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ABSTRACT The MreB actin-like cytoskeleton assembles into dynamic polymers that coordinate cell shape in many bacteria. In
contrast to most other cytoskeleton systems, few MreB-interacting proteins have been well characterized. Here, we identify a small
protein from Caulobacter crescentus, an assembly inhibitor of MreB (AimB). AimB overexpression mimics inhibition of MreB poly-
merization, leading to increased cell width and MreB delocalization. Furthermore, aimB appears to be essential, and its depletion
results in decreased cell width and increased resistance to A22, a small-molecule inhibitor of MreB assembly. Molecular dynamics
simulations suggest that AimB binds MreB at its monomer-monomer protofilament interaction cleft and that this interaction is
favored for C. crescentus MreB over Escherichia coli MreB because of a closer match in the degree of opening with AimB size,
suggesting coevolution of AimB with MreB conformational dynamics in C. crescentus. We support this model through functional
analysis of point mutants in both AimB and MreB, photo-cross-linking studies with site-specific unnatural amino acids, and spe-
cies-specific activity of AimB. Together, our findings are consistent with AimB promoting MreB dynamics by inhibiting mono-
mer-monomer assembly interactions, representing a new mechanism for regulating actin-like polymers and the first
identification of a non-toxin MreB assembly inhibitor. Because AimB has only 104 amino acids and small proteins are often poorly
characterized, our work suggests the possibility of more bacterial cytoskeletal regulators to be found in this class. Thus, like FtsZ
and eukaryotic actin, MreB may have a rich repertoire of regulators to tune its precise assembly and dynamics.

SIGNIFICANCE The MreB actin-like cytoskeleton forms dynamic polymers that coordinate cell shape in many bacteria.
In contrast to most other cytoskeleton systems, few MreB interacting proteins have been well characterized. Here, we
identify Caulobacter crescentus assembly inhibitor of MreB (AimB). Using a combination of molecular dynamics
simulations and biochemical assays, we demonstrate that AimB promotes MreB dynamics by inhibiting monomer-
monomer assembly interactions, representing a new mechanism for regulating actin-like polymers. Because small proteins
like AimB are often poorly characterized, we suggest that there may be additional bacterial cytoskeletal regulators to be
found that are assembly inhibitors. Thus, like FtsZ and eukaryotic actin, our work suggests that MreB many have many
accessory proteins that modulate its assembly and dynamics.

INTRODUCTION example of rod-shaped bacteria whose dimensions are altered
by environmental factors such as nutrient availability (3). A
recent study developed a biophysical model in which cell
size is determined by the relative rates of surface area and vol-
ume synthesis; upon nutrient upshift, the increased rate of cyto-
plasmic synthesis reduced the surface area-to-volume ratio via
anincrease in cell width (4). However, the molecular regulators

of cell size remain largely unclear in most bacterial species.

Maintenance of proper cell size is an important physiological
process for all organisms. Changes in cell size are often
strongly coupled to cell fitness in laboratory evolution experi-
ments (1), and mutations that affect cell size can be highly
adaptive (2). Cell size is also dynamically regulated as in the
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Bacterial cell shape determination requires enzymes that
directly synthesize and cross-link peptidoglycan chains in
the periplasm and cytoskeletal factors that localize the activ-
ity of these enzymes. The actin homolog MreB serves this
cytoskeletal function for cell elongation. Studies from E's-
cherichia coli and Bacillus subtilis show that MreB forms
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filaments that localize and move (5-7) along the membrane
based on the local cell geometry (8) and recruit cell wall en-
zymes to insert new cell wall material and change the shape
of those sites, resulting in a feedback loop that establishes
rod shape (9). In this model, MreB must dynamically
assemble and disassemble to sample multiple cellular re-
gions over time. Purified MreB filaments are quite stable
in vitro (10), suggesting that MreB dynamics may be stim-
ulated by accessory factors that have yet to be discovered.

For other well-characterized cytoskeletal systems such as
eukaryotic actin and tubulin and bacterial FtsZ, there are mul-
tiple known regulators of filament dynamics (reviewed in
(11-13)). By contrast, for MreB, RodZ is the only confirmed
regulator, and it functions to increase the number of MreB fil-
aments (14) and regulate filament properties (15), leaving
MreB disassembly mysterious. There are several toxin-anti-
toxin systems whose toxins have been proposed to target
MreB (16-18), but the degree to which these toxins are ex-
pressed and function under standard growth conditions re-
mains unclear. The only other factor proposed to interact
with MreB is MbiA, a small Caulobacter crescentus protein
that interacts with MreB through an unknown mechanism
(19). The effects of MbiA on MreB also remain unclear as
its effects on MreB localization were characterized using a
nonfunctional N-terminal fluorescent fusion to MreB (19).

