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1.4 References for Introduction
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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
DH5 (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
carriesacadA-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 g/ml (ampicil-
lin), 50 g/ml (kanamycin), and 34 g/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, 1338T3 C and 1341A3 G; Xmal, 1443A3 C; Sacl,
1002T3 A, 1005G3 T, and 1006 T3 C; and Sacll, 588A3 G
and 591C3 G; numbers indicate the nucleotide positionsin 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 -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 (Ago,  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 Agyo 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 Agy, 1 with 20 mm potassium P;
buffer (pH 5.8). Subsequently, 200 | of this cell suspension was
mixed with 20 | of chloroform to disrupt cells. After settling of
the chloroform, 10 | of the chloroform-free supernatant was
added to 120 | 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 mm lysine (Sigma) 37 C. The enzymatic reaction
was performed at 37 Cfor 15 min and thereafter stopped by the
addition of 120 | of 1 m Na,COj,. Subsequently, lysine and
cadaverine were derivatized by adding 120 | 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 (- mol/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 notat pH 7.6, similar to wild-type CadC (Fig. 1A).
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. 1A). 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:Tnl0, 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 -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 g 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 et 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. 2A).
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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The pH Sensor CadC of Escherichia coli

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 -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).

TABLE1

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
( -galactosidase activity)

CadC variant pH5.8 lysine pH7.6 lysine
Miller units

Plasmid control 19 20

Wild-type CadC 437.7 11.8
D434N 4178 251
D434R 250.4 125
E435Q 465.2 12.7
E435R 270.4 103
D445N 3843 10.2
D445R 263.6 9.3

E447Q 789.4 315
E447R 699.6 8.8

E490Q 281.0 53.8
E490R 338.7 145
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. 2A). 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. 2A) (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. 2A). As the
three-dimensional structure of the periplasmic domain of
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The pH Sensor CadC of Escherichia coli

' 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

-helices (Fig. 3). Strikingly, Glu-468 and Asp-471 are located
within the same -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

-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 et 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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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 -branched isoleucine, which is less well accommodated in

-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. 5A). 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. 6A) 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 subdomains form a contiguous 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 isindicated by awhite 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-
K242R), which retained the positive charge, altered the CadC-
mediated pH-dependent activation, whereas CadC-K242A and
CadC-K242Q showed a response like the wild-type protein
(Fig. 6B). At first glance, this result would suggest that the Lys
side chain naturally occurs in CadC in the unprotonated state
such that its replacement with the more basic arginine would
lead to an electrostatic effect. However, the salt bridge between
the Lys N group and the negatively charged carboxylate side
chain of Asp-200 provides a more plausible explanation, as this
electrostatic interaction is probably different and possibly even
stronger with the shorter arginine side chain. Notably, Asp-200
also plays a crucial role in this context, as described above.
Role of Phospholipids in Sensing Ca? sensing mediated by
the histidine kinase PhoQ of S. typhimurium, for example, sup-
posedly involves metal ion bridging between negatively charged
side chains of the protein and the phospholipid headgroups of
the cytoplasmic membrane (27). To test whether CadC might
sense a higher H concentration viachanges in asimilar kind of
interaction, cadBA expression was analyzed in different E. coli
phospholipid mutant strains. These experiments were based on
the hypothesis that, at neutral pH, the repulsive force between
CadC and the phospholipids is stronger than after protonation
of residues in the negatively charged surface patch. Hence, the
cadBA expression profile was determined in two phospholipid
mutants, whereby major changes in the phospholipid compo-
sition are expected to result in significant effects on CadC-me-
diated output. E. coli AD93 (17) has an inactivated allele of the
gene encoding the phosphatidylserine synthase (pss93::kan),
which catalyzes the committed step in the synthesis of phos-
phatidylethanolamine. Due to this defect, the mutant has a
much higher content of negatively charged phospholipids
(phosphatidylglycerol and cardiolipin). This property can be
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reverted by expressing pss from a plasmid (pDD72) (17). The
second mutant, E. coli HDL1001 (18), is genetically modified
such that expression of pgsA, which is crucial for the production
of phosphatidylglycerol and cardiolipin, is under the control of
the lac promoter. This mutant is characterized by an extremely
low content of these two phospholipids ( 2%). Both mutants
were grown in medium at different pH values (pH 7.6, 7.0, and
5.8), and cadBA expression was recorded by measuring CadA
activity (supplemental Fig. S1). In both mutants, cadBA expres-
sion was induced in a pH-dependent manner, and no shift
either in the onset of expression or in the induction level was
observed in comparison with the corresponding control strains
(supplemental Fig. S1). Thus, alteration of the phospholipid
composition was without effect on cadBA expression, and it can
be concluded that the activation mechanism of CadC does not
involve specific interactions with the phospholipid headgroups.

The N-terminal Subdomain Transduces Signals to the Trans-
membrane Domain To gain insight into the signaling mecha-
nism between the two subdomains within the periplasmic
region of CadC, different amino acid replacements leading to
the on- or off-state were combined within one polypeptide. In
this way, a putative intramolecular complementation of differ-
ent phenotypes was tested. For these experiments, the amino
acid replacements D198E (off-phenotype) and K242R (on-phe-
notype) in the N-terminal subdomain and the replacements
D471E (off-phenotype) and D471N (on-phenotype) in the
C-terminal subdomain were assembled in all pairwise combi-
nations. Interestingly, an intramolecular complementation was
not achieved with any combination (Fig. 7). However, amino
acid exchanges in the N-terminal subdomain were always dom-
inant over exchanges in the C-terminal subdomain. Thus, the
replacements D198E and K242R transformed CadC into either
the off- or on-state, respectively, regardless of the second site
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FIGURE 7. Intramolecular complementation of signaling off- and on-state
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 cadBA
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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 presentin
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 1a (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 C 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 alterationsin 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 P4 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, itis 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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THE FEEDBACK-INHIBITOR CADAVERINE
SUPPRESSES PH RESPONSE BY BINDING
TO THE PH SUSCEPTIBLE SITE OF CADC

