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ABSTRACT: We report the first structural analysis of an integral membrane protein of the
bacterial divisome. FtsB is a single-pass membrane protein with a periplasmic coiled coil. Its
heterologous association with its partner FtsL represents an essential event for the recruitment of
the late components to the division site. Using a combination of mutagenesis, computational
modeling, and X-ray crystallography, we determined that FtsB self-associates, and we investigated
its structural organization. We found that the transmembrane domain of FtsB homo-oligomerizes
through an evolutionarily conserved interaction interface where a polar residue (Gln 16) plays a
critical role through the formation of an interhelical hydrogen bond. The crystal structure of the

periplasmic domain, solved as a fusion with Gp7, shows that 30 juxta-membrane amino acids of

FtsB form a canonical coiled coil. The presence of conserved Gly residue in the linker region suggests that flexibility between the
transmembrane and coiled coil domains is functionally important. We hypothesize that the transmembrane helices of FtsB form a
stable dimeric core for its association with FtsL into a higher-order oligomer and that FtsL is required to stabilize the periplasmic
domain of FtsB, leading to the formation of a complex that is competent for binding to FtsQ, and to their consequent
recruitment to the divisome. The study provides an experimentally validated structural model and identifies point mutations that
disrupt association, thereby establishing important groundwork for the functional characterization of FtsB in vivo.

C ell division is one of the most fundamental processes in
the life of bacteria. In Gram-negative bacteria, division
requires a complex and coordinated remodeling of the three-
layer cell envelope, and therefore mechanisms must exist to sort
the duplicated chromosome, to provide constrictive force, to
synthesize the septal cell wall, and, finally, to induce membrane
fusion. These events are enabled by a multiprotein complex
called the divisome. The assembly of the divisome begins with
the formation of a ring-like structure at the site of division (the
Z-ring), where the polymeric FtsZ likely provides constrictive
force and forms a scaffold for the recruitment of the
complex.' ™ In Escherichia coli the recruitment of the essential
proteins follows a strikingly linear hierarchy, illustrated in
Figure 1a.* The cytoplasmic side of the ring is formed by the
early components: FtsA, a membrane-associated actin family
member that forms protoﬁlaments;s’6 ZipA, a single-pass
membrane protein that contributes to FtsZ tethering along
with FtsA;”® and FtsK, a DNA translocase that is essential for
unlinking chromosome dimers after homologous recombina-
tion.” In contrast, the late proteins perform functions related to
the reconstruction of the cell-wall: FtsW is a transporter of cell-
wall precursors across the membrane;'*"" Ftsl is important for
the cross-linking of the cell wall during division;'* and FtsN is
necessary for the recruitment of nonessential septal compo-
nents, the murein hydrolase AmiC,""* and the Tol-Pal
complex required for proper invagination during constriction."

The early and late components of the divisome are linked by
a trio of single pass transmembrane (TM) proteins: FtsQ, FtsB,
and FtsL. The ability of FtsB and FtsL to recruit the late
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Figure 1. The recruitment hierarchy of the divisome and the predicted
topology of FtsB and FtsL. (a) In E. coli the recruitment of the
divisome to the division site follows a strict hierarchical dependency.”
A functional FtsZ is required for the recruitment of FtsA and ZipA,
which in turn are required for the recruitment of FtsK, and so on. FtsB
and FtsL are codependent for their recruitment and both depend on
FtsQ. (b) Putative domain topology of FtsB and FtsL, as annotated in
UniProt. Their interaction is presumed to be mediated by their single
transmembrane domain (TM) and a juxta-membrane coiled coil
region (CC). The start and end positions of the predicted TM and CC
domains are indicated. Cyt. = cytoplasm. LM. = inner membrane. Peri.
= periplasm.

divisome elements suggests that they have a structural role as a
scaffold in the assembly of the divisome,'® and it has been
proposed that they are involved in Z-ring stabilization."” FtsB
and FtsL may also be involved in a regulatory checkpoint of
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division because the depletion of FtsB from E. coli cells results
in the disappearance of FtsL.'® The cellular instability of FtsL
was also observed in Bacillus subtilis," ' where FtsLy is rapidly
degraded by the intramembrane protease RasP unless it is
stabilized by its interaction with the FtsB homologue
(DivIC).** These observations led to an unconfirmed
hypothesis that active proteolysis of FtsL may be a regulatory
factor in the timing of bacterial cell division.”?

While the precise function of FtsB and FtsL is not well
understood, substantial evidence indicates that they physically
interact with each other. As highlighted in Figure 1a, FtsB and
FtsL are mutually dependent for their recruitment at the
division site, and both proteins depend on the localization of
FtsQ."*** A similar picture has been reported in B. subtilis,
where the localization of the homologues of FtsLy and DivIC
depends on the FtsQ homologue (DivIB) at the temperature at
which DivIB is essential>*>** There is strong evidence that FtsB
and FtsL form a stable subcomplex in vivo. A complex
comprising FtsB, FtsL, and FtsQ was isolated from E. coli by
coimmunoprecipitation.”® The physical interaction of the E. coli
and B. subtilis proteins was also confirmed by two-hybrid
analysis.*">”*® Further evidence of a stable interaction between
FtsB and FtsL was obtained with a series of artificial septal
targeting experiments'®**~** that demonstrated that FtsL and
FtsB interact with each other and can recruit the downstream
proteins even when FtsQ has been depleted from the cell.*®
Moreover, the B. subtilis homologues FtsLy and DivIC form a
complex when coexpressed in E. coli despite the fact that they
are unlikely to interact with the significantly divergent E. coli
division proteins.”"

