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Experimental studies have indicated that FN-III modules undergo
reversible unfolding as a mechanism of elasticity. The unfolding of FN-III
modules, including the cell-binding FN-III;, module, has further been
suggested to be functionally relevant by exposing buried cryptic sites or
modulating cell binding. While steered molecular dynamics (SMD) simu-
lations have provided one tool to investigate this process, computational
requirements so far have limited detailed analysis to the early stages of
unfolding. Here, we use an extended periodic box to probe the unfolding
of EN-III,, for extensions longer than 60 A. Up to three plateaus, corre-
sponding to three metastable intermediates, were observed in the exten-
sion-time profile from SMD stretching of FN-III,o. The first and second
plateaus correspond to a twisted and an aligned state prior to unraveling
FN-III,, B-strands. The third plateau, at an extension of ~100 A, follows
unraveling of FN-III,, A and B-strands and precedes breaking of inter-
strand hydrogen bonds between F and G-strands. The simulations
revealed three forced unfolding pathways of FN-III,,, one of which is
preferentially selected under physiological conditions. Implications for
fibronectin fibrillogenesis are discussed.
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Introduction

The extracellular matrix protein fibronectin (FN)
not only provides a substrate for cell anchorage,
but also regulates cell adhesion by transmitting
environmental signals to cells."” Cells bind fibro-
nectin through transmembrane heterodimeric
proteins, termed integrins, that mechanically
couple the cytoskeleton to the extracellular matrix.
Clustering of integrins at focal contacts has been
shown to result in significant mechanical tension
on fibronectin fibrils. A number of remarkable
findings suggest that these cell-derived mechanical
forces, in addition to biochemical cues, play a role
in regulating the functional state of fibronectin.**

Fibronectin is a multimodular extracellular
protein composed of more than 20 modules per
monomer of three types: type I (EN-I), type II
(FN-II), and type III (FN-III) (shown schematically

Abbreviations used: AFM, atomic force microscopy;
FN, fibronectin; FN-III, fibronectin type III; RGD,
arginine-glycine-aspartic acid; SMD, steered molecular
dynamics.
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in Figure 1). Cells assemble fibronectin dimers
into fibrillar networks that provide mechanical
stability to the extracellular matrix and connective
tissue."” Integrin binding to fibronectin RGD-loop
on EN-III;, results in the formation of a cytoskeletal
apparatus that mechanically couples actin contract-
ility to extracellular fibronectin fibers.® Fluorescent
microscopy studies using chimeric fibronectin
with green fluorescent protein have demonstrated
that cells stretch fibronectin fibers up to four times
their equilibrium length.” Recent studies using
fluorescent resonance energy transfer to measure
fibronectin fibrils stretched into non-equilibrium,
suggest that cells not only integrate fibronectin in
an extended confirmation into fibrils, but also
hyperextend many fibrils so that FN-III modules
become unfolded.®” It has been proposed that
the unfolding of FN-III modules is functionally
relevant to providing both the observed
elasticity in fibronectin fibrils and a mechanism
for exposing the so-called cryptic sites.>**”
Functionally relevant cryptic sites have been
specifically proposed to exist on a number of FN-
III modules including FN-IIL,,"* EN-IIL,,"* FN-III,,"*
FN-III,,"  FN-IIgpg,'* FN-III,o,"> FN-IIL544,'° and
FN-IIT,5."

0022-2836/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved
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Figure 1. Schematic represen-
tation of the fibronectin monomer.
(a) The modular structure. FN-I
modules are shown as blue squares,
FN-II modules are shown as orange
circles, and FN-III modules are
shown as yellow ovals. Two fibro-
nectin  monomers join through
disulfide bonds. (b) FN-III,, is illus-
trated through two representations
highlighting its secondary (left)
and tertiary (right) structure.
B-strands from the upper B-sheet
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These experimental studies on fibronectin and its
FN-III modules suggest that the force-induced
mechanical unfolding pathway and corresponding
intermediates of FN-III modules play important
physiological roles. For example, the computation-
ally verified straightening of the RGD-loop in
stretched FN-III;, may control binding to mem-
brane receptor integrins.'” By swapping B-strands
of FN modules, intermediates in the unfolding
pathway may serve as nucleation sites'® for the for-
mation of fibrils (fibrillogenesis) during assembly
of the extracellular FN matrix.

