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a b s t r a c t

The FtsQBL is an essential molecular complex sitting midway through bacterial divisome assembly. To vi
sualize and understand its structure, and the consequences of its membrane anchorage, we produced a 
model of the E. coli complex using the deep-learning prediction utility, AlphaFold 2. The heterotrimeric 
model was inserted into a 3-lipid model membrane and subjected to a 500-ns atomistic molecular dy
namics simulation. The model is superb in quality and captures most experimentally derived structural 
features, at both the secondary structure and the side-chain levels. The model consists of a uniquely in
terlocking module contributed by the C-terminal regions of all three proteins. The functionally important 
constriction control domain residues of FtsB and FtsL are located at a fixed vertical position of ∼43–49 Å 
from the membrane surface. While the periplasmic domains of all three proteins are well-defined and rigid, 
the single transmembrane helices of each are flexible and their collective twisting and bending contribute 
to most structural variations, according to principal component analysis. Considering FtsQ only, the protein 
is more flexible in its free state relative to its complexed state—with the biggest structural changes located 
at the elbow between the transmembrane helix and the α-domain. The disordered N-terminal domains of 
FtsQ and FtsL associate with the cytoplasmic surface of the inner membrane instead of freely venturing into 
the solvent. Contact network analysis highlighted the formation of the interlocking trimeric module in 
FtsQBL as playing a central role in mediating the overall structure of the complex.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During bacterial division, the cell wall undergoes hydrolysis and 
peptidoglycan synthesis which need to be orchestrated precisely. 
The large and dynamic molecular machinery called the ‘divisome’, a 
protein complex involving more than 30 components, is responsible 
for the execution of these tightly-regulated events [1,2]. Interruption 
or dysfunction in this remodelling process can lead to cell death—a 
typical example is the inhibition of D,D-transpeptidase by β-lactams, 
the most commonly used antibiotics [3]. Divisomal proteins are 
therefore potential targets in the search for new antibiotics [4].

The Gram-negative bacteria Escherichia coli is often taken as the 
model organism in the study of cell division [5,6]. Although the 
proteins involved have been identified, the molecular details of how 
they assemble into the divisome and trigger septum synthesis re
main poorly understood [6,7]. Over the years, it has been established 
that this is a hierarchical signalling process [8] occurring at the inner 
membrane. The first step is the assembly of a ‘Z ring’ by poly
merization of the tubulin homologue, FtsZ, at the division site [9]. 
The Z ring is tethered to the inner membrane by FtsA [10] and ZipA 
[11]. FtsEX, an ATP-binding transporter-like complex, then migrates 
to the Z-ring [12]. During this step, several essential division proteins 
are recruited sequentially: FtsK [13], the FtsQ:FtsB:FtsL (FtsQBL; 
colon denotes non-covalent protein-protein association) complex 
[14], FtsW [15], FtsI (aka PBP3) [16] and FtsN [17].

E. coli FtsQ is a bitopic membrane protein of 276 residues, in
cluding a short cytoplasmic N-terminal domain (NTD), a single-helix 
transmembrane (TM) segment and a large periplasmic domain [18]. 
The structure of the periplasmic domains of FtsQ (FtsQp) has been 
revealed by X-ray crystallography to be consisting of the α- and β- 

Computational and Structural Biotechnology Journal 21 (2023) 2602–2612

https://doi.org/10.1016/j.csbj.2023.03.052 
2001-0370/© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access article under the 
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

Abbreviations: PE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL, car
diolipin; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; TYCL2, tetrapalmitoleoyl cardio
lipin (−2 charged) (16:1cis9,10 tails)

]]]] 
]]]]]]

⁎ Corresponding authors.
E-mail addresses: yu-wai.chen@polyu.edu.hk (Y.W. Chen),  

kwok-yin.wong@polyu.edu.hk (K.-Y. Wong).

http://www.sciencedirect.com/science/journal/20010370
www.elsevier.com/locate/csbj
https://doi.org/10.1016/j.csbj.2023.03.052
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2023.03.052
https://doi.org/10.1016/j.csbj.2023.03.052
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2023.03.052&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2023.03.052&domain=pdf
mailto:yu-wai.chen@polyu.edu.hk
mailto:kwok-yin.wong@polyu.edu.hk


domains [18]. The α-domain together with the transmembrane do
main interact with the upstream FtsK [19].

FtsB and FtsL are small bitopic proteins (of 103 and 121 residues, 
respectively) with relatively large periplasmic domains that are 
predicted to form α-helical structures [20,21]. The crystal structure 
of a fragment of FtsB comprising 30 membrane-proximal peri
plasmic amino acids was solved as a fusion with Gp7 [22]. This 
structure shows that the coiled-coil domain of FtsB promotes di
merization, and it is conceivable that FtsB and FtsL interact similarly. 
The soluble periplasmic complex of FtsQ, FtsB and FtsL (FtsQpBpLp) 
can be readily prepared in vitro and was studied by site-specific 
photo-cross-linking [23], surface plasmon resonance [24], native 
mass spectrometry [24] and molecular modelling [25]. Evidently, 
FtsB and FtsL interact with both the α- and the β-domains of FtsQ. 
Native mass spectrometry on FtsQ complexed with a constrained 
dimer of FtsB:FtsL revealed a strong and abundant 1:1:1 trimeric 
arrangement of FtsQpBpLp [24], although molecular modelling in
dicated that both 1:1:1 trimeric and 2:2:2 hexameric complexes are 
plausible [25].

