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PhoQ is the transmembrane sensor histidine kinase of the bacterial
phoPQ two-component system, which detects and responds to
divalent cations and to antimicrobial peptides, and can trigger viru-
lence. Despite their ubiquitous importance in bacterial signaling,
the structure and mechanism of the sensor kinases are not fully
understood. In particular, the mechanism by which the signal is
propagated through the transmembrane (TM) region remains
unclear. We have identified a critical asparagine residue in the
second TM helix of PhoQ. Replacement of this Asn202 with a
variety of hydrophobic amino acids results in a protein that is blind
to signal, fails to activate transcription of PhoQ-dependent genes,
and abrogates transcription when coexpressed with wild-type
PhoQ. Analysis of other two-component kinase sequences indi-
cated that many such proteins contain similarly conserved polar re-
sidues, and the structure of one such domain shows a polar residue
proximal to an extended cavity near the center of the TM bundle.
We therefore examined the role of Asn202 in PhoQ. Our analysis
indicated that its kinase function is dependent on the polarity of
Asn202, rather than its precise structure or position in the TM re-
gion; it can be displaced up or down one turn of TM helix 2, or even
moved to the adjacent TM helix 1. The presence of polar TM amino
acids among many diverse sensor kinases suggest a widespread
mechanism of two-component signal transduction; we speculate
that they might stabilize underpacked water-containing cavities
that can accommodate conformational changes required for
switching from phosphatase to kinase-competent conformations.
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'I'Wo-component systems are prominent features of bacteria,
used primarily to sense and respond to environmental stimuli.
There are thousands of these systems spanning all species of bac-
teria (1), including about 25 in Escherichia coli alone (2). They
detect and respond to varied stimuli, including general stresses
such as pH (3), and specific signals such as concentration of a
particular nutrient [such as citrate (4) or magnesium ions (5)].
In addition to their relevance to microbial ecology and physiol-
ogy, two-component systems serve as simple examples of signal
transduction across biological membranes and as such are a topic
of great interest in biochemistry and biophysics.

The two protein components that comprise the typical system
are a transmembrane (TM) sensor histidine kinase (HK) and a
cytoplasmic response regulator (RR) (1). The prototypical HK,
represented by proteins such as EnvZ (6) and PhoQ (7), consists
of three regions. The periplasmic region acts as a sensor, and
detects changes in the surrounding medium. The TM region
generally consists of two membrane-spanning antiparallel helices
located at the N- and C-termini of the periplasmic region. The
cytoplasmic region generally contains a small signaling domain
at its N-terminus such as a HAMP, PAS, or GAF domain (1), that
plays a role in transducing the signal from the periplasm into
catalytic activity. The remainder of the cytoplasmic region is a
well-conserved kinase domain that interacts with the RR. The
RR is a soluble protein that typically promotes gene transcription.
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The HK controls the phosphorylation state of the RR, which
determines its ability to participate in the signaling cascade. HKs
typically catalyze three distinct enzymatic reactions: autopho-
sphorylation, RR phosphorylation, and RR dephosphorylation.
Genetic and biochemical evidence suggests that prototypical
HKs exist in two states, kinase-dominant (K™P~) and phospha-
tase dominant (K~P*), and that switching between these states is
influenced by signal (8). In the K*P~ state, the HK autopho-
sphorylates a conserved histidine in the cytoplasmic region and
subsequently transfers the phosphoryl group to an aspartate on
the RR. In the K~P* state, the HK dephosphorylates the RR.
These properties produce a robust genetic circuit that shows a
similar response to signal over a range of concentrations of
the component proteins (9, 10). The mechanism by which HK
proteins switch states in response to stimulus, though, is not
entirely understood on a molecular level.

Elucidation of the structure and of the mechanism of signaling
in the HK molecule has been the focus of a number of studies
(1, 11, 12). The structure of a full-length HK has yet to be deter-
mined, though x-ray and NMR structures have been solved for
portions of HK and HK-like proteins, most notably the Tar
and Tsr chemotaxis receptors (11), but an atomic resolution
structure of the TM region is not available. Those HKs that have
been characterized are seen to form stable homodimers in vivo
(13, 14), and x-ray and NMR structures of cytoplasmic and peri-
plasmic portions indicate that the dimer interface extends the
length the molecule (15-19). Based on these structures and on
disulfide cross-linking studies, the two TM helices are thought
to assemble into a 4-helix bundle in the membrane (11). This
model has led to a proposed mechanism in which substrate bind-
ing causes a conformational change in the periplasmic domain,
which is propagated along a continuous helix through the TM
and into the HAMP domain, thereby altering the signaling state.
A piston-shift model has been proposed for the chemoreceptor
proteins (11), supported by structural and experimental data (20);
and extended to include some families of HKs (21). Other pro-
posals for conformational changes focus on rotations of helices
(22) and domains (23). The HAMP domain has similarly been
proposed to feature either a helical rotation (16) or bundle
destabilization caused by lateral movement of helices (24).
The role that the TM region may play in these transitions, how-
ever, is not entirely understood.