FN-IIL,, has become a model for our understand-
ing of the unfolding pathway of EN-III modules,
partly because of its importance in cell binding.
Chemical and thermal denaturant studies demon-
strate that FN-III;, is one of the most thermostable
FN-IIT modules.'® These studies suggest that the A
and G-strands are the last to form during folding
of FN-III,,."?° While chemical and thermal unfold-
ing methods have provided significant insight into
the folding pathway, they may not be well suited
to investigate the mechanical unfolding pathway.
Comparisons between mechanical and chemical
unfolding pathways show that there exist few
correlations between mechanical stability and
thermodynamic stability*" and that the respective
unfolding pathways may differ.>~** To investigate
the mechanical unfolding pathway of FN-III
modules, other approaches such as atomic force
microscopy (AFM) have been used. One of the
most significant findings from these investigations
is that FN-III modules vary significantly in
mechanical stability, suggesting the order of FN-III
unraveling is important to its function.**~*

AFM studies alone cannot provide a complete
atomic-level view of the mechanical unfolding
process. Because of this, molecular dynamics simu-
lations have been used to investigate the forced
unfolding pathway of FN-III;, and of other similar
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GFCD are shown in red, while
B-strands from the lower B-sheet
ABE are shown in green. The RGD
loop between the F and G-strands
is shown in yellow. (c) Primary
sequence of FN-III;, and corre-
sponding  B-strands  (indicated
below the sequence). The RGD
loop is shown in yellow.

modules and motifs.*® Krammer et al. first used
steered molecular dynamics (SMD) on FN-IIL;,
solvated in explicit water and found a large pre-
dominant force peak corresponding to separation
of the G-strand."” Craig et al. used a similar system
to find that the FN-III;, module is mechanically
one of the weakest FN-III modules and that
B-strands progress from a twisted to an aligned
state prior to unraveling.” Conversely, Paci &
Karplus, using an implicit water model and biased
molecular dynamics, found FN-III;, to be consider-
ably more stable than FN-III; and further reported
an unfolding intermediate at an N terminus-to-C
terminus distance of approximately 140 A.*
Finally, approaches using off-lattice models® have
been able to reproduce a similar unfolding path-
way as that reported in SMD simulations with
explicit solvent models.

Previous SMD simulations have been limited
due to limitations of computational resources.
Simulations of explicit solvent models were
restricted to earliest events up to or including sep-
aration of the first B-strand. Implicit water models
were needed to simulate the whole unfolding pro-
cess. These different approaches to mechanically
stretching FN-III modules have yielded inconsist-
ent results, such as the existence of intermediates
in some studies but not others. Here, we have
used multiple unfolding simulations of FN-III;,
solvated in a box of water large enough to permit
stretching of FN-III;, into its completely unfolded
form. We investigate in detail the late stages of
unfolding, probe for folding intermediates, and
resolve discrepancies between the different mol-
ecular dynamics approaches. Our results show
that B-strands separate from the main module by
three possible pathways, A-strand separating first,
G-strand separating first, or both A and G-strands
separating simultaneously. The results also reveal
an intermediate present only when the A-strand
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Figure 2. Setup of SMD simulations. An FN-IIL;,
module was solvated and stretched in a water box. In
the simulations the C* atom at the N terminus (Vall)
was fixed, and C* atom at the C terminus (Thr94) was
stretched with constant force.

separates first. Below we first introduce the simu-
lation methods, provide then a detailed compari-
son of trajectories, and finally discuss the
physiological implications of our findings.

Results

Mechanical unfolding intermediates

SMD simulations with constant force protocol
have been carried out to probe the unfolding inter-
mediates of FN-III;, solvated in a 367 A long water

box (see Figure 2). Figure 3 presents the extension
versus  time profile from a  simulation
SMD(500 pN),, in which an FN-III;, module was
stretched with 500 pN constant force from its
equilibrated structure to its fully elongated con-
figuration. A sequence of unfolding snapshots is
shown in Figure 3(a)-(e). Initially, two B-sheets
ABE and GFCD pack against each other in a
twisted orientation (see Figure 3(a)). As the termini
are straightened by an externally applied force, the
protein extends to 11 A at 50 ps, reaching the edge
of a short 70 ps plateau (intermediate I;). As
discussed,” the plateau corresponds to a twisted
state, for the angle at which two B-sheets pack
against each other remains unchanged from that
found in the equilibrium structure. Following the
plateau, a pair of backbone hydrogen bonds
between Arg6 on B-strand A and Asp23 on
B-strand B break at 120ps, permitting an
additional extension of 7 A. The protein sub-
sequently enters an intermediate I,, named
“aligned state”,” for two B-sheets aligned along
the direction of the external force as shown in
Figure 3(b). The aligned state is associated with a
~220 ps plateau, indicating a relatively stable
intermediate. During the transition from I, to L,
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Figure 3. Extension-time profile from simulation SMD(500 pN), and representative snapshots (a)—(e) illustrated
during unfolding. (a) Native structure; (b) structure in aligned orientation at 0.42 ns; (c) structure of an intermediate
at 100 A in extension; (d) hydrogen bonds between B-strands G and F break at the end of the second plateau; (e) fully
unfolded structure. Hydrogen bonds between B-strands F and G in (c) are shown as thick black lines; ruptured

