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New Hypothesis

New Methods

ABSTRACT The key bacterial cell division protein FtsZ can adopt multiple conformations,
and prevailing models suggest that transitions of FtsZ subunits from the closed to open
state are necessary for filament formation and stability. Using all-atom molecular dynam-
ics simulations, we analyzed state transitions of Staphylococcus aureus FtsZ as a monomer,
dimer, and hexamer. We found that monomers can adopt intermediate states but preferen-
tially adopt a closed state that is robust to forced reopening. Dimer subunits transitioned
between open and closed states, and dimers with both subunits in the closed state re-
mained highly stable, suggesting that open-state conformations are not necessary for fila-
ment formation. Mg2+ strongly stabilized the conformation of GTP-bound subunits and the
dimer filament interface. Our hexamer simulations indicate that the plus end subunit pref-
erentially closes and that other subunits can transition between states without affecting
inter-subunit stability. We found that rather than being correlated with subunit opening,
inter-subunit stability was strongly correlated with catalytic site interactions. By leveraging
deep-learning models, we identified key intrasubunit interactions governing state transi-
tions. Our findings suggest a greater range of possible monomer and filament states than
previously considered and offer new insights into the nuanced interplay between subunit
states and the critical role of nucleotide hydrolysis and Mg2+ in FtsZ filament dynamics.

SIGNIFICANCE STATEMENT

� The cytoskeletal protein FtsZ forms filaments essential for bacterial cytokinesis. Traditional
models focus on the transition of FtsZ subunits from closed to open states, but its importance
for filament stability is unclear.

� Using molecular dynamics simulations, the authors discovered that Staphylococcus aureus
FtsZ can exist in multiple stable states, with closed-state dimers exhibiting high stability, chal-
lenging previous notions about the necessity of open-state conformations for polymerization.

� This study broadens our understanding of FtsZ dynamics, suggesting a more complex in-
terplay of states than previously thought. These insights could lead to novel approaches in
developing antimicrobial strategies targeting bacterial cell division.
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INTRODUCTION
In eukaryotes and prokaryotes alike, cytoskeletal proteins play im-
portant roles in wide-ranging cellular processes that are intimately
tied to the kinetics and mechanics of filament formation (Cabeen
and Jacobs-Wagner, 2010; Fletcher and Mullins, 2010; Shaevitz
and Gitai, 2010). The essential bacterial cell division protein FtsZ,
a homologue of eukaryotic tubulin (Lowe and Amos, 1998), poly-
merizes into filaments that form a ring (the “Z-ring”) at midcell
that recruits other members of the division machinery (the “di-
visome”) and guides the synthesis of new cell wall material (Bi
and Lutkenhaus, 1991; Typas et al., 2011). FtsZ filaments bind to
the membrane through interacting partners ZipA and FtsA (Hale
and de Boer, 1997; Conti et al., 2018), and move along the divi-
sion plane through treadmilling (Bisson-Filho et al., 2017; Wagstaff
et al., 2017; Yang et al., 2017). Filament formation and lateral as-
sociation is thought to play an important role in organizing the di-
visome (Guan et al., 2018). However, the range of possible states
of FtsZ filaments has yet to be fully elucidated.

FtsZ is a GTPase, with the nucleotide-binding pocket lo-
cated at its polymerization interface (Lowe and Amos, 1998,
1999). FtsZ polymerization is directly coupled to GTP hy-
drolysis, as intersubunit interactions are necessary for catal-
ysis (Scheffers et al., 2000; Oliva et al., 2004; Ruiz et al.,
2022). Mg2+ is required for GTP hydrolysis and limits FtsZ
depolymerization (Mukherjee and Lutkenhaus, 1999; Rivas et al.,
2000; Ruiz et al., 2022). In many crystal structures of FtsZ filaments,
subunits have been found to adopt an “open” state (often referred
to as the “tense” or “T” state) in which the C-terminal domain
(CTD) is farther from both the H7 helix and the N-terminal domain
(NTD) than in the “closed” state (often referred to as the ”relaxed”
or “R” state) of monomer crystal structures (Fujita et al., 2017;
Wagstaff et al., 2017). These structural studies have motivated the
development of biophysical models relating FtsZ polymerization
to conformational switching between the closed and open states
(Wagstaff et al., 2017), whereby the rare nature of opening events
generates a nucleation barrier to polymerization and filament po-
larity emerges from the growing end (kinetic plus end) being locked
into an open state (Corbin and Erickson, 2020). While most stud-
ies have focused on filament structures with subunits of Staphy-
lococcus aureus and Methanocaldococcus jannaschii FtsZ in the
open state (Wagstaff et al., 2017; Oliva et al., 2004), filaments
of Mycobacterium tuberculosis FtsZ (Guan et al., 2018), and of
Escherichia coli FtsZ (Schumacher et al., 2020; Yoshizawa et al.,
2020) have been crystallized with subunits in the closed state, al-
though intersubunit interactions were weaker than for other FtsZ
filament structures (Guan et al., 2018; Schumacher et al., 2020).
In previous studies, S. aureus FtsZ (SaFtsZ) mutants unable to
form filaments were crystallized only as closed-state monomers
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(Wagstaff et al., 2017), and mutations at filament interfaces pro-
duced weakly bound subunits in the closed state (Matsui et al.,
2014), suggesting that FtsZ monomers likely exist in the closed
state and that the open state is important for polymerization. Ad-
ditionally, SaFtsZ filaments composed entirely of closed-state sub-
units were crystallized with weaker intrafilament interactions (Fujita
et al., 2017), further indicating the importance of open states in
filament stability. Together, these studies suggest that transitions
between closed and open states could play a major role in FtsZ
filament assembly, but several major questions remain. In partic-
ular, the conditions under which monomers access open states
and whether other states exist are unknown. Moreover, how sub-
units transition between states and whether factors such as divalent
cations, nucleotide binding, and filament stability impact and/or
are impacted by subunit states remain to be elucidated.

All-atom molecular dynamics (MD) simulations have proven a
powerful tool for exploring the conformational dynamics and me-
chanics of cytoskeletal filaments, including FtsZ. Equilibrium MD
simulations have revealed the presence of multiple twist states in
double protofilaments of the bacterial actin homolog MreB (Shi
et al., 2020), and steered MD simulations demonstrated causal links
between filament properties such as intrasubunit movements and
filament bending (Colavin et al., 2014). Microsecond-scale simu-
lations of MreB double protofilaments revealed rapid transitions
between twist states whose occupancy was dependent on the
bound nucleotide, and deep learning algorithms proved effective
for identifying intrasubunit interactions that are predictive of fila-
ment twist states (Knapp et al., 2022). Due to its inherent dynamics
and central importance to cell division, FtsZ in a variety of polymer
structures has been a major focus of previous MD simulations. Equi-
librium MD simulations successfully predicted that filament bend-
ing is sensitive to the bound nucleotide (Hsin et al., 2012; Li et al.,
2013). Simulations of a G193D mutant in the H7 helix, a key struc-
tural feature involved in open-closed transitions (Wagstaff et al.,
2017), predicted that mutant filaments would adopt a twisted state,
and indeed the mutant altered Z-ring structure from a ring to a helix
in S. aureus cells (Pereira et al., 2016). In simulations of SaFtsZ hep-
tamers, most subunits adopted an open state, similar to prevailing
model predictions (Corbin and Erickson, 2020), although the ki-
netic plus end with a free CTD stabilized in a closed state (Ramirez-
Aportela et al., 2014). Simulations of M. tuberculosis FtsZ trimers
suggested a link between filament stability and open-closed tran-
sitions (Lv et al., 2021). However, these simulations have not sys-
tematically tested whether the open state is necessary for stable
filament formation.

