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Dwell-Time Distribution Analysis of Polyprotein Unfolding Using
Force-Clamp Spectroscopy
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ABSTRACT Using the recently developed single molecule force-clamp technique we quantitatively measure the kinetics of
conformational changes of polyprotein molecules at a constant force. In response to an applied force of 110 pN, we measure
the dwell times of 1647 unfolding events of individual ubiquitin modules within each protein chain. We then establish a rigorous
method for analyzing force-clamp data using order statistics. This allows us to test the success of a history-independent, two-
state model in describing the kinetics of the unfolding process. We find that the average unfolding trajectory is independent of
the number of protein modules N in each trajectory, which varies between 3 and 12 (the engineered protein length), suggesting
that the unfolding events in each chain are uncorrelated. We then derive a binomial distribution of dwell times to describe the
stochastic dynamics of protein unfolding. This distribution successfully describes 81% of the data with a single rate constant of
a = 0.6 s for all N. The remainder of the data that cannot be accounted for suggests alternative unfolding barriers in the
energy landscape of the protein. This method investigates the statistical features of unfolding beyond the average measurement

of a single rate constant, thus providing an attractive alternative for measuring kinetics by force-clamp spectroscopy.

INTRODUCTION

Statistical analysis of single molecule kinetics of biological
reactions has revealed the mechanisms of several important
processes (1), including the function of ion channels in cell
membranes (2,3) and the evoked synaptic transmission in
neurons (4). With the advent of new single molecule tech-
niques that can probe folding and unfolding of biomolecules
over time (5-9), appropriate histogram fits and maximum-
likelihood methods (10,11) to overcome problems of noise
and artifacts are becoming increasingly important in the
field. In these experiments, a single module protein fluctuates
over time between different conformational states that can
be observed and their lifetimes measured. If the reaction is
modeled by the simplest two-state Markov process, as is
often the case in protein (un)folding (12,13), the distribution
of unfolding times can be fitted by a single exponential
curve, yielding the rate constant of the reaction.

On the other hand, many modular proteins perform their
function in tandem, such as the immunoglobulin modules in
the muscle protein titin (14) or multiple ubiquitin modules in
protein degradation (15). The influence of the proximity of
multiple protein modules in a chain on the unfolding process
is a biologically relevant question, since it may introduce cor-
relations via domain swapping (16), module-module inter-
actions (17), aggregation (18) or energy storage through the
molecular spring (19). A wealth of information about the
underlying kinetics of the process can be inferred from
the distribution of unfolding times of the individual protein
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modules. However, the number of modules in the chain, N,
and the order number of each unfolding event in the chain, £,
must first be taken into account in the statistical analysis.
Such an analysis can then test the system’s dynamics, as
purely stochastic (random) or including memory (correla-
tions), as well as the presence of alternative unfolding energy
barriers.

Force-clamp spectroscopy using atomic force microscopy
(AFM) unambiguously follows single polyprotein unfolding
and refolding trajectories under a stretching force as a func-
tion of protein end-to-end length (13,20). Identical protein
modules in the chain serve as a firm signature of the single
molecule in the experiment. These measurements then yield
the precise dwell time, ¢, defined as the time it takes for each
module in the chain to unfold from the moment the force is
applied, which is marked by a step increase in length in the
force-clamp trajectories. Measuring the dwell times to a large
number of individual unfolding events allows for a statistical
analysis of the system’s kinetics. Previously, we have shown
that the average of just a few such unfolding trajectories,
analogous to bulk measurements (12), can be fitted with a
single exponential curve, suggesting that the process at a
given force appears stochastic (Markovian) (13). Moreover,
the average rate of unfolding, «, was shown to be expo-
nentially dependent on the stretching force (21).

