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The folding mechanisms of proteins are increasingly being probed
through single-molecule experiments in which the protein is im-
mobilized on a surface. Nevertheless, a clear understanding of how
the surface might affect folding, and whether or not it changes
folding from its bulk behavior, is lacking. In this work, we use
molecular dynamics simulations of a model B-barrel protein teth-
ered to a surface to systematically investigate how the surface
impacts folding. In the bulk, this protein folds in a three-state
manner through a compact intermediate state, and its transition
state (TS) has a well formed hydrophobic core. Upon tethering, we
find that folding rates and stability are impacted differently by the
surface, with dependencies on both the length and location of the
tether. Significant changes in folding times are observed for tether
points that do not alter the folding temperature. Tethering also
locally enhances the formation of structure for residues proximal
to the tether point. We find that neither the folding mechanism nor
the TS of this protein are altered if the tether is in a fully structured
or completely unstructured region of the TS. By contrast, tethering
in a partially structured region of the TS leads to dramatic changes.
For one such tether point, the intermediate present in bulk folding
is eliminated, leading to a two-state folding process with a heter-
ogeneous, highly unstructured TS ensemble. These results have
implications for both the design of single-molecule experiments
and biotechnological applications of tethered proteins.

molecular dynamics simulations | protein-surface interactions |
single-molecule spectroscopy

S ingle-molecule spectroscopy has recently emerged as a pow-
erful technique for watching individual proteins fold (1-3).
By attaching donor and acceptor dyes to key residues of a
protein, fluorescence resonance energy transfer (FRET), al-
ready successful in ensemble folding experiments (4), can be
used as a distance probe to monitor individual folding pathways.
There are several different experimental techniques for doing
FRET-based single-molecule experiments on proteins, each
with distinct advantages and challenges. Bulk experiments use a
focusing laser beam that monitors folding as proteins diffuse
freely through the area illuminated by the laser (5, 6). Although
this approach is advantageous in that the protein is allowed to
fold in a relatively nondisrupted manner, solution experiments
are diffusion limited and cannot examine slower (=10 ms)
phenomena (2). Proteins enclosed in surface-tethered vesicles
allow observations on a more spatially localized scale than the
bulk but do not allow for the rapid exchange of buffer conditions
or the use of extreme denaturing environments (7). By immo-
bilizing them directly on a surface (8), proteins can be observed
in both a spatially localized region and over longer time scales
than those accessible in diffusion-limited experiments. Despite
these advantages, the folding behavior of surface-tethered pro-
teins also may be influenced by the surface itself, leading to
behavior that differs from the bulk. It seems that an optimal
experimental situation would allow for surface-tethered proteins
whose folding is unchanged by the surface; however, there are
several practical considerations to realizing this situation.
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In surface-tethered folding studies, the surfaces in question
must be chemically inert so that nonspecific protein adsorption
is reduced. Additionally, they must have a negligible impact on
the dynamics of the attached proteins. Nienhaus and coworkers
(9, 10) have developed and analyzed several types of surfaces,
deemed minimally interacting, for the explicit purpose of per-
forming experiments on individually tethered biomolecules. In
particular, they have designed a star-shaped polyethylene glycol
(PEG) surface that allows for the reversible folding and unfold-
ing of attached proteins (10, 11). Other groups have performed
single-molecule experiments of biomolecules on a variety of
surfaces, including BSA (12-14). In addition to the composition
of the surface, another key point of consideration is how the
protein is attached to the surface. To date, there are several
different means for immobilizing proteins on surfaces. These
methods include biotin—streptavidin linkers (10), nonspecific
electrostatic interactions (8), immobilization via a hexahistidine
tag (15), and nonspecific adsorption (16). Each of these attach-
ment schemes leaves the immobilized biomolecule at a different
height above the surface.

In the development of the chemically inert surfaces detailed
above, researchers have taken care to ascertain that the stability
and function of attached proteins are retained (10, 12). However,
it is not obvious that retaining protein function guarantees that
folding is unchanged by tethering. Tethering also may affect rates
and mechanisms of folding, but there have been no systematic
studies of these effects. Additionally, an understanding of how
linker length or tether location (N vs. C terminus, for example)
might influence folding is lacking.

