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Significance

Small proteins have high 
prevalence, vast diversity, and 
primarily regulatory functions in 
biological processes across all 
domains of life. However, their 
mechanisms of action remain 
largely elusive. In this study, we 
investigate the mechanism of the 
small protein, MgrB. It interacts 
with the sensor kinase PhoQ, 
rearranges its conformation, 
represses its kinase activity, and 
regulates bacterial response to 
environmental changes. In 
particular, for antimicrobial 
peptides, MgrB is required for 
bacteria to have a selective 
response to this host- exclusive 
stimulus. Our findings underline 
the importance of a small protein 
in bacterial fitness and drug 
resistance and provide a 
molecular basis for engineering 
peptide- based regulators.
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A large number of small membrane proteins have been uncovered in bacteria, but their 
mechanism of action has remained mostly elusive. Here, we investigate the mechanism 
of a physiologically important small protein, MgrB, which represses the activity of the 
sensor kinase PhoQ and is widely distributed among enterobacteria. The PhoQ/PhoP 
two- component system is a master regulator of the bacterial virulence program and 
interacts with MgrB to modulate bacterial virulence, fitness, and drug resistance. A 
combination of cross- linking approaches with functional assays and protein dynamic 
simulations revealed structural rearrangements due to interactions between MgrB and 
PhoQ near the membrane/periplasm interface and along the transmembrane helices. 
These interactions induce the movement of the PhoQ catalytic domain and the repres-
sion of its activity. Without MgrB, PhoQ appears to be much less sensitive to antimi-
crobial peptides, including the commonly used C18G. In the presence of MgrB, C18G 
promotes MgrB to dissociate from PhoQ, thus activating PhoQ via derepression. Our 
findings reveal the inhibitory mechanism of the small protein MgrB and uncover its 
importance in antimicrobial peptide sensing.

small protein | sensor kinase | antimicrobial peptide | bacteria signaling | two- component system

Small proteins are defined by their short sequences (usually < 50 aa) and their direct 
synthesis via ribosomal translation. An increasing number of small proteins have been 
identified in individual species in all domains of life and complex biological communities, 
suggesting a high prevalence and vast diversity in biological systems (reviewed in refs. 
1–4). Many of these small proteins (~30%) are located in the cell membrane or have been 
predicted to be located there (e.g., refs. 5 and 6). Although only a few detailed studies of 
small membrane proteins have been conducted, results show that small proteins may target 
larger proteins and the lipid bilayer, regulating protein function, abundance, and changing 
membrane properties, demonstrating their predominant role as regulators in the lipid 
bilayer (reviewed in ref. 7).

The membrane located PhoQ sensor kinase, a master regulator of a bacterial virulence 
program, detects host- associated stimuli (review in ref. 8), such as cationic antimicrobial 
peptides (CAMPs) (9), mild acidic pH (10, 11), increased osmolarity (12), biliary unsatu-
rated long- chain fatty acids (13), and magnesium limitation (14). Three small membrane 
proteins have been identified to control PhoQ activity via direct protein–protein interac-
tions. In E. coli, MgrB (47aa) and SafA (65aa) modulate PhoQ activity, with MgrB acting 
as an inhibitor and SafA as an activator (15, 16). Deletion of mgrB or safA has physiological 
consequences, resulting in a cell division block under magnesium starvation or lowered 
acid resistance, respectively (17, 18). In Salmonella enterica serovar Typhimurium, a 
species- specific small protein, UgtS (34 aa), was reported recently and shown to control 
the timing of virulence gene expression by preventing premature PhoQ activation when 
inside macrophages (19).

The PhoQ sensor kinase is found as a dimer on the bacterial inner membrane. It consists 
of a periplasmic, a transmembrane (TM), a HAMP, a DHp, and a catalytic ATP- binding 
domain. In the periplasmic domain, several molecular interactions are essential for the 
functional state of the PhoQ molecule. These include the central hydrogen bonding 
network (T48 D179 K186) in the PAS- fold (20–23), the intermonomeric salt bridge 
(D179- R50') (24), the membrane- facing acidic cluster (148EDDDDAE), and the 
juxta- membrane region at the periplasm/inner- membrane interface (9, 23, 25). Mutations 
altering these molecular interactions change the conformation of the periplasmic domain 
and the sensitivity of PhoQ to magnesium, low pH, and/or CAMPs. Additionally, different 
stimuli may result in distinct conformational states of the periplasmic domain, at least in 
an in vitro setting. For example, the PhoQ periplasmic domain showed divergent NMR 
spectra in low pH compared to that in low magnesium conditions (10). Besides the peri-
plasmic domain, the PhoQ transmembrane domain was shown to detect environmental 
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osmotic upshifts, where the transmembrane four- helix bundle 
adopts a more compact and kinase- active conformation (12).

Among the known PhoQ- regulating small proteins, MgrB is 
the most widely distributed PhoQ repressor in enterobacteria. In 
Salmonella, the deletion of mgrB was shown to affect its infection 
of macrophages and epithelial cells (26). In Klebsiella pneumonia, 
the disruption of the mgrB gene is the most prevalent among other 
chromosomal mutations in colistin- resistant strains (27). The 
expression of mgrB is PhoPQ dependent. Thus, the inhibitory 
function of MgrB provides negative feedback to the two- component 
system, resulting in a partial adaptation of E. coli to environmental 
changes (15, 28). MgrB is a bitopic inner membrane protein with 
a short cytosolic N terminus and a periplasmic C- terminal region 
(Fig. 1A). Two conserved cysteines (C28 and C39) in the peri-
plasmic region were shown to be essential for MgrB function and 
suggested to form a disulfide bond (15). This disulfide bond was 
proposed to allow MgrB to act as a sensor for the redox state of 
the bacterial periplasm and create an entry point for redox sensing 
by the PhoQ/PhoP system (29). Besides the two cysteines, eight 
functionally essential residues were identified spread across the 
entire molecule (30). However, the mechanism of MgrB inhibiting 
PhoQ remained largely unclear.

In this study, we combined cross- linking approaches with func-
tional assays and protein dynamic simulations to identify inter-
actions between PhoQ and MgrB, probe MgrB- induced PhoQ 
conformational changes, and examine the impact of MgrB on 
PhoQ sensing environmental stimuli. We propose that the binding 
of MgrB i) changes the conformation of the linker region between 
PhoQ periplasmic and transmembrane domains, ii) rearranges the 
transmembrane four- helix bundle, and iii) initiates the transloca-
tion of the catalytic domain. MgrB interferes with PhoQ signaling, 
resulting in an overall lowered activity, but still allows PhoQ acti-
vation under low pH, osmotic upshift, and magnesium limitation. 
We further reveal that MgrB mediates PhoQ sensing antimicrobial 
peptides, enabling bacteria to have a selective response to this 
exclusively host- associated stimulus.

