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Secretory proteins are cotranslationally or posttranslationally translocated across lipid
membranes via a protein-conducting channel named SecY in prokaryotes and Sec61 in
eukaryotes. The vast majority of secretory proteins in bacteria are driven through the
channel posttranslationally by SecA, a highly conserved ATPase. How a polypeptide
chain is moved by SecA through the SecY channel is poorly understood. Here, we
report electron cryomicroscopy structures of the active SecA-SecY translocon with a
polypeptide substrate. The substrate is captured in different translocation states when
clamped by SecA with different nucleotides. Upon binding of an ATP analog, SecA
undergoes global conformational changes to push the polypeptide substrate toward the
channel in a way similar to how the RecA-like helicases translocate their nucleic acid
substrates. The movements of the polypeptide substrates in the SecA—SecY translocon
share a similar structural basis to those in the ribosome-SecY complex during cotrans-
lational translocation.

SecA | SecY channel | protein translocation

Secretory proteins are translocated across lipid membranes via the ubiquitous Sec trans-
location system in both prokaryotes and eukaryotes (1). The protein-conducting channel
is named the SecY complex in prokaryotes (2, 3) and the Sec61 complex in eukaryotes
(4, 5). The channel opens a cross-membrane path for polypeptide substrates during trans-
location (6). Ribosomes bind to the SecY/Sec61 channel and deliver nascent polypeptide
chains to the channel for cotranslational translocation (7). The peptide exit tunnel of the
ribosome and the central path of SecY/Sec61 are well aligned in the ribosome—channel
complex (8-10). Peptide elongation during translation provides the driving force for the
nascent chain to exit from the ribosome and move through the channel. On the other
hand, most bacterial secretory proteins follow the posttranslational translocation pathway,
in which proteins are completely synthesized before being moved through the channel by
a highly conserved ATPase, SecA (11).

SecA belongs to a family of dimeric RecA-like motor AT Pases, the members of which
are mostly DNA/RNA helicases (12). Similar to the helicases in the family, SecA has two
RecA-like nucleotide-binding domains (NBD1 and NBD2) and one nucleotide-binding
site that is located between the two NBDs (13) (S Appendix, Fig. S14). A peptide
cross-linking domain (PPXD) in SecA has been shown to interact with polypeptide sub-
strates and the SecY channel (14). A helical scaffold domain (HSD) contains a long a-helix
spanning the protein and a two-helix finger (THF) motif that penetrates into the
cytoplasmic cavity of SecY in the SecA—SecY complex (15, 16) (SI Appendix, Fig. S1B).
A helical wing domain (HWD) is connected to the HSD and located at the opposite side
of the protein from the NBDs. During protein translocation, the polypeptide substrates
enter SecA through a clamp that is formed between a PPXD loop (residues 326 to 331,
PP loop) and two connecting p-strands that link NBD1 and the PPXD (residues 219 to
224 and 351 to 356, TCP) (17) (SI Appendix, Fig. S1A4).

The helicases in the same family as SecA have been studied extensively for their trans-
location mechanism (18). These RecA-like ATPases, such as pcrA (19), UvrD (20), and
RecD2 (21), translocate along single-strand DNA/RNA using the “inchworm” mechanism
(22). The closing and opening of the two NBDs upon ATP binding and hydrolysis are
coupled with the alternating binding of the two NBDs to the DNA/RNA strand. Energy
from ATP hydrolysis is converted to the translocation steps of the NBDs along the nucleic
acid substrates. In addition to being structurally similar to helicases, SecA is functionally
related to the hexameric AAA AT Pases which contain six or twelve RecA-like NBDs, such
as p97, Clp proteins, and mitochondrial YME1 (23). These AAA ATPases translocate
polypeptide substrates through their central pores (24-27). During ATP hydrolysis, the
pore loops from each ATPase subunit cooperate to form a dynamic stairway conformation
so that the polypeptide substrate is passed from one loop to another in a “hand-over-hand”
fashion (28). Despite structural and functional similarities, it is unclear whether SecA uses
mechanisms similar to those of helicases or AAA ATPases for substrate translocation.
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Indeed, the NBDs of SecA are unlikely to move along the poly-
peptide substrates in an inchworm motion as the NBDs do not
contact the polypeptides directly like those of helicases with their
DNA/RNA substrates (17). Similarly, the “hand-over-hand”
model of AAA ATPases cannot be simply applied to SecA because
SecA is monomeric when complexed with the SecY channel (15).

The working mechanism of SecA-mediated protein transloca-
tion is disputed. In a diffusion-based “Brownian ratchet” model
(29, 30), SecA acts as a regulatory protein whose THF senses the
sizes of residues in the polypeptide substrates. When the THF
encounters residues with large side chains, SecA converts to the
ATP-bound state to open up the SecY channel, allowing the
residues to pass through the central pore (S Appendix, Fig. S1B).
After ATP hydrolysis, the channel is reclosed. In a “push—slide”
model (31-33), SecA acts as an active motor instead of as a
passive regulator suggested by the Brownian ratchet model. The
THEF is proposed to act similarly to the pore loops of the AAA
ATPases, which interact and move the polypeptide substrates
directly. Although SecA only has one THE the clamp has been
suggested to cooperate with the THE Upon ATP binding, the
THF makes direct contacts with the polypeptide substrate and
pushes the polypeptide toward the channel. As ATP hydrolyzes,
the THF retracts, and the clamp holds the polypeptide chain
tightly, so that the polypeptide is not dragged backward when
the THF resets.

