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ABSTRACT
Steered molecular dynamics
(SMD), a computer simulation method for studying
force-induced reactions in biopolymers, has been
applied to investigate the response of protein domains to stretching apart of their terminal ends.
The simulations mimic atomic force microscopy and
optical tweezer experiments, but proceed on much
shorter time scales. The simulations on different
domains for 0.6 nanosecond each reveal two types of
protein responses: the first type, arising in certain
␤-sandwich domains, exhibits nanosecond unfolding only after a force above 1,500 pN is applied; the
second type, arising in a wider class of protein
domain structures, requires significantly weaker
forces for nanosecond unfolding. In the first case,
strong forces are needed to concertedly break a set
of interstrand hydrogen bonds which protect the
domains against unfolding through stretching; in
the second case, stretching breaks backbone hydrogen bonds one by one, and does not require strong
forces for this purpose. Stretching of ␤-sandwich
(immunoglobulin) domains has been investigated
further revealing a specific relationship between
response to mechanical strain and the architecture
of ␤-sandwich domains. Proteins 1999;35:453–463.
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INTRODUCTION
Proteins need to fold efficiently into their native conformations to carry out their functions but also to avoid
aggregation of metastable folding intermediates.1,2 In vivo,
proteins need to protect themselves against unfolding for
suitably long periods of time to maintain a functional
state. Under nonequilibrium conditions the free energy
barrier that separates a protein in its native state against
unfolding needs to be sufficiently large under physiological
conditions; under equilibrium conditions it is the free
energy difference between the folded and unfolded state
that keeps the protein in its native structure.
Traditionally, experiments have focused on the folding
and unfolding behavior of proteins in response to temperature changes and to chemical perturbations through pH
changes or denaturants.3 Correspondingly, theoretical inr 1999 WILEY-LISS, INC.

