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SUMMARY

SNAP-25 (synaptosomal-associated protein of 25 kDa) is a prototyp-
ical intrinsically disordered protein (IDP) that is unstructured by it-
self but forms coiled-coil helices in the SNARE complex. With high
conformational heterogeneity, detailed structural dynamics of un-
bound SNAP-25 remain elusive. Here, we report an integrative
method to probe the structural dynamics of SNAP-25 by combining
replica-exchange discrete molecular dynamics (rxDMD) simulations
and label-based experiments at ensemble and single-molecule
levels. The rxDMD simulations systematically characterize the coil-
to-molten globular transition and reconstruct structural ensemble
consistent with prior ensemble experiments. Label-based experi-
ments using Förster resonance energy transfer and double elec-
tron-electron resonance further probe the conformational dynamics
of SNAP-25. Agreements between simulations and experiments un-
der both ensemble and single-molecule conditions allow us to assign
specific helix-coil transitions in SNAP-25 that occur in submillisecond
timescales and potentially play a vital role in forming the SNARE
complex. We expect that this integrative approach may help further
our understanding of IDPs.

INTRODUCTION

Intrinsically disordered proteins (IDPs) play critical roles in diverse regulatory and

cellular signaling processes, and are also associated with multiple neurodegenera-

tive diseases.1–3 The intrinsic disorder with high conformational plasticity is essential

for forming transient yet stable signaling protein complexes4 and key transcription

regulators.5 In synapses, IDPs and proteins containing intrinsically disordered re-

gions (IDRs) are important in neurotransmitter release,6 the formation of junctions,7

remodeling of the postsynaptic density,8 and signaling in the cytoplasmic region of

several membrane receptors.9,10 The high degree of conformational heterogeneity

of IDPs is due to the lack of a well-defined secondary and tertiary structure organi-

zation, the biased amino acid composition, and low sequence complexity.11–13

To structurally characterize IDPs or IDRs, ensemble-based nuclear magnetic reso-

nance (NMR) with its atomic resolution and broad temporal resolution has been

the gold standard methodology.14–16 Recent advances in single-molecule experi-

ments, however, offer new insights into the dynamic behavior of IDPs.17 Here, we

implement an alternative approach integrating replica-exchange discrete molecular

dynamics (rxDMD) and label-based experiments at both ensemble and single-mole-

cule conditions to resolve structural dynamics and heterogeneity of IDPs. DMD is a
Cell Reports Physical Science 2, 100616, November 17, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:hsanabr@clemson.edu
mailto:fding@clemson.edu
https://doi.org/10.1016/j.xcrp.2021.100616
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2021.100616&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS Article
rapid and predictive molecular dynamics approach to sample protein dynamics at

long timescales,18 while replica exchange is an enhanced sampling approach for ob-

taining a generalized ensemble of a molecular system and exploring the free-energy

landscape.19 DMD simulations can also incorporate experimentally derived struc-

tural and dynamic information as constraints to reconstruct experimentally consis-

tent conformational ensembles for both structured proteins and IDPs.20,21 We use

SNAP-25 (synaptosomal-associated protein of 25 kDa) as a prototypical IDP for

our system of study. SNAP-25, together with the synaptic vesicle protein Synapto-

brevin 2 (or VAMP 2) and plasma membrane protein Syntaxin 1a, bind together to

form a coiled 4-helix bundle as part of the SNARE (soluble N-ethylmaleimide-sensi-

tive factor attachment receptor) complex.22–24 The SNARE complex is a crucial

component of the eukaryotic fusion machinery at the neuronal synapses.25 The

SNARE motif of �60–70 residues features heptad repeats via a disorder-to-order

transition to form the SNARE complex.6,26 Although the structural and functional

role of the SNARE complex in eukaryotic membrane fusion machinery has been

intensely studied,27,28 probing the disordered structural heterogeneity of unbound

SNAP-25 remains challenging at both experimental and computational levels.

The structural ensemble of SNAP-25 derived from unbiased rxDMD simulations

shows an excellent agreement with prior ensemble experimental measurements,

including radius of gyration ðRgÞ or hydrodynamic radii ðRHÞ,29 inter-dye or inter-res-

idue distances from single-molecule Förster resonance energy transfer (smFRET),

and circular dichroism (CD) spectra.30 In addition, the incorporation of label-based

experiments at the ensemble and single-molecule level on specific regions of SNAP-

25 allow us to monitor the structural heterogeneity crucial in the disorder-to-order

transition required for binding. The agreement between rxDMD simulations and la-

bel-based experimental methods enables us to capture a novel conformational

switching behavior of SNAP-25 that could promote efficient scavenging of binding

partners. Moreover, SNAP-25 retains residual and transient secondary structural el-

ements compatible with the bound state, central to its synaptic transmission and

membrane fusion function. The integration of rxDMD simulations and label-based

approaches can augment standard structural characterization methods and allows

us to examine the detailed complexities of IDPs and IDRs.

