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ABSTRACT Mechanical stretching of the 127
domain of titin and of its double and triple repeats
are studied through molecular dynamics simula-
tions of a Go-like model with Lennard-Jones contact
interactions. We provide a thorough characteriza-
tion of the system and correlate the sequencing of
the folding and unraveling events with each other
and with the contact order. The roles of cantilever
stiffness and pulling rate are studied. Unraveling of
tandem titin structures has a serial nature. The
force-displacement curves in this coarse-grained
model are similar to those obtained through all
atom calculations. Proteins 2002;49:114-124.
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INTRODUCTION

The giant protein molecule titin, also known as connec-
tin, is responsible for the elastic and extensia properties
of smooth, skeletal, and cardiac muscles.’™ Titin spans
half of the sarcomere, the repeat segment in muscle fibers,
and has been implicated in certain heart diseases. The
biological importance of titin and the nature of its function
make it an ideal candidate for studies of the mechanical
properties of proteins.

Titin consists of about 30,000 amino acids that are
organized into about 300 domains that form the so-called
A-band followed by the I-band. Domains that are similar to
fibronecti type III are located only in the A band, whereas
immunoglobulin-like (Ig) domains appear throughout the
length of titin. In the middle of the I-band there is one
special domain® called PEVK that consists of between 163
(in a cardiac titin) and 2174 (in a skeletal titin) residues.
The number of Ig domains in the I-band ranges from 37 in
cardiac titin to 90 in skeletal titin. The native structure of
only one of these Ig domains, 127 (which is especially
stable), has been resolved through NMR spectroscopy  and
found to have the architecture of a B-sandwich. The
remaining domains are believed to be similar in structure,
even though the sequence similarity is only of order 25%.

The firts mechanical studies of titin concluded that
small stretching forces affect primarily the PEVK do-
main®® and still larger forces induce extensim of the Ig
domains.” Recent experiments on stretching of single titin
molecules by optical tweezers®? and atomic force micros-
copy'® showed relevance of both PEVK and Ig domains to
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the mechanics of titin. The overall picture is that the
I-band accommodates stretch by straightening of the Ig
domains and by unfolding of the PEVK domain. Unravel-
ing of the 25 consecutive Ig domains resulted in a train of
sawtooth force patterns as a function of tip displacement
that repeated in a periodic manner, '° which made Eric-
son® call titin a “weird spring.” Initiation of stretching of
the Ig domains was found to require a very high force
sustained for only a short tip displacement.!® The force
drops once the domain is destabilized, and later force
peaks are not as high.

Natural titins are inhomogeneous. However, protein
engineering has recently allowed production of tandem
repeats of identical Ig modules. ' '? Studies of proteins
made of 8 and 12 Ig domains have indicated'* that the
hydrogen bonds allow the domains of titin to stretch
reversibly only up to some limiting extension Beyond that
limit, misfolding takes place. This is consistent with the
studies of mechanical unfolding of secondary structures in
the companion article,'® where proteins refolded to the
proper sequence until an irreversibility length was ex-
ceeded.

Understanding of the unraveling of titin has been facili-
tated by all atom computer simulations with*® and
without!”'® explicit water molecules. These studies indi-
cated the existence of a large bottlenedk to unfolding of a
single domain at small end-to-end extensions and pointed
to a serial character of the many-domain unraveling in
titin.'® Klimov and Thirumalai have considered simplified
coarse-grained lattice'® and off-lattice®® models. The latter
were based on a model?' that contained three kinds of
amino acids and Lennard-Jones interactions between pairs
of hydrophobic residues. Two model sequences with four-
stranded B-barrel topology were considered. Klimov and
Thirumalai®® noted that thermal unfolding appeared to
proceed along pathways that were distinct from the stretch-
ing trajectories These studies led them to suggest that a
natural way to characterize constant force-induced unfold-
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Fig. 1. The ribbon representation of the domain 1tit. The symbols

indicate B-strands together with the sequence position of the amino acids
involved.

ingis in terms of a phase diagram on a plane defined by the
force and the concentration of denatured fragments.