The domain organization of FtsB and FtsL (Figure 1b)
suggests that they may interact through an extended helical
structure encompassing the membrane and periplasmic regions.
Both proteins contain a TM domain and a juxta-membrane
coiled coil, in addition to a small (FtsL) or minimimal (FtsB)
cytoplasimic N-terminal tail. The TM and coiled coil regions of
FtsB are necessary and sufficient for its interaction with FtsL,"®
and similarly, the TM and coiled coil regions of FtsL are both
essential for its interaction with FtsB.”® A low resolution model
of the soluble domains of the Streptococcus pneumoniae
homologues of FtsB, FtsL, and FtsQ was proposed by Masson
et al,>* based on a combination of NMR, small angle neutron,
and X-ray scattering, and surface plasmon resonance. In this
study the TM domains were truncated and replaced by a
soluble coiled coil pair.**** More recently, a bioinformatic
analysis of the soluble domains of FtsB, FtsL, and FtsQ
suggested two alternative models with 1:1:1 or 2:2:2 oligomeric
stoichiometries.> However, no structural information was
available regarding the organization of the important TM
region.

In an effort toward understanding the structural organization
and precise oligomeric state of the FtsB-FtsL complex, we
investigated the self-association propensities of both TM and
soluble regions of the two individual proteins. We hypothesized
that if the FtsB-FtsL complex is larger than a dimer, one or both
proteins could potentially self-associate and be studied in
isolation. Indeed, we found that FtsB homo-oligomerizes. Here
we present a structural analysis obtained with a combination of
extensive mutagenesis, computational modeling, and X-ray
crystallography. The results provide a theoretical scaffold for
the biophysical characterization of the FtsB—FtsL heterologous
complex and offer several structure-based hypotheses that can
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be tested in the context of cell division by functional studies in
vivo.

B MATERIALS AND METHODS

Vectors and Strains. All oligonucleotides were purchased
in desalted form from Integrated DNA Technologies and used
without purification. The expression vectors pccKAN, pccGpA-
wt, and pccGpA-G83I, and malE deficient E.a coli strain MM39
were kindly provided by Dr. Donald M. Engelman.”” Genes
encoding the TM domains of FtsB and FtsL were cloned into
the Nhel-BamHI restriction sites of the pccKAN vector
resulting in the following protein sequences: FtsB “..NRAS-
LALTLLLLAILVWLQYSLWEFGILIN...”; FtsL
“..NRASFGKLPLCLFICIILTAVTVVTTAGILIN...”. All muta-
genesis was done with the QuikChange kit (Stratagene).

The periplasmic segment of FtsB was obtained from the E.
coli genome (K12 strain) by PCR using PfuUltra II Fusion
DNA polymerases (Stratagene) and cloned into a pET31b
vector containing the fusion protein Gp7, using a modified
QuikChange protocol that includes the use of PfuUltra II
Fusion DNA polymerase, 1 min annealing time, 2 min/kb
extension time at 65 °C, 50 ng of template, and 100—150 ng of
the first round PCR product, in the presence of 4% DMSO.*®
All constructs generated throughout the studies were sequence-
verified over the entire ORF insert and at least 50 bp upstream
and downstream of the ORF. The resulting plasmids containing
Gp7-FtsB fusions were transformed into BL21-DE3 cells for
overexpression and further analyses.

Expression of Chimeric Proteins in MM39 Cells and
MalE Complementation Assay. The TOXCAT constructs
were transformed into MM39 cells. A freshly streaked colony
was inoculated into 3 mL of LB broth containing 100 yg/mL
ampicillin and grown overnight at 37 °C. Overnight cultures
were inoculated into 3 mL of LB broth at a ratio of 1:1000 and
grown to an OD, of approximately 1 (ODgq, of 0.6) at 37 °C.
After recording of the optical density, 1 mL of cells was spun
down for 10 min at 17000¢ and resuspended in 500 mL of
sonication buffer (25 mM Tris-HCl, 2 mM EDTA, pH 8.0).
Cells were lysed by probe sonication at medium power for 10 s
over ice, and an aliquot of 50 uL was removed from each
sample and stored in SDS-PAGE loading buffer for
immunoblotting. The lysates were then cleared by centrifuga-
tion, and the supernatant was kept on ice for chloramphenicol
acetyltransferase (CAT) activity assay. To confirm for proper
membrane insertion of the TOXCAT constructs, overnight
cultures were plated on M9 minimal medium plates containing
0.4% maltose as the only carbon source and grown at 37 °C for
48 h.*” The variants that did not grow in these conditions were
not considered in the study.

