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Abstract

Titin, a 1 pm long protein found in striated muscle myofibrils, pos-
sesses unique elastic and extensibility properties, and is largely com-
posed of a PEVK region and g-sandwich immunoglobulin (Ig) and fi-
bronectin type III (FnlIIl) domains. The extensibility behavior of titin
has been shown in atomic force microscope and optical tweezer exper-
iments to partially depend on the reversible unfolding of individual Ig
and FnlIl domains. We performed steered molecular dynamics simula-
tions to stretch single titin Ig domains in solution with pulling speeds
of 0.1 — 1.0 A/ps, and FnIII domains with a pulling speed of 0.5 A /ps.
Resulting force-extension profiles exhibit a single dominant peak for
each domain unfolding, consistent with the experimentally observed se-
quential, as opposed to concerted, unfolding of Ig and FnIIl domains
under external stretching forces. The force peaks can be attributed to
an initial burst of a set of backbone hydrogen bonds connected to the
domains’ terminal -strands. Constant force stretching simulations, ap-
plying 500 — 1000 pN of force, were performed on Ig domains. The re-
sulting domain extensions are halted at an initial extension of 10 A until
the set of all six hydrogen bonds connecting terminal [-strands break
simultaneously. This behavior is accounted for by a barrier separating
folded and unfolded states, the shape of which is consistent with AFM
and chemical denaturation data.



Introduction

The giant muscle protein titin, also known as connectin, is a roughly
30,000 amino acid long filament which spans half of the sarcomere and
plays a number of important roles in muscle contraction and elasticity [1,
2, 3, 4], as well as controlling chromosome shape in the cell nucleus [5].
During muscle contraction, titin, which is anchored at the Z-disk and
at the M-line, exerts a passive force which keeps sarcomere components
uniformly organized. The passive force developed in titin during muscle
stretching restores sarcomere length when the muscle is relaxed. Titin is
composed of about 300 repeats of two types of domains, immunoglobulin
(Ig) domains and fibronectin type III (FnIll) domains, and the PEVK
(70% proline, glutamic acid, valine and lysine residue) region [6]. The
Fnlll domains are located only in the A-band of the molecule, the PEVK
region is located in the I-band, while the Ig domains are distributed along
the whole length of titin.

The region of titin located in the sarcomere I-band is believed to
be responsible for titin extensibility and passive elasticity [7, 8, 9, 10].
The I-band region of titin consists mainly of two tandem regions of Ig
domains, separated by the PEVK region. The Ig domains each form
B-sandwich structures, but the PEVK region does not hold a stable con-
formation due to the charges on its glutamic acid and lysine residues.
When muscle is stretched, the PEVK region unfolds and enlongates.
Under extreme conditions such as in overstretched muscle, the Ig do-
mains in the titin I-band will unfold to provide the necessary extension.
At further extension, the A-band of titin will unbind from myosin and
contribute additional Ig and FnIIl domains to the available pool of ex-
tendible domains. When forces are released, the unfolded Ig domains
refold quickly [11].

Titin domains have been observed, using single molecule techniques,
atomic force microscopy (AFM) [11] and optical tweezer experiments [12,
13], to possess protection against strain-induced domain unfolding. The
AFM experiments in particular have demonstrated that rather strong
forces, on the order of 100 pN, must be exerted before Ig and FnIll
domains rupture and unfold. We refer to proteins which are designed
to respond to force application under physiological conditions as me-
chanical proteins. Other proteins, which do not encounter mechanical
strain under physiological conditions, have been found to exhibit little
resistance against strain-induced unfolding, as has been demonstrated
through AFM experiments on the helical protein spectrin [14].
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The AFM force-extension profiles of multimers of Ig domains (from
titin) and FnllIl (from titin, and also from the protein tenascin) dis-
play a regularly repeating sawtooth pattern [11, 15, 16]. The spacing
between any two force peaks matches the length of the completely ex-
tended polypeptide chain of one Ig or Fnlll domain, proving that, when
these multi-domain proteins are stretched, their domains unfold one by
one. The high values of the force peaks (100 — 300 pN) imply that the
Ig and Fnlll domains are designed to withstand significant stretching
forces. The peak values of the force depend on the type of domains
being pulled and on the pulling speed adopted in an experiment. For
a pulling speed of 1 um/s, AFM unfolding of titin Ig domains requires
about 200 pN while unfolding of tenascin Fnlll domains requires only
about 140 pN [11, 16].

