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Bacterial growth and cell division are coordinated with hydrolysis of
the peptidoglycan (PG) layer of the cell wall, but the mechanisms of
regulation of extracellular PG hydrolases are not well understood.
Here we report the biochemical, structural, and genetic analysis of
the Mycobacterium tuberculosis homolog of the transmembrane
PG-hydrolase regulator, FtsX. The purified FtsX extracellular domain
binds the PG peptidase Rv2190c/RipC N-terminal segment, causing
a conformational change that activates the enzyme. Deletion of
ftsEX and ripC caused similar phenotypes in Mycobacterium smeg-
matis, as expected for genes in a single pathway. The crystal struc-
ture of the FtsX extracellular domain reveals an unprecedented fold
containing two lobes connected by a flexible hinge. Mutations in the
hydrophobic cleft between the lobes reduce RipC binding in vitro
and inhibit FtsX function in M. smegmatis. These studies suggest
how FtsX recognizes RipC and support a model in which a conforma-
tional change in FtsX links the cell division apparatus with PG
hydrolysis.

bacterial cell wall | extracellular signaling | divisome |
long-range conformational change

hen bacterial cells divide, two huge molecules are parti-

tioned faithfully between daughter cells. Inside the cell,
the bacterial chromosome is replicated, and ATP-driven machines
disentangle the products and segregate the genetic material (1).
Outside the cell, the peptidoglycan (PG)—the main component of
the bacterial cell wall—is synthesized in a spatially defined pattern
that forms a continuous sacculus that is hydrolyzed at precisely the
right time and place to allow the daughter cells to separate (2-4).
If the critical PG hydrolases are not activated, the cells form
long chains that are covalently connected (5). Conversely, if PG
hydrolases are activated in a manner that is not coordinated
with cell division, the cells are prone to lysis (6). Many of these
enzymes form multiprotein complexes in which the hydrolytic
activity is controlled by divisome proteins and coordinated with
PG synthases (7, 8). PG hydrolase genes show high redundancy,
making it difficult to assign distinct roles to these proteins. PG
is not only cleaved at cell division, but also is continuously re-
modeled to allow adaption to environmental conditions (4, 9). The
PG hydrolases essential to orchestrate this structural dynamism
must be tightly regulated to avoid toxicity (3).

A central problem is to understand how the events of cell
division inside the cell send signals that trigger PG hydrolysis
outside the cell. Polymerization of FtsZ in the Z ring at the site
of cell division is a critical early event. The Z ring recruits and
coordinates multiprotein complexes that mediate septation (10).
An emerging model is that FtsE and FtsX form one such com-
plex that senses the progress of cell division and regulates ex-
tracellular PG hydrolases (11, 12). As expected for an integrated
system, FtsE fails to localize to the divisome in the absence of FtsX
(13). FtsEX shows homology to ABC transporters (14, 15). FtsE, a
predicted ATP binding cassette, requires wild-type Walker motifs
for function, implicating ATP turnover in signaling (11). FtsE links
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the Z ring to the transmembrane protein, FtsX. Unlike FtsE, no
structural precedent is available for FtsX.

In Escherichia coli, FtsX indirectly controls AmiA and AmiB
PG amidase activity through an intervening scaffold protein,
EnvC (11). A large extracellular domain (ECD) formed by the
loop connecting the first two transmembrane helices in FtsX
interacts with EnvC at the N terminus. Deletion of the EnvC N
terminus in E. coli disrupts the interaction with FtsX and pro-
duces filamented cells under low-osmolarity conditions. Simi-
larly, depletion of FtsEX generates cell-shape defects, whereas
depletion of EnvC yields chains of nonseparated cells (11).

FtsX plays a conserved regulatory role in Streptococcus pneu-
moniae (12). In this species, FtsX interacts with PcsB, a putative
CHAP (Cys, His, Asp peptidase) protein predicted to hydrolyze
PG cross-links. In PcsB, like EnvC, a predicted N-terminal
coiled-coil domain is required for FtsX binding. Temperature-
sensitive mutations in the predicted PcsB coiled coil are sup-
pressed by substitutions in both extracellular loops (16), sug-
gesting that both of these structural elements contribute to PcsB
recognition. Even in S. pneumoniae, the depletion of one or
more of these three gene products generates division defects.
Although E. coli and S. pneumoniae have completely different cell
shapes, requiring different patterns of PG biosynthesis, the func-
tion of FtsX as a regulator of a predicted PG hydrolase is con-
served. Similarly, in Bacillus subtilis, FtsEX is essential to activate
CwlO (17), an apparent ortholog of S. pneumoniae PcsB. Because
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FtsX homologs are widely distributed in bacteria, this mechanism
of regulation may be of fundamental importance for PG degra-
dation control in prokaryotes.