Chloramphenicol Acetyltransferase (CAT) Spectro-
photometric Assay. CAT activity was measured as
described.**® One milliliter of buffer containing 0.1 mM
acetyl coA, 0.4 mg/mL S$,5'-dithiobis-(2-nitrobenzoic acid), and
0.1 M Tris-HCI pH 7.8 was mixed with 40 yL of cleared cell
lysates, and the absorbance at 412 nm was measured for 2 min
to establish the basal activity rate. After addition of 40 uL of 2.5
mM chloramphenicol in 10% ethanol, the absorbance was
measured for an additional 2 min to determine CAT activity.
The basal CAT activity was subtracted, and the value was
normalized by the cell density measured as OD,,, All
measurements were determined at least in duplicate, and the
experiments were repeated at least twice.

dx.doi.org/10.1021/bi400222r | Biochemistry 2013, 52, 2574—2585



Biochemistry

Quantification of Expression by Immunoblotting.
Protein expression was confirmed by immunoblotting. The
cell lysates (10 pL) were loaded onto a NuPAGE 4—12% Bis-
Tris SDS-PAGE gel (Invitrogen) and then transferred to PVDF
membranes (VWR) for 1 h at 100 millivolts. Blots were
blocked using 5% bovine serum albumin (US Biologicals) in
TBS-Tween buffer (50 mM Tris, 150 mM NaCl, 0.05% Tween
20) for 2 h at 4 °C, incubated with biotinylated anti-maltose
binding protein antibodies (Vector laboratories), followed by
peroxidase-conjugated streptavidin (Jackson ImmunoRe-
search). Blots were developed with the Pierce ECL Western
Blotting Substrate Kit, and chemiluminescence was measured
using an ImageQuant LAS 4000 (GE Healthsciences).

Expression of Chimeric Proteins in BL21-DE3 Cells for
E. coli Overexpression and Ni-NTA Purification. The Gp7-
FtsB chimerae, with an added C-terminal six-His tag preceded
by the recognition site for TEV protease, were expressed in E.
coli BL21-DE3 cells using a modified pET31b vector. A single
colony was grown at 37 °C in 50 mL overnight and then
inoculated into 4L of LB broth. Cells were grown to an ODyg,
of 0.8—1.0 before addition of 1 mM IPTG to induce
overexpression which was carried out for 18 h at 18 °C. The
cell pellets were washed and stored at —80 °C until purification.
All Gp7 fusion proteins were purified using an identical
protocol. Typically, 8—12 g of frozen cell pellets were mixed
with 10 mL of lysis buffer (50 mM NaCl, S mM fp-
mercaptoethanol, 0.5 mg/mL lysozyme, S0 mM HEPES pH
8.0, 1 mM phenylmethylsulfonyl fluoride) per gram of cell
pellet and lysed by sonication. Lysates were cleared using
centrifugation at 45000g for 30 min (JA 25.5 rotor). Cleared
lysates were loaded onto 5 mL of Ni-NTA resin, washed
extensively with Buffer A (300 mM NaCl, 1 mM p-
mercaptoethanol, 20 mM imidazole, 25 mM HEPES, pH
8.0), and eluted with Buffer B (same as Buffer A, but with 300
mM imidazole). The eluted fractions were mixed with TEV
protease at a molar ratio of ~1:40 and dialyzed at 4 °C
overnight against Buffer C (10 mM HEPES, 100 mM NaCl, 0.5
mM TCEP, 0.1 mM EDTA pH 8.0). The TEV protease was
prepared as described.*' The dialysate was repurified on Ni-
NTA, this time by collecting fractions that elute during washes
with lower imidazole (Buffer A). The pure fractions were
pooled and dialyzed against Buffer C again and concentrated to
~10 mg/mL using an Ultracel- 10K (Millipore), clarified by
centrifugation at 5000g, and finally flash frozen as 30 uL
droplets in liquid nitrogen and stored at —80 °C.

Circular Dichroism (CD). The purified Gp7-FtsB con-
structs were diluted to 0.2—0.4 mg/mL for CD analysis. CD
measurements were carried out on an Aviv 202SF spectropo-
larimeter. Samples were measured in 1 mM Hepes pH 8, 10
mM NaCl, and 0.1 mM TCEP. The thermostability studies
were performed under the same buffer conditions with a
temperature ramp of 3 °C/min, and the ellipticity was
monitored at 222 and 208 nm.

Crystallization of Gp7-FstB. Gp7-FtsB was screened for
initial crystallization conditions by vapor diffusion at 20 °C with
a 144-condition sparse matrix screen developed in the Rayment
laboratory. Crystals of Gp7-FtsB were grown by vapor diftusion
at 20 °C from a 1:1 (v/v) mixture of protein at 10 mg/mL with
100 mM Bis-Tris, 5 mM gamma-caprolactone, 2.1 M
ammonium sulfate, 0.6 M malonate, 5% glycerol, pH 6.5.
After one day hexagonal crystals measuring 0.1 X 0.1 X 0.5 mm
were observed. The crystals were soaked in mother liquor for
24 h subsequent to flash freezing in liquid nitrogen. Gp7-FtsB
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crystallized in the space group P6,; with unit cell dimensions of
a=2876A b=287.6A, and c = 185.1 A where two Gp7-FtsB
dimers were present in the asymmetric unit.

Data Collection and Structure Determination for Gp7-
FtsB. X-ray data for Gp7-FtsB were collected at 100 K on the
Structural Biology Center beamline 19ID at the Advanced
Photon Source in Argonne, IL. Diffraction data were integrated
and scaled with HKL3000.** Data collection statistics are given
in Supplementary Table S1. A molecular replacement solution
was obtained using residues 2—48 of Gp7 (PDB entry INO4)*
as a search model in the program Molrep.** The electron
density was improved with the program Parrot and the initial
model was built using Buccaneer.***® Final models were
generated with alternate cycles of manual model buildin7g and
least-squares refinements using the programs Coot" and
Refmac.*® Refinement statistics are presented in Supplementary
Table S1.

