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Abstract  21 

Protein translocation across cell membranes is a ubiquitous process required for protein 22 

secretion and membrane protein insertion. In bacteria, this is mostly mediated by the 23 

conserved SecYEG complex, driven through rounds of ATP hydrolysis by the cytoplasmic 24 

SecA, and the trans-membrane proton motive force. We have used single molecule 25 

techniques to explore SecY pore dynamics on multiple timescales in order to dissect the 26 

complex reaction pathway. The results show that SecA, both the signal sequence and mature 27 

components of the pre-protein, and ATP hydrolysis each have important and specific roles in 28 

channel unlocking, opening and priming for transport. After channel opening, translocation 29 

proceeds in two phases: a slow phase independent of substrate length, and a length-dependent 30 

transport phase with an intrinsic translocation rate of ~40 amino acids per second for the 31 

proOmpA substrate. Broad translocation rate distributions reflect the stochastic nature of 32 

polypeptide transport.  33 
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Introduction 34 

Protein secretion is essential for life; responsible for the delivery of proteins to and across the 35 

cell surface. The major route for this process is by way of the ubiquitous Sec machinery, 36 

comprising at its core a heterotrimeric complex: SecYEG in the plasma membrane of bacteria 37 

and archaea, and Sec61 in the eukaryotic Endoplasmic Reticulum (ER). Pre-proteins are 38 

targeted to the Sec machinery with the aid of an N-terminal Signal Sequence (SS) or a Trans-39 

Membrane Helix (TMH), and translocated through the Sec machinery in an unfolded 40 

conformation (Arkowitz et al., 1993). This can occur either during their synthesis (co-41 

translationally), or afterwards (post-translationally); in the latter case, pre-proteins are 42 

prevented from folding by cytosolic chaperones, such as SecB in bacteria  (Kumamoto and 43 

Beckwith, 1983; Weiss et al., 1988). Bacterial inner membrane proteins are generally 44 

secreted co-translationally, while proteins destined for the periplasm, outer membrane or the 45 

extra-cellular medium, tend to follow the post-translational route, driven there by the ATPase 46 

SecA (Hartl et al., 1990; Brundage et al., 1990; Lill et al., 1989).  47 

The protein-channel is formed through the centre of SecY, between two pseudo-symmetrical 48 

halves, each containing five TMHs (Figure 1) (Cannon et al., 2005; Van den Berg et al., 49 

2004). When at rest the channel is kept closed by a short, usually -helical plug and a ring of 50 

six hydrophobic residues, which serves to prevent ion leakage and dissipation of the Proton 51 

Motive Force (PMF) (Figure 1A) (Saparov et al., 2007). Separation of these domains opens a 52 

channel across the membrane (secretion) as well as a Lateral Gate (LG) for SS docking and 53 

membrane protein insertion (Figure 1B). Activation is achieved by the ribosome nascent 54 

chain complex (Jomaa et al., 2016; Voorhees and Hegde, 2016), or by association of pre-55 

protein and SecA (Corey et al., 2016b; Lill et al., 1989). 56 

Despite numerous protein structures of the bacterial, archaeal and eukaryotic Sec systems, 57 

(see (Collinson et al., 2015) and references therein), no consensus has yet emerged for the 58 

dynamic mechanism underlying translocation. Certainly, the bacterial initiation complex: pre-59 

protein-SecA-SecYEG, undergoes a series of conformational changes prior to translocation. 60 

This involves the intercalation of the SS into the LG of SecY – at the interface with the lipid 61 

bilayer, between TMHs 2 and 7 (Figure 1B) (Briggs et al., 1986; Hizlan et al., 2012; Li et al., 62 

2016; McKnight et al., 1991). This in turn causes TMH7 to relocate and the plug to become 63 

displaced from the channel, in a process termed ‘unlocking’ (Corey et al., 2016b; Hizlan et 64 

al., 2012). Meanwhile, the association of SecA causes a partial opening of the channel and 65 
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the mobilisation of the pre-protein cross-linking domain of SecA, which forms a clamp 66 

around the translocating pre-protein (Zimmer et al., 2008). Together, these steps lead to full 67 

activation of the SecA ATPase and prime the channel to translocate the remainder of the pre-68 

protein. However, the order of events, energy requirements and kinetics of these steps have 69 

yet to be resolved. 70 

There is less agreement in the field as to the processive nature of translocation per se. Two 71 

principal models have been proposed: (1) a processive power-stroke in which a fixed length 72 

of substrate is transported for each ATP molecule hydrolysed by SecA (Erlandson et al., 73 

2008; Zimmer et al., 2008); and (2) a Brownian ratchet model whereby passive diffusive 74 

motion is conferred directionality by gating at the expense of ATP hydrolysis (Allen et al., 75 

2016; Liang et al., 2009a). Recent studies favour at least some element of diffusion: 76 

previously, we proposed a ‘pure’ ratchet model, in which the free energy available from ATP 77 

binding and hydrolysis at SecA drives a Brownian ratchet at the SecY LG (Allen et al., 78 

2016), while others have suggested a hybrid power stroke/diffusion model, in which ATP 79 

hydrolysis generates a power stroke (‘push’) on the polypeptide, followed by diffusion 80 

through the pore (‘slide’) (Bauer et al., 2014). This marks a shift from purely power stroke 81 

models based on static structural snapshots to a stochastic view in which intrinsic dynamics 82 

of the complex are taken into account (Corey et al., 2016a).  83 

A central problem in addressing these questions is the challenge of dissecting the rates of the 84 

various steps, and their dependence on extrinsic factors such as ATP concentration or pre-85 

protein sequence. For example, quantification of the protein translocation rate has been 86 

undermined by problems inherent to ensemble analysis of unsynchronised reactions; wherein 87 

multiple steps are convoluted into one overall measurable value; i.e. an overall translocation 88 

rate or average rate of ATP hydrolysis (Brundage et al., 1990; De Keyzer et al., 2002). 89 

Furthermore, many of these ‘translocation rates’ are estimated from only few discrete time 90 

points that are defined by the time of protease addition to degrade untranslocated substrate, 91 

which does not instantaneously quench the reaction. This situation may explain why wildly 92 

different figures have been published for the energetic cost of transport: one study proposed a 93 

single ATP to drive the passage of ~5 kDa of protein (roughly 40 amino acids) across the 94 

membrane (van der Wolk et al., 1997); while a later analysis arrived at 5 molecules of ATP 95 

hydrolysed per single amino acid transported (Tomkiewicz et al., 2006).  96 
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Here, we exploit single molecule Förster Resonance Energy Transfer (FRET) analyses – 97 

building on a previous study (Allen et al., 2016) – to dissect the mechanism of protein 98 

translocation in unprecedented detail. This approach, which utilises an array of single 99 

molecule FRET experiments sensitive to different timescales, alongside ensemble 100 

measurements, allowed us to delineate several stages of translocation: (1) SS-dependent but 101 

ATP-independent unlocking of the translocon; (2) ATP-dependent plug opening; (3) a pre-102 

processive translocation stage; (4) ATP-dependent processive translocation and (5) ATP-103 

independent, fast channel closing. This has enabled us to estimate an intrinsic, processive 104 

translocation rate of ~40 amino acids per second. The broad distribution of the processive 105 

translocation rates is consistent with the stochastic models (Allen et al., 2016); (Bauer et al., 106 

2014); (Liang et al., 2009b). 107 

 108 

Results  109 

Selection of surface residues for dye attachment  110 

Building on the successful application of single molecule FRET to follow SecYEG opening 111 

(Allen et al., 2016), we utilised a similar approach to follow another key event associated 112 

with protein transport: the movement of the SecY plug during complex activation and  113 

channel opening. The plug helix is expected to relocate during activation of the channel by 114 

association of the SS and SecA, and remains open during the protein translocation process 115 

(Bieker et al., 1990; Flower et al., 1995; Hizlan et al., 2012; Li et al., 2016; Robson et al., 116 

2009a; Tam et al., 2005; Zimmer et al., 2008). Met63 (E. coli numbering) of the plug region 117 

of SecY was selected for dye attachment in order to monitor its mobility (Figure 1). As FRET 118 

is most sensitive for inter-dye distances close to the Förster radius (6 nm for Alexa Fluor 488 119 

and 594 dye pair used here), we chose the solvent-accessible residue Lys106, within the loop 120 

on the cytoplasmic side of SecY, as the reference dye attachment site (Figure 1).  121 

In order to verify the suitability of this labelling scheme, the positions accessible to the 122 

attached dyes (accessible volumes) were modelled onto the available closed and open state 123 

crystal structures of SecYEG and SecA, using a Monte Carlo protocol that checks for steric 124 

clashes (Figure 1S1A-D). The resulting inter-dye distance distributions (Figure 1 - figure 125 

supplement 1E) yielded theoretical FRET efficiency (EFRET) histograms (Figure 1 – figure 126 

supplement 1F) centred at low EFRET values (0.16-0.2) for the two open configurations 127 
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sampled here and at 0.4 with ~0.6 shoulder for the closed state. These differences are 128 

sufficient to be distinguishable by single molecule FRET; hence, M63 and K106 were 129 

mutated to cysteine in a Cys-free SecYEG variant (Deville et al., 2011) and the resulting 130 

protein was labelled with Alexa Fluor 488 and 594 maleimide dyes (the doubly labelled 131 

protein is hereafter designated SecYMKEG). Bulk transport assays utilising a model pre-132 

protein substrate (233 amino acid long variant of proOmpA; see Materials and Methods), 133 

showed that the labelled SecYMKEG was fully active for transport (Figure 1- figure 134 

supplement 2).  135 

 136 

Single molecule monitoring of plug relocation  137 

The expected EFRET signal during translocation is schematically depicted in Figure 2A. The 138 

duration (dwell time) of the open, low-FRET state is related to the duration of translocation 139 

event and thus is expected to be inversely dependent on the translocation rate, and to increase 140 

with the length of the substrate. Based on previous ensemble translocation rate estimates 141 

(Brundage et al., 1990; De Keyzer et al., 2002), the open state is expected to persist from 142 

seconds to minutes, while the rates of the transitions between the open and closed states 143 

(Figure 2A, red and blue dashed vertical lines) although unknown, are likely to be much 144 

faster. In order to capture the slow dwell times and potentially fast transitions, two 145 

complementary single molecule detection techniques were employed: confocal microscopy 146 

for detection of events on the millisecond timescale (Figure 2B) and total internal reflection 147 

