene encoding the lysine per-
mease, LysP, associated with the Cad system) and cadBA was analyzed. This analysis
resulted in the identification of ArgP as lysP activator. Furthermore, the global regu-
lator, Lrp, was found to exert a stimulating effect on lysP and cadBA expression.

Altogether, the data, gathered in the course of this thesis, complement the knowl-
edge about signal-dependent regulation of the Cad system with molecular insights and
allowed compilation of an updated model for this E. coli acid tolerance system. In ad-
dition, these data help to understand how multiple signals can be externally sensed and

integrated to generate an appropriate intracellular response by a single polypeptide.
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ZUSAMMENFASSUNG

Das neutrophile Bakterium FEscherichia coli kann drastische Verdnderungen des exter-
nen pH-Werts (pH 5 - 9) unter Beibehaltung eines intrazelluldren pH-Werts von 7,4 - 7,8
iiberleben. Signaltransduktionssysteme, die externe Signale wahrnehmen, sind essen-
tiell fiir die Aufrechterhaltung des intrazellularen pH-Werts, da sie die entsprechenden
zelluldren Antworten induzieren. Unter den verschiedenen Antwortsystemen existieren
viele Varianten. Der einfachste vorstellbare Weg, Information von Aufen ins Zellinnere
zu iibertragen, ist die Information mittels eines Proteins auken wahrzunehmen (in der
periplasmatischen Doméne) und iiber die Membran (Transmembrandoméne) in das
Zytoplasma zur Effektordomine weiterzuleiten. Der ToxR-&hnliche Regulator CadC
von F. coli ist ein solches Ein-Komponenten System und aktiviert die Transkription
eines Saurestress-Systems (cadBA Operon) bei saurem pH und in Gegenwart von Lysin.
CadC sensiert und integriert zwei stimulierende und ein inhibierendes Signal und reg-
uliert die cadBA Transkription als Antwort auf diese Signale (Lysin, niedriger pH-Wert,
Cadaverin). Im Rahmen dieser Doktorarbeit wurden die - bis dahin unbekannten -
molekularen Mechanismen der Signalwahrnehmung durch CadC untersucht.

Zunéchst wurden zeitlich hochaufgeldste Transkriptionsuntersuchungen des cad BA Oper-
ons durchgefiihrt. Gemeinsam mit der Bestimmung der Cadaverin-Konzentration und
der Enzymaktivitdt in den gleichen Proben, erméglichten diese Daten die Erstellung
eines mathematischen Modells. Mit Hilfe diesen Modells konnte die zellulare Antwort
einer lysP Mutante vorhergesagt werden. Aufserdem konnte mit diesem Modell die tran-
siente cad BA Expression auf die Cadaverin-vermittelte "Feedback"-Inhibierung zuriick-
gefiihrt werden.

Im Rahmen dieser Arbeit wurde die Kristallstruktur der periplasmatischen (Sensor-
) Doméne von CadC, die erste dreidimensionale Struktur aus der Gruppe der ToxR-
dhnlichen Regulatoren mit einer Auflésung von 1.8 A aufgeldst. Zusitzlich zur periplas-
matischen Domine des Wildtyp CadCs wurden die Strukturen der periplasmatischen
Doménen von zwei CadC Varianten aufgekldrt. Die periplasmatische Doméne besitzt
einen bisher unbekannten Faltungstyp, von dem nur die C-terminale Subdoméne Ahn-
lichkeiten zu helikalen Biindeln von bekannten dreidimensionalen Strukturen besitzt.
Zum ersten Mal konnte eine Dimerisierung von CadC in den Kristallen nachgewiesen
werden.

Mit Hilfe der Kristallstruktur und einer ausfiihrlichen Mutagenesestudie, wurde ein
Bereich mit sauren Aminosauren (Asp 198, Asp 200, Glu_461, Glu_468 and Asp -
471) identifiziert, der essentiell fiir die Wahrnehmung der Ansduerung des umgebenden

Milieus ist. Bemerkenswerterweise liegen diese Aminosiduren im Bereich der Grenzfliche
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ZUSAMMENFASSUNG

zwischen den Monomeren im CadC Dimer. Aufgrund der Lage der Aminosduren kommt
es bei einer Ansduerung wahrscheinlich zur Protonierung der sauren Seitenketten (Neu-
tralisierung) und dadurch zur Aufhebung von abstokenden Kriften zwischen den CadC
Monomeren. In der Konsequenz wird CadC aktiv und induziert die Transkription des
cadBA Operons. Zusétzlich konnte gezeigt werden, dak fiir die Reizweiterleitung die
erste periplasmatische Subdomé&ne von CadC essentiell ist.

Der Mechanismus der Feedback-Inhibierung konnte weiter aufgeklért werden: Cadaverin
bindet dabei wahrscheinlich an zwei unterschiedliche Bindestellen, wodurch es zur Inak-
tivierung von CadC kommt. Mit Hilfe eines mathematischen Modells konnte die Zahl
der Bindestellen (vier in einem Dimer) sowie eine kooperative Bindung nachgewiesen
werden.

Abschliefend wurde noch die transkriptionelle Fein-Regulation von lysP (kodierend fiir
eine mit dem Cad System assoziierte Lysin Permease) und von cad BA untersucht. Dabei
wurde ArgP als Aktivator fiir lysP identifiziert. Fiir den globalen Regulator Lrp wurde
eine stimulierende Wirkung auf die cadBA und lysP Expression nachgewiesen.

Alles in allem ergénzen die Ergebnisse dieser Arbeit das Wissen zur signalabhéngigen
Regulation des Cad Systems mit molekularen Details und ermdoglichen das Erstellen
eines aktualisierten Aktivierungsmodells fiir dieses Sauretoleranz-System von F. coli.
Ferner helfen die Daten dieser Arbeit zu verstehen, wie in einem Polypeptid mehrere
externe Signale aufgenommen und zusammengefasst werden und eine angemessene in-

trazelluldre Antwort generiert wird.
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1 INTRODUCTION

1.1 Bacteria and Acid Stress

All terrestrials face varying environmental conditions such as day and night, the rise and
drop in temperature, and periods of rain and drought. As a result, all organisms have
developed some sort of mechanism in order to deal with their environments. Especially
bacteria that belong to the smallest living organisms have to adapt to the slightest
changes. As bacteria are single cell organisms, alterations in the environment have di-
rect effects on the cell and life-sustaining processes such as metabolism, transcription
and translation. In order to survive life-threatening stresses, bacteria depend on the
ability to sense and respond to changes in their surroundings [Boor, 2006].

Within their natural habitats, bacteria encounter a broad range of environmental stresses.
Enterobacteria, like Escherichia coli and Salmonella typhimurium frequently cope with
hostile conditions such as acidic stress during passage into and out of the host [Bearson
et al., 1997]. Within a host, acid stress is comprised of low pH and the presence of weak
(organic) acids. At low pH these weak acids, including the volatile fatty acid products
of fermentation, exist in an uncharged, protonated state and are thus able to diffuse
through the membrane into the cytoplasm of the bacteria. In the neutral cytoplasm,
the fatty acids dissociate and thereby lower the internal pH [Bearson et al., 1997]. As
neutrophilic enterobacterium, F. coli depends on a neutral environment to survive and
grow over the long term. Therefore, maintaining a neutral pH within the bacterium’s
cytoplasm is crucial for the stability and function of macromolecules and for the per-
petuation of the proton motive force (pmf), essential to ATP generation, locomotion
and nutrient transport |Zilberstein et al., 1984]. For example, E. coli maintains its
cytoplasmic pH within pH 7.4 - 7.8 over an external pH range of 5.0 - 9.0 [Slonczewski
et al., 2009]. Beside passive protective mechanisms such as the impermeability of the
cytoplasmic membrane for charged compounds as well as the buffering capacity of the
cytoplasm, enterobacteria possess different mechanisms to survive these unfavorable

conditions (see figure 1.1).
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Figure 1.1: Acid stress and resistance in E. coli. When the surrounding pH decreases, E. coli has
to sustain an immense increase in external proton concentration. Along with this, protonated organic
acids may diffuse into the cell and dissociate in the more alkaline cytoplasm thereby decreasing the
internal pH (upper left corner). Besides passive mechanisms, as the proton impermeable cytoplasmic
membrane and the buffering capacity of the cytoplasm (upper right corner), E. coli possesses several
active systems (lower part). Constitutively expressed proton pumps and ion coupled transporters
counterbalance the internal proton concentration and the net charge of the cytoplasm. In addition,
acid resistance of E. coli is conferred by the action of inducible acid resistance systems. In response to
acid stress, multiple regulators (i.e. RpoS (%), Fur) induce expression of acid shock proteins (ASPs)
that function in the protection, repair and degradation of macromolecules. As well degradative amino
acid decarboxylase systems are induced in response to acid stress (Gad, Adi, Cad). Conversion of
amino acids to amines and consumption of cytoplasmic protons lead to an increase in the cytoplasmic
pH. The expression of the Gad system is dependent on acidic pH and glutamate (Glu) availability.
The Adi system is induced at acidic pH if arginine (Arg) is present and leads to the production
of agmatine that is excreted in exchange with arginine. The lysine decarboxylase (CadA) and the
lysine/cadaverine antiporter CadB form the Cad system that helps to survive mild acidic stress.

Active proton pumps antagonize the proton influx by actively exporting protons to the
periplasmic space. To prevent a further influx of protons, positively charged monovalent
ions, such as potassium, are enriched in the cytoplasm by the action of transporters
|[Bakker and Mangerich, 1981; Booth, 1985; Dosch et al., 1991; Kroll and Booth, 1983].
In addition to these constitutively expressed systems, F. coli possesses inducible acid

resistance (AR) systems (see figure 1.1). As a result of acid stress, expression of acid



1.2. The Cad System

shock proteins (ASPs) is induced. Different subsets of acid shock proteins are induced
by the action of diverse regulators such as the stationary phase sigma factor (o°
RpoS), PhoP, OmpR or Fur [Bearson et al., 1997; Heyde and Portalier, 1990]. All acid

shock proteins function in the protection, repair and degradation of macromolecules.

or

In the presence of the amino acids glutamate, arginine or lysine induction of the in-
ducible amino acid decarboxylase systems (Gad, Adi or Cad, respectively) occurs at low
pH. These systems consist of pairs of amino acid decarboxylases and antiporters. The
decarboxylases are pyridoxal phosphate-containing enzymes (glutamate decarboxylases
GadA and GadB, arginine decarboxylase AdiA and the lysine decarboxylase CadA) that
catalyze the conversion of the a-carboxy groups of their amino acid substrate to amine
groups by consumption of a cytoplasmic proton. In this reaction, COs, as well as the
corresponding amine (y-amino butyric acid (GABA)/ agmatine or cadaverine), are pro-
duced. Subsequently, the cognate antiporters export the decarboxylation end product
in exchange with the amino acid substrate [Foster, 2004]. Some E. coli strains pos-
sess an additional amino acid decarboxylase system, the ornithine (Spe) decarboxylase
system, that seems to have developed recently and appears to be of minor importance
[Applebaum et al., 1977].

1.2 The Cad System

The lysine-dependent amino acid decarboxylase system of E. coli consists of the in-
ducible, cytoplasmic lysine decarboxylase CadA and the transmembrane proteins CadB
(lysine-cadaverine antiporter) and CadC (transcriptional activator; figure 1.2; Auger
et al. [1989]; Sabo et al. [1974]; Meng and Bennett [1992a]; Watson et al. [1992]; Meng
and Bennett [1992b]).

CadA catalyzes the decarboxylation of lysine to cadaverine. In this reaction an intra-
cellular proton is consumed and carbon dioxide and cadaverine are produced. CadA
is a 715 amino acid protein (81 kDa) that forms decameric oligomers out of dimer
subunits in order to be active [Kanjee et al., 2011; Sabo et al., 1974; Meng and Ben-
nett, 1992a|. As other amino acid decarboxylases, CadA is dependent on the co-factor
pyridoxal 5-phosphate [Sabo et al., 1974; Sher and Mallette, 1954]. CadA was shown
to work optimally at a pH of 5.7 [Sabo et al., 1974] and to interact with the AAA™
(ATPases associated with various cellular activities)-ATPase RavA and the small alar-
mone ppGpp [Kanjee et al., 2011; Snider et al., 2006|. The interaction between CadA

and RavA results in a cage-like complex where two CadA decamers associate with at
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Figure 1.2: The Cad system of E. coli. Left: At physiological pH and in the absence of
lysine, LysP prevents activation of cadBA transcription. In addition the global regulator H-NS
inhibits initiation. Right: When the external pH decreases and lysine becomes available inhibition
by LysP gets abrogated. Thus CadC is able to bind to Pcag and activates transcription. As a
consequence CadA and CadB are produced. CadA decarboxylates lysine (black hexagons) under
consumption of a cytoplasmic proton and releases cadaverine (grey squares) as well as carbon
dioxide. Subsequently, cadaverine is exported by CadB to the periplasmic space. After reaching a
certain threshold concentration cadaverine and CO; act as feedback inhibitors (not depicted here).
PP: periplasm; CM: cytoplasma membrane; CP: cytoplasm.

most five RavA hexamers. While association with RavA does not interfere with CadA
activity [Snider et al., 2006], ppGpp strongly inhibits CadA enzymatic activity. As
ppGpp is known to mediate stringent response (stress response of bacteria in response
to amino acid starvation) it was assumed that interaction with ppGpp links CadA ac-
tivity to the nutritional state of the cell and diminishes lysine degradation under amino

acid limiting conditions |[Kanjee et al., 2011].

CadB is the inner membrane bound transporter of the Cad system which expels cadav-
erine in exchange with lysine (K, for cadaverine 390 uM). CadB consists of 444 amino
acids that form 12 transmembrane-spanning helices [Meng and Bennett, 1992a; Sok-
sawatmaekhin et al., 2006|. It shares high similarity with PotE (30.7% overall identity),
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which is the putrescine-ornithine antiporter of the Spe system [Soksawatmaekhin et al.,
2004|. The antiport catalyzed by CadB promotes the membrane potential. Together
with the consumption of a cytoplasmic proton during decarboxylation, this proton mo-
tive metabolic cycle causes neutralization of the cytoplasm and an increase in the ATP
level of the cell [Soksawatmaekhin et al., 2004|. In addition, expelled cadaverine binds
to and thus inhibits the cation-selective porins, OmpC and OmpF, aiding in acid sur-

vival [Samartzidou and Delcour, 1999; Samartzidou et al., 2003].

1.2.1 Regulatory Mechanisms and Associated Proteins

Overall, expression of the afore-mentioned cad genes, cadA and cadB, is mainly regu-
lated by the transcriptional activator CadC. cadA and cadB are encoded in an operon
that is located at min 93.7 on the E. coli chromosome and are transcribed bicistroni-
cally [Auger et al., 1989; Meng and Bennett, 1992a]. Transcription is induced at acidic
pH and concomitantly available external lysine [Neely and Olson, 1996; Kannan et al.,
2008; Meng and Bennett, 1992a] and is o'%-dependent. If the cells are shifted back to
neutral pH, expression of cadBA is shut off within minutes [Neely and Olson, 1996].
In addition, the cadBA operon is only transiently expressed, i.e. the number of cadBA
transcripts decreases approximately 20 minutes after the shift (no transcript detectable
60 min post-induction, Neely and Olson [1996]) although inducing conditions persist.
Under anaerobic conditions transcription is increased up to ten fold [Sabo et al., 1974].
Transcription is controlled by the Pc,q promoter and is activated through direct bind-
ing of the inner-membrane protein CadC (see section 1.2.2, Kiiper and Jung [2005]).
Kiiper and Jung [2005] identified two binding sites for CadC in the cadBA promoter
region that are necessary for activation: Cadl (-144 to -112 bp) and Cad2 (-89 to -59

bp).

LysP - mediates lysine-dependent inhibition

Inhibition of cadBA transcription in the absence of lysine was shown to be mediated by
the lysine-specific permease LysP. LysP consists of 489 amino acids with a predicted
mass of 53.7 kDa [Steffes et al., 1992|. According to Ellis et al. [1995] LysP consists of 12
transmembrane helices with five cytoplasmic and six periplasmic loops, with both ter-
mini in the cytoplasm. LysP belongs to the APC (amino acid/polyamine/organocation)
superfamily, and, more precisely, to the AAT (amino acid transporter) family [Jack

et al., 2000] of proteins, due to its topology and the use of lysine as its substrate. Be-
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cause of its inhibitory effect on cadBA expression LysP was also termed CadR [Neely
et al., 1994; Tabor et al., 1980]. Mutants lacking lysP displayed a lysine-independent
expression, while overexpression prevented activation of cadBA transcription even in
the presence of lysine [Tetsch et al., 2008; Neely et al., 1994]. Replacement of the
periplasmic sensor domain of CadC with the comparable domain of Vibrio harveyi’s
ToxR, which is not known to sense lysine, did not affect lysine-dependent regulation.
Instead, lysine-dependency was lost after substitution of the CadC transmembrane he-
lix with helices from PutP (a 12 TM - helix proline transporter of E. coli). Moreover,
the periplasmic domain of CadC did not bind lysine in vitro. Therefore, the role of
the transmembrane helix of CadC in LysP-mediated inhibition was further analyzed,
resulting in identification of an aromatic patch crucial to inhibition. The aromatic
patch spanned from Phel59 to 165, with Phel65 playing the most significant role. In
accordance, it was concluded that CadC is not a direct sensor of external lysine. It was
suggested that inhibition in the absence of lysine is realized by a physical interaction
of LysP with CadC via the transmembrane domains that constrain CadC and render
it inactive [Tetsch et al., 2008]. Due to its regulatory function, LysP belongs to the
trigger transporters [Tetsch and Jung, 2009|, which transport substrates and interact

with regulatory proteins, thus influencing gene expression.

H-NS - repression at non-inducing conditions

In addition to LysP, the global regulator H-NS (histone-like nucleoid structuring pro-
tein) was shown to be essential for repression of cadBA expression under non-inducing
conditions, i.e. neutral pH and aerobic conditions [Shi et al., 1993]. H-NS is one of
the most abundant proteins in the bacterial cell (approx. 20,000 copies) and thus a
major component of the nucleoid. It is known to preferentially bind to curved and
AT-rich DNA sequences commonly found at promoters [Schréder and Wagner, 2002].
As a nucleoid associated protein H-NS affects (represses) transcription of genes coding
for versatile proteins (see for a review Fang and Rimsky [2008|). Kiiper and Jung [2005]
confirmed the repressive effect of H-NS on cadBA expression in vivo and proposed a
model where transcription is repressed via H-NS mediated transcriptional silencing.
Accordingly, H-NS binds to binding sites within the Pcaq promoter and more distant
sites thus leading to curvature of the DNA and consequently preventing transcription.
At inducing conditions, CadC is thought to displace H-NS by binding to the promoter

region and to activate transcription afterwards.
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Feedback inhibition by cadaverine and CO»

Along with LysP and H-NS, the end-products of lysine decarboxylation (cadaverine and
COg) inhibit cadBA expression |Neely et al., 1994; Takayama et al., 1994]. Takayama
et al. [1994] demonstrated that carbon dioxide and sodium carbonate had a repressive
effect on cadB expression. So far, the molecular mechanism of this inhibition and
whether it is a direct effect of COs5 or its derivatives is not understood. In contrast
it is known that the second feedback inhibitor, cadaverine, binds to the periplasmic
domain of CadC in vitro with an apparent affinity of 96 + 18 uM [Tetsch et al., 2008].
In addition, inhibition by cadaverine was not linked to the transmembrane domain
[Tetsch et al., 2008]. Also, several amino acid substitutions in the periplasmic domain
of CadC are known to abrogate inhibition of cadBA expression by cadaverine (R265C;
Q266P; G284D; N263K; P499L; T475A and L497S - Dell et al. [1994]; Neely et al.
[1994]). Nonetheless, the molecular details of cadaverine-mediated inhibition are not

well understood either.

1.2.2 CadC

As outlined above, CadC is the transcriptional activator that activates transcription
of the cadBA operon. CadC integrates multiple signals [lysine - mediated by LysP;

cadaverine and COg (see section 1.2.1) as well as the pH (see below)].

CadC - a ToxR-like transcriptional activator

The cadC gene is located directly upstream of the cadBA promoter (Pcaq) and is consti-
tutively expressed [Neely and Olson, 1996; Watson et al., 1992]. CadC is a 512 amino
acid inner membrane protein (58 kDa) that belongs to the ToxR-like transcriptional
activators [Miller et al., 1987]. ToxR of Vibrio cholerae and other Vibrio-species, the
master protein of ToxR-like proteins, regulates virulence-associated genes. Beside the
ToxR proteins of the Vibrionaceae the following proteins also belong to the ToxR-
like regulators: CadC of E. coli, S. typhimurium, V. cholerae [Merrell and Camilli,
2000] and Vibrio vulnificus [Rhee et al., 2002, 2005]; TcpP of V. cholerae (co-regulator
of virulence genes; Hése and Mekalanos [1998]); PsaE of Yersinia pseudotuberculosis
(necessary for expression of fimbriae genes; Yang and Isberg [1997]) and WmpR of
Pseudoalteromonas tunicata (involved in regulation of type IV pili and biofilm; Egan
et al. [2002]). These proteins are characterized by a common topology consisting of an
N-terminal cytoplasmic DNA-binding domain, one single transmembrane helix and a

C-terminal, periplasmic sensor domain. Similar to CadC, ToxR is believed to directly
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sense and transduce external stimuli into the cytoplasm.

DNA binding and transcriptional activation

DNA-binding of ToxR-like regulators is accomplished by a winged helix-turn-helix mo-
tif that can also be found in ROp-type response regulators such as PhoB, OmpR of
E. coli and VirG of Agrobacterium tumefaciens [Martinez-Hackert and Stock, 1997,
Watson et al., 1992; Parkinson and Kofoid, 1992|. In contrast to these response regu-
lators, ToxR-like regulators are not chemically modified during signal-transduction. In
addition to this highly conserved DNA-binding domain, ToxR-like regulators contain
a large unstructured loop preceding the transmembrane domain. Currently the role
of this extended loop region is not understood but seems to be important for proper

transcriptional activation [Buchner, 2011].

CadC - an atypical one-component system

As mentioned above, lysine-availability is detected via an interaction with the lysine
permease LysP. Alongside that mechanism, CadC is thought to sense external cadav-
erine and acidification of the periplasm via its periplasmic sensor domain [Dell et al.,
1994; Tetsch et al., 2008]. Thus CadC integrates multiple signals and transmits the ex-
ternal state into the cytoplasm where it alters gene expression (of the cadBA operon).
CadC, as well as all other ToxR-like regulators, combine sensory, transducing and ef-
fector function in the same polypeptide, and thereby represent the simplest model for
signal transduction. In addition, signal transduction takes place without chemical mod-
ification dissimilar to the classical two component signal transduction systems that use
phosphotransfer (see figure 1.3 and Stock et al. [2000] for a review on two-component sig-
nal transduction). In contrast to CadC, signal transduction by two-component systems
employs a histidine kinase (that mostly becomes autophosphorylated upon stimulus
perception) and a response regulator protein. These two proteins interact and change
their activation state upon transfer of phosphoryl groups between each other. For a
long time, two-component systems were viewed as the dominating system to link envi-
ronmental signals to cellular responses. However, one component systems represent a
more rapid and direct way of signal transduction, as the input and output domains are
combined into a single polypeptide. The majority of one-component systems are cyto-
plasmic, soluble proteins while only 3% are membrane-bound proteins as CadC [Ulrich
et al., 2005].
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Figure 1.3: Modules of prokaryotic signal transduction. A. Prototypic two-component signal
transduction system (TCS). In classical TCS an external stimuli (detected in the input domain)
leads to autophosphorylation of the histidine (H) residue. The phosphoryl group is transferred to
a conserved aspartate residue (D) in the receiver domain of the cognate response regulator. Phos-
phorylation induces cellular responses such as DNA-binding and transcriptional activation (output
domain/ response). B. and C. However, the simplest way to convert a certain signal into a cel-
lular output is to combine output and input domain in a single polypeptide as it is realized in
one-component systems. Most of these one-component systems are soluble, intracellular proteins
(B) but a small proportion (3%) contains transmembrane domains (C) and thus directly transduces
an extracellular signal into the cytoplasm [Ulrich et al., 2005]. PP: periplasm; CM: cytoplasma
membrane; CP: cytoplasm. o

1.3 Scope of this Thesis

The main objective of this thesis is to elucidate the molecular signal perception mech-
anism(s) of CadC. Understanding how signals are processed and transferred to another
compartment by a single polypeptide will greatly improve our understanding of trans-
membrane signaling.

The first study sheds light on how the different modules of the Cad system collaborate
in creating a certain response. To achieve this, a combination of wet experimentation
and mathematical modeling is employed.

Since molecular analyses are much easier if one can interpret data with the help of a

three dimensional structure, the crystal structure of the sensor domain (periplasmic do-
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main) of CadC is solved in the second study. In addition, the tertiary structure of two
variants that are perturbed in pH-dependent regulation is solved in order to identify
signal-dependent structural changes.

With the structural information in hand, a direct mutagenesis screen is carried out in
the third analysis. Thus, information about the molecular mechanism behind detecting
acidification of the surrounding environment is gathered.

Since the third analysis focuses on pH detection, the fourth study attempts to under-
stand cadaverine-dependent shut-off of cadBA expression. Using the current literature
available regarding CadC, variants are constructed and analyzed with respect to cadav-
erine dependent regulation. The data are fed into the mathematical model formulated
in the first branch of this study, allowing conclusions to be drawn about cadaverine-
dependent regulation on a qualitative level.

Finally, the transcriptional regulation of lysP is analyzed in order to obtain a complete
picture of all the components interacting within the Cad system and to gain a better
understanding of this simple signal transduction system.

In conclusion, the data that is compiled will be incorporated into a more sophisticated

and detailed model of Cad regulation.

1.4 References for Introduction

Applebaum, D. M., Dunlap, J. C., and Morris, D. R., 1977. Comparison of the biosyn-
thetic and biodegradative ornithine decarboxylases of Escherichia coli. Biochemistry,
16(8):1580-1584.

Auger, E.A., Redding, K.E., Plumb, T., Childs, L.C., Meng, S.Y., and Bennett, G.N.,
1989. Construction of lac fusions to the inducible arginine- and lysine decarboxylase
genes of Escherichia coli K12. Mol Microbiol, 3(5):609-620.

Bakker, E. P. and Mangerich, W. E., 1981. Interconversion of components of the bacte-
rial proton motive force by electrogenic potassium transport. Journal of Bacteriology,
147(3):820-826.

Bearson, S., Bearson, B., and Foster, J. W., 1997. Acid stress responses in enterobac-
teria. FEMS microbiology letters, 147(2):173-180.

Boor, K. J., 2006. Bacterial stress responses: What doesn’t kill them can make them
stronger. PL0oS Biology, 4(1):18-20.

10



1.4. References for Introduction

Booth, 1. R., 1985. Regulation of cytoplasmic pH in bacteria. Microbiology and Molec-
ular Biology Reviews, 49(4):359-378.

Buchner, S., 2011. personal communication.

Dell, C. L., Neely, M. N., and Olson, E. R., 1994. Altered pH lysine signalling mutants of
cadC, a gene encoding a membrane-bound transcriptional activator of the Fscherichia

coli cadBA operon. Molecular microbiology, 14(1):7-16.

Dosch, D. C., Helmer, G. L., Sutton, S. H., Salvacion, F. F., and Epstein, W., 1991.
Genetic analysis of potassium transport loci in Escherichia coli: evidence for three
constitutive systems mediating uptake potassium. Journal of bacteriology, 173(2):
687-696.

Egan, S., James, S., and Kjelleberg, S., 2002. Identification and characterization of a
putative transcriptional regulator controlling the expression of fouling inhibitors in

Pseudoalteromonas tunicata. Applied and environmental microbiology, 68(1):372-378.

Ellis, J., Carlin, A., Steffes, C., Wu, J., Liu, J., and Rosen, B. P., 1995. Topological
analysis of the lysine-specific permease of Escherichia coli. Microbiology, 141(8):
1927-1935.

Fang, F. C. and Rimsky, S., 2008. New insights into transcriptional regulation by H-NS.
Current opinion in microbiology, 11(2):113-120.

Foster, J. W., 2004. Escherichia coli acid resistance: tales of an amateur acidophile.
Nature Reviews Microbiology, 2(11):898-907.

Hise, C. C. and Mekalanos, J. J., 1998. TcpP protein is a positive regulator of virulence
gene expression in Vibrio cholerae. Proceedings of the National Academy of Sciences,
95(2):730-734.

Heyde, M. and Portalier, R., 1990. Acid shock proteins of Escherichia coli. FEMS
microbiology letters, 69(1-2):19-26.

Jack, D. L., Paulsen, I. T., and Saier, M. H., 2000. The amino acid/
polyamine/organocation (APC) superfamily of transporters specific for amino acids,

polyamines and organocations. Microbiology, 146(8):1797-1814.

Kanjee, U., Gutsche, 1., Alexopoulos, E., Zhao, B., El Bakkouri, M., Thibault, G., Liu,
K., Ramachandran, S., Snider, J., Pai, E. F., and Houry, W. A., 2011. Linkage be-
tween the bacterial acid stress and stringent responses: the structure of the inducible
lysine decarboxylase. The EMBO Journal, 30:931-944.

11



Chapter 1. INTRODUCTION

Kannan, G., Wilks, J., Fitzgerald, D., Jones, B., BonDurant, S., and Slonczewski, J.,
2008. Rapid acid treatment of Escherichia coli: transcriptomic response and recovery.
BMC microbiology, 8(1):37.

Kroll, R. G. and Booth, I. R., 1983. The relationship between intracellular pH, the pH
gradient and potassium transport in Escherichia coli. Biochemical Journal, 216(3):
709-716.

Kiiper, C. and Jung, K., 2005. CadC-mediated activation of the cadBA promoter in
FEscherichia coli. J Mol Microbiol Biotechnol, 10(1):26-39.

Martinez-Hackert, E. and Stock, A. M., 1997. Structural relationships in the OmpR
family of winged-helix transcription factors. J Mol Biol, 269(3):301-312.

Meng, S. Y. and Bennett, G. N., 1992a. Nucleotide sequence of the Escherichia coli cad
operon: a system for neutralization of low extracellular pH. Journal of bacteriology,
174(8):2659-2669.

Meng, S. Y. and Bennett, G. N., 1992b. Regulation of the Fscherichia coli cad operon:

location of a site required for acid induction. Journal of bacteriology, 174(8):2670.

Merrell, D. S. and Camilli, A., 2000. Regulation of Vibrio cholerae genes required for
acid tolerance by a member of the "ToxR-like" family of transcriptional regulators.
Journal of Bacteriology, 182(19):5342-5350.

Miller, V.L., Taylor, R.K., and Mekalanos, J.J., 1987. Cholera toxin transcriptional
activator ToxR is a transmembrane DNA binding protein. Cell, 48(2):271-279.

Neely, M. N. and Olson, E. R., 1996. Kinetics of expression of the Escherichia coli cad
operon as a function of pH and lysine. J Bacteriol, 178(18):5522-5528.

Neely, M. N., Dell, C. L., and Olson, E. R., 1994. Roles of LysP and CadC in medi-
ating the lysine requirement for acid induction of the Escherichia coli cad operon. J
Bacteriol, 176(11):3278-3285.

Parkinson, J. S. and Kofoid, E. C., 1992. Communication modules in bacterial signaling

proteins. Annual review of genetics, 26(1):71-112.

Rhee, J. E., Rhee, J. H., Ryu, P. Y., and Choi, S. H., 2002. Identification of the cadBA
operon from Vibrio vulnificus and its influence on survival to acid stress. FEMS
microbiology letters, 208(2):245-251.

12



1.4. References for Introduction

Rhee, J. E., Kim, K. S., and Choi, S. H., 2005. CadC activates pH-dependent expression
of the Vibrio vulnificus cadBA operon at a distance through direct binding to an
upstream region. Journal of bacteriology, 187(22):7870-7875.

Sabo, D. L., Boeker, E. A., Byers, B., Waron, H., and Fischer, E. H., 1974. Purification
and physical properties of inducible Escherichia coli lysine decarboxylase. Biochem-
istry, 13(4):662-670.

Samartzidou, H. and Delcour, A. H., 1999. Excretion of endogenous cadaverine leads to

a decrease in porin-mediated outer membrane permeability. Journal of bacteriology,
181(3):791-798.

Samartzidou, H., Mehrazin, M., Xu, Z., Benedik, M. J., and Delcour, A. H., 2003.
Cadaverine inhibition of porin plays a role in cell survival at acidic pH. Journal of
bacteriology, 185(1):13-19.

Schréder, O. and Wagner, R., 2002. The bacterial regulatory protein H-NS - A versatile
modulator of nucleic acid structures. Biological chemistry, 383(6):945-960.

Sher, 1. H. and Mallette, M. F., 1954. Purification and study of L-lysine decarboxylase
from Escherichia coli B. Archives of Biochemistry and Biophysics, 53(2):354-369.

Shi, X., Waasdorp, B. C., and Bennett, G. N., 1993. Modulation of acid-induced amino
acid decarboxylase gene expression by hns in Escherichia coli. Journal of bacteriology,
175(4):1182-1186.

Slonczewski, J. L., Fujisawa, M., Dopson, M., and Krulwich, T. A., 2009. Cytoplasmic
pH measurement and homeostasis in bacteria and archaea. Advances in Microbial
Physiology, 55:1-79.

Snider, J., Gutsche, I., Lin, M., Baby, S., Cox, B., Butland, G., Greenblatt, J., Emili, A.,
and Houry, W. A.) 2006. Formation of a distinctive complex between the inducible
bacterial lysine decarboxylase and a novel AAA+ ATPase. Journal of Biological
Chemistry, 281(3):1532-1546.

Soksawatmaekhin, W., Kuraishi, A., Sakata, K., Kashiwagi, K., and Igarashi, K., 2004.
Excretion and uptake of cadaverine by CadB and its physiological functions in Fsche-
richia coli. Mol Microbiol, 51(5):1401-1412.

Soksawatmaekhin, W., Uemura, T., Fukiwake, N., Kashiwagi, K., and Igarashi, K.,
2006. Identification of the cadaverine recognition site on the cadaverine-lysine an-
tiporter CadB. J Biol Chem, 281(39):29213-29220.

13



Chapter 1. INTRODUCTION

Steffes, C., Ellis, J., Wu, J., and Rosen, B. P., 1992. The lysP gene encodes the lysine-
specific permease. Journal of bacteriology, 174(10):3242-3249.

Stock, A. M., Robinson, V. L., and Goudreau, P. N., 2000. Two-component signal
transduction. Annual review of biochemistry, 69(1):183-215.

Tabor, H., Hafner, E. W., and Tabor, C. W., 1980. Construction of an Escherichia coli
strain unable to synthesize putrescine, spermidine, or cadaverine: characterization of

two genes controlling lysine decarboxylase. Journal of Bacteriology, 144(3):952-956.

Takayama, M., Ohyama, T., Igarashi, K., and Kobayashi, H., 1994. FEscherichia coli
cad operon functions as a supplier of carbon dioxide. Molecular microbiology, 11(5):
913-918.

Tetsch, L. and Jung, K., 2009. How are signals transduced across the cytoplasmic
membrane? Transport proteins as transmitter of information. Amino acids, 37(3):
467-477.

Tetsch, L., Koller, C., Haneburger, 1., and Jung, K., 2008. The membrane-integrated
transcriptional activator CadC of Escherichia coli senses lysine indirectly via the
interaction with the lysine permease LysP. Mol Microbiol, 67(3):570-583.

Ulrich, L. E., Koonin, E. V., and Zhulin, I. B., 2005. One-component systems dominate

signal transduction in prokaryotes. Trends in microbiology, 13(2):52-56.

Watson, N., Dunyak, D. S., Rosey, E. L., Slonczewski, J. L., and Olson, E. R., 1992.
Identification of elements involved in transcriptional regulation of the Escherichia coli
cad operon by external pH. J Bacteriol, 174(2):530-540.

Yang, Y. and Isberg, R. R., 1997. Transcriptional regulation of the Yersinia pseudotu-
berculosis pH 6 antigen adhesin by two envelope-associated components. Molecular
microbiology, 24(3):499-510.

Zilberstein, D., Agmon, V., Schuldiner, S., and Padan, E., 1984. FEscherichia coli
intracellular pH, membrane potential, and cell growth. Journal of bacteriology, 158
(1):246-252.

14



2 INDUCTION KINETICS OF A CONDITIONAL
PH STRESS RESPONSE SYSTEM IN

FEscherichia colz

Reprinted from The Journal of Molecular Biology, 393 (2), 2009, G. Fritz, C.
Koller, K. Burdack, L. Tetsch, I. Haneburger, K. Jung and U. Gerland,;
Induction Kinetics of a Conditional pH Stress Response System in Escherichia
coli, 272-286, Copyright (2009), with permission from Elsevier.

15


xpadm
Schreibmaschine
Reprinted from The Journal of Molecular Biology, 393 (2), 2009, G. Fritz, C. 
Koller, K. Burdack, L. Tetsch, I. Haneburger, K. Jung and U. Gerland; 
Induction Kinetics of a Conditional pH Stress Response System in Escherichia
coli, 272-286, Copyright (2009), with permission from Elsevier. 


doi:10.1016/j.jmb.2009.08.037

J. Mol. Biol. (2009) 393, 272-286

JMB

Available online at www.sciencedirect.com

¢ G
ELSEVIE!

ScienceDirect

s

Induction Kinetics of a Conditional pH Stress Response
System in Escherichia coli

Georg Fritz''?, Christiane Koller®, Korinna Burdack?®, Larissa Tetsch?,
Ina Haneburger?, Kirsten Jung® and Ulrich Gerland'-%*

' Arnold Sommerfeld Center for
Theoretical Physics, Ludwig-
Maximilians-Universitdt
Miinchen, Theresienstrafse 37,
80333 Miinchen, Germany

Center for NanoScience,
Ludwig-Maximilians-
Universitit Miinchen,
Theresienstrafse 37, 80333
Miinchen, Germany

SMunich Center of Integrated
Protein Science at the
Department of Biology I,
Microbiology, Ludwig-
Maximilians-Universitit
Miinchen, Groffhaderner
Strafse 2-4, 82152 Martinsried,
Germany

Received 18 May 2009;
received in revised form
6 August 2009;

accepted 13 August 2009
Available online

21 August 2009

Edited by M. Gottesman

The analysis of stress response systems in microorganisms can reveal
molecular strategies for regulatory control and adaptation. In this study, we
focused on the Cad module, a subsystem of Escherichia coli’s response to
acidic stress that is conditionally activated at low pH only when lysine is
available. When expressed, the Cad system counteracts the elevated H*
concentration by converting lysine to cadaverine under the consumption of
H™ and exporting cadaverine in exchange for external lysine. Surprisingly,
the cad operon displays a transient response, even when the conditions for
its induction persist. To quantitatively characterize the regulation of the Cad
module, we experimentally recorded and theoretically modeled the dyna-
mics of important system variables. We established a quantitative model
that adequately describes and predicts the transient expression behavior for
various initial conditions. Our quantitative analysis of the Cad system
supports negative feedback by external cadaverine as the origin of the
transient response. Furthermore, the analysis puts causal constraints on the
precise mechanism of signal transduction via the regulatory protein CadC.

© 2009 Elsevier Ltd. All rights reserved.

Keywords: CadB; CadA; lysine decarboxylase; acid stress response;
quantitative modeling

Introduction

beginning to be explored. However, a system-level
study of the acid stress response requires detailed

During their natural life cycle, gastrointestinal
bacteria are faced with acid stress while passing the
extreme low pH of the stomach and being exposed to
volatile fatty acids in the intestine. Escherichia coli’s
remarkable ability to sustain growth over multiple
decades of H* concentrations’ and its potential to
survive extremely low pH are implemented by a
battery of pH homeostasis®* and acid tolerance>
8 systems. In recent years, it was increasingly
recognized that each of these subsystems is specifically
activated under certain environmental conditions,®®
while the orchestration of the different responses is just

*Corresponding author. E-mail address: gerland@lmu.de.

quantitative analysis of the individual modules.