We would like to explain one-by-one domain unfolding in titin in terms
of the structural properties of the proteins. Currently, only one exper-
imental structure of titin I-band immunoglobulin (Ig) domains is avail-
able, the 27th Ig domain (I27) [17]. Since no experimental structures
are available for titin FnlIl domains, we use a homologous FnllI do-
main, Fnlll;j of fibronectin[18]. Figure 1.1 demonstrates that 127 and
Fnlll;¢ both form ( sandwiches. AFM experiments studying Ig and
Fnlll stretching do not resolve atomic-level detail of the domains’ con-
formational changes during the unfolding. In this paper we summarize
the results of molecular dynamics simulations we have presented else-
where [19, 20, 21, 22| to provide an overall view of how SMD comple-
ments titin AFM observations, and to produce a detailed picture of titin
domain stretching and unfolding.

Molecular dynamics (MD) simulations describe molecules as a set of
atoms with known coordinates, masses, charges, and bond types [24].
Motion is simulated by advancing through a series of time steps, pro-
ducing atomic-level detail of molecular movements. At each time step,
the forces on every atom from all other atoms due to Coulombic, van
der Waals and bonded interactions are calculated. The positions of each
atom are updated for their resulting movement during one time step,
then the forces are calculated again. Since the fastest oscillations in
the system have a period of about 107'* s; a time step of about 1/10
this size, 1071° s (1 femtosecond), is often used. The CHARMM energy
function [25] is used in this work to calculate forces on atoms; it has the
form



(a) 127

Figure 1.1 Topology schematics and structures. The schematic representations on
the left depict the topology of interstrand hydrogen bonding networks of (a) 127 and
(b) Fnlll;jp. On the right are shown the corresponding proteins domains rendered
with VMD [23] with the essential interstrand hydrogen bonds highlighted as in the
schematic representations.
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Vibond describes the oscillations about the equilibrium bond lengths. Vige
and Vyipedrar describe the other bonded interactions, oscillations of three
atoms about an equilibrium angle and torsional rotations of four atoms
about a central bond, respectively. The partial charges ¢; and the energy
parameters (e.g. kp, 0;;) are determined experimentally or by quantum
chemical calculations. A set of these parameters is referred to as a force
field.

Although many biological events take place on the millisecond to sec-
ond time scale, the femtosecond (fs) time step taken in MD, combined
with limits in available computational power, limit the time scales of
simulations to the nanosecond (1079 s = ns) range for systems with
10,000 to 100,000 atoms, such as the systems described in the paper.

Steered Molecular Dynamics (SMD), reviewed in [26], is a novel ap-
proach to the study of the dynamics of binding/unbinding events in bi-
molecular systems and of their elastic properties. The simulations reveal
the details of molecular interactions in the course of ligand unbinding
[27, 28, 29, 30, 31, 32] or protein unfolding [19, 20, 21, 22], thereby pro-
viding important information about the molecular mechanisms underly-
ing these processes. The advantage of SMD over conventional molecular
dynamics is the ability to induce relatively large conformational changes
in molecules on the ns time scales accessible to computation.

SMD simulations add external forces to conventional force fields, with
the external forces imitating, for example, the effects of AFM cantilevers
on protein domains. SMD simulations are ideally suited for the purpose
of studying processes in which force is applied to molecules in actual
systems, such as in force-induced protein stretching. We will show how
SMD stretching trajectories, which are limited to the ns time scale, can
provide insights into experimentally observed ms time scale stretching
events. The problem of bridging the time scale gap has been discussed
in detail in [33].
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Methods

In this work, we apply forces to systems with two SMD protocols:
constant-velocity moving restraints and constant force restraints.

SMD using constant-velocity moving restraints simulates perturbing
a protein with a moving AFM cantilever. At least one atom is held fixed
during the simulation, which prevents the protein from simply translat-
ing in space when external forces are applied, and which corresponds
to attaching the protein to a fixed substrate in the AFM experiments.
At least one other atom of the protein is restrained to a point in space
(restraint point) by an external, e.g., harmonic, potential. The restraint
point is then shifted in a chosen direction [34, 28, 30, 35, 31, 32|, forc-
ing the restrained atom to move from its initial position in the pro-
tein. Assuming a single reaction coordinate x, and an external potential
U = K(z —x9— vt)?/2, where K is the stiffness of the restraint, and
x¢ is the initial position of the restraint point moving with a constant
velocity v, the external force exerted on the system can be expressed as

F = K(zg + vt — ). (1.2)

This force corresponds to a molecule being pulled by a harmonic spring
of stiffness K with one end attached to the restrained atom and the
other end moving with velocity v. The force applied in constant force
SMD, however, retains the same magnitude and direction regardless of
the position of the restrained atom.

