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Atomic force microscopy reveals parallel mechanical
unfolding pathways of T4 lysozyme: Evidence
for a kinetic partitioning mechanism
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Kinetic partitioning is predicted to be a general mechanism for
proteins to fold into their well defined native three-dimensional
structure from unfolded states following multiple folding path-
ways. However, experimental evidence supporting this mechanism
is still limited. By using single-molecule atomic force microscopy,
here we report experimental evidence supporting the kinetic
partitioning mechanism for mechanical unfolding of T4 lysozyme,
a small protein composed of two subdomains. We observed that on
stretching from its N and C termini, T4 lysozyme unfolds by
multiple distinct unfolding pathways: the majority of T4 lysozymes
unfold in an all-or-none fashion by overcoming a dominant un-
folding kinetic barrier; and a small fraction of T4 lysozymes unfold
in three-state fashion involving unfolding intermediate states. The
three-state unfolding pathways do not follow well defined routes,
instead they display variability and diversity in individual unfold-
ing pathways. The unfolding intermediate states are local energy
minima along the mechanical unfolding pathways and are likely to
result from the residual structures present in the two subdomains
after crossing the main unfolding barrier. These results provide
direct evidence for the kinetic partitioning of the mechanical
unfolding pathways of T4 lysozyme, and the complex unfolding
behaviors reflect the stochastic nature of kinetic barrier rupture in
mechanical unfolding processes. Our results demonstrate that
single-molecule atomic force microscopy is an ideal tool to inves-
tigate the folding/unfolding dynamics of complex multimodule
proteins that are otherwise difficult to study using traditional
methods.
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Protein folding and unfolding are fundamental processes inside
the cell. From an unfolded and presumably random coil-like
state, most proteins must fold into the well defined three-
dimensional structures, which are unique to each protein, to be
biologically functional. The folding and unfolding processes are
complex and may involve multiple pathways (1, 2), which are
believed to be governed by the general kinetic partitioning mech-
anism (3, 4), although experimental proof supporting this mecha-
nism is still limited (5-8). Small, single-domain proteins are often
used as model systems to investigate folding/unfolding dynamics.
However, certain proteins are complex such that they are composed
of smaller modules that can behave quite independently, thus
presenting more complex folding/unfolding dynamics. The coupling
between modules plays important roles in defining the overall
conformational dynamics of these proteins (9-11). T4 lysozyme is
an excellent model system in this aspect. T4 lysozyme is 164 residues
long and composed of 10 a-helices and four short B-strands (12)
(Fig. 14). It has been widely studied for >30 years and the
availability of high-resolution structures of hundreds of T4 lysozyme
mutants makes it especially appealing (13). Although traditional
ensemble studies showed that T4 lysozyme unfolds in an apparent
two-state fashion (14, 15), it has been well recognized that two
subdomains exist in T4 lysozyme: an o/ N-terminal lobe and an all
a C-terminal lobe. The unique feature of T4 lysozyme is that the
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N-terminal helix A forms part of the C-terminal lobe, resulting in
coupling between the two subdomains. The two subdomains have
distinct thermodynamic stability giving rise to the possibility for T4
lysozyme to unfold from at least two regions (16). Recent fragment
studies confirmed the subdomain architecture of T4 lysozyme
(17-19). Here, we use single-molecule atomic force microscopy
(AFM) techniques to investigate the unfolding dynamics and
pathways of T4 lysozyme.

