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In vivo, proteins fold and function in a complex environment subject
to many stresses that can modulate a protein’s energy landscape. One
aspect of the environment pertinent to protein folding is the ribo-
some, since proteins have the opportunity to fold while still bound
to the ribosome during translation. We use a combination of force and
chemical denaturant (chemomechanical unfolding), as well as point
mutations, to characterize the folding mechanism of the src SH3 do-
main both as a stalled ribosome nascent chain and free in solution. Our
results indicate that src SH3 folds through the same pathway on and
off the ribosome. Molecular simulations also indicate that the ribo-
some does not affect the folding pathway for this small protein. Taken
together, we conclude that the ribosome does not alter the folding
mechanism of this small protein. These results, if general, suggest the
ribosome may exert a bigger influence on the folding of multidomain
proteins or protein domains that can partially fold before the entire
domain sequence is outside the ribosome exit tunnel.

protein folding | ribosome | cotranslational folding | single-molecule force
spectroscopy | optical tweezers

Proteins function in a complex cellular context where they are
exposed to countless perturbing conditions that influence the
folding process (1-3). Environmental conditions such as tem-
perature, solutes, and mechanical stress are well known to
modulate protein energy landscapes (4-10). To fully understand
protein folding in vivo, it is essential to consider all conditions
that a protein may experience in the cell.

A potential influence on the folding of every protein is the ri-
bosome, which synthesizes proteins via translation. Because folding
often occurs on a faster timescale than translation (11), proteins
have the opportunity to fold as they are being translated. However,
we are just beginning to learn how the ribosome affects the folding
process (11-18). There are many aspects of folding that may differ
between a protein tethered to the ribosome during translation and
free in solution. For instance, the emerging peptide chain can ex-
plore conformational space before the entire protein is synthesized.
Indeed, small protein domains have been shown to fold in the
mouth of the ribosome or even deeper in the exit tunnel, creating
a strong spatial and steric constraint on the folding process (18-20).
Another possibility is that, because the ribosome is a highly charged
macromolecule, short-range chemical interactions, such as hydro-
phobic interactions and hydrogen bonding, and longer-range cou-
lombic interactions of the emerging protein with the ribosome could
also affect the folding process (21).

Recent advances in experimental methodologies have begun
to shed light on how the ribosome alters protein folding. Struc-
tural studies on ribosome nascent chain complexes (RNCs) using
NMR and cryo-EM demonstrate that, while secondary structure
and simple tertiary motifs can form inside the ribosome exit
tunnel, most proteins cannot find their native structure until they
are outside the tunnel (12, 18, 20). Recent experiments har-
nessing the ability of the force generated by folding to release
stalled nascent chains provide insight into the point during
translation when different types of proteins fold (17-19, 22).
FRET and force spectroscopy experiments reveal the partially
folded conformations some domains access before their entire
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sequence has left the exit tunnel (16, 23). Pulse proteolysis and
optical trapping experiments have been used to explore the
energy landscape of RNCs outside the exit tunnel, showing
that the ribosome significantly alters the stability and dynamics
of proteins (13, 14, 23). Moreover, translation rates, which can
be modulated by codon usage and mRNA secondary structure,
affect the folding efficiency of a protein (24-28).

How does the ribosome affect the protein-folding pathway? For
multidomain proteins, the vectorial nature of cotranslational folding
can affect the pathway by altering which domain folds first (15, 29, 30).
Other studies have suggested the ribosome and/or translation may
alter the stable intermediates that single domains sample during
folding (16, 23). Here, we focus on how attachment to the ribosome
changes the folding barrier (i.e., the transition state) of a single protein
domain that folds without stable intermediates. Simulations of an Ig
domain on the ribosome suggest that the ribosome does not affect its
folding mechanism (19). Using a unique approach combining multiple
probes, we are able to experimentally probe the folding transition state
for a protein while still a ribosome-bound nascent chain in a way that
has not been possible with other techniques.

