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A Kinetic Molecular Model of the Reversible Unfolding and Refolding of
Titin Under Force Extension

Bo Zhang, Guangzhao Xu, and John Spencer Evans
Laboratory for Chemical Physics, Department of Chemistry, New York University, New York, NY 10010 USA

ABSTRACT Molecular elasticity is a physicomechanical property that is associated with a select number of polypeptides
and proteins, such as the giant muscle protein, titin, and the extracellular matrix protein, tenascin. Both proteins have been
the subject of atomic force microscopy (AFM), laser tweezer, and other in vitro methods for examining the effects of force
extension on the globular (FNIII/Ig-like) domains that comprise each protein. In this report we present a time-dependent
method for simulating AFM force extension and its effect on FNIII/Ig domain unfolding and refolding. This method treats the
unfolding and refolding process as a standard three-state protein folding model (U = T = F, where U is the unfolded state,
T is the transition or intermediate state, and F is the fully folded state), and integrates this approach within the wormlike chain
(WLC) concept. We simulated the effect of AFM tip extension on a hypothetical titin molecule comprised of 30 globular
domains (Ig or FNIIl) and 25% Pro-Glu-Val-Lys (PEVK) content, and analyzed the unfolding and refolding processes as a
function of AFM tip extension, extension rate, and variation in PEVK content. In general, we find that the use of a three-state
protein-folding kinetic-based model and the implicit inclusion of PEVK domains can accurately reproduce the experimental
force-extension curves observed for both titin and tenascin proteins. Furthermore, our simulation data indicate that PEVK
domains exhibit extensibility behavior, assist in the unfolding and refolding of FNIII/lg domains in the titin molecule, and act

as a force “buffer” for the FNIII/Ig domains, particularly at low and moderate extension forces.

INTRODUCTION

Elasticity is a physicomechanical property that is associated
with a select number of polypeptides and proteins. Prime
examples include titin (connectin), a 3.5 MD protein that
spans the half-sarcomere in skeletal and cardiac muscles
(Erickson, 1997; Gautel and Goulding, 1996; Higgins et al.,
1994; Horowits et al., 1986, 1989; Keller, 1997; Politou et
al., 1995; Rief et al., 1997), and tenascin, an extracellular
matrix protein involved in cell adhesion and cell-cell me-
chanical interactions; (Chiquet-Ehrismann, 1995; Clark et
al., 1997; Erickson, 1993; Oberhauser et al., 1998). What is
common to both proteins are unique molecular aspects (e.g.,
secondary and tertiary structure), which convey elastic
properties. In the case of titin, the elasticity derives from the
reversible unfolding of ~70 folded immunoglobulin C2 (Ig)
and fibronectin type III (FNIII) domains that comprise the
protein (Erickson, 1994; Higgins et al., 1994; Labeit et al.,
1992; Kellermayer et al., 1997; Keller, 1997; Rief et al.,
1997) and, from the semistable springlike Pro-Glu-Val-Lys
(PEVK)-rich domain (Rief et al., 1997; Kellermayer et al.,
1997; Linke, 1996). It is believed that the tandem Ig chain
acts as an extensible chain that resists stretching at longer
sarcomere lengths and higher forces, whereas the PEVK
region is extended under lower forces (Rief et al., 1997;
Linke and Granzier, 1998) and behaves like a relatively stiff
spring (Trombitas et al., 1998). Tenascins are comprised of
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disulfide-linked hexamer subunits, and each tenascin sub-
unit consists of a series of repeated structural domains,
which include FNIII and tandemly linked EGF-like repeats
(Erickson, 1994; Chiquet-Ehrismann, 1995). In tenascins,
the FNIII domains act as extensible shock absorbers with
hysteresis (Oberhauser et al., 1998).

Because proteins acquire their unique functions via spe-
cific tertiary folding, then elastic behavior must be linked to
protein folding of important domains. In the case of titin and
tenascin, the elastic properties of both proteins are conveyed
by the unfolding and refolding of individual Ig and FNIII
protein domains, both of which are arranged as seven-
stranded beta barrels (Potts and Campbell, 1996; Rief et al.,
1997; Kellermayer et al., 1997; Oberhauser et al., 1998).
The FNIII and Ig domains of titin exhibit different behavior
under extension forces: FNIII exhibit 20% lower unfolding
forces than Ig domains (Rief et al., 1998). AFM studies of
recombinant titin molecules indicate that the forces required
to unfold individual Ig domains ranged from 150 to 300 pN;
the extension curves for both native and recombinant titin
molecules feature “sawtooth” force patterns that reflect the
successive unraveling of individual domains within the pro-
tein molecule (Rief et al., 1997, 1998). The sawtooth force-
extension pattern was also observed in AFM force-exten-
sion studies of recombinant tenascin-C fragments composed
of 7 or 15 FNIII domains (Oberhauser et al., 1998).
“Steered” molecular dynamics studies have revealed that
the unfolding of Ig domains under force gives rise to a force
peak; this peak corresponds to an initial burst of backbone
hydrogen bond dissociation between antiparallel 3-strand A
and B and between B-parallel strands A’ and G (Lu et al.,
1998). What is intriguing about both titin and tenascin force
extension experiments is that sequential unfolding is ob-
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served under force, but the refolding phase is nonsequential,
and does not initiate until the protein molecule is exten-
sively retracted (Rief et al., 1997, 1998; Linke et al., 1998a;
Kellermayer et al., 1997; Oberhauser et al., 1998).