Single-molecule AFM exploits the stretching force as a “dena-
turant” to destabilize the protein and force proteins to undergo
force-induced unfolding reaction along the reaction coordinate
defined by the stretching force, providing a glimpse of the particular
cross-section of the energy landscape underlying protein unfolding
(20-22). Because of its superb ability to trigger and monitor the
mechanical unfolding of individual protein molecules, single-
molecule AFM has evolved into a powerful tool to investigate the
folding and unfolding dynamics of proteins at the single-molecule
level (21, 23-25). Most of the single-molecule AFM studies carried
out to date focused on small, single-domain proteins (23, 24, 26, 27)
and many of them were considered as two-state folders in tradi-
tional ensemble studies. Despite the relative simplicity of these
model systems, single-molecule AFM revealed information about
the conformational dynamics of proteins, such as stable unfolding
intermediate states and distinct alternative unfolding pathways,
which are invisible in ensemble studies (28—33). The unique topol-
ogy makes T4 lysozyme an ideal model system to use single-
molecule AFM to investigate its mechanical unfolding behaviors.
By using a solid-state polymerized T4 lysozyme polyprotein, the
mechanical unfolding of T4 lysozyme was investigated in detail by
stretching from its two residues 21 and 124 (34). Here, we use
single-molecule AFM to stretch a cysteine-free pseudo wild-type T4
lysozyme (T4L*) and its circular permutant PERM1 (35) from their
N and C termini to investigate their mechanical unfolding dynamics
and the role of subdomain coupling in their mechanical unfolding.
Our results showed that, on pulling from its N and C termini, the
mechanical unfolding of T4L* displays kinetic partitioning and
proceeds by multiple parallel unfolding pathways: the majority of
T4L* unfold in an apparent two-state fashion, whereas ~13% of
T4L* unfold in three-state fashion involving partially unfolded
intermediate states. In addition, the three-state unfolding pathways
show great diversity in the individual unfolding trajectory. We
demonstrate that the interaction of the N-terminal helix A, which
forms part of the C-terminal lobe, with the rest of C-terminal lobe
is critical for the mechanical stability of T4L*. The unfolding
intermediate states are local energy minima in the free-energy
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Fig. 1. Majority of T4 lysozyme molecules unfold in an apparent all-or-none fashion. (A) Tertiary structure of T4L* (PDB ID code 1L63). The N-terminal lobe is
green, and the C-terminal lobe and the helix A are yellow. Residues 1 and 164, from which T4 lysozyme is being pulled to unfold, are shown as ball and sticks.
Arrows indicate the force acting on T4L*. (B Upper) Schematic illustration of the polyprotein chimera (GB1)4-T4L*-(GB1)4 used in single-molecule AFM
experiments. (B Lower) Typical force-extension curves of polyprotein (GB1)4-T4L*-(GB1)4. The mechanical unfolding events of the well characterized GB1 domains
(red) occurred at ~180 pN with ALc of ~18 nm and serve as fingerprints to discern signatures of the mechanical unfolding of T4L*. The unfolding of TAL* always
precedes the unfolding of GB1 domains and is characterized by unfolding forces of ~50 pN and AL¢ of =60 nm, which corresponds to the complete unfolding
of T4L* (green). The mechanical unfolding of the majority of TAL* molecules occurs in an apparent two-state fashion. Black lines correspond to WLC fits to the
experimental data. (C) Histogram of ALc¢ for TAL* molecules that unfold in two-state fashion. Red line is the Gaussian fit to the experimental data with average
ALc of 59.0 = 4.0 nm (n = 1,269). (D) Unfolding force histogram for T4L* molecules that unfold in two-state fashion (pulling speed: 400 nm/s, n = 1,269). Red

line is the Monte Carlo fit, using an «p of 0.055 s~' and a Ax, of 0.75 nm.

landscape and are likely to associate with the residual structures
present in the two subdomains. Such complex kinetic behaviors
reflect the stochastic nature of kinetic barrier rupture in mechanical
unfolding processes, and provide direct evidence for the kinetic
partitioning of the mechanical unfolding pathways of T4 lysozyme.

Results

T4 Lysozyme Exhibits Distinct Multiple Unfolding Pathways. To char-
acterize the mechanical unfolding of T4L* by using single-molecule
AFM, we engineered (GB1),-T4L*-(GB1)4 polyprotein chimera, in
which T4L* was flanked by (GB1)4 at both ends (Fig. 1B Upper).
In the polyprotein chimera, the well characterized GB1 domains
serve as fingerprints for identifying single-molecule stretching
events and discerning the signatures of the mechanical unfolding of
T4L*. The mechanical unfolding of GB1 is characterized by con-
tour-length increments AL of ~18 nm and unfolding force of ~180
pN (26). Stretching polyprotein chimera (GB1),-T4L*-(GB1), re-
sults in force-extension curves with a characteristic saw-tooth
pattern appearance corresponding to the mechanical unfolding of
(GB1)4-T4L*-(GB1)4 (Fig. 1B). Fig. 1B, curves A and B, presents
two examples that show the stretching and unfolding of a full-length
polyprotein chimera. In these two curves, we observed eight
unfolding events occurring at ~180 pN with ALc of ~18 nm as
measured by fitting the worm-like-chain (WLC) model of polymer
elasticity (36) to consecutive unfolding force peaks. These eight
unfolding events can be easily identified as the mechanical unfold-
ing of the eight GB1 domains that flank T4L* in the chimera.
Hence, the unfolding event that precedes the unfolding of GBI
domains and occurs at ~50 pN must correspond to mechanical
unfolding of TAL*. Because the polyprotein chimera were picked up
randomly along the contour length of the molecule, the majority of
force-extension curves correspond to the stretching and unfolding
of part of the polyprotein. In these curves, if we observed five or
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more unfolding events of GBI in a force-extension curve, we are
certain that the unfolding event before the unfolding events of GB1
domains must correspond to the stretching and unraveling of T4L*
(Fig. 1B, curve C). It is evident that, to obtain these force-extension
curves with at least five GB1 unfolding events, the polyprotein must
have been picked up by attaching the AFM tip to one of the GB1
domains, and there should be no direct interaction between the
AFM tip and T4L*, avoiding any potential modification of the
native state of TAL* by the AFM tip [supporting information (SI)
Fig. 5]. Fitting the WLC model to the unfolding events of T4L*
measures an average ALc of 59.0 + 4.0 nm (avg = SD, n = 1,269)
for the mechanical unfolding of T4L* from its N and C termini
(Fig. 10).