The ambiguity of the translocation mechanism is largely due
to the lack of some key intermediate structures during protein
translocation. The crystal structures of SecA alone have been
determined in the apo state, ADP-bound state, and ATP-bound
state (13, 34, 35). However, few conformational changes were
observed in the structures upon binding of the nucleotides, thus
providing limited mechanistic insight on substrate translocation.
The structures of the SecA—SecY translocation complexes have
been determined only in the presence of ADP-BeF;", a nonhy-
drolyzable ATP mimic that promotes tight binding of SecA to
SecY (15). The complex structures in other nucleotide-bound
states, particularly the ADP-bound state, are highly desired for
understanding the coupling mechanism of ATP hydrolysis and
protein translocation. These intermediate structures are expected
to reveal how the THF may sense the sizes of the substrate resi-
dues according to the Brownian ratchet model, and/or if the THF
may undergo large conformational changes to drive the polypep-
tide substrates as predicted by the push—slide model. However,
the weak affinity between SecA and SecY after ATP hydrolysis
has been the major hindrance to obtaining those structures (31,
36, 37). To overcome the problem, the SecA-SecY complex with
a polypeptide substrate was stabilized by reversible cross-linking
and cleavable protein fusion during purification in detergent.
'The cross-linking and protein fusion restraints were released only
after the complex had been reconstituted into lipid nanodiscs,
which mimicked the native membrane environment and stabi-
lized the complex in vitro (38). The unrestrained polypeptide
represented the translocating substrate in the pathway. With this
strategy, we determined the cryo-EM structures of the SecA—SecY
complex with a translocating polypeptide substrate in the
ADP-BeF;” bound state and the ADP-bound state. The structures
reveal the critical role of the clamp in moving the polypeptide
substrates. As nucleotide-binding changes, SecA and the poly-
peptide substrate undergo similar conformational changes to
those of the helicases and their nucleic acid substrates. The move-
ments of the polypeptide substrates in the SecA-SecY complex
during posttranslational translocation share a similar structural
basis to those in the ribosome—channel complex during cotrans-
lational translocation.

https://doi.org/10.1073/pnas.2208070120

Results

Capture of Translocation Intermediates. On the basis of previous
structural studies (16, 17), a translocation complex was designed
to contain Bacillus subtilis SecA (residues 1 to 778), Geobacillus
thermodenitrificans SecYE, and a polypeptide substrate. The
substrate consisted of the N-terminal signal sequence of OmpA
(proOmpA), a short peptide, and a C-terminal superfolder GFP
(stGFP) (39). To allow better resolution of the substrate segment
captured in SecA, four tyrosine residues (4Y, residues 50 to 53)
flanked by serine and glycine residues were introduced in the short
peptide between the signal sequence and stGFP, resulting in the
substrate proOmpA ;,—stGFP (SI Appendix, Fig. S2A). Although
the introduced Y residues are bulky, the 4Y sequence is unlikely
to arrest protein translocation as substrates with the 4Y mutation
could be translocated by SecA efficiently (S Appendix, Fig. S2B).
In addition, four consecutive aromatic residues, including
phenylalanine (F), tyrosine (Y), and tryptophan (W), are also
observed in the natural substrates of SecA, such as LamB (residues
142 to 145, FYYW). To stabilize GFP in the complex during
purification, a GFP nanobody (enhancer) and a 3C cleavage site
were fused to the C terminus of SecA. To stabilize the substrate in
the channel, residue 29 in the substrate was mutated to cysteine,
which was capable of forming a disulfide bond with a cysteine
(60C) in the plug of SecY (SI Appendix, Figs. S1B and S2C).
The translocation complex was assembled in Escherichia coli cells
by coexpression of the individual components, after which the
complex was purified and reconstituted into lipid nanodiscs. Once
the substrate was stabilized in the lipid membrane environment,
its restraints were removed by cleavage of the 3C site to free
sfGFP and enhancer from SecA, as well as by breakage of the
disulfide bond with DTT to free the polypeptide substrate in the
channel (S7 Appendix, Fig. S2D). The resulting active translocation
complex exists in a lipid environment and contains a polypeptide
substrate with the freedom to move in the translocation pathway
(38) (SI Appendix, Fig. S2 E-G).

The translocation complex was incubated with ADP-BeF;", an
ATP analog or ADP for cryo-EM single particle analysis
(81 Appendix, Figs. S3 and S4). The structure with ADP-BeF;™ was
determined to 3.35 A resolution, the highest resolution so far for
the SecA-SecY complexes with ADP-BeF;™. More importantly,
the structure with ADP was obtained and was determined to be
3.33 A. Most regions of the maps for SecA have a local resolution
better than 3 A, which enables accurate assignment of the residues
in the structures (ST Appendix, Figs. S3C, S4C, and S5 A-J). ADP
and Mg”* are well resolved in both density maps. BeF,  is less
resolved in the density map of the complex with ADP-BeF;’;
however, structural analysis (see below) suggests that most likely
BeF;™ and ADP have been captured together. In both structures,
one SecA molecule docks on one SecYE channel and lies approx-
imately parallel to the membrane (Fig. 1 Aand B). NBD1, NBD2,
PPXD, and HWD are positioned clockwise at each corner of a
rectangle (Fig. 1 C and D). The TMs of SecY and the signal
sequence are well resolved in the membrane (87 Appendix, Fig. S5
K=P). The density of GFP and enhancer is poor, consistent with
their high mobility after 3C protease cleavage.