Here, we perform all-atom MD simulations of SaFtsZ in
monomer, dimer, and hexamer arrangements, and quantify how
subunit state is affected by the bound nucleotide, the presence of
Mg2+ in the nucleotide-binding pocket, and its initialized confor-
mation. We discover states intermediate between closed and open
and find that Mg2+ generally stabilizes the subunit state, regardless
of filament arrangement. We find that dimers can persist with both
subunits in the closed state without any loss of intersubunit sta-
bility. In a hexamer, the plus end rapidly closes, and the state of
other subunits transitions along a continuum between closed and
open but is stabilized by Mg2+ in the nucleotide binding pocket.
A deep-learning algorithm successfully classified open and closed
states regardless of the initial state of the filament, the bound nu-
cleotide, or the presence/absence of Mg2+. While current models
of FtsZ polymerization and stability propose that open states are
required for stable interaction and treadmilling, these findings sug-
gest a more nuanced picture involving what is likely a complex set

2 B. D. Knapp et al. Molecular Biology of the Cell

http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E23-11-0446
mailto:handuo@stanford.edu
mailto:kchuang@stanford.edu
http://creativecommons.org/licenses/by-nc-sa/4.0


FIGURE 1: FtsZ monomers preferentially adopt a closed state that is stabilized by Mg2+. (A) SaFtsZ structures in the
closed and open states. (Left) The CTD-H7 distance (dotted line, left) is defined as the distance between the centers of
mass of two groups of residues (green spheres) from the CTD (red) and H7 helix (gray). (Right) The closed structure
(top, 5MN5) is distinguished from the open state (bottom, 5MN4) by the hinging of the CTD toward the H7 helix. (B)
Monomers typically adopt closed states. The open-closed metric (CTD-H7 distance) shows that GDP-bound monomers
initialized in an open state rapidly close and that monomers with either bound nucleotide initialized in a closed-state
remain closed (CTD-H7 distance ≈10 Å). (C) The transition of GTP-bound monomers initialized in an open state
(PDB:5MN4, with the nucleotide replaced by GTP) to a closed state is stabilized by Mg2+. (D) Mg2+ delays the closing
of GDP-bound monomers initialized in an open state (PDB:5MN4). (E) The equilibrated closed state of a GTP-bound
monomer with Mg2+ is highly stable. A GTP-bound monomer with Mg2+ equilibrated in a closed state (Figure 1C, light
green) was steered with force sufficient to increase the CTD-H7 distance to >12 Å (shaded gray box). After reopening,
the simulation of the system continued without steering force, and the monomer quickly reclosed. Each trajectory was
smoothed using a moving Savitzky-Golay filter with a window of 2 ns and a 3rd-order polynomial, and raw trajectories
are shown as thin, transparent lines. Replicates (n = 2) for each system are shown in light and dark shades.

of state transitions and additional mechanisms that determine FtsZ
filament stability and polarity.

RESULTS
FtsZ monomers preferentially adopt a closed state that is
stabilized by Mg2+

Previous studies demonstrated that FtsZ monomers adopt a stable
closed state (Ramirez-Aportela et al., 2014; Wagstaff et al., 2017)
and that transitions between the open and closed states are likely
coupled to polymerization dynamics (Fujita et al., 2017; Wagstaff
et al., 2017; Ruiz et al., 2022). Recently, nonpolymerizing mutants
of Staphylococcus aureus FtsZ (SaFtsZ) were crystallized and found
locked in either open or closed forms (PDB: 5MN4[open, GDP-
bound], 5MN5[closed, GTP-bound], 5MN6[closed, GDP-bound],
5MN8[closed, GTP-bound]; Wagstaff et al. 2017). The 5MN4 open-
state structure was essentially identical to the previously solved
wild-type GDP-bound filament structure (3VO8, α-carbon RMSD
= 0.26 Å; Matsui et al., 2012).

To assess the stability of open and closed monomers, we per-
formed all-atom equilibrium MD simulations of the appropriate
FtsZ structures, which were reverted to their wild-type amino acid
sequences (Materials and Methods). Based on a previous MD study
of FtsZ conformational states (Ramirez-Aportela et al., 2014), we
quantified the open/closed states using the distance between
the centroids of two α-carbon clusters located on the CTD and
the H7 helix (residues 196–202, 295–300; Figure 1A). Using this

metric, open states are characterized by a distance of ∼13 Å (PDB:
5MN4) and closed states by a distance of 9–10 Å (PDB: 5MN5,
5MN6, 5MN8). Because open-closed transitions are largely deter-
mined by CTD movement (Wagstaff et al., 2017), alternative open-
closed metrics capturing CTD movement relative to the NTD have
also been used; we found that the CTD-H7 distance was corre-
lated with other metrics (CTD-NTD distance, r = 0.76; CTD-NTD
angle, r = 0.56) across a broad range of simulation structures (Sup-
plemental Figure S1, A and B), thus we assume that these met-
rics are approximately equivalent and utilize the CTD-H7 distance
henceforth. FtsZ monomers initialized in the closed state remained
in the closed state (9–10 Å) throughout each simulation (n = 6 repli-
cates total across three crystal structures), independent of the nu-
cleotide (Figure 1B). For a monomer initialized in the GDP-bound
open state, one replicate quickly (<10 ns) closed to ∼10 Å, while
the other replicate only partially closed to ∼11 Å and remained in
this intermediate configuration for the rest of the 120-ns simulation
(Figure 1B), which was significantly different from the closed state
(p < 0.001). The RMSD relative to the initial crystal structure (Mate-
rials and Methods) was stable throughout all monomer simulations
(2–3 Å), despite open-to-closed transitions (Supplemental Figure
S1C). Note that the RMSD likely does not reflect open-closed state
transitions because state transitions are dominated by local hinging
of the CTD, while the RMSD is dominated by global residue reor-
ganization during equilibration (as a reference, the RMSD between
the 5MN4 and 5MN5 crystal structures is 3.1 Å, similar to the RMSD
of an equilibrated monomer simulation from its crystal structure).
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To evaluate how the bound nucleotide impacts open-to-closed
transitions, we performed simulations initialized with the open-
state monomer structure bound to GTP (Materials and Methods).
Although both replicates closed within 30 ns, they later reopened,
and then one replicate closed again by ∼70 ns (Figure 1C), indi-
cating that GTP-bound monomers can explore both states on short
(tens of ns) time scales. To further explore these transitions, we con-
sidered the impact of Mg2+ on FtsZ conformational states (Materi-
als and Methods). We found in MD simulations that Mg2+ delayed
closing of GDP-bound open-state monomers by several tens of ns
(n = 2 replicates, Figure 1D), while GTP monomers initialized in the
open state with Mg2+ rapidly and stably closed (for >100 ns, n =
2 replicates; Figure 1C).