Results

Structural Predictions by AlphaFold2. We used AlphaFold2 
multimer (31–33) to predict the structures of the PhoQ/MgrB 
complex as well as the individual component of the complex (Fig. 1 B 
and C and SI Appendix, Fig. S1). The overall prediction of structural 
elements agrees with previous experimental evidence. For example, 
the two conserved periplasmic cysteine residues (C28 and C39) in 
MgrB were positioned in close proximity in the models, structurally 
supporting the presence of a disulfide bond. In the PhoQ predictions, 
the PAS fold in the periplasmic domain, the HAMP, the DHp, 
and the cytosolic catalytic- ATP binding domains resembled the 
experimental results of these structural motifs (24, 34). Notably, 
the region connecting the periplasmic and TM domains and that 
connecting the HAMP and DHp domains showed a lower predicted 
local distance difference test (pLDDT) score (colored in yellow to 
green in SI Appendix, Fig. S1), indicating that these linker regions 
might have a higher capability of adopting different conformations. 
Unlike the asymmetric crystal structure of the PhoQ sensor domain 
(24), the AlphaFold2 predicted PhoQ dimer was symmetric, which 
likely represented only one of many conformations that PhoQ 
could adopt. In all five PhoQ/MgrB complex models (Fig. 1B and 
SI Appendix, Fig. S1), MgrB was placed in between the two PhoQ 
protomers, with the transmembrane helix parallel to the PhoQ TM 
helices and the C- terminal short helix (A40- W47) protruding away 
from PhoQ. The five predicted complex models had only minor 
differences regarding the positioning of MgrB. Because the PhoQ 

dimer was mostly symmetrical, AlphaFold2 randomly placed MgrB 
on one or the other side of the PhoQ dimer (SI Appendix, Fig. S1). 
When bound to PhoQ, MgrB showed a major conformational 
change in the region flanked by the two conserved cysteines (C28 
and C39). This region had reduced helicity and rigidness and 
appeared as an extended flexible loop (Fig. 1C).

Disulfide Cross- Linking between MgrB and PhoQ TM Helices. 
Before AlphaFold was available, we used the disulfide cross- linking 
approach to identify the interacting residues in PhoQ and MgrB. 
We started with residue W20 in the MgrB TM helix, which was 
suggested to have direct contact with PhoQ (30). Sequence 
alignment of MgrB homologs from different bacterial species 
revealed both W and Y conserved at position 20 (SI Appendix, 
Fig. S2). The MgrB W20Y variant also showed strong inhibitory 
activity comparable to the wild type (SI Appendix, Fig. S2). Since 
both W and Y have an aromatic ring structure and a polar moiety, 
we predicted that the nature of the interactions at position 20 
likely includes hydrophobic interactions and hydrogen bonding. 
Scanning through the sequence of the two PhoQ transmembrane 
helices, Y32 in TM1 appeared to be the optimal candidate to fulfill 
both types of interaction with MgrB W20.

To test this prediction with disulfide cross- linking, we con-
structed a PhoQ TM_Cys library and generated the MgrB C16A 
W20C variant, which has only one cysteine residue in the trans-
membrane helix. The Cys to Ala mutation at MgrB position 16 
did not appear to have a functional effect (SI Appendix, Fig. S2B). 
However, the Trp to Cys mutation at position 20 significantly 
reduced MgrB activity (SI Appendix, Fig. S2A). To compensate 
for the loss of function, we increased the induction of MgrB C16A 
W20C (pTrc promoter with 10 µM IPTG), which ensured signif-
icant repression of PhoQ during cross- linking (SI Appendix, 
Fig. S2D). Additionally, a FLAG tag was fused to the N terminus 
of MgrB (SI Appendix, Fig. S2E) to facilitate the detection of the 
PhoQ/MgrB complex in Western blot. Cu- phenanthroline was 
added to the cells to catalyze the disulfide formation between 
sulfhydryl groups at a close distance. When MgrB C16A W20C was 
coexpressed with PhoQ Y32C, we observed a higher- molecular- weight 
band at around 55 kDa on the Western blot corresponding to the 
PhoQ/MgrB complex (Fig. 1D and SI Appendix, Fig. S3A). This 
band was reduced by the addition of dithiothreitol (DTT) and 
was absent when the cysteine residue was at position 16 (WT), or 
no cysteine was in the MgrB transmembrane helix (C16A). The 
results are consistent with our prediction, suggesting the close 
proximity of MgrB W20 with the PhoQ TM1 residue Y32 in the 
complex. Additionally, we found that PhoQ L204C cross- linked 
with MgrB W20C, indicating position 20 near L204 in PhoQ 
TM2 as well (Fig. 1D and SI Appendix, Fig. S3A). Furthermore, 
we tested PhoQ Cys variants in the neighboring positions of 32 
and 204 (PhoQ 31C, 33C, 203C, and 205C). None of the vari-
ants formed detectable cross- linked complexes with MgrB W20C 
in the western blot (SI Appendix, Fig. S2G). Functionally, PhoQ 
L204C partially restored the MgrB W20C inhibition. PhoQ 
Y32C restored it to a lesser extent, which is probably due to the 
large difference between Tyr and Cys side chains as well as the 
relatively buried location of Y32 (SI Appendix, Fig. S2F). Taken 
together, our results suggest that MgrB W20 interacts with residue 
Y32 in PhoQ TM1 and L204 in PhoQ TM2.

Using MgrB residue 20 as a reference point, we next identified 
interacting amino acids of two more functionally important res-
idues (Q22 and F24) in the MgrB TM helix (30). In both cases, 
we observed stronger cross- linking bands and more than one 
cross- linked position in both transmembrane helices of PhoQ 
(Fig. 1 E and F and SI Appendix, Fig. S3 B and C). For MgrB D
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Q22C, stronger cross- links were observed to residues in the PhoQ 
TM2 helix (colored blue). The strongest cross- linking band was 
shown when PhoQ Y197C was coexpressed. The cross- linking 
efficiency decreased when the cysteine residue moved to the 

neighboring positions and further away (196C, 195C, and 198C). 
It was then partially recovered when the cysteine (194C) was 
roughly one helical turn away from Y197 (Fig. 1E). Functionally, 
the Y197C mutation in PhoQ restored the MgrB Q22C activity 

