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Unfolding of proteins by forced stretching with atomic force
microscopy or laser tweezer experiments complements more clas-
sical techniques using chemical denaturants or temperature.
Forced unfolding is of particular interest for proteins that are under
mechanical stress in their biological function. For b-sandwich
proteins (a fibronectin type III and an immunoglobulin domain),
both of which appear in the muscle protein titin, the results of
stretching simulations show important differences from tempera-
ture-induced unfolding, but there are common features that point
to the existence of folding cores. Intermediates detected by com-
paring unfolding with a biasing perturbation and a constant
pulling force are not evident in temperature-induced unfolding.
For an a-helical domain (a-spectrin), which forms part of the
cytoskeleton, there is little commonality in the pathways from
unfolding induced by stretching and temperature. Comparison of
the forced unfolding of the two b-sandwich proteins and two
a-helical proteins (the a-spectrin domain and an acyl-coenzyme
A-binding protein) highlights important differences within and
between protein classes that are related to the folding topologies
and the relative stability of the various structural elements.

The mechanism of protein folding and unfolding raises one of
the fundamental questions of structural biology (1, 2).

Recently, atomic force and laser tweezer experiments have
focused attention on unfolding individual protein molecules with
external forces (3–6). This approach provides single molecule
information that has not been available previously. The results
are ideal for analysis by molecular dynamics simulations, which
also study the behavior of individual molecules (7, 8). Structural
features of the forced unfolding pathways, which are not pro-
vided by presently available measurements, are obtained from
biased molecular dynamic simulation for two b-sandwich pro-
teins (Fig. 1 A) and two a-helical proteins (Fig. 1B). The
differences in unfolding behavior can be correlated with the
folding topology and stability of the secondary structural
elements.

Because unfolding in solution leads to collapsed structures
(tending to a random coil at high temperature), whereas forced
unfolding, as clearly demonstrated by experiments and simula-
tions, results in an extended chain, it is important to compare the
pathways that occur with the two unfolding methods. This is of
particular interest because an extrapolation to zero force of
atomic force microscopy experiments for a b-sandwich protein
has yielded results for the unfolding rate that correlate with the
denaturation in solution by Gdm Cl (6). We have used high-
temperature unfolding here, because it is better suited for
simulations and has been shown to produce meaningful results
when compared with denaturant-induced unfolding (9, 10). In
temperature-induced unfolding, the effective energy of the
relatively compact denatured state is of the order of tens of
kcalymol (1 cal 5 4.184 J) above the native state, whereas it is
found to be more than 300 kcalymol higher in the extended
conformation induced by simulated stretching. Forced unfolding

simulations (i.e., pulling the N- and C-terminal ends apart) and
more classical temperature-induced unfolding simulations are
reported for two b-sandwich proteins and two a-helical proteins.
Comparisons of the unfolding pathways show significant differ-
ences, which can be related to the topology and energetics.

Methods
Molecular dynamics simulations were performed with a version
of the CHARMM program (11) modified to include an external the
bias force on the protein to accelerate unfolding (for details on
the simulation methodology, see ref 8). A polar hydrogen model
was used for the protein (12) and an implicit Gaussian model for
the solvent (13). The implicit solvent provides an adiabatic
solvent response that is important for the artificially fast unfold-
ing simulated here; i.e., the simulated unfolding takes place on
a nanosecond timescale, whereas most experiments require
milliseconds or longer. If water relaxation times in the nanosec-
ond to microsecond range are involved, explicit solvent treat-
ments may give physically less meaningful results in nanosecond
simulations that mimic millisecond experiments (3, 6) than the
implicit solvent method. A reaction coordinate r(t) leading from
the initial to the final state is chosen to have the form r(t) 5 r2