The FtsQBL complex lies midway of divisome assembly and is 
essential for cell division [26]. Studies on variants of FtsA, FtsQ, FtsB, 
FtsL and FtsN suggested a dynamic model as follows [27]. FtsA may 
exist in one of two conformations that is related to its polymeric 
status. In the ‘on’ state, it interacts with FtsN and the FtsQBL complex 
in the cytoplasm, thus bringing them together. FtsQBL is activated by 
FtsN so that it interacts with FtsW and FtsI to trigger septal pepti
doglycan synthesis. Residues 55–59 on FtsB and 88–94 on FtsL are 
coined the ‘constriction control domains’ (CCDs)—the mutations of 
which lead to the independence from FtsN for activation [27]. Bac
teria with FtsL that has its cytoplasmic domain removed (Δ1–30) are 
unable to recruit the downstream FtsWI complex, but could be 
rescued by activation mutations in the FtsL CCD (G92D and E88K) 
[28]. On the other hand, FtsL AWI (activation of FtsWI) residues R82, 
N83, L84, L86, E87, and A90, when mutated, became dominant ne
gative and led to an FtsQBL complex that cannot be activated by 
FtsN [28].

There have been several experimental attempts to derive struc
tural information about the FtsQBL complex, including our use of 
hydrogen/deuterium exchange mass spectrometry (HDX-MS) to 
study the detergent-solubilized full-length complex of E. coli [29]. 
Until very recently, most of these studies were confined to the 
periplasmic soluble domains and their artificial fusion derivatives. At 
the time of writing, a preprint has appeared reporting the cryo- 
electron microscope structure of the FtsQBLWI complex of Pseudo
monas aeruginosa [30]. The P. aeruginosa and E. coli proteins share a 
homology of 55–58% (FtsQ: 27% identity, 57% similarity; FtsB: 32% 
identity, 58% similarity; and FtsL: 30% identity, 55% similarity), ac
cording to the EMBOSS GGSEARCH2SEQ analysis implemented at 
EMBL-EBI [31], and thus the global structures are expected to be 
similar. Here we report a computational study using a structural 
model of the full-length complex generated by the artificial in
telligence prediction utility, AlphaFold 2. The trimeric complex 
model was inserted into a 3-lipid model membrane and subjected to 
a 500-ns atomistic molecular dynamics (MD) simulation. When the 
trajectory of the FtsQBL complex and that of free FtsQ were com
pared, the structural implications of the formation of the complex 
began to emerge.

2. Results

2.1. AlphaFold 2 model agrees with structural data

The AlphaFold 2-predicted FtsQBL model captures all important 
features from previous structural studies. The two periplasmic do
mains of FtsQ were predicted accurately (root-mean-square devia
tion, RMSD, of all Cα atoms with PDB ID 2VH1 = 1.7 Å, 203 residues). 

Remarkably, even the relative spatial relationships of the three 
transmembrane helices are physically compatible so that the helices 
could be readily placed into a membrane layer (Fig. S1c). The in
teraction of FtsQ with FtsB was modelled correctly (Fig. 1; RMSD of 
all Cα atoms with PDB ID 6H9N = 1.7 Å, 227 residues). FtsB and FtsL 
form a long coiled-coil extending from the paired transmembrane 
helices, with FtsB having a break at the transmembrane-periplasmic 
interface. FtsQ transmembrane domain does not interact with those 
of FtsB and FtsL [32]. In fact, there is little or no direct interaction 
between FtsQ and FtsL [30,33]. These excellent agreements with 
experimental evidence at the backbone and secondary structure 
level encouraged us to proceed with the MD studies.

2.2. Predicted trimeric interface

We examined more closely, at the side-chain level, the details of 
how FtsQ and FtsB interact. Here, the most representative model 
from the MD simulation was compared to the crystal structure of the 
FtsQ:FtsB complex [34]. FtsQ Y248, a conserved residue at the FtsQ- 
FtsB interface, is a crucial residue for binding FtsB. Its conformation 
changes significantly on complexation [33]. The central role of Y248 
is reflected in the most representative model. FtsQ Y248 is sur
rounded by the FtsB kinked loop and stabilized by an intramolecular 
salt-bridge and hydrogen-bond network involving FtsB residues E68, 
R72, R79, and E82 [33,34]. These charged residues of FtsB form 
electrostatic interactions with FtsQ D245 and R247 [33]. FtsQ R196 
forms a salt bridge with FtsB E69 [34]. All these interactions were 
maintained in the most representative model of the MD simula
tion (Fig. 2).

FtsB F84 is in contact with FtsQ Y248, whereas FtsB Y85 packs on 
a cluster of hydrophobic residues of FtsQ: L226, L230, V254, W256 
[34]. FtsB L87 also packs on FtsQ L226 and R222. These interactions 
were preserved in the most representative model.

