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Materials and methods: 

Preparation of SecM-stalled RNCs for optical tweezers experiments 

 Stalled RNCs with covalently attached dsDNA oligonucleotides and N-terminally 

biotinylated nascent chains were prepared using the PURExpress Δ Ribosome Kit (New 

England Biolabs) as described (11) with several modifications. Instead of truncated 

mRNAs, RNCs were stalled at the SecM sequence. After the initial translation reaction, 

RNCs were treated with 40 μM puromycin, to release nascent chains that were not SecM-

stalled. RNCs were sedimented through a 1 M sucrose cushion in a polymix buffer 

containing 20 mM HEPES-KOH pH 7.5, 5 mM MgCl2, 0.5 mM CaCl2, 5 mM NH4Cl, 95 

mM KCl, 1 mM spermidine, 8 mM putrescine, 0.1 mM DTT, 0.01 mM PMSF and 0.1 

mM benzamidine, and stored at -80°C in the same buffer until the day of experiments.  

 

Optical tweezers experiments with SecM-stalled RNCs 

 Immediately before experiments, SecM-stalled RNCs modified with a covalently 

attached dsDNA oligonucleotide were ligated to a dsDNA oligonucleotide on a 

polystyrene microsphere, as described (11).  

To make the DNA “handle” bead needed for forming tethers, an ~2kb dsDNA 

was synthesized by PCR with a forward primer labeled with a biotin molecule and a 

reverse primer labeled with two digoxigenin molecules. The second digoxigenin provides 

additional mechanical stability when the tether is brought under tension.  Anti-

digoxigenin coated beads were incubated at room temperature with the biotin/digoxigenin 

labeled dsDNA, then with streptavidin, before injection into the optical tweezers chamber. 

Tethers were formed by bringing the two beads in close proximity to each other. Optical 

tweezers experiments were performed in a polymix buffer containing 20 mM HEPES-

KOH pH 7.5, 5 mM MgCl2, 0.5 mM CaCl2, 5 mM NH4Cl, 95 mM KCl, 1 mM 

spermidine, 8 mM putrescine, 0.1 mM DTT, 0.01 mM PMSF and 0.1 mM benzamidine, 

and either in the presence or absence of puromycin, EF-G and GTP. 

 Only tethers displaying the reversible “hopping” signature of the CaM nascent 

chain at ~7pN were considered, ensuring tethering of the desired RNCs. After a tether 

was identified, the force was raised to the force of interest. During data analysis, the time 

between raising the force and tether rupture was recorded. If tethers displayed any 



 3 

unexpected extension changes during the measurement, the molecule was not included in 

the analysis, as such extension changes might indicate mechanical disruption of some 

portion of the assembly. 

The rupture lifetimes were well described by a single-exponential, as expected for 

a single rate-determining step for the reaction. At forces below 30 pN, a fraction of the 

molecules had not ruptured by our cutoff time of 10 min. We used a right-censoring, 

single-exponential maximum-likelihood estimator (MLE) (28) to calculate the time 

constant for stalling. The reported rates of release are the reciprocals of the time constants. 

We fit the force-dependent rates to Bell’s model (15): 𝑘𝑘(𝐹𝐹) = 𝑘𝑘0eΔ𝑥𝑥‡F/k𝐵𝐵𝑇𝑇 with F = 

force, kB = Boltzmann constant, T = absolute temperature. 

 

Puromycin, EF-G and GTP concentration in optical tweezers experiments 

 For optical tweezers experiments, we used puromycin dihydrochloride from 

Sigma-Aldrich. According to the manufacturer, λmax = 266-270 nm and  

ε = 18.5-20.5 cm-1mM-1. Using the middle value for both parameters (λmax = 268 nm and 

ε = 19.5), we estimate our puromycin concentration at 411 μM. Using the Michaelis-

Menten parameters for puromycin reactivity of the posttranslocation state (29), we 

estimate a rate of 1.9 s-1 for the puromycin reaction, several orders of magnitude faster 

than the restart rates measured in the optical tweezers experiments. 

