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We study the mechanical unfolding pathways of the Fnlll;, domain of fibronectin by means of an
Ising-like model, using both constant force and constant velocity protocols. At high forces and high
velocities our results are consistent with experiments and previous computational studies. Moreover,
the simplicity of the model allows us to probe the biologically relevant low force regime, where we
predict the existence of two intermediates with very close elongations. The unfolding pathway is
characterized by stochastic transitions between these two intermediates. © 2010 American Institute

of Physics. [doi:10.1063/1.3464476]

I. INTRODUCTION

The mechanical unfolding of biopolymers has been the
subject of an intense research activity, both experimental and
theoretical, in the past 2 decades. For a recent review, see
Ref. 1. Innovative single molecule experimental techniques,
mainly based on atomic force microscopy (AFM) and optical
tweezers, have been used to investigate the response of
biopolymers to controlled forces, while theoretical and com-
putational models at different levels of coarse graining have
been proposed and investigated.

Among the various molecules studied, fibronectin is par-
ticularly important due to its role in tissue elasticity, cell
adhesion, and cell rnigration.2 Its tenth type III module
(FnlII, ) is known to be crucial for cell adhesion, through the
binding of its arginine-glycine-aspartic acid (RGD) motif to
transmembrane integrin receptors. The secondary structure
of this module consists of two antiparallel 3-sheets forming a
B-sandwich (Fig. 1). The B-strands are usually denoted with
letters from A (the strand closest to the N terminal) to G (the
C terminal one). The two sheets are made of strands ABE
and DCFG, respectively, and the RGD motif is in the loop
separating strands F and G.

The mechanical unfolding of Fnlll;; has been studied
both experimentally3’4 and by computer simulations.”™
Single molecule AFM experiments have shown that Fnlll,,
has a low mechanical stability, compared to other fibronectin
type III domains.® Furthermore, AFM experiments by the
same group4 showed that Fnlll;;, can unfold according to
different pathways. Apparent two-state transitions were ob-
served, as well as unfolding through intermediate states. Ex-
periments on suitable mutants suggested the possible exis-
tence of two different intermediate states, which is also
consistent with some simulations,6’8 while other simulations
predicted sirnplers’7 or more complexg scenarios.

In the present paper we shall study the mechanical un-
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folding of Fnlll;, by means of a generalized Ising-like model
we have recently proposed.lo_13 The model has already been
shown'®!" to reproduce the general features of mechanical
unfolding experiments, such as the force dependence of the
average unfolding time in a constant force protocol, or the
rate dependence of the unfolding force in a constant rate
protocol, together with the corresponding probability distri-
butions. The same model turned out to predict the correct
values for the unfolding lengths of a titin domain'®"" and of
ubiquitin.12 Moreover, it has been used to investigate the
unfolding pathways of ubiquitin12 and of a 236-base RNA
fragment,13 and the resulting pathways turned out to be con-
sistent with both experimental and computational results,
where more detailed molecular models were used.

In the case of Fnlll,, we are particularly interested in
exploring the biologically relevant low force regime,z’M’15
which is thought to be close to the equilibrium unfolding
force and cannot be explored by simulations of more de-
tailed, and more computationally expensive, molecular mod-
els. Our model can probe forces close to the equilibrium
unfolding force, whose value we use to set our force unit.
Such value is unfortunately not exactly known. Erickson'*
estimated the equilibrium unfolding force to be at most 5 pN,
on the basis of an order of magnitude calculation. On the
other hand, an estimate close to 20 pN was reported in Ref.
9. Choosing the value of 20 pN, in order to set our force unit,
our results give unfolding forces in very good agreement
with the AFM experiments (see Sec. IV).

The paper is organized as follows: In Sec. II we shall
describe our model and simulation techniques; some equilib-
rium results are discussed in Sec. III; in Sec. IV we shall
describe our results for the unfolding pathways, using both
constant force and constant velocity protocols; finally, in Sec.
V we shall draw some conclusions.

Il. MODEL AND METHODS
A. Model

We represent the polypeptide chain pulled by an external
force through a simple Ising-like model'®™" that is a gener-

© 2010 American Institute of Physics
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FIG. 1. Sketch of the native structure of FnlIl, (Protein Data Bank ID 1ttf)
with B-strands labeled A—G in sequence order. Figure generated by PyMOL.

alization of the Wako-Saitd—Mufioz—Eaton (WSME) Go-
type model for protein folding.'*® In this model a (N+1)
residue polypeptide chain is described by N binary variables
my, (k=1,...,N) associated to the peptide bonds. The vari-
able my is equal to 1 if the kth bond is in a native state and 0
if the bond is in an unfolded state.