In the crystal structure, FtsB strand β1 consists of 4 residues 
(83−86) and runs antiparallel to the last FtsQ strand, β12, expanding 
the FtsQ β-sheet by one strand. In the AlphaFold 2 model, FtsB strand 
β1 expands to six residues (83−88) (Fig. 1). Up to here, the AlphaFold 
2-model captures the known structural features faithfully which 
were maintained in the simulation trajectory (Fig. 2).

AlphaFold 2 predicted that FtsQ, FtsB and FtsL form a 1:1:1 
complex (Supplementary information). This model uniquely pro
poses that the FtsL C-terminal region folds into two secondary 
structural elements to facilitate the formation of the trimer. First, the 
FtsL C-terminal residues 116–120 form a strand β1 which runs 

Fig. 1. FtsQBL model agrees with the crystal structure. The crystal structure of FtsQ in 
complex with FtsB (PDB ID 6H9N) is shown in grey cartoons. The AlphaFold 2-pre
dicted model is superimposed and coloured with FtsQ in blue, FtsB in yellow and FtsL 
in green.
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parallel to FtsB β1 (Fig. 1). As a result, the 12-stranded β-sheet of FtsQ 
becomes a 14-stranded one in the trimeric complex. This is in ex
cellent agreement with a newly solved structure of FtsQBLWI [30]. At 
the end of the long helix of FtsL, it breaks to form the α2 helix, which 
packs on FtsB α3 with their axes almost perpendicular to each other 
(Fig. 1). These two FtsL secondary structural elements reinforce the 
FtsQ-FtsB interface to establish the complete trimeric interface.

2.3. The FtsQBL complex is stable

The analysis of atomic displacement of core residues (the best- 
aligned 70% of all residues has an RMSD of Cα atoms of 2.5 Å) re
vealed that the complex structure was stably maintained throughout 
the simulation (Fig. 3a). The remaining 30% subset of residues re
presents the flexible and variable residues. The RMSF of the Cα atoms 
of the model is an indication of the extents of movement, i.e. rigidity, 
of the protein backbone. The RMSF plot shows that the variable re
gions are at both termini of FtsQ, the C-terminus of FtsB, and the N- 
terminus of FtsL (Fig. 4a). Namely, these residues, having an 
RMSF >  8 Å, are FtsQ residues 1–27 and 261–276, FtsB residues 
93–103, and FtsL residues 1–34. The transmembrane helices are 
more variable than the periplasmic domains in general. The 

characteristic downward-sloping regions on the RMSF plot (Fig. 4a: 
α0 of FtsQ, α1 of FtsB and α1 of FtsL) indicate bending of the helices, 
relative to the most representative model. Thus, the residual RMSF 
values of the transmembrane regions reflect the effect of helix 
bending in addition to local flexibility.

2.4. The FtsQBL complex is rigid with bendable anchors

The first three principal components (PC1 to PC3) captured 72% 
of the structural variance (Fig. S2e). PC1 represents 47% of the var
iance in structural changes, but there are little contributions from 
the entire periplasmic domain of FtsQ (Fig. S2a). The largest atomic 
displacements are observed at the N-terminal regions of both FtsB 
and FtsL (Fig. 5, S2a), including both transmembrane helices. Al
though the residues form regular helical secondary structures, there 
are rigid-body displacements relative to the whole complex. These 
characteristically manifest as downward sloping regions in PC1: FtsB 
(α1, α2 and α3) and FtsL (α1 and α2) (Fig. S2a). The cytoplasmic 
domain of FtsL is also highly variable. Thus, the complex has a well- 
defined structural core sitting on three anchors embedded in the 
membrane, with the two legs of FtsB and FtsL undergoing twisting 
and bending movements.

2.5. FtsQ in its free and bound states

Next, we compared the overall structural variations of FtsQ in its 
free and bound states (Table 1 and Fig. 3). The free FtsQ has a 70%- 
core RMSD of 2.0 Å and an overall RMSD of 6.6 Å (Fig. 3c). The 
complexed FtsQ has a 70%-core RMSD of 1.4 Å and an overall RMSD 
of 5.3 Å (Fig. 3b). As expected, the overall structural variation of FtsQ 
is substantially reduced in the complex. The individual FtsQ com
ponent among the complex is better defined than the complex as a 
whole, which has a 70%-core RMSD of 2.5 Å.

The overall Cα RMSF of the ordered region (residues 56–257) of 
the FtsQ periplasmic domain of the free protein and that in the 
FtsQBL complex were 2.0  ±  0.06 Å (standard deviation, SD = 0.8 Å) 
and 1.5  ±  0.04 Å (SD = 0.6 Å), respectively (Fig. 4b). The FtsQ peri
plasmic domain is thus significantly more rigid when the complex 
forms. The RMSF of the FtsQ β-domain (residues 160–257) and that 
of the β3 to β5 hinge region (residues 124–139) decreased similarly 
by ∼0.5 Å, in the FtsQBL state compared to those in the free state. 
These increases in rigidity on complexation were not as significant as 
our previous study at the minute scale [29]. Noticeably, two regions 
in FtsQ have RMSF reduced by >  1 Å on complexation, namely, re
sidues 79–92 (loop between α1 and α2) and 226–241 (C-terminal 
half of α5 and its trailing loop). The loop between α1 and α2 is close 

Fig. 2. FtsQBL MD model preserved key FtsQ-FtsB interacting residues. The crystal 
structure of FtsQ in complex with FtsB (PDB ID 6H9N) is shown in grey cartoons. The 
most representative MD model of FtsQBL is superimposed. The cartoons were co
loured with FtsQ in blue, FtsB in yellow and FtsL in green. The side chains of important 
interacting residues are shown as sticks.

