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ABSTRACT

Membrane fusion in eukaryotes is driven by the formation of a four-helix bundle by three SNARE proteins. To recycle the
SNARE proteins, they must be disassembled by the ATPase NSF and four SNAP proteins which together form a 20S super-
complex. Recently, the first high-resolution structures of the NSF (in both ATP and ADP state) and 20S (in four distinct
states termed I, II, IIla, and IIIb) were solved by cryo-electron microscopy (cryo-EM), which have paved the way for
structure-driven studies of the SNARE recycling mechanism. To probe the structural dynamics of SNARE disassembly at
amino-acid level of details, a systematic coarse-grained modeling based on an elastic network model and related analyses
were performed. Our normal mode analysis of NSE, SNARE, and 20S predicted key modes of collective motions that par-
tially account for the observed structural changes, and illuminated how the SNARE complex can be effectively destabilized
by untwisting and bending motions of the SNARE complex driven by the amino-terminal domains of NSF in state II. Our
flexibility analysis identified regions with high/low flexibility that coincide with key functional sites (such as the NSF-
SNAPs-SNARE binding sites). A subset of hotspot residues that control the above collective motions, which will make prom-
ising targets for future mutagenesis studies were also identified. Finally, the conformational changes in 20S as induced by
the transition of NSF from ATP to ADP state were modeled, and a concerted untwisting motion of SNARE/SNAPs and a
sideway flip of two amino-terminal domains were observed. In sum, the findings have offered new structural and dynamic
details relevant to the SNARE disassembly mechanism, and will guide future functional studies of the SNARE recycling
machinery.
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1988,11’12 is a member of the AAA+ (ATPases associ-
ated with diverse cellular activities) superfamily of
ATPases!3 forming a homomeric hexamer with a
double-ring shape, and each chain is comprised of an
amino-terminal domain (named N) and two ATPase

INTRODUCTION

In eukaryotic cells, membrane fusion is driven by
zippering of a complex of SNARE (soluble
N-ethylmaleimide sensitive factor attachment protein

receptors) proteins into a highly stable four-helix bun-
dle.1>2 To recycle SNARE proteins for multiple rounds of
membrane fusion, the ATPase NSF (N-ethylmaleimide
sensitive factor) and SNAPs (soluble NSF attachment
protein) are recruited to disassemble the SNARE complex
into three protein components,3_5 which is powered by
the energy from ATP hydrolysis in only one round of
ATP turnover.® In mammals, a single NSF gene, together
with three different SNAP homologs,7’8 are responsible
for disassembling dozens of different SNARE complexes,”
hinting for the involvement of non-specific interactions
(e.g., electrostatic forceslo). NSE first found in

© 2016 WILEY PERIODICALS, INC.

domains (named D1 and D2) [see Fig. 1(a)]. The D1
and D2 domains are primarily responsible for the ATPase
activity and hexamerization,14 respectively. The N
domains are involved in binding with SNAPs and
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Figure 1

Structural architecture of the 20S supercomplex and NSF hexamer. (a) Sideview of 20S (PDB id: 3]97) where the N, D1, and D2 domains of NSF
(chain A-F), the SNAPs (chain G-J), and SNARE complex (chain K-M) are colored red, green, blue, yellow, and orange, respectively; the viewing
directions of (b) and (c) are shown by two black arrows labeled with b and c. (b) Bottom view of ATP-bound and ADP-bound NSF where the D1
and D2 domains of NSF are shown as opaque and transparent tubes, respectively; the six NSF chains are colored differently: A (red), B (magenta),
C (orange), D (yellow), E (blue), F (green); the ATP-bound and ADP-bound NSF structure resemble a split washer and an open flat washer, respec-
tively (see Ref. 10). (c) Top view of 20S in four states (termed I, II, IIla, and IIIb) where the N domains of NSF, SNAPs, and SNARE are shown as
opaque tubes, and colored by chain [NSF: same color scheme as (b); SNAPs: G (tan), H (gray), I (white), ] (iceblue); SNARE: K (cyan), L (purple),
M (pink)]; the rest of NSF is transparent. In SNARE, chain K, L, and M correspond to VAMP2, Syntaxin-1A, and SNAP-25, respectively.

SNARE. !> Together, the NSF, SNAPs, and SNARE com-
plex form the so-called 20S supercomplex acting as a
SNARE recycling machine.3