RESULTS AND DISCUSSION

Integrative modeling and validation of the conformational ensemble

We use an integrative modeling approach blending simulations with complemen-

tary label-based experiments to characterize the structural dynamics and heteroge-

neity of SNAP-25. SNAP-25 is a moderate-sized IDP with a sequence length of 206

amino acids (Figure 1A). Our workflow (Figure 1B) describes a procedure to incorpo-

rate prior structural knowledge to reconstruct the conformational ensemble and

study the conformational heterogeneity of biomolecules, including IDPs. Prior

knowledge includes the primary, secondary, and tertiary structural information

from experimental measurements, such as Rg, RH, and CD spectra. Starting with

the extended conformation from the amino acid sequence, we prepare our protein

for rxDMD simulations. Multiple simulations are performed at a wide range of tem-

peratures, with periodic exchanges of conformations between replica according to

the Metropolis criterion. Using the weighted histogram analysis method (WHAM)31

on the simulation trajectories, we can determine various thermodynamic parameters

such as specific heat (Cv) and the melting temperature (Tm) for coil-to-molten glob-

ular transition, and compute structural observables such as Rg, RH, inter-residue dis-

tances, and estimated CD spectra, which can be compared with experiments to

reconstruct the experimentally consistent structural ensemble.
2 Cell Reports Physical Science 2, 100616, November 17, 2021



Figure 1. Flow diagram of an integrative approach to characterize the structural dynamics of IDPs

(A) SNAP-25 protein in SNARE complex and unbound with the FRET and EPR label sites SNAP-25

(20/44) and SNAP-25 (44/66). SNARE complex (PDB: 1SFC) is formed by the 3 core proteins

synaptobrevin (red), syntaxin (green), and SNAP-25 (blue, 2 helices).

(B) A workflow of the integrative approach using DMD and label-based experiments to determine

the structural dynamics and heterogeneity of IDPs and IDRs.
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To carry out label-based experiments, we determine the preferred sites for labeling

according to the dynamics and heterogeneity of a particular region of interest. The

selection of labeling sites can be empirically determined or designed.32 Alterna-

tively, it is possible to screen the trajectories from simulations to identify ideal label-

ing sites. Next, we perform experiments at ensemble or single-molecule conditions.

For our purposes here, we measure two pairs of selected sites that encompass the

region of the disorder-to-order transition of SNAP-25 using FRET experiments in

three modalities: (1) a cuvette/ensemble mode with time-resolved fluorescence,

(2) freely diffusing smFRET experiments in confocal mode usingmultiparameter fluo-

rescence detection (MFD), (3) immobilized smFRET under total internal reflection

microscopy (TIRFM), as well as (4) double electron-electron resonance (DEER) exper-

iments. We further screen the accessible volume (AV) using the reconstructed struc-

tural ensemble from rxDMD simulations. AV models provide a sterically allowed

space of the dye attached to the protein by approximating the dye to be freely

diffusing inside a uniform spatial distribution of the AV. An agreement between

ensemble, single-molecule experiments, and DMD simulations allows us to map

the conformational free-energy landscape and obtain local or region-wise structural

heterogeneity. FRET and DEER measurements report inter-label distances; thus,

multiple pairs are required for complete structural modeling, with enough sampling

of the overall organization of the molecule.32–36 Our integrative method can

leverage experimental data, prove specific regions of interest that would be limited

in determining structures with reasonable accuracy, and provide complementary in-

formation to NMR experiments. Similar workflows resolved the structural dynamics

in enzymes,36 the dynamic heterogeneity in multi-domain proteins,18 and other

intrinsically disordered proteins,37,38 and has been used for determining the

ensemble switching mechanism of eukaryotic thiamin riboswitch.39 Furthermore,

the integrative structural modeling using DMD and label-based experiments can

solve the remaining challenges in highly dynamic systems such as IDPs, IDRs, and

complex supertertiary structural dynamics.
rxDMD simulation of SNAP-25

Prior knowledge of SNAP-25 includes a known disorder-to-order conformational

switching occurring at various timescales.29 Dynamic light scattering, sedimentation
Cell Reports Physical Science 2, 100616, November 17, 2021 3



Figure 2. Ensemble analysis of SNAP-25

(A) Specific heat at constant volume ðCv Þ spectra, mean CRgD, and mean helicity dependence as a function of temperature. The Cv shows a coil-to-

globular transition above 300 K, as shown in the dashed line.

(B) The probability distribution of Rg. The vertical line corresponds to the experimental value of 3.85 nm.29

(C) Estimated ellipticity in the far-UV region. The estimated CD shows 2 minima �204 and 223 nm and a low ellipticity above 215 nm, suggesting a

disordered protein structure with a small fraction of a-helix. The inset panel shows the fraction of secondary structure corresponding to a-helix, b sheet,

random coil, and turn regions. A total of 37% of amino acids adopt an a-helix and 55% are involved in random coil regions. b sheet and turn regions

constitute a small fraction of the residues (4%).

(D) Per residue-wise secondary structure content depicting the random coil, b sheet, a-helix, and turn regions, obtained from the conformational

ensemble.
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velocity analytical ultracentrifugation, and analytical size exclusion chromatography

measurements showed that SNAP-25 has a mean RH value of 3.75G 0.38 nm.29 This

value is consistent with the expected Rg of �3.85 nm estimated as the root-mean-

square distance for an IDP with an average persistence length of 0.6 nm and 206

amino acids in length.29 Also, a CD spectrum study of SNAP-25 reported a low a-he-

lical content of�14%, suggesting a transient residual secondary structure content.30

Using the equilibrated trajectories in rxDMD simulations (Figures S1 and S2), we

calculate theCv, Rg, and mean a-helix content of SNAP-25 as the function of temper-

ature. The Cv plot shows 2 peaks at �300 and �312 K (Figure 2A). The first peak at

�300 K corresponds to an increase in the local structural disorder, while the second

peak at �312 K denotes the midpoint of Rg increase with increasing temperature.

Simulations above 312 K feature continued loss of ordered secondary and tertiary

structures of the IDP (see Figure S3A). Hence, the second peak corresponds to the

coil-to-molten globular transition, Tm. Based on the mean CRgD and helicity, we chose

310 K slightly below the Tm to be the optimal temperature for studying the confor-

mational substates and structural ensemble of SNAP-25. At 310 K in DMD simula-

tions, the CRgD at 4.0 nm, mean helicity, and the correspondingly estimated CD

spectrum agree well with reported measurements.29,30,40 The probability distribu-

tion of the Rg shows a prominent peak at�3.36 nm andmultiple shoulders extending

from 4.0 to 6.0 nm (Figure 2B). The tailing to large Rg values in the probability distri-

bution suggests that SNAP-25 can adopt occasionally extended conformations.

