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Abstract

The Sec translocon is a transmembrane assem-
bly highly conserved among all forms of life as
the principal route for transport of polypep-
tides across or into lipid bilayers. In bacte-
ria translocation involves allosteric communi-
cation between the membrane pore SecYEG
and the associated SecA ATPase. Using single-
molecule fluorescence we reveal that slow con-
formational changes associated with the AT-
Pase SecA modulate fast opening and closure
of the SecY lateral gate. Such a mismatch of
timescales is not compatible with direct cou-
pling between SecA and SecYEG. A dynamic
allosteric model is proposed in which the SecA
ATPase cycle ’steers’ the energy landscape for
SecY pore opening. We map the experimen-
tal traces onto reduced reaction coordinates
derived from molecular dynamics trajectories,
providing a model for the energy landscape and
a structural interpretation of the associated dy-
namics. Dynamic allostery may be common
among motor ATPases that drive conforma-
tional changes in molecular machines.

Introduction

A fascinating class of biological molecular ma-
chines are those operating upon biopolymer
substrates and converting chemical energy de-
rived from ATP binding and hydrolysis into
cycles of conformational changes and mechan-
ical work (e.g. helicases, translocases, un-
foldases, chromatin remodelling complexes, pri-
mary membrane transporters and other molecu-
lar motors). The bacterial protein secretion sys-
tem, composed of the integral membrane assem-
bly SecYEG and peripherally associated cytoso-
lic motor ATPase SecA (designated SecYEG:A
here), belongs to this class, purposed to translo-
cate unfolded polypeptides across the inner
membrane. ? Secretory proteins (pre-proteins)
with N-terminal cleavable signal sequences (SS)
are targeted to SecYEG:A for subsequent post-
translational transport across the membrane.
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Figure 1: The Structure of Sec translocon. SecY is
shown in red, SecE - yellow, SecA - blue, proSpy - Green
and Plug in pink. (PDB: 5EUL?®) (A) The structure
of SecYEG:A with translocating substrate modelled as
shown in Corey et al. . Fluorophore placement is shown
on the lateral gate in green and orange stars (see Fig-
ure S1 for structure based modelling of the dyes). Nu-
cleotide binding pocket (NTP) of SecA is also indicated
(B) Top down view of SecYEG as seen from the cyto-
plasm.

In the SecYEG complex, SecY forms the
pore for protein translocation (Figure 1A).} At
the side of the channel is a lateral gate (LG)
(Figure 1B).5 Opening of the LG is required
for pre-protein translocation and insertion into
the membrane.%” SecA is a RecA-like ATPase
which associates with SecYEG during translo-
cation. It has two nucleotide binding domains
forming the ATP binding site.® The two-helix
finger (2HF) domain of SecA has been pro-
posed to act as a sensor regulating nucleotide
exchange,”1? or alternatively, to directly push
the polypeptide across the membrane. 112

The precise nature of the translocation mech-
anism has divided opinion owing to the inher-
ent complexity of the system. 13 As for other

molecular machines which convert the chem-
ical potential of NTP hydrolysis into direc-
tional motion, there are two limiting cases of
energy transduction: power stroke and Brown-
ian ratchet.'* The power-stroke mechanism in-
volves deterministic or direct coupling in which
each conformation imposed by the stage of the
nucleotide hydrolysis cycle is linked with a well-
defined conformation of the effector part (e.g.
a mechanical lever or substrate binding site)
as within a purely mechanical motor. On the
other hand, a Brownian ratchet mechanism ex-
hibits loose coupling between the conformations
of the nucleotide-binding site of the motor AT-
Pase and the effector part.!> Both cases can
be illustrated in terms of a simplified energy
profile along the mechanical reaction coordi-
nate. The power stroke profile features deep
minima at either the pre-stroke or post-stroke
position which directly correspond to the nu-
cleotide state of the ATPase. In the Brownian
ratchet case, the nucleotide-hydrolysis cycle bi-
ases a shallow energy profile (i.e. with low en-
ergy barriers between states) towards certain
conformations, which in turn undergo rapid in-
terconversion between the available states due
to thermal fluctuations.