Conformational Changes of the Nucleotide-Binding Site. SecA
has two RecA-like nucleotide-binding domains, NBD1 and
NBD2. Large movements are observed for the two domains when
comparing the ADP-BeF; ~bound state and ADP-bound state
(Fig. 1 Cand D). In the structure with ADP-BeF;", NBD1 and
NBD?2 are in a “closed” conformation, same as the conformations

of NBD1 and NBD2 in the available SecA—SecY structures with
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Fig. 1. Structures of the SecA/SecYE/proOmpA,,~sfGFP complex in the ADP-BeF;~ and ADP-bound states. (A) Cylinder model of the ADP-BeF; -bound structure.
Individual domains and proteins are colored as follows: Bacillus subtilis (Bs.) SecA NBD1, sky blue; NBD2, hot pink; PPXD, yellow; HSD, salmon; HWD, dark red;
G. thermodenitrificans (Gt.) SecE, purple; N-half of SecY, medium blue; C-half of SecY, tan; and proOmpA,y, lime green. The nucleotide is shown as balls and sticks.
(B) Cylinder model of the ADP-bound structure. Individual domains and proteins are colored as in A. (C) Top view of A. The opening of the nucleotide-binding site
is defined by the dashed line connecting residues E131 and D492 on the left side and the other dashed line connecting residues E131 and K106 on the right side.
The residues are not marked in the figure for a clearer view. (D) Top view of B. The opening of the nucleotide-binding site is indicated as in C. (£) Coordination of
ADP-BeF;™ in the nucleotide-binding site. The hydrogen bonds between the nucleotide and the residues from SecA are indicated by dashed lines. The residues and
nucleotide are shown as balls and sticks with density in mesh. The carbon atoms from NBD1 and NBD2 are colored sky blue and hot pink, respectively. The nitrogen,
oxygen, phosphorus, and magnesium atoms are colored blue, red, orange, and yellow, respectively. BeF;™ is colored green. The sandwich arrangement of adenine,
M79, and F82 is viewed at a rotation of 120° in the inset. (F) Coordination of ADP in the nucleotide-binding site. The color scheme is the same as that in E.

ADP-BeF;™ (81 Appendix, Fig. S6 A-C) (15-17). However, the and F82 in NBD1. Q85 of NBDI1 further stabilizes adenine
higher resolution of the structure reported here allows us to  via two hydrogen bonds. The 3’-OH of the ribose is hydrogen-
examine nucleotide binding in detail. ADP-BeF; is held between bonded to D492 of NBD2. The Walker A motif (T102-T107)
the two domains (Fig. 1£). Adenine is sandwiched between M79  of NBD1 interacts with the diphosphate moiety. In particular,
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the B-phosphate is hydrogen-bonded to NH of K106. D207 and
E208 of the Walker B motif (V205-D210) coordinate with Mg2+

BeF;™ mimics the y-phosphate and is coordinated from the side
by R528 and arginine finger R525 from NBD2. Q521 is in the
position ready for orientating the catalytic water, which is not
well resolved in the density map, however (20). The importance
of these residues in ATP binding has been confirmed by previous
mutagenesis studles (40). In the structure with ADP, NBD1 binds
to ADP and Mg in the same mode as that in the structure
with ADP-BeF;™ (Fig. 1F). However, without BeF;, the side
chains of polar residues Q521, R525, and R528 of NDB2 all
point away from ADP. The hydrogen bond between D492 and
ribose is also disrupted. Thus, NBD2 is no longer involved in
nucleotide binding. As a result, NBD2 and NDB1 move away
from each other, resulting in an “open” conformation. The changes
between the open and closed conformations upon binding of
different nucleotides are not observed in the crystal structures
of SecA alone. In the previous crystal structures (13, 34, 35),
NBD1 and NBD2 are in their open conformations regardless of
ATP or ADP binding (S Appendix, Fig. S6 D—F). On the other
hand, the nucleotide-binding modes of the two NBD domains in
the translocation complex are highly similar to those of helicases.
The NBD:s of the helicases are in an open conformation in the
apo state and are closed upon binding of the ATP analogs when
complexed with their DNA/RNA substrates (19, 20) (S Appendix,
Fig. S6 G and H). The residues involved in ATP/ADP binding are
conserved among SecA and the helicases (S7 Appendix, Figs. S61
and S7 A—E). Besides the Walker A and Walker B motifs shared in
the RecA-like ATPase family, D492 and R525 of NBD2 in SecA,

which directly interact with nucleotides, are also highly conserved.

Domain Movements of SecA in the Two States. SecA undergoes
global conformational changes between the ADP-BeF;” and ADP
states due to the closure and opening of the nucleotide-binding
site. Taking SecY and the membrane as references, superimposition
of the two structures shows that the largest movements are seen at
NBD1 and NBD2 (Fig. 24). The central f-sheet of NBD2 has a
slight upward shift, moving 2 A away from the membrane in the
ADP.BeF;™ structure when compared with the ADP structure,
whereas the peripheral o-helices have a clockwise rotation of
~20° when viewed from the side. With ADP-BeF;", NBD1
has a significant downward shift of 7 A toward the membrane
while moving closer to NBD2. Other domains have local, but
significant, conformational changes. The long a-helix of HSD,

which spans the entire SecA molecule, has a displacement of 15 A
at the end close to NBD2 (Fig. 2B). In contrast, the THF in HSD
is essentially the same in the two structures (Fig. 2C). The largest
movement in PPXD is seen in a loop of PPXD (residues 314 to
325, C loop) that reaches a cavity between NBD1 and NBD2
opposite to the nucleotide-binding site (Fig. 2 C and D). The C
loop, which cooperates with NBD2, has an inward and upward
shift, moving away from the membrane in the ADP-BeF; state.

HWD in the ADP-BeF;™ structure has a small shift, moving -3
A away from the membrane (Fig. 2C).

SecY and its Interactions with SecA in the Two States. The
SecY channel has few changes between the two structures, with a
r.m.s.d. of 0.79 A (Fig. 2 A and C). The interactions between the
C-half of SecY and SecA are also largely unchanged. PPXD sits
on the loop between TM8 and TM9 (L8/9) of SecY (Fig. 2E).
The THF inserts into the cleft between TM8 and TM10 on the
cytoplasmic side. The major interaction changes are between SecA
and the N-half of SecY, particularly the long o-helix of HSD and
L2/3 of SecY (Fig. 2B). In the presence of ADD, the long a-helix

https://doi.org/10.1073/pnas.2208070120

and 1L2/3 are positioned away from each other, whereas in the
ADP-BeF; structure, due to the large displacement of the long
a-helix, the long a-helix is positioned directly on top of L2/3. As
a result, SecA has major interactions only with the C-half of SecY
in the ADP structure, whereas SecA interacts with both the N-half
and C-half of SecY in the ADP-BeF;™ structure. Consistently,
SecA has a much lower affinity to SecY in the ADP state or apo
state than in the ATP state (31, 36, 37). The dynamic interactions
between the long a-helix and NBD1 and NBD2 have been shown
to be critical for protein translocation as they allow the motions
of NBD1 and NBD2 to be transferred to the long a-helix during
ATP hydrolysis (41).

