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Abstract

Two-component regulatory systems drive signal transduction in bacteria. The simplest of these 

employs a membrane sensor kinase and a cytoplasmic response regulator. Environmental sensing 

is typically coupled to gene regulation. The histidine kinase EnvZ and its cognate response 

regulator OmpR regulate expression of outer membrane proteins (porins) in response to osmotic 

stress. We used hydrogen:deuterium exchange mass spectrometry to identify conformational 

changes in the cytoplasmic domain of EnvZ (EnvZc) that were associated with osmosensing. The 

osmosensor localized to a seventeen amino acid region of the four-helix bundle of the cytoplasmic 

domain and flanked the His243 autophosphorylation site. High osmolality increased 

autophosphorylation of His243, suggesting that these two events were linked. The transmembrane 

domains were not required for osmosensing, but mutants in the transmembrane domains altered 

EnvZ activity. A photoactivatable fusion protein composed of EnvZc fused to the fluorophore 

mEos2 (EnvZc-mEos2) was as capable as EnvZc in supporting OmpR-dependent ompF and ompC 
transcription. Over-expression of EnvZc reduced activity, indicating that the EnvZ/OmpR system 

is not robust. Our results support a model in which osmolytes stabilize helix one in the four-helix 

bundle of EnvZ by increased hydrogen bonding of the peptide backbone, increasing 

autophosphorylation and downstream signaling. The likelihood that additional histidine kinases 

use similar cytoplasmic sensing mechanisms is discussed.
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1. Introduction

In bacteria, signal transduction is mainly achieved via two-component regulatory systems 

(TCRS). Bacterial species such as Escherichia coli that have numerous TCRS (~30) are able 

to adapt to and survive many environmental stresses, whereas H. pylori, for example, has 
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only four TCRS and is severely niche-restricted. The first component of the TCRS is a 

sensor kinase (HK), usually an inner membrane protein, which undergoes autocatalytic 

phosphorylation on a conserved histidine residue. The HK transfers the phosphoryl group 

onto the second component called a response regulator (RR) at a conserved aspartic acid. 

Most RRs are DNA binding proteins and phosphorylation enhances their affinity for DNA. 

Much information exists as to how RRs bind DNA and how phosphorylation alters their 

activity. In contrast, relatively little is known as to the signals that activate HKs and how 

signaling occurs in response to environmental stress. This is in part because HKs are most 

often membrane proteins and they are not abundant compared to RRs.

The EnvZ/OmpR system is an archetype TCRS and its activation pathway has been 

intensely studied. In response to increasing external osmolality, EnvZ is phosphorylated, 

resulting in elevated OmpR ~ P levels. OmpR ~ P binds to the upstream regulatory regions 

of the porin genes encoding the outer membrane proteins OmpF and OmpC. OmpR ~ P 

binds to and activates transcription of ompC and activates and represses transcription of 

ompF (see Fig. 1). Both porins enable nutrient exchange, but OmpC has a slower flow rate 

(Nikaido and Vaara, 1985). Activation of ompC is one indicator that bacteria are inside a 

host and in the case of Salmonella enterica, EnvZ/OmpR activation leads to expression of 

virulence genes located on pathogenicity island 2 (SPI-2), which promote intracellular 

survival and replication (Chakraborty et al., 2015; Feng et al., 2003; Lee et al., 2000).

We recently examined the conformational changes that EnvZ undergoes in response to 

osmolytes. We were surprised to discover that the core of the osmosensing apparatus was in 

the cytoplasm. In the present manuscript, we summarize these findings and extrapolate to 

other HKs that may employ similar activation mechanisms. Questions of interest to the field 

of transmembrane signaling and two-component signaling are raised herein.

2. Material and methods

Bacterial culture conditions, β-galactosidase assays preparation of outer membranes and 

separation on urea SDS PAGE and phos-tag labeling were as previously described (Adediran 

et al., 2014; Mattison et al., 2002).

2.1. Plasmid construction

The cytoplasmic region of EnvZ (envZc, encoding amino acid residues 180–450), was 

amplified from E. coli MG1655 genomic DNA with primer pairs 5′-

CCGGAATTCACCATGCGTATCCAGAACCGACCGTTGG-3′ and 5′-

GGAAGATCTCCCTTCTTTTGTCGTGCCCTG-3′. This fragment was flanked with N-

terminal EcoRI and C-terminal BglII restriction sites, and cloned into pMPMA6Ω that was 

digested with the same pair of enzymes, generating pMPMA6Ω-envZc plasmid. The gene 

encoding the fluorescent protein mEos2 was amplified with primers 

5′GGAAGATCTATGAGTGCGATTAAGCCAGAC-3′ and 5′-

CCGCTCGAGTTATCGTCTGGCATTGTCAGG-3′ then inserted downstream of envZc via 

BglII and XhoI sites of pMPMA6Ω-envZc, producing pMPMA6Ω-envZc-mEos2.
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2.2. Coverslip cleaning

Coverslips (22 × 22 mm; Deckgläser) were first washed under running ultrapure H2O, then 

soaked in 1 M HCl at RT overnight. The coverslips were subsequently rinsed with ultrapure 

H2O and sonicated in ultrapure H2O for 30 min. They were then washed again under 

running ultrapure H2O followed by another round of 30 min sonication in ultrapure H2O. 