The energy-minimized average NMR structure of 127 [17], the 27th im-
munoglobulin domain of the I-band of cardiac titin, was obtained from
the Brookhaven protein data bank entry 1TIT, was employed in this
modeling study. This domain adopts the typical I-frame immunoglobu-
lin superfamily fold [36], consisting of two [ sheets packing against each
other, as shown in Figure 1.1, with each sheet containing four strands.
The first sheet comprises strands A, B, E, and D, the second sheet com-
prises strands A’, G, F, and C. All adjacent 3 strands in both sheets
are anti-parallel to each other, except for the parallel pair A’ and G.
The @ strands A and A’ belong to different sheets but are part of the
N-terminal strand. The structure is stabilized by hydrophobic core in-
teractions between the two  sheets and by hydrogen bonds between (5
strands.

To simulate a solvent environment, the 127 structure was surrounded
by a sphere of water molecules of 31 A radius, which covered the molec-
ular surface of the domain by at least four shells of water molecules. The
water molecules within 2.6 A of the domain surface or within the vol-
ume occupied by the domain were deleted. About 3,300 water molecules
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were kept in the solvated 127 with the resulting protein—water system [19]
consisting of 11,400 atoms.

The MD simulations were performed using the CHARMM?22 force
field [37] with the programs NAMD [38] and XPLOR [39], assuming an
integration time step of 1 fs and a uniform dielectric constant of 1. The
non-bonded Coulomb and vdW interactions were calculated with a cut-
off using a switching function starting at a distance of 10 A and reaching
zero at 13 A. The TIP3P water model was employed for the solvent [40].

SMD simulations with constant velocity stretching were carried out
on 127 by fixing the C, atoms of the first residue (Leul in 127), and by
applying external forces to the C, atom of the last residue (Leu89 in
127). The latter forces were implemented by restraining the C, atom
of the last residue harmonically to a restraint point and moving the
restraint point with a constant velocity v in the desired direction. The
procedure adopted is equivalent to attaching one end of a harmonic
spring to the C, atom of the last residue and pulling on the other end
of the spring. This is similar to the procedure performed on titin and
tenascin in AFM experiments [11, 16], except that the pulling speeds
adopted in the simulations are about six orders of magnitude higher
than those in the experiment. The value of K (see Eq. 1.2) was set

to 10 kBT/AQ, corresponding to spatial (thermal) fluctuations of the
constrained C, atom with variance éx = /kpT/k = 0.32 Aat T =
300 K.

SMD simulations of constant force stretching were implemented by
fixing the N-terminus of the domain 127 and by applying a constant force
to the C-terminus along the direction connecting the initial positions of
the N-terminus to the C-terminus.

The atomic coordinates of the entire system were recorded every pi-
cosecond. For constant velocity stretching, the elongation d(t), defined
as the increase of the end-to-end distance between the termini from
that of the native fold, was monitored along with the force F(t). For
the analysis presented below, often the force is plotted as a function of
extension d. The (F'(t),d(t)) graphs will be referred to as the force-
extension profile. In case of the constant force stretching simulation,
the elongation d(t) was recorded and plotted as (d(t),t), which will be
referred to as the extension curve.

Three pulling speeds have been adopted in our constant velocity stretch-
ing simulations, namely, 1.0 A/ps, 0.5 A/ps, and 0.1 A/ps. The respec-
tive simulations will be referred to as 127-(1.0 A /ps), 127-(0.5 A /ps) and
127-(0.1 A/ps). Four force values have been adopted for stretching 127
under constant force conditions: 500, 750, 900, and 1000 pN; the respec-
tive simulations will be denoted by 127-(500 pN), ..., I27-(1000 pN).



The system setup, solvation, equilibration, SMD simulations, and
data recording performed for Fnlll domains [20] are similar to those
performed for 127. The X-ray crystallographic structure of Fnlll;y was
obtained from the tetramer FnlIll;_;9 (PDB code 1fnf) [18]. All atoms,
including hydrogens, were described explicitly. In the simulations, the
N-terminal C,, atom (Leu!) of FnlIl;y was constrained to a fixed point,
while the C-terminal C, atom (Thr?) was attached to a constant ve-
locity (0.5 A/ps) moving SMD restraint.

