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Many biological processes generate force, and proteins have
evolved to resist and respond to tension along different force axes.
Single-molecule force spectroscopy allows for molecular insight into
the behavior of proteins under force and the mechanism of protein
folding in general. Here, we have used src SH3 to investigate the
effect of different pulling axes under the low-force regime afforded
by an optical trap. We find that this small cooperatively folded
protein shows an anisotropic response to force; the protein is more
mechanically resistant to force applied along a longitudinal axis
compared to force applied perpendicular to the terminal § strand.
In the longitudinal axis, we observe an unusual biphasic behavior
revealing a force-induced switch in the unfolding mechanism
suggesting the existence of two parallel unfolding pathways. A site-
specific variant can selectively affect one of these pathways. Thus,
even this simple two-state protein demonstrates a complex mechan-
ical unfolding trajectory, accessing multiple unfolding pathways un-
der the low-force regime of the optical trap; the specific unfolding
pathway depends on the perturbation axis and the applied force.

Many cellular processes such as protein folding/unfolding,
protein degradation, and nucleic acid splicing are mechan-
ical processes in which force plays a significant physiological role
(1, 2). The advent of single-molecule force spectroscopy has
allowed the observation of these events at an unprecedented
resolution and yielded significant mechanistic details (3, 4). This
single-molecule force spectroscopy approach has also provided
insight into our basic understanding of how proteins fold and
unfold (5-7). In mechanical unfolding experiments, the applied
force privileges a particular direction in space along which a well-
defined reaction coordinate—namely, the end-to-end extension
of the molecule—emerges as a natural metric of the extent of the
reaction (1, 8, 9). The location of the transition state along this
defined reaction coordinate can be determined directly from
such experiments. This information, in combination with recent
theoretical approaches (10), can provide detailed information on
the protein folding free energy landscape (11).

Several studies have investigated the factors influencing the
mechanical response of proteins under force; most of these
studies are under the high-force regime of the atomic force
microscopy (AFM). The term “mechanical stability” refers to a
protein’s average unfolding force at a given loading rate. Because
most of these AFM studies are carried out under high loading
rates, they are far from equilibrium; the mechanical stability re-
flects the kinetic likelihood to unfold and is therefore not a mea-
sure of stability in the thermodynamic sense. These experimental
studies have led to the suggestion that native-state topology gov-
erns mechanical stability (2, 12, 13). In general, p-sheet proteins
appear to be mechanically stronger than a-helical proteins (12).
The network of hydrogen bonds between adjacent p strands can
act as a clamp conferring mechanical resistance (14). In addition,
side-chain interactions and long-range contacts outside the
mechanical clamp region have also been shown to play a role in
determining the response of a protein under force (15-18).

A combination of AFM experiments, protein engineering, and
molecular dynamics (MD) simulations have revealed a lot about
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mechanical unfolding pathways (14, 19-22). Such studies have
shown that structurally similar proteins can access different me-
chanical unfolding pathways (19, 23). Studies on the 127 domain
of titin, in which an unfolding intermediate becomes populated
at high loading rates, highlight the complexity of mechanical
unfolding (19, 20, 24). These experiments also suggest that the
mechanical unfolding pathways accessed at these high forces
differ from those observed in the zero force denaturant-induced
unfolding pathways (16, 24, 25).

The geometry of force application (i.e., the axis of the applied
force with respect to protein topology) also plays a role in the
mechanical response of proteins. Coarse-grained simulations
suggest that proteins follow different unfolding trajectories along
different pulling geometries (9, 26). AFM experiments and MD
simulations have shown that the average unfolding force varies
with pulling geometry (13, 27-29).