The behavior and function of the nonglobular PEVK
domains in titin are somewhat unresolved. Trombitas and
co-workers suggest that the PEVK domains in titin are
permanently unfolded, nonglobular domains that function
like a stiff spring (Trombitas et al., 1998). However, other
experiments have demonstrated that the PEVK-rich regions,
which may exist as folded species, are the major contribu-
tors to titin elasticity at low or moderate extension forces
(Linke et al., 1998b; Tskhovrebova and Trinick, 1997).
Furthermore, Linke and co-workers (1998b) have demon-
strated that PEVK domains have entropic elasticity proper-
ties at low stretch, but that enthalpic factors (i.e., ionic
strength, pH) may dominate at higher extension.

This report describes a kinetic model for folding and
refolding of individual globular domains within a hypothet-
ical titin molecule. The rationale for developing this model
was inspired by the entropic spring-based wormlike chain
(WLC) model (Flory, 1969), which was successfully imple-
mented as a simulation tool for modeling titin force exten-
sion curves (Rief et al., 1997, 1998; Kellermayer et al.,
1997; Linke et al., 1998a, b), and tenascin FNIII and titin Ig
domain unfolding (Oberhauser et al., 1998; Rief et al.,
1998). We were interested in developing a folding-refolding
model for elastic protein force-extension and relaxation for
the following reasons: 1) to explain the stepwise unfolding
of titin and tenascin FNIII/Ig domains and the sawtooth
force pattern associated with this unfolding; 2) to determine
the relationship between passive force and the extension
rate; 3) to determine the effect of extension on the refolding
of the FNIII and Ig domains, as well as the refolding rates
under different extension forces; and 4) to establish what
effect, if any, PEVK domains have on the force extension
process in the titin molecule.

To accomplish these goals, we applied a simple protein
folding three-state model (Chan and Dill, 1994; Kuwajima,
1989; Fersht, 1993; Jaenicke, 1991; Gulukota and Wolynes,
1994; Amara and Straub, 1995; Kemmink and Creighton,
1995) to describe the unfolding and refolding of either
FNIII or Ig domains under extension. We then integrated
this kinetic model within the WLC concept. The consecu-
tive unfolding and refolding of domains within a single
protein molecule is modeled as a chain propagation reac-
tion. This approach differs from previous WLC-based sim-
ulations (Oberhauser et al., 1998; Linke et al., 1998a; Rief
et al., 1998), in that kinetics of unfolding and refolding are
explicitly expressed, and the concentration of unfolded,
intermediate, and refolding species are computed dynami-
cally, instead of by a Monte Carlo-based probability. As
shown by our data, our model can accurately reproduce the
AFM and laser tweezer force-extension data for titin mol-
ecules. In addition, our findings indicate that the PEVK
domains act as extensible species, and are responsible for
extension under low force, in agreement with experimental
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observations (Linke et al., 1998b; Gautel and Goulding,
1996; Rief et al., 1997; Linke and Granzier, 1998).

METHODOLOGY

In the following sections we will discuss the development of our kinetic
model for extensible protein unfolding and refolding. In the first section we
will define the three-state model and the rate constants for the reversible
folding and unfolding steps for a single globular protein domain. In the
second section we expand the folding/refolding concept to include linearly
arranged multiple globular domains, as found in titin and tenascin proteins.
In the third section we adopt the WLC model (Flory, 1969; Bustamante et
al., 1994) to determine the kinetics of unfolding and refolding of linearly
arranged multiple globular domains within a single titin molecule. Finally,
in the fourth and fifth sections we outline the procedure for simulating
AFM tip force extension studies of linearly arranged multiple globular
domains in a titin molecule that contains varying percentages of PEVK
domains.

Kinetics and energetics of single Ig or FNIIl
domain unfolding and refolding

The basic premise of our three-state model is the following: for a given
stretched, unfolded globular domain to refold to its original length, the
domain has to overcome the energy barrier induced by the extension force.
Thus, refolding of a single domain, be it Ig or FNIII, can be viewed as a
two-step process: first, relaxation, i.e., recovery of length; second, stretch-
free folding. The states involved are the unfolded (U), intermediate or
transition (T), and fully folded (F) (Fig. 1). To model this process we must
make a number of assumptions, which are based upon the experimental and
theoretical information available for the titin (Rief et al., 1997, 1998; Linke
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FIGURE 1 Basic protein folding model for a single FNIII/Ig domain
unfolding and refolding under AFM tip force extension. A description of
each state and the overall kinetic scheme is described in the Methods
section. The rectangle represents the surface to which the FNIII or Ig
domain attaches; the triangle represents the tip of the AFM cantilever that
moves perpendicular to the surface. In “U,” the FNIII/Ig domain is un-
folded into an extended form by displacement of the AFM tip away from
the surface. In “T,” the AFM tip is retracted toward the surface, leading to
a recovery in FNIII/Ig domain length. This length recovery results in a
partially condensed state, “T,” which has a molecular density greater than
that of the “U” state. However, the “U” state does not possess correct
tertiary interactions (i.e, hydrogen bonding, hydrophobic, and electrostatic
interactions) or the molecular density of the fully folded state, “F.” The “F”
state is achieved after the formation of the “T” state, and results from
reorganization and further structural condensation. Each transition is con-
sidered reversible, and the forward (folding) and reverse (unfolding) steps
for each transition are characterized by rate constants.



