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Supporting Information Text

1. Supplementary Text

A. Dynamin G domain dimerization and GTPase kinetics.

A.1. Linear dependence of the specific hydrolysis rate.The observed assembly-based activation of GTPase
activity in dynamin is thought to be driven (i) by the filament structure aligning the G domains for
dimerization, and (ii) by the increase of the GTPase rate for the dimers formed via their G interface (1).
If the dimers enhance the GTPase rate, then the GTPase activity during the in vitro study of our MM
construct should strongly depend on the concentration of MM dimers. At saturating GTP concentration,
the GDP production rate ktotal

hyd is given by

ktotal
hyd = 2khyd[TMMTMM] + kbasal

hyd [TMM] [1]

where khyd is the hydrolysis rate of a GTP-bound dimer, [TMMTMM] and [TMM] are the concentrations of
GTP-bound (T) MM dimers and monomers, and the factor 2 stems from the fact that the dimer binds two
GTP molecules. The kinetics of MM dimerization, again under saturating GTP concentrations, is given by

d[TMMTMM]
dt

= kD
on[TMM][TMM]− kD

off [TMMTMM]− khyd[TMMTMM]. [2]

At the steady state with (d[TMMTMM]/dt=0) and for a small fraction of dimers ([TMMTMM]� [TMM]),
Eqs. 1 and 2 yield a specific hydrolysis rate kspec

hyd , i.e. the observed rate of hydrolysis per GTPase molecule,
given by

kspec
hyd ([M ]) = ktotal

hyd /[TMM] ≈ α[TMM] + kbasal
hyd [3]

that is linear with respect to the MM concentration, with an intercept given by the basal rate and the slope
α given by α = 2khydk

D
on/(khyd + kD

off). With the simpler MM construct, the linear result shown in Figure
1F confirms that the GTPase activity is activated by dimerization and the slope gives α = 3.5 s−1mM−1.
Note that Eq. 3 breaks down when [TMM] ∼ Kdimer

d , implying that Kdimer
d � 50 µM (Figure 1F).

Below, we discuss two situations leading to more complicated GTPase dynamics than Eq. 3. In the first
of them, the assumption of the saturating GTP concentration is dropped in order to analyze competition
between GTP and GDP. In the second one, the assumption that the population of MM dimers is much
smaller than that of MM monomers is dropped to consider GTPase dynamics in an assembled filament.
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A.2. GTPase competition assay.Running the GTPase reaction until all GTP is consumed provides a richer
dynamics to extract kinetic parameters since GDP can compete for the active site. Thus, the GTPase rate
will depend on the relative affinity of GTP versus GDP for the nucleotide-binding pocket, and parameter
fitting of a theoretical reaction scheme to the experimental kinetic data provides an estimate of the GTP
binding rate kGTP

on (useful since mant-GTP binding showed complicated kinetics).
The competition assay involved mixing MM, GTP, and GDP and running the reaction beyond the linear

regime. The concentration of GDP was monitored as a function of time. The kinetic model is given by:

d[MM]
dt

= −kGTP
on [T][MM] + kGTP

off [TMM]− kGDP
on [D][MM] + kGDP

off [DMM]

d[TMM]
dt

= kGTP
on [T][MM]− kGTP

off [TMM]

d[DMM]
dt

= kGDP
on [D][MM]− kGDP

off [DMM] ← Competitive inhibition

d[T]
dt

= −kGTP
on [T][MM] + kGTP

off [TMM]− α[TMM][TMM]− α∗[TMM][DMM]− kbasal
hyd [TMM]

d[D]
dt

= −kGDP
on [D][MM] + kGDP

off [DMM] + α[TMM][TMM] + α∗[TMM][DMM] + kbasal
hyd [TMM] [4]

Here, [MM] is the concentration of motor modules (MM), [TMM] and [DMM] are those of the MMs bound
to GTP or GDP, [T] and [D] are the concentrations of GTP and GDP. Because Kdimer

d � 50 µM and the
employed protein concentrations are less than 50 µM, the population fraction of the dimers ([TMMTMM])
is negligibly small and, thus, does not need to be explicitly tracked. kbasal

hyd is the monomer hydrolysis rate.
If only kbasal

hyd were present (i.e. α = α∗ = 0), this would have been the well-known reaction scheme for a
catalytic enzyme with a competitive inhibitor.

The kinetic model was fit to the data shown in Figures S1C-D, except for the run with 50 µM protein
because its hydrolysis rate was too high to be accurately measured. The following parameters from the
stopped-flow experiments were used: kGTP

off = 108 s−1, kGDP
on = 7.2 s−1µM−1, and kGDP

off = 120 s−1. Note
that these values were determined with mant-labeled nucleotides. Additionally, from the GTPase data
in the linear regime, we know α = 3.5 s−1µM −1 (Figure 1F). The result of fitting the GTP binding
rate, while holding α = 3.5 s−1µM −1 and α∗ = 0, is shown in Figure S1C. Although the fit is roughly
satisfactory, the model GDP production clearly lags behind the measured GDP production for the higher
GDP concentrations. Allowing both kGTP

on and α to be optimized yields α 6= 3.5 s−1µM −1. In order to
obtain a quantitative fit, an additional kinetic process needed to be introduced, i.e. the hydrolysis in the
dimers formed between a GTP-bound monomer and a GDP-bound monomer, so that α∗ > 0 (Figure S1D).
Interestingly, when kGTP

on , α and α∗ are all taken as free parameters, α = 3.5 s−1µM −1 is recovered. This
increases the confidence in the model since α = 3.5 s−1µM −1 was clearly obtained in the linear regime.