In the following a native stretch will indicate a sequence
of consecutive amino acids connected by native bonds and
delimited by two non-native bonds. In order to characterize
the state of such a stretch, we introduce the quantity

j-1
S,»_,-E(l—m»( I1 mk>(1—mj>, (1)

k=i+1

with (0=i<j=<N+1) and the boundary conditions my,
=my,;=0. Thus, a native stretch delimited by bonds i and j
is characterized by S;;=1, while if the sequence is not a
native stretch, §;;=0. In the case of j=i+1 the stretch corre-
sponds to the single (i+ 1)th residue. Therefore, given a cer-
tain configuration m={m,} of the chain, the number M of
native stretches is equal to M=1 +EZ,(1 -m;).

In the WSME model two amino acids can interact only if
they are in contact [i.e., if they have at least a pair of non-
hydrogen atoms closer than 4 A in the native structure de-
posited in the Protein Data Bank (PDB)] and if they belong
to the same stretch. The effective Hamiltonian reads

N-1 N j N
H(m,q)=2 > EiinjH me= kT2 qi(1=m),  (2)
i=1 j=itl k=i i=1

where €;; is the energy gain associated to the contact between
ith and (j+ 1)th amino acids (see next subsection for details),
A is called contact matrix and its (i,j) element takes the
value A;;=1 if such a contact exists in the native structure
while A;;=0 otherwise or if j=i+1 (since if the amino acids
are so close in the chain sequence, they have pair of atoms
closer than 4 A even in the unfolded state). The quantity g;
>() is the entropic cost of ordering bond i. In the following
we define h;;=€;A;;. In Ref. 23 it has been discussed how to
compute exactly the partition function of the WSME model
through a transfer-matrix formalism.

In our generalized model we substitute the entropic term
for the coupling to the force described by a potential energy
function V depending on the end-to-end length of the protein
L,
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N-1 N j
Hm,L)= 2 X hllme+v(L). (3)
i=1 j=i+l k=i

In our simulations the protein is pulled either by a constant
force or at constant pulling velocity. In the first case the force
f applied to the protein ends is constant and the potential
energy takes the form V(L£)=-fL, while in the second case
the energy is time-dependent: V(L)=(k/2)(Lo+vi—L)>,
where k is a spring constant, v is the pulling velocity, and £,
is the initial equilibrium elongation.

In order to define the length £ we assume that each
stretch (S;;=1) can be only parallel or antiparallel to the di-
rection of the applied force and we implement such an as-
sumption through a new binary variable o;; that can take the
values +1 or —1, respectively. The end-to-end length of the
protein is defined as the sum of the lengths /;; of each stretch
multiplied by o,

N N+l

L(m,0) =E E 1;j07;Sij, 4)
i=0 j=it1

where the dynamic variable o is a set of M variables Tijs
each one associated to a stretch. Since the ith amino acid is
represented by the sequence of its N; nitrogen, C,; central
carbon, and C; carbon atoms, the lengths /;; are obtained
from the PDB structure as the native distance between the
midpoint of the C;_; and N; atoms and the midpoint of the C;
and Nj,, atoms.

Dealing with the case of constant force, since the vari-
ables o0;; do not interact among themselves, it is possible to
obtain an effective Hamiltonian which has the same structure
of Hamiltonian (2) of the initial model and therefore the
equilibrium thermodynamics is exactly solvable also in this
case. In fact, given the Hamiltonian

N-1 N j N N+1
H(m,o:f)= > 2 hin me=f2 2 L;joiSijs (5)
i=1 j=itl k=i i=0 j=it]

we can perform the sum on the o variables in the partition
function,

Z(f) = E E e BHm.af) — E e BHerlm:f) (6)
{m} {0} {m}
with
N-1 N j 1 N N+1
Heg(msf) =2 2 hylIme— =2 2 1n[2 cosh(Bfl;)1S,;-
i=1 j=i+1 k=i Bizo j=it+l
(7)

In the case of force f=0 the last expression reduces to
Eq. (2) with ¢;=In 2 for every i.