To date, however, almost all experiments analyzing a protein’s
mechanical response under different pulling geometries have re-
lied on AFM spectroscopy with high loading rates, and unfolding
occurs at relatively high forces. Using optical tweezers, however,
one can apply forces at low, likely physiological, loading rates and
obtain mechanistic information much closer to equilibrium. Such
low-force unfolding trajectories are often assumed to mirror the
unfolding in the absence of force. In these experiments, the pull-
ing geometry is easily defined by the placement of unique cysteine
residues that serve as the anchor points. This approach was used
to apply force on different regions of T4 lysozyme, in a study
evaluating interdomain cooperativity (30). Surprisingly, the data
suggested that the pulling geometry did not affect the unfolding
trajectory. Here, we have investigated the role of pulling geome-
try on the unfolding trajectory using the optical trap methodology
on the src SH3 domain.

The src SH3 domain is a simple two-state folding protein
composed predominantly of p strands that has been extensively
characterized in solution (31, 32). We investigate the response of
src SH3 to mechanical force under two different pulling axes
(Fig. 14). One axis is oriented longitudinally relative to the term-
inal P strand, and the other axis is oriented orthogonal to this
strand. The longitudinal force (parallel to the terminal p strand)
is expected to result in “shearing” of the f strands, while the
orthogonal force (perpendicular to the terminal f strand) would
be expected to “unzip” the strands. Because, in the latter case, the
hydrogen bonds are ruptured successively rather than concur-
rently, the unzipping geometry is expected to disrupt a f§ sheet
at lower average unfolding forces (33).

Our results demonstrate that in these near equilibrium condi-
tions there exists a significant anisotropy in the mechanical
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Bulk kinetic and equilibrium denaturation studies were carried
out under the same solvent conditions as those used in the single-
A7C molecule mechanical studies (pH, ionic strength, etc.). The pro-
Shearing teins unfold reversibly and cooperatively with a AG ¢ [using the
two-state assumption and a linear extrapolation (34, 35)] of
2.20 + 0.05 kcal/mol and 2.40 £ 0.10 kcal/mol for A7C/N59C
and R19C/N59C src SH3, respectively, close to that for cysteine-
free wild-type src SH3 under similar conditions (2.25+
0.07 kcal/mol), suggesting that the cysteine mutations do not se-
verely perturb the protein. The unfolding/refolding kinetics con-
firm the two-state nature of the process (Fig. S1 and Table S1).
Because both the stability and unfolding kinetics are not signifi-
cantly affected by the placement of the cysteine residues, any
dramatic changes observed in the mechanical unfolding behavior
can be attributed to the pulling axes and not the mutations them-
Uﬁgiggmg selves. It should be noted that the kinetic and thermodynamic
parameters determined here are different from the previously
\ reported values for wild-type src SH3 (32), which were carried
out under different buffer conditions (Tris vs. phosphate).
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B The optical tweezers setup used in these studies is diagramed
Optical Trap in Fig. 1B (8, 36). Briefly, a single src SH3 protein is tethered
between two polystyrene beads using dsDNA “handles” attached
via thiol chemistry (6, 37). One bead is held in place on a pipette %
tip by suction, and a dual beam counter-propagating optical trap o s
manipulates the other bead. The force acting on the trapped E =
bead, and thus on the tethered single molecule, as well as the 2 ‘g‘
relative extension of the tether are measured. % 5
Anisotropic Response to Force-Force Ramp Studies. Both variants 5
Protein were initially characterized by force ramp experiments at a con-
stant loading rate (8 pN/s). Here, the unfolding event is seen as a
“rip” in the force versus trap position trace (Fig. 24). The A7C/
N59C shearing axis unfolds at a significantly higher average force
than the R19C/N59C unzipping geometry (F, = 35.0 £ 0.5 pN,
n=175vs. F, = 14.0 £ 0.3 pN, n = 180) (Fig. 2B). The differ-
ence in mechanical resistance is consistent with previous AFM
Pipette studies (13, 27, 28) and highlights the role of protein topology
Tip in conferring mechanical stability.
Fig. 1. (A) The structure of the src SH3 domain (Protein Data Bank ID code For both variants, the change in contour length associated with