In this article, we also consider coarse-grained models
because these models allow for a thorough characteriza-
tion of mechanical, equilibrium, and folding properties,
which is essential to an understanding of the system.
Specifically, we extend our analysis of the unfolding of
secondary structures'® to Go-like models®? of one, two, and
three Ig domains. These models are defined through the
experimentally determined native structures, and they
capture essential aspects of the important role played by
the native geometry on the folding mechanism.?3-2%

We first focus on a single domain and examine its folding
characteristics. We determine the characteristic folding
time as a function of temperature, establish the succession
of folding events, and relate it to the contact order—the
separation of two amino acids along the chain. We then
determine the succession of events in mechanical unravel-
ing and again relate it to the contact order. We explore
cross-correlations between the thermal and mechanical
event sequencing and single out long-ranged contacts as
providing a link between the two.

The protein is stretched by attaching its ends to har-
monic springs to model a Hookean cantilever. One end of
the cantilever is displaced with a constant speed v,. We
study the dependence of the force-displacement curves on
cantilever stiffness and pulling rate. Finally, we study
tandem arrangements of several domains and show that
they unravel in a serial manner that is in sharp contrast to
the parallel unraveling found for two «-helices in tan-
dem.'?

MODEL AND METHOD

The Go-like*>?® coarse-grained model we use is ex-
plained in references.?~2® The native structure of 127 is
taken from the PDB2° data bank where it is stored under
the name 1tit, which we shall use as an alternative to 127.
The coarse-grained picture of 1tit is shown in Figure 1. 1tit
consists of N = 98 residues that are organized into eight
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B-strands and connecting turns. There are no «-helices in
1tit.

In the Go model, amino acids are represented by point
particles, or beads, which are located at the positions of the
C> atoms. Consecutive beads in the chain are tethered by
an anharmonic potential: Vg = SN 'U,,(d,), where d; is
the distance between beads i and i +1,

UBB(d) = ky(d — do)* + ko(d — dy)*, (1)

where d, = 3.8 A is the equilibrium bond length, &, = 1e/A2
and k, = 100e/A*. The resulting bonds are more easily
stretched to small displacements than realistic atomic
potentials. This speeds folding, but increases the length of
the molecule slightly too much in unfolding simulations.
The potentials between nonadjacent beads are chosen so
that the native structure minimizes the energy. The
interaction between beads that form native contacts (de-
fined as C* atoms separated by <7.5 A) are of the
Lennard-Jones type, whereas the interactions for non-
native contacts are purely repulsive. The Lennard-Jones
couplings are scaled by a uniform energy parameter e and
the characteristic lengths, o;;, are contact dependent.
Tandem structures of two or three domains are con-
structed by repeating 1tit domains in series with one extra
peptide link between the domains.

The model of the pulling cantilever is as in the preceding
article.’® Both ends of the protein are attached to har-
monic springs of spring constant k. The outer end of one
spring is held fixed, and the outer end of the other is pulled
at constant speed v, The stretching is implemented
parallel to the initial end-to-end position vector. This
corresponds to stretching the protein with a cantilever of
stiffness k/2 at a constant rate. The net force acting on the
bead attached to the moving end is denoted by F, the
cantilever displacement is denoted by d, and the end-to-
end distance of the protein by L. The case of constant force
was also considered, but unfolding then has an all-or-
nothing character that yields little information.

Two cantilever stiffnesses and two velocities are consid-
ered. The case of stiff cantilevers corresponds to £ = 30
e/o?, and k = 0.12 e/0 for soft cantilevers. The case of slow
pulling corresponds to a cantilever velocity of 0.005 A/r.
Heret = \mo”e = 3psisthe characteristic time for the
Lennard-Jones potentials, where o = 5 A is a typical value
of 0,;, and m is the average mass of the amino acids.
Results begin to become rate dependent just below the fast
pulling rate of v, = 0.5 A

To control the temperature, T, of the system and mimic
the effect of solvent molecules, the equations of motion for
each bead include Langevin noise and damping terms.?° A
damping constant of y = 2 m/t is used. It has been
argued?! that realistic values of the solvent damping are
25 times larger. However, using a smaller damping rate
decreases the required simulation time without affecting
the sequencings of events.?®273! Because the protein
relaxes more rapidly, our effective pulling velocities are
substantially slower than their nominal values. Almost all
data correspond to using the same average mass for all
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Fig.2. Median folding time for the Go-like model of 1tit. Solid symbols,
simulations with uniform masses; open squares, simulations using the
actual masses of the amino acids in the sequence. The arrow indicates
the value of the folding temperature.

amino acids, but we also studied the effect of amino
acid-dependent masses on folding times.