IN Escherichia col:
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Expression oflysP, which encodes the lysine-specibc transporter LysP ischerichia coli, is regulated by the
concentration of exogenous available lysine. In this study, the LysR-type transcriptional regulator ArgP was

identibed as the activator oflysPexpression. At lysine concentrations higher than 25M,

lysPexpression was

shut off and phenocopied anargP deletion mutant. Puribed ArgP-Hisg bound to the lysP promoter/control
region at a sequence containing a conserved T-N-A motif. Its afenity increased in the presence of lysine but
not in the presence of the other known coeffector, arginineln vivo data suggest that lysine-loaded ArgP and
arginine-loaded ArgP compete at thelysP promoter. We propose that lysine-loaded ArgP preventdysP tran-
scription at the promoter clearance step, as described for the lysine-dependent regulation o&rgO (R. S.
Laishram and J. Gowrishankar, Genes Dev. 21:1258-1272, 2007). The global regulator Lrp also bound to the
lysPpromoter/control region. An Irp mutant exhibited reducedlysPexpression 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 detoxi cation. 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 colihas three different transport systems for the
uptake of the amino acidL-lysine that differ in transport mech-
anism, substrate speci city, apparent Michaelis constanti,,,),
and regulation of their synthesis. The lysine-arginine-ornithine
(LAO) system is encoded byargT-hisJQMP.HisQMP , forms
the ABC-transporter; HisJ and ArgT are periplasmic binding
proteins that are speci c 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 speci c 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 i&. coli,
the aim of this work was to investigate the factors and mech-
anisms involved in the transcriptional regulation oflysP.

The lysP gene was originally namedcadR because its mu-
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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 thecadBA operon. In the presence of lysine, LysP
releases CadC and CadC becomes susceptible to activation by
low pH. These ndings 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 downregulateslysP expression (32). Ex-
pression of most of the genes belonging to the lysine biosyn-
thesis pathway inE. coli is repressed by lysine, but there are
multiple modes of regulation known (2, 34, 50). InE. coli and
Bacillus subtilis, expression ofysC, which encodes one of the
isoenzymes that catalyze the rst step in the lysine biosynthesis
pathway, is controlled by direct binding of lysine to a conserved
leader sequence in its MRNA (34, 52). Orthologs oflysPin
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 ilvG rfb50 rph-1 1
MG1655- lacZ MG1655 lacZ:Tet " K. Jahreis (personal gift)
MC4100 F araD139 (argF-lacZ)U169 rpsL150 relA b-530 Str 7
MG16R MG1655 lacZ::Tet " rpsL150Str This work
MG16R4 MG1655 lacZ::Tet " rpsL150 lysP::rpsL-neo Km" Str® This work
MG-LR MG1655 lacZ:Tet " rpsL150 lysP P qp:lacZ St This work
MG-LR9 MG-LR lysR::Km" Str This work
MG-LR10 MG-LR yeiE:Km " Str" This work
JCP95 pop3125 (dapBp 118/ 35 -lacz)  argP::Cam’ 2
MG-LR17 MG-LR argP:Cam" Str This work
MG-LR15 MG-LR Irp::Km " Str' This work
MG-LR4 MG-LR P sp tn11a 1acZ (deletion from position 83 to position 52 in the lysP This work

promoter)

MG16R12 MG1655 lacZ::Tet " rpsL150 cadBA::rpsL-neo Km" Str® S. Ude (unpublished results)
MG-CR MG1655 lacZ::Tet " rpsL150 cadBA P . ggai:lacZ Str S. Ude (unpublished results)
MG-CR15 MG-CR Irp::Km " Str" This work
BL21(DE3) pLysS F ompTr gm g 51

Plasmids
pBAD33 Arabinose-inducible Pg,p promoter; pACYC184 ori; Amp ' 18
pBADIysP lysPin pBAD33; Amp " 55
pBAD24 Arabinose-inducible Pg,, promoter, pBR322 ori; Amp" 18
pBADargP argPcloned in the EcoRI and Hindlll sites of pBAD24; Amp " This work
pBADIrp Irp cloned in the EcoRI and Hindlll sites of pBAD24; Amp " This work
pET21a T7 promoter based expression vector with His tag; Amp Novagen
pET2largP argPcloned in the Ndel and Xhol sites of pET21a; Amp" This work
pET16b T7 promoter based expression vector with His tag; Amp Novagen
pET16Irp Irp cloned in the Ndel and BamHI sites of pET16b; Amp This work
pRS415 Operon fusion vector a7
pRSlysP pRS415::lysPpromoter (positions 218 to  28) This work
pRSlysP0O pRS415::lysPpromoter with a deletion from position 88 to position 53 This work
pRSlysP1 pRS415::lysPpromoter with replacement of A/C at position 53 This work
pRSlysP2 pRS415::lysPpromoter with replacement of T/G at position 65 This work
pRSlysP3 pRS415::lysPpromoter 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 lysPmRNA of Gram-negative bacteria (43). Here, we show
that lysPtranscription is subject to two different types of con-
trol. The LysR-type transcriptional regulator (LTTR) ArgP
was identied as a major regulator of lysP transcription. In
addition, lysPexpression is ne-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 EasyE. coli deletion kit (Gene Bridges). Brie y, the
coding sequence of the target gene (lysBr cadBA) was replaced by ampsL-neo
cassette (Gene Bridges) by Red/ET recombination in strain MG16R (Table 1) to
give strains MG16R4 and MG16R12. Afterwards, therpsL-neo cassette was
replaced by promoterlesslacZ 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 promoterlesslacZ gene anked with homology sequences for the
target genes, and subsequently, clones of interest were selected on LB agar plates
(Pysp:lacZ fusion) or LB (pH 5.8) agar plates (Pcaqpa:lacZ fusion) containing 50
g ml * 5-bromo-4-chloro-3-indolyl- - p-galactopyranoside (X-Gal) and 50 g
ml* streptomycin. Blue colonies were tested for kanamycin sensitivity. The Kin
clones were veri ed 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 Eas)E. coli deletion kit (Gene Bridges) according
to the instructions of the manufacturer. Introduction of the argP::Cani allele
into MG-LR and Irp::Km" into MG-CR was performed by P1vir-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 lysPexpression levels, cells were grown in minimal medium (15)
supplemented with glucose or fructose at a nal 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 gml * ; kanamycin, 50g ml * ; chloramphenicol, 34 g ml * ; tetracycline,
125 gml * ; and streptomycin, 50g ml * .

Construction and analysis of lysP promoter variants. A sequence of 246 bp
encompassing the wholdysP promoter/control region (positions 218 to 28)
(see Fig. 2) was ampli ed by PCR with primers lysPupEcoRI (56 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
promoterlesslacZ 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 BamH] sites of pRS415E. coli strain
MG1655- lacZ was transformed with the resulting plasmids to testysPexpres-
sion as described below.