NC
(t), where rNC (t) is the distance between the N- and C-terminal
atoms at time t (8). This reaction coordinate corresponds closely
to that used in the forced unfolding experiments (3–6). The
time-dependent bias force is equal, in absolute value, to g(r 2
ra) =r, if r(t) , ra and to zero if r(t) $ ra. The quantity ra (t)
is the maximum value of r reached by the reaction coordinate at
times less than or equal to t. This force is parallel to the vector
rNC and pulls the N- and C-terminal atoms away from each other.
The method accelerates the reaction while remaining close to the
minimum energy surface with normal equilibrium fluctuations;
the force has little effect on the short time dynamics. The force
is nonzero only when spontaneous thermal fluctuations tend to
decrease the reaction coordinate; it is large when the system is
crossing a barrier and small otherwise. The parameter g is
adjusted so that unfolding occurs over a nanosecond timescale
(g is a scaling factor for the perturbation, with g 5 1 corre-
sponding to 0.0012 kcalzmol21 Å24). Different values were tried,
and the general behavior was not sensitive to the choice of g
within a certain range. Each starting configuration was energy
minimized, then heated for 200 ps and equilibrated at T 5 300
K for 100 ps. An equilibrium simulation at least 1 ns in length was
performed for each protein. Initial conditions for biased stretch-
ing simulations were taken from the equilibrium trajectory and
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spaced at least 100 ps apart to ensure statistical independence.
Multiple simulations were calculated, as required by the chaotic
nature of protein dynamics (14), to determine the common
elements of the pathways for each system. All simulations were
performed in the canonical ensemble using the Nosé–Hoover
(15, 16) thermostat; the ‘‘mass’’ of the thermostat is chosen to
be large enough so that local heating is negligible. A time step
of 2 fs was used, and coordinates were saved every 500 steps (1
ps). During the equilibration period, all the simulated systems
are relatively stable. The average Ca rms deviation from the
experimental structure during the last 1 ns of equilibration was
2.9 Å for the spectrin domain [Protein Data Bank (PDB) ID
1AJ3], 3.0 Å for the acyl-coenzyme A-binding domain (PDB ID
2ABD), 2.4 Å for the immunoglobulin domain (PDB ID 1TIT),
and 1.9 Å for the fibronectin type III domain (PDB ID 1TEN).
Forced unfolding simulations have been made for three other
Fn3 domains, the 9th and 10th repeats from human fibronectin
(PDB ID 1FNF) (17), the glycosidase inhibitor (PDB ID 1HOE)
(18), and two Ig domains, the titin Ig domain from human
cardiac muscle (5th in the M-line region) (PDB ID 1TNM) (19)
and the twitchin Ig domain from nematode muscle (18th in the
A-band region) (PDB ID 1WIT) (20); they give corresponding
results (ref. 8 and unpublished data). To complement these
results, unfolding with a constant pulling force (8) was also
studied. A constant force alters the free energy surface so that
the completely stretched conformation becomes the most stable
one. It accelerates unfolding by lowering the barriers between
the native and the completely stretched state (21, 22). A constant
force large enough that the protein unfolds on a computationally
accessible timescale (;1 ns) is likely to lead to pathways that
differ more from those followed on the experimental timescale
than the results obtained with the variable biasing force.

Fig. 2. Unfolding reaction coordinate rNC (in Å) as a function of time (in
picoseconds). Summary of the results for (A) the two b-sandwich domains and (B)
the two a-helical domains. For a definition of the parameter g, see Methods. The
external force applied to unfold the domains is also plotted as a function of rNC;
the force values are averaged over all trajectories and over 3-Å intervals of rNC.

Fig. 1. Structures and topology of the protein studied. (A) Fn3 domain (1TEN) (32) and an Ig domain (1TIT) (33). (B) a-Spectrin domain (1AJ3) (34) and the
four-helix bundle protein acyl–coenzyme A-binding protein (2ABD) (35). The N- and C-terminal atoms are represented by red and green spheres, respectively;
the same colors are used to represent b-strands belonging to the N- and C-terminal sheets of the b-sandwich proteins. In the schematic topology, triangles
represent b-strands, and circles represent a-helices (and also a turn of 310-helix in the Ig domain). The experimental structures are drawn with the program MOLMO

(36) and the folding topology, with the symbols used in the program (37).
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Nevertheless, a constant force can be a useful way of isolating
(kinetic) intermediates.