The power-stroke mechanism has been
demonstrated for many cytoskeletal motors®
while a Brownian ratchet scheme has been im-
plicated for other ATPases such as the ClpX
polypeptide unfoldase.'” Both mechanisms
have been considered for the Sec translocon:
the power stroke invokes large, piston-like mo-
tion of 2HF imparting force directly to the
substrate while SecYEG is considered a passive
pore. 112 Alternatively, SecY has been pro-
posed to act as Brownian ratchet while alloster-
ically communicating with SecA.® A recent
single-molecule study detected conformational
changes of the 2HF taking place on time scales
(measured as dwell times in different states) of
100 - 400 ms,!? i.e. similar to the timescale of
the ATP hydrolysis cycle (~100 ms),'® which
was interpreted to mean that SecA acts via a
directly coupled power stroke. However, in all
published structures of the complex3'? 2! there
is less than 1 nm available for 2HF movement,
and covalent crosslinking of the 2HF to SecY
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does not prevent translocation activity,! sug-
gesting the 2HF does not move much during
protein transport.

Evidence also points to the SecY pore be-
ing actively gated by SecA: (1) opening and
closing of the SecY LG is linked to the nu-
cleotide state of SecA;® and (2) rapid relax-
ation of LG to either open or closed conforma-
tion has been observed in molecular dynamics
(MD) trajectories in response to changing the
identity of the nucleotide bound to SecA from
a transition state mimic (ADP:BeFy) to ATP
or ADP, respectively.? Likewise, the nucleotide
turnover of SecA is affected by SecYEG: (1)
the SecA ATP hydrolysis rate increases ~10-
fold when complexed to SecYEG and ~100-
fold during translocation;'® (2) ADP release
is affected by the LG conformation.? Further
evidence for a two-way dynamic coupling and
allostery comes from hydrogen-deuterium ex-
change experiments. 22

Understanding dynamic coupling between
SecA and SecYEG is key to reconciliation of
the apparently distinct mechanisms proposed.
The two principle scenarios are considered here:
(1) the different conformations of SecYEG (e.g.
open and closed states of the channel) deter-
ministically follow the nucleotide state of SecA
(2) SecYEG coupling to SecA is stochastic;
manifested by rapid interchange between states
and controlled by modulations of the underly-

ing energy landscape by the nucleotide status
of SecA.

Results

Identification of conformational states
of SecYEG Previous structural studies have
shown that the LG of SecYEG exhibits three
discernible conformational states.®2?° This was
further confirmed by single-molecule fluores-
cence? and molecular dynamics simulations in
which open, part open (here called intermedi-
ate) and closed LG conformations were iden-
tified, but no transitions between these states
were previously reported, presumably due to
the limited temporal resolution (200 ms per
frame) of the total internal reflection fluo-

rescence microscopy (TIRFM). Hence we em-
ployed a faster confocal approach (temporal res-
olution ~0.1 ms) with the aim to detect and
resolve transitions. During the SecA ATPase-
coupled translocation of substrate through the
translocon, the FRET signal between the dyes
acts as a proxy for the the LG conformational
state (Figure 1, Figure 2A and Figure S1).

The conditions most relevant to translocation
- SecYEG:A alone and SecYEG:A+ADP (both
at equilibrium), and SecYEG:A+ATP and Se-
cYEG:A+ATP+substrate (proSpy) (both away
from equilibrium), yielded FRET efficiency dis-
tributions well-explained by fitting to three
steady-state populations corresponding to the
open, intermediate and closed LG conforma-
tional states. This assignment is further sup-
ported by modelling fluorophore accessible vol-
umes to distinct species observed by MD*? that
yielded three corresponding simulated FRET
distributions (Figure S1B).

The relative steady-state populations of the
different states could be evaluated for sam-
ples in the presence of the various nucleotides
and soluble periplasmic substrate, proSpy, with
FRET efficiency (Epgrgr) values of 0.25, 0.50
and 0.72, for open, intermediate and closed
state, respectively (Figure 2 and Figure S2);
all of which were in good qualitative agree-
ment with the previously published TIRFM
conducted with an alternative pre-protein
(proOmpA) (Eprgr ~0.45, 0.59, and 0.76 for
the open, intermediate and closed states re-
spectively).? In fact, better time-resolution led
to reduced averaging due to rapid state in-
terconversion and helped to discern a shift in
the FRET efficiency distribution for the closed
state during translocation (from Epgrgr 0.72
to 0.65, compare panels E and F in Figure
S2). Presumably, this reflects signal sequence
induced unlocking of SecYEG 725 and the pres-
ence of substrate precluding complete closure
of the gate.