vestigations have been centered around the effects of such
perturbations.4 Several molecular dynamics (MD) simulations have studied protein unfolding and have provided
atomic level detail of the process. It has been assumed that
simulations of unfolding capture the essential aspects of
the folding process.5,6 So far, the simulations carried out
could not reproduce well the experimental conditions
needed to achieve unfolding due to the short time scales
covered in simulations; for example, the temperature in
simulations had to be elevated to extremely high values to
induce unfolding.7,8 Despite the highly unphysiological
simulation conditions adopted, MD has provided insights
into protein folding behavior.9
Another factor that can lead to unfolding of proteins is
mechanical stress, in particular, stretching. Such stretching arises in muscle, in the extracellular matrix and for
cell receptors. The representative proteins usually contain
multiple domains linked together in a linear sequence. The
response of these proteins to mechanical stress can be
studied by investigating the individual domain’s response
to stretching. Domains arising in the representative systems have evolved to withstand certain levels of mechanical force10–12 as well as to sense the occurrence of mechanical strain.13 Examples are domains of titin, a giant protein
that provides muscle elasticity14,15 and controls chromosome shape;16 the elasticity of titin is due to its 300
immunoglobulin-like (Ig) and fibronectin type III-like
(FnIII) domains. Another example is provided by FnIII
domains of the extracellular matrix protein tenascin,
which is responsible for cell adhesion and control of cell
migration with its elasticity originating from its connected
FnIII domains.10
Atomic force microscopy (AFM) experiments permit one
to exert forces to stretch individual proteins and to measure the extensions of the proteins. These experiments
demonstrated that Ig/FnIII domains behave like elements
of a linearly jointed entropic spring and exhibit sawtooth
patterns of measured force-extension profiles.10–12 The
number of force peaks arising in these profiles is equal to
the number of Ig/FnIII domains involved in the stretched
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protein, the distance between the force peaks corresponding to the length of the fully extended individual Ig/FnIII
domains. From the data one can conclude that connected
Ig/FnIII domains unfold one by one under the external
stretching forces. Optical tweezer experiments provide
another means of stretching single proteins through mechanical forces.17,18 These experiments also demonstrate a
stepwise pattern in force-extension profile with each step
exhibiting an extension equal to the length of a fully
extended individual Ig/FnIII domain. To achieve such
one-by-one unfolding, every protein domain needs to provide a resistance to a particular maximum force.
It is noteworthy that Ig and FnIII constitute ␤ sandwich
domains with N-terminal and C-terminal strands parallel
to each other, but pointing in opposite directions. In the
natural function of these domains as well as in AFM and
optical tweezer experiments, the forces arising stretch
apart the termini. One would like to understand how the
architecture of ␤ sandwich domains has served nature to
design proteins which can withstand such forces and act as
stress sensors. One would also like to resolve at the atomic
level the mechanical stretching and unfolding of protein
domains which is still out of reach of experiment itself.
Steered molecular dynamics (SMD)19–21 simulations promise to provide answers in this respect.
SMD has been developed to study force-induced biological processes and has already been applied to various
ligand unbinding events21–26 as well as to the stretching of
titin’s Ig domains.27 In the latter case SMD simulations
have revealed that the maximum force needed to stretch
and unfold Ig domains is due to the need to break in a
concerted fashion a large number (6–8) of interstrand
backbone hydrogen bonds.
In the present study we will investigate the stretching
and unfolding of further domains which have been investigated by AFM and other protein domains which have not
yet been investigated experimentally. In particular, we
want to understand if Ig and FnIII domains show a
response to stretching that is qualitatively different from
that of domains which do not have to sustain mechanical
strain in their function. A comparison of several protein
domains may shed light on the design principles of mechanical proteins.
The protein domains investigated in the present study
are the first two N-terminal ␤ sandwich domains (cad1 and
cad2) of the cell adhesion protein cadherin,28 the first two
N-terminal ␤ sandwich domains (vcam1 and vcam2) of the
cell adhesion protein V-CAM,29 as well as the FnIII domain
number 7 (fn7) and number 10 (fn10) of the cell structural
protein fibronectin.30 These are all ␤ sandwich domains
with N-terminal and C-terminal strands parallel to each
other, but pointing in opposite directions. For comparison,
several other protein domains with similar numbers of
amino acid residues are included in our study, namely the
electron transport protein cytochrome C6 (cc6), a five-helix
protein;31 immunoglobulin binding protein (igb), a threehelix protein;32 and the C2 domain of synaptotagmin I (c2),
an eight-strand ␤ sandwich domain with the two terminal

TABLE I. Characterization of SMD Simulations

System

Type

pdb ID

Force
peak
(pN)

cad1
cad2
vcam1
I27a
vcam2
fn7
fn10
cc6
igb
c2

␤
␤
␤
␤
␤
␤
␤
␣
␣
␤

1edh
1edh
1vsc
1tit
1vsc
1fnf
1fnf
1cyi
1bdd
1rsy

1,850
1,970
2,050
2,040
1,620
1,630
1,580
no peak
no peak
no peak

aThe

Peak
position
(Å)

Peak
range
(Å–Å)