Molecular dynamics simulations of proteins are ideally suited
for a detailed investigation of how surfaces impact the folding
behavior of immobilized peptides. Although there has been a
great deal of theoretical and computational work on the subject
of protein—surface interactions and nonspecific adsorption in
particular (17-21), there has been significantly less attention
devoted to understanding precisely how surfaces impact immo-
bilized peptides (22, 23). In this work, we use molecular dynamics
simulations to investigate how tethering impacts the folding of a
model protein. Our protein model is a small, 46-monomer
Go-type variant of the Honeycutt Thirumalai B-barrel protein
model, depicted in Fig. 1. We emulate tethering by fixing one
residue of the protein at a tethering height (4;) above a purely
repulsive surface. By tethering the protein to the surface at five
different residues (labeled in Fig. 1), we are able to systematically
investigate the way in which tethering impacts the kinetics and
folding mechanism of this model protein.
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Turn 1 Turn 3 Pair

number  Residues
1 1-45
2 2-20
3 3-26
4 6-16
5 7-30
6 7-37
7 8-14
8 9-32
9 14-31
10 16 -39
11 18-26
12 20-24
13 20-25
14 20-44
15 24-43
16 30-39
17 32-37

Fig. 1. Protein model. (Left) A cartoon of the four-stranded B-barrel model
used in this study. Each amino acid is represented by a single bead of diameter
o. The tether points, residues 1, 11, 22, 34, and 46, are on the outside of the
native structure of the protein and are labeled, along with strands 2 and 4.
(Right) A list of the representative contact pairs used to examine the folding
mechanism through Psorm. A list of native contacts for this protein is given in
Table 2, which is published as supporting information on the PNAS web site.

Results

Tethering Alters Thermodynamic Stability and Protein Folding Rates.
It has been established (24) that the variant of the B-barrel
protein used in this study has distinct collapse (7.) and folding
(T¢) temperatures. This finding indicates that folding proceeds in
a non-two-state manner: first, the protein collapses to a compact
but nonnative structure and subsequently rearranges to find its
native state. In Table 1, the collapse and folding temperatures for
each tether point, in addition to the bulk transition temperatures,
are listed. For every tether point at #; = o, with the exception
of residue 34, Tty and T, remain distinct, indicating that folding
continues to proceed through an intermediate upon surface
tethering. Conversely, the fact that Tt = T, for tether point 34 is
indicative of a two-state folding process and is a first indication
that tethering has altered the folding mechanism.

Further evidence of two-state folding vs. folding with an
intermediate can be obtained by looking at a plot of a protein’s
unfolded population [P,(#)] as a function of time (26). A protein
that folds in a two-state manner will have an exponential P, ()
curve, indicating a single rate constant for folding. Proteins that
fold via an intermediate have distinctly nonexponential P, (¢)
curves. Here, the bulk B-barrel protein and tether points 1, 11,

Table 1. Average folding times and thermodynamic
transition temperatures

Tave
Tether point  Height Te Tt T=T; T =0.480
Bulk N/A 0.600 0.523 3,383 =127 2,729 =93
1 o 0.583 0.488 9,536 =309 9,022 + 209
11 o 0.600 0.557 3,768 =152 2,657 = 101
22 (o 0.625 0.514 3,227 =130 2,829 = 110
34 o 0.591 0.591 6,154 = 289 3,232 + 146
46 o 0.600 0.523 5,562 =214 5,313 = 209

Average folding times and transition temperatures for the bulk protein and
for tether points 1, 11, 22, 34, and 46. Taye = (1/M) E{"’: 1 Ti, and my; is the first
passage time to the native state (y = 0.9) for the ith folding trajectory. All times
arereported in units of 7, and all temperatures are given in units of en/kg. Error
estimates are given by a/\V/N (25), where ¢2 = (r2) — (r)2and N = 400, the total
number of folding times.
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22, and 46 at hy = o have P,(t) curves that are nonexponential,
whereas tether point 34 at /; = o has an exponential P,(¢) curve.
Representative P,(f) curves are shown in Fig. 5, which is pub-
lished as supporting information on the PNAS web site.

In Table 1, we list the average folding times (7u.) for each
tether point, as well as the average bulk folding time. Like the
thermodynamic transition temperatures, average folding times
are highly dependent on where the protein is tethered. At a
tethering height of o and at their respective folding tempera-
tures, residues 11 and 22 have similar average folding times to the
bulk, whereas residues 1, 34, and 46 take significantly longer to
fold. At a fixed temperature 7 that is lower than all values of T,
we find that stability and folding times are not correlated.
Tethering at residues 1 and 22 destabilizes the native state, but
only tether point 1 leads to an increase in folding times.
Additionally, tethering at residue 46 does not change either 7,
or T, but the protein’s average folding time is significantly
increased.