 EF-G was added to a final concentration of 1 μM. Using the Michaelis-Menten 

parameters for EF-G catalyzed translocation (30), we estimate a rate of 1.1 s-1 for 

translocation, also several orders of magnitude faster than measured restart rates. GTP 

was added to a final concentration of 1 mM.  

 

In vivo arrest release 

Plasmids for expression of the GFP reporter constructs shown in Figure 2A were 

generated in the following way: Oligonucleotides encoding linker sequences from 4 to 28 

amino acids in length connecting Top7 and SecM17 were assembled as shown in Figure 

S7. A plasmid was created that encodes Top7, SecM17 and GFPuv under the control of a 

T7 promoter. SapI restriction sites were introduced near the 3' end of the Top7 coding 
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sequence and near the 5' end of the SecM17 coding sequence. Digestion of this plasmid 

with SapI leaves 3-nucleotide overhangs that are compatible with the terminal overhangs 

of the oligonucleotides encoding the linker sequences. Thus, the procedure yields a 

collection of plasmids that encode Top7 followed by a 4 - 28 amino acid linker sequence 

(in one amino acid increments; see Figure S7 for details) that connects to the SecM17 

sequence followed by GFPuv. 

The plasmid collection was transformed into Lemo21(DE3) cells (New England 

Biolabs) according to the manufacturer's instructions. Transformed bacteria were spread 

on LB agar plates containing 100 µg/ml ampicillin (for maintenance of the Top7-

SecM17-GFP expression construct), 30 µg/ml chloramphenicol (for maintenance of the 

Lemo system) and 500 µM of each isopropyl β-D-1-thiogalactopyranoside and L-

rhamnose to induce expression at appropriate levels. Colonies were grown for 30-40 

hours at room temperature and plates were imaged under UV-illumination. A fraction of 

the clones exhibited green fluorescence. Blue autofluorescence was observed for colonies 

that did not exhibit green fluorescence. 

We analyzed plasmid DNA sequences for a set of colonies that were picked based 

on their green fluorescence under UV illumination (Figure 2D). To obtain the distribution 

of linker lengths irrespective of green fluorescence (Figure S9), we picked colonies after 

growing them under repressive conditions. For analysis of plasmid DNA, individual 

colonies were subjected to colony PCR using primers that bind in the T7 promoter region 

of the plasmid (forward primer) and in the GFPuv coding sequence (reverse primer), 

generating PCR products of ~900 bp in size. PCR products were subjected to standard 

DNA sequencing. Sequencing reads covered the sequences encoding Top7, the linker 

region, the SecM stalling sequence, and the N-terminal region of GFP. The linker lengths 

reported in Figures 2D and S9 were determined from this sequence information. 

 

Optical tweezers force ramp experiments for Top7 

 The Top7 open reading frame was subcloned into a vector with an N-terminal 

Avi-tag and a C-terminal ybbR tag. Top7 was expressed, purified, derivatized and 

attached to polystyrene beads as described (11). To make the second bead needed for 
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forming tethers, an ~2kb biotinylated dsDNA strand was synthesized on the bead in a 

PCR-like reaction as described (11). These beads were incubated with streptavidin before 

injection into the optical tweezers chamber. Tethers were formed by bringing the beads in 

close proximity to each other. Experiments were performed in 25 mM HEPES-KOH pH 

7.5, 150 mM KCl and 5 mM Mg(OAc)2. 

 

Observed contour length of Top7 in optical tweezers experiments 

 The identity of Top7 in single-molecule pulling experiments was confirmed by 

the contour length of the molecule calculated from observed folding and unfolding 

transitions. Applying the worm-like chain model to our experimental data, we calculated 

a contour length of 35.0 ± 2.3 nm (SD) for folding, and 33.7 ± 1.4 nm (SD) for unfolding. 

The expected contour length is 0.365 nm/aa × 93 aa = 33.9 nm. 

 

Transformation of folding force histogram to force-dependent rates 

 In order to extract the force-dependent folding rates from the folding force 

histogram for Top7, we modified equation [10] (19) (originally prescribed for unfolding) 

for folding. Rates were calculated by changing the limits of integration and imposing a 

negative pulling velocity to account for the relaxation of the polypeptide from longer to 

shorter extensions. 