B. Model parameters, simulation, and analysis
The parameters €,

ij> as in Refs. 10-12, 20, 23, and 28, are
taken equal to ne where n is an integer such that 5(n—1)
<ny, =5n, and n is the number of pairs of atoms in contact
(that is closer than 4 A) between ith and (j+1)th amino
acids. The temperature is set to 7=0.7687,,, where T, is the
equilibrium unfolding temperature at zero force. Since ex-
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perimentally 7,,=375 K.” we have T=288 K. The force
unit is then set in such a way that the equilibrium typical
unfolding force at 7=288 K is 20 pN. Since an experimental
measurement of this quantity is missing, it has been chosen
on the basis of the estimates reported in Ref. 9. A detailed
discussion about the choice of energy and force scales in the
model has been reported in Ref. 12.

The nonequilibrium unfolding kinetics have been studied
by Monte Carlo (MC) simulations. More precisely, in the
framework of a master equation approach,25 we choose tran-
sition rates according to the Metropolis algorithm. Rigor-
ously speaking, this choice cannot be derived from an under-
lying microscopic dynamics of the molecule. Nevertheless, it
has been shown'®™" that it reproduces many quantitative and
qualitative aspects of folding and unfolding of real molecules
under an external force. A single MC step consists of a
single-bond flip on the variable m;, chosen with equal prob-
ability among the N peptide bond variables, followed by a
single-spin flip on the variable o;;, also chosen with uniform
probability among the M stretch orientational variables.*® In
Sec. IV, by comparing our estimated zero-force unfolding
time with the corresponding experimental value, we shall
find that a MC step corresponds to about 25 ns.

Simulations have been run with nine values of the force
(122, 98, 81, 65, 53, 46, 40, 36, and 28 pN) and six constant
pulling velocities (0.03, 0.05, 0.1, 0.3, 0.5, and 1 um/s), for
each value of the force or of the velocity 100 different un-
folding trajectories have been considered.

Each simulation stops 10° MC steps after the protein
reaches the value LuzéLmaxzéﬁﬁolﬂm. An exception is the
case f=28 pN, where we take Lu=§LmaX, because of the
larger length fluctuations and in order to prevent the trajec-
tory ending before a complete unfolding event takes place.

In order to trace unfolding pathways, we use the
weighted fraction of native contacts as order parameter,

SO 2SOy T my

i=r(s) <j=i+1

s 2(2(3)(—12(2@) h

i=ry(s) < j=i+1 ij

: (8)

where s is the string of bonds we are analyzing, and r;(s) and
ro(s) are its first and last peptide units. As an example the
string containing strands A and B has r;(AB)=6 and
r,(AB)=23. A straightforward generalization is necessary for
order parameters of strings of non-consecutive strands (i.e.,
C-F and B-E). ¢, turns out to be a better order parameter
than the fraction of native bonds used in previous works
because of its greater stability with respect to fluctuations.
When discussing the folded or unfolded character of an in-
dividual B-strand, appropriate order parameters can be iden-
tified on the basis of the secondary structure. As an example,
strand F appears in a [B-sheet between strands C and G,
which suggests to use ¢cp and ¢pg as order parameters for
strand F.

lll. EQUILIBRIUM PROPERTIES

As mentioned before, the equilibrium thermodynamics
can be solved exactly in our model and we can thus follow
the macroscopic state behavior of the protein at different

J. Chem. Phys. 133, 065101 (2010)
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FIG. 2. Free energy landscape at temperature 7=288 K and for forces

f=0 pN (red line), f=20 pN (green line), and f=28 pN (blue line).

AG=G(L)-G(0).

pulling forces. In Ref. 31 the average fraction of native
bonds and end-to-end length are plotted as functions of the
force f.

To obtain the equilibrium energy landscape of the pro-
tein as a function of the reaction coordinate L we expand,
following Refs. 11 and 23, the partition function (6) in pow-
ers of e as

L=Lmax

Z(H= 2 Zy(L)ePr,

L=—Lax

where Zy(L) is a zero force partition function constrained at
the length value L,

Zo(L) = E E oL - L(m,a-))g‘ﬁH(mxr;fﬁO)’

m o

which, as Z(f), can be computed exactly. The corresponding
free energy reads

Fo(L) =- kBT In Zo(L) .