One of the conditional stress response modules is
the Cad system,”® which is induced only when
acidic stress occurs in a lysine-rich environment. The
Cad module protects members of the Enterobacter-
iaceae against anorganic and organic acids in the
intestinal tract'* and against fermentation acids under
phosphate-limiting conditions.'® The three principal
components of the Cad system are the enzyme CadA,
the transport protein CadB, and the regulatory
protein CadC (see Fig. 1). The decarboxylase CadA
converts the amino acid lysine into cadaverine, a
reaction that effectively consumes H*.'® The anti-
porter CadB imports the substrate, lysine, and exports
the product, cadaverine. Together, CadA and CadB

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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reduce the intracellular H* concentration and thereby
contribute to pH homeostasis.'”"” The cytoplasmic
membrane protein CadC not only senses the external
conditions!>1819 but also regulates the response by
binding directly to the DNA and activating the
transcription of cadBA.?® Similar to other members
of the ToxR family,”* CadC thereby performs signal
transduction in a single component, without the
phosphorylation step employed by two-component
systems.”” Figure 1 also depicts the lysine permease
LysP, which is not part of the cad operon but essential
for its function since CadC senses lysine indirectly via
interaction with LysP.12181923 In contrast, the exter-
nal (periplasmic) pH is believed to be sensed directly
by CadC through a pH-dependent conformational
transition and / or proteolytic cleavage.'”** The signal
integration performed by CadC then ensures that
CadA and CadB are produced only under
the appropriate external conditions of low pH and
lysine abundance.

However, CadC also senses a third input, which
seems surprising from a physiological point of view:
Dell et al. identified several CadC derivatives with
single amino replacements that responded differently
to cadaverine in comparison with wild-type CadC."”
These data provided initial evidence that cadaverine
influences CadC-mediated cadBA expression. Subse-
quently, it was found that cadaverine represses the
long-term expression of the cad operon,'? and we
could show that the periplasmic domain of CadC in
fact binds cadaverine in vitro.”> As cadaverine is the
end product of the decarboxylase reaction, it was
suggested that it accumulates in the medium and
causes a delayed transcriptional down-regulation of
cadBA expression."? Although many stress response
systems display a similar transient response,?>2° their
regulation strategy appears to be fundamentally
different: for instance, the osmo-stress response of

Fig. 1. Qualitative model of the
Cad system in E. coli (simplified).
The Cad system is conditionally
activated by low pH and high lysine
levels. Lysine inhibits the repressive
effects of the lysine permease LysP
on the receptor CadC, while low pH
activates CadC directly. The active
form of CadC activates transcription
of cadBA, encoding the lysine decar-
boxylase CadA and the lysine/
cadaverine antiporter CadB. The
Cad system imports lysine, decar-
boxylates it under consumption of a
cytoplasmic proton, and exports the
product cadaverine in exchange for
another lysine molecule. The net
effects of these reactions are the
expulsion of a proton from the cyto-
plasm and the excretion of the basic
polyamine cadaverine. Finally, it is
believed that external cadaverine
deactivates CadC. In our experi-
ments, we recorded the time evolu-
tion of the variables in gray boxes.

periplasm

cytoplasm

yeast directly follows its stimulus (low osmolarity)
and remains active until the osmolarity returns back
to physiological levels, while cadBA expression is
down-regulated although the stress persists.

In this study, we explored whether negative feed-
back via external cadaverine can account for the
transient response of the Cad system on a quanti-
tative level. In particular, we were interested in the
factors that determine the duration and the amplitude
of the transient response and asked how the
addition of external cadaverine affects these charac-
teristic quantities. It is known, for instance, that
external cadaverine reduces the long-term activity
of the Cad system,'? but one would like to know
whether it shortens the duration of the transient
expression pulse or reduces the amplitude of the
pulse. Or does it affect both of these properties?

To address these questions, we quantitatively
measured the dynamics of the Cad system in three
important variables at high time resolution: the
cadBA transcript, the activity of the lysine decar-
boxylase CadA, and the concentration of excreted
cadaverine. Based on the existing qualitative model
(cf., Fig. 1), we formulated a quantitative model for
the Cad system and tested its agreement with the
experimental response dynamics. We found that our
quantitative model coherently describes the dynam-
ical response of the wild-type Cad system within a
physiological parameter regime. The available data
constrain the key biochemical parameters to a
narrow regime. For instance, we inferred the effec-
tive in vivo deactivation threshold for the Cad
system and compared it with a previously measured
in vitro binding threshold.” Using the quantitative
model, we formulated predictions for the response
dynamics of the Cad system under conditions with
initially added cadaverine and in a mutant strain
with a defective lysine permease, LysP. The suc-
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cessful experimental validation of these predictions
strongly supports the existence of the postulated
feedback inhibition mechanism via cadaverine in
the Cad system. Finally, we discuss the causal cons-
traints of our results on the signal transduction me-
chanism by CadC, helping discriminate between
two contradicting models.

Results

Transient expression dynamics

To probe the transient response of the Cad module,
we first grew E. coli (strain MG1655) to exponential
phase at pH 7.6 in minimal medium. We then in-
duced the Cad module by transferring cells into fresh
minimal medium with 10 mM lysine and buffered at
pH 5.8. After shifting E. coli to inducing conditions,
we monitored cell growth by determining the
number of colony-forming units. Due to the acid
stress, cell growth was significantly impaired, but
cells remained viable over the 4-h period of the expe-
riment (see Fig. S3). In the habitat of the intestines,
fast and/or uniform growth of the cells is also not
expected. Hence, the analysis of the Cad module
under the present conditions is reasonable, as it mi-
mics an E. coli population in its natural environment.

The induction defined the starting point, =0 min,
for our measurements of the response, which we
performed initially at intervals of 5 min until
t=30 min and then at longer intervals of 30 min.
To quantify the response, we assayed the cadBA
mRNA level, the specific CadA activity, and the
external cadaverine concentration (see Materials and
Methods for all experimental details). We found that
the external pH, shown in Fig. 2a, remained low,
even slightly decreasing from the induction level,
over the entire 4-h period of the experiment.
Transcription of the cad operon began immediately
after induction, and mRNA rapidly accumulated, as
shown in Fig. 2b. At t~25 min, the mRNA level
peaked and then rapidly decreased, reaching its low
pre-induction level at about =90 min. The response
on the protein level, as quantified by the specific
activity of CadA shown in Fig. 2c, was slower,
exhibiting a slight delay after induction and reach-
ing a plateau level at t=~25 min, which was
sustained over the time of the experiment. The
activity of the Cad module led to the production and
secretion of cadaverine, which accumulated in the
medium, as shown in Fig. 2d.

The transient expression of the Cad module
shown in Fig. 2 is in qualitative agreement with
previous induction experiments that studied the
system in a less quantitative manner."” The bio-
chemical mechanism for the transient behavior re-
mained unclear, however. It was suggested that the
external cadaverine level exerts negative feedback
on the activity of the regulator CadC."*'? Alterna-
tively, the Cad module might, for instance, directly
affect and control the level of its input stimuli. In

18

—_
Q
N’

0 mM|+10 mM lysine

external pH

—_—
(=2

[fold—change] ~~
S

cadBA mRNA

o o

—
Q

ey

0.5

spec. CadA

_—
o
cadaverine [mM] >~ activity [U/mg] ™~

external

-50 0 50 100 150 200 250
Time after induction [min]

Fig. 2. Induction kinetics of the cad operon in E. coli
MG1655. (a) The Cad system was induced at t=0 min by a
shift from pH 7.6 to pH 5.8 and simultaneous addition of
10 mM lysine. (b—d) The time evolution of the cadBA
mRNA (b), the specific CadA activity (c), and the extra-
cellular cadaverine concentration (d) was determined as
described in Materials and Methods. All values are aver-
age values from duplicate repetitions. Specific CadA
activity is given as U/(mg protein), with 1 U=1 pmol
cadaverine/min. For each sample, the cell density was
adjusted to an optical density at 600 nm of 1, corres-
ponding to 150 pg protein/mL. Concentration of total
RNA was determined, and for each time point, equal
amounts of RNA were tested with a radiolabeled probe
directed against cadBA mRNA. Moreover, the signal
intensity of cadBA transcript was compared with the
signal intensity of rpoD mRNA that is constitutively trans-
cribed. From these data, fold changes of cadBA transcrip-
tion relative to the pre-induction value were calculated.
For a detailed discussion, see the main text.

other words, the activity of the Cad module might
reduce the external lysine concentration below its
induction threshold or shift the external pH level
outside its range for induction.

Dose-response curves

To address these possible alternative explanations
and to characterize the ranges and the intensity of
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the total response under our experimental condi-
tions, we next determined the “dose-response” be-
havior of the Cad module. We have seen above (see
Fig. 2¢) that the CadA activity reaches a steady-state
plateau about 60 min after induction. We took this
plateau value as a proxy for the total (cumulative)
response of the Cad system and studied its depen-
dence on the input signals. To this end, we induced
the Cad module with different external pH levels
and initial lysine concentrations and assayed sam-
ples 90 min after induction for their CadA activity
(see Materials and Methods for details). Panels (a)
and (b) of Fig. 3 show the lysine dependence and the
pH dependence of the response, respectively. The
data in Fig. 3a indicate that when induced with
pH 5.8, the Cad module is barely active at lysine
concentrations below 0.5 mM, whereas it is fully
active for lysine levels exceeding 5 mM. In between
these values, the activity increases sigmoidally with
the inducing lysine concentration. Similarly, at a
given lysine induction level of 10 mM, the activity
depends sigmoidally on the inducing pH (see Fig. 3b),
with no significant activity above pH 6.8 and full
activity at pH 5.8 and lower.

Taken together, the pH dependence of the total
response shown in Fig. 3b and the time series in
Fig. 2a show that the pH level did not leave the
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Fig. 3. Dose-response curves of the wild-type Cad
system. (a) Dependence of the CadA response on the
inducing lysine concentration. The specific CadA activity
was determined 90 min after induction with pH 5.8 and
the indicated lysine concentration (see Materials and
Methods). Similarly, the dependence on the inducing pH
in (b) was obtained by induction with 10 mM lysine and
the indicated pH. Again, specific CadA activity was
determined 90 min after induction. The continuous lines
show the fit result of our quantitative model. Values are
mean values from at least three independent experiments.
Error bars represent standard deviation from these
experiments.

range for induction during the course of our ex-
periment in Fig. 2. Hence, the transient behavior of
the cadBA expression is clearly not mediated by a
decrease of the external pH stimulus.

The dose-response curves in Fig. 3 characterize
the input—output behavior of the system when the
Cad module is regarded as a “black box” signal
processing unit. In particular, we can read off the
apparent activation thresholds of the Cad module
(i-e., the pH and lysine levels at which the module
displays half-maximal activity). Such apparent
thresholds constitute the first level of description
in a top-down system analysis. Conversely, in a
bottom-up analysis, the first level of description
is via biochemical interaction parameters, while
effective parameters, such as apparent thresholds,
emerge from the interplay of molecular interac-
tions. Quantitative modeling and analysis of this
interplay are the only ways to make a connection
between the two levels of description. In the
following, we want to make such a connection and
then leverage it to estimate the molecular activation
thresholds of CadC from the apparent behavior of
the Cad module.

Construction of a quantitative model

It is clear from the abovementioned data that a
minimal quantitative model of the Cad module
must describe the integration of the input signals pH
and lysine, as well as the effect of cadaverine on the
activity of CadC. Furthermore, it must describe the
regulation and expression of the cadBA operon and
the functioning of the CadA and CadB proteins,
such that we may relate the quantitative model to
the observed dynamics of the three system variables
monitored in our experiments. Our construction of
such a quantitative model is guided by the
qualitative model in Fig. 1 and the known biochem-
istry of the Cad module. In that, our approach takes
advantage of the wealth of prior knowledge about
molecular interactions, which determine the topol-
ogy (i.e., the “wiring”) of the signaling network. In
general, when the molecular players and their
interactions are unknown, network reconstruction
techniques can be used to gain qualitative and
quantitative insights into the regulation of the
system (see, for example, Refs. 27 and 28). However,
here we are faced with a simpler problem where a
predefined network topology has to be tested for
agreement with the experimental data.

Signal integration

The three external signals known to affect the
activity of the Cad module are the time-dependent
lysine concentration, I(t), the cadaverine concentra-
tion, c(t), and the pH. The membrane protein CadC,
which receives and combines these signals into a
single response,'*'®' is constitutively expressed,'’
and hence we take the total amount of CadC per cell,
Co, to be constant. The signals then modulate only
the fraction of active CadC molecules per cell, C(t)/
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Co. We assume that the different signals regulate
CadC independently such that the CadC activity is
described by the product form,

C(8)/Co=f(pH(1)) x g(I(t)) x h(e(®)) (1)

Indeed, all experimental data available show no
1nd1cat10r1 for a coupled effect of the input signals on
CadC."*# Another assumption implicitly made by
Eq. (1) is that the fraction of active receptors is
always equilibrated to the current levels of the input
signals—that is, it does not depend on the signal
levels prior to time t. This assumption is also plau-
sible since the typical timescale for conformational
transitions in receptors (see, for example, Ref. 29) is
much shorter than the timescale of our experiments.
The functions f, g, and h in Eq. (1) take on values
between 0 and 1 and are assumed to be of the Hill
form typical for cooperative binding reactions. The
pH dependence is parameterized as follows:

f(pH) = (2)

pH-pH,

with pHy denoting the pH value at which f reaches
half-maximal activity and ApH determining the
width of the response curve. Similarly, lysine depen-
dence and cadaverine dependence respectively take
the following forms:

_ WK™ 1
O L MO TR

where K; and K, are the effective in vivo activation
thresholds for the direct and indirect regulatory
interactions of lysine and cadaverine with CadC,
respectively. As usual, the Hill coefficients n; and n,
parameterize the cooperativity of the binding reac-
tions and determine the maximal sensitivity for
signal detection. The difference in form between g(I)
and h(c) stems from the fact that lysine activates
the Cad module, whereas cadaverine represses it.
On the other hand, the difference from Eq. (2) is
due to pH being logarithmically related to the H*
concentration.

(3)

Transcriptional regulation

In its activated conformation, CadC directly binds
to the cadBA promoter P, and activates cadBA
expresswn2 Generally, transcriptional regulation
in bacteria can be described by quantitative “ther-
modynamic” models.’**" For the present case, an
appropriate form for the transcriptional activity
from P, as a function of the abundance of active
CadC, C(t), is derived in Materials and Methods.
The resulting rate equation for the time evolution of
the mRNA level i then takes the following form:

d o (1ecwxor
g ") =vm < 1+(C(t)/Kc)? ) hlt) (4
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with the basal transcription rate vy, the degradation
rate N\, the fold change f between basal and
maximal transcription rates, and K¢ denoting the
binding threshold for CadC-DNA binding. The
particular choice of the exponents in the first term
is motivated by the observation that the cadBA
promoter appears to be regulated by two binding
sites for dimeric forms of CadC.*

Kinetics of enzyme expression and catalysis

On the protein level, we have a similar interplay of
synthesis and decay as in Eq. (4):

d

aA(t) =vpm(t) — NpA(t) (5)
where A is the abundance of CadA per cell and v,
and A, are the translation rate and the degradation
rate, respectively. The level of the transporter CadB
is taken to be proportional to that of CadA since they
are translated from the same mRNA. We neglect
possible post-transcriptional regulation, for Wthh
there seems to be no experimental indication."" We
also assume that we can subsume the transport and
turnover of lysine to cadaverine through CadB and
CadA by a single effective reaction since little is
known about the microscopic rates and affinities of
the coupled transport and decarboxylase reactions.
As detailed in Materials and Methods, this assump-
tion leads us to:

d I(t)
ai')= e A S ©
This simplified reaction corresponds to an effective
Michaelis-Menten process with external lysine as
the substrate, an effective maximal lysine turnover
rate vmay, and an effective Michaelis constant K.
Also implicit in Eq. (6) is the assumption that growth
of the bacterial population over the period of the
experiment is negligible. For the external cadaverine
level, we assume the flux balance,

d d

ety = =210 )
implying that the sum of external lysine and cada-
verine is conserved at all times, I(f) + ¢(f) =const. This
flux balance appears justified, given experimental
results with a LysP-deficient mutant strain that we
report and discuss further below. We take the pH to
be a constant over the duration of our kinetic expe-
riments since the pH changes only very little in our
buffered medium and the Cad module is not very
sensitive to the pH over this regime (see above).

Data interpretation with the quantitative model

We now demonstrate that the simple quantitative
model constructed above is indeed a powerful tool.
First, we tested the extent to which this model is
compatible with the data sets reported above. For
this test, we also included another data set from
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Table 1. Repression of the long-term Cad response by
cadaverine

Initial cadaverine  Relative cadBA expression ~ Model value

0 uM 1.00 0.97
20 uM 0.89 0.92
80 pM 0.60 0.74
320 M 0.12 0.12
1300 pM 0.00 0.05

The data were taken from the work of Neely et al.'?> cadBA
expression (central column), as determined from the p-galactosi-
dase activity of a cadA-lacZ fusion, was measured in cells that
were grown in medium, pH 5.8, with 10 mM lysine and the
indicated cadaverine concentrations for 3 h.'> The model values
(rightmost column) show the fit result of our quantitative model.

Neely it et al.,'* who determined the cadaverine-

dependent dose response of the Cad module (see
Table 1). This additional data set further constrains
our model and probes consistency with the existing
literature.

In total, the quantitative model has 14 parameters.
We constrained each of these to a range inferred
from typical physiological values and other infor-
mation in the literature (see Table 2). We then fitted

Table 2. Parameters of the quantitative model

our model to all data sets simultaneously using
standard least-squares minimization of the residual
x?, as described in Materials and Methods. The
curves corresponding to the best-fit parameters are
shown in Figs. 3 and 4 (blue lines). The overall
agreement with the experimental data is good, both
for the response dynamics in Fig. 4a—c and for the
dose-response curves in Fig. 3 and Table 1. Note,
however, that not all model parameters are individ-
ually well constrained by the data. This becomes
apparent by plotting the correlations between the
quality of the fit, characterized by the residual X%
and the fit parameters, as, shown in Fig. 5. As the fit
becomes better (lower x?), most parameter values
are confined to a narrow interval, indicating that the
information contained in the experimental data
accurately determines their values. For instance,
the cadBA mRNA lifetime T,,, determines the decay
time of the transient expression peak in Fig. 4a and is
therefore strongly constrained in our model. In con-
trast, some of the parameters display a wide varia-
tion even at the lowest x> values (e.g., the trans-
cription and translation rates v,,, and vp) For these
cases, where individual parameters are “sloppy,”
certain combinations of these parameters are well

Parameter LB UB Estimated value Comment
Sensory module
K; Threshold for CadC activation 1 20 3.6i8‘g mM Bounds suggested by Fig. 3a

by lysine ’
K. Threshold for CadC inactivation 50 1000 235+ ig M Bounds suggested by Fig. 3a

by cadaverine

n Hill exponent for CadC regulation 1 5 11+ 8 %

by lysine
e Hill exponent for CadC regulation 1 5 2.8+ 82

by cadaverine :
pHy pH threshold for CadC activation —_ —_ 6.2 Estimated from data in Fig. 3b
ApH Width of the transition from active — — 0.5 Estimated from data in Fig. 3b
to inactive CadC
Expression module 26
Co/Kc Total CadC per cell in relation 0.1 10 L1+ The level of CadC is just sufficient
to the threshold for to activate the pathway, 18
CadC-promoter binding suggesting that in vivo Co/Kc~1
Vm Basal transcription rate 0.001 0.1 4.3+ 124 21 % 107% min~!
f Fold change between basal and 10 1000 698+ gg Typical range™™*
maximal transcription rates
vp Effective translation rate 10* 10! 42+ gg x 107% U/mg/min Effective parameter with
’ broad range
m mRNA half-life (In2/\,) 150 138+ min Typical range™
T Protein half-life (In 2/\}) 1 10* 29+ 21437 h CadA is expected to be stable'®
Vmax Maximal rate for lysine turnover 0% 10 13+ é;l % 107 mM/min/(U/mg) Effective parameter with
via CadA and CadB ’ broad range

K Effective Michaelis constant for lysine 1 100 26+‘;’Z mM Effective parameter with

turnover via CadA and CadB

broad range

LB indicates lower bound; UB, upper bound. The estimated parameter values are shown as (best-fit value)+?" , where 0" and o~
indicate the asymmetric standard errors in the positive direction and in the negative direction, respectively, see Eq. (14) in Materials

and Methods.
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constrained by the data sets. Pairwise scatter plots,
as shown in Fig. S1, identify correlations and anti-
correlations between the parameters and help to
reveal the appropriate combinations. For instance,
the product of the transcription and translation rates
is much better determined by the data than the
individual rates.

Please refer to Supplementary Material for the full
discussion of our estimated parameter values in the
light of previously published literature values. It is
noteworthy that the best-fit value for the effective
Hill coefficient n, for the regulation of CadC by
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cm/C text and Materials and Methods.
The dashed and continuous black
lines in (e) and (j) show the lysine
and cadaverine contributions, g(/(t))
and h(c(t)), in Eq. (3), to the signal
integration function in Eq. (1).
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cadaverine is close to 3 and is relatively well cons-
trained by the data. This suggests that a molecular
mechanism for cooperativity is at work, possibly a
multimerization of CadC proteins in the membrane.
Another interesting observation from Table 2 con-
cerns the half-life of cadBA mRNA, which was well
constrained by the data to a value of almost 14 min.
A global analysis of RNA half-lives in E. coli*® found
an extremely short half-life of less than 2 min for the
cadBA mRNA, suggesting that an active degradation
mechanism is involved. Our Northern blot data for
the lysP211 mutant, shown in Fig. 4f, do indeed
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Fig.5. Correlations between the goodness of fit and the
estimated parameters. The points correspond to local
optima in the parameter space, for which the difference
between the quantitative model and the experimental data
in Fig. 2, Fig. 3, and Table 1 is minimized (see Materials
and Methods for all details). As the fit quality increases
(lower x2), most parameters are confined to narrow
intervals, indicating that their values are well constrained
by the experimental data. However, some parameters
display significant variation even for the lowest x> values
and one finds, from parameter—parameter correlation
analysis in Fig. S1, that only combinations of those are
well confined by our data.

suggest a rapid decay of the mRNA at high levels
directly after the peak, followed by a slower decay at
lower levels. Our quantitative model only allows
for a single degradation rate, which leads to the
intermediate half-life of 14 min as a best-fit value.
The changing degradation rate could be rationalized
under the assumption that the cadBA mRNA has a
relatively weak binding affinity to the degrading
enzyme such that active degradation only contri-

butes significantly at high mRNA levels, whereas a
slower passive decay is at work at low mRNA levels.
Figure S2 illustrates that this mechanism could
indeed account for the observed shape of the
mRNA curve in Fig. 4f. However, this explana-
tion would raise the question of why the rapid
active decay is not observed in the data of the wild
type in Fig. 4a as such. Possibly, the kinetics of
LysP unbinding from CadC is slow (contrary to
our model assumption of a rapid binding equili-
brium) such that it interferes with the reception
of the cadaverine signal and thereby broadens
the onset of transcriptional down-regulation. Fur-
ther experiments would be required to test these
hypotheses.

Given the compatibility of the model and data, we
next used the model to infer quantitative character-
istics of the module that are not directly assayed. For
instance, the activity of the central regulator CadC
as a function of the external signals lysine, pH, and
cadaverine is a biochemical characteristic that is
pivotal to the function of the module but difficult to
measure directly. In our model, this quantitative
characteristic is represented by the signal integration
function, Eq. (1). On the other hand, the experimen-
tal data shown in Fig. 3 probe the final output of the
Cad module on the protein level (specific CadA
activity), which is the integrated result of a nonlinear
dynamical system with feedback. Figure 6 compares
this final system output (black curves, as in Fig. 3,
but normalized to 1) with the inferred activity of the
CadC regulator (blue curves). The latter represents
the three sigmoidal functions that make up the
signal integration function, Eq. (1), with the para-
meters determined from the global fitting procedure
described above. We observe from Fig. 6 that the
final system output behaves qualitatively similar to
the inferred biochemical activity of CadC. However,
in each case, the apparent activation threshold for
the system response (point of half-maximal CadA
activity, black curve) is shifted with respect to the
inferred biochemical activation threshold (point of
half-maximal CadC activity, blue curve). These
shifts are due to the fact that the total CadA activity
depends not only on the characteristics of the
regulator but also on the biochemical properties
and timescales of the negative feedback loop. In
principle, the feedback can even lead to nonmono-
tonic behavior in the dose response, despite the
underlying monotonic dependence of the signal
integration function on the levels of the external
signalst. The inferred in vivo biochemical activation
thresholds, K;=3.6 mM and K.=235 puM, and the
values of the Hill coefficients describing the sensi-
tivities to the signals can be read off directly from the
blue curves, as indicated in Fig. 6.

It is useful to compare these biochemical acti-
vation thresholds with the actual concentrations

tThe model predicts indeed a weak nonmonotonic
effect in the lysine dependence; however, this is not a
robust prediction.
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Fig. 6. Comparison of the extracted signal integration
functions (blue curves) with the normalized dose-
response curves (black curves). The signal integration
functions describe the dependence of CadC activity on pH
level (a), on lysine (b), and on cadaverine (c). They
correspond to functions f, g, and / in Egs. (2) and (3) and
are plotted for the best-fit parameters listed in Table 2. The
apparent activation thresholds of the dose-response
curves (black curves) are shifted with respect to the
inferred biochemical thresholds of CadC (blue curves)
since the dose-response curves also depend on the
biochemical properties of the nonlinear feedback in the
Cad module. From the extracted signal integration func-
tions, we can also read off the sensitivity of CadC on its
input signals since their maximal slopes are determined by
the Hill coefficients 1; and 7.

encountered in our kinetic induction experiments, in
particular at the time of transcriptional down-
regulation (t=30 min). From the plots in Fig. 4c
and d, we see that the lysine concentration at this
time point is still about a factor of 3 higher than the
activation threshold, whereas the cadaverine con-
centration of 300 pM exceeds the deactivation
threshold. The individual regulatory contributions
from lysine and cadaverine to the CadC activity [i.e.,
g(I(t)) and h(c(t))] are plotted in Fig. 4e. The lysine
curve (dashed line) displays only a very weak
impact on the CadC activity, whereas the increase
of cadaverine is the primary effect causing the
down-regulation of the CadC activity (continuous
line). Hence, the analysis with our quantitative
model strongly suggests that the negative feedback
via external cadaverine can quantitatively explain
the timing of the transient response in the wild-type
Cad system and that the decreasing lysine stimulus
is not involved in this behavior.
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Prediction and experimental analysis under
altered conditions

We have so far analyzed the Cad module only in
the wild-type strain and only with a single induction
protocol. To obtain a more complete picture of its
quantitative behavior, we constructed a mutant
strain, MG1655-lysP211, with a truncated and inac-
tive form of the lysine permease LysP (see Materials
and Methods for details). Qualitatively, we expected
that this mutation would completely abolish the
lysine requirement for the activation of CadC since
the truncated form of LysP would be unable to
repress CadC? (an early study also indicated a
derepressed activation of the Cad system by a
spontaneous mutation in lysP”). Within our quanti-
tative model, the IysP211 mutation was mimicked
by setting the lysine-dependent activity function in
Eq. (1) equal to its maximal value [ie., g()=1],
thereby rendering it independent of the inducing
lysine concentration. Apart from this “in silico muta-
tion,” we left the model and the parameter values
unchanged.

We verified that the LysP-deficient mutant was
indeed inducible by a shift from pH 7.6 to pH 5.8
alone and did not require lysine for its induction
(data not shown). We then performed the same
kinetic induction experiments as with the wild-type
strain [see the results in Fig. 4f- for the lysP211
mutant (red triangles) and the quantitative model
(red curves)]. We clearly saw that the expression in
the mutant remains transient, again supporting
the conclusion that a signal different from lysine
mediates the transcriptional down-regulation. The
shape of the response is altered, however, with a
stronger initial expression and a peak in the mRNA
level that has a larger amplitude and reaches its
maximum earlier than for the wild-type strain.
Exactly these features are expected also on the
basis of the quantitative model: The stronger initial
expression is due to the full relief of the LysP re-
pression, and the negative feedback via cadaverine
sets in at an earlier time since the cadaverine thres-
hold is more rapidly reached (see Fig. 4h and j).
Also, the CadA activity, shown in Fig. 4g, is
expected to reach a higher steady-state plateau, as
observed in the experiment. Interestingly, at the end
of the experiment, the cadaverine level in Fig. 4h
reaches almost the 10 mM level of initially added
lysine, which is in line with our flux balance
assumption in the model (see previous section).

Next, we considered altered environmental con-
ditions for the induction of the Cad module. Neely
et al.'> had already shown that induction with
initially added cadaverine causes a significantly
reduced long-term activity of the cad operon (cf.,
Table 1). Yet, it is not clear whether this diminished
long-term activity is caused by a cadBA expression
pulse of similar strength but reduced duration, by a
pulse of reduced strength with similar duration, or
by a combination of both. To resolve this question,
we again performed kinetic induction experiments
with the wild-type strain under identical conditions
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Fig. 7. Experimental test of the kinetic model predic-
tion. The lines show the parameter-free model prediction
for induction of the Cad system by a shift to pH 5.8 and
10 mM lysine, together with the cadaverine concentra-
tion indicated in the legend. The experimental data in (a)
(symbols) were recorded and scaled as described in
Materials and Methods. In (b), all data were normalized
to their maximal values.

as in Fig. 2 but additionally with 80 or 320 uM
cadaverine supplied at the time of induction. In the
latter case, the initially supplied cadaverine already
slightly exceeded the inferred inactivation threshold
of K.=235 uM such that a strong effect on the
response could be expected. The resulting data are
shown in Fig. 7a (squares and triangles), together
with the original data (no added cadaverine, circles)
for comparison. Figure 7b shows the same data but
with all curves normalized to peak height 1 in order
to emphasize the shape of the response. We
observed that the primary effect of the addition of
initial cadaverine is to reduce the strength of the
response. This is also predicted by the quantitative
model (continuous lines), rather accurately for the
80 uM cadaverine data set, while the reduction for
320 pM cadaverine is predicted to be stronger than
that observed experimentally.

It should be noted that transcription was detected
by Northern blot analysis, so that the shape of the
response could be more accurately determined than
the absolute amplitude. It is then interesting to
observe that the quantitative model predicts a
widening of the expression peak and a shift of the
maximum to a later time for the highest cadaverine
concentration (320 uM, red curve). Again, this
behavior results from the nonlinear feedback in the
Cad module—that is, the addition of initial cadav-
erine decreases the initial rate of mRNA production
such that the CadA level increases more slowly and
the negative feedback also sets in more slowly. This
predicted change in the shape of the expression peak
for 320 uM agrees remarkably well with the
experimental observation (see Fig. 7b). This finding

provides strong evidence that the quantitative
characteristics of the Cad module are well described
and understood with the help of our mathematical
model.

Discussion

Conditional stress response with feedback
inhibition

In this work, we analyzed the kinetics of a con-
ditional pH stress response system, the lysine decar-
boxylase system of E. coli, which exhibits only
transient induction, even when pH stress persists.
Our results strongly suggest that the additional
stimulus for the conditional response (i.e., a lysine-
rich environment) is also not responsible for the
transient behavior. Rather, our kinetic and dose-
response experiments in combination with our
quantitative model clearly indicate that negative
feedback via the product of the decarboxylation
reaction, cadaverine, leads to the down-regulation
of the response.

Cadaverine has previously been linked to the
transient behavior in pivotal work on this stress
response system.'>'® This link was based on
observations that external addition of cadaverine
significantly reduces the long-term Cad activity and
that a CadA™ mutant displayed persistent cadBA
expression. However, if the transcriptional shutoff
was mediated by a decrease of the lysine stimulus,
the persistent cadBA expression could alternatively
be explained by the lack of lysine consumption in
the CadA™ mutant. Also, while a reduction in the
steady-state activity implies that the Cad system is
generally repressed by cadaverine, it is not clear that
the timing of its down-regulation is set via this
negative regulatory interaction. None of the previ-
ous studies directly measured the system-induced
dynamics of the cadaverine concentration or studied
the kinetics of the Cad system with externally added
cadaverine. By performing these quantitative expe-
riments with a high time resolution and by inter-
preting them with a quantitative theoretical model,
we obtained evidence for a causal relation between
the time of transcriptional down-regulation and the
increase of the external cadaverine concentration
above its deactivation threshold. For instance, the
decreasing amplitude in the dynamical response
after adding external cadaverine and a more subtle
delayed down-regulation, both predicted by the
quantitative model, were strikingly confirmed by
our kinetic measurements.

Signal transduction mechanism

Our system-level study of the Cad module also
permits some conclusions about the involved
molecular interactions and the signal transduction
mechanism. Using our quantitative model, we were
able to estimate the relevant in vivo activation and
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deactivation thresholds of the regulatory protein
CadC. For the inactivation of CadC by external
cadaverine, we found a threshold of K.=235 pM.
This value is surprisingly close to the in vitro binding
constant of 96 uM for the interaction of cadaverine
with the periplasmic domain of CadC.” In contrast,
CadC has almost no affinity for lysine. There is
recent evidence that CadC is inhibited at low lysine
concentrations via a transmembrane domain inter-
action with the lysine permease LysP, whereas the
interaction is released at high lysine levels.” In the
present work, we determined the effective in vivo
lysine activation threshold to be K;=3.6 mM. This
result is somewhat surprising since the Michaelis
constant K., for lysme transport by LysP is much
lower at ~10 pM.*” However, the LysP-CadC
interaction and the K., of LysP do not necessarily
need to have a direct correspondence.

An interesting open question concerns the signal
transduction mechanism of CadC. Two alternative
models have been proposed: (i) a reversible con-
formational transition of CadC activates its cyto-
plasmic N-terminal domain and allows it to bind to
the promoter while remaining integrated in the
membrane and (ii) a shift to acidic pH induces
cleavage of the cytoplasmic domain, allowing it to
diffuse freely to the promoter. The existence of the
negative feedback by external cadaverine puts causal
constraints on these microscopic mechanisms. If the
cleavage mechanism were realized, it is not clear
how external cadaverine could down-regulate cadBA
expression after it has been induced since the freely
diffusing cytoplasmic domains would no longer be
able to recognize this signal. A high turnover of
cleaved CadC could solve this problem by rapidly
eliminating unresponsive activators. However, the
increased degradation of CadC under inducing
conditions would have to be balanced by an elevated
cadC expression. This, however, is in disagreement
with previous observations where it was found that
cadC expression is constitutive. 1819 Hence, the
existence of the negative feedback by external
cadaverine leads us to favor the reversible model.

Top—-down system analysis of a functional
module

The Cad system of E. coli is a functional module
with few closely connected molecular components.
How such modules integrate, process, and res-
pond to external signals is a central question—but
generally also a difficult one. The approach taken in
the current study is akin to a “top—down” system
analysis, where input signals are controlled and
the output(s) and key internal system variables are
measured. This is in contrast to a biochemical
“bottom-up” approach, where each component
would first be characterized separately, followed
by their pairwise interactions, gradually moving
upward in complexity. In our study, we were able to
bring these two complementary approaches into a
first contact for the Cad module, with the help of our
quantitative model that provided the means to
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estimate relevant in vivo values for biochemical
interaction parameters and the quantitative form of
the signal integration function displayed in Fig. 6.
Without the quantitative model, we would have
been unable to extract this “hidden information”
from the experimental data. Direct in vivo measure-
ments of signal integration functions have been
performed for the regulatory circuit controlling
chemotaxis in E. coli using sophisticated single-
molecule techniques. Since these powerful techni-
ques are not easily transferred to the large class of
functional modules of interest, the indirect approach
taken in the present work may often be a welcome
alternative.

Conclusions and outlook

Our quantitative analysis of the Cad system pro-
vides a first step toward a system-level understand-
ing of the complex acid stress response network in
microbes. Analogous quantitative studies of the two
other major amino acid decarboxylase systems,
glutamate and arginine decarboxylase,® could re-
veal important insights into how these modules are
orchestrated in the complex environment of their
host. The presence of multiple amino acids in the
natural environment of E. coli suggests that these
conditional stress response systems are often in-
duced in parallel. It will be interesting to study how
these systems are coordinated to provide an
effective and robust way of pH homeostasis and
acid tolerance response.

Materials and Methods

Bacterial strains and growth conditions

E. coli MG1655® was used as wild-type strain. The
lysPZ 11 mutant was obtained via undirected mutage-
nesis.”* For this purpose, cells of E. coli MG1655 were
grown on minimal agar plates with 0.2% (w/v) glucose
as sole carbon source*’ containing 100 pg/mL of thiosine (S-
aminoethyl cysteine), a toxic lysine analog that leads to
spontaneous mutations in lysP. One mutant, designated
MG1655-lysP211, had a nucleotide exchange at position 211
in lysP, resulting in a stop codon and hence a truncated and
inactive form of LysP (70 amino acids). E. coli strains
MG1655 and MG1655-lysP211 were grown aerobically in
shaking flasks under noninducing conditions at pH 7.6 in
5 L of phosphate-buffered minimal medium*' containing
0.4% (w/v) glucose as sole carbon source at 37 °C to an
optical density at 600 nm of 0.5 (noninducing conditions).
Subsequently, cells were collected by centrifugation (10 min,
4000g at 37 °C) and transferred into fresh prewarmed
minimal medium, pH 5.8, containing 10 mM L-lysine (L-
lysine-hydrochloride, Roth) and 0.4% (w/v) glucose in a 5-L.
fermenter (Biostat B, Satorius BBI Systems GmbH) (induc-
ing conditions). Cultivation of cells was continued anaero-
bically at 37 °C. At the indicated times, samples were taken
and then centrifuged at 4000g (4 °C) for 5 min, and cell
pellets as well as supernatants were separately stored at
—80 °C until further use. The number of colony-forming
units was determined after incubation of 100 pL of various
dilutions on LB agar plates overnight at 37 °C.*?
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Lysine decarboxylase assay

Specific activity of the lysine decarboxylase CadA was
measured by resuspending cells corresponding to 10 mL
of culture in 1 mL of Ldc buffer [100 mM Na-acetate,
pH 6.0, 1 mM ethylenediaminetetraacetic acid, 0.1 mM
pyridoxal phosphate, 10 mM p-mercaptoethanol, 10%
(w/v) glycerol]. Lysozyme (0.1 mg/mL) was added, and
the mixture was incubated on ice for 30 min. The cell
suspension was sonified (10%-20% amplitude; 0.5-s out-
put pulse; digital Branson Sonifier II 250), and the lysate
was centrifuged at 15,000g at 4 °C for 15 min. Activity of
lysine decarboxylase in cell-free extracts was measured
as described previously*® using 5 g of protein per assay.
Specific activity is defined as 1 U/mg=1 umol cadaverine/
(minxmg protein).

Measurement of extracellular cadaverine

The extracellular cadaverine concentration was deter-
mined according to the spectrophotometric method des-
cribed by Phan et al Briefly, 10 pL of culture supernatant
was diluted 5-fold with HyOgegst, 120 pLL of Na,CO5 (1 M)
and 120 pL of TNBS (2,4,6-trinitrobenzene-sulfonic acid;
10 mM) were then added, and the mixture was incubated
for 4 min at 40 °C. After extraction with 1 mL of toluene,
the absorption of the organic phase (containing N,N-
bistrinitrophenylcadaverine) at 340 nm was measured.
The cadaverine concentration was calculated based on a
standard curve using cadaverine dihydrochloride (Sigma)
between 0 and 500 nmol.