To provide a framework for understanding the function of FtsX
in the bacterial divisome and the mechanism of PG hydrolase
regulation, we defined the enzyme partner and determined the
structure of the large ECD of Mycobacterium tuberculosis (Mtb)
FtsX. In vitro, the purified FtsX ECD bound the RipC (Rv2190c)
protein, a PG peptidase in the NIpC/P60 family. The RipC N-
terminal domain was required for this interaction. FtsX binding
caused a large conformational change in RipC and activated PG
hydrolysis by the enzyme. The crystal structure of FtsX ECD re-
vealed a previously unknown fold containing two domains joined
by a flexible hinge. The cleft between the domains contains ex-
posed hydrophobic surfaces. Mutations of several exposed Phe
residues in the cleft abolished RipC binding. These mutations in
the chromosomal copy of Mycobacterium smegmatis FtsX pro-
duced phenotypes resembling an ftsX deletion, suggesting that the
RipC binding site is functional. By characterizing how the FtsX
system couples intracellular transformations to an extracellular
enzyme, these studies provide insights into the fundamental
mechanism of bacterial regulation of PG hydrolysis during sep-
tation and cell division.

Results

A PG Hydrolase Interacts with the ECD of FtsX and Undergoes
a Conformational Change. Noting that Mtb encodes a single FtsX
homolog (18), we used BLAST (19) to search for EnvC and
NIpC/P60 proteins that are candidate partners. Although the
proteome contains no EnvC orthologs, five NlpC/P60 peptidases
were detected. Two of these, RipA (Rv1477) and Rv2190c,
contain a predicted N-terminal coiled coil followed by a pepti-
dase domain (SI Appendix, Fig. S1). Based on the interaction of
homologous proteins with S. pneumoniae FtsX, we expressed and
purified these Mtb proteins (Fig. 14) and tested them for binding
to the FtsX ECD in vitro. The FtsX ECD, containing the sequence
between the first and second predicted transmembrane helices
(residues 46-154), was refolded from inclusion bodies under
mildly oxidizing conditions to favor disulfide bond formation (20,
21). Full-length RipA (residues 42-472) and Rv2190c (residues

38-385) were produced without signal sequences. We refer to the
RipA homolog, Rv2190c, as RipC.

Using a gel-shift assay to test for interaction among these
proteins, we found that only RipC interacts with the FtsX ECD
(Fig. 1B). By using isothermal titration calorimetry, the ap-
parent dissociation constant of the RipC-FtsX ECD complex
was 1.20 +/— 0.68 pM with a 1:1 stoichiometry (SI Appendix,
Fig. S2). To investigate the stoichiometry of the RipC-FtsX
ECD complex, we used size exclusion chromatography. RipC
eluted as a dimer or a monomer with an extended shape (S/
Appendix, Fig. S3). The RipC-FtsX complex showed 2:2 stoi-
chiometry based on elution volumes of standard globular pro-
teins. The excess FtsX ECD eluted as a monomer (S Appendix,
Fig. S3). To clarify the stoichiometry of these species, we used
analytical ultracentrifugation. Sedimentation velocity experi-
ments revealed that RipC was a 3:1 mixture of elongated monomer
and dimer, and the FtsX ECD bound to both of these species
without changing the RipC equilibrium (Fig. 1C and SI Appendix,
Fig. S4).

To test the hypothesis that only the N-terminal domain of the
PG hydrolase is involved in the interaction with FtsX, we expressed
and purified RipC truncations containing the N-terminal domain
(RipC-NT; residues 38-217) and the catalytic domain (RipC cat;
residues 218-385). By gel filtration, RipC-NT was sufficient to bind
the FtsX ECD (SI Appendix, Fig. S5). Amino acid sequence
analysis of RipC revealed that the N-terminal domain encodes
two predicted disordered regions, an Ala-rich region (residues
155-217) followed by a Pro-rich region (residues 217-270). De-
letion of the Ala-rich region or the entire N-terminal domain to
form RipC cat abrogated FtsX binding (SI Appendix, Figs. S6 and
S7), whereas deletion of the Pro-rich region did not affect the in-
teraction (S Appendix, Fig. S8).