To examine the stability of the closed GTP-Mg2+ state at the end
of the equilibrium simulation (Figure 1C), we performed steered
MD simulations in which we attempted to reopen the closed
monomer (Materials and Methods). Although a force constant
of ∼3.5 N/m was sufficient to reopen the GTP-Mg2+ monomer
in ∼10 ns, removing the force constraint resulted in very rapid
(<2 ns) and stable closing (Figure 1E), suggesting that the
closed state is highly favored. We further asked whether the
open state could be stabilized via steering by initializing a
GTP-Mg2+ monomer from the open crystal structure and con-
straining it in the open state for ∼20 ns, similar to the du-
ration over which GTP-bound monomers with Mg2+ stayed
open in equilibrium simulations (Figure 1C). The monomer
stayed open during steering but afterward slowly closed with
some fluctuations, eventually reaching a closed state after
∼90 ns (Supplemental Figure S1D). Thus, while steering the
monomer open for an extended time could somewhat delay its
access to the closed state, Mg2+ strongly stabilized GTP-bound
monomers in the closed state.

During GTP hydrolysis, both the γ -phosphate group and Mg2+

exit the nucleotide-binding pocket, and GDP-bound monomers
are spontaneously exchanged for GTP-Mg2+ (Ruiz et al., 2022).
Thus, GTP-Mg2+ and GDP monomers are likely the most physio-
logically relevant nucleotide states, which both stably closed when
initialized from an open state.

Both open and closed states are accessible in stable FtsZ
dimers
Prevailing models of FtsZ polymerization suggest that open-state
conformations are required for intersubunit interactions within fil-
aments owing to a favorable binding interface (Corbin and Er-
ickson, 2020). If monomers predominantly exist in stable closed
states, then dimer nucleation requires a transition from closed to
open. A previous modeling study suggested that monomers exist
in an equilibrium between open and closed states with an equi-
librium constant of 5000–20,000 (closed:open; Corbin and Erick-
son, 2020), which would indicate that nucleation events are rare.
Thus, we sought to evaluate the stability of dimers initialized in ei-
ther open or closed conformations (Materials and Methods). We
aligned SaFtsZ monomer structures (PDB: 5MN4, 5MN5, 5MN6,
and 5MN8; mutations reverted to wild type) to the structure of the
SaFtsZ straight filament (PDB: 3VO8; Materials and Methods) and
performed MD simulations of dimers. Dimer stability was evaluated
via the buried solvent-accessible surface area (bSASA) between
the two subunits (Materials and Methods). All dimers initialized
in the closed state initially exhibited a bSASA of ∼800 Å2, which
rapidly decreased at the beginning of simulations by >400 Å2

(Figure 2A), with some stabilizing at a bSASA significantly different
from the open-state dimer (p < 0.001, two-sample t-test). Notably,

some closed-state dimer replicates stabilized at very low bSASA
(<300 Å2), and one replicate completely dissociated (bSASA = 0
Å2, Figure 2A). By contrast, GDP-bound dimers initialized from the
open-state crystal structure exhibited a much higher initial bSASA
(>1200 Å2; Figure 2A). In both replicate simulations, bSASA ini-
tially decreased by ∼300–400 Å2, then slowly increased to ∼1100
Å2 (Figure 2A).

We found that GDP-bound dimer simulations initialized in the
open state displayed diverse open-closed conformational transi-
tions. In one replicate, the bottom subunit (CTD exposed, here re-
ferred to as P1; Figure 2B) rapidly and stably closed (Figure 2C,
left), similar to the equivalent monomer (Figure 1B), while the top
subunit (NTD exposed, P2; Figure 2B) remained open (Figure 2C,
left). Similar dynamics, in which the P1 subunit closes, and the P2
subunit remains open, were observed in previous MD simulations
of FtsZ filaments (Ramirez-Aportela et al., 2014). Our other repli-
cate simulation was characterized by continual changes in the P2
subunit’s CTD-H7 distance between 10–13 Å, while the P1 sub-
unit remained open for ∼80 ns before rapid closure (Figure 2C,
right).

Stable filaments have been previously described by the motif
that the upper subunit (P2), whose CTD interacts with the NTD
of the bottom subunit (P1; Figure 2B), remains open (Ramirez-
Aportela et al., 2014; Lv et al., 2021). However, in simulations of a
GDP-bound dimer initialized in the open state, we observed stable
interactions between the subunits during intervals in which the P2
subunit was closed (Figure 2C, right). To assess whether closed sub-
units can assemble into stable filaments, we performed a refined
interface-based alignment of closed-state GTP-bound monomers
with the straight SaFtsZ filament structure (Materials and Meth-
ods). Instead of aligning the whole monomer to the 3VO8 filament
structure, we aligned the two closed-state monomers to the NTD
of the bottom subunit and to the CTD of the top subunit, which
represents the true filament interface between subunits (Ramirez-
Aportela et al., 2014; Fujita et al., 2017; Wagstaff et al., 2017;
Du et al., 2018). This alignment produced an initial bSASA near
1000 Å2 (Figure 2D), higher than for the simple alignment pro-
cedure based on the 3VO8 structure (Figure 2A). In simulations
of the interface-aligned dimer, bSASA slowly decreased to ∼700
Å2 (Figure 2D), while both subunits remained stably closed (Figure
2E). Based on our observation that the addition of Mg2+ increased
the stability of the closed state for GTP-bound monomers (Figure
1C), we added Mg2+ to the interface-aligned GTP-bound closed
dimer and found that the bSASA remained near its high initial value
throughout the simulation, overlapping with the values characteris-
tic of open-state GDP-bound dimers (Figure 2D). Furthermore, the
subunits again remained closed throughout the simulations (Figure
2E), suggesting that stable interactions can occur even between
closed FtsZ subunits.