Here, with a large statistical pool of 1647 unfolding events of
ubiquitin, we are able to perform thorough tests of Markovian
behavior, the effects of the chain length N on the kinetics of
unfolding, as well as the validity of the two-state model for
unfolding. In the AFM, the cantilever picks up single mole-
cule chains at random points on the surface, implying that
any number of protein modules within a chain, N = 12, may
be picked up in a pulling experiment. In single polyprotein
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chains, if the unfolding events are truly independent of one
another, the number of modules in the chain N should not
influence the time course of the average unfolding trajectory.
On the other hand, histograms of dwell times can be fitted
with a probability density function that is dependent on N.
In this study we demonstrate that ubiquitin modules unfold
independent of one another in each protein chain, refuting
arguments of module-module correlations. Finally, the as-
sumption of two-state unfolding is explored, by testing how
successful a unique unfolding rate constant is in fitting all the
dwell times using the derived stochastic model. We conclude
that a single rate constant is unable fit to all the obtained
dwell-time distributions, which is indicative of other path-
ways in the free energy landscape. We thus provide a statis-
tical analysis for data obtained by the force-clamp technique,
while probing important questions as to the microscopic mech-
anism of unfolding of ubiquitin.

MATERIALS AND METHODS

We used the polyprotein of human ubiquitin, engineered by consecutive
cloning of the monomer ubiquitin using the *‘sticky’” ends of the BamHI and
BgllI restriction sites (22) to form 12 identical domains in the polyprotein
chain. The 12-mer ubiquitin is cloned into the pQE30 (Qiagen, Valencia,
CA) expression vector and transformed into the BLR(DE3) Escherichia coli
expression strain. This construct has a C-terminus His-tag and has two
additional residues (arginine and serine) between each module in the chain.
The proteins were purified by histidine metal-affinity chromatography with
Talon resin (Clontech, Palo Alto, CA) and by gel-filtration using a Superdex
200 HR column (GE Biosciences). The length of the individual folded
protein is 3.8 nm from the PDB and the step length at 110 pN is measured to
be 20.4 = 0.7 nm, totaling 24.2 = 0.7 nm for the fully extended length of the
unfolded protein. This corresponds to the unraveling of all the 78 amino acid
residues in the protein structure.

The homemade AFM is constructed as described elsewhere (20). Using
analog electronics based on a proportional-integral-derivative amplifier
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whose output is fed to the piezoelectric positioner, the AFM can be operated
under force-clamp conditions, in which the cantilever is kept at a constant
deflection (force) for a few seconds. The drift of the cantilever introduces an
error in the force calibration and is important to address. There are mainly
two sources of drift: mechanical relaxation of the whole experimental setup,
and the bending of the cantilever because of temperature changes in the
room, changes in adsorption on the surface, and the presence of air bubbles.
The drift manifests itself in the length trajectories as a nonstationary value of
the length over time at constant force, and can therefore be quantified. We
have a procedure that rejects any trajectory with an error in the cantilever
position of =5 pN over the course of the experiment (several seconds), thus
avoiding any influence of drift on the theoretical model and its results. This
corresponds to a change in cantilever position of ~0.33 nm. Also, to avoid
drift, we only start taking data when the experiment is equilibrated at room
temperature to ensure constant force conditions.

The typical feedback response is set to 4-6 ms. The used cantilevers
(Veeco, MLCT-AUHW, Woodbury, NY) are individually calibrated using
the equipartition theorem (23) yielding spring constant values in the range of
12-18 pN/nm. As a result, the force-clamp technique maintains the cali-
brated cantilever in a constant position, such that the molecule is under a
fixed stretching force for the time of the experiment. Typical measurements
of protein length yield peak-to-peak noise of +0.5 nm. The polyprotein is
suspended in phosphate buffer solution on a gold cover slide.

RESULTS

A single ubiquitin molecule is held under a constant stretching
force between the cantilever and the surface, as shown in Fig.
1 a, tilting the protein energy landscape such that the unfolded
state becomes energetically favored. Consequently, the indi-
vidual modules unfold stochastically in a two-state manner on
the millisecond timescale of the experiment. This is evidenced
by the stepwise increases of 20 nm in the protein end-to-end
length, corresponding to the unraveling of all the amino acids
within each module in the chain, as illustrated by the staircases
in Fig. 1, b and c¢. We only include those trajectories that have
a minimum of three consecutive 20-nm steps in the staircase,
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FIGURE 1 Single molecule force-clamp experi-
ments. (a) Schematic showing a polyprotein stretched
under a constant force of 110 pN between the can-
tilever tip and the gold surface. The unfolding of a
single domain is associated with a 20-nm release in the
protein end-to-end length for ubiquitin. () Unfolding
kinetics data for ubiquitin chains of varying number of
protein modules, N. Length versus time traces show the
20-nm stepwise increase in length each time a single