Since Rg and RH are related to each other in a non-straightforward way,41 we also

estimate RH for the computationally derived conformational ensemble of SNAP-25

using HYDROPRO.42 The obtained mean RH is 3.38 G 0.4 nm, in agreement with
4 Cell Reports Physical Science 2, 100616, November 17, 2021
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experimental measurements.29 The overall structural ensemble of SNAP-25 is disor-

dered, with �37% helical and �55% coil contents. The 2 states together account for

92% of all secondary structure states. We note that the helical content in our simu-

lations is higher than the previously reported value of�14%.30 However, using a sin-

gle value of the mean residue ellipticity value at 222 nm, [Q]222, instead of the whole

spectrum to linearly extrapolate the helical content, the earlier study successfully

monitored changes of the helical content upon environment changes, but likely

underestimated the a-helical content of SNAP-25 since coils enriched in the IDP

could offset [Q]222 from helices with opposite contributions. In addition, the peptide

in simulations does not include the C-terminal 9-residue coil and the His6-tag used in

the prior study. However, the estimated far-UV CD spectrum based on secondary

structure contents in simulations agreed well with the experimental spectrum.30

Both computational and experimental CD spectra depict 2 minima centered �204

and 222 nm and a low ellipticity above 215 nm, reminiscent of disordered protein

structure (Figure 2C). We also compute the secondary structure probabilities for

each residue (Figure 2D). Only the first 40 N-terminal residues and residues 65–80

are predominantly a-helical; other regions either adopt coil-dominant structures

or undergo frequent random coil to ordered helix transitions (e.g., residues �55,

100, 110, 145–150, 170–180).

The conformational heterogeneity in SNAP-25 ensemble is exemplified in the free-

energy landscape, calculated as the 2-dimensional (2D) potential of mean force (2D-

PMF) with respect to the Rg and a-helix content (Figure 3A) and as the function of Rg

and coil content (Figure S3B). The energy landscape shows a minimum energy basin

(denoted by a) around Rg values of 2.7–3.9 nm with helix content between 32% and

45% and the coil content between 45% and 56%.We also observe two higher energy

basins, denoted as b and g, with larger Rg values and slightly lower helical contents.

We perform a clustering analysis to acquire the representative structures belonging

to the identified energy basins in the energy landscape. Representative structures

corresponding to the three basins display a stable a-helix in the N-terminal region

around the first 40 residues and intermittent residual secondary structure regions

(Figure 3A). Notably, for the energy basins b and g, the transition to extended struc-

tures are mainly due to the intrinsically disordered regions within the protein that

render high conformational flexibility. Thus, our simulations sample a heteroge-

neous conformational landscape with a high content of random coil and residual

a-helical regions that undergo reversible order-to-disorder transitions. The contents

of other secondary structure, b sheet and turn, are low.

Helix-coil transitions of the N-terminal region of SNAP-25 in silico

To gain insights into the tertiary interactions in the conformational ensemble of

SNAP-25, we compute the residue-wise contact frequencymap (Figure 3B). The con-

tact map lacks long-range contacts, consistent with both the coil and helical content

of SNAP-25. The analysis confirms the high probability of a helices (contact patterns

along the diagonal) around the N-terminal residues 1–40 and residues 65–80, along

with a low probability of a short b-hairpin turned around residue 40 between the 2

stable helices. The contact map for the rest of the protein also features weak helices,

and local interactions resulted from frequent coil-helix transitions.

Without loss of generality, we next focus on the detailed dynamics of the N-terminal

region encompassing the first 2 helices (i.e., residues 1–40 and 65–80) to charac-

terize the structural heterogeneity of SNAP-25 due to frequent order-disorder tran-

sitions. To compare with label-based experiments that measure inter-residue

distances, we propose to investigate 2 specific pairs, Q20/I44 and I44/Q66, which
Cell Reports Physical Science 2, 100616, November 17, 2021 5



Figure 3. Free-energy landscape and helix-coil transition of the N-terminal region of SNAP-25

(A) The energy landscape as a function of Rg and a-helix content from rxDMD simulations and

representative structures corresponding to 3 identified energy basins, a, b, and g.

(B) Contact frequency map depicting tertiary contacts in SNAP-25.

(C) The 2D-PMF as a function of the Ca distance and number of a-helical residues between the

residue pair Q20/I44.

(D) Central representative structures of SNAP-25 Q20/I44 (basins 1, 1’, and 2). The residues

between the pairs 20/44 used for labeling the protein are highlighted in orange.

(E) The 2D-PMF between the Ca distance and number of a-helical residues between the residue

pair I44/Q66. The presence of multiple shallow minima indicates many conformational substates

revealing conformational heterogeneity reminiscent of IDPs and IDRs.