1308 Biophysical Journal

et al., 1998a, b; Kellermeyer et al., 1997; Lu et al., 1998) and tenascin
(Oberhauser et al., 1998) protein molecules (Fig. 1):

1. In the “U” state, a single Ig or FNIII domain is entirely extended by the
displacement of the AFM tip, with the applied extension force evenly
distributed along the chain (Fig. 1). This is considered an “unfolded”
state with no tertiary interactions;

2. For the “T” state, the AFM tip has been brought closer to the surface,
such that there is no longer any extension force applied to the single
domain. In this instance, the partially unfolded or “U” state has recov-
ered a portion of its original length, and exists in a condensed state that
is not completely organized or ordered as compared with the fully
folded state, “F” (Fig. 1). This partially folded or condensed state is
analogous to the partially condensed state described in polymer and
polypeptide lattice simulations (Chan and Dill, 1989, 1991, 1994; Lau
and Dill, 1989). Here, the molecule lacks long-range ordering and
contacts, such as tertiary interactions, and has not yet achieved the
correct packing density. In the titin molecule, this transition state
corresponds to the situation where coiled Ig domains are almost restored
to their folded length (~3.5 nm) while the PEVK domain remains
extended (Erickson, 1994). Under these conditions, there is no observ-
able force during refolding (Kellermayer et al., 1997);

3. The “F” state corresponds to the fully folded FNIII or Ig domain (Fig.
1). In this state, the FNIII or Ig domain evolves from the “T” state
through an unspecified folding pathway, and folds into the correct
tertiary structure with proper molecular density. Energy release occurs
upon attainment of this final ordering step, and this released energy
lowers the overall energy of the system;

4. Based upon experimental observations of titin and tenascin reversible
unfolding and refolding, all postulated steps are considered to be totally
reversible, i.e., upon AFM tip extension, the refolded Ig or FNIII
domain (state “F”) will undergo extension, resulting in unfolding tran-
sitions (i.e., F — T, and ultimately, T — U).

We now define the transition energies. The path from T to F results in an
entropy loss in the molecule. The energy difference for the transition
U—Tand T—Fis

AGU—>T = ET - EU = _TAST—>U

1
AGT*F:EF_ET:_TASFﬁT ( )
Note that the free energy difference for the transition T —F (AGy _ p) is
equivalent to the folding energy of a single FNIII or Ig domain, which has
been experimentally determined to be ~—4 kcal/mol (Erickson, 1994).
For a single globular protein domain, the three-state folding and refold-
ing process can be kinetically defined as:

ki ka
U=T=F (2)
k-1 k-2

where k, and k, are the forward rate constants for the U—T and T —F
refolding transitions, and k_, and k_, are the reverse rate constants for the
F — T and T — U unfolding transitions, respectively. At this juncture, we
make the following assumptions:

First, since T represents a transient state, we assume that the steady-state
condition applies, i.e., d[T]/dt = 0. Thus, the rate constants for the overall
refolding (k) and unfolding (4 _) transitions can be expressed as a function
of the individual forward (k,, k,) and reverse (k_,, k_,) rate constants, viz:

. ki ky
Ttk (3)
k_ik_,
k.= m 4)
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Second, we assume that the transition T — U proceeds at a faster rate than
T —F,ie., ky/k_; << 1. Hence, Eq. 3 can be expressed as:

ko = hooxp| —2Gu=T
= kexp| 5 &)
Because the transition T — F is a “stretch-free” folding process, the overall
rate constant for this process is taken as the value of k,, which has been
experimentally determined to be ~3 s~ ! (Kellermayer et al., 1997). In a
similar manner, the overall rate constant for unfolding, &£_, can be approx-
imated by k_,.

Finally, we wish to relate the overall unfolding rate constant, k_, to the
externally applied force. AFM measurements of titin-Ig domains indicate
that the unfolding distance (denoted as Ax) for this domain is 0.3 nm (Rief
et al., 1997). This value has been utilized in Monte Carlo force-extension
simulations of titin (Rief et al., 1997) and tenascin (Oberhauser et al.,
1998). The experimentally determined unfolding rate constant (denoted as
) for tenascin-FNIII domain is 4.6 X 10~ % s~ ! (Clarke et al., 1997). Thus,
in a manner similar to the Monte Carlo simulations of titin (Rief et al.,
1997) and tenascin (Oberhauser et al., 1998), we can express k_ with
respect to the unfolding distance, the rate constant, and the externally
applied force, f.

k.= exp(f Ax)a (6)

Using the WLC model to determine the energy of
unfolding and refolding

Titin has been described as a molecule that acts like a molecular spring
(Trinick, 1996; Erickson, 1997; Keller et al., 1997). To calculate the energy
of the unfolding and folding transitions, we adopt the WLC model (Bus-
tamante et al., 1994; Flory, 1969). A similar approach was utilized for
Monte Carlo-based force extension simulations of titin (Kellermayer et al.,
1997; Rief et al., 1997) and tenascin (Oberhauser et al., 1998). Briefly, the
WLC model describes a molecular chain as a deformable continuum or rod
of a given persistence length, 4, which is a measure of the molecule’s
stiffness. The relationship between the end-to-end length (z) and the
external force (f) are given by (Bustamante et al., 1994; Flory, 1969;
Kellermayer et al., 1997; Rief et al., 1997; Oberhauser et al., 1998):

kT 1 1 z
Ta|aa-zra L @)

where £ is the Boltzmann constant, 7" is temperature, and L is contour
length (i.e., the length of a fully extended WLC chain). For our calcula-
tions, 4 = 0.4 nm (Kellermayer et al., 1997; Rief et al., 1997; Oberhauser
et al., 1998). In our model, we consider the unfolded portion of the FNIII/Ig
domains and the PEVK domain as contributors to the WLC chain; the
folded portion of the domains are excluded.