hydrogen bonds in (d) are shown as broken black lines.
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the hydrophobic core of FN-III;, has been dis-
rupted due to the rotation of the B-sheets. At the
end of the second plateau the unfolding progresses
along alternate pathways. In the simulation
SMD(500 pN),, the remaining five intact hydrogen
bonds between B-strands A and B rupture, leading
to further extension. The protein unravels rapidly
until it enters the third plateau at 100 A extension
(see Figure 3(c)), which corresponds to crossing of
a barrier formed by six hydrogen bonds between
B-strands G and F. This intermediate I is character-
ized by having the A and B-strands separated from
the remainder of the module. The passage time for
crossing the barrier is ~250 ps, indicating the exist-
ence of a stable intermediate, named I, at an exten-
sion three times the length of native FN-IIL;,. After
the concurrent breaking of six G-F backbone
hydrogen bonds (see Figure 3(d)), the protein
resumes unfolding until it is fully unfolded at
280 A extension (see Figure 3(e)), which corre-
sponds to the last plateau shown in the extension-
time profile.

Figure 4 shows recordings of force-induced
unfolding for EN-IIL,, from five constant force
SMD simulations performed in a 190 A long water
box. Two pronounced plateaus, common to all
simulations, are found at extensions ranging from
5A to 11 A and from 18 A to 30 A. A third plateau
at 100 A extension, similar to that observed in
simulation SMD(500 pN),, appears only in simu-
lation SMD(600 pN). The plateaus identified in
SMD(500 pN); can be associated with the three
intermediates I;, I, I; characterized in Table 1. Uni-
versal to all simulations is a jump by ~10 A in
extension between intermediate I, and I,, corre-
sponding to a transition from a twisted to aligned
B-sheets, as illustrated in Figure 3. Although inter-
mediate I; always precedes the alignment tran-
sition, intermediate I, can lead to three different
unfolding pathways: in simulations SMD(600 pN)
and SMD(700 pN), strand A detached from the
remaining fold first; in simulation SMD(500 pN),
strand G  detaches first; in simulation
SMD(500 pN); strands A and G simultaneously

Table 1. Location of stable intermediates and key events of hydrogen bond rupture observed in the unfolding studies

of FN-III,,

Location of stable intermediates (A) and key events of hydrogen bond rupture
Unfolding simulations L, (twisted) = —  Rupture = — I, (aligned) - Rupture - I - Rupture
SMD(400 pN) 5 R-D =16 - - -
SMD(500 pN), 11 R-D 18 A-B 100 G-F
SMD(500 pN), 9 R-D 25 G-F - -
SMD(500 pN); 9 R-D 20 A-B, G-F - -
SMD(600 pN) 11 R-D 25 A-B 100 G-F
SMD(700 pN) 1 R-D 25 A-B - -

The location of the intermediate is defined as the extension at the middle point of the corresponding plateau. A pair of backbone
hydrogen bonds between Arg6 and Asp23 is designated as R—D. The hydrogen bonds between f-strands A and B and between G

and F are abridged as A-B and G-F, respectively.
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hydrogen bond energy (kcal/mol)

A-B

Arg® (H) - Asp™(0)
Arg® (0) - Asp™(H)
Glu? (H) - Ser?! (0)
Glu® (0) - Ser?! (H)
Val'l (H) - Leu'®(0)
Ala'2(0) - Leu'%(H)
Thrl4(H) - Ser'” (O)

B-E

Leu!$(H) - TIe®(0)
Leu!8(0) - Ile%(H)
Te® (H) - Ala¥(0)
1620 (0) - AlaS"(H)
Trp? (H) - Ser’%(0)

G-F

TyrS8(H) - Tyr’%(0)
Tyr%%(0) - Tyr"(H)
Tle™ (H) - [Ie®(0)
TIe” (0) - Tle(H)
Val’2(H) - le¥%(0)
Val’(0) - Tle33(H)

F-C

Tyr!(H) - Val™s(0)
Tyr*!(0) - Val’S(H)
Arg33(H) - Tyr3(0)
Arg*(0) - Tyr*(H)
Thr35(H) - Thr"/(O)
Thr?5(0) - Thr”!(H)
Gly*’(H) - The®(0)
Gly*(0) - Thr**(H)

C-D

Tyr32(H) - Val*%(0)
Tyr?2(0) - Val*'(H)
Tle* (H) - Phe®*(0)
Tle* (O) - Phe8(H)
Tyr36(H) - GIn*(0)
Tyr?6(0) - GIn*(H)

detach from their B-strand partners B and F. In
simulation SMD(400 pN), none of the B-strands
peeled away from the module within 2 ns.