In presence of a constant force, the free energy landscape is
tilted and is given by G(L)=Fy(L)—fL. Figure 2 shows the
landscape for various forces: At zero force there is just one
minimum at about 3.5 nm corresponding to the folded state.
By increasing the force three more minima appear: Two of
them (end-to-end lengths of about 6 and 13 nm) are always
local minima, and will be later associated to intermediate
states, while the third one, corresponding to the fully un-
folded state, becomes the global minimum when the force
exceeds 20 pN.

IV. UNFOLDING PATHWAYS
A. Force clamp

In the force clamp protocol the molecule is first equili-
brated in absence of force, then at r=0 the force instanta-
neously jumps to a nonvanishing constant value, which
ranges between 28 and 122 pN. Notice that the forces we use
are much closer to the equilibrium unfolding force, and
hence to in vivo conditions, than most previous works since
more detailed models can be simulated only for very short
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FIG. 3. Mean unfolding time 7, as a function of the force f applied to the
molecule (average over 100 different trajectories). The red line is a fit to
Arrhenius’ law in the range of forces from 25 to 60 pN. In this range we find
from the fit x,=3.4%*0.1 A. The green line is a fit from 60 to 115 pN,
x,=13+0.1 A.

time intervals. The smallest force probed by Karplus and
Paci® was 69 pN, and they did not observe any unfolding
event at this force, while Gao et al.® used forces not smaller
than 400 pN. Only in the all-atom Monte Carlo simulations
by Mitternacht et al’ unfolding events at constant forces as
small as 50 pN could be observed.

In Fig. 3 we report the average unfolding time 7, as a
function of force f. Three regimes are clearly distinguish-
able. In the high force regime the unfolding time saturates to
a constant plateau, as observed for several other proteins.1 In
the low force regime (25-60 pN) we have made a fit to
Arrhenius’ law,

f‘xll
T, = To Xp Tl
B

obtaining the unfolding length x,=3.4+0.1 A, which com-
pares well, given the extreme simplicity of our model, with
the experimental results x,=3.8 Al Comparing our zero-
force unfolding time 7, with its experimental value 7.
=50 s, we find out that a single MC step in our model
corresponds to about 25 ns. In the intermediate force regime
(60-115 pN) our fit yields x,=1.3+0.1 A.

The unfolding trajectories can be grouped in four classes
according to their main features, i.e., their end-to-end length
plateaus (if they exist) and the order parameter behavior for
the whole molecule and its various pairs of S-strands.

At large forces we observe simple two-state trajectories,
while at smaller forces various intermediates are obtained. A
scheme of the possible pathways is shown in Fig. 4.

In trajectories exhibiting intermediate states it turns out,
as already pointed out in previous papers,s’7 that strand G is
always the first to break away. In cellular environment such
behavior seems to be connected to the function of the RGD
motif Arg78-Gly79-Asp80.”® When the module is fully
folded, the RGD motif is available for adhesion, while if
strand G is pulled and detached from the remainder of the
module, the RGD motif gets closer to the surface of the
module and is not functional.

J. Chem. Phys. 133, 065101 (2010)
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4

FIG. 4. Unfolding pathways scheme of Fnlll;, pulled by a constant force.
Transitions denoted by red arrows have been observed only at low forces
(40, 36, and 28 pN). Oblique red arrows represent refolding transitions.

Strand G detachment may be rapidly followed by com-
plete unfolding or by an intermediate state. A possibility is
that strand A detaches almost at the same time of strand G
while the remaining part of the molecule stays folded for a
certain time before complete unfolding. This kind of unfold-
ing pathway will be labeled with AG, and its intermediate
end-to-end length is about 13.5 nm. It may happen that in-
stead of strand A, strand F detaches together with G, such
unfolding pathway (intermediate end-to-end length
~14 nm) will be labeled GF.

The last possibility occurs only in the biologically rel-
evant regime of low forces. It is believed’ that such relevant
forces, in vivo, are of the same order of magnitude as the
equilibrium unfolding force (~20 pN, see Sec. III), although
forces as low as 5 pN have been suggested14 as typical un-
folding forces. Our low force unfolding pathway is a mixture
of the previous two: Strands A and G are the first to unfold,
then, before the molecule completely unfolds, A refolds and
F unfolds. This may happen reversibly many times in a
single trajectory with consecutive folding (unfolding) of
strand A and parallel unfolding (folding) of strand F. Such
trajectories will be labeled mixed AG-GF because the mol-
ecule is fluctuating between two different intermediates
(AG and GF). These intermediates have almost the same
end-to-end length, and therefore cannot be distinguished in a
simple free energy landscape, as illustrated in Fig. 2, where a
single, broad minimum is observed at L==13 nm.