To determine the value of L to use in our simulations, we sum the
contour lengths of all the Ig or FNIII domains that comprise the single
protein molecule. We assume that in the fully extended chain, the contour
length is proportional to the number of amino acids. To include the PEVK
domain in titin, we adjust the value of L to reflect the addition of amino
acid residues representing the PEVK domain (see below for further de-
tails). For titin, the inclusion of the PEVK domain results in a 25% increase
in the contour length, since the PEVK domain represents ~25% of the titin
sequence (Kellermayer et al., 1997; Rief et al., 1997). Using Eq. 7, the
energy of force-extension refolding (AGy, _, 1), as given in Eq. 5, can now
be re-expressed as:

AGy_r= | [ dx 3

We now have an expression that relates the displacement, extension force,
and the refolding energy for the U — T transition.
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Kinetics of multiple domain unfolding
and refolding

Realistically, force extension and relaxation behavior in titin and tenascin
molecules reflect the unfolding/refolding of multiple, linearly arranged
domains in a single molecule. If we consider a single titin or tenascin
molecule to be comprised of N domains, we can express the overall
refolding kinetics of the entire protein as:

kot k12 ka—1,n
Fo(—FlﬁFz...(—...FN (9)
kio k21 o, n—1

where F, represents the species that have n of N domains in the folded
state, and k,_,,, k,,_, denote the rate constants for the forward and
reverse transitions involving F,_; to F,, respectively. The rate constants
for the overall forward (k. ) and reverse (k_) transitions thus become

kn*l,nz (}’l_ 1) k+ (10)
kn,n*l = (N_ I’l) k- (11)

We will now construct an expression that describes the time-dependent
concentration of each species that undergoes refolding. To do this, we
make a simplifying assumption that each species unfolds and refolds
independently of one another, i.e., a non-cooperative case. The concentra-
tion, C;, of any species F, as a function of time must satisfy the following
ordinary differential equation set:

dc, .
dt(t) = 2 (GO ki — () ky) (12)

i=1

where
i=0,1,...,N

for all 7, j. Note that 7, j are measurable states. For Eq. 12, equilibrium
conditions apply. The boundary conditions for this set are:

cit=cr (13)
cirr=cr (14)

where Ci" and C$9 are the concentrations of each species at # = 0 and at
equilibrium, respectively. A general solution for Eq. 12 is given by
Rodiguin and Rodiguina, 1964:

N

Cl(t) = Cieq + E Qi exp( - )\st) (15)

s=1

For all i, s. Here, s refers to the eigenstates. The » values of A, can be
obtained via the solution to the eigenvalue matrix:

)\ - 2 kOJ klO k20 e kNO
k()l A - E kl_] kZl e kNl
k92 k12 )\ - E k2_| “ e k].\u = 0
kox kix b A= Dy

(16)

and a;, are the solutions of the following equations:

N
ais)\s + E kjiajs -

j=0

N
E kij a; =0
j=0 (17)

Reversible Unfolding and Refolding of Titin 1309

N
> a,=C)—CH (13)
s=1
N
> a,=0 (19)
i=0

for all 7, s. Note the following: 1) Eq. 17 is obtained by substituting Eq. 15
into Eq. 12; 2) Eq. 12, for t = 0, yields Eq. 18; 3) Eq. 19 is the condition
satisfied by a unimolecular process, i.e., conservation of the total concen-
tration.

Once C; terms are calculated, we can obtain the concentration distribu-
tion of all species, i, for a period of time, #, which corresponds to a specific
extension during the simulation of the AFM force-extension experiments.
From the concentration distribution, we obtain the average number of
folded domains, N:

N = 2i-Ci (20)
and the average force, F"

F()= 2 f-Ci e2))

fori = 0, 1, ... N, where f; is the distributed force in i.

Simulation of the unfolding/refolding cycle:
constant extension rate

Our goal is to simulate an AFM force extension experiment, wherein a titin
molecule comprised of 30 FNIII (or Ig) domains plus the PEVK domain
experiences extension and relaxation. For a cycle of unfolding and refold-
ing, we assume a constant pulling/releasing speed of the AFM tip. Thus,
each cycle will have a duration, 7,

|: (Lmax -

o 2 Lmin)
r= v

(22)

where L, and L, are the maximum and minimum contour lengths,
respectively, and V' is the pulling-releasing velocity. During the simulated
AFM extension-retraction process, the end-to-end length changes con-
stantly over time. Thus, the values of K, A, and « are time-dependent (note
that Eq. 15 specifies the situation of constant end-to-end length, where the
values of K, A, and a are time-independent).

To overcome the impracticality of a continuous time simulation, we
developed a discrete time scheme to approximate the unfolding-refolding
simulation. The AFM extension-retraction simulations utilized the follow-
ing scheme:

‘min

1. The cycle period is partitioned into an M grid lattice, with At = T/M. At
a lattice point we have t,, = m* At,and L,, = L, ;, + t,,*V. The values
of K and A are calculated accordingly;

2. During the time interval from 7., to f,,.,, the end-to-end length is
assumed to be invariant; hence, Eq. 15 is used to calculate the concen-
tration C; (#), for ¢, < t,,,. Similarly, Eqs. 20 and 21 were used to
calculate average number of folded domains and force, respectively;

3. The values for Ci(7) at t = t,,,,, obtained in (2), above, are used as the
values for C? (Eq. 18) for the next period, i.e., 4, to f,, ,. Atz =0,
all the domains are assumed to exist in the fully folded state.

