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Protein translocation across cellular membranes is an essential and nano-scale
dynamic process. In the bacterial cytoplasmic membrane, the core proteins in
this process are a membrane protein complex, SecYEG, corresponding to the
eukaryotic Sec61 complex, and a cytoplasmic protein, SecA ATPase. Despite
more than three decades of extensive research on Sec proteins, from genetic
experiments to cutting-edge single-molecule analyses, no study has visually
demonstrated protein translocation. Here, we visualize the translocation, via
one unit of a SecYEG-SecA-embedded nanodisc, of an unfolded substrate
protein by high-speed atomic force microscopy (HS-AFM). Additionally, the
uniform unidirectional distribution of nanodiscs on a mica substrate enables
the HS-AFM image data analysis, revealing dynamic structural changes in the
polypeptide-crosslinking domain of SecA between wide-open and closed
states depending on nucleotides. The nanodisc-AFM approach will allow us to
execute detailed analyses of Sec proteins as well as visualize nano-scale events

of other membrane proteins.

Many nascent polypeptide chains with signal peptides synthesized by
ribosomes in the cytoplasm are transported across the membrane
through the Sec channel. The Sec pathway is conserved in all
organisms. In the model bacterium Escherichia coli, many periplasmic
or outer membrane proteins are first synthesized in the cytoplasm,
then directed to the Sec channel, the SecYEG complex, in the inner
membrane based on the information of their signal peptides, and
finally passed through the membrane, while remaining in unfolded
states (Supplementary Fig. 1a)>*. SecYEG is composed of three mem-
brane proteins, SecY, SecE, and SecG, and provides a pathway spe-
cialized for unfolded nascent chains®. SecYEG does not function as it is:
the protein transport is driven by the motor protein SecA ATPase’ and
the membrane protein SecDF°, and proton motive force also

contributes to protein transport’. In the case of nascent chains for
inner membrane proteins, SecYEG mediates their integration into the
cytoplasmic membrane in cooperation with the membrane chaper-
one/insertase YidC®’. When nascent chains are for periplasm-localized
proteins, their signal sequences are cleaved by signal peptidase'®, and
the membrane-translocated region folds into mature structures in the
periplasm. This process is facilitated by chaperones such as the PpiD/
YfgM complex and SurA™ ", When nascent chains are for outer mem-
brane proteins, the regions translocated across the inner membrane
are inserted into the outer membrane from the periplasm via the BAM
complex'*. If protein integration into the outer membrane stalls, the
protein being transported is degraded by protease BepA and removed
from this transport pathway'’ . In the Sec-mediated protein transport
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processes, several proteins are thus involved, but SecA, membrane-
embedded SecYEG, and substrate proteins alone are sufficient to
demonstrate minimal ATP-dependent membrane translocation activ-
ity across the membrane in vitro as the initial step reaction.

In 2008, the crystal structure of the SecA-SecY channel complex
was reported under a translocating peptide-free condition®. By
improving the conditions, two detailed structures of the SecA-SecY
complex disulfide-linked with translocating peptides were later
reported by X-ray crystallography and cryo-electron microscopy”**
(Supplementary Fig. 1b). All of these structures show monomeric SecA
bound to one SecY channel, although some regions of the translo-
cating peptide were partially disordered, and suggested that the
functional unit consists of one SecYEG and one SecA. In a functional
analysis based on structural information, the two-helix-finger (THF)
domain of SecA plays a crucial role*, and a power stroke-type push-
and-slide model in which SecA repeatedly pushes the translocating
protein toward the Sec translocon was proposed”. The model is also
based on the fact that SecA anchors the polypeptide in the ATP-bound
state and releases it in the ADP-bound state?, In SecA, the clamp region
between the polypeptide-crosslinking domain (PPXD) and the
nucleotide-binding domain (NBD) is also an important substrate-
binding site”. In addition, it was demonstrated that SecA produces
mechanical force and actively drives the protein translocation®.
Recently, detailed structures of the SecA-SecY channel complex with a
translocating peptide without any artificially introduced disulfide
bonds were reported in an ADP-BeF5™ state as well as in an ADP-bound
state’. An important finding in this report was that the interaction
between SecA and a translocating peptide was partially but clearly
confirmed. Comparing these structures yielded a hand-switching
model in which a substrate-binding area of SecA, not the helical wing
domain (HWD), changes its interaction with the translocating peptide
depending on nucleotide-binding states. While detailed and concrete
molecular mechanisms of SecYEG-SecA models have been proposed,
SecA has also been reported to impale in the membrane and reach the
periplasm™. In the SecA crystal structures, a flexible PPXD shows dif-
ferent orientations (Supplementary Fig. 1b and c). In this paper, we
define the structure of SecA in the SecYEG-SecA complex as its closed
form and the SecA structures reported by Osborne et al.** and Hunt
et al.** as its open and wide-open forms, respectively. In fact, SecA
undergoes conformational changes between these forms in
solution®?’, Furthermore, conformational changes of the PPXD cou-
pled with nucleotide-binding states facilitate the translocation of
nascent chains®. In contrast, a Brownian ratchet model was inspired by
molecular dynamics simulations based on the SecY-SecA
structures®*, in which Arg residues of the translocating protein
play an important role in determining the direction of protein
transport®. Other models have been proposed, such as a substrate
catch-and-release model derived from SecA conformational changes
of the substrate interaction region coupled with its nucleotide-binding
states**, but no unified view has yet emerged.