(F) Central representative structures of SNAP-25 I44/Q66 (basins 1 and 2). The residues between 44/

66 used for labeling the protein are highlighted in orange.
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probe the folding/refolding dynamics of the first 2 helices. For each pair, we

compute the 2D-PMF as the function of the inter-Ca distance of the pairing residues

and the number of residues in the enclosed sequence fragment adopting a-helix

(Figure 3C) or random coil (Figure S4) conformations, as well as the probability den-

sity distribution of the inter-Ca distance (Figure S5) for direct comparison with dis-

tance-based FRET and DEER experiments. For the residue pair Q20/I44, the lowest

energy basin has the number of a-helical residues�24 equal to the fragment length,

suggesting that the region between Q20/I44 is dominated by a complete a-helix

with the corresponding inter-Ca distance 30–35 Å (basin 1, Figure 3C). Other two

higher energy basins, 1’ and 2, can be observed in the PMF plot. Basin 1’ has a similar

inter-Ca distance as basin 1, but with a loss of 1 a-helical turn, and basin 2 has a much

smaller inter-Ca �17.8 Å and only 9 a-helical residues. The central representative

structures corresponding to 3 basins (Figure 3D) clearly demonstrate the transient
6 Cell Reports Physical Science 2, 100616, November 17, 2021
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unfolding of the N-terminal a-helix in the first 40 residues. For the residue pair I44/

Q66, the secondary structure of the sequence fragment is low in a-helix content and

rich in random coil (Figures 3E and S4B). The computed 2D-PMF shows a minimum

energy basin with a wide spread in the inter-Ca pair distance between 11 and 45 Å,

consistent with a coil-rich fragment (Figure 3E). Representative structures corre-

sponding to two identified energy basins 1 and 2 are shown in Figure 3F, which

demonstrate that residues between I44 and Q66 indeed adopt coil structure along

with a very low fraction of a-helix. Next, we experimentally probe the dynamics of

local order-disorder transitions using two double cysteine variants for site-specific

label attachment: SNAP-25 20/44 and SNAP-25 44/66.

Conformational plasticity of the N-terminal region of SNAP-25 using label-

based experiments

To experimentally monitor the conformational plasticity of the N-terminal region of

SNAP-25, we engineered 2 double cysteine variants at positions 20/44 and 44/66.

We chose these three sites because they belong to the same helix as part of the

SNARE complex (Figure 1A). The variant 20/44 monitors the helix-coil transition

observed in rxDMD simulations and capture the dynamics of the residual helices,

while variant 44/66 characterizes the coil region between these 2 amino acids.

These 2 specific pairs, 20/44 and 44/66, can probe the folding/refolding dynamics

of the first 2 helices, relevant for the SNARE complex formation. rxDMD simulations

of the 2 double-cysteine mutants confirmed that the mutations needed to introduce

probes did not affect the overall dynamics of SNAP-25 (Figure S6). We used the

same constructs to measure the distance between labels at various modalities,

including (1) a cuvette/ensemble FRET mode with time-resolved fluorescence, (2)

freely diffusing smFRET experiments in confocal mode using MFD, (3) immobilized

smFRET under TIRFM, and (4) DEER in frozen samples. FRET experiments in

different modalities provide complementary information. smFRET in TIRFM mode

monitors FRET states that are stable at the second timescale. smFRET in confocal

mode captures dynamic averaging occurring faster than the observation time

limited by the molecules’ transient time over the confocal volume, usually on the

order of milliseconds. Cuvette/ensemble time-resolved fluorescence will capture

the time evolution of the FRET process in the nanosecond timescales with a high

signal-to-noise ratio by recording over 106 photons. We refer to the identified

states as limiting states.

The variant 20/44 monitors the helix-coil transition observed in DMD simulations

(Figure 4). We present smFRET in TIRFM mode, where we use the donor and

acceptor fluorescence signal as a function of time (Figure 4A, top) to derive a mono-

disperse FRET distribution that peaks at 0.8 (Figure 4A, bottom). In contrast, we

required two limiting states when modeling the time-resolved fluorescence decays

in cuvette experiments (Figure 4B). Our fit models the FRET-induced donor decay

globally, with the fluorescence decay containing the donor-only samples as previ-

ously done.43 Each limiting state follows a Gaussian distribution, and all of the

required parameters to analyze FRET samples, including the dyes uses, the Förster

radii, donor- and acceptor-only lifetime decay fits, the residual anisotropies and

Ck2D, and the donor and acceptor distances and fractions obtained by fluorescence

decays are included in Tables 1 and S1–S5. Our results suggest that the SNAP-25

within the region of 20–44 shows a transition between at least 2 conformational

states resolved by FRET with a fraction of donor-only-like state. This donor-only-

like fraction could correspond to the fraction of molecules containing only the

donor fluorophore, molecules with the inactive acceptor, or distances beyond

FRET sensitivity.
Cell Reports Physical Science 2, 100616, November 17, 2021 7



Figure 4. Label-based observations of SNAP-25 20/44

(A) Top: exemplary fluorescence traces of the donor and acceptor fluorescence signal as a function of time in immobilized FRET TIRFM experiments.

Bottom:calculated FRET efficiency histogram from donor and acceptor traces. For TIRFM FRET, we used Alexa Fluor 555 and 647 maleimide as donor

and acceptor fluorophores, respectively.

(B) TCSPC decays of donor-only labeled and donor in the presence of acceptor-labeled SNAP-25. Weighted residuals of the fit with a model with

2-Gaussian distributed states. Table 1 shows the values of the fit.

(C) Top: 2D MFD histogram of the FRET efficiency versus the average fluorescence lifetime per burst in confocal mode. Static (red) and dynamic (blue,

green, and cyan) FRET lines as guides for the interconversion between identified states by photon distribution analysis (PDA) with a time window

analysis of 5 ms. Tables S3 and S4 summarized the FRET lines. Bottom: PDA analysis with a model of 2 interconverting states and a NO FRET population

(Table S9). Vertical lines correspond to the limiting states E1 and E2. Those states appear as horizontal lines in the MFD histogram. Correction

parameters are shown in Table S10. For TCSPC and confocal FRET measurements, we used Alexa Fluor 488 and 647 maleimide as donor and acceptor

fluorophores, respectively.

