
Article

Protein translocation by the SecA ATPase occurs by
a power-stroke mechanism
Marco A Catipovic1,2, Benedikt W Bauer1,2,†, Joseph J Loparo3 & Tom A Rapoport1,2,*

Abstract

SecA belongs to the large class of ATPases that use the energy of
ATP hydrolysis to perform mechanical work resulting in protein
translocation across membranes, protein degradation, and unfold-
ing. SecA translocates polypeptides through the SecY membrane
channel during protein secretion in bacteria, but how it achieves
directed peptide movement is unclear. Here, we use single-mole-
cule FRET to derive a model that couples ATP hydrolysis-dependent
conformational changes of SecA with protein translocation. Upon
ATP binding, the two-helix finger of SecA moves toward the SecY
channel, pushing a segment of the polypeptide into the channel.
The finger retracts during ATP hydrolysis, while the clamp domain
of SecA tightens around the polypeptide, preserving progress of
translocation. The clamp opens after phosphate release and allows
passive sliding of the polypeptide chain through the SecA-SecY
complex until the next ATP binding event. This power-stroke mech-
anism may be used by other ATPases that move polypeptides.
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Introduction

Many processes in the cell involve AAA family ATPases that

perform mechanical work to remodel or relocate proteins. Examples

include hexameric ATPases, such as the p97 ATPase (Cdc48 in

yeast), which extracts proteins from membranes or tight complexes,

the Clp’s and the ATPases of the 26S proteasome, which push

polypeptides into a proteolytic chamber, and the NSF protein, which

disassembles SNARE complexes involved in membrane fusion (for

review, see Zhao et al, 2007; Bodnar & Rapoport, 2017; Ye et al,

2017; Yedidi et al, 2017). Another important member of this ATPase

family is SecA, which translocates polypeptides through the plasma

membrane in bacteria (for review, see Corey et al, 2016; Rapoport

et al, 2017; Cranford-Smith & Huber, 2018). SecA acts a monomer

(Or et al, 2005) and uses the energy of ATP hydrolysis to move its

substrates through the protein-conducting SecY channel (Economou

& Wickner, 1994). How any of these ATPases perform mechanical

work is poorly understood.

SecA is a multi-domain protein (Fig EV1A and B) with two

nucleotide-binding, RecA-like domains (NBD1 and NBD2), which

bind the nucleotide at their interface and move relative to one

another during the ATP hydrolysis cycle (Hunt et al, 2002). A two-

helix finger, consisting of two helices connected by a loop, inserts

into the cytoplasmic opening of the SecY channel (Fig EV1A and B;

Zimmer & Rapoport, 2009; Li et al, 2016). A conserved Tyr residue

within the loop contacts the translocating polypeptide chain

(Erlandson et al, 2008a; Bauer et al, 2014), which is positioned

above the SecY channel by a clamp formed by rotation of the

polypeptide-crosslinking domain (PPXD) toward NBD2 (Fig EV1B

and C).

The SecY channel is formed from three polypeptide chains (SecY,

SecE, and SecG). The large SecY subunit consists of N- and C-term-

inal halves and forms an hourglass-shaped pore. The cytoplasmic

cavity is empty, while the extracellular cavity is filled with a plug

domain. At the constriction in the middle of the membrane is a pore

ring of amino acids. During translocation, the plug is displaced (Li

et al, 2016; Fessl et al, 2018), and the polypeptide chain moves

through the pore ring across the membrane.

Several models have been proposed to explain SecA function. In

a ratcheting model (Allen et al, 2016; Corey et al, 2019), the finger

serves as a sensor for bulky amino acid residues or short a-helical
stretches of the substrate. When such a residue is encountered, SecA

converts from the ADP-bound to the ATP-bound state and the SecY

channel opens, allowing the residue to diffuse through the pore.

Following ATP hydrolysis, the channel closes, trapping the bulky

residue on the other side of the membrane. In this model, the finger

does not move relative to the channel. By contrast, in a power-

stroke model (Bauer et al, 2014), ATP binding at the NBDs would

cause the two-helix finger to interact with the polypeptide chain and

push it into the channel; following ATP hydrolysis, the finger would

disengage and allow free diffusion of the chain in either direction.

Here, the finger would undergo large movements toward and away

from the channel. In one extreme version of this model, the
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“plunging model”, large domains of SecA would reach entirely

through membrane to deliver the substrate to the other side (Econ-

omou & Wickner, 1994; Banerjee et al, 2017). As proposed,

however, the power-stroke models fail to explain how a SecA

domain would return to its starting position without erasing the

work done during its power stroke. One possibility is that the clamp

holds the polypeptide chain when the two-helix finger resets

(Zimmer et al, 2008), but this model seems to be in contradiction

with the observation that the polypeptide chain can slide back and

forth through the SecA-SecY complex (Erlandson et al, 2008b; Bauer

et al, 2014). Recent single-molecule experiments support the idea

that the clamp of SecA undergoes nucleotide-dependent conforma-

tional changes (Chada et al, 2018; Ernst et al, 2018; Vandenberk

et al, 2018), but it remains unclear whether they occur during

translocation, as the studies were performed in the absence of SecY

and translocation substrate.

Here, we use single-molecule Fӧrster resonance energy transfer

(FRET) experiments to follow conformational changes of SecA

during protein translocation. Single-molecule experiments are

required because the ATP hydrolysis cycles of all SecA molecules

cannot be synchronized in traditional biochemical assays. Our

results show that, upon ATP binding to SecA, the two-helix finger

undergoes a large conformational change that pushes the poly-

peptide into the SecY channel. When the finger resets, the clamp

tightens around the polypeptide, thus preserving the progress of

translocation. Passive sliding of the polypeptide chain occurs after

ATP hydrolysis, when the clamp opens. Our results lead to a

comprehensive model for SecA function, which may also be applica-

ble to hexameric ATPases.

Results

Experimental design

We used single-molecule FRET in combination with a reconstituted

translocation system (Fig 1A). A translocation intermediate was

generated, using purified SecA, SecYEG, and substrate. SecA and

SecY were labeled with different fluorophores, and the translocation

complex was immobilized on a glass surface via the substrate. This

strategy ensured that all components were present in each observed

complex. In contrast, if two different dyes are placed into the same

protein (Allen et al, 2016; Ernst et al, 2018; Fessl et al, 2018;

Vandenberk et al, 2018), one cannot exclude that the unlabeled

components are missing and that FRET changes are caused by the

dissociation or association of the complex, rather than by conforma-

tional changes within the complex. It should be noted that attaching

complexes to a glass surface via the SecY channel or lipids yielded

very few FRET traces, likely because substrate was absent from

many complexes. Also, complexes assembled in vivo required

ADP•BeFx during purification, which could not be substituted with

other nucleotides in the FRET experiments.