The x-ray structure of the HK-like protein, sensory rhodopsin
transducer HtrIl from Natronomonas pharaonis, provides the
only detailed structural information available for the TM of a
protein from this class (22). HtrII does indeed display a 4-helix
bundle consisting of the two TMs from each monomer. This
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protein has no periplasmic domain, however, and it is not clear if
classic HKs that have sensor regions have similar TM arrange-
ments. A wealth of experimental data, including x-ray crystallog-
raphy (25) and EPR studies (26), indicate that displacement of
the TM2 helix is involved in signal transduction; the precise
dimensions of this movement and the role it plays in signal propa-
gation into the cytoplasmic region are still being determined (27).

PhoQ is the HK of the phoPQ system, along with the RR,
PhoP. The phoPQ system senses the divalent cations Mg?* and
Ca?* (28). PhoQ is of particular interest because of its role in
some species of bacteria such as Salmonella enterica serovar
Typhimurium, where phoPQ orchestrates the expression of genes
required for virulence in response to antimicrobial peptides of
the innate immune system (29, 30). PhoQ is thus a potential anti-
microbial target, as inhibition of signaling could prevent bacterial
infection (30). PhoQ is a prototypical HK, with a periplasmic
sensor domain that interacts with metal ions, a TM 4-helix
bundle, cytoplasmic HAMP and DHp domains, and the well-con-
served kinase (Fig. 1). Under physiological conditions, PhoQ is a
homodimer with an interface that extends the length of the mo-
lecule (31). Because the TM region of the HKs is less understood,
we chose to focus our efforts on determining its arrangement as
we move toward developing a full picture of the structure and
function of the HK proteins.

The TM2 helix of PhoQ contains an asparagine residue at posi-
tion 202, which is predicted to lie in the center of the membrane
bilayer. In the process of scanning mutagenesis of the TM region of
PhoQ, we observed that most cysteine replacements in the TM
helices produced functional proteins but the N202C variant did
not appear to activate transcription of phoPQ-regulated genes.
Asparagine is a very polar amino acid, and the amide side chain
has a high propensity for association when in a membrane envi-
ronment (32, 33). An Asn residue lies at a similar position in
the TM domain of HtrII, where it helps relay information from
the light-sensing subunit to the sensor kinase. We also noticed that
this Asn sidechain lies along an elongated cavity that extends from
near the bilayer center to the cytoplasmic end of HtrII (25) (see
Discussion). Intrigued by these observations, we set out to analyze
the role of Asn202 in PhoQ, and determined that it plays a critical
role in the switching between kinase and phosphatase states. The
function of Asn202 and the implications for the molecular
mechanism of HK signal transduction are described herein.

Results

In Vivo Activity of PhoQ N202A. To determine the role of the Asn202
residue in the second TM helix of PhoQ, we constructed and
analyzed the alanine variant. E. coli PhoQ N202A was expressed
from an uninduced attenuated #rc promoter (34) on the plasmid
pSG262, in strain TIM206 [which has the native phoQ and lacZ
genes deleted and contains a chromosomal mgtA::lacZ reporter
for PhoQ activity (31)]. The basal expression from this plasmid is
comparable to the steady-state level of expression from the chro-
mosomal phoQ gene (35). In contrast to wild-type (wt) PhoQ, the
N202A variant did not activate transcription of lacZ over baseline
levels in either low- or high-magnesium conditions. The PhoQ
N202A variant was also coexpressed with the wt PhoQ protein,
using the pSG262 plasmid in the phoQ* TIM199 reporter strain.
This strain failed to activate transcription of lacZ above baseline
levels, indicating that the phoQ N202A gene has a dominant
negative phenotype (Fig. 2). This suggests that the inability of
PhoQ N202A to activate transcription is not due to changes in
protein expression or localization [which appear to be similar
to wt levels (Fig. S1)], but rather a direct effect of the Asn to
Ala substitution on catalytic activity.

In Vitro Activity of PhoQ N202A. To assess the enzymatic activity
of PhoQ N202A in vitro, E. coli membranes enriched in the
protein were assayed for kinase and phosphatase function with

8142 | www.pnas.org/cgi/doi/10.1073/pnas.1003166107

periplasmic
sensor
domain

transmembrane
region

HAMP
domain

kinase
. domain
'n]

domain

Fig. 1. PhoQ sensor kinase. Schematic of PhoQ structure—x-ray structures of
the periplasmic domain of PhoQ (3BQ8) (15) and of the cytoplasmic domain
of a T. maritima HK (2C2A) (17), and the NMR structure of a HAMP domain
(2ASW) (16) are shown in the approximate orientation they would adopt in
the full protein. Acidic residues that comprise the putative cation binding
patch in the periplasmic domain are shown as sticks. ADP analog bound
in the kinase domain is shown as orange spheres. N- and C-termini of the
structures are indicated as blue and red spheres, respectively. TM helices
are indicated as blue (TM1) and red (TM2) cylinders.