Dynamic behaviour of the SecYEG lat-
eral gate In order to examine the dynamic
equilibria of the LG conformational states,
and its response to SecA, different nucleotides,
and the pre-protein proSpy, we compiled two-
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Figure 2: Conformational states of the lateral gate of SecYEG. Green = open, orange = intermediate, red =
closed. (A) Side view of helices lining the lateral gate. The open, closed and intermediate states of LG are from
representative frames from the equilibrium part of each MD trajectory (basins of attraction in Figure 4A). (B)
Representative FRET efficiency histogram for SecYEG:A (7992 events). Grey bins represent the experimentally
observed distribution of E values (corrected for the population of apo SecYEG (unable to bind SecA due to their
orientation in the membrane®) - Figure S2A); while coloured overlaid Gaussians correspond to the components
assigned to the three conformational states. The sum of the Gaussians is shown as a solid black line. Note that
the Gaussian corresponding to the intermediate state represents both well defined static intermediate as well as a
fraction of dynamically averaged intermediates. (C) The relative population of conformational states of the lateral
gate in each experimental condition in Figures 2B and S2A-E.

dimensional (2D) histograms of FRET effi-
ciency (E) and the corresponding donor life-
time obtained for each burst (7p) (Figure 3A-C
and Figure S3). In the absence of direct donor
quenching (Figure S4), such two-dimensional
analysis allows the determination of FRET
linked dynamic behaviour on the millisecond
timescale, defined by the average burst dura-
tion (i.e. the time it takes for the lipid vesicle to
diffuse through the confocal volume; Figure S5
and Figure S6AB). Bursts for which E and 7p
are approximately anticorrelated and fall into
the vicinity of the diagonal, ’static line’ exhibit
no transitions, while those deviating from this
line to the right indicate dynamic transitions on
the millisecond timescale (for further explana-
tions see Figure S6).

At equilibrium, the LG in both SecYEG alone
and SecYEG:A exhibits intrinsic dynamic inter-
conversion between all three states, although
the closed state (Epggpr = 0.72, 7p ~1.5 ns)
dominates (Figure 3A, Figure S4A and Fig-

ure 2C). This interconversion was unexpectedly
fast, on the diffusion timescale (represented by
the mean burst width 5.75 ms, Figure Sb),
corresponding to a rate constant of ~175 s
Similar dynamic behaviour was observed in Se-
cYEG:A when saturated by AMP-PNP (a non-
hydrolysable analogue of ATP) (Figure S3C).
However, addition of excess ADP prevents
opening of the gate almost entirely, effectively
shutting down all dynamics on this timescale
(Figure 3B). Interestingly, during conditions of
steady state ATP turnover the dynamic be-
haviour is further accentuated relative to the
equilibrium condition, including an increased
population of the open state (Figure 3C). As
noted above, in the presence of translocating
substrate the closed state shifts to lower Ergrgr
(Figure 3C red dashed line).

The presence of FRET events along the ’dy-
namic line’ in the Eprpr/7p (further referred
to as E-7) plots demonstrates that a substan-
tial number of transitions occur on a timescale
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Figure 3: Dynamic behaviour of SecYEG:A LG. Two-dimensional FRET E and donor lifetime (7p) analysis for (A)
SecYEG:A, (B) SecYEG:A+ADP and (C) SecYEG:A+ATP+proSpy. The solid diagonal (static line) and curved
dashed line (dynamic line) represent the static and dynamic fits, respectively (see Figure S6 for details). Horizontal
dashed coloured lines indicate the centres of the Epgrpr values of the closed (red), intermediate (orange) and open
(green) lateral gate states. (D) An example of a transition (delineated by dashed vertical lines) from experimental
Errger traces (solid green line) and fitted to a three-segment line (solid black) in order to define start and end times
and FRET efficiency values. Further representative transitions are shown in a gallery in Figure S7. (E) Transitions
in SecYEG:A-+ATP. Transitions were aligned using the mid-point ([tstart + tend]/2) and classified according to the
initial (Egtart) state. Transitions originating from open are shown in green, intermediate in orange and closed in
red. Average transition times (indicated) were calculated from distributions in Figure S7 and segmented models

representing the average are shown as solid lines.