Results

The force profiles for the 127 extensions are depicted in Figure 1.2a,
which compare the simulations 127-(1.0 A /ps), 127-(0.5 A/ps) and 127-
(0.1 A/ps), as presented already in [22]. The three profiles are quali-
tatively similar: at an extension of about 15 A a dominant force peak
arises that, in each individual profile, is about 2 to 3 times higher than
forces at other extensions. At extensions larger than 20 A the domain
exhibits little resistance against stretching as is evident from the fact
that only relatively weak forces are needed to increase extension. At
an extension corresponding to a fully stretched polypeptide strand, i.e.,
at about 270 A, the force required to stretch the now completely un-
folded domain increases again as expected. The force-extension profiles
in Figure 1.2 show also that the lower the pulling speed, the lower the
forces needed to extend the domain. The decrease of the speed from
1.0 A/ps, to 0.5 A/ps, to 0.1 A/ps reduces the peak force from 2200 pN,
to 2000 pN, to 1200 pN, respectively. All the simulated force-extension
curves share the main qualitative feature with those observed in AFM
stretching experiments: a single dominant force peak.

An analysis of the trajectories corresponding to the profiles in Fig-
ure 1.2 reveals that at the extension of the maximum force eight hydro-
gen bonds break concurrently, as pointed out in [19], as well as in [22].
Figure 1.3 presents snapshots of the domain directly before and after
the force peak in which the extensions measure 10 A and 17 A, during
which 8 hydrogen bonds break concurrently: the 2 hydrogen bonds be-
tween strands A and B break during 10-14 A of extension, and the 6
hydrogen bonds between strands A’ and G break during the 15-17 A
extension. During the following 190 A of extension, the remaining 22
intra-(-strand hydrogen bonds break individually.

Simulations stretching 127 with constant force characterize the unfold-
ing barrier responsible for the force peak described above. Simulations
127-(500 pN), 127-(750 pN), 127-(900 pN), and 127-(1000 pN) explore
the influence of the stretching forces on the time between the start of
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Figure 1.2 Force extension profiles of 127 and Fnlllio. (a) Simulation results of
127-(1.0 A/ps), 127-(0.5 A/ps) and 127-(0.1 A/ps). The simulation times for pulling
velocities 1.0 A/ps, 0.5 A/ps, and 0.1 A /ps are 0.3 ns, 0.6 ns and 1.2 ns, respectively.
The simulation of 127-(0.1 A/ps) was stopped at an extension of 120 A, whereas
simulations 127-(1.0 A/ps) and 127-(0.5 A/ps) were stopped at about 300 A. (b)
Simulation results of Fnlll;¢ extension. The simulation time is 0.3 ns, with a velocity
of 0.5 A/ps.



10

=== hydrogen bond
------ brokden hydrogen

(@) \ ' (b)

Figure 1.3 Two snapshots of 127 unfolding. The domain is drawn in cartoon repre-
sentation and key hydrogen bonds between strands A-B, and between strands A’-G
are shown as dotted lines. (a) Snapshot of 127 before the force peak at 10 A extension.
The hydrogen bonds are all maintained. (b) Snapshot of 127 after the force peak at
17 A extension. The hydrogen bonds between strands A-B, and between strands A’-G
are broken, initiating unfolding.
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force application and the beginning of domain unfolding. An analysis of
the four simulations revealed that an initial 10 A extension takes place
which is due to a straightening of the polypeptide chain near its termi-
nal ends and due to a breaking of the two hydrogen bonds between (3
strands A and B. This extension, shown in Figure 1.4, and presented
originally in [22], continues until a plateau region (which is longer for
weaker forces) is reached, at which point the six A’— G interstrand hy-
drogen bonds come under mechanical strain. The domain extensions
fluctuate around a constant value during the plateau period, until the
A’-G bonds are broken, after which extension rapidly increases. Snap-
shots of 127 structure at extensions smaller and greater than the plateau
(dotted lines in figure 1.4) reveal the breaking event as described; the
structural changes are roughly indentical to those observed before and
after the force peak seen in constant velocity stretching (figure 1.3).
During the rapid post-plateau extension increase, the domain unravels,
exhibiting relatively little resistance to extension.