SecA characteristically changes its oligomeric state between
monomer and dimer***®, This oligomeric change of SecA is reported to
be important for its motor function; for example, when dimeric SecA in
the cytoplasm is recruited to the membrane and then dissociates, SecA
functions as a monomer on the membrane*’*®, According to a recent
super-resolution microscopy analysis, in vivo, most SecA molecules
are localized as dimers on the inner membrane*’. These are only a few
examples; the oligomeric state of SecA is still controversial. Many
studies could not control the state of SecA in the equilibrium of its
monomer and dimer, nor the association/disassociation of SecA with
SecYEG, which hindered precise analysis and led to frequent incorrect
interpretations, making them prominent issues in SecA research. In an
AFM observation of SecA alone, conformational changes were mainly
caused by the PPXD, although the information is limited because SecA
was not in an activated state for protein translocation®. AFM

observations of membrane-reconstituted SecYEG and SecA have
shown changes in the binding of SecA to SecYEG® and changes in the
SecA oligomeric state depending on nucleotides and substrates™.
However, these observations of SecYEG-SecA complexes have not yet
been able to detect the details of structural changes of domains in real-
time. As mentioned above, due to the difficulty in controlling SecA
oligomers and the resolution limit, definitive real-time images of the
single-unit have not been obtained. In view of the spatiotemporal scale
of the protein translocation reaction, high-speed atomic force micro-
scopy (HS-AFM) is a suitable observation device, but optimizations of
the experimental system are crucial for further detailed analysis.
Consequently, it is necessary to (1) strictly adjust SecA-SecYEG stoi-
chiometry, (2) provide the membrane environment necessary for
protein translocation, and (3) isolate one unit completely.

Single-unit particles of membrane proteins embedded in nano-
discs, consisting of lipids and membrane scaffold proteins, can be
isolated for analyses. Nanodiscs containing the bacterial SecY channel
were used for single-particle analysis by cryo-electron microscopy****
and binding assays with SecA**~¢. Taufik et al. showed that SecYEG-
embedded nanodiscs could transport a preprotein (substrate),
proOmpA, through the channel”’, but they could not control the oli-
gomeric state of SecA. Our group have been analyzing purified Ther-
mus thermophilus Sec proteins because of their high thermal
stability®*®, A fusion protein of T. thermophilus SecY and SecA enabled
us to purify the SecYEG-SecA complex (SecYAEG), resulting in the
stoichiometry of SecYEG and SecA definitely being 1:1. SecYAEG-
reconstituted liposomes retained protein translocation activity*’,
although we could not rule out the possibility that the SecYAEG
complex forms a further oligomeric state, such as (SecYAEG),, on the
liposomes during protein translocation. The SecYAEG complex was
next reconstituted into nanodiscs for the construction of purified,
homogeneous one-unit particles. The resulting particles (SecYAEG-
NDs), at least possessing the ability to bind preprotein®’, were
observed by HS-AFM, showing that they are uniform®® (Fig. 1a upper).
In that report, images of uniform particles consisting of two ellipses
were observed, and larger ellipses were verified as the region of
SecYEG embedded in the nanodisc by streptavidin labeling of SecY.
That is, SecYAEG-embedded nanodiscs are immobilized with a side-on
orientation on the mica surface, and we could distinguish the regions
of SecYEG and SecA.

In this study, we initiate the protein translocation reaction in one
unit of SecYAEG-ND in the presence of ATP and preproteins, and
visualize it by HS-AFM in real time. Furthermore, structural changes
caused by PPXD and depending on the type of nucleotides are con-
firmed. This is a critical first step toward clearly visualizing the protein
transport, which is one of the nano-scale as well as essential events in
the cell.

Results and discussion

Orientation of SecYAEG-ND on mica surface

For AFM observation of proteins in aqueous environments, freshly
prepared cleaved mica is commonly employed as a support substrate
because of the inherent cleanliness and atomic-level smoothness of
the mica surface®. Since protein immobilization on the negatively
charged mica surface occurs primarily through electrostatic
interactions®, the orientations of protein molecules upon the mica are
influenced by their three-dimensional conformation and surface
charge distribution. Therefore, certain proteins can be placed on the
mica surface in a homogeneous orientation.

Our previous HS-AFM observations have shown that SecYAEG-
NDs presented homogeneous particles, consisting of a pair of elliptical
particles, immobilized onto the mica surface in a side-on orientation.
The larger and smaller elliptical particles, which were identified as the
SecYEG-ND and SecA regions, respectively®®, are shown in Fig. 1a,
upper. Although these similar molecular images of SecYAEG-ND
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captured by HS-AFM suggested that SecYAEG-NDs were immobilized
on the mica surface with a homogeneous orientation, the definitive
orientation of SecYAEG-ND during HS-AFM imaging remains inde-
terminate. To observe structural changes of exposed SecA, the cor-
relation between its 3D structure and its HS-AFM image must initially
be clarified. SecA possesses the independent distinguishable PPXD
domain (Supplementary Fig. 1c), which undergoes conformational

transitions during protein translocation. Here, we attempted to
determine the orientation plane of observed SecYAEG-ND images
using a PPXD-deleted mutant complex, SecYA(APPXD)EG.

First, compared to SecYAEG-ND images, SecYA(APPXD)EG-ND
images showed that a portion of SecA, probably corresponding to
the PPXD domain, was missing, leading to a height reduction of
3.5nm (Fig. 1a and b). Next, taking advantage of this distinct
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Fig. 1| Specific side-on orientation of SecYAEG-ND and SecYA(APPXD)EG-ND
observed by HS-AFM. a Typical HS-AFM images of SecYAEG-ND (upper panels)
and SecYA(APPXD)EG-ND (lower panels) on a mica surface. The AFM image height
(nm) is shown by the color bar. Representative data from more than 10 indepen-
dent experiments with similar results are shown. b Cross-sectional height profiles
for SecA regions along the red lines shown in (a). ¢ Schematic representation of the
structural models of SecYAEG-ND (upper) and SecYA(APPXD)EG-ND (lower) at 80°
in (f), accompanied by conical AFM probes utilized in the generation of simulated