(D) Top: normalized DEER signal and its fit with the Tikhonov regularization to derive the inter-spin distance distribution (bottom). The orange area

represents the confidence interval of the Tikhonov regularization.
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Given that the FRET efficiency distribution in TIRFM mode showed a unimodal dis-

tribution (Figure 4A), we proceeded to measure FRET in a confocal setup in MFD

mode (Figure 4C, top), as previously done for multiple systems.44,45 We observe a

unimodal distribution, but in this case, due to the integration time that happens in

the millisecond timescale, we conclude that there is dynamic averaging between

the limiting states that are identified by time-correlated single-photon counting

(TCSPC) in nanoseconds. This shift occurs because the peak of the distribution shifts

to the right of the static FRET line (red line in Figure 4C top and Table S6). To further

corroborate this, we use photon distribution analysis (PDA) to fit the FRET efficiency

distribution (Figure 4C, bottom) at multiple time windows (Dt = 0.5, 1, 2, and 5 ms;

Figure S7). We identify a dynamic interconversion between the 2 limiting states, with

FRET efficiency levels E1 = 0.58 and E2 = 0.93 and a population with NO FRET. In

Table S7, we present the conversion between FRET efficiencies and the average

fluorescence lifetime ðCtDðAÞDfÞ. The two FRET efficiencies agree very well with the

limiting states identified by TCSPC (Table 1), and the NO FRET state is also consis-

tent with those observations. Next, we map those FRET efficiency levels in the MFD
8 Cell Reports Physical Science 2, 100616, November 17, 2021



Table 1. Summary of experimental FRET and model distances based on the AV

Sample 20/44 x1 CRDAD1 [Å] x2 CRDAD2 [Å] D only c2

TCSPC (2-Gaussian) 0.36 49.4 G 2.6 0.64 33.3 G 1.8 0.40 1.14

Screening 0.81 43.5 G 0.1a 0.19 36.0 G 1.3a

Sample 44/66 x1 RDA(1) [Å] D only c2

TCSPC (1-Gaussian) 1.00 39.2 G 4.5 0.77 1.10

Screening 1.00 40.3 G 0.5a

WLC 44/66 L [Å] k lp [Å] D only c2

Experiment 79.2 0.19 15.2 G 4.3 0.46 1.19

x1 and x2 are the ith population fractions and D only is the population fraction with no observed FRET.
a95% confidence interval from fitting Gaussian distributions to the histograms in Figure 6.
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histograms (Figure 4C, top) by placing two horizontal lines corresponding to the

limiting states identified by PDA. If molecules interconvert between these states,

then single-molecule events should follow or fall within the dynamic FRET lines

(blue, green, and cyan; Table S8), representing the limiting states’ exchange pro-

cesses.46,47 The observed histogram distribution lies within these FRET lines, which

means that the model is in qualitative agreement with the observation in the MFD

histograms. To achieve independent validation of the FRET experiments, we use

DEER to obtain the inter-spin distance distribution.

In contrast with TCSPC, the ill-poised problem uses the Tikhonov regularization al-

gorithm to derive the inter-spin distance distribution. Figure 4D shows exemplary

DEER decay, and the inter-spin distribution between homo spin labels at the same

cysteine positions (20/44) as those used in FRET experiments. In the inter-spin distri-

bution, we identify three different conformations or states. One that peaks at �2 nm

is consistent with the FRET efficiency E2, a larger peak centered at �4 nm is consis-

tent with the FRET efficiency E1, and there is also a smaller peak at �6 nm. The latter

population is consistent with the NO FRET state because the presence of the fluores-

cence labels will push the distance �2 nm farther apart beyond FRET detection.

Next, we studied the variant 44/66 to characterize the coil region between these

amino acids. Like the variant 20/44, TIRFM trajectories (Figure 5A, top) mostly

show unimodal distributions with a mean FRET efficiency of 0.8. However, in some

traces, we observe transitions showing a lower FRET efficiency of 0.3 (Figure 5A, bot-

tom). Time-resolved fluorescence decays from TCSPC experiments (Figure 5B) were

analyzed with increasing complexity levels in themodel functions. The figure of merit

c2 for a 1-Gaussian distributed state was c2
1;Gauss = 1.10. Then, we probed a

2-Gaussian model that would be consistent with the 2 states identified in TIRFM ex-

periments. It showed a slightly worse c2
2;Gauss = 1.18 and CRDAD

(1) = 41 and CRDAD
(2) =

21 Å. Although the fit with the 1-Gaussian distributed state was statistically better

than the 2-Gaussian distributed states, the 1-state model is not consistent with the

smFRET results in MFD mode. In confocal measurements (Figure 5C), we observed

a skewed distribution toward NO FRET clearly to the right of the static FRET line (red

line). This line sets the limit when the host molecule—SNAP-25, in this case—is

considered rigid. It is not. Thus, a single static host with a Gaussian distributed state

due to the mobile fluorophores is not consistent with the MFD experiments. Next,

we applied PDA and failed to fit the FRET efficiency with a 2-state model compatible

with the 2-Gaussian distributed states because we could not globally fit multiple

time windows with a reasonable figure of merit. With the apparent discrepancy be-

tween TCSPC and MFD, we decided to model the time-resolved fluorescence decay

of the DA sample using a worm-like-chain (WLC) model (Equations 2-3 in
Cell Reports Physical Science 2, 100616, November 17, 2021 9



Figure 5. Label-based observations of SNAP-25 44/66

(A) Top: exemplary fluorescence traces of the donor and acceptor fluorescence signal as a function of time in immobilized FRET TIRFM experiments.