Previously, we combined denaturant and force in a technique
termed chemomechanical unfolding to probe the folding pathway of
the src SH3 domain (5, 6). src SH3 can access at least three dif-
ferent folding routes and small changes in denaturant concentra-
tion, force, and sequence can alter the flux between them. We now
use this same approach to explore another environmental condi-
tion: the ribosome. The src SH3 domain occurs in nature as part of
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multidomain proteins. It folds and unfolds rapidly and therefore will
have the opportunity to sample these different states while still at-
tached to the ribosome as other domains are being synthesized.
Employing the methodology developed by Kaiser et al. (13, 31), we
use optical tweezers to apply force on stalled RNCs containing src
SH3. To distinguish between the different folding pathways, we
measure four parameters that characterize the transition state: urea
m-values, force x*-values, mutational ¢d-values, and the extrapo-
lated unfolding rate in the absence of force or denaturant. We
measure those same parameters on and off the ribosome (RNCs
and free protein) and use them to determine which pathway src
SH3 folds through when tethered to the ribosome. Our results in-
dicate that this version of src SH3 folds through the same pathway
on and off the ribosome. Folding simulations both on and off the
ribosome support these findings. Thus, small single-domain proteins
can access the same folding pathway both as ribosome nascent
chains and free in solution. The ribosome may more easily modu-
late the folding pathway of larger multidomain proteins.

Results and Discussion

Constructs Used for Optical Trap Studies On and Off the Ribosome.
Protein constructs used in the optical tweezers are tethered be-
tween two beads via DNA handles attached to genetically encoded
Avi and ybbr peptide tags (32, 33); one bead is held on a micropi-
pette and the other is held in an optical trap to apply force (Fig.
1A). To monitor free src SH3, these tags are encoded at the N and
C termini of the protein. To monitor RNCs, the Avi tag is encoded
in the N terminus of src SH3 and the ybbr tag is encoded on protein
L17 of the ribosome (the C terminus of the RNC construct does not
contain a peptide tag, ensuring that our optical trapping experi-
ments will not capture any free protein released by the ribosome)
(13). The RNC constructs (Fig. 1B) contain a strong variant of the
SecM stalling sequence (34) at the C terminus to tether the protein
to the ribosome and a glycine—serine (GS) linker to ensure that src
SH3 is fully outside the ribosome exit tunnel. To alter the distance
between src SH3 and the ribosome, we use constructs with either 10
or 20 GS repeats, which, together with the 18-aa SecM sequence,
create linkers of 38 and 58 aa, respectively, between src SH3 and the
peptidyl transferase center [these constructs are referred to as SH3
(38) and SH3(58), respectively]. The 38-aa linker is known to be
enough to ensure that the protein sequence is entirely outside of the
ribosome exit tunnel (14). These GS linkers are also added to the
free protein construct (Fig. 1B) to make the free protein and RNC
constructs as similar as possible.

Ensemble-Based Folding Studies with Linkers and Tags. To de-
termine whether the added linkers and tags affect folding of src
SH3, we measured folding/unfolding kinetics for free-SH3(38),
free-SH3(58), and src SH3 without the tags and linkers. Kinetic
data were collected using stopped-flow fluorescence and were
well fit by a single exponential for all of the constructs. The
resulting chevron plots (In ko vs. [urea]) (Fig. 1C) were fit as-
suming a two-state model:

In kops =1In (k%M urea emi [urea] + k(ll“M urea

emi[urea]) , [1]
where kops is the observed relaxation rate constant, kM ud and
kM urea are the unfolding/folding rate constants in the absence of
urea, and my; and mi’; are the unfolding and folding m*-values
(the slope of the Ink,, and Ink; against [urea]). While the tags and
linkers increase the unfoldlng rate of SH3, they do not affect the
folding rate, m% or mj; (Table 1, Ensemble data). Kinetic m “values
are related to the change in accesmble surface area (ASA) for
folding and unfolding to the transition state (35, 36). Since they
are the same for all of these constructs, the structure of the transi-
tion state is likely the same. Therefore, the tags and linkers appear
to increase the unfolding rate of src SH3 mostly by destabilizing the
folded state. The SH3(58) rate is within error of the SH3(38) rate,
suggesting that this change does not depend on linker length.
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Fig. 1. Overview of experimental setup and src SH3 constructs studied. (A)
Schematic diagram of the setup used to apply force to stalled RNCs using the
optical tweezers. DNA handles are attached via an N-terminal Avi tag and
a ybbr tag on protein L17 of the ribosome. (B) Constructs used in experi-
ments for RNCs and free protein. SH3(38) and SH3(58) constructs contain
linkers with 10 and 20 GS repeats, respectively. (C) Kinetic chevron plots of In
kobs against [urea] for src SH3 without the tags and linkers used in this work,
free-SH3(38) and free-SH3(58). Data were collected in 25 mM Hepes, 150 mM
KCl, 5 mM Mg-acetate, pH 7.4 (HKM) buffer. (D) Plots of In ky against force
for free-SH3(38) compared with previously published data with force applied
in unzipping and shearing geometries. Unzipping and shearing data were
collected in 100 mM Tris, 250 mM NaCl, pH 7, buffer, and free-SH3(38) were
collected in HKM buffer.