1SRL); the two pulling geometries apply a shearing (A7C/N59C) (black) and an  unfolding is consistent with that expected for complete unfolding
unzipping (R19C/N59C) (red) force relative to the p strand between the N and of the molecule (Fig. 52). Because these are nonequilibrium
v 4 the C termini. (B) Schematic representation of the experimental setup usedto  experiments, the unfolding force, F,, depends on the kinetics
— apply force on proteins using optical tweezers. of unfolding. To evaluate the free energies involved in these tran-
sitions, we utilized Crooks fluctuation theorem (CFT) to extra-
unfolding behavior with the protein having a greater mechanical  polate free energies from measurements of the nonequilibrium
stability along the longitudinal force axis. The force dependence ~ work in both the forward and reverse directions (30, 38, 39),
of the unfolding rates along this longitudinal geometry shows a ~ which yielded a AG e = 2.7 & 0.3 keal /mol for the R19C/N59C
unique biphasic behavior. The change in the distance to the var@ant. Reliable estim'fites were not obtained for'the' A7.C/N59.C
transition state (the change in the rate constants as a function of ~ variant, as the unfolding and refolding work distributions did
force) between these force regimes cannot be explained by a se- 10t overlap. The similarity between the thefmodyr{am}c stability
quential barrier mechanism. Rather, our data suggest that in this ~ determined by CFT and that in bulk experiments indicates that
specific geometry the protein can access two parallel unfolding the DNA handles do not grossly perturb the system.
pathways. Thus, we find that at low forces the pulling geometry
affects both the mechanical stability and the unfolding trajectory,
and that even at these low forces, the protein can access different
unfolding trajectories than in the absence of force.

The Force Dependence of the Unfolding Rates (X, *) Is Biphasic for the
Shearing Axis. What change in the energy landscape can explain
the difference in the mechanical stability (average unfolding
forces) between the two pulling geometries? There are two pos-
sibilities: (i) The pulling geometry does not change the transition
state, but simply alters the relative position of the transition state
along the reaction coordinate, or (if) the pulling geometry alters

Results and Discussion

Defining the Pulling Axes. The force axis is defined by the placement
of unique cysteine residues in the protein that are used to attach o iricture of the transition state, which in turn could affect
molecular handles to .apply force. Two double—cysteine Varignts both the energy and position of the rate-limiting barrier.

of the src SH3 domain were generated (Fig. 14). The variant To further explore these potential scenarios, we carried out
AT7C/N59C results in a longitudinal force axis with respect to the force-jump/force-quench experiments to obtain the unfolding
N-terminal p strand (shearing), while R19/N59C creates a perpen-  and refolding rates as a function of force. The kinetics were
dicular (unzipping) axis. All cysteine substitutions were placed in  recorded for seven individual tethers, and the data shown were
solvent-exposed positions where mutations have been shown to  obtained from one such tether. Each tether was analyzed sepa-
have a negligible effect on the stability of the protein (32). rately, and there was very little variation in rates between
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Fig. 2. (A) Typical unfolding/refolding traces obtained in a force-ramp ex-
periment for A7C/N59C src SH3 (black/gray) and R19C/N59C src SH3 (red/pink).
A single protein molecule is stretched (loading rate 8 pN/sec) until the
unfolding event is seen as a “rip” (indicated by arrows). The protein is then
allowed to refold by moving the trap to low forces. (B) Histogram of unfold-
ing forces for A7C/N59C src SH3 (black, F, = 35+ 0.5 pN) and R19C/N59C src
SH3 (red, F, = 14+ 0.3 pN).

the tethers. For the R19C/N59C variant (the unzipping direc-
tion), In k, increases linearly across the range of measured
forces (Fig. 34); the data were fit to a simple Bell’s model:
k(F) = k,,koexp(FX*/kgT), where k,, represents the contribu-
tion of experimental parameters such as the bead size, trap stiff-
ness, and handle length to the observed rate constant; kg is the
intrinsic rate constant of the molecule in the absence of force; F is
the applied force; X ¥ is the distance to the transition state (X, *
and X, ¥); kg is the Boltzmann’s constant; and T is the tempera-
ture (4{)) The slope of F vs. In k,, for R19C/N59C src SH3 yields a
distance to the transition state, X, ¥ = 0.70 nm + 0.05 nm. The
linear nature of the plot is consistent with a single pathway model
in which force continuously tilts the free energy landscape, there-
by lowering the height of the barrier (41). The relatively short
distance to the transition state is typical of globular proteins
and reflects the brittle nature of unfolding.