Computational Modeling. The TM oligomer of FtsB was
modeled with programs written in house and distributed with
the MSL molecular modeling libraries v. 1.1,* available at at
http://msl-libraries.org. The predictHelixOligomer program
creates standard helices and performs a global rigid search
altering the interhelical separation, the crossing angle, the
crossing point, and the axial orientation of the helices. To
impose the formation of an interhelical hydrogen bond
involving Gln 16, the conformational space was prescreened
prior to the analysis to exclude the region of space that was
incompatible with the program filterOligomerByConstraint. This
was performed on helices in which all amino acids were
converted to Ala except Gln 16, Tyr 17, and Ser 18. The
backbone was kept rigid during the procedure, while the side
chains were optimized using a greedy trials method
implemented in MSL.*>** Side chain mobility was modeled
using the Energy-Based conformer library applied at the 90%
level>" The models were evaluated using a van der Waals
function with CHARMM 22 parameters and the SCWRL
hydrogen bond function implemented in MSL. The models
were sorted by their energies. All low-energy models were
visually inspected to verify that they did not include poorly
packed solutions containing cavities. The computational
mutagenesis was performed on all low-energy models by
applying the same mutation studied experimentally in the
context of a fixed backbone, followed by side chain
optimization. The relative energy of each mutant was calculated
as

AEmut = (E —E

mut,dimer mut,monomer)

- (EWT,dimer - EWT,monomer)

where Ewr gimer a0d E ¢ gimer are the energies of the wild type
and mutant sequence in the dimeric state, and Eyp ponomer and
E utmonomer are the energies of the wild type and mutant
sequence in a side chain optimized monomeric state with the
same sequence. The effect of each mutation was classified in
four categories analogously to the experimental mutagenesis
using the following criterion: category 0, “WT-like”, AE_, < 2
kcal/mol; category 1, “Mild”, 2 < AE_, < 4; category 2,
“Severe”, 4 < AE_, < 8; category 3, “Disruptive”, AE_, > 8.
The numerical category values were averaged to calculate the
position dependent average disruption value reported in Figure
S.

Creation of TM + Coiled Coil Model. The computational
model of the TM domain and the coiled coil region were
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connected together using fragments from the PDB database.
To do this, protein fragments of the pattern hhxGxxGuxhh
(where x is any amino acid, and 4 is any amino acid in a helical
conformation) were extracted from high resolution X-ray
structures deposited in the PDB database with a resolution of 2
A or better. The MSL program connectWithFragments takes
these fragments and aligns the helical end residues with the
corresponding residues in the coiled coil domain and then the
modeled TM domain. Only the N, C, CA, and O atoms were
considered for the alignment and the fragments with the lowest
RM.S.D. were selected. The side chains on the fragment were
replaced with the one corresponding to the FtsB sequence and
their conformation was optimized using a greedy trials method.

FtsB Sequence Alignment and Consensus Sequence.
The alignment was obtained by entering the sequence of E. coli
FtsB as the query in BLAST (http://blast.ncbinlm.nih.gov)
using the blastp algorithm with default settings. The resulting
464 sequences were aligned with the multiple alignment facility
in BLAST (COBALT). The prevalent amino acid at each
position in the sequence was used to determine a consensus
sequence if it was present in at least 30% of the sequences.

Accession Numbers. Coordinates and structure factors of
Gp7-FtsB have been deposited in the Protein Data Bank with
PDB ID code 4IFF.

B RESULTS AND DISCUSSION

The Transmembrane Domain of FtsB Self-Associates.
To determine if the TM domains of FtsB and FtsL from E. coli
self-associate, we analyzed them with TOXCAT, a widely used
biological assay for TM association.”” The assay is based on a
chimeric construct in which the TM domain of interest is fused
to the ToxR transcriptional activator domain from Vibrio
cholera (Figure 2a). Oligomerization, driven by the TM helices,
results in the expression of the reporter gene chloramphenicol
acetyltransferase (CAT). The expression level of CAT
(measured enzymatically) is compared to that of a stable
dimer, glycophorin A (GpA), as a standard. While TOXCAT is
applicable to membrane proteins of any origin (GpA for
example is a human protein), it is significant that in the case of
FtsB and FtsL the analysis is performed in their native E. coli
membrane. This fact also raised an initial concern that the
TOXCAT constructs could potentially interfere with the cell
division process. Fortunately, this concern was unfounded as
the cells grew and divided normally.

The results of the TOXCAT analysis of FtsB and FtsL are
shown in Figure 2b. The CAT activity of both constructs is
above background, although the association of FtsL appears to
be weak (19% of the GpA signal). The activity of FtsB is
approximately half of the GpA signal (48%), indicating that the
homo-oligomerization of its TM domain is likely stable.

The Transmembrane Self-Association of FtsB Is
Mediated by a Critical Polar Amino Acid. To investigate
what amino acids are important for the self-association of FtsB
and FtsL, we systematically mutated each position and
monitored the effects on association. The expectation is that
the changes at interfacial positions would perturb oligomeriza-
tion more than the changes at positions that are lipid exposed,
as commonly observed (for example®>™%). We applied an
initial scanning mutation strategy using both Ala (small) and Ile
(large) substitutions and then expanded the mutagenesis to
include a larger variety of hydrophobic amino acids.