protein domain unfolds. Zero displacement is set at the
point where the molecule is taught. The dwell times to

the multiple unfolding events k are measured, as in-
dicated in the trace with N = 3. Statistically, the larger
the N, the shorter the time it takes to observe an un-

folding event. (c¢) For a given N, the modules unfold
within a range of times since the process is probabi-
listic. This gives rise to dwell-time distributions.
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corresponding to the unfolding of at least three protein
modules as the signature of the polyubiquitin molecule. On
very rare occasions, <0.1%, multiple molecules can attach to
the cantilever, but the likelihood of those giving a staircase
fingerprint of single molecule unfolding is negligible. Instead,
they give rise to a variety of unfolding step sizes, corre-
sponding to the parallel unfolding of individual modules in
different chains, and are therefore not included in the analysis.
The cantilever picks up molecules of any chain length, N,
as shown in Fig. 1 b. Inherent to the technique, there is an
uncertainty in N since the detachment of the molecule from
the cantilever takes place at random times, irrespective of
whether all the protein modules have unfolded. As the rate of
detachment is comparable to the average unfolding rate of the
protein, many molecules detach before the unfolding of all the
modules. For this reason, we only include those traces that
lasted longer than 4 s.

Owing to the large data set (272 trajectories = 1647
events), we can segregate the trajectories according to the
number of modules in the chain, N. The normalized sum of
all the trajectories for each N is shown in Fig. 2. The single
exponential fitting rate constants do fluctuate within the
range of N (@ = 0.90-1.57 s~ "). This narrow range and the
absence of a trend as a function of N demonstrates that
the average unfolding rate is independent of N. Because the
length of the chain does not influence the average rate of
unfolding, it would seem that the events are independent of
one another. The average over all the data (i.e., chain lengths
of N = 3-12, black curve) naturally passes in between the
rest of the curves and is fit with a single exponential (dashed
gray curve) with & = 1.03 s~ '. This result is in remarkable
agreement with the previous estimation of the unfolding rate
at 110 pN, @ = 1.0 = 0.1 sfl, obtained from a fit of a much
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FIGURE 2 Comparison of the average unfolding trajectories obtained by
summing over traces containing the same number of unfolding events N.
The unfolding trajectories are independent of N, as obtained from the two-
state fits of Eq. 1 to the data. The variation in the single exponential fits with
a rate constant range { a ) = 0.90-1.57 s~ arises from additional pathways
in the landscape, also evidenced by the deviations of the single exponential
fits with x* = 40. The average trace over all the data is also shown with a =
1.03s7".
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reduced unfolding data set as a function of force (13).
Nevertheless, this large statistical pool of data reveals sig-
nificant deviations from the single exponential fit, indicating
the presence of other unfolding pathways, which are dis-
cussed in detail elsewhere (22).

The N independence of the average unfolding trajectories
can be rationalized assuming a stochastic process in which
the modules unfold independent of each other. If the average
rate of unfolding is «, the average time course of the nor-
malized protein length, L(r), as in Fig. 1, would then predict

Lit)=P()=1—e¢", (D

where P(¢) is the probability of unfolding over time, inde-
pendent of N, as shown in Fig. 2. Our result of N inde-
pendence of i(t) therefore agrees with the assumption of
probabilistic Markovian unfolding, yet the deviations from
the single exponential fits are indicative of violations of the
two-state model for unfolding.

Next, we probe the stochastic dynamics of the forced
unfolding trajectories. We directly measure the dwell times
to the unfolding events of individual protein modules in each
polyubiquitin chain under a stretching force. The time it
takes to observe multiple unfolding events as a function of
chain length is then statistically investigated. If each module
unfolds probabilistically with the same rate constant, it
should take longer (on average) to observe three events out
of three than out of a pool of 12 modules, given that there are
more choices. Several such trends become apparent from the
length versus time trajectories shown in Fig. 1, b and c¢. In
agreement with the previous remark, the longer the chain
length N, the shorter the dwell times to the same number of
consecutive events, k, as observed in Fig. 1 b. Second, mul-
tiple events & in chains of the same length, e.g., N = 5, are
shown to unfold at progressively longer times in Fig. 1 c.
Because the unfolding process is stochastic and not deter-
ministic, these observations are only true on average, and can
be quantitatively shown in the dwell-time histograms of all
the unfolding data. The dwell times of all the events that
occur first in the sequence, k = 1, for different chain length
ranges N in Fig. 3 a confirm faster unfolding times for longer
chains. Also, dwell times to multiple events (k = 1, 4, 7)
occurring in sequences of the same N range in Fig. 3 b show
not only longer dwell times for more events, but also a
change in the shape of the distributions from exponential
for a single event to broad distributions for large k. These
distributions indicate that the unfolding is probabilistic and
that the dwell-time distributions depend on both N and &,
which we next investigate theoretically.