Fig. 3. Structural stability of FtsQ and FtsQBL in the MD simulations. The RMSD of Cα atoms was analyzed such that 70% of the least mobile atoms constituted the core. (a) The 
FtsQBL complex as a whole (total of 500 residues), with its core RMSD in blue. (b) The FtsQ component (276 residues) within the FtsQBL complex with its core RMSD, also in blue. 
(c) The free FtsQ protein with its core RMSD in cyan. In all three plots, the overall curves are in dark grey (middle curves) and the remaining 30% RMSD curves (the RMSD of the 
non-core residues) in light grey (top curves).
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to the hinge (residues 49–59) connecting the transmembrane helix 
and the whole periplasmic domain. On forming the complex, the 
whole periplasmic domain of FtsQ is locked into one configuration 
by anchoring with FtsB and FtsL, and this hinge is no longer flexible. 
However, this dynamic change was not detected experimentally 
[29]. The flexibility of FtsQ residues 226–241 is lost on complexation 
because they are in the vicinity of the three strands (FtsQ β12, FtsB 

β1, and FtsL β1) at the trimeric interface. This is in good agreement 
with HDX-MS results [29].

We next attempted to locate the major structural changes of FtsQ 
on complexation. A difference distance matrix was calculated be
tween the complexed and the free states. Only six significant dis
tance changes were detected, and they all involved the residues at 
the hinge region between the transmembrane helix and the α-do
main (residues 49–53). The pairs of residues and their respective 
differences in Cα-distance (complexed state minus free state) are: 
E50-T89 (–7.3 Å), E50-M88 (–5.9 Å), M49-M88 (–5.7 Å), Q53-M88 
(4.9 Å), E50-Q53 (3.4 Å), and M49-A52 (3.3 Å). These changes reflect 
the different hinge configurations between the two states. The top 
three negative changes reflect the loop connecting α1 and α2 (re
sidues M88 and T89) moves closer to the C-terminal end of the 
transmembrane helix (residues M49 and E50) to form an ‘elbow’ 
(Fig. 6). In the free FtsQ, the C-terminal end of the transmembrane 
helix forms one more turn.

2.6. FtsQ transmembrane helix is tilted

In the FtsQBL complex, all the transmembrane helices of FtsQ, 
FtsB and FtsL are embedded in the membrane with an angle to the 

Fig. 4. Structural fluctuations of FtsQ and FtsQBL in the MD simulations compared. The RMSF of Cα atoms was analyzed with MDlovoFit with 70% of the least mobile atoms 
constituting the protein or complex core. (a) The FtsQBL complex as a whole (total of 500 residues), with its respective components coloured (FtsQ in blue, FtsB in yellow and FtsL 
in green). The secondary structures observed in the simulation were shown. The transmembrane regions were shaded. (b) The RMSF of the FtsQ component within the FtsQBL 
complex (in blue) compared with that of the free FtsQ protein (in cyan).

Fig. 5. The first principal component (PC1) of the FtsQBL complex in MD simulation. 
The protein complex was shown as a Cα trace, with colours representing relative 
atomic displacements in the PC1 from blue (small) to white (medium) to red (large). 
The membrane is represented by the grey shaded region.

Table 1 
RMSD of the FtsQBL complex and FtsQ in MD simulation. 

FtsQBL complex FtsQ in FtsQBL FtsQ (free)

RMSD (Overall), Å 5.34  ±  0.05 5.32  ±  0.05 6.55  ±  0.09
RMSD (Core, 70%), Å 2.51  ±  0.02 1.45  ±  0.01 1.96  ±  0.02
RMSD (Other, 30%), Å 11.94  ±  0.12 14.33  ±  0.16 17.21  ±  0.29

In each case, the most representative structure from cluster analysis was used as the 
reference.
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normal of the membrane surfaces. The transmembrane helix (α0) of 
FtsQ in the FtsQBL complex has an average tilt angle of 23.3° (SD = 
4.7°), whereas that of the free FtsQ is very similar, of 23.7° (SD = 6.7°) 
(Fig. S3), suggesting that the transmembrane helix tilt is not a 
structural consequence imposed by the formation of the complex. It 
is interesting to note that at the beginning of the simulation, the free 
FtsQ transmembrane helix has a small tilt angle, of 5.2°, which 
progressively increased to ∼20° within 50 ns (Fig. S3, cyan curve). 
This was because the free FtsQ model was inserted vertically into the 
membrane roughly along the axis of the transmembrane helix. 
Contrasting to this, the FtsQBL complex predicted by AlphaFold 2 has 
the three transmembrane helices of FtsQ, FtsB and FtsL arranged in a 
manner that dictates their insertion into the model membrane, with 
the FtsQ transmembrane helix already at a tilt angle of ∼20° (Figs. 
S1c, S3).