Figure 3 shows the TOXCAT data for the 57 single amino
acid variants tested for FtsB. All variants displayed similar levels
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Figure 2. FtsB self-associates in TOXCAT. (a) TOXCAT is an in vivo
assay based on a construct in which the transmembrane domain under
investigation is fused to the ToxR transcriptional activator of V.
cholerae. Transmembrane association results in the expression of a
reporter gene in E. coli cells, which can be quantified. (b) TOXCAT
assay of FtsB and FtsL transmembrane domains. FtsB shows half of
the activity of the strong transmembrane dimer of glycophorin A
(GpA). The activity of FtsL is above baseline but low, indicating a
weak propensity to homo-oligomerize. The monomeric G831 mutant
of GpA is used as a negative control. Data are reported as average and
standard deviation over four replicate experiments.

of TOXCAT construct expression, as verified by Western blot
analysis (data not shown). While a majority of the variants have
a CAT activity level comparable to the wild type constructs,
there are a number of mutations that display drastically reduced
activity. Conversely, several constructs with significantly
increased activity were also observed. To obtain an estimate
of the overall sensitivity of each position, we applied a simple
classification scheme for the variants’ phenotypes using four
categories (dashed lines in Figure 3), labeled as “WT-like”
(>80% of wild type CAT activity), “Mild” (50—80%), “Severe”
(20—50%), and “Disruptive” (0—20%). We then averaged the
scores to obtain a position specific disruption index. Position-
based averaging reduces some of the natural variability of the
biological assay, and the method has been reliable in identifying
the most sensitive positions at the helix—helix binding
interface.’>*%*” The classification data is schematically
represented in Figure 4a.

When the average disruption is projected on a helical wheel
diagram (Figure 4b), it becomes evident that the sensitive
mutations cluster on one helical face defined by positions TS,
L6, L8, L9, L12, L15, Q16, L19, and W20. When the average
disruption is fit to a sine function to analyze its periodicity
(Figure 4c), we obtained a value of 3.5 amino acids per turn,
which suggests that the helices of the FtsB oligomer interact
with a left-handed crossing angle. Interestingly, the variants
with enhanced CAT activity (A10, W14, Y17, W20, and F21)
are primarily located on the opposite face relative to the
disruptive positions. Therefore, it seems unlikely that these
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Figure 3. Mutagenesis of the transmembrane helix of FtsB. The figure shows the 57 point mutants of the TM domain of FtsB (residues 5—21)
analyzed in TOXCAT. The CAT activity (left axis) is normalized to that of the GpA construct, as in Figure 2. The activity of the wild type FtsB
construct is in black. The mutations at each position are visually grouped by color. Each mutation has been categorized relative to the wild type FtsB
TOXCAT activity (back bar) as “WT-like” (0: >80% of WT), “Mild” (1: S0—80%), “Severe” (2: 20—50%), or “Disruptive” (3: 0—20%), as indicated
on the right axis and by the dashed lines. The TOXCAT data for all 57 variants is summarized using the above category scheme in Figure 4.

variants enhance stability by direct participation to the
interaction interface.

We attempted a similar mutagenesis analysis for FtsL. While
a number of mutations that appear to be disruptive were
identified, the disruption pattern does not clearly map to a
helical interface as in the case of FtsB, indicating that that the
weak self-association of FtsL observed in TOXCAT is unlikely
to be specific in nature.

FtsB Self-Association Is Mediated by Interhelical
Hydrogen Bonding. Among the positions of the TM domain
of FtsB that are sensitive to mutation, Gln 16 is of particular
interest. Polar amino acids, such as Gln, Asn, Glu, Asp, Lys,
Arg, and His, are not frequent in TM domains, which are
primarily composed by hydrophobic residues.’**® When
present, however, polar residues can stabilize the association
of TM helices through the formation of hydrogen bonds, which
are enhanced in an apolar environment.°®®' While the
energetic contribution of hydrogen bonding to membrane
protein folding appears to be on average rather modest (~1
kcal/mol),*V%* polar amino acids can be important for the
association of model peptides®®®* and of biological sys-
tems.***>~® When present, polar amino acids are also likely
to play an important structural or functional role, and it has
been observed that phenotypic alterations and diseases are
likely to result from mutations that reverse the polarity of an
amino acid in membrane proteins.*””°