If we assume that each individual unfolding event is a two-
state process and that the events are independent of one
another we first calculate the probability of unfolding mul-
tiple protein modules within a certain period of time. More
specifically, let us construct the probability as a function of
time of observing k unfolding events from N folded modules,
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FIGURE 3 Histograms of unfolding dwell times. (@) Distribution of dwell
times to the first unfolding event, k = 1, as a function of N reveals that the
waiting time is longer for chains with fewer ubiquitin modules. The curves
are fitted with Eq. 3, which is the binomial distribution. () Distribution of
dwell times for & number of unfolding events, for a fixed N range. The
distributions range from exponential for k = 1 to normal for large k, char-
acteristic of the binomial distribution.

that is, P(¢, N, k). The probability that exactly (k — 1) modules
out of N unfold until time 7, given that the probability to
unfold until time 7 is denoted p(¢), is binomial

NI .
(’“1)!(N—(k—1))!“—1’(t)]< (k=)

X [p(0)]* . 2)

Because the probability of a module to unfold in the time
range [t, t + df] is adt, it follows that p(f) = 1 — ¢~ *". Thus
the probability of the k™ module to unfold in the time range
[¢, t + df], is then just (N — (k — 1))« dt, since there are N —
(k — 1) modules that remain folded. Summing over all the
unfolding events, the probability P(¢, N, k), that exactly k — 1
modules out of N unfold until time 7 and then the k™ module
unfolds in the time range [¢, ¢ + dt], is then

P(t,Nk—1) =
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N! N—(k—1
(k—l)!(N—(k—l))![li I

X p]* (N = (k—1))a. 3)

This equation is normalized from zero to infinity over .

We then used Monte Carlo simulations to test the proba-
bility theory. The simulations were based on a Markovian
(stochastic) process, with a single unfolding rate constant of
a = 1.0 5", obtained for the average trajectory over all the
data shown in Fig. 2. Each simulation generated 1000 length
trajectories over time for each chain length N, while marking
the unfolding events by an increase in length of 20 nm,
mimicking the experiments. The resulting distribution of
dwell times for multiple unfolding events k = 1, 3, 5, 7 for
N =7 is shown in Fig. 4. The success of the fits of Eq. 3 with
o = 1.0 s™' confirms that the probability theory we derived
captures the stochastic two-state dynamics.

Next, we examine the success of the theory on the exper-
imental data. Fits of Eq. 3 to the experimental distributions in
Fig. 3 indicate that the functional form of the equation is
correct. However, in Fig. 3, the data is grouped into N ranges
to give better statistics, but this introduces errors in the
breadth of the distributions and a large variation in the rate
constants used to fit the histograms. We therefore measure
the average dwell-time values, rather than the actual distri-
butions, for the best fits of the rate constant for each chain
length N. The average dwell times are fitted with the expec-
tation values of { 7 ) for each event k and chain length N that
are obtained from Eq. 3, according to

P(t,N, k) =

Yoo

= /lP(t)dt _L y o - “4)
O (N—k+1) !

For each N, the average dwell times are successfully fitted
with Eq. 4, as shown in Fig. 5, with a relatively narrow
distribution of rate constants, @ = 0.87 = 0.13 s, shown
in the inset. These variations in the average rates indicate
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FIGURE 4 Dwell-time distributions obtained using Monte Carlo simula-
tions for 1000 traces with chain length N = 7. The success of the fits shows
that a Markovian, two-state process with a single rate constant of unfolding
gives rise to a binomial distribution derived in Eq. 3.
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FIGURE 5 Fits of the experimental average dwell times as a function of k
and N. Average dwell times to the first, second, k"M event in the sequence of
each trace, segregated by the total number of steps in the staircase, N, show
that the data is successfully fitted with Eq. 4, with a rate constant of « =
0.87 = 0.13 s~ . The error bars represent the mean * SE. The variation in
shown in the inset is independent of N, confirming that the process is
Markovian.

discrepancies from the two-state model, but are also affected
by the following experimental artifacts.