similar to, or faster than that of diffusion of the
proteoliposomes through the confocal volume
(burst duration), i.e. a few milliseconds (Fig-
ure S6). Given the broad distribution of diffu-
sion times a subset of events (bursts) with dis-
cernible transitions between well defined states
were identified (Figure S6D). In addition, many
events also contain multiple fast transitions be-
yond the present time resolution (Figure S6E).
We employed a Hidden Markov Model (HMM)
analysis solely as a tool to select a subset of
bursts containing the well-defined transitions.
While HMM also yields dwell times this is
not applicable to diffusion-based experiments
due to the limited observation (burst duration)
time. HMM assumes that the transitions are
instantaneous (Figure 3D) but many of the de-
tected transitions had a finite duration, i.e.
measurable transition path time (Figure 3D,

Figure S7). Hence, we further analysed the
identified transitions by fitting a three-segment
line to each transition and the flanking regions
(Figure 3D). Alignment of the FRET traces at
the mid-point ([tsiart + tena)/2) facilitated com-
parison of characteristic trasition path times for
transition under different conditions (Figure 3E
and histograms in Figure S7 for SecYEG:A -+
ATP).

From this representation it is clear that in the
presence of ATP these transitions exhibit simi-
lar transition path times (Figure 3E and S7).
However, it is important to note that many
events which map along the ’dynamic line’ in
the E-7 plot represent faster dynamics on mil-
lisecond and sub-millisecond time scale with
multiple transitions that cannot be directly re-
solved in our experiment. In contrast, in the
presence of ADP such transitions are rare on
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the accessible time scale (up to 50 ms) (Figure
S8).

The pattern of transitions in Figure 3E (ATP)
suggests that opening and closing occurs via
the intermediate state. This is further sup-
ported by histograms of transition frequencies
obtained from HMM analysis in which direct
open to closed and closed to open transitions
are relatively rare (Figure S9).

Thus, while the intermediate state is only
transiently populated, it seems to be an oblig-
atory step along the LG reaction coordinate.
Thus, the dynamic fraction of the intermediate
state, i.e. events that map to the vicinity of the
dynamic line in E-7 plots, still represents the in-
termediate population and not the dynamically
averaged open and closed states.

In summary, the results presented here show
that the LG undergoes dynamic transitions on
5-10 ms time scale (defined by the diffusion
time), some of which exhibit discernible, mil-
lisecond transition path time. These timescales
are an order of magnitude faster than the
ATPase cycle, as well as the conformational
changes of SecA recently observed by single
molecule fluorescence.'??6 However, the aver-
age population of the states is clearly linked to
the SecA ATPase cycle (Figure 2C) and thus
the 'fast’ LG opening reaction coordinate must
be stochastically coupled to the ’slow’ SecA
chemical reaction coordinate.

Mapping the lateral gate dynamics
into reduced configuration space There
are now multiple high resolution structures
available of the SecYEG:A complex®! as
well as MD trajectories exhibiting transi-
tions from the ’high-energy’ intermediate
SecYEG:A:ADP:BeF, to structures with open,
part-open or closed LG.*? Therefore, we rea-
soned that they might together contain enough
information to give structural insights into the
dynamic coupling between SecYEG and SecA
through mapping of the dynamics along the ex-
perimentally observed LG reaction coordinate
onto a reduced set of configuration space coor-
dinates that represent the structural changes.
Principal component analysis (PCA) is a use-
ful tool for projecting variation in complex,

Open
Intermediate

Figure 4: SecYEG:A pseudo energy landscape and
associated conformers. (A) Molecular dynamics tra-
jectories (solid lines) which were initiated from a
‘high-energy’ intermediate structures (black dots), are
mapped onto the two most significant principal compo-
nents PC1 and PC2, and relax into the basins associated
with the closed (red), intermediate (yellow) and open
(green) state, respecively. Black dots correspond to the
several high-resolution structures (see Methods) which
were also included in principal component analysis data
set. A pseudo free energy landscape in the background
(contours) was computed from the density of molecu-
lar dynamics states when projected onto the PC1-PC2
space. (B) SecYEG structures representing the basins
of attraction. The lateral gate helices are highlighted in
corresponding colors. While PCA analysis recapitulates
well the experimentally observed FRET transitions it
was performed for a limited number of MD frames and
thus is unlikely to describe all changes associated with
the ATPase cycle.

multidimesional data onto a reduced set of
components (vectors) and ranking their con-
tributions. In order to apply this method to
the structural data (atomic models obtained
by crystallography or MD simulations) we first
have to use invariant core analysis (ICA) to
identify SecYEG regions that are structurally
invariant across the data set (e.g. invariant to
presence and nucleotide state of SecA, see Sup-
porting Material and Methods section for de-
tails).