2.7. Constriction control domains are fixed vertically

It was speculated that one of the major structural consequences 
of the FtsQBL complex is to keep the FtsB and FtsL CCDs at a fixed 
vertical position from the membrane surface [29]. The center of 
geometry of Cα atoms of both CCDs were obtained from the simu
lation. The FtsB CCD was at ∼43 Å (SD = 2.6 Å) from the membrane 
surface, whereas that of FtsL was at ∼49 Å (SD = 2.7 Å). The re
spective small standard deviation values indicated that these vertical 
distances were kept relatively constant. This agrees with the notion 
that the CCD represents a binding module of the FtsQBL complex to 
downstream divisomal proteins, now known to include FtsI, that 
requires certain height from the membrane surface [30].

The MD most-representative model supplies atomic details of the 
CCDs that can be validated with experimental data of the P. aerugi
nosa FtsQBLWI (PaFtsQBLWI) structure [30]. The CCD residues of FtsB 
and FtsL pack against a positively charged cluster consisting of FtsQ 
R196 (equivalent to PaFtsQ R214), FtsQ R213 (PaFtsQ R231) and FtsB 
R70 (PaFtsB R75). The negatively charged CCD residues FtsB E56 and 
D59 (PaFtsB E61 and E64), and FtsL E88 (PaFtsL Q65) interact with 
the oppositely charged cluster. These charged interactions agree well 
with the information extracted from the P. aeruginosa structure (Fig. 
S4). The AWI residue FtsL L84 (PaFtsL L61) contributes hydrophobic 
interactions to maintaining the FtsBL coiled-coil (Fig. S4). It is con
ceivable that a charged residue (K/D) replacement produces the 
dominant negative phenotype because the FtsBL coiled-coil is dis
turbed, close to the CCDs.

2.8. Terminal disordered domains of FtsQ, FtsB and FtsL

At the beginning of the simulation, both N-terminal cytoplasmic 
regions of FtsQ and FtsL were modelled to be unstructured extended 
coils surrounded by the solvent. After the little restraint force im
posed in the last step of equilibration was removed, within 50 ns, 
both regions withdrew from the solvent and lied flat on the cyto
plasmic surface of the membrane and remained so till the end. The 
cytoplasmic domain of FtsQ on its own also exhibited this effect. It 
appeared that these regions prefer to associate with the membrane 
surface environment rather than with the solvent, presumably due 
to more favourable hydrophobic and electrostatic interactions. The 
association with the membrane surface of the N-terminal regions 
may be essential for interacting with the upstream divisomal pro
teins [27]. For instance, the cytoplasmic protein FtsA has an am
phipathic C-terminal helix that interacts with the cytoplasmic face 
of the inner membrane [35], thereby tethering the Z ring to the 
membrane.

The C-terminus of FtsQ, residues 261–276, is disordered in the 
AlphaFold 2 model (Fig. S1b). Nevertheless, the network analysis of 
trajectories indicated that this tail became substantially more closely 
associated with the α- and β- folded domains when FtsQ complexed 
with FtsBL (see later). The C-terminal tail of FtsB (residues 92–103) 
remained unstructured in the simulations.

2.9. Correlated displacement of protein regions

The dynamic cross-correlation matrices were calculated for the 
FtsQBL complex and the free FtsQ trajectories (Fig. 7). The positive 
off-diagonal slanted regions between FtsB and FtsL reveal the coiled- 
coil arrangement between them (Fig. 7, labelled ‘A’). Positive cor
relations are showing the interactions of the FtsQ upper β-domain 
with the FtsB C-terminal region strand (Fig. 7, labelled ‘B’) and with 
the FtsL C-terminal strand (Fig. 7, labelled ‘C’). Free FtsQ exhibits 
strong anti-correlations in some regions, the most noticeable one 
being between the α-domain and the upper (C-terminal) half of the 
β-domain (Fig. 7, labelled ‘D’). In the complexed FtsQ, this anti-cor
relation is not so pronounced. If we focus on the β-domain, the 
complexed FtsQ has generally more intra-domain positive correla
tions, particularly in the lower half subdomain of β (residues 
126–185). This subdomain also has more positive correlations with 
the α-domain of FtsQ in the complexed state. Overall, the complexed 
FtsQ shows more positive cross-correlations, supporting that the 
protein becomes more rigid when it is bound to FtsB and FtsL.

2.10. Contact network analysis of the FtsQBL complex and of free FtsQ

The FtsQBL complex, of 500 nodes and 3168 edges, was clustered 
into a coarse-grained contact network of 10 communities with 10 
edges, at a modularity of 0.65 (Fig. 8a,b; Table 2). This analysis re
vealed that the whole trimeric complex follows a linear topology, 
from the cytoplasmic N-terminus of FtsQ to the transmembrane 
helix, the α- and β-domains of FtsQ, to the FtsQBL interaction in
terface, to the long coiled-coil of FtsBL, to the cytoplasmic N-ter
minus of FtsL (Fig. 8a,b). Most nodes only contact adjacent nodes. 
FtsB and FtsL interact extensively and behave as a lower coiled-coil 
and an upper coiled-coil. Community 5 represents the trimeric in
teracting module and includes residues of FtsQ, FtsB and FtsL which 
interlock into a single big domain. The consensus contact network of 
FtsQ consists of 6 communities in common with the first six (1−6) of 
the FtsQBL network (Fig. 8c). When the network of the trimeric 
complex is compared with the consensus network of FtsQ, it is ob
vious that there is a big difference in the number of residues defining 
this interfacing module of FtsQ (Fig. 8b, c). In the free protein, the 
residues responsible for interaction make fewer contacts. Some of 
them partition into the lower β domain, i.e. free FtsQ has a bigger 