Class

16
24
10
14
19
24
17
—
—
—

8–19
16–27
7–17
9–17
15–25
10–29
11–25
—
—
—

Ia
Ia
Ia
Ia
Ib
Ib
Ib
II
II
II

data on I27 are from Lu et al.27

strands parallel to each other and pointing in the same
direction.33
METHODS
The initial structures of the protein domains studied in
this paper were obtained from the Brookhaven protein
data bank34 with pdb IDs listed in Table I. These structures were then solvated, heated up to 300 K and equilibrated through a procedure similar to that described in Lu
et al.27 In the SMD simulations performed, all atoms were
modeled explicitly. The total number of atoms in each
system varies from 9,300 (␣ helix domain igb) to 13,700 (␤
sandwich domain cad2). The MD simulations and data
analysis were carried out with the programs NAMD35 and
XPLOR36 employing the CHARMM22 force field.37 The
simulations were performed with a timestep of 1 fs, a
uniform dielectric constant of 1, and a cut-off of Coulomb
forces with a switching function starting at a distance of 10
Å and reaching zero at 13 Å.
SMD simulations of constant velocity stretching (SMDCV protocol) were carried out by fixing one terminus of the
domain, and applying external forces to the other terminus. The forces were applied by restraining the pulled end
harmonically to a restraint point and moving the restraint
point with constant velocity v in the desired direction. The
procedure is equivalent to attaching one end of a harmonic
spring to the end of a domain and pulling on the other end
of the spring, and is similar to the procedure performed on
Ig and FnIII in AFM experiments,10,12 except that the
pulling speed adopted in the simulations is six orders of
magnitude higher than those in the experiments. The force
experienced by the pulled terminal residue is
F ⫽ k(vt ⫺ x).

(1)

Here x is the displacement of the pulled atom from its
original position, v is the preselected pulling velocity, and
k is the spring constant. Note that in the SMD-CV protocol
it is the restraining point, rather than the end of the
domain, that is moved at constant velocity. The force
calculated from Eq. (1) is a good measure of how difficult it
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Fig. 1. Force-extension profiles resulting from 600-ps SMD simulations of stretch-induced
unfolding of three representative proteins: V-CAM N-terminus domain (vcam1), fibronectin FnIII
number 7 domain (fn7), and cytochrome C6 domain (cc6). The force peak regions of vcam1 and fn7
are highlighted (c.f., Fig. 3).

is to cause the domain to extend by ‘‘following’’ the
restraining point.
The simulations presented below were carried out with a
spring constant of 414 pN/Å and pulling velocity of 0.5
Å/ps, unless specified otherwise. To realize a movement of
the restraining point with nearly constant velocity, the
position of the restraining point was changed every 100 fs
by v⌬t, e.g., 0.05 Å. The 0.05 Å stepwise movement of the
restraining point is much smaller than the fluctuation of
typical protein atoms in a 300 K MD simulation, 1 Å, so
this implementation should not cause an artifact. The
value of k [see Eq. (1)] chosen here, 10 kBT/Å2, corresponds
to a spatial (thermal) fluctuation of the constrained C␣
atom of ␦x ⫽ 冑kBT/k ⫽ 0.32 Å at T ⫽ 300 K. The
elongation d(t), defined as the increase of the end-to-end
distance from that of the native fold, was monitored along
with the force F(t). In some cases other properties, e.g.,
surface area s(t) or bond distances, were also monitored.
For the analysis presented below, often the time t was
eliminated and force, area, or other properties plotted as a
function of extension d such that plots show (F(t),d(t)) or
(s(t),d(t)) graphs. The graph (F(t),d(t)) will be referred to as
the force-extension profile.
SMD simulations of constant force stretching (SMD-CF
protocol) were implemented by fixing one terminus of the
domain and applying a constant force to the other terminus. The titin Ig domain I27,38 which was studied by AFM
and SMD previously, was investigated by this protocol.
RESULTS
The protein domains chosen in this study all have
similar numbers of amino acids. Applying the SMD-CV
protocol as described above, each domain was found to
elongate gradually with time t until the polypeptide chain
was completely straightened and assumed an extension of
about 300 Å at around 0.6 ns when the simulations
stopped. The force-extension profiles showed dramatically
different features at short extension (within the first 1⁄8 of
the full extension of 300 Å) for the different domains