The A7C/N59C variant does not show this simple linear beha-
vior, but rather exhibits biphasic dependence (Fig. 34). In k,
shows a weaker dependence on force in the 15-25 pN range
as compared to that above 25 pN. The biphasic behavior is well
captured by fitting the data to the sum of two Bell terms. These
fits yield significantly different distances to the transition state
for the two force regimes, X, ¥ov-iore = (0.4540.05 nm and
X, Higrfore = 1,40 £ 0.15 nm. Thus, under this shearing force,
src SH3 demonstrates anti-Hammond behavior where the transi-
tion state moves away from the native state with increasing force
(42). While no such behavior was observed for the unzipping axis,
curvature outside of the accessible force range cannot be ruled
out. It should be noted that under the force-ramp conditions
(Fig. 2), the average unfolding force is high (around 35 pN), so
we do not expect the biphasic behavior to have much effect on the
observed unfolding force distribution under these conditions. In
fact, using the approach outlined by Dudko et al. (43), the force
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Fig. 3. The logarithm of the (A) unfolding and (B) refolding rates of A7C/
N59C src SH3 (black) and R19C/N59C src SH3 (red) obtained from force-
jump/force-quench experiments were plotted as a function of force to obtain
the unfolding and refolding distances to the transition state according to
Bell’s model. Typical unfolding and refolding traces are shown in the inset.

ramp data adequately recapitulates the measured force-depen-
dent unfolding rates (Fig. S3).

Refolding Is Insensitive to the Geometry of the Applied Force. The
refolding rates and their force dependence are similar in both
the shearing and unzipping geometries (Fig. 3B), suggesting that
the refolding mechanisms may be similar. The rates were fit to
the Bell’s model [X,# = 5.25 4 0.25 nm (A7C/N59C) and 4.30+
0.20 nm (R19C/N56C)]. In the low-force regime, the sum of the
measured distances to the unfolding and refolding transition
states equal the total extension change for both pulling axes, con-
sistent with a two-state model (44).

The Force-Induced Switch Suggests Multiple Unfolding Pathways.
Three possible models could explain the biphasic dependence
of In k, on the unfolding force: (i) sequential barriers along a
single reaction pathway, (if) interplay of force and local curvature
on a multidimensional free energy landscape, and (iii) parallel
unfolding pathways.

(/) Sequential unfolding barriers can produce biphasic beha-
vior when there is a change in the rate-limiting step. This change,
however, will result in biphasic behavior only when the barrier
furthest from the native state, the “outer” barrier, is the highest
at low force (Fig. 44) (45, 46). Force alters the landscape by
favoring more extended states, and the effect scales with the dis-
tance along the reaction coordinate. Thus, if the inner barrier is
the rate-limiting step at low force, it will continue to be the high-
est at all forces (Fig. 4B). If, however, the outer barrier is higher
at low force, at some force, there will be a switch and the inner
barrier will become the rate-limiting step. In this sequential
barrier scenario, the distance to the transition state, X, *, should
be higher at low forces (outer barrier is rate limiting) compared
to high forces (inner barrier is rate limiting). Such sequential
barriers have been shown in receptor-ligand unbinding reactions

Jagannathan et al.
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(45, 46), and a similar sequential model with the formation of an
intermediate at high force (Fig. 4C) was demonstrated in AFM
studies of the titin 127 domain (19). Our force-jump data on src
SH3, however, follow the opposite trend: The value of X, in-
creases from low forces to high forces. Thus, sequential barriers
are not the cause of the observed biphasic behavior.