Figure 5 shows two typical trajectories at 65 pN constant
force. Other typical trajectories are plotted in Ref. 31. During
thermalization, before turning the force on at time ¢#=0, the
length of the polypeptide chain fluctuates around L=0 [Fig.
5(a)] since different orientations of the molecule are equally
likely. Then, at time =0, a waiting phase starts, which can
be easily seen in Figs. 2(a) and 2(b) of Ref. 31. This waiting
phase corresponds to a metastable state which is character-
ized by an end-to-end length ~3.5 nm corresponding to the
elongation in the native state. The rise in the end-to-end
length to the intermediate value is always associated to the
drop in order parameters connected to two different pairs of
strands, with the GF pair always involved. The order param-
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FIG. 5. Typical MC trajectories: end-to-end length (red line) and a few order parameters as functions of time, with a f=65 pN. Green line: fraction of native
contacts, whole Fnlll;,. Blue line: fraction of native contacts between strands G and F. Purple line: fraction of native contacts between strands A and B.

Cyan line: fraction of native contacts between strands C and F.

eters which have not been plotted go to zero only when the
protein reaches the fully elongated configuration (end-to-end
length of ~29 nm).

In Fig. 6 we report a mixed AG-GF trajectory obtained at
force f=28 pN, slightly larger than the equilibrium unfold-
ing force: After the long waiting phase there are two different
intermediate states before the complete unfolding. Despite
the large fluctuations in the order parameters associated to
the pairs C-F and A-B, it is still possible to see their general
behavior and to recognize the first intermediate state as AG
and the second as GF. We stress that the GF and AG inter-
mediates have very similar end-to-end length and fraction of
native contacts ¢, (for the whole chain), making them indis-
tinguishable in simple, one-dimensional, free energy land-
scapes: Indeed, they are lumped together in the broad mini-
mum at L==13 nm in Fig. 2.

Both the waiting and intermediate states (as the whole
unfolding process) are characterized by time lengths varying
in a wide range of values for different applied forces and,
because of stochasticity, for different trajectories. In Table I
we reported the mean life times at various constant forces.
The times 7,g and 7gr are obtained by an average of the
times occurring between the first and second jumps in the

1 Fiyr e

0.8 -

0.6 -

ity

il |
04

end-to—end length L (A)

02|

weighted fraction of native contacts ¢

4 25
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0
4.2e+06

4.35e+06 4.4e+06
Time ( Mc steps)

4.25e+06  4.3e+06 4.45¢+06  4.5e+06

FIG. 6. Mixed AG-GF trajectory: MC time evolution of the end-to-end
length (red line) and of some order parameters with a constant force of 28
pN. Colors as in Fig. 5

end-to-end length, which have been fixed using the respec-
tive threshold values L=75 A and L=225 A. These aver-
ages have been calculated only for those trajectories which
exhibit the corresponding unfolding pathway, while 7,5 and
Tgr at force f=28 pN and 7gp at force f=40 pN are not
reported in the table because of vanishing frequencies of the
corresponding trajectories, as shown in Table II. The mean
waiting phase time 7, is the average over the 100 trajecto-
ries of the time at which the end-to-end length becomes
longer than the threshold value L=75 A. For forces f=98
and 122 pN it does not make sense to define a waiting phase
life time since the protein starts to unravel as soon as the
external force is applied at r=0. Finally, the unfolding mean
time 7, is the average on all the trajectories of the unfolding
time, i.e., the time at which the molecule reaches the unfold-
ing length previously defined.

The probability distributions of intermediate life times
for f=81 pN have been plotted in Fig. 7, where it can be
seen that both distributions can be fitted to the negative ex-
ponential function P(z,)=(1/7,)exp{-t,/ 7.} (where s is AG or
GF, ¢, is the intermediate life time of s, and 7,=(z,) its aver-

TABLE 1. Unfolding time (7,), waiting phase life time (7,,), AG interme-
diate life time (7,¢), and GF intermediate life time (7gp) at different con-
stant forces. Values are in MC steps and are approximated averages on 100
different trajectories at each force.