investigated, whereas at longer extension those profiles
were similar, the forces fluctuating around nearly identical
average values of 750 pN. At extensions near 300 Å, the
force increased linearly again for all domains due to bond
angle widening and bond length stretching of the completely unfolded polypeptide strands.
Table I lists simulation results of the systems studied.
The force-extension profiles fall into two classes: class I,
with a dominant force peak (1,500 pN to 2,000 pN) at short
extension and weaker forces of average value around 750
pN at long extension; class II, without any dominant force
peak, but rather with a gradual increase of the force
during stretching to a typical average value of 750 pN at
large extensions. The domains cad1, cad2, vcam1, vcam2,
fn7, and fn10 belong to class I, the domains cc6, igb, and c2
belong to class II. The titin immunoglobulin-like (Ig)
domain I27 previously studied by SMD27 belongs to class I.
Figure 1 shows the force-extension profiles of three
representative domains: vcam1, fn7, and cc6. Vcam1 has a
force peak of about 2,000 pN at an extension of 11 Å and
fn7 has a force peak of about 1,500 pN at an extension of 23
Å. The force peaks correspond to main energy barriers
which separate the folded and the unfolded states of the
domain. After the barrier is overcome, the forces for both
domains decrease quickly to average values around 750
pN until the domains are completely unfolded. For domain
cc6, the force increases quickly to the 750 pN average
value without any major force peak arising.
The SMD trajectories provide a detailed view of the
conformational transformations during the initial stage of
domain stretching. Figure 2 presents three snapshots of
the structures of each of the domains, i.e., vcam1, fn7, and
cc6. In case of vcam1, the N-terminal ␤ strand A/A8 and the
C-terminal ␤ strand G are seen to pass by each other at the
extension of the main force peak (9 to 17 Å), during which
the force strains and eventually breaks six backbone
hydrogen bonds connecting the strands A/A8 and G. In case
of fn7, at the extensions (10 to 29 Å) corresponding to the
main force peak, the N-terminal ␤ strand A passes by its
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Fig. 2. Snapshots from SMD trajectories of (a) vcam1, (b) fn7, (c) cc6.
In each SMD simulation the N terminus of the domains (on the left hand
side of the structures as shown) had been held fixed and the force had
been applied to the C terminus (on the right hand side of the structures as
shown). The extension value for each snapshot is provided. For vcam1
and fn7, the two ␤ sheets of the respective barrel are distinguished
through purple and green colors; the ␤ strands involved in the initial

unfolding step (see text) are marked with letters and the crucial interstrand hydrogen bonds are presented as thick dotted lines as long as the
bonds exist and as thin dashed lines when the bonds are broken. For cc6,
the residues belonging to helices in the folded structure are colored
purple, the residues belonging to loops are colored green. (This figure
was created with VMD.46)
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Fig. 3. Distances of individual interstrand
hydrogen bonds (left column) and sum of
interaction energies of atoms involved in interstrand hydrogen bonds (right column) vs.
extension for (a) vcam1, (b) fn7, (c) cc6. The
burst regions of vcam1 and fn7 are highlighted.

neighboring strand B at the same time as the C-terminal
strand G passes by its neighboring strand F. During the
force peak region, the high value of force is needed to break
the backbone hydrogen bonds between strands A and B
and between strands F and G. In case of the class II
domain cc6, the ␣ helix near the N-terminus and the ␣
helix near the C-terminus are both elongated and have
moved away from each other; neither interstrand backbone hydrogen bonds nor salt bridges exist in this helical
protein such that no large force is required for the separation of the termini.
An analysis of backbone hydrogen bonds along the
unfolding trajectories can explain the difference of the
recorded force-extension profiles between class I and class
II domains. In case of the ␤ sandwich domains vcam1 and
fn7, two terminal strands are hydrogen-bonded to at least
one other strand. To extend the domain, the external force
needs to break these interstrand hydrogen bonds. Figure 3