AFM images. PPXD is highlighted in yellow, the rest of SecA in blue, and SecYEG in
magenta. d Simulated AFM images of SecYAEG-ND (upper) in wide-open form and
SecYA(APPXD)EG-ND (lower) in (c). The simulated AFM image height (nm) is shown
by the color bar. e Cross-sectional height profiles for SecA regions along the red
lines shown in (d). f Averaged image correlation scores as a function of rotation
angles between the actual HS-AFM and the simulated AFM images. Black arrowhead
indicates the angle with the highest correlation score. Source data of the graphs are
provided as a Source Data file.

variation in height distribution in the absence of the PPXD, we
ascertained the adsorption orientation of the APPXD mutant on the
mica surface by comparing the observed HS-AFM image with simu-
lated AFM images generated from a predicted structure model
(Fig. 1c lower and 1d lower)®. The predicted model was a stable
conformation of SecYA(APPXD)EG-ND obtained from molecular
dynamics  (MD) simulation using  AlphaFold-predicted
SecYA(APPXD)EG complex (as detailed in Materials and Methods,
Supplementary Fig. 2). Finally, we calculated and plotted two-
dimensional image correlation average scores between the HS-AFM
image of the APPXD mutant (Fig. 1a lower) and simulated AFM
images as a function of the rotational angles (Fig. 1f). The simulated
AFM images were generated by systematically rotating the predicted
structural model in 5-degree increments, covering the range 0 to
360 degrees around the nanodisc’s central axis (Fig. 1f right). The
highest image score was observed at 80°, a reasonable angle con-
sidering the electrostatic interactions with the mica surface: the
surface of SecYA(APPXD)EG-ND in contact with the mica surface at
this angle is predominantly positively charged (Supplementary
Fig. 3a). Given the surface charge, SecYEG-ND, possessing the PPXD
domain, is almost certain to be positioned on the mica substrate at
the same angle (Supplementary Fig. 3b). Moreover, the structural
changes in the flexible region (PPXD) of SecA, discussed later, con-
sistently occur at the same location on each particle, further sup-
porting this idea. The height variations deduced from cross-
sectional analyses of the HS-AFM image and the simulated AFM
image of the APPXD mutant were 3.5 nm and 3.4 nm, respectively,
demonstrating a close congruence (Fig. 1b and e). In addition, we
note a maximum height discrepancy between the HS-AFM and
simulated AFM images of SecYAEG-ND (Fig. 1b and e). The height of
the HS-AFM images is approximately 4 nm lower than that of the
simulated AFM images. This height difference may be due to nano-
disc deformation from circular to elliptical shape, interactions with
the mica substrate, mechanical effects from the AFM probe, and/or
shifting of the SecYAEG complex’s position in the nanodisc. Indeed,
an elliptical formation of nanodiscs containing SecY has been shown
in cryo-EM analysis®. To demonstrate that these factors could con-
tribute to the height difference, we generated a deformed nanodisc
structure by scaling and created a simulated AFM image. Compar-
ison of the simulated image with the actual HS-AFM image revealed
that the height and size of the nanodisc corresponded closely
(Supplementary Fig. 4). These results suggest that the observed
height difference is attributable to substrate adsorption or
mechanical effects induced by the AFM probe. While the overall
height of SecYAEG-ND was not congruent, it is noted that the
observed 3.5nm height change of the SecA region arising from
APPXD is consistent with that in the simulated AFM images (3.4 nm),
with similar shapes (Fig. 1b and e).

The simulated AFM image of SecYAEG-ND (Fig. 1d upper and
Supplementary Fig. 5 right) was created for its wide-open form. In
contrast, when simulated AFM images representing the open and
closed forms at an 80° rotation angle (Supplementary Fig. 5 left and
center) were compared with the HS-AFM images (Fig. 1a upper), the
simulated AFM image of the wide-open structure showed the best
correspondence. Consequently, we conclude that the resting state of
SecYAEG-ND is the wide-open structure.

HS-AFM visualization of protein translocation by SecYAEG-ND
We embarked on the following experimental phase to directly observe
the protein translocation mediated by SecYAEG-ND. As a model sub-
strate protein for translocation, we employed proOmpA-sfGFP, which
consists of three parts: an N-terminal signal sequence, unfolded OmpA
region, and sfGFP at the C-terminus (Fig. 2a upper)®. Because the
sfGFP tag readily folds in solution, we were able to observe these tags,
which serve as C-terminal markers, as distinct particles by HS-AFM; this
modification facilitated the visualization of the extended proOmpaA in
HS-AFM images. Initially, proOmpA-sfGFP molecules were imaged to
confirm the anticipated characteristic string-like structures of unfol-
ded peptides, which exhibit a flexible structure that alternates between
loosely entangling and unfolding (Fig. 2a and Supplementary Movie 1).
Many string-like particles showed some tangled regions. The histo-
gram of the end-to-end distances between the center of the sfGFP tag
and the opposite end, corresponding to the signal sequence, exhibits a
single Gaussian distribution with a mean (+s.d.) value (Xo) 0of 22 + 9 nm.
Next, using a mixture of SecYAEG-ND and proOmpA-sfGFP, we visua-
lized string-like structures with a distinct sfGFP blob at one end, pro-
truding from the SecYAEG-NDs (Fig. 2b and Supplementary Movie 2).
In contrast, no string-like structures were observed in the absence of
proOmpA-sfGFP*° (Fig. 1a). When observed with a wide scan range,
some SecYAEG-ND particles were complexed with proOmpA-sfGFP,
while others did not form substrate complexes (Supplementary Fig. 6).
This HS-AFM observation is consistent with the partial formation of
substrate-SecYAEG-ND complexes previously detected in a native
PAGE experiment®. Approximately 16% of 262 observed molecules
were accompanied by a string-like structure, existing as SecYAED-ND/
proOmpA-sfGFP complexes. The fact that not all SecYAEG-NDs formed
complexes with the substrate is also consistent with the native PAGE
results®. Furthermore, when we used a signal sequence mutation of
proOmpA, known as 3Q, which disrupts the interaction between
proOpmpA and SecY”*, string-like structures did not bind to
SecYAEG-NDs and were separately observed (Supplementary Fig. 7).
The X, for the histogram of the end-to-end distances of the string-like
structures extending from SecYAEG-ND was determined to be
20 +10nm, which is 2nm shorter than the observed distance for
proOmpA-sfGFP alone. The observed distance difference is likely
attributable to the signal sequence being bound to SecA. From these
distance measurements, we conclude that recognition of the signal
sequence leads to the formation of the SecYAEG-ND/substrate com-
plex. In addition, £. coli precursor proteins preMgIB and prePhoA can
serve as substrates as well as proOmpA because their translocation by
SecYAEG was detected (Supplementary Fig. 8). Using preMgIB-sfGFP
and prePhoA-sfGFP instead of proOmpA-sfGFP, we observed interac-
tions between these substrates and SecYAEG-ND by HS-AFM imaging
(Supplementary Fig. 9).