In our specific experimental setup, we introduced single

cysteines at different positions into cysteine-lacking Escherichia coli

SecA and labeled them with the acceptor fluorophore Cyanine 5

(Cy5). The donor fluorophore (Cy3) was attached to a single

cysteine introduced at different positions into cysteine-free E. coli

SecY. All SecA and SecY mutants retained translocation and ATPase

activity after labeling (Appendix Fig S1 and S2). Proteoliposomes

were then reconstituted with labeled SecYEG complex and mixed

with labeled SecA, ATP, and substrate. The substrate consisted of a

fusion of the first 175 amino acids of proOmpA, including the

N-terminal signal sequence (SS), a dihydrofolate reductase (DHFR)

domain, and a biotinylation tag. The proteoliposomes were then

attached to a coverslip by neutravidin, which interacted with both

the biotinylated C-terminus of the substrate and biotinylated poly-

ethylene glycol (PEG) molecules at the surface.

In the presence of methotrexate, the DHFR domain of the

substrate is tightly folded and too large to move through the SecA-

SecY complex, therefore preventing complete translocation of the

fusion protein (Bauer & Rapoport, 2009). Essentially, all channels

were occupied with translocation intermediate (Appendix Fig S3). In

the presence of ATP, the substrate is constantly sliding out of the

proteoliposomes and is then pushed back into the SecY channel

(Bauer et al, 2014). Thus, despite the fact that, on average, the

DHFR domain is abutting the channel, the polypeptide chain is

undergoing continuous translocation.

FRET was monitored in a flow chamber with wide field total

internal reflection fluorescence (TIRF) microscopy. As expected

from our setup, fluorescent spots were only detected on the surface

in the presence of all components (Appendix Fig S4). Alternating

excitation of Cy3 and Cy5 allowed for measurement of both FRET

between SecY and SecA, as well as direct detection of SecA. Our

experimental design ensured that both partners are present and

allowed single SecA molecules to be monitored through many

hydrolysis cycles over a period as long as 30 s, i.e., observation

times far longer than those allowed by solution FRET experiments.

Although the time resolution was limited to 33 ms per frame, this is

about 20 times faster than the duration of an ATP hydrolysis cycle

measured in bulk (Appendix Fig S2).

FRET traces were either obtained in the presence of ATP or the

nucleotide was exchanged in the flow chamber to either ADP•BeFx,

which mimicks the transition state of ATP hydrolysis, or ATPcS, a
slowly hydrolyzing ATP analog. Complexes could not be imaged in

the presence of ADP alone, as SecA binds only weakly to SecY in

the presence of this nucleotide (Bauer et al, 2014). While the fluo-

rescent spots were stable with nucleotide analogs, they rapidly

disappeared in the presence of ATP, likely because SecA dissociates

in its ADP-bound state, allowing the substrate to slide backwards in

the SecY pore until the entire proteoliposome is released from the

glass surface. We therefore added unlabeled SecA when imaging

with ATP, keeping the total concentration below the Kd of SecA

dimerization (Woodbury et al, 2002) to ensure that only active

SecA monomers are observed. The increased concentration allowed

SecA to rebind abandoned complexes before they dissociated.

Although most rebinding SecA molecules were unlabeled, some

were labeled and allowed the observation of FRET over extended

time periods.

Movement of the two-helix finger of SecA during
protein translocation

We first analyzed movements of the two-helix finger of SecA. To

this end, the donor fluorophore was placed into a periplasmic loop

of E. coli SecY (position 394) and the acceptor fluorophore into posi-

tion 809 of the two-helix finger (Fig 1B). The probes are predicted
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to be about 50 Å apart according to crystal structures obtained in

the presence of the transition state analog ADP•BeFx (Zimmer et al,

2008; Li et al, 2016). Consistent with the observation that ADP•BeFx
allows stable binding of SecA to the SecY channel, a static FRET

signal between SecA and SecY was observed in all traces (Fig 1C;

top trace). Direct excitation of the SecA-bound fluorophore showed

that SecA remained bound to the channel (bottom trace). At the end

of a trace, the acceptor fluorescence bleached in one step, and the

donor fluorescence was de-quenched (see arrow), as expected for a

FRET signal. In no case did acceptor fluorescence return, confirming

that, in the presence of ADP•BeFx, SecY-bound SecA is not

exchanged with SecA in bulk solution. The analysis of many traces

showed that the FRET ratios had a Gaussian distribution with a

mean value of 0.60 � 0.12 (Fig 1D). While distance estimates based

on FRET probes in a proteinaceous environment are unreliable due

to orientation restrictions of the fluorophores, a naı̈ve estimate using

the standard FRET equation gives a distance of 51 Å, in close agree-

ment with the structural prediction.

In the presence of ATP, SecA repeatedly bound and dissociated

from the SecY channel, as demonstrated by direct excitation of the

acceptor fluorophore (Fig 1E; bottom trace). While bleaching and

dissociation cannot be distinguished a priori in individual traces,

the imaging lifetime of individual SecA molecules in the presence of

ATP was generally shorter than in the presence of ADP•BeFx
(Appendix Fig S5), suggesting that SecA does indeed dissociate in

these traces. The FRET signal was highly dynamic when SecA was
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Figure 1. SecA’s two-helix finger makes large movements during the ATP hydrolysis cycle.

A Experimental setup to measure single-molecule FRET in translocation complexes immobilized on a surface.
B Cy5 and Cy3 fluorophores were introduced into the two-helix finger of SecA (PDB 3DIN; red space filling model; helices highlighted) at position 809 and into SecY

(blue) at position 394, respectively.
C Representative traces obtained with ADP•BeFx. The upper FRET trace was calculated from the middle traces obtained by exciting the donor fluorophore and

measuring both donor (green) and acceptor (red) fluorescence. The lowest trace was obtained by exciting the acceptor fluorophore directly. The arrow indicates a
bleaching event.

D Distribution of FRET values determined from 97 traces as in (C) fit with a Gaussian model (black curve).
E As in (C), but in the presence of ATP. Periods in which a fluorescently labeled SecA molecule is bound are indicated by gray shading.
F As in (D), but with ATP (257 traces).