compares the distances of individual hydrogen bonding
participants along the extension for vcam1, fn7, and cc6,
actually showing only the hydrogen bonding pairs that
have been broken during the first 50 Å extension. The
figure presents also the sum of the interaction energies of
atoms participating in hydrogen bonds, including in this
case contributions of all backbone hydrogen bonding pairs.
One can discern that for vcam1 and fn7 hydrogen bonds
are being broken in clusters at short extension; this
clustered hydrogen bond breaking causes the major force
peak in the force-extension profile of these domains as
shown in Figure 1. After the mentioned hydrogen bonds
are broken concertedly, the forces needed to induce further
extension drop quickly and at longer extension the backbone hydrogen bonds in the two domains are broken
one-by-one (data not shown). Figure 3 also shows that for
cc6 clustered hydrogen bond breaking does not occur,
neither at small nor at large extension. As a result, no
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Fig. 4. Classification of protein domains. The
schematic presentation on the left depicts the topology of interstrand hydrogen bonding networks of (a)
vcam1, (b) fn7, and (c) cc6. On the right are shown
the corresponding protein domains rendered with
VMD46 with the essential interstrand hydrogen bonds
highlighted as in the schematic representations.

major force peak develops in the force-extension profile of
cc6 shown in Figure 1. This is corroborated by the behavior
of the hydrogen bond energy shown in Figure 3; for both
vcam1 and fn7 this energy exhibits a sharp increase at
short extension while for cc6 it exhibits a more gradual
increase.
The magnitude of the force needed to stretch and unfold
a protein domain depends sensitively on the architecture
of the protein. This is shown for vcam1, fn7, and a third ␤
sandwich protein, c2, in Figure 4 which presents the
native folds of the domains together with schematic drawings of the respective strand topologies. In case of vcam1, a
set of six hydrogen bonds connect directly the N-terminal
and C-terminal strands that are pulled apart diametrically by the stretching force (c.f., Fig. 2). This arrangement

protects the protein best against unfolding since the
simultaneous breaking of the full set of hydrogen bonds is
required to significantly stretch the domain. Other domains with equivalent ␤ strand topologies are cad1, cad2,
and I27 (c.f., Table I). We define for these proteins a
subclass of class I, termed class Ia. In case of fn7, the Nand C-terminal strands are not directly hydrogen-bonded
to each other, but rather to non-terminal strands. This
permits a greater degree of deformation of the domain
under stretching and a somewhat more gradual breaking
of hydrogen bonds to initiate unfolding. This is evident
from a comparison of the plots of hydrogen bond distances
and energies of vcam1 and fn7 presented in Figure 3. One
can discern that vcam1 ruptures in a narrower extension
window than fn7 does. Figure 1 indicates that weaker
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Fig. 5. Sketching of the C2 domain of synaptotagmin I. (a)
Top left, bottom left, and bottom right are snapshots during the
unfolding of the C2 domain at extensions 20 Å, 50 Å, and 80
Å. The H-bonds between the N- and C-terminal strands are
highlighted (thick dotted lines for existing bonds and thin
dashed lines for broken bonds). (b) Top right is the forceextension profile resulting from an SMD simulation of c2. (This
figure was created with VMD.46)

forces (1,600 pN) are needed to rupture fn7 as compared to
vcam1 (2,000 pN). Other proteins with the same ␤ strand
topology as fn7 and similar rupture behavior are vcam2
and fn10 (c.f., Table I). We define for these proteins another
subclass of class I, termed class Ib.
Proteins in classes Ia and Ib are characterized both by a
␤ sandwich topology in which the N-termini and C-termini
point in opposite directions. In the case of the ␤ sandwich
domain c2 presented in Figure 4 the N and C termini point
in the same direction. The structure of this domain along
with the force-extension profile and snapshots during the
unfolding process are presented in Figure 5. C2 has
hydrogen bonds between its terminal ␤ strands. Nevertheless, the forces needed to unfold the domain are relatively
small and do not exhibit a major peak at short extension.
The unfolding snapshots in Figure 5 demonstrate that the
hydrogen bonds between the N- and C-terminal strands
break one-by-one during the unfolding and, therefore, do
not provide much resistance against stretching. Accordingly, c2 belongs to class II.
In order to test whether the rupture and unfolding of
stretched proteins is indeed not governed by influences
other than hydrogen bonding we have monitored during
the SMD-CV simulations the hydrophobic residue exposure area, a property often implicated as an order parameter for protein folding and a measure of hydrophobic
effects. Figure 6 displays the resulting exposure areas
versus extension for vcam1, fn7, and cc6 which cover both
class I and class II domains. This property does not show
distinct features at short extension for either of the three
cases. Hence, hydrophobic interaction does not seem to
play a dominant role for the magnitude of stretching forces
required for domain unfolding.
The stretching forces required to unfold immunoglobulin and fibronectin type III domains by means of atomic