The fact that α ≈ 2α∗ (Table S1) provides support for the assumption, made in the constriction model,
that hydrolysis occurs simultaneously in both G domains within an MM dimer. Although it may occur
not exactly simultaneously, this result suggests that the hydrolysis in one domain does not cripple the
hydrolysis in its partner. Therefore, if the hydrolysis tends to stabilize the dimer, the other monomer would
rapidly hydrolyze too.

The fitting was performed by using the minpack.lm function nls.lm in the R language. This function
minimizes, by employing the Levenberg-Marquart algorithm, the root-mean-squared differences between
the fit and the experimental data summed over all experimental points. Since this method can be sensitive
to initial conditions, a range of initial parameter values was taken. Only the results with the lowest
mean-squared error are shown in Table S2. The uncertainties in the four-parameter fit are estimated
by randomly adding [-0.007,0.007] to each experimental point and rerunning the non-linear parameter
optimization using the fitted values as the initial conditions each time (0.007 was the rms error between the
fit and the experimental points). The standard deviation of each parameter over 100 trials is presented as
its uncertainty in Table S2.

Ganichkin et al. 3 of 22



# free param kGTP
on s−1µM −1 α s−1µM −1 α∗ s−1µM −1 kbasal

hyd s−1 ms-error
1 12 3.5* 0* 0* 0.014
2 16 2.8 0* 0* 0.013
2 6.9 3.5* 1.3 0* 0.006
3 6.8 3.5 1.3 0* 0.007
4 6.6 ±0.8 3.5 ± 0.3 1.3 ± 0.2 0.01 ± 0.007 0.007

Table S2. Parameters extracted with a non-linear least-squares fit between the kinetic model predictions and the
experimental data at every time point (41 in total). Final mean-squared (ms) errors are shown. Estimates of the
uncertainty of the fitted parameters are only calculated for the four-parameter fit. Starred entries were frozen at
the indicated values during fitting.

A.3. Specific hydrolysis rate within the filament (and in constriction simulations).The GTPase activity within
the filament is more complicated than described by Eq. 3 because the assumption that the concentration of
GTP-bound MM monomers ([TMM]) is much larger than that of the GTP-bound MM dimers ([TMMTMM])
might break down within it. The dimerization can be strongly driven by a large effective concentration of
GTP-bound MMs within the filament structure, which we denote as [MM]eff . The lower limit for [MM]eff is
obtained by considering the geometry of the filament and noting that the molarity of one MM in a box of
volume 5.6× 10× 10 nm3 is 3 mM. Since the MMs are attached by BSE to the filament rather than freely
diffusing within this box, and, additionally, they tend to point towards their neighbors, [MM]eff must be
larger than 3 mM. At such high concentrations, it may well be that the equilibrium is shifted to the dimers.

In the case where [TMM] ∼ [TMMTMM], the steady-state approximation can still be used for kspec
hyd .

Given an effective local concentration [MM]eff of the monomers, the MM population partitions into monomers
and dimers, i.e. [MM]eff = [TMM] + 2[TMMTMM]. Note that [TMM] is now given by the steady-state
approximation of Eq. S3 without assuming [TMM]� [TMMTMM]. It yields

[TMM] =
−(kD

off + khyd)/2 +
√

(kD
off + khyd)2/4 + 2kD

on(kD
off + khyd)[MM]eff

2kD
on

= kD
off + khyd

4kD
on

(√
1 + 8kD

on[MM]eff

kD
off + khyd

− 1
)

[5]

This steady-state value for [MM] can be further used to find

kspec
hyd = 2khyd[TMMTMM]

[MM]eff = khyd

(
[MM]eff − [TMM]

[MM]eff

)
[6]

When employed in our polymer model, the rate constant kspec
hyd is defined as above in terms of the three

dimer rates khyd, kD
on, and kD

off , and the effective concentration [MM]eff . The dependence given by Eq. 6
can be compared to the relationship kspec

hyd = α[TMM] (Eq. S3) in the GTPase experiments at low protein
concentrations (Figure 1E), where

α = 2khydk
D
on

khyd + kD
off

= 3.5 s−1mM−1. [7]

While kspec
hyd sets the maximum possible (average) hydrolysis rate, note that the observed (average) hydrolysis

rate in the simulations will always be lower, since partner MMs are not always available for dimerization.