Assuming that the time step Az is sufficiently small, this discrete time

scheme can simulate the continuous time process with satisfactory

accuracy.
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Simulation of the refolding cycle: PEVK content

To learn more about how PEVK responds to AFM tip force, we simulated
AFM tip force extension of titin molecules containing varying percentages
of PEVK domains in the presence of a fixed number of Ig domains. To
perform this type of AFM tip simulation, we make the assumption that the
persistence length of a PEVK domain is equivalent to that of an Ig globular
domain. Basically, we treat PEVK as part of the entropic spring model with
the same elastic properties as the FNIII/Ig domains. So, when we consider
the contour length of the titin molecule, we add the maximum spacing
length of the PEVK part to the overall titin contour length. Hence, the
contour length becomes the parameter that represents PEVK content. One
does not need to adjust other simulation parameters to account for the
inclusion of PEVK. The AFM force extension simulation begins with titin
molecule extension, followed by chain relaxation and observation of do-
main folding as a function of time. The simulation is repeated, only now
the contour length of the chain is varied by a fixed amount to represent the
inclusion of additional PEVK domains (see above). By varying the contour
length and repeating the simulation, we can examine the effects of exten-
sion and PEVK content on the refolding rate.

RESULTS

In this paper, a chain comprised of 30 globular domains
(e.g., FNIII, Ig) and a discrete PEVK content is utilized as
a model of the titin molecule. Since we assume that the
unfolding and refolding transitions for a given domain are
non-cooperative, the results obtained for this chain model,
could, in theory, apply to other protein molecules of any
defined length. Our parameters for simulating AFM unfold-
ing and refolding phenomena utilized the following data: 1)
all FNIII or Ig domains within the chain are considered
equivalent, and a total number of 30 domains comprises
each chain; 2) each FNIII or Ig domain has a fully extended
length (L) of 31 nm and a folded length of 3.5 nm; 3) 4 =
0.4 nm; 4) each FNIII or Ig domain has stretch-free folding
and unfolding rate constants of 3 s~ and 4.6 X 10~ * s,
respectively; 5) all simulations were conducted for 7= 300
K; and 6) all simulations, with the exception of those
presented in Fig. 5 4 and B assume a PEVK content of 25%
(i.e., contour length = 225 nm) of the total chain length.

The effect of extension rate on domain unfolding
and refolding

We first examine the effects of AFM tip extension rate on
domain refolding. As shown in Fig. 2, the extension rate has
a pronounced effect on the refolding phase. The typical
cycle involves an unfolding phase, which commences with
applied tension and continues up to a specified AFM tip
displacement (i.e., 820 nm). Note that the fully extended
length for a 30-domain chain is 930 nm. With the release of
the extension force, the refolding phase is initiated. This
phase continues up to the theoretical fully relaxed length
(i.e, 121 nm). Several interesting observations were noted in
these simulations. First, the typical “sawtooth” force-exten-
sion unfolding curves that were observed in AFM (Rief et
al., 1997, 1998; Oberhauser et al., 1998) and laser-tweezer
(Kellermayer et al., 1997) force extension studies were
replicated by our simulation (Fig. 2). These “sawtooth”

~ 100 nm/s
- 300 nm/s
600 nm/s
1000 nm/s
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FIGURE 2 Simulation of unfolding and refolding events in a single titin
molecule as a function of AFM tip extension. Each color-coded curve
represents a different AFM tip extension rate, plotted as a function of
FNIII/Ig folded domain number and AFM tip-to-surface distance. (4) Main
graph; (B) expansion of indicated region shown in (4). Extension rates of
1, 10, 100, 300, 600, and 1000 nm/s are plotted, along with the equilibrium
state. For comparison with experimental data, see the following references
and the original figures noted therein: Rief et al., 1997 (Figs. 1 and 3), 1998
(Fig. 4); Oberhauser et al., 1998 (Fig. 1) Kellermayer et al., 1997 (Fig. 3 4).

patterns were more pronounced for simulated extension
rates = 10 nm/s. Second, as extension rate increases, the
overlap between unfolding and refolding curves decreases.
As seen in the early stages of force release, there is a
“plateau” phase (i.e., slope = 0). This “plateau” phase
indicates that there is no change in the average number of
folded domains (Fig. 1); i.e., there is no domain refolding,
presumably due to excessive extension. According to the
experiments conducted by Rief and colleagues (1997), the
refolding phase commences at low extension, i.e., the end-
to-end length is less than one-half of its fully extended
length. Assuming that the fully extended length is 930 nm,
we find that our simulations generate the same data for
extension rates =100 nm/s (Fig. 2).

In Fig. 3 4 we examine in more detail the typical “saw-
tooth” force-extension pattern for a hypothetical 30 Ig do-
main titin molecule. Here, the distance between each force
peak corresponds to an approximate displacement value of
25 nm, which is similar to the contour length of a single
FNIII or Ig domain (Rief et al., 1997, 1998; Oberhauser et
al., 1998; Kellermayer et al., 1997). Moreover, as chain
extension progresses, there is a corresponding increase in
the force required to unfold each successive domain in the
chain. Collectively, these observations correspond to the
experimental results obtained by force-extension experi-
ments (Rief et al., 1997; Oberhauser et al., 1998; Keller-
mayer et al., 1997). In this same figure one should note the
direct relationship between extension rate and peak ampli-
tude. One explanation for this phenomenon is the following.
If the extension rate is fast, then during the extension or
unfolding phase the AFM extension force has insufficient
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FIGURE 3 (4) Extension rate-dependent simulation of applied AFM
force for a titin molecule. Extension rates are given in the figure. For
comparison with experimental data, see the following references: Rief et
al., 1997 (Figs. 1 and 3), 1998 (Fig. 4); Oberhauser et al., 1998 (Fig. 1)
Kellermayer et al., 1997 (Fig. 3 4). (B) Simulated extension rate-extension
force curve (x-axis semilog) for an FNIII/Ig-like chain. For comparison
with experimental data, see the following references and the original
figures noted therein: Rief et al., 1997 (Fig. 5), 1998 (Fig. 7); Oberhauser
et al., 1998 (Fig. 3 B).