All folding times were determined by considering the
median times, over 201 trajectories, needed to form all
native contacts. The criterion for forming a contact is that
the distance between the corresponding beads is <1.50;;.
As explained in the companion article,'® our studies of the
mechanics of stretching are performed at 7' = 0 in order to
eliminate the need for extensive averaging over trajecto-
ries and to get signals that depend primarily on the energy
landscape. The precise role of the temperature on the
force-extension curves remains to be elucidated.

RESULTS AND DISCUSSION
Folding Properties of 1tit

The sequencing of folding events depends on tempera-
ture and becomes smoothest and most natural at the
temperature of fastest folding 7T;,.2” For most proteins,
the characteristic folding time #.,4 rises rapidly on either
side of T', ;.. Figure 2 shows that the dependence of ¢4, on
T for 1tit exhibits an unusually broad basin of optimality
that extends from ~0.2 to 0.5 €/kgz. Another important
temperature is the folding temperature, T;, at which the
equilibrium probability, P,, of finding the system in its
native conformation is one half. Figure 3 shows P, versus
T, as determined from ~20 trajectories that lasted for
60,0007 each. The value of T; = 0.26 €/ky is in the basin of
optimal folding times, implying that the system is a good
folder. This is also confirmed by studies of the 7-
dependence of the specific heat C, and structural suscepti-
bility per bead x, as defined by Camacho and Thirum-
alai.®? Figure 3 shows that the peaks in our calculated C,
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Fig. 3. Equilibrium properties of 1tit. Circles, the probability for the
protein to be in the native state; asterisks, the dimensionless structural
susceptibility; squares, the specific heat in Lennard-Jones units.

and x, almost coincide. This coincidence has been identi-
fied as another signature of good foldability.?*

The values of the masses of the amino acids affect the
equations of motion for the individual beads. Figure 2
demonstrates that taking into account the amino acid-
dependent masses of the beads does not affect the folding
times in any noticeable manner. This is consistent with the
overall coarse-grained character of the Go model. In more
realistic models, however, the nonuniformity of the masses,
and, more importantly, the nonuniformity of the amino
acid shapes and chemical functions, are expected to have
an impact on the kinetics of folding.

The broad minimum in folding time makes it difficult to
define a precise value of T,,;,. We chose to study the
sequencing of folding events at T' = 0.25 e/ky since this
temperature is in the bottom of the basin of optimal folding
times and close to the folding temperature T, = 0.26 e/kp.
The folding process at this T is characterized in two ways.
The first, shown in Figure 4, is a plot of the average time to
establish a native contact versus the contact order |j—i,
defined as the distance along the backbone between amino
acid j and amino acid i. The second characterization,
shown in Figure 5, is through a plot of the contact matrix
that indicates which beads make a contact.

Figure 4 shows that folding of 127 takes place in stages
separated by substantial time gaps. All short range con-
tacts (|j—i| < ~20) are established within the first 6007. In
the next stage, occurring between 1400 and 17007, most of
the intermediate- and some of the long-range contacts
form. Then, around 21007, most of the longest-ranged
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Fig. 4. Sequencing of the folding events in the Go model of 1tit as
represented by the time needed to establish a contact versus the contact
order. Open symbols, contacts that form the B-sheets, i.e., contacts
between strands. The labels indicate the pairs of strands associated with
those contacts. The stars correspond to other contacts.

contacts are established. This is followed by the comple-
tion of the structure through building up of the remaining
intermediate-range contacts. Thus, the sequencing of the
folding events takes place in stages that are governed, to a
large extent, by the contact order. The latter conclusion is
consistent with the findings in References 34-37. In
addition to the 217 contacts shown in Figure 4, there are
also 87 contacts with |j—i| = 2. These contacts of shortest
range are established rapidly and are not displayed for the
sake of clarity.

The kinetics of folding events can also be gleaned from
the contact map shown in Figure 5. Here, the symbols
indicate the stage at which a given contact is formed. This
representation allows one to infer details of the secondary
structure formation that are only implicit in the index that
defines the contact order. The last to form are the interme-
diate-ranged antiparallel B-sheets,which cannot be estab-
lished before contacts of the longest range lock the overall
topology in place.