Next, they were washed again under running ultrapure H2O followed by dry blowing with 

N2 and lastly, they were placed in a 60 °C oven to completely remove the water on the 

coverslips before storing in a clean covered container.

2.3. Sample preparation for microscopy

Plasmid pMPMA6Ω-envZc-mEos2 was transformed into E. coli MG1655, E. coli 
MG1655ΔenvZ, E. coli MG1655ompR101and E. coli MG1655ΔompB by heat shock. These 

strains were cultured in 2 ml LB plus 100 μg/ml ampicillin overnight to prepare the seed 

culture. The next day, the culture was diluted 1/100 into LB medium supplemented with 

0.02% L-arabinose to induce protein expression. The bacteria were harvested at 4000 × g for 

5 min. The recovered cell pellet was washed once with PBS, fixed by incubation with 4% 

PFA in PBS for 15 min at room temperature, and washed with PBS twice. 1.5% low melting 

agarose was deposited onto a microscopy slide with a small indent (Toshin Riko). The 

agarose in the indent was covered with a cleaned coverslip for 1 h until the agarose 

hardened. The coverslip was then removed and the sample deposited onto the agarose pad. 

Using a new clean coverslip, the sample was sandwiched and immobilized between the 

coverslip and the agarose pad.

2.4. Microscope imaging

Super-resolution imaging was conducted with a Nikon Ti-E motorised inverted microscope 

equipped with a perfect focus system and total internal-reflection excitation (TIRF) scheme. 

Samples were activated with a 405 nm Coherent CUBE laser and excited with a 561 nm 

Coherent Sapphire laser by highly inclined laminated optical sheet (HILO) illumination. 

Fluorescence emission was collected with a CFI plane apochromat TIRF N.A. 1.49 100× oil 

immersion objective, and imaged onto an electron multiplying CCD camera (Andor 

DU897). Images were recorded at 50 ms per frame for around 10 000 frames. Super-

resolution images were constructed using Quick PALM plug-in in ImageJ.

3. Results

3.1. The core of EnvZ environmental sensing is in the cytoplasm

In order to identify the region of EnvZ that was essential for osmotic signaling, we 

compared the hydrogen:deuterium exchange mass spectrometry profiles at low and high 

osmolality. For these experiments, we employed only the cytoplasmic domain of EnvZ, 

EnvZc, which is soluble, easy to over-express and purify and has all of the biochemical 

activities of the wildtype protein (Mattison and Kenney, 2002; Park et al., 1998). We 

compared hydrogen:deuterium exchange at low and high osmolality and then subjected 

EnvZc to pepsin digestion and collected the peptides for mass spectrometry. Using this 

approach, we identified a 17-amino acid peptide that was the core of the osmosensing 
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apparatus (Wang et al., 2012). This region was significant, because it flanked the 

phosphorylated histidine and it overlapped with a region where amino acid substitutions had 

been isolated that dramatically influenced the kinase activity (see Fig. 2). Our results 

indicated that at low osmolality, residues in the vicinity of His243 were very dynamic and the 

helix was somewhat disordered. This region was also identified in the NMR structure as 

showing high rates of exchange at low osmolality (Tomomori et al., 1999). At high 

osmolality, the helix was stabilized by two hydrogen bonds in the peptide backbone. The 

same 17-amino acid peptide showed reduced exchange in the presence of sucrose and NaCl, 

i.e., it was independent of the osmolyte present. The increase in hydrogen bonding positions 

the histidine so that it is more readily phosphorylated, increasing the autokinase activity by 

ten-fold (Fig. 3). It was surprising that the core of the osmosensing apparatus was in the 

cytoplasm, but studies have shown that E. coli, unlike eukaryotes, was capable of 

concentrating its cytoplasm in response to osmotic stress (Cayley et al., 2000). Furthermore, 

EnvZc alone was capable of osmosensing, i.e., EnvZ did not need to be in the membrane in 

order to sense osmotic stress and activate porin gene expression (Fig. 4). With an enhanced 

understanding of the EnvZc signaling process, it is now evident that other kinases likely 

behave similarly (see below).