(TIRF) imaging of immobilised vesicles for longer observations lasting up to several minutes 148 

(Figure 2C). The former allowed us to explore the rate of interconversion between closed and 149 

open states, whereas the latter was used to measure the duration of translocation and 150 

determine the translocation rate for individual SecYMKEG complexes. 151 

For single molecule analysis, SecYMKEG was reconstituted into 100 nm diameter 152 

proteoliposomes formed from E. coli polar lipids, at concentrations to give at most one 153 

molecule of translocon per vesicle (Allen et al., 2016; Deville et al., 2011). The SecYMKEG 154 

proteoliposomes were then either diluted to pM concentration for confocal detection (Figure 155 

2B) or immobilised onto a glass surface via a biotin:streptavidin linker and imaged using 156 

TIRF microscopy (Figure 2C). For each setup, FRET datasets were collected in the presence 157 

of all components required for translocation: precursor protein proOmpA, the ATPase SecA, 158 

the chaperone SecB and ATP.  159 
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With confocal detection, the time-dependent fluorescent intensity traces consist of a series of 160 

short signal bursts (Figure 2D) that correspond to the passage of individual vesicles through 161 

the confocal volume. The duration of each burst is limited by diffusion to a few milliseconds. 162 

Bursts were extracted from the signal traces, converted to FRET efficiencies (see Methods) 163 

and collated in a histogram (Figure 2E). The result exhibits bimodal distribution of the 164 

expected FRET efficiencies – EFRET~0.2 and ~0.4. 165 

The TIRF signal (Figure 2F) allows observation of events lasting seconds or minutes, with 166 

durations ultimately limited only by photobleaching. A photobleaching event results in a 167 

single-step, abrupt change: donor photobleaching reduces both signals to background levels 168 

(seen after approximately 90 s in Figure 2F, magenta arrow), while acceptor photobleaching 169 

changes the acceptor signal to background and the donor signal to maximum. Single-step 170 

photobleaching confirms that the trace corresponds to a proteoliposome containing a single 171 

copy of SecYMKEG labelled with one copy of each dye. FRET efficiencies are computed for 172 

each time point (up to the photobleaching event) for many traces and collated into a 173 

histogram (Figure 2G), which again exhibits a bimodal distribution with EFRET~0.2 and ~0.4. 174 

Both methods thus yield histograms that show co-existence of two states with EFRET~0.2 and 175 

~0.4-0.6, which in turn are comparable to the values predicted for the respective open and 176 

closed states (Figure 1- figure supplement 1F). The similarity of the histograms obtained by 177 

the two methods also suggests no bias in the representation of each state under steady-state 178 

conditions, irrespective of whether SecYMKEG is immobilised to a surface or placed into a 179 

freely diffusing proteoliposome in solution. The approximately equal populations of the open 180 

and closed states are a result of the steady state conditions in which complexes spend roughly 181 

an equal time unoccupied, waiting for the next initiation event (closed), or are engaged in 182 

translocation (open). As seen in the example TIRF trace in Figure 2F, the same complex 183 

undergoes multiple turnovers; yet, the experiments were performed in the absence of signal 184 

peptidase, required in vivo to liberate the secreted polypeptide from the plasma membrane. 185 

Therefore, the SS must be able to diffuse spontaneously away from the translocon and into 186 

the membrane. This is compatible with pre-protein maturation occurring late or post-187 

translocation (Josefsson and Randall, 1981). 188 

To confirm the assignment of the FRET populations to functional states, additional control 189 

experiments were performed using confocal microscopy, including: SecYMKEG alone, which 190 

was expected to be closed, was examined. Surprisingly, a peak was found in the FRET 191 
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histogram at EFRET~0.35 (Figure 2- figure supplement 1A); i.e. lower than expected for the 192 

closed state observed in the structures. However, the previous steady-state translocation 193 

reactions, showing roughly equal populations of open and closed states (Figure 2), were 194 

performed in the presence of proOmpA, ATP and excess SecA. Hence, another control, 195 

containing SecYMKEG, saturating SecA and ATP, but without proOmpA, was examined and 196 

indeed the FRET efficiency histogram reproduces that of the low FRET closed state (Figure 2 197 

- figure supplement 1B). This suggests that the fully closed state is only attained within the 198 

SecYMKEG:SecA complex, while SecYMKEG alone is either undergoing dynamic rapid 199 

exchange between open and closed states, and/or samples partially open states. Further 200 

analysis (see section on translocon unlocking below) suggests the latter is the most plausible 201 

explanation.   202 

The open state control was prepared by first saturating SecYMKEG proteoliposomes with 203 

proOmpA and SecA in the presence of saturating ATP (1mM), then rapidly quenching the 204 

translocation reaction by addition of excess AMP-PNP (5 mM) – a non-hydrolysable 205 

analogue of ATP, previously shown to keep the translocation complex intact (Deville et al., 206 

2011). This condition resulted in a FRET distribution with a peak below 0.2 (Figure 2 - figure 207 

supplement 1C), as expected for a trapped open state.  208 

The distinct, intermediate nature of the SecYEG FRET efficiency histogram (Figure 2 - 209 

figure supplement 1A) as compared to either the closed (Figure 2 - figure supplement 1B) or 210 

the open (Figure 2 - figure supplement 1C) state enabled the correction for the contribution of 211 

the 50% complexes embedded into the liposomes with their cytoplasmic face facing inwards; 212 

i.e. not able to respond to the addition of SecA and other components added to the outside of 213 

the vesicles. The corrected histograms can be readily decomposed into closed and open state 214 

contributions (Figure 2 - figure supplement 2). 215 

 216 

Fast (ms) plug opening requires ATP hydrolysis 217 

Both TIRF and confocal microscopy revealed that SecYMKEG occupies discrete closed 218 

(inactive) and open (translocating) states under steady-state conditions. While the transitions 219 

between them are seen as instantaneous within the time resolution of the TIRF method 220 

(limited by signal to 0.2 s per frame), it is possible to resolve these events with confocal data 221 

collection on the millisecond timescale. On average bursts last for only a few milliseconds 222 
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(Figure 3 - figure supplement 1A), but it is possible to take advantage of the known 223 

behaviour of single particles in dilute solutions. As illustrated in Figure 2B, highly diluted 224 

diffusing particles are likely to revisit the confocal volume within a short time, while entry of 225 

another particle in the same time frame is statistically less probable. This produces a train of 226 

closely spaced bursts (Figure 2D), which result from multiple passages of the same vesicle 227 

through the confocal volume – a phenomenon called recurrence (Figure 2B) (Hoffmann et al., 228 

2011). When the diffusion coefficient of the vesicles, the size and shape of the confocal 229 

volume and concentration are taken into account, the probability of recurrence of the same 230 

proteoliposome can be estimated (Figure 3 - figure supplement 1B). In our experiments this 231 

likelihood remained high (P > 0.9) for up to 80 ms, allowing us to extend the observation 232 

window. Therefore, the experimental setup provides a large window in which bursts are 233 

likely to be generated by the same labelled SecYMKEG as it enters and re-enters the confocal 234 

volume.  235 

We exploited this phenomenon to follow transitions during translocation initiation with the 236 

help of Recurrence Analysis of Single Particles (RASP, (Hoffmann et al., 2011)), which is 237 

schematically depicted and described in Figure 2 - figure supplement 3. In essence, this 238 

analysis results in a two-dimensional histogram (Figure 2 - figure supplement 3 bottom) 239 

which represents frequencies of transitions between E1 and E2 states with the given time 240 

window. Any off-diagonal densities (i.e. E1 ≠ E2) within such plot indicate that a change of 241 

state is taking place within the set time window (set at 50 ms in Figure 2 - figure supplement 242 

3). This approach was applied to the translocation initiation as described below. 243 

When examining early stages in translocation we maximised the number of initiation events 244 

by starting translocation reactions in sub-saturating ATP (0.1 mM) concentrations and 245 

measuring immediately in a pre-steady state data collection (Figure 3A). Complexes that 246 

remain in the same state appear as spots along the diagonal within the 2D FRET efficiency 247 

plots (e.g. Figure 3A, top panel), while spots off the diagonal (Figure 3A, middle and bottom) 248 

represent state transitions. As the time between E1 and E2 increases (indicated in panels of 249 

Figure 3A), the probability of a state change increases. This is illustrated in Figure 3A: after 250 

1.6 ms (top panel), most of the bursts both start and end with the plug closed (EFRET~0.4), 251 

while as time increases (middle and bottom panels) progressively more complexes transition 252 

from closed to open (i.e. appear below the diagonal, see Figure 3 - figure supplement 2 and 253 

Video 1 for full time-resolved details). The population of states along the E2 axis between the 254 



10 

 

two main spots may be a result of averaging (burst duration being on the same timescale as 255 

the transition kinetics) or, alternatively, represent bona fide intermediates.     256 

The RASP approach effectively allows kinetic rate constants to be determined without the 257 

need to synchronise the sample at the single molecule level. As long as the experimental 258 

conditions assure that the transitions of interest are taking place, interconversion between 259 

different states can be quantified by collating information from many single molecule events. 260 

One way to do this is to select initial bursts with a specific E1 value, and follow the time 261 

evolution of E2. For example, to monitor plug opening, we selected bursts with starting EFRET 262 

values within a window of 0.3-0.5 (closed; centred at the E1~0.4) then plotted E2 after 263 

different times in a one-dimensional histogram (Figure 3B). At each time point, the histogram 264 

is well described by a two-state model, allowing the open and closed populations to be 265 

determined. Fitting these populations as function of time yields the rate of plug opening 266 

(Figure 3C). The rate of plug closing can be determined in the same way; both occur on a 267 

millisecond timescale.  268 

The dependence of these transition times on the concentration of ATP (or of non-269 

hydrolysable ATP analogues) was next investigated to reveal whether plug opening or 270 

closing depend on ATP binding and/ or hydrolysis. Figure 3D shows the opening time 271 

constant in the presence of SecA, SecB and proOmpA increases with decreasing ATP 272 

concentration, while closing happens on a ~10 ms timescale and does not depend on ATP. 273 

The opening time constant also converges to 10 ms in a saturating ATP concentration. The 274 

apparent concentration at which the opening process is at its half maximum rate, K50% ~56 275 

M, obtained by fitting these data, is similar that of ATPase KM ~50 M (Robson et al., 276 