Tu Tws TAG TGF

28 pN 2.2X107 8.7X10°

36 pN 3.0X 10° 8.8 10° 43%10°

40 pN 8.8X10° 2.8X 10° 6.1X10°

46 pN 29%10° 6.9 % 10* 24x10° 1.4x10*
53 pN 1L.1X10° 2.2%10* 1.2Xx10° 9.4%10°
65 pN 2.7%10* 3.6X10° 3.8x10* 29X 10°
81 pN 6.6 X 10° 1.1 10? 1.5x10* 1.2X10°
98 pN 1.9%10° 41%10° 74X 102
122 pN 1.5 10? 5.7 X107 1.9 10?
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TABLE II. Relative frequencies of unfolding pathways at constant force.
100 trajectories for each value of the force.

AG GF No intermediates Mixed AG-GF
28 pN 0 0 0 1
36 pN 0.07 0 0 0.93
40 pN 0.96 0 0 0.04
46 pN 0.93 0.07 0 0
53 pN 0.67 0.32 0.01 0
65 pN 0.59 0.31 0.1 0
81 pN 0.41 0.34 0.25 0
98 pN 0.43 0.23 0.34 0
122 pN 0.2 0.06 0.74 0

age), and that AG has a longer life than GF. Being the un-
folding time the sum of the waiting phase time and of the
intermediate state time we can naively conclude that if the
protein follows the GF pathway, it will reach the unfolded
state earlier. For the same reason and since at f=81 pN the
dominant contribution to the unfolding time comes from 7gg
and 7,g, we can argue that at this force the exponential func-
tion fits well the unfolding times distribution too.""** Fur-
thermore, at very high forces a lognormal distribution of un-
folding times has been proposed.32 Figure 8 shows this
behavior at force f=150 pN and the corresponding fit to
P(t,)=[1/\270(t,~ 1) Jexp{-[In’([1,~ 1)/ m)]/ 267},

Looking at the data in Table I we can try to interpret the
three different force ranges in Fig. 3. In the highest force
range there is neither an intermediate state nor a waiting
phase and the unfolding time corresponds mainly to the MC
time needed for completing the unfolding where every MC
move that unravels the molecule and thus increases the
length is accepted and every move that reduces the length is
refused, that is, an extremely biased random walk, corre-
sponding to the scenario proposed in Ref. 33. Lowering the
force, the contributions of 7gr and 7,g to the global unfold-
ing time become important while the waiting phase, if it
exists, is still quite short. Finally, in the lowest force interval,
also the waiting phase gives its contribution and this matches
with the larger slope of the fit line.

Ptag =1
I
\

P (tar =1)

0.01 H

0.001

15000 20000 25000 30000 35000 40000

t (MC steps)

0 5000 10000

FIG. 7. Histograms of the intermediate life times for AG pathway (red line)
and GF pathway (green line) at force f=81 pN. Data obtained from 3600
different trajectories. The lines are exponential fits.
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FIG. 8. Histograms of the unfolding times at force f=150 pN. Data ob-
tained from 5000 different trajectories and the bin size of the histogram is 1.
The fit is to a lognormal distribution.

Table II shows the frequencies of various unfolding
pathways. Predictably, as the force increases, the trajectories
without any intermediate state become dominant and we ex-
pect them to be the only escape route at even higher forces,
as already observed in previous all-atom simulations.’

At f=28 pN, because of long life times and great fluc-
tuations, all the trajectories are of mixed AG-GF type. Fur-
thermore, at such a low force, the molecule can completely
refold after it partially unraveled. This can happen many
times before complete unfolding.31

B. Constant velocity

We run MC simulations at six different pulling velocities
(0.03,0.05,0.1,0.3,0.5, and 1 um/s) with a spring constant
k=30 pN/nm and an initial length £,=32 A. Once again,
our conditions are much closer to experimental ones than
most previous simulations. In constant velocity simulations,
Vogel et al.’ used v=50 m/s (with a spring constant of
~4 nN/nm), Klimov and Thirumalai’ considered v
=6 mm/s or faster, while experimental pulling speedss’4
were 0.4 and 0.6 wm/s (with spring constants of 45-50 pN/
nm) and in vivo pulling speeds are believed to be even
smaller. Only the all-atom Monte Carlo simulations by
Mitternacht er al.’ could probe constant pulling speeds in the
same range as we are considering here (with a spring con-
stant of 37 pN/nm).