In vivo lysPand cadBAexpression studies Expression oflysPand cadBA in vivo
was determined by means ofgalactosidase assays. For the analysis ofRs: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 (O, of 0.05. Cultures were grown
aerobically in Erlenmeyer asks at 37°C. To determine the expression of
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PeagsailaczZ, 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 -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 techniques.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 puri ed from
agarose gels using a Hi-Yield PCR cleanup and gel extraction kit (Sued-Laborbe-
darf Gauting). Phusion high- delity 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.

Puripcation 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 (HisLrp) or C-ter -
minally His-tagged ArgP (ArgP-Hisg) was induced with 0.5 mM isopropyl- -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 Hig 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%
[volivol] glycerol, pH 8.0). After 1 h of incubation, the protein-resin complex was
washed twice with washing buffer (50 mM imidazole, 50 mM NaBPO,, 300 mM
NacCl, 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 NaHPO,,
300 mM NacCl, and 10% (vol/vol) glycerol, pH 8.0. Hig-Lrp was dialyzed against
Lrp binding buffer (50 mM Tris-HCI, pH 7.5, 100 mM NacCl, 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 puri ed proteins were stored in the correspond-
ing binding buffers in the presence of 1 mM phenylmethylsulfonyl uoride
(PMSF) at 4°C and used within 1 week or stored a20°C. Protein concentration
was determined according to Bradford (3).

EMSAs. Probes for the electrophoretic mobility shift assay (EMSA) were
ampli ed by PCR using primers labeled at their 5 ends with the 6-isomer of
carboxy uorescein (6-FAM) and genomic DNA from E. coli MG1655 as a
template unless indicated otherwise. To analyze the binding of ArgP-Histo the
lysPpromoter/control region, three different fragments were used: (i) a fragment
of 276 bp comprising the sequence from position218 to position 58 (P yep
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 ,5-A fragment), which was ampli ed 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 ampli cation with primers 35 (5 -CGGAAGGATTGCCAATCG
T-3) and lysPprlow. To evaluate the binding of Hig-Lrp to the lysPpromoter/
control region, only the P¢ fragment was used. To determine the binding of
Hisg-Lrp to the cadBA promoter/control region, a fragment comprising positions
150to 72 upstream of the cadBgene was cloned into the EcoRI and BamHI
sites of the pUC19 plasmid (60) and amplied with primers 6-FAM uni-24
(5 -ACGACGTTGTAAAACGACGGCCAG-3) and rev-24 (5 -TTCACACAG
GAAACAGCTATGACC-3). As a control for nonspeci ¢ binding, a DNA frag-
ment of 258 bp within the lysPcoding sequence (control fragment) obtained by
ampli cation with lysPcup (5 -ACATCAGCGTTAGTCCGT-3) and lysPclow
(5 -ATGGAGGTCAGGAAGCACA-3 ) was used. After PCR ampli cation, the
obtained DNA fragments were puri ed 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-Hig in 25 | ArgP binding
buffer supplemented with 12 g ml * sonicated salmon sperm DNA as a non
speci ¢ competitor, 50 g ml * bovine serum albumin, and, where indicated, 0.1
mM lysine or arginine. Binding of Hisg-Lrp to DNA was performed with 30 fmol
of a DNA fragment and increasing concentrations of Hig-Lrp in 25 | Lrp
binding buffer supplemented with 20 g 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. Quanti cation of free DNA and protein-bound DNA was performed

by densitometry using the ImageQuant 5.0 analysis software program (Molecular
Dynamics). The quanti ed data were plotted versus the protein concentration to
obtain the binding pro le. 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 pro les obtained from the
Lrp binding assays were tted to the Hill equation to determine the Ky, value and
the Hill coefcient (n).

DNase | footprinting assays. DNase | footprinting analysis was performed
according to the method described by Sandaltzopoulos and Becker (44). One
hundred fty nanograms of a Pys» 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 g ml *
sonicated salmon sperm DNA as a nonspeci ¢ competitor, 50g ml * bovine
serum albumin, and, where indicated, 0.1 mM lysine in a nal volume of 50I.
After incubation at 25°C for 30 min, 50 | of a 5 mM CaCl , solution was added,
and incubation was prolonged for 1 min. Subsequently, 0.25 U of DNase | 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 puri cation, 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 afbnity puribcation assay for the identipcation of DNA-binding proteins.
To isolate putative transcriptional regulators oflysP, a DNA af nity puri cation
protocol was applied (17). For this purpose, a biotinylated Rp fragment was
generated by PCR using primers lysPup, labeled with biotin at the &nd, and
lysPprlow. As a control, a biotinylated DNA fragment located within the lysP
coding sequence (obtained by ampli cation 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 OD,q, 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 unspecic 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 identi ed by
peptide ngerprint analysis (20) using a matrix-assisted laser desorption ioniza-
tion—time of ight (MALDI-TOF) mass spectrometry (MS) system (Voyager DE
STR; Applied Biosystems). Samples were prepared and identi ed as described
previously (59).

RESULTS

lysPtranscription 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 onlysP transcription in
more detail, E. coli strain MG-LR, an MG1655 derivative that
carries a R s:lacZ fusion, was constructed. In this strain, the
coding sequence of thdysPgene was replaced by the reporter
genelacZ, so that thelacZ gene is located exactly in the same
genetic context as thelysP gene. Since the MG-LR strain is
lysP, an expression plasmid carrying the lysP gene
(pBADIysP) (Table 1) was introduced into this strain to deter-
mine whether the expression from thelysP promoter (P,
was affected by the presence of LysP-Galactosidase activities
indicated that lysP expression was completely repressed by
external lysine concentrations of 50M and higher (Fig. 1).
The availability of LysP did not alter the lysine-mediated re-
pression (Fig. 1).