B. Parameters used in membrane constriction simulations.The most important parameter is the duty
ratio ω that specifies during what fraction of the MM GTPase cycle a force is produced, i.e. the MM is
found in the strongly-dimerized cross-bridge state. In terms of the GTPase cycle kinetics (Figure 3), the
duty ratio can be expressed as

ω = (kdissT )−1 [8]
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where T = 1/kspec
hyd + 1/kdiss + 1/kN is the average cycle time, kN is the nucleotide exchange rate (GDP to

GTP) and kdiss is the dimer dissociation rate. We know kN ≈ 120 s−1, the GDP dissociation rate. Since the
duty ratio however also depends on experimentally inaccessible rates, i.e. on the hydrolysis rate kspec

hyd within
the constrained environment of the filament and on the dissociation rate kdiss, simulations over a series of
dissociation rates kdiss from 3.3 s−1 to 100 s−1 and hydrolysis rates kspec

hyd from 10 s−1 to 120 s−1, yielding
duty ratios ω varying between 0 and 1, were performed. It was found that the steady-state constriction
radius is almost entirely dependent on the duty ratio ω, with only weak dependence observed under the
variation of the individual rates (i.e. kdiss, khyd, kD

on, kD
off) at constant ω.

Due to the low affinity of MM dimers, rate constants khyd, kD
on, and kD

off could not be determined directly
from the experiments. Additionally, the effective concentration [MM]eff of MMs in the filament is unknown.
Because a combination of these four parameters yields α, one of them can be determined, but three other
parameters still remain arbitrary (see Section A.3 for discussion). In the reported simulations, we have
chosen a regime where the rate kspec

hyd was not limiting, it was equal to kspec
hyd = 120 s−1, the same as that

of GDP dissociation. Specifically, the parameters were [MM]eff = 300 mM, kD
on = 1 s−1µM −1 (a typical

value for protein association rates (2)), kD
off = 105 s−1 (or equivalently Kdimer

d = 100 mM). This sets
khyd = 175 s−1 based on α. For the case of the strain-dependent dissociation rate kdiss, the constriction
speed becomes limited by kspec

hyd . In absence of the strain dependence, the constriction speed is instead
mostly controlled by kdiss and only weakly dependent on kspec

hyd (since large ω requires kdiss � kspec
hyd ). For the

same reason, at large duty ratios ω, the steady-state ILR is only weakly dependent on kspec
hyd (Eq. S8). Note

that GTPase-activation experiments imply a lower bound of 4− 6 s−1 for the overall turnover rate (3).
The results of simulations where kspec

hyd larger than kdiss are not displayed in the figures. This regime
necessarily has low duty ratios (Eq. 8), and thus, tight constriction could not be observed.

C. Design and analysis of the MM dimer simulations.As stated in the main text, the smFRET experiments
were limited to MM monomers, and thus, the distance distributions within the MM dimer were instead
studied using molecular simulations. The dimer was created by connecting two MM monomers using the
interactions within the G interface (Figure 4B). Individually, the simulated MM monomers were tuned
to reproduce the experimental smFRET distribution (i.e. ratio between open and closed states). In this
way, reaction coordinates within the dimer (namely the end-to-end distance `) could be studied within an
ensemble that is consistent with the experimental data on the monomer. This design, which anchored the
simulations to the experimental data, calibrated the units of the simulated free energies.

The fact that the energetics were constrained by experimental data allowed us to employ a simplified
protein model called a structure-based model (SBM). SBMs are commonly used in the study of protein
folding and dynamics (4, 5). They are known as structure-based because the global minimum of the energy
function is assigned based on a crystallographic structure. In them, electrostatics and solvation effects
are implicitly accounted for, since stabilizing interactions in a model describe effective residue interactions
after averaging over numerous interactions that stabilize a particular conformational crystal state. Here,
SBMs are particularly well-suited because the open and closed MM configurations were both previously
crystallized (Figure 2B). As a self-consistency check, (single-basin) structure-based MD simulations of the
monomeric MM based on either the GMPPCP crystal structure (open) or on the GDP crystal structure
(closed) yielded FRET levels for the open and closed states that were similar to those observed in smFRET
(Figure 2C).

The essential feature of the MM monomer is that it can transition between open and closed states.
The simplified energetics of SBMs allowed a straightforward matching to the experimentally-measured
distributions. A dual-basin SBM was constructed in such a way that both the open and closed MM
structures were explicit energetic minima of it (see Methods). The specific construction of the dual-basin
SBM is unlikely to influence the presented predictions because the experimental FRET information was
used to calibrate the energetics. The principal results were (i) the length dependence of the force for
GTP-bound and GDP-bound MM dimers and (ii) validation of open and closed crystal structures for

Ganichkin et al. 5 of 22



describing smFRET data. They refer to geometrical features not sensitive to potential’s details.
Using the dual-basin SBM, the free energy profile with respect to the FRET coordinate of the simulated

GTP-bound MM monomer had two minima, corresponding to the open and closed states, whereas the
GDP-bound MM monomer showed a single minima at the closed state (Figure S5C). Connecting two
monomers via the G interface to create the MM dimer did not introduce correlations between the monomers
as can be seen in the two-dimensional free energy profiles (Figure S5F). That is, each monomer independently
samples open and closed states.

Matching to the experimental distributions amounted to varying a single parameter λ that controlled
the relative weighting of the open to closed states. Using the definition that the open states have FRET
<0.5 and the closed states have FRET >0.5, λ was chosen in such a way that total population ratios of the
open and closed states were the same in MD simulations and smFRET (Figure S5D). Such rather coarse
matching was used because the detailed FRET and simulation histograms are not expected to completely
agree, because of statistical averaging at the experimental level and due to the simplifications made in MD
simulations (Figure S5D).