T4L* comprises 164 aa residues and is 59 nm long on being
unfolded and fully extended (164 aa X 0.36 nm/aa). The distance
between the N and C termini in the folded state is ~0.8 nm (PDB
ID code 1L63). Hence, a complete mechanical unfolding of T4L*
will result in a ALc of 58.2 nm (59.0-0.8 nm), which is in close
agreement with the experimentally determined AL, corroborating
our conclusion that the unfolding events of ALc of ~59 nm
correspond to the mechanical unfolding of T4L*. The close match
between the observed and predicted AL¢ indicates that the un-
folding events of T4AL* correspond to the complete unfolding of T4
lysozyme in an apparent all-or-none fashion within the force
resolution of our AFM experiments (=20 pN) (see SI Text).

In ~13% of unfolding events of T4L*, we observed that T4
lysozyme unfolded in a complex three-state fashion involving
unfolding intermediate state: instead of the all-or-none unfolding
process (as those shown in Fig. 1B), the mechanical unfolding of
some T4L* occurred in two steps characterized by AL¢; and AL,
respectively (Fig. 24). Although different unfolding trajectories
may show different patterns of AL and AL, the sum of AL and
AL, gave a total ALc of ~60 nm, which is consistent with the
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Fig. 2. T4 lysozyme can unfold by multiple parallel three-state unfolding
pathways. (A) Typical force-extension curves of TAL* showing three-state unfold-
ing behaviors. The initial partial unfolding events, which correspond to the
unfolding event from the native state to the unfolding intermediate state, are
shown in blue, and the subsequent unfolding events, which correspond to the
unfolding of the intermediate state to the fully unfolded state, are cyan. WLC fits
(black lines) to the experimental data reveal distinct patterns of ALc; and ALc;. (B)
A series of force-extension curves of the same T4L* measured during repeated
stretching-relaxation experiments. The same T4L* molecule exhibited distinct
mechanical unfolding pathways, including the two-state pathway and multiple
distinct three-state unfolding pathways. For all of the events showing three-state
unfolding behaviors, the sum of AL¢y and ALc; is close to ~60 nm, which is in
agreement with that expected from the complete unfolding of T4L*.

complete unfolding of one folded T4L*. It is evident that, after
crossing the first kinetic barrier (corresponding to the first unfold-
ing peaks, indicated by *), TAL* are kinetically “trapped” into
unfolding intermediate states that are thermodynamically and
mechanically stable, at least on the time scale of subseconds, and
should correspond to local energy minima along the unfolding
pathways of T4L*. The subsequent unfolding of such unfolding
intermediate states results in the second unfolding force peaks as
indicated by #. These results indicate that T4L* can unfold by
multiple parallel pathways. For clarity, we will discuss the features
of the two-state unfolding and the three-state unfolding pathways
separately.