Source data are available online for this figure.
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bound (top trace), alternating between high and low states with

mean FRET ratios of 0.90 � 0.09 and 0.11 � 0.08 (Fig 1F; addi-

tional examples of traces are shown in Appendix Fig S6). The high

and low FRET states likely correspond to states in which the two-

helix finger is either inserted into or withdrawn from the SecY chan-

nel. The large FRET difference indicates that the finger undergoes a

substantial conformational change, although its precise movement

cannot be deduced from the FRET values. The low FRET state

shows a significantly higher occupancy than the high FRET state

(Fig 1F). When the donor fluorophore was placed at a different posi-

tion in SecY (position 103), a markedly similar behavior was

observed (Fig EV2A–C). Again, a constant FRET level was observed

in the presence of ADP•BeFx, which matched well the estimated

inter-fluorophore distance derived from the crystal structures. As

before, in the presence of ATP, the FRET traces were dynamic

during SecA-bound periods (Fig EV2D). Histograms derived from

these traces also showed two populations at low and high FRET

levels, with a higher occupancy in the low FRET state (Fig EV2E).

To connect these FRET changes to the ATP hydrolysis cycle of

SecA, we fit the FRET traces with a hidden Markov model

(McKinney et al, 2006; Bronson et al, 2009; van de Meent et al,

2014; Fig 2A). These models employ a maximum evidence approach

to find the most likely number of structural conformations that

underlie the observed data. Individual traces were fit with an

increasing complexity of models, which were scored positively for

the closeness of their fit to the data and negatively for the number

of discrete FRET states included. In this way, the most parsimonious

model was selected that reproduces the data without evoking extra-

neous conformations (Bronson et al, 2009). This analysis confirmed

that in the presence of ADP•BeFx only one conformational state

exists, while in the presence of ATP, and with both donor positions,

the majority of traces showed two states (Figs 2B and EV2F).
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Figure 2. The two-helix finger switches between two states.

A A representative FRET trace (blue line) was obtained as in Fig 1 and fit with a hidden Markov model (black dashed line).
B Traces as in (A) obtained in the presence of different nucleotides were used to determine the number of states best fit by the Markov model.
C Transition density plot of idealized ATP FRET states obtained in (B).
D The distributions of dwell times of the low FRET states observed in ATP were fit with a single exponential (1,500 low FRET states). The inset shows average dwell time

and error, defined as the standard error based on the number of traces.
E As in (D), but with high FRET (1,656 high FRET states).
F Representative traces obtained with ATPcS. The upper FRET trace was calculated from the middle traces obtained by exciting the donor fluorophore and measuring

both donor (green) and acceptor (red) fluorescence. The lowest trace was obtained by exciting the acceptor fluorophore directly. The arrow indicates a bleaching
event.

G Distribution of FRET values determined from 168 traces as in (D) fit with a Gaussian model (black curve).

Source data are available online for this figure.
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Transitions between these idealized FRET states can also be plotted

as transition density plots (TDPs) to show how these FRET states

connect to each other (McKinney et al, 2006). Transition density

plots of idealized FRET states obtained in the presence of ATP

showed symmetry across the principal diagonal, indicating cycling

between only two FRET states (Figs 2C and EV2G). Thus, the high

and low FRET states simply interchange with each other. The distri-

bution of dwell times for the two FRET states observed with ATP

could each be fit with a single exponential and demonstrated that

the mean lifetime for the low FRET state is about twice as long as

that of the high FRET state (Figs 2D and E, and EV2H and I). The

low and high FRET states likely correspond to ADP- and ATP-bound

states, respectively, as previous experiments showed that SecA

spends most of its time during the ATP hydrolysis cycle in the ADP-

bound state (Robson et al, 2009). This assumption is consistent

with the relatively high intermediate FRET signal observed with the

transition state mimic ADP•BeFx (Fig 1C and D). Furthermore,

the sum of the high and low FRET lifetimes gives an estimate of the

overall ATP hydrolysis rate that agrees with bulk measurements

performed at the same temperature (Appendix Fig S2). Finally,

FRET experiments with ATPcS, a slowly hydrolyzing analog, also

showed two conformational states (Fig 2B), but the high FRET state

now lasted as long as the low FRET state (Fig 2F and G). Interest-

ingly, the high FRET value was close to that measured in the

presence of ADP•BeFx (0.67 � 0.11 vs. 0.6 � 0.11), suggesting that

ATPcS extends the duration of the transition state of ATP

hydrolysis.

Given that the average FRET efficiency observed for the two-

helix finger is different in the transition state of ATP hydrolysis

(ADP•BeFx) and the ADP-bound state (0.6 vs. 0.1), we asked

whether the transition between them happens before or after Pi
release. We therefore measured FRET in the presence of ADP and

Pi, as well as ADP and vanadate (Vi), a phosphate analog that binds

more stably. In both conditions, the two-helix finger was primarily

in the low FRET state (Fig EV3A–D), indicating that it withdraws

before Pi release. The two-helix finger was more dynamic in the

presence of ADP•Pi and ADP•Vi than with ADP•BeFx, either because

of increased conformational flexibility or frequent dissociation of

Pi/Vi.

Taken together, these results show that, during protein transloca-

tion, the two-helix finger of SecA undergoes a large conformational

change. It alternates between two conformations during ATP

hydrolysis: In the short-lived ATP-bound state, the finger inserts

deeply into the SecY channel and gives a high FRET signal, and in

the longer ADP-bound state, it withdraws from the pore and

produces low FRET. In the transition state, mimicked by ADP•BeFx,

the finger is in an intermediate position, but it retracts completely

following completion of ATP hydrolysis, before Pi release. Move-

ment of the two-helix finger into the channel would push the

polypeptide forward, and movement away would reset the finger for

the next cycle.

Movement of the clamp of SecA

The observation of only two states of the two-helix finger during

ATP hydrolysis requires a mechanism that prevents the finger from

dragging the polypeptide backwards when the finger moves away

from the channel. A likely candidate for holding the polypeptide

during finger resetting is the clamp, a groove formed by the rota-

tion of the PPXD toward NBD2 (Fig EV1B and C; Zimmer et al,

2008). Rotation of the PPXD can be inferred from crystal structures

of soluble SecA that show this domain at different distances from

NBD2 (Hunt et al, 2002; Osborne et al, 2004; Chen et al, 2015),

and movement of the translocating polypeptide chain through the

clamp is indicated by crosslinking experiments (Bauer & Rapoport,

2009). However, it remained unclear whether the clamp simply

forms a conduit for the translocating polypeptide chain or cycli-

cally binds and releases it during ATP hydrolysis. To test whether

the clamp undergoes nucleotide-dependent movements, we placed

the acceptor fluorophore into the PPXD (position 233) and the

donor fluorophore at position 103 in the N-terminal half of SecY

(Fig 3A and B). In the presence of ADP•BeFx, a static FRET signal

of 0.60 � 0.08 was observed (Fig 3C and D). Again, the distance

estimated with the standard FRET equation agreed well with those

measured in crystal structures (Zimmer et al, 2008; Li et al, 2016).