At atomic resolutions, the crystal structures of the D2
and the N domains of NSF were previously deter-
mined.16-19 At lower resolutions (>11A), electron
microscopy (EM) techniques were used to visualize the
full-length NSF and the 20S supercomplex,4’20_23 which
offered a glimpse to their global architecture. However,
due to limited resolutions, these EM studies could not
clearly resolve densities for D1 domains, SNAPs, and
SNARE complex, leaving the detailed molecular mecha-
nism of SNARE disassembly largely unknown. In a recent
landmark article,10 the labs of Cheng and Brunger used
single-particle cryo-EM to solve the first high-resolution
structures of full-length NSF in two different nucleotide
states [ATP and ADP-bound state, at 4.2 and 7.6 A
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resolution, respectively, see Fig. 1(b)], and four distinct
structures of 20S [termed states I, II, IIla, and IIIb, see
Fig. 1(c)] with resolutions ranging from 7.6 to 8.4 A.
These new structures are complemented by another
recent cryo-EM study of the 20S particles at a lower
resolution.24 The 20S supercomplex features a tower
architecture with different domains organized into layers
[D1 and D2 domains of NSF at the base, and a SNARE
complex at the top surrounded by four SNAPs and six N
domains of NSE10 see Fig. 1(a)]. The cryo-EM struc-
tures revealed pronounced asymmetry in NSF and large
conformational changes in NSF and 20S [upon ATP
hydrolysis and between different 20S states, see Fig.
l(b,c)].10 Key electrostatic interactions were identified at
the interfaces between SNAPs, SNARE, and NSF as con-
firmed by site-directed mutagenesis.!0 These conforma-
tional changes and interactions were proposed to couple
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ATP hydrolysis to the production of forces/torques that
mechanically disassemble the SNARE complex via
unwinding and loosening of the SNARE complex.!0 In
particular, the observation of opposite twist for the
right-handed SNAPs and the left-handed SNARE helical
bundle supports the key role of an untwisting rotation in
destabilizing the SNARE complex.10 The new structures
have paved the way for structure-driven investigations of
the molecular mechanism of NSF-mediated SNARE com-
plex disassembly. Nevertheless, the dynamic details of
SNARE disassembly cannot be directly obtained from
these static views of 20S offered by cryo-EM.

Molecular dynamics (MD) simulation is the method
of choice for exploring protein dynamics under physio-
logical conditions with atomic resolution.2> MD has
been widely used to study increasingly larger protein
complexes. In particular, MD simulation was previously
employed to study the SNARE complex26=30 and mem-
brane fusion.31:32 In Refs. 26 and 29, the steered MD
simulation was used to probe the mechanical unfolding
pathway of the SNARE complex. In Ref. 27, the mechan-
ical coupling via the SNARE protein syntaxin 1A was
studied by MD with focus on the mechanical properties
of a juxtamembrane linker. In Ref. 28, a molecular
dynamics simulation of the SNARE complex was carried
out in the oxidized and reduced states to explain how
oxidation leads to a dysfunctional SNARE complex.
However, MD simulation is computationally expensive,
especially for large protein complexes in explicit solvent.
Typical speed of MD simulation on a single computer
node equipped with graphics processing unit is 1-10
nanoseconds per day for a system of up to 10° atoms,
although much higher speed can be achieved on a mas-
sively parallelized or special-purpose supercomputer.33 It
remains difficult for MD simulation to access microsec-
onds—seconds time scales relevant to many functionally
important conformational transitions of protein com-
plexes. As shown by both ensemble and single-molecule
methods (see a review34), the reaction of SNARE disas-
sembly by NSF spans tens of seconds, which is far
beyond the reach of MD simulation. Additionally, the
20S supercomplex poses a tremendous challenge to MD
simulation because of its enormous size (with >5400
amino acids).

To overcome the time-scale limit of MD simulation,
coarse-grained modeling has been vigorously pursued
using reduced protein representations (e.g., one bead
per amino acid residue) and simplified force fields
(e.g., harmonic potential).35’36 As a popular coarse-
grained model, the elastic network model (ENM) is
constructed by connecting nearby C, atoms with har-
monic springs.37—39 Despite its simplicity, the normal
mode analysis (NMA) of ENM can be used to predict a
few low-frequency modes of collective motions, which
often compare well with conformational changes
observed between experimentally solved protein struc-

tures in different functional states.40 Numerous studies
have established ENM as a useful and efficient means
to probe structural dynamics of large protein com-
plexes (including those structurally similar to the 20S
supercomplex, such as another AAA+ protein
dynein,41 the hexameric F, ATPas.e,42 and a double-
ring chaperonin GroEL43) with virtually no limit in
timescale or system size (see reviews*44>). Unlike MD
simulation, ENM-based coarse-grained modeling does
not require complete all-atom protein structures and is
more robust to imperfection in initial structures (such
as missing residues and lower resolution in some struc-
tural parts); therefore, it is highly suitable for applica-
tion to the newly solved cryo-EM structures of 20S
supercomplex. 10

In this study, we will employ ENM and related model-
ing/analysis tools to yield detailed insights to the func-
tional motions of NSE, SNARE, and 20S relevant to the
SNARE disassembly process.

MATERIALS AND VMIETHODS

Elastic network model and related flexibility
and hotspot analysis

In an ENM, a protein structure is represented as a net-
work of C, atoms of amino acid residues. Harmonic
springs link all pairs of C, atoms within a cutoff distance
R. chosen to be 25 A. A large R. ensures good local con-
nectivity of the ENM.

The ENM potential energy is:

lNifl

EZEZZ kije(Rc_diw)(dij_dij,o)za (1)

i=1j=1

where N is the number of C, atoms, 6(x) is the Heavi-
side function, d; is the distance between the C, atom i
and j, d;;, is the value of dj as given by a protein struc-
ture (e.g., a structure of SNARE, NSFE, or 20S supercom-
plex). The spring constant k; is set to be (4/ dij70)6 for
non-bonded interactions (following Refs. 46 and 47) and
10 for bonded interactions (in arbitrary unit). We have
also tried other ENM schemes [e.g., distance-
independent spring constant with R. =10 A, or other
distance-dependence like (4/ dij.o)z]’ and verified that the
NMA results are not sensitive to the choice of ENM
schemes.