Bottom: calculated FRET efficiency histogram from donor and acceptor traces. For TIRFM FRET, we used Alexa Fluor 555 and 647 maleimide as donor

and acceptor fluorophores, respectively.

(B) TCSPC decays of donor-only labeled and donor in the presence of acceptor-labeled SNAP-25. Weighted residuals of the fit with a worm-like-chain

(WLC) model with figure of merit c2
WLC. Table 1 shows the values of the fit.

(C) A 2D histogram of the FRET efficiency versus the average fluorescence lifetime per burst in confocal mode. Static (red) and dynamic (blue, green, and

cyan) FRET lines as guides for the interconversion between identified states by PDA. Correction parameters are shown in Table S10. For TCSPC and

confocal FRET measurements, we used Atto 488 and 647 maleimide as donor and acceptor fluorophores, respectively.

(D) Top: normalized DEER signal and fit with the Tikhonov regularization to derive the inter-spin distance distribution (bottom). The orange area

represents the confidence interval of the Tikhonov regularization.
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Supplemental information). In the WLC model, there is a single free parameter (stiff-

ness of the chain k) because we used the theoretical estimate from the number of

amino acids and bond length between them to estimate the length of theWLC chain

(L = 79 Å). The figure of merit c2
WLC = 1.19models the decay with less free parameters

than the 1- or 2-Gaussian distributed states in which each state requires 2 free pa-

rameters, the s and mean CRDAD of the distribution. Thus, we concluded that inter-

dye distribution follows aWLCmodel. Next, we modeled a FRET line using the theo-

retical WLC with the expected chain length (L) (blue line in Figure 5C). The overlay of

the WLC FRET line over the 2D MFD histogram captures the spread of the FRET ef-

ficiency distribution and the shift to the right of the static FRET line (red line). Thus,

single-molecule events lie almost entirely in the center of the experimental distribu-

tion. Thus, we conclude that the WLC model is consistent with the TCSPC and the

confocal smFRETmeasurement. Moreover, the green lines in theMFD histogram de-

pict transitions between the CRDADWLC and a NO FRET population, likely correspond-

ing to acceptor photobleaching events.

Although the TCSPC and smFRET in confocal and DMD simulations agree with each

other, there is an apparent disagreement between the TIRFM- and MFD-derived

FRET efficiency histograms, which we resolved as follows. TIRFM FRET efficiency

shows a smaller population at FRET efficiency of 0.3 (Figure 5A, bottom), which

will correspond to an inter-dye distance of 58.7 Å that MFD cannot distinguish as

completely separate population. However, when looking at the WLC model, the

limit for the fully disordered and extended states would results in the intercepts
10 Cell Reports Physical Science 2, 100616, November 17, 2021
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with the static FRET lines in MFD histogram corresponding to a FRET efficiency of

0.22. This FRET efficiency corresponds to an inter-dye distance of 60.5 Å, which is

within error of the TIRFM-derived distance. If this state corresponds to an ensemble

of extended disordered conformations, then molecules will sample over the

ensemble of extended conformations every so often and will slowly transition back

into a collapse disordered ensemble. This sampling could result in some TIRFM

traces showing the extended configuration. Furthermore, the DEER decay and the

corresponding inter-spin distribution (Figure 5D, top and bottom, respectively) be-

tween homo spin labels at the cysteine position (44/66) show a broad peak with a

mean inter-spin distance of 33 Å, and a smaller population peaking at an inter-

spin distance of 55.5 Å. This longer distance peak is consistent with both the TIRFM

and confocal observation at lower FRET efficiencies (Figure S8). The fact that DEER

shows distinct populations as TIRFM does resembles a phenomenon in which an

apparent IDP may spontaneously switch between conformational ensembles as in

previous reports.48 Given that FRET depends on the position of the FRET labels,

this behavior is likely representative of the sampling of different ensembles at

different timescales. The ensembles could be representative of the different clusters

with extended configurations identified in the DMD simulations.

Screening DMD simulations

To integrate the DMD simulations and the experimental observables, we used FRET-

restrained positioning and screening (FPS)34 andmodeled theAVof the fluorophores

(Alexa Fluor 647 and Alexa Fluor 488) and considered the last atom of the side chain

of the amino acid as an approximation of the DEER label. We used derived distances

from TCSPC decays for the SNAP-25 20/44 and 44/66 FRET variants due to its statis-

tical benefit for illustration purposes. When screening, we computed the mean inter-

dye distance for each screenshot sampled in theDMD simulation at 310 K. Figures 6A

and 6B shows a 2D histogram correlating the AV determined inter-dye distance for

the DMD snapshots against the computed a-helical content of the amino acids

located in between the labels for both measured samples. When inspecting 1D

CRDAD histograms, we noticed that we could model them with a 2-Gaussian distribu-

tion, which we used to compare to experimentally determined distances. The 2

mean distances corresponding to 2 ensembles, E1;AV and E2;AV , are within <6 Å

from the experimental distances for the statesE1 andE2, respectively (Table 1). Based

on this agreement, we can assign each ensemble on the simulation to specific observ-

ables. For variant 44/66, we observed a broader monodisperse distribution due to

the configurational heterogeneity of the probed region. The mean AV inter-dye dis-

tancewas 39.2 Å, compared to 40.3 Åwhenmodeling the time-resolvedfluorescence

decays with a Gaussian distributed state. Thus, the agreement in both variants cap-

tures a specific region of configuration and conformational dynamics.