The MM dimer simulations allowed us to determine free energies GGTP and GGDP in different nucleotide
states as functions of the dimer length ` (Figure S5E). Remarkably, we find that, in the GTP-bound state,
the free energy has a single, broad and shallow, minimum resulting in a wide and flat equilibrium distribution
for `. On the other hand, two-variable distributions in the presence of GTP (Figure S5F) showed that
the MM dimer had open-open, open-closed, and closed-closed conformations that corresponded to various
combinations of the open or closed conformations of the two monomers that make it up. Therefore, the
appearance of a single broad energy minimum in GGTP(`) is a result of projecting a two-dimensional energy
landscape onto a single coordinate. Such simplification of energy landscapes when projected on a single
distance-based reaction coordinate is known, e.g., to arise in single-molecule pulling experiments (6). For
the GDP-bound case, the determined dependence of free energy GGDP on variable ` mirrors the monomer
distributions which are strongly biased towards the closed state.

2. Supplementary Figures
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Fig. S1. Nucleotide and GTPase kinetics. A) Nucleotide binding to the MM construct measured with mant-labelled nucleotides and stopped flow. The fluorescence of the
mant dye, which is sensitive to a change of environment from solvent to protein, was monitored by stopped-flow. 1 µM of mant-labeled nucleotide was mixed with protein
concentrations between 2 µM and 20 µM and kapp was determined by an exponential fit. A linear fit of kapp versus protein concentration then provided kapp (Top) Single
exponential fits to the fluorescence change for mant-GTPγS and mant-GDP. (Bottom) Single and double exponential fits to the fluorescence change for mant-GTP. Double
exponential fits more closely to the data. One rate (5 s−1µM −1) varied with MM concentration and, therefore, likely corresponds to binding. The other (20 s−1) was
independent of MM concentration and may be related to nucleotide pocket rearrangement due to domain opening. The error reflects the standard deviation of the coefficient
(or intercept) of the linear fit. B) The GTPase reaction was run beyond the linear regime for various initial conditions. C and D) The global fit (solid lines) over all measured
points for two models: the hydrolysis rate for heterogeneous MM dimers, i.e. bound to one GDP and one GTP, is set to zero (C), or allowed to be non-zero (D). Two important
results are obtained from this analysis: (1) an independent measurement of 6.6 s−1µM −1for the kon of GTP binding to MM, (2) evidence that hydrolysis proceeds equally
fast for MM dimers containing either 2 GTP or 1 GTP and 1 GDP. See Section S1.A.2 for further discussion.
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Fig. S2. Double histidine mutant MM-HH (K142H, N183H) forms a Zn2+-stabilized G interface. A) We confirmed the correct G interface orientation of GDP-bound MM-HH
dimers by crystal structure analysis (see also Table S2). Two views on the crystal structure (orange and green, Zn2+ as pink spheres) containing the K142H/N183H mutation
compared to a GDP-bound wt structure (white and black, PDB 5D3Q (7)). One GDP molecule is shown as cyan spheres. The orange monomer is fitted to the white monomer,
showing a nearly unchanged monomer structure (3.1 Å Cα RMSD). The shift of green versus black reveals a subtle repositioning of the G-interface. Zoom shows the
residues coordinating the two Zn2+ ions stabilizing the dimer. His142 and His183 from one monomer coordinate Zn2+ with Asp185 from the other monomer. Zn2+ sites
were confirmed by their anomalous signal. Note that the crystal structure contains a dimer in the asymmetric unit, i.e. the dimer is not generated by a crystallographic 2-fold
axis. B) Overlay of the WT-GMPPCP crystal structure (white and black) with MM-HH (orange and green). Notice that in the G interface, an unresolved disordered loop in
MM-HH (ends marked by black circles) forms a short helix in WT-GMPPCP. Since the G interface is slightly altered in MM-HH compared to WT, this helix, if similarly formed
in MM-HH, would overlap with the positioning of the interacting trans-loop (see arrows and explanations). This structural incompatibility may explain why GTP and its analogs
destabilize the MM-HH mutant.
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Fig. S3. Thermodynamic and kinetic characterization of the double histidine mutant MM-HH. A) Size exclusion chromatography verifying that Zn2+ stabilizes a dimer in
the MM-HH but not MM. Note that single histidine mutants did not show a significant shift and, thus, we proceeded with the double mutant. B) Ensemble FRET assay to
verify MM-HH association in solution. An additional Cys (T165C) was introduced in MM-HH to provide an attachment site for FRET dyes Alexa Fluor 488 or 594. Acceptor
fluorescence was plotted over ZnSO4 concentration. In the absence of nucleotide and presence of 0.5 mM GDP, Zn2+-dependent assembly was observed whereas 0.5 mM
GTPγS greatly reduced assembly. GTP and its analogs consistently interfered with the formation of the Zn2+ bridge (see also panels D,E), which precluded further analysis
of the dimer association kinetics and hydrolysis kinetics. C) (top two panels) smFRET was performed on doubly-labeled MM-HH (labeled so as to measure the BSE/G
domain orientation) in the presence of excess unlabeled MM-HH and Zn2+ to promote dimerization. The result clearly shows that the dimeric MM is strongly closed both in
an apo state and GDP bound. Dotted line is a guide for the eye. (other panels) Several conditions tested as controls are also shown for completeness. D,E) Stopped-flow
data to measure the dissocation of MM-HH dimers (D) and resulting rate constants (E). Labelled MM-HH dimers were incubated in the presence of 0.5 mM of the indicated
nucleotides in the presence of 160 µM Zn2+ and then mixed with an excess of unlabeled MM-HH. Dissociation of MM-HH dimers was determined by monitoring the increase
of donor fluorescence. GDP stabilized the dimer resulting in a 6-fold increase in life-time compared to the apo form, whereas mant-GDP did not (see also panel I and J).
No dissociation was observed for GTP analogs because these nucleotides mostly precluded dimerization. For GTP, a small dissociation signal was observed that had two
components. A fast dissociation rate likely corresponds to the dissociation of residual GTP-bound dimers, whereas the second rate matched GDP-bound dimer dissociation
and may thus represent a long-lived post hydrolysis species. F) Specific hydrolysis rate plotted as a function of Zn2+ concentration. MM-HH shows GTPase activity, although
reduced by a factor of 4 in the absence of Zn2+. Addition of Zn2+ enhances GTPase activity, presumably by promoting dimerization, although never above the wt level. This
is further evidence that dimerization of the MM-HH construct is destabilized by GTP. G,H,I) Stopped flow measurements to determine the on and off rates of mant-nucleotide
binding to MM-HH in either the presence (+Zn2+) or absence (-Zn2+) of Zn2+. On rates were determined by varying the MM-HH concentration with a constant concentration
of mant-nucleotide (G). Panels H and I show off-rate determination by incubating MM-HH with nucleotide and then mixing with unlabeled nucleotide. J) Table with the fitted
rate constants. Note that the mant-GDP dissociation rate is greatly reduced upon dimerization (e.g. in the presence of Zn2+), whereas in the absence of Zn2+(e.g. in the
monomeric state), the rates are comparable to the wt (Figure 1D).
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Fig. S4. Comparison between smFRET efficiency and the molecular structure of the MM. A) Summary of distance-type comparisons. Distances d between the labeling
sites T165C and R318C are measured in the following crystal structures 3ZYC (GMPPCP), 2X2E (GDP·AlF−