32p_labeled ATP In contrast to the wt PhoQ, the N202A variant
showed no detectable autophosphorylation in vitro when incu-
bated with labeled ATP (Fig. 34). For the phosphatase assays,
P-32 labeled phospho-PhoP was incubated with the PhoQ-
enriched membranes. In these assays, the PhoQ N202A variant
and the wt PhoQ protein showed similar dephosphorylation of
the RR (Fig. 3B).

Full Range of Asn202 Replacements. To further explore the role of
the asparagine, we constructed the full set of amino acid replace-
ments at position 202. These variants were assayed for their
ability to activate lacZ transcription in a AphoQ strain, and their
ability to repress transcription in a phoQ™ strain. We found that
the PhoQ variants could be grouped into 3 categories. The first
group consists of variants that have similar profiles to wt PhoQ,
complementing the AphoQ strain and not interfering with the
phoQt strain: Arg, Asp, Gln, Glu, and His. Among the wt-like
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Fig. 2. In vivo activity of PhoQ N202A. Activity was determined with a
B-galactosidase reporter for PhoQ activation consisting of a fusion of the lacZ
gene to the PhoQ-regulated mgtA promoter. Activity was measured in
both the TIM206 AphoQ reporter strain and the TIM199 phoQ™ reporter
strain, bearing either an empty plasmid, a plasmid encoding wt PhoQ, or
a plasmid encoding PhoQ N202A. Data correspond to averages of at least
3 experiments; error bars show standard deviations.

variants, His and Arg show increased transcription of lacZ com-
pared to wt phoQ. However, these variants are perhaps not as
effective sensors as the wt protein, because they are not repressed
to the same degree by divalent cations. Asp, Gln, and Glu show
similar profiles to the wt, although Asp and Gln have lowered
activity. The second group consists of variants that showed similar
characteristics to N202A, failing to activate lacZ transcription
and showing dominance over the wt gene. This group includes
every hydrophobic amino acid (Ile, Leu, Met, Phe, Trp, Tyr,
and Val) and the small residues Cys, Gly, and Pro. Because Gly
and Pro show similar effects to Ala, it is likely that the phenotype
is more related to the lack of polarity of their sidechains than it is
to helix propensity. The third group of variants showed inter-
mediate activities: the slightly polar residues Ser and Thr, as well
as Lys. These variants activated transcription slightly in the
AphoQ strain, and repressed transcription to some degree in
the phoQ™ strain (Fig. 4).

Asparagine Scanning of PhoQ TMs. To examine the effect of position-
ing of the critical asparagine residue, we used asparagine scanning
mutagenesis. A series of variants was constructed in which the
N202A substitution is combined with the replacement of another
amino acid of TM2 with an asparagine. Variants were constructed
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Fig. 3. In vitro activity of PhoQ N202A. (A) Autokinase activity of wt
PhoQ and PhoQ N202A. Membranes enriched in PhoQ or PhoQ N202A were
incubated with y-32P ATP. Aliquots were removed at different times, and
the reactions stopped by removal of ATP and addition of SDS-PAGE buffer.
(B) Phosphatase activity of wt PhoQ and PhoQ N202A. Phospho-PhoP was
incubated with either buffer only, membranes enriched in wt PhoQ, or mem-
branes enriched in PhoQ N202A. Aliquots were removed at different times,
and the reactions stopped by the addition of SDS-PAGE buffer. All samples
were subjected to SDS 10% PAGE, and the radiolabeled protein bands were
visualized by phosphorimaging.
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with asparagines at positions 198 to 206, and their ability to acti-
vate lacZ transcription was compared to wt PhoQ and to PhoQ
N202A (Fig. 5). Though none of the asparagine-scan variants
showed activity as high as the wt, some did recover lacZ transcrip-
tion. The Asn203 protein in particular produced near-wt levels of
lacZ transcription; Asn199 and Asn205 also showed moderate
activity. These 4 positions are situated roughly along one face
of TM2 (assuming that its structure resembles idealized o-helix
geometry), and so provide a view of the patch on TM2 that can
accommodate the necessary asparagine interaction.