Fig. 6. Areas of solvent exposed hydrophobic residues vs. extension for vcam1, fn7, and cc6.

force microscopy10,12 are considerably weaker than those
required in the respective SMD simulations. The origin of
this discrepancy is thought to be the stretching velocity
difference of several orders of magnitude between experiments and simulations. In order to test this supposition we
have carried out SMD simulations using stretching protocols involving the applications of constant forces to titin
I27 domains. Under the SMD-CV protocol adopted in the
previous simulations, peak forces of about 2,000 pN were
recorded during domain unfolding.27 In the SMD-CF simulations constant forces of 1,000 and 750 pN were applied to
stretching the domain for as long as it took the domain to
unfold. In these simulations the domain stretched initially
and then halted its extension at values of about 10 Å as
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Fig. 7. Time development of the end-end distance resulting from
300-ps SMD simulations of the I27 domain of titin under the influence
of constant forces of 1000 pN, 750 pN, and 500 pN. The figure shows
the occurrence of an extension plateau. Two typical domain conformations of I27, one at the beginning of the plateau and one at the end of
the plateau, are presented through two ␤ strands (A8, G, and F) and
the interstrand hydrogen bonds. One can recognize that at the
beginning of the plateau all hydrogen bonds are still maintained, but
that at the end of the plateau the bonds between strands A8 and G are
broken. See also Lu and Schulten.42 (This figure was created with
VMD.46)

demonstrated by the plateaus in the extension-time profiles of Figure 7. Inspection of the corresponding structures
revealed at this point that the residues near the termini
are straightened, but the backbone hydrogen bonds between A8 and G are well maintained. The breaking of these
six interstrand hydrogen bonds took longer when a weaker
force was applied as seen in Figure 7: 30 ps for the 1,000
pN force and 100 ps for the 750 pN force. In all cases a
distinct rupture event, involving the breaking of the six
hydrogen bonds between strands A and G, preceded the
unfolding discernible in Figure 7 through the linear increase of the distance between the domain’s termini. This
characteristic rapture event has been demonstrated to
arise on the pathway of stretched unfolding for both
SMD-CV and SMD-CF protocols.
A weaker force, 500 pN, has also been applied to stretch
I27. The results presented in Figure 7 show that the
extension of the domain reaches 10 Å within 70 ps and
remains at that extension for the duration of the 300 ps
simulation. The continuation of this simulation, in which
the domain was found to unfold at around 950 ps, and
simulations with forces as low as 50 pN are presented in
Lu and Schulten.42
DISCUSSION
Many proteins experience stretching forces in vivo and,
hence, it is desirable to understand the responses of
protein domains to mechanical strain, as investigated in
this paper for 10 cases. Our SMD-CV simulations suggest