 

Transformation of right-censored unfolding force histogram to force-dependent rates 

 To determine force-dependent unfolding rates from the unfolding force histogram 

for Top7, we modified equation [10] (19) for a right-censored unfolding distribution. 

Modification of the theory was necessary because we only sampled a portion of the 

unfolding distribution in our force ramp experiments, in order to avoid tether rupture at 

high forces. Thus, for a fraction of force ramp pulling cycles, we did not observe an 

unfolding event. In such a case, the unfolding event was classified as occurring at a force 

higher than the maximum force sampled in the experiment. In calculating the force 

dependent rates according to equation [10], we included these events in the summation 

term. Rates were only calculated for forces less than the maximum force.  
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Estimating the effective stall release rate, k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) 

As opposed to the scenario on the ribosome in which the nascent protein is 

tethered only by its C-terminus and excluded from the tunnel, a protein tethered by both 

termini can be mechanically denatured from either end. Thus, the force needed to unfold 

the protein when pulling it from both ends will represent a lower bound for the force 

required when the molecule is only tethered by one end and excluded from the tunnel. 

Similarly, the force developed by the folding protein in the optical tweezers geometry 

represents a lower bound for that generated by the nascent chain on the ribosome. 

Additionally, a fraction of ribosomes are likely inactive and are not released from stalling 

by the application of force in the optical tweezers; thus, we expect that the determined 

release rates represent an underestimate of the true values. For both of the 

aforementioned reasons, the calculated rate of release in response to folding likely 

underestimates the rate in vivo. 

 
 

Approximate solution for k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) assuming equilibrium between N and U 

An approximate solution for k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹), assuming equilibrium between N and U, is 

valid for 𝑘𝑘𝑈𝑈 >> 𝑘𝑘𝑅𝑅. This condition is satisfied for the relevant force range (see Figure 

S11). The set of time-dependent differential equations describing the kinetic scheme is: 

 

𝜕𝜕𝜕𝜕(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

= −𝑘𝑘𝑁𝑁(𝐹𝐹) × 𝜕𝜕(𝑡𝑡,𝐹𝐹) − 𝑘𝑘0 × 𝜕𝜕(𝑡𝑡,𝐹𝐹) + 𝑘𝑘𝑈𝑈(𝐹𝐹) × 𝑁𝑁(𝑡𝑡,𝐹𝐹) 

𝜕𝜕𝑁𝑁(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

= −𝑘𝑘𝑈𝑈(𝐹𝐹) × 𝑁𝑁(𝑡𝑡,𝐹𝐹) − 𝑘𝑘𝑅𝑅(𝐹𝐹) × 𝑁𝑁(𝑡𝑡,𝐹𝐹) + 𝑘𝑘𝑁𝑁(𝐹𝐹) × 𝜕𝜕(𝑡𝑡,𝐹𝐹) 

𝜕𝜕𝜕𝜕(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑅𝑅(𝐹𝐹) × 𝑁𝑁(𝑡𝑡,𝐹𝐹) + 𝑘𝑘0 × 𝜕𝜕(𝑡𝑡,𝐹𝐹) 

  

Because 𝑘𝑘𝑈𝑈>> 𝑘𝑘𝑅𝑅 for the force range under consideration, we can define: 𝐾𝐾𝑅𝑅𝑒𝑒 = 𝑘𝑘𝑁𝑁(𝐹𝐹)
𝑘𝑘𝑈𝑈(𝐹𝐹)

 

Using this 𝐾𝐾𝑅𝑅𝑒𝑒, 𝜕𝜕𝑈𝑈(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

 can be expressed solely as a function of 𝜕𝜕(𝑡𝑡,𝐹𝐹) and we can 

integrate with respect to time to find the solution for 𝜕𝜕(𝑡𝑡,𝐹𝐹): 
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𝜕𝜕(𝑡𝑡,𝐹𝐹) = 𝜕𝜕(0,𝐹𝐹)𝑒𝑒−𝑘𝑘0𝑡𝑡 

 

And similarly, for 𝑁𝑁(𝑡𝑡,𝐹𝐹): 

 