To compare with the results obtained by an external force
directed along the reaction coordinate, high-temperature (400
K), simulations were used to obtain unfolding on the nanosecond
timescale. They were started from native conformations equil-
ibrated at room temperature by scaling the velocities and setting
the Nosé–Hoover thermostat to the desired temperature. The
same potential function (without the biasing term) as for the
biased unfolding at 300 K was used. On a 6-ns timescale, only
partial unfolding occurs at 400 K, and the unfolding is very fast
(less than 500 ps) at 500 K; we report results for the 450 K
simulations.

Results and Discussion
Fig. 2 shows the end-to-end distance, rNC, as a function of
simulation time for the four proteins with the time-dependent
external perturbation. Although individual trajectories for each
protein vary as to the time of onset of unfolding, as expected, the
general characteristics are preserved. Changes in the slope of the
end-to-end distance as a function of time reveal bottlenecks in
the induced unfolding pathway that may correspond to inter-
mediates (see below). The two b-sandwich proteins show sig-
nificant differences. The fibronectin type III (Fn3) domain
(1TEN) unfolds in two major steps, whereas the Ig domain
(1TIT) has only a single critical step close to the native state,
although the early unfolding behavior is rather complex for both

systems; a single barrier was found for both systems with a
somewhat different model (7, 23). The average unfolding force
as a function of rNC is shown on the right-hand side of the plots;
the force peaks confirm that there are two dominant barriers for
the Fn3 domain and only one for the Ig domain. The maximum
local force found in the simulations is of the order of 400 pN,
somewhat larger than that used in the experiments because the
unfolding simulations are done on a shorter timescale (8).
Results of constant force simulations indicate that forces less
than 250 pN are not enough to unfold the domains on the
nanosecond timescale; a larger force is required to unfold the Ig
domain than the Fn3 domain, in qualitative agreement with
experiments (24).

For the Ig domain, the single large bottleneck to unfolding
occurs at rather small ('6 Å) extensions (Fig. 3), somewhat
larger than the original experimental estimate of 2.5 Å (6) for the
position of the transition state for unfolding; the simulation value
is close to that suggested by more recent experiments (ref. 25; see
also ref. 26). The critical event appears to be the breaking of the
‘‘seal’’ formed by the hydrogen bonds between strands A and B,
and A9 and G of the two sheets (see Fig. 1); it involves pulling
the N-terminal portion (strands A and A9) away from B and G
(Fig. 3 E and F). After this, the domain unfolds along an
essentially unique pathway with no additional bottlenecks. The
two sheets now are able to slip relative to each other (Fig. 3G)
and come apart, with B, E, and D lasting longer than C and F;
interestingly, a nonnative hairpin forms in the late stage of