2009a), suggesting that ATP hydrolysis is required for the initial plug opening. In the absence 277 

of proOmpA there are only rare spontaneous opening and closing events, with time constants 278 

that do not depend on ATP concentration (Figure 3 - figure supplement 3). In the presence of 279 

SecA, proOmpA and AMP-PNP, SecYMKEG remains in the closed state (Figure 3 - figure 280 

supplement 4). Therefore, ATP binding and hydrolysis together with pre-protein substrate 281 

engagement are needed to fully displace the plug from the channel. 282 

We also examined temperature dependence of opening and closure, over the range 15–37 ºC 283 

(288 - 310 K) for which the membrane remains fluid and SecYMKEG is active (Figure 3 - 284 

figure supplement 5). The activation energy for opening, Ea ~61 kJ/mol, is close to the value 285 

measured for SecA ATPase activity in the presence of translocating substrate or signal 286 
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peptide (66 kJ/mol), but much lower than that of SecYMKEG:SecA alone (~180 kJ/mol) 287 

(Gouridis et al., 2009). This suggests that the ATP-driven plug opening is performed by SecA 288 

in complex with SecYMKEG pre-activated by the SS. Furthermore, the plug closing exhibits 289 

significantly lower activation energy – Ea ~45 kJ/mol, which is below values reported for 290 

ATPases (60 - 70 kJ/mol) (Jenkins et al., 1999), consistent with the results shown in Figure 291 

3D that closing is independent of ATP.   292 

  293 

Translocon unlocking by the signal sequence is necessary, but not sufficient, for plug 294 

opening 295 

Next, we used RASP analysis, as described above, to further probe the determinants of plug 296 

motion. SecYMKEG alone shows considerable static heterogeneity (spread along the 297 

diagonal) and dynamics (off-diagonal spots), with a broad diffuse spot between the closed 298 

and open configurations (Figure 4A). However, judging from the absence of density at the 299 

stationary position of the open state (E1=0.2, E2=0.2 area in Figure 4A,
 
area marked with *) 300 

the open state is only transiently populated and returns to a partly open configuration 301 

(E1=0.2, E2=0.3 density region in Figure 4A, area marked with #). The transient nature of 302 

these conformational diversions is further demonstrated by only a small contribution of the 303 

open state to the equilibrium histogram in Figure 2 - figure supplement 1 (< 7%) and is 304 

consistent with low ion conductivity of SecYEG (Saparov et al., 2007). By contrast, the plug 305 

populates predominantly the expected closed state (EFRET~0.4) in a plug stabilising mutant 306 

SecYR357E (the labelled mutant designated SecYMK,R357EEG) (Figure 4 - figure supplement 1) 307 

(Tam et al., 2005). This finding is consistent with previous reports showing the plug can be 308 

localised in the open state by disulfide bond cross-linking with SecE (Harris and Silhavy, 309 

1999). These cross-links are reduced when the R357E mutant is incorporated, due to its 310 

tendency to retain the plug in the central closed position (Tam et al., 2005). Thus, the FRET 311 

distributions reflecting open and closed channel states are predictably affected by variants of 312 

SecYEG, which favour the latter. This suggests the attached dyes have not drastically 313 

perturbed the properties of the channel. 314 

Addition of SecA to SecYMKEG results in the formation of a more stable complex, with the 315 

plug predominantly residing in the high-FRET (closed) state (Figure 4B). This observed state 316 

is similar to the behaviour of the SecYMK,R357EEG variant, wherein the plug is stabilised in the 317 

central closing position, even in the absence of SecA (Figure 4 - figure supplement 1). Hence, 318 
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this conformation is most likely a result of allosteric action of SecA, rather than a simple 319 

consequence of a direct SecA interaction with the attached dyes. 320 

The active translocon was assembled by addition of proOmpA (100 aa long variant), SecB 321 

and saturating ATP to SecYMKEG:SecA. The RASP analysis at steady-state (> 5 min) shows, 322 

as expected, that the plug shifts into a predominantly open state, with some minor closing 323 

transitions represented by a smear to higher FRET along the E1 axis (Figure 4C). This 324 

behaviour is distinct from the same active complex at sub-saturating ATP concentration (0.1 325 

mM), which is much more dynamic (Figure 4D): under these conditions the FRET landscape 326 

is characterised by a significant population of the closed states transitioning to the open state 327 

(Figure 4D, off-diagonal smear along E2 axis). This confirms that plug opening is indeed 328 

dependent on ATP. 329 

It has been shown previously that the SS can unlock the translocon in trans and initiate the 330 

translocation of mature substrates, i.e. those lacking a SS (Gouridis et al., 2009). Structural 331 

studies demonstrated that this unlocking process involves SS intercalation at the lateral gate 332 

of SecY (LG, between TMH2 and TMH7, Figure 1), which can occur even in the absence of 333 

SecA (Hizlan et al., 2012). Furthermore, this association has also shown to displace the plug 334 

from the central location in SecY (Hizlan et al., 2012).  335 

The interaction of the SS and mature regions of the pre-protein with the translocon were 336 

further explored here, with respect to plug dynamics. For these experiments OmpA (i.e. 337 

proOmpA lacking a SS) and/or a synthetic peptide representative of the SS (see Methods) 338 

were added to SecYMKEG:SecA in the presence of saturating ATP for analysis of the 339 

resultant FRET landscape. The addition of OmpA and SS resulted in plug opening (Figure 340 

4E) akin to that observed for addition of proOmpA (Figure 4C). Therefore, the SS can indeed 341 

act in trans. As expected OmpA alone did not bring about plug opening (Figure 4F).  342 

Interestingly, when the SS was added to SecYMKEG:SecA in the absence of OmpA, with 343 

either ATP or AMPPNP (Figure 4G, H), or even with SecA also absent (Figure 4I) – the plug 344 

assumes a new aparently static state with EFRET ~0.25: note diagonal localisation within the 345 

E1-E2 transition density plot (Figure 4G-I)). This result could be a consequence of a bona 346 

fide new state, or dynamic averaging between two distinct states on a sub-millisecond 347 

timescale that is too rapid to resolve by RASP. In order to distinguish between these 348 

possibilities we performed Burst Variance Analysis (BVA) of the data on a sub-millisecond 349 

(0.1 ms) timescale, which can also be applied to the analysis of dynamic FRET distributions 350 
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(Torella et al., 2011). The BVA strategy sub-divides individual bursts into contiguous sub-351 

bursts consisting of a fixed number of photons, which are then compared with respect to 352 

acceptor photon variance of all sub-bursts within each burst. This variance is then compared 353 

to the theoretical shot-noise-limited variance. An empirical average variance of sub-bursts 354 

larger than the shot-noise-limited predicted variance for specific FRET regions would 355 

indicate the presence of state interconversion on the given fast burst timescale. A static 356 

example is illustrated in Figure 4 - figure supplement 2A for the SecYMKEG:SecA complex 357 

locked in the closed state. In contrast, a dynamic complex, e.g. the active translocating 358 

SecYMKEG:SecA in the presence of ATP, is shown in Figure 4 - figure supplement 2B. BVA 359 

of the SecYMKEG:SecA:SS complex and SecYMKEG:SS (Figure. 4 - figure supplement 2C, 360 

D, respectively) clearly remain static on the sub-millisecond timescale (compare with Figure. 361 

4 - figure supplement 2A, B). While we cannot rule out dynamic averaging on a faster 362 

timescale, such a scenario seems unlikely given that even the fast, ATP independent plug 363 

closure takes a few milliseconds to complete (Figure 3D) and this timescale is accessible 364 

through both RASP and BVA. Thus, we conclude that the EFRET ~0.25 is indeed a genuine, 365 

part open state. Such assignment is consistent with previous observation of increased plug 366 

crosslinking to SecE upon prolonged incubation with a pre-protein, which was interpreted as 367 

partial opening of the plug (Tam et al., 2005).  368 

The EFRET ~0.25 represents a state that is clearly distinct from the closed (0.4) and open (0.2) 369 

states and is more static than SecYMKEG alone (Figure 4A and Figure  4 - figure supplement 370 

1 and 2). We assign this newly observed intermediate state as the ‘unlocked’ configuration of 371 

the translocon, presumably characterised by the structure of SecYEG bound to the SS (Hizlan 372 

et al., 2012). The results presented here also confirm that binding of the SS is sufficient to 373 

unlock the complex (EFRET ~0.25), while full opening (EFRET ~0.2) is only achieved in the 374 

presence of complete protein substrate and ATP hydrolysis by SecA. Indeed, in the presence 375 

of non-hydrolysable AMP-PNP SecYMKEG:SecA:SecB:proOmpA remains fully closed 376 

(Figure 4J), as is the case when the SecYMKEG:SecA:SecB complex is presented with a 377 

defective SS, wherein four critical residues of the hydrophobic core were deleted 378 

proOmpA∆IAIA7-10 (Emr et al., 1980) (Figure 4K). The confirmation that the SS is alone is 379 

critical for the unlocked complex suggests that ATP hydrolysis is required for SecYEG to 380 

achieve a fully open channel and for initial intercalation of the mature region of the pre-381 

protein.  382 
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As expected, the plug stabilising mutant (SecYMK,R357EEG) fails to open in conditions that 383 

would normally promote translocation. The presence of SecA eliminates the part open 384 

ensemble (compare Figure 4L and Figure 4 - figure supplement 1A) in a fashion similar to 385 

the wt SecYMKEG:SecA (Figure 4B and J), indicating that this mutation, while located on the 386 

cytoplasmic side close to the SecA binding site, does not disrupt SecA binding. The R357E 387 

mutation was originally shown to weaken SecY dimer (Tam et al., 2005). However, under 388 

single molecule conditions (extremely low concentrations) the formation of such a dimer is 389 

unlikely.  Thus, the R357E substitution likely disrupts an allosteric path within SecYEG that 390 

is involved in the coupling ATPase cycle of SecA to the plug opening. 391 

 392 

Translocation rate and slow post-initiation stage  393 

If the low FRET state observed in the TIRF FRET traces (EFRET~0.2, Figure 2F) represents 394 

the SecYMKEG opening while the substrate is being translocated, then the duration of this 395 

state should increase with the length of the pre-protein substrate. Therefore, various length 396 

proOmpAs were prepared ranging from 100 to 683 aa (where full length proOmpA itself is 397 