Fig. 1. Identification of the interacting residues between MgrB and PhoQ in the transmembrane helices. (A) The sequence of MgrB from E. coli. Residues 
predicted to be in the transmembrane helix are underlined. (B) The tertiary structure of the top- ranked PhoQ/MgrB complex predicted by AlphaFold2. The 
two PhoQ protomers are colored in wheat and teal. MgrB is colored in magenta. (C) The structural models of MgrB predicted by AlphaFold2 are shown in the 
ribbon. The model of MgrB alone (Left) is colored in the rainbow spectrum with the N terminus in blue and the C terminus in red. The positions involved in cross- 
linking (20, 22, and 24) are in purple and shown with side chains in ball- and- stick. The predicted structure of MgrB in complex (Right) is colored in magenta. All 
structural figures were prepared using PyMOL unless otherwise stated. (D, E Top, F Top) Western blot analysis of E. coli membrane extracts after disulfide cross- 
linking. The indicated PhoQ and FLAG- tagged MgrB variants were expressed in E. coli, followed by Cu- phenanthroline catalyzed disulfide cross- linking (details 
in Materials and Methods). The total protein stain of the PVDF membranes serves as loading control. Residues from PhoQ TM1 and TM2 are colored in wheat 
and teal, respectively. Magenta indicates the residues in the MgrB TM helix. Data are representative of at least three independent experiments. (D bottom, F 
bottom) The functional assay of PhoQ Cys- variants with or without MgrB. A GFP reporter plasmid carrying the gfp gene fused with a PhoP- regulated promoter 
PmgtLA was introduced to the E. coli strain. The expression of phoQ and mgrB variants was induced, and cells were grown to the early log phase. The function of 
PhoQ variants was then monitored by measuring the GFP fluorescence of the cell culture. Each data point is shown with the calculated average and SD from 
three independent biological replicates.
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the best when compared to other PhoQ TM_Cys mutants, sup-
porting the notion that MgrB Q22 primarily interacts with PhoQ 
Y197.

For MgrB F24C (Fig. 1F and SI Appendix, Fig. S3C), the strong-
est cross- linking was found with a PhoQ TM1 mutant, I38C. 
Functionally, PhoQ I38C showed the highest extent of activity 
reduction when coexpressed with MgrB F24C, thus restoring the 
activity of MgrB F24C the best among the tested PhoQ/MgrB 
pairs. The minor cross- linking events observed could be due to the 
greater distance between the cysteine residues or an indication of 
intermediate binding states of MgrB. Notably, one PhoQ Cys var-
iant, F195C, retained only about 1% of the wild- type activity 
(Fig. 1E). Mutants with such a severe functional defect may have 
altered MgrB binding, thus unsuitable for the cross- linking approach. 
For other PhoQ variants in Fig. 1 E and F, some showed moderately 
reduced activity, possibly due to the reduced protein expression level 
(i.e., PhoQ W192C in SI Appendix, Fig. S3F). More importantly, 
the presence of MgrB significantly repressed the activity of these 
PhoQ variants, indicating that the change caused by cysteine sub-
stitutions does not have a major impact on MgrB inhibition.

Collectively, we identified four- pair residues of MgrB and PhoQ 
located in close proximity at the protein interface of the complex: 
W20- Y32, W20- L204, Q22- Y197, and F24- I38. In the 
AlphaFold2 predicted complex models, these cross- linked pairs 
were positioned less than 14 Å in the top four ranked models 
(Table 1). Furthermore, Q22- Y197 and F24- I38 had shorter 
Cɑ- Cɑ distances than the W20- Y32 and W20- L204 pairs, 

consistent with our experimental results where the former two 
pairs showed higher cross- linking efficiency.

Cross- Linking in the Periplasmic Domains of PhoQ and MgrB. 
To gain insights into PhoQ/MgrB interactions at the periplasmic 
domains, we attempted to identify interacting residue pairs 
using site- specific photo- cross- linking (35). We introduced 
an amber stop codon at each residue in the MgrB periplasmic 
region (residues 25 to 47). The photo- cross- linking amino acid, 
p- benzoyl- l- phenylalanine (pBpa), was then incorporated into 
the flag- tagged MgrB at the amber stop codon via the orthogonal 
tRNAAmber and the aminoacyl- tRNA synthetase in E. coli. After 
UV irradiation, we detected bands with a molecular weight of 
~55 kDa by anti- FLAG antibody when pBpa was incorporated 
at positions 26, 30, 32, and 38, indicating the formation of the 
UV- dependent cross- linked PhoQ/MgrB complex (Fig. 2A and 
SI Appendix, Fig. S4).

The cross- linked products from positions 30, 32, and 38 could 
be purified and subjected to mass spectrometry (MS) analysis 
(SI Appendix, Fig. S4 and Dataset S1). PhoQ was detected in all 
samples as the most prominent protein. Only a small number of 
other proteins were identified, indicating that the protein purifi-
cation steps were highly effective. MgrB was challenging to detect 
due to its small size, high hydrophobicity, and a low number of 
potential MS- detectable peptides. However, we increased the sam-
ple injection amount, which allowed for the successful identifica-
tion of MgrB in cross- linked complex samples, except when pBpa 
was incorporated at position 38. This was most likely due to the 
interference of the digestion step with the incorporated pBpa. 
Despite the successful identification of both PhoQ and MgrB in 
the cross- linked samples, confident MS identification of MgrB-  
PhoQ cross- linked peptides providing clear evidence toward posi-
tioning the two proteins in the complex was not possible. The lack 
of cross- linked products with other mgrB_amber constructs 
(SI Appendix, Fig. S4) could be due to the low efficiency of pBpa 
incorporation (i.e., position 29) and/or the obstruction of the 
bulky unnatural amino acid on the binding of MgrB to PhoQ. 
Most of the residues that resulted in cross- linked products were 
within the MgrB C28- C39 loop region, suggesting its possible 
direct interaction with PhoQ.

Table  1. The Cɑ- Cɑ distance of cross- linked residue 
pairs in the PhoQ/MgrB structural model
Cɑ- Cɑ 
 distance (Å) W20- Y32 W20- L204 Q22- Y197 F24- I38