Fig. 3. Pathway for the unfolding of the 1TIT domain. (A) X-ray structure, rNC 5 45 Å; B–D temperature-induced unfolding pathway; (B) 0.6 ns, rNC 5 34 Å, (C)
1.5 ns, rNC 5 37 Å; (D) 4.8 ns, rNC 5 38 Å. E–H forced unfolding pathway; (E) rNC 5 54 Å; (F) rNC 5 75 Å; (G) rNC 5 126 Å; (H) rNC 5 138 Å. Native elements of secondary
structure are shown by using the same color code as in Fig. 1; nonnative are in grey.
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unfolding (Fig. 3H) in what was the C-terminal sheet. For the
Fn3 domains, the first barrier is associated with the relative
‘‘slipping’’ of the two sheets with respect to each other and partial
disruption of the hydrophobic core (see figure 9 of ref. 8, which
presents the unfolding pathways of the ninth Fn3 domain of
fibronectin that are very similar to those obtained here for
1TEN). The native secondary structure is generally well pre-
served up to 80 Å, 2.5 times the native ‘‘length.’’ In the region
corresponding to the second bottleneck at rNC .140 Å, where the
molecule is stretched to approximately four times its ‘‘length,’’
there are two pathways (8): in one, strands A and B of the
N-terminal sheet stretch completely, whereas there is little
change in the C-terminal sheet; in the other, both ends (strands
A and G) stretch. The bottleneck at rNC ;140 Å is related to the
simultaneous breaking of the hydrogen bonds between b-strands
F and G and between C and F. The CC9 hairpin is always the last
secondary structural element to disappear. Because the second
barrier is significantly higher for one pathway than for the other,
it is possible that partially unfolded intermediates (rNC .140 Å)
would be observed if a low force were applied, as in constant
force simulations (see Fig. 8 of ref. 8). The difference in
unfolding behavior between the Fn3 and Ig domains can be
understood from their folding topologies (Fig. 1 A); that is, in
Fn3, the N and C portions of the two b-sheets are separated,
whereas they are intertwined in Ig.

The nanosecond unfolding simulations of the a-helical do-
mains occur at a somewhat smaller force than do the b-sandwich
domains (Fig. 2). Moreover, the a-helical domains show more
gradual unfolding. This suggests that even smaller forces would
be required at the several orders of magnitude slower pulling

speed used experimentally (24). The results of Rief et al. (27) for
a-spectrin yield a sawtooth pattern in the force-extension curves
corresponding to that observed for Ig and Fn3 domains but with
smaller force peaks. As in the case of the Fn3 domains, a plateau
at an extension between 110 Å and 150 Å is found in some
trajectories when a constant force of 200 pN is applied, sugges-
tive of an intermediate along one set of pathways; it consists of
extended N- and C-terminal strands with all of helix B and part
of helix C locked together by a nonnative b-hairpin (Fig. 4E9).
Figs. 4 and 5 show representative unfolding pathways for the two
a-helical domains (Fig. 1B). For the 1AJ3 domain, the initial
effect of the stretching is limited to the N- and C-terminal parts
of helices A and C, respectively; they tend to become longer 310
helices, with the N-terminal helix unfolding first (Fig. 4 B and C).
The increase in the slope of rNC in the region with rNC between
110 Å and 150 Å (Fig. 2B) occurs when the tertiary arrangement
of the helices is disrupted (Fig. 4 D to E), even though a
significant fraction of the a-helical content is preserved; e.g., the
conformation in Fig. 4F, which is almost four times longer than
the native state, still has 59% a-helix relative to 88% in the native
structure. The last helical element to unfold involves residues 82
to 89 in helix C, which, according to two different secondary
structure prediction algorithms (28, 29), has the highest helical
propensity. The unfolding pathway of the 2ABD is different
from that of the 1AJ3 domain. It shows a large number of
metastable states with rNC in the range 70–250 Å when a low
(150-pN) constant force is applied. Although there is some
unfolding of the N-terminal helix, the initial stages (Fig. 5 A–C)
involve primarily small tertiary rearrangements of the helices.
The rate of unfolding increases when the three C-terminal