To determine whether wild-type closed-state filaments in a na-
tive (unreverted) state are stable and whether subunits undergo
open-closed transitions, we performed monomer and dimer sim-
ulations initialized from crystal structures of wild-type SaFtsZ fil-
aments solved in both open (PDB: 5H5G, chain A) and closed
(PDB: 5H5G, chain B) states (Fujita et al., 2017; Supplemental Fig-
ure S2). GDP-bound monomers exhibited the expected behaviors
(Figure 1), with rapid closing of monomers initialized in the open
state and closed-state monomers remaining closed (Supplemen-
tal Figure S2A). GDP-bound dimers initialized in the open state
largely remained stable through the 100-ns simulation (bSASA
>1000 Å2), although the bSASA of one replicate decreased by
25% (Supplemental Figure S2B). Similar to our other open-state
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FIGURE 2: Subunits of stable dimers can adopt both open and closed states. (A) Using straight-filament alignments,
FtsZ dimers are only stable when initiated from the open-state crystal structure, with stability characterized by high
bSASA. Target crystal structures were aligned to the straight SaFtsZ filament structure (3VO8) to generate dimers. The
bSASA of open-state (PDB: 5MN4; blue) or closed-state (PDB: 5MN5, 5MN6, 5MN8; gray) dimers during equilibrium
MD simulations is shown. Replicates (n = 2) for the open-state GDP-bound dimer are shown as light and dark shades,
and replicates (n = 6 across three initial crystal structures) for closed-state dimers are colored gray. The significance
between open and closed dimers was evaluated using a two-sample t-test for times > 40 ns (p < 0.001). (B) Dimer
structure of SaFtsZ in an open state (5MN4 aligned to 3VO8). The bottom subunit (P1, black) has an exposed CTD, and
the top subunit (P2, green) has an exposed NTD and nucleotide. GDP is shown in each subunit’s binding pocket.
(C) Stable GDP-bound dimers initialized in the open state contain a mixture of open and closed subunits. (Left) The first
replicate is characterized by stable closing of the P1 subunit while the P2 subunit remained stably open. (Right) The
second replicate is characterized by rapid migration of the P2 subunit between open and closed states and delayed
closing of P1. (D) Interface-aligned GTP-bound dimers initialized in the closed state are stabilized by Mg2+. The refined
interface alignment of 5MN5 (Materials and Methods) generated dimers with a higher initial bSASA (∼950 Å2, green)
than simple subunit alignment (∼800 Å2, yellow). The addition of Mg2+ further stabilized the interface-aligned dimer
(purple). The trajectory of the GDP-bound structure initialized in the open state (blue) is shown for comparison.
Replicates (n = 2) for each system are shown as light and dark shades. (E) All subunits of a dimer initialized in the closed
state remain stably closed. The CTD-H7 distances of all subunits in dimers constructed (simple alignment or
interface-aligned) from the 5MN5 structure all remained at ∼10 Å throughout equilibrium MD simulations. Replicates
(n = 2) for each system are shown as light and dark shades, and subunits from each simulation have the same color.
(F) Dimers with subunits initialized in the open state are stable with high bSASA, regardless of nucleotide or the
presence of Mg2+. Replicates (n = 2) for each system are shown as light and dark shades. (G) Addition of Mg2+ to
GDP-bound dimers initialized in the open state enables exploration of higher CTD-H7 distances than are typical for the
open state. The P1 subunit reached a CTD-H7 distance ∼15 Å before eventually closing, while the P2 subunit remained
stably open during equilibrium MD simulations. (H) Addition of Mg2+ to GTP-bound dimers initialized in the open state
stabilizes the closed state in both subunits. The P1 and P2 subunits rapidly closed and remained at a CTD-H7 distance
∼10 Å for most of the equilibrium MD simulation. Each trajectory was smoothed using a moving Savitzky-Golay filter
with a window of 10 ns (A, C, D, and F) or 2 ns (E, G, and H) and a 3rd-order polynomial, and raw trajectories are shown
as thin, transparent lines.

GDP-bound dimer simulations (Figure 2C), we observed multiple
state transitions in each of the subunits, with one replicate stabi-
lizing in an intermediate state with CTD-H7 distance ∼11 Å (Sup-
plemental Figure S2C). Both subunits of the wild-type GDP-bound
dimers initialized in a closed state remained closed (Supplemen-
tal Figure S2D), and the bSASA was variable between replicates,
decreasing by 20% in one replicate and increasing to overlap with
one replicate of the open-state dimer in the other (Supplemental

Figure S2B). These results provide further support that open-state
dimers can explore multiple states while remaining stably bound,
and that closed-state dimers can rearrange their interaction inter-
face.

To further assess the impacts of Mg2+ on dimer behavior, we
performed simulations of GDP- or GTP-bound dimers initialized
in the open state with Mg2+ (Figure 2, F–H). GDP-bound dimers
with Mg2+ remained highly stable (bSASA≈1200 Å2; Figure 2F)
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FIGURE 3: Intersubunit stability in hexamers is correlated with nucleotide-catalytic site interactions. (A) Hexamer
SaFtsZ structure (5MN4 aligned to 3VO8 straight filament) with subunits labeled P1 (kinetic plus end with exposed
CTD) to P6 (kinetic minus end with exposed NTD). (B,C) GDP-bound (B) or GTP-bound (C) hexamer subunits initialized
in the open state explore intermediate CTD-H7 distances. Shown are equilibrium MD trajectories of individual subunits
labeled according to filament orientation in (A). (D) GTP-bound hexamers with subunits initialized in the open state are
stabilized by Mg2+. bSASA was computed across all five interfaces of the hexamer, and the mean is shown with shaded
regions representing ±1 standard error of the mean. Replicates (n = 2) are colored in dark or light shades. (E) The
distribution of hexamer open and closed states is strongly affected by bound nucleotide and Mg2+. Each histogram is
an aggregate of all time points for both equilibrium MD simulation replicates, and numbers are the corresponding
mean±1 SD. F) Mg2+ stabilizes open states in GTP-bound hexamers. Shown are equilibrium MD trajectories of
individual subunits labeled according to filament orientation in (A). G) Reopening of the P1 subunit in a GTP-bound
hexamer with Mg2+ causes conformational transitions in all other subunits. (Left) Steering open of the P1 subunit (black)
from a CTD-H7 distance of ∼10.5 Å to ∼12.5 Å (shaded region). The initial structure was extracted from an early time
point (6 ns) of the equilibrium MD simulation in (F). (Right) The unsteered control simulation exhibited a stably closed P1
subunit. H) Inter-subunit stability (bSASA) is not well correlated with CTD-H7 distance of the top subunit of the
interface. Both replicates were aggregated, with Pearson r = 0.097 (p < 0.001). I) Intersubunit stability is negatively
correlated with catalytic site interactions. (Left) The top subunit (green, P2) T7 loop with catalytic residues Asp210 and
Asp213 (colored by element) are shown interacting with the coordinating Mg2+ (pink sphere) and GTP (colored by
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and while the P2 subunit largely remained open in both replicates,
the P1 subunit explored a wide range of CTD-H7 distances (Figure
2G; Supplemental Figure S3A). Similarly, GTP-bound dimers were
stabilized by the addition of Mg2+ (Figure 2F), despite subunits
stabilizing in either open, intermediate, or closed configurations
(Figure 2H; Supplemental Figure S3B). These simulations suggest
that Mg2+ stabilizes intersubunit interactions, which likely con-
tributes to the impact of Mg2+ in FtsZ filament dynamics through
the coordination of GTP hydrolysis (Mukherjee and Lutkenhaus,
1999; Rivas et al., 2000; Ruiz et al., 2022). These results indicate
that neighboring subunits can remain tightly coupled both during
subunit transitions between open and closed states and while the
P2 subunit is closed.