To test the hypothesis that FtsX controls a cascade of con-
formational changes in the periplasm that activate RipC, we
analyzed the degradation patterns of the proteins alone and in
combination using limited proteolysis (Fig. 24). FtsX was stable
alone and in combination with RipC. In contrast, the degrada-
tion pattern of RipC was dramatically altered by FtsX binding.
Trypsin treatment of RipC alone converted the 35-kDa starting
material to a major stable 25-kDa species and a minor unstable

Fig. 1. FtsX ECD binds RipC. (A) Schematic repre-
sentation of FtsX and RipC. FtsX contains four pre-
dicted transmembrane (TM) helices, with TMs 1 and 2
flanking the larger ECD and TMs 3 and 4 flanking the
smaller extracellular loop. In RipC, the predicted sig-
nal peptide (SP) is followed by an N-terminal domain,
a Pro-rich linker, and the NIpC/P60 peptidase domain.
(B) Native gel electrophoresis for FtsX ECD (43-171),
RipA (42-472), and RipC (38-385) shows interaction
between FtsX ECD and RipC, but not RipA. (C) Dis-

FtsX B
s
2142 171 192 219 240 267 288 297 FisX
= RipA +
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= 59.3 kD
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o
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] tributions of species calculated from the sedimenta-
tion velocity profiles of RipC (1 mg/mL; blue) and the
purified RipC-FtsX ECD complex (1 mg/mL; purple).
The FtsX ECD (12.2 kDa) forms 1:1 and 2:2 complexes
with RipC (35.7 kDa).
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10-kDa species. In the RipC-FtsX ECD complex, however, two
RipC fragments of ~18 kDa were produced (Fig. 24).

To define the protected fragments of RipC, major gel bands
produced after 4 h were eluted, further digested, and analyzed by
mass spectrometry. The 25-kDa fragment produced in isolation
contained peptides corresponding to the entire catalytic domain
and the central part of the protein, including the Pro-rich region
(218-385). Unexpectedly, the 18-kDa species produced in the
complex with FtsX corresponded to overlapping fragments en-
compassing the predicted N-terminal coiled coil (38-217). No
peptides from the catalytic domain were recovered from the 18-
kDa fragments. In summary, binding of the FtsX ECD protected
the RipC N-terminal domain and increased the protease sensi-
tivity of the RipC catalytic domain. These results indicate that
RipC undergoes a large conformational rearrangement upon
FtsX binding.

FtsX ECD Activates RipC PG Hydrolysis. To test whether the con-
formational change promoted by FtsX binding stimulates the
activity of RipC, we compared the RipC hydrolysis of a PG
substrate in the presence and absence of the FtsX ECD (Fig.
2B). At pH 6, 7, and 8§, the FtsX ECD stimulated RipC in vitro.
RipC was apparently most active at pH 7, and it was maximally
activated by the FtsX ECD at pH 6-7. The RipC-FtsX complex
was more active than the isolated RipC catalytic domain. These
results indicate that FtsX binding not only changes the conformation

lonic strength sensitivity 12
_ 035 £
g 0.3 b ..
£ 8] L ] a

S 025 o ) £ -
2 7HY = a
& 02 Wo0%NaCl 8
@ 0.15 =
c 4
[}
o 0.1 Q
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Fig. 2. FtsX ECD binding alters RipC conformation
and stimulates PG hydrolysis in vitro. (A) Limited
proteolysis for FtsX ECD (Top), RipC alone (Middle),
and RipC—FtsX ECD complex (Bottom). Samples were
digested with 1:1,000 trypsin. RipC shows a differ-
ent limited proteolysis profile whether alone or in
combination with the FtsX ECD. The FtsX ECD is
stable over the time course of these experiments.
(B) PG hydrolysis activity was measured by using
Remazol Brilliant Blue (RBB)-labeled B. subtilis PG.
Enzyme (2 pM) was mixed with 0.1 mg of RBB PG for
two hours at pH 6, 7, and 8. Absorbance of released
RBB-PG was measured at 595 nm. The error bars
represent the SD of three replicates. The RipC—FtsX
ECD complex shows the highest activity at pH 7. The
RipC catalytic domain and linker (RipC-cat; residues
218-385) showed intermediate activity at all three
pH levels, suggesting that the N-terminal domain is
crucial for autoinhibition.

of RipC, but complex formation also converts RipC to a more
active conformation.