Polypeptide Substrate in the Translocation Complex. The
N-terminal signal sequence at the lateral gate and the following
polypeptide in the channel are essentially the same in the ADP
and ADP-BeF; structures (ST Appendix, Fig. S8 A and B). Residue
G31 is locked at the pore ring (S Appendix, Fig. S8 Band C). The
density of the polypeptide substrates becomes weak in proximity
to the THF of SecA (8] Appendix, Fig. S8 D and E). Nevertheless,
it is clear that, in both structures, at the tip of the THE, the side
chain density of the highly conserved Y743 and the weak density
of the polypeptide are connected (8] Appendix, Fig. S8 Fand G).
This finding suggests that, although the substrate is not held in a
fixed position as it enters the channel, it could interact with the
THE particularly with Y743, which has been suggested to be
important for protein translocation (31, 33, 42). The substrate
segment in SecA immediately before the contact point with
the THF is untraceable in the density map, indicating that the
segment is disordered. Indeed, along the translocation pathway,
the space between the clamp and pore ring of SecY is relatively
open, allowing considerable flexibility of the polypeptides in
the unfolded states, which are required for the substrates to pass
through the central pore of the channel (43).

The density of the following polypeptide substrate in the clamp
of SecA is well resolved (Fig. 3 A and B). The side chains of the
four consecutive tyrosine residues (Y50-Y53) can be unambigu-
ously assigned in the polypeptide segment (Fig. 3 C and D). In
both structures, the polypeptide is sandwiched as a p-strand by
the TCP on one side and the PP loop of PPXD on the other side
similar to the previous structure (17). The aromatic rings of Y50
and Y52 point in the opposite direction as those of Y51 and Y53
(Fig. 3 Cand D). However, it is clear that the clamped polypeptide
has different conformations in the ADP-BeF;™ and ADP states.
In the ADP-BeF;™ structure, the main chain of the TCp forms
three hydrogen bonds with residues 52 to 54 of the polypeptide
substrate, whereas the PP loop forms three hydrogen bonds with
residues 49 to 51 (Fig. 3E). The side chain of R327 from the PP
loop inserts between Y50 and Y52. Y52 forms a m—x interaction
with F182 from NBD1 (Fig. 3C). In the ADP structure, residues
50 to 51 of the substrate join residues 52 to 54 to form an extended
f-strand, which has five hydrogen bonds with the TCp (Fig. 35).
The PP loop keeps the same three hydrogen bonds as it does in
the ADP-BeF;™ structure but with residues 47 to 49 of the poly-
peptide substrate (Fig. 3F). For the side chain interactions, instead
of R327, now F182 of NBDI1 inserts between Y50 and Y52
(Fig. 3D). R327 in the structure is now in contact with $48. Y50
forms an amino-7 interaction with N178 of NBD1, whereas Y52
forms a cation—7 interaction with R186 of NBD1. The residues
N178, F182, and R186, which interact with the substrate via side
chain interactions, are all located on one face of a short a-helix in
NBDI1 (residues 176 to 189, a8).

Extensive hydrogen bonds have also been observed between
the helicases and their nucleic acid substrates (19-21), as well
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Fig.2. Comparison of SecA and SecY in the ADP-BeF; -bound and ADP-bound structures. (A) Superimposition of the ADP-BeF;™-bound and ADP-bound structures
using SecY as the reference. The color codes of the ADP-BeF; -bound structure are the same as those in Fig. 1A. The ADP-bound structure is colored gray. The
motions of NBD2 and NBD1 in the two structures are indicated with arrows. (B) A close-up view of the long a-helix in HSD and L2/3 of SecY. The long a-helix is
colored salmon in the ADP-BeF;™ structure and colored gray in the ADP structure. The motion of the long a-helix in the two structures is indicated by an arrow.
L2/3 is colored medium blue in the ADP-BeF;™ structure and colored gray in the ADP structure. (C) As in A, but from a view rotated by 90°. The C loop, PP loop,
and THF from the ADP-BeF;™ structure are highlighted in orange, gold, and green, respectively. The ADP structure is colored gray. (D) Top view of the C loop in the
ADP-BeF;” and ADP structures. The coloring is the same as that in C. The motions of NBD1, NBD2, and the C loop upon ADP-BeF; binding are indicated by arrows.
(E) Interactions of SecA and the C-half of SecY, including L8/9 of SecY, PPXD of SecA, and the THF. Individual domains and TMs are labeled and colored as in A.