Effect of Force on Unfolding Rates off the Ribosome. The DNA
handles required for optical trap studies are attached via ge-
netically encoded peptide tags, so force is applied to the N and C
termini of the protein. This differs from our previous work with
src SH3, where we attached handles to cysteines within the
protein and pull along different geometries [shearing (A7C/
N59C) and unzipping (R19C/N59C)] (5). To compare this N-to-
C geometry to the previous studies, we pulled on the free-SH3
(38) construct and determined the unfolding rate as a function of
force using force-jump experiments (7). The In ky values are
plotted against force and fit using the Bell equation (37):

In ky =1In kP + Bxf) /ks T, [2]

where x}; gives the effect of force on the unfolding rate, k?}’N is ky
in the absence of force, kg is the Boltzmann constant, and 7 is
the absolute temperature. The x%}-value is related to the distance
between the native state and transition state (by microscopic
reversibility, the transition state for unfolding and folding are
the same) along the mechanical reaction coordinate (38). Fig.
1D compares this free-SH3(38) data to the previously published
unzipping and shearing data. Unlike the upward curvature in the
force dependence of In ky with a shearing force, which suggests
parallel unfolding pathways (5), the free SH3(38) data, like the
unzipping data, can be approximated by a linear relationship
between In ky and force, indicating that when pulled from the
termini, src SH3 unfolds through a smgle pathway over the range
of force probed. The x% and In kUp values differ between unzip-
ping and free-SH3(38) data; however, these datasets use differ-
ent pulling geometries and buffers (in this work, we use a buffer
compatible with RNCs), so we cannot determine whether these
differences are due to the different experimental conditions or
different transition states. We showed previously that the unzip-
ping pathway is likely the same as the pathway seen in ensemble
experiments. Therefore, a comparison of the denaturant depen-
dence of free-SH3(38) force data to ensemble kinetic data will
help us to determine whether this is the same as the unzipping
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Table 1. Results from kinetic analysis of ensemble and single-molecule force experiments
Construct Linker length, aa Urea m{, M~ X{, nm InkﬁpN' OM urea
Ensemble data
Src SH3* 0 0.29 + 0.04 NA —-2.03 +0.38
Free-SH3" 38 0.30 + 0.04 NA -1.47 + 0.31
Free-SH3" 58 0.29 + 0.02 NA -1.23 + 0.15
Free-SH3 L24A" 38 0.28 + 0.02 NA 1.08 + 0.13
Single-molecule force data
Free-SH3" 38 0.31 + 0.23 0.37 + 0.028 -2.12 + 0.16
RNC-SH3Y 38 0.33 +0.23 0.37 + 0.028 -2.63 + 0.16
RNC-SH3Y 58 NA 0.37 + 0.028 -2.76 + 0.19
RNC-SH3 L24AY 38 NA 0.37 + 0.028 -1.85+0.18

*Contains no tags of linkers.

TContains N-terminal Avi tag and C-terminal ybbr tag.

$These values were linked in global analysis.

IContains N-terminal Avi tag and C-terminal SecM sequence.

pathway (see Using Chemomechanical Unfolding to Compare the
Folding Pathway On and Off the Ribosome).

Determining the Effect of the Ribosome on the Force Dependence of
Unfolding. To explore the effect of the ribosome, we apply force
to RNC-SH3(38) and again use force-jump experiments analyzed
as above (Fig. 24). The force-dependent RNC-SH3(38) data run
parallel to that for free-SH3(38), indicating that xfj is the same on
and off the ribosome. Therefore, the ribosome does not alter the
distance to the transition state, suggesting that src SH3 folds
through the same pathway on and off the ribosome. The RNC rates
are slightly lower than the rates for free protein, indicating that the
ribosome may affect the stability of the folded state or the transition
state. This difference, however, is very small and may well arise
from small differences between the experimental handles (DNA vs.
DNA and the ribosome), which may affect the kinetics in the trap
(SI Appendix). In principle, weak interactions of the protein may
increase or decrease unfolding rates depending on their magnitude
(ST Appendix, Supplemental Text and Fig. S1).