FtsZ hexamer stability is determined by the bound
nucleotide and Mg2+

After GTP-bound monomers assemble into filaments, GTP hy-
drolysis destabilizes filaments (Ruiz et al., 2022), providing a
mechanism for filament-length homeostasis (Miraldi et al., 2008;
Corbin and Erickson, 2020). Previous MD simulations of FtsZ fil-
aments demonstrated that GDP-bound filaments exhibited larger
conformational fluctuations compared with GTP-bound filaments
(Ramirez-Aportela et al., 2014; Lv et al., 2021), potentially indi-
cating that GDP-bound filaments are less stable. Moreover, the
stability of GTP-bound filaments is thought to be related to the
preference of the subunits for the open state (Ramirez-Aportela
et al., 2014). However, because our dimer simulations displayed
stable interfaces even between closed subunits, the precise deter-
minants of intersubunit stability are likely a more complex interplay
between open-closed transitions and nucleotide identity.

We sought to examine how inter-subunit interactions influence
filament behavior via simulations of FtsZ hexamers (Figure 3A)
bound to either GDP, GTP, or GTP and Mg2+, enabling evaluation
of intra-subunit dynamics across multiple interfaces and their cou-
pling to large-scale stability. In simulations of GDP- or GTP-bound
(without Mg2+) hexamers, individual subunits underwent continual
changes in CTD-H7 distance ranging between open and closed
states (10–13 Å; Figure 3, B and C; Supplemental Figure S4, A and
B), regardless of subunit location within the filament. Despite these
conformational dynamics, the bSASA remained stable (Figure 3D),
suggesting stable filament conformations. Mean CTD-H7 distance
in GTP-bound filaments was somewhat higher than in GDP-bound
filaments (11.1 ± 1.0 Å, 11.7 ± 1.0 Å; p < 0.001 two-sample t-test;
Figure 3E), indicating that the open state is favored in GTP-bound
filaments.

In the more physiologically relevant GTP-bound state with Mg2+

(Ruiz et al., 2022), the initial structure was stabilized, maintaining a
high bSASA throughout the entire simulation, in contrast to the
initial drop in bSASA observed in GDP- and GTP-bound hexamers
without Mg2+ (Figure 3D). Furthermore, while transitions occasion-
ally occurred between open and closed states in GTP-bound hex-
amers with Mg2+, the CTD-H7 distance largely stabilized at either
10 or 13 Å (Figure 3, E and F; Supplemental Figure S4C), with one
replicate exhibiting stable closure of the P1 and P2 subunits (Figure

3F). Overall, GTP-bound hexamers with Mg2+ exhibited a bimodal
distribution of CTD-H7 distance with a slightly higher mean (12.1
± 1.1 Å) than hexamers without Mg2+ (Figure 3E), reflecting the
tendency of subunits to remain open.

Previous in vitro and in silico studies demonstrated that FtsZ fil-
ament mechanics are nucleotide dependent, with GTP hydrolysis
inducing an unstable GDP-bound interface and hence a softer fil-
ament (Lu et al., 2000; Hsin et al., 2012; Ramirez-Aportela et al.,
2014). To evaluate the mechanical properties of our hexamer sim-
ulations, we calculated the persistence length (Lp, Materials and
Methods) and found that GDP-bound filaments were indeed softer
(Lp = 151 ± 36 nm) than GTP-bound hexamers without (Lp = 469
± 77 nm) and with Mg2+ (Lp = 286 ± 27 nm) (Supplemental Figure
S4F). These results were ∼2.5-fold lower than the reported value of
1150 nm for GTP-bound EcFtsZ filaments formed at 20°C as mea-
sured using cryogenic electron microscopy (Turner et al., 2012),
which may be due to both species-specific properties (SaFtsZ vs.
EcFtsZ) and filament softening at the higher temperature (37°C) in
our simulations (Geggier et al., 2011).

Open/closed conformations do not determine intersubunit
stability
FtsZ filaments have the opposite kinetic polarity of tubulin, wherein
the exposed CTD on the P1 subunit is the site of additional subunit
binding (the plus end; Du et al., 2018; Figure 3A). As such, previous
studies have focused on the P1 subunit, which is typically assumed
to be locked into the open state in a polymer, providing a favor-
able binding interface (Fujita et al., 2017; Wagstaff et al., 2017;
Corbin and Erickson, 2020). However, in each of our multisubunit
simulations, the P1 subunit was most likely to adopt and remain in
a closed state (Figures 2 and 3; Supplemental Figure S3 and S4),
similar to previous MD simulations of SaFtsZ filaments (Ramirez-
Aportela et al., 2014). (Note that the subunit with a free CTD was
referred to as the minus end in [Ramirez-Aportela et al., 2014], a
view that has now been revised [Du et al. 2018]). To probe the sta-
bility of the closed P1 subunit in hexamers, we performed steered
MD simulations to reopen P1 in a preequilibrated GTP-Mg2+ hex-
amer (Figure 3G; Materials and Methods). Steering P1 open caused
a slight increase in the CTD-H7 distance in the already open P2 sub-
unit, while inducing closure of all other subunits (Figure 3G, left).
Release of the steering force was accompanied by rapid dynam-
ics of all subunits, and P1 reclosed within 20 ns (Figure 3G, left).
In contrast, the unsteered filament continued with largely stable
open/closed states (Figure 3G, right). Importantly, rapid subunit
conformational dynamics during steering were not accompanied
by loss of intersubunit stability (Supplemental Figure S4D). These
results suggest that the P1 subunit highly favors the closed state,
and its reopening induces filament-wide subunit closure without
loss of stability.

Previous FtsZ studies suggested that occupation of the open
state is correlated with intersubunit stability (Ramirez-Aportela
et al., 2014; Matsui et al., 2014; Fujita et al., 2017; Wagstaff et al.,
2017; Schumacher et al., 2020; Yoshizawa et al., 2020; Ruiz et al.,
2022), because the open state presents an exposed CTD favorable

element) of the nucleotide binding pocket of the bottom subunit (black, P1). T7-nucleotide distance reflects the distance between the catalytic
residues (Asp210, Asp213) and the terminal (gamma) phosphate group of the bound nucleotide (GTP was aligned to GDP to account for virtual
shift) (Materials and Methods). (Right) bSASA was negatively correlated with T7-nucleotide distance across all hexamer simulations
(aggregated by replicates). Mean T7-nucleotide distances are reported for each system ±1 SD. The aggregate Pearson r = −0.55 (p < 0.001).
Each trajectory was smoothed using a moving Savitzky-Golay filter with a window of 2 ns (B, C, F–H) or 10 ns (D) and third-order polynomial,
and raw trajectories are shown as thin, transparent lines.
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for binding (Matsui et al. 2014; Ruiz et al., 2022). One MD study
of straight MtbFtsZ trimer filaments reported a positive correlation
between bSASA and the CTD-NTD distance of the top subunit in
some individual simulations (Lv et al., 2021), but this correlation
did not hold over all simulations collectively (Supplemental Figure
S4E). In our simulations, bSASA was only very weakly correlated
with CTD-H7 distance across hexamer simulations, either individu-
ally (−0.11< r <0.094, Supplemental Figure S4G) or collectively (r =
0.097, Figure 3H). Together, these results suggest that open-closed
conformational switches alone do not affect intersubunit stability.