When GIn 16 is substituted by hydrophobic amino acids
(Ala, Phe, and Val), the oligomerization of FtsB appears to be
severely reduced (Figures 3 and 4). Even when the Gln was
replaced by a nonpolar amino acid with similar size and
flexibility (Met) the CAT activity decreased to 22% of WT.
Conversely, when position 16 is substituted by Asn, which has
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the same amide terminal moiety of Gln, the variant retains most
of the activity (67%). This result confirms that hydrogen bond
formation is likely to play a major role in stabilizing the TM
oligomer. Two side chains that could potentially hydrogen
bond with Gln 16 across the interface are Tyr 17 and Ser 18.
However, the removal of their hydroxyl groups (Y17F and
S18A variants) did not appear to reduce oligomerization. This
observation suggests that Gln 16 is likely to donate to a
carbonyl oxygen atom from the backbone or to form a
hydrogen bond with itself (from the opposing helix), a
hypothesis that we structurally investigated using computa-
tional modeling, as presented in the next section.
Computational Model of a FtsB Left-Handed Homo-
dimer. Molecular modeling can interpret the wealth of
information contained in large-scale mutagenesis and synthesize
it into an often highly accurate structural hypothesis.>*~>*7!
The modeling of the TM domain of FtsB was performed with a
search protocol implemented with the molecular software
library developed in this laboratory (MSL).** The program
generates helices in standard conformation and systematically
varies their relative orientation to explore conformational space.
In this calculation, we imposed the formation of a symmetrical
oligomer. Consistently with the experimental data, we also
required that Gln 16 forms an interhelical hydrogen bond in
the structure. The calculation produced two well packed
dimeric low-energy solutions (Figure S). In one solution
(Model 1, panel a), Gln 16 is hydrogen bonded nonsymmetri-
cally with Gln 16 on the opposite side. In Model 2 (panel b),
the side chain is hydrogen bonded symmetrically to the
carbonyl oxygen of Val 13. The two models are closely related
(1.5 A RMSD), having a similar left-handed crossing angle and
interhelical distance, and differing by a relative rotation of
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Figure 4. Position specific “average disruption” identifies a helical interface and an essential polar residue. (a) The scheme summarizes the effect of
all mutations of FtsB-TM measured in TOXCAT. The data have been categorized as explained in Figure 2. An average disruption score is displayed
at the bottom of the scheme. While Gln 16 is the most sensitive position, the introduction of an Asn side chain restores association almost entirely,
indicating that a hydrogen bond is important for the association. (b) Diagram mapping the average disruption score to a helical wheel. The
disruption pattern clusters on one helical face defined by positions TS, L6, L8, L9, L12, L15, Q16, L19 and W20. (c) Fit of the average disruption
index to a sine function. The estimated periodicity is approximately 3.5 amino acid per turn, which corresponds to a helical interaction with a left-

handed crossing angle (dotted line).

approximately 60° applied around the helical axis. To identify
which solution was most compatible with the experimental
data, we applied in silico the same set of mutations that were
experimentally tested and computed an analogous average
disruption. The theoretical and experimental disruption
patterns are compared in Figure 5c,d. Model 2 is in reasonable
agreement with the data overall, but its periodicity appears be
slightly off-phase with respect to the experimental data, and the
match becomes poor toward the C-terminal end of the helix
(panel d). Model 1 (panel c) is in excellent agreement with the
experimental data, and therefore we propose it as the most
likely structural interpretation. Model 1 is illustrated in more
detail in Figure 6 where the specific orientation of the side
chains at the dimer interface is shown and the contacts are
described. A PDB file of the two models can be found as
Supporting Information and downloaded from http://seneslab.
org/FtsBdimer.

GIn 16 and the Interfacial Amino Acids of the
Transmembrane Domain of FtsB Are Evolutionarily
Conserved. To investigate if the interfacial amino acids, and
Gln 16 in particular, are evolutionarily important, we performed
a multisequence alignment of related FtsB sequences obtained
using BLAST’>”* and computed a consensus. A condensed
version of the alignment is shown in Figure 7, and the complete
analysis of all 464 sequences is provided as Supporting
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Information (Figure S1). The TM region of FtsB appears to
be relatively well conserved across a broad group of gamma and
beta proteobacteria. Most importantly, the pattern of
conservation (shaded columns) corresponds remarkably well
to the positions that have the highest sensitivity to mutagenesis
(indicated by a dot). The average amino acid identity
conservation of the sensitive positions is 68%, compared to
42% of the other positions. The most conserved positions is
Trp 20, which is found in over 95% of the sequences. The key
Gln 16 is also almost invariable (91% of the sequences).
Interestingly, its most frequent substitution is His (4%),
another polar amino acid. These observation supports the
hypothesis that the structural organization of the TM domain
of FtsB is evolutionarily conserved and therefore must be of
biological importance for cell division.

The X-ray Crystal Structure of the Periplasmic Region
of FtsB Reveals a Canonical Coiled Coil. After determining
the organization of the TM domain of FtsB, we were interested
in establishing if the periplasmic coiled coil region is also
compatible with the formation of a homodimer. We
approached this question by using X-ray crystallography.
Unlike TM helices, which are stabilized by the hydrophobic
environment, the soluble coiled coils tend to be unstable in
isolation.>* For this reason we adopted a fusion strategy,
replacing the TM region with a soluble globular protein

dx.doi.org/10.1021/bi400222r | Biochemistry 2013, 52, 2574—2585
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Figure S. Molecular model of the FtsB transmembrane dimer. Modeling identified two well packed low-energy structures in which Gln 16 forms an
interhelical hydrogen bond (panels a and c). Models 1 and 2 are closely related (Car RMSD of 1.5 A), with a left-handed crossing angle (25° and 20°,
respectively) and an interhelical distance of 10.1 A. In Model 1 the side chains of Gln 16 interact with a nonsymmetrical hydrogen bond. The helices
of Model 2 are rotated axially by about 60° with respect to Model 1. The side chains of Gln 16 interact symmetically with the carbonyl oxygen of Val
13. Panels b and d compare the average disruption index for the computational mutagenesis applied to the models to the average disruption observed
experimentally. Model 1 shows an excellent agreement with the experimental data, which is better than Model 2, particularly in the C-terminal side of

the transmembrane domain.

Figure 6. Computational model of FtsB-TM (Model 1). Stereo
representation of the side chain interactions across the interface. The
interacting positions on the opposite chains are shown in sticks to
highlight the arrangement and packing of the side chains. The van der
Waals sphere of the side chains of the monomer in the foreground
(blue) and the surface of the monomer in the background are also
displayed with transparency. L1S and L19 interact against a ridge
formed by W20. L12 and V13 pack against each other across the
interface, and so do the L8/L9 and the TS/L6 pairs.