In the notation of Figure 1, the average folding trajec-
tory proceeds according to the scenario: F + G -A’ + B —
D+E—-A+B—-B+E—-A'"+G—-A+G—>C+F,ie,
first F connects with G, then A’ with B, and so on.
Although this average pattern is the most common, it was
followed by only 24 of 100 individual trajectories. In
contrast, more than half of the individual trajectories
agreed with the average succession for the proteins stud-
ied in References 26 and 27 (crambin, CI2, and the SH3
domain). This difference is related to the longer sequence
length of 1tit and the greater number of events needed to
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Fig. 5. The contact map of 1tit without the contacts of the /,i+2 type.
The correspondence between i and B-sheets is given in Figure 1. The
symbols are divided into four groups (the division is different than in Fig. 4)
to illustrate the average flow of contact formation in folding. Solid squares
show contacts that are established in the first stage and are thus present
at time 1000+, the number shown next to the symbols. These are the short
range contacts, the turns and some antiparallel B-sheets, which consist of
members of the first two groups of Figure 4. The stars correspond to
contacts established between 1000 and 1750, i.e., in the second stage of
the evolution. These are primarily the antiparallel 3-sheets and some of
the longest-ranged parallel B-sheets. Triangles indicate the formation of
the remaining longest-ranged parallel B-sheets in the third stage, up to the
time of 22507. Open squares show the intermediate range contacts, which
are formed last.

fold it to the native state. Other common trajectories
correspond to permutations in contact making. For in-
stance, 15 trajectories have the same sequence of events as
the average succession except that the order of A’ + B and
F + Gisreversed. In 45 trajectories the last four stages are
identical to the average succession. A total of 90 trajecto-
ries establish B-sheets with low contact order (F + G, A’ +
B, D + E, A + B) before the sheets with high contact order
areformed B+ E, A’ + G A+ G,C+ F).

Stretching of 1tit

The two snapshots of the mechanically unfolded model
of 1tit shown in Figure 6 indicate that stretching affects
the short- and long-range contacts simultaneously. Both
ends of the protein straighten over longer and longer
length scales, but the central “knot” gets unraveled as
well, starting first at the longest-ranged contacts that pin
the structure. These longest ranged contacts are not those
that were established at the last stage of thermal folding,
but they do arise toward the end of folding. In contrast to
the cases considered in the previous article,'® the orienta-
tion of the bonds relative to the pulling force changes as
the protein unravels. The vectorial nature of the pulling
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Fig. 6. Snapshot pictures of the Go model of 1tit during stretching by a
stiff cantilever at a pulling velocity of 0.005 A/r. The numbers indicate the
displacement of the cantilever.
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Fig. 7. Force versus cantilever displacement for the Go model of 1tit
for the slow (solid lines) and fast (dotted lines) pulling rates.

force is one of the key factors that leads to differences
between folding and unfolding.®® Before we look into the
issues of event sequencing in more detail, we discuss the
force-extension curves.

Figure 7 shows the force as a function of cantilever
displacement for the two values of stiffness. The curves are
terminated when the protein is fully extended, and the
sharp rise in force at the end of the curves reflects
stretching of covalent bonds along the backbone. As in the
companion article,’® the force curves show a series of
upward ramps followed by rapid drops where contacts
break. The slope of the upward ramps is the combined
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stiffness of the protein and cantilever. The protein is softer
than the stiff spring, and its elastic properties dominate in
this case. The opposite applies for soft springs, and the
slope of the upward ramps nearly coincides with 2/2 = 0.06
¢/A%. The ramps end when one or more contacts break.
This allows the protein to extend and the force drops. As
the cantilever stiffness decreases, the force drops more
slowly with increases in the length L of the protein. If the
extension due to breaking one set of contacts is not large
enough, the force may remain above the threshold for
breaking the next set of contacts. This leads to large
avalanches where many contacts break in a single ex-
tended event. The stiff spring is able to resolve nearly all
independent contact ruptures, whereas they coalesce into
a much smaller number of large events in the soft spring
case. Increasing the velocity 100-fold (Figure 7, dotted
lines) limits the ability of tension to equilibrate along the
chain and causes further merging of events.