3.2. EnvZc activation is a consequence of reduced dynamics

Helix-stabilization of the His243-containing 17-amino acid peptide required the histidine, 

further highlighting its importance in conformational switching. An alanine substitution at 

His243, which was incapable of autophosphorylation and hence activation, failed to undergo 

this conformational switch and remained dynamic, i.e., it was stuck in the low-osmolality 

signaling state. Furthermore, the intact protein was required for the switch to a less dynamic 

conformational state, i.e., pre-digestion with pepsin and subsequent subjection of the 

peptides to high concentrations of osmolytes did not lead to reduced deuterium exchange. 

Thus, the histidine is essential for EnvZ to switch from a dynamic, low-activation state to a 

rigid, high-activation state. Our observations of EnvZc conformational dynamics explains 

why replacement of one region of EnvZc with the identical region from a thermophile 

enabled crystallization of EnvZc (Ferris et al., 2014), i.e., it was replaced with a less 

dynamic form, which enhanced crystallization. The high osmotic conditions used for 

crystallography also favored a stable conformation.

3.3. The OmpR binding region of EnvZc is flexible and exists in two conformations

Most of the peptides of EnvZc that were analyzed by HDXMS exhibited a Gaussian 

distribution on m/z plots (Wang et al., 2012). This was evidence of Ex2 kinetics, in which 

the conformational change was faster than hydrogen:deuterium exchange. However, one 

peptide displayed a characteristic bimodal distribution (see Fig. 5), indicative of Ex1 kinetics 

in which the conformational change was slower than hydrogen:deuterium exchange. This 

bimodal distribution also suggests that this region (peptide AESINKDIEECN), was capable 

of existing in two different states (Fig. 5B). That peptide was on the second helix of the four-

helix bundle (Fig. 5A) and was reported to be a site of interaction with the RR OmpR 

(Skerker et al., 2008; Szurmant and Hoch, 2010; Tomomori et al., 1999). The bimodal 

distribution of this peptide shifted to the less dynamic state with increasing osmolality. Thus, 

the OmpR interaction region of EnvZ is also flexible, existing in two conformations and 
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activation reduces the flexibility of this region. Further evidence that this region was 

involved in OmpR binding comes from labeling of the cysteine (Cys-277) with the 

fluorophore Alexa 568, which prevented interaction with OmpR, as evidenced by a lack of a 

shift on native PAGE (Foo et al., 2015). This region also shows a high divergence among 

HKs (Fig. 6).

3.4. EnvZc also responds to cytoplasmic pH

The response to osmolytes stabilized the region around the phosphorylated histidine through 

localized hydrogen bonding of the peptide backbone. That led us to hypothesize that EnvZ 

might actually be functioning as a pH sensor and that osmolytes might exert their effect by 

cytoplasmic acidification. To examine this possibility, we incorporated a DNA-based FRET 

biosensor that was pH-sensitive inside E. coli and Salmonella cells and exposed them to 

osmotic stress. The cytoplasm of both E. coli and Salmonella acidified, by approximately 

one pH unit (Chakraborty and Kenney, 2015). Furthermore, when Salmonella was present 

inside macrophage vacuoles, its cytoplasm acidified to ~pH 5.6, effectively becoming the pH 

of the vacuole. This acidification was dependent on OmpR repression of the cadC/BA 
operon, which normally serves to restore intracellular pH via lysine decarboxylation and 

cadavarine export, as well as OmpR-dependent up-regulation of the FoF1 ATP synthase 

(Chakraborty et al., 2015). Thus, OmpR appears to play a dual role in acid stress at least in 

Salmonella, by activating proton translocation via increased F1Fo ATP synthase coupled 

with elimination of proton consumption via repression of the cad system. Taken together, 

these combined effects enable wild-type Salmonella to reduce intracellular pH upon acid 

stress. Both of these effects require EnvZc (Chakraborty et al., 2015).

3.5. Accumulating evidence for cytoplasmic sensing by other HKs

Because amino acids in the four-helix bundle of HKs are highly conserved, as are the 

mechanisms of activation among TCRS, we wondered whether other HKs were capable of 

signaling without being in the inner membrane, i.e., how universal is this mechanism? It 

turns out that there are reports of cytoplasmic sensing as far back as the 1980s, but an 

interpretation of the results was lacking (Makino et al., 1989). An intrinsic prejudice existed 

that because HKs were in the membrane, the membrane was important for signaling. This 

was in part because the HKs are topologically similar to the chemoreceptors, which bind and 

respond to external (periplasmic) ligands (Ronson et al., 1987). It was therefore assumed 

that the periplasmic domains were essential for signaling. And clearly, in some HKs, such as 

those that do bind external ligands, it is. For example, CpxA binds periplasmic CpxP 