N
o

100 200 300 0 200 400 600 800 1000 1200

time (ps) time (ps)

Figure 1.4 Extension curves of 127 unfolding by means of constant forces of 500, 750,
900 and 1000 pN strength. In all cases the domain extended quickly by 10 A, then
remained approximately at constant length for long periods of time until the system
unfolded (appearing as linear extension with time). Conformations at dotted lines
a and b correspond to conformations shown in figure 1.3a and 1.3b respectively (see
text).
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We can model crossing the plateau as a barrier crossing process,
with Tparrier denoting the time spent at the plateau. The applied force
effectively lowers the barrier such that stronger forces lead to faster
barrier crossing (Tparrier = 0.04 ns for 1000 pN) than weaker forces
(Toarrier = 0.9 ns for 500 pN). In all cases, the motion gets temporarily
“stuck” in front of the barrier, which can then only be overcome by ther-
mal fluctuations. This scenario can be described as Brownian motion
governed by a potential which is the sum of the indigenous barrier and
a linear potential accounting for the applied force. The mean time to
cross the barrier can be evaluated using the expressions for the mean
first passage time developed in [41, 42, 43]. By comparing the mean first
passage times with the respective times Tpqppier for various forces one
can estimate the height of the indigenous potential barrier.

To estimate the shape of the indigenous potential barrier we assume
a simple model for the energy U(z) of the barrier: U(z) = AU (z —
a)/(b —a) for a < x < b, with a reflective boundary condition at a,
and an absorptive boundary condition at b. Here AU is the height of
the barrier, and b — a the barrier width. The choice of this potential
function is dictated by the fact that for this barrier type the mean first
passage time can be expressed analytically [27]:

T(F) = 2746 (F)2[20) — §(F) — 1] (1.3)

We have introduced here 75 = (b—a)?/2D and §(F) = B[AU — F(b—a)].
Assuming a width of 3 A, estimated from the fluctuation of the extension
curves in Figure 1.4, a least square fit procedure matching the data
points in Figure 1.5 to the expression (1.3) results in the satisfactory
match shown also in Figure 1.5. This curve corresponds to a barrier
height of 1420 pNA, i.e., 20.3 kcal/mol.

In the constant velocity moving restraint SMD performed for Fnllly,
the domain was stretched from its initially compact and folded struc-
ture to its fully elongated configuration. The force-extension profile
(Figure 1.2b) exhibits a single dominant force peak, following an unfold-
ing process similar to that described above for Ig domain. This 1800
pN force peak, arising at 25 A extension, implies again a barrier which
must be overcome to initiate unfolding. Simulations presented in [20]
revealed that, just as for the Ig domain, the respective barrier is caused
by the need to simultaneously break several hydrogen bonds early in
unfolding. In this case, the force peak is caused by 6 hydrogen bonds
breaking during 8 A of extension, a range longer than the 2 A extension
period required to break the same number of hydrogen bonds at the Ig
force peak.
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Figure 1.5 Time needed for 127 to unfold vs. constant stretching forces. The solid
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In fibronectin, the Fnllljy domain mediates cell adhesion to surfaces
via its integrin binding motif, Arg’®, Gly™, and Asp®® (RGD), which
is placed at the apex of the loop connecting [-strands F and G. Fi-
bronectin and other RGD-containing proteins serve as static anchoring
sites against which cells can build up tensile strength.

In the above simulations, dramatic conformational changes of the
RGD-loop are observed in the initial stages of the forced unfolding path-
way of the module. The loop is initially located at the apex of a hairpin
[B-turn connecting strands G and F. In the unperturbed native state the
RGD-containing loop is located at ~12 A away from the outer surface
of the Fnlll;y module and is thus accessible to cell surface integrins.
Optimal binding is obtained for distances between RGD and substrate
in the range 11 A — 30 A [44]. The RGD hairpin is bent at the C, atoms
of residues Thr’® and Ala®3, but upon domain extension past the force
peak, this bend is straightened. A steep increase in the angle defined
by the C,, atoms of residues Asp®, Ala®3, and Ser®* is observed at 20 A
extension , followed by a movement of the apex of the loop closer to the
surface of the domain from 12 A to 8 A while the module is extended
from 25 A to 35 A. The RGD loop is distorted further as the extensions
continue. During the first 35 A of extension of Fnlll;y we are likely
seeing a force-regulated decrease in integrin accessibility of the RGD
segment.