Preparation of RNA

Total RNA was isolated according to the method of
Aiba et al.*> Briefly, cells were resuspended in cold 20 mM
Tris—-HCI, pH 8.0, and subsequently lysed by addition of
20 mM sodium acetate, pH 5.5, 0.5% (w/v) SDS, and
1 mM ethylenediaminetetraacetic acid, pH 8.0. Then, RNA
was extracted with prewarmed (60 °C) acid phenol, and
the mixture was centrifuged at 12,000g. After an addition-
al extraction of RNA using phenol/chloroform/isoamyl
alcohol (25:24:1), RNA was precipitated with 100%
ethanol at —20 °C overnight. The precipitate was washed
with 70% (v/v) ethanol, and the dry RNA pellet was
dissolved in 35 pL of HyOgest- RNA concentration was

| cm
(*} ® @ [+ ] .
outside t ﬁ
v KBJ KBc
inside
[ <[
outside
AN
inside

determined by measuring the absorption at 260 nm. All
solutions were prepared with 0.1% (v/v) DEPC (diethyl-
pyrocarbonate).

Northern blot analysis

cadBA mRNA was quantitatively determined by North-
ern blot analysis. This technique does not allow determi-
nation of the absolute number of cadBA transcripts, but it
determines the relative induction level (ratio between
induced cells and pre-induced cells) by using a radioactive
labeled probe that specifically detects cadBA mRNA.
Nevertheless, the readout scales linearly with cadBA
mRNA concentration. Northern blot analysis was per-
formed following a protocol described earlier.*® Briefly,
20 pg of RNA was separated by electrophoresis in 1.2%
(w/v) agarose-1.1% (v/v) formaldehyde gels in Mops
(4-morpholinepropanesulfonic acid) buffer. RNA was
transferred to a Hybond nylon membrane (GE Healthcare)
by capillary blotting. Hybridization was performed fol-
lowing a standard protocol*? using an [a-**P]dCTP-
labeled PCR fragment of the first 400 base pairs of
cadBA. Radioactive labeling was quantified with a
Phospholmager. As control, expression of rpoD, a house-
keeping gene of E. coli, was analyzed. Signal intensity of
cadBA mRNA was normalized to the signal intensity of
rpoD mRNA. If not indicated otherwise, the data are
given as fold change of cadBA transcription relative to the
pre-induction value. Additionally, in Figs. 4 and 7, the
absolute magnitude of the mRNA fold change was re-
scaled such that the integral over the expression curve was
proportional to the long-term CadA activity.

Model details

From thermodynamic models of transcriptional regula-
tion reviewed by Bintu et al.?%%! the effective transcription
rate, v, , as a function of two activators, A and B, with
independent binding sites (binding constants K4 and Kp)
is given by

e _ (14 (A/Ka)fa)) (1+ (B/Kp)fs
“"if‘“"< 1+(A/Ka) >< 1+ (B/Ks) )

8)

cf., Ref. 30, Table 1, case 10. We make the simplifying
assumption that the binding sites are identical and that

Fig. 8. Kinetic scheme of lysine
and cadaverine transport and
turnover. Antiport of lysine (/) and
cadaverine (c) by CadB is modeled
in analogy to the homologous argi-
nine-ornithine antiporter ArcD in
3 L. lactis by a single-site Ping Pong
Bi-Bi mechanism.?” Interconversion
of lysine and cadaverine by CadA is
modeled by a reversible first-order
reaction.*® The prime (') indicates
internal quantities. The rates (k7 ki,
k', ko, ki, ka) and equilibrium
constants (Kp;, Kpr, Kp., Kp-) are
indicated next to the reaction steps.
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each site can only be bound by a dimer of CadC (C).2°
Setting A=B=C,, exploiting mass action K=C?/C,, and
introducing the effective binding constant K¢ = /KK,
lead to the first term in Eq. (4).

The effective Michaelis-Menten form of the lysine
turnover rate in Eq. (6) was derived as follows: The
transport of lysine and cadaverine via CadB was modeled
in analogy to the homologous arglmne—ormthlne anti-
porter ArcD in Lactococcus lactis”” (see Fig. 8). For low
external cadaverine and internal lysine concentrations, a
general form of the inwardly directed flux of lysine is as
follows:*

(n
veti =k;'B R ©)
Kg; + (1 T Ii;’[?(]) 1]

where B is the number of CadB molecules per cell and [1]
and [c] are the concentrations of lysine and cadaverine on
the outer surface of the membrane, respectively. Internal
solute concentrations are marked by a prime ('). The
parameters ki, k-, Kp, and K. are defined in the kinetic
scheme of Fig. 8. Here, it is assumed that (i) the
conformational transition in CadB, which mediates the
transport, does not occur without bound lysine or cada-
verine, (ii) the antiporter and its substrates are in binding
equilibrium at each surface of the membrane, and (iii) the
membrane translocation reaction of the carrier is slow and
rate limiting. The internal cadaverine concentration [c'] is
determined by an interplay of the (reversible) decarbox-
ylation through CadA%® and by the export via CadB. In
steady state, we find

ki

=3~ Velt (10)

kA

where A is the number of CadA molecules per cell.
If the equilibration between lysine and cadaverine
through CadA is fast compared with the transport
through CadB, the second term is negligible and the
internal cadaverine level is solely determined by the
internal lysine level [I']. In steady state, it turns out that
[I'] is not affected by the Cad module, since the 1:1
stoichiometry of the antiporter ensures that lysine
decarboxylation is balanced by lysine import. If we
further take advantage of the fact that CadB and CadA
are transcribed polycystronically and that there seems
to be no post-transcriptional regulation,'" we can set
CadB proportional to CadA (i.e., B=aA). Taken
together, in the limit of rapid CadA kinetics and low
external cadaverine and internal lysine concentrations,
Eq. (9) reduces to the simple effective Michaelis—
Menten form in Eq. (6) with CadA as the enzyme,
Vmax= (@ xki)/m as the effective maximal turnover rate,
and K kKB;/ n as the effective Michaelis constant, where

14 L 4 pfale
n= K kk;[l]

Parameter estimation

The parameters of our quantitative model were esti-
mated by using a trust-region reflective Newton method
(MATLAB, The MathWorks, Inc.) to minimize the total x?,
defined by
)

) )

) (1)

with respect to the parameter vector ?:(91,..4,91\,1),
where M =14 is the total number of model parameters

X2(0) =% () + X3 (8) + X3y (0) + X2a(

28

(cf., Table 2). The contribution of the kinetic data is cal-
culated from

3 N, S 2
- yx] yx](e)
Xin(© ZN At 2 At ']< oji (12)

where y1j, i, and ys; are the experimental data of the
cadBA mRNA, the CadA activity, and the cadaverge
concentration at time t;, respectively. Similarly, y;(6')
denotes the correspondmg values of the quantltatlve
model for a given parameter set § and 0 is the standard
error of each measurement (estimates from our expe-
riments: 01;=5, 0;=0.1 U/(mg protein), and 03;=0.5 mM
Vj). Nj is the number of data points of a given time series,
Atji=(tij+1)=tij-1))/2 is the time between subsequent data
points, and Af; is the mean time between the data points in
data set i. The contributions of the dose-response curves
are similarly defined and are exemplarily shown for the
pH-dependent response:

Non - 5\ 2
-1 &[A:(pH,) - A; (pH,, )
2 _ i i
XpH(e )= Non i§1< i (13)

where A.(pH;) and A, <PH,‘7 3’) are the experimental and
theoretical CadA activities aftef time T at a given pH level
pH; (i=1,...Npp), respectively. o; denotes the standard
error of the measurement and Npy is the total number of
data points. The other contrlbutlons, le and X2, are
defined equivalently to Eq. (13). However, they differ in
the time at which the CadA activity was determined expe-
rimentally—that is, T,p=1.5h, T1ys=1.5h, and 7.,q=3 h.

To account for the presence of local optima and to quantify
the uncertainty in the estimated parameters, we performed
1000 independent fits with randomly chosen initial param-
eter sets (within their physiological ranges). In Fig. 5, the
final x* values are plotted against the final parameters. We
followed Wall et al.** to compute the asymmetric errors
o, and o_ with respect to the optimal parameter values 6 °P*
listed in Table 2. The squared errors for parameter 6; were
calculated using the following equations:

2
Z <9k,i*92pt> e X2/2

. opt
0}%, + = Lek}?ek Z e’X,Z/Z and
0y >07""
Z (9/(.1 - e;zpt)ze’xrg/z "
0y, <0""
k- e X2
i:6p <07

where oy ; is the value of parameter 6y in the lth fit, kat is the
value of 6 i in the fit with the lowest value of x?, and 2 is the
value of X2 for the ith fit. In using the likelihood function
e 7/2, we assume that the errors in the measurements are
mdependent and normally distributed with widths equal to
the standard error of the mean.
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Abstract: The membrane-integral transcriptional activator CadC comprises sensory and
transcriptional regulatory functions within one polypeptide chain. Its C-terminal periplasmic
domain, CadC,g, is responsible for sensing of environmental pH as well as for binding of the
feedback inhibitor cadaverine. Here we describe the crystal structure of CadC,4 (residues 188-512)
solved at a resolution of 1.8 A via multiple wavelength anomalous dispersion (MAD) using a
ReClg2~ derivative. CadC,4 reveals a novel fold comprising two subdomains: an N-terminal
subdomain dominated by a -sheet in contact with three a-helices and a C-terminal subdomain
formed by an eleven-membered a-helical bundle, which is oriented almost perpendicular to the
helices in the first subdomain. Further to the native protein, crystal structures were also solved for its
variants D471N and D471E, which show functionally different behavior in pH sensing. Interestingly, in
the heavy metal derivative of CadCq4 used for MAD phasing a ReClg2~ ion was found in a cavity
located between the two subdomains. Amino acid side chains that coordinate this complex ion are
conserved in CadC homologues from various bacterial species, suggesting a function of the cavity in
the binding of cadaverine, which was supported by docking studies. Notably, CadC,4 forms a homo-
dimer in solution, which can be explained by an extended, albeit rather polar interface between two

symmetry-related monomers in the crystal structure. The occurrence of several acidic residues in
this region suggests protonation-dependent changes in the mode of dimerization, which could
eventually trigger transcriptional activation by CadC in the bacterial cytoplasm.

Keywords: cadaverine; pH-sensing; periplasmic domain; ToxR-like protein; X-ray structure

Introduction
Bacteria adapt to changes of external pH by various
physiological processes and alterations in gene
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expression. Thus, several genes are induced in the
neutrophilic bacterium Escherichia coli upon expo-
sure to acidic conditions to maintain the cytoplasmic
pH in the physiological range between 7.6 and 7.8.
In particular, the degradative amino acid decarbox-
ylase systems adi, gad, and cad are among those
genes.? Under conditions of an acidic environment
and in the presence of external lysine the mem-
brane-integral transcriptional activator CadC is trig-
gered and induces transcription of the cadBA op-
eron, which encodes the cadaverine/lysine-antiporter
CadB and the lysine decarboxylase CadA. CadA
intracellularly decarboxylates lysine to cadaverine

Published by Wiley-Blackwell. © 2011 The Protein Society



under consumption of one proton. The resulting
cadaverine is exported by CadB, which in turn takes
up lysine form the external medium.?

CadC is an integral membrane protein of 512
amino acids comprising an N-terminal cytoplasmic
DNA-binding domain (residues 1-159), a transmem-
brane helix (residues 160-187), and a C-terminal
periplasmic domain (residues 188-512).% CadC
belongs to the family of ToxR-like proteins, which
includes CadC of Salmonella enterica serovar Typhi-
murium and Vibrio cholerae (regulating the cad BA
operon),® ToxR from V. cholerae (regulating cholera
toxin, pilus, and outer-membrane protein expres-
sion),® TepP from V. cholerae (ToxR-coregulator of
virulence gene expression),” PsaE from Yersinia pes-
tis (regulating fimbriae genes)® and WmpR from
Pseudoalteromonas  tunicata  (regulating  iron
uptake).” Despite low sequence homology (outside
the CadC orthologs) proteins of this family are char-
acterized by a common three-domain topology and
all combine sensory and transcriptional regulatory
functions within one polypeptide chain. Therefore,
these proteins represent the simplest known trans-
membrane signaling system that transduces infor-
mation across the lipid bilayer without involving
chemical modification.

The DNA-binding function of CadC is mediated
by its cytoplasmic domain that contains a helix-turn-
helix motif similar to the ROy subgroup of DNA-
binding domains found in response regulators such
as PhoP from Bacillus subtilis,*® VirG from Agrobac-
terium tumefaciens'® or OmpR from Escherichia
coli.'? The DNA-binding sites were identified and the
interaction between purified CadC and the promoter
region was demonstrated in vitro.'® Expression of the
cadBA operon is activated at low external pH and
concomitantly available lysine. Recently, it was
shown that CadC is not a direct sensor of the exter-
nal lysine concentration. Instead, lysine is co-sensed
via interplay with the lysine-specific permease
LysP.'*1% Still, the pH-sensory function is assigned to
the periplasmic domain of CadC.'®1” Several CadC
variants with single amino acid replacements in the
periplasmic domain affecting the pH-dependent
cadBA expression were previously identified.*®” For
example, replacement of Asp471 against Asn resulted
in a pH-independent activation of expression. In con-
trast, CadC with Glu at the same position was no lon-
ger able to respond to acidification of the environ-
ment. Thus, single amino acid replacements can fix
CadC either in an ON or an OFF state, respectively.

A combination of biochemical experiments and
computational simulations revealed that the tran-
scriptional stimulating activity of CadC is further
regulated via feedback inhibition by the product of
the CadA decarboxylation reaction, namely cadaver-
ine.'® Consistently, cadaverine binds to the periplas-
mic domain of CadC with moderate affinity (Kp =

Eichinger et al.

96 uM).** Nevertheless, it is hardly understood how
CadC adopts its active state after receiving the pH
signal and, also, how cadaverine inactivates CadC.
To gain insight into the structural mechanisms, we
have carried out a crystallographic analysis of the
periplasmic domain CadCpq and its two variants
D471E and D471N.

Results

Three-dimensional structure of the

periplasmic domain of CadC

The X-ray structure of CadCyq (residues 188-512)
was solved via multiple wavelength anomalous dis-
persion (MAD) at a resolution of 2.3 A by using a
crystal soaked with KsReClg. Further crystal struc-
tures were solved for the native apo-protein at a re-
solution of 1.8 A as well as for the CadC,q variants
D471E and D471N at resolutions of 1.9 and 2.2 A,
respectively (Table I). CadCyq appears as an irregu-
larly shaped protein with a maximal diameter of
about 60 A and a diameter of approximately 30 A at
its narrowest site. The entire periplasmic protein do-
main is essentially composed of two subdomains: the
first subdomain comprises a mixed, parallel/antipar-
allel B-sheet packed on one side against two o-heli-
ces as part of a three-helix bundle, whereas the sec-
ond subdomain is a pure o-helical bundle
encompassing 11 helices (Fig. 1). Taken together, o-
helices and B-strands account for 70% of the 314 or-
dered residues in the periplasmic domain of the wild
type CadC apo-protein.

Following to an N-terminal loop at positions
191-194, the polypeptide chain first enters a five-
stranded B-sheet at strand B. The chain then adopts
a flexible loop not fully defined in the electron den-
sity, runs back through an o-helix (helix 1) and
enters the p-sheet again as strand A, which is
arranged parallel to strand B. After a long loop the
chain proceeds back to the B-sheet as strand C,
again parallel to B. Two more strands, D and E, con-
nected by shorter loops, follow and are aligned anti-
parallel to strand C and to each other. The chain
then enters an element of two antiparallel a-helices
(helices 2 and 3) which, together with helix 1, form
the three-helix bundle in the N-terminal subdomain.
Notably, all secondary structure elements within
this subdomain are oriented in the same direction.
For residue Cys208, which is part of the flexible loop
connecting strand A and helix 1, no electron density
was observed with any dataset, indicating a presum-
ably free (reduced) state in these crystal structures.
Because of its proximity to the only other thiol side
chain of the well resolved residue Cys272, however,
a disulfide bond could be formed between these two
amino acids and, for the purpose of illustration, has
been modelled here [cf. Fig. 1(A)]. Indeed, the pres-
ence of such a disulfide bridge was detected for
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CadCpq in biochemical experiments (Tetsch et al., in
preparation).

Separated by a loop that forms a sharp turn
between residues Leu330 and Leu336, the polypeptide
chain enters the C-terminal subdomain of CadCyq. Its
altogether 11 o-helices (nos. 4-14) are organized as a

Asp471

Eichinger et al.

bundle of five antiparallel a-helical pairs, whereby he-
lix 13 comprises just one turn. These pairs are twisted
in a clockwise direction, resulting in a spiral bundle
such that the C-terminus of helix 4 is situated close
to the N-terminal end of helix 12. The very short
helix 13 together with helix 14 form the C-terminus
of the structure. Notably, the bundle of a-helices in
the second subdomain is roughly oriented perpendicu-
lar to the three-helix motif of the first subdomain.

Comparison between the CadC,4 apo-structure
and its rhenate complex

The crystal structures of the apo-form of CadCpq and
its rhenate complex are very similar even though a
rather large number of altogether 16 bound ReClg?~
complex ions was identified: the root mean square
deviation (r.m.s.d.) of the polypeptide chains was 0.79
A upon superposition of the 282 Co atoms of common
ordered residues in all four models (192-204, 217—
245, 251-261, 273-293, 298-394, and 399-509). How-
ever, three exposed regions showed significant struc-
tural differences [cf. Fig. 1(B)]. One deviation occurs
at a stretch formed by residues 294-300, which are
part of a loop at the N-terminus of a-helix 2. Second,
the stretch 331-339 forms part of a loop at the N-ter-
minus of o-helix 4 and is located close to a bound
ReClg?™ ion at the protein surface. Finally, the seg-
ment 388—-399 forms a loop connecting o-helices 6 and
7, whose Ca positions are shifted up to 6.7 A. Two
ReClg? ™ ions were bound in the vicinity of this site.

Structures of the CadC,y variants D471E and
D471N

Residue Asp471 was previously identified in a ran-
dom mutagenesis study to be involved in pH-sens-
ing.'® Recent site-directed mutagenesis experiments

Figure 1. Overview of the CadCpgq crystal structure. (A)
Cartoon representation of the apo-protein solved at 1.8 A
The protein consists of two subdomains. Secondary
structure elements are depicted in yellow (B-strands), blue
(a-helices of the N-terminal subdomain), and salmon (a-
helices of the C-terminal subdomain). The two short 34-
helices 334-336 and 411-413 are also shown in salmon. The
disordered loop 207-214 has been modelled and is depicted
in light gray. The disulfide bond connecting residues Cys208
and Cys272 is shown as red sticks and labeled. (B)
Superposition of the CadC,4 apo-protein (yellow-orange)
with the ReClg?~ complex (raspberry) and the variants
D471E (green) and D471N (blue). Disordered loops were
modelled with plausible geometry and are depicted in light
gray. (C) Electrostatic surface representation of the CadCpq
apo-structure in an orientation identical to (B). Negatively
charged areas are colored red (—10 kgT/e), positively
charged areas are colored blue (10 kgT/e). (D) The molecule
in the same representation rotated vertically by around 180°
with respect to (C), illustrating a narrow entrance to the
central cavity indicated by a dashed ellipse. Residues
mentioned in the text are labeled. An interactive view is
available in the electronic version of the article.
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furthermore revealed that replacement of Asp471
with Glu (D471E) resulted in a CadC variant pre-
venting cadBA expression, also under acidic condi-
tions (OFF state), whereas the variant with an Asn
side chain at this position (D471N) led to a pH-
insensitive active protein (ON state).!” The X-ray
structures of wild type CadC,q and its variant
D471E were superimposable with an r.m.s.d. value
of 0.11 A using 282 Co atoms, indicating a virtually
identical conformation [Fig. 1(B)]. However, the devi-
ations in the variant D471N, which was crystallized
under acidic conditions in a different space group
(see Table I), were more significant and reflected by
a higher r.m.s.d. value of 0.95 A

Considerable differences in the structures of wild
type CadCpq and its variant D471N occur at residues
296-297 in a loop between B-strand E and o-helix 2
in the N-terminal subdomain. There is also discrep-
ancy in a long stretch comprising residues 320-340,
which connects the N- and the C-terminal subdo-
mains. It includes a-helix 3, a loop followed by a 3;¢-
helix, and the N-terminal part of a-helix 4 [cf. Fig.
1(B)]. Another deviation is evident at the amino acid
stretch 388—415 comprising the C-terminus of o-helix
6, a loop, a-helix 7, another loop, a 319-helix, and the
connecting loop to o-helix 8. In contrast, o-helices
9-14 do not show significant deviations, in particular
a-helix 11, which carries the mutation at position
471. Notably, among all those differences only two
loops are involved in crystal packing contacts: stretch
293-298 with contacting residues Val293, Thr295,
Asn296, and Asn298 and stretch 390-393 with con-
tacting residues His390 and Pro391. Overall, it seems
that wild type CadC,q was crystallized in an inactive
state also mimicked by CadC,q(D471E), whereas
CadC,4(D471N) should better represent the active
state, which may also be reflected by the fact that
the D471N mutation led to a different crystallization
behavior (and altered space group) of CadCpgq.

Crystal contacts of the CadC,q4 wild type protein
and its variants D471E and D471N

The wild type CadC,q (both apo-protein and Re-com-
plex) and the variant D471E isomorphously crystal-

lized in the same space group P6:22 and, hence,
both proteins form the same crystal packing contacts
with altogether five neighboring symmetry-equiva-
lent molecules. Interestingly, a detailed analysis of
these packing interactions using the PISA server'®
indicated the formation of a functional dimer with
one of the neighboring molecules, which was simi-
larly detectable also in the P3521 crystal form of the
D471N variant (Fig. 2). The putative dimers in all
three crystal structures yielded a complexation sig-
nificance score (CSS) of 1.000. Furthermore, the
shape complementarity of the wild type CadC dimer
was calculated as Sc¢ = 0.76 (using a 1.7 A probe
sphere radius), which is in the range of physiologi-
cally functional protein dimers.?’ These structural
findings were backed by biochemical results of size
exclusion chromatography experiments, revealing
dimerization of the periplasmic domain also in solu-
tion [cf. Fig. 2(D)].

The dimer formation can be described as an
extended contact between two more or less planar
and surprisingly polar surfaces on both monomers
with local C2 symmetry. In addition, each subunit
forms a short arm with its N-terminal loop residues
190-196, which nestles in a crevice of the opposite
subunit. Loop residues 248-252 form one side of this
niche and residues 504-511 from the C-terminal o-
helix 14 form the other side [cf. Fig. 2(A)]. The total
dimer interface of the wild type apo-protein buries a
solvent accessible area of 1,761 A2 per monomer,
which corresponds to 11.2% of the total molecular
surface. The dimer interface comprises 53 residues
from each monomer with an extensive network of 11
hydrogen bonds and 6 salt bridges, including 50 bur-
ied water molecules, but exhibits only few (20)
hydrophobic side chains. In case of CadCpq(D471E)
the interface area is slightly larger with 1,994 A2
(12.6% of the total molecular surface) comprising 58
residues with 11 hydrogen bonds and 2 salt bridges.
However, the interface area of CadC,q(D471N) is
just marginally smaller, with 1,732 A? (10.8%), than
the one of the wild type protein, comprising 51 resi-
dues with 9 hydrogen bonds and 2 salt bridges.

Figure 2. Analysis of CadC,q dimerization. (A) Stereo view of one CadCq dimer related by a crystallographic symmetry axis.
One monomer is colored as in Figure 1(A), the other one is uniformly colored cyan. The N- and C-termini are both directed
towards the lipid bilayer indicated at the bottom. (B) Hydrophobic surface representation of the two CadC,q monomers
rotated by 90° about a horizontal axis (with the N-termini directed toward the front) and then rotated by +90° apart to reveal
the dimer interface. The interface forming residues are colored according to increasing hydrophobicity from green
(hydrophilic) over white (neutral, including the polypeptide backbone) to brown (hydrophobic).*” Residues Asp471 and Lys255,
which form a salt bridge, are labeled. (C) The same view as in (B) with electrostatic surface representation as in Figure 1(C
and D). (D) Analytical size exclusion chromatography of the recombinant CadCq4 at pH 7.5. The protein eluted with a
retention volume of 14.4 mL, which corresponds to a molecular size of 64.8 kDa (left) as determined from a plot of log MW of
calibration proteins against their elution volumes (right): cytochrome ¢ (12.4 kDa), carbonic anhydrase (29 kDa), ovalbumin (43
kDa), bovine serum albumin (66.3 kDa), alcohol dehydrogenase (150 kDa), B-amylase (200 kDa), apoferritin (443 kDa). The
apparent size of CadCyq is considerably larger than the calculated mass of the proteolytic product after thrombin cleavage

(41.8 kDa), indicating stable dimer formation in solution.
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Interestingly, all the different side chains at  residue Asp471 forms several hydrogen bonds with
position 471, that is Asp, Glu, or Asn, participate in  its carboxylate group, both to two water molecules
a (pairwise symmetric) dimer contact. The wild type and to the NZ atom of Lys255 in the neighboring
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molecule. In the isomorphously crystallized variant
D471E both carboxylate oxygens of the longer
Glu471 side chain form direct hydrogen bonds to the
NZ atom of Lys255. In the variant D471N the
mutated residue Asn471 forms one direct hydrogen
bond to Lys255 NZ and a second one to a water mol-
ecule. Apart from residue Asp471, there are up to
seven other acidic amino acids involved in the dimer
interface: Asp198, Asp248, Glu249, Asp280, Asp283,
Asp445, and Glu468. Of these, Glu249 and Asp283
form salt bridges with residues Argl91 and Arg467,
respectively. Such a polar and wet, loosely packed,
and both-sided negatively charged interface is un-
usual for a stable protein dimer. In fact, these pecu-
liar biophysical properties suggest a charge-driven
sensing mechanism of the CadC transcriptional acti-
vator as will be further discussed below.

The putative ligand cavity and the
ReCls?~ complex of CadC,qy
The two subdomains of CadC,q enclose a cylinder-
shaped cavity in between, which is about 20 A long
and has a diameter of 13 A. A narrow hole, lateral to
the dimer interface described above, gives entrance to
this cavity [Fig. 1(D)] from the solvent. Its diameter
is about 5 A and it is lined by residues Arg321,
Glu324, Lys328, Asn414, and Asn415. Side chains of
altogether 46 residues form the central cavity in
CadCpgq. Its internal surface is made by 20 aliphatic
residues, of which 11 side chains (Leu347, Leu348,
Leu355, Leu381, Val385, Val425, Leu428, Leu451,
Val454, Leu455, and Ile493) form a hydrophobic
pocket within the o-helical subdomain. Ten residues
contribute polar side chains, of those Arg321 and
Arg480 are positively charged and Asp225, Asp241,
Glu378, and Glu447 are negatively charged [Fig.
3(A)]. Notably, in the heavy atom derivative that had
been prepared for phase determination the cavity
harbored one of the ReClg®~ complex ions [Fig. 3(C)]
while in the CadC,q apo-structure the cavity was
filled with a cluster of 20 ordered solvent molecules
arranged in typical hydrogen bonding distances.
Considering the in total doubly negative charge
of the hexachlororhenate ion it is surprising that
this ligand became accommodated in the mostly neg-
atively charged cavity. Yet, the metal-coordinating
chloride ions might be polarized by the electron-defi-
cient Re'V central ion to such an extent that positive
partial charges appear at the surface of this complex
ion. Apart from the electrostatic aspect, the ReClg?~
sterically fits well into the cavity and forms close
contacts with five residues: Asp225, Thr229, His344,
Glu447, and Trp450. In fact, their polar groups are
in hydrogen bonding distance to the six chloride
ions. In addition, there are three water molecules
located in the cavity that contribute hydrogen bonds:
one water molecule contacts Thr229, Asn232, and
Met448, the second one contacts Ser417 and Ile418,
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and the third one forms hydrogen bonds to residues
Gln421 and Glu447.

Docking studies with cadaverine

In principle, the cavity between the two subdomains
of the periplasmic region would be nicely suited to
accommodate the positively charged cadaverine
ligand of CadC, both with regard to sterical fit and
to electrostatic complementarity. Unfortunately,
soaking experiments with this ligand followed by
crystallographic analysis did not give rise to well
defined electron density. To identify side chains that
could possibly interact with cadaverine within the
presumed binding site, we performed a computer
simulation using the program AutoDock?! with
cadaverine initially provided in a random orienta-
tion. All the 10 best scoring results yielded cadaver-
ine in a mostly extended conformation and bound
with similar orientation in the cavity [Fig. 3(D)].
Cadaverine was surrounded by residues Glu447,
GIn421, and Tyr374 on one side and Asp225 as well
as Thr229 on the other. The polar or negatively
charged side chains were appropriately positioned to
form hydrogen bonds to both positively charged
amino groups of the ligand. AutoDock reported calcu-
lated dissociation constants for these 10 best CadCpq4-
cadaverine complexes in the range between 12 and
28 uM, which is in the same order of magnitude as
the Kp values from 96+18 uM previously measured
for the wild type protein via fluorescence titration.'*

Comparison between CadC,q and proteins with
related folds

A search for structurally related proteins in the pro-
tein data bank (PDB) with DALI?? revealed several
hits with Z-scores ranging from 11.8 to 9.5. Among
the best 20 candidates no protein with a recogniz-
able structural homology was found. Only parts of
two structures (hit nos. 8 and 15) showed some local
similarity with the o-helical subdomain of CadC.q
(Fig. 4). The peroxisomal targeting signal 1 binding
domain of Trypanosoma brucei peroxin 52 (PDB
entry 3CVN; Z-score = 10.6) exhibits a twisted 18 o-
helix bundle. A fragment of this structure formed by
o-helices 3 to 12 shows some resemblance with
CadCpq [Fig. 4(B)]. However, it is less compact and
the mutual arrangement of the o-helices is more
entwined in this section while one of the o-helices
clearly has a different orientation. The transcription
factor MalT domain III of Escherichia coli** (PDB
entry 1HZ4; Z-score = 9.9) likewise forms a twisted
18 o-helix structure. A fragment comprising o-heli-
ces 6-15 again shows similarity with the o-helical
subdomain of CadCpq. Interestingly, this protein is
also a transcriptional activator. The other 18 hits
were predominantly all-a-helical proteins but did not
exhibit significant similarity with CadC,q. Another
search for structurally related proteins using the
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HHPred server?® revealed one additional protein
with partial similarity to CadCpq: the tetratricopep-
tide repeat protein Nlpl of Escherichia coli (PDB
entry 1XNF).2® A fragment of this lipoprotein com-
prising o-helices 4 to 13 grossly resembles the o-heli-
cal architecture of CadC,q4, yet the helix arrange-
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ment is clearly more open. Consequently, CadCq
exhibits a novel fold, both with the 11-a-helix bundle
and the mixed B-sheet/o-helix assembly in its two
subdomains.

Homologous proteins with similar sequence
motifs

A BLAST?" search with the amino acid sequence of
CadCpq in the NCBI nonredundant protein sequen-
ces database®® revealed homologous CadC proteins
from 24 different bacterial species with sequence
identities ranging from 91 to 21%, namely (with GI
numbers of the NCBI database given in parenthe-
ses) Escherichia albertii (170766700), Escherichia
fergusonii  (218549242),  Klebsiella  variicola
(288936734), Klebsiella pneumoniae (206578436),
Salmonella enterica (161502288), Yersinia ruckeri
(238756479), Salmonella typhimurium (16765877),
Serratia proteamaculans (15737200), Serratia odori-
fera (293394724), Edwardsiella tarda (294635142),
Edwardsiella ictaluri (238918793), Vibrio cholerae
(147674140), Vibrio orientalis (261250472), Vibrio
harveyi (156972567), Vibrio shilonii (149190651),
Vibrio metschnikovii (260774390), Vibrio vulnificus
(27365392), Vibrio mimicus (262163818), Vibrio
parahaemolyticus ~ (28899667),  Vibrio  fischeri
(59712667), Vibrio alginolyticus (91228716), Aeromo-
nas hydrophila (117620838), Aliivibrio salmonicida
LFI1238 (209695912), and Acidobacteria bacterium
Ellin345 (94968198). Apart from these hits there
were only two shorter sequences with similarity to
CadCrq, yet corresponding to proteins of other
classes: the putative serine/threonine kinase of Psy-
chroflexus torquis (91215656) with 24% identity to
the CadC sequence 266-381 and the TPR repeat-
containing serine/threonine protein kinase of

Figure 3. Analysis of the cavity and the interface between
the two subdomains of CadCpg. (A) Electrostatic surface
properties (cf. Fig. 1) of the C-terminal a-helical subdomain
(residues 333-509; left) and the N-terminal predominantly -
sheet subdomain (residues 190-332; right). Both moieties
were rotated by +90° about a vertical axis to visualize the
internal cavity surfaces. Residues that contact the bound
ReClg?~ ion are labeled. (B) Hydrophobic surface
representation colored as in Figure 2B. (C) Complexation of
ReClg?~ within the central cavity. Interacting side chains of
CadC within a distance of 4 A to the rhenate central ion are
indicated. (D) Results from a docking simulation with
cadaverine. The three cadaverine conformations with
highest scores as well as the putative interacting residues
in the cavity are depicted as sticks. Cadaverine carbon
atoms are colored differently according to scoring rank
order: 1, yellow; 2, salmon; 3, green. Oxygen atoms are
shown in red, nitrogen atoms are shown in blue, hydrogen
atoms are shown in white, and hydrogen bonds are
indicated as dark green dashed lines.
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Figure 4. Comparison of the crystal structure and secondary structure topology of CadCq with its most closely related o-
helical bundle proteins. Subdomains to be considered for the comparison are colored whereas other structural elements are
shown in gray. (A) CadCq with its C-terminal subdomain (residues 333-512) comprising 11 a-helices (salmon). (B) The
peroxisomal targeting signal 1 binding domain of Trypanosoma brucei peroxin 5 (PDB entry 3CVN) forms a twisted 16 a-helix
bundle; helices 3-12 are colored green. (C) The transcription factor MalT domain Ill protein of Escherichia coli (1HZ4) forms
another twisted 18 a-helix bundle; helices 6-15 are colored blue. (D) The tetratricopeptide repeat protein Nlpl of Escherichia

coli (1XNF) with a-helices 4-13 colored yellow.

Acidobacteria bacterium (94969422) with 27% iden-
tity to the CadC sequence 248-387. Interestingly,
several CadC orthologs revealed conserved residues
at the positions that line the putative cadaverine
cavity described above (Fig. 5).
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Discussion

CadC belongs to the ToxR-like regulators that
encompass biochemically non-modified one-compo-
nent systems with similar gross topology, including
several low pH-induced transcription regulators.

Crystal Structure of CadC
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(16131959), Escherichia fergusonii ATCC 35469
), Serratia proteamaculans 568 (157323768), Yersinia

is marked by an asterisk. Gl numbers (www.ncbi.nlm.nih.gov/Sitemap/

sequencelDs.html) are given in parentheses: Escherichia coli MG1655

(218549242)

Salmonella enterica serovar typhimurium LT2 (16765877

3

Figure 5. Sequence alignment of CadCq orthologs (residues 188-512) from a representative set of y-proteobacteria. Amino
ruckeri ATCC 29473 (238756479), Klebsiella pneumoniae NTUH-K2044 (218117876), Edwardsiella tarda EIB202 (267983771).

acids lining the characteristic cavity of CadCq are labeled as small vertical arrows above the sequences while residues
Secondary structure elements are shown as horizontal arrows (8-strands) and rods (x-helices), respectively, above the

involved in the dimer interface are indicated by arrows underneath, many of which involve fully conserved positions.
alignment according to the crystal structure of the Escherichia coli CadCpq4 protein determined in this study. Amino acid

Asp471, which is important for pH-sensing,



Because of the important role of these proteins for
bacterial virulence, for example ToxR of Vibrio chol-
erae, there is elevated interest in their biomolecular
mechanism. Albeit there is no clear correlation
between the primary structures of the periplasmic
domains of CadC and ToxR, even in terms of size
(CadCpq4: 325 amino acids; ToxRyq: 100 amino acids),
it is conceivable that the general mechanism of sig-
nal perception and transduction across the inner
bacterial membrane should be related.

The X-ray analysis of CadC,q reported here pro-
vides the first known tertiary structure for a sensory
domain of a (pH-activated) ToxR-like regulator. A
characteristic feature of the CadC,q structure is its
composition of two subdomains with a cavity at their
interface that is suited to accommodate cadaverine,
the feedback inhibitor of the Cad system. The dock-
ing results demonstrate that the side chains of the
residues Glu447, Asp225, Thr229, Tyr374, and
GIn421 within this pocket are appropriately oriented
to bind the positively charged ligand. This finding is
in agreement with the binding of the hexachloro-
rhenate ion in almost the same place. In this case,
the side chains of residues Asp225, Thr229, His344,
Glud47, and Trp450 are involved. Notably, the pre-
dicted dissociation constants for the CadC,4-cadaver-
ine complex from the docking experiment of 12-28
uM are in the same order of magnitude as the experi-
mentally determined value of 96 * 18 pM.'* The
lower estimated value may be caused by incorrect
assumptions for the electrostatic contribution to the
binding interaction. However, the measured moderate
affinity explains the lack of success in our soaking
experiments with this ligand. Generally, the flexibil-
ity of the cadaverine ligand and the preponderance of
electrostatic interactions should facilitate adaptation
of the mode of binding to partly different charged
and/or polar residues that line the ligand pocket in
other species (cf. Fig. 5). For example, it seems that
in bacteria that carry Gly instead of Asp at position
225 the role of the charged side chain could be taken
over by the adjacent Asp229 (instead of Thr).

Another remarkable feature of the CadCpq crys-
tal structure is the formation of a biological dimer as
revealed by PISA and CS analysis and experimen-
tally backed by size exclusion chromatography. The
quaternary structure of this dimer would allow an
arrangement with respect to the lipid bilayer that is
compatible with a preceding transmembrane seg-
ment leading into the N-terminal subdomain domi-
nated by the five-stranded B-sheet. Thus, it is con-
ceivable that pH-dependent protonation of
negatively charged side chains, including residue
Asp471, should affect the interface of the dimer,
resulting in an altered mutual orientation of the
periplasmic domains and, thus, to a general confor-
mational effect that becomes transduced via the
transmembrane segment and ultimately triggers
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transcriptional activity on the cytoplasmic side. The
observation that the mutation D471N (representing
the ON state) both has a pronounced effect on the
solubility of the protein (see Materials and Methods)
and leads to a different crystal packing supports the
notion of minute conformational changes at the
dimer interface that should functionally influence
transcriptional activity. This would also be consist-
ent with an additional role of cadaverine binding at
the cavity within each periplasmic domain on the
mode of dimer association, apart from the pH-sens-
ing effect. Notably, the complex between CadC,q and
the rhenate ligand showed a significantly smaller
interface area of 1368 A2 per monomer with fewer
hydrogen bonds (4) and salt bridges (2).

In conclusion, the three-dimensional structure
of CadCyq elucidated in this study establishes a new
protein superfamily as there is no significant struc-
tural similarity to any other protein in the PDB.
Only sub-structures of three large o-helical bundle
proteins show certain resemblance to the C-terminal
a-helical subdomain of CadCq. In particular, there
is no structurally related protein with the N-termi-
nal p-sheet subdomain of CadC4. The results from a
BLAST search underline these findings because
there is no independent protein in the database that
shows significant sequence similarity to CadCyq,
including members of the ToxR-like protein family
itself. However, CadC homologues with high
sequence similarity are found in several y-proteobac-
terial genera like the Salmonella, Serratia, and
Klebsiella. Thus, it can be expected that these CadC-
related proteins form a novel structural family with
similar functions in bacterial cell physiology. Muta-
genesis experiments are currently under way to fur-
ther study the structural mechanisms that underly
the pH- and ligand-dependent transcriptional activa-
tion of this interesting bacterial membrane sensor
protein.