Model 1 12.10 12.80 8.30 9.10

Model 2 12.90 11.90 9.60 10.80

Model 3 12.90 10.10 10.00 11.30

Model 4 13.60 11.90 10.20 11.40

Model 5 14.20 16.40 16.20 11.60

Fig.  2. Site- specific photo cross- linking in the periplasmic 
domain. (A) Western blot analysis of the site- specific photo 
cross- linking between PhoQ and MgrB. The E. coli ΔphoQΔmgrB 
strain harboring pETduet- 1 phoQ- his6 flag- mgrB and pEVOL- 
pBpF vectors was grown in LB containing the unnatural amino 
acid, pBpa, which was incorporated into the FLAG- tagged MgrB 
at the indicated positions via the amber stop codon and the 
cognate tRNA/aminoacyl- tRNA synthetase pair. Cells were 
treated with UV light. The cross- linked MgrB- PhoQ complex 
was detected with western blot using antibodies directed to 
the FLAG epitopes. Samples without UV irradiation served as 
controls. (B) Western blot analysis of disulfide cross- linking 
from MgrB residue 31 to the PhoQ linker region connecting 
the periplasmic domain to the TM2 helix. The experimental 
procedure is as in Fig. 1D, and details can be found in Materials 
and Methods. Data are representative of at least three 
independent experiments.
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In the AlphaFold2 complex model, the MgrB C28- C39 loop 
was close to the PhoQ linker region connecting the periplasmic 
and the TM domains. To test whether the MgrB C28- C39 loop 
interacts directly with the linker region, we performed disulfide 
cross- linking with MgrB D31C and PhoQ_linker_Cys variants. 
Due to the presence of two essential cysteines in the MgrB peri-
plasmic region, we first tested whether introducing a third cysteine 
would affect MgrB function. We observed that the introduction 
of a third cysteine at position 31 did not reduce MgrB inhibition 
as much as the single cysteine variant, C39A (SI Appendix, 
Fig. S5), suggesting that the cysteine at position 31 does not 
severely interfere with the C28- C39 disulfide bond formation. 
Therefore, MgrB D31C is suitable for cross- linking experiments. 
The cross- linking results showed that MgrB 31C formed disulfide 
linkages with cysteines in several positions in the PhoQ linker 
region (184 to 188) with a similar amount of cross- linked complex 
(Fig. 2B and SI Appendix, Fig. S3D). No cross- linked products 
were detectable in the control sample, where the wild- type MgrB 
(C28 and C39) was coexpressed with PhoQ_linker_Cys mutants 
(Fig. 2B and SI Appendix, Fig. S3E). Our data thus support that 
MgrB D31 interacts with the PhoQ linker region. The comparable 
amount of cross- linked complex at multiple positions is probably 
due to the flexible nature of the MgrB C28- C39 loop.

The Conformational Change of the PhoQ Linker Region upon 
MgrB Binding. After mapping the MgrB binding site on PhoQ, we 
next sought to detect MgrB- induced PhoQ conformational change 
by comparing the PhoQ dimer cross- linking pattern with MgrB to 

the one without MgrB. For the PhoQ linker region, we focused 
on residues 187 and 188, which showed different conformations 
in PhoQ monomer and dimer models (SI Appendix, Fig. S6A). 
These two residues were located at the periplasmic end of the 
TM2 helix and at a similar lateral position as the TM1 residue 43 
(SI Appendix, Fig. S6B). By monitoring the cross- linking efficiency 
between residues at positions 43 and 188, we intended to detect 
local helical movements upon MgrB binding. In the absence of 
MgrB, we observed that 43C and 188C formed an intramolecular 
disulfide linkage, manifesting as a faster- migrating band below 
the PhoQ monomer band (Fig. 3A). DTT treatment of the same 
sample retarded the migration to the exact location as the PhoQ 
monomer, excluding the likelihood of protein degradation. Nearly 
no PhoQ dimer band was detected under this condition, further 
supporting that the orientation of the 188C side chain was more 
toward the TM1 helix of the same protomer. In the presence 
of MgrB, the cross- linking pattern changed. The intramolecular 
cross- linking band reduced, and the intensity of the PhoQ dimer 
band increased (Fig. 3A and SI Appendix, Fig. S6C). In this case, 
cross- linked PhoQ dimer could be formed in four ways: 43C- 
43'C, 43C- 188'C, 43'C- 188C, and 188C- 188'C. Our control 
samples showed that the cross- linking was reduced for 43C- 43'C 
and 188C- 188'C when MgrB was present. Therefore, the increase 
in PhoQ dimer formation was likely due to the intermonomeric 
cross- linking between positions 43 and 188, suggesting that the 
binding of MgrB changes the cross- linking pattern from intra-  to 
intermonomeric linkage and likely the relative orientation between 
PhoQ residue 188 to residue 43 (Fig. 3B). We also observed a 

Fig. 3. The conformational change of the PhoQ sensor kinase upon MgrB binding. (A) Western blot analysis of disulfide cross- linking within the PhoQ molecule in 
the presence or absence of MgrB. The His6- tagged PhoQ cysteine variants were expressed with or without the wild- type MgrB in E. coli. The disulfide cross- linking 
reaction was initiated with Cu- phenanthroline. The resulting cross- linked PhoQ species was then detected using Western blot with an anti- His antibody. The red 
asterisk indicates PhoQ molecules with an intramolecular disulfide cross- link. The total protein stain serves as a loading control. Data are representative of three 
independent experiments. (B) A diagram of MgrB affecting the disulfide cross- linking between the cysteine residues at positions 43 and 188. Brown and cyan 
circles represent the TM helices in each PhoQ monomer. The magenta circle represents MgrB. Orange arrows indicate the cross- linking tendency of Cys188 to 
Cys43 in the same or different PhoQ monomer. (C) MgrB induced PhoQ conformational change along the PhoQ dimer interface. The His6- tagged PhoQ cysteine 
variants were expressed with or without the wild- type MgrB in E. coli. The experimental procedure is as described in A and details can be found in Materials 
and Methods. The position of cysteine is indicated as residue numbers in the PhoQ N- terminal helix. Numbers colored in blue and purple are residues in TM 
and periplasmic domains, respectively. Data are representative of three independent experiments. (D) The repression of PhoQ activity by high magnesium and 
MgrB. The activity of PhoQ was monitored with the GFP reporter system using the E. coli ΔphoQΔmgrB strain as described in Fig. 1E. Data are representative of 
three independent experiments. Each data point is shown with the calculated average and SD from three biological replicates.D
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similar trend of change in cross- linking for the residue 43 and 
187 pair but with reduced intramolecular cross- linking efficiency 
(SI  Appendix, Fig.  S6C). Taken together, we hypothesize that 
MgrB may promote a rotational or translational movement of 
one TM2 periplasmic terminus toward the TM1 from the other 
protomer. Because the stoichiometry of PhoQ and MgrB remains 
unknown, further investigations would be needed to determine 
whether the conformational change detected here occurs in both 
PhoQ protomers.

MgrB Repression of PhoQ Is Divergent from High Magnesium 
Repression. Besides the small protein MgrB, high magnesium 
also represses PhoQ kinase activity (14). The structural change 
of PhoQ under magnesium repression was studied in detail by 
monitoring the arrangement of α helices along the PhoQ dimer 
interface via disulfide cross- linking (36). It was proposed that 
under high magnesium conditions, the N- terminal α helix across 
the TM and the periplasmic domains undergoes a scissoring- type 
of motion with the pivot point near the periplasm/membrane 
interface (36).