In the presence of ATP, we once again observed exchange of SecA

molecules on the SecY channel, and changes between two confor-

mations when SecA was bound to the channel (Figs 3E and F, and

4A and B; additional examples of traces are shown in

Appendix Fig S7). Similar results were obtained when the donor

fluorophore was moved to position 336 in the C-terminal half of

SecY (Fig EV4A–H), demonstrating that FRET changes are due to

conformational changes of the SecA clamp, rather than the chan-

nel. Experiments with the slowly hydrolyzing ATP analog ATPcS
showed an increase in the occupancy of the high FRET state

(Fig 4C and D), consistent with the clamp movements being linked

to ATP hydrolysis. The predominance of the high FRET state in

ATPcS indicates that clamp is closed during ATP hydrolysis,

though it is unclear whether the initial closure occurs during ATP

binding or hydrolysis.

Interestingly, whereas the two-helix finger adopted different

conformations in the ATP-bound state and in the transition state of

ATP hydrolysis, the clamp did not change much, as the high FRET

signal for the clamp was similar in ATP and ADP•BeFx (0.49 � 0.09

and 0.60 � 0.08). Data taken in the presence of ADP and either Pi
or Vi show that the clamp remains closed even when ATP hydroly-

sis is completed, as there was a clear bias toward the higher FRET

state in both conditions (Fig EV3E–H). The clamp remains closed

while the two-helix finger undergoes a transition to the low FRET

state, as the ratio of low to high FRET occupancy was significantly

higher for the finger than for the clamp, both with ADP•Pi and with

ADP•Vi (Fig 4E). Thus, it seems that the two-helix finger starts

moving away from the channel during ATP hydrolysis, while the

clamp remains closed and only opens after Pi is released.

Support for this model comes from comparing the kinetics of the

conformational changes of the clamp and two-helix finger. The

sums of the lifetimes of the high and low FRET states observed for

each domain were about the same (~500 ms), suggesting that they

are measurements of the same hydrolysis cycle. However, the divi-

sion of this cycle between the high and low FRET states was dif-

ferent. The high FRET state of the clamp lasted about one-fifth as

long as the low FRET state (Figs 4F and G, and EV4I and J) and

only half as long as the high FRET state of the two-helix finger

(Fig 4H), supporting the idea that the two-helix finger and clamp

move during different stages of the ATP hydrolysis cycle (Fig 5A).

Our data not only suggest that the clamp remains closed when the
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finger starts moving away from the channel, but also that the clamp

does not close until the finger has moved all the way into the chan-

nel. The latter conclusion is based on the fact that the clamp has a

shorter high FRET lifetime than the two-helix finger and that it tran-

sitions to the low FRET state later, so that the period the clamp

spends in the high FRET state is shifted relative to that of the two-

helix finger (Fig 5A). Taken together, these data lead to a model in

which the clamp is open during the power stroke of the two-helix

finger, but then closes to hold the polypeptide chain while the fin-

ger resets. However, the exact point of clamp closure remains

uncertain; the data cannot discern between closure during ATP

binding or hydrolysis.

Discussion

Our results lead to a new model for how the SecA ATPase moves

polypeptides into the SecY channel. The model combines features of

the previously proposed “push-and-slide” mechanism (Bauer et al,

2014) with an essential role for the clamp to hold the polypeptide

chain during resetting of the finger. Without this additional mecha-

nism, the bidirectional movement of the two-helix finger toward

and away from the channel would result in no net translocation, as

the finger would drag the polypeptide with it when it retracts. Thus,

clamp tightening is essential to preserve progress of the substrate

when the finger moves away from the channel.
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Figure 3. SecA’s clamp opens and closes during the ATPase cycle.

A Cy5 and Cy3 fluorophores were introduced into the clamp of SecA (PDB 3DIN; red space filling model) at position 233 and into the N-terminal half of SecY (blue) at
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B Rotated view of (A) with SecY masked except for the labeled residue 103.
C Representative traces obtained with ADP•BeFx. The upper FRET trace was calculated from the middle traces obtained by exciting the donor fluorophore and

measuring both donor (green) and acceptor (red) fluorescence. The lowest trace was obtained by exciting the acceptor fluorophore directly. The arrow indicates a
bleaching event.

D Distribution of FRET values determined from 197 traces as in (B) fit with a Gaussian model (black curve).
E As in (C), but with ATP. Periods in which a fluorescently labeled SecA molecule is bound are indicated by gray shading.
F As in (D), but with ATP (228 traces).

Source data are available online for this figure.
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Our single-molecule FRET results, together with previous bulk

solution experiments (Robson et al, 2009; Bauer et al, 2014), lead to

a model for the coupling of ATP hydrolysis by SecA with polypep-

tide translocation (Fig 5B). When ATP binds to SecA, the two-helix

finger inserts deeply into the SecY channel, pushing the polypeptide

substrate toward the extracellular side of the membrane (stage 1).

Next, the clamp closes around the polypeptide chain, with SecA’s

PPXD contacting the NBD2 through the conserved C-loop segment

(Zimmer et al, 2008; Chen et al, 2015). Contact between the C-loop

and NBD2 could trigger ATP hydrolysis, i.e., clamp closure would

occur before ATP hydrolysis (stage 2). Alternatively, the clamp

could close only during ATP hydrolysis. In the transition state of

ATP hydrolysis (stage 3), the two-helix finger has started to retract,

while the clamp is closed. After ATP hydrolysis, but before Pi
release, the two-helix finger has retracted all the way, while the

clamp remains closed (stage 4). This allows the two-helix finger to

reset without dragging the polypeptide chain backwards. After Pi
release, the clamp reopens, allowing the passive sliding of the

polypeptide in either direction (stage 5). Our model is based on

independent observations of the movements of the two-helix finger

and clamp, aligned by using complexes trapped in the transition

state of ATP hydrolysis (ADP•BeFx) or after ATP hydrolysis, but
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Figure 4. Clamp dynamics and comparison with the two-helix finger.

A FRET traces of clamp movements in the presence of different nucleotides were used to determine the number of states best fit by a Markov model.
B Transition density plot of idealized ATP FRET states obtained in (A).
C Representative traces obtained with ATPcS. The upper FRET trace was calculated from the middle traces obtained by exciting the donor fluorophore and measuring

both donor (green) and acceptor (red) fluorescence. The lowest trace was obtained by exciting the acceptor fluorophore directly. The arrow indicates a bleaching
event.