In Fig. 9 we sketch the possible unfolding pathways
scheme in the constant velocity case. Consistent with our
constant force results and with previous simulations,”” at
each value of v most of the trajectories start with the detach-
ment of strand G, giving rise to an intermediate correspond-
ing to the shallow minimum around 6 nm in Fig. 2. In few
runs strand A is the first to unravel, but then it refolds, with
the consequent detachment of G. Then the unfolding contin-
ues through a phase in which strand A is gradually unzipped
and when this unzipping is completed the molecule reaches
the intermediate AG (end-to-end length of ~13.5 nm).
Again we found a mixed AG-GF behavior: Some trajectories
do not stay in the AG intermediate until the complete unfold-
ing but they may jump from AG to GF intermediate (end-to-
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FIG. 9. Unfolding pathways scheme of Fnlll;, pulled at constant velocity.
Intermediate states in the full square boxes have a rupture force remarkably
higher than those in dashed boxes.

end length of ~14 nm) and back. Table III reports the rela-
tive frequencies of various unfolding pathways. It is worth
noting that since statistical fluctuations are greater at low
pulling rates, the number of mixed AG-GF trajectories and
the number of trajectories in which strand A unravels before
strand G grows as pulling velocity decreases. Typical trajec-
tories are reported in Figs. 10 and 11, and in Ref. 31.

The average rupture force of the native state depends on
the pulling rate and is reported in Table IV. At the pulling
speed considered, the average rupture force we obtained for
the native state ranges between 80 and 100 pN, which is in
remarkable agreement with the AFM results. Fernandez and
co-workers reported 75 pN when pulling at 0.6 um/s (Ref.
3) and 100 pN at 0.4 um/ s.* Mitternacht et al.’ reported
values from 88 pN at 0.03 um/s to 114 pN at 0.1 um/s.
Notice that in our results the average rupture force increases
with the pulling speed, as predicted by theories™*® and veri-
fied in experiments.39 AFM results showed a different behav-
ior, and this was attributed to the interactions with the other
modules building up the polyprotein, which is actually pulled
in such AFM experiments.” In the same work, the average
unfolding force of the intermediate states was reported to be
50 pN. Pulling on suitable mutants, two kinds of intermedi-
ates were inferred on the basis of experimental results,
namely, G and AB. In our model we did not observe inter-
mediate AB, while intermediate G has an average rupture

TABLE III. Relative frequencies of unfolding pathways. 100 trajectories for
each value of the velocity.

G A—G
AG Mixed AG-GF AG Mixed AG-GF
1 pm/s 0.82 0.15 0.03 0.00
0.5 um/s 0.76 0.20 0.03 0.01
0.3 um/s 0.49 0.39 0.09 0.03
0.1 um/s 0.11 0.85 0.01 0.03
0.05 um/s 0.08 0.87 0.01 0.04
0.03 pum/s 0.07 0.79 0.00 0.14
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FIG. 10. MC time evolution of the end-to-end length (red line) and of a few
order parameters with a constant velocity of 1 um/s. Green line: weighted
fraction of native contacts, whole Fnlll;,. Blue line: weighted fraction of
native contacts between strands G and F. Purple line: weighted fraction of
native contacts between strands A and B. Cyan line: weighted fraction of
native contacts between strands C and F.

force between 40 and 50 pN. The other intermediates we
observed, AG and GF, are more stable, with average unfold-
ing forces around 70 pN.

The distribution of the unfolding forces is well fitted by
the theoretical result™

P(f) = Leﬂfxu exp[— ﬂ(eﬂfxu - 1)] . 9)
tor X, to
Such an equation corresponds to the rupture force probability
distribution of a single molecular bond subject to a force that
increases linearly with a rate r3* In Fig. 12 we plot the
unfolding force histogram at v=0.5 um/s, and fit the data to
Eq. (9), with a=rt, and x,, as fitting parameters. The fit gives
x,=8.0 A, which is larger than the value found for the con-
stant force setup, but it must be kept in mind that the above

08 |

06

04

weighted fraction of native contacts ¢"
end-to—end length L (A), force F (pN)

2e+06 4e+06 6e+06 8e+06 1e+07 1.2e+07
Time (MC steps)

FIG. 11. MC time evolution of end-to-end length (red line), force (yellow
line), and of some order parameters with a constant velocity of 0.03 wm/s
for a mixed AG-GF trajectory. Green line: weighted fraction of native con-
tacts, whole FnllI,,. Blue line: weighted fraction of native contacts between
strands G and F. Purple line: weighted fraction of native contacts between
strands A and B. Cyan line: weighted fraction of native contacts between
strands C and F. Bins of 2000 MC steps have been used to reduce fluctua-
tions in the plot.
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TABLE IV. Average rupture forces.