time to propagate through the chain. This leads to very
abrupt unfolding transitions, with characteristic “steep”
sawtooth curves and increased force amplitudes (Fig. 3 4).
During the refolding phase, as the extension rate increases,
the extended chain is unable to relax sufficiently, which, in
turn, results in incomplete refolding. The opposite situation
occurs with slower extension rates (Figs. 2 and 3 4). For the
extreme case where the extension rate is very slow (Fig. 2,
the equilibrium curve), each step of unfolding and refolding
is at equilibrium. In this situation, it can be clearly seen that
the AFM extension force can propagate throughout the
entire chain evenly, which leads to complete unfolding and
refolding. Under these conditions, the typical force-exten-
sion “sawtooth” pattern is not observed, since the extension
force propagates evenly as a function of time. In other
words, we cannot detect any abrupt changes at the AFM tip.
As shown elsewhere, the applied AFM extension force
exhibits a logarithmic relationship to extension rate (Rief et
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al., 1997, 1998; Kellermayer et al., 1997). As shown in Fig.
3 B, this is also observed in our simulation data.

The relationship between applied force and
domain unfolding

An important observation was noted when extension force
and the average number of folded domains were compared
as a function of extension length (Fig. 4). Here, each force
peak of the “sawtooth” force extension curve (black line)
was found to align with a peak corresponding to the unfold-
ing of a single Ig domain (gray line). One explanation for
this correlation can be conceptualized in the following man-
ner. At the macroscopic level, as the molecular chain be-
comes progressively extended, the average extension force
that is required to extend the chain must increase due to the
springlike character of the chain. However, at the micro-
scopic level, the extension force undergoes a cyclical in-
crease and decrease in value as each Ig domain undergoes
unfolding. An individual Ig domain will unfold only when
the external force is sufficiently high; hence, we observe an
initial increase in force at the AFM tip. Subsequently, when
a given domain becomes unfolded, the applied force is
redistributed throughout the chain so that the force at the
AFM tip decreases; hence, we observe a decrease in the
force curve at that interval. Simultaneous to the decrease in
AFM tip force is the decrease in the average folded domain
number (by 1). These findings are in agreement with ex-
perimental observations that the Ig or FNIII domains of titin
and tenascin undergo sequential unfolding in response to
external force, and that the unfolding of individual domains
results in the relaxation of tension within the molecule (Rief
et al., 1997, 1998; Oberhauser et al., 1998).

The effect of PEVK domains on the unfolding and
refolding of Ilg domains

Previous studies have indicated that the titin-specific
PEVK-rich domain functions as a semistable entropic
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FIGURE 4 Simulation of AFM tip extension as a function of FNIII/Ig
domain unfolding. Here, each force peak (black curve) is plotted along
with the number of folded domains (gray curve) as a function of AFM tip
extension. For these simulations, extension rate = 100 nm/s.
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spring that extends under low force (Rief et al., 1997,
Kellermayer et al., 1997; Tskhovrebova and Trinick, 1997;
Linke, 1996). Recent data suggest that PEVK stiffness
properties arise from electrostatic and hydrophobic interac-
tions within the PEVK segment (Linke et al., 1998b; Linke
and Granzier, 1998). To determine what effect the PEVK-
rich domain has on the Ig domain unfolding and refolding
process, we varied the content of PEVK domains within the
hypothetical titin molecule. As shown in Fig. 5 4, two
phenomena are observed. First, the hypothetical titin mole-
cule requires more extension to elicit a force peak as the
PEVK content rises. This implies that the PEVK regions are
exhibiting extensible behavior to some degree. This finding
is in agreement with experimental studies showing that
PEVK domains, and not Ig or FNIII domains, extend under
low or moderate extension forces (Gautel and Goulding,
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FIGURE 5 (4) The effect of PEVK content on the simulation of applied
AFM force for a titin molecule. PL = PEVK contour length, which
represents a conversion from the PEVK percentage in the chain, i.e., 0
nm = 0%, 100 nm = 10%, and so on. For these simulations, extension
rate = 100 nm/s; (B) Time-dependent simulations of the AFM tip exten-
sion experiment for a titin molecule as a function of PEVK content. These
simulations examine the refolding of the titin molecule as a function of
time after AFM tip release. Each curve represents a different PEVK content
(expressed in nm) and different AFM tip extension or stretch (expressed in
percent of total chain length).
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1996; Kellermayer et al., 1997; Linke et al., 1998a, b).
Second, as the titin molecule reaches the hypothetical ex-
tension limit, the applied force required for extension is
observed to increase as a function of PEVK content. These
results are consistent with the notion that the PEVK domain
acts as a force “buffer” (Trombitas et al., 1998; Linke et al.,
1998b; Linke and Granzier, 1998), i.e., force distribution
occurs within the PEVK domain in addition to the rest of the
FNIII/Ig-containing chain.