Identibcation 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 orlysP
expression. Cultures ofE. coli strain MG-LR (P ¢p:lacZ lysP) 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 théysP
gene cloned in the pBAD33 plasmid. When cultures reached an ORy,
of 0.5, samples were collected and -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’°-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 oflysP: LysR,
YeiE, and ArgP. LysR is the activator protein required for
expression oflysA, 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 dysP, 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 oflysRnor
a deletion of yeiE affected the expression oflysP (data not
shown). It has been reported that mutations inargPaffect 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 IlysP, a nonfunctional argP allele

REGULATION OF lysPIN ESCHERICHIA COLI 2539
(argP::Cam") was transduced into strain MG-LR carrying the
chromosomal R¢s: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 -galactosidase activities (Fig. 3A). The re-
sults clearly showed that expression dfsPdid not occur in the
argPmutant, either in the absence or in the presence of lysine.

To con rm the role of ArgP in the regulation of lysPtran-
scription, the argP gene was cloned into plasmid pBAD24
under the control of the arabinose-inducible promoter (18).
The argPmutant MG-LR17 was transformed with the resulting
plasmid, named pBADargP (Table 1). Expression of lysP
was monitored in cells of theargP 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 argPfully restored the lysPexpression pattern
in the MG-LR17 mutant. In the absence of lysine, transcription
of lysPin strain MG-LR increased immediately. In the pres-
ence of lysine, induction was prevented within the rst hours of
growth and slowly increased after prolonged growth, presum-
ably due to lysine limitation. In the argP mutant, induction of
lysPdid not occur. However, plasmid-carriedargPrescuedlysP
expression in mutant MG-LR17. In the absence of lysine, in-
duction of lysPoccurred after argPexpression 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 oflysPin
the absence of lysine.

Previously, ArgP was identi ed 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 B s:lacZ
fusion in strains MG-LR and MG-LR17 was tested. Figure 3C
shows the -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 -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 (-galactosidase activity, 67 6.3

FIG. 2. Nucleotide sequence of thelysP regulatory region (positions 218 to 58). Predicted 35 and 10 promoter motifs (BProm;

http://linux1.softberry.com/berry.phtml?topic bprom&group help&subgroup g ndb) and the start of transcription (position

1) previously

identi ed by primer extension analysis (32) are indicated. Gray-shaded nucleotides show the potential LTTR binding site identi edn silico with
the conserved T-N ;-A motif. Zones protected against DNase | digestion are boxed (see Fig. 5). The start codon is marked in bold letters.
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FIG. 3. Regulation of lysPexpression by lysine, arginine, and ArgP.

(A) Effect of the argP deletion on lysP expression. Parent strain
MG-LR (P \sp:lacZ lysP) and the argPmutant MG-LR17 (P sp:lacZ
argP::Cam" lysP) were grown aerobically in glucose minimal me
dium with or without the addition of 0.1 mM lysine. When cultures
reached an OD;y, 0f 0.8, samples were analyzed for -galactosidase
activity. (B) Complementation of the argP mutant with pBADargP.

Strains MG-LR/pBAD24 (E, F), MG-LR17/pBAD24 (', ), and

MG-LR17/pBADargP (, f)were grown in glucose minimal medium

without lysine (open symbols) or with the addition of 0.1 mM lysine
(closed symbols). Arabinose at a nal concentration of 0.2% (wt/vol)
was added to all cultures after 2.5 h of growth.-Galactosidase activ-
ities were determined at different time points during growth. (C) Effect
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MU). As expected, there was nolysPexpression in the argP
mutant under all tested conditions.

ArgP binds to the lysPpromoter/control region at a T-N,,-A
motif in the presence and absence of lysineTo determine
whether ArgP directly regulateslysP transcription, we tested
binding of ArgP to the lysPpromoter/control region. For this
purpose, ArgP with a C-terminal hexahistidine tag (ArgP-Hig)
was puried. In a control experiment, this ArgP derivative
complemented strain MG-LR17, indicating that the Hiss tag
did not alter the function of ArgP (data not shown). A uo-
rescently labeled DNA fragment encompassing thdysP pro-
moter/control region from position 218 to position 58 (P ,¢p
fragment) was incubated with increasing concentrations of pu-
ried ArgP-His ¢ in the presence of salmon sperm DNA as a
nonspeci ¢ competitor (Fig. 4A). A DNA fragment of similar
size within the lysPcoding sequence was used as a control for
nonspeci ¢ binding (Fig. 4B). ArgP-Hisg speci cally bound to
the Pyspfragment with an apparentK;, of 125 13 nM (Fig.
4A and F).

To determine whether lysine or arginine affected binding of
ArgP to P, these amino acids were added to the binding
assay at a nal concentration of 0.1 mM (Fig. 4C and D).
Whereas arginine did not affect the binding of ArgP to thelysP
promoter/control region, the presence of lysine increased the
binding af nity approximately 2-fold ( Ky, 63 9 nM) (Fig. 4C
and F). This differential effect of lysine and arginine on DNA
af nity of ArgP has already been reported for the argOcontrol
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 thelysPcontrol 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 lysPpromoter/control
region. Moreover, the afnity 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 thelysPpromoter/control
region in more detail, DNase | footprinting analysis was per-
formed in the absence and presence of lysine (Fig. 5). ArgP-
Hisg protected the stretch from position 91 to position 47,
with an intervening unprotected region between positions76
and 71 (Fig. 2 and 5). Importantly, ArgP bound to the same

of basic amino acids orlysPexpression. 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 -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 lysPcontrol region. (A, C, and D) Electrophoretic mobility shift assays (EMSAs) of a uorescently labeled DNA
fragment from bp 218 to bp 58 encompassing the lysPpromoter/control region (P sy with increasing concentrations of puri ed ArgP-Hisg 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 unspeci ¢ 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 quanti cation of free DNA

(open symbols) and ArgP-bound DNA (closed symbols) in EMSA gels without coeffector, F) in the presence of lysine (¢,

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

Elimination or modibcation of the T-N ,,-A motif affected
lysP expression in vivo. To evaluate the importance of the
T-N,,-A motif within the lysP promoter/control region for in
vivo expression oflysP, 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 promoterlessacZ gene in vector pRS415

) or arginine (

).

(Table 2). The deletion of the motif (pbRSlysPO) or the replace-
ment of both conserved T and A nucleotides (pR$/sP3) pre-

vented lysPinduction under lysine-limiting conditions. The re-

placements of A (pRSlysP1) or T (pRSlysP2) did not abolish
lysPinduction but signi cantly reduced it (Table 2).