TM1 Variants. We next examined whether there might be an inter-
acting partner for Asn202 in the neighboring TM1 of PhoQ.
Although there are no strongly polar residues in the central re-
gion of TM1, the hydroxyl-containing sidechains Ser29 and Tyr32
are predicted to lie at a similar depth in the membrane as Asn202.
The S29A variant was found to produce lacZ transcription almost
identical to the wt PhoQ (Fig. 6). The S29V variant, meanwhile,
showed increased transcription of lacZ, especially under condi-
tions of high Mg?*. The Y32A protein showed a slight increase
in lacZ transcription compared to wt, and Y32F showed a slight
decrease. Thus, none of these variants produced a drastic change
in transcription, with the largest being the 3-fold increase seen
in high Mg?* conditions with the S29V variant. These findings,
together with the observation that a variety of strongly polar
residues can substitute for Asn202 suggest that Asn202 does
not engage in a specific interaction with sidechains on TM1,
instead polarity seemed to be the key determinant.

We therefore asked whether the critical Asn sidechain could be
moved from TM2 to TMI1. A series of PhoQ variants were
constructed combining N202A with the substitution of an Asn
at positions between 27 and 31 (which are predicted to lie at a
similar depth in the membrane as position 202). We found that
the N202A/V27N and N202A/L30N variants both recovered
Mg?*-dependent signaling; V27N yielded less transcription than
wt whereas the L30N was even more active than wt PhoQ,
especially in high-Mg?>* media (Fig. 7). Residues 27 and 30
are predicted to lie on the same face of the TM1 helix, assuming
ideal geometry.

Discussion

This manuscript demonstrates the functional importance of a po-
lar residue in TM2 of PhoQ in vivo. Hydrophobic mutants of
N202 abrogate signaling of coexpressed wt protein, indicating
that they act as dominant negatives (DN). Cys cross-linking stud-
ies showed that this DN effect was not a result of the mutants
preferentially forming heterodimers with wt PhoQ (Fig. S1),
but is instead due to the phosphatase activity of mutant homo-
dimers. Biochemical studies confirmed that the substitution of
Asn202 with Ala eliminated kinase activity without affecting
the intrinsic phosphatase activity. We therefore conclude that
the DN effect reflects a disruption of the delicate balance of
phosphatase versus kinase activity required for transcriptional
activation via the PhoP protein (35).

Highly conserved polar residues are found in many TM helical
bundles of HK and HK-like proteins. Asn202 is strongly con-
served in PhoQ proteins of E. coli and related organisms, the only
substitution being the functionally conservative His. Approxi-
mately half of the other approximately 25 HK sensor proteins in
E. coli have a conserved TM Arg, Asp, Asn, Gln, Glu, or His
residue (Table S1). Furthermore, the related chemoreceptor
Tar has a conserved polar Gln residue at position 22 of its first
TM helix (36), and the mutant Q22C is folded and membrane-
embedded but no longer responsive to ligand (37).

Polar residues in membrane proteins often play essential roles
by forming hydrogen bonds (38-40) that are dependent on
the fine-grained physical properties and precise positioning of
the interacting groups. Thus, it was initially surprising to discover

PNAS | May 4, 2010 | vol. 107 | no.18 | 8143

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/ST01.doc

[

Z

1\

=y

1400 -

1200 4

1000 A

o
o
o

o
=3
o

B-aalactosidase activity
-
2

L]
o
o

oA

ophoQ@+with Mg
EphoQ+no Mg
OphoQ-with Mg
WphoQ-no Mg

Ll |

A C DEF G H I

K LM NZPQRST

V W Y 241 263
phoQ*phoQ*

Fig. 4. Invivo activities of PhoQ variants at position 202. Activity was determined with a f-galactosidase reporter, consisting of a fusion of the /acZ gene to the
PhoQ-regulated mgtA promoter, on the plasmid pSG238. Activity was measured in either the AphoQ strain SDG263 or the phoQ™ strain SDG241, bearing the
reporter plasmid and a second plasmid encoding the PhoQ variant. Data correspond to averages of at least 6 experiments; error bars show standard errors.

that hydrophilicity was the only commonality amongst the side-
chains that functionally substitute for Asn202. Examples of
allowed function-promoting polar sidechains that are otherwise
diametric opposites include Arg and Asp, which differ greatly
in (i) size (eight versus four heavy atoms, respectively); (if) charge
state at neutral pH in water; and (iif) hydrogen-bonding potential
(Arg being replete with five hydrogen-bonded donors and Asp
having three or four pairs of nonbonded electrons capable of
accepting hydrogen bonds in its neutral and charged state, respec-
tively). The function of Asn202 substitutions correlates with the
hydrophilicity of the residue at 202. The correlation between
PhoQ activity and quantitative measures of the hydrophilicity
of the sidechain at 202 is approximately as high as the correlation
between different hydrophilicity scales (Fig. S2). Lys is a singular
major outlier in the correlation, but it is also an outlier between
different hydrophilicity scales. Lys might be less effective than
Arg because Lys has only a single polar heavy atom and its longer
aliphatic chain allows for greater snorkeling.