(Danese and Silhavy, 1998). DcuS (Etzkorn et al., 2008), CitA (Gerharz et al., 2003; Reinelt 

et al., 2003) and PhoQ (Bader et al., 2005) bind fumarate, citrate, and cationic antimicrobial 

peptides, respectively, which are also present in the periplasm. However, structural studies of 

DcuS also emphasize the role of protein plasticity in the cytoplasmic domain of DcuS in 

activation (Etzkorn et al., 2008). In other HKs, localization to the membrane is not essential 

for signaling. For example, in the E. coli phosphate sensor PhoR, a PhoR1084 construct 

lacking the TMs constitutively activated phoA to levels that were higher than the wildtype. 

Additional studies suggested a role for the TMs in turning off PhoR once phosphate was no 

longer limiting (Yamada et al., 1989). Subsequent studies that examined the PhoR topology 

remarked that the periplasmic region of PhoR was too small to serve as a signal-sensing area 
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(Scholten and Tommassen, 1993). The authors proposed that a likely possibility was that the 

cytoplasmic domain between the membrane region and the kinase domain, i.e. between 

amino acids 52 and 220 (located in the cytoplasm) served this purpose, since no other 

function could be attributed to this extended region.

The tumor-inducing (Ti) plasmid of the plant pathogen Agrobacterium tumefaciens encodes 

the VirG/A TCRS. VirG senses and responds to phenolic compounds and is potentiated by 

acid pH and monosaccharides. In 1992, Chang and Winans reported that transmembrane 

domains TM1 and TM2 of VirA were not required for sensing phenolic compounds, and 

VirAc was also capable of potentiation by acid pH (Chang and Winans, 1992). Furthermore, 

virAc was able to complement tumorigenesis on K. diagremontiana leaves. However, the 

periplasmic domain was required for interaction with ChvE to sense monosaccharides, 

indicating that separate sensing domains can exist. The authors proposed that entry of 

acetosyringone into the cytoplasm was plausible and that both acetosyringone and acidic pH 

must interact with a cytoplasmic portion of VirA.

In Bacillus subtilis, the PhoP/PhoR system is homologous to the PhoB/PhoR system in E. 
coli and regulates the PHO regulon, including the alkaline phosphate gene under phosphate-

limited conditions. Hulett and co-workers discovered that PhoRc could induce phoA under 

phosphate limiting conditions and that, in contrast to E. coli, repression of phoA under 

phosphate-replete conditions remained intact in the presence of PhoRc (Shi and Hulett, 

1999). Although the authors considered it unlikely at the time, they suggested that the real 

sensor for the low phosphate signal triggering the Pho response may reside in the PhoR 

kinase domain (i.e., in the cytoplasm).

In Corynebacterium glutamicum, the cytoplasmic domain of the histidine kinase MtrB was 

purified and reconstituted into liposomes (Moker et al., 2007). The kinase was activated by 

sugars, amino acids, and polyethylene glycols. Because of the variable chemical nature of 

the stimulus, the authors argued that it was unlikely that activation was via a ligand binding 

to a specific binding site, rather they argued that osmolytes were changing the hydration 

state of the protein, leading to activation. Activation occurred only when solutes were added 

to the cytoplasmic side, indicating MtrB was sensing the cytoplasm. In support of this view, 

deletion of the periplasmic or HAMP domains did not alter the ability of MtrB to sense 

osmolytes.

A truncated derivative of KdpD, possessing both the large N- and C-terminal domain, but 

lacking all four TMs was still capable of sensing limiting K+ concentrations (Rothenbucher 

et al., 2006). The sensing locus was later discovered to be located in the C-terminal 

cytoplasmic domain (Heermann et al., 2003), again indicating that KdpD could sense low K

+ without being in the membrane. Taken together, these results indicate that at least a subset 

of HKs respond to cytoplasmic signals rather than extracellular signals.

3.6. How do environmental signals lead to activation?

In some two-component signaling systems, dephosphorylation of the phosphorylated RR via 

the HK (the so-called “phosphatase activity”) limits the level of the activated RR and serves 

to reset the system. Although it was proposed that EnvZ phosphatase activity was reduced in 
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the presence of high osmolality (Jin and Inouye, 1993), Fig. 3 clearly shows that high 

osmolality leads to a direct effect on EnvZ activation via autophosphorylation (Wang et al., 

2012). These results are consistent with ATPase measurements of EnvZ-stimulated OmpR ~ 