Two-State Unfolding of T4 Lysozyme Is Characterized by a Long
Unfolding Distance to the Transition State. T4L* that unfold in a
two-state fashion show a narrow distribution in their unfolding
forces (Fig. 1D) with an average of 50 + 13 pN (n = 1,269) at a
pulling speed of 400 nm/s. The unfolding forces of T4L* show a
weak dependency on pulling speeds (SI Fig. 6): the average
unfolding force of T4L* increases to 59 pN at a pulling speed of
1,000 nm/s, which is similar to that when T4L* is unraveled from its
residues 21 and 124 (34) and in good agreement with theoretical
prediction (37). By using a standard Monte Carlo procedure (38)
and assuming that the location of the transition state does not move
with different pulling speeds, we fit the unfolding-force histogram
and the pulling-speed dependence of the unfolding forces to
estimate the unfolding rate constant at zero force o« and the
unfolding distance Ax, between the folded state and the transition
state along the reaction coordinate. We found that the experimen-
tal data can be reproduced well by using a « of 0.055 s™! and a Ax,
of 0.75 nm. This result suggests that the mechanical resistance to
unfolding is distributed over a distance of (.75 nm, in contrast to the
smaller Ax, and highly localized mechanical resistance observed for
elastomeric proteins, such as 127 (38) and ubiquitin (31). The
measured A, is similar to that reported by Yang et al. (34) for T4
lysozyme being unraveled from residues 21 and 124.
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The observed AL¢ and Ax,, for the two-state unfolding of T4L*
suggest that the mechanical unfolding barrier lies close to the N-
and C-termini. To extend T4L*, helix A, which is at the N terminus
of the entire sequence but part of C-terminal lobe, will have to be
detached first from the remainder of C-terminal lobe. Hence, it is
likely that the mechanical unfolding energy barrier for the two-state
unfolding corresponds to breaking the interactions connecting helix
A to the reminder of the C-terminal lobe. After crossing the main
unfolding barrier, the rest of TAL* (N-terminal lobe and the rest
C-terminal lobe) unfolds readily. However, to obtain detailed
information about the molecular events during the unfolding
process and pinpoint the exact location of the energy barrier,
molecular dynamics simulations will be needed.

Three-State Unfolding of T4 Lysozyme Shows Diversity in Unfolding
Pathways. In contrast to the majority of T4L* that unfold in a well
defined all-or-none fashion, ~13% of T4L* unfold in three-state
fashion involving an unfolding intermediate state. Such a three-
state unfolding scheme does not follow a well defined pathway,
instead it showed diversity and variability in their unfolding path-
ways. Fig. 24 shows two force-extension curves in which T4L*
unfolds in two steps but with significantly different ALc;. For
example, TAL* in the top curve unfolds in two steps: the first step
is a partial unfolding event resulting in AL¢; of 16 nm, and the
second step corresponds to the subsequent unraveling of the
remainder of T4 lysozyme resulting in AL, of 43 nm. The sum of
ALy and AL, gave a total AL¢ of ~60 nm, which corresponds to
the AL ¢ resulting from the complete unfolding of T4L*. In contrast,
the three-state unfolding of T4L* in the bottom curve results in
ALc of 51 nm and AL of 13 nm. AL is an intrinsic structural
parameter that provides information about the location of kinetic
barriers. The distinct patterns of ALc; and AL suggest the
existence of distinct unfolding pathways and the different location
of the kinetic barriers for unfolding.

The diversity in unfolding pathways for TAL* was also observed
in the same T4L* molecule during repeated stretching—relaxation
cycles. A few representative force-extension curves resulted from
such an experiment are shown in Fig. 2B (relaxation curves are not
shown), where the T4L* molecule exhibits both three-state and
two-state unfolding behaviors. The choice of a given unfolding
pathway is not deterministic, reflecting the stochastic nature of
kinetic barrier crossing (39). For the events showing three-state
unfolding behavior, all of the TAL* molecules show a combined
AL of ~60 nm, whereas AL¢; and AL, show different patterns.
This observation indicates that the different unfolding pathways,
both two-state unfolding and the diverse three-state unfolding
schemes, are intrinsic properties of T4 lysozyme defined by its
underlying energy landscape along the reaction coordinate defined
by the stretching force, and therefore the same T4L* molecule can
sample distinct unfolding pathways.