This "invariant core" is then used for struc-
tural alignment of the datasets prior to PCA
(Supporting Information Materials and Meth-
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ods). ICA identified the two transmembrane
helices (TMHs) lining LG (TMHs 2+7, shown
in pink and red, respectively in Figure S8) as
mobile while these changes were also accompa-
nied by bending of TMHs 4,5+8. PCA rank-
ing yielded two dominant components which ac-
count for 77% structural variability among the
SecY structures (Figure S9).

The high-resolution structure, which was used
as starting point for MD simulations and cor-
responds to a trapped high-energy intermedi-
ate state, maps in the middle of the projection
space defined by the two dominant principal co-
ordinates (black dots in Figure 4A). Depend-
ing on the SecA nucleotide state, MD simula-
tion frames then ’drift” away from this starting
point towards three basins of attraction (Figure
4A). As expected, the average potential energy
within these basins is lower but comparable for
all conditions and fluctuates considerably (Fig-
ure S10).

FRET efficiencies which were estimated for
LG pair for each MD frame quickly reach sta-
ble averages (Figure S11) which correspond to
the experimentally observed values for open, in-
termediate and closed states, respectively. The
structures representing the three basins (Figure
4B) further illustrate that most of the changes
are associated with TMHs lining the LG. How-
ever, when the changes are separated accord-
ing to the two PC coordinates (Supplementary
Video S1 and Video S2) motion along PCI is
mostly producing LG widening and thus maps
well onto the experimental FRET reaction co-
ordinate. On the other hand, PC2 is charac-
terized by sliding of TMHs that line the LG.
The 2D representation (Figure 3A) also shows
that the intermediate state is reached mostly
by progression along both coordinates. While
the dynamic interchange of all three states is
well represented by experimental FRET coor-
dinate (and PC1), the underlying configuration
space changes are more complex and require a
minimum of two coordinates.

For relatively simple systems, like equilibrium
folding dynamics of small proteins, it is now
possible to reconstruct free energy landscapes
associated with reduced coordinates, e.g. us-
ing extensive MD sampling schemes.?” How-

ever, this is still difficult for larger systems and
combinations of experimental mapping and em-
pirical potentials in the reduced configuration
space offer a viable alternative to gain further
mechanistic insights into the dynamics of such
systems. 2%

Here, we resorted to a similar approximation
and converted the density of MD states within
the reduced 2D representation into a probabil-
ity kernel density surface. This surface was
then converted into pseudo free energy land-
scape as shown by the contour plot in Figure
4A. Due to the paucity of higher energy states
this does not represent a true free-energy land-
scape but provides a convenient backdrop for
discussion of the coupling between the chemical
reaction coordinate (ATP turnover), the exper-
imentally observed LG dynamics and confor-
mational changes in the reduced configuration
space.