For all force curves, the largest maximum occurs near
the beginning of stretching. This peak represents the main
bottleneck to mechanical unfolding. Subsequent peaks are
visible, but are less than half as large. A few small drops
are also visible on the way up to the main peak at which a
total of 28 contacts break. Similar curves for mechanical
unfolding of secondary structures showed a very different
pattern. In the cases studied,'® the force needed to break
bonds tended to increase or remain constant until nearly
all contacts had failed.

In the subsequent unraveling of 1tit there are further
bursts of contact rupture, but none of them is as significant
as the first one. When the cantilever is displaced by ~300
A (the top panel of Fig. 7), the domain is fully stretched and
the force starts to increase rapidly, indicating an incipient
rupture. At this value of the displacement the end-to-end
distance L is ~342 A which corresponds to an almost 8-fold
stretch relative to the native value of 43.19 A. The
experimental data show the immunoglobulin domain un-
raveling on extension from 40 to 300 A,3°%° which is
consistent with the range in our model.

Figure 8 shows the number of native contacts, ny 1, and
the energy, E, of the model protein as a function of
cantilever displacement at small pulling rates. For the stiff
cantilever the dependence on d appears to be nearly
continuous and monotonic, but a closer inspection reveals
the presence of small jumps at certain values of d. These
correlate with the bursts in the F versus d curve at the top
of Figure 7. For the soft cantilever the steps involve much
larger changes in both ny,r and E, and the synchroniza-
tion with drops in the force curve is more evident.

To illustrate the unfolding sequence, we first plot the
cantilever displacement where each bond opens, d,, as a
function of contact order. Results for stiff and soft springs
are shown in Figures 9 and 10, respectively. Note the
presence of clear clusters in the d,, versus |j—i| plane. The
same set of bonds are clustered in the stiff and soft plots;
however, the shapes of the clusters are different. The more
horizontal character of the clustering in the soft case is due
to coalescence of multiple bonds into coherent breaking
events.
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Fig. 8. Energy (right axis) and number of native contacts still present
(left axis) as a function of cantilever displacement for the slow pulling rate
and for the two cantilever stiffnesses. The number of contacts also

includes those of the i,i+2 type.
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Fig. 9. Sequencing of the stretching events in the Go model of 1tit as
represented by the cantilever displacement at which a contact breaks.
The contacts of the /,i+2 type are not shown here. This is the case of the
stiff cantilever that is pulled at low speed. The symbols have the same

meaning as in Figure 4.

Several differences between mechanical unfolding and

thermal folding are evident when one compares Figures 9
and 10 with Figure 4. First, in thermal folding, the
intermediate range (|j—i| of ~40) and long-range contacts
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Fig. 10. Same as in Figure 9 but for the soft cantilever.

are each divided into two time-separated groups. In con-
trast, in mechanical unraveling all long-range contacts
cluster together and (except for several outliers) the inter-
mediate contacts also form a single cluster. Second, in
thermal folding the short-range contacts get established
rapidly, whereas in stretching they continue to rupture
throughout almost the entire unfolding process. Notice
though that stretching leads to breaking of nearly all the
long-range bonds before the short-range contacts begin to
fail.

These differences are also evident when the contact map
for unfolding with a stiff cantilever shown in Figure 11 is
compared with the thermal folding map shown in Figure 5.
In both cases the symbols indicate the stage at which the
event occurred, and local clusters tend to evolve in the
same stage. However, the order of unraveling shows no
simple correlation with that of folding. This is particularly
true for the contacts of short range that lie along the
diagonal in Figures 5 and 11. All of these bonds form at
early times during folding, but they break in the second
and fourth stages of mechanical unfolding. The intermedi-
ate range bonds all unravel in the third stage of unfolding,
but form in the second and fourth stages of unfolding. Only
the long-range bonds act together in both cases, breaking
in the first stage of unfolding and forming in the third
stage of folding.

To illustrate the cross-correlation between stretching
and folding, the breaking distance for each contact is
plotted against folding time for stiff and soft cantilevers in
Figures 12 and 13, respectively. Different symbols are
used to indicate different ranges of bond order. The low
order contacts (3-11) span the full vertical range but are
confined to short times. This same lack of correlation is
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Fig. 11. The contact map that represents the evolution of contact
breakage during unfolding with the stiff cantilever. Solid squares, contacts
that are broken by the time g’is 40 A, asterisks, the additional contacts that
are boroken when dis 100 A; triangles, further broken contacts when dis
210 A; open squares, contacts that break at still larger d. The correspon-
dence between jand B-sheets is given in Figure 1.

seen in the case of two a-helices connected together.'® The
long-range bonds show a clear anticorrelation, occurring at
short distances and long times. Intermediate-range bonds
are localized in a narrow range of d,,, but clustered into two
different time intervals.