Materials and Methods

Overexpression and purification of wild type
CadC,4 and its variants D471E and D471N
CadCpq was produced as a fusion protein consisting
of N-terminal thioredoxin, a double Hisg-tag inter-
spersed with thrombin and enterokinase cleavage
sites, and the CadC fragment comprising residues
188-512 (Swiss-Prot entry P23890). This hybrid pro-
tein was overproduced in Escherichia coli Origami B
(DE3)/pLysS using the plasmid pET32a-CadC188-512
as described before.!* The structural genes for the
CadC,q variants D471E and D471N were obtained by
site-directed mutagenesis and expressed like the wild
type protein.’” Briefly, the fusion proteins were puri-
fied from the bacterial whole cell extract by Ni-NTA
affinity chromatography. After that, thioredoxin was
cleaved off using the Thrombin Cleavage Capture Kit

Crystal Structure of CadC



(Merck, Darmstadt, Germany). The reaction product
was dialyzed against 20 mM Tris/HC1 pH 8.0, 130
mM NaCl and applied to a Q Sepharose Fast Flow
anion exchange column (GE Healthcare, Munich,
Germany), followed by elution with a gradient rang-
ing from 130 mM to 1 M NaCl in 20 mM Tris/HCI pH
8.0. Fractions containing CadC,q were pooled and
concentrated to 11 mg/mL by ultrafiltration. The wild
type protein was finally purified by size exclusion
chromatography using an S75 analytic HR 10/30 col-
umn (GE Healthcare) in the presence of 10 mM Tris/
HCI pH 7.5, 150 mM NaCl. CadCyq was then concen-
trated with 10 kDa cut-off Vivaspin tubes (Vivas-
cience, Hannover, Germany) yielding two batches
with concentrations of 8.8 and 13 mg/mL, respec-
tively, and filtrated with 0.45 pm Spin-X centrifuge
tubes (Corning Inc., Corning, NY) before crystalliza-
tion. To measure the apparent size of the wild type
CadC,q protein, a size exclusion chromatography was
performed on a calibrated S200 analytic HR 10/30
column (GE Healthcare) in the presence of 150 mM
NaCl, 10 mM Tris/HCl pH 7.5. The CadC,q variant
D471E was purified in the same way and finally con-
centrated to 14 mg/mL. The variant D471N, however,
formed a gel-like precipitate after the first dialysis
against 20 mM Tris/HCl pH 8.0, 130 mM NaCl,
resulting in an initial protein concentration of merely
2.8 mg/mL. Following centrifugation and sterile filtra-
tion, the protein was purified via anion exchange
chromatography as described above, and, after
adjusting the NaCl concentration to 500 mM, sub-
jected to ultrafiltration. The concentrated sample,
which turned opaque after resting on ice for an hour,
was cleared by filtration through a Spin-X tube,
resulting in a final protein concentration of 6.9 mg/
mL, and used for crystallization trials without size
exclusion chromatography.

Protein crystallization and preparation of heavy
atom derivatives

CadC,q was crystallized using the hanging drop
vapor diffusion technique, yielding crystals within 1
week at 20°C. The precipitants were 1.4 to 1.7 M
(NH4)2SO,4 in combination with 4.5—11% (v/v) 2-pro-
panol (without additional buffer except for the 10
mM Tris/HCl pH 7.5 from the original protein solu-
tion; cf. above). Crystals of native CadC,q were har-
vested from their drops, dipped into the reservoir so-
lution supplemented with 30% (v/v) glycerol, and
flash-frozen. Crystals of the variant D471E were
grown under the same conditions, whereas crystals of
the variant D471N were obtained in an acidic milieu
with 20% (w/v) PEG 6000, 100 mM Na-citrate pH 5.
In the latter case, the droplets were set up with a 2:1
protein to precipitant volume ratio to compensate for
the lower concentration of the original protein solu-
tion. A search for heavy atom compounds (Hampton
Research, Aliso Viejo, CA) that bind to wild type
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CadCpq was performed by means of native polyacryl-
amide gel electrophoresis (PAGE).?° To this end, 5 pL
of each heavy atom compound with a concentration of
10 mM in aqueous solution was added to 5 pL of a 2
mg/mL CadCpyq solution in 10 mM Tris/HCl pH 7.5,
150 mM NaCl and the mixture was applied to 6.5%
(w/v) PAGE in the presence of 750 mM Tris/HCl pH
7.5 using 190 mM glycine, 10 mM Tris/HCI pH 8.3 as
running buffer. A detectable band shift of the pro-
tein-heavy atom complex led to the identification of
K5ReClg as a promising compound. To prepare the
heavy atom derivative for X-ray data collection, crys-
tals of CadCpq were first transferred from the mother
liquor described above to 2.5 M LiySO4 to avoid the
formation of metal-ammonia complexes. Then, a solu-
tion of 30 mM KyReClg and 1.7 M Li,SO,4 was cau-
tiously added to the drop such that the final ReClg?~
concentration reached 5 mM. Within about 10 min
the initially pale yellow color of the droplet changed
to dark violet. On the next day, the deeply colored
crystals were washed in 2.5 M Li;SO4 to remove pre-
cipitated rhenium salt. Then, the soaking was
repeated for 4 h, again followed by washing of the
crystals with 2.5 M LiySO,4. Finally, crystals were
transferred to 2.5 M LiySOy4, 30% (v/v) glycerol, using
MicroMount loops (MiTeGen, Ithaca, NY) and flash-
frozen in liquid nitrogen.

Data collection and processing,

model building, and refinement

For the structure solution of CadCpq via MAD, three
datasets from a single Re-soaked crystal of space
group P6,22 were collected at BESSY beam line
14.2. Diffraction up to a resolution of 2.3 A (peak),
2.6 A (inflection), and 2.9 A (high energy remote)
was measured at 100 K (Table I). Data were proc-
essed with MOSFLM, scaled with SCALA,%* and
heavy atom sites were identified with SHELXD.?!
Refinement of the Re sites, MAD phasing, solvent
flattening, and calculation of a native electron den-
sity map were carried out with SHARP.?2 The initial
atomic model of the Re-complexed CadCyq was built
using ARP/WARP?’ and manually corrected with
Coot.?® Altogether 16 ReClg?~ sites were verified by
inspecting the anomalous density map, and their oc-
cupancy was adjusted to yield B-factors similar to
surrounding protein atoms. The geometry of the
ReClg®™ complex ion itself was obtained from the
Inorganic Crystal Structure Database,®® revealing
Re-CI distances in the range from 2.353 to 2.367 A,
consistent with literature data.?® Hence, restraints
during refinement were set for Re-Cl distances to
2.36 A and for Cl-Re-Cl angles to 90°. After initial
refinement of the protein-rhenate complex the crys-
tal structures of the native protein and its variants
were solved by molecular replacement with Phaser®®
using corresponding data sets collected at BESSY
beam lines 14.1 and 14.2 (Table I). In the case of the
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D471N crystal, diffraction data were processed with
XDS.3” Water molecules were added to all models
using ARP/WARP, rotamers of Asn and Gln residues
were adjusted with NQ-Flipper®® and, subsequently,
all protein models were refined with Refmac5® in
iterative cycles interspersed with manual correction.

The electron density map of native CadC,q at a
resolution of 1.8 A (Table I) allowed model building
for 314 of the 362 residues present in the recombi-
nant protein, namely Ser190-Lys206 and Tyr215-
Ser511. For the ReClg?~ derivative of CadC,gq, there
was electron density for altogether 286 residues:
11e192-Val204, Leu217-Tyr245, Ser251-Phe261,
Phe273-Val293, and Asn298-Leu509. For the
CadCpq variant D471E the electron density map at
1.9 A resolution covered residues Lys189-Lys206
and Tyr215-Ser511, while in the case of D471N
there was electron density at 2.2 A resolution for
residues Ser190-Val204, GIn216-Asn263, Cys272—
Glu394, and Ala399-Ser511. The C-terminal residue
Glu512 as well as the N-terminal Hisg-tag, including
the remaining upstream linker of the processed
fusion protein (47 residues), were invisible in all
structures. The models were validated with PRO-
CHECK®*® and WHAT_CHECK.*® Secondary struc-
ture elements were assigned using DSSP*! and sec-
ondary structure topologies were depicted with
TopDraw.*? Crystal packing contacts and protein
interfaces were analyzed with PISA'® and with SC2°
from CCP4.2° Graphics were prepared with
PyMOL*® and GRASP** Structural superposition
was carried out with PyMOL while docking studies
were performed with AutoDock 4.2! Evolutionary
related CadC,q sequences were searched with
BLAST?” in the NCBI non-redundant protein
sequences database.?® Sequence alignments were
subsequently made with ClustalW2*® and edited
using Aline*® with a low similarity cut off value of
0.241 (similarity groups DE FWY HKR ILMV NQ
ST). Structurally related proteins were searched
with DALI?? and HHPred.?® The atomic coordinates
and structure factors of the CadCyy models have
been deposited at the RCSB Protein Data Bank
under the accession codes 3LY7 (wild type protein),
3LYA (Re-derivative), 3LY8 (variant D471E), and
3LY9 (variant D471N).
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The membrane-integrated transcriptional regulator CadC of
Escherichia coli activates expression of the cadBA operon at
low external pH with concomitantly available lysine, providing
adaptation to mild acidic stress. CadC is a representative of the
ToxR-like proteins that combine sensory, signal transduction,
and DNA-binding activities within a single polypeptide. Al-
though several ToxR-like regulators such as CadC, as well as the
main regulator of Vibrio cholerae virulence, ToxR itself, which
activate gene expression at acidic pH, have been intensively
investigated, their molecular activation mechanism is still
unclear. In this study, a structure-guided mutational analysis
was performed to elucidate the mechanism by which CadC
detects acidification of the external milieu. Thus, a cluster of
negatively charged amino acids (Asp-198, Asp-200, Glu-461,
Glu-468, and Asp-471) was found to be crucial for pH detection.
These amino acids form a negatively charged patch on the sur-
face of the periplasmic domain of CadC that stretches across its
two subdomains. The results of different combinations of amino
acid replacements within this patch indicated that the N-termi-
nal subdomain integrates and transduces the signals coming
from both subdomains to the transmembrane domain. Altera-
tions in the phospholipid composition did not influence pH-de-
pendent cadBA expression, and therefore, interplay of the acidic
surface patch with the negatively charged headgroups is
unlikely. Models are discussed according to which protonation
of these acidic amino acid side chains reduces repulsive forces
between the two subdomains and/or between two monomers
within a CadC dimer and thereby enables receptor activation
upon lowering of the environmental pH.

Bacteria that prefer the human intestine as a natural habitat
encounter a broad range of environmental stresses, including
acidic pH (1). To survive a decrease in the external pH, neutro-
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philic bacteria such as Escherichia coli, Salmonella typhimu-
rium, and Vibrio cholerae possess different stress response sys-
tems to maintain the cytoplasmic pH in the physiological range.
One system that is important for the response to mild acidic
stress in E. coli is the Cad system (1). The Cad system of E. coli
consists of the cytoplasmic protein CadA and the transmem-
brane proteins CadB and CadC. The lysine decarboxylase CadA
converts lysine upon consumption of a cytoplasmic proton to
cadaverine and carbon dioxide. Subsequently, CadB transports
the basic reaction product cadaverine in exchange for lysine out
of the cell (2, 3). Transcription of the cadBA operon in E. coli is
activated when the external pH drops below pH 6.6 if external
lysine is available (4, 5). The main activator of the Cad system is
the inner membrane protein CadC (6).

CadC is a member of the family of ToxR-like transcriptional
activators that comprise several low pH-regulated activators,
including the main regulator for virulence of V. cholerae, ToxR.
ToxR-like regulators are characterized by a conserved modular
composition. They exhibit a cytoplasmic DNA-binding domain
with a winged helix-turn-helix motif, a single transmembrane
domain, and a periplasmic sensor domain. In contrast to histi-
dine kinase/response regulator systems, in which signal trans-
duction is accompanied by phosphorylation reactions, signal
transduction in ToxR-like regulators is mediated without
chemical modification (7). Thus, ToxR-like regulators are one-
component systems that exhibit sensory, signal transduction,
and effector function within one polypeptide (8). Although
transcriptional activation by ToxR as well as CadC has been
intensively investigated using genetic and biochemical meth-
ods, the precise molecular mechanism is hardly understood.
Previously, we showed that CadC is not the direct sensor for
lysine but senses lysine via interplay with the lysine-permease
LysP as co-sensor (9). Using random mutagenesis, Dell et al.
(10) identified several CadC variants with mutations in the
periplasmic domain that were impaired in the pH-dependent
regulation of the Cad system. Therefore, the pH sensory prop-
erty was assigned to the periplasmic domain of CadC. Recently,
the three-dimensional structure of the periplasmic domain of
E. coli CadC was solved (41). In this study, we employed a struc-
ture-guided mutational analysis that led to the identification of
a negatively charged patch comprising acidic amino acids on
the CadC periplasmic domain surface as crucial for sensing low
pH.
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The pH Sensor CadC of Escherichia coli

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—E. coli JM109 or
DH5a (11, 12) was used as a carrier for the plasmids described.
All plasmids used in this study are listed in supplemental Table
1. E. coli BL21(DE3)pLysS (13) was used for expression of cadC
and its variants from the T7 promoter. E. coli EP314 (14), which
carries a cadA-lacZ fusion gene and a Tn10 transposon in cadC,
was complemented with plasmids (pET16b-based) encoding
cadC and its variants and used for cadBA transcriptional anal-
ysis. For strain maintenance, plasmid preparation, and protein
overproduction, strains were grown in LB medium (15). To
monitor signal transduction in vivo, E. coli EP314 transformed
with the indicated plasmids was grown in minimal medium
(16). The pH was adjusted to either pH 5.8 or pH 7.6 using the
corresponding phosphate-buffered medium. E. coli strains with
modified phospholipid content (E. coli AD93 with or without
plasmid pDD72 (17) and HDL1001 (18)) were grown in LB
medium that was pH-adjusted using 100 mm MOPS (pH 7.6 or
7.0) or MES (pH 5.8). To enable growth of AD93, 50 mm MgCl,
was added to the medium (17). Where indicated, lysine was
added to a final concentration of 10 mm. Antibiotics were added
for selection purpose at concentrations of 100 ug/ml (ampicil-
lin), 50 ug/ml (kanamycin), and 34 ug/ml (chloramphenicol).

Construction of cadC Variants—All cadC variants were con-
structed by either one- or two-step PCR using mismatched
primers (19). To facilitate construction, four unique restriction
sites (Xhol, 1338T— C and 1341 A— G; Xmal, 1443A—C; Sacl,
1002T—A, 1005G—T, and 1006T—C; and Sacll, 588A—G
and 591C— G; numbers indicate the nucleotide positions in the
cadC sequence) were introduced into plasmid pET16b-cadC2
(9) by silent mutation, resulting in plasmids pET16b-cadC3
(Xhol), pET16b-cadC4 (Xhol and Xmal), pET16b-cadC5 (Xhol
and Sacl), pET16b-cadC6 (Xhol, Xmal, and Sacl), and pET16b-
cadC7 (Xhol, Xmal, Sacl, and Sacll) (supplemental Table 1).

Detection of CadC in the Membrane Fraction—Verification
of production and membrane integration was carried out for all
CadC variants as described previously (9).

Measurement of CadC Signal Transduction Activity in Vivo—
Cultivation of cells and measurements of the signal transduc-
tion activity of different CadC variants by B-galactosidase
assays were performed as described previously (9). To analyze
the influence of changes in the phospholipid composition, cells
of an overnight culture (grown in LB medium at pH 7.6) were
inoculated into fresh LB medium (pH 7.6) with the Agy,
adjusted to 0.05. Cells were grown under aerobic conditions at
37 °C to mid-logarithmic growth phase (44,, ~ 0.7) and har-
vested by centrifugation (37 °C). Pellets were resuspended and
transferred to prewarmed LB medium (pH 5.8 -7.6) by adjust-
ing the Ay, to 0.7. After growth for another 1.5 h, cells were
harvested by centrifugation. To test CadA activity, a modified
spectrophotometric assay for lysine decarboxylase as described
by Lemonnier and Lane (20) was used. For this purpose, the cell
density was adjusted to Ag,, = 1 with 20 mMm potassium P;
buffer (pH 5.8). Subsequently, 200 ul of this cell suspension was
mixed with 20 ul of chloroform to disrupt cells. After settling of
the chloroform, 10 ul of the chloroform-free supernatant was
added to 120 ul of either a lysine-free (control) or a lysine-
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containing reaction mixture consisting of 16 mm potassium P,
buffer (pH 5.8) and 0.1 mm pyridoxal phosphate (Sigma) with
and without 5 mum lysine (Sigma) 37 °C. The enzymatic reaction
was performed at 37 °C for 15 min and thereafter stopped by the
addition of 120 ul of 1 M Na,COj;. Subsequently, lysine and
cadaverine were derivatized by adding 120 ul of 10 mm picryl-
sulfonic acid (2,4,6-trinitrobenzenesulfonic acid; Sigma), fol-
lowed by incubation at 40 °C for 4 min. To each sample toluene
(1 ml) was added, followed by vigorously mixing for 20 s. The
toluene and aqueous layers were separated by centrifugation.
N,N'-Bistrinitrophenyllysine is soluble in water but not in tol-
uene, whereas the reverse is true for N,N’-bistrinitrophenyl
cadaverine (21). The absorption of N,N’-bistrinitrophenyl
cadaverine (toluene phase) was determined at 340 nm, and the
specific activity of CadA (uwmol/min*mg) was calculated.
Three-dimensional Structure Analysis—Analysis of the
three-dimensional structure of the periplasmic domain (Pro-
tein Data Bank code 3LY7) was carried out using the PyMOL
molecular viewer, version 0.99rc6 (22). Calculation of electro-
static surface was carried out with the program GRASP (23).

RESULTS

Histidine Residues Are Not Involved in pH Detection by CadC—
Moderate acidification (pH 6.6) of the surrounding medium in
the presence of lysine is sufficient to activate transcription of
the cadBA operon in E. coli. Full induction of this operon is
accomplished at or below pH 5.8 (4). These values are close to
the pH value at which histidine side chains become protonated
(pK, around 6). In addition, histidines have already been shown
to mediate the pH response in several proteins such as the sen-
sor kinase PhoQ of Salmonella typhimurium (24) and the his-
tidine kinase ArsS of Helicobacter pylori (25). The periplasmic
domain of CadC contains six histidine residues (His-240, His-
332, His-345, His-349, His-387, and His-390), which were all
replaced with either leucine or glutamine to substitute the
imidazole ring with different side chains of similar size. Plas-
mids encoding the corresponding CadC variants were intro-
duced into the reporter strain E. coli EP314, which lacks a func-
tional chromosomal cadC gene and carries a cadA-lacZ fusion
gene (9, 14). With the exception of CadC-H240Q, all variants of
CadC with histidine replacements induced cadBA expression
atlow pH but not at pH 7.6, similar to wild-type CadC (Fig. 1A4).
Because all CadC variants were inserted into the membrane
(Fig. 1B), the lack of response of CadC-H240Q seemed to be
related to defects in sensing and/or signal transduction (off-
state). To test whether the off-state of CadC-H240Q was due to
the loss of the positive charge of the protonated imidazole ring
or other structural effects, arginine and leucine were intro-
duced at this position, respectively. Indeed, replacement of
His-240 with leucine and also with arginine resulted in pH-re-
sponsive CadC variants, albeit the signaling capacity of CadC-
H240R was somewhat reduced (Fig. 14). These results indicate
that the imidazole side chain of His-240 is not important for pH
sensing but that this amino acid seems to play a more intricate
role in signaling.

Glu-461, Glu-468, and Asp-471 Are Involved in pH Sensing—
Full induction of cadBA transcription occurs at pH 5.8, a pH
value at which initial protonation of aspartate (side chain pK, of
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FIGURE 1. A, influence of histidine replacements in the periplasmic domain of
CadC on cadBA expression. Reporter gene assays were performed with E. coli
EP314 (cadC1::Tn10, cadA’::lacZ) that was complemented with plasmid-en-
coded cadC or the mutant indicated. Cells were cultivated under microaero-
bic conditions in minimal medium in the presence of 10 mm lysine at pH 7.6
(black bars) or at pH 5.8 (white bars). The activity of the reporter enzyme 3-ga-
lactosidase was determined according to Miller (40) and served as a measure
for cadBA expression. The experiment was performed in triplicate, and error
bars indicate S.D. B, verification of production and integration of CadC vari-
ants into the cytoplasmic membrane of E. coli. E. coli BL21(DE3)pLysS was
transformed with plasmids encoding either wild-type or mutant cadC. Each
lane contained 25 pg of membrane protein. CadC was detected by a mono-
clonal mouse antibody against the His tag and an alkaline phosphatase-cou-
pled secondary antibody.

3.9) or glutamate (side chain pK, of ~4.3 (26)) residues,
depending on their electrostatic environment, could be respon-
sible for pH sensing. The periplasmic domain contains 19
aspartates and 15 glutamates. Because almost all pH-sensitive
amino acids previously identified by Dell ez al. (10) were located
close to the C terminus, we initially focused on 10 C-terminal
aspartate and glutamate residues (Asp-434, Glu-435, Asp-445,
Glu-447, Glu-461, Glu-468, Asp-471, Glu-490, Asp-506, and
Glu-512). Each amino acid was substituted with the related car-
boxamide amino acid devoid of charge (i.e. asparagine instead
of aspartate and glutamine instead of glutamate) to mimic the
uncharged protonated state and also with arginine to further
introduce a positive net charge. The effect of each amino acid
replacement was tested as described for the histidine variants.
Most of the resulting CadC variants activated cadBA expres-
sion like wild-type CadC (Fig. 2 and Table 1). However, re-
placement of Glu-461, Glu-468, and Asp-471 caused either
nonresponsive CadC variants (off-state) or pH-insensitive, i.e.
constitutively activated, CadC variants (on-state) (Fig. 2A4).
Therefore, the role of these residues was further analyzed by
additional amino acid replacements. For Glu-461, shortening
the side chain (CadC-E461A), removing the negative charge
(CadC-E461Q), and introducing a positive charge (CadC-
E461R) resulted in nonresponsive proteins. Even the introduc-
tion of aspartate at this position (CadC-E461D) abolished the
response to the external low pH signal (off-state). Hence, any
alteration of Glu-461 led to CadC variants that were arrested in
the off-state. More or less the same results were observed when
Glu-468 was replaced. In this case, only the conservative
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FIGURE 2. A, influence of replacements of acidic amino acids in the C-terminal
region of the CadC periplasmic domain on cadBA expression. Reporter gene
assays were performed with E. coli EP314 (cadC1::Tn10, cadA’:lacZ fusion)
that was complemented with plasmid-encoded cadC or the indicated cadC
mutant. Cells were cultivated under microaerobic conditions in minimal
medium with 10 mm lysine at pH 7.6 (black bars) or at pH 5.8 (white bars). The
reporter enzyme p-galactosidase was determined as described in the legend
toFig. 1. B, verification of production and integration of CadC variants into the
cytoplasmic membrane of E. coli (see Fig. 1).

TABLE 1

Influence of replacements of aspartate and glutamate residues in the
C-terminal subdomain of the periplasmic domain of CadC on cadBA
expression

Reporter gene assays were performed with E. coli EP314 (cadC1:Tn10, cadA'::lacZ)
that was complemented with plasmid-encoded cadC or the indicated cadC mutant.
See also Fig. 2.

cadBA expression
(B-galactosidase activity)

CadC variant pH 5.8 + lysine pH 7.6 + lysine
Miller units

Plasmid control 1.9 2.0

Wild-type CadC 437.7 11.8
D434N 417.8 25.1
D434R 250.4 12.5
E435Q 465.2 12.7
E435R 270.4 10.3
D445N 384.3 10.2
D445R 263.6 9.3

E447Q 789.4 315
E447R 699.6 8.8

E490Q 281.0 53.8
E490R 338.7 14.5
D506N 358.8 29.6
D506R 243.9 6.6

E512Q 359.7 355
E512R 272.7 35.4

replacement with aspartate (CadC-E468D) resulted in a pH-re-
sponsive sensor, albeit with lower activity (Fig. 2A4). Notably,
the replacement of aspartate at position 471 evoked different
effects. Small uncharged amino acids such as alanine and gly-
cine (CadC-D471A/G) (Fig. 2A4) (10), as well as the larger
uncharged asparagine (CadC-D471N) converted CadC to the
on-state. On the other hand, the charged amino acids glutamate
(CadC-D471E) and arginine (CadC-D471R) at this position led
to nonresponsive CadC proteins, which no longer activated
cadBA expression when exposed to low pH (Fig. 24). As the
three-dimensional structure of the periplasmic domain of
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' TM helix

FIGURE 3. Localization of histidine, glutamate, and aspartate residues
investigated in the first mutagenesis screen within the three-dimen-
sional structure of the periplasmic domain of CadC (41). The preceding
transmembrane (TM) helix is indicated by an arrow. The N-terminal sub-
domain of the periplasmic domain is colored gray, and the C-terminal sub-
domain is colored green. The side chains of residues that were mutated but
did not alter the pH response of the corresponding CadC variants are colored
blue. Amino acids whose mutagenesis suggested a role in pH sensing are
indicated in orange (off-state) or red (on-state). Secondary structure elements
are labeled with white letters (41).

Cc

CadC was recently solved (41), the amino acids involved in pH
sensing identified thus far could be located in the tertiary struc-
ture. The CadC periplasmic domain consists of two sub-
domains (Fig. 3). Only His-240 is located in the N-terminal
subdomain, whereas Glu-461, Glu-468, and Asp-471 are
located in the C-terminal subdomain, which forms a bundle of
a-helices (Fig. 3). Strikingly, Glu-468 and Asp-471 are located
within the same a-helix (helix 11), like Leu-479 and Thr-475,
which were previously identified by Dell et al. (10). Glu-461 is
located in helix 10, and its side chain is oriented toward helices
11 and 12. Interestingly, His-240 is found in close proximity to
a-helices 10 and 11 and displayed on the same protein face as
Glu-468 and Asp-471.

Helix 11 Harbors pH-sensing Residues—Beside Glu-468 and
Asp-471 within helix 11, two CadC variants with altered pH
responses were already known from the random mutagenesis
experiments of Dell e al. (10), namely CadC-T475A and CadC-
L479S. To further clarify the role of helix 11 in pH sensing, we
systematically exchanged all remaining surface-exposed resi-
dues (Arg-467, Leu-474, and Asn-478) (Fig. 4). In addition, we
mutated Arg-480 and Phe-477 to analyze the influence of the
charged residue (Arg-480) and the hydrophobic side chain
(Phe-477) (Fig. 4). Beyond these residues, helix 11 contains four
alanines. Because these alanines are part of the contact area
with the neighboring helices 10 and 14, they were not replaced.
Substitution of arginine at position 467 (CadC-R467A/Q/E/K)
clearly abolished the pH response (off-state) of the correspond-
ing CadC variants (Fig. 4B), although the mutations did not
affect biosynthesis or membrane integration (Fig. 4C). Substi-
tution of the other surface-exposed residues (CadC-L474A and
CadC-N478A) led to CadC variants that remained in the on-
state (Fig. 4B). Because changes of Arg-467, Leu-474, and Asn-
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FIGURE 4. Helix 11 of the periplasmic domain of CadC. A, amino acids of helix 11 that were investigated are colored blue (wild type-like phenotype), orange
(off-state), or red (on-state). Side chains that are depicted in green were previously identified by random mutagenesis (Thr-475 and Leu-479) (10). The color code
of the subdomains and the labeling of secondary structure elements is the same as described in the legend to Fig. 3. B, influence of amino acid replacements
in helix 11 in the periplasmic domain of CadC on cadBA expression. Reporter gene assays were performed with E. coli EP314 (cadC1:Tn10, cadA’::lacZ fusion)
that was complemented with plasmid-encoded cadC or the indicated cadC mutant as described in the legend to Fig. 1. C, verification of production and
integration of CadC variants into the cytoplasmic membrane of E. coli BL21(DE3)pLysS.
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FIGURE 5. Helix 10 of the periplasmic domain of CadC. A, amino acids of helix 10 of the periplasmic domain of CadC embrace helix 11. Amino acids that were
investigated are colored blue (wild type-like phenotype) or orange (off-state). The color code of the subdomains and the labeling of secondary structure
elements is the same as described in the legend to Fig. 3. B, influence of amino acid replacements in helix 10 in the periplasmic domain of CadC on cadBA
expression. Reporter gene assays were performed with E. coli EP314 (cadC1:Tn10, cadA’:lacZ fusion) that was complemented with plasmid-encoded cadC or
theindicated cadC mutantas described in the legend to Fig. 1. Black bars, pH 7.6; white bars, pH 5.8. C, verification of production and integration of CadC variants

into the cytoplasmic membrane of E. coli (see Fig. 1).

478 (all unprotonable or positively charged amino acids) caused
drastic effects on the pH-dependent cadBA expression, it is
conceivable that these amino acids, together with Thr-475 and
Leu-479, are responsible either for the correct positioning of
the protonable residues within this helix, namely Glu-468 and
Asp-471, or for their electrostatic force field. Exchange of Phe-
477 with different residues resulted in opposing phenotypes:
isoleucine at this position led to an almost pH-insensitive CadC
variant (on-state), whereas the smaller alanine (CadC-F477A)
did not alter pH sensing (Fig. 4B). Because removal of the aro-
matic side chain (CadC-F447A) did not affect pH-dependent
activation of CadC, it is likely that the effect seen for CadC-
F4771 was due to steric alterations evoked through insertion of
the B-branched isoleucine, which is less well accommodated in
a-helices. Finally, exchange of the second inward-facing resi-
due, Arg-480 (CadC-R480Q), did not significantly affect the
pH-sensing capability of CadC.

Helix 10 Exerts a Stabilizing Effect—As Glu-461 is located in
helix 10, the role of this helix in detecting low external pH was
investigated in greater detail. Tyr-453, Val-454, Lys-458, and
Tyr-460, together with Glu-461, decorate this helix on opposite
sides (Fig. 54). When Tyr-453 and Tyr-460 were replaced with
isoleucine, the resulting CadC variants exhibited different phe-
notypes. CadC-Y453I regulated cadBA expression similarly to
wild-type CadC, whereas CadC-Y460I blocked cadBA tran-
scription (off-state) (Fig. 5B). Tyr-453 and Val-454, which were
also inert to replacement (Fig. 5B), are located more at the
N-terminal end of helix 10, whereas Tyr-460, as well as Lys-458
and Glu-461, i.e. sensitive residues, are situated at the C-termi-
nal end. As in the case of Glu-461, each amino acid replacement
of Lys-458 (CadC-K458A/Q/R) led to a pH-nonresponsive pro-
tein in the off-state (Fig. 5B), although these variants were syn-
thesized and integrated into the membrane like wild-type CadC
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(Fig. 5C). The helix 10 residues analyzed are oriented toward
helix 11 and seem to embrace it. For this reason and also
because they are barely exposed to the surface of the protein, it
is assumed that the nontitratable residues provide a kind of
structural scaffold for the correct positioning of the pH-respon-
sive residues Glu-468 and Asp-471 in helix 11.

Identification of a Negatively Charged Patch That Extends
across Both Subdomains—Comparison of the location of amino
acids involved in pH detection and of the electrostatic charge at
the protein surface (Fig. 6A4) revealed that the residues in helix
11 are part of a broader negatively charged patch. Importantly,
one-half of this patch is formed by the N-terminal subdomain,
whereas the second half is located on the C-terminal sub-
domain (encompassing residues of helix 11) of the periplasmic
domain of CadC. Based on this notion, all other charged amino
acids contributing to this patch were analyzed by mutagenesis:
Asp-198, Asp-200, Glu-249, and also the positively charged
Lys-242. The role of the aspartates and the glutamate was
probed by removal of the negative charge (substitution with
asparagine or glutamine, respectively) or by shortening the side
chain (alanine). Furthermore, CadC variants that have a con-
servative exchange at these positions (mutual exchange
between glutamate and aspartate, respectively) were tested.
Mutations of Asp-198 and Asp-200 indicated the necessity of
the aspartate side chain at these two positions. Each replace-
ment (D198A/E/N and D200A/E/N) transformed the resulting
CadC variant to a pH-nonresponsive off-state (Fig. 6B), al-
though these proteins were properly integrated into the mem-
brane (Fig. 6C). In contrast, substitution of Glu-249 did not
significantly influence pH detection (Fig. 6B); all corresponding
CadC variants (CadC-E249A/D/Q) activated cadBA expression
in a wild type-like manner. In addition, we analyzed Lys-242 to
explore the role of this positively charged amino acid within the
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FIGURE 6. Acidic residues from both subd ins form a contig negatively charged surface patch. A, electrostatic surface coloring of the periplasmic

domain of CadC. Negatively charged surfaces are shown in red, whereas positively charged areas are shown in blue. The positions of Asp-198, Asp-200, Glu-461,
Glu-468,and Asp-471 at the protein surface are indicated by arrows. The boundary between the two subdomains is indicated by a white dashed line. The N (NH.)
and C (COOH) termini are indicated. B, influence of replacements of amino acids in the N-terminal subdomain on cadBA expression. Reporter gene assays were
performed as described in the legend to Fig. 1. Black bars, pH 7.6; white bars, pH 5.8. C, verification of production and integration of CadC variants into the
cytoplasmic membrane of E. coli.

cluster. Unexpectedly, only the mutation to arginine (CadC- reverted by expressing pss from a plasmid (pDD72) (17). The
K242R), which retained the positive charge, altered the CadC- second mutant, E. coli HDL1001 (18), is genetically modified
mediated pH-dependent activation, whereas CadC-K242A and  such that expression of pgsA, which is crucial for the production
CadC-K242Q showed a response like the wild-type protein  of phosphatidylglycerol and cardiolipin, is under the control of
(Fig. 6B). At first glance, this result would suggest that the Lys  the lac promoter. This mutant is characterized by an extremely
side chain naturally occurs in CadC in the unprotonated state low content of these two phospholipids (<2%). Both mutants
such that its replacement with the more basic arginine would were grown in medium at different pH values (pH 7.6, 7.0, and
lead to an electrostatic effect. However, the salt bridge between  5.8), and cadBA expression was recorded by measuring CadA
the Lys Ne group and the negatively charged carboxylate side activity (supplemental Fig. S1). In both mutants, cadBA expres-
chain of Asp-200 provides a more plausible explanation, as this  sion was induced in a pH-dependent manner, and no shift
electrostatic interaction is probably different and possibly even either in the onset of expression or in the induction level was
stronger with the shorter arginine side chain. Notably, Asp-200  observed in comparison with the corresponding control strains
also plays a crucial role in this context, as described above. (supplemental Fig. S1). Thus, alteration of the phospholipid

Role of Phospholipids in Sensing—Ca>" sensing mediated by ~ composition was without effect on cadBA expression, and it can
the histidine kinase PhoQ of S. typhimurium, for example, sup-  be concluded that the activation mechanism of CadC does not
posedly involves metal ion bridging between negatively charged  involve specific interactions with the phospholipid headgroups.
side chains of the protein and the phospholipid headgroups of The N-terminal Subdomain Transduces Signals to the Trans-
the cytoplasmic membrane (27). To test whether CadC might  membrane Domain—To gain insight into the signaling mecha-
sense a higher H* concentration via changes in a similar kind of ~nism between the two subdomains within the periplasmic
interaction, cadBA expression was analyzed in different E. coli  region of CadC, different amino acid replacements leading to
phospholipid mutant strains. These experiments were based on  the on- or off-state were combined within one polypeptide. In
the hypothesis that, at neutral pH, the repulsive force between  this way, a putative intramolecular complementation of differ-
CadC and the phospholipids is stronger than after protonation ent phenotypes was tested. For these experiments, the amino
of residues in the negatively charged surface patch. Hence, the acid replacements D198E (off-phenotype) and K242R (on-phe-
cadBA expression profile was determined in two phospholipid notype) in the N-terminal subdomain and the replacements
mutants, whereby major changes in the phospholipid compo- D471E (off-phenotype) and D471N (on-phenotype) in the
sition are expected to result in significant effects on CadC-me-  C-terminal subdomain were assembled in all pairwise combi-
diated output. E. coli AD93 (17) has an inactivated allele of the  nations. Interestingly, an intramolecular complementation was
gene encoding the phosphatidylserine synthase (pss93::kan), not achieved with any combination (Fig. 7). However, amino
which catalyzes the committed step in the synthesis of phos- acid exchanges in the N-terminal subdomain were always dom-
phatidylethanolamine. Due to this defect, the mutant has a inant over exchanges in the C-terminal subdomain. Thus, the
much higher content of negatively charged phospholipids replacements D198E and K242R transformed CadC into either
(phosphatidylglycerol and cardiolipin). This property can be the off- or on-state, respectively, regardless of the second site
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mutants. A, influence of different combinations of amino acid replacements
in the two subdomains on cadBA expression. Reporter gene assays were per-
formed with E. coli EP314 (cadC1:Tn10, cadA’::lacZ fusion) as described in the
legend to Fig. 1. Black bars, pH 7.6; white bars, pH 5.8. B, verification of produc-
tion and integration of CadC variants into the cytoplasmic membrane of
E. coli.

mutation. These results suggest that the N-terminal subdomain
integrates the signals coming from both subdomains and trans-
duces them to the transmembrane and thus to the cytoplasmic
domain (see Fig. 3).

DISCUSSION

The capability to adapt to changes in the external pH is vital
throughout all three domains of life. Changes in the intracellu-
lar pH can have severe effects such as induction of apoptosis in
human tissues (28 —30) and cell death in bacteria. To cope with
an acidification of the environment, different mechanisms have
evolved. Besides complete adaptation of the mode of life (i.e. for
acidophilic bacteria), cells often respond by changes in gene
expression. Therefore, pH sensors are crucial to monitor the
pH of the environment. Different strategies to detect acidic
stress are conceivable, e.g. pH-dependent protein folding and
unfolding (31), but direct measurement of protons would pro-
vide the most straightforward and rapid response.

The ToxR-like regulator CadC of E. coli senses acidification
of the environment through its periplasmic domain, thereby
enabling the bacterium to respond to unfavorable conditions
before experiencing challenges to the cellular interior. Until
now, the molecular mechanism by which CadC senses an
increase in the external proton concentration was not clear.

Histidine residues often mediate pH detection through pro-
tonation as shown for the pH-dependent folding switch of the
Pseudomonas syringae effector protein AvrPto (32), for interac-
tion of the diphtheria toxin T domain (33), and the pH-depen-
dent dimer dissociation of the dynein light chain LC8 (34).
Therefore and due to the fact that the activation range of cad BA
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expression (4) essentially matches the pK,, value of the free his-
tidine side chain, we analyzed the role of all histidines present in
the periplasmic domain of CadC by site-directed mutagenesis.
Our mutational analyses revealed, however, that protonation of
histidines is not essentially involved in sensing low pH.

Further analyses of protonable residues in the periplasmic
domain of CadC led to the identification of a negatively charged
patch at the protein surface (Fig. 6). This patch is formed by
Asp-198, Asp-200, Glu-461, Glu-468, and Asp-471 and extends
across both subdomains. Strikingly, almost all residues are
located on the same side of the protein surface, with Asp-198
and Asp-200 in the N-terminal subdomain and Glu-468 and
Asp-471 in the C-terminal subdomain (Fig. 6). Glu-461 is
almost buried within the protein but close to Glu-468. Substi-
tution of the titratable residues within this patch had drastic
effects (on-state, CadC-D471A/N; and off-state, CadC-D198A/
E/N, CadC-D200A/E/N, CadC-E461A/D/Q, CadC-E468A/
D/Q, and CadC-D471E/R). This might be due to a concerted
effect of the entire group of negatively charged amino acids, also
considering that the pK|, of titratable side chains depends on
the electrostatic environment and thus on the protonation state
of groups in its surroundings. One could speculate that sensing
the external H* concentration with such an elaborate network
could protect the cell from investing in an energy-consuming
process (protein expression) under the wrong conditions and
allows a graduated response of CadC to alterations of the exter-
nal pH as it was already demonstrated (4).