P dephosphorylation at in-vivo ratios of EnvZ to OmpR (Kenney, 2010). It was concluded 

that EnvZ-dependent, OmpR ~ P turnover was too low for the phosphatase activity to be 

significant in signaling (Mattison and Kenney, 2002; Kenney, 2010). Furthermore, the 

affinity of EnvZ for OmpR ~ P is lower than its affinity for OmpR, this would drive the 

reaction in the wrong direction (King and Kenney, 2007; Mattison and Kenney, 2002). What 

then determines whether an HK will respond to environmental stimuli by altering 

autophosphorylation or RR ~ P dephosphorylation? In the case of the HK EnvZ, it is poised 

to increase autophosphorylation in response to signaling (i.e., OmpR ~ P levels are low in 

the absence of envZ (Slauch et al., 1988) and Fig. 3), whereas its close homologue HK 

CpxA is poised to regulate CpxR ~ P dephosphorylation (CpxR ~ P basal levels are high) 

(De Wulf and Lin, 2000). It is evident from the alignment of the EnvZ osmosensing peptide, 

that this region is highly conserved in HKs (Fig. 6), one notable difference between EnvZ 

and CpxA is the alanine at position 239. When the EnvZ alanine is replaced with a 

threonine, the affinity of EnvZ for ATP is reduced by >3-fold, and phosphotransfer to OmpR 

is substantially impaired (Kenney, 1997). Thus, this region seems unlikely to account for 

these differences in activity. Alternately, the second helix of the four-helix bundle (e.g. the 

RR binding site, Fig. 5) may contribute significantly to specificity, as there is much more 

divergence among HKs in this region (Fig. 6).

3.7. TM domains modulate EnvZ activity, but are not essential

Substitutions have been isolated in the transmembrane domains of EnvZ that alter signaling. 

For example, envZ mutations were created by hydroxylamine (Tokishita and Mizuno, 1994) 

or nitrosoguanadine mutagenesis (Russo et al., 1993) or by UV irradiation (Hsing et al., 

1998). Another study isolated missense mutations in envZ that were better able than 

wildtype E. coli MG1655 to colonize the streptomycin-treated mouse (Adediran et al., 2014; 

Leatham-Jensen et al., 2012). These envZ missense mutations were located in TM1 and 

TM2, and were more resistant to bile salts and colicin V compared to E. coli MG1655. The 

phenotype of the EnvZ mutants was consistent with the presence of higher OmpR ~ P levels 

(Adediran et al., 2014). OmpR ~ P was isolated from these strains and separated on SDS-

PAGE after treatment with the Phos-tag reagent (see Fig. 7). At low osmolality, the wildtype 

strain had no detectible OmpR ~ P and at high osmolality OmpR ~ P levels were barely 

detectible (compare lanes 1 and 3, Fig. 7). This was surprising, because high osmolality 

increased the autokinase of EnvZ by 10-fold (see Fig. 3) (Wang et al., 2012), but produced 

barely detectible levels of OmpR ~ P. In contrast, the TM1 mutant P41L exhibited extremely 

high levels of OmpR ~ P (lane 2) that did not increase further with osmolality (lane 4). This 

concentration of OmpR ~ P was much higher than what was observed at high osmolality, 

which is considered to be a highly activating state. Mutants P148S (TM2) and V33E (TM1) 

behaved similarly (Adediran et al., 2014). At this high OmpR ~ P level, OmpR would be 

expected to exert pleiotropic effects, i.e., regulating genes normally outside of its repertoire. 

This situation is similar to a previously isolated envZ mutation (envZ473) that exhibited a 

pleiotropic phenotype and resulted in the OmpR-dependent regulation of genes that were 

considered to be outside of its normal regulon, including phoA, phoE, lamB and malE 
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(Slauch et al., 1988; Verhoef et al., 1979; Wandersman et al., 1980; Wanner et al., 1979). 

Since the cytoplasmic domain of EnvZ (EnvZc) is capable of osmosensing (Wang et al., 

2012), and pH sensing (Chakraborty et al., 2015) the trans-membrane domains likely serve 

to dampen the activity of the cytoplasmic domain. TM mutants such as P41L might then act 

to relieve the dampening effect of the transmembrane domains, activating EnvZc to 

phosphorylate OmpR to high levels. HDXMS experiments with intact, full-length EnvZ 

incorporated into nanodiscs (Ritchie et al., 2009) are in progress and will hopefully provide 

these insights.

The elevated levels of OmpR ~ P observed in the TM mutant strains even at low osmolality 

(Fig. 7) should lead to elevated levels of OmpC. Indeed, outer membranes were isolated and 

the porins separated by SDS PAGE. Fig. 8 confirms this prediction. The wild-type expresses 

OmpF at low osmolality and OmpC at high osmolality (lanes 2, 3). The EnvZ TM mutants 

all expressed OmpC at low osmolality (lane 4), consistent with the elevated OmpR ~ P levels 

shown in Fig. 7. The question that is raised by this work is how does TM1 mutant P41L 

produce such high OmpR ~ P?