To explore the effect of increasing the distance from the ri-
bosome, we performed the same force-jump experiments with
RNC-SH3(58). The RNC-SH3(38) and RNC-SH3(58) data (Fig.
2B) look quite similar, suggesting that increasing the distance
from the ribosome does not significantly affect the unfolding rate
or pathway. Simulations (see Simulations of the Effect of the Ri-
bosome on the Folding of SH3 at Different Linker Lengths) suggest
that our linker length of 38 aa is as close as we can get to the
ribosome and still observe folding. Consequently, all subsequent
experimental analysis will use only SH3(38) constructs.

Using Chemomechanical Unfolding to Compare the Folding Pathway
On and Off the Ribosome. The above ensemble and force-dependent
results suggest that src SH3 may unfold through the same pathway
on and off the ribosome and at different distances from the ribo-
some. To test this hypothesis directly, we turn to chemomechanical
unfolding to determine an additional parameter, the m*-value, that
is also related to the structure of the transition state and can dis-
tinguish between pathways (5, 35, 36). Moreover, because m-
values can be measured in standard ensemble experiments (Fig. 1),
they provide a means to compare the pathways seen in single-
molecule force data to those seen in ensemble data.

Using chemomechanical unfolding, we simultaneously de-
termine the effect of force and urea on unfolding of free-SH3
(38) and RNC-SH3(38). Fig. 3 shows a comparison of the data in
1 M urea to that in 0 M urea. Urea affects the free protein and
RNC:s similarly; for both, the 1 M urea data show a linear re-
lationship with the same slope as the 0 M urea data but a slightly
higher rate. In fact, when all force data collected in this work are
fit separately to Eq. 2, the resulting xj;-values are very close (SI
Appendix, Table S1). Therefore, to minimize differences due to
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experimental error, these data were all fit together in a global
analysis to determine a single xfj-value. Figs. 2, 3, and 4B show the
results of this global analysis (SI Appendix, Fig. S2 compares in-
dividual and global fits). Table 1 reports xfj and In ky in the absence
of urea and force for each construct. The x{ -value from the global
fit is within error of all x%—values from individual fits, validating our
hypothesis that x% is the same for all constructs studied here.

The effect of urea on unfolding rate is quantified by mfj-values
via Eq. 3 as follows:

Inky = lnk%M urea +m%[urea}, [3]

where [urea] is the molar concentration of urea and A{M ¥ is ky,
in the absence of urea. The m%—value is related to the solvent ASA
exposed in unfolding to the transition state, providing another
parameter to compare transition states (35, 36). The resulting
mU-Values for free-SH3(38) and RNC-SH3(38), determined by
the difference between In k PN for 1 M urea and 0 M urea data,
reported in Table 1, are the same within error, indicating that
the solvent ASA eXposed in unfolding to the transition state is the
same for free-SH3 and RNC-SH3. This again indicates that the
ribosome does not affect the folding transition state.

We have also determined m%-values for free-SH3 constructs in
the absence of force from kinetic chevron experiments (Fig. 1).
These mfj-values can be used to compare the unfolding pathway
in force experiments and standard ensemble experiments. The
mi-values for free-SH3(38) and RNC-SH3(38) force experiments
are the same within error as the mj;-values from chevron plots for
all free-SH3 constructs used in this work, suggesting that the folding
pathway in force experiments is the same folding pathway seen in
standard ensemble experiments: SH3 folds through the same tran-
sition state on the ribosome that it folds through in bulk solution.

A 2 B :
® Free-SH3(38)
® RNC-SH3(38)

® RNC-SH3(38)
@ RNC-SH3(58)

In k,
o

15 20 25 30 35 15 20 25 30 35
Force (pN) Force (pN)

Fig. 2. Effect of force on free-SH3 and RNC-SH3 constructs. Plots of In ky
against force for (A) free protein and RNCs with a 38-aa linker and (B) RNCs
with a 38- and 58-aa linker.
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Fig.3. Chemomechanical unfolding analysis of free-SH3 and RNC-SH3. Plots
of In ky against force for (A) free protein and (B) RNCs with a 38-aa linker in
0 and 1 M urea.