In this figure the total number of modules N is assumed
to be the number of observed unfolding steps, since all the
experiments have lasted a minimum of 4 s. Although all the
average dwell times shown in Fig. 5 take place before this
threshold time, there is a finite but small probability of events
occurring at even longer times, as seen in the tails of the
distributions in Fig. 6 a. Their probability of occurrence is
low, however, trajectories that have detached from the can-
tilever before the unfolding of all the events have an un-
derestimated N, which could contribute to the observed
variation in the unfolding rate constants. Also, there is noise
in the stretching force arising from the thermal noise of the
cantilever, on which the unfolding rates are exponentially
dependent. Given these experimental errors, on average the
binomial model fits the experimental data reasonably well.
Note, however, that our analysis method is not capable of
capturing the diversity in the unfolding pathways of each
individual module, rather, it tests which single pathway («)
fits the majority of the data for each chain length N.

Finally, we test the two-state model of unfolding by
searching for the most successful single rate constant in
fitting all the dwell-time data using the binomial distribution.
It is known that the length of each polyprotein chain N must
lie between the number of observed steps, kmax, and 12, the
engineered protein length. For each trajectory, we take the
time of the last unfolding event, i.e., of k.x, as well as an
input a-value and we solve Eq. 3 to obtain N as the maxi-
mum in the probability P. We therefore find the most likely N
for each single molecule trajectory. We then determine the
average rate constant « that best fits all the dwell-time data,
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FIGURE 6 (a) Dwell-time distributions of experimental data that is best
fitted with a single rate constant of @ = 0.7 s~', consisting of 81% of all data.
They are fitted with Eq. 3 as a function of both N and £, clearly indicating the
success of the model. (b) Comparison of the average unfolding trajectories
obtained by summing over: traces accepted by the iteration procedure (green
line), and the outliers (red line). They reveal a clear separation in the rate
constants (indicated in the legend) between the selected data and the outliers,
suggesting a heterogeneity in the unfolding pathways. The single exponen-
tial fits still deviate from the two separated populations.

segregated by both & and the allocated N, as in the inset of
Fig. 5. This average rate output from the data is then input
into the binomial distribution in Eq. 3 in the next step of the
iteration procedure. When the input and the output rates
converge, we consider this to be the best possible rate
constant that fits the data. Using this iteration procedure, we
find the data to converge to & = 0.6 s ' from values far
above and below it, but only 81% of the data is allocated an
N that is within the possible experimental range. These data
are shown in Fig. 6 a, beautifully fitting the binomial dis-
tribution across the available range of N and k with the
predetermined single rate constant. The remainder of the data
is allocated an unrealistic N value in this procedure. Com-
paring the normalized average trajectories of the data selected
by the iteration procedure and the outliers, shown in Fig. 6 b,
we observe a fourfold faster average rate constant for the
outliers. Previous analysis presented in Fig. 5 included all the
data, as it did not assume a single best-fitting rate constant
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for all N, such that the 19% representing the outliers are
accounted for in the variations of the fitting rate constants.

These results suggest that there is a subpopulation of mod-
ules unfolding much faster than the most probable pathway
(the most likely rate constant). Our statistical analysis reveals
this heterogeneity at the chain level when the faster outlier
modules are a majority. It is a coarse grained approach,
which implies an even larger population of outliers at the
single module level. One explanation for the outlier popu-
lation is that there is at least one alternative pathway in the
protein free energy landscape. However, even the popula-
tions separated by our iteration method significantly deviate
from the single exponential fits in Fig. 6 b, which is sug-
gestive of an even more complex unfolding landscape.
Although we cannot rule out a small contribution from
misfolded proteins on the surface with our technique, we have
previously found that they occur in <2% of the cases and
are accompanied by extensions that do not correspond to the
signature in length of the protein (24). The outliers are
therefore highly unlikely to arise from misfolding. We next
investigate whether the noise in the stretching force arising
from the thermal noise of the cantilever could be the source of
the outlier population.