354 aa; Figure 5A). All of these substrates were transported successfully into 398 

proteoliposomes as shown by ensemble translocation assays (Figure 5 - figure supplement 1) 399 

and by the stimulation of the ATPase activity of SecA (Figure 5 - figure supplement 2).  400 

TIRF traces were obtained for the proOmpA length variants, and the dwell times of the open 401 

state for each were extracted and collated into histograms (Figure 5A and Figure 5 - figure 402 

supplement 3). As expected for a stochastic process, a broad distribution of dwell times was 403 

obtained for each substrate length. However, the dwell times of the open state clearly 404 

increases with the length of the substrate (Figure 5A). By contrast, a similar analysis for the 405 

closed state (EFRET ~0.4) shows no dependence of the dwell time on the length of polypeptide 406 

chain (Figure 5 - figure supplement 4). This is not surprising: the closed state dwell time 407 

represents an average wait prior to, or between, translocation events and thus reflects the rate 408 

of assembly of the active complexes. The formation of this activated translocation complex 409 

would be expected to depend on the concentrations of individual components and other 410 

reaction conditions, which were kept constant throughout the experiments.  411 

If the dwell time of the open state is indeed measuring translocation time, then it should 412 

increase at sub-saturating ATP concentrations. As shown in Figure 5B, this is indeed the 413 
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case, and the dependence is consistent with a steady state KM ~50 M as measured for SecA 414 

ATPase (Robson et al., 2009b). Together, the dependence of the dwell time on pre-protein 415 

length and the short opening and closing times (see above), justifies the use of the open state 416 

dwell times as a proxy for the duration of individual translocation events. The duration of 417 

these events can then be combined to determine the rate at which the polypeptide is being 418 

translocated. 419 

To extract the translocation rate per residue, the dwell times were plotted as a function of the 420 

substrate length and the slope was obtained using a linear fit (ordinary least squares method 421 

using all dwell times, Figure 5A). Assuming a linear dependence of the open state dwell time 422 

on the substrate length, the slope yields the average time necessary to translocate a single 423 

amino acid. The resulting rate is ~40±6 aa/s and within statistical error is independent of 424 

cytoplasmic chaperone SecB (Figure 5A). 425 

An extrapolation of the least squares fit line to zero substrate length suggests that there is a 426 

significant fixed, length-independent dwell time component of ~5 s in the absence of SecB 427 

(Figure 5A). This may be related to a slow initial translocation phase after the channel is 428 

already opened. Alternatively, it could represent the time it takes for the plug to return to the 429 

closed state after the translocation event is complete. However, this constant dwell time 430 

decreases close to zero in the presence of SecB. As SecB acts on the cytoplasmic side, this 431 

suggests this slow phase is related to the delivery of the substrate to SecA – with SecB 432 

presumably making the initial handover and delivery of substrate more efficient. This is 433 

consistent with the observation that SecB reduces ATP consumption, as indicated by 434 

ensemble ATPase assays with SecA (Figure5 – figure supplement 2). Given the plug closure 435 

time is less than 10 ms (Figure 3D) and SecYMKEG complex alone seldom visits the open 436 

state in equilibrium (Figure 2 - figure supplement 1A) the retention of the open state after the 437 

completion of the translocation is unlikely. Hence, we assign the constant dwell time to a 438 

slow initial translocation phase, which follows ATP-driven opening of the plug and is 439 

accelerated by SecB.  440 

 441 

Discussion 442 

While structural methods can provide exquisite detail of specific intermediates in a protein 443 

reaction cycle, it is often difficult to position these snapshots in sequence and timescale to 444 
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create an understanding of biological mechanism. This is especially so when dealing with 445 

multi-subunit membrane protein assemblies with complex substrates like biopolymers. 446 

Likewise, it is difficult to observe and characterise intermediates in complex reaction cycles 447 

that cannot be synchronized. Single molecule techniques are able to overcome both of these 448 

problems, providing high sensitivity, time-resolved detection of otherwise elusive 449 

intermediates, without the need for a synchronized reaction.  450 

Here, we have combined two complementary single molecule fluorescence techniques to 451 

examine the process of pre-protein translocation through the bacterial translocon on 452 

timescales ranging from sub-milliseconds to minutes. A judiciously placed pair of reporter 453 

dyes on the SecY plug and a cytoplasmic reference site allowed us to exploit FRET changes 454 

to monitor opening and closing of the channel and to detect intermediates in the translocation 455 

process. We can now present a full cycle of events and intermediates starting from the resting 456 

state via the already known unlocked translocon (Hizlan et al., 2012) through a new, ATP-457 

dependent plug opening, followed by a slow translocation phase and rapid closure (Figure 6).   458 

The single molecule analysis revealed considerable dynamics of the plug within the resting 459 

translocon (state (2) in Figure 6); consistent with observed variations of its position within 460 

the SecYEG complex (Van den Berg et al., 2004; Tanaka et al., 2015; Li et al., 2016; Zimmer 461 

et al., 2008). RASP analysis revealed spontaneous fluctuations on the millisecond timescale 462 

as evidenced by a broad range of states accessible (Figure 4A), but showed a more stable 463 

closed state when bound to SecA (Figure 4B). This phenomenon might help retain the 464 

channel seal while the SecYEG complex is partially opened by SecA just prior to unlocking 465 

and substrate entry (state (1) in Figure 6) (Zimmer et al., 2008).  466 

Biochemical and structural methods have described an activation, or ‘unlocking’, of the 467 

protein channel by the SS (Corey et al.; Gouridis et al., 2009; Hizlan et al.). We show here 468 

that the SS alone is sufficient to partially displace the plug, but not to fully open the channel. 469 

For this, the SS and the succeeding stretches of the mature polypeptide chain need to engage 470 

the channel, in conjunction with SecA (Tsirigotaki et al., 2018). Crucially, we show that this 471 

state also requires ATP hydrolysis when SS is presented as part of pre-protein (states (3) and 472 

(4) in Figure 6). 473 

The ATP dependence of the rate of channel opening (KM  ~50 M) and its apparent activation 474 

energy (61 kJ/mol) mirror that of the activated SecA ATPase (Gouridis et al., 2009; Robson 475 

et al., 2009b). These combined observations suggest that the rate-limiting steps of channel 476 
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opening and the hydrolytic cycle of ATP are identical. The simplest explanation is that the 477 

initial rate-limiting step is the ATP driven intercalation of pre-protein into the channel, 478 

forcing the SS and N-terminal hairpin of the mature sequence towards the periplasm with 479 

concomitant displacement of the plug (transition (4) to (5) in Figure 6).  480 

Following the fast channel opening and substrate intercalation, a slow phase (up to 5 s in the 481 

absence of SecB), independent of substrate length takes place (transition (5) to (6) in Figure 482 

6). During this phase, the plug is already opened but translocation might be arrested or is very 483 

slow. This phase could be associated with a slow conformational re-arrangement of the 484 

translocon, e.g. repositioning of the SS within the LG or threading of the initial loop more 485 

completely through the translocon. Given that the duration of this phase is reduced 486 

significantly by SecB on the cytoplasmic side of the membrane, we speculate that the slow 487 

phase might be related to the unfolding of residual structure in the polypeptide substrate by 488 

the SecA:SecB complex, making the initial delivery of the substrate to SecA more efficient. 489 

In the absence of SecB this might require multiple rounds of ATP hydrolysis with little 490 

translocation achieved. This is further supported by the higher consumption of ATP by short 491 

polypeptide substrates (Figure 5 – figure supplement 2), the increased ATP utilization 492 

efficiency for such substrates in the presence of SecB (Figure 5 - figure supplement 2) and 493 

the previously observed compensatory genetic link between the SecA and SecB genes (Cook 494 

and Kumamoto, 1999).  495 

The slow phase is followed by a substrate chain length-dependent phase, which occurs at an 496 

average rate of ~40 aa/s (state (6) to (7) in Figure 6). For each length of substrate, the 497 

distributions of rates vary considerably (Figure 5A), as expected for a stochastic or diffusion 498 

mediated process involving long heterogeneous substrates and is consistent with previously 499 

proposed models (Allen et al., 2016; Bauer et al., 2014). The rate of processive translocation 500 

is higher than the previously reported value of ~30 aa/s which were also estimated using 501 

proOmpA substrates with various chain lengths, but in the absence of SecB (De Keyzer et al., 502 

2002; Tomkiewicz et al., 2006). The difference is readily explained by the slow translocation 503 

phase, which is substantial only in the absence of SecB. In the presence of SecB the rate 504 

estimated here would support transport of typical individual precursors (100 to 1,000 amino 505 

acids) within 25 s which is close to the previously estimated transport requirements (~20 s 506 

per substrate) in rapidly dividing E. coli cells (Brundage et al., 1990). 507 
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Channel closure monitored by the relocation of the plug is fast (<10 ms) and ATP 508 

independent. Hence, it does not seem to impose any limitation on the overall translocation 509 

efficiency (state (7) to (8) in Figure 6). Evidently, a single translocon is capable of multiple 510 

rounds of translocation, at least for proOmpA, even in the absence of signal peptidase. This 511 

suggests that the signal peptide together with the rest of the substrate is able to diffuse from 512 

the translocon and does not perturb plug closure (state (8) to (1) in Figure 6).   513 

In summary, we have devised a novel single molecule assay that allowed the determination of 514 

the intrinsic rate of polypeptide translocation for the first time. We have also characterised 515 

previously known steps in the initiation of translocation and discovered new stages in the 516 

reaction, all of which were mapped onto the overall cycle of translocation. Together the 517 

results provide a refined framework for understanding the molecular mechanism of ATP 518 

driven protein translocation that draws on the powers of single molecule measurements to 519 

unpick complex reaction mechanisms in unsynchronised systems.  520 

 521 

Methods 522 

Reagent type (species) 

or resource 

Designatio

n 

Source or reference Identifiers Additional 

information 

software, algorithm iSMS 

software 

(Preus et al., 2015) -  

doi:10.1038/nmeth.3

435 

  

software, algorithm LabView (Lee et al., 2005) -  

doi:  

10.1529/biophysj.10

4.054114 

  

software, algorithm FRETburs

ts 

(Ingargiola et al., 

2016b) - doi: 

10.1371/journal.pon

e.0160716 

  

software, algorithm photon-

hdf5 

(Ingargiola et al., 

2016a) - doi:  