Inter-strand hydrogen bonds

An analysis of the energies of all inter-strand
hydrogen bonds was performed to characterize
the three force-induced unfolding pathways of
FN-III,,. Figure 5(a)—(c) shows the energies of 32
backbone hydrogen bonds of the module along
three representative unfolding pathways from
SMD(500 pN);, SMD(500 pN), and SMD(500 pN),,
respectively. As mentioned earlier, a pair of hydro-
gen bonds near the N terminus, connecting
residues Arg6 and Asp23, break first in all simu-
lations to allow the transition from intermediate I,
to I, to occur. This pair of conserved hydrogen
bonds was also found to be the first ruptured

Figure 5. Inter-strand hydrogen
bond versus time curves in three
representative SMD trajectories from
(@) SMD(500 pN);, (b) SMD(500 pN),,
and (c) SMD(500 pN);. Energies are
grouped by B-strand pairs, displayed
from left to right according to the
ordering in the list on the left side.

hydrogen bonds in SMD simulations for FN-
I, 4.* The aligned state I,, therefore, is separated
from the twisted state by a distinct energy barrier,
barrier I. The hydrogen bond analysis shows that
following the crossing of barrier I, backbone hydro-
gen bonds disassociate in different sequences. In
Figure 5(a), the intact A-B and B-E hydrogen
bonds break before the G-F bonds. This implies
that B-strands A and B completely unravel before
the B-sheet GFCD starts to unfold. The second
plateau, corresponding to breaking of hydrogen
bonds between A and B-strands, is named barrier
IIsp. At 1.25 ns, the six hydrogen bonds between G
and F were disrupted simultaneously, allowing
further extension of the module as shown in Figure
3. The barrier formed by G-F hydrogen bonds can
trap the protein in the meta-stable intermediate
state I;. The remaining intact hydrogen bonds
between B-strands F and C and between C and D
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have shown less resistance to external force as they
were ruptured one by one, probably contributing
to the short shoulders in the extension-time profile
shown in Figure 3. Alternatively, as shown in
Figure 5(b), G and F are the first strands to comple-
tely separate. A pair of hydrogen bonds near the C
terminus, between residue Tyr68 and Tyr92, break
at 0.95 ns, followed by the breaking of the remain-
ing backbone hydrogen bonds between G and F at
1.5ns. A similar scenario has been previously
described in constant velocity stretching simu-
lations of FN-III,,'” and constant force stretching
simulations.” We name the barrier associated with
the hydrogen bond rupture between F and G, Ilgr
Occasionally, we observed a third unfolding path-
way as shown in Figure 5(c). In this pathway
hydrogen bonds between G and F and between A
and B break simultaneously at ~1.1ns, except
that the four hydrogen bonds near the termini
break earlier. In this case, B-strand A and F detach
from the protein simultaneously.

Forced unfolding pathways

According to the hydrogen bond analysis, the
SMD simulations of FN-III;, exhibit three different
unfolding pathways, as shown in Figure 6. Simu-
lations began with FEN-III,, equilibrated in a
periodic box. Upon applying a constant force, the
randomly coiled termini straightened slightly,
while the overall tertiary structure still remained
intact (see Figure 6(b)). The first significant event in
unfolding was the rupture of two backbone hydro-
gen bonds, Arg6 and Asp23, between the A and
B-strands, as shown in Figure 6(c). Immediately
following this rupture, Pro5-Leu8 straightened,
allowing solvation of the periphery of the hydro-
phobic core flanked by Trp22. Subsequently, the
alignment of the 3-strands between the upper and
lower sheet was initiated by slipping of 1le88 of
the G-strand past the A-strand (see Figure 6(d)).
Unraveling of the B-strands began by either separ-
ation of the A-strand first (see Figure 6(e)), A and
G-strands simultaneously (see Figure 6(f)), or
G-strand first (see Figure 6(g)), leading to three
different unfolding pathways. When unraveling of
the B-strands began with the A-strand, an inter-
mediate at 100 A was observed (see Figure 6(i)).