Discussion

The stark difference in timescales between Se-
cYEG LG dynamics (<10 ms) shown here and
those of ATP hydrolysis by SecA (>100 ms)
demonstrate that SecYEG and SecA cannot
be coupled directly and that thermal fluctua-
tions play an important role in the pre-protein
translocation mechanism. Indeed, lateral gat-
ing by SecY has been shown previously to be
strongly dependent on temperature.®® Rapid
dynamic interchange is an intrinsic property of
the SecY LG, even in the absence of SecA;
although the closed state is the most highly
populated state (Figure 3 and 2B). The pres-
ence of SecA alone allosterically changes this
rapid equilibrium by promoting the open LG
conformation (Figure 2C). This allosteric effect
further depends on the nucleotide state of the
ATPase (Figure 2 and Figure S2). We pro-
pose that this is achieved via modulation of
the energy landscape associated with LG open-
ing and closing and this is illustrated within
the reduced configuration space obtained by
PCA from MD trajectories and available struc-
tures (Figure 4).' Given that the MD starts
in a high-energy transient intermediate (repre-
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Figure 5: Coupling of the SecYEG LG dynamics to the SecA ATPase cycle via energy landscape steering. (i)
The SecA dimer delivers pre-protein to the SecYEG translocon requiring nucleotide exchange (initiation, see??).
(ii) In the SecA:ATP state, SecYEG:A steers the energy landscape associated with LG movement (as measured
by the Epgpr reaction coordinate) to favour the SecY open and intermediate states and rapid interconversion
between lateral gate states. (iii) ATP hydrolysis to ADP results in a conformational change in SecA steering the
energy landscape to a dominant minimum of the closed state. (iv) ADP dissociation from SecA permits lateral gate
dynamics between open and intermediate states. (v) After repeated cycles of ATP hydrolysis, protein translocation
is terminated by substrate dissociation and cleavage by signal peptidase, making the overall process irreversible.
We used the steady-state population of the three states (Figure 1E) to add realistic tilt (reflected in the colour
scale bar) to the two-dimensional landscape. Note that the surface does not represent a true energy landscape that
would allow one to make rigorous predictions e.g. about rates and energy barriers. Coloured trajectories represent
the MD trajectories as in Figure 4A while the white lines illustrate hypothetical trajectories which drift along the
‘orthogonal’ PC2 coordinate and thus may produce longer transition path times as measured by FRET mapped
mainly onto PC1.

sented by the SecYEG:A:BeFx:ADP structure)
and quickly relaxes towards the three basins of
attraction, this approach has limited sampling
of higher energy states, e.g. those on the saddle
points of the landscape and corresponding to
transition states. One manifestation of this lim-
itation is the apparent possibility of direct tran-
sition between open and closed state while such
transitions are rarely observed in experiment
(Figure S9). However, by linking the short
MD trajectories with experimentally observed
population of states (obtained from FRET effi-
ciency histograms, Figure 2C) we can estimate
the relative depth of the basins as they are be-

ing modulated by the nucleotide state of SecA,
effectively tilting the energy landscape (Figure
5).

Figure 5 illustrates ’steering’ of SecYEG en-
ergy landscape in the context of SecA driven
polypeptide translocation. After loading the
substrate the ATP state tilts the landscape
in favour of dynamic equilibrium between the
open and intermediate states and permits sub-
strate diffusion. Upon hydrolysis and phos-
phate release (ADP state), the landscape tilts
towards the closed state, disfavouring dynamics
and abrogating polypeptide substrate diffusion.
Since ADP release is the rate limiting step of
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SecA ATPase cycle!® this constitutes the long
lived state and indeed very few transitions are
being observed (Figure S6). Upon ADP dis-
sociation, the landscape tilts back to a similar
level as seen for the ATP state, perhaps prim-
ing the system for rapid re-binding of ATP and
also permitting substrate diffusion.

While the pseudo-free energy landscape as de-
rived here offers little quantitative insight and
is merely introduced to illustrate the mechanis-
tic concepts experimental observations can add
more insights. Rapid, millisecond time scale
fluctuations between states suggests that the
barriers between the states are low. Such low
energy barriers might be a hallmark of mem-
brane proteins due to their high residual con-
formational entropy.3! In a parabolic approxi-
mation for the barrier shape the observed mil-
lisecond transition times (Figure 3DE and S7)
would implicate low curvature of the barrier top
and slow diffusion across the barrier.3? How-
ever, such one dimensional approximation is
most likely too simplistic for the SecYEG sys-
tem, which in reality exhibits many degrees of
freedom. In the PCA reduced configuration
space the interconversion between the states in-
volves both degrees of freedom while only one
(PC1) maps well onto the observable FRET
changes. Thus, the system might spend con-
siderable time wandering along ’orthogonal’ de-
grees of freedom and producing projected tra-
jectories with long transition path times (see
schematic alternative trajectories in Figure 5,
white lines).

The observed millisecond transition path
times are much longer than the microsecond
time scale paths previously detected in equilib-
rium folding trajectories of small proteins.3334
The folding of such model proteins is a rapid,
essentially two state reaction and is being mon-
itored by a FRET pair optimally positioned
to reflect the folding reaction coordinate. In
contrast, our system involves many degrees
of freedom and interconversion between multi-
ple states within a large quaternary complex.
Hence, the expected transition times are likely
to be longer and span multiple time scales.