The NMA solves the following eigen equation for a
Hessian matrix H which is obtained by calculating the
second derivatives of ENM potential energy (see Ref. 48):

HViu = Vi, (2)
where A, and Vi, represent the eigenvalue and eigenvec-

tor of mode m, respectively. After excluding six zero
modes corresponding to three rotations and three
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translations, we number non-zero modes starting from 1
in the order of ascending eigenvalue.

To assess the relevance of each mode (calculated for
the SNARE complex) to SNARE disassembly, we calcu-
late the following two forms of partial distortion energy
related to SNARE disassembly:

E;: A summation of elastic interactions [see Eq. (1)]
for residue pairs (i, j) with either i or j from the C-
terminal part of VAMP2 (residues 56-89) which
unzips from the rest of SNARE to form a “half-
zipped” intermediate state during mechanical
unfolding.49’50

E,: A summation of elastic interactions for inter-chain
residue pairs (i, j) which are relevant to the dissocia-
tion of three SNARE proteins.

The above two forms of partial distortion energy are
then divided by the total energy E= /,, for mode m to
allow comparison between different modes.

For mode m, a perturbation analysis is used to assess
how much the eigenvalue changes (represented as dAin,)
in response to a perturbation at a chosen residue posi-
tion>1-53 (i.e., by uniformly weakening the springs con-
nected to this position to mimic an Alanine mutation).
Then we average d\y, /Ay over the lowest 20 modes to
assess the overall dynamic importance of this residue
position:

20
(B1/3) = 55>~ ®
m=1

To validate ENM-based NMA, we compare each mode
(i.e., mode m) with the observed structural change X
between two superimposed protein structures by calculat-
ing the following overlap#!:

Im:XObs : Vm/|X0bs| (4)

|Iin| varies between 0 and 1 with higher value meaning
greater similarity. I2 gives the fractional contribution of
mode m to X .. The cumulative squared overlap Cy=
SM_I2 gives the fractional contribution of the lowest
M =20 modes to Xobs.41

To assess the local flexibility at individual residue posi-
tions as described by the lowest M =20 modes, we
define the following cumulative flexibility (CF)>4:

M
CFa=1 [ Y (Vi + [ Vi 4 [Vina| ) (5)

m=1

where, Vi, Vinny> and Vi, are the x, y, and z compo-
nent of mode m’s eigenvector at residue position n. An
alternative eigenvalue-weighted CF was also calculated
(see Fig. S2 in Supporting Information).
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Coarse-grained modeling of conformational
changes in 208S as induced by ATP
hydrolysis in NSF

We previously developed an interpolated ENM
(iENM) protocol to construct a transition pathway (that
is, a series of intermediate conformations) between two
given protein conformations based on a double-well
potential built from these two conformations®> (available
at a webserver http://enm.lobos.nih.gov/start_ienm.html).
The iENM protocol can be adapted to model an
unknown activated conformation from a known inacti-
vated conformation together with a target conformation
of the activation domain. The idea is to progressively
transform the activation domain toward its target con-
formation and let the rest of protein relax to a series of
minimal-energy conformations leading to a final model
for the unknown activated conformation.41:>4 Here we
use the iENM to model conformational changes in 20S
upon transforming the NSF (as the activation domain)
from the ATP-bound conformation (PDB id: 3J94) to
the ADP-bound conformation (PDB id: 3J95). Then we
project the predicted conformational changes in 20S
along the lowest 20 modes (solved by NMA of ENM, see
above) to identify the key modes of collective motions
activated by ATP hydrolysis in NSE.

RESULTS AND DISCUSSION

In what follows, we will present results of using ENM-
based NMA to analyze key modes of collective motions,
flexibility, and hotspot residues in NSF, SNARE, and 20S.
Then we will model the conformational changes in 20S
as induced by ATP hydrolysis in NSE.

NMA predicts key collective motions,
flexible regions, and hotspot residues in NSF

As revealed by cryo-EM,!0 the NSF hexamer (com-
prised of chains A-F) undergoes large conformational
changes upon ATP hydrolysis [i.e., from “split washer”
to “open flat washer,” see Fig. 1(b)]. Additionally, the
D1/D2 ring of NSF tightens up upon binding with
SNAPs and SNARE.!0 Here we will analyze these
observed changes in terms of collective motions as pre-
dicted by the ENM-based NMA (see “Methods” section).

Starting from the ATP-bound structure of NSF (PDB
id: 3]94), we constructed a C,-only ENM by linking each
pair of residues within a cutoff distance by a harmonic
spring with a distance-dependent force constant (see
“Methods” section). Then we used NMA (see “Methods”
section) to obtain a spectrum of total 8685 modes, and
focused on the lowest 20 modes, each describing a spe-
cific pattern of collective motions energetically favored
by the given NSF structure (e.g., with minimal cost of
elastic energy). Such structurally encoded motions are
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Figure 2

Results of NMA for NSE. (a) The overlap (red) and cumulative squared overlap (green) between the 20 lowest modes and the observed structural
changes from the ATP-bound NSF (PDB id: 3J94) to the ADP-bound NSF (PDB id: 3]J95). (b) The overlap (red) and cumulative squared overlap
(green) between the 20 lowest modes and the observed structural changes from the ATP-bound NSF (PDB id: 3J94) to the NSF structure in a 20S
supercomplex in state II (PDB id: 3]97). (c¢) The motional pattern of mode 16 as depicted by a vector plot (with black vectors representing
displacements of individual residues in the D1 domains of NSE and using the same color scheme as Fig 1b).

likely to be functionally important as shown by many
previous studies (see reviews4$45).