(bacteriophange @29 Gp7) which nucleates the helix and
stabilizes the coiled coil. This strategy has been demonstrated
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to greatly improve the solubility and crystallization propensity
of coiled coil domains.”*”®

A Gp7 fusion construct encompassing amino acids 28—63 of
FtsB (Gp7-FtsBcc) crystallized readily, and its structure was
solved at a 2.3 A, with two dimeric molecules in the asymmetric
unit (Supplementary Figure S2a). The X-ray data collection
and refinement statistics are provided in Supplementary Table
S1. The structure of the Gp7-FtsBcc dimer is shown in Figure
8, where the Gp7 moiety is highlighted in gray and the FtsB
component in blue. This region of FtsB adopts a canonical
coiled coil conformation. As expected, the two Asn residues
that are present at “a” heptad positions (Asn 43 and 50) form a
hydrogen bond across the interface with their corresponding
residues on the other chain (Figure 8b). The coil is straight for
one of the dimers (chains A-B), but it exhibits a slight kink in
the second (near Val 36 on chain C—D, supplementary Figure
S2b). The overall RMSD between the two dimers is 1.74 A, but
it decreases to 0.41 A and 0.81 A when the pre- and postkink
segments are aligned separately; therefore, the kink is
presumably due to the effect of crystal packing.

The structure demonstrates that, like the TM domain, the
coiled coil region of FtsB can also assume a homodimeric form.
The structure also determines that the coiled coil region of
FtsB can extend at least to position 60. It is not clear whether
the coiled coil would extend further, at least in the absence of
FtsL. Gonzales and Beckwith determined that a C-terminal
truncation of FtsB starting position S5 is still sufficient to
interact with FtsL.'® Circular dichroism (CD) analysis of a

dx.doi.org/10.1021/bi400222r | Biochemistry 2013, 52, 2574—2585
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Figure 7. Sequence alignment of FtsB indicates that the interfacial positions are evolutionary conserved. Partial representation of a sequence
alignment of FtsB. The complete alignment is provided in Supplementary Figure S1. FtsB is relatively well conserved among a diverse group of beta
and gamma proteobacteria. The amino acids that are present in at least 30% of sequence at each position are shown in bold and shaded. These amino
acids are also highlighted in the consensus sequence at the bottom of the alignment. The positions that are involved at the FtsB dimer interface
(Figure 5) are marked with a full circle (o). A remarkable match between conservation and the interfacial positions is evident. In particular, positions
Q16 (highlighted in orange), L20 and W21 are almost invariable. The heptad repeat designation (positions a to g) of the coiled coil region is also
given, and the conserved amino acids at the interfacial a and d positions are highlighted in yellow. In cyan are highlighted three conserved Gly amino
acids (positions 22, 24, and 25) that are likely to confer flexibility to the linker region between the transmembrane domain and the coiled coil region.

longer constructs that encompassed seven heptad repeats
(positions 28—77) revealed that it is poorly helical (Supple-
mentary Figure S3). A Gp7-FtsB¢( construct that contains the
entire soluble region of FtsB is also only moderately helical.

Flexibility May Be Important between the Trans-
membrane and Coiled Coil Region of FtsB. There is a gap
of six amino acids (positions 22—27) between the computa-
tional model of the TM domain and the X-ray structural model
of the periplasmic coiled coil, raising the question of how these
two regions are connected. The simplest hypothesis would be
that the two domains form a seamless helical structure that
transverses the TM region and extends into the periplasm. Our
geometric analysis, however, revealed that the two models
cannot be connected by a simple fusion of their helices. While
the crossing angle and interhelical distance of the two domains
match each other, the orientation of the helices around their
main axes is not compatible. The interface of the TM region is
rotated around the helical axis by approximately 100° with
respect to the interface that would result from a natural
extension of the coiled coil.

The analysis of the sequence alignment (Figure 7) also
supports the hypothesis that a helical break is likely present in
the linker region between the domains. The alignment reveals
that two Gly residues at positions 22 and 25 are highly
conserved (highlighted cyan). Gly 22 is present in 93% of the
sequences. Gly 25 is less ubiquitous (63% of the sequences),
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but a third Gly is frequently present at position 24 (47%).
Interestingly, the other amino acids that are prevalent at
positions 24 and 25 are Ser and Asn, two residues that have a
relatively high propensity for random-coil regions.”® The data
suggest that the linker requires either flexibility or adopts a
backbone conformation that would be inaccessible to non-Gly
amino acids, or perhaps both. According to this view, we mined
the structural database for protein fragments that contained two
Gly residues with the correct spacing (GxxG) to find candidate
linkers for the two models. We extracted all xGxxGx fragments
existing in high-resolution structures from the PDB, where x is
any amino acid. We also imposed a constraint that two
additional residues at each side of the fragment must assume a
helical conformation (thus the pattern becomes hhxGxxGuxhh,
where h is any amino acid in helical conformation). These
helical amino acids were geometrically aligned with the ends of
the TM and coiled coil structure. With this procedure, we were
able to identify the low-energy solution that connects the two
models illustrated in Figure 9.