The Asn sidechain can also be moved up or down a turn of
TM2, corresponding to approximately one third the length of
the hydrophobic region of a bilayer, or placed over a 100° arc over
the cylindrical surface of the helix; remarkably, the Asn can even
be transferred to the TM1 helix and retain PhoQ function. This
indicates that the polar side chain only needs to be approximately
placed in the TM bundle.
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Fig. 5. Asparagine scanning of PhoQ TM2 helix. p-Galactosidase activity
of the fusion of /acZ gene to the PhoQ-regulated mgtA promoter. Activity
was measured in the TIM206 AphoQ reporter strain bearing a plasmid encod-
ing wt PhoQ, PhoQ N202A, or an asparagine-shifted PhoQ TM2 variant. Data
correspond to averages of at least 3 experiments; error bars show standard
deviations.
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In summary, the only stringent requirement for function is
hydrophilicity, indicative of a strong affinity for water. Whereas
this finding does not uniquely define a signaling mechanism, it
provides a new rationale for previous measurements and should
guide new experiments. Cys-scanning spin labeling experiments
of the TM bundle of Tar indicate that the protein can accommo-
date the steric bulk of the spin label with greater flexibility than
most transmembrane proteins (41)—a finding that is consistent
with the relaxed size requirement for the polar residue in PhoQ.
However, might the polarity of the residue facilitate signaling?

The only structurally characterized HK TM bundle is the HtrII
transducer protein (22), which has a conserved Asn at position 74
in the TM2 helix that appears to play an important role in signal-
ing (27). The x-ray structure reveals that the TM 4-helix bundle
has a long open channel running two thirds the length of the bun-
dle, from the cytoplasm to the center of the protein (Fig. 84).
Asn74 is the sole strongly polar sidechain projecting into the
hemi-channel. Although luminal water molecules were not
assigned in the deposited coordinates, an electron density map
shows at least two well ordered water molecules in the hemi-
channel, even at the intermediate 2.4 A resolution of the
structure (Fig. 8B). The dimer of water molecules is not imme-
diately hydrogen-bonded to Asn, but could make a solvent-
mediated H-bond. Thus, it is likely that the cavity is filled with
solvent, which might be visible at higher resolution.
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Fig. 6. In vivo activity of PhoQ variants at positions 29 and 32. p-Galactosi-
dase activity of the fusion of lacZ gene to the PhoQ-regulated mgtA promo-
ter. Activity was measured in the TIM206 AphoQ reporter strain bearing a
plasmid encoding PhoQ S29A, S29V, Y32A, or Y32F. Data correspond to
averages of at least 3 experiments; error bars show standard deviations.
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Fig. 7. Asparagine scanning of PhoQ TM1 helix. p-Galactosidase activity of
the fusion of /lacZ gene to the PhoQ-regulated mgtA promoter. Activity was
measured in the TIM206 AphoQ reporter strain bearing a plasmid encoding
wt PhoQ, PhoQ N202A, or an asparagine-shifted PhoQ TM1 variant. Data
correspond to averages of at least 3 experiments; error bars show standard
deviations.

HtrlIl is a sensory protein, which lacks an extracytoplasmic
membrane domain. It instead has a rthodopsin-like subunit that
interacts with a portion of the Asn74 sidechain, placing structural
restraints that might not be present in PhoQ. Nevertheless, the
presence of such a long cavity in HtrIl, which is not involved
in apparent substrate recognition or transport, is surprising and
invites speculation that PhoQ might also have a water-filled cavity
that can be stabilized by a variety of polar residues projecting
from varying positions on one face of either TM1 or TM2.
The inclusion of a central cavity would minimize complex tertiary
packing interactions that might overly constrain the bundle to a
single conformation or impede switching between states. Instead
the bundle would be stabilized exclusively by pairwise, interheli-
cal packing interactions that should be more permissive of the
rotations and translations envisioned in various signaling me-
chanisms, and structurally characterized in gated ion channels
(42). In closing, we note one intriguing feature of the HtrII struc-
ture, versus the inferred structure of Tar’s TM bundle. Tar has
been proposed to form a bundle with left-handed interhelical