FtsX and RipC Mutations Produce Similar Phenotypes. To assess
whether FtsX and RipC interact in vivo, we probed the effects of
deletions of the homologous genes in M. smegmatis. The ftsEX
and ripC deletion mutants grew at the same rate as wild-type
M. smegmatis in TH9 (rich) medium (Fig. 34 and SI Appendix,
Fig. S94). In low ionic strength conditions, however, ftsEX and
ripC knockout cells grew more slowly and were significantly shorter
than wild-type cells (Fig. 3 A and B and SI Appendix, Fig. SOB).
Interestingly, ftsEX and ripC deletion mutants were also hyper-
sensitive to the RNA polymerase inhibitor, Rifampicin (Rif), in a
concentration-dependent manner (Fig. 3C and Table 1). At one-
fourth the minimum inhibitory concentration (MIC) of Rif for the
wild-type strain, for example, the ripC deletion decreased the
growth rate nearly threefold and the fisX deletion blocked growth.
Expressing the missing gene(s) in trans complemented these de-
fects (Fig. 3C). The ftsEX and ripC deletions, respectively, reduced
the MIC for Rif by eightfold and fourfold (Table 1). These results
suggest that ftsEX and ripC function in a common pathway that is
essential to maintain normal cell dimensions and mediate growth
in specific stressful conditions.

FtsX ECD Structure Reveals a Distinctive Flexible Fold with a
Hydrophobic Binding Site. To interrogate how the FtsX ECD reco-
gnizes RipC and acts as an allosteric activator, we determined
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Fig. 3. Similar phenotypes of ftsEX and ripC deletions in M. smegmatis. (A) Growth rate of wild-type (WT), AftsEX, AripC, and the complemented strains in
7H9 and low-ionic-strength media. (B) Cell-length distribution of each strain in log phase in low-ionic-strength medium. AftsEX and AripC resulted in shorter
cells, ****P < 0.0001. (C) Growth rate of each strain as a function of Rif concentration. Values are the average of three biological replicates. A growth rate of
zero was assigned when no growth was observed in 4 d. AftsEX and AripC were hypersensitive to Rif. Error bars represent the SD from the mean of three
biological replicates.
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Table 1. MIC of Rif for indicated M. smegmatis strains
Strain
AFtsEX: AFtsEX: AFtsEX: AFtsEX: AFtsEX: ARipC:
WT  AFtsEX pFtsEX PFtsEXrg1a  PFtSEXpi10a  PFtsEXy113a PFtSEXpi22a  ARipC pRipC
MIC, pg/mL 8 1 8 4 2 2 1 2 8

the crystal structure of this FtsX domain (residues 46-157; Fig. 4
and SI Appendix, Table S1). The structure was refined in two
crystal forms at 1.9- and 2.3-A resolution with a total of six mol-
ecules in the two asymmetric units. Initial phases were
obtained by using the single-wavelength anomalous dispersion
signal of a Br~ derivative (22) of the cubic crystal form (S
Appendix, Figs. S10 and S11). N-terminal sequences up to
residues 50 or 56, as well as the last three residues (155-157),
were disordered.

The FtsX ECD adopts a “Pac-Man-like” conformation with
two distinct lobes that we refer to here as the upper and lower
lobes. The structure contains six helices and four antiparallel
pB-strands with pl-ol-02—p2—a3—-ad—aS5—p3—a6-p4 topology (Fig.
44). A disulfide bond connects Cys-73 in the al-a2 loop and
Cys-78 in o2. The structure starts with the pl-al-a2-p2 unit in
the upper lobe, switches to the three helices comprising the
lower lobe, and returns to the p3—a6—f4 unit in the upper lobe.
The interconnection of the chain between the lobes might
facilitate dynamic coupling throughout the ECD. Another
characteristic of FtsX ECD is that the first and last B-strands,
f1 and P4, are paired in an antiparallel orientation at the
beginning and end of the domain. These strands connect to
the first two predicted transmembrane helices, respectively,