Intersubunit stability depends on catalytic site interactions
Filament assembly is required for GTP hydrolysis in FtsZ, as catalytic
residues on the flexible T7 loop in the CTD of one subunit must en-
gage with GTP in the nucleotide-binding pocket in the NTD of the
adjacent subunit (Matsui et al., 2014). Hydrolysis is important for
driving filament dynamics and associated treadmilling (Du et al.,
2018; Wagstaff et al., 2017; Ruiz et al., 2022). Previous structural
and biochemical work showed that interactions between the cat-
alytic T7 loop and GTP are important for stabilizing open states
and are critical to intersubunit stability (Matsui et al., 2014).

In our simulations, we found that the distance between the main
catalytic residues from the T7 loop (Asp210, Asp213 in SaFtsZ;
Matsui et al., 2014) and the terminal phosphate group of the nu-
cleotide (hereafter referred to as the T7-nucleotide distance, Ma-
terials and Methods) exhibited a negative correlation with bSASA
(r = −0.51, p < 0.001; Figure 3I). Importantly, the coordinated
Mg2+ stabilizes the interaction between the catalytic residues and
the γ -phosphate of GTP (Figure 3I, left; Matsui et al., 2014; Ruiz
et al., 2022), contributing substantially to subunit interface stabil-
ity (Ramirez-Aportela et al., 2014). Consistent with our observa-
tion above that the conformation of the top subunit (with exposed
CTD) was not correlated with intersubunit stability (Figure 3H), the
T7-nucleotide distance was only weakly correlated with the CTD-
H7 distance (r = −0.15; Supplemental Figure S4H). These findings
suggest that nucleotide interactions are a greater determinant of
intersubunit stability than subunit open/closed conformation.

A deep-learning model predicts intrafilament open and
closed states based on monomer trajectories
Recently, deep-learning approaches have become powerful tools
for protein structure prediction (Jumper et al., 2021; Bordin et al.,
2023), including the prediction of structural variants that may con-
tribute to human disease (Blaabjerg et al., 2023; Chandra et al.,
2023). DiffNets, a set of self-supervised autoencoders, was used to
identify structural determinants across variants in beta-lactamase
MD simulations (Ward et al., 2021). Furthermore, these models
were extended to predict key residues in double protofilament
twist dynamics of the bacterial actin homolog MreB (Knapp et al.,
2022), connecting large-scale dynamics in protein complexes to
subtle atomistic determinants.

To learn key intrasubunit interactions that determine open and
closed states, we trained a DiffNet on open/closed states. Train-
ing data were extracted from a subset of monomer trajectories of
SaFtsZ bound to GDP without or with Mg2+, structures that ex-
plored both open and closed states (Figure 1D). DiffNets was able
to clearly distinguish open from closed states within these training
data (Figure 4A), and DiffNets scoring of all trajectories of GDP-
bound monomers without and with Mg2+ was highly correlated
with CTD-H7 distance, even though the states with intermediate
distance were not included in the training data (r = 0.91, Figure

4B). Thus, DiffNet training captured open-closed transitions that
traverse intermediate states.

Analysis of key residues (defined as those present in >5 of the
top 50 residue-residue interactions) identified G193 and E274 as
highly important for determining the open/closed state (Figure
4C). Interestingly, mutations at G193 in S. aureus confer resistance
to the antibiotic PC190723 (Haydon et al., 2008), a drug that is
thought to target the conformational switch between open and
closed states (Matsui et al., 2012; Ramirez-Aportela et al., 2014).
Furthermore, the top five residue-residue interaction pairs all in-
volved the CTD, and either the H7 helix or the NTD (Supplemen-
tal Figure S5A), consistent with the CTD-H7 metric (Figure 1A)
and suggesting that CTD movement dominates conformational
switches (Ramirez-Aportela et al., 2014; Wagstaff et al., 2017).

DiffNets scoring of trajectories of GTP-bound monomers with
or without Mg2+ was also highly correlated with CTD-H7 distance
(r = 0.79, Supplemental Figure S5B), even though all training data
involved GDP-bound monomers. Scoring of the subunits in GDP-
bound dimers was similarly highly correlated with CTD-H7 distance
(r = 0.93 and 0.82 for two replicates, Supplemental Figure S5C), as
was scoring of GDP-bound hexamer subunits (r = 0.70 and 0.58
for two replicates, Figure 4D; Supplemental Figure S5D) and GTP-
bound hexamer subunits with Mg2+ in one replicate simulation (r
= 0.82, Figure 4E).

Interestingly, in the other replicate simulation of a GTP-bound
hexamer with Mg2+, DiffNets scores were highly correlated with
CTD-H7 distance for all subunits except P4 (Supplemental Figure
S5E), which exhibited high CTD-H7 distance characteristic of the
open state but transitioned from high to low DiffNets score be-
tween t = 30–40 ns (Supplemental Figure S5F). As a result, the
correlation coefficient was reduced from 0.76 (without P4) to 0.45
(considering all subunits). To determine whether the P4 subunit was
in a distinct conformation from the rest of the subunits with high
CTD-H7 distance, we also computed the CTD-NTD distance (Lv
et al., 2021). Although the two distances were generally highly cor-
related (Supplemental Figure S1A), the CTD-NTD distance of the
P4 subunit exhibited a transition from 30 Å (open) to 26 Å (closed)
between t = 30–40 ns (Supplemental Figure S5F), to a final value
below that of any of the other subunits, consistent with its very
low DiffNets scores during this interval. DiffNets scores were highly
correlated with CTD-NTD distance for the P4 subunit alone (r =
0.96) and all subunits collectively (r = 0.83, Supplemental Figure
S5G), and similarly for the simulations of GDP-bound hexamers (r
= 0.88 and 0.74 for the two replicates in Figure 4D; Supplemental
Figure S5D, respectively). These findings indicate that the CTD-H7
and CTD-NTD distances can be uncoupled in certain situations and
that DiffNets scores for some systems can be more representative
of states defined by CTD-NTD distance despite training based on
states defined by CTD-H7 distance.

These results indicate that intra-filament subunit open-closed
transitions are largely consistent with monomer conformations, de-
spite the presence of inter-subunit interactions. In addition, the
ability of the DiffNet trained on GDP-bound monomers (Figure
4, A and B) to predict open/closed states of GTP-bound sub-
units (Figure 4E; Supplemental Figure S5, B, E–G) suggests that
open/closed conformations are not solely limited by nucleotide
identity.

DISCUSSION
Our simulations show that FtsZ subunits may be able to adopt both
open and closed states in any filament arrangement (Figures 2 and
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FIGURE 4: DiffNet predicts a continuous conformational landscape involving key residue-residue interactions that
impact division in vivo. A) DiffNet training results in nonoverlapping score distributions for open and closed FtsZ
monomer states. Open-state structures were extracted from simulations of GDP-bound monomers with Mg2+ (Figure
1D) and closed-state structures were extracted from a simulation of a GDP-bound monomer without Mg2+ (Figure 1D;
Materials and Methods). B) DiffNet scoring on validation data is in excellent agreement with CTD-H7 distance. Shown
are simulation trajectories from Figure 1D, with replicates (n = 2) in light and dark shades. The aggregate Pearson r =
0.91 (p < 0.001). C) DiffNet training identified two key residues at G193 and E274 (orange spheres). Key residues are
defined as present in >5 of the top 50 residue-residue interactions used in the trained DiffNet classification. D) DiffNet
scoring of GDP-bound hexamer subunits is in good agreement with CTD-H7 distance. Shown are data from trajectories
of each subunit P1–P6 (labeled according to orientation from Figure 3A) for a single replicate simulation (Figure 3B).
The aggregate Pearson r = 0.72 (p < 0.001). E) DiffNet scoring of GTP-bound hexamer subunits with Mg2+ is in good
agreement with CTD-H7 distance. Shown are data from trajectories of each subunit P1–P6 (labeled according to
orientation from Figure 3A) for a single replicate simulation (Figure 3F). The aggregate Pearson
r = 0.82 (p < 0.001).