(i) The change in the force dependence of the rate constants
could also result from the interplay of force and the curvature in
the landscape (10, 41). For example, the Hammond effect reflects
the movement of the transition state closer to the native state
with increasing perturbant (47). However, this effect cannot ac-
count for our observation, as the change we observe for src SH3
reflects anti-Hammond behavior, in that the transition states
move away from the native state with increasing force (42).

All of the one-dimensional descriptions of the reaction dis-
cussed above involve the crossing of an activation barrier tilted
under the applied force, with a single variable (the end-to-end
extension) capturing the molecule’s many degrees of freedom.
To account for our data, we must take into account the multidi-
mensional nature of the energy landscape. Suzuki and Dudko
have proposed a model in which the multidimensionality of the
free energy landscape can give rise to different trends in the force
dependence of the unfolding rates (48). In principle, this could
result in unlimited scenarios for the force dependence of unfold-
ing rates. For example, if at lower forces the unfolding pathway is
not aligned with the direction of force and at higher forces the
pathway gets reoriented more parallel to the direction of force,
we would expect anti-Hammond behavior.

(#if) The third scenario posits that the anti-Hammond behavior
arises from a multidimensional landscape where the protein can
access two parallel trajectories, one dominating at low force and
one dominating at high force (Fig. 4D). Such anti-Hammond
behavior has been used as evidence for the presence of parallel
pathways in bulk experiments (49, 50). In this scenario, each path-
way will have its own transition state whose location will vary
along the reaction coordinate. Although, in principle, both path-
ways are always accessible for unfolding, the pathway with the

Reaction Coordinate

Zero force

s With force

Fig. 4. Schematic representations of the features of the energy landscape
that can account for a biphasic force dependence of In k,. Sequential barrier
scenario in which the (A) outer barrier or the (B) inner barrier is rate limiting.
(C) Population of an intermediate at high force. (D) Parallel pathway scenario
in which the two unfolding pathways (black and red) are accessible at differ-
ent forces.

Jagannathan et al.

lowest barrier will dominate at a particular force. We believe that
our data are most easily explained via parallel unfolding pathways.

Unfolding in the Shearing Geometry Accesses Parallel Pathways.
To further probe the mechanical response of src SH3, we con-
structed two site-specific mutations (I34A and S47A) in the
shearing and unzipping geometries. Both of these variants have
been studied in bulk (32). Force-ramp studies show no appreci-
able differences in the average unfolding forces for the variants
(Table S2). Next, we evaluated the effects of the mutations by
investigating the force dependence of unfolding (Fig. 5). All four
variants show similar behavior to the parent proteins. In the
unzipping geometry, both variants demonstrate a linear force
dependence with similar slopes or distances to the transitions
state (Fig. 54 and Table S2). In the shearing direction, both mu-
tations also retain the biphasic anti-Hammond behavior observed
in the parent protein (Fig. 5B).

The I34A mutation shows similar effects in both pulling
directions—unfolding and refolding are slowed, with a greater
effect on folding than unfolding (Fig. 5, Table 1, and Fig. S4). In
the shearing direction, the effects on both the low-force and
high-force regimes are the same (Fig. 5B and Table 1). Thus, 134
appears to be equally involved in the transition state structure
under both pulling geometries.

In the shearing geometry, S47A differentially affects the two
unfolding regimes: It increases the unfolding rate approximately
3.5-fold in the low-force regime, but does not appear to affect
the high-force regime (Fig. 5B, Table 1, and Fig. S4). Thus, this
mutation appears to uncouple the two regimes, and the simplest
interpretation is the presence of two structurally and energetically
independent transitions. It is also formally possible that the pro-
tein traverses a single barrier over a multidimensional landscape
and that the mutation alters the curvature such that in the

A 3-

15 20 25
Force (pN)

T T T T T
20 25 30 35 40
Force (pN)