Is FtsL Required to Stabilize the Periplasmic Domain
of FtsB? While the model of the linker region in Figure 9 is
hypothetical, it raises the question of whether the Gly-rich
segment could effectively nucleate and stabilize the juxta-
membrane coiled coil. The question is even more compelling
when it is considered that the Gp7-FtsBcc construct has low
thermal stability. Although the fusion protein crystallizes readily

dx.doi.org/10.1021/bi400222r | Biochemistry 2013, 52, 2574—2585
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Figure 8. X-ray crystal structure of a Gp7-FtsBcc fusion protein.
Ribbon representation of one of the two dimeric molecules in the
asymmetric unit. This molecule forms a straight canonical coiled coil.
The second molecule in the asymmetric unit exhibits a slight bend,
possibly as a result of crystal packing (Supplementary Figure S2). The
N-terminal Gp7 unit which replaces the transmembrane domain is
highlighted in gray, and the FtsB sequence is in blue. The inset
highlights a number of polar amino acids that are present at the
interface in “d” (Q39) and “a” (N43 and NS50) positions.

and is helical at low temperature, it reversibly unfolds quite
rapidly, and it appears to be completely unfolded at 40 °C
(Supplementary Figure S3). Longer constructs, including one
that extends to the entire soluble region of FtsB, showed lower
helicity and even lower stability. The relatively low stability of
the coiled coil, however, is not surprising when it is considered
that the structure includes a large number of polar amino acids
(Q35, N43, N50) at the buried “a” and “d” positions, which are
generally occupied by hydrophobic amino acids.”””® These
sequence features appear conserved in the sequence alignment
(Figure 7). Therefore, it is possible that association with FtsL
may be required for the stabilization of the periplasmic region
of FtsB. The fact that the periplasmic domain of FtsB may be
partially unfolded could also account for some of the cellular
instal;gity of FtsB, which is rapidly degraded in the absence of
FtsL.

On the basis of our analysis, we hypothesize that a FtsB
transmembrane homodimer forms an initial core that laterally
recruits FtsL into a higher-order oligomer (Figure 10), likely a
tetramer as proposed also by a recent bioinformatic analysis of
the soluble domains.*® Given the presence of several Thr
residues in the TM helix of FtsL, an interesting possibility is
that its lateral association could augment the membrane-
embedded polar network by forming additional hydrogen
bonds with the donor or acceptor groups that are left
unsatisfied on Gln 16 (Figure Sa). The formation of the
heterologous complex and the folding of the periplasmic
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Figure 9. A theoretical model of a FtsB dimer that encompasses the
transmembrane and coiled coil domains. The crystal structure of the
coiled coil region of FtsB (yellow) and the computational Model 1 of
the transmembrane domain (blue) were stitched together using a
fragment based approach (see Materials and Methods). The resulting
theoretical model includes a hinge between the coiled coil and the
transmembrane helix where the helix unfolds (red). This hinge
corresponds to conserved a Gly rich region in the sequence alignment
(G21 and G2S, spheres), suggesting that a flexible connection may be
functionally important.

domains may be a determinant for making FtsB competent for
binding to the periplasmic domain of FtsQ,"® which is required
for their septal localization and the recruitment of the late
proteins.

B CONCLUSIONS

In this article, we have presented the first structural analysis of
an integral membrane protein of the bacterial divisome. We
demonstrate that the TM helix of FtsB self-associates in E. coli
membranes. The interaction is mediated by an interhelical
hydrogen bond formed by a critical polar residue embedded in
the middle of the hydrophobic region. We also report the
structure of the juxta-membrane domain of FtsB which forms a
canonical coiled coil. The two domains are connected by a
linker that is likely flexible. While the present study does not
experimentally establish the precise oligomeric state of FtsB
directly, the mutagenesis, modeling, and crystallographic data
are consistent with the formation of a homodimer.

dx.doi.org/10.1021/bi400222r | Biochemistry 2013, 52, 2574—2585
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Figure 10. A functional hypothesis for the formation of the FtsB/FtsL complex and its recruitment to the divisome. The transmembrane domain of
FtsB self-associates in E. coli membranes, driven by an interhelical hydrogen bond (Gln 16, represented by a red circle), but the coiled coil region is
likely to be marginally stable or unstable (I). This finding raises the hypothesis that the interaction with FtsL is required to stabilize the periplasmic
domain. It is likely that FtsL (blue) laterally associates with a pre-existing FtsB dimer (II). Alternatively, FtsL may compete with the self-association
of FtsB to form an FtsB/FtsL heterodimer (not represented). Once the periplasmic domain is folded, the C-terminal tails of the FtsB/FtsL complex
(dotted lines) would bind to FtsQ (red), and the proteins would subsequently be recruited to the division septum (III).

By defining the protein—protein interaction interface of FtsB
and providing an experimentally validated structural model, the
present work suggests the hypothesis that FtsB and FtsL
assemble into a higher-order oligomer and sets the stage for the
biophysical analysis of their heterologous complex. This study
also establishes important groundwork for biological studies in
vivo that will address whether the self-association of FtsB is
essential for division and, specifically, whether the structural
features identified here — the TM interaction interface, the
Gly-rich linker and the stability of the coiled coil — are
important for the localization of FtsB, for its association with
FtsL, and for the recruitment of the other downstream proteins
to the divisome.
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FtsB-TM computational models 1 and 2 (PDB files). X-ray
crystallography statistics (Table S1). FtsB, complete sequence
alignment (Figure S1). X-ray crystal structure of Gp7-FtsB(,
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