3.8. New insights into the EnvZ/OmpR system

The TM mutants such as EnvZP41L provide new insight into the EnvZ/OmpR two-

component signaling system. Previous studies determined the level of OmpR in the cell to be 

approximately 2 μM and OmpR concentration increased to 3.5 μM at high osmolality (Cai 

and Inouye, 2002). Yet, the level of OmpR ~ P in the wildtype strain at high osmolality was 

barely detectible (Fig. 7) (Adediran et al., 2014), a condition that is considered to be highly 

activating for OmpR. If there is 3.5 μM OmpR in the cell, why is there so little of it 

phosphorylated? This result raises the question of whether there is another yet unknown role 

for OmpR. Recent studies with GalR discovered that GalR was bound to many more sites on 

the chromosome than previously recognized and it was proposed to play a role in organizing 

the nucleoid (Qian et al., 2012). Perhaps OmpR behaves similarly. However, new 

measurements of OmpR levels made by counting fluorescent proteins or by single particle 

tracking suggest that the numbers obtained by quantitative western blotting may be 

substantially over-estimated (Durisic et al., 2014a,b; Foo et al., 2015; Wang et al., 2014). If 

true, then the low-level of OmpR ~ P would be more realistic physiologically. Additional 

super-resolution imaging experiments with OmpR will help to clarify this issue.

3.9. Where is EnvZc located?

Because EnvZc was sufficient for osmosensing, we wondered whether it was weakly 

associated with the inner membrane or randomly distributed throughout the cytoplasm. To 

address this question, we constructed a fluorescent-protein fusion of EnvZc in which envZc 
was fused to mEos2. The PALM super-resolution images are shown in Fig. 9. When envZc-
mEos2 was expressed in an envZ null background (Fig. 9A), the protein was distributed 

throughout the cytoplasm. It can clearly been seen in the figure that EnvZc was not localized 

to a discrete region of the cell. Similarly, when envZc-mEos2 was expressed in the wildtype 

strain containing EnvZ in the membrane, EnvZc-mEos2 was also distributed throughout the 

cytoplasm (Fig. 9B). It is worthy to note that there are “dark” regions where EnvZc is 

absent. This is most likely due to the presence of the nucleoid occupying these regions (Foo 
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et al., 2015; Endesfelder et al., 2013). Although the presence of wildtype EnvZ did not alter 

the localization of EnvZc (Fig. 9B), over-expression of envZc in the presence of wildtype 

EnvZ increased ompC-lacZ activity by ~20%. This increase in activity by over-expression of 

EnvZc suggested that it might be worth reexamining whether the EnvZ/OmpR system is 

robust (Kenney, 2010); see below).

4. Is EnvZ/OmpR robust?

Robustness models predict that the steady state level of OmpR ~ P is insensitive to variations 

in [EnvZ] and [OmpR] (Shinar et al., 2007). The ratio of EnvZ to OmpR is approximately 

1:35, based on quantitative western blotting, although single molecule estimates of 

fluorescent protein fusions suggest that this value may be severely over-estimated (Foo et al., 

2015). A previous study examined whether altering EnvZ levels by plasmid over-expression 

altered the level of OmpR ~ P. OmpR ~ P levels were not measured, but rather inferred by 

ratiometric imaging of OmpF-YFP and OmpC-CFP fluorescence (Batchelor and Goulian, 

2003). Additional copies of EnvZ were plasmid-expressed. By varying the IPTG inducer 

concentration, it was claimed that changing EnvZ 10-fold below and above EnvZ wildtype 

levels did not affect the ratio of OmpF/OmpC, implying that OmpR ~ P levels were 

unaffected. The authors concluded that the EnvZ/OmpR system was robust. However, other 

in vitro studies have measured OmpR ~ P turnover as a function of [EnvZc] and found that 

turnover was highly sensitive to changing EnvZc concentration (Kenney, 2010).

We re-examined this issue as we altered the concentration of EnvZc in order to produce 

enough EnvZc-mEos to generate the super-resolution images shown in Fig. 9. For these 

experiments, EnvZc-mEos was cloned into a pBAD plasmid and expression was induced by 

the addition of arabinose (Fig. 10). At the lowest concentration of arabinose, EnvZc was not 

visible on the western blot (Fig.10, shown below the graphs of β-galactosidase activity), yet 

the activities of transcriptional fusions to ompF- or ompC-lacZ were equivalent to the 

wildtype protein (compare columns 1 with columns 5–6). This concentration of arabinose 

was also used to produce the super-resolution image in Fig. 9. At the highest concentration 

of arabinose (0.2%, column 3), EnvZ protein was abundant and readily detectible (see blot), 

but at this concentration, the β-galactosidase activity was reduced to 50–40% of the wildtype 

activity (ompF vs ompC, respectively). Thus, the EnvZ/OmpR system is clearly not robust 

under these conditions of EnvZc over-expression. This experiment also demonstrates that the 

EnvZc-mEos2 fusion protein constructed for super-resolution microscopy has similar levels 

of activity compared to EnvZc (compare striped bars with shaded bars), indicating that the 

fusion does not affect EnvZc function.