3). Crystal structures of SaFtsZ have been solved with subunits ex-
clusively in either the open or closed conformation (mostly open),
and the subunits in a recent structure of a Klebsiella pneumoniae
filament were exclusively in the open conformation (Fujita et al.,
2023). These results are likely due to the open state represent-
ing the most favorable binding state during crystallization, whereas
MD simulations provide a sampling of available states that are
thermodynamically inaccessible to crystallization conditions. More-
over, there is likely a broad range of possible subunit states, as
evidenced by the stable intermediate observed in both monomer
(Figure 1B) and hexamer (Figure 3, B and C; Supplemental Figure
S4, A and B) simulations and by the correlation of DiffNets scores
with CTD-H7 distance across the entire range of distances (9–15
Å; Figure 4, D and E; Supplemental Figure S5). In future studies, it
will be interesting to investigate whether the binding of other di-
visome proteins such as ZipA and FtsA (Hale and de Boer, 1997;
Conti et al., 2018), membrane binding (Ramirez-Diaz et al., 2021),
or lateral association between FtsZ filaments (Guan et al., 2018)
impact subunit state occupancy.

In agreement with previous studies, we found that SaFtsZ
monomers preferentially adopt a closed state (Figure 1; Wagstaff
et al., 2017), filament formation causes the majority of subunits
to stably adopt an open state (Figures 2 and 3; Matsui et al.,
2014; Fujita et al., 2017; Wagstaff et al., 2017) particularly in the

presence of Mg2+ (Figure 3; Ramirez-Aportela et al., 2014; Ruiz
et al., 2022), and GTP-bound hexamers are more rigid and sta-
ble than GDP-bound hexamers (Figure 3; Ramirez-Aportela et al.,
2014; Lu et al., 2000). However, in contrast to previous studies, we
found that monomers can adopt intermediate states (Figure 1, B
and D) and that transiently maintaining an already open monomer
in the open state through steering delays closing (Supplemental
Figure S1D). Moreover, by aligning the interacting CTD/NTD of
neighboring subunits (interface alignment, Materials and Meth-
ods), we constructed a dimer that persisted with both subunits
in the closed state without loss of intersubunit stability (Figure 2,
D and E), and simulations of more native-like closed dimers sim-
ilarly produced stable dimers with a weaker intrafilament inter-
face (Supplemental Figure S3). Additionally, the stability of hex-
amer subunit state was highly dependent on the presence of Mg2+

(Figure 3; Supplemental Figure S4), which has been left out of many
previous MD simulations of FtsZ. Perhaps most importantly, inter-
subunit stability was largely uncorrelated with open-closed transi-
tions (Figure 3H; Supplemental Figure S4, E and F), arguing against
models in which filament subunits must adopt the open state to
form a stable filament. Rather, we found that inter-subunit stability
was negatively correlated with T7-nucleotide distance (Figure 3I),
a measure of the distance between the catalytic residues on
FtsZ’s T7 loop and the terminal phosphate of the neighboring
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subunit, suggesting a role for catalytic interactions in stabilizing
filaments.

As in our previous study of the twist states of MreB (Knapp
et al., 2022), the deep learning framework DiffNets provided in-
sight into intrasubunit interactions important for classifying sub-
unit state (Figure 4; Supplemental Figure S5). Many of these inter-
actions involved G193 (Figure 4C), a residue previously identified
as highly impactful on FtsZ filament ultrastructure in vivo (Pereira
et al., 2016). Even though we trained the DiffNet model on states
defined by the CTD-H7 distance (Figure 4A; Materials and Meth-
ods), DiffNets scores in some simulations were more highly corre-
lated with CTD-NTD distance (Supplemental Figure S5, F and G),
whose trajectory occasionally differed qualitatively from CTD-H7
distance. Thus, the DiffNet learned distinct features of both met-
rics. The cases in which these two metrics are separable suggest
that other “closed” FtsZ conformations could exist that have a high
CTD-H7 distance. Future studies should investigate whether a mul-
tidimensional metric can capture and predict state transitions with
even more efficacy than we achieved here.

Current models for treadmilling postulate that, based on crys-
tallization of open-state filaments, the plus-end subunit is locked
in an open state to promote a favorable and polarized binding
site (Wagstaff et al., 2017; Corbin and Erickson, 2020), but our
simulations and a previous study (Ramirez-Aportela et al., 2014)
suggest that the plus end subunit is actually more likely to adopt
the closed, monomer conformation (Figure 3; Supplemental Fig-
ure S4). Additionally, our results suggest that many conformational
subunit states are accessible within stable filaments (Figure 3), and
nucleotide interactions within the binding pocket may play a larger
role in inter-subunit stability than conformational switches alone
(Figure 3, D, E, H, and I). How polarization is maintained across the
filament to ensure that the plus end is favorable for subunit addition
(and therefore promote treadmilling) is unclear from our results. Fu-
ture polymerization models of FtsZ may require consideration of a
multitude of conformational states and the particular importance of
nucleotide exchange (Ruiz et al., 2022), as well as the introduction
of asymmetry and polarity by membrane binding and FtsZ cofac-
tors (e.g., FtsA; Loose and Mitchison, 2014), to clarify the mech-
anism of treadmilling. Furthermore, how filament nucleation oc-
curs from two stable, closed-state monomers is unclear – evidence
suggests that dimer nucleation is cooperative (Chen et al., 2005;
Huecas et al., 2008), as GTP-Mg2+ monomers must transition from
a closed (monomer) to open state (filament; Ruiz et al., 2022). In
combination with our results, previous proposals (Ramirez-Aportela
et al., 2014) that the barrier to closed–closed dimer nucleation
may be lower than assumed in most models (Corbin and Erick-
son, 2020) likely necessitate consideration of dimer–dimer interac-
tions as a larger contributor to filament assembly than previously
considered.

FtsZ filament conformation must adjust to reorganize the Z-
ring during cell constriction. Ultimately, FtsZ filament confor-
mation may affect cell division through nucleotide hydrolysis,
(de-)polymerization, and treadmilling, about which our simulations
have provided some new insights. The multiple states that we
identified across filament arrangements may have differential oc-
cupancy across bacterial species, as has been suggested by the
differential resistance of species to the inhibitor PC190723 (Miguel
et al., 2015), which binds to the CTD-H7 cleft and locks subunits
into an open state (Andreu et al., 2010; Matsui et al., 2012). The ex-
istence of many FtsZ crystal structures, including the E. coli filament
of closed subunits (Schumacher et al., 2020; Yoshizawa et al., 2020),
should provide a springboard for comparative studies across bac-

teria that sheds light on the mechanistic links between FtsZ struc-
ture and function.