𝑁𝑁(𝑡𝑡,𝐹𝐹) = 𝑁𝑁(0,𝐹𝐹)𝑒𝑒−𝑘𝑘𝑅𝑅(𝐹𝐹)𝑡𝑡 

 

Substituting these expressions and 𝐾𝐾𝑅𝑅𝑒𝑒 into the expression for 𝜕𝜕𝑅𝑅(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

: 

 

𝜕𝜕𝜕𝜕(𝑡𝑡,𝐹𝐹)
𝑑𝑑𝑡𝑡

= 𝑁𝑁(0,𝐹𝐹)[𝑘𝑘𝑅𝑅(𝐹𝐹)𝑒𝑒−𝑘𝑘𝑅𝑅(𝐹𝐹)𝑡𝑡 +
𝑘𝑘0
𝐾𝐾𝑅𝑅𝑒𝑒

𝑒𝑒−𝑘𝑘0𝑡𝑡] 

 

Because we are interested in the initial rate of entry to “R”, we evaluate at 𝑡𝑡 = 0: 

 

𝜕𝜕𝜕𝜕(0,𝐹𝐹)
𝑑𝑑𝑡𝑡

= 𝑁𝑁(0,𝐹𝐹)[𝑘𝑘𝑅𝑅(𝐹𝐹) +
𝑘𝑘0
𝐾𝐾𝑅𝑅𝑒𝑒

] 

 

The generic rate law is of the form: 

 

𝜕𝜕𝜕𝜕(0,𝐹𝐹)
𝑑𝑑𝑡𝑡

=  k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) × [𝑁𝑁 + 𝜕𝜕] 

 

Thus, to get k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) , we divide 𝜕𝜕𝑅𝑅(0,𝐹𝐹)
𝑑𝑑𝑡𝑡

 by [𝑁𝑁 + 𝜕𝜕] and simplify: 

 

k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) =  𝑓𝑓0(𝑘𝑘𝑅𝑅 + 𝑘𝑘𝑈𝑈𝑘𝑘0
𝑘𝑘𝑁𝑁

), where 𝑓𝑓0is the fraction of natively folded protein. 

 

Exact solution for k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) 

The effective release time, 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹), can be expressed as an infinite sum over all 

possible paths to reach the released state, with the time of each path weighted by the 

probability of taking that path. Since the released state can be reached either from the 

unfolded state via the spontaneous process, or from the folded state via the force-
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dependent process, there are two sum terms. Here, we assume the protein starts in the 

unfolded state, although since kU(F) >> kR(F) over the force range considered, the results 

do not depend significantly on the initial state of the protein. 

 

τ𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) = ∑ 𝑝𝑝1[(1 − 𝑝𝑝1⋈
𝑖𝑖=0 )(1 − 𝑝𝑝2)]𝑖𝑖 [𝑖𝑖(𝜏𝜏𝑈𝑈 + 𝜏𝜏𝑁𝑁) + 𝜏𝜏𝑈𝑈] + ∑ 𝑝𝑝2(1 − 𝑝𝑝1⋈

𝑖𝑖=0 )𝑖𝑖+1(1−

𝑝𝑝2)𝑖𝑖 [(𝑖𝑖 + 1)(𝜏𝜏𝑈𝑈 + 𝜏𝜏𝑁𝑁)] 

 

Here, 𝑝𝑝1 is the branching probability for transiting from the unfolded state to the released 

state, and 𝑝𝑝2 is the branching probability for transiting from the folded state to the 

released state: 

 

𝑝𝑝1 =
𝑘𝑘0

𝑘𝑘0 + 𝑘𝑘𝑁𝑁
 

𝑝𝑝2 =
𝑘𝑘𝑅𝑅

𝑘𝑘𝑅𝑅 + 𝑘𝑘𝑈𝑈
 

 

𝜏𝜏𝑈𝑈 and 𝜏𝜏𝑁𝑁 are the lifetimes of the unfolded and folded states, respectively: 

 

𝜏𝜏𝑈𝑈 =
1

𝑘𝑘0 + 𝑘𝑘𝑁𝑁
 

𝜏𝜏𝑁𝑁 =
1

𝑘𝑘𝑈𝑈 + 𝑘𝑘𝑅𝑅
 

 