Isolation and identibcation of other proteins that specib-
cally bind to the lysP promoter/control region. So far, our
results demonstrate that ArgP directly binds to thelysP 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 lysPtranscription. According to the in
vivo analyses, ArgP is a transcriptional activator ofysPin the
absence of lysine. Then vitro experiments demonstrated that
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FIG. 5. Determination of the ArgP-binding site within the lysP
control region. DNase | digestion patterns were determined for a DNA
fragment from position 218 to position 58 of the lysPcontrol region
labeled with uorescein at the 5 end of the top strand. Panel A shows
the restriction pattern obtained in the absence of puri ed ArgP-Hisg,
and panels B and C show the pattern obtained in the presence of 4.3
M puri ed protein in the absence (B) or presence (C) of 0.1 mM
lysine. Regions protected by ArgP (position91 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 lysPcon-
trol region on lysPexpression. Parent strain MG-LR (Rss:lacZ lysP)
and strain MG-LR4 (P sp tn114 ::1aCZ lysP) were grown aerobically
to an ODggo Of 0.8 in glucose minimal medium without supplemen-
tation or supplemented with 10 mM lysine (lys.) and/or arginine (arg.)
for determination of -galactosidase activity. All experiments were
performed at least three times. Error bars represent standard devia-
tions from the means.

ArgP binds more avidly to thelysPcontrol region in the pres-
ence of lysine, which might underlie the lysine-mediated pre-
vention of lysPexpression similarly to the previously described
shutoff of argO expression by lysine-loaded ArgP (24). Alter-
natively, another protein might coregulatelysPrepression. 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 modi cations within the lysPpromoter/control
region on lysPexpressiort

Induction of lysP
upon lysine
limitation

E. coli strain or
strain carrying

Description of modi cation
within the lysP

plasmid promoter/control region (1ySP no tysind
1ySP 16 mm tysin: o

MG-LR None 7.90

MG1655- lacz/ None 3.43
pRSlysP

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

(nucleotides 83 to 52)

MG1655- lacz/ Deletion of T-N ;,-A motif 1.28
pRSlysP0 (nucleotides 88 to  53)

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

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

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

(position 65)

2 Strains were grown aerobically in glucose minimal medium in the absence or
presence of 10 mM lysine to an OQ, of 0.8. -Galactosidase activity was
determined and served as a measurement fdysPexpression.

b The ratio betweenlysPexpression levels in the absence and presence of lysine
indicates the inducibility of the lysPpromoter. 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 afnity puri cation. A
biotin-labeled DNA fragment from position 218 to position 58
encompassing thelysP promoter/control region (Ps5) 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 speci cally bind to the lysP promoter/control region (Table 3).
MW, molecular mass marker.

to the lysPpromoter, a DNA af nity puri cation approach was
used. The 276-bp fragment encompassing thigsP 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 speci cally bound to thelysP promoter/
control region and not to the control fragment were detected.
The binding proteins were identi ed 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 lysP IN ESCHERICHIA COLI 2543

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

Lrp stimulates transcription of lysPby direct binding to its
control region. To determine whether Lrp in uences lysPtran-
scription, the Irp gene was inactivated inE. coli MG-LR, re-
sulting in strain MG-LR15 (Irp:Km "). Expression of the
Pysp:lacZ 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 R s
activity of the Irp::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 [OR,q of about 1.0),
the expression level oflysPin the MG-LR15 strain was about
50% lower than that in the parent strain MG-LR. The pres-
ence of 0.1 mM lysine reducedysPexpression in both strains.
Therefore, Lrp seems to be an activator ofysPtranscription 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 onlysP
expression was analyzed by comparing thegalactosidase 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 thatL-leucine had no effect on
Pyspactivity in the Irp::Km " mutant or in the Irp  strain (Fig.
8B). To con rm the activator role of Lrp in lysPtranscription,
the pBADIrp plasmid (in which the Irp 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 stimulatedlysP transcription. Together, these
results suggest that Lrp potentiates the activator effect of ArgP
on lysPtranscription 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 thatargPexpression was not regulated by
Lrp (35). Thus, EMSAs were performed in the presence of an
excess of nonspeci c competitor to assess the binding of puri-
ed His 4-Lrp to the lysPpromoter/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 thelysP promoter/control region
(Pysp (Fig. 9A). The apparent K, obtained for the binding

TABLE 3. Identi cation of proteins after DNA af nity puri cation by peptide ngerprint analysis

Band® Identi ed protein
1. ..HsdR; host restriction endonuclease R. Subunit of EcoKIl restriction-modi cation system
2. ..HsdM; modi cation methyltransferase component of the EcoKI restriction-modi cation system
3. ..HsdS; speci city-determinant component of EcoKIl restriction-modi cation system
4. ..NadR; transcriptional regulator
5. ..Nonidenti ed protein
B Lrp; leucine-responsive protein

2The 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 (P p:lacZ, lysP) and MG-LR15 (P .s:lacZ, lysP,
Irp::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 lysPexpression, 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 -galactosidase activity. (C) Complementation of the MG-LR15
(Pyspilacz, lysP, Irp::Km') mutant with the pBAD Irp plasmid. Strains
MG-LR/pBAD24, MG-LR15/pBAD24 and MG-LR15/pBAD Irp were
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reaction was 610 44 nM (Fig. 9D), and the Hill coef cient
was 3.

As previously reported for several Lrp-regulated genes, the
concentration-dependent binding of Lrp to lysPsuggests coop-
erative binding of Lrp dimers to multiple binding sites resulting
in complexes with different stoichiometries. Since then 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 lysPcontrol region in vitro. As
shown in Fig. 9C and D, the addition ofL-lysine to the binding
assay neither changed the Lrp af nity nor changed the binding
pattern. When Hisg-Lrp was incubated with a DNA fragment
encompassing thdysPcoding sequence (control fragment), no
retarded bands were observed (Fig. 9B), con rming the spe-
ci ¢ binding of Lrp to the lysPcontrol 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 ddcC, cod-
ing for the constitutive lysine decarboxylase oE. coli, is down-
regulated by Lrp (53). Considering the important role of LysP
in regulating the expression ofcadA (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.,4gai:lacZ) and are either
Irp (MG-CR) or Irp null (Irp::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 -galactosidase activities were
determined. As expected, the B4z 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.aasa activity in the Irp:Km " mutant strain was 2-fold
lower than that in the parent strain, suggesting that Lrp stim-
ulates expression oftadBA.