Here, we address the lack of knowledge of MreB assembly
inhibitors by directly screening for such factors with an over-
expression library. We chose an overexpression approach
because MreB and many of its known interactors are essential.
To the best of our knowledge, our overexpression screen iden-
tified a previously uncharacterized factor that we named as-
sembly inhibitor of MreB (AimB). Overexpression of AimB
resulted in wider cells that resemble the loss of MreB, whereas
depletion of AimB resulted in narrower cells that have
increased resistance to a chemical inhibitor of MreB assembly,
A22. To characterize the function of MreB, we developed a
functional “sandwich” fusion of monomeric-superfolder
GFP (msfGFP) to C. crescentus MreB (CcMreB) and found
that AimB disrupts its proper localization. Genetic and
biochemical studies confirmed that AimB directly interacts
with MreB. To develop a model for how AimB inhibits the as-
sembly of MreB, we used all-atom molecular dynamics (MD)
simulations. Finally, we used site-specific cross-linking
studies and analysis of the species specificity of AimB interac-
tions to confirm specific predictions of our MD model.
Together, these results support the model that AimB functions
to inhibit the assembly of MreB by binding at MreB’s poly-
merization interface.

MATERIALS AND METHODS
Bacterial growth conditions

C. crescentus wild-type strain NA1000 and its derivatives were grown at
30°C in peptone yeast extract medium (20). Escherichia coli strains were
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grown at 37°C in Lysogeny broth (LB) medium. When necessary, antibiotics
were added at the following concentrations: kanamycin (Kan) 30 pug/mL in
broth and 50 ug/mL in agar (abbreviated 30:50) for E. coli and 5:25 for
C. crescentus; tetracycline (Tet) 1:2 for C. crescentus; chloramphenicol
(Cm) 20:30 for E. coli; and carbenicillin (Carb) 50:100 for E. coli. Gene
expression was induced in C. crescentus (0.03-0.3% w/v xylose; 0.5 mM va-
nillate) or E. coli (100 ng/mL anhydro-tetracycline (aTc); 1 mM isopropyl (-
D-1-thiogalactopyranoside (IPTG)) as noted. Pharmacological inhibition of
MreB was performed by adding 1-10 pug/mL A22 (methanol was used as
the vehicle control). The strains, plasmids, and primers used in this study
are described in Tables S1-S3, respectively.

CRISPR interference-mediated gene depletion

C. crescentus CRISPR interference (CRISPRi) was performed using the
plasmids (Table S2) and methods developed in (21). Briefly, primers
EK1003/1004 (Table S3), encoding the single guide RNA (sgRNA) map-
ping to the 5'-end of aimB, were phosphorylated and annealed. The an-
nealed oligos were ligated into the BbsI site of plasmid psgRNA-Base.
The resulting plasmid (pEK334) was transformed into a strain carrying a
vanillate-inducible catalytically dead cas9 gene (CJW6270) to generate
strain EK335 (4vanA::pV-dcasOhum-RBSmutl with plasmid psgRNA-
aimB). Gene depletion was initiated with 0.5 mM vanillate and monitored
by quantitative reverse transcription PCR (qRT-PCR). Cells carrying
psgRNA-Base (CJW5939) were used as controls.

High-throughput cloning and microscopy

Xylose-inducible plasmids for overexpression of conserved hypothetical
proteins were generated using an in vivo Gateway strategy, as described pre-
viously (22,23). The resulting multicopy plasmids were conjugated into
C. crescentus. Strains were induced with 0.3% xylose and imaged in
high-throughput format using custom 48-pedestal agarose slides (22,23).
Cell morphology was compared to wild-type controls to identify overex-
pression plasmids resulting in aberrant cell shape.

Fluorescence microscopy and image analysis

Cells were spotted onto pads made of 1% agarose with the corresponding
growth medium. Fluorescence microscopy was performed on a Nikon Ti-
E (Nikon Instruments, Melville, NY) inverted microscope equipped with
a Lumen 220 PRO Illumination System (Prior Scientific, Rockland, MA),
Zyla sCMOS 5.5-megapixel camera (Andor Technology, Concord, MA),
CFI Plan Apochromat 100x oil immersion objective (NA 1.45, working
distance 0.13 mm), and NIS Elements software for image acquisition. Im-
ages were segmented using Morphometrics (24). Cell width and length
were calculated using custom MATLAB scripts (The MathWorks, Natick,
MA). For time-lapse imaging, coverslips were sealed with VALAP (1:1:1
vaseline:lanolin:paraffin) to prevent drying of the agarose pad.

Cell growth measurements

For experiments up to 12 h, cells were grown in standard culture tubes, and al-
iquots were removed at the specified intervals for measurements of ODgg or
colony forming units (CFUs). For experiments longer than 12 h, cells were ali-
quoted into a 96-well plate, and ODgg, was measured on a CLARIOstar Plate
Reader (BMG Labtech, Cary, NC) with shaking and temperature control.