For validation of these lowest modes, we assessed how
well they collectively capture the observed conforma-
tional changes from the ATP-bound structure to the
ADP-bound structure of NSF (PDB id: 3J95). To this
end, we calculated the overlap between each mode and
the observed conformational changes and the cumulative
squared overlap of the lowest 20 modes (see “Methods”
section). Encouragingly, approximately 66% of the
observed large conformational changes (RMSD = 8.4 A)
are captured by the lowest 20 modes, with as many as
seven modes significantly involved (overlap >0.2) but no
dominant mode [see Fig. 2(a)]. The involvement of mul-
tiple modes is often observed for those protein confor-
mational transitions from a closed form to a open form
due to the need for breaking many inter-residue contacts.
The collective motions described by these modes can be
energetically driven by ATP hydrolysis in NSE

The above validating calculation was also done for the
observed conformational changes in NSF upon substrate
binding [that is, from 3]J94 to the NSF structures within
the four 20S structures!? (PDB ids: 3]J96, 3]J97, 3J98, and
3J99)]. Reassuringly, we found the lowest 20 modes cap-
ture 55%—62% of the observed conformational changes,
where mode 16 dominates with a maximal overlap of
0.46-0.50 [see Fig. 2(b) and Supporting Information

Table S1]. Indeed, mode 16 features pronounced rota-
tions of D1 domains in the E and F chain of NSF, result-
ing in closing of the E-F interface of D1-ring [see Fig.
2(c)]. These rotations account for the tightening of the
NSF rings as observed between isolated NSF and
substrate-bound NSF.10 The dominance of a single mode
is common for those protein conformational transitions
from a loosely packed form to a tightly packed form.

In sum, greater than 50% of the observed structural
changes in NSF upon ATP hydrolysis and substrate bind-
ing are captured by the 20 lowest modes (i.e., only 0.2%
of all modes), although the former is dynamically more
complex (e.g., involving more modes) than the latter.
These findings give strong support to the use of ENM-
bases NMA to analyze functional motions in NSE

To analyze the flexibility of NSF using the lowest 20
modes, we calculated the cumulative flexibility (denoted
CE see “Methods” section) at individual residue posi-
tions of ATP-bound and ADP-bound NSF (see Fig. 3).
Chain F is the most flexible in the ATP-bound NSF [see
Fig. 3(a)]. The ADP-bound NSF differs from the ATP-
bound NSF with higher flexibility in the C and N termi-
nal region of D1 domains of chain A and F respectively
[see Fig. 3(c)]. This is consistent with the lower resolu-
tion of the ADP-bound NSF structure.10 We focused the
flexibility analysis on the following key motifs in the D1
domains of NSF [see Fig. 3(c)]:
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Results of flexibility and hotspot analysis for NSE. (a) Bottom view of the D1 ring of ATP-bound NSF (PDB id: 3]J94). (b) Bottom view of the D1
ring of ADP-bound NSF (PDB id: 3]95). (c) CF as a function of residue position for the D1 domains of chain A-F in NSE (d) Average 01/ as a
function of residue position for the D1 domains of chain A-F in NSE In (a) and (b), active-site residues (260-267, 328-331, 373-375, 385, 388,
and 440-442), pore loops (294-296), and a7 helices (437-457) are represented by thick tubes. The above key residues are also marked by vertical
lines in (¢) and (d). In (a) and (b), the structure is colored by CF (with blue and red corresponding to low and high CF, respectively), and the
green balls represent hotspot residues in the D1 domains. In (c) and (d), the data points of ATP-bound and ADP-bound NSF are colored red and

green, respectively.

a. At the active sites of ATP hydrolysis, most residues
have low flexibility [corresponding to valleys in the
CF plot, see Fig. 3(c)], except in chain A and F of the
ADP-bound NSF where those active-site residues
exposed to the A-F gap are highly flexible [corre-
sponding to peaks in the CF plot at residues R385
and R388 in chain F, see Fig. 3(c)].

b. The pore loops (residues Y294, V295, and G296) cor-
respond to peaks in the CF plot, which are more pro-
nounced in the ADP-bound state [particularly in
chain A and F, see Fig. 3(c)].

¢. The a7 helices (residues 437—457) exhibit high flexibility
toward the C-terminus, which is especially pronounced
in chain A of the ADP-bound NSF [see Fig. 3(c)].