Furthermore, by correlating the inter-dye distance and the a-helical content, we can

inspect snapshots from various ensembles and visualize them. To do so, in Figures

6C and 6D, we show a representative structure of 2 ensembles (1 and 2) for each

variant overlaying the corresponding AV for each dye for the 2 variants. The selected

snapshots for the 20/44 depict a picture of fast helix-coli transition between low-en-

ergy barriers (�1–3 kcal/mol; Figure 3A) that is consistent with the dynamic aver-

aging observed in faster than millisecond but slower than nanosecond timescales.

From the snapshots of the 44/66 variant, we perceive a coil behavior consistent

with a chain polymeric behavior on the nanosecond timescale.

It is worth mentioning that simulations do not fully capture the experimentally deter-

mined population fractions (Table 1); this is obvious in the 20/44 variant, in which the
Cell Reports Physical Science 2, 100616, November 17, 2021 11



Figure 6. Integrating modeling of SNAP-25 using FRET distances and DMD simulations

(A and B) 2D histograms of the mean inter-dye distance ðCRDADÞ and the a-helical content of the amino acids within Q20 and I44 and I44 and Q66,

respectively. The 1D projection histograms are shown at top and to the right.

(A) The CRDAD distribution was fit with a 2-Gaussian distribution representing 2 ensembles, E1;AV and E2;AV . Horizontal lines correspond to the mean inter-

dye distance from each of the modeled Gaussians.

(B) A single Gaussian distribution models the inter-dye distribution with a mean EAV .

(C and D) Snapshot models displaying the AV shown as clouds in green and red, representing the donor and acceptor fluorophores, respectively.

Corresponding locations of the snapshots (1 and 2) at the 2D histogram are shown by the overlay numbers in (A) and (B). The variant 20/44 shows the

helix-coil transition, while the 44/66 mostly shows coil behavior.
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fraction for the shorter distance (33.3 Å) is 64% as determined by TCSPC, but from

screening the population with a similar distance, it only shows a population fraction

of 19%. This apparent discrepancy highlights the challenges of exactly matching

simulations and experiments, including different environments and accuracies in

both experimental measurements and force fields used in simulations. However,

what is essential is identifying the basins or states from the analysis of energy land-

scape in silico, and the agreement in the highly heterogeneous configurational and

conformational landscape of SNAP-25 is remarkable—within 6 Å.

The structural characterization of IDPs has become indispensable in cellular biology

to help understand protein structure dynamics and the mechanisms that facilitate
12 Cell Reports Physical Science 2, 100616, November 17, 2021
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their diverse cellular functions under biologically relevant conditions. In the limit of

fast exchange between conformational substates (relaxation rate <10 ms), the

measured spin relaxation rates report on population-weighted averages within

each conformational substate on timescales up to nanoseconds.49 Most of the

time, this timescale is inadequate to quantitatively inspect the all-inclusive dynamics

and accurate characterization of IDPs.50 Incompatibility between the timescales

accessible to MD simulation (order of a microsecond to thousands of microseconds)

of the folding/unfolding pathways of proteins can be resolved by combining simula-

tion with near-atomic level experiments.51 To this end, experimental techniques

(e.g., far UV CD,52 small-angle X-ray scattering [SAXS],53 NMR [chemical shifts, scalar
3J-coupling, and residual dipolar couplings],54,55 FRET,56,57 electron paramagnetic

resonance [EPR],58–62 hydrodynamic radii determination methods),63 have been

useful in elucidating the structural information of disordered proteins. CD spectros-

copy facilitates structural assessment of the residual secondary structure of disor-

dered proteins under varying physiological conditions such as pH, ionic strength,

solvent effects, or in presence of ligands.52 NMR has advanced as one of the most

widely used preeminent techniques in characterizing the solution structure and dy-

namics of IDPs in an aqueous environment and ensemble description of the confor-

mational space.15,64–67

Intensity-based smFRET methods with temporal resolution ranging from 0.1 ms to

>1,000 s can provide real-time information on rapidly interconverting conforma-

tional transitions and molecular interactions in IDP conformational ensembles

with sensitivity to individual subpopulations.68 The smFRET provides information

on intramolecular distance by measuring the Förster transfer between donor and

acceptor dyes attached to the polypeptide. Because the signal is recorded on sin-

gle molecules, structural heterogeneity can be resolved that is often impossible to

detect by ensemble-averaged methods.69 Complementary to smFRET, fluores-

cence correlation spectroscopy (FCS), often done in a confocal system, integrates

fluorescence fluctuations to provide measurements of dimensions and rapid mo-

lecular fluctuations in IDPs.45,70 Nonetheless, experimental and spectroscopic

methods are based on an ensemble average of conformations and undermine

structural description of the subpopulations, thereby limiting identifying a single

conformation to represent the disordered state.71,72 Additional information is

gained in FRET experiments when time-resolved fluorescence in TCSPC is moni-

tored in addition to intensity observables,73 thus, reaching the picosecond time-

scales. When TCSPC is added to single-molecule detection using intensity-based

approaches, MFD is established,74 particularly when multiple spectral windows

and polarization of light are collected. EPR-like FRET is a label-based experimental

approach that can model inter-spin distances and local and global motions of the

labeled system.75,76 The progressive development of pulse EPR, in particular the

DEER technique, has facilitated the measurement of distances between spin-

labeled sites in the 1.8- to 6.0-nm range.77 Recent reviews have described the ap-

proaches and applications of EPR techniques to study large conformational

changes in proteins and biomolecular associations.58,76 Major differences are

due to complexity in the experimental conditions, EPR experiments are mostly

conducted in capillaries in ensemble conditions, and DEER measurements using

nitroxide labels require low temperatures and done using frozen solutions. The

systematic application of spin labeling and EPR identifies sequence-specific sec-

ondary structures, topology, and packing in the tertiary fold.78 Also, due to con-

cerns raised about the validity of individual spectroscopic methods for correctly

quantifying the properties of unfolded proteins or IDPs, SAXS, NMR, and smFRET

have only rarely been directly combined or compared.69,79
Cell Reports Physical Science 2, 100616, November 17, 2021 13
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Dynamics simulation methods provide information on the time evolution of protein

conformations and biological macromolecules, along with kinetic and thermody-

namic information.80 Computational methods such as Markov state models,81

coarse-grained,82 Monte Carlo simulation,83 and temperature replica ex-

change19,84,85 complement experimental techniques in elucidating realistic predic-

tive models to circumvent the dynamic nature of interconverting ensembles and its

interaction with other binding partners.70 However, it is significant to note that con-

ventional MD simulations hardly sample the complete free-energy landscape of pro-

teins, as the simulated system can be trapped in local-minimum conformations.