10.1016/j.bpj.2015.1

1.013 

  

software, algorithm dual-

channel 

burst 

search  

(Nir et al., 2006) - 

DOI: - 

10.1021/jp063483n 

  

software, algorithm regularize (Provencher, 1982)    
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Key resource table 523 

 524 

Protein preparation 525 

Site-directed mutagenesis was performed using the QuikChange protocol (Agilent) and 526 

confirmed by sequencing. SecYMKEG, SecYMK,R357EEG, SecA, SecB and full length 527 

proOmpA were produced as described previously (Deville et al., 2011; Gold et al., 2007; 528 

Whitehouse et al., 2012). Different proOmpA lengths were produced adopting existing 529 

methods (De Keyzer et al., 2002). OmpA lacking the SS was purified as described in 530 

(Schiffrin et al., 2016)). SecYMKEG was produced in the same way as wild-type, then 531 

labelled for 45 mins on ice at 50 µM with 100 µM each of Alexa 488-C5-maleimide and 532 

Alexa 594-C5-maleimide (Invitrogen). The reactions were quenched with 10 mM DTT, and 533 

excess dye removed by gel filtration (Superdex-200, GE Healthcare, UK). Labelling 534 

efficiencies were between 75–90% for each dye, as determined using the manufacturer's 535 

quantification method and assuming a molar extinction coefficient of 70,820 cm
-1

 for 536 

SecYMKEG.  537 

 538 

Ensemble translocation assays 539 

SecYEG and SecYMKEG were reconstituted into proteoliposomes with E. coli polar lipids to 540 

a final concentration of 4.6 M and extruded to 400 nm. Classical protease protection 541 

translocation assays were performed by mixing PLs (46 nM), creatine kinase (0.1 mg/mL), 542 

creatine phosphate (5 mM), SecA (300 nM), preprotein (1 M) and, for stated reactions, 543 

SecB (10 M), in TKM buffer (20 mM Tris pH 7.5, 50 mM KCl, 2 mM MgCl2) to a final 544 

volume of 100 L. Reactions were preincubated at 25°C for 5 minutes and initiated by 545 

addition of ATP (1 mM). After 30 minutes at 25°C, 50 L of reaction was quenched in 50 L 546 

of ice cold HEPES containing protease K at 0.6 mg/mL. To ensure complete proteolysis of 547 

d inverse 

transform 

-     

DOI10.1016/0010-

4655(82)90173-4 

software, algorithm graphics: 

library 

Seaborn, 

based on 

Matplotlib  

(Hunter, 2007) -     

DOI10.1109/MCSE.

2007.55 

  



20 

 

un-translocated preprotein, samples were left to incubate on ice for 20 minutes. Proteins were 548 

then precipitated by addition of trichloroacetic acid to 20 mM and the samples were 549 

centrifuged at 15,000 g for 10 minutes. The supernatant was removed and the pellets were 550 

left to dry for two hours in a speed vacuum (LABOGENE). The pellets were resuspended in 551 

10 L 1x LDS buffer and left overnight. The following morning the samples were analysed 552 

by SDS PAGE and immunoblotting, using a C-terminal V5 epitope for detection. 553 

Ensemble ATPase assays 554 

ATPase assays were conducted using an NADH-based enzyme-linked ATP regeneration 555 

system. Reactions were prepared in TKM and contained SecYEG PLs (46 nM), SecA (300 556 

nM), NADH (200 M), and Pyruvate Kinase/Lactate Dehydrogenase from rabbit muscle 557 

(~10 units/mL, Sigma). NADH absorbance at 340 nm was monitored with a Perkin Elmer 558 

Lambda 25 spectrophotometer equilibrated at 25°C. After 5 minutes of equilibration, ATP 559 

was added to a final concentration of 1 mM and basal ATPase activity of SecA was observed. 560 

10 minutes later preprotein was added to a saturating concentration to initiate translocation. 561 

ATP hydrolysis rates were calculated from the linear phase of 340 nm absorbance decrease 562 

following addition of preprotein, indicative of steady-state SecA ATPase activity. 563 

 564 

SmFRET in msALEX TIRF configuration on immobilized proteoliposomes  565 

SecYMKEG was reconstituted into proteoliposomes (PLs) with E. coli polar lipid to a final 566 

concentration of 1.5 nM and extruded to 100 nm: at this concentration and size, most 567 

liposomes are expected to contain either 0 or 1 copy of SecYMKEG (Deville et al., 2011).  568 

PLs were immobilized on a glass supported lipid bilayer and imaged with a previously 569 

described TIRF set-up (Sharma et al., 2014) extended with msALEX illumination (Lee et al., 570 

2005). The alternation cycle consisted of 100 ms cyan (488 nm) and orange (594 nm) 571 

excitation periods, adding information about stoichiometry of dyes and thus allowed to filter 572 

out singly labelled molecules. 573 

The buffer used was TKM (20 mM Tris pH 7.5, 50 mM KCl, 2 mM MgCl2) with 1 mM 6-574 

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TROLOX) and GODCAT, 575 

enzymatic oxygen scavenging system, consisting of a mix of glucose oxidase, catalase, -D-576 

glucose (Aitken et al., 2008) to limit photobleaching. Immobilized samples were 577 

supplemented with 1 µM SecA, 10 M SecB (if present), 700 nM proOmpA (if present), 578 
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1 mM ADP or 1 mM AMPPNP or varying concentrations of ATP (unless stated otherwise in 579 

figure legend). Translocation assays under saturating ATP conditions were supplemented 580 

with an ATP regeneration system (50 g/ml creatinine kinase, 10 mM phosphocreatine). 581 

TIRF movies (200 ms resolution) were taken from samples immediately after mixing of all 582 

components directly at the microscope stage. 583 

The data were analyzed in iSMS software (Preus et al., 2015). The two channels of each 584 

image were aligned and fluorescence count traces (donor and acceptor) were extracted and 585 

raw FRET efficiencies (E) and stoichiometries (S) were computed. To eliminate 586 

contributions from complexes with single type of dye or photobleached acceptor dye, only 587 

traces with S values between 0.25 and 0.75 were selected for further analysis. Another 588 

selection criterion for molecules was anti-correlation of intensity in donor and acceptor 589 

channels. All trajectories were also checked for bleaching and blinking events. Molecules 590 

showing bleaching were used to obtain correction factors, i.e. donor leakage, direct acceptor 591 

excitation and gamma factor (Preus et al., 2015). Experiments were repeated at least three 592 

times using independent proteoliposome preparations. To construct histograms from TIRF 593 

data, we used only such TIRF time traces which showed transitions detectable by Hidden 594 

Markov Model algorithm implemented in iSMS (Preus et al., 2015), i.e. were 595 

responsive/active. This approach eliminated contribution from SecYEG complexes which 596 

were reconstituted with their cytoplasmic side facing the vesicle interior and thus inaccessible 597 

to SecA and the substrate. Corrected FRET values were used to produce histograms.  598 

 599 

Photobleaching correction 600 

Statistical distributions of dwell times were corrected for photobleaching using probability 601 

distribution of photobleaching times (Pphotobleaching) estimated from TIRF traces for each 602 

experiment. Subsequently we employed non-negative regularized iterative reconvolution of 603 

two distributions, i.e. photobleaching of individual molecules and simulated dwell time 604 

distribution to match measured data:  605 

 606 

Pmeasured = Pphotobleaching*Pestimate,       eq. 1 607 

 608 
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where Pmeasured relates to the Probability Density Function (PDF) derived from experiment, 609 

Pphotobleaching is PDF of photobleaching (estimated from data) and Pestimate is the simulated 610 

gamma distribution with scale equal to one, representing an estimate of the original data 611 

unaffected by photobleaching. The best hit was found by a least squares method as 612 

implemented in SciPy optimize python package (http://www.scipy.org/). A regularized 613 

inverse transform was used to reconstruct dwell-time histograms using non-negativity 614 

constraints (Provencher, 1982) and the reconstructed probability density function, Pestimate.  615 

 616 

µsALEX confocal experiments on freely diffusing proteoliposomes 617 

The experimental set-up used to collect µsALEX data was previously described (Sharma et 618 

al., 2014). The laser alternation period was set to 40 s (duty cycle of 40%) with intensity for 619 

the 488-nm laser ∼100 µW and the 594-nm laser intensity ∼90 W. Data were collected 620 

using Labview graphical environment (LabView™ 7.1 Professional Development System for 621 

Windows, National Instruments, Austin TX, USA) (Lee et al., 2005). Separate photon 622 

streams were then converted and stored in an open file format for timestamp-based single-623 

molecule fluorescence experiments (photon-hdf5), which is compatible with many recent 624 

data processing environments (Ingargiola et al., 2016a). 625 

Fluorescence bursts were analyzed by customized python programming scripts (see 626 

Supplementary Source Code File: Python source code for data processing and the associated 627 

Source Data) based on the open source toolkit for analysis of freely-diffusing single-molecule 628 

FRET bursts (Ingargiola et al., 2016b). The background was estimated as a function of time, 629 

respecting exponentially distributed photon delays generated by a Poisson process. In order to 630 

guarantee a maximal signal-to-background ratio, we used background dependent dual-631 

channel burst search (DCBS) (Michalet et al., 2013; Nir et al., 2006) in sliding window mode 632 

(Eggeling et al., 1998), which effectively deals with artifacts due to photophysical effects 633 

such as blinking. Further filtering was based on dye stoichiometry (S within 0.25-0.75). 634 

Three correction parameters: γ-factor, donor leakage into the acceptor channel and acceptor 635 

direct excitation by the donor excitation laser were employed and determined using 636 

polyproline standards of different length as FRET samples (Best et al., 2015; Sharma et al., 637 

2014). Corrections were applied at the population-level (Lee et al., 2005) to avoid distortion 638 

of the FRET distributions (Gopich and Szabo, 2007). 639 

http://www.scipy.org/
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Filtered bursts were then assembled into 2D E-S histograms and 1D probability density 640 

function plots were generated using library Seaborn, based on Matplotlib (Hunter, 2007). 641 