Interestingly, a similar network of acidic residues was found
to be involved in the pH-dependent gating of the acid-sensing
ion channel 1la (35). In contrast, neither the crystal structure
nor the site-directed mutagenesis studies presented here pro-
vided any evidence for the formation of specific salt bridges at
neutral pH that may be broken upon proton binding within the
CadC monomer, as was discussed for the pH-sensing mecha-
nism of the bacterial potassium channel KcsA (36). Instead, it
seems likely that the overall electrostatic potential at the pro-
tein surface (and associated variations in the Coulomb force
field) plays a role in pH-dependent conformational changes.

Perturbation of the negatively charged patch, even via
replacement of unprotonable or positively charged residues, led
to CadC variants with either pH-insensitive (on-state, CadC-
L479A and CadC-N478A) or nonresponsive (off-state,
CadC-H240Q, CadC-L479A, CadC-N478A, CadC-T475A,
CadC-L474A, CadC-R467A/E/K/Q, and CadC-K458A/Q/R)
phenotypes. Because of the severe effects caused by these amino
acid exchanges, one might speculate that these residues are vital
for the precise structural or dynamic integrity of the protein,
thus indirectly affecting pH sensing.

For the membrane-integrated kinase PhoQ, it was proposed
that the positively charged calcium ions form bridges between
the carboxylate side chains of the protein and the negatively
charged headgroups of phospholipids (27). A similar bridging
mechanism was described for the C2 membrane-binding
domain of protein kinase Ca and its interaction with phos-
phatidylserine (37). Alternatively, protonation of the negatively
charged surface patch of CadC might reduce repulsive forces
between CadC and phospholipid headgroups. Thus, protona-
tion instead of metal ion binding might lead to alterations in the
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protein orientation with respect to the lipid bilayer and hence
affect activity. However, based on our results obtained with two
different phospholipid mutants of E. coli, the protonation-me-
diated involvement of phospholipids seems unlikely.

Three putative mechanisms by which protonation of the
negatively charged residues within the surface patch affects the
conformation or dynamics of CadC are conceivable: (1) reduc-
tion of intramolecular Coulomb repulsion, (2) reduction of
intermolecular Coulomb repulsion, and (3) repositioning of
monomer subunits within a functional dimer relative to each
other. Mechanism 1 is based on the assumption that repelling
surfaces exist between the two subdomains within one CadC
monomer, more precisely between the two halves of the nega-
tively charged patch. The two subdomains could alter their
mutual arrangement via hinge movement at the connecting
loop (Leu-330-Arg-333). Structural changes could be propa-
gated to the transmembrane helix, resulting in binding of the
cytoplasmic domain to the DNA and/or RNA polymerase.
According to Mechanism 2, protonation would weaken the
electrostatic repulsion between two CadC monomers, leading
to pH-dependent oligomerization and corresponding signal
transduction across the cytoplasmic membrane. Indeed, two
CadC-binding sites have been identified in the P, promoter
(38), such that a CadC dimer would be needed for efficient
cadBA activation. This hypothesis is supported by recent obser-
vations from our structural analysis according to which the
periplasmic domain of CadC forms a dimer (41). It is important
to note that this protein-protein interaction is based mainly on
polar interactions. Notably, the pH-responsive residues identi-
fied in this study are located mostly at the dimer interface (Fig.
8). Thus, it is conceivable that protonation of the corresponding
residues would reduce intermolecular repulsion and allow
approximation or, at least, spatial rearrangement (correspond-
ing to Mechanism 3) of the two monomers. Unfortunately, such
a signal-dependent change in the oligomerization state is diffi-
cult to prove experimentally due to the naturally extremely low
copy number of CadC. Notably, none of the crystal structures
solved so far indicates major pH-dependent structural changes.
The crystal structure of the periplasmic wild-type domain, as
well as the domain of the off-state variant CadC-D471E and the
on-state variant CadC-D471N, showed nearly the same struc-
ture (41). This could be related to the fact that only a truncated
version was crystallized so far that lacks the ability to undergo
the changes of the full-length protein. Mechanism 3 also takes
into account that a CadC dimer is needed to activate cadBA
expression. In this case, the dimer is persistent, and the mono-
mers would change their position relative to each other only as
a consequence of a change in pH. Such a movement could be
achieved, for example, by a rotation similar to that described for
signaling in HAMP domains (39).

Regardless of the precise mechanism, the pH signal arising
from protonation of different side chains within the acidic
patch seems to be integrated and further transduced by the
N-terminal subdomain. This notion is based on our study of
combined amino acid replacements within the N- and C-termi-
nal subdomains. All tested amino acid replacements in the
N-terminal subdomain were found to dominate the phenotype
of the resulting CadC variants (CadC-D198E, off-state; and
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FIGURE 8. Residues involved in pH sensing are located at the CadC
periplasmic domain dimer interface. To distinguish the monomers, they
are colored in dark and pale colors, respectively. Residues that are crucial for
pH sensing are indicated in orange (off-state) or red (on-state). The N-terminal
subdomains of the periplasmic domain are colored gray, and the C-terminal
subdomains are colored green. The N termini, which are preceded by the
transmembrane helices, are indicated by white spheres, whereas the C termini
are indicated by black spheres.

CadC-K242R, on-state), regardless of the amino acid replace-
ment in the N-terminal subdomain.

In conclusion, it is proposed that CadC senses a decrease in
the external pH through direct binding of protons and associ-
ated conformational and/or oligomerization effects. Because of
the dose-dependent activation of cadBA expression between
pH 6.6 and 5.8 (4), it is conceivable that multiple residues are
involved in pH detection, giving rise to a network of pH-re-
sponsive side chains that may sense the external proton con-
centration in a cooperative manner. Depending on the external
pH, the charge of the identified surface patch varies due to
different protonation propensities of each titratable residue
within the network. Once a certain degree of charge neutraliza-
tion is achieved, cooperative conformational changes and/or
oligomerization occurs, resulting in the activation of cadBA
expression in the cytoplasm.
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5 THE FEEDBACK-INHIBITOR CADAVERINE
SUPPRESSES PH RESPONSE BY BINDING
TO THE PH SUSCEPTIBLE SITE OF CADC
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Background: CadC is a membrane-integrated sensor and transcriptional activator
that integrates various external signals.

Results: CadC is inactivated by binding of the feedback inhibitor cadaverine to the
activation site.

Conclusion: It is suggested that cadaverine binding interferes with the active CadC
dimer conformation.

Significance: This study provides molecular details on feedback regulation mediated
by a periplasmic sensor domain.
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5.1. Summary

5.1 Summary

At acidic pH and in the presence of lysine the pH-sensor CadC activates transcription
of the cadBA operon encoding the lysine-cadaverine antiporter CadB and the lysine
decarboxylase CadA. In effect, these proteins convert external lysine into external ca-
daverine under the consumption of a cytoplasmic proton, thus contributing to acid
stress adaptation in Fscherichia coli. Earlier, it was shown that cadBA expression is
feedback inhibited by cadaverine, and a cadaverine binding site was predicted within
the central cavity of the periplasmic domain of CadC. Our present study demonstrates
that the predicted binding site only partially accounts for the cadaverine sensitivity of
CadC in vivo. Moreover, a second, pivotal binding site was identified, which is localized
at the pH-responsive patch of amino acids at the surface of the periplasmic domain of
CadC, directly at the homo-dimerization interface. These data were incorporated into
a previously established mathematical model for the Cad module, and the temporal
response upon acid shock was simulated for two cadaverine-insensitive CadC variants.
Based on these data a model of sequential binding of cadaverine to CadC is suggested.
Binding of cadaverine within the central cavity renders the second site accessible for
cadaverine, and binding of cadaverine finally leads to the inactivation of CadC. Alto-
gether, the data reveal binding of a feedback inhibitor directly to the activation site of

a receptor, and represent a striking example for the deactivation of a pH-sensor.

5.2 Introduction

Rapid adaptation to changing environmental conditions is pivotal for the reproductive
success of microbes. For instance, enterobacteria, such as F. coli, thrive in- and outside
the human host, whereby growth conditions change suddenly and deviate drastically
from their optimal ranges [Bearson et al., 1997]. Adaptation to these ever-changing con-
ditions requires accurate monitoring of critical parameters and a precise and specific
extra/intracellular information flow in order to respond with appropriate alterations in
gene expression and protein activity [Chung et al., 2006]. Therefore, it is still chal-
lenging to understand how stress response systems integrate and process multiple input
signals and generate conditional responses to environmental stimuli.

One such conditional stress response system is the Cad module of E. coli, in which the
one-component receptor system CadC detects external acidification and activates tran-
scription of the cadBA operon [Watson et al., 1992]. cadA encodes the inducible lysine

decarboxylase and converts lysine under consumption of a cytoplasmic proton to cadav-
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Chapter 5. Cadaverine forces CadC into an inactive conformation

erine and carbon dioxide [Gale and Epps, 1944]. Cadaverine is subsequently excreted
via the lysine/cadaverine antiporter CadB. During this cycle, the proton consumption
in the cytoplasm and the export of alkaline cadaverine are believed to be the main
mechanisms to tackle acid stress [Meng and Bennett, 1992]. Since induction of cad BA
under stress conditions (acidic pH, low oxygen tension) results in a drastic increase of
the corresponding proteins (CadA increases to approx. 2% of cellular protein, see Stim-
Herndon et al. [1996]), transcription has to be tightly controlled. In fact, it is known
that the Cad module is only activated if in addition to the primary stimulus (low pH),
the substrate for the decarboxylase is also present (high lysine level) [Sabo et al., 1974]
and the product of the reaction is absent (low cadaverine level) |Fritz et al., 2009; Neely
et al., 1994]. Hence, CadC unifies the remarkable abilities of integrating and processing
three external cues, transmitting this information to the cytoplasm and, accordingly,
activating transcription of cadBA. Activation in the presence of lysine is most likely
accomplished by removal of an inhibitory interaction of CadC with the lysine permease
LysP mediated by the transmembrane domain [Tetsch et al., 2008]. Acidification of
the external milieu is most probably sensed by protonation of a patch of acidic amino
acids at the dimer interface within the periplasmic domain of CadC [Eichinger et al.,
2011; Haneburger et al., 2011]. This neutralization enables conformational changes that
lead to activation of cadBA transcription. While these studies have shed light on the
mechanisms of lysine sensing and low pH detection, the molecular details of feedback
inhibition of CadC by cadaverine are still unclear.

Crystal structure analysis of the periplasmic sensor domain of CadC (CadCpq) revealed
a central cavity between the two periplasmic subdomains of each CadC monomer, which
is adequate for accommodation of the positively charged cadaverine - both with respect
to sterical fit and electrostatic complementarity [Eichinger et al., 2011].

In the present study we functionally analyze the molecular details of CadC inactivation
by the feedback inhibitor cadaverine. We identify a second, pivotal cadaverine binding
site, that overlaps with the patch of pH-responsive amino acids. Mathematical simu-
lations support a sequential inactivation model for CadC. It is proposed that binding
of cadaverine to the first site induces conformational changes which render the second

site accessible for cadaverine. Binding of cadaverine then lead to rapid inactivation of
CadC.
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5.3. Experimental Procedures

5.3 Experimental Procedures

Bacterial strains and growth conditions - E. coli strains JM109 or DH5« [Taylor et al.,
1993; Yanisch-Perron et al., 1985] were used as cloning hosts for the plasmids listed
in Table S1. E. coli EP314 [Neely et al., 1994], which carries a cadA’-lacZ fusion
gene and a deletion in cadC, was complemented with plasmids (pET16b-based) encod-
ing cadC and its variants and was used to determine cadBA expression. For strain
propagation, plasmid preparation and protein overproduction, strains were grown on
Luria Bertani (LB) medium [Miller et al., 1992]. To monitor signal transduction in
vivo, B. coli EP314 transformed with the indicated plasmids was grown in minimal
medium as described below and previously published [Epstein and Kim, 1971; Tetsch
et al., 2008]. Antibiotics were added for selection at concentrations of 100 ug ml*
(ampicillin), 50 gg ml'! (kanamycin) and 34 pg ml™* (chloramphenicol). For monitoring
cadBA expression as well as CadA activity and cadaverine accumulation MG1655A cadC
[MG1655 cadC'::kan; MG1655 |Blattner et al., 1997] x P1(W3110-AcadC [Soksawat-
maekhin et al., 2004])] was transformed with plasmids pET16b-cadC2 [Tetsch et al.,
2008|, pET16b-cadC Y4531 [Haneburger et al., 2011] and pET16b-cadC_T475A, re-
spectively. These three strains were then cultivated as described earlier [Fritz et al.,
2009].

Measurement of extracellular cadaverine, intracellular CadA activity and cadBA expres-
sion - Enzymatic activity, cadaverine content and cadBA transcription were determined
as described earlier [Fritz et al., 2009].

Construction of cadC variants - Mutagenesis was performed by either one- or two-step
PCR using the appropriate oligonucleotides (Table S1). To facilitate construction, cadC
genes harboring singular restriction sites were employed [Haneburger et al., 2011; Tetsch
et al., 2008].

In vivo analysis of cadaverine dependent inhibition - Cultivation of cells in minimal
medium with 10 mM lysine and measurements of signal transduction activity of differ-
ent CadC variants by fs-galactosidase assays were performed as described before [Tetsch
et al., 2008]. In addition, cells were cultivated with addition of cadaverine/HCI at the
indicated concentrations to test for the effect on CadC-dependent cadBA expression.
Determination of in vitro affinity for cadaverine - The periplasmic domains of CadC _ -
T229A E447Q and wild type CadC were produced and purified as described in [Tetsch
et al., 2008|. Purification was complemented by an additional size exclusion chromatog-
raphy step (Superdex 200 10/300 GL, Amersham Pharmacia), to remove the thioredoxin
cleavage product of the initial fusion protein [Tetsch et al., 2008|. The purified protein

was used for scintillation proximity assays (with '*C-cadaverine from Hartmann ana-

59



Chapter 5. Cadaverine forces CadC into an inactive conformation

lytic) according to Quick and Javitch [2007] or tryptophan fluorescence measurements
as described in Tetsch et al. [2008] with a slightly changed buffer (Trp-buffer: 50 mM
sodium phosphate buffer (pH 7.0) and 150 mM NaCl).

Computational Model - To analyze the in vivo dynamics of the Cad module at a quan-
titative level, we previously established a mathematical model for the dynamics of the
three system variables cadBA mRNA, CadA activity, and external cadaverine monitored
in our experiments |Fritz et al., 2009]. Briefly, the model was guided by the known bio-
chemistry of the Cad module, describing the integration of the input signals by CadC,
a quasi-static CadC activity function and accounting for the dynamics of transcription,
translation and enzyme kinetics of the Cad module via ordinary differential equations.
Here we have refined this model by including the perception that CadC is active as
a dimer |Eichinger et al., 2011]. The fraction of active CadC dimer per cell (CadCs)
at time ¢t (Ca(t)), with respect to the maximal number of CadCy dimer per cell (Cp)
is defined as a function of its input signals - pH(¢), external lysine, 1(¢), and external

cadaverine, ¢(t) - and now reads

Ca(t)/ Co = f(pH(#)) x g(I(1)) x h(c(?)) (5.1)

wherein the functions f, g, and h in Eq. (5.1) take on values between 0 and 1 and are
assumed to be of the Hill form typical for cooperative binding reactions. For instance,

the cadaverine dependence takes the form

1

M) = T R

(5.2)

wherein K, is the apparent cadaverine affinity of CadCs and n. the corresponding Hill
exponent (see Fritz et al. [2009] for all details of the other regulation functions). Tran-
scriptional regulation of Paaq by CadCsy is described by a quantitative thermodynamic
model analogous to Fritz et al. [2009] and the resulting rate equation for the time
evolution of cadBA mRNA, m(t), takes the form

d (t):Vm<1+W(CQ/KCQ)

2
L, oNon ) — Amm(?) (5.3)

dt
Here, vy, is the basal transcription rate of the cadBA promoter (Pcaq), w the fold
change between basal and maximal transcription rate, K¢, the affinity of a single CadCsy
binding site on the cadBA promoter (Pcaq harbors two binding sites [Kiiper and Jung,
2005| - presumably for the dimer form of CadC - leading to the square in the first term
of the right hand side) and Ap the cadBA mRNA degradation rate. The kinetics of
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enzyme expression, conversion of lysine to cadaverine and subsequent antiport by CadB
were modeled as before [Fritz et al., 2009]. Again, parameters were estimated by least-
squares minimization. Briefly, all previously published data [Fritz et al., 2009] were
fitted with the refined model described above (the full list of fit parameters is given in
Table S2). To account for the somewhat faster Cad response due to the slightly higher
copy number of the plasmid-encoded CadC used here, compared to the previously used
strain MG1655 [Fritz et al., 2009], the transcription rate of Pcaq was varied as the only
fit parameter (Table S2). Subsequently, the dynamical responses of the two mutant
strains harboring CadC _T229A FE447Q and CadC_ Y4531 were fitted by varying only
the cadaverine affinity K., the Hill exponent n, and the maximal number of CadCs
dimers Cy (see figures S2 and S3 for the fit results).

5.4 Results

Cadaverine binding within the internal cavity - The product of lysine decarboxyla-
tion, cadaverine, has been shown to inhibit expression of the cadBA operon [Neely
et al., 1994]. Direct binding of cadaverine to the periplasmic domain of CadC was
determined in vitro with an apparent Kq of 96 uM [Tetsch et al., 2008]. The crys-
tal structure of CadCpq was recently solved [Eichinger et al., 2011]|. As crystallization
in the presence of cadaverine did not result in a CadCp,q complex structure, docking
studies with cadaverine were performed. The ten best scoring results of the docking
studies performed earlier [Eichinger et al., 2011] proposed a binding mode of cadaverine
with an extended conformation within the central cavity of the periplasmic domain of
CadC. According to these findings one amine group of cadaverine was coordinated by
Glud47, GIn421 and Tyr374 and the second amine group by Asp225 and Thr229. To
verify the results of these docking studies, we constructed CadC variants with single,
double and triple amino acid substitutions at these positions. In addition, we ana-
lyzed the residues Trp450 and His344, found to coordinate the hexachlororhenate ion
in the CadC complex that had been prepared for MAD phasing |Eichinger et al., 2011].
Cadaverine-dependent down-regulation of transcription was determined in reporter as-
says. F. coli strain EP314 lacks the native cadC gene and possesses a cadA’-lacZ
fusion gene. Therefore, this strain is unable to produce cadaverine via CadA (as a
large part of cadA is replaced by lacZ) and, hence, cadaverine-dependent inhibition
only relies on the addition of external cadaverine while CadC-dependent cadBA pro-
moter activity can be monitored via S-galactosidase measurements. Complementation
of this strain with plasmid-encoded CadC or CadC variants (pET16b-based, see Exper-
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Chapter 5. Cadaverine forces CadC into an inactive conformation

Table 5.1: Effect of amino acid substitutions within the central cavity and at the dimer-
ization interface on cadaverine-dependent inhibition of cadBA expression.

central cavity dimerization interface
CadC variant ICso (50% | residual activ- | CadC variant ICso (50% | residual activ-
inhibition  at | ity at 10.4 mM inhibition  at | ity at 10.4 mM
x[mM] cadav- | cadaverine [%)] x[mM] cadav- | cadaverine [%]
erine) erine)
Y374A 0.6 8.6 +8.0 E468D 0.4 16 +0.3
Y374F 0.8 1.7+ 04 D471A 0.4 1.8 +0.5
D225A 0.9 1.7+13 H240L 0.8 22+21
W450A 0.9 7.0 £ 105 D471N 1.0 1.7+04
wild type 1.0 1.1 +£ 0.9 wild type 1.0 1.1+ 0.9
W450F 1.1 69 +64 F47T7A 1.4 19+15
D225N 1.2 7.0+ 8.9 Y453F 25 111 +£1.3
D225N E447Q 1.8 144 + 122 N478A 5.5 264 +19
Q421A 1.8 414+ 05 F477] » 10 53.9 + 6.6
H344L E447Q 1.9 13+13 L474A » 10 89.7 + 83
T229A H344L 2.0 92+ 40 Y453A » 10 714+ 94
H344L 2.0 70+ 16 Y4531 » 10 73 +£11.9
D225N - 2.1 7.0+ 20 T475A » 10 88.0 + 14.0
T229A E447Q
T229A - 2.2 116 + 3.8 T475S » 10 62.7 + 3.5
H344L _E447Q
T229A 2.8 11.0 £ 4.7
E447Q 3.4 139 £ 6.9
D225W 3.4 132 £ 2.0
T229A E447Q 3.6 214 4+13
T229A - 3.8 19.1 +£ 4.2
Q421A E447Q

imental Procedures) allows the survey of CadC-dependent cadBA expression depending
on externally applied stimuli. A spectrum of cadaverine concentrations (0 mM; 0.65
mM; 1.3 mM; 2.6 mM; 5.2 mM; 10.4 mM) was tested to determine the inhibitory ef-
fects on cadBA expression. Increasing cadaverine concentrations inhibited wild type
CadC in a dose-dependent manner (figure 5.1A). Approximately 1 mM cadaverine was
required to inhibit CadC wild type-dependent cadBA expression to about 50% (ICsg;
table 5.1). In the presence of 10.4 mM cadaverine expression was inhibited by nearly
100% (residual activity: 1%; figure 5.1A). Most of the variants (CadC_D225A, CadC _ -
D225N, CadC_Y374A, CadC_Y374F, CadC_W450A, CadC_W450F, CadC _ Q421A,
CadC_D225N_ T229A E447Q, CadC_ H344L, CadC H344L E447Q, CadC_ T229A -
H344L) with substitutions in the central cavity were inhibited by cadaverine like wild
type CadC (IC5p < 2 mM; figure S1). Ounly the variants CadC_D225W, CadC_-
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—a— wild type —>— F477A —— D471N
—=— wild type O— H240L —~— D471A —x— E468D
0— T229A_Q421A_E447Q
*— T229A_E447Q

o— D225W

—1— E447Q

—0—T229A
4—T229A_H344L_E447Q
=— D225N_E447Q

residual activity [%]

residual activity [%]

c cadaverine [mM] cadaverine [mM]

—a— wild type —*— L474A —0— Y453] —o— Y453A —1— T475A
—>— T475S —0— F477| —»— N478A —e— Y453F

residual activity [%]

cadaverine ImMI

Figure 5.1: Inhibitory effect of cadaverine on CadC-dependent cadBA expression. Reporter
gene assays were performed with E. coli EP314 (cadC1::Tn10, cadA’::lacZ) that was complemented
with plasmid-encoded CadC (wild type) or the indicated CadC variants. An overnight culture (pH
7.6) was shifted to pH 5.8 with the indicated cadaverine concentrations (0.65; 1.3; 2.6; 5.2; 10.4
mM) and harvested in the mid-logarithmic growth phase. [-galactosidase activity was measured
and the percentage of residual activity was calculated in relation to the same condition without
cadaverine. Results are given as mean from at least three independent experiments. For clarity, the
corresponding standard deviations were omitted. A. CadC variants with substitutions in the central
cavity. B. CadC variants with substitutions close to the patch of acidic amino acids that do not
influence cadaverine dependent inhibition. C. CadC variants with substitutions close to the patch
of acidic amino acids that influence cadaverine dependent inhibition.

T229A and CadC_E447Q) as well as the variants with multiple amino acid substitu-
tions, CadC_D225N E447Q, CadC_T229A E447Q, CadC_ T229A H344L E447Q
and CadC_T229A Q421A FE447(Q) were inhibited to a lesser extend by cadaverine
(figure 5.1A). In addition, the ICsq of those variants impaired in cadaverine sensing
was significantly increased (table 5.1). Polyamine binding often occurs at acidic or aro-
matic residues [Kashiwagi et al., 1996, 2000; Soksawatmaekhin et al., 2006; Sugiyama
et al., 1996; Vassylyev et al., 1998]. Therefore, several substitutions at positions Asp225,
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Tyr374 and Trp450 were analyzed (D225A, D225N, D225W; Y374A, Y374F; W450A,
W450F). Replacement by alanine, asparagine or phenylalanine did not affect cadaverine
sensing, compromising the idea that Asp225, Tyr374 and Trp450 directly coordinate
cadaverine. Nonetheless, replacement by the more bulky tryptophan at position Asp225
reduced the inhibitory effect of cadaverine (table 5.1, IC59: 3.4 mM cadaverine). Al-
together, these experimental data indicated that the central cavity is involved in ca-
daverine sensing, as certain side chain substitutions within the cavity clearly reduced
the inhibitory effect of cadaverine on CadC-dependent cadBA expression, although the
precise nature of cadaverine coordination within the cavity remains elusive.
Identification of additional cadaverine coordinating residues — As no CadC variant with
side chain substitutions within the central cavity was completely impaired in cadaver-
ine sensing, we searched for additional cadaverine coordinating residues. In a random
mutagenesis attempt Dell et al. [1994] identified amino acid substitutions that resulted
in pH-independent CadC variants that were not affected by the addition of 2 mM ca-
daverine. Remarkably, variants CadC_T475A and CadC_L479S, both impaired in
cadaverine-dependent inhibition, carry substitutions that co-localize with the patch of
acidic amino acids in the periplasmic domain which was previously identified to be cru-
cial for detection of acidification [Haneburger et al., 2011].

Consequently, we examined whether cadaverine sensing and pH detection are linked to
each other. To test this hypothesis, we investigated the effect of increasing cadaverine
concentration on cadBA expression regulated by CadC variants harboring substitutions
close to the patch of acidic amino acids. For this purpose, we used CadC variants
that were previously constructed to analyze pH-dependent signaling [Haneburger et al.,
2011]. CadC_H240L, CadC_D471A, CadC_D47IN, CadC_E468D and CadC_F477A
were strongly affected by increasing concentration of cadaverine similar to wild type
CadC (figure 5.1B, table 5.1). CadC_N478A and CadC_Y453F were less affected by
cadaverine (figure 5.1C, table 5.1). In contrast, cadaverine exerted nearly no inhibiting
effect on CadC_ Y4531, CadC_F477I, CadC_T475A, and CadC_T.474A (figure 5.1C,
table 5.1). As the activity of these variants in the presence of 10.4 mM cadaverine still
exceeded 60%, the IC5o can be assumed to be above 10 mM (table 5.1).

To understand whether the inability of these variants to sense cadaverine was evoked
just by replacement of the amino acid side chain or by indirect effects such as confor-
mational changes, Tyr453 was exchanged by phenylalanine (to preserve the aromatic
character), isoleucine (insertion of an aliphatic non-aromatic side chain) or alanine (to
remove nearly the complete side chain). Our data reveal that CadC is inactivated in
the presence of cadaverine as long as an aromatic side chain is present at position 453

(wt and Y453F) (figure 5.1C). However, cadaverine can no longer exert its inhibitory
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effect if the aromatic side chain is removed either through substitution by a short (Ala)
or an aliphatic side chain (Ile) (figure 5.1B and C). For residue Thr475 the influence of
a substitution by serine was tested. Since the variant CadC_T475S was not inactivated
by cadaverine (cadaverine did not inhibit cadBA expression in a strain harboring this
variant as well as CadC_T475A), it is likely that for Thr475 the nature of the branched
amphipathic side chain is crucial. Since CadC_F477A is inhibited by cadaverine, the
effect seen with CadC_F477I seems not to be caused by the lack of the aromatic side
chain. It seems likely that the branched aliphatic side chain of isoleucine interferes with
the 3D structure of CadC thereby impairing signal sensing. CadC _F4771 reportedly
|[Haneburger et al., 2011] is also impaired in pH detection, as it induces cadBA expres-
sion irrespective of the external pH. Together with the results for CadC_ T475A and
those for CadC_L479A from Dell et al. [1994] these data suggest a second cadaverine
binding site close to the patch of acidic amino acids at the dimer interface encompassing
residues Tyr453, Thrd75, Leud74 and Leu479, since CadC variants with substitutions at
these positions activate expression of cadBA irrespective of the presence of cadaverine.
Closer inspection of the three-dimensional structure of CadC suggested that cadaverine
binding to the second binding site might arise from a small number of residues at the
dimer interface (figure 5.2, red residues). It appears that there are two clearly defined
and separate binding sites at the dimer interface; one on each monomer. Although
cadaverine binding and pH detection seem to be mediated by the same protein region,
it is likely that they are independent of each other, as some variants are only affected in
one of the two functions: CadC_ Y4531 induces cadBA expression in response to acid
stress but is not inhibited by cadaverine; in contrast, CadC_D471A and CadC_D47IN
activate cad BA expression irrespective of the external pH [Haneburger et al., 2011]| and
are inhibited by cadaverine similarly to wild type.

Probing in vitro affinity — We intended to test the in vitro affinity of the periplasmic do-
mains of distinct cadaverine insensitive variants (CadC_T229A E447Q, CadC_T475A
and CadC_ Y4531 [Haneburger et al., 2011|) for cadaverine. However, Trx-CadCpq_-
Y4531 and Trx-CadCpq_T475A were produced in inclusion bodies and could not be
used for the assay. As both variants contain substitutions at the dimer interface, this
could indicate that substitutions at the dimer interface lead to alterations in the pro-
tein conformation that render the protein more insoluble. For CadC_T475A, both a
tryptophan fluorescence study [Tetsch et al., 2008] as well as a scintillation proximity
assay failed, since we measured a linear dependency between cadaverine concentrations
and the corresponding signals. Thus, it can be assumed that affinity for cadaverine is

greatly reduced in this variant.
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~

Figure 5.2: Localization of cadaverine-sensing residues in a CadC,4 dimer. Left upper cor-
ner: simplified view of the CadCp4 dimer. Colors and domain organization as in the large picture.
White hexagons indicate cadaverine binding sites. Cartoon representation of (CadCpq)2: The dimer
interface is indicated by a dashed line. Residues involved in cadaverine binding at the interface,
which were investigated in the experiments are presented as red spheres (Tyr453, Leu474, Thr475
and Leu479) or orange spheres (Asn478). Blue spheres represent the residues, that when substituted
did not lead to an altered cadaverine-dependent inhibition (His240, Glu468, Asp471). Residues im-
portant for cadaverine sensing in the central cavity are depicted as black spheres (Asp225, Thr229,
Glu447). The two monomers are depicted in light and dark colors, respectively (grey: N-terminal
subdomain, green: C-terminal subdomain). The dimer is presented in top view towards the cyto-
plasmic membrane.

Dynamics of the Cad module of CadC variants impaired in cadaverine sensing - In order
to infer key biochemical parameters of the Cad module in vivo, we previously estab-
lished a quantitative mathematical model [Fritz et al., 2009]. The model parameters
were calibrated with a comprehensive set of experimental data, and the parameter-
free predictions for the expression behavior under various initial conditions and for a
LysP mutant deficient in lysine sensing were confirmed experimentally [Fritz et al.,
2009]. Likewise, here we reasoned that two CadC variants impaired in cadaverine sens-
ing (CadC_T229A E447Q and CadC_Y453I) should produce a significantly altered
response after a shift to low pH. We used our model to interpret the experimental
changes in the dynamics of the Cad module.

First we refined our previously published model [Fritz et al., 2009], by incorporating
the result of Eichinger et al. [2011] that CadC is active as a dimer (CadCs; see also
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Experimental Procedures). Then we re-analyzed all data previously collected for the
wild type Cad module [Fritz et al., 2009] and extracted the in vivo parameters for the
interaction between CadCy and its input signals H", lysine and cadaverine (the full
list of fit-parameters is given in Table S2). Specifically, for the interaction of wild type
CadC with cadaverine we found an apparent in vivo affinity of K, = 170 uM and an
effective Hill exponent n, = 3.5. As the Hill exponent is a measure for the cooperativ-
ity involved in the interaction between ligand and protein, the obtained value pointed
to (at least) four cadaverine binding sites within one CadCs dimer [Abeliovich, 2005].
This would be consistent with the idea that each CadC monomer has one binding site
in its central cavity, and one at the patch of acidic amino acids (at the dimer interface).
Similarly, the deduced affinity parameter K. = 170 uM of cadaverine for CadCs was in
good agreement with the measured in vitro affinity (see above and Tetsch et al. [2008]).
Next, we experimentally characterized the influence of the proposed binding site in the
central cavity of CadC on the dynamics of the Cad module. To this end, we shifted
the strain harboring CadC T229A E447Q from pH 7.6 to a lysine-rich medium (10
mM) with pH 5.8 and recorded the response of cadBA mRNA, specific CadA activity
and external cadaverine level as a function of time (figure 5.3; green circles). CadA
activity and cadaverine concentration was only determined for selected time points, as
it is known from earlier studies that CadA activity reaches a plateau after about 60
min and cadaverine concentration increases almost linearly [Fritz et al., 2009].  As
a control, we applied the same protocol to a strain with identical genetic background
harboring wild type CadC (figure 5.3A-C; black circles; see Experimental Procedures
for all details). In this case (see also [Fritz et al., 2009]) cadBA expression was quickly
turned on (figure 5.3A; black circles) and as a consequence, both the CadA activity (fig-
ure 5.3B, black circles) as well as the cadaverine concentration in the medium increased
(figure 5.3C; black circles). Once external cadaverine reached a certain threshold, tran-
scription of cad BA was turned off again, thus leading to a transient expression of cadBA.
Qualitatively, the CadC_T229A FE447Q harboring strain displayed a similar transient
induction, but with a significantly widened expression peak of cadBA (figure 5.3A; green
circles), a stronger increase in CadA activity (figure 5.3B; green circles) and a faster
accumulation of cadaverine (figure 5.3C; green circles). These results clearly demon-
strated that the substitutions in CadC_T229A E447Q had impact on the dynamics of
the Cad module n vivo, indicating that the targeted residues are involved in cadaverine
sensing.

In order to extract more quantitative information from the dynamics of the Cad module,
we leveraged our mathematical model to infer the key biochemical parameters relevant

for cadaverine binding to CadC. Specifically, we used the binding constant of cadaverine
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Figure 5.3: Induction kinetics of the Cad module in vivo (A-C) and in silico (D-E) for E. coli
strains harboring different CadC variants (see legend). For a detailed list of all model parameters
please refer to Table S2.

for CadC, K¢, the Hill exponent, n., and the maximal number of active CadCsy dimers,
Cy, as fit parameters for the CadC_T229A E447(Q) harboring strain and set all other
model parameters to those of the wild type Cad module, see Experimental Procedures
for details. Cp was included as fit parameter since the dimerization of CadC might be
affected by amino acid substitutions. The fit results (figure 5.3D-F; green lines) dis-
played good quantitative agreement with the experimental data (figure 5.3A-C; green
circles), capturing both the widened expression peak of cadBA mRNA as well as the

stronger increase in CadA activity and cadaverine level when compared to the dynamics
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Figure 5.4: Simulated in vivo activities of CadC dimers wild type CadC, dimer (black line),
(CadC_T229A E447Q)> dimer (green line) and (CadC_Y453l), dimer (red line) as a function of
external cadaverine. All curves were obtained by equation (5.2) with the corresponding parameters
estimated for the in vivo data, see Table S2.

of the wild type strain. Surprisingly, the Hill exponent was the only parameter that
changed significantly between the wild type (n. = 3.5) and CadC_T229A E447Q (n.
= 0.5), indicating that the residues in the central cavity of CadCpq mainly affect the co-
operativity of the interaction between cadaverine and CadC. For better illustration, the
impact of these substitutions on the CadCy activity is visualized in figure 5.4 (green
line) as a function of cadaverine, where it is compared to wild type CadCy activity
(black line). While the activity of the latter sharply decreased with increasing cadav-
erine levels at K, the activity of (CadC_T229A E447Q)s displayed a significantly
reduced cadaverine concentration dependancy. Hill exponents smaller than one may
indicate a negative cooperative interaction among the remaining binding sites, but also
other mechanisms can be envisioned (see Discussion). Another interesting observation
is that in our fit also the maximal number of transcriptionally active CadC_T229A -
E447Q dimers, Cy, was increased by 30%. Indeed, the output of transcription activity
(B-galactosidase activity in Miller Units) for CadC T229A E447Q in our in vivo anal-
yses of cadaverine-dependent inhibition was also 10% higher than for the wild type (data
not shown).

Next, we analyzed the in vivo dynamics of a strain harboring CadC Y453l after a
shift to pH 5.8 and 10 mM lysine (figure 5.3A-C; red circles). In this strain the negative
feedback via cadaverine should be nearly abolished (figure 5.1C). Nevertheless, we deter-

mined a transient cadBA expression with a significantly slower decrease in comparison
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to strains harboring wild type CadC or CadC_T229A E447Q (figure 5.3A; red circles).
However, despite this significantly widened expression peak both the specific CadA ac-
tivity (figure 5.3B; red circles) and the external cadaverine level (figure 5.3C; red circles)
did not increase beyond the values of the strain harboring CadC_T229A E447Q). This
indicates that the absolute level of cadBA transcription in the CadC Y4531 harboring
strain is somewhat lower compared to the other strains'.

To test whether this behavior is consistent with our model, we again fitted the pa-
rameters K¢, n, and Cy, keeping all other parameters fixed to the values of wild type
CadC. Our fit data indicated that cadaverine sensing was indeed significantly impaired
in the strain harboring CadC_Y453I (figure 5.4; red line), as reflected in a more than
ten-fold reduction in cadaverine affinity (K. = 2.3 mM) and a very low Hill coefficient
(nc = 0.3). Nonetheless, our model predicted a transient cadBA expression even for
this largely cadaverine-insensitive CadC variant. Within our model the delayed down-
regulation of cadBA expression arose from the CadBA-dependent depletion of lysine
from the medium, which acts as an additional negative feedback directly on the input
stimulus. Indeed, during the course of the experiment the cells converted the entire
lysine (10 mM initially added) into cadaverine (approx. 10 mM after 150 min, fig-
ure 5.3C).

Beside the direct effects on cadaverine binding, also Cp, the maximal number of ac-
tive (CadC_Y453I)s dimers, was reduced by 25%, indicating that the substitution in
CadC Y4531 also affected the spontaneous dimerization capability of CadC. The lat-
ter effect would be plausible, as the substituted residue is located at the dimerization
interface of CadC (figure 5.2). Indeed, absolute §-galactosidase activities at inducing
conditions (pH 5.8, 10 mM lysine; no cadaverine) for CadC Y4531 were reduced by
20 — 30% compared to the wild type protein (data not shown). Taken together, these
results reveal that (CadC_Y4531)y behaves like “cadaverine-blind” CadC, indicating

that Tyr453 is of pivotal importance for cadaverine-sensing in vivo.

5.5 Discussion

Adaptation of gene expression in response to external stimuli is crucial for survival un-
der stress conditions. Here, we studied feedback inhibition of the acid stress response
Cad module by cadaverine. Intriguingly, the sensor and transcriptional activator CadC
simultaneously integrates three external input signals, transduces the signals into the
cytoplasm and activates transcription. Thus, all signaling capabilities are concentrated

in a single polypeptide. In this study we set out to investigate the cadaverine-dependent
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contribution to signal perception in CadC. Based on its crystal structure, the finding
of an internal cavity and corresponding docking studies we postulated that cadaverine
binding occurs in the cavity of the periplasmic domain |[Eichinger et al., 2011]. Site
directed mutagenesis of amino acids putatively involved in cadaverine binding and sub-
sequent investigation of the inhibition by cadaverine led to the identification of CadC
variants with only moderately altered cadaverine-dependent regulation. Altogether 19
variants with amino acid substitutions in the central periplasmic cavity were tested
for alterations in cadaverine-dependent inhibition of cadBA expression. Among those,
cadaverine sensing by CadC_T229A E447Q and CadC_ T229A Q421A E447Q was
affected significantly, as these variants still activated cadBA expression in the presence
of 10.4 mM cadaverine (residual activity approx. 20%). Accordingly, higher cadaverine
concentrations were needed to reduce cadBA expression to 50% (3.6 mM and 3.8 mM
cadaverine, respectively). However, combinations of up to three amino acid substitu-
tions within the central cavity did not significantly potentiate the effect. If the internal
cavity would be the major cadaverine binding site, one would expect that amino acid
substitutions in this area of CadC have a more drastic effect on cadaverine-mediated
repression.