Using a similar approach, we monitored the arrangement of α 
helices along the PhoQ dimer interface in the presence and 
absence of MgrB. Our data showed that most TM1 residues had 
reduced cross- linking between PhoQ protomers upon MgrB bind-
ing (Fig. 3C blue residues, SI Appendix, Fig. S7). This reduction 
was more prominent for residues close to the cytoplasm, suggest-
ing that MgrB binding pushes TM1- TM1' apart and the propa-
gation of PhoQ conformational change from the periplasm to the 
cytoplasm. In contrast, the presence of MgrB did not show a 
similar cross- linking effect on residues along the periplasmic hel-
ical interface (Fig. 3C purple residues, SI Appendix, Fig. S7). Most 
residues in this region showed little change in the cross- linking 
pattern. Some showed a significantly decreased (i.e., residues 46 
and 60) or a slightly increased dimer fraction (i.e., residues 62). 
The overall PhoQ dimer rearrangement upon MgrB binding dif-
fered from the scissoring motion proposed for high magnesium 
repression, suggesting that MgrB and high magnesium act differ-
ently on PhoQ. We then did functional analyses of PhoQ under 
high magnesium, with MgrB, or with both repressive factors. The 
results showed that PhoQ was further repressed significantly when 
both high magnesium and MgrB were present (Fig. 3D), support-
ing the hypothesis that magnesium and MgrB may have divergent 
mechanisms of repression.

Molecular Dynamics Simulations of PhoQ/MgrB Complex Models. 
When comparing the predicted PhoQ dimer with its complex 
with MgrB, there was only minor conformational change, which 
is in stark contrast to our experimental results. The AlphaFold2 
prediction might have only captured a transient arrangement of 
the complex but not the final state. To investigate the effect of 
MgrB on the conformation of PhoQ in silico, we carried out a 
set of four molecular dynamic simulations. The initial atomic 
models were obtained using the best- ranked model predicted with 
the multimeric version of AlphaFold2. In total, we modeled four 
different complexes: PhoQ dimer i) alone and interacting with 
ii) the wild- type MgrB, iii) MgrB W20Y, and iv) MgrB W20A. 
Each complex was inserted into a bacterial mimetic membrane 
bilayer, and simulations were carried out up to 1 μs under near- 
physiological conditions. To evaluate the impact of the starting 
conformation on the stability of the PhoQ/MgrB complex, we 
carried out two additional 500 ns simulations seeded from the 
second and third predictions. All protein complexes remained stable 
throughout the entire simulations, with minor fluctuation in the 
secondary structure. We did not observe any significant differences 

between the three PhoQ/MgrB simulations. The MgrB C- terminal 
short helix (A40- W47) was buried close to the membrane surface. 
The C- terminal carboxylate group interacted with the head group 
of PE lipids in the simulations. The orientation of this C- terminal 
helix was primarily restrained by the disulfide linkage (C28- C39) 
and remained stable in the simulations. A principal component 
analysis (PCA) of the transmembrane domain clearly showed that 
the functional MgrB variants (WT and W20Y) induced a similar 
conformational change (Fig. 4A), corresponding to an increase in 
the distance between PhoQ TM1 helices, coupled with a decrease 
in distance between TM2 helices. This change is more evident 
in TM residues near the membrane/cytoplasm interface (Fig. 4B 
and SI Appendix, Fig. S8). The MgrB W20A had only a marginal 
impact on the conformation of the transmembrane domain.

In all the simulations with MgrB variants, we also observed the 
translocation of one of the PhoQ catalytic- ATP binding (CA) 
domains (Fig. 4C). This is most evident in the 1 μs simulations 
with the wild- type MgrB, where one CA domain moved fully 
away from the helix harboring the phosphorylatable histidine and 
located itself close to the inner membrane. For PhoQ alone, we 
did not observe any significant movement of the CA domains 
throughout the entire simulation. The functionally impaired 
MgrB W20A also induced PhoQ CA domain movement, though 
to a lesser extent compared to the wild type (Fig. 4C). In this 
simulation, the CA domain remained close to its initial position 
but rotated by about 90°. Our previous work showed that the 
W20A mutant had low activity due to reduced affinity to PhoQ 
(30). However, since the simulation was seeded with a complex 
where MgrB W20A was already interacting with PhoQ, this likely 
represents the scenario where overexpression of MgrB W20A com-
pensates for its weak binding to PhoQ and partially recovers its 
inhibitory function.

Overall, the simulation results confirm our experimental obser-
vations, showing the PhoQ structural changes at the MgrB bind-
ing site. Furthermore, MgrB induces movements of the distantly 
located CA domain, suggesting that the local conformational 
change due to MgrB binding results in the repression of PhoQ 
kinase activity.

MgrB Mediates PhoQ Sensing CAMPs. Our cross- linking data 
(Fig.  2B) suggested that MgrB directly interacts with PhoQ 
E184, a residue involved in CAMP sensing (9). We, therefore, 
hypothesized that MgrB might affect PhoQ activation by CAMPs. 
To investigate this as well as the impact of MgrB on PhoQ 
sensing other stimuli, we tested PhoQ activation by CAMPs, low 
pH, and high osmolarity in the presence and absence of MgrB 
(Fig. 5). Under a repressive magnesium condition (LB medium 
supplemented with 10 mM Mg2+), only slight or no PhoQ 
activation was detected by antimicrobial peptide C18G regardless 
of MgrB, consistent with previous work where high magnesium 
repressed the activation of PhoQ by CAMPs in Salmonella  
(9, 10). Conversely, with the same magnesium condition (10 
mM), a relatively large activation of PhoQ was detected by low pH 
or osmolarity upshift in the presence of MgrB. The activation did 
not appear to have a qualitative change when MgrB was absent, 
except that the overall PhoQ activity increased due to the lack of 
MgrB repression (Fig. 5A).

We next followed PhoQ activities in the presence of antimicrobial 
peptide LL37 and C18G under a physiologically relevant magne-
sium concentration (1 mM Mg2+ in LB) that does not repress 
CAMPs from inducing PhoQ activity (9). Up to a nearly five- fold 
increase of PhoQ activity by antimicrobial peptides was detected 
when the wild- type MgrB was present (Fig. 5B). However, in the 
absence of MgrB, there was no significant further increase of PhoQ D
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activity in the presence of C18G. In the case of LL37, only a mar-
ginal increase (1.14- fold) of PhoQ activity was observed, consistent 
with a previous report (15), suggesting that LL37 may be slightly 
different from C18G in terms of PhoQ activation. To test whether 
PhoQ was already maximally activated in the ΔmgrB strain with 1 
mM magnesium, we treated the cells with additional stimuli. PhoQ 
activity was significantly further increased by lowered pH or elevated 
osmolarity (SI Appendix, Fig. S9A), indicating that PhoQ activity 
did not reach saturation with 1 mM magnesium alone. To be precise 
on the total magnesium concentration in the growth medium, we 
tested our strains in the defined minimal A medium (37) supple-
mented with 1 mM magnesium. Consistent with what we observed 
in LB, PhoQ activity was higher in the absence of MgrB but could 
not be further increased by C18G. Therefore, we hypothesize that 
MgrB may mediate PhoQ to sense antimicrobial peptides under a 
physiologically relevant magnesium concentration.