Immunoblotting

Cell samples were normalized by optical density (I mL of OD = 0.5) and
lysed in 1 x sodium dodecyl sulfate sample buffer. Samples were separated



on a 4-20% gradient polyacrylamide gel, transferred to a polyvinylidene
fluoride membrane, and blotted with antibodies against MreB (1:1000)
(25), GFP (1:1000, ab6556; Abcam, Cambridge, U.K.), or FLAG (1:500,
sc-166355; Santa Cruz Biotechnology, Dallas, TX). Horseradish peroxi-
dase-conjugated secondary antibodies (1:5000) and enhanced chemilumi-
nescence reagents (GE Healthcare, Chicago, IL) were used to detect the
bands on a Bio-Rad ChemiDoc MP system (Bio-Rad Laboratories, Hercu-
les, CA).

qRT-PCR

RNA was extracted from bacterial cultures using the QTAGEN RNeasy Kit
(QIAGEN, Germantown, MD). After DNase digestion, RNA (5 ng/uL) was
reverse transcribed using the High Capacity complementary DNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA). One microliter
of complementary DNA was used as template in a 10 uLL qRT-PCR reaction
performed with Power SYBR reagent (Thermo Fisher Scientific). qRT-PCR
was performed on an ABI QuantStudio 6 using the 44Ct method. rpoD
expression was used as the loading control.

Molecular dynamics simulations

All simulations (Table S4) were performed using the MD package NAMD
v. 2.10 (26) with the CHARMM?27 force field, including CMAP correc-
tions (27). Water molecules were described with the TIP3P model (28).
Long-range electrostatic forces were evaluated by means of the particle-
mesh Ewald summation approach with a grid spacing of <1 A. An inte-
gration time step of 2 fs was used (29). Bonded terms and short-range,
nonbonded terms were evaluated every time step, and long-range electro-
statics were evaluated every other time step. Constant temperature (7' =
310 K) was maintained using Langevin dynamics (30), with a damping co-
efficient of 1.0 ps~'. A constant pressure of 1 atm was enforced using the
Langevin piston algorithm (31) with a decay period of 200 fs and a time
constant of 50 fs. Setup, analysis, and rendering of the simulation systems
were performed with the software VMD v. 1.9.2 (32).

Construction of homology models for AimB and
E. coli MreB

The AimB and E. coli MreB (EcMreB) homology models were built using
the Phyre2 web server (http://www.sbg.bio.ic.ac.uk/phyre2) (33). The
amino acid sequences of AimB or EcMreB were submitted using the default
settings of the web server. The AimB homology model was based on the
Jannaschia sp. protein Jann_2546 (Protein Data Bank, PDB: 2KZC), and
the EcMreB homology model was based on CcMreB (PDB: 4CZM).

Simulated systems

MD simulations performed in this study are described in Table S4. Simula-
tions were initialized from the crystal structures of CcMreB (PDB: 4CZM)
(34) or the EcMreB homology model. The bound nucleotide was replaced
by ATP, and Mg "-chelating ions were added for stability. The AimB ho-
mology model or the Jann_2546 2KZC crystal structure was docked to
the MreB structure for AimB-MreB simulations. Water and neutralizing
ions were added around each monomer or dimer, resulting in final simula-
tion sizes of up to 89,000 atoms. All simulations were run for 100 ns. For
mean values and distributions of measurements, only the last 30 ns were
used. To ensure simulations had reached equilibrium, measurement distri-
butions were fit to a Gaussian.

AimB Regulates MreB Assembly

Analysis of opening angles

The centers of mass of the four subdomains of MreB were obtained using
VMD. For each time step, we calculated one opening angle from the dot
product between the vector defined by the centers of mass of subdomains
IIA and IIB and the vector defined by the centers of mass of subdomains
IIA and IA. Similarly, we calculated a second opening angle from the dot
products between the vectors defined by the centers of mass of subdomains
IA and IB and of subdomains IA and ITA. The opening angles we report are
the average of these two opening angles. Subdomain definitions are as in
(35).

In vitro cross-linking

A low-copy plasmid for the induction of MreB and AimB was constructed
using the pZS2-123 vector backbone (36). The aTc-regulated CFP open
reading frame (ORF) was removed by inverse PCR with primers EK644
and EK645 (Table S3). The arabinose-inducible RFP was replaced with
AimB by Gibson assembly (primers EK646-649; Table S3). Wild-type
MreB and a series of amber codon mutants (Table S1) were synthesized
by GenScript Biotech (Piscataway, NJ) and used to replace the IPTG-induc-
ible YFP to create a plasmid encoding Plac-MreB and Para-AimB
(pMreBXL1-26). A C-terminal FLAG tag was introduced into AimB in a
subset of amber codon mutants by inverse PCR using primers EK679-
680. In vitro cross-linking of MreB and AimB was performed essentially
as previously described (37). pMreBXL and pEVOL-pBpF (37) were co-
transformed into strain NO36 (MC4100 dmreB) and grown overnight in
LB containing kanamycin and chloramphenicol. Cells were diluted 1:100
into fresh LB with antibiotics along with inducers (I mM IPTG and 0.1%
w/v L(+)-arabinose) and 1 mM p-benzoylphenylalanine (pBPA) (Bachem,
Torrance, CA). After 4 h, 1 mL of each culture was pelleted, resuspended in
50 uL cold PBS, and transferred to a white 96-well plate. The samples were
irradiated under an ultraviolet (UV) bulb (Norman Lamps CFL15/UV/
MED, Norman Lamps, St. Charles, IL) on ice for 15 min, and 50 uL 2x
sodium dodecyl sulfate sample buffer was added to stop the reaction.
Samples were boiled for 5 min and analyzed by immunoblotting.