Subsequently, during the observation of the SecYAEG-ND/sub-
strate complexes, ATP was added to the observation solution in order
to visualize the translocation of proOmpA. Initially, a string-like
structure with sfGFP extends from the SecA side, indicating that
translocation had just begun, with the substrate slightly visible from
the SecYEG-ND side (see also Supplementary Movie 3). Notably, over
time, the sfGFP approached SecA, and a string-like structure emerged
distinctly from the SecYEG-ND side, namely from the side opposite to
SecA (Fig. 2¢, Supplementary Fig. 10 and Supplementary Movie 4). This
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Fig. 2 | Visualization of protein translocation mediated by one unit of SecYEG-
SecA complex. a Schematic model and HS-AFM image of proOmpA-sfGFP on a
mica surface (upper) and histogram of the end-to-end distance, extracted from
snapshots of the HS-AFM movies, between sfGFP and signal sequence (lower). The
solid line represents a fitting curve following a Gaussian distribution and X is the
center value of the distribution with standard deviation (n =55). The AFM image
height (nm) is shown by the color bar. A representative image from more than 20
independent experiments with similar results are shown. b Schematic model and
HS-AFM image of proOmpA-sfGFP bound to SecYAEG-ND (upper) and histogram of
the end-to-end distance, extracted from snapshots of the HS-AFM movies, between
sfGFP and SecYAEG-ND (lower). The solid line represents a fitting curve following a
Gaussian distribution and X, is the center value of the distribution with standard

SecYAEG-ND+proOmpA-sfGFP

b

SecYAEG-N

Xo=20£ 10 nm

Count

deviation (n=89). The AFM image height (nm) is shown by the color bar. A
representative image from more than 10 independent experiments with similar
results is shown. ¢ Clipped HS-AFM images of proOmpA bound to SecYAEG-ND in
the presence of 5mM ATP. Time O s in the initial image indicates an arbitrarily
chosen time point of the HS-AFM observation. The AFM image height (nm) is shown
by the color bars. The proOmpA and sfGFP regions are given a reddish and greenish
tint, respectively. The red arrowhead in the 10.2 s panel indicates the substrate that
has inserted into the SecA side. In the 15.4 s image, the red arrowhead highlights the
translocated proOmpA extending from the SecYEG-ND side. These images repre-
sent snapshots from the highest-resolution movie obtained across numerous
experiments. Source data of the graphs are provided as a Source Data file.

experiment marks the visualization of real-time translocation to the
best of our knowledge for the first time, achieved by observing the
SecYAEG-ND/substrate complexes from a lateral perspective.

By quantifying the time-dependent elongation of the substrate
polypeptide by SecYAEG-ND, we estimated an average translocation
rate of approximately 0.9 nm/s for five particles, equivalent to an
average rate of 2.2 amino acids per second (aa/s). A single-molecule
FRET analysis reported that the protein translocation rate for E. coli
SecYEG and SecA was ~40 aa/s®*. Our study used Sec proteins from a
thermophilic bacterium, T. thermophilus, which functions optimally at
high temperatures. Compared to E. coli Sec proteins, our estimated
protein translocation speed is slower but reasonable. Additionally, the
N-terminus of SecA functions as an anchor to the lipid bilayer”, and the
SecA membrane-binding affinity related to its N-terminus changed

during the ATP hydrolysis cycle®. Therefore, the fusion protein used in
this study, which links the C-terminus of SecY and the N-terminus of
SecA, may restrict the conformational changes of SecA’s N-terminus,
potentially causing the slower protein translocation rate.

We counted the number of SecYAEG-ND particles with proOmpA
protruding from the SecYEG-ND side in HS-AFM images at 30 min after
the addition of ATP. Among the 43 SecYAEG-ND particles that inter-
acted with proOmpA-sfGFP, 23 retained substrate proteins protruding
from the SecYEG-ND side, implying that the 23 particles successfully
achieved protein translocation through the SecYAEG-NDs. The fact
that not all of the molecules demonstrated translocation suggests that
conformational changes were impeded by steric hindrance caused by
adsorption on the mica substrate, potentially resulting in a substantial
reduction or complete loss of translocation activity. Nonetheless, our
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Fig. 3 | High-Low conformational dynamics of SecA region during protein
translocation. a Real-time HS-AFM images of SecYAEG-ND complexed with
proOmpA-sfGFP. Arrows indicate regions of height variation upon exposure to
5mM ATP. Height profiles of the SecA region in the High (b) and Low (c) states,
traced along the red lines. Height profiles of the SecA region in the wide-open (d)
and closed (e) forms of the simulated AFM images generated from the predicted
structures at an 80° angle, which is defined in Fig. 1f, traced along the red lines.