The diversity of the three-state unfolding pathways is further
illustrated by the histogram of AL¢; and AL¢» compiled from 196
T4L* molecules that unfold in three-state fashion (Fig. 34 and B).
For comparison, the corresponding histogram for ALci+ALc; is
also shown (Fig. 3C). It is clear that AL¢; and AL, show broad
distributions that are clearly beyond the experimental error of the
AL measurements in our experiments. Therefore, the broadness in
the distribution of AL¢; and AL reflects the intrinsic diversity of
the three-state unfolding schemes manifested by T4L* molecules.
From limited three-state unfolding events, it seems that there exist
three preferred pathways with AL, being ~14 nm, ~29 nm, and
~46 nm (as indicated by arrows), respectively, suggesting that the
second kinetic energy barrier for the three-state unfolding is located
~45 nm, 30 nm, and 13 nm away from its resting length between N
and C termini. However, because of the uncertainties of using the
WLC model to fit the low unfolding force events of T4L*, our
resolution in AL¢c measurements is rather limited (as indicated by
the relatively large bin size of 3 nm in Fig. 3 4-C). Such a limited
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Fig. 3. Histogram of ALcy (A) and ALc; (B) in three-state unfolding trajecto-
ries. For comparison, the histogram of ALcq+ALc,, which was measured from
the same unfolding trajectories of TAL*, is shown in C. It is evident that ALc
and ALc; show broad distribution, indicating broad distribution of unfolding
pathways for T4L*. Solid line in Cis the Gaussian fit to the experimental data
with an average ALci+ALc; of 61.0 = 4.0 nm (n = 196). (D and E) Unfolding-
force histograms of the first (D) and second (E) unfolding events of T4L*
observed in three-state unfolding pathways.

resolution made it difficult to accurately determine the distribution
of unfolding pathways.

Despite the diversity in the three-state unfolding pathways, the
unfolding forces of the two unfolding force peaks are surprisingly
similar to each other, and to that for two-state unfolding. The
unfolding forces for the two unfolding force peaks show a narrow
distribution with an average force of ~50 pN (Fig. 3 D and E).

Possible Pathways for Three-State Unfolding. T4L* is made of two
subdomains and has been shown to exhibit various intermediate
states along both folding and unfolding pathways in chemical
denaturation studies (40—45). However, in the mechanical unfold-
ing experiments, the unfolding of T4L* proceeds along a well
defined reaction coordinate set by the stretching force, which is
quite different from that in chemical folding/unfolding studies.
Hence, it is unlikely that the mechanical unfolding intermediates
observed here directly correspond to those observed in the chem-
ical folding/unfolding studies. Indeed, our single-molecule AFM
studies show that mechanical unfolding pathways exhibit features
that are quite different from that for chemical unfolding pathway.
In T4L*, the N-terminal helix A is part of the C-terminal lobe.
Therefore, on stretching T4L* from its N and C termini, helix A will
have to be detached first from the remainder of the C-terminal lobe
to extend T4L*. Hence, regardless of the two-state or three-state
unfolding pathways, disruption of the interaction between helix A
and the remainder of the C-terminal lobe constitutes the first
barrier for mechanical unfolding of T4L* and the necessary con-
dition for the observation of the unfolding of the N-terminal lobe.
In contrast, the unfolding of the N-terminal lobe occurs before the
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unfolding of the A helix in the chemical unfolding pathways of T4L*
(43-45).

In the mechanical unfolding of T4L*, the observation of multiple
three-state unfolding pathways indicates that, after crossing the first
barrier, there are many potential contacts, being native or newly
formed in the two subdomains, that can lead to local energy minima
and potentially provide mechanical resistance to unfolding in a
stochastic fashion. By using AL as a probe, it is possible to estimate
the location of the kinetic barrier during the three-state unfolding
(32). For example, the unfolding pathway of AL¢; and AL of 30/29
nm is consistent with the unfolding of helix A plus the N-terminal
lobe followed by subsequent unraveling of the remaining C-
terminal lobe. However, because of broad distribution of ALc; and
AL and the degeneracy in AL¢1/AL; due to the fact that different
unfolding pathways may result in similar ALci/ALc,, it remains
difficult to accurately determine the location of kinetic barrier in
three-state unfolding processes. Extended AFM studies with much
improved resolution in AL measurements, in combination with
complementary structural characterization experiments, will be
required to characterize the unfolding intermediate states in detail.

Interactions Between Helix A and Reminders of the C-Terminal Lobe
Play a Critical Role in Determining the Mechanical Stability of T4
Lysozyme. Our results indicated that the interaction between helix
A with the C-terminal lobe may hold the key to the mechanical
stability of T4L*. To further investigate the role of helix A on the
mechanical unfolding of T4L*, we use single-molecule AFM to
study the mechanical unfolding of a well characterized T4L*
circular permutant PERM1. In PERMI, helix A is shuffled to the
C terminus of the overall sequence (Fig. 44), leading to the
decoupling of the two subdomains (35). PERM1 was shown to have
an almost identical structure (35) to T4L* (Fig. 4B).