D Distribution of FRET values determined from 315 traces as in (C) fit with a Gaussian model (black curve).
E Comparison of high and low FRET state occupancy in ADP•Pi and ADP•Vi for the clamp and THF.
F The distributions of dwell times of the low FRET states observed in ATP were fit with a single exponential (1,539 low FRET states). The inset shows average dwell time

and error, defined as the standard error based on the number of traces.
G As in (F), but with high FRET (1,773 high FRET states).
H Comparison of dwell times of the high FRET states for the two-helix finger (THF) and clamp for different fluorophore positions. Errors as in (G) with significance

based on two-sample Kolmogorov–Smirnov tests with a 1% threshold. n.s.P = 0.012 (left), n.s.P = 0.681 (right); *P < 1*10�35 (between each pair of THF/clamp
mutants). 809C/394C: 1,656 high FRET states; 809C/103C: 1,349 states; 233C/103C: 1,773 states; 233C/336C: 1,778 states.

Source data are available online for this figure.
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before Pi release (ADP•Pi or ADP•Vi). Linking the FRET changes of

the two domains was also facilitated by measuring the kinetics

during ATP hydrolysis and by performing experiments in ATPcS,
which biases the system toward an ATP-bound or ATP hydrolysis

intermediate state. However, future experiments with three-color

FRET will be required to simultaneously follow the movements of

both domains.

Passive sliding of the polypeptide chain remains a major part of

the translocation mechanism (Erlandson et al, 2008b; Bauer et al,

2014), as SecA spends most of its time in the ADP-bound state

(stage 5), in which the two-helix finger is disengaged and the clamp

is open. Indeed, ADP release is rate-limiting in the ATP hydrolysis

cycle and the apo-state is exceedingly transient (Robson et al,

2009). Furthermore, in the ATP-bound state, the two-helix finger

does not interact strongly with all amino acids encountered (Bauer

et al, 2014), so that a power stroke does not always result in active

pushing. But, passive sliding in the ADP-bound state allows translo-

cation of any polypeptide segment encountered by SecA. Although

we employed a stalled translocation intermediate in our study, the

polypeptide chain is continuously sliding backwards and must be

re-inserted by SecA into the SecY channel, thus mimicking real

translocation, even if the C-terminus of the polypeptide does not

enter the channel. Backsliding in vivo might be reduced by the

membrane potential across the inner membrane, folding of the

polypeptide in the periplasm, or by binding of the polypeptide to

periplasmic proteins.

Our results argue against a proposed ratcheting model, in which

the two-helix finger makes only small movements relative to the

channel and the polypeptide chain is free to slide in the ATP-bound

state (Allen et al, 2016; Corey et al, 2019). The FRET data indicate

that the finger makes in fact very large movements, alternating

between a withdrawn conformation and one in which it inserts into

the channel. The large movements of the two-helix finger must orig-

inate from much smaller conformational changes at the interface

between the NBDs, which are propagated and amplified through a

long linker helix (Hunt et al, 2002). Whether the two-helix finger, or

any other SecA domain, moves all the way through the membrane,

as previously proposed and supported by recent crosslinking experi-

ments (Economou & Wickner, 1994; Banerjee et al, 2017) requires

further investigation, as it is difficult to see from the available crys-

tal structures how the finger could pass the SecY pore constriction.

Our in vitro experiments did not include SecDFYajC, components

that facilitate protein secretion in vivo (Pogliano & Beckwith, 1993).

Although these components are not essential, they might modify the

movements of SecA during translocation (Economou et al, 1995).

Surprisingly, the two-helix finger of SecA can be crosslinked to a

cytosolic loop in SecY without abolishing translocation activity

(Whitehouse et al, 2012). However, this loop is the longest and

most flexible on the cytosolic face of SecY and might therefore not

arrest the finger. Crosslinking to a more rigid position in SecY’s

cytosolic cavity does in fact eliminate translocation activity

(Whitehouse et al, 2012).

Hexameric ATPases that move polypeptides, such as the 19S

subunit of the proteasome, the Cdc48 ATPase, and the Clp proteins,

may use a similar mechanism as SecA. In this case, each of the six

subunits has a loop analogous to the two-helix finger of SecA, which
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Figure 5. Power-stroke model for polypeptide translocation by SecA.

A Alignment of observed FRET states with the ATP hydrolysis cycle. Two-helix FRET states are depicted in shades of blue and clamp states in shades of red. The red
gradient from low to high FRET indicates uncertainty as to the precise point of clamp closure. The subdivisions of ATP hydrolysis (wavy lines) are meant to indicate
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pushes the polypeptide chain through the central pore (Hinnerwisch

et al, 2005; Martin et al, 2008; Han et al, 2017; Puchades et al,

2017; Ho et al, 2018). Because it is difficult to separate the move-

ments of the six loops during the ATP hydrolysis cycles, even with

single-molecule experiments (Aubin-Tam et al, 2011; Sen et al,

2013; Olivares et al, 2014), monomeric SecA provides a unique,

tractable model to determine the mechanism by which ATPases

move polypeptides.

In fact, recent structures of the Plasmodium translocon of

exported proteins (PTEX) suggest an analogous model for the

Hsp101 ATPase (Ho et al, 2018). Here, a set of three pore loops

undergo similar movements as the two-helix finger of SecA during

the ATPase cycle, pushing the polypeptide chain forward. When the

loops release the substrate, other loops assume the role of SecA’s

clamp, holding the polypeptide in place and thus preventing its

backward movement. It is therefore possible that the proposed SecA

mechanism is generally employed by polypeptide-moving ATPases.

Materials and Methods

Protein expression and purification

SecA and SecY were expressed and purified as previously described

(Bauer et al, 2014). Cysteine-free SecA N95 (lacking the non-essen-

tial C-terminus; Matsuyama et al, 1990) with a C-terminal His-6 tag

and 3C protease cleavage site was cloned into a pET30b (EMD Milli-

pore, Burlington, Massachusetts) vector and expressed in BL21(DE3)

E. coli (New England Biolabs, Ipswich, Massachusetts) for 4 h at

37°C after induction at OD600 0.8 with 1 mM isopropyl b-D-1-thio-
galactopyranoside (IPTG). Cells were collected by centrifugation for

10 min at 4,000 g, resuspended in buffer A (50 mM HEPES/KOH pH

7.5, 300 mM NaCl, 15 mM imidazole, 20 mM b-mercaptoethanol

[BME]) and lysed by two passes through an EmulsiFlex-C3 (Avestin,

Ottawa, Canada) at 20,000 psi. Soluble components were separated

from the membrane fraction by centrifugation at 110,000 g for

45 min. The supernatant was bound to 2 ml Ni2+ resin, washed with

50 ml buffer B (50 mM HEPES/KOH pH 7.5, 100 mM NaCl), and

incubated overnight in 5 ml buffer B at 4°C with 5 lM 3C protease.