as between the AAA ATPases and their polypeptide substrates ~ between the side chains of the polypeptide substrates or
(27, 44, 45). Interestingly, in all three cases, the residues, usu- between the nucleobases of nucleic acid substrates (19, 27)
ally aromatic amino acids, from the ATPases intercalate (ST Appendix, Fig. S9).
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Fig. 3. Interactions between the clamp of SecA and the polypeptide substrate. (A) Top view of the ADP-BeF;™ structure showing polypeptide entry into SecA.
Individual domains are colored as in Fig. 1A. The polypeptide substrate is shown as green density. (B) Top view of the ADP structure, the same view asin A. (C) The
polypeptide substrate in the clamp in the ADP-BeF;™ structure. The substrate, including the four consecutive tyrosine residues, is shown as balls and sticks with
the cryo-EM density as a gray mesh. The TCpB, PP loop, and a8 of SecA are labeled and shown as ribbons with the side chains shown as balls and sticks. The
intercalation of R327 into the substrate is presented in the /nset. (D) The polypeptide substrate in the clamp in the ADP-bound structure. (£) The main chain
interactions between the substrate and the clamp in the ADP-BeF; structure. The hydrogen bonds are indicated by dashed lines. The hydrogen bonds unchanged
in the ADP-BeF;” and ADP structures are shown as solid lines. The Co of the four Y residues are highlighted as yellow balls. (F) The main chain interactions between
the substrate and the clamp in the ADP structure. (G) The main chain interactions between the substrate and the clamp in the ADP-BeF;~ and ADP states from
MD simulations. Shown are the hydrogen bond numbers between the main chains of the polypeptide substrate and the TCp or PP loop from the last 500-ns
trajectories of multiple 1-us MD simulations. The means and SDs were calculated on the basis of three independent simulations of each state. (H) The relative
translocation activities of the SecA mutants compared with wild-type SecA. The means and SDs were calculated using the average values of the results from at
least three experiments. (/) The relative ATPase activities of the SecA mutants compared with wild-type SecA.
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Interactions between the Clamp and the Substrate Controlling
Protein Translocation. The interactions between the main chains of
the polypeptide substrates and SecA likely play critical roles in protein
translocation because SecA moves polypeptides without sequence
specificity. In the ADP state, TC forms five hydrogen bonds with
the main chain of the polypeptide substrate on one side, while the
P loop forms three hydrogen bonds with the main chain of the
polypeptide substrate on the other side (Fig. 3F). In the ADP-BeF;”
structure, the number of hydrogen bonds between TCP and the
polypeptide is reduced to three, and the hydrogen bond number of
the PP loop remains unchanged (Fig. 3E). To further quantitatively
analyze the dynamic binding of the clamp to the polypeptide in
the main chains, we performed all-atom molecular dynamics
(MD) simulations based on the ADP and ADP-BeF;™ structures
(81 Appendix, Fig. S10 A and B). During multiple 1-ps simulations in
the ADP state, the main chains of the TCP consistently formed more
hydrogen bonds with the substrate in comparison with the PP loop
(average of ~ 4.5 vs. ~3.2), whereas the number of hydrogen bonds
mediated by the TCP was fewer than that mediated by the PP loop
in the ATP state (average of ~2.0 vs. ~3.4) (Fig. 3G and SI Appendix,
Fig. S10 C-F). This result suggested that the relative binding strength
of the TCP and PP loop to the substrate alternates in the ADP and
ATP states, as measured by the number of stably formed hydrogen
bonds. Similarly, in the helicase structures, the strength of binding
between the two NBDs and the nucleic acid substrates alternates
between different nucleotide-binding states (22).

To verify the importance of the main chain interactions during
protein translocation, the highly conserved residues of the TCp
and PP loop involved in substrate interactions were selected for
mutagenesis studies. The corresponding residues in Escherichia coli
SecA were mutated, and the translocation activities of the mutants
were examined. Proline residues were introduced to disrupt hydro-
gen bonding between the main chains. 1224P/1225P (1222P/
1223P in Bacillus subtilis SecA) in one P connecting peptide of the
TCB, S374P/1375P (T354P/1355P in Bacillus subtilis SecA) in
the other B connecting peptide, and R348P/W349P (R328/
Y329P in Bacillus subtilis SecA) in the PP loop all abolished the
translocation  activity of SecA  (Fig. 3H and SI Appendix,
Fig. S11A), while the ATPase activity levels of the mutants were
largely unaffected (Fig. 3/). These results confirmed the critical
roles of clamping and B-strand formation during translocation.

The extensive side chain interactions between SecA and the pol-
ypeptide substrates in the structures indicate that they may also be
important in mediating protein translocation. Structural comparison
of the substrate in the clamp suggests that two residues are particu-
larly interesting, F182 in the middle of ®8 in NBD1 and R327 in
the PP loop. F182 intercalates between Y50 and Y52 of the substrate
in the ADP state, while it forms a 7—7 interaction with Y52 in the
ADP-BeF; structure (Fig. 3 Cand D). F182 is completely conserved
among different species (SI Appendix, Fig. S11B). We mutated the
corresponding F184 in Escherichia coli SecA into several different
amino acids without affecting the ATPase activities (Fig. 3/). Most
mutants had severe defects in translocation with the exception of
F184W (Fig. 3H). In particular, mutation of F184 into Arg (F184R)
or Glu (F184E) dramatically decreased the translocation activity of
SecA (Fig. 3H and SI Appendix, Fig. S11C), highlighting the impor-
tance of side chain interactions in protein translocation. R327 has
substrate-binding modes similar to those of F182 but from the oppo-
site side in the PP loop (Fig. 3 C and D). The side chain of R327
intercalates between Y50 and Y52 in the ADP-BeF; structure, while
it points to S48 in the ADP structure. In contrast to F182, mutation
of the highly conserved R327 equivalent in Escherichia coli SecA,
R347, to other amino acids did not seem to greatly affect the trans-
location activity of SecA (Fig. 3H and SI Appendix, Fig. S11
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D and E). These data highlighted the important role of side chain
interactions mediated by aromatic residues during protein translo-
cation by SecA. Similarly, the aromatic residues in the pore loops are
critical for protein translocation by AAA ATPases (28). These resi-
dues intercalate in the polypeptide substrates and have been sug-
gested to drive the substrate through the central pore of the hexameric
assembly of AAA ATPases during ATP hydrolysis (SI Appendix,
Fig. S9 Band E).