Fig. 8. Cavity in Htrll transmembrane region. (A) Structure of Htrll (PDB ID
code 1H2S) (22) is shown from the “bottom” view, as it would be seen if look-
ing into the membrane from the cytoplasm. The Htrll dimer is shown as car-
toon, and colored by chain; Asn74 is shown in magenta, and sidechain is
shown as sticks. Surface of Htrll is shown in gray. (B) Ordered water molecules
in the TM bundle of Htrll. Examination of a 2F, — F. map contoured at 1.4c
(generated with the deposited structure factors) shows strong density from
solvent near the end of the elongated cavity in the vicinity of the polar
atoms. Protein is shown from the “side” view, seen from the plane of the
membrane. TM2 helices are shown as cartoons and colored by chain;
Leu67 and Asn74 sidechains are shown as sticks, water molecules are red
spheres, and surface of Htrll, including the internal cavity, is shown in gray.
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crossing angles, based on disulfide cross-linking studies that
are capable of differentiating left-handed from right-handed
crossings (43). Intriguingly, the “top” portion of the bundle of
HtrII (Fig. S3), which faces the exterior of the cell, forms a
left-handed bundle, but a bend in TM2 changes the interhelical
packing from left- to right-handed near the beginning of the
hemi-channel. Similarly, right- and left-handed packings have
been seen in the structures of the water-soluble cytoplasmic
four-helix bundles of other HK proteins, possibly reflecting static
idiosyncratic differences in the helical rotational and interhelical
packing between the different proteins under investigation
(18, 19, 44). However, it is interesting to entertain the possibility
that such changes might be a component in the signaling of HK
proteins. Indeed, a similar switch was observed when comparing
different states of the kinase domain of the DesK protein.

Materials and Methods

Strains and Plasmids. The strains and plasmids used in this work are summa-
rized in Table S2. A detailed description of strain and plasmid construction is
provided in S/ Methods.

Media. Cells were grown in LB supplemented with the appropriate antibiotics
(100 pg/mL of ampicillin, 34 pg/mL of chloramphenicol, 30 pg/mL of
kanamycin) and with MgCl, to 10 mM where applicable.

p-Galactosidase Assays. Cells were grown overnight in LB and then subcul-
tured in LB or LB supplemented with MgCl,, and grown to an ODgy, of
approximately 0.2-0.4. For cells with the chromosomal mgtA::lacZ reporter,
p-galactosidase activity was determined as described (45). For cells harboring
the reporter plasmid pSG238, assays were performed in microtiter plates
using a modified procedure (SI Methods).

Membrane Preparation. E. coli BL21(DE3) cells, transformed with either the
pSG325 (wt PhoQ) or the pSG327 (PhoQ N202A) plasmid were grown at
37°C in LB broth supplemented with antibiotics. Expression was induced
at an ODggy of approximately 0.6 by adding 0.5 mM IPTG, and the culture
was transferred to 25°C. After 16 h of induction, cells were harvested by
centrifugation and membranes were prepared essentially as described
(46). Membranes were suspended in reaction buffer (50 mM Tris-HCl pH
7.5, 200 mM KCl, 0.1 mM EDTA, 5% glycerol) at 0.1 mg/uL, and stored
at —80°C.

Protein Purification. PhoP was expressed with a C-terminal Hisg fusion and
purified by affinity chromatography, as described (35). The EnvZ, + MI+
loop5 chimeric protein was expressed as an N-terminal Hisg-maltose binding
protein fusion and purified as described (47).

In Vitro Autokinase Assay. Two mg of membranes enriched in PhoQ or PhoQ
N202A were autophosphorylated with 40 xuCi [y*?P]ATP (3000 Ci/mmol) in
40 pL of reaction buffer supplemented with 0.1 mM MgCl,. The reactions
were continued at room temperature for various times before being stopped
by application to a BioSpin 6 column (BioRad) to remove unincorporated ATP
and addition of 4x lithium dodecyl sulfate sample buffer, and subjected to
electrophoresis on a 10% SDS-PAGE gel. Radioactivity was detected using a
phosphor screen and Storm imager.

In Vitro Phosphatase Assay. Phosphatase activity of PhoQ and PhoQ N202A
was measured essentially as described (35). Briefly, 33 pg of Hisg-MBP-
EnvZ., + Ml + loop5, a protein that efficiently phosphorylates PhoP but
does not dephosphorylate it, was autophosphorylated with 40 uCi [y32P]
ATP (3000 Ci/mmol) in 40 uL of reaction buffer supplemented with 1 mM
MgCl,. After 20 min. at room temperature, 56 pg PhoP in 40 L reaction
buffer (1 mM MgCl,) was added. After 40 min, the mixture was applied
to a BioSpin 6 column (BioRad) to remove unincorporated ATP. 20 pL of
the flow-through was added to tubes with 20 pL reaction buffer
containing either 100 pM ADP/1 mM MgCl, only, 1.2 mgs of wt PhoQ-
enriched membranes + ADP/MgCl,, or 1.2 mgs of PhoQ N202A-
enriched membranes + ADP/MgCl,. At each time point, samples were
transferred to tubes containing 4x LDS sample buffer, and subjected to
electrophoresis on a 10% SDS-PAGE gel. Radioactivity was detected using
a phosphor screen and Storm imager.