The sums converge to give: 

 

τ𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) =
𝑘𝑘𝑁𝑁 + 𝑘𝑘𝑅𝑅 + 𝑘𝑘𝑈𝑈

𝑘𝑘0(𝑘𝑘𝑈𝑈 + 𝑘𝑘𝑅𝑅) + 𝑘𝑘𝑅𝑅𝑘𝑘𝑁𝑁
 

 

Thus, 

 

k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) =
1

τ𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹) =
𝑘𝑘0(𝑘𝑘𝑈𝑈 + 𝑘𝑘𝑅𝑅) + 𝑘𝑘𝑅𝑅𝑘𝑘𝑁𝑁

𝑘𝑘𝑁𝑁 + 𝑘𝑘𝑅𝑅 + 𝑘𝑘𝑈𝑈
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This expression simplifies to the approximate solution (see section above) in the limit 

 𝑘𝑘𝑈𝑈 >> 𝑘𝑘𝑅𝑅. 
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Figure S1. Primary sequence diagram for optical tweezers experiments. The C-terminus 

of CaM is positioned 58 aa residues downstream of the peptidyl-tRNA at the point of 

SecM stalling, allowing the domain to emerge from the ribosome exit tunnel and away 

from the surface of the ribosome. The arrow indicates the stalling position of ribosomes 

on the mRNA template. Following the terminal stalling proline, there are 34 sense codons 

and a stop codon. 
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Figure S2. Preparation of SecM-stalled ribosomes. Stalled ribosomes were prepared in 

an in vitro translation system (PURE Express, NEB). Ribosomes were pelleted for 40 

minutes at 200,000 g. The pellet was re-dissolved in polymix buffer and allowed to react 

with puromycin, EF-G and GTP or RNaseA for 10 minutes. The upper band is RNase-

sensitive, indicating it is a peptidyl-tRNA species and is ribosome-bound. However, the 

same band is resistant to puromycin, indicating that it represents a SecM-stalled nascent 

chain.  Nascent chains are biotinylated via an Avi tag at the N-terminus of the protein and 

are detected by western blotting with a streptavidin-horseradish peroxidase probe after 

PAGE gel electrophoresis. 
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Figure S3. Arrest release of SecM-stalled ribosomes in bulk after prolonged time. (A) 

Bulk arrest release assay in the absence of force. In an initial translation reaction using 

the PURE system, nascent chains are 35S-labeled and ribosomes translate to the SecM 

stall site. The reaction is then diluted into a polymix buffer containing 1 mM GTP, 1 µM 

EF-G and 500 µM puromycin. Arrest release is apparent as conversion of peptidyl-tRNA 

to peptidyl-puromycin in a gel-shift assay. (B) Fit of the peptidyl-tRNA to a single-

exponential decay function, and the peptidyl-puromycin to a single exponential 

cumulative distribution function. The reported rate of (3.9 ± 0.1)×10-4 s-1 (SEM) is the 

mean rate of peptidyl-tRNA decay determined from three independent experiments. 
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Figure S4. Schematic for the optical tweezers experiment showing A, P and E sites of the 

ribosome. Initially, SecM-stalled RNCs are resistant to treatment with puromycin. In the 

optical tweezers, force is applied to the nascent chain, catalyzing peptidyl transfer of the 

nascent polypeptide to the prolyl-tRNApro in the A site of the ribosome. Translocation is 

then catalyzed by EF-G, freeing the A site for reactivity with puromycin. The puromycin 

reaction leads to tether rupture. The observed time for tether rupture in the optical 

tweezers is a convolution of three reactions in series; however, the last two steps are very 

fast compared to the measured times. The rates shown for the EF-G and puromycin 

reactions are calculated from Michaelis-Menten parameters (29, 30).  
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Figure S5. Control experiments in the absence of puromycin, EF-G and GTP (polymix 

buffer only) revealed a low rate of background rupture due to breakage of the molecular 

assembly for reasons other than stalling rescue. 
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Figure S6. Alternative method for calculating force-catalyzed arrest release rates takes 

into account non-specific tether rupture. Correcting for nonspecific rupture events did not 

significantly affect the measured rates. (A) Cumulative probability distributions for tether 

rupture at each force in puromycin/EF-G/GTP (solid lines) or buffer only (dashed lines). 