Solid substrate

Representations of the SecYAEG-ND in wide-open (f) and closed (g) forms pre-
dicted by MD simulation in two different orientations. PPXD is highlighted in yel-
low, the rest of SecA in blue, and SecYEG in magenta. The color bars show the AFM
or simulated AFM image height (nm). Representative data from more than 5
independent experiments with similar results are shown. Source data of the graphs
are provided as a Source Data file.

single-molecule observations have demonstrated that one SecYEG in
combination with one SecA is sufficient for protein translocation.

Nucleotide-dependent structural transition of SecA in SecYAEG-
ND/substrate complex. An in-depth examination of the HS-AFM
movies of the SecYAEG-ND/substrate complex in the protein translo-
cation condition also uncovered conformational transitions in the
SecA region (Fig. 3a and Supplementary Movie 5). Fig. 3a shows pro-
minent high-low conformational transitions in SecA at the position

indicated by the arrows. We note that these conformational transitions
were specific to the SecYAEG-ND/substrate complex (Fig. 3a and
Supplementary Movie 5) and were not evident in the SecYAEG-NDs in
the absence of the substrate (Fig. 1a upper)®. Cross-sectional profiles
for the two distinct conformational states showed a 2.0 nm step in the
Low state but no step in the High state (Fig. 3b and c). In addition, the
High state profile is essentially identical to that of SecYAEG-ND in the
absence of substrate, which we defined above as the wide-open
structure (Fig. 1a upper, 1c upper, 1d upper, 3b, 3d). A comparison of
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the cross-sectional profile of the observed Low state (Fig. 3c) with
those of the open and closed images calculated by the predicted
structural models (Fig. 3e, Supplementary Fig. 5 left, center and right)
showed that the height gap of the Low state (2.0 nm) was closer to the
open state (1.9 nm) and closed state (1.7 nm). The height gap between
these two structures differs by only 0.2 nm, making it difficult to dis-
tinguish between them based solely on the simulated HS-AFM images.
Nevertheless, the crystal structure of SecA in the open state (PDB ID
1TF5) was determined in the absence of its substrate and SecY, while
the closed state was determined with its substrate and SecY. In this
experiment, conducted under conditions where both the substrate
and SecYEG were present, the Low state of the observed HS-AFM
images is considered to represent the closed state. Furthermore, the
shape of the height profile also showed similarities between the
simulated image of the closed state and the observed HS-AFM images.
In conclusion, our observations imply that the High and Low states
captured by HS-AFM correspond to the wide-open and closed forms,
respectively. The simulated AFM and HS-AFM images of
SecYA(APPXD)EG-ND (Fig. 1) show that the height gaps in the SecA
region are 3.5 nm (observed) and 3.4 nm (predicted), due to the lack of
the flexible PPXD (Fig. 3f, g, and Supplementary Fig. 1c), and are larger
than those of the predicted open, closed (Fig. 3e, and Supplementary
Fig. 5), and observed Low states (Fig. 3c). These findings suggest that
the High and Low states are derived from structural dynamics of the
PPXD, which is intimately associated with protein translocation.

SecA functions as an ATPase motor, with ATP hydrolysis serving as
a pivotal mechanism in mediating protein translocation. Conforma-
tional changes of PPXD have been proposed to occur in conjunction
with the ATP hydrolysis cycle, as indicated by FRET analysis®. To
investigate the correlation between the High and Low forms of SecA
and the stages of the ATP hydrolysis cycle, we monitored structural
transitions of the PPXD domain within the SecYAEG-ND/proOmpA in
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Fig. 4 | SecA dynamics derived from PPXD movement depending on nucleotide
states in protein translocation. a Distribution of the High and Low forms in

different nucleotide conditions, as counted from HS-AFM snapshot images. SecA
can transition to the Low form upon interacting with its substrate, as opposed to
being in the High state in the resting condition. The number of particle images for
each state is as follows: Apo (n=100), 5 mM ATP (n = 284),1 mM AMP-PNP (n =140),
5mM ADP-AIF; (n=174), 5 mM ADP (n=134), 5mM ATP, and 50 mM NaH,PO,

several buffer conditions. In detail, SecYAEG-ND and proOmpA were
pre-incubated and then immobilized on a mica substrate. Either
nucleotides or nucleotide analogs were then introduced into the buf-
fer, and HS-AFM imaging was conducted at an imaging rate of 0.5s/
frame. In the captured snapshot images, the High and Low states of the
SecAregion were counted (Fig. 4a). As depicted in Fig. 1, the wide-open
state appears highly stable in this HS-AFM observation, possibly due to
sample adsorption on the mica. Despite this potential background
effect, we were able to detect distinctive structural changes in each
buffer condition. Under the nucleotide-free condition (Fig. 4a Apo),
55% of the SecYAEG-ND/proOmpA complexes were discerned in the
High form. This proportion increased in the presence of 5mM ATP,
where 77% of the SecA region exhibited the High form (Fig. 4a ATP). In
the presence of 1 mM AMP-PNP (Fig. 4a AMP-PNP), a nonhydrolyzable
nucleotide analog assumed to mimic the ATP-bound state, 81% of the
complexes became the High form, indicating that the SecA region
tends to favor the High conformation when ATP is bound. When 5 mM
ADP was present (Fig. 4a, ADP), 87% of the complexes exhibited the
High form, indicating that the High form is the predominant state not
only in ATP-bound but also in ADP-bound conditions. In contrast, upon
the addition of ADP-AIF3;, which mimics the ADP-Pi transition state
(Fig. 4a ADP-AIF5), the occurrence of the High form decreased to 68%,
indicating a shift towards a higher occurrence of the Low form. Fur-
thermore, in the observation solution containing SmM ATP and
50 mM NaH,PO,, in which the ADP-Pi state is considered to pre-
dominate (Fig. 4a ATP-NaH,PO,), the complexes were 59% in the
closed form and 41% in the High form. We thus propose the following
structural changes of the SecA region during the ATP hydrolysis cycle
for protein translocation (Fig. 4b): the transition to the ADP-Pi state
during the ATP hydrolysis cycle favors a conformational shift towards
the closed form. ATP binding prompts the SecA region to assume the
High form. Subsequent ATP hydrolysis to the ADP-Pi state,