Therefore, data from Dell et al. [1994] motivated us to test different CadC variants with
substitutions in the region of the patch of acidic amino acids previously identified to be
crucial for detection of acidification of the external milieu [Haneburger et al., 2011]. As
polyamine binding is generally mediated through interaction with acidic and aromatic
amino acids [Kashiwagi et al., 1996, 2000; Soksawatmaekhin et al., 2006; Sugiyama
et al., 1996; Vassylyev et al., 1998], Tyrd53 in this region appeared as a promising
candidate for coordination of one amine group of cadaverine. Substitution of Tyr453
against alanine, isoleucine or phenylalanine revealed that the aromatic character at this
position is essential for cadaverine-dependent repression. Hence, Tyr4h3 might rep-
resent one binding partner. Since Leud74, Thrd475 and Leud79 were also crucial for
cadaverine-dependent inhibition it is speculated that these residues may contact the
carbon backbone of cadaverine. Thr475 could possibly assist by binding of the second
amine group as it is located within the correct range to bind a bent cadaverine molecule
(approx. 5 A) It is also conceivable, however, that there is no pronounced interaction
partner for the second amine group. An inhibitory effect on cadBA expression has been
shown for higher concentrations of agmatine, putrescine and lysine derivatives [Neely
et al., 1994], indicating that variable chain lengths of the inhibitory ligands are toler-
ated. Altogether, amino acids around and within the patch of acidic amino acids are
pivotal for cadaverine sensing, since CadC variants carrying substitutions in this area

activated cadBA expression despite the presence of cadaverine.
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To better understand the mechanisms behind cadaverine-dependent inhibition of CadC
in vivo, we experimentally recorded the dynamics of the Cad module with two cadaverine-
sensing impaired CadC variants and employed a mathematical model to extract key
molecular parameters for the interaction between cadaverine and CadC. With the help
of the model the affinity parameter for cadaverine was determined to be 170 pM. This
is in good agreement with the in vitro determined affinity of CadC,q for cadaverine
[Tetsch et al., 2008]. It should be noted that in our in vivo reporter assays significantly
higher cadaverine concentrations were needed to inactivate wild type CadC (table 5.1).
This discrepancy might be explained by the exogenous addition of cadaverine in our re-
porter assays, while cadaverine is endogenously produced in our dynamical experiments.
Cadaverine reportedly binds to porins and reduces the outer membrane permeability.
This effect is even larger when cadaverine exerts its effect from the periplasmic side
[Iyer and Delcour, 1997; Samartzidou and Delcour, 1999; Samartzidou et al., 2003].
Therefore, internally produced cadaverine is captured in the periplasm as diffusion is
limited through the cadaverine-inhibited porins. As externally added cadaverine is also
hindered in diffusing into the periplasm it is conceivable that a much higher cadaverine
concentration is needed to exert the inhibitory effect on CadC, when added from the
outside.

Among all fit parameters, we found that the Hill exponents were most significantly
affected by amino acid substitutions in CadC. Specifically, the Hill exponent of 3.5
determined for wild type CadC points to at least four cadaverine binding sites that
might cooperatively inactivate the CadCs dimer. It is known, that the Hill exponent
gives a lower limit on the number of interacting sites in positively cooperating systems
[Abeliovich, 2005]. This finding is in agreement with a model according to which one
binding site is located in the internal cavity of each monomer and a second binding site
at the dimer interface of each monomer, resulting in four distinct cadaverine binding
sites in a CadCpq dimer. Interestingly, both the substitutions in the central cavity
(CadC_T229A E447Q) as well as the substitution at the dimer interface (CadC -
Y4531) drastically reduced the Hill exponent to 0.5 and 0.3, respectively. Since the
Hill exponents were reduced by more than 2 in each case (as naively expected for the
removal of two binding sites per dimer), these results suggested that the four sites do
not modulate CadCsy activity in a simple, additive manner. Such non-additive effects
may result, e.g., from allosteric effects, for which binding to a single site induces small
conformational changes in CadCsy wild type, such that binding to the second site is
facilitated. Indeed, when binding to the central cavity was impaired (CadC_T229A -
E447Q), cadaverine only weakly affected the CadCs activity (green line in figure 5.4;

Hill exponent of 0.5). This effect is even stronger if binding to the dimerization site is

72



5.5. Discussion

impaired (CadC_Y453I), where cadaverine has basically no effect on the proportion of
active CadCy (red line in figure 5.4; Hill exponent of 0.3). It is important to note that
this hierarchy was also detected in our reporter assays, where CadC Y4531 was almost
immune against cadaverine while CadC_T229A E447Q still responded to cadaverine.
Generally, the Hill exponents smaller than one observed in these mutants may point
to a “negative cooperative” interaction between the residual binding sites, such that
binding to one site impedes binding to the second site. However, heterogeneous mix-
tures of binding sites with different affinities can also lead to an apparent Hill exponent
smaller unity [Abeliovich, 2005]. From our data it is not possible to discriminate be-
tween both effects. It is nevertheless intriguing that changes in single amino acids can
change the cooperativity from positive to negative or to no cooperativity [Ikeda et al.,
2000; Kolodziej et al., 1996], indicating that the Hill exponent can be readily tuned by
evolutionary forces. Thus, we expect that the precise value of the Hill exponent for
the interaction between cadaverine and CadC is optimized for its function in wvivo, for
which the sensitivity and range of response have to be carefully adjusted.

Based on our results we propose the following sequential model for the inactivation of
CadC by cadaverine: Each CadC monomer has a binding site in its central periplasmic
cavity and a binding site at the dimerization interface (figure 5.5, white hexagons).
In its activated conformation (low pH and high lysine; figure 5.5A) CadC forms a ho-
modimer, which grants cadaverine access to the central cavities, but buries the binding
sites at the dimerization interface. Upon binding of cadaverine to the central cavities
(figure 5.5B), small conformational changes in CadCsy expose the binding sites at the
dimerization interface. Cadaverine binding to the site at the dimerization interface
possibly acts like a wedge that leads to disruption or inhibition of the active CadCsy
conformation, and consequently inactivates CadC (figure 5.5C). If the binding sites
within the central cavities are missing (CadC_T229A EA447Q; figure S4 B), the ini-
tial conformational changes are not induced. Therefore, access to the interface binding
sites is sterically hindered, and inhibition of this variant occurs at higher cadaverine
concentrations compared to the wild type. In contrast, the variant in which binding at
the interface is impaired, binding to the internal cavities occurs at similar cadaverine
levels as in the wild type (figure S4 C). However, the final inactivation step occurs at
even higher cadaverine concentrations.

In summary, the one-component system CadC integrates the inducing (H") and inhibit-
ing signals (cadaverine) at the periplasmic dimerization interface. It was already sug-
gested that upon stimulus perception active dimer formation is promoted, e.g., through
charge neutralization of repelling surfaces [Haneburger et al., 2011]. Here we found,

that the inhibitor, cadaverine, binds to the same protein area and possibly impairs ac-
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dimer interface accessible

Figure 5.5: Model for cadaverine-dependent regulation of cadBA expression. CadC dimers
of the periplasmic domain are presented schematically as the two monomers (dark and light colors)
in top view. The monomers consist of two subdomains represented by a grey and green cylinder
(figure 5.2). Cadaverine binding sites are indicated as hexagons. Cadaverine is depicted as molecule
with five carbon atoms and two amine groups (spheres). A. In the presence of both stimuli (low
pH and high lysine) CadC is active (as a dimer) and induces cadBA transcription. B. As soon as
cadaverine reaches the threshold level it binds to the binding site within the internal cavity and
evokes (conformational) changes that render the binding sites at the interface accessible. Still,
CadC is active. C. After cadaverine binds to the interface binding site, CadC is inactive; probably
by disturbance of the dimer conformation. Lysine regulation accomplished by LysP was omitted for
simplicity.

tive dimer formation - most likely due to spatial/conformational constraints. As vast
amounts of protein are produced upon activation of cadBA transcription (CadA in-
creases to up to 2% of cellular proteins [Stim-Herndon et al., 1996]), the sophisticated
regulatory mechanism of the Cad module seems to protect the cell against wasting en-
ergy under unfavourable conditions. For instance, the cadaverine level might serve as
a proxy for the abundance of CadA and CadB, such that the negative feedback via
cadaverine asserts homeostatic control of their levels. In that, the transient induction
of cadBA supports acid stress response by a “produce-to-demand” mechanism that min-
imizes the cost of cadBA induction and saves cellular resources for the investment in

other cell-protecting processes.
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Expression of lysP, which encodes the lysine-specific transporter LysP in Escherichia coli, is regulated by the
concentration of exogenous available lysine. In this study, the LysR-type transcriptional regulator ArgP was
identified as the activator of lysP expression. At lysine concentrations higher than 25 pM, lysP expression was
shut off and phenocopied an argP deletion mutant. Purified ArgP-His; bound to the lysP promoter/control
region at a sequence containing a conserved T-N,,-A motif. Its affinity increased in the presence of lysine but
not in the presence of the other known coeffector, arginine. In vivo data suggest that lysine-loaded ArgP and
arginine-loaded ArgP compete at the lysP promoter. We propose that lysine-loaded ArgP prevents lysP tran-
scription at the promoter clearance step, as described for the lysine-dependent regulation of argO (R. S.
Laishram and J. Gowrishankar, Genes Dev. 21:1258-1272, 2007). The global regulator Lrp also bound to the
lysP promoter/control region. An Irp mutant exhibited reduced lysP expression in the absence of external lysine.
These results indicate that ArgP is a major regulator of lysP expression but that Lrp modulates lysP tran-

scription under lysine-limiting conditions.

Amino acid transporters play several important roles in bac-
teria. Besides their function in nutrient supply, these systems
are also involved in osmoregulation, pH homeostasis, signal
transduction, and detoxification. More than one uptake system
normally exists for the transport of a single amino acid, allow-
ing bacteria to adapt to different environmental conditions.
Escherichia coli has three different transport systems for the
uptake of the amino acid L-lysine that differ in transport mech-
anism, substrate specificity, apparent Michaelis constant (K,,,),
and regulation of their synthesis. The lysine-arginine-ornithine
(LAO) system is encoded by argT-hisIQMP. HisQMP, forms
the ABC-transporter; HisJ and ArgT are periplasmic binding
proteins that are specific for histidine and lysine, arginine, or
ornithine, respectively (40). The cadaverine-lysine antiporter
CadB imports lysine and excretes cadaverine (48) but is pro-
duced only under conditions of low pH. Last, but not least,
LysP is a specific transporter for L-lysine that belongs to the
amino acid, polyamine, and organocation (APC) transporter
family (8, 49). Considering the important role of lysine and
LysP in amino acid metabolism and pH homeostasis in E. coli,
the aim of this work was to investigate the factors and mech-
anisms involved in the transcriptional regulation of lysP.

The lysP gene was originally named cadR because its mu-

* Corresponding author. Mailing address: Ludwig-Maximilians-Uni-
versitdit Miinchen, Department Biologie I, Bereich Mikrobiologie,
82152 Martinsried, Germany. Phone: 49-89-2180-74500. Fax: 49-89-
2180-74520. E-mail: jung@Imu.de.

T Supplemental material for this article may be found at http://jb
.asm.org/.

F Present address: Departamento de Quimica Bioldgica, Facultad
de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Inten-
dente Guiraldes 2160 (1428), Ciudad Auténoma de Buenos Aires,
Argentina.

VPublished ahead of print on 25 March 2011.

80

2536

tants exhibit a pleiotropic phenotype including derepressed
levels of lysine decarboxylase CadA, in addition to a reduction
in lysine transport (37). The Cad system, which plays a role in
pH homeostasis in Enterobacteria, comprises the membrane-
integrated transcriptional activator CadC and the cadBA
operon, encoding the lysine decarboxylase CadA and the
lysine-cadaverine antiporter CadB (26, 27, 58). This system is
induced under conditions of low external pH and the simulta-
neous presence of exogenous lysine. As a result of the lysine
decarboxylation reaction, which consumes one cytoplasmic
H™, cadaverine is produced and subsequently excreted, leading
to an increase of the external pH. For a long time it, was
unclear how the function of LysP was linked to the regulation
of the Cad system. Tetsch et al. (2008) demonstrated that LysP
is able to modulate the activity of the membrane-integrated
protein CadC (55). According to the proposed model, LysP
and CadC interact via their transmembrane domains in the
absence of lysine. This interaction blocks CadC-dependent ex-
pression of the cadBA operon. In the presence of lysine, LysP
releases CadC and CadC becomes susceptible to activation by
low pH. These findings suggest that LysP has an additional
regulatory function, which is typical for so-called trigger trans-
porters (54). Thus, in addition to transport activity, LysP senses
lysine availability and transduces the signal to CadC.

Neely and Olson (1996) demonstrated that a high external
lysine concentration downregulates lysP expression (32). Ex-
pression of most of the genes belonging to the lysine biosyn-
thesis pathway in E. coli is repressed by lysine, but there are
multiple modes of regulation known (2, 34, 50). In E. coli and
Bacillus subtilis, expression of lysC, which encodes one of the
isoenzymes that catalyze the first step in the lysine biosynthesis
pathway, is controlled by direct binding of lysine to a conserved
leader sequence in its mRNA (34, 52). Orthologs of lysP in
Gram-positive bacteria are controlled by lysine-dependent
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype or description

Reference or source

E. coli strains

MG1655 F~ N~ ivG 1fb50 rph-1 1
MG1655-AlacZ MG1655 AlacZ::Tet" K. Jahreis (personal gift)
MC4100 F~ araD139 A(argF-lacZ)U169 rpsL150 relA flb-530 Str* 7
MGI16R MG1655 AlacZ::Tet" rpsL150 Str® This work
MGI16R4 MG1655 AlacZ::Tet" rpsL150 AlysP::rpsL-neo Km" Str® This work
MG-LR MG1655 AlacZ:Tet" ipsL150 AlysP Py, p::lacZ Str* This work
MG-LR9 MG-LR AlysR::Km" Str" This work
MG-LR10 MG-LR AyeiE::Km" Str* This work
JCP95 pop3125 (dapBp [—118/+35]-lacZ) AargP::Cam" 2
MG-LR17 MG-LR AargP::Cam" Str" This work
MG-LR15 MG-LR Alrp::Km" Str" This work
MG-LR4 MG-LR Py parniiaiilacZ (deletion from position —83 to position —52 in the lysP This work
promoter)
MGI16R12 MG1655 AlacZ::Tet" ripsL150 AcadBA::rpsL-neo Km" Str® S. Ude (unpublished results)
MG-CR MG1655 AlacZ::Tet" rpsL150 AcadBA P, p4::lacZ Str* S. Ude (unpublished results)
MG-CRI15 MG-CR Alrp::Km" Str* This work
BL21(DE3) pLysS F ompTr gm g 51
Plasmids
pBAD33 Arabinose-inducible Py, promoter; pACYC184 ori; Amp” 18
pBADIysP lysP in pBAD33; Amp” 55
pBAD24 Arabinose-inducible Py, promoter, pBR322 ori; Amp® 18
pBADargP argP cloned in the EcoRI and HindIII sites of pBAD24; Amp” This work
pBADIrp Irp cloned in the EcoRI and HindIII sites of pPBAD24; Amp" This work
pET21a T7 promoter based expression vector with His tag; Amp" Novagen
pET2largP argP cloned in the Ndel and Xhol sites of pET21a; Amp” This work
pET16b T7 promoter based expression vector with His tag; Amp" Novagen
pET16lrp Irp cloned in the Ndel and BamHI sites of pET16b; Amp® This work
pRS415 Operon fusion vector 47
pRSlysP pRS415::lysP promoter (positions —218 to +28) This work
pRSlysP0O pRS415::lysP promoter with a deletion from position —88 to position —53 This work
pRSlysP1 pRS415::lysP promoter with replacement of A/C at position —53 This work
pRSkysP2 pRS415::lysP promoter with replacement of T/G at position —65 This work
pRSlysP3 pRS415::lysP promoter with replacements of A/C and T/G This work

riboswitches, named LYS or L-box elements (43). However,
lysine riboswitches are not found in the 5" untranslated region
of lysP mRNA of Gram-negative bacteria (43). Here, we show
that lysP transcription is subject to two different types of con-
trol. The LysR-type transcriptional regulator (LTTR) ArgP
was identified as a major regulator of lysP transcription. In
addition, lysP expression is fine-tuned by the global regulator
Lrp (leucine-responsive protein). Lrp was also found to be
involved in the regulation of cadBA expression.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study are
listed in Table 1. E. coli IM109 (60) was used as a carrier for all plasmids. For the
construction of the reporter strains, MG-LR and MG-CR, a method based on
rpsL counterselection in combination with the Red/ET recombination system
was employed (19) according to the protocol recommended by the technical
manual of the Quick and Easy E. coli deletion kit (Gene Bridges). Briefly, the
coding sequence of the target gene (lysP or cadBA) was replaced by an rpsL-neo
cassette (Gene Bridges) by Red/ET recombination in strain MG16R (Table 1) to
give strains MG16R4 and MG16R12. Afterwards, the rpsL-neo cassette was
replaced by promoterless lacZ using the Red/ET recombination technique, ac-
cording to the following procedure. Strain MG16R4 or MG16R12 carrying
plasmid pRedET (Gene Bridges) was transformed with a linear DNA fragment
comprising the promoterless lacZ gene flanked with homology sequences for the
target genes, and subsequently, clones of interest were selected on LB agar plates
(PyspilacZ fusion) or LB (pH 5.8) agar plates (P,,yp,4::lacZ fusion) containing 50
pg ml~' 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) and 50 pg
ml~! streptomycin. Blue colonies were tested for kanamycin sensitivity. The Km*
clones were verified by colony PCR followed by DNA sequencing.

E. coli strains MG-LR4, MG-LR9, MG-LR10, and MG-LR15 were con-
structed using the Quick and Easy E. coli deletion kit (Gene Bridges) according
to the instructions of the manufacturer. Introduction of the argP::Cam" allele
into MG-LR and /rp::Km" into MG-CR was performed by Plvir-mediated phage
transduction (56), using JCP95 and MG-LR15, respectively, as donor strains.
Strain BL21(DE3)pLysS was cultivated in tryptone-phosphate medium (29) and
used as a host for pET plasmids (Novagen) for protein overproduction. For
determination of lysP expression levels, cells were grown in minimal medium (15)
supplemented with glucose or fructose at a final concentration of 0.4% (wt/vol).
For determination of cadBA expression levels, cells were cultivated in glucose
minimal medium; the phosphate buffer of the medium was adjusted to either pH
5.8 or pH 7.6. Antibiotics were used at the following concentrations: ampicillin,
100 pg ml~!; kanamycin, 50 g ml~'; chloramphenicol, 34 ug ml~'; tetracycline,
12.5 pg ml~'; and streptomycin, 50 pg ml~'.

Construction and analysis of lysP promoter variants. A sequence of 246 bp
encompassing the whole lysP promoter/control region (positions —218 to +28)
(see Fig. 2) was amplified by PCR with primers lysPupEcoRI (5'G GAA TTC
CGC TTT CTG GAC TAT TGC GAT C 3') and lysPprBamHI (5" CGG GAT
CCA CAA AAA TGC TAT CCA TCT TAA 3') and cloned upstream of the
promoterless lacZ gene in vector pRS415 (47). Introduction of deletions or point
mutations of the conserved T-N,;-A motif was achieved by purchasing the
corresponding synthetic DNA fragments (Mr. Gene, Regensburg, Germany),
which were subcloned into the EcoRI and BamHI sites of pRS415. E. coli strain
MG1655-AlacZ was transformed with the resulting plasmids to test lysP expres-
sion as described below.

In vivo lysP and cadBA expression studies. Expression of lysP and cadBA in vivo
was determined by means of B-galactosidase assays. For the analysis of Py,p::lacZ
expression, cells of an overnight culture grown in minimal medium were inocu-
lated into fresh medium (supplemented with amino acids where indicated),
resulting in an optical density at 600 nm (ODg) of 0.05. Cultures were grown
aerobically in Erlenmeyer flasks at 37°C. To determine the expression of
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PegapailacZ, cells were precultured in minimal medium at pH 7.6 and then
inoculated into fresh minimal medium at pH 5.8 or pH 7.6, supplemented with
lysine and/or arginine where indicated. Cultures were incubated under mi-
croaerobic conditions at 37°C to mid-logarithmic growth phase. B-Galactosidase
activity measurements were performed as previously described (55) for at least
three independent experiments. Values are given in Miller units (MU), which
were calculated according to Miller (28).

Molecular biology techni Plasmid DNA and genomic DNA were isolated
by using a HiYield plasmid minikit (Sued-Laborbedarf Gauting) and a DNeasy
blood and tissue kit (Qiagen), respectively. DNA fragments were purified from
agarose gels using a Hi-Yield PCR cleanup and gel extraction kit (Sued-Laborbe-
darf Gauting). Phusion high-fidelity DNA polymerase or Phire hot-start DNA
polymerase (Finnzymes) was used according to the supplier’s instructions. Re-
striction enzymes were purchased from New England Biolabs and used according
to the manufacturer’s directions.

Purification of Lrp and ArgP. E. coli BL21(DE3)pLysS harboring plasmid
pET16lrp or pET21argP (Table 1) was grown to exponential phase at 30°C, and
expression of genes encoding N-terminally His-tagged Lrp (Hiss-Lrp) or C-ter-
minally His-tagged ArgP (ArgP-Hiss) was induced with 0.5 mM isopropyl-B-p-
thiogalactopyranoside (IPTG). After 3 h of induction, cells were harvested and
washed with 100 mM Na-K-phosphate buffer (pH 7.5) at 4°C. The cell pellet was
frozen in liquid nitrogen and stored at —80°C until use. Cells were lysed by
passage through a high-pressure cell disrupter (Constant Systems). After cen-
trifugation of the disrupted cells, the supernatant containing the Hiss protein was
incubated with Ni>*-nitrilotriacetic acid (NTA) resin (Qiagen) preequilibrated
with lysis buffer (20 mM imidazole, 50 mM NaH,PO,, 300 mM NaCl, 10%
[vol/vol] glycerol, pH 8.0). After 1 h of incubation, the protein-resin complex was
washed twice with washing buffer (50 mM imidazole, 50 mM NaH,PO,, 300 mM
NaCl, 10% [vol/vol] glycerol, pH 8.0). Finally, the His-tagged protein was eluted
in several fractions with buffer containing 250 mM imidazole, 50 mM NaH,PO,,
300 mM NaCl, and 10% (vol/vol) glycerol, pH 8.0. Hiss-Lrp was dialyzed against
Lrp binding buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 0.1 mM dithiothre-
itol [DTT], 0.1 mM EDTA, 10% [vol/vol] glycerol) and ArgP-His, against ArgP-
binding buffer (24) at 4°C. The purified proteins were stored in the correspond-
ing binding buffers in the presence of 1 mM phenylmethylsulfonyl fluoride
(PMSF) at 4°C and used within 1 week or stored at —20°C. Protein concentration
was determined according to Bradford (3).

EMSAs. Probes for the electrophoretic mobility shift assay (EMSA) were
amplified by PCR using primers labeled at their 5" ends with the 6-isomer of
carboxyfluorescein (6-FAM) and genomic DNA from E. coli MG1655 as a
template unless indicated otherwise. To analyze the binding of ArgP-His, to the
lysP promoter/control region, three different fragments were used: (i) a fragment
of 276 bp comprising the sequence from position —218 to position +58 (Py,p
fragment) (see Fig. 2), which was obtained by PCR using primers lysPup (5'-C
GCTTTCTGGACTATTGCGATC-3') and lysPprlow (5'-CGCTTCTGTGGTT
TTAGTTTCG-3"); (ii) a fragment of 142 bp comprising the sequence from
position —84 to position +58 (T-N;;-A fragment), which was amplified with
primers TN11A (5'-TATAATCCCTGGGCGATCATG-3") and lysPprlow; and
(iii) a fragment of 93 bp (—35-10 fragment, comprising positions —35 to +58)
obtained by amplification with primers —35 (5'-CGGAAGGATTGCCAATCG
T-3") and lysPprlow. To evaluate the binding of Hise-Lrp to the lysP promoter/
control region, only the Py, fragment was used. To determine the binding of
His,-Lrp to the cadBA promoter/control region, a fragment comprising positions
—150 to +72 upstream of the cadB gene was cloned into the EcoRI and BamHI
sites of the pUC19 plasmid (60) and amplified with primers 6-FAM uni-24
(5'-ACGACGTTGTAAAACGACGGCCAG-3") and rev-24 (5'-TTCACACAG
GAAACAGCTATGACC-3'). As a control for nonspecific binding, a DNA frag-
ment of 258 bp within the ysP coding sequence (control fragment) obtained by
amplification with lysPcup (5'-ACATCAGCGTTAGTCCGT-3") and lysPclow
(5'-ATGGAGGTCAGGAAGCACA-3") was used. After PCR amplification, the
obtained DNA fragments were purified by 7% (wt/vol) polyacrylamide gel elec-
trophoresis according to the protocol of the GenElute gel extraction kit (Sigma).
ArgP-DNA binding assays were performed by incubating 30 fmol of a DNA
fragment with increasing concentrations of ArgP-Hiss in 25 pl ArgP binding
buffer supplemented with 12 pg ml~! sonicated salmon sperm DNA as a non-
specific competitor, 50 pg ml~! bovine serum albumin, and, where indicated, 0.1
mM lysine or arginine. Binding of His-Lrp to DNA was performed with 30 fmol
of a DNA fragment and increasing concentrations of Hiss-Lrp in 25 pl Lrp
binding buffer supplemented with 20 pg ml~' salmon sperm DNA and 0.1 mM
lysine where indicated. After incubation at 25°C for 30 min, complexes were
resolved by electrophoresis in a 6.5% (wt/vol) polyacrylamide gel under a con-
stant voltage of 10 V/cm at room temperature for 1.5 h. Gels were scanned with
a Typhoon Trio imager (Amersham Biosciences) under an excitation wavelength
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of 488 nm. Quantification of free DNA and protein-bound DNA was performed
by densitometry using the ImageQuant 5.0 analysis software program (Molecular
Dynamics). The quantified data were plotted versus the protein concentration to
obtain the binding profile. The apparent dissociation constants (K) of ArgP-
DNA binding assays were determined to be the protein concentration at which
the fraction of bound DNA equals 0.5. The binding profiles obtained from the
Lrp binding assays were fitted to the Hill equation to determine the K, value and
the Hill coefficient (1).

DNase I footprinting assays. DNase I footprinting analysis was performed
according to the method described by Sandaltzopoulos and Becker (44). One
hundred fifty nanograms of a Py, DNA fragment (bases —218 to +58) labeled
at its 5'end with 6-FAM as described above was incubated with different con-
centrations of ArgP-His in ArgP binding buffer supplemented with 12 pg ml™!
sonicated salmon sperm DNA as a nonspecific competitor, 50 pg ml~! bovine
serum albumin, and, where indicated, 0.1 mM lysine in a final volume of 50 pl.
After incubation at 25°C for 30 min, 50 wl of a 5 mM CaCl, solution was added,
and incubation was prolonged for 1 min. Subsequently, 0.25 U of DNase I was
added, and after 5 min, the reaction was stopped by adding 0.5 ml DF buffer from
the Hi-Yield PCR cleanup and gel extraction kit (Sued-Laborbedarf Gauting).
After purification, the DNA fragments were analyzed with an ABI PRISM 377
DNA sequencer, and the data were evaluated with the Peak Scanner software
program (Applied Biosystems).

DNA affinity purification assay for the identification of DNA-binding proteins.
To isolate putative transcriptional regulators of lysP, a DNA affinity purification
protocol was applied (17). For this purpose, a biotinylated Py, fragment was
generated by PCR using primers lysPup, labeled with biotin at the 5'end, and
lysPprlow. As a control, a biotinylated DNA fragment located within the lysP
coding sequence (obtained by amplification with biotin-labeled lysPcup and
lysPclow) was used. About 600 pmol of the biotin-labeled DNA fragments was
immobilized with streptavidin-coated magnetic particles (Chemagen Biopoly-
mer-Technologies) according to the manufacturer’s instructions. For the prepa-
ration of the cytoplasmic protein extract, E. coli MG1655 was cultivated in 800 ml
of glucose minimal medium to an ODg, of 0.8. Cells were harvested at 4°C,
washed with cold protein binding buffer B (PBB) (41), resuspended in 8 ml of the
same buffer, and broken with a French press. After centrifugation to remove the
cellular debris, the supernatant extract was incubated with DNA-coated mag-
netic beads (previously equilibrated with PBB) at room temperature for 30 min.
Washing to remove unspecific bound proteins and elution of tightly bound
proteins was performed as described by Rey et al. (41). Eluted fractions were
collected, subjected to sodium dodecyl sulfate-polyacrylamide electrophoresis
(SDS-PAGE) (23), and stained with Coomassie blue. Proteins were identified by
peptide fingerprint analysis (20) using a matrix-assisted laser desorption ioniza-
tion—time of flight (MALDI-TOF) mass spectrometry (MS) system (Voyager DE
STR; Applied Biosystems). Samples were prepared and identified as described
previously (59).

RESULTS

IysP transcription is negatively regulated by lysine. Previous
work showed that lysP mRNA declines within 4 min after
addition of 10 mM lysine (32). To analyze the concentration-
dependent effect of external lysine on lysP transcription in
more detail, E. coli strain MG-LR, an MG1655 derivative that
carries a Py, pi:lacZ fusion, was constructed. In this strain, the
coding sequence of the lysP gene was replaced by the reporter
gene lacZ, so that the lacZ gene is located exactly in the same
genetic context as the lysP gene. Since the MG-LR strain is
AlysP, an expression plasmid carrying the [IysP gene
(pBADIysP) (Table 1) was introduced into this strain to deter-
mine whether the expression from the lysP promoter (Py,p)
was affected by the presence of LysP. B-Galactosidase activities
indicated that lysP expression was completely repressed by
external lysine concentrations of 50 wM and higher (Fig. 1).
The availability of LysP did not alter the lysine-mediated re-
pression (Fig. 1).

Identification of ArgP as a regulator of lysP expression.
Analysis of the lysP promoter revealed a conserved T-N;,-A
motif, a typical binding site of LysR-type transcriptional regu-
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FIG. 1. Effect of the external lysine concentration and LysP on lysP
expression. Cultures of E. coli strain MG-LR (Pyp::lacZ AlysP) with
plasmid pBAD33 or pBADIysP were grown in fructose minimal me-
dium supplemented with different concentrations of external lysine
and 0.006% (wt/vol) arabinose to induce the expression of the lysP
gene cloned in the pPBAD33 plasmid. When cultures reached an ODy,
of ~0.5, samples were collected and B-galactosidase activities were
determined. The experiment was performed in triplicate, and error
bars indicate standard deviations from the means.

lators (LTTRs) that is in close proximity to a sequence with
strong similarity to the consensus sequence for o’’-dependent
E. coli promoters (Fig. 2). Based on this motif and previous
data from the literature (2, 8, 16, 50), three LTTRs were
selected as putative transcriptional regulators of lysP: LysR,
YeiE, and ArgP. LysR is the activator protein required for
expression of lysA, which encodes the enzyme that catalyzes
the last step in lysine biosynthesis, the decarboxylation of di-
aminopimelate (DAP), into lysine (50). LysR is responsive to
the intracellular concentration of DAP and lysine. YeiE is
encoded by a gene located immediately upstream of lysP, and
the induction of yeiE expression increased the expression of
lysP (16). Unexpectedly, under the conditions tested (minimal
medium at pH 7.6 and 5.8 with or without the addition of
external lysine and rich medium), neither a deletion of lysR nor
a deletion of yeiE affected the expression of lysP (data not
shown). It has been reported that mutations in argP affect the
uptake of arginine, ornithine, and lysine (8). However, the
direct implication of ArgP in the regulation of genes encoding
the corresponding transport proteins responsible for the up-
take of these amino acids has never been analyzed.

To evaluate whether ArgP was involved in the transcrip-
tional regulation of [lysP, a nonfunctional argP allele
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(AargP::Cam") was transduced into strain MG-LR carrying the
chromosomal P, p::lacZ fusion. The resulting mutant, named
MG-LR17, and the argP™ parent strain were grown in glucose
minimal medium with or without the addition of 0.1 mM lysine
and analyzed for B-galactosidase activities (Fig. 3A). The re-
sults clearly showed that expression of lysP did not occur in the
argP mutant, either in the absence or in the presence of lysine.

To confirm the role of ArgP in the regulation of lysP tran-
scription, the argP gene was cloned into plasmid pBAD24
under the control of the arabinose-inducible promoter (18).
The argP mutant MG-LR17 was transformed with the resulting
plasmid, named pBADargP (Table 1). Expression of lysP
was monitored in cells of the argP™ strain (MG-LR) bearing
the pBAD24 vector and the argP mutant with pBAD24 or
pBADargP grown in glucose minimal medium plus arabinose,
with and without the addition of lysine. As shown in Fig. 3B,
plasmid-carried argP fully restored the lysP expression pattern
in the MG-LR17 mutant. In the absence of lysine, transcription
of lysP in strain MG-LR increased immediately. In the pres-
ence of lysine, induction was prevented within the first hours of
growth and slowly increased after prolonged growth, presum-
ably due to lysine limitation. In the argP mutant, induction of
IysP did not occur. However, plasmid-carried argP rescued lysP
expression in mutant MG-LR17. In the absence of lysine, in-
duction of lysP occurred after argP expression was induced (2.5
h). In the presence of lysine, the expression pattern of this
complemented mutant was dependent on the growth phase
and probably on lysine availability. These results indicated that
ArgP is responsible for the transcriptional activation of lysP in
the absence of lysine.

Previously, ArgP was identified as a lysine-dependent regu-
lator of argO, which encodes an arginine exporter (24, 30), and
dapB, which encodes an enzyme of the lysine biosynthesis
pathway (2). Transcription of these genes was also affected by
the presence of arginine in the culture medium, indicating that
both lysine and arginine are coeffectors of ArgP (2, 24). There-
fore, the effect of arginine on the expression of the Py, p::lacZ
fusion in strains MG-LR and MG-LR17 was tested. Figure 3C
shows the B-galactosidase activities of cells cultivated in glu-
cose minimal medium without amino acids or supplemented
with lysine, arginine, or lysine plus arginine. When arginine
was added to the growth medium, lysP expression in the
MG-LR strain was induced to the same extent as in cells that
were grown in the absence of amino acids. Importantly, the
presence of arginine partially relieved the repressive effect of
lysine, as indicated by the >3-fold-higher B-galactosidase ac-
tivities (251 = 41.1 Miller units [MU]) of cells that were cul-
tivated in arginine plus lysine medium than of those that were
grown in lysine medium (B-galactosidase activity, 67 *= 6.3

-218 CGCTTTCTGG ACTATTGCGA TCCCGCAAAT GTGCCGCGTT AAGTTGCTGT ACAAGAACAT GCTGGTGCTG TGTCGATTTC GTGACGCAGC GCCTTCAGCA

-118 TGCATTCGCC AGAAAAGAGA TTGGCT*TT TACTTATAAT CCFTGGGCFA TCAZGAAGGT GTCTTATAAC CGIIGTATTTC TGCCGGAAGG ATTGCCAATC
5 3

-84

-6 -5 -

-18 GTCTGCTACA ATCGCGCCTC ATTTTTAAGA TGGATAGCAT TTTTGTATGG TTTCCGAAAC TAAAACCACA GAAGCG
+1

-1

FIG. 2. Nucleotide sequence of the lysP regulatory region (positions —218 to +58). Predicted —35 and —10 promoter motifs (BProm;
http://linux1.softberry.com/berry.phtml?topic=bprom&group=help&subgroup=gfindb) and the start of transcription (position +1) previously
identified by primer extension analysis (32) are indicated. Gray-shaded nucleotides show the potential LTTR binding site identified in silico with
the conserved T-N,;-A motif. Zones protected against DNase I digestion are boxed (see Fig. 5). The start codon is marked in bold letters.
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FIG. 3. Regulation of lysP expression by lysine, arginine, and ArgP.
(A) Effect of the argP deletion on lysP expression. Parent strain
MG-LR (Py,p::lacZ AlysP) and the argP mutant MG-LR17 (P, p::lacZ
AargP::Cam" AlysP) were grown aerobically in glucose minimal me-
dium with or without the addition of 0.1 mM lysine. When cultures
reached an ODg, of ~0.8, samples were analyzed for B-galactosidase
activity. (B) Complementation of the argP mutant with pBADargP.
Strains MG-LR/pBAD24 (O, @), MG-LR17/pBAD24 (A, V), and
MG-LR17/pBADargP ([, M) were grown in glucose minimal medium
without lysine (open symbols) or with the addition of 0.1 mM lysine
(closed symbols). Arabinose at a final concentration of 0.2% (wt/vol)
was added to all cultures after 2.5 h of growth. B-Galactosidase activ-
ities were determined at different time points during growth. (C) Effect
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MU). As expected, there was no lysP expression in the AargP
mutant under all tested conditions.

ArgP binds to the lysP promoter/control region at a T-N,,-A
motif in the presence and absence of lysine. To determine
whether ArgP directly regulates lysP transcription, we tested
binding of ArgP to the lysP promoter/control region. For this
purpose, ArgP with a C-terminal hexahistidine tag (ArgP-His,)
was purified. In a control experiment, this ArgP derivative
complemented strain MG-LR17, indicating that the His, tag
did not alter the function of ArgP (data not shown). A fluo-
rescently labeled DNA fragment encompassing the lysP pro-
moter/control region from position —218 to position +58 (Py,p
fragment) was incubated with increasing concentrations of pu-
rified ArgP-His, in the presence of salmon sperm DNA as a
nonspecific competitor (Fig. 4A). A DNA fragment of similar
size within the lysP coding sequence was used as a control for
nonspecific binding (Fig. 4B). ArgP-His, specifically bound to
the Py, fragment with an apparent K, of 125 * 13 nM (Fig.
4A and F).

To determine whether lysine or arginine affected binding of
ArgP to Py,p, these amino acids were added to the binding
assay at a final concentration of 0.1 mM (Fig. 4C and D).
Whereas arginine did not affect the binding of ArgP to the lysP
promoter/control region, the presence of lysine increased the
binding affinity approximately 2-fold (K,,, 63 = 9 nM) (Fig. 4C
and F). This differential effect of lysine and arginine on DNA
affinity of ArgP has already been reported for the argO control
region (24).

As already mentioned, a potential ArgP-binding site, ATG
AAGGTGTCTTAT, is centered at position —59 in the lysP
promoter/control region (Fig. 2). To evaluate the importance
of this sequence for binding of ArgP to the lysP control region,
a DNA fragment from position —84 to position +58 containing
the T-N,;-A conserved motif (T-N,;-A fragment) and another,
from position —35 to position +58, without this T-N,;-A se-
quence (—35-10 fragment) were incubated with ArgP in the
presence and absence of lysine (Fig. 4E). A retarded band was
apparent when ArgP was incubated with the T-N,,-A frag-
ment, whereas in the presence of the DNA fragment without
the T-N,;-A motif (—35-10 fragment), only a faint retarded
band was seen, indicating that the T-N,,-A sequence is re-
quired for proper binding of ArgP to the lysP promoter/control
region. Moreover, the affinity of ArgP for the T-N,,-A frag-
ment was found to be slightly higher in the presence of lysine
(Fig. 4E).