The PEVK content also has an effect on the refolding
phase of the titin molecule (Fig. 5 B). In this simulation, we
are examining the effects that PEVK content and AFM tip
extension have on refolding rates. Note that a significant
percentage of titin refolding occurs within the first second,
indicating that the rate constant for refolding, regardless of
PEVK content, is ~1 s~ '. This refolding rate is consistent
with the experimentally determined FNIII/Ig domain refold-
ing rates (Erickson, 1994). An analysis of the refolding
curves reveals that, in the absence of extension force, Ig
domain refolding proceeds to completion regardless of
PEVK content (Fig. 5 B). Conversely, under extension, the
extent to which the titin molecule can refold is reduced. This
was also observed in the Ig domain unfolding-refolding
cycles (see Fig. 2). However, in this instance, the PEVK
content is observed to play an important role in the refolding
process. As shown in Fig. 5 B for 10% and 30% extension,
the extent of refolding is directly related to PEVK content,
i.e., the higher the PEVK content within the chain, the
greater the extent of FNIII/Ig domain refolding. This can be
explained by the ability of the PEVK domain to become
extended under force, and to a certain degree, reduce the
extension or unfolding of the FNIII/Ig domains. Clearly, our
simulations indicate that PEVK domain content and exten-
sibility play an important role in the reversible unfolding
and refolding of the entire protein molecule.

DISCUSSION

The use of WLC-based simulation has assisted our under-
standing of how globular (FNIII/Ig) (Kellermeyer et al.,
1997; Oberhauser et al., 1998; Linke et al., 1998a; Lu et al.,
1998) and nonglobular (PEVK) (Trombitas et al., 1998;
Linke et al., 1998b) domains behave under applied force
and upon release. The present study approaches the problem
of molecular elasticity using the WLC-entropic spring
model, but with a novel “twist”: apply a protein folding
three-state model (Chan and Dill, 1994; Kuwajima, 1989;
Fersht, 1993; Jaenicke, 1991; Gulukota and Wolynes, 1994;
Amara and Straub, 1995; Kemmink and Creighton, 1995)
and develop a domain concentration-dependent, discrete
time-based simulation model that addresses the force exten-
sion-relaxation behavior of a chain consisting of 30 FNIII/
Ig-like domains. The advantages of this approach are that
the kinetics of unfolding and refolding are explicitly ex-
pressed, and the concentration of unfolded, intermediate,
and refolded species are computed dynamically. Unlike
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other WLC-based simulation studies (Oberhauser et al.,
1998; Kellermayer et al., 1997; Linke et al., 1998a, b; Rief
et al., 1998), our protein folding-based approach permits the
examination of FNIII/Ig domain unfolding and refolding
rates as a function of extension force, extension rate, and
PEVK content. In addition, since titin domain unfolding in
myoblasts occurs after prolonged exposure to extension
force (Rief et al., 1998), a time-based simulation is an
appropriate method for studying the effects of extension
time on FNIII/Ig domain unfolding and recovery.

Our simulations indicate that there is a direct relationship
between extension rate and FNIII/Ig domain unfolding and
refolding (Figs. 2 and 3 A). Slow extension rates permit
complete unfolding and refolding to occur, and the AFM
extension force is allowed to propagate throughout the
molecule evenly. These results are in agreement with ex-
perimental observations (Oberhauser et al., 1998; Keller-
mayer et al., 1997; Rief et al., 1997, 1998). As the extension
rates increase, the unfolding and refolding processes are
affected. Higher extension rates do not allow force propa-
gation throughout the titin molecule, leading to abrupt un-
folding transitions (Fig. 3 4). Furthermore, higher extension
rates do not allow full relaxation, which leads to incomplete
FNIII/Ig domain refolding (Fig. 3 4). Our simulations also
demonstrate the relationship between “sawtooth” force ex-
tension peaks and individual FNIII/Ig domain unfolding. As
shown in Fig. 4, the extension force undergoes a cyclical
increase and decrease in value as each FNIII/Ig domain
undergoes unfolding. Subsequently, when a given domain
becomes unfolded, the applied force is redistributed
throughout the titin molecule. These results support the
notion that the FNIII/Ig domains experience sequential un-
folding and refolding during the titin and tenascin exten-
sion-relaxation process (Lu et al., 1998; Oberhauser et al.,
1998; Kellermayer et al., 1997; Rief et al., 1997, 1998).

We should caution the reader that the simulation param-
eters utilized in our study are derived from in vitro force-
extension experiments conducted on single titin molecules
(Rief et al., 1997, 1998; Kellermayer et al., 1997). These
values should not be construed as being representative of
titin elasticity within the context of muscle fiber extension
and relaxation in vivo. As pointed out in recent immunode-
tection studies (Linke et al., 1998a, b), one has to assume
that titin molecules do not necessarily behave as indepen-
dent entities; rather, there may be other intermolecular in-
teractions (e.g., cooperative effects) between individual titin
molecules and/or between titin and other muscle proteins.
These interactions could affect extension velocity, exten-
sion length, unfolding and refolding, and overall elasticity.
Realistically, our simulation data provide insight into in
vitro force-extension behavior and titin elasticity, but do not
fully address the nature of molecular elasticity within mus-
cle fibers in vivo.