The flow-through was then collected and subjected to anion

exchange chromatography (HiTrap Q FF, GE Healthcare Life

Sciences, Marlborough, Massachusetts) followed by size exclusion

chromatography (Superdex 200 10/300GL, GE Healthcare Life

Sciences) in buffer C (50 mM HEPES/KOH pH 7.5, 50 mM KCl).

The three E. coli SecYEG protein components, with an N-terminal

His-6 tag on SecE, were cloned into a pBAD22 vector (ATCC,

Manassas, Virginia) under a single L-arabinose-inducible promoter.

The cells were grown to OD600 0.6 and induced for 4 h at 37°C by

addition of 10 ml 20% L-arabinose. The cells were collected, lysed,

and fractionated in the same manner as for SecA. The membrane

fraction was solubilized for 90 min in buffer D (buffer A, 10% glyc-

erol) with 1% n-dodecyl b-D-maltoside (DDM, Anatrace Inc.,

Maumee, Ohio). The extract was subjected to high-speed centrifuga-

tion at 110,000 g for 45 min. Subsequent steps were carried out in

buffers containing 0.03% DDM. The protein was bound to 1 ml

Ni2+ resin in buffer D, washed with 50 ml buffer D, and eluted in

5 ml buffer E (buffer B, 10% glycerol) with 250 mM imidazole. The

eluate was then subjected to cation exchange chromatography

(HiTrap SP FF, GE Healthcare Life Sciences) and size exclusion

chromatography (Superdex 200 10/300, GE Healthcare Life

Sciences) in buffer F (buffer C, 10% glycerol).

proOmpA(1-175)-DHFR-Avitag (proOmpA-DHFR) was cloned

into a pET30b vector and co-expressed with the biotin ligase BirA

encoded on the pBirAcm plasmid (Avidity, LLC., Aurora, Colorado).

Both vectors were transformed into BL21(DE3) E. coli and the cells

grown to OD600 0.6. Expression was induced by the addition of

1 mM IPTG and the media was further supplemented with 20 lM
D-biotin. After 2 h at 37°C, cells were collected by centrifugation

and lysed by two passes through an EmulisFlex-C3 at 20,000 psi in

Buffer A. The lysate was centrifuged for 45 min at 110,000 g, and

the insoluble pellet containing proOmpA was collected. The pellet

was incubated in buffer A with 6 M urea for 1 h at 23°C and then

centrifuged again at 110,000 g for 45 min. The supernatant was

collected and diluted with buffer A to 2 M urea before being mixed

with 1 ml High Capacity Streptavidin Agarose (Thermo Fisher Scien-

tific, Waltham, Massachusetts) for 1 h at 4°C. The beads were then

washed with 50 ml buffer C with 2 M urea before the protein was

eluted by addition of 10 ml buffer C with 6 M urea.

Protein labeling

Both SecA and SecY were labeled using the same protocol. 500 ll of
10 lM purified protein was incubated with 40 lM of tris(2-carbox-

yethyl)phosphine (TCEP) for 20 min on ice. 100 lM maleimide-

conjugated Cyanine 3 (Cy3) or Cyanine 5 (Cy5) (Lumiprobe, Hunt

Valley, Maryland) was added to the SecY and SecA, respectively,

from 10 mM stock in dimethyl sulfoxide (DMSO) and rotated over-

night at 4°C. Labeling was quenched by the addition of 10 mM 1,4-

dithiothreitol (DTT). Dye excess was then removed via gel filtration

through a 30 cm column packed with Superfine G-50 Sephadex (GE

Healthcare Life Sciences) equilibrated in buffer C for SecA or buffer

F with 0.03% DDM for SecY. The first visible dye peak was collected

and further purified by size exclusion chromatography (Superdex

200 10/300, GE Healthcare Life Sciences). Labeling efficiencies were

generally around 80% for SecA mutants and 60% for SecY mutants.

Liposome preparation and membrane protein reconstitution

Liposomes were prepared from E. coli Polar Lipid Extract (Avanti

Polar Lipids, Alabaster, Alabama). 2 mg of lipids from 25 mg/ml

chloroform stock was dried under nitrogen stream, resuspended in

500 ll diethyl ether, dried again, and stored under vacuum over-

night to remove all solvent traces. The resulting lipid film was

hydrated in 500 ll of buffer C by vortexing, followed by shaking for

1 h at 750 rpm at 23°C. This suspension was then sonicated in a

bath sonicator (Branson Ultrasonics, Danbury, Connecticut) for

30 min and subjected to 5 freeze/thaw cycles. Finally, the lipo-

somes were passed 21 times through a 50-nm polycarbonate filter

(Avestin) in a Mini-Extruder (Avanti Polar Lipids).

To reconstitute SecYEG into these liposomes, 50 ll of 4 mg/ml

liposomes was mixed with 0.4% Triton X-100 and 20 pmol (single-

molecule experiments) or 200 pmol (bulk experiments) of purified

protein. The reconstitution volume was brought to 100 ll by addi-

tion of buffer C, and the mixture was incubated for 30 min at 4°C.

Detergent was then removed by 4 sequential batches of SM-2

Bio-Beads (Bio-Rad Laboratories, Hercules, California) for 1, 4, 12,
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and 2 h. The final proteoliposomes were centrifuged for 5 min at

14,000 g to remove any insoluble material before use.

Microscope setup

The microscope used was a through-objective TIRF microscope built

on an inverted microscope body (Olympus IX71, Olympus, Tokyo,

Japan) as described elsewhere (Graham et al, 2016). Samples were

illuminated by 532 nm and 641 nm lasers (Coherent Sapphire 532,

and Cube 641, Coherent, Santa Clara, California). The beams were

expanded and focused through the rear window into the back aper-

ture of an oil immersion objective (Olympus UPlanSApo, 100×, NA

1.40). A suspended lens in front of the back microscope port

allowed for adjustment of the TIRF angle. Cy3 and Cy5 emission

was separated by a dichroic mirror (Chroma) and projected onto

two halves of an EM-CCD camera (Hamamatsu, ImageEM 9100-13,

Hamamatsu Photonics, Hamamatsu City, Japan). The field of view

was manipulated by a digitally controlled, automated microstage

(Mad City Labs Inc., Madison, Wisconsin), and the microscope

focus was manually adjusted.