Subpopulations were fitted to weighted Gaussian mixture models using Scikit (Pedregosa et 642 

al., 2011). 643 

SecYMKEG in our study is reconstituted into liposomes, therefore 50% of all complexes 644 

inevitably end up facing the opposite orientation (with cytoplasmic side facing inwards) 645 

which is unable to bind SecA and translocate (unresponsive population). FRET distributions 646 

derived via RASP analysis were corrected for contribution from the 50% SecYMKEG in 647 

opposite orientation by subtracting appropriately scaled FRET distribution of SecYMKEG 648 

alone (see Figure 2 - figure supplement 1A for one dimensional histogram and Figure 4A for 649 

two dimensional transition plot) from the data (see Figure 2 - figure supplement 2 for 650 

illustration of the procedure). 651 

 652 

Recurrence Analysis of Single Particles (RASP) 653 

To analyze events on timescales from 100 s to ~100 ms, we employed RASP which relies 654 

on extremely diluted samples, where the probability for a molecule to return to the confocal 655 

volume is greater than the probability of a new molecule being detected (Hoffmann et al., 656 

2011). RASP extracts time resolved information for FRET subpopulations by constructing 657 

recurrence FRET efficiency histograms. These are acquired by first selecting photon bursts 658 

from a small transfer efficiency range (initial bursts) and then building the FRET efficiency 659 

histogram only from bursts detected within a precisely defined short time interval (the 660 

recurrence interval) after all selected initial bursts. Systematic variation of the recurrence 661 

interval allows determination of the kinetics of interconversion between subpopulations.  662 

The longest usable recurrence time is related by concentration and diffusion time of the 663 

observed objects and can be set based on the recurrence probability. To estimate the 664 

recurrence probability of single molecules, we employed a correlative approach (Hoffmann et 665 

al., 2011). Bursts from different and non-interacting molecules are expected to be 666 

uncorrelated. On the other hand bursts originating from the same molecule should be 667 

correlated and a “same molecule” probability Psame(�) was calculated as: 668 

 669 
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� � � � = − /� �         eq. 2 670 

 671 

where g(τ) is the burst time autocorrelation function of all detected bursts. From a fit to the 672 

data, we determined for each burst pair the probability that it originated from the same, 673 

recurring molecule, and calculated the average Psame for a subset of bursts by averaging over 674 

all corresponding burst pairs. 675 

 676 

Recurrence Transfer Efficiency Histograms 677 

To derive kinetics from RASP, we constructed transfer efficiency histograms from a set of 678 

bursts selected by two criteria. First, the bursts b2 must be detected during a time interval 679 

between t1 and t2 (the “recurrence interval”, T = (t1, t2)) after a previous burst b1 (the ‘initial 680 

burst’). Second, the initial bursts must yield a transfer efficiency, E(b1), within a defined 681 

range, ΔE1 (the ‘initial E range’). The set R of burst pairs {b1, b2} selected by these criteria is 682 

then: 683 

 684 � , = {{�  , � }| �  ∈ � , �� − ��  ∈  }    eq. 3 685 

 686 

where tb1 and tb2 are the detection times of the bursts b1 and tb2, respectively. The set of burst 687 

pairs R is the starting point for the different types of analysis presented here. A very 688 

informative way of representing the data is the FRET efficiency histogram of all values E(b2), 689 

the “recurrence transfer efficiency histogram”. 690 

 691 

Cross-peaks in 2D recurrence transfer efficiency contour plots 692 

As a visual guide we constructed 2D transition density contour plots. They were obtained 693 

from two-dimensional Gaussian KDE analysis (Scott, 1992) of burst pairs, where the initial 694 

burst and the second burst yield transfer efficiencies in range ΔE1 and ΔE2, respectively. 695 

Each plot was constructed for a certain recurrence interval T.  696 
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2D contour plots were also used to address a common issue in the analysis of transfer 697 

efficiency histograms: the determination of the number of contributing subpopulations and 698 

their peak shapes. These were answered by choosing short recurrence intervals and initial 699 

transfer efficiency ranges that represent only a single subpopulation. The significance of 700 

small populations and the properties of strongly overlapping peaks were tested with this 701 

approach. 702 

 703 

Interconversion dynamics from kinetic recurrence analysis 704 

To extract rates of interconversion between subpopulations from time-dependent recurrence 705 

E histograms, we constructed histograms for different recurrence intervals, and extracted the 706 

fraction of a subpopulation versus time. To determine the rates of interconversion, we related 707 

the change in the recurrence E histograms with increasing recurrence times to the dynamics 708 

of the interconversion process as was first shown by (Hoffmann et al., 2011).  709 

For a system populating two states A and B, we defined the probability pA (τ,ΔE1) that from 710 

the set of burst pairs R(ΔE1,T), b2 originates from a molecule in state A. pA (τ, ΔE1) was 711 

determined from global fitting the corresponding recurrence histogram and determining the 712 

ratio of the peak area corresponding to subpopulation A over the total area under the peaks 713 

corresponding to A and B (for details see (Hoffmann et al., 2011)).  714 �� �, ∆ = � � � �  ��= �, ∆ +  [ − � � � � ] ��≠ ,    eq. 4 715 

where ��= �, ∆  denotes the probability that a recurring molecule ( i = j ) is in state A, and 716 ��≠  is the probability that a newly arriving molecule ( i ≠ j ) (leading to burst b2) is in state 717 

A. ��≠  is probability of measuring a burst originating from a molecule in state A and it was 718 

determined from globally fitted areas under the corresponding peak functions extracted from 719 

a set of transfer efficiency histograms. 720 

The time dependence of ��=  is determined by the interconversion kinetics between states A 721 

and B and is defined as: 722 

��= �, ∆ = + � �� �,∆� − −       eq. 5 723 

with 724 
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�� �, ∆ =  ��� + [�� , � − ��� ] �− �,      eq. 6 725 

 726 

Here, ρA(τ, ΔE1) is the probability that a protein that emitted a burst at time 0 with a transfer 727 

efficiency in the range ΔE1 is in state A at time τ. ρA(0,ΔE1) and ���  are the corresponding 728 

initial and equilibrium probabilities, respectively. The kinetic rate constant  corresponds to 729 

the sum of the forward and backward rate constants of interconversion between A and B.  730 

Burst Variance Analysis (BVA) 731 

The BVA method is capable to identify dynamics in FRET distributions [1, 2]. The main idea 732 

of BVA is to subdivide bursts into contiguous sub-bursts consisting of a fixed number of 733 

photons (n), and to compare the variance of acceptor photons of all sub-bursts within each 734 

burst. This is later compared to the theoretical shot-noise-limited variance. An empirical 735 

variance of sub-bursts larger than the shot-noise-limited variance for a certain FRET region 736 

indicates the presence of dynamics. 737 

In a FRET subpopulation originating from static biomolecules, the sub-burst acceptor counts 738 

na have a binomial distribution, Na ∼ B(n, Ep), where n is the number of photons in each sub-739 

burst and Ep is the estimated population proximity-ratio.  740 

If Na follows a binomial distribution, the random variable Esub = Na/n, has a standard 741 

deviation reported in Eq (7). 742 

���� = �� −�� /          eq. 7 743 

In detail, BVA analysis comprises of four major steps: 1) division of individual bursts into 744 

consecutive sub-bursts containing a constant number of consecutive photons n, 2) 745 

computation of the Ep of all sub-bursts, 3) computation of the empirical standard deviation 746 

(sE) of sub-bursts Ep in each burst, and 4) comparison of sE to the expected standard deviation 747 

of a shot-noise-limited distribution for a given mean Ep (see Eq 7).  748 

If the detected FRET efficiency distribution comes from a static mixture of sub-populations 749 

characterized by distinguishable FRET efficiencies, sE of each burst is only affected by shot-750 

noise and will follow the analytical function shown in Eq (7).  751 



27 

 

On the other hand, if the observed distribution comes from molecules belonging to a single 752 

species, undergoing transition between different FRET states (over the timescale comparable 753 

to the diffusion time of molecular species of interest), sE of each burst will be larger than the 754 

expected shot-noise-limited standard deviation, and it will appear above the shot-noise 755 

standard deviation curve. Other, and preferred way, to distinguish between static and 756 

dynamic subpopulations is to compute confidence intervals using Monte Carlo algorithm 757 

described below. 758 

To calculate upper-limit confidence intervals on sE, we need to consider the sampling 759 

distribution of standard deviations, P(sE), expected for M windows of n photons. To 760 

implement the Monte Carlo approach, we simulate the sampling distribution of sshot_noise, 761 

ℎ _ � = √∑ ∑ [  
 (��� − )∑ ]  

 = �ℎ� � ≤�� <�       eq. 8 762 

, where 763 

� = ∑ ∑ ���∑= �ℎ� � ≤�� <�         eq. 9 764 

� are random variables drawn from a binomial distribution with n trials (i.e., the number of 765 

photons per each window) and PR is a probability of success. We define the resulting Monte 766 

Carlo distribution as PMC(sshot_noise). 767 

Then we use the PMC(sshot_nouse) to calculate the upper-tail confidence interval on the standard 768 

deviation, ℎ _ ��� , and test for dynamics by comparing it to the observed sE. Unless 769 

otherwise indicated, per-experiment confidence levels were set to α = .001; deviations 770 

beyond the value of sE corresponding to this level should reflect the presence of dynamics. 771 

It is important to note that we use the PR here because, regardless of the real FRET 772 

efficiency, the detected counts are partitioned between donor and acceptor channels 773 

according to a binomial distribution with success probability equal to the PR. If we used 774 

corrected FRET efficiency, calculation of variance would be biased. 775 

 776 
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Main Figure Legends 965 

Figure 1: Channel opening and helical plug motion illustrated by available high-966 

resolution structures. 967 

A: Closed SecYEG (PDB: 5AWW, (Tanaka et al., 2015)).  SecYEG (salmon) is shown 968 

embedded in a modelled membrane (grey) with the plug helix highlighted (purple). Also 969 

identified are the transmembrane helices TMH2 (pink) and TMH7 (red) that are demarking 970 

the lateral gate (LG). The structurally equivalent position of E. coli SecY residue M63 within 971 

the plug is depicted as a blue ball while a cytoplasmic side reference residue K106 is shown 972 

as a yellow ball. A side view (left) and a periplasmic view (right) are shown together with a 973 

schematic of each state (SecYEG in red, the plug in purple). The respective distances are 974 

shown as yellow double-arrow line with the dyes shown as stars (blue and yellow). 975 

B: The open state SecYEG:SecA (PDB: 5EUL, (Li et al., 2016). Colours and labelling are as 976 

in panel A, with Sec A in transparent blue and the translocated polypeptide (green) and signal 977 

sequence (SS, green with black outline). Sec A is depicted blue in the schematics. 978 