RGD-loop conformations

The peeling of strand G away from [-sheet
GFCD leads to a dramatic conformational change
of the RGD-loop. This has been observed pre-
viously when strand G is the first strand to be
stretched out.” Conformational analysis of the
RGD loop in simulation SMD(500 pN); shows a
similar conformational transition when the G
strand was stretched out after the rupture of
B-sheet ABE, as shown in Figure 7. Prior to break-
ing of the G-F hydrogen bond, the RGD loop
remains intact for 1.25 ns at the apex of a hairpin
B-turn that connects strands G and F (see Figure

7(c) and (d)). The width of the RGD loop (see
Figure 7(a) and the bending angle of the loop (see
Figure 7(b)) exhibit a sudden increase after the
hydrogen bond rupture. The width of the loop,
defined as the distance between Arg78 and Pro82
(illustrated in Figure 7(c)), jumps from 7 A to
14 A, for the loop has been quickly straightened.
The bending angle, defined as the angle formed
by C* atoms of Thr76, Arg78 and Asp80, displays
a change from a bent (~110°) to a flatter (~170°)
conformation. At 1.5 ns, the loop has been gradu-
ally dragged out and the apex of the loop has also
been lowered to lie in the plane spanned by the
remaining B-strands FCD (Figure 7(e)).

Discussion

The SMD simulations described here provide a
detailed description of the entire force-induced
unfolding pathway for FN-III;, in a large periodic
box. These simulations find that while there is a
consensus unfolding pathway prior to the unravel-
ing of B-strands for FN-III;, the order in which
B-strands separate from the module is variable.
Consistent with earlier studies,”® the simulations
show that the upper and lower B-sheets progress
from a twisted to aligned state prior to unraveling
of the first B-strand. Invariably, we also find that
the rupture of two inter-strand hydrogen bonds
between Arg6 and Asp23 directly precedes exten-
sion to the aligned state. These hydrogen bonds
play a stabilizing role in the FN-III;, module: their
rupture is initiated by solvation of the hydrophobic
core. Stretching after the alignment of FN-III;
B-sheets leads to either the separation of the
G-strand, the A-strand, or both A and G-strands.
An intermediate arises consistently at extension
~100 A in case the A-strand separates first. Figure
6 provides a summary of the unfolding pathways
for FN-III;,. Our simulations raise a number of
questions that will now be discussed, including
which of these pathways is preferable at physio-
logical forces and what could be the function of an
intermediate in the unfolding pathway.

Comparison with other models

SMD simulations of FN-III;, have been con-
ducted with explicit water sphere models,"”* with
a small periodic water cell,” and with implicit sol-
vation models.*® In the case of water sphere
models, FN modules were solvated in TIP3 water
spheres of ~60 A diameter, cut-offs being used for
calculating electrostatic interactions. Intermediates
I, and I, were previously identified for each model
within an extension of <30 A for proteins.”
Although the sphere models provide a quick
approach for studying mechanical stabilities and
probing intermediates in the early stages of unfold-
ing, they may exhibit certain artifacts at extension
>60 A when the modules extend beyond the
water spheres. For example, one inherent problem
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Figure 6. Unfolding pathways for FEN-III;, resulting from SMD simulations. (a) FN-III,, equilibrated in a periodic
box. (b) Upon applying a constant force the randomly coiled termini straightened slightly, while the overall tertiary
structure remained intact. (c) The first significant event in unfolding, rupture of two backbone hydrogen bonds
Arg6 and Asp23 between A and B-strands; immediately following the rupture the segment Pro5-Leu8 straightened,
permitting solvation of the hydrophobic core periphery. (d) Alignment of B-strands between the two B-sheets is
initiated by slipping of 11e88 of the G-strand past the A-strand. Unraveling of the B-strands begins by separation of
(e) A-strand first, or (f) A and G-strands simultaneously, or (g) G-strand first. (h) Fully unraveled structure. (i) In the
case that the A-strand separates first, an intermediate at 100 A extension arises.
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Figure 7. Conformational changes of the RGD-containing loop in simulation SMD(500 pN),. (a) The width of the
RGD loop is measured by the distance between the C* atoms of Arg78 and Pro82. (b) Angle formed by the C* atoms
of residues Thr76, Arg78, and Asp80 illustrates a change from a bent (~110°) to a more planar (~170°) conformation.
(c) Snapshot of F and G-strands and the connecting loop in the native structure. (d) The RGD loop remains intact in
the intermediate state at 100 A. (e) The RGD loop is straightened out after the protein passes the intermediate state.