RESULTS

A C. crescentus protein overexpression screen
identifies a novel cytoskeletal regulator

We previously constructed a C. crescentus Gateway entry
vector library that includes 224 entry vectors containing
ORFs encoding “conserved hypothetical” proteins (22).
To identify candidate MreB regulators among these previ-
ously uncharacterized proteins, we transferred these ORFs
into a xylose-inducible overexpression destination vector
using an in vivo Gateway cloning system, conjugated these
constructs into C. crescentus, and imaged the strains at the
single-cell level (22). Among the various phenotypes
observed, overexpression of cc_2490 resulted in a signifi-
cant increase in cell width that was similar to that seen
upon disruption of MreB assembly by the small-molecule
inhibitor A22 (Fig. 1 A; (25)).

We expected that a factor that disrupts MreB assembly
would have a strong effect on MreB localization. Because
previous analyses of MreB localization in C. crescentus
used N-terminal fluorescent fusions that we now know to
be nonfunctional (38), we first developed a functional re-
porter for CcMreB localization. To this end, we inserted
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FIGURE 1 Cell width and MreB localization are disrupted by CC_2490
overexpression. (A) CC_2490 expression was induced in wild-type
C. crescentus for the indicated times. Phase-contrast images show disrup-
tion to cell width and cell shape in C. crescentus cells overexpressing
CC_2490. Scale bars, 2 um. (B) MreB-GFP*" cells with or without
CC_2490 overexpression (Pxyl-cc_2490-FLAG) were imaged by phase
and fluorescence microscopy at 9 h postinduction. MreB was delocalized
in cells grown with CC_2490 overexpression. Arrows indicate examples
of MreB localization. Scale bars, 2 um. (C) Expression of CC_2490 was
determined by Western blot using FLAG-tagged cc_2490 expressed from
its native locus. Overexpression of CC_2490-FLAG was induced with
0.3% xylose for 9 h. Image quantification shows that xylose induction re-
sulted in 1.7-fold overexpression. To see this figure in color, go online.
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msfGFP, which is less prone to aggregation than most
commonly used fluorescent proteins, into the same sur-
face-exposed loop that tolerates functional fusion insertions
in EcMreB (8). We replaced mreB at its native chromosomal
locus under its native promoter to generate a strain in which
the only copy of MreB is this new “sandwich” fusion
(MreB-GFP*Y). The MreB-GFP*" fusion does not affect
proliferation rate (Fig. S1 A), suggesting that it is functional
with regards to regulating cell growth and division. As
observed in the homologous msfGFP fusion in E. coli,
C. crescentus cells expressing MreB-GFP*" were slightly
wider and shorter than wild-type cells (Fig. S1, B and C).

Consistent with its effects on cell shape, overexpression of
cc_2490 strongly disrupted MreB localization. Whereas
wild-type cells showed MreB-GFP*™ foci distributed in
patches or at midcell in dividing cells, cc_2490 overexpres-
sion caused MreB-GFP*" to disperse and become diffuse or
to accumulate at the poles (Fig. | B). Based on these morpho-
logical and MreB localization phenotypes, we renamed
CC_2490 assembly inhibitor of MreB (AimB). AimB is a
member of the domain-of-unknown function superfamily
DUF1476 and is widely conserved among alphaproteobacte-
ria but has no other known activity. RNA sequencing and
ribosome profiling have shown that the expression levels of
AimB and MreB are stable throughout the cell cycle (39).
Ribosome profiling read counts are generally correlated
with the number of protein molecules in the cell (40); thus,
based on the reported data, the concentrations of AimB and
MreB are comparable (39). Indeed, we readily detected
native AimB expression in log-phase C. crescentus cell ex-
tracts (Fig. 1 C).

AimB and A22 have additive effects

Because A22 treatment is lethal to C. crescentus cells, we
examined whether AimB overexpression is toxic. After
only a few hours of overexpression, we observed a signifi-
cant drop in growth rate as measured by optical density
and CFUs, confirming that AimB overexpression is lethal
(Fig. 2, A and B). Western blots for MreB showed no change
in MreB protein levels when AimB is overexpressed
(Fig. S2), demonstrating that AimB toxicity was not due
to a reduction in MreB protein concentration. To compare
the toxicity of AimB overexpression with that of A22, we
measured growth with AimB overexpression and A22 treat-
ment individually or in combination. Both treatments were
toxic, and the combination of AimB overexpression and
A22 treatment further enhanced lethality (Fig. 2, C and D).