Fig. 6. The structural differences of FtsQ between its free and complexed states. The 
free (cyan) and complexed (blue) models were aligned on the transmembrane helices. 
Cα atoms of interest are shown as spheres. The distances were shown in pink (free 
state) and red (complexed state) broken lines.
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community 4 than complexed FtsQ (Fig. 8b, c). The difference net
work analysis informs the changes when FtsQ forms a complex. The 
major changes involve its C-terminal tail (community 6). While 
these residues are without defined structure and flexible in the free 

protein, they become closely associated with community 4 (the 
lower β-domain), and also with the α- and the upper β-domains 
(Fig. 8c).

Fig. 7. The dynamic cross-correlation matrix of the FtsQBL complex and that of FtsQ. The maps were scaled to be from –1 (anti-correlated, in magenta) to 1 (fully correlated, in 
cyan). The secondary structures were shown in blocks along the right and the top with helices in black and strands in grey. The blue boxes indicate the α- and β-domains of FtsQ. 
The regions labelled A-D were discussed in the text.
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Fig. 8. Network analysis of the FtsQBL complex. (a) The molecular model of the FtsQBL complex coloured in the same way as in the contact network for comparison, with the 
corresponding structural domains. (b) Contact network of the FtsQBL complex with communities shown as circles with radii proportional to their sizes. The relative thickness of 
edges are proportional to the number of contacts. (c) The difference contact network of FtsQ (FtsQ in FtsQBL minus free FtsQ). Here an increase in number of contacts on 
complexation is represented by a blue line and a decrease by red.

Table 2 
Coarse-grained representations of the FtsQBL complex and that of free FtsQ. 

Domains Residues (FtsQBL) Residues (free FtsQ)

1 FtsQ NTD (cytoplasmic) FtsQ: 1–16 FtsQ: 1–19
2 FtsQ TM FtsQ: 17–48 FtsQ: 20–52
3 FtsQ α FtsQ: 49–127, 147–151 FtsQ: 53–126, 146–156
4 FtsQ lower β FtsQ: 128–146, 152–201 FtsQ: 127–145, 157–220, 244–252
5 FtsQ upper β; FtsB CTD, FtsL CTD FtsQ: 202–260, FtsB: 63–91, FtsL: 93–121 FtsQ: 221–243, 253–257
6 FtsQ CTD FtsQ: 261–276 FtsQ: 258–276
7 FtsBL upper coiled-coil FtsB: 29–62, FtsL: 64–92 —
8 FtsBL lower coiled-coil FtsB: 1–28, FtsL: 28–63 —
9 FtsL NTD (cytoplasmic) FtsL: 1–27 —
10 FtsB CTD FtsB: 92–103 —

For the complex, the analysis was based on its MD trajectory. For FtsQ, the consensus network was built from both the trajectory of the FtsQ component in the FtsQBL complex and 
that of the free FtsQ. NTD: N-terminal domain; TM: transmembrane domain; CTD: C-terminal domain
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3. Discussion

3.1. CCD and PBP1b

The FtsL CCD interacts with the downstream divisomal protein 
complex FtsWI and/or penicillin-binding proteins (PBP), including 
PBP1b and PBP3 (aka. FtsI) [28,36]. More precisely, the FtsL CCD 
suppresses the glycosyltransferase activity in PBP1b [37]. The fixed 
vertical position of the CCDs observed here may shed some light on 
the regulatory mechanism of the bifunctional enzyme. From its 
crystal structure [38], the glycosyltransferase domain of PBP1b lies 
no taller than 40 Å from the membrane surface. By simple geometric 
consideration, it is more likely that the FtsQBL complex might act via 
the FtsBL CCDs on the UB2H domain of PBP1b to effect inhibi
tion (Fig. 9).

3.2. Previous attempts at FtsQBL complex modelling and simulation

The earliest MD simulation of the FtsQ, FtsB and FtsL proteins 
was an attempt at the complex formed by the corresponding peri
plasmic domains [25]. This was performed when the norm of MD 
length was at the 10-ns scale. The compact trimeric (1:1:1) and 
hexameric (2:2:2) complexes are stable but they are very different 
from our results as it has FtsQp packing along the whole length of the 
long FtsBpLp coiled-coil. Next, there was a study on the FtsBL (2:2) 
tetrameric coiled-coil embedded in a model membrane [39], using 
MD runs spanning 200 ns (replica) or 260 ns. The model was based 
on co-evolutionary analysis and is therefore conceptually related to 
this study. A later study from the same group used AlphaFold 2- 
predicted FtsBL (2:2) ‘Y-model’ embedded in a single-component 
(POPE) membrane model and three MD simulations, each of 400 ns 
[40]. But the N-terminal domain of FtsL and the C-terminal domains 
of both FtsB and FtsL were truncated in these two FtsBL studies. Our 
complex model is not consistent with the two proposed FtsBL (2:2) 
tetrameric models. In a recent review of the structural aspects of the 
divisome, the authors used AlphaFold 2-generated models for dis
cussion and they presented an FtsQBL interface very similar to the 
14-stranded β-sheet we discussed here (Figure 15 of [41]). Our work 
reported here initiated as a modelling exercise used in the inter
pretation of HDX-MS experiments [29]. Another work at the preprint 
stage reported a POPE-membrane-embedded FtsQBLWI simulation 
at the 1-μs scale, which also made use of AlphaFold 2 for model
ling [42].