ATP

PPXD
c

-ND

High Low
Apo
— S \
slow m
High q

(wide-open) Al

(n=134). b Schematic representation of SecA conformational dynamics during the
ATP hydrolysis cycle. The diagram illustrates SecA conformational transitions
between High (wide-open) and Low (closed) conformations in response to
nucleotide state changes. Upon ATP binding, SecA adopts the High conformation,
which transitions to the Low conformation after ATP hydrolysis. Following phos-
phate release, SecA returns to the High conformation.
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corresponding to ADP-AIF; and ATP-NaH,PO, in Fig. 4a, induces a
transition to the Low form, which then reverts to the High form upon
phosphate release, resulting in the ADP-bound state. The Apo state
observations suggest that SecA is in equilibrium between the High or
Low forms upon ADP dissociation. These nucleotide-dependent
changes in SecA observed in our study, while exhibiting differences
in intensity compared to previous FRET results®®, remain consistent
with the conclusion. Therefore, we successfully visualized the struc-
tural transitions of the PPXD domains in protein translocation.

As HS-AFM observation can monitor real-time structural changes,
we now discuss the turnover of the PPXD domain. SecA in the closed
form can hold the substrate tightly, based on previous structural stu-
dies. The critical role of the PPXD domain in the closed formis to bring
the substrate close to the SecYEG channel and to hold it there®. After
releasing the substrate, the PPXD domain interacts with the distal
region of the substrate, towards its C-terminus, mediating protein
translocation. Although other regions of SecA, including HWD, are
important for protein translocation, we could not detect their struc-
tural changes in this study. During high-resolution real-time imaging of
the SecYAEG-ND/proOmpA complex, the SecA region displayed
repetitive conformational changes between the High and Low states, in
both the presence and absence of ATP, but the transition rate was
different. In the nucleotide-free (Apo) condition, which is a SecA
inactive state, the mean cycle time Ty, indicative of the average
duration for the PPXD domain to transition from the High to the Low
state and back, was determined to be 13 +11s. The similar magnitude
of both the mean and standard deviation of Ty implies a wide dis-
tribution of cycle times, suggesting that the conformational transitions
of PPXD in the Apo condition are primarily stochastic in nature, likely
influenced by thermal fluctuations. On the other hand, the Ty in the
presence of 5mM ATP was estimated to be 2+1s, approximately 5
times faster than in the Apo condition (Supplementary Fig. 11). Hence,
the Teycie in the presence of ATP directly reflects the hydrolysis dura-
tion, equivalent to a rate of 0.5 ATP/s. If the structural transitions in the
PPXD domain are linked to ATP hydrolysis, those in the Apo state
might rarely occur, and the ATP hydrolysis cycle could be prioritized.
In a previous study, the ATP hydrolysis rate of E. coli SecA during
protein translocation was estimated at approximately 2 ATP/s*, which
is faster than that of T. thermophilus SecA in this study. The rate dif-
ference is possibly due to their respective optimal temperatures.

This study, using the HS-AFM technique, has achieved visualiza-
tion of protein translocation mediated by the Sec translocon. The
crucial initial step was the successful integration of the stable SecYEG-
SecA complex into nanodiscs, ensuring single-molecule observation.
The constrained environment of the nanodiscs facilitated the simul-
taneous monitoring of dynamic events occurring on both sides of the
lipid membrane. By fully utilizing image correlation analysis between
simulated AFM and observed AFM images, aided by molecular
dynamics simulations and imaging of domain-depleted mutants, we
successfully identified the orientation of the particles on the surface of
observation. This task was notably challenging due to the resolution
limitations of HS-AFM, but our approach enabled precise determina-
tion of the observation plane, which is critical for accurate inter-
pretation of the dynamic processes of target proteins. This
foundational setup allowed us to observe the binding and transloca-
tion processes of SecYAEG-ND with unfolded substrate proteins, along
with the capability to estimate the substrate translocation rate. Fur-
thermore, the study notably captured the conformational transitions
between the High and Low states of SecA depending on the PPXD
transitions. We discerned a definitive correlation between the ATP
hydrolysis cycle and PPXD conformational states and quantified the
rate of these conformational changes. These insights shed light on the
dynamic conformational changes in SecA during ATP hydrolysis,
emphasizing their essential roles in substrate translocation. Conse-
quently, this enhances our understanding of protein transport

mechanisms across membranes, finally illuminating these complex
processes at a molecular level. The research advances our compre-
hension of the dynamic conformational changes of the PPXD domain
of SecA during ATP hydrolysis and their important role in substrate
translocation. While the present study did not observe the direct
relationship between substrate translocation and conformational
changes, it sets the stage for future work to visualize these dynamics,
leading to a more nuanced understanding of the molecular dynamics
involved in protein translocation, an ambitious and crucial goal for
the field.

Methods

Protein preparation and protein translocation assay

The SecYAEG complex is composed of T. thermophilus SecY(L2V,
R252G)-(GGSG)4-SecA;-939(C648S)-His;g, SecE, and SecG; and the
SecYA(APPXD)EG complex is composed of SecY(L2V, R252G)-(GGSG),-
SecA;_230-GGSG-SecAsq3-930(C648S)-His;o, SecE, and SecG. These
complexes were expressed in E. coli BL21(DE3) harboring pAK22, which
encodes SecG, and either pTT610 or a pTT610-modified plasmid,
which encodes SecY-SecA, SecE, and SecG. After solubilization from
the membrane fraction using n-Dodecyl-f-maltoside (GLYCON,
#D97002), the complexes were purified through successive chroma-
tography steps: Ni-NTA agarose (QIAGEN, #30250), Hi-Trap SP HP
(Cytiva, # 17115101), and Superdex 200 (Cytiva, #28990944)*%.