4.1. Is EnvZc a mechanosensor?

When E. coli encounters a high osmotic environment, it responds by taking up potassium (if 

available) or by stimulating water efflux that leads to a concentrated cytoplasm (Csonka and 

Hanson, 1991). Previous studies have measured the concentration of the cytoplasm up to 1.8 

osmoles (Cayley et al., 2000) in response to osmolytes. This enormous change in osmolality 

is also accompanied by large changes in volume; estimates of changes in spheroplast 

volumes suggest that this can be up to 3-fold (Sun et al., 2014). Perhaps when E. coli 
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undergoes this large volume change, it transmits mechanical stress to the TM domains of 

EnvZ, altering its signaling properties. Stretching experiments using magnetic tweezers and 

various EnvZ constructs are underway in our laboratory that will test this hypothesis. Recent 

studies of bacterial cytoplasmic membranes indicate that their basic properties are 

significantly different from red cell membranes and lipid vesicles. For example, the 

spheroplast membranes are tensionless and the surface area appears to be controlled by a 

membrane reservoir equivalent to membrane folds (Sun et al., 2014). This finding may 

challenge our existing notion that mechanosensitive channels play an important role during 

volume changes in E. coli (Martinac et al., 1987; Perozo and Rees, 2003).

5. Summary

In the present manuscript, we have reviewed the evidence that EnvZ senses the cytoplasm, 

rather than responding to an external stimulus. We also present evidence that other HKs 

likely function similarly. Thus, not all HKs need to be present in the inner membrane in 

order to carry out their signal transducing functions. Super-resolution images establish that 

EnvZc was not localized to the inner membrane whether or not the wildtype membrane-

embedded protein was present. Thus, cytoplasmic sensing by EnvZc is not a consequence of 

being associated with the inner membrane. Lastly, we demonstrate that the EnvZ/OmpR 

system is not robust when EnvZc is expressed to high levels. This raises the intriguing 

question as to why are these HK proteins present in the inner membrane?
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Fig. 1. 
Schematic view of EnvZ/OmpR regulation. The HK EnvZ exists with N- and C-termini in 

the cytoplasm, contains two TMs in the inner membrane and a periplasmic loop in between 

TM1 and TM2. In response to intracellular osmolytes, autophosphorylation increases 10-

fold at the conserved histidine residue (H243). The phosphoryl group is transferred to an 

aspartic acid residue on OmpR (D55) and OmpR ~ P binds to the regulatory regions of 

ompF and ompC porin genes to activate and/or repress transcription (“Non-pathogenesis”). 

In Salmonella, OmpR ~ P activates the SsrA/B TCRS that is located on pathogenicity island 

2 (SPI-2) and is essential for virulence (“Pathogenesis”).
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Fig. 2. 
The EnvZ osmosensing core is in the cytoplasm. Structure of the EnvZc dimer (amino acids 

223–289; PDB ID: 1JOY) (Tomomori et al., 1999) is shown in white. Orange residues (238–

254) showed decreased deuterium exchange at high osmolality, the sequence is indicated in 

the box to the right. The red sidechain indicates His243, the site of autophosphorylation and 

phosphotransfer in EnvZ. Amino acid substitutions that alter EnvZ activity are highlighted 

with an arrow and the substitution is indicated, along with the porin phenotype observed. 

This region was also highly dynamic in the NMR structure that was solved at low osmolality 

(Tomomori et al., 1999). Used with permission from (Wang et al., 2012).
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Fig. 3. 
Osmolytes increase EnvZc autophosphorylation. (A) EnvZc was phosphorylated in the 

presence of γ-32P-ATP and after the times indicated, the reaction was stopped by the 

addition of sample buffer and the products were separated on SDS PAGE. Afterward, the gel 

was dried and exposed to film. The osmolality of the buffer is indicated to the left of the 

figure. (B) Densitometry from (A). Used with permission from Wang et al., 2012.
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Fig. 4. 
EnvZc can sense osmolality without being in the inner membrane. β-galactosidase assay of 

an ompC-lacZ transcriptional fusion as a function of osmolality. The activity of the wildtype 

strain is shown in circles, envZ null is shown in squares and the envZ null strain 

complemented with envZc is shown in the triangles. Measurements were made in triplicate 

and the experiment was repeated twice. The symbols represent the mean ± standard 

deviation (error bars). The absence of error bars indicates that the error was less than the 

symbol. Used with permission from Wang et al., 2012.
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Fig. 5. 
The OmpR binding site of EnvZc displays bimodal Ex1 kinetics (A) Structure of an EnvZc 

dimer (amino acids 223–289; PDB ID: 1JOY) (Tomomori et al., 1999) is shown in white. 