The lack of PhoQ activation by antimicrobial peptides in the 
absence of MgrB might also be due to the protective effect of the 
overall elevated activity of the PhoQ/PhoP two- component system, 
which could increase the outer membrane modification and reduce 
the entry of antimicrobial peptides to the periplasm. To obtain 
more direct evidence, we monitored PhoQ and MgrB interactions 
in vivo using the acceptor photobleaching Förster resonance energy 
transfer (FRET) approach. Functional PhoQ- mNeonGreen and 
mCherry- MgrB fusion proteins (SI Appendix, Fig. S9 C and D) 
were expressed in E. coli. Cells were collected in the mid- log phase, 
treated with C18G, and then used for FRET measurements 
(Fig. 5C). The control cells without C18G treatment or treated 
with nonfunctional peptides (the 3× FLAG peptide and a randomly 
scrambled C18G derivative) showed energy transfer from mNeo-
nGreen to mCherry with about 10% efficiency (Fig. 5C and 
SI Appendix, Fig. S10), comparable to our previous report (12), 

Fig. 4. Molecular dynamics simulations of PhoQ/MgrB complex models. (A) Projection of the molecular dynamics simulations into the eigenspace formed by 
the first two components of a PCA of the transmembrane domain of PhoQ (residues 21 to 38 and 194 to 215). Each point corresponds to a conformation of the 
TM and is colored in shades of teal, purple, red, and blue, for the simulations of PhoQ alone, and in complex with MgrB, MgrB W20Y, and W20A, respectively. 
Lighter shades correspond to conformations sampled earlier in the simulation. (B) Distribution in distances between TM1 – TM1' (Left) and TM2 – TM2' (Right) 
at the top, middle, and bottom of the PhoQ TM domain. (C) The overlay of the final conformations of PhoQ/MgrB complex models with the PhoQ dimer. PhoQ 
structures are colored as in A. The MgrB wild- type, W20A, and W20Y variants are colored in pink, light blue, and light red, respectively.
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Fig. 5. The impact of MgrB on PhoQ sensing external stimuli. (A) The PhoQ activation in the presence or absence of MgrB under high magnesium conditions. 
E. coli MG1655 ΔmgrB strain harboring pBAD33 with (Left) or without (Right) mgrB gene was induced with arabinose and grown in the presence of indicated 
stimuli in LB media supplemented with 10 mM magnesium. The activity of PhoQ was monitored using the GFP reporter as described in Fig. 1E. (B) The activation 
of PhoQ in the presence of antimicrobial peptides and MgrB under 1 mM magnesium conditions. The orange lines indicate the fold change of PhoQ activity 
in the presence of antimicrobial peptides. E. coli MG1655 ΔmgrB strain expressing MgrB variants were grown in LB supplemented with 1 mM magnesium and 
antimicrobial peptides, LL37 (5 µg/mL) or C18G (5 µg/mL) as indicated. The PhoQ activity was followed as in A. (C) The FRET measurements of PhoQ- mNeonGreen 
and mCherry- MgrB in vivo. E. coli cells expressing PhoQ- mNeonGreen and mCherry- MgrB from plasmids were grown to mid- log phase and then treated with 
or without the antimicrobial peptide, C18G (10 µg/mL). The energy transfer from mNeonGreen to mCherry was then measured for each condition. The strains 
expressing no FRET receptor (mCherry- MgrB) serve as negative controls. (D) The activation of PhoQ variants in the presence of MgrB and C18G (5 µg/mL). The 
growth and induction conditions for the PhoQ and MgrB variants were the same as described before (Fig. 1 F, Bottom). The PhoQ activity was monitored by 
measuring the GFP reporter fluorescence. (E) Western blot analysis of PhoQ I38C MgrB 16A24C disulfide cross- linking in the presence or absence of C18G (5 g/mL).  
The cross- linking and Western blot experiments were performed as described before (Fig. 1 F, Top). The total protein stain of the membrane serves as a loading 
control. Data are representative of three independent experiments. Each data point in A–D is shown with the calculated average and SD from at least three 
independent experiments.The P value is represented by asterisk symbols and calculated using GraphPad Prism 9 software (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 
0.001; ****, P ≤ 0.0001; ns, not significant, P > 0.05).
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indicating the formation of the PhoQ/MgrB complex in vivo. With 
the C18G treatment, the FRET efficiency reduced to about 2%, 
slightly higher than the negative controls, suggesting that C18G 
induces the dissociation of the PhoQ/MgrB complex.

To confirm the in vivo FRET results, we performed disulfide 
cross- linking experiments with or without C18G using the PhoQ 
I38C MgrB F24C variant pair. We chose this pair because i) they 
formed a good amount of PhoQ/MgrB cross- linked complex 
readily detectable by Western blot (Fig. 1F); ii) PhoQ I38C 
showed wild- type- like activity (Fig. 1F); iii) MgrB F24C repressed 
PhoQ I38C to a relatively low level (Fig. 1F); and iv) the variant 
pair responded to C18G showing significantly increased PhoQ 
activity (Fig. 5D). Compared to the cross- linking in the absence 
of C18G, we observed a lighter band corresponding to the PhoQ/
MgrB complex (Fig. 5E). Quantification of the bands in the 
Western blot showed that the cross- linking efficiency between 
PhoQ and MgrB reduced from 46.4 to 32.7% in the presence of 
C18G. With the negative control peptides, such a reduction in 
cross- linking was not observed (SI Appendix, Fig. S10). 
Collectively, our data suggest that C18G induces MgrB to move 
away from PhoQ, consistent with our FRET results.

Taken together, we propose that MgrB is involved in PhoQ 
sensing CAMPs. Under physiologically relevant magnesium con-
ditions, PhoQ is active but partially repressed due to the bound 
MgrB. This state allows PhoQ to detect and respond sensitively 
to CAMPs at a subinhibitory concentration. CAMPs bind to 
PhoQ and induce the release of the bound MgrB, further activat-
ing PhoQ/PhoP- regulated genes and potentially increasing bac-
terial resistance to CAMPs (Fig. 6).