Using a similar strategy, we constructed (GB1),-PERM1-(GB1),4
to characterize the mechanical unfolding of PERMI1. If we ob-
served five or more unfolding events of GB1, we are certain that the
given force-extension curve contains the signature of mechanical
unfolding of PERMI. In contrast to T4L*, the unfolding of PERM1
displays even greater diversity (Fig. 4C): ~20% of the force-
extension curves (n = 190) did not show any unfolding peak
corresponding to the unfolding of PERMI, indicating that these
PERM1 molecules unfold at forces below our detection limit (=20
pN); =~56% of force-extension curves showed a single unfolding
force peak with a broad distribution of AL¢ from 20 nm to 60 nm
(Fig. 4D); and ~24% of unfolding events showed a three-state
unfolding (Fig. 4F).

In those unfolding events that only display one unfolding force
peak, approximately half of the unfolding events have AL of ~60
nm, corresponding to the two-state complete unfolding of PERM1.
However, 54 of 107 molecules show AL that is much smaller than
60 nm, suggesting that part of PERM1 unfold at low forces before
the observed unfolding event (Fig. 4C).

Compared with T4L*, there is a significant increase in the
number of PERM1 that unfold at forces <20 pN, and the number
of PERM1 that unfold from an already partially unfolded inter-
mediate state. These results strongly indicate that the shuffling of
helix A from the N terminus to C terminus significantly weakens
T4L*. Although the two subdomains in circular permutant PERM1
remain relatively intact, the coupling of the two subdomains by helix
Aisno longer present. And the mechanical unfolding barrier, which
corresponds to the disruption of helix A from the rest of C-terminal
lobe, is no longer the dominant unfolding barrier. Hence, a shift of
the mechanical unfolding barrier made it easier to unfold PERM1.
Similar to the mechanical unfolding of T4L*, a significant percent-
age of PERM1 unfold in three-state fashion with broad distribution
of ALc. Together with the observation that the unfolding of many
PERM1 only show partial unfolding, we conclude that many local
interactions in T4 lysozyme may result in local energy minima along
the mechanical unfolding pathway. These results highlight the
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critical importance of the coupling of helix A to the C-terminal lobe  scenario holds, the observed heterogeneity of the mechanical
on the mechanical stability of TAL*. This observation is consistent ~ unfolding pathways of T4L* could be explained by the unfolding
with recent observations that coupling helix A to the C-terminal ~ from distinct native conformations of T4L*. In addition, this model
lobe is key to the overall thermodynamic stability of T4L* (18, 45).  could also provide direct evidence for a kinetic partitioning mech-
. . anism for the folding pathways of T4L*: if we assume the existence
Discussion of multiple native conformations of T4L*, the repetitive unfolding—
The statistical mechanics description of protein folding has pro-  refolding experiments shown in Fig. 2B would indicate that T4L*,
vided tremendous insights into the protein-folding mechanism (1,  from the same unfolded and extended conformation, folded into
46). Although there is only limited experimental data (5-8), it is  different native conformations following distinct folding pathways.
now generally accepted that proteins can fold into their well defined ~ Considering that there is no direct experimental evidence for the
native structure following multiple folding pathways by kinetic  heterogeneity of native conformations for T4L*, we think that the
partitioning mechanisms (4). Recent developments in single-  Kinetic partitioning observed here is more likely to originate from
molecule techniques have made it possible to directly probe the  the first mechanism. Nonetheless, the common theme of both
folding and unfolding dynamics of proteins at the single-molecule  scenariosis the frustration in the free-energy landscape, which is the
level, providing the possibility to directly probe the kinetic parti-  key to kinetic partitioning mechanism.
tioning mechanism. Here, our single-molecule mechanical unfold- The broad distribution of unfolding pathways suggests that the
ing trajectories revealed that T4 lysozyme unfolds by multiple  three-state unfolding behavior is not originating from well defined
distinct unfolding pathways: 87% of TAL* unfold in an all-or-none  unfolding intermediates. Instead, there are many local interactions/
fashion involving overcoming a dominant unfolding kinetic barrier, ~ contacts in T4L* that can “trap” the protein into an unfolding
and ~13% of T4L* unfold in a three-state fashion and exhibit  intermediate state along its unfolding pathways. Such complex
variability and diversity in their individual unfolding pathways.  multiple unfolding pathways reported here have much resemblance