W hydrophilic

Conserved Conserved
i hydrophobic Variable Variable

Fig. 4. Crystal structure of the FtsX ECD. (A) Ribbon diagram color-coded
from the N terminus (blue) to the C terminus (red). (B) Backbone superpo-
sition using the upper lobe (bracket; amino acids 54-90 and 125-154) for all
six independent FtsX ECD chains in the two crystal forms. The lower lobe
shows more open or closed conformations. (C) Comparison of the most open
(blue) and the most closed (yellow) chains of the FtsX ECD. The hinge angle
in the two conformations differs by 26°. (D) FtsX ECD surface colored
according to the Kyte and Doolittle hydrophobicity scale (29). (E) The hy-
drophobic cleft is conserved in mycobacterial FtsX ECD sequences. Conser-
vation is plotted from blue (conserved) to red (variable) on the protein
surface. Sequences were identified by using BLAST and added to the align-
ment by using Chimera Multalign Viewer. Conservation was mapped onto
the FtsX ECD by using Chimera (Version 1.5.3; ref. 30). (F) Core residues in the
upper lobe, as well as V56 and K129, are conserved in 26 diverse bacterial
FtsX ECD sequences. Conservation is plotted as in E. Residues with 85%
identity are shown in stick representation.
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implying that these predicted helices do not continue into
the ECD.

The six independent molecules in the two crystal forms
provide evidence for a flexible hinge between the lobes. The
angle between H136 in upper lobe, F61 in the hinge, and A117
in the lower lobe varies up to 26° in different molecules (Fig. 4
B and C). The position of helix ol tracks the lower lobe in
hinge opening and closing, providing a noncovalent link be-
tween the lobes (SI Appendix, Fig. S12). In addition, helix al
contains one turn in the most open conformation and two
turns in the most closed conformation. Hinge closing reduces
the distance between the lobes by up to 4.02 A. The observed
structural variations suggest that the FtsX ECD adopts multiple
conformations.

The two lobes form a large hydrophobic cleft containing four
exposed phenylalanines (F61, 110, 113, and 122) (Fig. 4D). F
residues are generally buried within proteins or protein inter-
faces (23, 24), making this area a strong candidate for the surface
of interaction between FtsX and RipC. The other exposed hy-
drophobic surfaces are smaller and spread out in the structure.
The cleft also is highly conserved in mycobacterial FtsX se-
quences (Fig. 4E), highlighting the functional importance of this
region. In FtsX sequences from diverse bacteria in which the
regulator controls different classes of PG hydrolases, however,
only the residues in the core of the upper lobe are conserved
(Fig. 4F and SI Appendix, Table S2).

The FtsX Cleft Binds RipC. To determine the surface of RipC
binding, we substituted individual amino acids in the cleft (Fig.
5A) with alanine, targeting exposed hydrophobic residues con-
served among mycobacterial FtsX orthologs. The substitutions
maintained the protease resistance of the purified FtsX ECD,
suggesting that the mutant protein were properly folded (S
Appendix, Fig. S13). FtsX-ECD mutants F61A, F110A, F113A,
and, particularly, F122A reduced RipC affinity. In contrast, the
L153A mutation at the end of f4 had no effect on RipC binding
(Fig. 5B).

Interestingly, some of the mutations also altered FtsX oligo-
merization (Fig. 5C). F61A, for example, converted the wild-type
monomer to a dimer, as judged by size-exclusion chromatography.
F122A generated a stoichiometric mixture of monomer and dimer,
whereas F110A and F113A were monomeric. F110 and F113
mediated interactions between molecules in both crystal forms.