Comparison to Previous Simulations

It is remarkable that room temperature all atom simula-
tions (CHARMM-based) by Lu et al.* for a stiff cantilever
and v, = 0.5 A/ps yield a pattern (see Fig. 14) that is very
similar to the one shown in the top panel of Figure 7. Their
simulations place the main “burst” of contact rupture as
occurring between 10 and 17 A, with a peak at 14 A.
Although their forces are plotted as a function of L rather
than d, the two differ by <1 A for the stiff spring of Figure
7. Our force peak is at a slightly larger displacement (~17
vs. ~14 A), mainly because the anharmonic potential (Eq.
1) used to describe the bonds between consecutive C*'s is
artificially soft at small displacements. Each of the roughly
16 bonds that carry most of the stress is overextended by
~02A compared with a more realistic bond potential. The
same effect leads to a greater final extension of the
molecule in our simulations (~310 A) than in Figure 14
(~280 A). These disparities are removed if a larger qua-
dratic term is used in the anharmonic potential, but the
unfolding sequence that we now describe is not affected by
this minor change in potential.

In both Figures 7 and 14 there are a few bond-breaking
events that lead to a shoulder about half way up the first
peak. In this stage the N end of the A strand (Fig. 1) pulls
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Fig. 12. Stretching distances at which a bond rupture takes place
plotted versus average time needed to establish contact on folding. This is
the case of a stiff cantilever that is being pulled slowly. The numbers
indicate the range of the contact order that is associated with the symbol
shown.

away from the B strand, allowing the A strand to straighten
out. This places almost all the stress across the bonds
connecting A’ and G. The main burst corresponds to
rupture of these A’G bonds, allowing the protein to par-
tially unravel. At a separation of 50 A, the G strand is only
connected to F, forming a B-hairpin that can be seen on the
righthand side of Figure 6. As in the companion article,®
this B-hairpin unzips from the last remaining “rung” until
it is completely stretched. This straightening is also the
next stage of failure in the all atom simulations. Both
models then show simultaneous rupture of CF and BE
linkages. At the separation of 150 A shown in Figure 6, the
last remaining BE and CF bonds are at the left and right
ends of the unstraightened portion of the protein, respec-
tively. Once they rupture, the molecule unravels and
reorients. As in the all-atom simulations, the last remain-
ing bonds are DE bonds. This B-hairpin unzips at a
displacement of ~250 A in our simulations. Note that
these DE bonds are not intrinsically stronger than other
bonds in the system. They are just screened from stress by
other bonds until the remainder of the protein has unrav-
eled.

The data of Figure 14 were obtained from all-atom
simulations at v, = 0.5 A/ps. The nominal value of the
highest velocity in Figure 7 (dashed line) is ~0.16 A/ps, but
the effective velocity is lower because of the artificially low
solvent damping. Nonetheless, there is a substantial reduc-
tion in the pulling force when the velocity is dropped by a
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Fig. 13. Similar to Figure 12 but for the case of the soft cantilever.

factor of 100 in our simulations (solid line). In later work,
Lu and Schulten'® extended their studies down to v, = 0.1
A/ps. As in Figure 7, they found that lowering the veloc1ty
shifted the force curves downward. The peak force dropped
nearly a factor of two, and they used a thermal activation
model to extrapolate their results to experimental veloci-
ties, which are roughly six orders of magnitude lower.
However, our results indicate that viscous dissipation may
still be important at their lowest velocity. Figure 7 shows
there is still substantial viscous dissipation at v, ~ 0.16
A/ps, even though the damping is artificially reduced from
that in the all-atom model. As we now discuss, even bigger
shifts in the force may be produced by the use of a finite
drop of water about the protein in the all-atom calculation.
The CHARMM-based simulations include water to incor-
porate its effect on bond-strength.*'® However, they re-
move water molecules outside a spherical drop to limit the
number of atoms in their simulations. This spherical drop
gets stretched into a cigar shape as the simulation
progresses, and part of the pulling force on the cantilever
results from the surface tension of the water. A rough
estimate of this force is 27 rvy,, ~ 400 pN, where r ~ 10 Ais
the radius of the cigar normal to the pulling direction and
Yo = 0.07 N/m is the surface tension of water. This
estimate is comparable to the entire pulling force in the
range of extensions between 100 and 250 Ain Figure 14,
indicating that it should be carefully subtracted to deter-
mine the actual tension carried by the protein’s backbone.
It is also interesting to estimate the degree to which
viscous forces have relaxed in the CHARMM-based calcu-
lations. The key dimensionless ratio is the capillary num-
ber Ca = uv,/y, where p is the viscosity. Typically Ca