Fig. 5. Force versus In k, plots for the 134A (blue) and S47A (green) variants
of src SH3 along the (A) unzipping and (B) shearing geometries. The plots for
the parent proteins, R19C/N59C and A7C/N59C, are shown in red and black,
respectively. The location of the mutations is shown in the inset.
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Table 1. Comparison of the unfolding/folding rates in the presence and absence of force for the src SH3 variants

Mechanical R19C/N59C
unfolding (folding)

Bulk zero-force
unfolding (folding)

Mechanical A7C/N59C
low-force unfolding (folding)

Mechanical A7C/N59C
high-force unfolding (folding)

Mutation 2.5 M (0.55 M) GdmdCl 15 pN (5.5 pN) 20 pN (5.5 pN) 35 pN (5.5 pN)

134A A7C/N59C | 1.5x (] 6x) 1 1.5x (] 4x) 1 1.5x (] 4x)
R19C/N59C | 2.5x (] 5x) 1 2x (1 7x)

S47A A7C/N59C 1 1.5x (| 2.5x) 1 3.5x (| 1.5%) no change (| 1.5x)
R19C/N59C | 1.5x (| 4x) 1 3x (N.D.)

N.D., not determined.

accessible force range, the high-force regimes still overlap. In
the unzipping geometry, the S47A mutation behaves similarly to
the low-force shearing regime and increases the unfolding rate
approximately 3-fold (Fig. 54 and Table 1).

In sum, these mutations implicate at least two different trajec-
tories for the mechanical unfolding of src SH3 under the low-
force regime of the optical trap and suggest the existence of
parallel unfolding pathways that are preferentially accessed at
different forces. While the presence of anti-Hammond behavior
and the existence of parallel force-dependent unfolding trajec-
tories have been suggested before (26, 51), to our knowledge,
a transition has not been directly observed previously.

Comparison of Mechanical and Bulk Zero-Force Unfolding Pathways.
The different trajectories accessed under these low forces leads
us to ask which, if any, of the observed mechanical pathways
represents the intrinsic unfolding mechanism of src SH3 in the
absence of force. Because the previous bulk studies were carried
out under different buffer conditions, we repeated the bulk fold-
ing and refolding kinetics under our conditions in the presence of
the engineered cysteine residues (Fig. 6 and Table S1). A simple
linear extrapolation of the F vs. In k plots to zero force does not
match the ensemble data for either pulling geometries, as it re-
sults in an unfolding rate at zero force that is slower, and a re-
folding rate at zero force that is faster than in the bulk solution
studies. While at first this may seem paradoxical, there are several
issues that must be considered. The first is the effect of the spring
constant of the system. For both folding and unfolding, a positive
spring constant results in a decrease in the rate constants (52).
The second issue is that as the rate constants approach zero force,
there will be curvature in the slopes of the line (i.e., the change
in the rate constants as a function of force) (53). This curvature
occurs due to the change in the distance between the folded and
unfolded states (the end-to-end extension of the molecule) as
a function of force. Because the end-to-end extension of the

InK,,,

GdmcCl (M)

Fig. 6. Ensemble kinetic chevron plots for src SH3 variants along both pull-
ing geometries. The parent proteins, A7C/N59C and R19C/N59C, are shown in
black and red, respectively. The I34A and S47A variants are shown in blue and
green, respectively, for the A7C/N59C (solid) and R19C/N59C (dotted) geome-
tries. The stopped-flow experiments were performed at 25 °C under the same
buffer conditions as those used in the optical tweezers (10 mM Tris pH 7.0,
250 mM Nadcl).
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molecule is measured along the applied force vector, it will
approach zero at zero force, even though the radius of gyration
is nonzero. Because the change in extension is so small at these
low forces (less than 4 pN), we cannot directly observe this
curvature. Furthermore, because the end-to-end extension is
different for the two geometries, the extent of curvature will
be different for A7C/N59C and R19C/N59C. Therefore, our data
cannot make any direct comparison between the unfolding rates
observed in bulk and in single-molecule experiments. We can,
however, compare the effect of mutations (Table 1).