Thus, enhanced samplingmethods such as replica-exchangeMD19 andmetadynam-

ics86 methods have been developed to enhance the rugged folding landscape of

proteins and IDPs.87 Generalized ensemble methods such as rxDMD88 coupled

with the implicit solvent accelerates the sampling of the conformational dynamics

of biomolecules89 and have been shown to have high predictive power in capturing

the structure and dynamics of folded protein, protein-protein interactions, and

supertertiary structure of proteins in vitro and in live cells.90–92

In this study, atomistic rxDMD in combination with smFRET and DEER experiments

are used to probe the structural heterogeneity and order-to-disorder transition in

SNAP-25, an important prototypical neuronal IDP that couples a disorder-to-order

transition to the fusion of synaptic vesicles with the plasma membrane.6,26 Using

WHAM analysis of rxDMD simulations, we identified the optimal temperature of

310 K slightly below the coil-to-molten globular transition, at which the computed

Rg, RH, secondary structure contents, and the correspondingly estimated ellipticity

match previous experiments. At this temperature, the structures of SNAP 25 are

rich in coil with residual helices, which undergo frequent unfolding and refolding

dynamics. Our results reveal the agreement between rxDMD simulations and

label-based experiments to capture a novel conformational switching behavior in

SNAP-25. SNAP-25 retains residual and transient secondary structural elements

compatible with the bound state. Since the protein lacks persistent tertiary interac-

tions and the order-to-disorder transitions are limited to local helices, we monitor

the dynamics of the first 2 helices, residues 1–40 and 65–80. AV screening of the

structural ensemble sampled by rxDMD simulations at 310 K shows a good agree-

ment with experiments. A 2-Gaussian inter-dye distance distribution confirms the

presence of at least 2 states between Q20/I44 pairs exemplifying conformational dy-

namics within the N-terminal helical region. However, the broad distance distribu-

tion between I44/Q66 residue pairs confirms this region to be a mostly disordered

with transient residual structure. Nevertheless, we point out that resolving these

populations is extremely challenging, apparently due to the spontaneous inter-

change between conformational ensembles. Given that FRET measurements

strongly depend on the position of FRET dye labels, the behavior is likely represen-

tative of the sampling at different timescales.

These results suggest future utility of this integrative approach, as we have made

possible (1) accurate structural characterization of a moderately sized neuronal

IDP in submillisecond timescales, (2) identification of the dynamic ‘‘limiting states’’

in the conformational exchange processes, (3) decoupling the helix-coil transition

in the N-terminal a-helix region that dominates its structural properties, and (4)

establishment of a workflow that successfully allows the conjunction of simulation

with experiment to study the conformational changes occurring in protein at the

atomic level. What makes our method reliable is the quantitatively consistent

agreement for Rg and other properties of atomistic simulations to experiments.

This is of the essence, as the Rg obtained with most force fields in explicit solvent
14 Cell Reports Physical Science 2, 100616, November 17, 2021
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simulations are much below the experimental value,93 which makes it essentially

impossible to quantitatively compare between FRET and SAXS experiment and

simulation.94

In summary, we systematically identify the novel molecular determinants in the

conformational switching behavior of SNAP-25; while being unstructured to enable

efficient scavenging of binding partners, the IDP still dynamically retains residual

secondary structures compatible with a bound state, which is essential in synaptic

transmission andmembrane fusion. To our knowledge, this is the first demonstration

of capturing a stochastic dynamic switching behavior of the native state of SNAP-25

on a much faster timescale from the combination of simulation with single-molecule

experiments. The increasing convergence of timescales in experiments and simula-

tions enable an increasingly reliable interpretation of experimental observables

based on molecular simulations. Notably, this synergy in our techniques overcomes

the limitation of each individual approach and augments standard structural charac-

terization methods to allow us to examine the detailed complexities of IDPs and

IDRs.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Feng Ding (fding@clemson.edu).

Materials availability

This research did not generate any unique materials.

Data and code availability

The authors declare that the data supporting the findings in the study are available

within the article and the Supplemental information. All other data are available from

the lead contact upon reasonable request. The DMD simulation engine is available

at http://www.moleculesinaction.com. The computably obtained conformational

ensemble of SNAP-25 is publicly available from the lab website (https://dlab.

clemson.edu/research/SNAP-25/). Software for analysis of single-molecule experi-

ments, written in-house, can be downloaded from https://www.mpc.hhu.de/

software.html. The fluorescence decay histograms were analyzed using ChiSurf

(https://github.com/Fluorescence-Tools/chisurf).
Materials and methods

See the Supplemental experimental procedures for full details of the molecular

model and simulation of SNAP-25, sample preparation, EPR spectroscopy, confocal

smFRET in MFD mode, PDA, ensemble TCSPC, time-resolved fluorescence decay

analysis, k2 and error propagation, screening molecular dynamics simulations, and

comparison of EPR and FRET distances.
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