Motions of the Polypeptide Substrate and the Clamp. With
the help of the four Y residues in the substrates, we precisely
traced the movement of the substrate in the clamp upon ATP
binding (mimicked by ADP-BeF;"). Compared with the structure
with ADP, all four tyrosine residues in the ADP-BeF;™ structure
have a shift of ~4 A into SecA toward SecY and the membrane
(Fig. 4 A and B). In the same direction, the TCp that has the
hydrogen bonds with the main chain of the substrate moves ~4 A
toward the membrane as well. The hydrogen bonds between the
main chains of 222 and S224 from the TCp and Y51-Y52 from
the substrate are unchanged (Fig. 3 £and F). a8 of NBD1, which
interacts with the four Y residues via the side chains, also has a shift
of 3.5 t0 4.0 A toward the membrane (Fig. 4B). The movements
of the TCP and a8 are both due to the movement of NBD1 as a
rigid body upon ADP-BeF;” binding. In contrast, the PP loop on
the other side of the substrate has an opposite shift, moving -3 A
away from the membrane (Fig. 4C). The opposite shift is due to
the movement of the preceding C loop, which is pushed up and
away from the membrane when NBD1 and NBD2 move close
to each other upon ADP-BeF;™ binding (Fig. 2 C and D). The
immediate result of the opposite shift between the PP loop and
the substrate is that the H-bonding of the PP loop to $48—-G49
of the polypeptide in the ADP state is changed to Y50-Y51 in
the ATP-binding state (Fig. 3 £ and F).

The motions of the polypeptide substrates in the clamp are highly
similar to those of the nucleic acid substrates in helicases (19-21).
Upon binding of ATP analogs, the closing of the RecA-like domains
1A and 2A (equivalent to NBD1 and NBD?2) in the helicases leads
to a relative shift of the substrate by one nucleotide (57 Appendix,
Fig. S9 A and C). Domains 1A and 2A interact with nucleic acids
directly in the process. Similarly, one residue of the polypeptide is
shifted in the clamp of SecA upon binding of ATP analogs, although
in this case, NBD1 and NBD2 do not directly interact with the
polypeptide substrates. The movements of NBD1 and NBD2 upon
closing are transferred to the TCP and the PP loop to drive the
movement of the polypeptide (S Appendix, Fig. S9D).

Engaging the Polypeptide Substrates in the Clamp. Peptide
binding in the clamp region has also been observed in the crystal
structures of SecA alone (13, 46). A peptide segment of the
C-terminal tail joins the f-sheet with the TCP in full-length SecA
(81 Appendix, Fig. S12A). In a crystal structure of the C-terminal
truncated SecA, a peptide segment from the neighboring SecA
molecule is paired with the TCP (57 Appendix, Fig. S12B). In both
crystal structures, the peptide segments adopt conformations more
similar to the conformation of the polypeptide substrate in the
clamp in the ADP state than in the ATP state (S/ Appendix, Fig. S12
C and D). NBD1 and NBD2 are in the open conformation,
and PPXD is not in proximity to the TCP to form the clamp
in the crystal structures (SI Appendix, Fig. S12 A and B). Thus,
the TCP alone is sufficient to induce the B-conformation of the
polypeptides. The PP loop on the other side of the polypeptides
likely controls the running direction of the substrates as p-strands
of the substrate are bent where the PP loop interacts in the ADP
and ADP-BeF; structures (Fig. 4 B and C).
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A SecA-ADP v.s. SecA-ATP

Fig. 4. Movements of the polypeptide substrate and clamp. (A) Superimposition of the ADP and ADP-BeF;™ structures using SecY as the reference. SecA, SecY,
and the signal sequence in the ADP-BeF;™ structure are colored cyan, tan, and lime green, respectively. The ADP structure is colored gray. (B) A close-up view of
the clamp and the substrate in the ADP and ADP-BeF;™ structures. The TC and a8 are labeled. The main chains of the polypeptide substrate are labeled and
shown as sticks with Ca as balls. The polypeptide in the ADP structure is colored light red (N terminus) to dark red (C terminus). The polypeptide in the ADP-BeF;~
structure is colored light blue (N terminus) to dark blue (C terminus). The movements of the TCp, a8, and substrate are indicated by arrows. The bending points
of the polypeptide substrate are indicated with corners, and the residue labels are marked with red *. (C) as in B, but from a different angle to show the PP loop.

The motion of the PP loop is indicated by an arrow.

Comparison of NBD1, NBD2, and PPXD in different structures
reveals how polypeptide substrates may be engaged in the clamp for
translocation. In SecA alone, the clamp is not formed because the
PPXD is flexible (35, 47). The TCP alone may be sufficient to recruit
the substrate to the clamping site without the PP loop from PPXD
(81 Appendix, Fig. S12E). When complexed with the SecY channel,
PPXD undergoes a large fold-back rotation to dock on the channel
(15) (Fig. 2E). The “fold-back” conformation presents the C loop
to the cavity between NBD1 and NBD2 in a position that allows
the C loop and the PP loop to undergo conformational changes
following the opening and closing of NBD1 and NBD2 during
ATP hydrolysis (Fig. 2D). More importantly, in the fold-back con-
formation, the clamp is formed by the PP loop and the TCP with
the prepositioned polypeptide substrate being fully engaged in
between (S7 Appendix, Fig. S12F). The importance of the C loop in
clamp formation and protein translocation is supported by a previ-
ous study showing that mutations of highly conserved R322 in the
C loop disrupted its interactions with NBD1 and NBD2 and abol-
ished protein translocation (48) (S Appendix, Fig. S11D).