In sum, our finding of highly flexible pore loops and
a7 helices is consistent with the proposal that these key
parts dynamically couple the ATPase active sites to global
conformational changes in the NSF and 20S
supercomplex. 10

Next, we used an ENM-based perturbation analysis
(see “Methods” section) to identify a subset of hotspot
residues that control the collective motions described by
the lowest 20 modes (see Fig. 3 and Supporting Informa-
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tion Table S2). To this end, we calculated for each resi-
due position a score (dL/A) to assess the overall
dynamic importance of this residue position to the low-
est 20 modes [see “Methods” section and Fig. 3(d)]. We
selected top 3% hotspot residue positions as ranked by
(8A/A). In the ATP-bound NSE, the hotspot residues are
clustered at the interfaces between chain F and two adja-
cent chains [chain A and E, see Fig. 3(a)], overlapping
with the active sites (e.g., R385 of chain F), pore loops
(e.g., Y294 and V295 of chain D and F) and the N-
terminal hinge regions of a7 helices (e.g., residues 431—
435). In the ADP-bound NSF, the hotspot residues are
distributed along the A-F gap and central pore regions
[including the pore loops of chains B, C, D, and E, see
Fig. 3(b)].

In sum, the predicted hotspot residues overlap well
with key functional motifs of NSE, including the ATPase
active sites, the pore loops, and the a7 helices. Given the
involvement of these key residues in functional motions
and couplings as shown in previous studies,” 1-53,56 e
predict that these hotspot residues dynamically couple
the ATPase activity of NSF to downstream conforma-
tional changes propagating between adjacent NSF subu-
nits (via a7 helices) and toward SNARE (via pore
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loops).10 Because the ENM does not incorporate the
biochemical properties of amino acids, the hotspot posi-
tions are predicted solely based on the mechanical and
dynamical properties of the model. As shown by previ-
ous studies, the ENM-predicted mechanically/dynami-
cally important sites are evolutionally conserved,”1,>3
and co-localized with key biochemical sites (e.g., active
sites of enzymes®’) or disease-mutation sites.”8 These
findings strongly support the functional relevance of the
ENM-predicted sites and the functional importance of
biomolecular mechanics and dynamics as captured by
the ENM.

NMA of the SNARE complex reveals
collective motions that drive SNARE
disassembly

The truncated neuronal SNARE complex is a four-
helix bundle composed of three proteins: syntaxin-1A,
synaptobrevin-2/VAMP-2  (vesicle-associated membrane
protein 2), and SNAP-25 (synaptosomal-associated pro-
tein 25). As revealed by a recent single-molecule study,
the SNARE complex unzippers through three sequential
steps via a half-zippered intermediate with the C-
terminal section of VAMP-2 unzippered from the rest of
SNARE, followed by dissociation of the three proteins.so
Here we will employ ENM-based NMA to study how the
SNARE disassembly process is facilitated by the collective
motions in the SNARE complex induced by binding with
SNAPs and NSF in the 20S supercomplex.

In the 20S structures (PDB ids: 3J96, 3J97, 3J98, and
3]99, corresponding to state I, II, Illa, and IIIb), the
SNARE complex was modeled by fitting the cryo-EM den-
sities starting from a crystal structure of truncated SNARE
complex (PDB id: IN7S, with 1.45 A resolution), resulting
in small but significant conformational changes (RMSD
<1.9 A) due to binding of SNARE with SNAPs and NSF.10
To assess the relevance of these states to the SNARE disas-
sembly, we will analyze these observed conformational
changes in terms of collective motions as predicted by
ENM-based NMA (see “Methods” section). To this end, we
built an ENM based on the C, coordinates of 1N7S and
performed NMA for the ENM (see “Methods” section).
Then we calculated the overlap between each mode and the
observed conformational change from 1N7S to each 20S
structure and the cumulative squared overlap of the lowest
20 modes (see “Methods” section and Supporting Infor-
mation Table S3):

a. The IN7S-to-3]J96 conformational change in SNARE
is the smallest among them (with RMSD = 1.1 A),
with mode 3 contributing the most (overlap = 0.36).
The lowest 20 modes account for 48% of this
observed change, which is higher than the cumulative
squared overlap for the other 20S structures (see
Supporting Information Table S3). These findings sug-

gest that the SNARE complex is least distorted in state
I compared with the other 20S structures.

b. The 1N7S-t0-3]97 conformational change in SNARE
is the largest among them (with RMSD = 1.9 A), with
mode 2 contributing the most (overlap =0.26) fol-
lowed by mode 3 (overlap = 0.23). Only 32% of this
observed change is accounted for by the lowest 20
modes, which is lower than the cumulative squared
overlap for the other 20S structures (see Supporting
Information Table S3). Therefore, the SNARE complex
is most distorted in state II compared with the other
20S structures.

c. The 1N7S-t0-3J98/3]99 conformational change is
intermediate in RMSD (with RMSD = 1.6 A), with
mode 3 contributing the most (overlap =0.27). The
lowest 20 modes account for 38% of this observed
change. Therefore, the distortion of SNARE complex
in state Illa and IIIb is intermediate between state I
and II.

Taken together, the above results suggest the following
order for the four 20S states in terms of their ability to
structurally distort the SNARE complex: state I
(3196) < state IIla and IIIb (3J98 and 3J99) < state II
(3]97).