Orange residues (267–278) are part of the second helix proximal to the helix containing 

His-243 (red) and constitute an OmpR-binding site, based on cysteine labeling experiments 

(Foo et al., 2015), and (Skerker et al., 2008; Szurmant and Hoch, 2010). (B) The spectral 

envelope of residues 267–278 after 10 min deuterium exchange (charge state: +2) was fit to 

the sum of two Gaussian distributions. Envelope II corresponded to a significantly higher 

exchange than Envelope I. Used with permission from Wang et al., 2012.
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Fig. 6. 
Sequence alignment of the His-containing osmosensor region of EnvZ and the OmpR 

interaction region. Helix I was identified by HDXMS as being highly dynamic at low 

osmolyte concentrations (Fig. 2). The sequence of EnvZ and some of its close homologues 

in E. coli is compared. The phosphorylated histidine is shown in green, in red is an alanine, 

where substitution with a threonine alters kinase activity (Russo and Silhavy, 1991), 

reducing affinity for ATP by >3- fold (Kenney, 1997). The blue threonine is a position where 

substitution with arginine or histidine produces a super kinase (Matsuyama et al., 1986). The 

second helix is predicted to be a site of interaction with RRs and modification of the cysteine 

in EnvZ (Cys-277, in orange) with a fluorophore prevents OmpR binding (Foo et al., 2015). 

It is evident that this region is highly divergent among HKs. Some conserved residues are 

highlighted in magenta.
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Fig. 7. 
A TM1 mutant of EnvZ (P41L) has significantly higher OmpR ~ P compared to wildtype. 

OmpR ~ P and OmpR levels in wildtype E. coli MG1655 (WT) and EnvZP41L (P41L), 

grown in M63 media in the absence (LOW) or presence (HIGH) of 15% sucrose. OmpR ~ P 

runs higher than OmpR due to the phos-tag label. Used with permission from (Adediran et 

al., 2014).

Foo et al. Page 20

Prog Biophys Mol Biol. Author manuscript; available in PMC 2016 October 26.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 8. 
A TM1 mutant of EnvZ is locked in the high-osmotic signaling state and expresses OmpC at 

low osmolality. Outer membranes from MG1655 and the EnvZP41L mutant were isolated 

after growth in M63 in the absence (−) or presence of 15% sucrose (+). Molecular size 

markers are indicated on the left and outer membrane porins OmpC, OmpF and OmpA 

locations are indicated on the right. OmpA is a monomeric porin and a good loading control, 

since it is constitutively expressed. Used with permission from (Adediran et al., 2014).
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Fig. 9. 
Localization of EnvZc by super-resolution microscopy. EnvZc-mEos2 was plasmid 

expressed as described in Methods in an envZ null strain (A) or the wildtype strain (B). The 

absence or presence of wildtype EnvZ did not alter the distribution of EnvZc-mEos2.
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Fig. 10. 
Over-expression of EnvZc and EnvZc-mEos inhibits wildtype EnvZ activity. (A) β-

galactosidase activity of ompF-lacZ stimulated by EnvZc (shaded bars) and EnvZc-mEos 

(striped bars). Cells were grown in low osmolality A media for 4 h (157 mOsm/Kg). 

Measurements were performed in triplicate and the mean and standard deviation was 

determined. Data were plotted as a percentage of the wildtype activity, where wildtype is 

100%. Below the graph is a western blot. EnvZ wildtype protein was detectible (left lane), 

but was absent in the envZ null strain (blot lane 2) and was visible only at 0.2% and 0.002% 

arabinose (blot lanes 3 and 4, respectively). At lower arabinose concentrations, EnvZc 

protein was not detected, but the EnvZc activity was similar to wildtype (82–93%). The 

EnvZc-mEos activity was similar to wildtype (83–85%). (B) β-galactosidase activity of 

ompC-lacZ stimulated by EnvZc (shaded bars) and EnvZc-mEos (striped bars). Cells were 

grown in A media +15% sucrose (736 mOsm/Kg) for 4 h and measurements were performed 
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as described in (A). As was observed with ompF-lacZ, EnvZc-mEos was essentially 

identical to wildtype in supporting OmpR-dependent transcription (84–104%).
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