Discussion

Multi-domain proteins like titin involving immunoglobulin and fi-
bronectin type III domains constitute a fascinating class of biopolymers
with important cellular functions. Single molecule experiments based
on AFM that probe the mechanical response of these protein systems
provide a unique source of information that becomes more valuable in
combination with steered molecular dynamics simulations. The latter
provide atomic level pictures of the conformational processes governing
the function of mechanical proteins which, however, need to be verified
through comparison with AFM data.

Applied force experiments [11, 12, 13] have elucidated the chief design
requirements for titin I-band Ig domains under extreme stretch condi-
tions: they must unravel one by one, and must increase the length of
titin at each unraveling event by a set amount without affecting the sta-
bility of those domains which still remain folded. At small extensions
of titin, when the link regions are pulled taut to form a straight chain,
all Ig domains are at their resting contour length of about 40 A. Upon
SMD force application, every Ig domain exhibits a pre-burst increase in
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contour length of roughly 10 A per Ig domain. With further extension,
Ig domains continue to lengthen, but only after the force exceeds a given
value. Our simulations provide an explanation for this bursting behav-
ior. The links which must be ruptured first to initiate the unfolding of
the Ig domains are the hydrogen bonds between (-strands A and B and
between (-strands A’ and G. Due to the topology of the Ig domain (Fig-
ure 1.1), until the A’G bonds break, force can not be transmitted along
the backbone to unravel the rest of the protein. Only when the A’G and
AB strands are separated, after breaking of all inter-strand hydrogen
bonds, can the unfolding of an Ig domain continue, involving rupture of
the inter-strand hydrogen bonds between the remaining [-strands.

The SMD stretching of FnlIl proceeds similarly to the Ig stretch-
ing. The chief difference between Ig and FnIll domain SMD unfold-
ing is the smaller rupture forces observed for Fnlll as compared to Ig;
the smaller forces are consistent with observations in three AFM experi-
ments [16, 15, 11]. The AFM force peaks recorded for FnlIII unfolding are
70% the size of those recorded for Ig domain unfolding. From analysis of
structures and SMD trajectories [20] one can discern structural features,
specifically differences in the topology of interstrand hydrogen bonding,
likely responsible for the differences in force peak. In the case of Ig
(Figure 1.1a) there exist backbone hydrogen bonds directly between N-
terminal strand A or A’ and C-terminal strand G. In FnlIII (Figure 1.1b)
backbone hydrogen bonds do not directly connect the termini, they con-
nect the N-terminal strand A with its neighboring strand B, and the
C-terminal strand G with its neighboring strand F. In Ig, the breaking
of interstrand hydrogen bonds occurs over a very small extension range
(roughly the length of a hydrogen bond), whereas in FnlII, the breaking
of the interstrand bonds occurs over a wider extension range. In FnlIl
the terminal segments where force is applied are not directly connected
by hydrogen bonds; the Fnlll topology of interstrand bonding renders
the domain more flexible under stretching, allowing bond breaking over
a longer extension range and hence with a reduced rupture force, as seen
in Figure 1.2.

Both Ig and FnllIl domains exhibit high ( > 150 pN) dominant force
peaks when stretched in AFM experiments, dominant force peaks are
also seen for both domains when stretched with SMD. The domains are
both members of a class of proteins, which we call Class I [21], that
exhibit resistance to forced unfolding; their fold topologies are such that
interstrand hydrogen bonds must break in clusters in order to allow
extension of the domain. Other domains (e.g. all-helix domains) have
topologies that can be extended while breaking interstrand hydrogen
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bonds singly, these do not exhibit dominant force peaks when stretched
in SMD simulations[21]; we call these class II domains.

The current study suggests that AFM experiments on proteins that
consist of several class II domains should show force-extension profiles
different from those performed on proteins consisting of several class I
domains. Either no dominant force peak (and thus no sawtooth pat-
tern) or much lower force peak values than those observed for class 1
domains should be observed. The discernible-but-lower force peak val-
ues may arise from hydrophobic effects, which do not play an important
role in force-induced unfolding of class I domains. Both possibilities,
i.e., non-discernible (J. Fernandez, personal communication) and lower,
discernible [14] peaks have already been confirmed by recent AFM ex-
periments.