Velocity

(um/s) N—G G—AG AG—U GF—U
1 98.5+6.4 40.8*2.6 99.6+9.9 773*7.7
0.5 96.1 £6.1 422%26 96.5+7.3 77.5+4.0
0.3 945*6.9 434+24 924+7.8 76.5+5.8
0.1 89.0*+6.5 454+1.8 86.5*+7.9 69.9+5.8
0.05 87.8+5.1 46.1+1.6 81.9+84 67.6*5.9
0.03 87.3+5.8 469*1.7 81.5+9.7 66.7+5.4

theoretical result was derived for a force which is linear in
time with a slope r, while here the force is associated to the
harmonic potential which moves at constant velocity v.

V. CONCLUSIONS

We have simulated constant force and constant pulling
speed unfolding of Fnlll,,, the tenth type III domain of fi-
bronectin, using an Ising-like model that we have developed
and validated in recent years, whose equilibrium thermody-
namics is exactly solvable. Force and time units have been
determined by comparison with existing estimates of the
equilibrium unfolding force and the zero-force average un-
folding time. We can probe force and speed ranges close to
in vivo and experimental conditions, which were not possible
in most previous simulations.

At high enough constant force we observed two-state
transitions only. At smaller forces and at all pulling speeds
considered we observed several intermediates, denoted by A,
G, AG, and GF, based on the strands which are unfolded in
each intermediate. Possible unfolding pathways are summa-
rized in Fig. 4 for the constant force protocol and in Fig. 9
for the constant pulling speed protocol.

The unfolding pathways depend on the applied force or
on the pulling speed, which was already observed in Ref. 9.
Such pathways become more complex at low forces and
speeds due to the increase in fluctuations. Previous simula-
tions and experiments showed some discrepancies in the un-
folding pathways, and our work is not going to resolve such

0.16

0.14 - ik .

012 i J

0 I P S L =
40 60 80 100 120 140

force f (pN)

FIG. 12. Distributions of the rupture forces of the native state at pulling
velocity v=0.5 wm/s. Data obtained from 500 different trajectories; bin
size of the histogram is 2. The fit is to Eq. (9).
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discrepancies, but some general trends are confirmed. In par-
ticular, the most frequently observed intermediate in our tra-
jectories was AG, which was observed in all previous
simulations.”™ In addition, constant pulling speed trajecto-
ries always visit intermediate G, which was also observed in
most previous simulations”’~ and in AFM experiments.4 On
the other hand, we have never observed intermediate AB,
which has been reported in many simulations®®’ and
experiments.4 We have instead observed, at low enough
forces and speeds, intermediates A and GF, which were pre-
viously reported only by Gao et al® (A only) and Mitternacht
et al.’ (both A and GF). These intermediates have end-to-end
lengths close to G and AG, respectively, and cannot be dis-
tinguished in the usual one-dimensional free energy land-
scape using the end-to-end length as a reaction coordinate.
Interestingly, in our trajectories we observe fluctuations be-
tween intermediates with similar lengths, that is between A
and G or between AG and GF. Fluctuations between AG and
GF, in particular, are observed in most trajectories at the
lowest forces and pulling speeds we have considered, and
therefore one could speculate that they have some biological
significance.

From a more quantitative point of view, given the ex-
treme simplicity of our model, it is remarkable that many
quantities we can compute agree well with the results from
AFM experiments or previous simulations with similar pa-
rameters. Our estimate for the native state unfolding length is
x,=3.4*0.1 A, to be compared with x,=3.8 A from AFM
results’ and with x,=4 A from the simulations by Mitter-
nacht er al.’ The average rupture force we obtained for the
native state is in the range of 80-100 pN, to be compared
with results from 75 to 100 pN reported by AFM studies,>*
and from 88 to 114 pN in the simulations by Mitternacht
et al’ Finally, our intermediate G has an average rupture
force between 40 and 50 pN, to be compared with 50 pN
found in experiments4 although it must be mentioned that in
such work the intermediate might be an average between the
G and AB intermediates.
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