MATERIALS AND METHODS
Simulated systems
MD simulations performed in this study are described in Supple-
mental Table S1. All systems were prepared using VMD v. 1.9.3.
The bound nucleotide was replaced by GTP or GDP for all simu-
lated systems, a bounding water box with 17 Å padding was added
to surround the complex, and sodium or chloride ions were added
to neutralize the simulated system with the VMD plugin autoionize
(establishing a zero net charge of the system). Crystal structures
with mutant residues (PDB: 5MN4, 5MN5, 5MN6, 5MN8) were re-
verted to their wild-type amino acids with the VMD mutate and
guesscoord commands. Mg2+ was added to select FtsZ structures
via alignment with the Methanocaldococcus jannaschii FtsZ struc-
ture 1W5A (Oliva et al., 2004). Filaments (dimers, hexamers) were
constructed by aligning crystal structures to the FtsZ straight fil-
ament structure 3VO8 using the mono2poly VMD script, except
for the interface-aligned closed-state dimers, which were aligned
based on the interacting CTD and NTD of 3VO8 as detailed below.

Closed-state interface alignment
Closed-state dimers were stabilized beyond initial 3VO8 align-
ment by first aligning the 5MN5 (wild-type reverted) closed struc-
ture’s NTD (residues 13–200) to the P1 subunit’s NTD from a 3VO8
dimer. Then, the 5MN5 (wild-type reverted) closed structure’s CTD
(residues 225–315) was aligned to the P2 subunit’s CTD from the
3VO8 dimer. This strategy generated an interface-aligned closed-
state structure with a bSASA of 950 Å2.

Equilibrium MD simulations
Simulations were set up as previously described (Shi et al., 2020).
Briefly, the CHARMM36 force field (Best et al., 2012) and CMAP
corrections (Mackerell et al., 2004) were used, with water molecules
described with the TIP3P model (Jorgensen et al., 1983). The inte-
gration time step was 2 fs (Tuckerman et al., 1992). Bonded terms
and short-range, nonbonded terms were evaluated every time
step, and long-range electrostatics were evaluated every other
time step. The temperature was set to 310 K, and energy mini-
mization was performed for the first 5000 timesteps. Setup, analy-
sis, and rendering of the simulation systems were performed with
VMD (Humphrey et al., 1996). All analysis was performed on 0.1 ns
frame intervals, except for bSASA calculations (1.0 ns frame inter-
val). Python 3.6 was used for all subsequent analyses.

Most simulations were performed on the Expanse CPU cluster
(San Diego Supercomputer Center) using NAMD 2.14 (Supplemen-
tal Table S1). Additional simulations were performed on a custom-
built workstation (“Nova”, Supplemental Table S1) with an NVIDIA
RTX 4090 GPU, Intel i9-13900K CPU, and 64GB DDR5 RAM, using
NAMD 3.0 with GPU acceleration.

CTD-H7 distance calculations
Following a previously proposed metric (Ramirez-Aportela et al.,
2014) for defining open and closed states, the CTD-H7 distance
was measured as the distance between the centroids of the α-
carbons of residue groups 196–202 (located within the H7 helix)
and 295–300 (located within the CTD).

Steered MD simulations
Steered simulations were performed with the collective variables
(colvars) constraint in NAMD, in which a harmonic restraint with
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force constant 5.0 kcal/mol/Å2 was used to steer α-carbons of
residue groups 196–202 and 295–300 (which define the CTD-H7
distance) to a CTD-H7 distance of 13.3 Å. For the GTP-bound
monomer with Mg2+, steering was applied to either an equilibrated
monomer (Figure 1C) or the initial open-state structure. Steering of
the P1 subunit within the GTP-bound hexamer with Mg2+ was per-
formed based on the hexamer filament structure after an initial six
ns of equilibration simulation, during which only P1 closed (Figure
3F), and then applying the same restraint on the P1 subunit as on
monomers.

Calculation of bSASA
The buried SASA between two molecules was calculated from
three quantities: the SASA of each molecule by itself (denoted as
A1 and A2), and the SASA of the complex of the two molecules
when interacting (denoted as A1+2). The bSASA between the two
molecules is

bSASA = A1 + A2 − A1+2

2
.

For each molecule or molecule complex, its corresponding
SASA was calculated in VMD using the command measure sasa,
with 1.40 Å as the van der Waals radius for water molecules.

Calculation of filament persistence length
The persistence length (Lp) of FtsZ filaments was calculated
by measuring the correlation function of inter-subunit vectors
(di, di+k ), which was modeled according to (Gittes et al., 1993):

〈di · di+k〉 = 〈cos θi,i+k〉 = e− �x
Lp .

Here, di represents the vector between the centers of mass of
the i and i + 1 subunits and �x is the distance between the i and i +
k subunits. Linear fitting was performed on �x versus − ln〈cos θi,i+k〉
to extract the slope, Lp.

T7-nucleotide distance
The distance between the catalytic residues and the nucleotide’s
terminal phosphate was defined as the T7-nucleotide distance.
This distance was computed by first measuring the centroids of
the α-carbons of residues 210 and 213 in SaFtsZ and the centroid
of the terminal phosphate (γ -phosphate for GTP), then computing
the mean distance between each α-carbon and the terminal phos-
phate. To correct for the virtual shift of the T7-nucleotide distance
in GDP-bound subunits due to the loss of the γ -phosphate, a GTP
molecule was aligned to GDP and then the T7-nucleotide distance
was computed as above.

DiffNets analysis
Inputs for DiffNet training were prepared according to (Ward et al.,
2021) as follows: (1) NAMD trajectories were processed using VMD
(Humphrey et al., 1996) to extract the α-carbon trajectories; (2) tra-
jectories were then converted from dcd format to xtc using the
mdconvert command-line script from the MDTraj python package
(McGibbon et al., 2015); (3) trajectories were preprocessed using
the whitening procedure detailed in the DiffNets package; (4) each
DiffNet was trained using identical hyper-parameters (20 epochs,
50-fold dimensional reduction, 32 frame batch size, nnutils.sae ar-
chitecture); (5) DiffNet clustering analysis was performed to identify
key residue interactions, of which the top 50 were chosen for fur-
ther analysis.

Structural variants of monomers in open and closed states were
chosen based on sufficient sampling (at least 100 ns total tra-
jectory length) and conformational stability. Open-state structural
variants were selected from simulations of GDP-bound monomers
with Mg2+ (Figure 1D), utilizing the first 30 ns of the first replicate
(Figure 1D, light orange) and the first 70 ns of the second replicate
(Figure 1D, orange). Closed-state structural variants were selected
from 20 ns to 120 ns of the first replicate of the GDP-bound
monomer simulation (Figure 1D, light blue).

Key residues were identified as those present in >5 of the top
50 residue–residue interactions obtained from the DiffNets analyze
output. Additional prediction utilizing the trained DiffNet was per-
formed with the predict_new function.
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