In our previous work (5), the different high- and low-force
pathways obtained when pulling in a shearing direction could

be distinguished via their urea m%—values. On the other hand,

pulling in an unzipping direction resulted in a similar m%—value
to that obtained in the absence of force, suggesting a similar
pathway. Thus, the similar mfj-values obtained here from N-to-C
pulling and bulk chevron experiments are consistent with src SH3
unfolding through the pathway seen in the absence of force (the
bulk pathway) in this pulling direction and when tethered to
the ribosome.

Simulations of the Effect of the Ribosome on the Folding of SH3 at
Different Linker Lengths. To gain further insight into the folding of
src SH3 at different distances from the ribosome, we determined
the native state stability of the protein by molecular-dynamics
(MD) simulations of RNC-SH3 at different linker lengths (L).
All free energies are calculated under conditions where the
stability of RNC-SH3 with L = 58 aa is equal to the stability of
the isolated src SH3 domain (3.6 kcal/mol). Free-energy profiles
projected onto the fraction of native contacts (Fig. 54 and B), O
(39), show that src SH3 becomes more stable with longer linker
lengths (Fig. 5 A-C). The fraction of folded protein approaches
~100% (Fig. 5C) after a sharp transition centered at L ~ 34 aa.
In these simulations, at the linker length of L = 38 aa used in the
experiments, the src SH3 domain has not completely emerged
yet from the mouth of the tunnel. Several C-terminal residues
remain in the tunnel, and so the domain is less stable (AAG =
1.1 kcal/mol) than the WT. A representative set of folded states
of src SH3 from unbiased MD folding simulations are shown in
Fig. 5 D and E, from which we observe that src SH3 is folding at
the mouth of ribosome tunnel at L = 38 aa and completely outside
of the tunnel at L = 58 aa. The simulations also show that the
application of force only slightly reduces the number of contacts
between the protein and ribosome (SI Appendix, Fig. S3). Thus,
simulations suggest that the 38-aa linker used in experiments is
a good model to study the effect of folding close to the ribosome.

Characterizing Folding Pathways Using Point Mutation. Like urea
and force, the effect of mutation is related to the folding pathway
(40). Therefore, a point mutation can be used to test our hy-
pothesis that src SH3 unfolds through the same pathway on the
ribosome and in bulk solution. In previous work, we determined
the effect of various mutations on the different folding pathways
of src SH3; the L24A mutation significantly increases the un-
folding rate for the bulk pathway but has a much smaller effect on
the other observable unfolding pathways (5). Here, we make the
same L24A mutation in free-SH3(38) and RNC-SH3(38) to see
whether it also increases the unfolding rate in these experiments.
In ensemble studies, we determine folding and unfolding rates for
free-SH3(38) from a kinetic chevron plot fit to Eq. 1 (Fig. 44) and
find that free-SH3(38) L24A behaves very similarly to src SH3 with-
out the tags and linkers (5)—the mutation significantly destabilizes
src SH3, primarily by increasing the unfolding rate.

Guinn et al.

For RNC-SH3(38) L24A, we determine the unfolding rate as
a function of force and find a linear relationship with a similar
slope to the other constructs (Fig. 4B). These data were included
in the global analysis, linking all of the x%-values. Comparison with
WT RNC-SH3(38) data shows that, as expected for the bulk
pathway, the L24A mutation increases the unfolding rate for src
SH3 on the ribosome. Mutations are often used in a ®-value
analysis to characterize a transition state. Unfortunately, we are
unable to determine the stability of src SH3 on the ribosome and
so cannot calculate an experimental ®-value (40). We can only
measure unfolding rates for RNC-SH3 constructs and not folding
rates because src SH3 folds at very low forces where the optical
tweezers have poor resolution. Instead, we use simulations to
determine ®-values for src SH3 on and off the ribosome.