Discussion

In this study, we report that MgrB directly interacts with the TM 
helices and the periplasmic/TM linker region of PhoQ, changing its 
conformation in a way that is divergent from high magnesium repres-
sion. It reduces the overall activity of PhoQ yet still allows its acti-
vation by low magnesium, low pH, and increased osmolarity. We 
further reveal that PhoQ activation by CAMPs is MgrB- dependent 
under physiologically relevant magnesium conditions. Our in vivo 
FRET and cross- linking data support that CAMPs induce MgrB 
dissociating from PhoQ and thus increase PhoQ activity via 

derepression. A higher PhoQ activity leads to an increased outer 
membrane modification and improved resistance to CAMPs. Since 
the septum is the initial attacking site of certain CAMPs (i.e., LL37) 
on the membrane (38), the possible division block caused by strong 
PhoQ activation may also protect bacteria against the host’s innate 
immune response. CAMPs were suggested to bind to an acidic sur-
face in the PhoQ periplasmic domain, although the exact binding 
site has not been well defined (9). The acidic cluster (148EDDDDAE), 
a major component of the acidic surface, is relatively distant from 
the MgrB binding site. However, it remains unclear whether the 
acidic residue E184 in the linker region is directly involved in CAMP 
binding. It is plausible that the binding of CAMPs induces PhoQ 
conformational change, which leads to the dissociation of MgrB 
from PhoQ.

We observed that a high level of magnesium (10 mM) repressed 
PhoQ activation by CAMPs in the presence or absence of MgrB in 
E. coli. Under physiologically relevant magnesium conditions  
(1 mM), we observed PhoQ activation by CAMPs only in the pres-
ence of functional MgrB. These results are consistent with a previous 
report on PhoQ in Salmonella (having a chromosomal mgrB), even 
though MgrB had not yet been identified at that time (9). The same 
report proposed that CAMPs activate PhoQ by replacing magnesium 
ions from the acidic cluster in PhoQ, which is different from our 
MgrB- mediated CAMP sensing mechanism. Both hypotheses, how-
ever, do not necessarily conflict with each other but rather describe 
two aspects of PhoQ sensing CAMPs. It is also possible that mag-
nesium may affect MgrB binding to PhoQ, thus connecting these 
two sensing mechanisms. Interestingly, the magnesium replacement 
mechanism cannot explain PhoQ activation by antimicrobial pep-
tides in some cases. For example, a recent study revealed that anti-
microbial peptides with a β- sheet structure or a neutral charge could 
also activate PhoQ (39). These atypical PhoQ activators do not 
possess the properties to interact with the PhoQ acidic cluster. 
Furthermore, there are PhoQ homologs that do not contain an acidic 
cluster in their sequences. Our MgrB- dependent antimicrobial pep-
tide sensing mechanism could provide a suitable explanation for 
these cases.

By monitoring PhoQ conformational change and activities, we 
show that MgrB repression diverges from high magnesium repres-
sion. This is consistent with the different binding sites of magne-
sium and MgrB on PhoQ. Magnesium was suggested to bind to 

Fig.  6. The schematic representation of MgrB- mediated 
PhoQ activation by antimicrobial peptides. PhoQ is active 
under physiological magnesium conditions, inducing the 
expression of mgrB. The expressed MgrB binds to PhoQ, 
resulting in a partially repressed state. Antimicrobial peptides 
(AMPs) enter into the bacterial periplasm, bind to PhoQ, and 
cause MgrB to dissociate from PhoQ.D
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several locations, including the acidic cluster near the inner mem-
brane (148 to 152) and residues G93, W97, H120, and T156 
(14, 23, 40). Mutations of these residues were shown to abolish 
magnesium protection from iron- mediated protein cleavage (40). 
The majority of these residues are located in the peripheral of the 
periplasmic domain, distinct from the MgrB binding site.

Our cross- linking results revealed extensive interactions between 
MgrB and the PhoQ linker region, implying its importance in 
functional regulations. Highly conserved and functionally impor-
tant residues are found in or near this region, such as K186, T48, 
R50, E184, and L185, mutations of which lead to alterations in 
PhoQ activity as well as signaling capability (20, 23, 24). Curiously, 
the wild- type MgrB maintained its inhibition on PhoQ linker 
variants, suggesting that the flexible MgrB loop may have various 
interaction modes with the PhoQ linker region. Interestingly, the 
PhoQ activating protein, SafA, appears to act near this linker 
region in terms of the putative SafA binding site, and the activa-
tion required intermonomeric salt bridge (R50’- D179) (41, 42). 
Whether MgrB repression competes with SafA activation of PhoQ 
and how these regulations are coordinated await further studies.

Sensor kinases in bacterial two- component systems are evolu-
tionarily related and have structural resemblance. We found that 
the predicted structures of EnvZ, QseC, and CreC sensor kinases 
closely resemble the PhoQ structure. EnvZ was also shown to form 
a complex with MgrB experimentally (30). With the mechanism of 
MgrB revealed here, it is foreseeable that small protein regulators 
can be designed for PhoQ, EnvZ, and possibly many other sensor 
kinases. This will contribute to the repertoire of unconventional 
antimicrobial agents targeting sensor kinases that regulate bacterial 
virulence (43) and to the treatment of infections caused by 
drug- resistant pathogens.

Materials and Methods

Bacterial Strains, Plasmids, and Growth Conditions. The complete lists of 
strains, plasmids, and primers used in this study are summarized in SI Appendix, 
Tables S1–S3, respectively. The E. coli MG1655 ΔmgrB and ΔphoQΔmgrB strains 
were from the previous study (30). All strains were grown in the lysogeny broth (LB) 
medium or minimal A medium (37) containing 0.2% glycerol, 0.1% casamino acids 
supplemented with magnesium as indicated. Cells were grown at 37 °C with shaking 
unless otherwise indicated. Genes in the pTrc99a vector were induced with isopropyl 
β- D- 1- thiogalactopyranoside (IPTG) at a final concentration of 10 μM. Genes in the 
pBAD vector were induced with 0.008% arabinose. Genes in the pEVOL- pBpF vector 
were induced with 0.02% arabinose. Genes in the pETduet- 1 vector were induced 
with IPTG at a final concentration of 0.5 mM. When appropriate, the antibiotics ampi-
cillin, kanamycin, and chloramphenicol were used at concentrations of 100 μg/mL, 
50 μg/mL, and 34 μg/mL, respectively. A detailed description of cloning and plasmid 
construction can be found in SI Appendix, Materials and Methods.