Fig. 7 a shows a typical length trajectory of a polyprotein
unfolding and the corresponding constant force trace in Fig.
7 b. A histogram of forces experienced by the protein due to
thermal noise of the cantilever is shown in Fig. 7 ¢, with an
average force f = 110.81 pN and a standard deviation of
o= 6.82 pN. We investigate the influence of this force noise
on the rate of unfolding and show that it is negligible com-
pared to the deviations we measure with the outliers.

The barrier crossing to unfold a protein is a thermally
driven process, where the barrier height is modulated by the
external force, F, as:

a = q,esT,

)
where « is the rate of unfolding, « is the rate of unfolding in
the absence of force, Ax is the distance to the transition state,

C
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and kgT is the thermal energy. Because of Brownian motion
the applied force is not constant, and has a probability
distribution given by:

P(F) =— (6)
shown in Fig. 7 c. A simple change of variables in Eq. 5 leads
to an exponential distribution of rates instead of a single
value of «,

F,1 (f — Folog())*
Pla) = ——ex fo , 7
(@) or P 20,2. ™
where F,= "BT . This probability distribution has an expected
value of
.o
= a, — 4+ L. 8
o = @,exp (Fo 2F§ (8)

Using the experimental values of oy and f in Fig. 7 we
obtain an expected value of the narrow distribution of rates to
be within 10% of the rate measured without taking the force
noise into account. On the other hand, we find a four times
higher average value of the rate of unfolding of the ‘‘outlier”’
population, which shows that this effect is negligible com-
pared to the experimentally observed discrepancy.

DISCUSSION

Using a large pool of single module unfolding data obtained
by force-clamp spectroscopy, we were able to test the val-
idity of a stochastic model on the mechanism of unfolding in
polyprotein chains. We found that the average unfolding
trajectory over time is independent of the number of modules
in the chain, N, thus supporting the Markov hypothesis of
history-independent unfolding. We have demonstrated that
the proximity of multiple protein modules in a given chain
does not accelerate ubiquitin unfolding, as the events are
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FIGURE 7 Thermal noise of the cantilever. (a) A
typical unfolding length trajectory of ubiquitin, under a
constant stretching force of 110 pN, shown in panel b.
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independent of one another. Therefore, our results show that
the dynamics of a single ubiquitin module is independent
of the length of the chain despite the recent evidence that
aggregation or stabilization due to interactions between the
individual modules may occur (18,17).

Another signature of Markovian behavior was shown to
be the binomial distribution of unfolding dwell times, in
which the average fitting rate constants in Fig. 5 were also
independent of N. The experimental data also proved that the
dwell times to the unfolding events are dependent on N since
N is small. For example, the longer the chain, the shorter one
has to wait for the same number of events to occur. On the
other hand, the last event in each chain takes place at later
times for longer chains.

While the Markovian assumption was shown to hold well,
we also discovered significant deviations from the two-state
model, which implies a single rate constant for unfolding.
First, the single exponential fits to the average trajectories in
Figs. 2 and 6 b clearly strayed from the experimental data.
Also, there were significant variations in the rate constant fits
of the average dwell times as a function of N in the inset of
Fig. 5. Furthermore, the single best fitting rate constant for
the data according to the binomial model did not account for
all the dwell times in Fig. 6 a. Instead, the two separated
populations in Fig. 6 b had vastly different average rate
constants and still could not be fitted with single exponen-
tials. All these discrepancies suggest that multiple unfolding
barriers do exist in the energy landscape of ubiquitin. Indeed,
a theoretical analysis at the single molecule level facilitated
the discovery of a distribution of unfolding pathways in the
glassy landscape of ubiquitin (22). Our results are consistent
with that finding, since the ‘‘selected’’ data in Fig. 6 b cor-
responds to the most probable pathway at the peak of the
distribution in Fig. 4 of Oberhauser et al. (24), while the
“‘outliers’” account for the tail of the observed broad distri-
bution.