Flow chamber preparation

Cover glasses (22 × 60 mm No. 1.5; Fisher Scientific, Hampton,

New Hampshire) were cleaned by four alternating 30-min washes in

ethanol and KOH, with intervening rinses in deionized water,

followed by a 10-min sonication in acetone. The glasses were sila-

nized by a 2-min treatment with 2% (3-aminopropyl)triethoxysilane

(APTES, Sigma-Aldrich, St. Louis, Missouri) in acetone, thoroughly

washed with deionized water, and heated for 30 min at 110°C.

150 mg 5 kDa methoxypolyethylene glycol–succinimidyl valerate

(mPEG-SVA) and 2.5 mg 5 kDa biotin-PEG-SVA (both Laysan Bio,

Arab, Alabama) were dissolved in 1 ml of 100 mM NaHCO3 pH 8.2.

100 ll of the PEG solution was sandwiched between pairs of

cleaned cover glasses and incubated at room temperature for 4 h.

Glasses were then separated, washed thoroughly with deionized

water, and stored under vacuum.

Flow chambers were constructed by sandwiching rectangles of

double-sided Kapton tape (Bertech, Torrance, California) with

5 × 15 mm slits cut into them between cleaned cover glasses and

2.5 × 2.5 × 0.5 cm quartz glass blocks (Quartz Scientific Inc., Fairport

Harbor, Ohio). To allow perfusion of the chambers, tubing (PFTE #24;

Cole-Parmer, Vernon Hills, Illinois) was inserted through holes drilled

10 mm apart in the quartz and sealed by epoxy. Before use, flow

chambers were flushed with 500 ll of buffer G (50 mM HEPES/KOH

pH 7.5, 50 mM KCl, 5 mM MgCl2, 8 mM protocatechuic acid [PCA,

Santa Cruz Biotechnology, Dallas, Texas], 200 nM protocatechuate

3,4-dioxygenase [PCD, Sigma-Aldrich], 20 mM BME, 0.2 mg/ml

bovine serum albumin [BSA, New England Biolabs], 10 mM

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid [Trolox,

Sigma-Aldrich]), and then incubated with 0.5 mg/ml neutravidin

(Thermo Fisher Scientific) in buffer G for 30 min. Unbound neutra-

vidin was removed by a second wash with 500 ll of buffer G.

Single-molecule FRET complex assembly and surface tethering

Translocation intermediate complexes were assembled in bulk by

mixing 20 nM Cy3-labeled SecYEG proteoliposomes, 20 nM

Cy5-labeled SecA, 1 lM proOmpA(1-175)-DHFR-biotin with 5 mM

ATP, and 50 lM methotrexate (MTX, Sigma-Aldrich) in 50 ll buffer
H (50 mM HEPES/KOH pH 7.5, 50 mM KCl, 5 mM MgCl2, 20 mM

BME, 0.02 mg/ml BSA). Reactions were incubated for 10 min at

37°C while shaking at 650 rpm in a Thermomixer R (Eppendorf,

Germany). When indicated, 1 mM ADP•BeFx, 1 mM ADP and Vi

(sodium orthovanadate, New England Biolabs), 5 mM ATPcS (Jena

Bioscience, Jena, Germany), or 1 mM ADP and Pi were added after

the initial 10 min, along with 1 U of hexokinase (Roche Applied

Science, Germany) and 20 mM glucose, and incubated for an addi-

tional 5 min. Assembled complexes were diluted 1:20 in buffer G

supplemented with 50 lM MTX and 5 mM ATP, 1 mM ADP•BeFx,

1 mM ADP•Vi, 5 mM ADP•Pi, or 5 mM ATPcS. 20 nM unlabeled

SecA was added at this point during ATP experiments. The diluted

reactions were added to flow cells and incubated for 5 min at 23°C.

Unbound protein was then washed out with 500 ll of buffer G

containing 50 pM Cy5-labeled SecA, 50 lM MTX, and 5 mM ATP,

1 mM ADP•BeFx, 1 mM ADP•Vi, 5 mM ADP•Pi, or 5 mM ATPcS.
ATP reactions also contained 1 nM unlabeled SecA and an ATP

regeneration system consisting of 8 mM phosphocreatine and

50 ng/ml creatine kinase (Sigma-Aldrich).

Single-molecule imaging

The 532 nm and 641 nm lasers were set to 45 W/cm2 and 35 W/

cm2 surface density, respectively. The camera EM gain was set to its

maximal setting. The camera integration time was set to 33 ms, and

the illumination was switched between the two lasers by Uniblitz

VS14 shutters (Vincent Associates, Rochester, New York) synchro-

nized to the camera. Alternating excitation (AlEx) illumination was

used, where single frames switched between direct excitation of the

Cy3 molecules and direct excitation of the Cy5 molecules. 1,000

frames were recorded for each video, consisting of 33 total seconds.

The stage was translated and refocused between each video to find

previously unexposed, unbleached regions of the cover glass. Data

for each mutant/nucleotide combination were aggregated from

multiple videos taken from at least four separate immobilizations

collected over at least two different days.

Extraction of FRET data from videos

Initial analysis was performed in the iSMS single-molecule FRET

software suite (Preus et al, 2015) in MATLAB (MathWorks, Natick,

Massachusetts). The Cy3 and Cy5 channels of each video were

aligned by maximizing the co-localization of fluorescence spots

projected on each half of the camera field of view. Raw fluorescence

traces were extracted from co-localized spots by fitting a five-pixel-

diameter circular aperture function to each spot and integrating the

intensity within the circle. A mean background signal calculated

from a ring of pixels with a 10 pixel diameter centered on each fit

spot was subtracted from the integrated intensity. These raw traces

were filtered to select complexes with 1:1 SecA:SecY stoichiometry

as evidenced by single-step photobleaching, as well as clear anti-

correlated FRET behavior either within a trace or in response to

acceptor bleaching. In general, each video had roughly 25 mono-

meric SecY spots, about 15 of which co-localized with a monomeric

SecA. Of these co-localized spots, about 10–20% exhibited anti-

correlated FRET activity (Appendix Table S1). Traces were manually
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segmented to account for multiple SecA molecules binding and

dissociating within one video. Raw fluorescence was then corrected

for Cy3 bleed-through into the Cy5 channel as well as direct excita-

tion of Cy5 by the 532 nm laser. These correction factors were

calculated independently for each imaging session based on the

measured fluorescence in the Cy5 channel after Cy5 and Cy3 photo-

bleaching, respectively. A c-factor correction was also calculated for

each session based on total fluorescence in both channels before

and after acceptor bleaching. FRET was then calculated from these

corrected fluorescence traces (Lee et al, 2005).