a classification of proteins based on the domains’ response
to stretching forces and rationalized by a correlation of the
behavior to domain architectures. Class I protein domains
exhibit a potential barrier at short extension, termed in
the following protection barrier, that furnishes resistance
against unfolding. Stretched at a given velocity, the domain remains folded when forces applied to the termini
are not strong enough; when forces are larger than a
threshold, the protection barrier is overcome and the
domain unravels easily.
Typical for the stochastic nature of barrier crossing
events, the threshold force (in SMD the peak force observed in the force-extension curve) exhibits a distribution
of values. The distributions are narrow as predicted in
Izrailev et al.22 and observed in AFM experiments.39 For
the sake of simplicity, the name threshold force is still
used, but refers to the most probable unfolding force.
The protection barrier defined above is due to interstrand hydrogen bonds which need to be broken concurrently before unfolding can occur. Hydrogen bonds near
the terminals of class I domains have also been shown to
play an important role in chemically induced and temperature-induced unfolding experiments.40 Class I proteins
investigated here are ␤-sandwich proteins with termini
pointing in opposite directions. In the case that the terminal strands are directly hydrogen-bonded to each other
(class Ia) the protection is stronger than otherwise (class
Ib). Class II protein domains do not have a strong potential
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barrier against stretching and the corresponding domains
unfold with little resistance.
The dominant force peak resulting in SMD-CV simulations for class I domains is consistent with AFM observations on titin Ig12 and tenascin FnIII.10 The SMD results
explain the one-by-one unfolding of domains reflected in
the sawtooth force-extension profiles of AFM experiments.
These experiments do not have a spatial resolution that
permits direct comparison to SMD simulations: when the
protection barrier of one domain is overcome by the
applied force, the domain unfolds easily and contributes
about 250 to 280 Å length to the multi-domain’s total
extension; during that time, other folded domains of the
same protein are experiencing a force much lower than the
threshold value needed to overcome their own protection
barrier; after the unfolded domain is completely stretched,
the force increases again and induces similarly the unfolding of another domain. The distance between the consecutive force peaks is the length contributed by the previous
domain, i.e., 250 to 280 Å.
The current study suggests that AFM experiments on
proteins that consist of several class II domains should
show very different force-extension profiles, either without
sawtooth pattern or with much lower force peak values
than those observed for class I domains. The second
possibility, namely a discernible, but low force peak value,
may arise from the hydrophobic effect which does not play
an important role in force-induced unfolding of class I
domains. Both possibilities, i.e., no discernible and discernible, but low, peaks have already been confirmed by recent
AFM experiments (J. Fernandez, personal communication).
AFM experiments have not been able to resolve the
exact extension at which the initial force peak arises.
Estimates of this extension range from 2 to 5 Å for titin Ig
domains,39,41 values which differ from SMD simulation
results (14 Å) for single domain stretching reported in Lu
et al.27 and discernible in Figure 1 for vcam1. However,
AFM experiments are performed on multi-domain proteins and an unknown extension precedes the occurrence
of the first force peak in the sawtooth force-extension
curve. Most likely this pre-extension confers a force on
each domain, pre-stretching the latter by an unknown
amount.
The constant force SMD simulations (SMD-CF) reported
here show a domain extension response which seems to
explain the mentioned discrepancy. In these simulations
(c.f., Fig. 7) the domains stretch linearly in time to reach a
plateau of 10 Å at which the extension remains constant,
except for an extension fluctuation of 2 to 3 Å; after a
certain time, the domains resume a linear extension
corresponding to initiation of complete unfolding. This
behavior appears to be consistent with the analysis of AFM
data if one assumes that the data do not resolve the initial
linear stretching. The behavior is analyzed in detail in Lu
and Schulten.42
The difference between class Ia and class Ib domain
unfolding revealed by SMD simulation, namely, smaller
rupture forces for class Ib as compared to class Ia, is
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consistent with three AFM experiments.10–12 The AFM
force peaks recorded for titin I27 (class Ia) unfolding are
40% higher than those recorded for tenascin FnIII (class
Ib) domain unfolding. The protection barrier against unfolding in class I domains originates from the necessity of
breaking several interstrand backbone hydrogen bonds