The preprotein E. coli proOmpA(L59)-sfGFP and proOmpA(L59-
3Q) that were purified in a former study® were used. preMgIB (Q163C,
K195C)-sfGFP, and prePhoA-sfGFP were purified by the same method
as proOmpA(L59)-sfGFP. To prepare preproteins E. coli
preMgIB(Q163C, K195C)- and  prePhoA-EFIEGR-H¢-IDEEQKLI-
SEEDLLRKR, the encoding DNA sequences were inserted into pBlue-
script SK(-), and E. coli TYEOSS cells®® were transformed with the
resulting plasmids. The transformants were cultivated at 30 °C to an
A600 of approximately 1.0 in LB medium supplemented with 50 pg/
mL ampicillin and 20 pg/mL chloramphenicol. Preprotein expression
was induced with 1 mM isopropyl -d-1-thiogalactopyranoside for 2 h.
The cells were sedimented by centrifugation, resuspended with buffer
A (50 mM Tris-HCI pH 8.0, 1M NaCl, 8 M Urea, 10 mM (-mercap-
toethanol), and disrupted by sonication with a Q500 Sonicator
(QSONICA). After successive centrifugations (6500 x g for 20 min and
100,000 xg for 30 min), the supernatant was passed through a
HisTrap HP column (Cytiva, # 17524701) equilibrated with buffer A
containing 20 mM imidazole-HCI pH 8.0. The column was washed with
the same buffer, and the bound proteins were eluted with buffer A
containing 200 mM imidazole-HCI pH 8.0 and then precipitated with
7.5% (final concentration) trichloroacetic acid. After centrifugation
(18,000 x g for 4 min), the precipitates were washed with acetone and
collected by centrifugation, dried, resuspended with buffer C (50 mM
Tris-HCI pH 8.0, 8 M Urea, 10 mM 3-mercaptoethanol), and placed in a
Hi-Trap Q HP column (Cytiva, # 17115301) equilibrated with buffer C.
The bound preproteins were washed with buffer C and eluted with
buffer C containing 0-250 mM NaCl. Protein translocation was per-
formed by mixing SecYEG- and SecYAEG-reconstituted liposomes with
the purified preproteins. Proteins translocated into the liposomes
were detected using protease resistance as an indicator*’.

HS-AFM observation

HS-AFM observations were performed using a laboratory-developed
instrument®. For the AFM cantilever, we employed the Olympus BL-
ACIODS-A2, a cantilever characterized by a spring constant of
approximately 0.1N/m, resonating frequencies ranging from 400 to
600 kHz, and a quality factor (Q-value) of about 2 in aqueous envir-
onments. The cantilever’s native apex lacks the requisite sharpness for
high-resolution AFM imaging; hence, amorphous carbon was depos-
ited to construct a columnar protrusion on the apex via focused
electron beam exposure in a scanning electron microscope. The apex’s
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sharpness was subsequently refined by plasma etching in argon gas,
thus ensuring the acuity necessary for high-resolution imaging.

SecYAEG and SecYA(APPXD)EG were reconstituted into nano-
discs composed of E. coli lipid (Avanti) and membrane scaffold protein
(MSP1D1): The mixture of ~10 mg/ml SecYAEG complex, -8 mg/ml
MSP1D], and -8 mg/ml E. coli phospholipids (Avanti) was gently mixed
at 4 °C for 1h. Then, DDM was removed by Bio-Beads SM2 (Bio-Rad).
The resulting nanodiscs were further purified using Superdex 200°°.
For HS-AFM imaging, molecules reconstituted in nanodiscs were
diluted in buffer O (20 mM Tris-HCI pH 7.0, 2 mM MgCl,) to approxi-
mately 5 nM and a 2 pl aliquot of the sample was then dispensed onto a
freshly cleaved mica substrate. After incubation at room temperature
for 5min, the mica surface was rinsed thoroughly with buffer O to
remove any residual unbound molecules.

In the HS-AFM observations of the complex of SecYAEG-ND and
substrate proteins, such as proOmpA-sfGFP, substrate proteins were
initially diluted in a buffer solution (20 mM Tris-HCI pH 7.0, 8 M Urea,
50 mM NaCl, 12% glycerol, 2 mM MgCl,). The high urea concentration
denatured the folded proOmpA to the polypeptide chain, while the
robust folding of sfGFP allowed it to maintain a globular structure.
Subsequently, SecYAEG-ND and proOmpA-sfGFP were pre-mixed at a
1:1 molar ratio in a solution containing 5mM DTT, 2 mM MgCl,, 12%
glycerol, and 20 mM Tris-HCI pH 7.0. This mixture was incubated on
ice and then loaded onto a freshly cleaved mica surface. Following a
5-minute incubation on the mica surface, the surface was rinsed with
buffer O. For real-time observation of protein translocation by
SecYAEG-ND, ATP was added to buffer O to a final concentration of
5 mM before imaging.

The time dependency of substrate elongation uses the following
equation: Substrate translocation rate ={(Length of the substrate
extending from the SecYEG-ND side) + (Total distance of SecYAEG
structure: 10 nm)}/(Time from ATP addition to membrane transloca-
tion confirmation). To ensure uniform distribution of ATP throughout
the 70 pl observation volume, the observation buffer was immediately
mixed by pipetting after ATP addition. This forced mixing distributes
ATP within a few seconds, which is negligible compared to the minute-
scale time of the substrate translocation. This estimation of the
translocation rate was based on measurements from five particles. In
experiments observing the conformational changes of SecA shown in
Fig. 3a, the SecYAEG-ND/proOmpA-sfGFP complex was incubated on
mica for 30 min after the addition of ATP to 5 mM. For observations of
the conformational changes under various nucleotide states shown in
Fig. 4a, a mixture of SecYAEG-ND and proOmpA-sfGFP was prepared in
a solution containing 5mM ATP, 5 mM DTT, 2 mM MgCl,, 20 mM Tris-
HCI pH7.0, and 12% glycerol, and then incubated at 37 °C for 60 min.
The mixture was then applied to a mica substrate and incubated fur-
ther for 5 min, after which the sample was rinsed with buffer O con-
taining various nucleotides or nucleotide analogs, as well as AICI3, NaF,
or NaH,PO,. This was followed by HS-AFM imaging within buffer O.