The recent trends of studying membrane complexes in silico 
seem to converge to a common workflow: [i] modelling by 

AlphaFold 2 implemented in ColabFold, [ii] membrane modelling 
and protein insertion by CHARMM-GUI Membrane Builder, and [iii] 
MD simulation at the hundred-ns scale. Our results reported here 
showed that the methodology is robust and can generate structural 
knowledge that is in excellent consistency with experimental re
sults.

3.3. Sampling of atomistic membrane-protein simulation

The conformational dynamics of membrane-embedded proteins 
are often studied at the hundred-nanosecond to microsecond time 
scale [43–46]. We employed all-atom systems with explicit solvent 
(totalling ∼450,000 and ∼500,000 atoms, respectively) so that 
structural information at the side-chain level can be extracted. To 
strike a compromise between resolution and sampling, a single 
trajectory was run for 500 ns for each experiment. The length was 
comparable with similar studies [43,44,46] but the sampling of the 
conformational space may not be thorough—this is the limitation of 
this study. Ideally, multiple independent runs should be performed. 
For instance, in the porin work, 10 independent 1-μs replicas were 
run [46]. Alternatively, different initial structures were used [47].

4. Materials and methods

4.1. Model of the FtsQBL complex

We employed the ColabFold notebook [48] interface to produce 
the FtsQBL (1:1:1) trimeric complex model. The Alpha
Fold2_advanced (beta) notebook, which implemented AlphaFold 
version 2 [49] in combination with MMseqs2 [48] for multiple se
quence alignment and without using templates, was run on the 
Google Colab service. The only inputs were the three protein se
quences (UniProtKB entries: EcFtsQ, P06136; EcFtsB, P0A6S5; EcFtsL, 
P0AEN4) and the multimer stoichiometry. The top-ranking predicted 
model was subjected to a refinement step in Modeller version 9.21 
[50], using the altMOD plugin [51], to rebuild the N- and C-termini 
with low pLDDT (predicted score based on the local distance dif
ference test Cα-metric) scores (< 70): FtsQ residues 1–21 and 
262–276, FtsB residues 1 and 91–103, and FtsL residues 1–36 and 
121. This step was necessary because AlphaFold tends to render 
unreliable regions into helices (see Fig. S1c).

The model of full-length FtsQ was generated in the same way 
with only the sequence, followed by Modeller refinement of residues 
1–23 and 262–276 (pLDDT < 70).

4.2. Model of the E. coli inner membrane

The bacterial cell membrane is dynamic and the lipid composi
tion varies with the life cycle to facilitate specific physiological re
sponses [52]. The basic composition is relatively stable: ∼75–80% PE, 
∼20% PG and ∼5–10% CL [52–54]. We assembled our inner mem
brane model referencing the asymmetric model of Bogdanov et al 
(2020). It adopted a ratio of 3:1 on the number of PE in the cyto
plasmic leaflet to that in the periplasmic leaflet [55]. The most 
abundant fatty-acid tails are of: 16:0 (palmitoyl-), 16:1 (palmito
leoyl-), and 18:1 (oleoyl-) [54]. Therefore, we used POPE and POPG 
(both with 16:0 and 18:1 tails) in place of DOPE (dioleoyl-phos
phatidylethanolamine) and DOPG (Dioleoyl-phosphatidylglycerol). 
For cardiolipin, we used TYCL2 instead of TOCL2 to reflect the 
abundance of the 16:1cis9,10 fatty-acid tails [54,55].

The trimeric FtsQBL complex model was manually orientated and 
then inserted into the asymmetric membrane with the help of the 
CHARMM-GUI Membrane Builder [56], which generated the to
pology and parameters with the CHARMM36 force field [57], as well 
as the MD strategy and running scripts for Gromacs. The Z dimen
sion was set to have a water layer on each face of the membrane of at 

Fig. 9. Interaction between FtsQBL and PBP1b. The height of the CCD in FtsL (green) 
was shown in the FtsQBL complex on the left. The heights to the top of the domains of 
PBP1b (PDB ID: 5HL9), glycosyltransferase (brown) and UB2H (magenta), are shown 
on the right. The membrane is represented by the grey shaded box. FtsQ is in blue; 
FtsB in yellow; PBP1b transmembrane domain in dark green; PBP1b transpeptidase 
domain in cyangreen.
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least 22.5 Å thickness. The length of XY dimensions was based on the 
number of lipids. Initially, a guessed attempt of building the mem
brane with an XY = 80 × 80 Å2 leaflet (top rows of Table 3) resulted in 
an area that was too small. The system was expanded to XY 
= 150 × 150 Å2 while keeping the ratios of lipid components fixed 
(Table 3, middle rows). The actual number of each lipid used was 
determined empirically and manually adjusted (Table 3, bottom 
rows) to satisfy the density requirements of the Membrane Builder, 
i.e. the upper leaflet can accommodate more lipids. The system in
cluded 0.15 M NaCl placed by the distance method. The membrane- 
protein model was immersed in a cubic box of approximately 
150 × 150 × 210 Å3 containing TIP3P waters.