with using water spheres is the deformation of the
water sphere, which requires additional, but arti-
ficial, forces. FN-IIly;, have been also simulated in
a periodic box with similar results to water sphere
models, the simulations again being limited to
only the early stages of unfolding because of the
limited length of the periodic box used.” The
implicit model, on the other hand, can be easily
extended to large boxes, but it overlooks friction
due to water molecules. Furthermore, it has intrin-
sic shortcomings because the effect of explicit
water molecules on breaking inter-strand hydro-
gen bonds is not accounted for.** Implicit solvation
models give an unphysical refolding rate of FN-
Iy, modules of less than 50 ps.*® The implicit
models report FN-III;, to be mechanically stronger
than FN-IIL,*® while employing an explicit model
we found FN-III;, is mechanically weaker than
FN-IIL,,” which is in agreement with experi-
mental observations using AFM.** The water-bath
models presented in this study address these
problems by providing adequate explicit sol-
vation for fully unfolding FN-III;, modules and
by faithfully describing long-range Coulomb
forces.

Force-dependence of the unfolding pathways

Current computational resources restrict SMD
simulations to a few nanoseconds, and forces
higher than 400 pN need to be used to produce
unfolding events that are fast enough to be
observed in simulations. In AFM experiments
unfolding proceeds on a ms time-scale and peak
rupture forces of ~75pN are measured.” Under
physiological conditions forced unfolding of FN-
III modules could take even longer and forces as
low as several pN could be strong enough to
unfold a single FN-III module.® Naturally the ques-
tion arises: at low force, does FN-III,, follow the
three unfolding pathways revealed by SMD simu-
lations? Among the three possible choices, the
unfolding scenario in which B-strands A and G
separate simultaneously seems the least likely
under weak forces, for the protein needs to over-
come two barriers simultaneously. To illustrate the
preference of the other two unfolding pathways,
which require crossing only one barrier, we com-
pare the mean first passage times of the two pro-
cesses. For this purpose we consider a very simple
model for the unfolding process with a single
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barrier, which has the form of a saw-tooth potential

as introduced earlier:*??

+00 x<a,
Ux)={ AUx —a)/(b—a) a=x=,
- x>b

AU is the height of the barrier and (a, b) defines the
associated extension region. For this model, the
mean first passage time to pass the barrier can be
stated in the concise expression:

7= 2148(F) [P — §(F) — 1]

where F is the external force and D is the effective
diffusion coefficient. Other quantities are 74 =
(b—a)*/2D, &(F)=B[AU — F(b —a), B =1/ksT.
The extension range b—a is ~4 A, estimated from
the fluctuation of the associated plateau (see Figure
3). According to the SMD simulations, crossing
either barrier Il .5 or Il leads to a different unfold-
ing pathway. We assume that the heights of
barriers Il,z and Ilgr designated as Alsp and
AlUgr, are determined by the number of intact
hydrogen bonds between B-strands A and B and
between G and F before barrier crossing. The
height of the unfolding barrier AU probed in AFM
experiments is 22 kcal mol '.** Divided by the
maximum number of concurrently breaking
hydrogen bonds (six), the experimental value
gives an average energy contribution from each
hydrogen bond of ~3.7 kcal mol™'. From this we
estimate that each hydrogen bond contributes
approximatly 3.5kcalmol™' (note a deviation
within *+ 1.5 kcal mol™" from this number does not
affect the conclusion) to the unfolding barrier.
Hence, the five hydrogen bonds between B-strands
A and B produce a barrier with Alag =5X3.5 =
18 kcal/mol. To estimate AlUgr, we note that in
some cases two hydrogen bonds close to the C
terminus rupture before the concurrent breaking
of the remaining four hydrogen bonds bridging F
and G-strands, whereas in other cases all six
hydrogen bonds break concurrently. We therefore
assume for Algr two alternatives: Allgr =
4% 3.5 kcal mol~! = 14 kcal mol !, and AUgg = 6 X
3.5 kcal mol~! = 21 kcal mol~!. Denoting by 7ap
and 1gr the mean first passage time for crossing
barriers Il 5 and Il respectively, the ratio of 7gr
to Tag can be calculated as a function of the exter-
nally applied force F. The results are shown in
Figure 8. One can recognize two regimes in Figure
8. In the regime of forces >400 pN, typical of
SMD simulations, the mean first passage times for
crossing both barriers are very close, ie. two
unfolding pathways have roughly the same chance
to arise, as demonstrated in SMD simulations. In
contrast, for forces <200 pN, a single unfolding
pathway is more likely. Which pathway is followed
depends on the barrier heights: for Algr > Alas,
crossing barrier Il is more likely to happen first
and vice versa. The analysis implies that in AFM
experiments or under physiological conditions