To study the ArgP-binding site in the lysP promoter/control
region in more detail, DNase I footprinting analysis was per-
formed in the absence and presence of lysine (Fig. 5). ArgP-
His, protected the stretch from position —91 to position —47,
with an intervening unprotected region between positions —76
and —71 (Fig. 2 and 5). Importantly, ArgP bound to the same

of basic amino acids on lysP expression. Strains MG-LR and MG-LR17
were cultivated as described for panel A in glucose minimal medium
without supplementation or supplemented with 10 mM lysine (lys.)
and/or arginine (arg.) for determination of B-galactosidase activity. All
experiments were performed at least three times, and where indicated,
error bars represent standard deviations from the means.
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FIG. 4. Binding of ArgP to the lysP control region. (A, C, and D) Electrophoretic mobility shift assays (EMSAs) of a fluorescently labeled DNA
fragment from bp —218 to bp +58 encompassing the lysP promoter/control region (P,,,) with increasing concentrations of purified ArgP-His, in
the absence of coeffector (A) or in the presence of 0.1 mM lysine (C) or 0.1 mM arginine (D). The positions of free DNA (F) and ArgP-DNA
complexes (B) are marked with arrows. (B) A DNA fragment within the lysP coding sequence was used as a control for unspecific binding.
(E) Binding of ArgP-His, to a fragment from position —84 to position +58 bearing the potential ArgP-binding site (T-N,,-A) and to a fragment
from position —35 to position +58 (—35-10) in the presence or absence of lysine. (F) Binding curves obtained after the quantification of free DNA
(open symbols) and ArgP-bound DNA (closed symbols) in EMSA gels without coeffector (O, @) in the presence of lysine (V, ¥) or arginine ([, H).

sites in the presence and absence of its coeffector lysine (Fig.
5B and C).

Elimination or modification of the T-N,,-A motif affected
IysP expression in vivo. To evaluate the importance of the
T-N,,-A motif within the lysP promoter/control region for in
vivo expression of lysP, a fragment encompassing this sequence
(nucleotides —83 to —52) (Fig. 2) was deleted in the MG-LR
strain, resulting in strain MG-LR4. Elimination of this motif
completely abolished lysP expression under all conditions
tested (Fig. 6), indicating its importance for ArgP-mediated
transcriptional regulation. To analyze the effect of point mu-
tations within this motif, the whole lysP promoter/control re-
gion was fused to a promoterless lacZ gene in vector pRS415

(Table 2). The deletion of the motif (pRSlysP0) or the replace-
ment of both conserved T and A nucleotides (pRSlysP3) pre-
vented lysP induction under lysine-limiting conditions. The re-
placements of A (pRSlysP1) or T (pRSlysP2) did not abolish
lysP induction but significantly reduced it (Table 2).

Isolation and identification of other proteins that specifi-
cally bind to the lysP promoter/control region. So far, our
results demonstrate that ArgP directly binds to the lysP pro-
moter/control region and that the T-N,,-A sequence located
close to the RNA polymerase binding site is important for
binding and crucial for lysP transcription. According to the in
vivo analyses, ArgP is a transcriptional activator of lysP in the
absence of lysine. The in vitro experiments demonstrated that
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FIG. 5. Determination of the ArgP-binding site within the lysP
control region. DNase I digestion patterns were determined for a DNA
fragment from position —218 to position +58 of the lysP control region
labeled with fluorescein at the 5" end of the top strand. Panel A shows
the restriction pattern obtained in the absence of purified ArgP-Hisg,
and panels B and C show the pattern obtained in the presence of 4.3
M purified protein in the absence (B) or presence (C) of 0.1 mM
lysine. Regions protected by ArgP (position —91 to —77 and —70 to
—47) are encircled.
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FIG. 6. Effect of elimination of the T-N;,-A motif in the lysP con-
trol region on lysP expression. Parent strain MG-LR (P,p::lacZ AlysP)
and strain MG-LR4 (P parniiailacZ AlysP) were grown aerobically
to an ODgq, of ~0.8 in glucose minimal medium without supplemen-
tation or supplemented with 10 mM lysine (lys.) and/or arginine (arg.)
for determination of B-galactosidase activity. All experiments were
performed at least three times. Error bars represent standard devia-
tions from the means.

ArgP binds more avidly to the lysP control region in the pres-
ence of lysine, which might underlie the lysine-mediated pre-
vention of lysP expression similarly to the previously described
shutoff of argO expression by lysine-loaded ArgP (24). Alter-
natively, another protein might coregulate lysP repression. This
scenario is plausible, because ArgP and Lrp competitively ac-
tivate argO (35). To search for other proteins that might bind

TABLE 2. Effects of modifications within the lysP promoter/control
region on lysP expression”

Induction of lysP
upon lysine
limitation

E. coli strain or
strain carrying

Description of modification
within the lysP

plasmid promoter/control region (ySP 1o 1ysine/
BsP 10 mm Iysine. i

MG-LR None 7.90

MG1655-AlacZ/ None 343
pRSlysP

MG-LR4 Deletion of T-N;;-A motif 1.03

(nucleotides —83 to —52)

MG1655-AlacZ/ Deletion of T-N,;-A motif 1.28
pRSlysP0O (nucleotides —88 to —53)

MG1655-AlacZ/ Replacement of A/C at 2.77
pRSlysP1 position —53

MG1655-AlacZ/ Replacement of T/G at 1.85
pRSlysP2 position —65

MG1655-AlacZ/ Replacement of A/C 1.24
pRSlysP3 (position —53) and T/G

(position —65)

@ Strains were grown aerobically in glucose minimal medium in the absence or
presence of 10 mM lysine to an ODg, of ~0.8. B-Galactosidase activity was
determined and served as a measurement for lysP expression.

® The ratio between lysP expression levels in the absence and presence of lysine
indicates the inducibility of the lysP promoter. Data were obtained from at least
three independent experiments, and average values (the standard deviation was
about 15%) were used for calculating the ratios.
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FIG. 7. SDS-PAGE of proteins after DNA affinity purification. A
biotin-labeled DNA fragment from position —218 to position +58
encompassing the lysP promoter/control region (Py,p) and a DNA
fragment within the lysP coding region (control) were bound to
streptavidin-coated magnetic beads and subsequently incubated with a
soluble extract of E. coli MG1655 grown in glucose minimal medium.
Tightly bound proteins were eluted with a high-ionic-strength buffer
and separated by SDS-PAGE. Boxed bands correspond to proteins
that specifically bind to the lysP promoter/control region (Table 3).
MW, molecular mass marker.

to the lysP promoter, a DNA affinity purification approach was
used. The 276-bp fragment encompassing the lysP promoter/
control region (positions —218 to +58) was biotinylated,
linked to streptavidin-coated magnetic beads, and incubated
with a concentrated soluble protein extract from E. coli
MG1655 grown in glucose minimal medium. The same was
done with a fragment of 258 bp within the lysP coding se-
quence, which served as a control. Proteins tightly bound to the
DNA fragments were eluted as described in Materials and
Methods and analyzed by SDS-PAGE. As shown in Fig. 7,
several proteins that specifically bound to the lysP promoter/
control region and not to the control fragment were detected.

The binding proteins were identified by MALDI-TOF mass
spectrometry. With the exception of one, we were able to
identify the eluted proteins (Table 3). All of them turned out
to be DNA-binding proteins. The most abundant protein was
the leucine-responsive-protein, Lrp. As Lrp is a global tran-
scriptional regulator that controls the expression of numerous
genes in response to the availability of amino acids and nitro-

REGULATION OF IysP IN ESCHERICHIA COLI 2543

gen bases (6, 9, 33), the role of this protein in lysP expression
was analyzed in more detail.

Lrp stimulates transcription of lysP by direct binding to its
control region. To determine whether Lrp influences lysP tran-
scription, the Irp gene was inactivated in E. coli MG-LR, re-
sulting in strain MG-LR15 (Alrp:Km"). Expression of the
PypilacZ fusion in strains MG-LR and MG-LR15 was mon-
itored during growth in glucose minimal medium with and
without the addition of lysine. Figure 8A shows that the P,
activity of the Alrp:Km" mutant in the absence of lysine is
lower than that of the parent strain. At the late exponential
growth phase (optical density at 600 nm [ODg,] of about 1.0),
the expression level of lysP in the MG-LR15 strain was about
50% lower than that in the parent strain MG-LR. The pres-
ence of 0.1 mM lysine reduced lysP expression in both strains.
Therefore, Lrp seems to be an activator of lysP transcription in
the absence of lysine.

The regulatory effect of Lrp is sometimes modulated by the
effector molecule L-leucine (6, 33). Because a high leucine
concentration in the culture medium decreases the growth rate
due to isoleucine restriction (39), the effect of leucine on lysP
expression was analyzed by comparing the B-galactosidase ac-
tivity of bacteria cultivated in glucose minimal medium sup-
plemented with isoleucine and valine to that of cells grown
under the same conditions but in the presence of isoleucine,
valine, and leucine. We found that r-leucine had no effect on
Py activity in the Alrp::Km" mutant or in the rp* strain (Fig.
8B). To confirm the activator role of Lrp in lysP transcription,
the pBADIrp plasmid (in which the /rp gene was cloned under
the control of the arabinose promoter) (Table 1) was intro-
duced into strain MG-LR15, and lysP expression levels were
monitored before and after the addition of L-arabinose to the
culture medium. Figure 8C clearly shows that the induction of
Irp expression stimulated lysP transcription. Together, these
results suggest that Lrp potentiates the activator effect of ArgP
on lysP transcription in the absence of lysine.

Among the regulatory targets of Lrp, there are many tran-
scription factors that participate in the regulation of amino
acid metabolism and molecule transport (9). Therefore, it was
important to determine whether the activator role of Lrp in
lysP expression was direct or indirect. Peeters et al. have re-
cently demonstrated that argP expression was not regulated by
Lrp (35). Thus, EMSAs were performed in the presence of an
excess of nonspecific competitor to assess the binding of puri-
fied Hisg-Lrp to the lysP promoter/control region (Fig. 9). One
to four different retarded complexes were observed when var-
ious concentrations of Lrp were incubated with the 276-bp
fragment encompassing the lysP promoter/control region
(Py,p) (Fig. 9A). The apparent K, obtained for the binding

TABLE 3. Identification of proteins after DNA affinity purification by peptide fingerprint analysis

Band* Identified protein
1 HsdR; host restriction endonuclease R. Subunit of EcoKI restriction-modification system
2 HsdM; modification methyltransferase component of the EcoKI restriction-modification system
3 HsdS; specificity-determinant component of EcoKI restriction-modification system
4 NadR; transcriptional regulator
5 Nonidentified protein
6 Lrp; leucine-responsive protein

“The band numbers correspond to those shown in Fig. 7.
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FIG. 8. Effect of Irp deletion on lysP expression. E. coli strains
MG-LR  (PypilacZ, AlysP) and MG-LRIS (PypilacZ, AlysP,
Alrp::Km") were grown aerobically in glucose minimal medium with or
without the addition of 0.1 mM lysine (A). To test the effect of leucine
on lysP expression, the growth medium was supplemented with 0.6 mM
valine and 0.4 mM isoleucine, with or without the addition of 10 mM
leucine (B). At different times during growth samples were analyzed
for B-galactosidase activity. (C) Complementation of the MG-LR15
(PyypiilacZ, AlysP, Alrp::Km") mutant with the pBAD/p plasmid. Strains
MG-LR/pBAD24, MG-LR15/pBAD24 and MG-LR15/pBADIp were
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reaction was 610 = 44 nM (Fig. 9D), and the Hill coefficient
was 3.

As previously reported for several Lrp-regulated genes, the
concentration-dependent binding of Lrp to lysP suggests coop-
erative binding of Lrp dimers to multiple binding sites resulting
in complexes with different stoichiometries. Since the in vivo
experiments demonstrated that the presence of lysine affected
lysP expression levels (Fig. 8A), we evaluated whether lysine
affects the binding of Lrp to the lysP control region in vitro. As
shown in Fig. 9C and D, the addition of L-lysine to the binding
assay neither changed the Lrp affinity nor changed the binding
pattern. When Hisg-Lrp was incubated with a DNA fragment
encompassing the lysP coding sequence (control fragment), no
retarded bands were observed (Fig. 9B), confirming the spe-
cific binding of Lrp to the lysP control region.

Lrp modulates expression of the cadBA operon. The Lrp
regulon comprises several genes involved in amino acid syn-
thesis and degradation. For example, expression of ldcC, cod-
ing for the constitutive lysine decarboxylase of E. coli, is down-
regulated by Lrp (53). Considering the important role of LysP
in regulating the expression of cadA (55), which encodes the
inducible lysine decarboxylase, we analyzed the effect of Lrp on
transcription of the cadBA operon, which encodes the induc-
ible lysine decarboxylase CadA and the lysine/cadaverine an-
tiporter CadB. For this purpose, two strains that carry chro-
mosomal promoter-lacZ fusions (P, z4::lacZ) and are either
Irp™ (MG-CR) or Irp null (Alrp:Km', MG-CR15) were con-
structed. Cells were cultivated in glucose minimal medium at
physiological (pH 7.6) or low (pH 5.8) pH, with or without the
addition of 5 mM lysine, and B-galactosidase activities were
determined. As expected, the P_,,;, promoter was active only
in cells that were exposed to low external pH in the presence
of lysine (Fig. 10A), a condition that is known to induce the
Cad system (27). However, under inducing conditions, the
P..upa activity in the Alrp:Km" mutant strain was >2-fold
lower than that in the parent strain, suggesting that Lrp stim-
ulates expression of cadBA.

To corroborate these results, the pET16/rp plasmid (Table
1) was introduced into the Alrp::Km" mutant strain and the
P..ap.4 activity in strains MG-CR/pET16b, MG-CR15/pET16b,
and MG-CR15/pET16lp was determined. The pET16b plas-
mid was chosen as an expression vector in this case, because
the T7-driven promoter ensures very low expression levels in
strain MG1655. The results presented in Fig. 10B reveal that
the reintroduction of /rp into the Alrp::Km" mutant increases
the P54 activity to levels similar to those for the parent
strain. It has been demonstrated that Lrp does not alter intra-
cellular levels of CadC, the transcriptional activator of the
cadBA operon (42). Therefore, the possibility of an indirect
effect of Lrp via CadC can be discarded.

To evaluate the capacity of Lrp to bind to the P, pro-

grown in glucose minimal medium, and after 2.5 h 0.2% arabinose
(wt/vol) was added to induce the expression of the /rp gene cloned in
pBAD?24. B-Galactosidase activities were determined in samples col-
lected at different times, before and after induction. All experiments
were performed in triplicates and mean values are presented. The
standard deviations from the mean were less than 10%.
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FIG. 9. Lrp binding to the lysP promoter region. (A and C) Electrophoretic mobility shift assays (EMSAs) of the fluorescently labeled Py, p
fragment (positions —218/+58) with increasing concentrations of purified Hisg-Lrp in the absence (A) or presence (C) of lysine. (B) EMSA
performed with a DNA fragment within the lysP coding sequence as a control for unspecific binding. The positions of free DNA (F) and Lrp-DNA
complexes (B1 to B4) are marked. (D) Binding profiles obtained after the quantification of free DNA and Lrp-bound DNA in EMSA gels were

fitted using the Hill equation.

moter, EMSAs were performed with various concentrations of
the purified His4-Lrp protein and a DNA fragment encompass-
ing the P_, 5, control region. Accordingly, His,-Lrp is able to
bind to the promoter that drives the expression of cadBA with
an apparent dissociation constant (Kj,) of 648 = 66 nM and a
Hill coefficient of 2.15 (Fig. 10C; see also Fig. S1 in the sup-
plemental material). Together, these results indicate that Lrp
upregulates expression of cadBA. With the identical functions
of CadA and LdcC in amino acid catabolism taken into ac-
count, the opposite regulation of both genes by Lrp would be
an efficient way for the cell to save energy.

DISCUSSION

ArgP is responsible for the lysine-dependent control of lysP
transcription. While studying the mechanisms involved in the
regulation of the Cad system (lysine decarboxylase system) in
E. coli, Neely and Olson had shown that lysP transcription is
controlled by the exogenous lysine concentration (32). Here,
we identified the LysR-type transcriptional regulator ArgP as
the regulator responsible for the control of lysP transcription.
Our results indicate that under lysine-limiting growth condi-
tions, ArgP functions as a transcriptional activator of lysP ex-
pression by binding to a sequence located between positions
—91 and —47 in the lysP promoter/control region. Specifically,

a T-N;;-A motif (nucleotides —65 to —53), characteristic for
LTTR-dependent promoters (45), was identified. In vitro
EMSASs as well as in vivo transcriptional studies indicated that
this motif is crucial for ArgP binding. Deletion of the whole
motif or substitution of the conserved nucleotides T and A
prevented or reduced lysP induction in the absence of lysine.
ArgP is a member of the LTTR protein family, which binds
coeffectors. Arginine and lysine were found to bind to ArgP
(24). In vitro assays indicated that ArgP bound to the lysP
promoter/control region irrespective of the presence of lysine
and arginine, but lysine increased the affinity of ArgP by a
factor of 2.

ArgP of E. coli is also responsible for the lysine-dependent
regulation of dapB, which encodes one of the enzymes of the
diaminopimelate and lysine biosynthesis pathway (2), and
argO, which encodes the arginine exporter ArgO (24, 30). It is
important to note that the molecular mechanisms of lysine-
dependent regulation by ArgP differ between argO and dapB
(2, 24). In the case of dapB, lysine prevents binding of ArgP to
its binding site, which is located in the position —118/—81
interval upstream of the transcriptional start site (2). In con-
trast, ArgP binds to a sequence between positions —85 and
—20 of the argO operator/promoter and forms a stable binary
complex in both its liganded and its unliganded forms. Arg-
loaded ArgP binds to the argO promoter/control region and
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FIG. 10. Lrp stimulates cadBA expression. (A) Effect of Irp muta-
tion on the expression of the cadBA operon under different growth
conditions. Strains MG-CR (P, z4::lacZ AcadBA) and MG-CR15
(PegapailacZ Alrp::Km' AcadBA) were grown in glucose minimal me-
dium at pH 7.6 or 5.8 with or without the addition of 5 mM lysine (lys.)
under microaerobic conditions. After 7 h of incubation, samples were
collected and B-galactosidase activities were determined. (B) Comple-
mentation of the Alrp::Km" mutant with the pET16/rp plasmid. Strains
MG-CR/pET16b, MG-CR15/pET16b, and MG-CR15/pET16lrp were
cultivated in glucose minimal medium (pH 5.8) with 5 mM lysine.
After 7 h of incubation, B-galactosidase activities were determined.
(C) Binding of Hise-Lrp to the Pz, promoter/control region. A
fragment encompassing the Pz, promoter/control region was incu-
bated with increasing concentrations of purified Hiss-Lrp in the pres-
ence of salmon sperm DNA as a nonspecific competitor. The positions
of free DNA (F) and the Lrp-DNA complex (B) are marked.
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recruits the RNA polymerase, resulting in the induction of
argO. Lys-loaded ArgP binds to the same sites, albeit with
higher affinity, but restrains the polymerase in a molecular
complex that is competent for neither productive nor abortive
transcription.

Our results suggest that the mechanism for the ArgP-con-
trolled lysP expression is similar to the one described for argO.
Specifically, unloaded or Arg-loaded ArgP induces lysP expres-
sion, while the Lys-loaded form prevents expression. The lysine
K, value reported for ArgP is 70 pM (24), which is in good
agreement with the observed shutoff of the Py, p::lacZ activity
at an external lysine concentration higher than 25 uM. In
contrast to argO, external arginine seems not to be essential for
transcription of lysP by ArgP. This difference might be related
to the locations of the ArgP-binding sites within the promoter/
control regions. The ArgP-binding site for argO extends up to
nucleotide —20 and thereby overlaps the —35 promoter motif,
whereas the ArgP-binding site for lysP extends up to position
—47, which is upstream of the —35 promoter site (Fig. 2).
Nonetheless, an arginine effect on lysP expression was detect-
able when lysine and arginine were simultaneously added to
the cultures. Under this condition, arginine overrode the in-
hibitory effect of lysine by a factor of 3. Laishram and Gow-
rishankar (24) demonstrated that arginine and lysine compete
for the binding to dimeric ArgP. Therefore, the levels of lysP
expression measured in cells that were grown in the presence
of both amino acids could be attributable to the simultaneous
existence of Arg-ArgP and Lys-ArgP complexes, which are effec-
tive or ineffective, respectively, in transcriptional activation.

In general, the results obtained in this work underline the
importance of ArgP in the transcriptional control of genes
involved in basic amino acid transport. ArgP seems to be a
versatile regulator, able to control gene expression of various
basic amino acid transporters by responding to low-molecular-
weight coeffectors in order to maintain a balance in the intra-
cellular concentration of at least lysine and arginine.

Lrp-dependent regulation of lysP and cadBA. The leucine-
responsive protein (Lrp) was identified as another protein that
specifically binds to a DNA sequence encompassing the lysP
control region. Lrp has been designated a physiological barom-
eter (14). Its main function is to control the expression of
target genes and operons according to the nutritional status of
the cell. Lrp upregulates genes during famine and downregu-
lates genes during feast (6, 9). Most of the genes regulated by
Lrp are involved in small-molecule transport and amino acid
metabolism (9, 53). The amino acid L-leucine might act as a
coeffector of Lrp and potentiates, overcomes, or has no effect
on the function of Lrp upon its target genes (6, 33).

According to our results, Lrp potentiates the ArgP-mediated
IysP expression when cells are cultivated in the absence of
lysine, irrespective of L-leucine availability. Thus far, lysP has
not been identified as a member of the Lrp regulon in the
various genome-scale studies performed (9, 21, 53). While Lrp
stimulated lysP expression in the absence of lysine, this global
regulator did not alter the lysine-dependent repression of lysP.
In addition, Lrp had a positive effect on the expression of the
cadBA operon when cells were exposed to moderate acidic
stress in the presence of lysine. A similar effect of Lrp has been
reported for the cadBA operon of Vibrio vulnificus (42). Lrp
binds cooperatively to the DNA at a degenerate consensus
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sequence (11), but also with high affinity in a nonspecific man-
ner (36). This last characteristic, together with the high abun-
dance of Lrp in the cell and the fact that binding of Lrp to the
DNA causes major conformational changes (13, 57), classifies
Lrp as a nucleoid-associated protein (NAP) (14).

The results presented here demonstrate that Lrp has a stim-
ulating effect on the expression of both lysP and cadBA. As Lrp
directly interacts with the lysP and cadBA control regions in
EMSAs performed with a high concentration of nonspecific
competitor DNA, the possibility of an indirect effect can be
discarded. We have shown that ArgP is the main regulator for
lysP, and CadC is the major regulator for the cadBA operon
(12, 58). These regulators activate expression of the corre-
sponding target genes in response to lysine availability (ArgP
for lysP and CadC via interaction with LysP for cadBA) (55, 58)
and low pH (CadC) (58). In this scenario, Lrp would impose
another level of regulation, adjusting the expression levels of
lysP and cadBA in response to the physiological status of the
cell.

The mechanisms employed by Lrp to regulate transcription
vary and often involve interaction with other regulator proteins
and NAPs. Recently, the implication of Lrp in the regulation of
the gene encoding the arginine exporter (argO) was reported.
It was shown that Lrp and ArgP behave as competitive activa-
tors able to activate argO expression under different conditions
(35). On the other hand, expression of the artPIQM operon,
one of the systems responsible for arginine uptake, is down-
regulated by ArgR (5) and Lrp (21). Here, we found that Lrp
binds to several sites at the lysP control region and is able to
potentiate the transcriptional activation mediated by ArgP
when lysine becomes limiting. Considering the in vivo and in
vitro data presented in this work, the mechanism by which
ArgP regulates argO transcription (24), and the known capacity
of Lrp to alter the shape of the DNA by inducing bending and
wrapping (57), a model for lysP regulation in which binding of
Lrp to the lysP control region may favor and/or stabilize the
ArgP-RNA polymerase-DNA complexes or introduce DNA
conformational changes is conceivable.

Regarding cadBA transcriptional regulation, it is known that
H-NS represses cadBA expression under noninducing condi-
tions (46), and according to the current model, CadC binding
dissolves the repressor complex formed by H-NS (22). The
interplay between Lrp and other NAPs, in particular H-NS, in
the regulation of several genes is well documented (10, 25, 38).
According to the results described here, Lrp participates in the
activation of cadBA under inducing conditions. It is conceiv-
able that CadC and Lrp dissolve the repressor complex formed
by H-NS in a joint action.

In conclusion, the three transporters for lysine (CadB, the
LAO system, and LysP) in E. coli are produced under different
conditions, and the corresponding genes are under the control
of various regulators to meet diverse cellular needs. Expression
of cadB, encoding the lysine/cadaverine antiporter CadB, is
induced only at low pH and when external lysine is available to
counteract acidic stress (27, 31). hisJOMP, encoding the histi-
dine-binding protein and the ABC-type transporter of the
LAO system, are repressed by Arg-loaded ArgR (4). In con-
trast, the arginine-ornithine-lysine binding protein which inter-
acts with the same ABC transporter is induced under nitrogen-
limiting conditions and controlled by NtrC (61), suggesting
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that the LAO system serves as a scavenging system for nitro-
gen-rich amino acids under conditions of nitrogen starvation.
As demonstrated here, lysP expression is induced under lysine
limitation and requires ArgP and Lrp. Therefore, the main role
of LysP seems to be the uptake of lysine for biosynthetic
purposes. When lysine is sufficiently available, expression of
IysP is shut off.
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7 CONCLUDING DISCUSSION

For a long time, histidine kinase/ response regulator systems were thought to exclusively
link environmental signals to intracellular adaptation of gene expression. Only recently
it became apparent, that one-component systems are the dominating signal transduction
systems in prokaryotes [Ulrich et al., 2005]. Remarkably, the membrane-integrated one-
component system CadC of E. coli integrates three extracellular signals and alters gene
expression in response to these signals. In this study the signal perception mechanism
of this membrane-spanning one-component system CadC was analyzed in detail. After
mathematical analysis of the different in- and output signals (chapter 2) elaborate
studies were accomplished that focused on the different signals processed by CadC
(chapter 4, chapter 5). These data were backed up by the resolution of the crystal
structure of the sensor domain of CadC, the first structure of a domain of a ToxR-
like transcriptional regulator (chapter 3). Completed by an analysis of transcriptional
regulation of lysP and cadBA (chapter 6) all results permit the establishment of a
comprehensive model for integration of external signals by the acid stress response

system Cad.

7.1 Molecular Insights in Signal Perception

At the beginning of this thesis little was known about the signal perception mechanism
of ToxR-like regulators. Since they share the same topology and some of them activate
genes in response to acidification, CadC can be used as a model for such sophisticated
one-component systems. It has been shown that ToxR-dimers are needed for activation
of target gene expression although it is not clear if dimerization occurs signal controlled
[Dziejman et al., 1999; Kolmar et al., 1995; Ottemann and Mekalanos, 1996|. In contrast
to other ToxR-like regulators, CadC does not depend on an accessory ToxS-like protein
for transcriptional activation [Li et al., 2000]. For CadC, low pH and cadaverine (first
stimulus and inhibitor, respectively) detection was assigned to the periplasmic domain,
while lysine sensing (second stimulus) was allocated to the transmembrane domain [Dell
et al., 1994; Tetsch et al., 2008|.
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Chapter 7. CONCLUDING DISCUSSION

With the help of the quantitative model developed in chapter 2, the transient expression
behavior of cadBA transcription and especially the timing of the shut-off of cad BA tran-
scription could be related to cadaverine dependent feedback inhibition. Furthermore,
with the aid of detailed quantitative experiments performed at high-time resolution and
the model, in vivo thresholds for activation (approx. 5 mM lysine and pH 6.2) and inhi-
bition (235 uM cadaverine) were estimated. These data confirmed the results of Neely
and Olson [1996], who observed that cadBA expression is transient. The threshold con-
centration for cadaverine is in the same range as the in wvitro-determined cadaverine
affinity for the CadC sensor domain (96 pM, Tetsch et al. [2008]). The model also
helped to evaluate two different hypotheses for (in-)activation of CadC. Earlier, it was
suggested that either conformational changes or cleavage of the DNA binding domain of
CadC upon stimuli perception lead to activation of transcription |Kiiper, 2006]. Since
cadaverine was thought to be responsible for the early shut-off of cadBA transcription,
and cadaverine binds to the periplasmic domain, inactivation by cadaverine would be
more likely realized via binding to an activator whose confirmation has been altered
rather than binding to the remaining proteolysis product in the membrane. As this
remaining peptide would lack the effector domain, inhibition of cadBA transcription in
this case would only be possible with a high CadC turnover. High turnover would have
to be counterbalanced by a strong induction of CadC under inducing conditions, con-
flicting the observation that CadC is constitutively expressed [Dell et al., 1994; Watson
et al., 1992].

To learn more about the main player of the Cad system, CadC, the crystal structure
of the periplasmic sensor domain was solved. For this purpose the periplasmic domain
was produced as a hybrid protein with the highly soluble thioredoxin [Tetsch et al.,
2008|. Following cleavage of the thioredoxin tag and multiple purification steps, the
protein was concentrated and used for crystallization attempts. After solving the first
structure of CadCpq at 2.3 A with the help of KsReClg, the apo structure was solved
at 1.8 A. The sensor domain of CadC (CadCpq) appeared to be an irregularly shaped
protein, basically composed of two subdomains (chapter 3, Fig. 1A). The first subdo-
main is a mixed parallel and anti-parallel S-sheet in contact with two a-helices (of a
three helix bundle). The second (C-terminal) subdomain is a pure a-helical bundle out
of 11 helices. The helices are twisted clockwise and oriented vertically towards the first
subdomain. Remarkably, no comparable complete three-dimensional structure has so
far been added to the protein databank (PDB). Only helical bundles of three different

structures showed similarities to the second subdomain of CadC,q (chapter 3, Fig. 4).
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In addition to the two domain composition, the structure revealed another feature of
the periplasmic domain. Between the two subdomains an internal cavity was discovered
(chapter 3, Fig. 3). Since this cavity is negatively charged and bound ReClg? readily,
it may be speculated that this might be the part of the protein that binds the positively
charged inhibitor, cadaverine. Concordantly, the docking studies performed suggested
that the binding of cadaverine occurs within this cavity. Unfortunately, crystallization
attempts with cadaverine did not result in complex structures. An accessory finding
was that CadCpq crystallized as dimers (chapter 3, Fig. 2A), supporting the current
knowledge that CadC acts (at least) as a dimer, as suggested by two CadC binding sites
in the Poaq promoter |[Kiiper and Jung, 2005] and by in vivo analyses [Kiiper, 2006].

Transcription of cadBA starts at pH 6.6 and reaches the full induction level at pH
5.8 (chapter 2, Fig. 3B and Slonczewski et al. [1987]). Therefore, residues within the
C-terminal half of the sensor domain, which are protonable at this pH range, were
analyzed for their role in detecting the external pH (histidines, glutamates and as-
partates; chapter 4). None of the histidines present in the periplasmic domain was
involved in pH-dependent regulation (chapter 4, Fig. 1A), whereas an acidic patch on
one side of the periplasmic domain was crucial for pH detection (chapter 4, Fig. 6A).
As alterations in phospholipid content did not affect pH dependent activation, it was
concluded that the activation mechanism does not involve interactions of the patch with
the phospholipid head groups (chapter 4). Intriguingly, the acidic patch is located at the
dimer interface of the periplasmic domain (chapter 4, Fig. 8). Furthermore, the patch,
stretching between Asp 198, Asp 200, Glu_ 461, Glu_ 468 and Asp 471, spans the
two subdomains of CadCpq. The first subdomain of CadCq is especially essential for
signal transduction across the membrane (chapter 4, Fig. 7). Investigating cadaverine-
dependent inactivation of CadC, it became obvious that the internal cavity (chapter 3)
is likely of minor importance and instead exhibits a cooperative effect (chapter 5, Fig.
1). In accordance with mutagenesis results published earlier [Dell et al., 1994], a second
binding site was identified. As can be deduced from the structural data, this binding
site also localizes at the acidic patch at the dimer interface (chapter 5, Fig. 2). Re-
markably, pH detection and cadaverine binding occur in the same protein area (at the
dimerization interface). Nonetheless, both phenomena seem to function independently
of each other. pH detection and cadaverine binding have some residues in common
(Thr_475, Leu_479), but, coevally, there are residues that recognize cadaverine but
are not involved in pH detection (i.e. Tyr_453) and vice versa (Asp_471 and Glu_-
468; Dell et al. [1994]; chapter 4; chapter 5).
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Output Generation by a "Simple" One Component System

How are these signals processed to ensure survival at acidic conditions? CadCpq crys-
tallized as a dimer in neutral crystallization conditions. Therefore, CadC might form
dimers unaffected by the surroundings (chapter 3). As mentioned before, a similar be-
havior has been proposed for ToxR of V. cholerae. Hence, at neutral pH, these dimers
would represent the inactive state. In addition, LysP is thought to sequester CadC
in the inactive state as long as no lysine is available. This inhibitory effect is exerted
via the transmembrane domain [Tetsch et al., 2008|. Since the transmembrane domain
follows the periplasmic domain in signal transduction, LysP can block activation if no
substrate (lysine) is present, even at low pH.

In the case where lysine is available and the surroundings become acidic, LysP-CadC
interaction would become loose and CadC would be "free" to respond to the increase
in external protons. According to the results of this thesis, the acidic patch would then
get protonated. As this is equivalent to neutralization of the acidic, negatively charged
patch, this would lead to structural alterations that affect transcriptional activation.
The nature of these structural rearrangements, such as approximation of subdomains,
rotation and piston-like movements, is so-far-unknown. However, it can be supposed
that these rearrangements transduce the information from the first periplasmic sub-
domain to the cytoplasmic effector domain via the transmembrane helix. Since Neely
and Olson [1996] demonstrated that CadC synthesis is essential for activation upon
acidification, it is suggested that only newly synthesized CadC can adopt an active
conformation. Eventually, protonation of the amino acids residing in the acidic patch
during protein maturation (thereby eliminating repelling surfaces) leads to alterations
in CadC folding, thus enabling signal transduction through the membrane. As stated
before, it is thought that CadC is active as a dimer, since two CadC binding sites ex-
ist in the cadBA promoter and multimerization has been proven in wvivo [Kiiper, 2006;
Kiiper and Jung, 2005].

While CadC is involved in the activation of cadBA transcription, it also mediates the
inhibition, with no induction occuring in the presence of cadaverine. Cadaverine, the
product of decarboxylation, also exerts its inhibitory effect on the periplasmic domain
(Dell et al. [1994], chapter 5, see below for discussion). At low pH, cadaverine bind-
ing occurs in the same protein area as protonation. Consequently, it is likely that
cadaverine binding interferes with processes related to pH signaling. It is possible that
cadaverine binding prevents CadC monomers located within the dimer from further
approximating, rotating and undergoing piston-like transitions, thereby preventing the

simultaneous binding to the two CadC binding sites and the initiation of transcription

96



7.2. Complex Regulation - A Tribute to Cellular Welfare?

(figure 7.1B). Consequently, cadBA transcription in the presence of external (excreted)

cadaverine is inhibited.

7.2 Complex Regulation - A Tribute to Cellular Welfare?

Transcriptional (fine)tuning of lysP and cadBA

In addition to lysine regulating the transcription of cadBA, lysine also represses the
transcription of lysP, which encodes LysP and exerts lysine-dependent inhibition. lysP
transcription is repressed after addition of lysine (10 mM) within 4 min [Neely and
Olson, 1996]. 50 uM lysine are sufficient to repress lysP transcription independent of
LysP presence (chapter 6). The LysR-type regulator, ArgP, was identified as responsi-
ble for lysine-dependent repression of lysP transcription. In addition, ArgP was shown
to bind to the lysP promoter without ligand as well as with lysine or arginine (chapter 6,
Fig. 4). Therefore, it is conceivable that lysine-bound ArgP inhibits lysP transcription
while uncharged or arginine-bound ArgP induces transcription. A similar regulation by
ArgP has been suggested by Laishram and Gowrishankar [2007] for expression of argO.
ArgP was shown to manipulate the expression of several basic amino acid transporter
genes, thus one may postulate that ArgP’s effects on gene expression is balanced by
the presence of low molecular weight co-effectors. Furthermore, another regulator, Lrp,
known to regulate multiple genes in response to the nutritional state of the cell, was
shown to affect lysP expression. The leucine-responsive protein (Lrp) reinforced the ef-
fect of ArgP in the absence of lysine (chapter 6, Fig. 8). Thus, Lrp acted in accordance
with its role as a physiological barometer, in which Lrp represses genes during feast
and induces genes during famine [Calvo and Matthews, 1994; Cho et al., 2008; Dillon
and Dorman, 2010|. Intriguingly, Lrp also promotes cadBA expression. In contrast to
activation of lysP in the absence of lysine, Lrp activates transcription of cadBA in the

presence of lysine.

Acid stress response - without wasting resources

Considering this newly discovered aspect of cadBA expression, it seems that regulation
of cadBA is aimed at optimizing acid defense and survival. Under non-inducing condi-
tions (physiological pH, no lysine) CadC and LysP are both expressed. CadC is present
at a relatively low copy number (approx. 20 proteins/ cell, Tetsch et al. [2008]). So,
for effective inhibition of CadC, LysP should be present with at least the same number
of molecules. In order to avoid accidental binding of the promoter, which would result

in transcription activation and energetic waste, H-NS occupies the promoter region of
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A Shysiological pH (pH 7.6), no lysine

|# [cadB1[cadA1®

Figure 7.1: Model of inhibition of cadBA transcription A. In the absence of stimuli (phys-
iological pH and no lysine). Possibly CadC forms an inactive dimer. The repelling cluster in the
periplasmic domain is indicated by red color. The inactive conformation of CadC at physiological
pH and lysine deficiency is supported by sequestration by the lysine permease LysP and is schemat-
ically represented by a rectangular periplasmic domain of CadC. In addition H-NS binds to the Pcaq
promoter region and thus prevents activator binding. B. When the external cadaverine concentra-
tion exceeds the threshold, cadaverine (gray squares) binds to newly synthesized CadC molecules
and prevents formation of active dimers (conformational rearrangements) that are crucial for tran-
scriptional activation. Thus cadBA transcription is inhibited albeit persisting inducing conditions,
conceivably due to cadaverine-induced blockage of effector domain positioning. PP: periplasm, CM:
cytoplasmic membrane, CP: cytoplasm

cadBA (figure 7.1A).

In the case that the lysine concentration rises to exceed 50 uM (chapter 6), lysP tran-
scription is shut off by ArgPelysine. Thus, presumably the number of LysP molecules
(and CadC inhibitors!) decreases. In addition to the presence of less LysP molecules,
it is likely that the interaction of transport-active LysP and CadC alters, freeing CadC
to be activated by pH. When the cell’s surroundings are at physiological pH, CadC re-
mains inactive and cadBA is not transcribed (figure 7.2A). In cases where the external
pH decreases, a rapid response (within four minutes) is possible, as shown by Neely and
Olson [1996].