Next, we visualized the lowest three modes which
capture three distinct collective motions that are ener-
getically favorable to the SNARE four-helix bundle.
Mode 1 and 2 describe two orthogonal bending
motions of SNARE hinged at the middle [see Support-
ing Information Fig. S1(a,b)]. Mode 3 describes a twist-
ing motion around the long axis of the four-helix
bundle [see Supporting Information Fig. S1(c)]. Com-
pared with mode 1 and 2, mode 3 incurs greater distor-
tion energy involving the C-terminal region of VAMP2
and inter-chain contacts (assessed by E;/E and E,/E, see
“Methods” section and Supporting Information Table
S3). Therefore, mode 3 contributes most to the SNARE
disassembly among the three modes. Further supporting
its importance, mode 3 is also more involved in the
observed conformational changes in SNARE than mode
1 and 2 (with overlap > 0.2, see Supporting Information
Table S3), and is strongly coupled with the key mode
solved from the 20S structure in state II (see below).
Going from IN7S to those 20S structures, mode 3
causes the left-hand-twisted four-helix bundle to
untwist [Supporting Information Fig. S1(c)], which is
expected to loosen the four-helix bundle and cause the
SNARE proteins to disassociate. All three modes of
motions are hinged in the middle (near the ionic layer),
which is in proximity to a patch of basic residues in
SNAPs (including K122 and K163).10 By modulating
the above three modes, the ionic layer may enable force
transmission from SNAPs to the SNARE complex to
drive the collective motions (e.g., untwisting) for
SNARE disassembly.
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Figure 4

Results of NMA for state II of 20S (PDB id: 3]J97). The motional pattern of (a) mode 1, (b) mode 7, and (c) mode 9 as depicted by a vector plot
(with black vectors representing displacements of individual residues, and using the same color scheme and top view as Fig 1c). The bold arrows
show directions of rotation and shift of the N domains of NSE, SNAPs, and SNARE complex.

In sum, our NMA of the SNARE complex has pin-
pointed the 20S state II as the most relevant to the
SNARE disassembly, which likely involves untwisting and
bending motions of the SNARE complex that destabilize
the SNARE four-helix bundle. While our focus is on the
global twisting/bending motions in SNARE, it is possible
that other modes of motions may also contribute to the
SNARE disassembly dynamics.

NMA of the 208 structures predicts key
collective motions, high/low-flexibility
regions, and hotspot residues

The cryo-EM studyl0 identified four distinct struc-
tures/states of the 20S supercomplex (denoted I, II, IIIa,
and IIIb, for 3)J96, 3J97, 3J98, and 3]J99, respectively), fea-
turing different modes of coordination between six N
domains of NSF (chain A-F) and four SNAP molecules
[chain G-J, see Fig. 1(c)]. It was speculated that confor-
mational changes in or between these states may facili-
tate disassembly of the SNARE complex.!0 To
substantiate this hypothesis, we performed ENM-based
NMA for these 20S structures and analyzed the lowest 20
modes in comparison with the observed changes between
them (see Supporting Information Table S1).

Starting from 3]J96 (state I), only 39%-48% of the
observed conformational changes to the other 20S states
were captured by the lowest 20 modes, which is lower
than the cumulative squared overlap for the other 20S
structures (see Supporting Information Table S1). This is
consistent with the observation that 3J96 features close
packing between chain E and F [both coordinating with
the same SNAP molecule, see Fig. 1(c)], while in the
other three 20S structures chain E and F are separated
[each coordinating with a different SNAP molecule, see
Fig. 1(c)]. Therefore, the transitions from 3J96 to the

1062 rProTEINS

other states are energetically unfavorable due to the need
for breaking numerous E-F contacts. The E-F contacts
may restrain the motions of chain E and F, thus reduce
their ability to mechanically disassemble the SNARE
complex directly (via the pore loops) or indirectly (via
SNAPs). This explains the finding that the SNARE com-
plex is less distorted in 3J96 than in the other 20S struc-
tures (see above). Therefore, we propose that state I
captures an inactive or partially active 20S state where
NSF and SNAPs cannot effectively disassembly the
SNARE complex.

Starting from 3]97 (state II), as high as 55%-68% of
the observed conformational changes to the other 20S
states were captured by the lowest 20 modes (see Sup-
porting Information Table S1), with two top-
contributing modes (mode 1 and 9, see Fig. 4). Toward
the direction of state IIIa and IIIb, mode 1 involves a
concerted clockwise rotation of all six N domains of NSF
together with SNAPs and SNARE relative to the D1/D2
ring of NSF [in the top view, see Fig. 4(a)], which causes
the left-hand-twisted SNARE complex to twist further
[via the twisting mode 3 of SNARE, see Supporting
Information Fig. S1(c)], therefore become more tightly
packed and more stable. Mode 9 shows a clockwise
twisting of SNAPs, a sideway bending of the SNARE
complex, accompanied by counterclockwise swiveling of
the N domains in chain E and F [in the top view, see
Fig. 4(c)]. In contrast to the other 20S structures, 3J97
features minimal inter-subunit contacts involving the N
domains of chain E and F [see Fig. 1(c)], enabling them
to undergo large motions. Additionally, the SNARE com-
plex is more distorted in 3J97 than in the other 20S
structures (see above). Taking the above evidence
together, we propose that state II captures an active 20S
state where NSF and SNAPs can effectively disassembly
the SNARE complex by triggering mode 1 and 9, which