The similarities between A22 treatment and AimB overex-
pression suggested that AimB functions to destabilize MreB.
Thus, we hypothesized that loss of AimB would stabilize
MreB filaments. Although aimB is annotated as nonessential
(41), we were unable to generate a clean aimB deletion. We
thus turned to conditional depletion of aimB using CRISPRi
(21), which resulted in a 73.7 = 2.0% (standard error of the



AimB Regulates MreB Assembly
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mean; n = 3) knockdown of aimB messenger RNA without
having an effect on cell growth (Fig. 2 E). In contrast to the
increased cell width upon AimB overexpression, depletion
resulted in narrower cells when compared to controls
(Fig. 2 F, initial time point). If loss of AimB stabilizes
MreB filaments, we would expect aimB-depleted cells to
have increased resistance to A22 treatment. Time-lapse im-
aging of control and aimB-depleted cells grown on A22-con-
taining agarose pads demonstrated that the rate of cell width
increase was faster in the control cells (Fig. 2 F). Consistent
with their opposing effects on MreB, aimB depletion doubled
the minimal inhibitory concentration (MIC) of A22
compared to the control (control MIC = 2 ug/mL; aimB
depletion MIC = 4 ug/mL). Thus, AimB modulates MreB
function in a manner consistent with that of a negative regu-
lator of MreB assembly.

AimB and MreB interact genetically

To identify the cellular targets of AimB, we performed a
screen to identify suppressors of toxicity associated with

AimB overexpression. Suppressors of overexpressed
AimB-FLAG were isolated and subsequently screened by
Western blot to filter out mutants with reduced AimB
expression. This screening eliminated suppressors that
decreased AimB production as well as nonsense and frame-
shift mutations in the aimB gene. For each isolated suppres-
sor, we sequenced aimB from the overexpression vector and
the chromosomal mreB gene. Three point mutations were
identified in the overexpressed aimB that resulted in the res-
idue changes V66M, L74Q, and A97P. Interestingly, 13
unique single point mutations were also found in mreB,
demonstrating a genetic interaction between AimB and
MreB.

To gain insight into the potential interaction between
MreB and AimB, we mapped the altered residues in MreB
and AimB suppressors onto structures of CcMreB and an
AimB homolog from Jannaschia sp. (Fig. S3, A-C). Two
mutations, MreBX?%°T and MreBT277A, were located at
what is predicted to be the MreB longitudinal polymeriza-
tion interface (34). These changes may suppress the effects
of AimB overexpression by stabilizing MreB filaments via
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increasing the interaction strength between MreB mono-
mers or disrupting MreB-AimB interaction. The remaining
11 mreB mutations map near the ATP binding pocket and
are reminiscent of mutations that suppress the effects of
A22 treatment (42).

Because similar mreB mutations can confer resistance to
A22 treatment and AimB overexpression, we tested previ-
ously characterized strains with A22-resistant point muta-
tions in mreB (42) for their ability to suppress AimB
overexpression. C. crescentus-producing chromosomally
encoded MreBTl67A, MreBLZSA, MreBDIQZG, or MreB Y3244
were resistant to AimB overexpression (Fig. 3 A). These
mutations are predicted to inhibit ATP hydrolysis, thereby
stabilizing MreB filaments. Conversely, bacteria expressing
AimB-resistant mreB mutants also exhibited increased resis-
tance to A22 (Fig. 3 B). Interestingly, the two MreB muta-
tions at the longitudinal polymerization interface (K236T
and T277A) had the highest sensitivity to 5 ug/mL A22 of
all the mutants. This variability in A22 sensitivity demon-
strates that mutations in the ATP binding pocket likely sup-
press the effects of AimB overexpression by a different
mechanism than the mutations involved in MreB subunit-
subunit interactions. Thus, although A22 treatment and
AimB overexpression both appear to destabilize MreB poly-
mers, they may act through distinct molecular mechanisms,
which would explain their additive effects on cell growth.

The activity of AimB is specific to CcMreB

AimB is highly conserved among alphaproteobacteria but
rarely found outside of this clade. Because the E. coli
genome lacks an aimB homolog, we tested whether AimB
alters cell shape and/or MreB localization in E. coli. Even
when AimB was expressed at similar or slightly higher
levels compared with those that have a strong impact in
C. crescentus (Fig. S4), there was no effect on E. coli cell
shape or on qualitative MreB localization (Fig. 4 A). This
selectivity of AimB for CcMreB is particularly interesting
given that the MreB orthologs in these organisms are 78%
similar and 64% identical.

Structural modeling suggests that AimB binds in
the cleft of MreB

To develop a molecular hypothesis for how AimB may spe-
cifically affect CcMreB, we used MD simulations (35) to
investigate whether the differential effects of AimB in
E. coli and C. crescentus are due to different conformations
of the two proteins. We performed all-atom MD simulations
(see Materials and Methods) on ATP-bound EcMreB and
CcMreB monomers; the EcMreB structure is a homology
model we constructed based on the CcMreB structure
(PDB: 4CZM, Materials and Methods) (34). We previously
observed for Thermotoga maritima MreB monomers that
the opening angle at the polymerization interface (Fig. 4
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B) was polymerization dependent, with a larger value for
monomers relative to the subunits of a dimer (35). Here,
we found that the opening angle of an EcMreB monomer
was significantly higher than that of CcMreB (Fig. 4, C-
E). Thus, we hypothesized that AimB’s selectivity could
be explained by binding within the gap formed at the
MreB-MreB longitudinal polymerization interface. Specif-
ically, binding of AimB when CcMreB monomers open
would prevent binding by another MreB monomer and
inhibit polymer assembly. Meanwhile, the larger opening
in EcMreB would destabilize the binding of AimB,
rendering it less active.