In our experiments we are probing the lifetimes of dif-
ferent conformational states of the single protein molecules
explored under a constant stretching force. Arguably, this is
a much reduced phase space as compared to the molecules
that are free in solution, which is determined by the pulling
direction and the magnitude of the pulling force. We are
perturbing the system away from its native state in solution
to deduce the mechanical stability of the molecules. These
states are relevant in nature as the cell is an environment that
is often under stress (25). A protein’s mechanical stability
and conformational diversity under force are therefore rel-
evant parameters in nature.

Bulk kinetic measurements of ubiquitin show both single
pathway mechanisms and intermediates that appear as a
function of unfolding conditions (26—32). However, they are
unable to distinguish between the pathways of individual
molecules that are blurred in the ensemble. Single molecule
data has the important advantage of distinguishing between
the individual molecules, which reveals a wealth of new in-
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formation. We have demonstrated how measuring dwell-
time distributions can produce kinetic signatures of the
conformations of ubiquitin at any given pulling force. Such a
capability is useful, particularly for future studies of how the
unfolding path depends on thermodynamic variables, such as
the temperature. With the advent of new statistical energy
landscape theories of protein folding and insight into the
complexity of the dynamics of folded protein structures,
there is an increasing need for more sophisticated statistical
analysis of protein unfolding/folding measurements.

We are grateful to Professor Richard Horn and Andrew J. Tolley for useful
discussions.

Work on this project was supported by National Institutes of Health grants
RO1 HL66030 and RO1 HL61228 to J.M.F. J.B., PhD., holds a Career
Award at the Scientific Interface from the Burroughs Wellcome Fund.

REFERENCES

1. Johnston, D., and S. M. Wu. 1995. Foundations of Cellular Neuro-
physiology. MIT Press, Cambridge, MA.

2. Colquhoun, D., and B. Sakmann. 1981. Fluctuations in the microsec-
ond time range of the current through single acetylcholine receptor ion
channels. Nature. 294:464-466.

3. Hille, B. 1992. Ionic Channels of Excitable Membranes. Sinaurer
Associates, Sunderland, MA.

4. Bekkers, J. M., and C. F. Stevens. 1990. Presynaptic mechanism for
long-term potentiation in the hippocampus. Nature. 346:724-729.

5. Yang, H., G. Luo, P. Karnchanaphanurach, T. M. Louie, I. Rech, S.
Cova, L. Xun, and X. S. Xie. 2003. Protein conformational dynamics
probed by single-molecule electron transfer. Science. 302:262-266.

6. Shaevitz, J. W., S. M. Block, and M. J. Schnitzer. 2005. Statistical
kinetics of macrmolecular dynamics. Biophys. J. 89:2277-2285.

7. Tominaga, M., H. Kojima, E. Yokota, O. Hidefumi, R. Nakamori, E.
Katayama, M. Anson, T. Shimmen, and K. Oiwa. 2003. Higher plant
myosin XI moves processively on actin with 35 nm steps at high veloc-
ity. EMBO. 22:1263-1272.

8. Cecconi, C., E. A. Shank, C. Bustamante, and S. Marqusee. 2005.
Direct observation of the three-state folding of a single protein molecule.
Science. 23:2057-2060.

9. Li, P., D. Collin, S. B. Smith, C. Bustamante, and I. Tinoco. 2006.
Probing the mechanical folding kinetics of TAR RNA by hopping,
force-jump and force-ramp methods. Biophys. J. 90:250-260.

10. Colquhoun, D., C. J. Hatton, and A. G. Hawkes. 2003. The quality of
maximum likelihood estimates of ion channel rate constants. J. Physiol.
547:699-728.

11. Khan, R. N., B. Martinac, B. W. Madsen, R. K. Milne, G. F. Yeo, and
R. O. Edeson. 2005. Hidden Markov analysis of mechanosensitive ion
channel gating. Math. Biosci. 294:139-158.

12. Fersht, A. R. 1992. Structure and Mechanism in Protein Science.
Freeman, New York.

13. Schlierf, M., H. Li, and J. M. Fernandez. 2004. The unfolding kinetics
of ubiquitin captured with single-molecule force-clamp techniques.
Proc. Natl. Acad. Sci. USA. 101:7299-7304.

14. Li, H. B., W. A. Linke, A. F. Oberhauser, M. Carrion-Vazquez, J. G.
Kerkvliet, H. Lu, P. E. Marszalek, and J. M. Fernandez. 2002. Reverse
engineering of the giant muscle protein titin. Nature. 418:998—1002.