To corroborate these results, the pET1&p plasmid (Table
1) was introduced into the Irp::Km " mutant strain and the
Pcaaea activity in strains MG-CR/pET16b, MG-CR15/pET16b,
and MG-CR15/pET16Irp 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 Irp into the Irp:Km " mutant increases
the P..qsa 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.,qga Pro-

grown in glucose minimal medium, and after 2.5 h 0.2% arabinose
(wt/vol) was added to induce the expression of thérp gene cloned in
pBAD24. -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 lysPpromoter region. (A and C) Electrophoretic mobility shift assays (EMSAs) of the uorescently labeled R

fragment (positions 218/ 58) with increasing concentrations of puri ed His

&Lrp in the absence (A) or presence (C) of lysine. (B) EMSA

performed with a DNA fragment within the lysPcoding sequence as a control for unspeci ¢ binding. The positions of free DNA (F) and Lrp-DNA
complexes (B1 to B4) are marked. (D) Binding pro les obtained after the quanti cation of free DNA and Lrp-bound DNA in EMSA gels were

tted using the Hill equation.

moter, EMSAs were performed with various concentrations of
the puri ed His &-Lrp protein and a DNA fragment encompass

ing the P__ 4z cONtrol region. Accordingly, Hiss-Lrp is able to

bind to the promoter that drives the expression ofcadBA with

an apparent dissociation constantKy) of 648 66 nM and a
Hill coefcient of 2.15 (Fig. 10C; see also Fig. S1 in the sup-
plemental material). Together, these results indicate that Lrp
upregulates expression otadBA. 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 efcient way for the cell to save energy.

DISCUSSION

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

a T-N,,-A motif (nucleotides 65 to 53), characteristic for
LTTR-dependent promoters (45), was identied. In vitro
EMSAs as well asin 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 reducedlysPinduction 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 thelysP
promoter/control region irrespective of the presence of lysine
and arginine, but lysine increased the afnity 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 betweenargO and dapB
(2, 24). In the case ofdapB, 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 position85 and
20 of the argOoperator/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 thecadBA operon under different growth
conditions. Strains MG-CR (P.,gsa:lacZ cadBA) and MG-CR15
(PcagsailacZ Irp::Km " cadBA) 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 -galactosidase activities were determined. (B) Comple-
mentation of the Irp::Km " mutant with the pET16Irp plasmid. Strains
MG-CR/pET16b, MG-CR15/pET16b, and MG-CR15/pET16Irp were
cultivated in glucose minimal medium (pH 5.8) with 5 mM lysine.
After 7 h of incubation, -galactosidase activities were determined.
(C) Binding of His4Lrp to the P ,qsa Promoter/control region. A
fragment encompassing the B,qsa Promoter/control region was incu
bated with increasing concentrations of puri ed Hiss-Lrp in the pres-
ence of salmon sperm DNA as a nonspeci c 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 afnity, 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 lysPexpression is similar to the one described foargO.
Speci cally, unloaded or Arg-loaded ArgP induceslysPexpres-
sion, while the Lys-loaded form prevents expression. The lysine
Kp value reported for ArgP is 70 M (24), which is in good
agreement with the observed shutoff of the Bgs:lacZ activity
at an external lysine concentration higher than 25M. In
contrast toargO, external arginine seems not to be essential for
transcription of lysPby 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 forlysPextends up to position
47, which is upstream of the 35 promoter site (Fig. 2).
Nonetheless, an arginine effect orlysPexpression 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 identi ed as another protein that
speci cally binds to a DNA sequence encompassing théysP
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
lysP expression when cells are cultivated in the absence of
lysine, irrespective ofL-leucine availability. Thus far, lysPhas
not been identied as a member of the Lrp regulon in the
various genome-scale studies performed (9, 21, 53). While Lrp
stimulated lysPexpression in the absence of lysine, this global
regulator did not alter the lysine-dependent repression ofysP.
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 vulni cus (42). Lrp
binds cooperatively to the DNA at a degenerate consensus
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sequence (11), but also with high af nity in a nonspeci ¢ 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), classi es
Lrp as a nucleoid-associated protein (NAP) (14).

The results presented here demonstrate that Lrp has a stim-
ulating effect on the expression of bothysPand cadBA. As Lrp
directly interacts with the lysPand cadBA control regions in
EMSAs performed with a high concentration of nonspeci c
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 thecadBA operon
(12, 58). These regulators activate expression of the corre-
sponding target genes in response to lysine availability (ArgP
for lysPand CadC via interaction with LysP forcadBA) (55, 58)
and low pH (CadC) (58). In this scenario, Lrp would impose
another level of regulation, adjusting the expression levels of
lysPand 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 activateargOexpression under different conditions
(35). On the other hand, expression of theartPIQM 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 thdysP control region and is able to
potentiate the transcriptional activation mediated by ArgP
when lysine becomes limiting. Considering then vivo and in
vitro data presented in this work, the mechanism by which
ArgP regulatesargOtranscription (24), and the known capacity
of Lrp to alter the shape of the DNA by inducing bending and
wrapping (57), a model forlysPregulation 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 repressescadBA 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) inE. 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)hisIQMP, 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 lysPexpression 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 sufciently available, expression of
lysPis shut off.
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Correlation analysis between parameters

From Fig. 5 in the main paper we found that for small values of 2 some pa-
rameters still display a wide variation over their physiological range, as e.g. the
transcription and translation rate ,, and ,, respectively. Therefore we rea-
soned, whether these 'sloppy' parameters do not in uence 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 ts with 2 < 3:22 from Fig. 5 in
the main paper and analyzed the correlations between the tted 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,, and

»,» 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 , - is well determined
in our experiments, whereas the mRNA level - characterized by, alone - is
only measured in relative units. Likewise, the parameters for lysine turnover,
Vmax 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 ,=C,, the promoter fold-changef , K. and

Preprint submitted to Elsevier 6 August 2009



K,; 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.