Fig. 4. Pathway for the unfolding of the 1AJ3 domain. (A) X-ray structure, rNC 5 42 Å; (B) rNC 5 50 Å; (C) rNC 5 70 Å; (D) rNC 5 100 Å; (E) rNC 5 130 Å; (E9) rNC 5
142 Å; (F) rNC 5 160 Å; (G) rNC 5 250 Å. E is a stable intermediate found in one set of unfolding pathways.
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helices have come apart and begin to unravel (rNC *80 Å). A
core formed by residues 32 to 54, which includes part of the B
and C helices and the long loop joining them, resists most. This
region has a lower helical propensity than helices A and D (29),
suggesting that tertiary interactions are important in its stabili-
zation; e.g., helices B and C are most buried (more than 80% of
the surface area) in the native state and only become as exposed
as helices A and D at rNC . 200 Å. Kragelund et al. (30) have
concluded from solution folding studies that the interactions of
helices A and D are important in the transition state. Here they
separate first, because the forces are applied at the N- and
C-terminal ends of helices A and D, respectively. The results for
2ABD contrast with those for the 1AJ3 domain, where a large
fraction of the secondary structure survives the disruption of the
native tertiary interactions.

To determine the thermal unfolding pathways, we consider
the 6-ns simulations performed for each of the proteins at 450
K. We use the same protein and solvent model as for the forced
unfolding simulations and in previous temperature-induced
unfolding studies (13). At 450 K, the domains unfold smoothly,
and rNC decreases from its native value, very different from the
increase that occurs in rNC during forced unfolding. An
essential element of temperature-induced unfolding of both
b-sheet domains is that the earliest events correspond to the
destruction of certain b-strands and the formation of a coil
region in parts of the sequence. This is the case for strands F

and C in the Ig domain (Fig. 3B) and strands A and B in the
Fn3 domain. Unlike the forced unfolding, there is no tendency
of the N- and C-terminal ends to become extended early and
move apart. In fact, in the Ig domain, the breaking of the ‘‘seal’’
between the two sheets, an early event when stretching the
protein, does not occur until most of the protein is unfolded
at high temperature. However, in both types of unfolding
simulations (i.e., with stretching and with temperature), the
same b-sheet elements are unfolded last. They are the three-
stranded (BED) sheet in the Ig domain and the four-stranded
(C9CFG) sheet in the Fn3 domain. Moreover, in the latter, the
hairpins formed by strands F and G, and, independently, C and
C9, which are common to both forced unfolding pathways, are
kinetically the most stable portions of the proteins during the
temperature-induced unfolding.

For the a-helical domains, the stretched and temperature-
induced unfolding pathways are very different: the helices
become frayed and fragmented and unfold much earlier at high
temperature than in the stretching pathways, where the unfold-
ing of helices is more cooperative, and, once helices are broken,
they do not reform. In temperature-induced unfolding, there is
a tendency to form transient nonnative b-sheets, which stabilize
the collapsed form.

Conclusion
Comparison of the forced unfolding of two protein classes (all-b-
sandwich proteins and all-a-helix bundle proteins) have shown

Fig. 5. Pathway for the unfolding of 2ABD. (A) X-ray structure, rNC 5 28.4 Å; (B) rNC 5 30 Å; (C) rNC 5 50 Å; (D) rNC 5 80 Å; (E) rNC 5 110 Å; (F) rNC 5 150 Å; (G)
rNC 5 200 Å; (H) rNC 5 250 Å.
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significantly different behavior, both within a protein class and for
the different classes. Important differences are also found between
the unfolding induced by high temperature and by external pulling
forces. The result is interpreted in terms of the type of perturbation,
the folding topologies, the nature of the secondary and tertiary
interactions, and the relative stability of the various structural
elements. The complex behavior observed in the simulations con-
trasts with the simple sawtooth profile observed in the first gener-
ation of atomic force microscopy (AFM) unfolding experiments;
they revealed only the onset of the unfolding of individual domains
in multidomain proteins. It is encouraging that recent forced
unfolding experiments of an engineered polyprotein made of
identical Ig domains (25) show a previously undetected component,
which is attributed to an intermediate. Thus, it is likely that

improved AFM experiments will show more of the features ob-
served in the simulation of four different proteins. When combined
with protein engineering experiments of the same proteins (30) and
simulations for the mutated systems, a detailed microscopic de-
scription of the unfolding reaction under different conditions will
become available.
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