Simulations of ®-Values for Src SH3 On and Off the Ribosome. Pre-
vious studies have shown that MD simulations with a coarse-
grained model can reproduce the transition state ensemble of the
isolated src SH3 domain (41-44). In our study, unbiased MD
folding simulations at constant temperature are carried out for
the isolated src SH3 domain, RNC-SH3(38) and RNC-SH3(58).
We approximate ®-values for each residue from folding transi-
tion paths, here defined as the segments of a trajectory between
Q ~ 0.3 and Q ~ 0.6 (45). The simulated ®-values are averaged
from 50 transition paths for each construct. The simulated
®-value of residue 24 on isolated src SH3 is 0.12 (Fig. 64), close
to the experimental value (0.04) (5). Furthermore, the simulations
reproduce well the overall @-value profile of src SH3 from previous
experiments (Fig. 64) (5, 46). The largest discrepancy between
simulation and experiments is at residue 44, where the measure-
ments obtained by two independent experimental groups also differ
the most. The Spearman rank correlation coefficient between
simulation and experimental data are 0.75 (Fig. 6B), using ®-values
for mutations whose AAG is larger than 7 kJ/mol (47). We also es-
timated the ®-values for RNC-SH3(38) and RNC-SH3(58) (Fig.
6C), obtaining Spearman correlations between these two cases and
the experimental ®-values for isolated src SH3 of 0.78 and 0.75,
respectively. We can compute ®-values for each individual folding
event as well as an average over all folding events. The folding
pathways are all very similar, indicating that the fractional ®-values
come largely from the partial formation of contacts rather than
heterogeneous folding mechanisms (SI Appendix, Fig. S4).
Urea m} -values can be used to compare transition states in

simulations and experiments. The m%—values obtained from MD
simulations of free SH3 and RNC-SH3(38) using an empirical
relation between ASA and m-value (36) are 0.42 and 0.44, re-
spectively. These values are in reasonable agreement with the
experimental m%-value 0f 0.29 + 0.04 (Table 1) here, considering

that an earlier study obtained an m%-value of 0.46 + 0.04 in
different buffer conditions (5).

Taken together, these results suggest that the transition-state
ensemble of src SH3 is not affected much by the ribosome or the
linker length. We also carried out simulations in the presence of

204 ¢ Froe-S3Ha(s8) L24A 27 o RNC-SH3(38) L24A
ree-5H3(38) @ RNC-SH3(38)
5 30 3
& < i
£ 20 =0
1.0 1
T T T T
2 4 6 8 2 T T T T 1
Urea (M) 15 20 25 30 35
Force (pN)

Fig. 4. Effect of L24A mutation on free-SH3 and RNC-SH3. (A) Kinetic
chevron plots of In kops against [urea] for WT and L24A SH3 free protein
construct. (B) Plots of In ky against force for WT and L24A RNC-SH3(38).
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Fig. 5. MD simulations of RNC-SH3 with different linker lengths. (A and B)
Free energy profiles for src SH3 folding on the ribosome with linker lengths
from 24 to 58 aa. Q is the fraction of native contacts. (C) Fraction of folded
src SH3 population (Py) as a function of linker length. Ensemble of folded
states of src SH3 with linker L = 38 aa (D) and L = 58 aa (E). Each ensemble
contains conformations obtained from 2-ps MD simulations (saved every
40 ns) where the protein remained folded. The SH3 and linker residues are
shown in blue and yellow respectively.

a pulling force, which again agreed with our experimental results
that the ribosome does not affect the folding trajectory (Fig. 6D
and SI Appendix, Fig. S1).

Conclusions

Using both experimental and computational techniques, we con-
clude that src SH3 folds via the same mechanism as a ribosome-
bound nascent chain as it does free in solution. Experimentally,
the effect of force, urea, and point mutation on src SH3 unfolding
kinetics are the same on and off the ribosome. Simulations on and
off the ribosome support the results that the ribosome does not
affect the folding pathway. Since in the context of a multidomain
protein, src SH3 can fold/unfold rapidly while C-terminal domains
are still being translated, for this domain, and others like it, an
understanding of cotranslational folding can harness the vast
amount of knowledge on its folding free in solution.