PNAS | May 4,2010 | vol. 107 | no.18 | 8145

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/ST02.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003166107/-/DCSupplemental/pnas.1003166107_SI.pdf?targetid=STXT

[

Z

D\

ACKNOWLEDGMENTS. We thank Tim Miyashiro for constructing the E. coli
strains TIM196, TIM199, and TIM202; Vignesh Kasinath for assistance with
membrane preparations; Jun Wang for providing purified PhoP-Hiss; Ru-
dresh Acharya for analyzing the 1H2S density maps; and Carey Waldburger

5

. Mascher T, Helmann JD, Unden G (2006) Stimulus perception in bacterial signal-

transducing histidine kinases. Microbiol Mol Biol R 70:910-938.

. Yamamoto K, et al. (2005) Functional characterization in vitro of all two-component

signal transduction systems from Escherichia coli. J Biol Chem 280:1448-1456.

. Gao R, Lynn DG (2005) Environmental pH sensing: resolving the VirA/NirG two-

component system inputs for Agrobacterium pathogenesis. J Bacteriol 187:2182-2189.

. Kaspar S, et al. (1999) The periplasmic domain of the histidine autokinase CitA

functions as a highly specific citrate receptor. Mol Microbiol 33:858-872.

. Garcia Vescovi E, Soncini FC, Groisman EA (1996) Mg2+ as an extracellular signal:

Environmental regulation of Salmonella virulence. Cell 84:165-174.

. Yoshida T, Phadtare S, Inouye M (2007) Functional and structural characterization of

EnvZ, an osmosensing histidine kinase of E. coli.. Methods Enzymol 423:184-202.

. Cho US, et al. (2006) Metal bridges between the PhoQ sensor domain and the

membrane regulate transmembrane signaling. J Mol Biol 356:1193-1206.

. Hsing W, Russo FD, Bernd KK, Silhavy TJ (1998) Mutations that alter the kinase and

phosphatase activities of the two-component sensor EnvZ. J Bacteriol 180:4538-4546.

. Batchelor E, Goulian M (2003) Robustness and the cycle of phosphorylation and

dephosphorylation in a two-component regulatory system. Proc Nat/ Acad Sci USA
100:691-696.

10. Shinar G, Milo R, Martinez MR, Alon U (2007) Input output robustness in simple
bacterial signaling systems. Proc Natl/ Acad Sci USA 104:19931-19935.

11. Falke JJ, Hazelbauer GL (2001) Transmembrane signaling in bacterial chemoreceptors.
Trends Biochem Sci 26:257-265.

12. Khorchid A, lkura M (2006) Bacterial histidine kinase as signal sensor and transducer.
Int J Biochem Cell Biol 38:307-312.

13. Milligan DL, Koshland DE, Jr (1988) Site-directed cross-linking: Establishing the
dimeric structure of the aspartate receptor of bacterial chemotaxis. J Biol Chem
263:6268-6275.

14. Yaku H, Mizuno T (1997) The membrane-located osmosensory kinase, EnvZ, that
contains a leucine zipper-like motif functions as a dimer in Escherichia coli. FEBS Lett
417:409-413.

15. Cheung J, Bingman CA, Reyngold M, Hendrickson WA, Waldburger CD (2008)
Crystal structure of a functional dimer of the PhoQ sensor domain. J Biol Chem
283:13762-13770.

16. Hulko M, et al. (2006) The HAMP domain structure implies helix rotation in transmem-
brane signaling. Cell 126:929-940.

17. Marina A, Waldburger CD, Hendrickson WA (2005) Structure of the entire cytoplasmic
portion of a sensor histidine-kinase protein. EMBO J 24:4247-4259.

18. Albanesi D, et al. (2009) Structural plasticity and catalysis regulation of a thermosensor
histidine kinase. Proc Nat/ Acad Sci USA 106:16185-16190.

19. Casino P, Rubio V, Marina A (2009) Structural insight into partner specificity and
phosphoryl transfer in two-component signal transduction. Cell 139:325-336.

20. Draheim RR, Bormans AF, Lai RZ, Manson MD (2006) Tuning a bacterial chemoreceptor
with protein-membrane interactions. Biochemistry 45:14655-14664.

21. Falke JJ, Erbse AH (2009) The piston rises again. Structure 17:1149-1151.

22. Gordeliy VI, et al. (2002) Molecular basis of transmembrane signalling by sensory
rhodopsin Il-transducer complex. Nature 419:484-487.

23. Neiditch MB, et al. (2006) Ligand-induced asymmetry in histidine sensor kinase
complex regulates quorum sensing. Cell 126:1095-1108.

24. Zhou Q, Ames P, Parkinson JS (2009) Mutational analyses of HAMP helices suggest a
dynamic bundle model of input-output signalling in chemoreceptors. Mol Microbiol
73:801-814.