4 ), and 3SNH (apo). The corresponding FRET efficiency was
computed using E = (1 + (d/d0)6)−1 and d0 = 5.4 nm (8, 9). The smFRET entries are taken from the experimental peaks (Figure 4A). The simulation entries are
computed by averaging E over the simulation trajectory, where d is defined by the distance between FRET probes. B) Overlay of three crystal structures from panel A. Lines
show the displacement of FRET dye labeling sites. C) Full titrations for the nucleotides that induce an opening transition. GDP reproduced for clarity. D) Overlay of the apo
(PDB 3SNH) and GDP-bound (PDB 5D3Q) MM crystal structures shows that the BSE is slightly closer to the G domain in the GDP-bound form. This is in agreement with
the smFRET histograms. E) Ensemble kinetics of MM closing (see Figure 2D for opening) measured by mixing GTP-bound doubly-labeled MM with buffer containing no GTP.
Note that the measured closing rate encompasses two processes: domain closure and GTP dissociation.
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Fig. S5. Input to and results from the dual-basin structure-based model. Additional explanatory text is in Section S1.C. A) Native contact map comparison between the apo
(closed) structure and the GMPPCP (open) structure. The contact map indicates residue pairs that have atoms in close proximity (within 6 Å(10)) in the crystal structures. The
contact maps are essentially identical except for the additional G domain/BSE interface in the closed structure. The dual-basin model weighting factor λ allows the stability of
these unique closed contacts to be varied in order to tune the relative stability between the open and closed states. B1 – helix 1, B2 – helix 2, B3 – helix 3 in BSE. B) The open
GMPPCP structure fitted to the closed apo structure via the G domain (upper) or the BSE (lower). In both cases the domain architecture is very similar, the conformational
change is limited to the shifts within hinge 2. C) (top) The weighting factor in the dual-basin simulations is chosen such that the simulated FRET histograms agree with the
experimental smFRET distributions on a coarse level. The open (closed) state was defined as having FRET < 0.5 (> 0.5). (bottom) Complete experimental and simulated
FRET histograms are compared; note that a detailed quantitative agreement is not expected here due to averaging on the experimental level and to simplifications within the
simulation. D) Free energy as a function of the simulated FRET efficiency for MM monomers. E) Connecting two monomers by the G interface allows us to determine the
dimer free energy as a function of its reaction coordinate ` (the end-to-end distance) in two nucleotide states. F) Two-dimensional free energy landscapes from MM dimer
simulations plotted with different monomer-based reaction coordinates: (left) the fractions of unique closed contacts or (right) the simulated FRET efficiencies for the two
monomers. The energy units are kBT ; the MM dimer states are denoted as, e.g., O/C (open/closed). The unique closed contacts are defined by the circled group in Panel A.
A contact was considered as formed if the distance between the corresponding residue pair was less than 1.2 times its distance in the closed (GDP-bound) crystal structure.
Computing the simulated FRET efficiency is described in the Methods.
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Fig. S6. Hinge 1 biases MM orientation. A) Dynamin monomer with the two loop regions comprising hinge 1 is shown. Hinge 1 connects the MM to the stalk. Overlay of
five atomic resolution structures (3, 11–13) (PDB codes are shown in the figure) of the dynamin monomer aligned by the stalk domain. The hinge 1 structure and the relative
MM/stalk configuration are consistent between the structures implying that this is the preferred configuration of hinge 1. B) A structure-based MD simulation of an upper rung
MM attached to its stalk shows the asymmetry of the MM orientation under thermal fluctuations. Heat map plots the potential of mean force (PMF) for the position of Pro294
in hinge 2 (green sphere) relative to the stalk domain, which is frozen during the simulation. For plotting, the stalk is placed at the position of an upper rung stalk in the
non-constricted state (Figure 4A). Two different views of the distribution in the r-plane or the z-plane. Clearly, hinge 1 forces the orientation of the MM (monitored by position
of Pro294) to preferentially point to the right (i.e. ∆s > 0 in Figure S6). C) Geometry of the simulated heat map in the context of the filament. D) Hinge 1 positioning, i.e.
toward the right in the upper rung or to the left in the lower rung, has the effect of preventing the initial formation of MM dimers with ∆s < 0. This is important because such
dimers would have produced the expanding torque.