Tethering Changes the Folding Mechanism. To examine the folding
mechanism of this B-barrel protein and how it is affected by
tethering, we consider the probability of contact formation as a
function of time (designated Piorm and defined in Model and
Methods). We begin with the bulk case, which will give us a
reference point for better understanding tethering effects. All of
the discussion below is based on the plots shown in Fig. 2, which
were generated at the respective folding temperatures for the
bulk and tethered proteins at 4, = o. Similar conclusions were
reached for 7' < Tr.

The bulk Pjorm map indicates that folding proceeds in several
steps. After the formation of turn 2, there is a quick hydrophobic
collapse where the protein reaches a state with strands 1 and 3
in native or near-native position. The formation of turn 1 and
native contacts between strand 2 and strands 1 and 3 occurs
shortly thereafter. During most of the folding process, strand 4
remains away from the main body of the protein structure. The
B-barrel remains in this intermediate state (3 strands in near
native formation with the 4th strand out) until turn 3 commits
to folding, at which point the 4th strand folds in, and the protein
finds its native state.

To understand how tethering impacts the folding mechanism,
we begin by examining tether points 1 and 46, the protein’s
termini. The Pgorm plots shown in Fig. 2 indicate that tethering
at either terminus results in contact formation that happens in
the same order as the bulk, but certain pairs of contacts (for
example, around turn 2) form earlier and are more stable sooner
in the folding process. This result is particularly interesting in
light of the fact that 1, > 'r}a’é‘ék for both tether points at 7 and
T < Ty. Although it takes longer for the protein to fold, many
contact pairs are stable earlier in the folding process. This
finding implies that early contact formation and stabilization of
the protein’s core, combined with the restriction of tethering,
prevents the mobility needed for the correct contacts to form
later in the folding process, thus resulting in longer folding times.
In essence, the protein becomes “trapped,” an effect that results
from the tether.

We now focus our attention on the turn regions of the protein:
tether points 11, 22, and 34. For tether points 11 and 22, contact
formation again proceeds in the same order as the bulk, and we
also observe stabilization and early formation of contact pairs
around the tether point. Although tethering at residue 11 causes
most contacts to form slightly later in the folding process than
they would in the bulk, the formation of contact pair 7 (in the
region of the tether) happens slightly earlier than in the bulk,
indicating an increase in stability relative to other contacts. For
tether point 22, the contacts around turn 2 form almost imme-
diately in the folding process, which subsequently accelerates the
formation of other contact pairs. Folding times for these two
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Fig.2. Probability of contact formation (Psorm) for the B-barrel protein in the absence of a surface and for all tether points at hy = 0. The numbers on the x-axes
correspond to the contact pair numbers listed in the first column of the table in Fig. 1. Normalized folding times are shown on the y-axes. The turns are labeled
on the bulk folding map, and the contact pair closest to the tether point is labeled in each of the other maps. Tether points 1 and 46 are both closest to pair 1,
which is between residues 1 and 45. In every map except for the one corresponding to tether point 34, the order of contact formation is the same for the bulk,

whereas tethering at residue 34 significantly alters the folding mechanism.

tether points are very close to o, implying that the protein
does not get trapped as it does for tethering at the termini. This
result indicates that there is an interplay between early contact
formation and the location of the tether that determines folding
times.

Finally, we look at tether point 34. Unlike the other tether
points examined, contact formation does not happen in the same
order as it does in bulk folding. Additionally, most contact
formation does not occur until very late in folding, with the
exception of turns 2 and 3. Although both turns have reasonably
low values of Pgorm until the late stages of folding, the value of
Prorm for turn 3 is higher for most of the folding process than all
of the other contact pairs with the exception of turn 2. Again, we
see evidence that tethering stabilizes and accelerates contact
formation in the vicinity of the tether.

Psora Analysis: Tethering Alters the Transition State (TS) of Folding.
Identifying a protein’s TS can provide crucial insight into its
folding mechanism. The TS ensemble (TSE) is difficult to
determine both experimentally and computationally (27, 28).
Experimentally, ¢-value analysis is used to infer the structure of
the TSE (29). With respect to computation, there are many
methods (30-35) for identifying protein folding TS. In this work,
we identified putative TS structures based on free energy
surfaces for this protein and subsequently used probability of
folding (Pso1q) analysis to refine our choice of TS structures (36).
The Pgoia value for a given structure measures whether or not it
will fold before unfolding.