Coarse-Grained Modeling of SNARE Recycling Machine

70
60 s
2 4
= E\‘V _ < 5 S Al i A
= 08 - 3 <) 3 y
% D\\I ; o 40 B i g
[=2]
§ fd M g 39 15T
E W @ 2 ALAU
2 BV P .
0.2 , 10 t B iy
o A R b o I Al
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
residue number d residue number
04 ()
2 osh g 3 L e
é Ll \*M B
o . alilige o i E
2 ly & X
g 02 [uA 5 20 -
E \.‘W“"\-N - > a "
3 L 'M 1 10 5 :
s G =
0 - . L - 0 —
0 50 100 150 200 250 300 0 50 100 150 200 250 300
e residue number f residue number
0.3 . . : . 30
Ey . sNAP2S s SNAP2S
= < [ 3
% 02t 3 20 T
2 SYNTAXIN- =
° g %
2 @ * SYNTAXIN-1A
S g %
£ 01 z 10} M|
~ vAmP2
0 . . : : s o Lo : ; l ;
50 100 150 200 250 50 100 150 200 250
g residue number h residue number

Figure 5

Results of flexibility and hotspot analysis for 20S. (a) Top view of the 20S structure (PDB id: 3]J97). (b) Side view of the 20S structure (PDB id:
3]J97). (¢) CF for the N and D1 domains of NSF (chain A-F). (d) Average d4/4 for the N and D1 domains of NSF (chain A-F). (e) CF for the
four SNAP molecules (chain G-J). (f) Average dA/4 for the four SNAP molecules (chain G-J). (g) CF for the three SNARE proteins (lower curve
for VAMP2, middle curve for syntaxin-1A, and upper two curves for SNAP-25). (h) Average 61// for the three SNARE proteins (lower curve for
VAMP?2, middle curve for syntaxin-1A, and upper two curves for SNAP-25). In (a) and (b), the 20S structure is colored by CF (with blue and red
corresponding to low and high CF, respectively), and the colored balls represent hotspot residues in D2 (blue), D1 (green), N (red) domains of
NSE, SNAPs (yellow), and SNARE (orange). In (c) and (d), SNAP-binding residues (10, 67-68, and 104-105), active-site residues (260-267,
328-331, 373-375, 385, 388, and 440—442), pore loops (294-296), and a7 helices (437-457) are marked by vertical lines. In (e) and (f), NSF-
binding residues (217, 249, 252-253, and 290-293) and SNARE-binding residues (122, 163, 203, and 239) are marked by vertical lines. In (c)—(h),
the data points for 394, 3]96, 3]97, 3]98, and 3J99 are colored cyan, red, green, blue, and purple, respectively. In (d) and (f), the major peaks
discussed in the text are pointed to by bold arrows. The data points for different NSF/SNAP subunits and SNARE proteins are shifted vertically for
clarity.
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mechanically untwist and bend the SNARE complex
using the flexible N domains of chain E and E

Starting from 3J98 (state IIla) or 3]J99 (state IIIb),
48%—71% or 49%-65% of the observed conformational
changes to the other 20S states were captured by the
lowest 20 modes (see Supporting Information Table S1).
Compared with 3J97, 3J98 and 3]99 feature additional
close packing between chain D and E, and between chain
B and C [see Fig. 1(c)], which may hinder the motions
of N domains in these chains. In addition, the SNARE
complex is more distorted in 3J97 than in 3]J98 or 3]J99
(see above). Therefore, we propose that state IIla and
IIIb are less effective than 3J97 in the SNARE
disassembly.

In sum, the NMA of 20S structures has identified key
modes of untwisting and bending motions driven by the
flexible N domains, which may effectively destabilize the
SNARE complex in state II.

To analyze the flexibility of 20S using the lowest 20
modes, we calculated the CF at individual residue posi-
tions (see Fig. 5). The flexibility of D1 and D2 domains
is considerably reduced in the 20S supercomplex than in
isolated NSF [see Fig. 5(c)], thanks to the stabilization
by binding of SNAPs and SNARE. Within NSE the N
domains are much more flexible than the D1 and D2
domains [see Fig. 5(c)]. We focused the flexibility analy-
sis on the N domains of NSE SNAPs, and SNARE as
follows:

a. In the N domains of NSEF the CF plot features pro-
nounced peaks and valleys [see Fig. 5(c)]. Three val-
leys correspond to key SNAP-binding basic residues
(R10, R67, K68, K104, and K105) as found in Ref. 10
and a previous mutagenesis study,”? which are due to
the stabilization of SNAPs binding.

b. In SNAPs, three CF peaks correspond to key NSF-
binding acidic residues (D217, E249, E252, E253,
D290, E291, E292, and D293), which are most pro-
nounced in chain G [see Fig. 5(e)]. Interestingly, chain
G of SNAPs is coordinated with the N domain of
chain F in NSF which is highly dynamic. Four CF val-
leys coincide with those SNARE-binding basic resi-
dues®0 (K122, K163, K203, and R239) [see Fig. 5(e)].
So the SNAPs-NSF binding interface is more dynamic
than the SNAPs-SNARE binding interface.

c. In the SNARE complex, a broad CF valley is at the cen-
ter of the four-helix bundle [see Fig. 5( g)], which can
be attributed to SNAPs binding near the central ionic
layer of SNARE.10 The CF plot is peaked near the bot-
tom of the SNARE four-helix bundle [see Fig. 5(g)],
where the N-terminal residues of SNAP-25 and
syntaxin-1A directly interact with the pore loops of
chain E and F in NSF [see circled region in Fig. 5(a,b)].