Recent experimental evidence now supports the notion
that PEVK regions play an active role in titin elasticity
(Linke et al., 1998; Linke and Granzier, 1998). This is also
evident from our simulation data. First, force distribution
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must occur within the PEVK domain in addition to the rest
of the FNIII/Ig portion of the titin molecule, and more force
is required to extend the molecule when PEVK is present
(Fig. 5 A). In other words, the PEVK domains behave as
entropic springs at low or moderate extension; we do not
observe Ig or FNIII domain unfolding under low or mod-
erate extension (i.e., up to 300 nm, Fig. 2). The extensibility
and entropic spring behavior of PEVK under low or mod-
erate extension are supported by experimental observations
in skeletal muscle (Gautel and Goulding, 1996; Linke et al.,
1998a; Linke and Granzier, 1998). Second, the PEVK con-
tent influences the refolding phase of the globular FNIII/Ig
domains: the higher the PEVK content within the chain, the
greater the extent of FNIII/Ig refolding. In other words, the
PEVK domains enhance the relaxation and recovery of
FNIII/Ig structure, particularly at high extension (Fig. 5, 4
and B). Our findings are supported by other studies that
have demonstrated that titin Ig domain unfolding is uncom-
mon under normal physiological forces, and does unfold
under prolonged extension to prevent muscle sarcomere
damage (Rief et al., 1997, 1998). Hence, we conclude that
FNIII/Ig domain unfolding and refolding processes are po-
tentially regulated by PEVK regions as a means of increas-
ing the resistance to extension.

We address the possible existence of intermediate or
partially folded state(s) for FNIII/Ig and PEVK domains
during the extension and relaxation phases during AFM tip
titin and tenascin pulling experiments. First, let us address
the FNIII/Ig domains. To date, experiments have not yet
provided information at the atomic level regarding the un-
folding and refolding of a single or multiple Ig/FNIII do-
mains within the titin chain. However, the “steered” MD
simulations of Lu and co-workers have shown that a single
Ig domain unfolds via a series of steps (Lu et al., 1998). One
of the initial steps in unfolding leads to the existence of a
partially folded but stable Ig molecule whose (3-sheets have
moved away from one another and whose loop regions have
become extended (Lu et al., 1998). Based on this observa-
tion and the observations that globular protein folding path-
ways may involve the formation of one or more intermedi-
ate folded states (Chan and Dill, 1994; Kuwajima, 1989;
Fersht, 1993; Jaenicke, 1991; Gulukota and Wolynes, 1994;
Amara and Straub, 1995; Kemmink and Creighton, 1995),
we have included a single quasi-folded or “condensed” state
in our overall kinetic scheme (Fig. 1), although the MD
simulations of Lu et al. suggest that a single intermediate
model may be an oversimplification. Despite this potential
shortcoming, the simple three-state model has reasonably
reproduced many experimental features of force extension
(Figs. 1-3). This would suggest that FNIII or Ig domain
intermediate folding state(s) do play a role in the overall
extension and relaxation processes of titin and tenascin
molecules. It is apparent that FNIII or Ig unfolding and
refolding processes, and the existence of intermediate
folded states, becomes an important issue. For example,
how do PEVK, FNIII, or Ig domain intermediate state(s)
affect the relaxation or recovery of the titin and tenascin
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molecules? Is there a process by which “trapping” in unfa-
vorable intermediate states is avoided? Do PEVK domains
influence the FNIII/Ig folding pathway to any extent?
Clearly, further experimentation, and the development of
more detailed and accurate simulation models for titin and
tenascin, will address these questions.

This leads us to the issue of PEVK folding and the
possibility that PEVK itself undergoes reversible unfolding
and refolding during force extension. How does the struc-
ture of PEVK contribute to the elastic behavior of titin?
Although the secondary and tertiary structure of the PEVK
domain are not established, Trombitas et al. (1998) and
Gautel and Goulding (1996) inferred from their experiments
that the PEVK domain may adopt a random conformation or
is permanently unfolded. However, recent experiments in-
dicate that PEVK may exhibit enthalpic “stiffening” that
translates into titin-based myofibril stiffness (Linke et al.,
1998b). Presumably, complementary electrostatic interac-
tions between Lys and Glu and hydrophobic interactions
involving Val and Pro are the contributing factors that
permit PEVK to behave as an elastic molecule (Linke et al.,
1998b). Given that Pro residues are often located in B-turn
(Xu and Evans, 1999; Dyson et al., 1988; Urry, 1982) or in
polyproline type II helices (Williamson, 1994), it may be
that the secondary structure of the repetitive PEVK domain
is somewhat helical or coiled, and can undergo reversible
unfolding and refolding in response to extension force.
Clearly, experimental studies that elucidate the structure of
PEVK repeats will provide a better understanding of PEVK
elastic behavior.

Finally, we would like to suggest additional modifica-
tions and applications of our current model. A major ad-
vantage of our model is that it can be modified to incorpo-
rate multistep folding and the inclusion of additional
transition folding states, or it can be parametrized for spe-
cific types of globular domains. As an example of the
former possibility, let us consider the following. As shown
by Lu and co-workers, molecular dynamics simulations of
the titin Ig domain suggest that more than one intermediate
partially unfolded state exists as the force extension process
evolves (Lu et al., 1998). This idea could be tested by
constructing an appropriate multistate model and simulating
the force extension process. One could then determine
whether this type of multistate model can accurately mimic
force extension Ig or FNIII domain unfolding and refolding
as observed in AFM experiments (Rief et al., 1997, 1998;
Linke et al., 1998a; Kellermayer et al., 1997). As an exam-
ple of the latter possibility, recent AFM force extension
experiments conducted on Ig- and FNIII-containing titin
and tenascin protein fragments indicate that titin FNIII
domains exhibit 20% lower unfolding forces than titin Ig
domains, but unfold at forces that are 2X greater than those
observed for tenascin FNIII domains (Rief et al., 1998).
These findings suggest that the transition energies for un-
folding (see Eq. 1) may be different for titin FNIII, Ig, and
tenascin FNIII domains. One could modify our current
model to include different transition energies and rate con-
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stants for each type of domain, then proceed to simulate the
force extension curves for hypothetical Ig and FNIII do-
mains. These simulations could then be compared against
existing AFM data (Rief et al., 1998). These types of
applications are currently being developed.
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