100
AU, = 21 kcal/mol
10 /Gf
2o TEm————
k2
= 0.1 \
0.01 AUGF: 14 kcal/mol
0.001

0 200 400 600 800 1000
F (pN)

Figure 8. Ratio of mean first passage times top and Trg
as a function of applied force. Taog and Trg are the first
passage times for crossing the barriers I,z and Ilg,
respectively.

where small forces act, a single pathway should
dominate unfolding. In agreement with this
analysis, recent AFM unfolding experiments of
FN-III,, have shown that in most cases FN-III,,
prefers not to pass the unfolding intermediate I,,**
but in rare unfolding events the protein does
demonstrate a transition state at extension close to
intermediate I; (J. Fernandez, personal communi-
cations). Combining AFM experiments and the
above analysis leads to the implication that the
G-strand is likely to detach first from the protein
upon a stretching force under physiological
conditions.

Physiological implications of the intermediates
in fibrillogenesis

The finding of multiple unfolding pathways and
the finding that at least one unfolding pathway
contains a quasi-stable intermediate for FN-III;,
has a number of implications. First, under physio-
logical conditions, it is possible that the unfolding
pathway may change as a result of binding to an
integrin or another fibronectin protein. For
example, binding of an integrin to the RGD loop
between the F and G-strands of FN-III;, may
stabilize the interactions between these B-strands,
thus favoring separation of the A-strand first. The
existence of unfolding intermediates may be
physiologically relevant because it suggests a
mechanism for fibrillogenesis. It has been pre-
viously proposed that fibrillogenesis could occur
through B-strand swapping.”® The partially
unfolded intermediate I; found in present SMD
studies is able to undergo such swapping, since
the two unraveled A and B-strands can self-
assemble with other FN-III modules. This is
consistent with experimental studies finding that
FN-III;, contains a buried cryptic site that binds to
modules EN-III; and promotes formation of
disulfide-bonded fibronectin fibers.'> Thus, one
hypothesis for fibronectin fibrillogenesis is that
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mechanical tension applied from an integrin would
unravel the A and B-strands from FN-III,, provid-
ing a nucleation site for other unraveled FN-III
modules, such as FN-III;. Conversely, FN-IIIL,
modules not bound to integrins would unravel by
way of the G-strand separating first, thus making
the RGD loop inaccessible. While further studies
are needed to investigate such a model for fibrillo-
genesis, the simulations conducted here provide
an explanation for previous findings and suggest
a direction for future experimental studies.

Comparison with the muscle protein titin

It is of interest to compare the unfolding path-
ways of FN-III;, to that of 127, a domain from
muscle protein titin (see Figure 9(a)). Both FN-III,,
and 127 are built in a similar B-sandwich architec-
ture. The forced unfolding of 127 has been studied
extensively in AFM experiments** and in SMD
simulations.?®*® Unlike FEN-III, the SMD simu-
lations have shown a single unfolding pathway.
However, so far unfolding 127 has never been
simulated in water boxes permitting full extension
and eliminating surface effects. Figure 9 presents
the extension versus time profile from an SMD
simulation of an 127 module in a 240 A water box
with a stretching force of 750 pN. B-Strand A sep-
arates from the B-strand at ~ 140 ps after the break-
ing of two backbone hydrogen bonds between A
and B (see Figure 9(b)), corresponding to an inter-
mediate identified earlier both in SMD simulations
and AFM experiments.*® At the end of the long
plateau shown in the extension-time curve, strand
A’ separates from G at the extension of 16 A (see
Figure 9(c)), initiating rapid unraveling. The separ-
ation of B-strand A’ from G, like the separations of
B-strand A from B or G from F in SMD simulations
of FN-IIL;,, involves concurrent breaking of a clus-
ter of backbone hydrogen bonds, which constitute
the main contribution to the mechanical stability
of the proteins. However, there is a slight structural
difference between 127 and FN-III;, in the way that
the N-terminal B-strand A/A’ connects with the
C-terminal B-strand G. Strands A and G of

Figure 9. Extension-time profile
from an SMD unfolding simulation
of 127 with 750 pN constant force
and representative unfolding snap-
shots ((a)—(d)). (a) Native structure;
(b) strand A separates from strand
B at 140 ps; () strand A’ separates
from G at 16 A extension, observed
at the end of the plateau which cor-
responds to crossing of the barrier
due to the breaking of inter-strand

12 hydrogen bonds between B-strands

A" and G; (d) partially unfolded
structure at 160 A extension.