2500

2000

1500

force (pN)

1000

T
1
]
1
|
|
)
t
'
|
'
1
'
'
1
]
|
i
i
1
1
|
|
It

500

1
h
)
1
1
1
1
|

0 50 100 150 200 250 300

extension (A)

Fig. 14. Force-extension profile obtained in all-atom simulations* of
the 127 domain of titin. The pulling speed is 0.5 A/ps, and the pulling spring
constant is 10k, T/A2, where T corresponds to room temperature so that k
is about 414 pN/A. The pulling force increases until the extension reaches
~14 A, where the force peaks at ~2000 pN, and then it drops to 1500 pN
within 3 A. The extension domain is divided into four regions: preburst (1),
major burst (11), postburst (I11), and pulling of fully extended chain (1V). This
image was made by the Theoretical Biophysics group at the Beckman
Institute, University of lllinois at Urbana-Champaign, and it is available on
the web at http://www.ks.uiuc.edu/Publications/Papers/abstract.
cgi?tbcode=LU98. (Reprinted from Lu et al., Biophys J 1998;75:662—
671, with permission from the Biophysical Society.)

must be much smaller than unity for most of the stress to
be carried by the surface tension rather than viscous
stresses. How much smaller depends on the exact geom-
etry. For the lowest velocity used by Lu and Schulten (v,
0.1 A/ps), one finds Ca = 0.14, indicating that viscous
stresses are still significant. These stresses have two
important consequences. One is to artificially increase the
pulling force. The second is to distribute stress through the
fluid rather than directly along the bonds within the
protein. This could lead to a change in the order of bond
breaking.

Our results also agree qualitatively with those obtained
by Paci and Karplus.'® They have performed a controlled
biased force calculation, without an explicit cantilever but
also CHARMM-based, and found that the large bottleneck
to unfolding arises at end-to-end extensions of order 6 A.
As above, the main burst was identified with breaking of
the hydrogen bonds between B-strands A’ and G. The
lower extension in their simulation may be due to the
different ensemble used to implement the pulling force.'®
Marszalek et al.'? have obtained a much smaller critical
extension of ~2.5 A by fitting a two-state model with
worm-like-chain elasticity to experimental results. How-
ever, all the simulations described above reveal an energy
landscape with extra minima before the main force peak,
and the elasticity is also more complicated than that of a
worm-like-chain.
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Fig. 15. Refolding times for 1tit after stretching to an end-to-end
distance L. To the right of the data points shown, the protein does not
return to its native state but instead misfolds. Solid lines, a stiff cantilever;
dotted lines, a soft cantilever. The corresponding threshold values for the
cantilever displacement are d;,, = 12.6 and 61.7 A for the stiff and soft
cantilevers respectively.

A qualitatively similar profile has been found by Klimov
and Thirumalai®® in a model four-stranded Lennard-Jones
system called S1. A quite distinct pattern, however, with a
major maximum at about half of the full extension, has
been determined for another four-stranded model system
called S2. The difference between the two has been attrib-
uted to the presence of a robust intermediate state in the
unraveling of S2. This would suggest lack of such an
intermediate state in titin.