 979 

Figure 2: Monitoring plug movement by single molecule FRET.  980 

A: Expected changes in the FRET efficiency as a consequence of plug displacement during 981 

translocation. Pre-translocation, high FRET closed state (black dashed line) changes rapidly 982 

to a low FRET, open state (red dashed line) and remains open (green dashed line) until 983 

closing (blue dashed line).  984 

B: Schematic depiction of confocal (blue confocal volume) detection of freely diffusing 985 

proteoliposomes containing SecYMKEG (red) embedded in the bilayer (grey) with recurrence 986 

and diffusion paths shown as arrows.  987 

C: Schematic depiction of proteoliposome immobilized via a biotinylated lipid to a 988 

streptavidin (green) coated cover slip. Laser beam (blue) in a total internal reflection 989 

fluorescence (TIRF) mode creates a thin layer (~500 nm) of evanescent optical field close to 990 

the surface.  991 

D: Example of fluorescence time traces collected in confocal microscope (donor channel -992 

blue, acceptor channel – orange,  shown with opposite sign for clarity) containing a train of 993 
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bursts from recurrence. FRET data sets were collected under steady state translocation 994 

conditions, i.e. in the presence of short proOmpA substrate (100 aa, 700 nM), the ATPase 995 

SecA (1 M), the chaperone SecB (10 M) and 2 mM ATP.   996 

E: FRET efficiency histograms derived from confocal data (10,000 events) under steady state 997 

translocation conditions. A sum (solid black line) of two Gaussian functions (black dashed 998 

lines) approximates the experimental histograms. The histogram was corrected for 999 

contribution from the 50% SecYMKEG in opposite orientation which is unable to bind SecA 1000 

and translocate (see Methods and Figure 2 - figure supplement 2 for further details). 1001 

F: Example of TIRF fluorescence trace for translocation of proOmpA 100 aa substrate with 1002 

dwell times on the order of seconds (donor channel is blue, acceptor orange and FRET 1003 

efficiency shown in grey). The system starts in a closed state, undergoes initiation and 1004 

opening of the plug (indicated by a red star below the trace) which remains open during 1005 

translocation (green dashed line under the trace). After translocation is finished, the plug 1006 

snaps back (blue star) to seal the pore and the system remains in the closed state (black 1007 

dashed line) until another round of translocation or one of the dyes photobleaches (magenta 1008 

arrow). Note that duration of the translocation events varies and reflects the stochastic nature 1009 

of the process.  1010 

G: TIRF data histogram (300 events) collected during translocation of proOmpA 100 aa 1011 

under steady state, multiple turnover conditions as seen in panel F above. Fitting to two 1012 

Gaussians is depicted as in the panel E.  1013 

 1014 

Figure 3: Monitoring fast plug movement during initiation.  1015 

A: Two dimensional FRET efficiency contour plots (transition density plots) were obtained 1016 

from bursts collected for SecYMKEG:SecA:SecB:pOA (proOmpA 100 aa) in the presence of 1017 

0.1 mM ATP using the confocal setup. The events were classified according to initial FRET 1018 

(E1) and the burst recurrence FRET (E2) observed after the indicated time delay. Data shown 1019 

as Probability Density Function (PDF) contour plots with scale on the right.  1020 

B: RASP analysis was performed with the initial state interval of 0.4 (± 0.1). The RASP PDF 1021 

shows a rapid decreasing closed state population (red) and concomitantly increasing open 1022 
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state population (blue). Time in these RASP histograms is colour coded according to the 1023 

legend within the panel.   1024 

C: Opening (blue) and closing (red) kinetic profiles extracted by a two-state approximation to 1025 

the data in B. Solid lines represent least square exponential fitting of the data.  1026 

D: ATP concentration dependence of the opening (blue) and closing (red) transition time 1027 

constants. Open and closed state interconversion is shown schematically in the centre. 1028 

 1029 

Figure 4: Two-dimensional FRET efficiency histograms detect transitions between 1030 

states. 1031 

A: SecYMKEG alone. Transition density for delays up to 21 ms were obtained from RASP 1032 

analysis of 10,000 events. In all panels the crosshair symbols indicate positions of the open 1033 

and closed state FRET values within the E1-E2 plot. A scale bar for count contour levels is 1034 

shown in the lower right corner. A cartoon in each panel schematically depicts the 1035 

composition of the SecYEG complex and reaction conditions. In panel A the positions of 1036 

stably open state and the stationary part-open state are circled and marked with * and #, 1037 

respectively. 1038 

B: SecYMKEG:SecA in the presence of 1 mM ATP. 1039 

C: SecYMKEG:SecA:SecB:pOA in the presence of 1 mM ATP.  1040 

D: SecYMKEG:SecA:SecB:pOA in the presence of 0.1 mM ATP (sub-saturating condition). 1041 

E: SecYMKEG:SecA:SecB:OmpA (lacking SS) in the presence of SS peptide added in trans 1042 

and 1 mM ATP. 1043 

F: SecYMKEG:SecA:SecB:OmpA in the presence of 1mM ATP. 1044 

G: SecYMKEG:SecA:SecB in the presence of SS peptide and 1 mM ATP.  1045 

H: SecYMKEG:SecA:SecB in the presence of SS peptide and 1mM AMP-PNP (depicted as 1046 

ANP in the cartoon).  1047 

I: SecYMKEG in the presence of SS. 1048 

J: SecYMKEG:SecA:SecB:pOA in the presence of 1 mM AMP-PNP (ANP in the cartoon).  1049 
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K: SecYMKEG:SecA:SecB in the presence of defective (four residue deletion) SS peptide and 1050 

1 mM ATP.  1051 

L: SecYMK,R357EEG:SecA:SecB:pOA in the presence of 1 mM ATP. 1052 

 1053 

 1054 

Figure 5: Substrate length dependence of dwell times and determination of 1055 

translocation rates.  1056 

A: Dwell time dependence for open state (EFRET~0.2) on the substrate length (schematically 1057 

shown in the inset, SS depicted as orange bar) in the presence (black) or absence (red) of 1058 

SecB. Ordinary least squares (OLS) linear regression (dashed lines) on all photobleaching 1059 

corrected dwell times (see Figure 5 - figure supplement 3 for comparison of uncorrected and 1060 

corrected dwell time distributions) gave slopes corresponding to translocation rates of 1061 

39.6±6.0 aa/s (± standard error) in the absence of SecB and 39.0±6.2 aa/s in the presence of 1062 

SecB. OLS analysis of the sample with SecB resulted in an intercept close to zero (0.5±0.3 s) 1063 

while in the absence of SecB the intercept is approximately five seconds (4.7±0.3 s). Overlaid 1064 

are photobleaching corrected dwell time histograms with gamma function fits (solid lines). 1065 

Only the distributions for the longest substrate were significantly affected by photobleaching 1066 

(see Figure 5 - figure supplement 3 for comparison and Methods for description of the 1067 

deconvolution correction).  1068 

B: Average open state dwell time dependence on ATP concentration for the shortest 100 aa 1069 

proOmpA substrate in the presence of SecB. Error bars were derived from the distributions of 1070 

dwell times. The dashed line represents a steady state model with KM fixed at 50 M and an 1071 

amplitude scaled to the data (note that photobleaching precluded collection of more data at 1072 

low ATP concentrations and thus a statistically sound fit to the data could not be performed). 1073 

 1074 

Figure 6: Summary of detected plug states and initiation and translocation stages.  1075 

Colour codingμ SecYEG – red, SecA – blue, proOmpA/OmpA – thick green line, SS –green 1076 

rectangle, stationary plug – purple, plug in intermediate or transient state – magenta, lipid 1077 
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bilayer – grey.  Scissor symbol indicates substrate liberation by signal peptidase (if present). 1078 

Thin arrows indicate motion of plug and SS.  1079 

 1080 

 1081 

Supplemental Figure Legends 1082 

Figure 1 - figure supplement 1: Modelling of fluorescent dye accessible volumes. 1083 

A: Closed state (PDB: 1RHZ) (Van den Berg et al., 2004). Accessible volumes (orange for 1084 

dye attached to the reference residue and cyan for the plug probe) obtained by modelling the 1085 

dye positions when attached to the mutated residues (blue and yellow spheres) via a short C6 1086 

aliphatic linker (not shown). Ribbon colours: SecYEG (salmon), TMH2 (pink) and TMH7 1087 

(red), plug (purple).   Note that the orientation of the lateral gate (LG) is slightly different 1088 

from that shown in Figure 1 to aid visualisation of the accessible volumes. 1089 

B: As A, but for the Closed state (PDB:5AWW) (Tanaka et al., 2015).  1090 

C:  As A, but for the Open state (PDB:5EUL) (Li et al., 2016). SecA is shown in transparent 1091 

blue and SS is green.  1092 

D: As A, but for the Open state (PDB:3DIN) (Zimmer et al., 2008). SecA is shown in 1093 

transparent blue. 1094 

E: Distributions of inter-probe distances computed from the accessible volumes in panels A-1095 

D. Open states are in green (PDB: 5eul solid and 3din dashed line) while closed states are 1096 

black (PDB: 5aww solid and 1rhz dashed line).   1097 

F: Distribution of FRET efficiencies derived from the distance distributions in panel E. 1098 

Colour coding as in panel E. 1099 

 1100 

Figure 1 - figure supplement 2: Activity of dual labelled SecYMKEG in a translocation 1101 

assay.  1102 

A: Protease protection assay performed with wild-type WT SecYEG (unlabelled) and 1103 

SecYMKEG mutant  labelled with AlexaFluor dyes. A 233 amino acid N-terminal fragment of 1104 
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proOmpA was used as substrate. 10% lane corresponds to the 10% fraction of the substrate 1105 

added to the reaction and was used to quantify the amount of protected polypeptide after 1106 

quenching the reaction (lanes labelled 1 mM ATP represent triplicate samples). A negative 1107 

control reaction was performed in the absence of ATP (-ATP lane). 1108 

B: Efficiency obtained by densitometry using the density of 10% control band as an internal 1109 

standard.  Error bars represent standard deviations estimated from the three repeats in A. 1110 

 1111 

Figure 2 - figure supplement 1: 1D FRET efficiency histograms for controls.  1112 