In support of our hypothesis, we were able to dock an AimB
homology model of the Jannaschia sp. protein Jann_2546
(PDB: 2KZC; 51% identical and 64% similar) to the equili-
brated open structure of our CcMreB MD simulations
(Fig. 4 F), and this docked heterodimer remained stable
throughout 100 ns of MD simulation (Fig. 4 G; Video S1).
By contrast, after docking C. crescentus AimB to an EcMreB
monomer with a similar opening angle to that of the equili-
brated CcMreB-ATP structure, the AimB gradually dissoci-
ated during the simulation (Fig. 4 G; Video S2), coincident
with further MreB opening. Quantification of the MreB-
AimB interfacial area over 100 ns of simulation showed that
AimB consistently had greater contact with CcMreB as
compared to EcMreB (Fig. 4 H). To justify our use of a homol-
ogy model to simulate AimB docking, we performed MD sim-
ulations using Jann_2546 and found that it also maintained a
stable interaction with CcMreB, although the interfacial area
was slightly lower than that of C. crescentus AimB (Fig. S5,
A and B). Overexpression of Jann_2546 in C. crescentus re-
sulted in an increase in cell width (Fig. S5 C), further support-
ing our use of this protein as the basis for ahomology model of
AimB. We note that overexpression of Jann_2546 had a rela-
tively small effect on cell width, likely because of the fact that
expression levels of Jann_2546 were only ~25% of AimB
when overexpressed from the same vector backbone despite
codon optimization (Fig. S5 D).

The species specificity of AimB function supports
the validity of the MD model

Our MD simulations suggested that AimB can form a stable
interaction within the opening cleft at the longitudinal poly-
merization interface of CcMreB, although AimB has a
decreased affinity for EcMreB. Therefore, we hypothesized
that the decreased affinity of AimB for EcMreB could be
overcome by increasing its expression. Consistent with
this prediction, when we expressed aimB from a high-
copy E. coli expression vector, we observed an increase in
E. coli cell width (Fig. 4, I and J), similar to the effects of
sublethal A22 treatment (43). Importantly, the residues of
CcMreB that likely interact with AimB (within 5 A) are
highly conserved in EcMreB (79% identical and 96%
similar; Fig. S6). Thus, the relative affinities for CcMreB
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FIGURE 3 MreB mutations confer increased resistance to AimB overex-
pression and A22. (A) A22 resistance mutations complemented the growth
defect due to AimB overexpression. Shown are growth curves for wild-type
and A22-resistant strains containing an AimB overexpression plasmid
grown with 0.03% xylose (AimB overexpression) or 0.3% glucose (no
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and EcMreB appear to be due to their opening angles rather
than differences in binding site amino acids.

AimB and MreB interact directly through the
regions predicted by the MD model

The isolation of AimB-resistant strains with MreB muta-
tions suggested that MreB and AimB interact directly, and
our MD docking simulations further predicted specific
regions of the two proteins that may interact. To test these
predictions, we used a photo-cross-linking assay. Specif-
ically, we created an expression plasmid with CcMreB
driven by the lac promoter and AimB driven by an arabi-
nose-inducible promoter. Based on the CcMreB crystal
structure, we selected 26 surface-accessible residues
(Fig. 5 A) to probe for AimB interactions. Each of the 26 res-
idues was individually mutated to the amber stop codon
TAG to enable the incorporation of the unnatural amino
acid pBPA. Each amber mutant plasmid was transformed
into an E. coli AmreB strain carrying the plasmid pEVOL-
pBpF, which encodes the transfer RNA synthase/transfer
RNA pair for pBPA incorporation (37). We chose to use a
AmreB strain so that the only potential MreB-AimB interac-
tion would be that of the C. crescentus proteins. After cross-
linking, an interaction was only observed when pBPA was
incorporated at residue 185 of MreB (Fig. 5 B). Probing
this interaction with an anti-FLAG antibody to detect
AimB-FLAG confirmed the interaction (Fig. 5 C). The
size of the shifted band indicated a 1:1 interaction stoichi-
ometry between MreB and AimB. Strikingly, this position
is at the base of the cleft where AimB and MreB are pre-
dicted to interact based on MD simulations; analysis of
our simulations showed that the intermolecular distance be-
tween MreBR'® and AimB®®* remained small in CcMreB,
whereas the distance was larger and more variable in EcM-
reB (Fig. 5 D). These cross-linking data provide evidence
supporting our hypothesis that AimB directly interacts
with MreB in vivo in a manner consistent with our MD
simulations.