Discussion

“Hand-Switching” Model of Polypeptide Movement by the
Clamp. The similarity in substrate binding between SecA and
helicases indicates that they may use similar mechanisms for
moving their substrates. Structures (49) and molecular simulations
(50) of helicases show that the relative binding strength of NBDs

https://doi.org/10.1073/pnas.2208070120

to substrates is changed by shifting from the ADP/apo state to
the ATP state. The alternation of the interaction strength coupled
with the opening and closing of NBDs during ATP hydrolysis
is required for helicases to generate one-direction inchworm
motion along nucleic acids (Fig. 54). Similarly, coupled with ATP
hydrolysis, the alternation of substrate-binding strength from the
two sides of the SecA clamp is able to generate the motion of the
polypeptide substrates in one direction (Fig. 5B). In the ADP-
bound state, the TCP has stronger interactions with the substrate
than the PP loop, as measured by the number of H bonds in the
main chains. When ADP is replaced by ATE, which is mimicked
by ADP-BeF;", NBD1 moves close to NBD2 and toward the
membrane. In the same direction, the substrate moves together
with the TCP of NBD1 due to their tight interactions. The PP
loop with weaker substrate interactions does not follow the same
moving direction. In the ATP-binding state, the PP loop forms
stronger interactions with the substrate. The interaction from
the PP loop bends the polypeptide and disrupts the hydrogen
bonds between the substrate and the TCP, resulting in a weaker
interaction with the TCP in the ATP-bound state. As ATP
hydrolysis occurs and Pi is released, the PP loop holds the substrate
tightly, and the weakly bound TCp resets back to its conformation
in the ADP state. The overall result of these processes is that the
polypeptide substrate is moved toward the channel when one ATP
molecule is hydrolyzed. The step size may not be one residue per
ATP as observed in the structures. Due to the heterogeneity of
the side chains and their engagement with the clamp, movements
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Fig. 5. Translocation mechanisms of helicases, SecA, and AAA ATPases. (A) “Inchworm” model of helicases. Single-strand DNA/RNA (ss DNA/RNA) is presented
as a black line. The RecA-like domains 1A (deep sky blue oval) and 2A (magenta oval) interact with the substrate. The tight and loose interactions are indicated by
straight and crooked dashed lines, respectively. The movements of the domains leading to the next steps are indicated by arrows. The red dot in the substrate
serves as a register to indicate the movement of the helicase. Starting from the apo state, helicases translocate along the substrate by one base upon binding
and hydrolysis of one ATP molecule. (B) “Hand-switching” model of SecA. The TCp (turquoise rectangle) and PP loop (gold rectangle) interact with the polypeptide
substrate (lime green arrow) from two sides. The SecY channel is drawn as a pink crescent. The tight and loose interactions are indicated by straight and crooked
dashed lines, respectively. The red dot in the substrate serves as a register to indicate the movement of the polypeptide. The movements of the domains leading
to the next steps are indicated by arrows. (C) “Hand-over-hand” model of AAA ATPases. The polypeptide substrate (yellow arrow) is surrounded by six RecA-like
domains (orange, salmon, middle purple, deep sky blue, dark turquoise, and light green ovals) in a spiral staircase arrangement (transparent gray bar). The
nucleotide-binding state of each domain is labeled. The tight and loose interactions are indicated by straight and crooked dashed lines, respectively. The red dot
in the substrate serves as a register to indicate the movement of the polypeptide. The cycle begins with the orange domain in the apo state, in which it is not
interacting with the substrate. Upon ATP binding, the orange domain on the top is engaged tightly with the substrate. The four preceding ATP-bound domains
(salmon, middle purple, deep sky blue, and dark turquoise) progress with the substrate. The light green domain at the bottom releases its ADP and disassociates

from the substrate, after which it rotates to the top, back to the apo state, and ready for the next cycle of movement.

of less or more than one residue at the clamp may occur in an
ATP hydrolysis cycle (33, 51, 52). Nevertheless, the repetitive
motions of the TCP and PP loop should provide the general
motion directionality and push the substrate toward the channel.
The movement of the clamp can be considered as a cooperative
“hand-switching” motion, in which the substrate is passed from
one hand (TCP) to the other hand (PP loop) to move in one
direction. This motion is mechanically similar to the inchworm
movement of helicases along their substrates (Fig. 54), as well
as to the “hand-over-hand” model for AAA ATPases (Fig. 50),
in which the six Rec-like NBDs (hands) have alternative tight
and loose interactions with the polypeptide substrates in the
presence of different nucleotides. The orchestrated alternation of
the interaction strength coupled with the motions of the NBDs
enables the passing of the polypeptide substrates between NBDs
sequentially, leading to directional movements of the substrates.
The tight and loose interactions are mainly controlled by the
intercalation states of the aromatic residues from the pore loops
of NBDs into the polypeptide substrates in different nucleotide-
binding states (S Appendix, Fig. S9 B and E).

The “hand-switching” model highlights the proactive role of the
clamp in moving the polypeptide substrates. SecA acts more likely
as a motor driven by ATP hydrolysis than a regulator as suggested

PNAS 2023 Vol.120 No.2 e2208070120

by the Brownian ratchet model. The comparison of the ADP and
ADP-BeF; ™ structures does not reveal the large conformational
changes of the THF as predicted by the “push-slide” model for mov-
ing the polypeptide substrates. Instead, the “hand-switching” model
proposes that the conformational changes in the clamp alone are
likely sufficient to provide the driving force for the polypeptide sub-
strates to move through the SecY channel during ATP hydrolysis.

Motion of Polypeptide Substrates during SecA-Driven
Translocation. The driving force from the clamp, however, does
not seem to warrant the immediate movement of the polypeptide
substrates in the channel. Due to the heterogeneity of the side
chains of amino acids, substrates with different sequences may
not be pushed by the clamp with equal efficiency. For example,
segments rich in residues with bulky side chains, such as the
segment containing four Y residues used in our construct, are
likely to be tightly coupled with the movement of the clamp,
whereas a stretch of residues with small side chains is not likely
to be translocated efficiently by the clamp (31). Translocation of
these difficult sequences may require Brownian sliding, which
is possible in the ADP state. In the ADP-bound structure, the
channel has a large degree of freedom to allow free sliding of the
polypeptide substrate as SecA only interacts with the C-half of the
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channel (S7 Appendix, Fig. S13A). The clamp of SecA alone may
not be sufficient to hold the polypeptide substrate tightly. The low
affinity between SecA and SecY allows SecA to dissociate from the
channel as well (ST Appendix, Fig. S13B). In line with this model,
back-sliding of the substrates from the SecA-SecY complex was
observed without nucleotides or with ADP (31, 53).