Our studies are uniquely suited to probe the effect of the ri-
bosome on the folding transition state, which when combined
with studies focused on other features unique to cotranslational
folding will allow a better understanding of the folding process of
nascent chains in the cell. We find that src SH3 does not fold
until the entire domain sequence has reached the mouth of the
ribosome exit tunnel. There are examples of other domains that
can partially fold before their entire sequence is exposed. FRET
experiments suggest that the o-helical N-terminal domain of
HemK forms a compact, nonnative state before its entire se-
quence is outside the exit tunnel (16). Additionally, subunits of
bacterial luciferase assemble cotranslationally before the entire
LuxB subunit is fully outside the exit tunnel, suggesting the in-
terface required for assembly can fold independently of the C
terminus of luxB (48). Finally, some spectrin domains fold via
a different pathway on the ribosome if partly folded N-terminal
structures are stable enough to fold in isolation of the C terminus
(17). All of these proteins (HemK, luxB, and spectrin domains)
are primarily o-helical, and so contain short-range contacts. On
the other hand, src SH3 is composed predominantly of p-strands,
which require long-range contacts that may prohibit folding be-
fore the entire domain sequence is outside the ribosome. This
long-range contact order may limit the ability of the ribosome to
alter the folding pathway via vectorial folding. Still, the ribosome
can affect protein folding via chemical and coulombic interactions
with the protein once it has emerged from the exit tunnel. These

12210 | www.pnas.org/cgi/doi/10.1073/pnas.1810517115

interactions are sufficient to alter the stability and kinetics of some
stalled RNCs (13, 14) but, for src SH3, are not sufficient to alter the
folding transition state.

Recently, an arrest peptide based assay has been used to in-
terrogate cotranslational folding of another small p domain: the Ig
domain, titin 127 (19). This involved monitoring the ability of con-
structs with different linker lengths to create sufficient force to
overcome the SecM stalling sequence and continue translating. This
force has been directly correlated with cotranslational folding.
These studies, together with cryo-EM, indicate that 127 folds in the
mouth of the ribosome. By computing ®-values from simulations of
127 folding in the mouth of the ribosome, they find a good corre-
lation to experimental ®-values determined off the ribosome. Thus,
despite the different experimental observables, this work comes to
a conclusion similar to ours: the ribosome does not affect the
folding pathway of this small domain.

The ribosome does not appear to play a significant role in de-
termining the transition state for folding of the src SH3 and 127
domains. By comparing our result with literature data for multidomain
proteins, we can speculate that it plays a more dominant role in al-
tering protein-folding pathways for larger multidomain proteins. Due
to the vectorial nature of folding, the N-terminal domains of a multi-
domain protein can fold while the C terminus is still sequestered. In
firefly luciferase, the initial folding of the N-terminal domain has been
shown to provide a scaffold that greatly speeds up folding of the native
protein (30). Vectorial folding can also prevent aggregation-prone
intermediates from forming, as in HaloTag, where an aggregation-
prone intermediate observed in in vitro refolding experiments is not
observed in cotranslational folding experiments (15).

The effect of vectorial folding on multidomain proteins high-
lights the importance of translation rates. The length of time that
the N-terminal domains are outside of the ribosome exit tunnel
before the C terminus of the protein emerges determines how
long the isolated N-terminal domain has to fold. Indeed, codon
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Fig. 6. ®-values from MD simulations and experiments. (A) ®-values of the
isolated src SH3 domain from two experimental studies are shown in cyan (5)
and purple (46). Simulated ®-values are calculated from the transition path
ensemble of isolated src SH3 with no tags or linkers (gray). (B) The correla-
tion between simulated and experimental ®-values. (C) Simulated ®-values
of RNC-SH3(38) (blue) and RNC-SH3(58) (red) compared with isolated src SH3
(gray). (D) @-values for isolated src SH3 subjected to 10 pN of force (yellow)
and for RNC-SH3(38) subjected to 10 pN (blue) and 36 pN (red) of force.
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usage, which can alter translation rates, can affect protein folding
efficiency and therefore downstream cellular processes (24-26, 29).
If our observation that the ribosome does not greatly alter
folding rates for small domains is general, perhaps knowledge of
the folding rates determined in vitro for individual protein domains
together with codon translation rates can be used to assess whether
or not an individual domain can fold before the protein is fully
translated (24).

In sum, chemomechanical unfolding, together with MD sim-
ulations of RNCs, have proven to be complementary techniques
for probing folding pathways on the ribosome. Because folding
on the ribosome is very complex, employing these techniques to
study other proteins and other aspects of cotranslational folding,
like the presence of molecular chaperones, will help shed more
light on this process.

Materials and Methods

Ensemble kinetic data were collected on a BioLogic SFM-400/MOS 200
stopped-flow fluorescence system, and optical trap experiments were
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