The main obstacles to relating MD simulations and AFM measure-
ments, namely the time scale discrepancy and the related discrepancy in
stretching forces required to induce unfolding, may be overcome through
slower pulling speeds in the moving restraint SMD simulations. The
slower 127-(0.1 A/ps) and 127-(0.5 A/ps) stretching simulations [22]
produce the same scenario of clustered hydrogen bond breaking as the
faster 127-(1.0 A /ps) simulation. Figure 1.5 presents the measured AFM
forces and their logarithmic extrapolation to faster pulling speeds to-
gether with the forces from simulations 127-(1.0 A/ps), 127-(0.5 A/ps)
and 127-(0.1 A/ps). One can discern that the extrapolated AFM forces
correspond to a force of about 500 pN at a pulling speed of 0.1 A/ps,
whereas the simulated force is twice as large.

The results of constant force SMD simulations can be extrapolated to
even more closely approach the forces observed in AFM. One may employ
the crossing times Tpgprier for simulations 127-(500 pN), 127-(750 pN),
127-(900 pN), 127-(1000 pN) to estimate pulling velocities and extend the
set of simulation data shown in Figure 1.5. We assume for this purpose
that the forces applied are the peak forces and that the estimated barrier
width of 3 A provides a suitable estimate for the distance traveled. In
case of simulation 127-(1000 pN), i.e., for a constant force of 1000 pN,
one determines accordingly a velocity of 0.075 A/ ps. The corresponding
data point in Figure 1.5 lies indeed close to the data point of simulation
127-(0.1 A/ps), which exhibited a peak force of 1200 pN. The velocities
corresponding to the constant forces 900 pN, 750 pN, and 500 pN are
0.05 A/ps, 0.027 A /ps, and 0.003 A/p s, respectively, which contribute
the corresponding data points in Figure 1.5. One can discern from these
data points that according to our rough estimate the simulation data
approach the measured AFM peak forces when scaled with log(velocity).
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We also interpreted the results of the constant force simulations in
terms of mean first passage time of barrier crossing (Eq. 1.3) and have
found, in applying the theory of first passage times [41, 42, 43], that the
estimated 3 A barrier width, combined with the fit 20 kcal/mol barrier
height, match the simulation results; they correspond to the same barrier
crossing time as observed in the simulations. These characteristics of the
barrier separating the folded and unfolded forms of 127 agree well with
AFM observations and chemical denaturation (Chevron plot) data [45]
in which a potential barrier of 22 kcal/mol was measured.

Recently, several theoretical groups have also published studies on
forced unfolding of protein domains, employing approaches and meth-
ods different from those applied in this paper. Rohs et al. [46] studied
the stretching of a helix and § hairpin systems using molecular mechan-
ics; they estimated the magnitude of forces involved in the unfolding of
these secondary protein structures. Socci et al. [47] studied the relation
between force dependence and the reaction coordinate by stretching a
lattice model. Evans and Ritchie [48] modeled the Ig domain unfolding as
a single bond braking event and approached the problem using Kramers-
Smoluchowski theory. Paci and Karplus [49] studied FnIII unfolding by
means of biased molecular dynamics using an implicit solvent model to
reduce computational effort; the authors suggested that the dominant
barrier against unfolding is due to vdW interactions, and not due to hy-
drogen bonds. Future SMD simulations will help clarify the differences
among different theoretical approaches including those described above
and will be aimed to provide a means to unite these approaches, while
still relating them to experiment.

Our goal in this modeling of forced titin domain unfolding is to ob-
tain an atomic-level view of the process. We approached this by in-
corporating into simulations two known properties of the system: the
experimentally-derived static structure and the experimentally known
force-extension curve. Our resulting theoretical model should meet two
criteria: first, the model should correspond closely to the experimental
(AFM) situation, so as to provide a non-ambiguous check on the model’s
validity; second, the results should provide information on the process at
atomic-level resolution that cannot be obtained from experiment. The
SMD method has satisfied both criteria listed above. Force-extension
curves produced by simulations can be directly compared to AFM data
to check validity. The SMD trajectories account for the unfolding process
at atomic-level detail and, hence, reveal structure-function relationships
for protein elasticity properties.

Future SMD simulations can be used to help design proteins with
unfolding barriers of desired strength. Additionally, modeling force-
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sensitive proteins with SMD can provide insights into novel processes
such as the RGD loop conformation changes observed for Fnlll;o. SMD
can contribute fundamentally to the understanding of structure-function
relationships of mechanical proteins.
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