RipC Binding Site of FtsX Is Functional in Vivo. To determine the
function of the RipC binding site in FtsX in vivo, we attempted
to complement the ftsEX deletion with wild-type ftsE and the fisX
point mutants characterized in vitro. Unlike the cells comple-
mented by using wild-type ftsX, the cells complemented by using
the FtsX F61A, F110A, Y113A (F113 in M), and F122A
mutants were hypersensitive to Rif (Fig. 5D and Table 1). The
F122A mutation was particularly severe, resembling the fisEX
deletion (blocking growth at 1 pg/mL Rif). The F110A and
Y113A substitutions blocked growth at 2 pg/mL Rif, a concen-
tration that hardly affected the growth rate of the wild-type
strain. These results imply that residues in the FtsX hydrophobic
cleft that are important for RipC binding in vitro are also crucial
for function in vivo.
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Fig. 5. FtsX ECD hydrophobic cleft binds RipC. (A) FtsX ECD highlighting
amino acid substitutions F61A, F110A, F113A, F122A, and L153A in the hy-
drophobic cleft. (B) Native gel-shift assay for RipC and FtsX ECD wild-type
(lane 8) and mutants (lane 9-13). The first seven lanes show the individual
proteins. The F61A, F110A, and F122A mutations abrogated the interaction
between the FtsX ECD and RipC, whereas F113A produced an incomplete
shift corresponding to weaker binding. (C) Gel-filtration elution for the FtsX
ECD phenylalanine mutants. F61A elutes as a dimer, and F122A coexists as
monomer and dimer. F110A and F113A instead run at the elution volume of
the wild-type FtsX ECD monomer. (D) Growth rate of AftsEX mutant com-
plemented with wild-type ftsE and the indicated ftsX allele as a function of
Rif concentration. Values are the average of three biological replicates. Error
bars represent the SD from the mean. Growth rate of zero was assigned
when no growth was observed in 4 d. Individual substitutions of F residues in
the cleft reduce FtsX function.

Discussion

Although PG has been long viewed as a relatively inert barrier to
osmotic lysis, recent data from many systems suggest that it forms
a dynamic structure that not only undergoes constant growth,
remodeling, and partitioning, but also sends signals to bacterial and
host cells (25). In many Gram-positive bacteria, the ortholog of the
mycobacterial Ser/Thr protein kinase PknB regulates cell division
and cell-wall synthesis in response to the state of the PG (26).
The PknB extracellular sensor domain binds a PG fragment and
activates the intracellular kinase domain (27). Whereas the sensor
kinase signals from the outside to the inside of the cell, FtsX in-
stead signals from the inside to the outside (14). Both of these
transmembrane signals coordinate the remodeling of PG with cell
growth and division.

In diverse species including E. coli, S. pneumoniae, and B.
subtilis, FtsX and FtsE link the status of the cell-division appa-
ratus with PG hydrolysis (11, 12, 17). In M. smegmatis, ftsEX and
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ripC deletions are tolerated in 7H9 medium, and the mutant cells
grow apparently normally. Defects in growth and cell shape,
however, are amplified under stressful conditions. In low-ionic-
strength medium, the mutant cells are shorter, indicating a
change in the coordination of PG elongation or cell growth with
division. In sublethal concentrations of Rif, growth is severely
inhibited. Rif hypersensitivity may indicate the need for effi-
cient transcription of a functionally redundant system. Alter-
natively, the drug may accumulate to high levels due to changes
in the cell wall that may also confer osmotic sensitivity. These
phenotypes, like the effects of ftsX mutations in other bacteria,
do not resolve whether the ftsEX system mediates a crucial cell-
elongation process or exclusively sends a cell-division signal
that acts to partition PG between daughter cells. The similarity
of the phenotypes of fisEX and ripC deletions suggests that
these genes interact functionally in a common pathway.

The role of RipC in Mtb cell growth and infection was recently
investigated (28). RipC is not essential for growth, but the lack of
this gene caused defects in cell morphology and cell-wall integrity.
Complementation of the 7ipC deletion with the catalytic domain
alone did not restore normal cell-wall morphology. Therefore, the
N-terminal domain of RipC is important for proper function, con-
sistent with the binding of this segment to the FtsX ECD in vitro.

Our biochemical and structural studies provide insights into the
mechanism of FtsX signaling that support a working model for
this process (Fig. 6). In mycobacteria, FtsX activates RipC. In the
model, these proteins adopt autoinhibited conformations in
the absence of a signal. The signal from FtsE and FtsZ stabilizes
the active conformation of FtsX ECD, which binds the active
form of RipC. Biochemical reconstitution and limited proteolysis
of the complex revealed a conformational change in RipC that
stimulates catalytic activity. This activation occurs over a long
distance, with the FtsX ECD binding the RipC N-terminal do-
main and activating the C-terminal catalytic domain. Because we
observed these activities with purified proteins in vitro, we con-
clude that FtsX and RipC interact directly, and the affinity for
FtsX can regulate the hydrolytic activity of RipC.