K: activation threshold of CadC by lysineéadC 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 e ectivan vivo lysine activation
threshold to be K, = 3:6 mM. This result is somewhat surprising, since the
in vitro Michaelis constantK, for lysine transport by LysP is much lower at

10 M [6]. However, Neelyet al. also found that the Cad system is sensitive
with respect to lysine in the millimolar range [3], suggesting that our result is
plausible underin vivo conditions.

n;: Hill exponent of indirect CadC-lysine interactidbhe estimated Hill exponent
of nj = 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 cadaveriRer the inactivation of CadC
by external cadaverine we found a threshold df. = 235 M. This value is
surprisingly close to thein vitro binding constant of 96 M for the interaction
of cadaverine with the periplasmic domain of CadC [5].

n.: Hill exponent of direct CadC-cadaverine interactlors noteworthy that the
best- t value for the e ective Hill coe cient 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
guestion has so far not been studieith vivo.

pHo, and pH: activation threshold of CadC by low pHDur analysis yields for
the activation threshold of CadC pH = 6:2 and for the width of the activation
range pH =0 :5. These values agree reasonably well with early experiments of
Auger et al. in Falkow medium, who found activity of acadA-lacZfusion at pH
6 and below [7]. Also from a physiological point of view it seems reasonable to



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 abundanceghe level of CadC was found to be just su -
cient to activate the promoter P¢,q, such that multiple copies of aP.,q lacZ
fusion were not fully induced [2]. This result suggests, thah vivo the num-
ber of CadC molecules is on the order of the dissociation constant for CadC-
promoter binding, i.e.,C;  Kc. In our analysis we found indee®y=K. =1:1,
which is in excellent agreement with the observations of Watscet al. [2].

m and ,: transcription and e ective translation rate chdBA. As inferred from
Fig. S1, only the product of transcription and e ective translation rate is well
constrained by our data. From our analysis we found, , = 18 U=mg=minZ.
We are not aware of any reference values for these parameters in the literature.

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

m: half-life ofcadBA mRNA. From our analysis we found an mRNA half-life
of 13.8 min. In contrast, a global analysis of RNA half-lifes iescherichia coli
[9] found in an extremely short half-life of less than 2 min for theadBA
MRNA in LB medium, suggesting that an active degradation mechanism is
involved. Our Northern blot data for the lysP211mutant, 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
guantitative model only allows for a single degradation rate, which leads to the
intermediate half-life of 14 min as a best- t value. The changing degradation
rate could be rationalized under the assumption that theadBA mRNA has
a relatively weak binding a nity to the degrading enzyme, such that active
degradation only contributes signi cantly 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.

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



Vmax and Ky: e ective turnover rate and Michealis constant for lysine turnover by
CadA and CadBAs inferred from Fig. S1, only the ratio ofvp. and K, is
well constrained by our data:Vpma=Km =5 10 °(min  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 t parameters. For this correlation analy-
sis, the ts of highest quality ( 2 < 3:22) were selected from Fig. 5 (main paper) and
the correlations of the resulting parameters are displayed in pairwise scatterplots
(o -diagonal). The gure also shows the histograms of the individual parameters
(diagonal).



Fig. S2. Schematic in uence of di erent MRNA degradation mechanisms on the
dynamics of cadBA mRNA. The solid lines correspond to a model which assumes
MRNA (m) production at constant rate  until T = 15 min, followed by a period
of pure mRNA decay: %m = (T t) 9g(m),where (T t)is the Heaviside
function and g(m) is the degradation term. In (a) the mRNA dynamics with simple
linear decay @(m) = m ) shows major di erences to the experimental data of
the lysP211 mutant after t = 60 min. 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) = m "=(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 o 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 shorand
long-term behavior.



Fig. S3. Dynamics of the life cell counts of E. coli MG1655 (left) and
MG16554ysP211 (right) upon exposure to pH 5.8 and 10 mM lysine in minimal
KE medium.
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Supplementary Data —

NEW INSIGHTS INTO THE SIGNALING MECHANISM OF THE PHRESPONSIVE,
MEMBRANE-INTEGRATED TRANSCRIPTIONAL ACTIVATOR CADCOF
ESCHERICHIA COLft
Ina Haneburger"? Andreas Eichinger®, Arne Skerra'* and Kirsten Jung'?

Fig. S1. CadA activity irE. coli phospholipid mutants at different external pH valuéadA
activity was determined as a measurecimiBAexpression 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 PTG (1). E. coli strain AD93 is deficient for
phosphatidylethanolamine and therefore contains hmmeore phosphatidylglycerol and
cardiolipin. Expression of thpssgene from a plasmid (plasmid pDD72) restores anabPG
and CL content. Strains were grown in buffered LBdiam 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 HI1YIPTG and AD93/pDD72 after growth
at pH 5.8.



supplementary Tab. 1: Plasmids and oligonucleotises! 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

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 confornratio

Supplemental Data

The feedback-inhibitor cadaverine suppresses theeppbnse by binding to the pH susceptible site of
CadC inEscherichia coli

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

¥ Both authors contributed equally to this work

FIGURE S1. Inhibitory effect of cadaverine awadBA expressiorReporter gene assays were performed
with E. coli EP314 ¢adC1:Tn10, cadA’lacZ) that was complemented with plasmid-encoded CadC
(wild type) or the indicated CadC variants. An awught culture (pH 7.6) was shifted to pH 5.8 wittet
indicated cadaverine concentrations (0.65; 1.3; 238 10.4 mM) and harvested in the mid-logarithmi
growth phase. R-galactosidase activity was measaretl the percentage of residual activity was
calculated in relation to the same condition withcadaverine. Results are given as mean from at lea
three independent experiments. For clarity, theesponding standard deviations are omitted.
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FIGURE S2. Correlations between the goodness of fit and thieneted parameters for (A) the strain
harboring CadC_Y453I and (B) the strain harboriregdC_T229A E447Q. The points correspond to
local optima in the parameter space, for which dtiference between the quantitative model and the
experimental data in Fig. 4 of the main text is imized (see Materials and Methods). As the fit gyal
increases (lower?), most parameters are confined to narrow interuadicating that their values are well
constrained by the experimental data. However, spamameters display significant variation even for
the lowest ? values, and we find from parameter-parameter kiioe analysis in Fig. S3, that only
combinations of those are well confined by our dhatall cases the y-axis corresponds to the are