Irreversibility Length

Figure 2 suggests that the folding time is infinite at T' =
0, i.e., when one starts with a typical open conformation it
will never find its way to the native state. However, we find
that when one stretches the protein slowly by less than
some irreversibility length L;,,'® the protein will fold back
after release. Figure 15 shows the non-monotonic depen-
dence of refolding time on the end-to-end length L of the
protein at the point of release. The plots are terminated
when the protein begins to misfold. This limiting length
corresponds to L,,, and is ~56 A. The precise value of L,,
depends on the properties of the cantilever; however, the
variations in the cantilever displacement at the onset of
irreversibility, d,,, are much larger. For the stiff and soft
cases considered here the values of d,, are 12.6 and 61.7 A,
respectively. As for simpler proteins in the companion
article,'® the onset of irreversibility is associated with the
same set of broken contacts. From Figure 7, we see that
both values of d,,. lie about half way up the ramp to the first
large force peak. From Figure 8, we find that 20 contacts
are broken at d,,. for both cantilever stiffnesses.
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Fig. 16. Snapshot pictures of the unraveling of two 1tit domains
connected in tandem. The numbers indicate the cantilever displacement.

Several Domains in Tandem

Titin consists of many different domains of globular
proteins. Because the structure of one of these domains is
known and because the structure is the primary experimen-
tal input to Go modeling, we consider tandem structures
made of repeats of 1tit. Figure 16 illustrates unraveling of
two domains. It indicates that the unraveling proceeds
basically in series, as in Reference 18, whereas unraveling
of two a-helices has been found to proceed in parallel.'® On
closer inspection, it appears that the two domains start
unraveling together, but after a small number of contacts
get broken in both domains, only the forward domain
continues to unfold and only after this process is completed
does the backward domain engage in action. This is clearly
seen in Figure 17, which shows the displacement at which
contacts break versus their contact order for the case of the
slowly pulled stiff cantilever. The data points are marked
to differentiate between the forward and backward do-
mains. The closed symbols from the backward domain lie
almost entirely in the upper half of the d, versus |j—i]
plane and are a nearly perfect repeat of the pattern formed
by the open symbols representing the forward domain.
Simulations with three domains show another periodic
repeat of the same pattern.

The serial character of unraveling is also seen from the
force-displacement curves shown in Figures 18 and 19 for
two and three domains, respectively. Independent of the
cantilever stiffness, there is a nearly periodic repetition of
the events that take place in one domain. The reason for
the serial character of the unraveling is the existence of
the high force peak at the beginning of the unfolding
process. Once this peak is past, a domain unfolds com-
pletely at a lower force, which is not sufficient to initiate
unfolding of other domains. Only when the first domain is
completely unraveled can the force rise and initiate unfold-
ing of another domain.

Experimental data'® also show a periodically repeated
sawtooth-like pattern, but there is an overall upward
trend in the curves as one unravels successive domains.
The primary reason for this trend is the fact that the
domains in series are not identical, and the most weakly
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Fig. 18. Force versus cantilever displacement for two 1tit domains in
series.

bound of them all unravels first. However, some upward
trend remains when the domains are made identical.'*
The existence of this upward trend has been claimed to be
due to an entropic elasticity,*' but may also reflect an
increasing fluctuation of the angle of the individual do-
mains relative to the pulling force. The serial character of
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Fig. 19. Force versus cantilever displacement for three 1tit domains in
series.

unraveling is also present in many natural adhesives*?
and has been described as analogous to the story of
Sisyphus of the Greek mythology: “The case of extending a
modular fibre is analogous. One needs to pull hard, and do
work, but before the breaking point ("the summit®) is
reached, a domain unfolds or a loop opens, and the energy
stored in the fiber is dissipated as heat. Then, the fiber has
to be pulled on again, until the next domain breaks and so
on.”*2

CONCLUSIONS

Force spectroscopy is a useful tool for obtaining informa-
tion about the strength of modules in a protein and for
inferring relationships between structure and function.
However, inferring information about folding pathways
from mechanical data turns out to be far from straightfor-
ward. The companion article'® showed that folding of the
simple secondary structures considered is uniquely re-
lated to their mechanical unraveling, but that the sense of
the correlation in a-helices is opposite to that in B-hair-
pins. For the more complicated geometry of titin consid-
ered here, any correlation between stretching and folding
appears to be restricted to the long-range contacts. These
contacts tend to form last and unravel at the beginning,
although how soon depends on the nature of the cantilever.
It would be useful to study other proteins using similar
techniques to determine possible systematics in behavior.
The use of simplified models, such as the Go-like model
considered here, is encouraged because we have found the
mechanical results to be strikingly similar to those ob-
tained through all atom simulations. The irreversibility
length may be a useful parameter to determine in experi-
mental studies of mechanical misfolding.
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