Although the analysis presented here focuses on the FtsX
ECD, substitutions that suppress temperature-sensitive PcsB
mutants in S. pneumoniae were isolated in the ECD as well as the
second extracellular loop between the third and fourth trans-
membrane helices of FtsX (16). These results suggest that this
second extracellular loop in Mtb FtsX, which is shorter than the

o -

Inactive

Signal from
FtsE/Z

Fig. 6. FtsX activates the RipC peptidase. Model for RipC regulation by FtsX
is shown. The inactive conformations of FtsX and RipC are favored in ab-
sence of a signal. ATP cycling by FtsE (controlled by FtsZ) stabilizes the open
conformation of the FtsX ECD. This conformation of FtsX binds the N-ter-
minal domain of RipC, which activates the enzyme. The shorter FtsX loop
(not shown) may also help recognize RipC. The activated peptidase carries
out a burst of PG hydrolysis until a change in the nucleotide state of FtsE
turns off the signal and FtsX releases RipC (11).
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S. pneumoniae sequence, may also play a role in RipC recogni-
tion. Nonetheless, we found that the Mrb FtsX ECD is sufficient
to bind RipC.

Deletion mutants in RipC help define requirements for RipC
binding and activation. The Pro-rich region linking the N- and
C-terminal domains was dispensable for FtsX binding. This linker
also failed to inhibit the catalytic domain in the RipC-cat con-
struct lacking the N-terminal domain. In contrast, the Ala-rich
region of the RipC N-terminal domain was required for both
autoinhibition and FtsX binding. Although these data are con-
sistent with multiple models, one simple possibility is that FtsX
relieves autoinhibition by competing directly with the RipC cat-
alytic domain for binding the RipC N-terminal domain.

The crystal structure of the FtsX ECD reveals important
features that contribute to the signaling model (Fig. 6). The ECD
contains two lobes that form a large hydrophobic cleft. Consis-
tent with the structure, the I150K temperature-sensitive muta-
tion in S. pneumoniae (16) FtsX maps to F139, which is buried in
the upper lobe of the Mtb FtsX ECD. The cleft contains RipC
binding residues. Substitutions of all four phenylalanines ex-
posed in the cleft reduce RipC binding in vitro. Importantly,
these mutations also reduced FtsX activity in M. smegmatis.
These results indicate that the cleft is critical for FtsX function in
vivo and support the idea that the conformation of the cleft can
control RipC affinity.

The molecular mechanism of the signal transmitted by FtsX is
unknown. Our observation that the ECD adopts different con-
formations in the six independent molecules in two crystal forms
provides a potential clue to the signal. The flexibility suggests
that the ECD can present distinct binding surfaces to the ex-
tracellular space. Indeed, mutations in the cleft can promote
dimerization in vitro, suggesting that closure of the cleft can
sequester hydrophobic surfaces in the wild-type ECD. Incorpora-
ting these ideas into the model, we speculate that the opening and
closing of the cleft can control RipC binding and activation. In
turn, FtsE is a prime candidate to regulate the opening and closing
of the FtsX ECD cleft in response to ATP binding and hydrolysis
(14). These features of the model are consistent with the activities
of ABC transporters homologous to FtsX, which undergo cycles of
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conformational changes driven by ATP-responsive regulators ho-
mologous to FtsE.

Although the mechanisms by which bacteria sense the environ-
ment are relatively well studied, less is known about how intra-
cellular processes regulate extracellular enzymes. These studies
show that FtsX ECD binding favors a long-range conformational
change that activates RipC. In different bacterial species, FtsX
controls different classes of PG hydrolases. Conservation of the
core residues in the FtsX ECD upper lobe indicates that the basic
fold is preserved. Conversely, the variability of the ECD surface
reflects adaptations to recognize diverse partners. This pattern of
core sequence conservation and surface variation suggests how the
control of FtsX ECD conformation may be adapted to regulate
diverse enzymes. These studies provide insights into the mecha-
nisms of bacterial growth control and regulation of PG hydrolases
that orchestrate cell-wall partitioning.

Materials and Methods

Materials and methods are described in S/ Appendix, SI Materials and
Methods. Materials and methods are structured in paragraphs as follows:
protein purification; protein interaction assays; isothermal titration calo-
rimetry; analytical ultracentrifugation; limited proteolysis; activity assays;
crystallization and X-ray structure determination; construction of M. smegmatis
FtsX, FtsEX, and RipC mutants; complementation of strains; bacterial growth
analysis; MIC determination; and microscopy. See S/ Appendix for details.
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