Native contact maps for the TSE of both the bulk and tethered
proteins are shown in Fig. 3. The native contact map for the TSE
of the bulk B-barrel protein is shown in the upper quadrant of
Fig. 3a. For comparison, the native contact map of the protein’s
native state is shown is the lower quadrant of Fig. 3a. This protein
has a highly structured TS; because it undergoes a distinct
collapse before folding, folding proceeds at Tf from a compact
state with residual structure rather than a fully extended one. In
the bulk TS, all of the native contacts between strands 1 and 3
have an extremely high probability of formation (Psorm), indi-
cating a well formed hydrophobic core. The contacts between

8398 | www.pnas.org/cgi/doi/10.1073/pnas.0601210103

strands 1 and 2 and strands 2 and 3 are also well formed,
including the native contacts around turn 1. By contrast, turn 3
has only a 50% chance of formation in the TS, resulting in
unformed contact pairs between strand 4 and strands 1, 2, and
3. In conjunction with the bulk P, plot in Fig. 3, these results
indicate that the TS for folding of this B-barrel protein occurs
near the end of the folding process. An example bulk TS
structure is shown in Fig. 3b Left.

The native contact maps for tether points 1, 11, 22, and 46,
shown in Fig. 3 ¢ and d, are similar to the bulk contact map. The
TS for all of these tether points includes a well formed hydro-
phobic core, with the probability of contact formation between
strands 1 and 3 as high as for the bulk protein. Well formed
contacts (probabilities = 0.6) also exist between strands 1 and 2
and strands 2 and 3. There are other minor differences present
between these contact maps and the map for the bulk TS, but in
general, the TSE for tether points 1, 11, 22, and 46 is similar to
that of the bulk, with only slight local distortions due to the
presence of the tether. A representative TS structure for tether
point 22 is shown in Fig. 3b Right.

Unlike all of the other tether points considered, tether point
34 has a TSE that is significantly different from that of the bulk.
The native contact map shown in Fig. 3e indicates a highly
unstructured TSE. Native contacts in the hydrophobic core, a
region well formed in the bulk TSE, have a 1ow Ptorm (0.1-0.4)
for tethering at residue 34. Of those contacts, the ones with the
highest Pgorm are in the vicinity of turn 2, which forms first in the
folding process. Two representative TS for tether point 34 are
shown in Fig. 3f. These structures are markedly different from
the examples shown in Fig. 3b. In addition to being relatively
unstructured, the two conformations shown are significantly
different from each other, indicating a structural diversity in the
TS that is not present in the bulk. This heterogeneous, unstruc-
tured TS is a further reflection of the mechanism change induced
by tethering at residue 34, and a schematic of this change is
presented in Fig. 4.

Increasing h¢ Shifts Folding Back Toward Bulk-Like Behavior. Our
discussion of tethering has heretofore focused on tethering at a

Friedel et al.
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Fig. 3. TS native contact maps and representative structures. (a) Native contact map for the bulk TS (upper quadrant). The native contact map for the native
state is shown in the lower quadrant for comparison. (b) Representative TS structures for the bulk (Left) and tether point 22 (Right). The structures are very similar,
with well formed hydrophobic cores. (c and d) TS native contact maps for tether points 1 (c, upper quadrant), 11 (c, lower quadrant), 22 (d, upper quadrant),
and 46 (d, lower quadrant). The native contact maps for these tether points are qualitatively similar to each other and the bulk TS. In this respect, the structures
shown in b are representative TS structures for all tether points except 34. (e) TS native contact map for tether point 34 (upper quadrant) with the bulk TS map
(lower quadrant) shown for comparison. (f) Two representative TS structures for this tether point. In contrast to the other tether points and the bulk, tether point
34 has a highly unstructured TS. Moreover, whereas the TS structures for the bulk and other tether points are relatively homogeneous, the TS for tether point

34 has a significant amount of structural diversity, as evidenced in part by the example structures shown in f.