4.3. Molecular dynamics simulation

All-atom simulations of the trimeric complex in the membrane- 
embedded environment were performed in Gromacs 2021.3 [58]. 
After an energy minimization step, the equilibration stage consisted 
of two steps of the NVT (fixed number of particles, volume, and 
temperature) ensemble followed by four steps of the NPT (fixed 
number of particles, pressure, and temperature) ensemble to reach 
310 K and 1 bar pressure. During the equilibration steps, restraint 
forces were applied (initially, 4000 kJ/mol/nm on protein backbone; 
2000 kJ/mol/nm on protein sidechains; 1000 kJ/mol/nm on lipids; 
and 1000 kJ/mol/rad2 on lipidic dihedral angles), which were re
duced stepwise to 50, 0, 0 kJ/mol/nm and 0 kJ/mol/rad2, respectively. 
The production phase consisted of 500 ns of unrestrained simu
lation.

Using the same protocol, an MD simulation of FtsQ inserted into 
the membrane was also carried out, starting from its AlphaFold 2 
model.

4.4. Structural analyses

VMD [59] was used for the visualization of simulation results. In 
each trajectory, a cluster analysis was performed with Gromacs 
using the gromos method [60]. The clustering was based on the root- 
mean-square deviations (RMSD) of Cα atoms with cutoff values of 
0.4 nm for the FtsQBL complex and 0.45 nm for free FtsQ. The central 
structure of the largest cluster was used as the most representative 
structure for analysis. For the trimeric complex, the most re
presentative FtsQ model (FtsQ in FtsQBL, ‘complexed state’) was also 
obtained separately. Global structural variations were determined on 
Cα atoms with MDLovoFit [61]. From this, a threshold was set at 
having 70% of residues representing the fixed core of the protein or 
complex, using a reduced trajectory containing 1000 frames at 0.5 ns 
intervals. The RMSD of the trajectory was calculated with reference 
to the respective most representative structure. The root-mean- 
square-fluctuation (RMSF) of residues was calculated with Cα atoms 
for the whole complex, as well as for the individual FtsQ within the 
complex. The tilting angle of transmembrane helices was calculated 
with Gromacs (gmx bundle), with reference to the Z-axis, which is 
normal to the membrane planes. The vertical distance of the CCD 

from the membrane surface was calculated with Gromacs (gmx 
distance) as the Z-component of the separation between the center 
of geometry of each group of CDD Cα atoms (FtsB residues 55–59 and 
FtsL residues 88–94), with reference to the center of geometry of 
three manually-selected widely separated phosphorus atoms on the 
membrane upper leaf.

Bio3D [62,63], an R library package, was employed for principal 
component analysis (PCA), dynamic cross-correlation matrix 
(DCCM) and difference distance matrix (DDM) calculations and 
correlation network analysis (CNΑ). These analyses employed Cα- 
atoms only which informed on the protein backbones. DCCM was 
calculated with Cα atoms with no filters and values normalized to be 
between –1 (anti-correlated) and 1 (fully correlated).

4.5. Difference distance matrix

A residual difference distance matrix (DDM) of FtsQ was con
structed from the pair of trajectories using the Bio3D eDDM module. 
Long-range interactions were excluded by applying a contact-maps 
mask. The maps were constructed from the respective trajectories to 
allow only Cα-Cα distances >  1 Å and <  8 Å for consideration. 
Statistically important changes were defined as those having a p- 
value <  0.005 and an absolute distance >  3 Å.

4.6. Contact network analysis

Protein correlation networks were constructed over the MD 
trajectory, sampling at 0.5 ns intervals (1000 frames). The Girvan- 
Newman betweenness algorithm was employed for community 
clustering. The FtsQBL complex was approximated into a coarse- 
grained contact network from a DCCM of Cα atoms, with a cutoff set 
to screen out values below 0.3. A contact map was applied to filter 
out long-range (> 10 Å) and statistically insignificant interactions 
(contact probability < 0.75). Finally, the network was re-modelled to 
remove single-residue segments contained in some communities 
(Xin-Qiu Yao, personal communications).

The structural and dynamical properties of FtsQ in the free and 
complexed states were subjected to difference contact network 
analysis (dCNA) [64]. Two residues are considered to be in contact if 
their heavy atoms were within 4.5 Å and existed for >  75% of the 
trajectory. The default threshold of 0.9 was used in defining a stable 
contact and contact frequencies below the threshold of 0.1 were 
discarded. The consensus communities for analysis were determined 
from the trajectories of free and complexed FtsQ.
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