of allowed parameter values.
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FIGURE S3. Parameter-parameter correlations between the detiparameters for (A) strain harboring
CadC_Y453| and (B) strain harboring CadC_T229A E347
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FIGURE S4. Model for cadaverine-dependent regulatiomafiBAexpression. An Increase in cadaverine
concentration is indicated by blue shading. Cad@ed$ of the periplasmic domain are represented
schematically as the two monomers (light and dailkrs) in top view. The monomers consist of two
subdomains represented by a grey and a green eylfnfi Fig. 3). Cadaverine binding sites are iatid
as hexagons (white: wild type, black: binding inmpdi due to substitution). Cadaverine is depicted as
molecule with five carbon atoms and two amine gso(gpheres). Alnactivation cycle as proposed for
the wild type (cf. Fig. 6).B. Effect of substitutions in the central cavitya_T229A E447Q).
Cadaverine binding to the internal cavity is sigmihtly reduced. Therefore, initial conformational
changes that would lead to exposure of the bindites at the dimerization interface are not induced
Nonetheless they may occur at a lower rate simpky @ the flexibility of proteins. In consequence,
cadaverine-binding and -dependent inhibition ocetir higher cadaverine concentration (B2). C.
Substitutions that impair binding of cadaveringhe sites at the dimer interface (indicated byhlaek
hexagons at the interface) would lead to a sigificdecrease in cadaverine-binding, in turn (ngarly
prevent CadC inactivation or shift it to even higlsadaverine concentrations (C3). The initial birgdi
step to the binding sites within the central cagitivould occur at the same concentration as invilde
type (C2).

4



Cadaverine forces CadC into an inactive confornratio

TABLE S1. Plasmids and oligonucleotides used in this stufinot indicated pET16b-cadC7 (1) was

used as template.

Plasmid Oligonucleotide 5'- 3’ Sequence SowReference
pET16b Novagen
pET16b-cadC7 @
pET16b-cadC_D225A CadC_D225A_sense GGCGTGGGTGCTNMEGCGACATC This work
CadC_D225A_anti GATGTCGCCACCAAAGCACCCACGCC
pET16b-cadC_D225N CadC_D225N_sense GGCGTGGGTAATGTGGCGACATC This work
CadC_D225N_anti GATGTCGCCACCAAATTACCCACGCC
pET16b-cadC_D225W CadC_D225W_sense ATAGGCGTGGGTTBESTGGCGAC This work
CadC_D225W_as GTCGCCACCAACCAACCCACGCCTAT
pET16b-cadC_T229A CadC_T229A_sense TTTGGTGGCGGTAITTAAC This work
CadC_T229A_as GTTAAGTGATGCCGCCACCAAA
pET16b-cadC_H344L @
pET16b-cadC_Y374A CadC_Y374A_sense CCAGAATTTACC@&ULAGAGCAG This work
CadC_Y374A_anti CTGCTCTCGCGGCGGTAAATTCTGG
pET16b-cadC_Y374F CadC_Y374F_sense CCAGAATTTACCBECGAGAGCAG This work
CadC_Y374F _anti CTGCTCTCGCGAAGGTAAATTCTGG
pET16b-cadC_Q421A CadC_Q421A_sense CATTATATATGCARRAGCGG This work
CadC_Q421A_as CCGCTTTTATTGCATCACTTAAC
pET16b-cadC_E447Q [@)
pET16b-cadC_WA450A CadC_W450A_anti CGGTGAGATATGCANGCTGCTTC
CCGGTTCATCCCCTTCATTTCATAAA
CCTTGCCAAGCAACACATAATTTAGC
GCGGACATTTCAAGATC This work
pET16b-cadC_W450F CadC_W450F_anti CGGTGAGATATGCABLTGCTTC
CCGGTTCATCCCCTTCATTTCATAAA
VVTTGCCAAGCAACACATAATTTAGG
AAGGACATTTCAAGATC This work
pET16b-cadC_T229A E447Q combination of pET16b-ca®29A and pET16b-cadC_E447Q by
Ncol and Sacl digestion This work
pET16b-cadC_H344L_E447Q PCR with with oligonucldetCadC_H334L (1)
and pET16b-cadC_E447Q as template This work
pET16b-cadC_T229A H344L combination of pET16b-cafiZ29A and pET16b-cadC_H344L by
BamHI and Sacl digestion This work
pET16b-cadC_D225N_E447Q PCR with oligonucleotided© D225N_sense and CadC_D225N_anti
with pET16b-cadC_E447Q as template This work
pET16b-cadC_T229A Q421A_E447Q PCR with oligonudtisst CadC_D225N_sense and CadC_Q421A_as
and pET16b-cadC_T229A E447Q as template Thikw
pET16b-cadC_D225N_T229A_E447Q PCR with oligonudtisst CadC_D225N_sense and CadC_Q421A_as
and pET16b-cadC_T229A E447Q as template Thikw
pET16b-cadC_T229A_H344L_E447Q  combination of pET&EHC_T229A and pET16b-cadC_H344L_E447Q by
BamHl and Sacl digestion This work
pET16b-cadC_Y453A CadC_Y453A GCATTGATCTCGAGATGTTEGCTAAA
TGCTGTGTTGC This work
pET16b-cadC_Y4531 1)
pET16b-cadC_Y453F CadC_Y453F GCATTGATCTCGAGATGTREGCTAAA
TTTTGTGTTGC This work
pET16b-cadC_T475A CadC_T475A_sense CATATCTCGCCGUIRATTTACGCCCC
GGGGCAAAC
CadC_T475A_anti GTTTGCCCCGGGGCGTAAATTAAAGGCG
GCGAGATATG This work
pET16b-cadC_T475S CadC_T475S GTGTTTGCCCCGGGGCEAMAMAAGG
CGGAGAGATATGC This work
pET16b-cadC_H240L )
pET16b-cadC_E468D (1)
pET16b-cadC_D471A 1)
pET16b-cadC_D471N @)
PET16b-cadC_L474A (1)
PET16b-cadC_N478A 1)
pET16b-cadC_F477A [&))
pET16b-cadC_F477! )
pET32a Novagen
pET32a-cadC188-512 his 6 -cadC 188-512 in pET32a @)
pET32a-cadC188-512_Y453I his 6 -cadC 188-512_Y#BBET32a This work
pET32a-cadC188-512_T475A his 6 -cadC 188-512_T4@pET32a This work
pET32a-cadC188-512_T229A_E447Q his 6 -cadC 188-EAZ9A E447Q in pET32a This work



Cadaverine forces CadC into an inactive confornratio

TABLE S2. Parameters of the quantitative modiet the wild type Cad moduldB indicates lower
bound; UB, upper bound. The estimated parameteiesadre shown as (best-fit valusé) , whérand
" indicate the asymmetric standard errors in theitipesdirection and in the negative direction,

respectively, see (3dr details
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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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