single height, 4, = o, above the surface. A pertinent question is
how the behavior of the protein changes with increasing A, which
is analogous to increasing the length of the linker in an exper-
imental situation. To examine this scenario, we performed

a
1

un—»

u—» i I
TS N

Fig.4. A cartoon of the folding process for tether points 11 (a) and 34 (b) at
their respective folding temperatures. For tether point 11, U/l is designated as
a starting point for the folding process to indicate that at T, the protein
proceeds to its native state from a compact intermediate state. In contrast,
when tethered at residue 34, the protein does not fold through an interme-
diate. The difference in the TS for these two tether points is also illustrated.
Although tether point 11 has a compact, bulk-like TS with a well formed core,
tether point 34 folds through a highly unstructured TS that is significantly
different from that of the bulk.
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simulations with tether points 1, 22, and 34 at 4, = 20 and So.
A table of thermodynamic transition temperatures and folding
times, as well as Pgorm plots for these simulations, can be found
in Table 3 and Fig. 6, which are published as supporting
information on the PNAS web site.

For each of these three tether points, as A, is increased, folding
tends toward its bulk behavior; however, the extent to which
behavior is altered depends on the location of the tether. For
tether point 1 at both A = 20 and 50, Piorm is virtually
indistinguishable from the bulk, and at 4, = So, Tt = TfB, the bulk
folding temperature. Nevertheless, at both of these values of 4,
the protein still takes significantly longer to fold than in the bulk.
Conversely, for tether point 22, stabilization of certain contacts
persists at 4, = 20 and 5o, with little to no impact on either the
average folding time or 7t These results further indicate that
even if a tethered protein has thermodynamic stability that is
equivalent to the bulk, the surface can still impact the protein’s
behavior, either through increased folding times or local contact
stabilization.

For tether point 34, the folding mechanism at 4, = 2¢ is similar
to the mechanism at o, with most contacts forming late in the
folding process. Nevertheless, turn 3 is less stabilized than when
the protein is tethered at a height of o, so the overall order of
contact formation shifts back toward that of the bulk. Addition-
ally, the collapse and folding temperatures are no longer con-
current for higher values of ;. We performed a Pyo1q analysis for
tether point 34 at 4, = 20 and found TS structures very similar
to the ones shown in Fig. 3b. Evidently, only a small increase in
linker length is enough to allow folding to proceed in a much

PNAS | May 30,2006 | vol. 103 | no.22 | 8399
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more bulk-like fashion, indicating the critical importance of
linker length in folding behavior.

Discussion and Conclusions

Surface-immobilized proteins are increasingly being used for the
performance of single-molecule experiments. There are several
different methods used to immobilize proteins on surfaces, with
different types of linkers leaving the protein at varying heights
above the surface. Nevertheless, a clear understanding of how a
surface might impact the folding behavior of immobilized proteins
is lacking. In this work, we used molecular dynamics simulations of
a minimalist B-barrel protein to systematically explore how varying
the location of the attachment point impacts folding.

One of the most significant results of this work is that tethering
can profoundly alter a protein’s folding mechanism and TS. By
tethering the protein at residue 34 at h, = o, its folding
mechanism shifts from three-state to a two-state, and its TSE
becomes heterogeneous and highly unstructured. In general, we
observe that tethering locally enhances contact formation. With
respect to the TSE, this effect will result in more significant
changes in regions of the protein that are only partially formed.
Residue 34 is in a partially structured region of the protein’s bulk
TS; as such, tethering there dramatically alters the mechanism of
folding. By contrast, if one tethers in a fully structured region of
the TS (residues 1, 11, 22) or an area that is completely
unstructured (residue 46), small, local changes to folding will
occur (along with changes in folding times and temperature), but
the overall order of contact formation, and thus the folding
mechanism, is not expected to change.

A second conclusion of our work is that tethering in similar
structural regions of a protein, turn regions for example, does not
necessarily result in the same behavior. In the B-barrel model
studied here, tethering in each of the three turn regions (residues
11, 22, and 34) results in distinct behavior, with tether point 34
experiencing a particularly drastic shift away from bulk folding.
Nevertheless, attachment at all of these points stabilizes the con-
tacts proximal to them, indicating that tethering can be used as a
means to expedite local contact formation in key structural regions
of a protein. Although the specific response to tethering observed
for each of these attachment points is unique to the model studied,
the lack of parity observed among similar structural motifs has the
potential to occur for many different proteins.