If the surrounding is acidic but still contains no lysine (figure 7.2B) it is most prob-
able that the fold of the periplasmic domain changes, but that signaling across the
membrane is blocked by the persisting interaction with LysP ("semi-active" CadC;
figure 7.2B). Unfortunately, trials to "freeze" different CadC conformations by crys-
tallization of different signaling variants were not successful as they all featured the
same three-dimensional structure (chapter 3, chapter 4, CadC_D471E: no activation,
CadC_ D471N: pH independent activation). Inhibition by LysP ensures that cadBA is
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A B C
physiological pH, , no lysine

(
TTEEE P mmme s~

Figure 7.2: Model of CadC action, when either one or both stimuli are present. A. In case
of a physiological external pH and lysine present, interaction of LysP and CadC changes and CadC is
released for activation. As the milieu is near neutral, CadC remains in its inactive conformation and
cadBA transcription is off. B. In case that the surrounding is acidic but does not contain lysine, the
periplasmic domain of newly synthesized CadC adopts the active conformation. Since interaction
with LysP persists, activation cannot be transduced over the membrane (cadBA is not transcribed).
C. Both signals (low pH and high lysine concentration) are present: LysP transcription is shut
down and interaction of actively transporting LysP with CadC is altered. So, newly synthesized
CadC with the active conformation can transduce the signal through the membrane and activates
cadBA transcription. Concurrently, H-NS is displaced and Lrp (gray hexagons) molecules bind to the
cadBA promoter and assist transcription activation. PP: periplasm, CM: cytoplasmic membrane,
CP: cytoplasm.

not transcribed under lysine limiting conditions. As soon as the lysine concentration
passes the threshold, "semi-active" CadC is released and immediately activates cad BA
transcription (fast response within four minutes; Neely and Olson [1996]).

In the event of both signals being present simultaneously, newly synthesized CadC
adopts the active conformation. In this scenario, signal transduction can occur since
interaction with transport-active LysP has changed (in the absence of inhibition) and
since [ysP transcription has been shut down. It is assumed that active CadC displaces
the global regulator H-NS, binds to the Pcyq promoter and activates transcription. In
addition, cadBA transcription is stimulated by Lrp (figure 7.2C).

As a result, all of these regulatory features seem to guarantee that cadBA expression
only occurs under acidic conditions when lysine is available. This is especially important
if one takes into account that CadA represents over 2% of the total cellular protein
under maximal induction [Stim and Bennett, 1993]. Hence, if expressed under the
wrong conditions, it takes a high energetic toll on the cell. In addition, cost-intensive

transcription (and translation) is shut off when the external cadaverine concentration
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reaches a certain threshold level. As CadA and CadB are very stable (in chapter 2, Fig.
4), lysine decarboxylation continuous even though expression of cadBA has stopped.
This way, the cells are protected without wasting too much energy for transcription
and translation. This is also reflected by the transcriptional control by Lrp, which only
enhances transcription if lysine is available (chapter 6, Fig. 10A and B). Additionally,
Lrp and ArgP regulate transcription of the trigger transporter, LysP, in response to
the nutritional state of the cell. As another level of control, the enzymatic activity of
CadA is also regulated. At times when cells are experiencing amino acid starvation,
when it could be lethal to use amino acids for decarboxylation, CadA is inactivated by

the alarmone, ppGpp |Kanjee et al., 2011].

7.3 Outlook

Of the remaining questions regarding signal perception, some of the most pressing are
the following: What is the (molecular) difference between the active and the inactive
state of CadC? How is the signal transduced (monomer/dimer transition, rotation,
piston-like movement)? What happens in the cytoplasmic part upon activation? How
does LysP exerts its inhibitory effect?

In order to determine whether CadC turnover is involved in cadBA regulation or if
the ratio between LysP and CadC plays a crucial role, the signal-dependent levels of
CadC and LysP need to be determined. This could be realized by shifting the cells to
inducing conditions and comparing the protein levels of CadC and LysP with the help
of specific antibodies and Western blotting. In an attempt to better glimpse on trans-
membrane signaling, a library of single cysteine variants of CadC will be constructed.
This library features CadC variants that contain a single cysteine instead of the native
amino acid at every position within the transmembrane domain. These variants can be
used for cysteine-specific crosslinking [Lee et al., 1995] of CadC variants or to determine
distances via EPR (electron paramagnetic resonance) spectroscopy. For this purpose
single cysteines are labeled with a cysteine-specific label that features a single electron.
Distances between these single electrons can then be determined in a magentic field.
Single-cysteine variants could also be used to study the nature of CadC - LysP inter-
action via EPR. As one could determine signal-dependent distances between a label in
CadC and one in LysP [Banham et al., 2008; Hilger et al., 2005]. In order to clarify the
terminal number of cadaverine binding sites, a cadaverine-bound crystal structure would
be indispensable. Also, to understand the molecular mechanism of CadC to a greater

degree, a full-length structure of the membrane-integrated protein would be necessary.
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As CadC is highly unstable in solution, one could possibly determine its structure using
cryo-electron tomography in the native membrane environment [Trépout et al., 2010].
This technique could also be used to study the nature of the LysP/CadC interaction.
Finally, for a complete understanding of signal transduction, the role of the cytoplas-
mic loop (see chapter 1) needs to be determined. Therefore, a series of different CadC
variants, containing single amino acid substitutions, deletions or insertions within this

loop region, could prove useful in this endeavor.
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Correlation analysis between parameters

From Fig. 5 in the main paper we found that for small values of x? some pa-
rameters still display a wide variation over their physiological range, as e.g. the
transcription and translation rate v, and v,, respectively. Therefore we rea-
soned, whether these ’sloppy’ parameters do not influence the model behavior
at all, or whether not single parameters, but rather combinations of those pa-
rameters are constrained by our experiments. To discriminate between these
alternative explanations, we selected the best fits with x? < 3.22 from Fig. 5 in
the main paper and analyzed the correlations between the fitted parameters,
see Fig. S1. This data clearly displays strong pairwise correlations between
the sloppy parameters, demonstrating that in fact only their combinations are
well constrained. For instance, the transcription and translation rates v, and
vp, which display high variation individually, are strongly anticorrelated, such
that their product is kept at a constant level. This is reasonable, since the ab-
solute level of the CadA activity - characterized by v, X v, - is well determined
in our experiments, whereas the mRNA level - characterized by v, alone - is
only measured in relative units. Likewise, the parameters for lysine turnover,
Umaz and K, display a linearly correlated variation, indicating that only their
ratio is well constrained by our data. Also among the parameters that control
the promoter activity function (K,,/Cy, the promoter fold-change f, K. and
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Kj; cf. Egs. (2) and (3) in the main paper) pairwise correlations, albeit less
pronounced, were detected.

Comparison of estimated parameters with literature values

In the following we discuss the estimated parameters of the Cad module listed
in Table 2 of the main paper in the light of previously published literature
values.

Ki: activation threshold of CadC by lysine. CadC senses lysine indirectly via
interaction with LysP [1-4]. There is recent evidence that CadC is inhibited
at low lysine concentrations via a transmembrane domain interaction with the
lysine permease LysP, whereas the interaction is released at high lysine levels
[5]. In the present work we determined the effective in vivo lysine activation
threshold to be K; = 3.6 mM. This result is somewhat surprising, since the
in vitro Michaelis constant K, for lysine transport by LysP is much lower at
~ 10 uM [6]. However, Neely et al. also found that the Cad system is sensitive
with respect to lysine in the millimolar range [3], suggesting that our result is
plausible under in vivo conditions.

n;: Hill exponent of indirect CadC-lysine interaction. The estimated Hill exponent
of n; = 1.1 for the indirect activation of CadC by lysine via LysP suggests
that the underlying binding reactions do not involve cooperative mechanisms
of CadC activation. We are not aware of a literature value for the Hill exponent
for this interaction to which we could compare our estimate.

K.: inactivation threshold of CadC by cadaverine. For the inactivation of CadC
by external cadaverine we found a threshold of K. = 235 uM. This value is
surprisingly close to the in vitro binding constant of 96 uM for the interaction
of cadaverine with the periplasmic domain of CadC [5].

nc: Hill exponent of direct CadC-cadaverine interaction. It is noteworthy that the
best-fit value for the effective Hill coefficient n. for the regulation of CadC by
cadaverine is 2.8, and is relatively well constrained by the data. This suggests
that a molecular mechanism for cooperativity is at work, possibly a multimer-
ization of CadC proteins in the membrane. To the best of our knowledge, this
question has so far not been studied in vivo.

pHo and ApH: activation threshold of CadC by low pH. Our analysis yields for
the activation threshold of CadC pHg = 6.2 and for the width of the activation
range ApH = 0.5. These values agree reasonably well with early experiments of
Auger et al. in Falkow medium, who found activity of a cadA-lacZ fusion at pH
6 and below [7]. Also from a physiological point of view it seems reasonable to

106



activate the Cad system in this pH regime, since the enzyme activity of CadA
is peaked around an optimal pH of 5.7 [8].

Co/K. : relative CadC abundance. The level of CadC was found to be just suffi-
cient to activate the promoter P.,q, such that multiple copies of a P.,q — lacZ
fusion were not fully induced [2]. This result suggests, that in vivo the num-
ber of CadC molecules is on the order of the dissociation constant for CadC-
promoter binding, i.e., Cy & Kc¢. In our analysis we found indeed Cy/ K, = 1.1,
which is in excellent agreement with the observations of Watson et al. [2].

Vm and v,: transcription and effective translation rate of cadBA. As inferred from
Fig. S1, only the product of transcription and effective translation rate is well
constrained by our data. From our analysis we found v, X, = 18 U/mg/min?.
We are not aware of any reference values for these parameters in the literature.

f: fold-change between basal and maximal transcription rate of P.,;. For the
fold-change we found f =~ 700, which indicates that the promoter is highly
inducible. Again, we are not aware of any reference value in the literature.

Tm: half-life of cadBA mRNA. From our analysis we found an mRNA half-life
of 13.8 min. In contrast, a global analysis of RNA half-lifes in Escherichia coli
9] found in an extremely short half-life of less than 2 min for the cadBA
mRNA in LB medium, suggesting that an active degradation mechanism is
involved. Our Northern blot data for the lysP211 mutant, shown in Fig. 4 (f)
of the main paper, does indeed suggest a rapid decay of the mRNA at high
levels directly after the peak, followed by a slower decay at lower levels. Our
quantitative model only allows for a single degradation rate, which leads to the
intermediate half-life of 14 min as a best-fit value. The changing degradation
rate could be rationalized under the assumption that the cadBA mRNA has
a relatively weak binding affinity to the degrading enzyme, such that active
degradation only contributes significantly at high mRNA levels, whereas at low
mRNA levels a slower passive decay is at work. Fig. S2 of the Supplementary
Material illustrates that this mechanism could indeed account for the observed
shape of the mRNA curve in Fig. 4(f). However, this explanation would raise
the question why the rapid active decay is not observed in the data of the
wild-type in Fig. 4(a). Possibly, the kinetics of LysP unbinding from CadC
is slow (contrary to our model assumption of a rapid binding equilibrium),
such that it interferes with the reception of the cadaverine signal and thereby
broadens the onset of transcriptional down-regulation. Further experiments
would be required to test these hypotheses.

Tp: protein half-life. For the protein half-life in our effective model we found
7, = 29h, indicating high protein stability. This finding is in agreement with
a biochemical study which found CadA to be stable [8].

107



Vmax and K, effective turnover rate and Michealis constant for lysine turnover by
CadA and CadB. As inferred from Fig. S1, only the ratio of v,,,, and K, is
well constrained by our data: vpgs/Kp = 5 x 107° (min x U/mg)~". To the
best of our knowledge, there is no report of these parameters in the literature.
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Fig. S1. Pairwise correlations between the fit parameters. For this correlation analy-
sis, the fits of highest quality (x? < 3.22) were selected from Fig. 5 (main paper) and
the correlations of the resulting parameters are displayed in pairwise scatterplots
(off-diagonal). The figure also shows the histograms of the individual parameters
(diagonal).
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Fig. S2. Schematic influence of different mRNA degradation mechanisms on the
dynamics of cadBA mRNA. The solid lines correspond to a model which assumes
mRNA (m) production at constant rate a until 7' = 15min, followed by a period
of pure mRNA decay: 4m = a©(T —t) — g(m), where O(T — t) is the Heaviside
function and g(m) is the degradation term. In (a) the mRNA dynamics with simple
linear decay (g(m) = Am) shows major differences to the experimental data of
the lysP211 mutant after ¢ = 60min. In (b) the mRNA dynamics is shown for a
degradation mechanism which is active when the mRNA level exceeds a threshold
value K, i.e. g(m) = dm™/(K™ + m™). The Hill exponent was chosen to be large
(n = 6) in order to obtain a switch-like dependence of the mRNA degradation rate
on the mRNA level: below K = 0.4 degradation turns off and hence the long-term
behavior of the experimental data (¢ > 60 min) is not captured. Only a combination

of nonlinear active decay and slow linear decay in (c) yields the required short and
long-term behavior.
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MG1655 (wt): KE medium +10 mM lysine MG1655-lysP211: KE medium + 10 mM lysine
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Fig. S3. Dynamics of the life cell counts of E. coli MG1655 (left) and
MG1655-lysP211 (right) upon exposure to pH 5.8 and 10 mM lysine in minimal
KE medium.

111



9 SUPPLEMENTAL MATERIAL - CHAPTER 4

112



Supplementary Data —

NEW INSIGHTS INTO THE SIGNALING MECHANISM OF THE PHRESPONSIVE,
MEMBRANE-INTEGRATED TRANSCRIPTIONAL ACTIVATOR CADCOF
ESCHERICHIA COLI *

Ina Haneburger?, Andreas Eichinger*®, Arne Skerra“® and Kirsten Jung*?

120

100 n o

CadA activity
[% of activty of reference strain at pH 5.8]
(] [e)
o o
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o
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HDL 1001  HDL 1001 AD93 AD93
PTG pDD72

Fig. S1. CadA activity irkE. coli phospholipid mutants at different external pH valuéadA
activity was determined as a measurecmBA expression in the strains indicaté&d.coli strain
HDL1001 has a lower content (< 2%) of phosphatigegrol (PG) and cardiolipin (CL), that
can be rescued t. coli K12 level through expression of phosphatiylglyggrasphate synthase
(pgsA) by induction with IPTG (1). E. coli strain AD93 is deficient for
phosphatidylethanolamine and therefore contains hmmeore phosphatidylglycerol and
cardiolipin. Expression of thpss gene from a plasmid (plasmid pDD72) restores anabPG
and CL content. Strains were grown in buffered LBdinm at pH 5.8 (white bars), pH 7.0
(grey) and pH 7.6 (black). To support growth oastrAD93, these cultures were supplemented
with 50 mM MgCb. CadA activity was determined as describedExperimental procedures.
100 % corresponds to the activity measured for HIU1YIPTG and AD93/pDD72 after growth
at pH 5.8.
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supplementary Tab. 1: Plasmids and oligonucleotides used in this study.

Plasmid Oligonucleotide

PET16D

PET16b-cadC2

PET16b-cadC3 CadC-Xhol-sense
CadC-xhol-anti

PET16b-cadC4 CadC-Xmal_sense
CadC-Xmal_anti

PET16b-cadC5 CadC_Sacl_sense
Cad_Sacl_anti

PET16b-cadCs

PET16b-cadC7 CadC_Sacll_long

PET16b-cadC7_D198A
PET16b-cadC7_D198E
PET16b-cadC7_D198N
PET16b-cadC7_D200A
PET16b-cadC7_D200E
PET16b-cadC7_D200N
PET16b-cadC5_H240L

PET16b-cadC5_H240Q
PET16b-cadC6_H240R
PET16b-cadC_K242A
PET16b-cadC6_K242Q
PET16b-cadC6_K242R
PET16b-cadC6_Y2451

PET16b-cadC6_E249A
PET16b-cadC6_E249D
PET16b-cadC6_E249Q

PET16b-cadC5_H332L
PET16b-cadC5_H332Q
PET16b-cadC5_H344L
PET16b-cadC6_H344Q
PET16b-cadC6_H349L
PET16b-cadC6_H349Q
PET16b-cadC5_H387L
PET16b-cadC5_H387Q
PET16b-cadC5_H390L
PET16b-cadC5_H390Q
PET16b-cadC3_D434N
PET16b-cadC3_D434R
PET16b-cadC5_E435Q
PET16b-cadC3_E435R
PET16b-cadC3_D445N
PET16b-cadC3_D445R
PET16b-cadC2_E447Q

PET16b-cadC2_E447R

PET16b-cadC6_Y453!
PET16b-cadC6_V454A
PET16b-cadC6_K458A
PET16b-cadC6_K458Q
PET16b-cadC6_K458R
PET16b-cadC6_Y4601

PET16b-cadC6_E461A
PET16b-cadC3_E461D
PET16b-cadC3_E461Q
PET16b-cadC4_E461R
PET16b-cadC6_R467A
PET16b-cadC_R467E
PET16b-cadC6_R467K.
PET16b-cadC6_R467Q
PET16b-cadC6_E468A
PET16b-cadC5_E468D
PET16b-cadC3_E468Q
PET16b-cadC2_E468R
PET16b-cadC2_D471A
PET16b-cadC2_D471E

PET16b-cadC4_D471N
PET16b-cadC4_D471R
PET16b-cadC6_L474A
PET16b-cadC6_FA77A
PET16b-cadC6_F477!
PET16b-cadC6_N478A
PET16b-cadC_R480Q
PET16b-cadC4_E490Q
PET16b-cadC4_E490R
PET16b-cadC3_DS06N
PET16b-cadC3_DS06R
PET16b-cadC3_E512Q
PET16b-cadC3_E512R
PET16b-cadC_D198E_DA71E
PET16b-cadC_D198E_DA7IN
PET16b-cadC_K242R_DA71E
PET16b-cadC_K242R_DA7IN

114

CadC_D198A

CadC_D200N
CadC_H240L _sense
CadC_H240L _anti

CadC_H240R _anti
CadC_K242A _fw

CadC_Y2451_fw
CadC_Y245|_rev
CadC_E249A_fw
CadC_E249A_rev
CadC_E249D_fw
CadC_E249D_rev
CadC_E249Q_fw
CadC_E249Q_rev
CadC_H332L
CadC_H332Q
CadC_H344L
CadC_H344Q
CadC_H349L
CadC_H349Q
CadC_H387L
CadC_H387Q
CadC_H390L
CadC_H390Q
CadC-D434N_as
CadC_D434R_as
CadC_E435Q_as _wobble
CadC_E435R _as
CadC_D445N_as
CadC_D445R _as_2
CadC_E447Q_sense
CadC_E447Q_anti
CadC_E447R _sense
CadC_E447R _anti
CadC_Y4531
CadC_V454A
CadC_K458A
CadC_Ka58Q
CadC_K458R
CadC_Y4601
CadC_E461A
CadC_E461D_2
CadC_E461Q_s
CadC_E461R_s_2
CadC_R467A
CadC_R467E
CadC_R476K
CadC_R467Q
CadC_E468A
CadC_E468D
CadC_E468Q_as
CadC_E468R as
CadC_D471A
CadC_DA471E_sense
CadC_D471E-anti
CadC_D471N_as
CadC_D471R_as
CadC_L474A
CadC_F477A
CadC_F4771
CadC_N478A
CadC_R480Q
CadC_E490Q_s
CadC_E490R s
CadC_DS06N_as_2
CadC_D506R _as_2
CadC_E512Q_as
CadC_E512R _as

52_CadC_SOE3_Spel
CadC_BamHI_stop_antisense
T7 Promoter Primer

T7 Terminator antisense

Oligonucleotide Sequence (5~ 3)

Second Oligonucleotide

GGCATTGATCTCGAGATGTCCTGG
GCCAGGACATCTCGAGATCAATGC

ATTTACGCCCCGGGGCAAACACC

TTTGCCCCGGGGCGTAAATTAAAGG

CATCGTGGAGCTCTATTAACTAATTTTTATC

TAGTTAATAGAGCTCCACGATGC

combination of pET16b-cadC4 and pET16b-cadC5
TGTGTAGCACTAGTAGCGTTTTCAAGTCTTGATACACGTCTTCCTATGAGCAAATCGC
GTATTTTGCTCAATCCGCGGGATATTGAC

TGCTCAATCCGCGGGCTATTGACA

TGCTCAATCCGCGGGAAATTGACAT

TGCTCAATCCGCGGGATATTAACATTAATATG
TTTATGGTGCTTGACAAAATCAAC
TGATTTTGTCAAGCACCATAAAGG
TTTATGGTGCAAGACAAAATCAAC
TGATTTTGTCTTGCACCATAAAGG
TTTATGGTGAGAGACAAAATCAAC
TGATTTTGTCTCTCACCATAAAGG
GTGCATGACGCAATCAACTAC
GTAGTTGATTGCGTCATGCAC
GTGCATGACCAAATCAAC
GTTGATTTGGTCATGCAC
GTGCATGACCGAATCAACTAC
GTAGTTGATTCGGTCATGCAC
CAAAATCAACATCAACATTG
CAATGTTGATGTTGATTTTG
CATTGATGCACCGAGCAG

GCTCGGTTGATCAATGTTG
GTTAATAGAGCTCCACGAAGCGGCAAAATTTTCTGG
GTTAATAGAGCTCCACGTTGCGGCAAAATTTTCTGG
ATCGTGGAGCTCTATTAACTAATTTTTATCAGGCACTTGATTATTTAC
ATCGTGGAGCTCTATTAACTAATTTTTATCAGGCACAAGATTATTTAC
ATCGTGGAGCTCTATTAACTAATTTTTATCAGGCACATGATTATTTACTGCTTGGCGATG
ATCGTGGAGCTCTATTAACTAATTTTTATCAGGCACATGATTATTTACTGCAAGGCGATG
TAGTTGATATCGTGCGCCTTTCTCAAC

TAGTTGATATCGTGCGCCAATCTCAAC
TAGTTGATATCGTGCGCCATTCTCAACTTCCTTTAG
TAGTTGATATCGTGCGCCATTCTCAACAACCTTTAG
GGACATCTCGAGATCAATGCCAGTATTTATCGCCTGGTAAGACTCATTTGTTTTACC
GGACATCTCGAGATCAATGCCAGTATTTATCGCCTGGTAAGACTCACGTGTTTTACC
GGACATCTCGAGATCAATGCCAGTATTTATCGCTTGGTAAGACTGATCTGTTTTACC
GGACATCTCGAGATCAATGCCAGTATTTATCGCCTGGTAAGACCGATCTGTTTTACC
AGGACATCTCGAGATTAATGCCAG

CATTGATCTTCGAATGTCCTGGC
GCCAGGACATTCGAAGATCAATG
GCATTGATCTCGAGATGTCCTGGCTAAATATTGTGTTGC
GCATTGATCTCGAGATGTCCTGGCTAAATTATGCGTTGCTTG
GCATTGATCTCGAGATGTCCTGGCTAAATTATGTGTTGCTTGGCGCGGTTTATGAAATG
GCATTGATCTCGAGATGTCCTGGCTAAATTATGTGTTGCTTGGCCAAGTTTATGAAATG
CATTTCATAAACACGGCCAAGCAACACATAATTTAGCCAGGACATCTCGAGATCAATGC
GGTGAGATATGCATCAGCTGCTTCCCGGTTCATCCCCTTCATTTCAATAACCTTG
GGTGAGATATGCATCAGCTGCTTCCCGGTTCATCCCCTTCATTGCATAAACC
TTGATCTCGAGATGTCCTGGCTAAATTATGTGTTGCTTGGCAAGGTTTATGATATGAAGG
TTGATCTCGAGATGTCCTGGCTAAATTATGTGTTGCTTGGCAAGGTTTATCAAATGAAGG
TTGATCTCGAGATGTCCTGGCTAAATTATGTGTTGCTTGGCAAGGTTTATAGAATGAAGG
TGAGATATGCATCAGCTGCTTCCGCGTTCATCC
TGAGATATGCATCAGCTGCTTCCTCGTTCATCC
GGTGAGATATGCATCAGCTGCTTCCTTGTTCATCCCC
TGAGATATGCATCAGCTGCTTCCTGGTTCATC
TGAGATATGCATCAGCTGCTGCCCGGTTC
TGAGATATGCATCAGCTGCGTCCCGGTTC
TGAGATATGCATCAGCTGCTTGCCGGTTC
TGAGATATGCATCAGCTGCTCGCCGGTTC
GTGTTTGCCCCGGGGCGTAAATTAAAGGCGGTGAGATATGCTGCAGCTGCTTC
GGAAGCAGCTGAAGCATATCTCCAC

GTGAGATATGCTTCAGCTGGCTTCC
GWTGCCCCGGGGCGTAAATTAAAGGCGGTGAGATATGCATFAGCTGC

GTTTGCC AATT, ATGCACGAGCTGC
AGCAGCTGATGCATATGCCACCGCC
AGCAGCTGATGCATATCTCACCGCCGCTAATTTAC
AGCAGCTGATGCATATCTCACCGCCATTAATTTAC
GTGTTTGCCCCGGGGCGTAAAGCAAAGGCGG
GTGTTTGCCCCGGGTTGTAAATTAAAGG
TTACGCCCCGGGGCAAACACCCTTTACTGGATTCAAAATGGTATATTCC
TTACGCCCCGGGGCAAACACCCTTTACTGGATTCGAAATGGTATATTCC
GCCGGATCCTTATTCTGAAGCAAGAAATTTATTGAGATAAGG
GCCGGATCCTTATTCTGAAGCAAGAAATTTCCTGAGATAAGG
GCCGGATCCTTATTGTGAAGCAAG

GCCGGATCCTTATCGTGAAGCAAG

combination of pET16b-cadC7_D198E and pET16b-cadC2_D471E,

combination of pET16b-cadC7_D198E and pET16b-cadC4_D471N,

combination of pET16b-cadC6_K242R and pET16b-cadC2_D471E,

combination of pET16b-cadC6_K242R and pET16b-cadC4_D471N,
CTGTGTAGCACTAGTAGCGTTTTC

AGTGGATCCTTATTCTGAAGCAAGAAATTTGTCG

TAATACGACTCACTATAGGG

CCGTTTAGAGGCCCCAAGG

CadC_BamHi_stop_anti
57_CadC_SOE3_Spel
CadC_BamHi_stop_anti
CadC_Xhol_sense
CadC-Xhol-anti
57_CadC_SOE3_Spel

CadC-Xhol-anti

CadC-xhol-anti
CadC-Xhol-anti
CadC-Xhol-anti
CadC-Xhol-anti
CadC-Xhol-anti
CadC-xhol-anti
Cad_Sacl_anti

Ed canc SOE3 3_Spel
Cad_Saci

57_ canc SOE3 3_Spel
CadC-Xhol
5?_CadC_SOE3_SpeI
CadC-Xhol-anti
52_CadC_SOE3_Spel
CadC-xhol-anti
5?_CadC_SOE3_Spel
CadC-xhol-anti
5?_CadC_SOE3_Spel
CadC-xhol-anti
5?_CadC_SOE3_Spel
CadC-xhol-anti

5?_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
57_CadC_SOE3_Spel
CadC_BamH_stop_anti
CadC_BamHi_stop_anti
CadC_BamH_stop_anti
CadC_BamHi_stop_anti
CadC_BamHI_stop_anti
CadC_BamH_stop_anti
CadC_BamHI_stop_anti
CadC_BamH_stop_anti
57_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
57_CadC_SOE3_Spel
57_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
57_CadC_SOE3_Spel

CadC_BamH_stop_anti
5?_CadC_SOE3_Spel

52_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
T7 Terminator_as
CadC_BamH _stop_anti
CadC_BamH_stop_anti
5?_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
57_CadC_SOE3_Spel
5?_CadC_SOE3_Spel

57_CadC_SOE3_Spel
CadC_BamHi_stop_anti
5?_CadC_SOE3_Spel
57_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
T7 Terminator_as.

T7 Terminator_as.

T7 Terminator_as
5?_CadC_SOE3_Spel
5?_CadC_SOE3_Spel
CadC_BamHi_stop_anti

CadC_xhol_sense
CadC_xhol_sense

RE

BamHI/Spel
BamHI/Xhol
Xholspel

Xhol/Blp!
Xhol/Spel

Xhol/Sacil
Xhol/Sacil
Xhol/Sacil
Xhol/Sacl
XholSacil
Xhol/Sacl
Sacl/Spel

sacl/Spel
XholSpel
Xhol/Sacl
Xhol/Sacl
Xholsacil
XholSacil
XholSacil
Xhol/Sacl
XholSacl

Sacl/Spel
Sacl/Spel
Sacl/BamHI
Sacl/BamHI
Sacl/BamHI
Sacl/BamHI
BamHI/ECoRV.
BamHI/ECORV.
BamHI/ECoRV.
BamHI/ECORV.
Xhol/Spel
Xhol/Spel
Xhol/Spel
Xhol/Spel
XholSpel
Xhol/Spel
BamHI/Spel

BamHI/Spel

Bipl/Xhol
Bipl/Xhol
Bipl/Xhol
Blpl/Xhol
Bipl/Xhol
Nsil/Spel
Nsil/Spel
Bipl/Xhol
BamHI/Xhol
BamHI/Xhol
Nsil/Spel
Nsil/Spel
Nsil/Spel
Nsil/Spel
Nsil/Spel
Nsil/Spel

Xmal/Spel
BamHI/Spel

Xmal/Spel
Xmal/Spel
Blpl/Xhol
Bipi/Xhol
Bipl/Xhol
Xmal/Spel
Xmal/Spel
BamHI/Xmal
BamHI/Xmal
BamHI/Xhol
BamHI/Xhol

Source or Reference
Novagen
Tetsch et al., 2008
this work
this work

this work

this work
this work

this work
this work
this work
this work
this work
this work
this work

this work
this work
this work
this work
this work
this work
this work
this work
this work

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

this work

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
Tetsch et al., 2008
Kueper and Jung, 2005
Invitrogen
Invitrogen
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Cadaverine forces CadC into an inactive conformation

Supplemental Data

The feedback-inhibitor cadaverine suppresses the pH response by binding to the pH susceptible site of
CadC in Escherichia coli

Ina Haneburger’, Georg Fritz*, Nicole Jurkschat, Larissa Tetsch, Andreas Eichinger, Arne Skerra,
Ulrich Gerland and Kirsten Jung

* Both authors contributed equally to this work

—=— wild type

—u— T229A_H344L
—e— D225A

—aAa— D225N

—v— Y374A

—<— Y374F

—»— W450A

—x— W450F

—0— Q421A

—o— D225N_T229A_E447Q
—A—H344L

—+— H344L_E447Q
—<— T229A_H344L

residual activity [%]

cadaverine [mM]

FIGURE S1. Inhibitory effect of cadaverine on cadBA expression. Reporter gene assays were performed
with E. coli EP314 (cadCl::Tnl0, cadA’::lacZ) that was complemented with plasmid-encoded CadC
(wild type) or the indicated CadC variants. An overnight culture (pH 7.6) was shifted to pH 5.8 with the
indicated cadaverine concentrations (0.65; 1.3; 2.6; 5.2; 10.4 mM) and harvested in the mid-logarithmic
growth phase. B-galactosidase activity was measured and the percentage of residual activity was
calculated in relation to the same condition without cadaverine. Results are given as mean from at least
three independent experiments. For clarity, the corresponding standard deviations are omitted.
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Cadaverine forces CadC into an inactive conformation

A CadC_Y453I B CadC_T229A_E447Q
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FIGURE S2. Correlations between the goodness of fit and the estimated parameters for (A) the strain
harboring CadC_Y453I and (B) the strain harboring CadC_T229A_E447Q. The points correspond to
local optima in the parameter space, for which the difference between the quantitative model and the
experimental data in Fig. 4 of the main text is minimized (see Materials and Methods). As the fit quality
increases (lower ’), most parameters are confined to narrow intervals, indicating that their values are well
constrained by the experimental data. However, some parameters display significant variation even for
the lowest x* values, and we find from parameter-parameter correlation analysis in Fig. S3, that only
combinations of those are well confined by our data. In all cases the y-axis corresponds to the full range
of allowed parameter values.
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Cadaverine forces CadC into an inactive conformation
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FIGURE S3. Parameter-parameter correlations between the estimated parameters for (A) strain harboring
CadC_Y453I and (B) strain harboring CadC_T229A_E447Q.
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Cadaverine forces CadC into an inactive conformation

o

ACTIVE INACTIVE
no cadaverine bound cadaverine bound to both sites

—>

closed conformation
hinders binding

ACTIVE INACTIVE
no cadaverine bound cadaverine bound to dimer interface

c
ACTIVE ACTIVE INACTIVE
no cadaverine bound cadaverine bound to internal cavity cadaverine bound to both sites

dimer interface accessible

cadaverine concentration

FIGURE S4. Model for cadaverine-dependent regulation of cadBA expression. An Increase in cadaverine
concentration is indicated by blue shading. CadC dimers of the periplasmic domain are represented
schematically as the two monomers (light and dark colors) in top view. The monomers consist of two
subdomains represented by a grey and a green cylinder (cf. Fig. 3). Cadaverine binding sites are indicated
as hexagons (white: wild type, black: binding impaired due to substitution). Cadaverine is depicted as
molecule with five carbon atoms and two amine groups (spheres). A. Inactivation cycle as proposed for
the wild type (cf. Fig. 6). B. Effect of substitutions in the central cavity (CadC_T229A_E447Q).
Cadaverine binding to the internal cavity is significantly reduced. Therefore, initial conformational
changes that would lead to exposure of the binding sites at the dimerization interface are not induced.
Nonetheless they may occur at a lower rate simply due to the flexibility of proteins. In consequence,
cadaverine-binding and -dependent inhibition occur at higher cadaverine concentration (B2). C.
Substitutions that impair binding of cadaverine to the sites at the dimer interface (indicated by the black
hexagons at the interface) would lead to a significant decrease in cadaverine-binding, in turn (nearly)
prevent CadC inactivation or shift it to even higher cadaverine concentrations (C3). The initial binding
step to the binding sites within the central cavities would occur at the same concentration as in the wild
type (C2).
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Cadaverine forces CadC into an inactive conformation

TABLE S1. Plasmids and oligonucleotides used in this study. If not indicated pET16b-cadC7 (1) was
used as template.

Plasmid Oligonucleotide 5’ - 3’ Sequence Source/Reference

pET16b Novagen

pET16b-cadC7 ()]

pET16b-cadC_D225A CadC_D225A_sense GGCGTGGGTGCTTTGGTGGCGACATC This work
CadC_D225A_anti GATGTCGCCACCAAAGCACCCACGCC

pPET16b-cadC_D225N CadC_D225N_sense GGCGTGGGTAATTTGGTGGCGACATC This work
CadC_D225N_anti GATGTCGCCACCAAATTACCCACGCC

pET16b-cadC_D225W CadC_D225W_sense ATAGGCGTGGGTTGGTTGGTGGCGAC This work
CadC_D225W_as GTCGCCACCAACCAACCCACGCCTAT

pET16b-cadC_T229A CadC_T229A _sense TTTGGTGGCGGCATCACTTAAC This work
CadC_T229A _as GTTAAGTGATGCCGCCACCAAA

pET16b-cadC_H344L [€))

pET16b-cadC_Y374A CadC_Y374A_sense CCAGAATTTACCGCCGCGAGAGCAG This work
CadC_Y374A_anti CTGCTCTCGCGGCGGTAAATTCTGG

PET16b-cadC_Y374F CadC_Y374F _sense CCAGAATTTACCTTCGCGAGAGCAG This work
CadC_Y374F _anti CTGCTCTCGCGAAGGTAAATTCTGG

pET16b-cadC_Q421A CadC_Q421A_sense CATTATATATGCAATAAAAGCGG This work
CadC_Q421A_as CCGCTTTTATTGCATCACTTAAC

PET16b-cadC_E447Q )

pPET16b-cadC_W450A CadC_W450A_anti CGGTGAGATATGCATCAGCTGCTTC

CCGGTTCATCCCCTTCATTTCATAAA
CCTTGCCAAGCAACACATAATTTAGC
GCGGACATTTCAAGATC This work

pET16b-cadC_W450F CadC_W450F _anti CGGTGAGATATGCATCAGCTGCTTC
CCGGTTCATCCCCTTCATTTCATAAA
VVTTGCCAAGCAACACATAATTTAGG

AAGGACATTTCAAGATC This work
pET16b-cadC_T229A_E447Q combination of pET 16b-cadC_T229A and pET16b-cadC_E447Q by
Ncol and Sacl digestion This work
pET16b-cadC_H344L._E447Q PCR with with oligonucleotide CadC_H334L (1)
and pET16b-cadC_E447Q as template This work
PET16b-cadC_T229A_H344L combination of pET16b-cadC_T229A and pET16b-cadC_H344L by
BamHI and Sacl digestion This work
pET16b-cadC_D225N_E447Q PCR with oligonucleotides CadC_D225N_sense and CadC_D225N_anti
with pET16b-cadC_E447Q as template This work
pPET16b-cadC_T229A_Q421A_E447Q PCR with oligonucleotides CadC_D225N_sense and CadC_Q421A _as
and pET16b-cadC_T229A_E447Q as template This work
pET16b-cadC_D225N_T229A_E447Q PCR with oligonucleotides CadC_D225N_sense and CadC_Q421A_as
and pET16b-cadC_T229A_E447Q as template This work
pET16b-cadC_T229A_H344L_E447Q combination of pET16b-cadC_T229A and pET16b-cadC_H344L_E447Q by
BamHI and SaclI digestion This work
pET16b-cadC_Y453A CadC_Y453A GCATTGATCTCGAGATGTCCTGGCTAAA
TGCTGTGTTGC This work
pET16b-cadC_Y4531 (1)
pET16b-cadC_Y453F CadC_Y453F GCATTGATCTCGAGATGTCCTGGCTAAA
TTTTGTGTTGC This work
pET16b-cadC_T475A CadC_T475A _sense CATATCTCGCCGCCTTTAATTTACGCCCC
GGGGCAAAC
CadC_T475A _anti GTTTGCCCCGGGGCGTAAATTAAAGGCG
GCGAGATATG This work
pET16b-cadC_T475S CadC_T475S GTGTTTGCCCCGGGGCGTAAATTAAAGG
CGGAGAGATATGC This work
pET16b-cadC_H240L (1)
pET16b-cadC_E468D [€))]
pET16b-cadC_D471A (1)
pET16b-cadC_D47IN (1)
pET16b-cadC_LA74A 1)
pET16b-cadC_N478A (1)
pET16b-cadC_F477A [€)]
pET16b-cadC_F4771 (1)
pET32a Novagen
pET32a-cadC188-512 his 6 -cadC 188-512 in pET32a 2)
pET32a-cadC188-512_Y4531 his 6 -cadC 188-512_Y4531in pET32a This work
pET32a-cadC188-512_T475A his 6 -cadC 188-512_T475A in pET32a This work
pET32a-cadC188-512_T229A_E447Q his 6 -cadC 188-512_T229A_E447Q in pET32a This work
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Cadaverine forces CadC into an inactive conformation

TABLE S2. Parameters of the quantitative model for the wild type Cad module. LB indicates lower
bound; UB, upper bound. The estimated parameter values are shown as (best-fit value) ig , where 6" and
¢ indicate the asymmetric standard errors in the positive direction and in the negative direction,
respectively, see (3) for details.

Parameter LB UB  Estimated Value
Sensory module
Ki  Threshold for CadC activation by lysine 1 20 48%3%mM
Ke Threshold for CadC inactivation by cadaverine 50 1000 172+ 18 uM
n Hill coefficient for CadC regulation by lysine 1. 5 16+ 029
ne Hill coefficient for CadC regulation by cadaverine 1 5 35+ E:E
pHy  pH threshold for CadC activation - - 6.2
ApH width of the transition from active to inactive CadC - - 0.5

Expression module
Cy /K¢ Total CadC per cell in relation to the threshold for 0.1 10 0.19+ (l,:gg
CadC-promoter binding

Vm basal transcription rate 0001 01 2.4+ 2T %1072 min !
f fold-change between basal and maximal transcription 10 1000 BOilgé

rate
Vp effective translation rate 104 107! 7+ % %10~* U/min
Tm mRNA half-life (= In2/An) 1 50 142=% 8min
T protein half-life (= In2/A;) 1 104 B+ %ﬂf h
Vmax maximal rate for lysine turnover via CadA and CadB  10~* 10 11 %10 3min~!
Km  effective Michaelis constant for lysine turnover via 1 100 20+ 3?5 mM

CadA and CadB
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Figure S1. Binding profile obtained after the quantification of free DNA and Lrp-
bound DNA in Figure 10C fitted using the Hill equation.
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