DISCUSSION

As the number of sequenced bacterial genomes rapidly in-
creases, a striking feature of virtually all genomes is the
lack of comprehensive annotation, leading to an over-
whelming number of “hypothetical genes” whose cellular
functions are completely unknown. For even the best studied
model organism, E. coli K-12, the fraction of hypothetical

AimB overexpression). (B) AimB overexpression-resistant strains exhibited
higher resistance to A22 than wild-type. Overnight cultures were diluted
and grown in media containing 1, 2.5, and 5 ug/mL A22 for 8 h, at which
time ODgg readings were taken and standardized to the wild-type culture
grown in that concentration of A22. Error bars are standard error of the
mean (n = 3). To see this figure in color, go online.
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FIGURE 4 AimB has low affinity for EcMreB, potentially because of differences in the binding pocket. (A) E. coli expressing MreB-GFP*" were trans-
formed with low-copy plasmids for AimB-FLAG expression and induced with 1 mM IPTG or 100 ng/mL aTc for 6 h. Cells were back diluted 1:500 at 3 h to
maintain log-phase growth. Cells were imaged by phase and fluorescence microscopy (overlay on left), and cell widths were analyzed (right). Minimal effects
on cell width or shape were observed (n = 139 control, 106 Plac, 150 Ptet; error bars are SD; p-values are two-tailed #-test). Scale bars, 5 um. (B) Definitions
of opening angle for an MreB monomer are shown. The centers of mass of the four subdomains are shown as colored spheres. (C) Snapshot of an ATP-bound
CcMreB (PDB: 4CZM) at the end of a 100-ns simulation is shown. (D) Shown is a snapshot of an ATP-bound EcMreB at the end of a 100-ns simulation,
demonstrating a larger opening angle than CcMreB in (C). The initial EcMreB structure was a homology model of EcMreB built from the CcMreB crystal
structure. (E) EcMreB exhibited larger opening angles than CcMreB in the last 30 ns of MD simulations. () Shown is the docking of a homology model of
the Jannaschia sp. protein Jann_2546 (PDB: 2KZC), a homolog of AimB, to the equilibrated open structure from a CcMreB MD simulation. (G and H) The
interfacial area between MreB and AimB showed that the docked heterodimer of CcMreB and AimB in (F) remained stable throughout 100 ns of MD simu-
lation (Video S1), whereas the interfacial area of AimB docking to EcMreB decreased over time (G, Video S2). The distribution of interfacial areas over the
course of the MD simulation demonstrates that AimB interacts more stably with CcMreB (H). (I and J) Substantial overexpression of AimB in E. coli disrupts
cell width and MreB localization. EcMreB-GFP*" strains harboring low- or high-copy vectors for AimB-FLAG expression were induced as in (4). In (J), cell
lysates (normalized to ODgg) were analyzed by immunoblotting. In (J), cellular dimensions were quantified by phase and fluorescence microscopy (n = 30
control, 39 low-copy, 31 high-copy; error bars are SD; p-values are two-tailed r-test). Scale bars, 5 um. To see this figure in color, go online.
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genes is >25% (UniProt “uncharacterized” or “putative”
genes), roughly similar to other model organisms such as
Pseudomonas aeruginosa PAO1 (39%), Vibrio cholera O1
El Tor (42%), B. subtilis 168 (43%), and C. crescentus
(20%) (44). Moreover, these fractions are likely an underes-
timate because automated genome annotation pipelines
have difficulty distinguishing bona fide small proteins
from random unexpressed ORFs. Advanced transcriptomics
and proteomics techniques, such as ribosome profiling (40),
have improved our ability to robustly confirm the expression
of small proteins (<50 residues), some of which are critical
regulators of protein kinases, membrane bound enzymes,
transport, cell division, or spore formation (reviewed in
(45)). Using the C. crescentus genome as an example, of
the 762 genes annotated as hypothetical proteins, there are
34 OREFs shorter than 50 codons and 172 ORFs with 50—
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FIGURE 5 AimB and MreB interact directly.
(A) The location of the 26 residues of MreB that
were mutated to the amber codon for in vitro
cross-linking assays are highlighted in blue on
the CcMreB crystal structure. Arginine 185 is high-
lighted in red. (B) In vitro cross-linking experi-
ments were performed by incorporating the UV
cross-linkable non-natural amino acid pBPA at
various positions in MreB (Materials and
Methods). Cross-linked samples were analyzed
by immunoblotting for MreB. A cross-linked
band was observed for position R185 (blue rect-
angle). (C) UV cross-linking of R185 was per-
formed as in (A) using a FLAG-tagged AimB
construct. Immunoblotting for MreB or the
FLAG-tagged AimB showed similar cross-linked
bands. (D) R185 is at the base of the cleft where
AimB and MreB are predicted to interact. The
intermolecular distance between MreBR'®> and
AimBGM, the nearest AimB residue, was quanti-
fied over the course of our CcMreB-AimB and
EcMreB-AimB MD simulations. AimB interacts
with CcMreB more stably compared with EcMreB,
as shown by a smaller distance between the two
residues. To see this figure in color, go online.

— CcMreB
— EcMreB

20 25 30

Residue distance (A)

100 residues. Here, we establish overexpression phenotypic
screening as a rapid and robust platform to functionally
characterize hypothetical proteins involved in the regulation
of the bacterial cytoskeletal element MreB.