15. Ciechanover, A. 1998. The ubiquitin-proteasome pathway: on protein
death and cell life. EMBO J. 17:7151-7160.

16. Rousseau, F., J. W. Schymkowitz, and L. S. Itzhaki. 2003. The
unfolding story of three-dimensional domain swapping. Structure. 3:
243-251.



Order Statistics in Force-Clamp Data

17.

18.

19.

20.

21.

22.

23.

24.

Miller, J. P, S. L. Russell, A. Ben-Hur, C. Desmarais, I. Stagljar, W. S.
Noble, and S. Fields. 2005. Large-scale identification of yeast integral
membrane protein interactions. Proc. Natl. Acad. Sci. USA. 102:12123—
12128.

Carulla, N., G. L. Caddy, D. R. Hall, J. Zurdo, M. Gairi, M. Feliz, E.
Giralt, C. Robinson, and C. M. Dobson. 2005. Molecular recycling
within amyloid fibrils. Nature. 436:554-558.

Bryant, Z., M. D. Stone, J. Gore, S. B. Smith, N. R. Cozzarelli, and C.
Bustamante. 2003. Structural transitions and elasticity from torque
measurements on DNA. Nature. 424:338-341.

Fernandez, J. M., and H. Li. 2004. Force-clamp spectroscopy monitors
the folding trajectory of a single protein. Science. 303:1674—1678.
Bell, G. 1. 1978. Models for the specific adhesion of cells to cells.
Science. 200:618-627.

Brujic, J., R. I. Hermans Z., K. A. Walther, and J. M. Fernandez. 2006.
Single molecule force spectroscopy reveals signatures of glassy dynam-
ics in the energy landscape of ubiquitin. Nature Physics. 2:282-286.
Florin, E. L., M. Reif, H. Lehmann, M. Ludwig, K. Dornmair, V. T.
Moy, and H. Gaub. 1995. Sensing specific molecular interactions with
the atomic force microscope. Biosensors Bioelectr. 10:895-901.
Oberhauser, A. F., P. E. Marszalek, M. Carrion-Vazquez, and F. J. M.
1999. Single protein misfolding events captured by atomic force micros-
copy. Nat Struct Biol. 6:1025-1028.

25.

26.

217.

28.

29.

30.

31.

32.

2903

Wainwright, S. A., W. D. Briggs, J. D. Currey, and J. M. Gosline. 1976.
Mechanical Design in Organisms. John Wiley and Sons, New York.
Khorasanizadeh, S., I. D. Peters, and H. Roder. 1996. Evidence for a
three-state model of protein folding from kinetic analysis of ubiquitin
variants with altered core residues. Nat. Struct. Biol. 3:193-205.
Leeson, D. T., F. Gai, H. M. Rodriguez, L. M. Gregoret, and R. B.
Dyer. 2000. Protein folding and unfolding on a complex energy
landscape. Proc. Natl. Acad. Sci. USA. 97:2527-2532.

Krantz, B. A., and T. R. Sosnick. 2000. Distinguishing between two-
state and three-state models for ubiquitin folding. Biochemistry. 39:
11696-11701.

Larios, E., J. S. Li, K. Schulten, H. Kihara, and M. Gruebele. 2004.
Multiple probes reveal a native-like intermediate during low-temper-
ature refolding of ubiquitin. J. Mol. Biol. 340:115-125.

Lipman, E. A., B. Schuler, O. Bakajin, and W. A. Eaton. 2003. Single-
molecule measurement of protein folding kinetics. Science. 301:1233—
1235.

Wright, C. F., K. Lindorff-Larsen, L. G. Randles, and J. Clarke. 2003.
Parallel protein-unfolding pathways revealed and mapped. Nat. Struct.
Biol. 10:658-662.

Sosnick, T. R., R. S. Dothager, and B. A. Krantz. 2004. Differences in
the folding transition state of ubiquitin indicated by phi and psi
analyses. Proc. Natl. Acad. Sci. USA. 101:17377-17382.

Biophysical Journal 92(8) 2896—-2903



	Dwell-Time Distribution Analysis of Polyprotein Unfolding Using Force-Clamp Spectroscopy
	Introduction
	Materials and methods
	Results
	Discussion
	References