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Fig. S7. Simulation geometry and definition of variables in the elastic filament model. A) Geometry of the force application. The position of a simulation bead (cyan) represents
the center of mass of a dynamin stalk dimer. The position of the MM attachment point (hinge 1) can be determined relative to the dimer center of mass from the crystal structure
of the dynamin dimer. Thus, each simulation bead, centered at (r0,φ0,z0) has two virtual sites (green) associated with it, one at (r0 +∆r,φ0 +∆d/(r0 +∆r),z0 −∆z) and
the other at (r0 + ∆r,φ0 − ∆d/(r0 + ∆r),z0 + ∆z), with ∆r = 3.7 nm, ∆d = 3.6 nm, and ∆z = 1.0 nm. A force applied at hinge 1 is treated as a force applied at its
center of mass. Note that even though the simulation snapshots depict the cross-dimer attachment points as being the centers of the beads, in the simulation the distance ` is
actually calculated between the MM attachment points (green beads, hinge 1). B) Orientation of a dynamin monomer within the filament showing the displacements between
the center of mass (cyan dot) and hinge 1 (green dot). These displacements are held constant during the simulation, which keeps the stalk dimer rigid. C) The structural part
of the dynamin helix is formed by the stalk filament, which is treated as an oriented elastic ribbon with curvature κ, twist τ , and geodesic curvature σ. The membrane tube is
an axisymmetric elastic sheet with stiffness χ and under tension γ. This underlying filament+membrane model is summarized in the Methods or see (14) for a full discussion.
D) For numerical simulations, both the filament and membrane are discretized. The filament has a natural discretization of a single bead per dynamin dimer (blue bead) and,
thus, the beads are spaced at d0 = 5.6 nm intervals. The membrane tube is modeled as a stack of cylinders (yellow rungs), each with an axial width of dM = 4 nm. E)
Comparison of the effective stiffness, i.e. the amount of work needed to reduce the ILR by 1 nm, between a membrane tube with χ = 24 kBT and its constricting dynamin
stalk filament. The total energy of the elastic system is divided between the filament and the membrane. Until the ILR is below 5 nm, the filament contributes to constriction.
Below 5 nm, the motors must work against both the filament and the membrane, and at the tightest ILR, deforming the filament requires a significant portion of the total work.
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Movie S1. Dependence of constriction dynamics on MM dimer dissociation rate kdiss. Decreasing kdiss increases the duty ratio ω and, therefore, the fraction of bridging
cross-dimers that are simultaneously present. A larger set of cross-dimers generates a stronger torque, but their more slow dissociation leads to development of a larger
number of blocking links that decrease the constriction speed. The filament contains N = 28 dynamin dimers. The top panel shows the dynamics in the absence of GTP.
The other three panels show the first 2 seconds of simulations after the addition of GTP for kdiss = (100, 33, 10) s−1. White beads (GTP-bound monomers or apo in the
top panel), cyan beads (GDP-bound monomers), green beads and links (GTP-bound dimers), red beads and links (GDP-bound dimers). Recall that each bead is a dynamin
dimer and has two associated MMs. The color of the bead corresponds to only one of the associated MMs, the coloring for the right rung indicates the state of the MMs
pointing to the left and for the left rung indicates the state of the MMs pointing to the right.
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Movie S2. Strain-dependent dissociation of cross-dimers reduces blocking and accelerates constriction. Upper panel, strain dependence; lower panel, no strain dependence.
The first 2 seconds after the addition of GTP are shown, N = 40. Green/red links correspond to GTP/GDP-bound cross-dimers. Bead coloring is not indicative of the state.
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Movie S3. Constriction process in a long filament (N = 900) under strain dependence of the dimer dissociation rate. Only ∼ 25% of the filament is displayed. The first 600
ms of a simulation are shown. Every 20th bead is colored cyan as a guide to eye. Green/red links correspond to GTP/GDP-bound dimers. Bead coloring is not indicative of
the state.
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Table S1. Crystallographic data of the nucleotide-free MM-HH (K142H, N183H) structure. Superscripts are defined follows: a. values in parentheses refer to the highest
resolution shell: 1.97−1.86 Å, b. mean of I/σ(I) of unique reflections (after merging symmetry-related observations), c. percentage of correlation between intensities from
random half-datasets (15), d. quality measure of the atomic model fit to the observed diffraction data (16).
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3. Supplementary Methods