The turnover of eukaryotic actin filaments is accom-
plished by a variety of regulatory proteins that either
sequester actin monomers or sever intact filaments
(46,47). Although structural studies of actin-regulator inter-
actions have yielded mechanistic insights into the modula-
tion of actin polymerization, our understanding of MreB
polymerization dynamics in general and polymer turnover
in particular is quite limited. In C. crescentus, the protein
MbiA binds directly to MreB, and its overexpression leads
to a loss of proper cell shape and an increase in cell death
(19). The E. coli toxins YeeV and CptA inhibit MreB poly-
merization in vitro (17,18); however, their roles in normal
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physiology are unclear. Importantly, the mechanism of ac-
tion for all three proposed MreB inhibitors is unknown.
Here, we identified AimB as a novel inhibitor of CcMreB
and propose the first mechanistic model for MreB assembly
inhibition. Specifically, in vivo cross-linking experiments
(Fig. 5, A-D) coupled with MD simulations (Fig. 4, B—H)
suggest a novel mechanism for the interaction between
AimB and MreB in the cleft of open MreB subunits that
blocks MreB dimerization.

Overexpression of AimB results in an increase in cell
width (Fig. 1 A) and mislocalization of MreB (Fig. 1 B) in
a manner similar to the MreB inhibitor A22. A screen for
AimB overexpression suppressor mutants found mutations
in MreB (Fig. 3 B), demonstrating a genetic interaction be-
tween MreB and AimB. To probe for a direct interaction be-
tween these proteins, we used a photo-cross-linking
approach to discover that MreB residue 185 interacts with
AimB (Fig. 5, B and C). These data support the model
generated by our MD simulations that AimB binds to the
longitudinal polymerization interface of MreB. In this
model, AimB functions as a pointed-end competitive inhib-
itor of MreB-MreB dimerization. To the best of our knowl-
edge, this model represents a novel mechanism for
destabilizing actin-like filaments; thymosin-g4 sequesters
G-actin monomers by stretching across the actin molecule
and interacting with both the pointed and barbed ends
(48), whereas twinfilin inhibits actin polymerization by
binding G-actin barbed ends with high affinity (49).

In addition to explaining how AimB inhibits MreB assem-
bly, our model can also explain the specificity of AimB for
CcMreB as well as the additive effects of AimB overexpres-
sion and A22 treatment. Our simulations and cross-linking
are consistent with AimB binding to the cleft that forms in
MreB subunits at the longitudinal (intrapolymeric) polymer
interface when the opening angle is large. Binding of AimB
at this site would sterically prevent additional MreB mono-
mers from adding to the polymer, thereby inhibiting MreB
filament assembly. Furthermore, this binding site is conforma-
tionally distinct in C. crescentus and E. coli (Fig. 4, B-E),
thereby explaining the species specificity. Finally, the struc-
ture of CcMreB filaments solved in the presence of A22 indi-
cates that A22 disrupts the lateral (interpolymeric) MreB
filament interface (34), which would explain how AimB and
A22 use distinct mechanisms to inhibit MreB filament forma-
tion and therefore additively inhibit the growth rate.

MreB coordinates peptidoglycan insertion to regulate
cellular elongation in a variety of species, including
Gram-negative E. coli (7) and Gram-positive B. subtilis
(5,6). Although mreB is found across a wide range of bacte-
rial lineages, the aimB gene is restricted to alphaproteobac-
teria. Based on our overexpression studies and MD
simulations, we suggest that AimB binds the longitudinal
polymerization interface of CcMreB with a higher affinity
than EcMreB. This species specificity is demonstrated by
the ability of AimB to disrupt the localization of EcMreB
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only when highly overexpressed (Fig. 4 J). Indeed, recently
published MD simulations with CcMreB, EcMreB, and
Thermotoga maritima MreB exhibited qualitatively similar
yet quantitatively distinct conformational dynamics, high-
lighting potential species-specific regulation of MreB (50).
Species-specific regulation of a bacterial cytoskeletal pro-
tein is not unexpected given that the highly conserved
tubulin ortholog FtsZ is regulated by a variety of divergent
mechanisms. For example, placement of FtsZ and the divi-
some at midcell can be mediated by multiple distinct mech-
anisms. In E. coli and most Gram-negative bacteria,
oscillations of the MinC/D complex are facilitated by
MinE (51,52), whereas in B. subtilis and most Gram-posi-
tive bacteria, MinC/D restricts FtsZ to the midline via inter-
actions with DivIVA (53). Similarly, nucleoid occlusion in
E. coli and B. subtilis is directed by two different proteins,
Noc and SImA, respectively (54,55). Interestingly,
C. crescentus does not use either the MinC/D or nucleoid
occlusion mechanisms for FtsZ localization; instead, a
gradient of MipZ antagonizes FtsZ polymerization closer
to the poles, leading to midcell Z-ring formation (56).
Thus, although the core MreB and FtsZ cytoskeletal proteins
are widely conserved in bacteria, emerging evidence sug-
gests that the regulation of these core cytoskeletons is
largely performed by species-specific factors.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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