In addition to demonstrating that choosing tether locations
carefully is critical, we have shown that recovering thermodynamic
stability is not sufficient to conclude that a surface has an entirely
negligible impact on folding. For example, when residue 46 is
tethered at 4y = o, thermodynamic transition temperatures are
identical to the bulk, and the overall folding mechanism remains
unchanged. Nevertheless, Tye > 7o, illustrating that thermody-
namics and kinetics respond to tethering in an uncorrelated fashion.

Although most of our analysis focused on a relatively short
linker (h; = o), we found that by increasing 4, protein behavior
was universally shifted in the direction of the bulk, regardless of
tether location. In particular, the dramatic shift in behavior that
occurs for tether point 34 is absent for a linker length of 5. This
evidence can be used to inform the location of the tether in
experimental situations. With a long enough linker, any residue
on the outside of the folded structure may be used as a tether
point, and the bulk folding mechanism will be recovered. An-
other way to minimize the impact of the surface is to make use
of ¢-value analysis to select the location of the tether, because
our simulations suggest that tethering in a fully structured region
of the TS will minimally impact folding, even with a short linker.
Conversely, by using a short linker or tethering in a partially
structured region of a protein’s TSE, although not appropriate
for single-molecule studies, can be used to intentionally alter
protein folding mechanisms. Hence, tethering can potentially be
used as a powerful tool in the development of bioengineering

8400 | www.pnas.org/cgi/doi/10.1073/pnas.0601210103

applications, such as biosensors and related microarray technol-
ogies (17, 37).

Model and Methods

The model protein used in this study is a Go variant (38, 39) of
the Honeycutt Thirumalai B-barrel protein model. In this 46-
monomer protein, each amino acid is modeled as a single bead
that is hydrophobic (B), hydrophilic (L), or neutral (N). Its
sequence is BoN3(LB)4N3BoN3(LB)sL, and details of its Hamil-
tonian can be found elsewhere (24, 30, 40-45). Although there
are several GO-type variants of this model (24, 30, 43, 44), we
used the one explicitly described in ref. 24. A cartoon of this
protein is shown in Fig. 1.

The surface used in this study is a purely repulsive, short-
ranged, minimally interacting surface located in the x-y plane.
The total protein—surface interaction potential is given by
Veurtace = 2i[(47en)/5](0/2:)°. Here z; is the z coordinate of the
ith residue; ey, is an energetic parameter equivalent to the value
of ey in the Lennard-Jones potential that models the attractive
interactions between BB residues; and o is the diameter of each
monomer in the protein as well as the equilibrium length of the
bonds between each monomer. To emulate tethering, we fixed
one residue (1, 22, 22, 34, or 46) at a tethering height () of o,
20, or 50 above the surface. Different values of 4, correspond to
different linker lengths. Further details about our simulation
methods can be found in Supporting Text, which is published as
supporting information on the PNAS web site. To examine the
protein’s folding mechanism, we constructed the probability of
contact formation Pgorm for various key pairs of residues. The set
of representative contacts chosen for the calculation of Pyorm is
listed in Fig. 1. The pairs are distributed throughout the protein,
and with the exception of pairs 10 and 14, all contact pairs are
native contacts. To compute the P, for a given contact pair at
any point during the folding process, we used a procedure that
is similar in nature to analysis done by Klimov and Thirumalai
(46). For each contact pair ij, the cutoff distance for formation
was set to r?j + . ¢ is a parameter defined in the calculation of
X, the reaction coordinate used in this study. (y is explicitly
defined in Supporting Text.)

To average over 400 simulations (the total number performed
for each tether point at a given temperature), each having a
different value of 7y;, we first normalized each trajectory by its
value of 7;. After doing this, folding for each trajectory started
at time 0 and ends at time 1. We then found Py for each
contact pair listed in Fig. 1 by averaging over all 400 structures
at 100 different times §, where 0 = 8= 1. Thus, although the
actual time step corresponding to a particular value of & is
different for each trajectory, it happens at the same relative time
in the folding process.

To locate structures in the TSE, we performed Psoq analysis
as described in Supporting Text. Once TS structures were selected
in this way, we calculated the probability of native contact
formation in the TSE for each tether point and for bulk folding.
For a given TS structure, the distance between each native
contact pair was calculated, and if |r; — r?j| < g, then the contact
was designated as formed for that particular structure. These are
the same cutoff criteria used in our Pf,m analysis. Distances
between all pairs in all structures for a given TSE were calculated
and averaged over.
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