In sum, our flexibility analysis found high flexibility in
the N domains of NSF, and both high and low flexibility
at the NSF-SNAPs-SNARE binding interfaces, which is
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consistent with the idea that these key domains and
interfaces are involved in dynamically coupling NSF to
SNAPs and SNARE.

Next, we identified a subset of hotspot residues that
control the collective motions as described by the lowest
20 modes (see Fig. 5 and Supporting Information Table
S2). To this end, we calculated for each residue position
a score (dA/L) to assess its overall dynamic importance
[see Fig. 5(d,f, h)]. We selected those top 3% hotspot
residue positions as ranked by (d1/1).

a. The (81/A) plot exhibits pronounced peaks in the D1
and N domains of NSF [see Fig. 5(d)]. Three of them
are near key SNAPs-binding basic residues (R10, R67,
K68, K104, and K105) found in Ref. 10, one is at the
N-terminus of a7 helices (near residue S437 of chain
E and F) which undergo large translation upon ATP
hydrolysis,lo and one is on the pore loops (residues
V295 and G296 in chain E and E respectively) which
interact with SNARE directly.!0 The remaining peaks
correspond to hotspot residues clustered at the inter-
faces between neighboring D1 domains, N domains of
NSE, and SNAPs [see Fig. 5(a,b)].

b. The (8A/A) plot shows three major peaks in SNAPs
[see Fig. 5(f)], which are near key NSF-binding acidic
residues of SNAPs (D217, E249, E252, E253, D290,
E291, E292, and D293) as found in Ref. 10.

c. In the SNARE complex, the (31/A) plot peaks sharply
at the N-termini of SNAP-25 and syntaxin-1A [see
Fig. 5(h)], which directly interact with the pore loops
of chains E and F in NSF [see circled region in Fig.
5(a,b)]. This finding suggests that the pore loops may
directly apply mechanical force to the bottom of
SNARE complex, or contribute indirectly as an
anchoring point for the N domains and SNAPs to dis-
assemble SNARE.34 Notably, these mechanisms may
be different from the single-molecule mechanical
unfolding of SNAREs that starts from the unzipping
at the C-terminus of VAMP2,50

In sum, the predicted hotspot residues point to key
functional sites and interactions in the 20S supercom-
plex, which is consistent with the functional relevance of
the collective motions captured by the lowest ENM
modes, and providing promising targets for future muta-
genesis studies.

Coarse-grained modeling of the
conformational changes in 20S as induced
by ATP hydrolysis in NSF

To understand how ATP hydrolysis in NSF drives con-
formational changes in the 20S supercomplex leading to
the SNARE disassembly, we utilized the iENM method
(see “Methods” section) to transform the D1 and D2
domains of NSF from the ATP-bound conformation
(PDB id: 3J97) to the ADP-bound conformation (PDB
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id: 3]J95), and then modeled the resulting conformational
changes in the rest of 20S including the N domains of
NSF, SNAPs, and SNARE (see Movie S1). The predicted
conformational changes feature a concerted counter-
clockwise twisting of the six N domains of NSF, SNAPs,
and SNARE relative to the rest of NSE followed by an
outward flip of the N domains in chain A and B. The
latter flip was observed in the cryo-EM structure of
ADP-bound NSF10 (although the flipped N domains are
not present in 3J95). To further analyze what modes of
collective motions are involved in such conformational
changes driven by ATP hydrolysis, we calculated the
overlaps with each of the lowest 20 modes solved from
3J97. The top-contributing modes are mode 7 (over-
lap =0.45) followed by mode 1 (overlap=0.29). As
expected, mode 7 features a concerted shift of N
domains, SNAPs, and SNARE toward chain A and B
accompanied by distinct rotations of the N domains [in
the top view, see Fig. 4(b)]. Mode 1 involves a concerted
counterclockwise rotation of all six N domains of NSF
together with SNAPs and SNARE relative to the rest of
NSF [in the top view, opposite to the direction shown in
Fig. 4(a)], which causes the left-hand-twisted SNARE
complex to untwist and become more loosely packed.
Together, these modes cause the SNARE complex to
destabilize via untwisting and bending motions of
SNARE.

CONCLUSION

In summary, we have performed comprehensive
coarse-grained modeling based on ENM and related
analyses. The NMA of NSE SNARE, and 20S predicted
key modes of collective motions that account for a sig-
nificant fraction of the observed structural changes, and
illuminated how the SNARE complex can be effectively
destabilized by concerted untwisting and bending
motions of the SNARE complex driven by the N
domains of NSF in state II. Our flexibility analysis iden-
tified regions with high/low flexibility that coincide with
key functional sites (such as the NSF-SNAPs-SNARE
binding sites). We also identified a subset of hotspot resi-
dues that control the above collective motions, which
will make promising targets for future mutagenesis stud-
ies. Finally, we modeled the conformational changes in
20S as induced by the transition of NSF from ATP to
ADP state, and observed a concerted untwisting motion
of SNARE/SNAPs and a sideway flip of two N domains
in agreement with the observation by cryo-EM. Taken
together, our findings have offered new structural and
dynamic insights to the SNARE disassembly mechanism,
and will guide future functional studies of the SNARE
recycling machinery.

In future studies, it will be interesting to directly simu-
late the dynamics of 20S supercomplex starting from the

20S structures, which can sample larger conformational
space away from the cryo-EM structures not accessible to
NMA.
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