A: SecYMKEG alone. All data were collected using the confocal setup and histograms are 1113 

fitted to a sum (solid magenta) of three Gaussians (dashed lines), of which the two minor 1114 

contributions (dashed green and black lines) had the positions and widths fixed to the values 1115 

obtained for the closed and open distributions in panels B and C, respectively. A part open 1116 

state component is shown as dashed yellow. The fit from Figure 2, panel E is shown for 1117 

reference (grey solid line). 1118 

B: SecYMKEG:SecA in 2 mM ATP. The histogram was corrected for contribution from the 1119 

50% SecYMKEG in opposite orientation which is unable to bind SecA (unresponsive 1120 

population), i.e. by subtracting appropriately scaled histogram shown in Panel A from the 1121 

data (see Figure 2 - figure supplement 2). A black dashed line represents a fit to a single 1122 

Gaussian corresponding to the closed state. The fit from Figure 2, panel E is shown for 1123 

reference (grey solid line). 1124 

C: Open state trapped by addition of 5 mM AMP-PNP to translocating 1125 

SecYMKEG:SecA:SecB:pOA:ATP. Corrected for the contribution from the unresponsive 1126 

population of SecYMKEG (see Figure 2 - figure supplement 2). A green dashed line 1127 

represents a fit to a single Gaussian corresponding to the open state. A black dashed line 1128 

represents a fit to a single Gaussian corresponding to the closed state. Solid magenta line 1129 

represents the sum of the two fitted Gaussians. The fit from Figure 2, panel E is shown for 1130 

reference (grey solid line). 1131 

 1132 

 1133 
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Figure 2 - figure supplement 2: Correction of 1D FRET efficiency histograms for 1134 

unresponsive population of SecYMKEG in opposite orientation.  1135 

FRET distributions from confocal experiment were corrected for contribution from the 50% 1136 

SecYMKEG in opposite orientation by subtracting appropriately scaled FRET distribution of 1137 

SecYMKEG alone (Figure 2 - figure supplement 1A). Top panel shows the raw histogram for 1138 

the open trapped configuration prior to the subtraction of the SecYMKEG alone data. The 1139 

bottom panel shows the subtraction result. Green dashed line depicts Gaussian fit with the 1140 

centre fixed at the value representing the open state, black dashed line depicts the closed state 1141 

envelope, yellow dashed line shows Gaussian corresponding to SecYMKEG alone, magenta 1142 

envelope is the sum of all contributing Gaussians. 1143 

 1144 

Figure 2 - figure supplement 3: RASP workflow describing how to obtain two-1145 

dimensional FRET efficiency histograms and transition density plots from fluorescence 1146 

bursts. 1147 

The top panel depicts a time trace of fluorescence counts with one train of recurring bursts 1148 

belonging to the same vesicle. For detecting transitions within a set time window (e.g. 50 ms) 1149 

an initial burst is selected (green box) and the corresponding initial FRET efficiency is 1150 

calculated from the donor and acceptor photon counts (E1). Another burst is then identified at 1151 

a time delay t (red box) within the set time window (e.g. t<50 ms and belonging to the 1152 

same burst train) and the final E2 value is computed. A point is added to the bin at the 1153 

coordinate (E1, E2) in a two dimensional histogram (lower panel). Since the same molecule 1154 

(vesicle) is being observed the point essentially represents a trajectory from E1 state to E2 1155 

state within the time t. This is repeated for all combination of identifiable pairs of bursts 1156 

within the same train and with time delays falling into the set window and then also for 1157 

separate trains and the resulting (E1, E2) pairs are collated in the two dimensional histogram. 1158 

When enough points are within the histogram it may be converted into contour plots (colour-1159 

coded heat maps) which essentially represent transition probability densities (colour scale bar 1160 

on the right hand side) for the change from FRET state E1 to E2.  1161 

 1162 

Figure 3 - figure supplement 1: Burst duration and recurrence probability.  1163 
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A: Burst width distribution for diffusing proteoliposomes. 1164 

B: Recurrence probability was obtained from data in A as described in Methods. The 1165 

recurrence time of 80 ms, corresponding to the 0.9 probability level (grey horizontal line), is 1166 

indicated by a grey vertical line. 1167 

 1168 

Figure 3 - figure supplement 2: Two dimensional transition density plots. 1169 

A detailed sampling of time resolved transition density plots shown in Figure 3A for 1170 

SecYMKEG:SecA:SecB:pOA (proOmpA 100 aa) in the presence of 0.1 mM ATP. Note a 1171 

wider scale (count contour level bar in upper left corner) was used compared with Figure 3A. 1172 

An animation is shown in Video 1 online. 1173 

 1174 

Figure 3 - figure supplement 3: Spontaneous opening and closing in the absence of 1175 

translocation substrate.  1176 

Opening (blue) and closing (red) transition times as a function of ATP concentration for 1177 

SecYMKEG:SecA:SecB in the presence of 1 mM ATP (no proOmpA). Neither opening 1178 

(average 24.3 ± 5.2 ms) nor closing (average 10.9 ± 4.4 ms) are ATP dependent. Large errors 1179 

(s.d.) are due to low number of spontaneous opening events under these conditions. 1180 

 1181 

Figure 3 - figure supplement 4: RASP derived two dimensional transition density plots 1182 

in the presence of AMP-PNP. 1183 

Time evolution of states for SecYMKEG:SecA:SecB:pOA (proOmpA 100 aa) in the presence 1184 

of 1 mM AMP-PNP.  RASP time window is indicated in each panel. The scale bar on the 1185 

lower right depicts count contour levels. 1186 

 1187 

Figure 3 - figure supplement 5: Activation energies for plug opening and closing. 1188 

Arrhenius plot of reciprocal transition times (rate constants) for the plug opening (blue) and 1189 

closing (red) under saturating 2 mM ATP concentration. Activation energy of 61.2 ± 4.5 1190 



44 

 

kJ/mol for opening was obtained from the slope of a linear approximation (blue dashed line). 1191 

The activation energy for plug closing is 45.1 ± 3.7 kJ/mol (red dashed line). 1192 

 1193 

Figure 4 - figure supplement 1: FRET characterization of SecYMK, R357EEG “closed” 1194 

plug mutant. 1195 

A: Two-dimensional FRET efficiency histograms for SecYMK,R357EEG alone. Transition 1196 

density for delays up to 21 ms were obtained from RASP analysis of 10,000 events. In all 1197 

panels the crosshair symbols indicate positions of the open and closed state FRET values 1198 

within the E1-E2 plot. A scale bar for count contour levels is shown in lower right corner, 1199 

with a schematic of the SecYEG mutant alongside.  1200 

B: Steady state FRET efficiency histogram for SecYMK, R357EEG alone decomposed into open 1201 

(0.2 - green dashed) and closed (0.4 – black dash dot and 0.6 – black dashed) contributions. 1202 

Grey solid line depicts the sum of the fitted components. 1203 

 1204 

Figure 4 - figure supplement 2: Burst variance analysis for selected states. 1205 

BVA can discriminate between static and dynamic heterogeneity. Blue dots show measured 1206 

standard deviations (SE) for all individual bursts. Due to statistical nature of these estimates 1207 

the variance values were averaged for bursts within a narrow range of E values (red 1208 

diamonds) and compared with the expected (shot noise limited) standard deviation as a 1209 

function of FRET efficiency (black dashed line). The average values significantly above the 1210 

expected value indicate dynamics on a timescale faster than the duration of the bursts (few 1211 

milliseconds). The grey lines correspond to strict confidence intervals (cfi = 99%) and 1212 

indicate that E values with variance (red diamonds) within this confidence interval represent 1213 

static FRET while those above the confidence interval reflect underlying dynamics.  1214 

A: SecYMKEG: SecA in the presence of 1 mM ATP. 1215 

B: SecYMKEG: SecA:pOA (proOmpA 100 aa) in the presence of 1 mM ATP. 1216 

C: SecYMKEG: SecA in the presence of SS and 1 mM AMP-PNP.  1217 

D: SecYMKEG in the presence of SS. 1218 

 1219 
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Figure 5 - figure supplement 1: Translocation of proOmpA constructs with different 1220 

lengths.  1221 

Reactions were performed in the presence or absence of SecB. Gel lane:  10% of starting 1222 

proOmpA loaded without protease treatment (positive and normalization control); control 1223 

without ATP, translocation mix with 1 mM ATP. Black arrows indicate the expected position 1224 

of the translocated substrate.  1225 

 1226 

Figure 5 - figure supplement 2:  Ensemble ATPase activity stimulated by proOmpA 1227 

constructs with different lengths.  1228 

Ensemble ATPase activity stimulated by proOmpA constructs with different length in the 1229 

presence (black) or absence (red) of SecB (10 µM). The rates were obtained under saturating 1230 

ATP/proOmpA conditions. The zero-length substrate represents basal ATP hydrolysis 1231 

activity by SecA alone. Standard deviations (error bars) were estimated from three 1232 

independent experiments. Note that SecB seems to decrease the translocation efficiency of 1233 

longer substrates. One plausible explanation is that SecB competes with SecA and sequesters 1234 

longer pOA in ensemble translocation assays while at the same time assisting in unfolding of 1235 

a smaller portion of SecYEG:SecA bound proOmpA, and thus accelerating the initial phase 1236 

in the single molecule assays presented in Figure 5. 1237 

 1238 

Figure 5 - figure supplement 3: Deconvolution of photobleaching effect from the dwell 1239 

time distributions for the longest 683 aa substrate.  1240 

A: Without SecB, uncorrected distributions (shown as probability density functions) are 1241 

shown in green, corrected distribution shown in red.  Solid lines represent fitted gamma 1242 

distribution functions. 1243 

B: As A, but in the presence of SecB (10 M). The corrected distribution is shown in grey (as 1244 

in Figure 5A).  Solid lines represent fitted gamma distribution functions. 1245 

 1246 

Figure 5 - figure supplement 4: Dwell time of the closed  EFRET ~0.4 state as a function of 1247 

the translocating substrate length. 1248 
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A: Without SecB. Error bars represent the standard deviation (s.d.) computed from the 1249 

distribution of the dwell times.  1250 

B: As A, but in the presence of SecB (10 M). 1251 

 1252 

Video 1:  Detailed sampling of time resolved transition density plots shown in Figure 3A. 1253 

Conditions: SecYMKEG:SecA:SecB:pOA in the presence of 0.1 mM ATP. 1254 
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