These mechanical unfolding trajectories provide direct evidence  to that of the mechanical unfolding and folding of Tetrahymena
supporting the kinetic partitioning mechanism for the mechanical  thermophila ribozyme, where a wealth of unfolding and folding
unfolding of T4L*. pathways observed in optical tweezers experiments are predomi-
Two possible scenarios are feasible to explain the kinetic parti-  nantly determined by local interactions (39, 48). This similarity
tioning observed for the mechanical unfolding of TAL*. In the first ~ between T4L* and ribozymes provides good supporting evidence
scenario, there is one well defined native conformation for T4L*.  for the proposal that the kinetic partitioning mechanism is a
The frustration on the free-energy landscape results in direct =~ common theme in the folding of proteins and RNAs (4, 49).
(two-state unfolding) and indirect pathways to the unfolded state, Moreover, similar to the complexity in the mechanical unfolding
leading to the kinetic partitioning observed here for the mechanical ~ pathways of T4L*, complex folding/unfolding intermediate states
unfolding pathways. Along the indirect pathways, T4L* can enter ~ were also observed in chemical folding/unfolding of T4L*(40,
into various local energy minima, which are stable enough to be ~ 43-45, 50). However, because of the different reaction coordinates
captured in our single-molecule unfolding trajectories. in the mechanical and chemical unfolding pathways, significant
The second scenario is associated with the heterogeneity of the  differences in the structure of mechanical and chemical unfolding
native conformations of T4L*. Although there is no direct exper-  intermediate states do exist. Although mechanical and chemical
imental evidence, it was suggested that the N-terminal lobe of TAL*  unfolding pathways of T4L* are different from each other, infor-
probably undergoes hinge-bending motion in solution (47), which ~ mation from the mechanical and chemical unfolding experiments
could potentially lead to more than one native conformation. If this ~ do reflect the intrinsic properties of the different regions of the
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underlying energy landscape. It is likely that the unique two
subdomain structure of T4L* and the associated domain—domain
interactions play important roles in defining such a complex energy
landscape that gives rise to the complex unfolding kinetics of T4L*.
Although T4L* displays two-state unfolding behaviors probed by
traditional methods, it has been well recognized that there exist two
subdomains in T4L* that have distinct thermodynamic stability and
show possibilities of unfolding from at least two regions (16).
Recent fragment studies confirmed the subdomain architecture of
T4L* (18, 45). In addition, a continuum of stability was observed by
native-state hydrogen exchange to occur throughout each subdo-
main that may give rise to a variety of folding and unfolding
intermediate states (40, 43, 44, 50). In the mechanical unfolding of
T4L*, we observed that the interaction between the N-terminal
helix A and the reminder of the C-terminal lobe and the coupling
between the two subdomains by helix A provide the dominant
resistance to the mechanical unfolding. And various unfolding
intermediate states observed in three-state unfolding correspond to
various partially unfolded structures of the two subdomains after
the main barrier-crossing event. These results highlight the critical
importance of the domain—domain coupling and their interactions
on the folding/unfolding kinetics of a multidomain protein. We
anticipate that single-molecule mechanical manipulation exempli-
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fied here will provide a general tool and strategy to thoroughly
investigate the mechanical unfolding kinetics of complex multido-
main proteins.

Materials and Methods

Protein Engineering. The plasmids that encode the T4L* protein and its circular
permutant PERM1 were generous gifts from Brian W. Matthews (University of
Oregon, Eugene, OR) and Martin Sagermann (University of California, Santa
Barbara, CA). Polyprotein chimera (GB1)4-T4L*-(GB1)4 and (GB1),-PERM1-(GB 1),
were constructed by using a method described in ref. 38. Polyproteins were
overexpressed in DH5« strain and purified from supernatant by using Ni2*-
affinity chromatography. The polyproteins were kept at 4°C in PBS buffer at a
concentration of ~200 pg/ml.

Single-Molecule Atomic Force Microscopy. Single-molecule AFM experiments
were carried out on a custom-built atomic force microscope as described in ref. 26.
The details for analyzing force-extension curves and classifying unfolding events
of TAL* are provided in S/ Text.
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