Upon ATP binding, SecA forms tight interactions with both
the N and C halves of the channel (S Appendix, Fig. S13C). The
substrate is fully engaged in the clamp and the channel. The sub-
strate in the clamp could be pushed forward during ATP hydrol-
ysis cycles (SI Appendix, Fig.S13 Aand C). However, the
preceding polypeptide in the channel may not follow the same
movement immediately because the polypeptide substrates
between the clamp and the channel are rather flexible. The poly-
peptide could accumulate in the space before entering the channel
(SI Appendix, Fig. S13D). After multiple cycles of ATP hydrolysis,
the substrate may be forced to move forward eventually as the
space available to accommodate the polypeptide before entering
the channel is limited (54) (S Appendix, Fig. S13E). Protein fold-
ing and Brownian diffusion may also play a role in the process
(81 Appendix, Fig. S13D). Particularly, folding of the translocated
segments in the extracellular/luminal side could drive transloca-
tion of the following polypeptide through the channel (30, 55).
Depending on the sequences of the translocating polypeptides,
clamp motion, Brownian diffusion, and protein folding may play
roles at different stages of protein translocation (30, 51, 52).
Nevertheless, the clamp seems to provide the critical directionality
of the SecA-mediated translocation because only clamp motion
is constantly driven by ATP hydrolysis, whereas both protein fold-
ing and Brownian diffusion are spontaneous and highly sequence
specific. This scenario is very much similar to cotranslational trans-
location (8). The nascent chain is highly flexible due to the gap
between the peptide exit tunnel of the ribosome and the SecY/
Sec61 channel (SI Appendix, Fig. S14). The addition of one residue
to the nascent chain during translation does not necessarily result
in the passing of one residue through the channel. However, con-
tinuous elongation of the nascent chain provides the directionality
of translocation and drives the substrate through the channel.

During translocation by SecA, the THF may act as a guide
point to align the flexible polypeptide to the center of the channel
in the ADP-bound and ATP-bound states. This explains the obser-
vation that some point mutations of the highly conserved residues
in the THF reduced translocation efficiency in vitro (31, 33, 42),
while these conserved residues are nonessential (31) and protein
translocation still took place when the THF was fixed to the chan-
nel by cross-linking (56). Nevertheless, there may be additional
conformations of SecA-SecY during ATP hydrolysis. As shown
by smFRET, the THF could be dynamic during ATP hydrolysis
(32). The motions of the THF may contribute to polypeptide
translocation in other states.

p-Strand Conformation of the Polypeptide Substrates during
Translocation. Clamping at the entrance of SecA induces the
fB-conformation of the polypeptide substrates. f-strand formation
seems to be a common theme in protein translocation. For example,
a polypeptide substrate in AAA ATPase Vps4 has been observed
to adopt the p-conformation to allow tight engagement with pore
loops during translocation (44). Induced p-augmentation is the

1. W.Wickner, R. Schekman, Protein translocation across biological membranes. Science 310,
1452-1456(2005).

2. A.J.Driessen, N. Nouwen, Protein translocation across the bacterial cytoplasmic membrane. Annu.
Rev. Biochem. 77, 643-667 (2008).
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structural basis for translocation of B-barrel membrane proteins by
the bacterial B-barrel assembly machinery (BAM) (57) and by the
mitochondrial sorting and assembly machinery (SAM) complex
(58). Inhibition of B-sheet formation by a f-peptide mimic during
protein translocation through BAM has been proven to be an
effective approach in antibiotics development for gram-negative
bacteria (59). Considering the critical role of f formation and
clamping during SecA-mediated translocation, clogging the clamp
by p-peptide mimics could also inhibit protein translocation,
suggesting that it could represent a strategy in antibiotic development
for both gram-positive and gram-negative bacteria.

Materials and Methods

Detailed materials and methods are reported in SI Appendix, Materials and
Methods.

Cryo-EM Structure Determination. The assembly, purification, and struc-
ture determination of the translocation intermediates followed the method
published previously (17) with modifications. In brief, the proOmpA substrate,
SecY, and SecA were coexpressed in Escherichia coli. The purification of the
translocation complex was carried out without delay. ADP and ADP-BeF;~ were
added to the purified complex right before vitrification. All datasets were
collected on a 300-kV transmission electron microscope (Titan Krios). "Seed-
facilitated 3D classification” was applied during the calculation to improve
the resolution (60).

In Vitro Translocation Assay and ATPase Assay. The translocation assays
were carried out with the SecY proteoliposomes, SecA mutants, and a poly-
peptide substrate with the signal sequence from a ribose-binding protein. The
ATPase assays of the SecA mutants followed the instruction of the BIOMOL"
Green (Enzo) kit.

MD Simulations. The coarsed-grained (CG) MD simulations and all-atom MD
simulations were performed sequentially based on the cryo-EM structures of the
translocation intermediates, with lipid and water represented explicitly, using the
MARTINI 2.2 (61) and the CHARMM36m force fields (62), respectively. Further
details are provided in S/ Appendix, Text.

Data, Materials, and Software Availability. The atomic coordinates and
cryo-EM reconstructions have been deposited in the Protein Data Bank under
PDB ID 7WHA (with ADP-BeF;’) and 7XHB (with ADP), and EMDataBank under
ID EMD-33192 (with ADP-BeF, ) and EMD-33193 (with ADP). Essential study data
are included in the article and/or S/ Appendix. Additional data and materials are
available from the corresponding authors upon reasonable request.
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