MD simulation of the SecYAEG-nanodisc complex

The structures of fused proteins SecY-A and SecY-A(APPXD), which are
the same constructions used for HS-AFM observation, were predicted
using AlphaFold2 2.1.0°, The obtained Rank 0 and 4 models for SecY-A
were corresponding to SecA-open and SecA-closed forms, respec-
tively. The SecYAEG and SecYA(APPXD)EG structures were modeled by
additionally docking SecE and SecG of a SecYEG model (PDB ID SAWW)
after structural alignment with SecY coordinates of the Rank O model
for SecY-A and SecY-A(APPXD), respectively, followed by the energy
minimization using Phenix®’ to remove atomic clashes. The MSP1D1
nanodisc was modeled using the CHARMM-GUI Nanodisc Builder™®,
where the lipids are composed of POPE and POPG at the ratio of 3:1.
The SecYAEG and SecYA(APPXD)EG models were embedded near the
center of the MSP1D1 nanodisc, where the overlapping lipids were
removed to maintain the lipid ratio and experimental area per lipid of

each lipid in the nanodisc. The orientations of SecYAEG and
SecYA(APPXD)EG models with respect to the nanodisc were deter-
mined based on the OPM database (PDB ID SAWW [https://opm.phar.
umich.edu/proteins/2952]”. The MD simulation system was solvated
with a 150 mM NacCl solution. All acidic amino acids in the system were
deprotonated. The system size is 161x161x161A° and the total
number of atoms is ~423,000. The CHARMM C36m force field para-
meters were used for proteins and membranes’. We performed three
MD simulations with different initial velocities or initial configurations
for each model (Supplementary Fig. 2a). Each system was gradually
equilibrated using 10,000-step energy minimization, followed by
equilibration in the NVT and NPT ensembles for 25 ns using the posi-
tional restraints on the protein and membranes. The production runs
were carried out with a time step of 3.5fs” in the NPT ensemble at
T=303.15K and P=1atm, where the Bussi thermostat and barostat
were employed™. A cut-off distance of 12.0 A was used for the non-
bonded interaction calculations, and the particle-mesh Ewald method
was employed for the long-range electrostatic interaction calculations.
All MD simulations were performed using GENESIS ver. 2.0°7¢, The
RMSD changes of the protein with respect to the initial structure
showed similar trends in the three independent simulations for each
model, indicating that the complex structure does not significantly
depend on the initial velocities or configuration (Supplementary
Figs. 2b and c). In the SecYA(APPXD)EG and SecYAEG systems, the
RMSD fluctuated around 10 A and 6 A, respectively, after 150 ns, indi-
cating that both systems reached equilibrium. After the equilibration
(before 150 ns) and production runs (after 150 ns), we selected the final
snapshots from the longest production runs as the simulation models
for the AFM analysis. The structure of SecYA(APPXD)EG at 504 ns was
used for Fig. 1. The SecYAEG model at 756 ns, with the SecY-A region
replaced by the AF2 Rank 4 model, was the closed model in Fig. 3 and
Supplementary Fig. 5. The SecYAEG model at 756 ns, with the SecA
region replaced by the crystal structure of SecA (PDB ID 2IPC), was the
wide-open model in Figs. 1 and 3, and Supplementary Fig. 5.

Construction of simulated AFM images

Based on collision simulations between the atomic coordinates of
protein structures and model AFM probes, we generated simulated
AFM images. The coordinates of SecYAEG-ND or SecYA(APPXD)EG,
optimized by AlphaFold and MD simulation as described above, were
positioned to be probed by AFM from the circumferential orientation
of the nanodisc. The AFM probe was modeled in a conical shape with a
10-degree cone angle and a tip radius set to 1.0 nm. To approximate
the spatial resolution of actual HS-AFM images, a low-pass filter with a
cutoff spatial frequency of 0.5nm™ was applied to the generated
simulated AFM images. These simulated AFM images were produced
with custom HS-AFM data analysis software, developed using Igor Pro-
9 (WaveMetrics).

Comparison between actual HS-AFM and simulated AFM images
As a first step, the coordinate as an initial position was set to a side-on
orientation in which the nanodisc is perpendicular to the X-Y plane.
The simulated AFM images were created by rotation through 5 degrees
with respect to the major axis of the nanodisc. Prior to image corre-
lation for the observed image, the Sec molecule image was cropped as
aregion of interest. To set the same resolution with simulated images,
image interpolation was applied for the observed image. In taking
image correlation, the region of interest having the same size as the
observed image was applied to the simulated image, and this region
was shifted by 1 pixel each step along the X-Y direction of the simulated
image. The image correlation score was taken for each shifted regionin
one image and the highest correlation score was adopted as the score
of the simulated image. By iterating this step from 0 to 360° in
increments of 5 degrees, we obtained image correlation scores for
72 simulated images for one HS-AFM image.
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This calculation step was applied for three HS-AFM images of
SecYA(APPXD)EG-ND and the image correlation values were averaged
for each angle to obtain the angle where all three correlation values
were maximized. The angle with the highest value was adopted as the
observed angle during imaging.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are provided
in the main text, including the main Figures, and the Supplementary
Information. The generated protein structures in PDB format and
Source data for the graphs are available in the Source data file. Further
analytical and interpretive support are available from the corre-
sponding author upon request. Source data are provided with
this paper.

Code availability

Analysis code for image correlation between HS-AFM data and simu-
lated data is available on Zenodo (https://doi.org/10.5281/zenodo.
14064983).
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