The mutations have relatively small destabilizing effects
(approximately 0.5-1 kcal/mol) in the background of a margin-
ally stable protein; therefore, we compare the change in folding/
unfolding rates at a measured denaturant value instead of
calculating a quantitative phi-value (Table 1). The I34A mutation
decreases the folding and unfolding rates to the same extent as
observed in single-molecule experiments. Thus, 134 appears to be
similarly involved in the transition state in bulk and in both pull-
ing geometries. The effects of the S47A mutation in the absence
of force are complex; it induces apparent curvature in the unfold-
ing limb at high [GdmClI] in the wild-type and A7C/N59C back-
ground (Fig. S5). At low [GdmCI], the mutation increases the
unfolding rate in the A7C/N59C background, similar to the effect
observed on the low-force shearing regime (Fig. 6 and Table 1). It
is not clear if the rollover at high [GdmCI] is related to the
biphasic behavior observed in the single-molecule experiments.
It is also worth noting that the S47A mutation shows slightly dif-
ferent effects in the two cysteine backgrounds.

Probing the detailed structural features of each pathway will
require evaluating the effect of many mutations, defining the
mechanical transition state along the two pulling geometries by
using an analysis analogous to the ¢-value methodology (5, 54)
shown in previous AFM studies (15, 23, 24). Such an approach is
particularly complex, because mutations can affect the force
range at which the protein unfolds; therefore, a detailed compar-
ison between variants requires the methods used here, which
measure the unfolding over a broad range of forces. In addition
to providing structural details about the differences between
the unfolding mechanism in each geometry, such “mechanical
¢-values” will also enable a comparison between the mechanical
and ensemble transition states. The results from these experi-
ments will need to be incorporated into the development of a
quantitative description of a protein’s energy landscape (55).

Conclusion

Our results clearly demonstrate that even under this low-force
regime, using a small, cooperatively folded single domain protein
such as src SH3, pulling geometry plays a crucial role in mechan-
ical unfolding. The protein responds very differently when pulled
along either a shearing or unzipping axis with respect to the
terminal f strand. As anticipated from theoretical studies, the
shearing axis appears more mechanically stable. Furthermore,
when pulled in the shearing direction, the protein shows biphasic
behavior, suggesting two different trajectories. The simple notion
that certain folds have evolved to be mechanically resistant must
take into account the position of the applied force during specific
biological processes. Even within a specific geometry, the barriers
traversed in mechanically induced conformational changes will
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depend on the force and may be unrelated to the barriers tra-
versed in the absence of force. Thus, the regions of a protein
tuned to respond or resist force in the cell will depend greatly
on both the direction and magnitude of the applied force.

Materials and Methods

Protein Expression and Purification. Site-directed cysteine mutations in the
chicken src SH3 domain sequence were introduced using QuikChange muta-
genesis. The variant proteins were expressed and purified as described pre-
viously (32).

Optical Tweezers. DNA handles were attached to the protein as described pre-
viously (37). The data were recorded using the optical tweezers instrument
described in previous studies (6, 30, 36). The optical trap is made of two coax-
ial, counter-propagating lasers holding a 3.2-pm, anti-digoxigenin-coated
bead at the focus. This bead is tethered via the DNA-protein—-DNA chimera
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to a 2.1-um streptavidin-coated bead, which is held on a micropipette via
suction. The micropipette is stationary, and the trapped bead is manipulated
by steering the optical trap, which samples data at 1 kHz and has a spring
constant of approximately 0.08 pN/nm.

Ensemble Equilibrium and Kinetic Studies. Chemical denaturant melts were per-
formed as described previously using a Horiba FloroMax-3 fluorimeter (31).
Kinetic data for ensemble chevron plots were collected on a BioLogic SFM-
400/MOS 200 stopped-flow fluorescence system as described previously (31).
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