A. Analytical SEC.To characterize Zn2+-mediated dimerization of single- or double-histidine mutants of
the MM, SEC was performed on a Superdex S200 column 10/300 GL equilibrated with buffer D (20 mM
HEPES-NaOH, pH 7.5, 150 mM NaCl, 5 mM KCl, 0.2 mM ZnSO4). For complex formation, 10-15 µl of
the corresponding protein variant was mixed with buffer D. Following incubation on ice for 10 min, 100 µl
of a 4 mg/ml solution was applied to SEC.

B. Protein crystallization and structure determination.For crystallization, MM-HH (MM with mutations
K142H, N183H) dimer at 12 mg/ml was mixed in a 1:1 ratio with reservoir solution containing 0.1 M
Tris-HCl, 0.25 M KBr, 30% (w/v) PEG MME 2000. Crystals were grown by sitting drop vapor diffusion at
20 ◦C. A dataset was collected from a single cryo-cooled crystal at BESSY synchrotron beamline BL14.1
(Berlin, Germany). Diffraction data to a maximal resolution of 2.0 Å were included for processing by the
XDS software package (17). The structure was solved by molecular replacement using the coordinates for
GTPase-BSE of PDB entry 5D3Q using Phaser (18) within the software package Phenix (19). Refinement
and model validation were performed with Refmac5 (20). The Refmac5 refinement protocol was comprised
of isotropic refinement in combination with translation/liberation/screw (TLS) groups. The TLS groups
were computed using the TLS server (21). Model building was performed manually with COOT (22). Six
zinc ions were located based on the coordination spheres and positive difference densities after placement of
water molecules at these positions. The model was deposited in the PDB database under accession number
6S9A.

C. Zn2+-dependent MM dimerization.For determining the concentration of Zn2+ required to promote
dimerization, MM-HH(K142H, N183H) including T165C was separately labeled via Cys165 with either
Alexa Fluor 488 or 594 dyes. The labelled proteins were mixed in a 1:2 molar ratio (Alexa Fluor 488: Alexa
Fluor 594) in 20 mM HEPES-NaOH, pH 7.5, 150 mM KCl, 4 mM MgCl2. In order to measure Kd values, 5
µM of the labelled protein mixture was incubated with different concentrations of ZnSO4 (177.8, 118.5, 79.0,
52.7, 35.1, 23.4 and 15.6 µM) and incubated for 10 min on ice. The resulting FRET signal was recorded on
a plate reader (λex= 465 nm and λem=616 nm).

To account for ZnSO4-mediating quenching effects on the AF488 dye, a correction factor was calculated:
the fluorescence intensity of AF488-labeled protein in the absence of ZnSO4 was divided by the fluorescence
value in the presence of each particular ZnSO4 concentration. Subsequently, the background FRET signal
in the protein sample without ZnSO4 was subtracted from each measured and corrected data point. FRET
data were plotted against ZnSO4 concentration. The titration indicated that dimerization saturated near
200 µM Zn2+.

In order to evaluate the effect of nucleotide on dimerization, the same type of experiments were performed
in the presence of 160 µM Zn2+ and 0.5 mM GTPγS or GDP. To exclude an influence of MgCl2 on
dimerization, additional experiments were performed in the absence or presence of 2 mM MgCl2.

D. Dual-basin energy potential for motor module MD simulations.The dual-basin SBM was constructed
in such a way that both the known open and closed MM structures were explicit energetic minima of it. The
open structure was defined by chain A of the GMPPCP-bound MM (SO) (23) and the closed structure by
chain A of the GTP-bound MM (SC) (7). The G domains between the two structures are nearly identical.
The structural differences mainly reside in the positioning of the first BSE helix relative to the G domain
(Figure S5). The native configuration for the loop connecting the second and third BSE helices (which
was unresolved in the crystal structures) was taken as the hinge 1 configuration in the tetramer crystal
structure with a 3.8 Å bond inserted between Pro322 and Glu716.

We followed the general approach (24) in defining the dual-basin potential, except for two modifications:
(i) a Gaussian-shaped native contact interaction potential that could have two minima was used (25) and
(ii) angle and dihedral interactions, differing between the structures by more than a cutoff, were removed.
Namely, the native contact maps (10), i.e. those residues that are close in the native structure, were divided
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into three contact maps (M): (1) the contacts (MU
O) unique for the open state SO or (2) those (MU

C) unique
for the closed state SC , and (3) the contacts (MS) shared by both structures. All native contacts were
given a stabilizing interaction centered at the native distance, the shared contacts had a minimum at both
distances. Bond angles between three sequential residues and dihedral angles were considered frustrated
and not given stabilizing interactions if the angles differed by more than 20o or 30o, respectively. The
remaining angles were biased toward the average angle between the SO and SC.