Projection of the overall LG opening into re-
duced configuration space (see Video S1 and S2)

provides further structural insights into possi-
ble coupling between SecA conformation and
SecYEG dynamics. Subtle changes at the cy-
toplasmic SecA interface, namely repositioning
of loop C2 (~3 A) and the C-terminal helices
TMHs 5-10, lead to an amplification into sub-
stantial lateral motion of the LG TMH 7 at
the periplasmic side (PC1, Video S1) as well
as sliding of TMH 2 with respect to TMH 7
(PC2, Video S2). Both motions lead to an en-
largement of the periplasmic cavity in the open
state while the cytoplasmic cavity, which is in
the vicinity of 2HF and TMHs 6-9, is signifi-
cantly smaller in the ADP state.* This suggests
that subtle movements within SecA at the Se-
cYEG interface (e.g. the helical scaffold domain
and 2HF) are amplified and leveraged through
transmembrane helices leading to large changes
in the LG and cytoplasmic and periplasmic cav-
ity sizes.

So why are SecA and SecYEG not directly
coupled in a power stroke-like mechanism? Our
data and recent SecA studies®!?% indicate
that SecYEG and SecA operate on separate,
but stochastically coupled timescales. Perhaps,
while SecA, during its ~500 ms cycle, can 'grab’
the pre-protein substrate and translocate about
20 amino acids (based on ~40 aa/s processive
rate??), SecYEG operates on a much shorter
time scale of <10 ms, which is less than the av-
erage passage time of a single amino acid. Thus,
the two machines ’process’ the translocating
polypeptide on different length scales which
need to be coupled during translocation. In ad-
dition, SecYEG is a versatile machinery, serving
in the SecA ATP hydrolysis-driven transloca-
tion across the membrane, as well as ribosome
GTP hydrolysis-driven co-translational folding
into the membrane, with both processes requir-
ing LG dynamics. Since the latter process relies
on intimate probing of the lipid environment
by the nascent polypeptide chain during initial
recognition of the signal anchor and subsequent
insertion of TMHs, it may require multiple LG
configurations that are readily accessible due to
the shallow energy landscape.”3%37 Thus, Se-
cYEG may be 'programmed’ to exhibit fast LG
dynamics which then are further modulated by
either SecA in nucleotide-dependent manner, or


https://doi.org/10.1101/793943
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/793943; this version posted August 19, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

by the ribosome in a GTP- and nascent chain
sequence-dependent manner. We propose that
these mechanisms each occur via a general en-
ergy landscape biasing, mediated by interac-
tions of SecY cytoplasmic loops with SecA or
the ribosome. Such a dynamic allosteric mech-
anism is not unique to SecYEG:A, since similar
nucleotide-dependent steering of rapid dynam-
ics has also been shown recently for adenylate
kinase,*® AAA+ ring ATPase,?®° and mem-
brane peptide transporter,*' all of which relied
on advances in single-molecule technology.

Conclusions

We have used time-resolved smFRET combined
with analysis of existing crystal structures and
MD simulations to directly observe dynamic
interchange between different conformational
states of the SecYEG LG. The rates of dynamic
exchange between states of the LG are on the
order 100-200 s, i.e. a time scale at least an
order of magnitude faster than the ATPase cy-
cle (2 8 s! in the presence of substrate and
~ 0.3 5! without!®). While this observation
adds further evidence in support of the two-way
communication model presented previously,? it
is clear that the LG opening and closing (i.e.
the mechanical reaction coordinate) cannot be
directly coupled to the SecA ATPase state (i.e.
the chemical reaction coordinate). Thus, even if
SecA itself undergoes a power-stroke like cycle,
SecYEG LG does not follow it directly state-
by-state, but is instead dynamically coupled to
SecA conformations.

Dynamic allostery involving motions occur-
ring across multiple time scales coupled via en-
ergy landscape bias could be ubiquitous among
complex molecular machines. Further experi-
ments exploiting the wide range of timescales
and motions now available via smFRET mea-
surements will enable discovery of the extent
to which such dynamic allostery is exploited in
biology.
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