25. Moukhametzianov R, et al. (2006) Development of the signal in sensory rhodopsin and
its transfer to the cognate transducer. Nature 440:115-119.

8146 | www.pnas.org/cgi/doi/10.1073/pnas.1003166107

for helpful discussions. This work was supported, in part, by National Insti-
tutes of Health Grants GM060610 (W.F.D.), GM080279 (M.G.), Al74866
(W.F.D. and M.G.), and GM073499 (5.D.G.) and National Science Foundation
Grant DMR0520020 (W.F.D. and M.G.).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Wegener AA, Klare JP, Engelhard M, Steinhoff HJ (2001) Structural insights into the
early steps of receptor-transducer signal transfer in archaeal phototaxis. EMBO J
20:5312-5319.

Sasaki J, Spudich JL (2008) Signal transfer in haloarchaeal sensory rhodopsin-
transducer complexes. Photochem Photobiol 84:863-868.

Soncini FC, Garcia Vescovi E, Solomon F, Groisman EA (1996) Molecular basis of the
magnesium deprivation response in Salmonella typhimurium: ldentification of
PhoP-regulated genes. J Bacteriol 178:5092-5099.

Fields PI, Groisman EA, Heffron F (1989) A Salmonella locus that controls resistance to
microbicidal proteins from phagocytic cells. Science 243:1059-1062.

Miller SI, Kukral AM, Mekalanos JJ (1989) A two-component regulatory system
(phoP phoQ) controls Salmonella typhimurium virulence. Proc Natl Acad Sci USA
86:5054-5058.

Goldberg SD, Soto CS, Waldburger CD, DeGrado WF (2008) Determination of the
physiological dimer interface of the PhoQ sensor domain. J Mol Biol 379:656-665.
Choma C, Gratkowski H, Lear JD, DeGrado WF (2000) Asparagine-mediated
self-association of a model transmembrane helix. Nat Struct Biol 7:161-166.

Zhou FX, Merianos HJ, Brunger AT, Engelman DM (2001) Polar residues drive associa-
tion of polyleucine transmembrane helices. Proc Nat/ Acad Sci USA 98:2250-2255.
Weiss DS, Chen JC, Ghigo JM, Boyd D, Beckwith J (1999) Localization of Ftsl (PBP3)
to the septal ring requires its membrane anchor, the Z ring, FtsA, FtsQ, and FtsL.
J Bacteriol 181:508-520.

Miyashiro T, Goulian M (2008) High stimulus unmasks positive feedback in an auto-
regulated bacterial signaling circuit. Proc Nat/ Acad Sci USA 105:17457-17462.
Sal-Man N, Gerber D, Shai Y (2004) The composition rather than position of polar
residues (QxxS) drives aspartate receptor transmembrane domain dimerization in vivo.
Biochemistry 43:2309-2313.

Chervitz SA, Lin CM, Falke JJ (1995) Transmembrane signaling by the aspartate recep-
tor: engineered disulfides reveal static regions of the subunit interface. Biochemistry
34:9722-9733.

Grigoryan G, Degrado WF (2008) Modest membrane hydrogen bonds deliver rich
results. Nat Chem Biol 4:393-394.

Joh NH, et al. (2008) Modest stabilization by most hydrogen-bonded side-chain
interactions in membrane proteins. Nature 453:1266-1270.

Senes A, Engel DE, DeGrado WF (2004) Folding of helical membrane proteins: the role
of polar, GxxxG-like and proline motifs. Curr Opin Struct Biol 14:465-479.

Barnakov A, Altenbach C, Barnakova L, Hubbell WL, Hazelbauer GL (2002) Site-
directed spin labeling of a bacterial chemoreceptor reveals a dynamic, loosely packed
transmembrane domain. Protein Sci 11:1472-1481.

Alam A, Jiang Y (2009) High-resolution structure of the open NaK channel. Nat Struct
Mol Biol 16:30-34.

Scott WG, Stoddard BL (1994) Transmembrane signalling and the aspartate receptor.
Structure 2:877-887.

Varughese KI, Madhusudan Zhou XZ, Whiteley JM, Hoch JA (1998) Formation of a
novel four-helix bundle and molecular recognition sites by dimerization of a response
regulator phosphotransferase. Mol Cell 2:485-493.

Miller JH (1972) Experiments in Molecular Genetics (Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY).

Montagne M, Martel A, Le Moual H (2001) Characterization of the catalytic activities
of the PhoQ histidine protein kinase of Salmonella enterica serovar Typhimurium.
J Bacteriol 183:1787-1791.

Skerker JM, et al. (2008) Rewiring the specificity of two-component signal transduc-
tion systems. Cell 133:1043-1054.

Goldberg et al.