Disulfide Cross- Linking In  Vivo. The in  vivo disulfide- cross- linking experi-
ments were performed as previously described with modifications (44). Briefly, 
cells carrying pBAD33 phoQ variant and pTrc99A mgrB variant were grown at 
37 °C in LB medium supplemented with 10 mM MgSO4 overnight, then diluted 
1:100 to fresh LB medium supplemented with 1 mM MgSO4. The expression 
of plasmid- encoded proteins was induced with arabinose and IPTG. When the 
OD600 value reached 0.6, cells were harvested, washed, and resuspended in 
the cross- linking buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 
KH2PO4, 1 mM MgSO4, and 0.1 mM Cu- phenanthroline), followed by 10 min 
incubation at 25 °C. The reaction was stopped by pelleting the cells and then 
resuspending in the 1× stop- solution (8 mM sodium phosphate buffer, pH 7.8, 
12.5 mM EDTA, and 12.5 mM N- ethylmaleimide) and incubation at 25 °C for 10 
min. Cells were collected, resuspended in the lysis buffer (50 mM Tris–HCl, pH 
8.0, 100 mM NaCl, and protease inhibitors), mixed with lysing matrix B beads 
(MP Biomedicals), and broken with a homogenizer following the manufacturer's 
instructions. The mixture was spun down at 2,300× g for 10 min at 4 °C to pellet 
the beads and cell debris. The supernatant was centrifuged at 21,000× g for  

1 h at 4 °C to pellet the membrane fraction, which was then dissolved in the 
SDS sample buffer at 4 °C overnight. The membrane proteins were separated 
on an SDS tris–tricine or tris–glycine polyacrylamide gel via electrophoresis and 
analyzed with western blot.

Western Blot Analysis. Proteins were transferred from a polyacrylamide gel 
to a polyvinylidene fluoride membrane or nitrocellulose membrane. PhoQ- His 
and Flag- MgrB were detected with the anti- His and anti- Flag primary antibodies 
(Sigma), respectively. The IRDye 800CW- conjugated secondary antibody (LI- COR) 
was used, and the protein bands were visualized with the Odyssey CLx imaging 
system (LI- COR) and quantified with ImageJ. The cross- linking efficiency was 
calculated by dividing the amount of PhoQ/MgrB complex with the total amount 
of PhoQ/MgrB complex and MgrB monomer.

Functional Assay with the gfp Reporter Gene. The GFP reporter assay was 
performed as a previous study with modifications (12). Briefly, the reporter plas-
mid pUA66 PmgtLA- gfp (12) was transformed to strains indicated. The resulting 
transformants were grown overnight at 37 °C in LB or minimal A medium with 
indicated MgSO4 and then diluted 1:100 to fresh medium with magnesium and/
or stimuli as indicated. The cultures were grown at 37 °C with vigorous shaking till 
the early log phase (OD = 0.4 to 0.5). The fluorescence of cells was monitored with 
a BD LSRFortessa SORP flow cytometer (BD Biosciences) equipped with a 100- mW 
488- nm laser and a 510/20 bandpass filter. BD FACSDiva software version 8.0 
(BD Biosciences) was used to analyze the acquired data.

Unnatural Amino Acid Incorporation in MgrB and Site- Specific UV 
Cross- Linking In  Vivo. The site- specific photo- cross- linking experiments 
were performed as in previous studies with modifications (35, 45). E. coli 
BL21 DE3 cells carrying pETduet- 1 phoQ- his6 flag- mgrB and pEVOL- pBpF 
vectors were grown in LB medium at 37 °C overnight and then diluted 1:100 
to fresh LB medium containing 0.5 mM pBpa. When the OD600 value reached 
around 0.6, cells were induced with arabinose (0.02%) and IPTG (0.5 mM) for 
4h at 30 °C, followed by harvesting, washing two times, and resuspension in 
1 mL cold PBS buffer. The bacterial suspension was spread out onto a 35- mm 
round dish on ice and irradiated for 5 min with 365 nm UV light using an 
LED UV hand lamp (Honle UV technology). Cells were then harvested at 4 °C, 
and the formation of cross- linked PhoQ/MgrB complex was then detected by 
the separation of total protein with polyacrylamide gel electrophoresis and 
western blot with anti- Flag antibody. The cross- linked complex was purified 
by affinity chromatography, separated in an sodium dodecyl sulfate polyacryla-
mide gel, and verified by mass spectrometry (see SI Appendix, Materials and 
Methods for details).

Molecular Modeling and Molecular Dynamics Simulations. The PhoQ/MgrB 
complex was modeled using AlphaFold2 multimer on Colab [PMID: 35637307]. 
We considered six different complexes: i) PhoQ, ii) PhoQ/MgrB (predictions 
ranked 1 to 3), iii) PhoQ/MgrB W20Y variant, and iv) PhoQ/MgrB W20A variant. 
Each complex was inserted into a bacterial membrane mimetic composed of a 
mixture of phosphatidylethanolamine and phosphatidylglycerol with a 3:1 ratio. 
The systems were solvated with a 17 Å water padding and neutralized with NaCl 
at a concentration of 150 mM. Each system was assembled using the CHARMM- 
GUI web server (46).

The simulation was performed with the CHARMM36m force field, including 
CMAP corrections for the protein (47). The water molecules were described with 
the TIP3P water parameterization (48). The simulations were carried out with 
OPENMM molecular engine (49) following the minimization and equilibration 
protocols provided by CHARMM- GUI. The cutoff for nonbonded interactions was 
set to 12 Å with a switching distance at 10 Å. The periodic electrostatic interactions 
were computed using particle- mesh Ewald summation. A constant temperature of 
310 K was imposed by Langevin dynamics with a damping coefficient of 1.0 ps.  
The constant pressure of 1 atm was maintained with Monte Carlo barostat (50). 
The hydrogen mass repartitioning scheme was used to achieve a 4- fs time step 
(51). Each simulation was carried out up to 1 μs and up to 500 ns for the second-  
and third- ranked predictions of PhoQ/MgrB.

Acceptor Photobleaching FRET Analysis. FRET measurements were per-
formed as described before (30). The expression of PhoQ- mNeonGreen and 
mCherry- MgrB was induced in E. coli lptD4213 strain with 0.008% arabinose D
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and 10 μM IPTG, respectively. The cultures were grown to the mid- log phase 
(OD = 0.6) in LB media. Cells were harvested and washed twice with prechilled 
tethering buffer (20 mM potassium phosphate pH 7.0, 1 μM methionine, and 
10 mM lactic acid). The surface of a glass- bottom 96- well plate (Greiner) was 
treated with 0.1% poly- L- lysine for 15 min at room temperature, followed by 
removing poly- L- Lysine and air- drying for 5 min. The wells were washed twice 
using a prechilled tethering buffer. Subsequently, cells were incubated in the 
wells at room temperature for 25 min to allow attachment. Unattached cells 
were removed by washing with tethering buffer twice, and attached cells were 
overlaid with tethering buffer with or without 10 µg/mL C18G and incubated 
at room temperature for 1 h. Acceptor photobleaching FRET was performed 
using the same microscope settings as published previously (30). The details 
of the data acquisition and analysis can be found in SI Appendix, Materials 
and Methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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