The energy potential was

Vdual(λ) =
∑

ij∈bonds
εb(rij − rC

ij)2 +
∑

ijk∈angles
εθ

(
θijk −

θC
ijk+θO

ijk

2

)2
+

∑
ijkl∈dihedrals

εφFD

(
φijkl −

φC
ijkl+φ

O
ijkl

2

)
∑

ij∈MU
C

Nij(λεN, rC
ij) +

∑
ij∈MU

O

Nij(εN, rO
ij) +

∑
ij∈MS

Nij(εN, rC
ij , r

O
ij) +

∑
ij /∈contacts

εRij

where the factor λ allowed the weight of closed states versus open states to be modulated. Superscript
O and C denote that the value is taken from either the open or closed crystal structure. FD is a typical
dihedral-like potential

FD(x) = (1− cosx) + 0.5(1− cos 3x)

and Nij is a native contact interaction consisting of a Gaussian well Gij coupled a r−12 repulsion Rij in
such a way that fixes the minimum at (r0, ε) (26).

Nij(ε, r0) = ε[(1 + (1/ε)Rij)(1 +Gij(r0))− 1]

with
Gij(r0) = −e(rij−r0)2/2σ2

and
Rij = (a/rij)12,

where a = 4 Å sets the bead excluded volume. The dual minimum contact interaction was similarly
constructed,

Nij(ε, r1
0, r

2
0) = ε[(1 + (1/ε)Rij)((1 +Gij(r1

0))(1 +Gij(r2
0)))− 1]

The values of the energetic parameters are εb = 20000ε, εθ = 40ε, εφ = ε, εN = ε, where ε is the reduced
energy unit.

Simulations were performed using GROMACS 4.5.3 (27) containing code edits implementing Gaussian
contact interactions (available at http://smog-server.org). Single basin simulation topologies were generated
using the SMOG2 software (28) with the forcefield “SBM_CAgauss” and combined using an in-house script.
The temperature (T=0.92 in reduced units) was chosen such that the average Cα atom RMSD in the closed
MM agreed between a 100 ns explicit solvent simulation using AMBER99SB-ILDN at 310K and the SBM.
The temperature was maintained with stochastic dynamics with coupling constant 0.1 and the time step
was 0.0005.

To ensure the sampling of rare states, particularly important for extended conformations of the GDP-
bound dimer, umbrella sampling was used. The umbrella coordinate was the number of unique closed
native contacts made between the BSE and G domain and, thus, ensured sampling from fully open to fully
closed. The dimer simulations had two independent umbrella coordinates, one for each monomer. Unbiased
histograms were obtained using the weighted histogram analysis method (29), and were used to calculate
free energies.

E. Elastic description of the filament and membrane tube.A detailed formulation and analysis of the
model for a dynamin filament on a membrane tube, in absence of the motor activity, was given in the
previous publication (14). The code used to implement the constriction model (written in Java) is publicly
available at https://bitbucket.org/jknoel/constrictionsimulation. The dynamin filament was represented as
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an elastic polymer with each bead corresponding to a dynamin dimer. Stiffness constants for various elastic
deformations of the polymer (i.e., the stretch k, the normal curvature κ, the twist τ , and the geodesic
curvature β) were obtained from molecular simulations of dynamin tetramers or short filaments. The
geometries of the continuous elastic system and its discretization are shown in Figure S7C,D. The elastic
energy of the filament EF was

EF = d0

N∑
i=1

β ( κi
κ2
i + τ2

i

∂τi
∂s
− τi
κ2
i + τ2

i

∂κi
∂s

)2

+ ακ (κi − κ0)2

+ατ (τi − τ0)2 + k(|~ri − ~ri−1| − d0)2 + Erepulsion

[9]

Note that Erepulsion prevented the local pitch, i.e. axial distance between nearest neighbor filaments, from
going below 8 nm.

The membrane tube description was based on an axially symmetric continuous Helfrich elastic membrane
with stiffness χ and under tension γ. It was discretized into 4 nm disks for numerical simulations. The
elastic energy of the membrane EM was

EM = πdM

 M∑
j=1

(
χ

Rj
+ 2Rjγ

)
+ χ

M−2∑
j=3

Rj

(
d2[Rj ]
dz2

)2
 [10]

The coupling energy between the filament and the membrane was

Eint = dM
2 εint

N∑
i=1

[
ri − a− R̄(i)

]2
[11]

The separation between the center of the filament and the center of the membrane bilayer was a = 8.5 nm,
which was taken from cryo-EM structures. The inner lumen radius (ILR) was defined as the membrane
radius minus 2 nm (radius of dynamin stalk minus 10.5 nm), which assumed a 4 nm wide bilayer. The time
evolution equations (given in publication (14)) locally conserved the membrane area and the time scale
was defined by a single lipid diffusion coefficient of 1 nm2/µs. The filament beads were in contact with a
thermal bath at 310 K, while thermal fluctuations in the membrane came only through contact with the
beads. The motion of the beads was described by Langevin equations, see(14). The mobility of a filament
bead bound to the membrane, 1 nm2/µs, was chosen to approximate the diffusion coefficient of single lipids
within a bilayer. The lipid flows within the membrane were controlled by the same time scale (14). The
time step of 10 ns in numerical simulations was limited by the membrane description.
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