FN-III,, are separated, while 127 has B-strand A’
form six backbone hydrogen bonds with B-strand
G. To unfold 127, all A-B and A’-G hydrogen
bonds must be disrupted before it can extend
further. The separation of strands A and A’
destabilized both B-sheets of 127, initiating simul-
taneous unraveling of both sheets.”” In the case of
FN-1II,,, however, unfolding can be initiated by
unraveling only one of the B-sheets through separ-
ating either the A-strand or the G-strand from the
module. The other B-sheet maintains its tertiary
structure until the module needs further extension.
Disrupting the second B-sheet may result in an
intermediate like I; in the middle of unfolding
process, as observed in simulations using an
explicit solvent model reported here and simu-
lations using implicit models.*

Outlook

The intermediate I; of FN-III;, is not easy to
observe in AFM experiments. According to the
mean first passage time-analysis described above,
the reason is that overcoming barrier II,5 is more
difficult than crossing barrier llgr By engineering
mutants which change the key mechanical
elements, i.e. the hydrogen bonding structure of
A-B or F-G strands, one can change the relative
height of these two barriers and may thereby
produce mutants that exhibit the intermediate I,.
The same reasoning for choice of mutants was pre-
viously applied to titin 127. For example, 127
mutants in which either A-B or A’-G hydrogen
bonds were disrupted have been engineered and
stretched with AFM.**?® Disrupting A—B hydrogen
bonds of 127 eliminates the pre-burst
intermediate.”® Mutating residues involved in
forming A’-G hydrogen bonds can mechanically
weaken the module.*

Materials and Methods

An individual FN-III;, module was adopted from the
crystallographic structure of the tetramer FN-III,_;
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(Protein Data Bank entry code 1FNF*). After hydrogen
atoms were added to the monomer with X-PLOR,*’ two
TIP3* water boxes, one of size 60 A x 60 A %370 A and
the other one of size 64 A x 64 A x 190 A, were used for
solvating the protein, resulting in systems of 126,082
and 72,856 atoms, respectively. Water molecules within
2.6 A of the protein surface were deleted. A snapshot of
the 126,082 atom simulation, with the water box framed,
is shown in Figure 2.

The program NAMD* with CHARMm?2?2 force fields*
was subsequently used for all MD simulations described
here. Initially, the system was minimized for 2000 conju-
gate gradient steps. A 20 ps equilibration was performed
at 300 K, while keeping the protein fixed. Following the
equilibration, the system was minimized for 400 steps.
Then the constraints on the protein were released, except
that the C* atoms of the termini were harmonically
restrained to prevent drifting. The whole system was
equilibrated for additional 50 ps for the larger system
and 150 ps for the smaller system. During equilibration,
carried out under NpT conditions, the pressure was
maintained at 1 atm using the Langevin piston method,*
and the temperature was controlled by using Langevin
dynamics at 300 K with a damping coefficient of 5 ps™".
For the pressure control a piston period of 100 fs and a
damping time-constant of 50 fs were employed At the
end of the second equilibration, the sizes of the simu-
lation boxes were 55 A X 60 A X 367 A and 61Ax
63 A X182 A, respectively. Finally, SMD simulations
were carried out by fixing the C* atom of the N terminus
of FN-III;,, and applying constant forces to the C* atom
of the C terminus along the longest side of the boxes.

For all MD simulations, periodic boundary conditions
were imposed. Full electrostatics was computed every
4 fs using the particle mesh Ewald (PME) method,*
with grid spacing less than 1.0 A. The van der Waals
interactions were treated with cut-off by using a switch-
ing function between 10 A and 12 A. The integration
time step was 1 fs and a uniform dielectric constant of 1
was assumed. A total of ten constant force SMD simu-
lations encompassing 12 ns were completed. The simu-
lations were carried out on the Origin2000 at the
National Center for Supercomputing Applications
(NCSA) and on a Linux cluster consisting of 32
1.33 GHz Athlon processors. A 1ns simulation of the
126,082 atom system required ~170 hours running on
the cluster. The SMD simulations presented here are
referred to as SMD(force value), e.g. SMD(600 pN) for a
600 pN constant force SMD simulation. Multiple runs
are denoted by a number subscript, e.g. SMD(500 pN);.

The trajectories of the SMD simulations were obtained
by saving the atomic coordinates of the whole system
every picosecond. The analysis of molecular structures
and hydrogen bond energies were conducted using
X-PLOR and VMD.** The extension of the protein is
defined as the change of the end-to-end distance between
the two terminal carbon atoms. An explicit hydrogen-
bonding energy term was used in the trajectory analysis,
with parameters adopted from param11.pro in X-PLOR.
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