(B) Cumulative rupture probability curves are re-plotted, this time taking into account 

non-specific rupture probability. The buffer-only distributions are subtracted from the 

puromycin/EF-G/GTP distributions at each respective force, and the resulting curves are 

re-normalized by the probability of tether survival in the buffer-only case. The resulting 
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distributions are fit to a single-exponential cumulative distribution function to determine 

the force-dependent lifetimes. Color coding as in (A) (C) Error is determined by 

bootstrapping. At each force, N lifetimes are drawn from the pool of experimentally 

measured lifetimes at that force, where N is the number of measurements in the data set. 

In this sampling process, each lifetime that is drawn is subsequently replaced in the pool 

of lifetimes, so it is possible to sample each point more than once (sampling with 

replacement). This new set of lifetimes represents a bootstrapped dataset, and is done for 

both the puromycin/EF-G/GTP condition and the buffer-only condition. Curves are re-

normalized and fit to extract the lifetime, as described in (A). This procedure is repeated 

500 times at each force, and the resulting lifetimes are plotted in a histogram. Color 

coding as in (A) (D) Comparison of rates determined by MLE fitting (red) and the 

method described here (black). Blue dot: Rate of release measured in bulk in the absence 

of force. 
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 Figure S7. Assembly of oligonucleotides encoding linker sequences. (A) 

Oligonucleotide sequences encoding GS-linker polypeptides that connect Top7 and 

SecM17. Annealed double-stranded oligonucleotides are shown with the translated 

sequence below. The 3'- and C-terminal portion of Top7 encoded by the oligonucleotides 

are colored orange, the 5'- and N-terminal portion or SecM17 in red. (B) Scheme for 

generating fragments encoding linker sequences from 4 amino acids (n = 0, I1) to 28 

amino acids (n = 4, I5) in length.  Oligonucleotides I1 - I5 contain the 3'-terminal 

sequence of the Top7 ORF followed by a 4 nucleotide overhang. This overhang is 

complementary to one overhang of oligonucleotide E, allowing annealing of I1 - I5 to E. 

The other end of E can anneal to either E or T. Ligation of the annealed oligonucleotides 

yields fragments with 3-nuleotide overhangs that were ligated into the a plasmid 

backbone that allows expression of Top7-linker-SecM17-GFP fusion proteins. 
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Figure S8. The ribosome does not influence folding of nascent Top7. Blue: Force-

dependent folding lifetimes for Top7 (as shown in main figure 3D). Black: Ribosome-

bound nascent Top7 with 100 aa between the C-terminus of Top7 and the P site peptidyl-

tRNA. Red: Ribosome-bound nascent tandem Top7. For the tandem case, two Top7 

domains have been translated, with 40 aa between the C-terminus of the C-terminal 

domain and the P site peptidyl-tRNA. The C-terminal domain is thus barely outside the 

ribosome exit tunnel. We do not observe a difference in folding rates for this construct 

compared to free Top7, despite its close proximity to the ribosome surface. Folding rates 

were calculated by modifying equation [10] (19) (originally prescribed for unfolding) 

(see Materials and Methods). 
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Figure S9. Sequencing plasmid DNA from colonies irrespective of whether or not they 

exhibited fluorescence recovered the entire distribution of linker lengths in the plasmid 

collection. 

  



 20 

 
Figure S10. Experimental geometry for pulling experiments with single Top7 molecules. 

The structure of Top7 was obtained from PDB ID 1QYS.  
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Figure S11. The force-dependent rates used in the kinetic scheme are plotted together. 

kN(F) and kU(F) were determined by Bell’s model fits to the single-molecule data with the 

Top7 protein (Figure 3D). kR(F) was determined by a Bell’s model fit to the single-

molecule SecM restart data (Figure 1D). k0 is the rate at zero-force (given by the 

intersection of the black line with the y-axis). 
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Figure S12. The effective restart rate as a function of force, k𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹), is a peaked 

distribution, with a maximum at ~10 pN.   
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