Estimation of inter-fluorophore distances

FRET histograms were compiled by a non-weighted aggregation of

FRET values calculated from each frame prior to photobleaching/

dissociation of all traces for a given mutant/nucleotide combination.

These histograms were fit with Gaussian mixture models using the

fitgmdist() function in MATLAB. The mean and standard deviation

of Gaussian components aligned to prominent peaks were used to

calculate the estimated distances between fluorophores, using 55 Å

as a value for the Fӧrster radius between Cy3 and Cy5 (Yu et al,

1994). Calculated values were compared to inter-Ca distances

measured between corresponding amino acids in published struc-

tures of the SecA/SecY complex (PDBs 3DIN, 5EUL) using PyMol

(Schrӧdinger LLC., New York, New York). The number of traces

included in each histogram is indicated in the corresponding figure

legends.

Hidden Markov analysis

Hidden Markov model analysis of individual FRET traces was

performed in the vbFRET software suite in MATLAB (Bronson et al,

2009). This program finds the idealized parameters, including the

number, value, and transition probabilities, of FRET states for each

trace using a maximum evidence approach. The program was run

with up to 5 discrete FRET states allowed per trace using default

parameters, including 10 fitting attempts per trace, a maximum of

100 iterations per VBEM, and a convergence threshold of 10�5. The

most likely number of states represented in each FRET trace was

reported. The number of traces analyzed in this manner is the same

as the number reported for the corresponding FRET histograms.

Transition density plots were constructed from these idealized states

for ATP data by plotting the FRET value fit by vbFRET one frame

before each predicted transition against the FRET value one frame

after each prediction (McKinney et al, 2006). Transition density

plots for data in the presence of ADP•BeFx could not be plotted as

the model predicted no transitions in most traces.

Dwell time analysis

FRET states from individual traces were then grouped into consen-

sus high and low FRET states using ebFRET (van de Meent et al,

2014), again using default parameters except for a precision of 10�5.

The mean dwell times of these high and low FRET states were found

by fitting single exponential functions to the ensembles of individual

states grouped into each FRET. Since events that terminate within

the integration time of a given frame often get attributed the dura-

tion of the full frame, each data point was treated as left-censored

by up to one frame while fitting. Also, the first and last FRET state

of each trace was excluded as the state was not necessarily observed

for its full duration. A small population of long-lived, non-exponen-

tially distributed, low FRET states was truncated by limiting the

analysis to states with durations <2 s. Error on these mean lifetimes

was the standard error of the mean (SEM) based on the number of

individual traces fit by ebFRET for the given mutant/nucleotide

combination. The number of FRET states from which the dwell

times were measured is indicated in the corresponding figure

legends.

Translocation assay

Bulk translocation assays were performed on wild type and labeled

SecA and SecYEG purified in the same manner as for single-mole-

cule experiments. 35S-Met-labeled proOmpA was generated by

in vitro translation. mRNA was transcribed from linearized template

with an SP6 promoter followed by the Kozak consensus ribosome

binding site directly 50 to the proOmpA gene start codon using a

RiboMax SP6 in vitro transcription kit (Promega, Madison, Wiscon-

sin). 2 lg of transcription product RNA was mixed with 35 ll of
nuclease-treated rabbit reticulocyte lysate (Promega), 1 ll of 1 mM

amino acid mixture minus methionine (Promega), and 2 ll
(.022 lCi) of EasyTag Express S35 Labeling Mix (PerkinElmer,

Waltham, Massachusetts). Translation product was precipitated by

the addition of 150 ll saturated ammonium sulfate and resuspended

in 50 ll 6 M urea pH 6.8.

Reactions were assembled in buffer H. 100 nM SecA, and

100 nM SecYEG proteoliposomes were mixed with 1 ll of the

in vitro translation products in a 50 ll total volume. Reactions were

initiated by the addition of 5 mM ATP and incubated for 10 min at

37°C while shaking at 650 rpm. For the channel saturation experi-

ments, 1 ll of purified proOmpA-DHFR was added at varying

concentrations along with 50 lM MTX before the addition of the

in vitro translation product and incubated for an additional 10 min

at 37°C. Reactions were terminated by transfer to ice and addition of

0.4 mg/ml proteinase K, and, where indicated, 0.2% Triton X-100.

Digests were continued for 45 min and quenched with 2 mM

phenylmethylsulfonyl fluoride (PMSF). Reactions were then precipi-

tated in 10% trichloroacetic acid (TCA) and resuspended in 1X

Laemmli buffer with 300 mM Tris base. Samples were then

analyzed by SDS–PAGE. The gels were vacuum-dried, exposed to

autoradiography film overnight, and imaged by a Personal Molecu-

lar Imager (Bio-Rad).

ATPase assays

ATP activity was measured with an EnzChek Phosphate Assay Kit

(Thermo Fisher Scientific). Activity was measured with both wild-

type proteins and fluorophore-labeled mutants. 100 ll reactions

were prepared in 1× EnzChek assay buffer (Thermo Fisher Scientific)

with 200 lM 2-amino-6-mercapto-7-methylpurine riboside (MESG),

100 nM SecA, 100 nM SecYEG proteoliposomes, 0.02 mg/ml BSA,

20 mM BME, 50 lM MTX, and 1 lM proOmpA-DHFR. 0.1 U of

purine nucleoside phosphorylase (Thermo Fisher Scientific) was

added, and the reactions were incubated for 30 min at 23°C. 5 mM

ATP was then added, and the change in absorbance of 360 nm light

(OD360) was monitored over 90 min at 15-s intervals in a M5 plate
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reader (Molecular Devices, San Jose, California). Reactions were run

in quadruplicate together with a control reaction lacking ATP. The

dependence on SecA concentration was measured similarly with 0,

1, 5, 10, 25, 50, 75, 100, 150, or 200 nM SecA. A standard curve was

generated by measuring the absorbance of Pi standards (Thermo

Fisher Scientific). Average ATP consumption rates were converted to

a per molecule SecA rates using the SecA concentrations and ATPase

rates measured from the SecA titration experiment.

Data availability

Individual FRET traces for all reported experiments are included as

Source Data.

Raw video data are available as.cxd files upon request.

Expanded View for this article is available online.
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