simultaneously. From the analysis of structures and SMD
trajectories one can discern two possibilities for such
protection: in the case of titin Ig, vcam1, cad1, and cad2
(Fig. 2) there exist backbone hydrogen bonds between
N-terminal strand A or A8 and C-terminal strand G; in the
case of FnIII and vcam2 (Fig. 2) such hydrogen bonds
connect the N-terminal strand A with its neighboring
strand B, and the C-terminal strand G with its neighboring strand F. In the former case (class Ia) the breaking of
interstrand hydrogen bonds occurs over a very small
extension range, whereas the second case (class Ib) renders the domain more flexible under stretching such that
the breaking of the interstrand hydrogen bonds occurs
over a wider extension range and, hence, with a reduced
rupture force as seen in Figures 1 and 3.
The barrier against unfolding protects class I domains in
their native environment where multi-domain proteins
experience stretching forces. For example, the extracellular part of cell adhesion proteins cadherin and V-CAM are
all composed of class I domains. When adhesion proteins
from different cells stick together the proteins need to
provide stability against the tendency of the two cells to
move away from each other. The extracellular domains of
the adhesion proteins need to remain properly folded, but
their ability to stretch also provides the system with a
necessary degree of flexibility. Another adhesion protein in
the extracellular matrix is fibronectin which connects to
cell receptors (integrin) and to collagen.43 One key domain
of this protein, fn10, appears to serve two functions, that of
detecting and that of sustaining mechanical strain as
proposed in Krammer et al.13 A third example is the muscle
protein titin which provides muscle fibers in case of
overstretching with an extreme degree of elasticity through
its class I immunoglobulin and fibronectin type III domains.
One concern regarding the SMD-CV simulations of class
I domains reported here is that the peak force values
obtained are much higher than observed in AFM experiments, which is most likely due to the time scale gap.22
Unfortunately, available computer power limits one presently to µs simulations at best, but at the cost of continuously using a massively parallel computer over several
months.44 The expected simple scaling down of the peak
force values without a change in the unfolding scenario
does not warrant such effort.42 A similar observation, that
the ligand unbinding scenario does not change when the
SMD pulling speed is slowed down has been shown in
Izrailev et al.22 A more suitable way to resolve this
discrepancy between SMD and AFM is to reconstruct the
potential of mean force along the stretching coordinate
using time series analysis methods as suggested in Gullingsrud et al.45 The resulting potential can be used in a first
passage time calculation to determine the rupture force
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and its distribution as explained in Izrailev et al.22 Indeed,
measurement of the rupture force distribution39 agrees
with the predicted distribution.22 In Lu and Schulten42 the
duration of the plateau in extension-time plot in constant
force domain stretching has been analyzed in terms of a
protection barrier crossing event.
Our SMD simulations indicate that protein domains not
functionally implicated in the sustenance of mechanical
strain readily unfold when stretched through their termini, obviously lacking a major protection barrier. An
analysis of this behavior showed that unfolding requires in
this case either only a one-by-one breaking of interstrand
hydrogen bonds due to a particular ␤-strand architecture
(c2) or a one-by-one breaking of intrahelix hydrogen bonds
which leads to the elongation and separation of ␣-helices
(igb, cc6), neither of which require a strong force.
The stretching and unfolding of protein domains is
related in several aspects to protein folding and, hence,
promises to contribute to our understanding of the latter.
The pathway of unfolding along the stretching coordinates
is, at least in a restricted sense, a reversal of natural
folding; some folding pathways may reverse the route of
stretch-induced unfolding, while many other folding pathways may differ. Simulations of stretching of these domains allows one to investigate the reverse process, as was
done in the experiments reported in Carrion-Vazquez et
al.39 The barrier separating folded and unfolded states of
class I domains might be representative of similar barriers
postulated on the basis of folding studies.39 To fulfill their
functional role, these domains are designed by evolution to
sustain stretching and refold easily. The occurrence of
unfolding in normal cell function implies that folding
intermediates have to be protected against pathological
aggregation; hence refolding has to occur quickly.
Finally, SMD simulations may be used to design protein
domains with protection barriers of desired strength.
Through introduction of disulfide bonds or through cyclization mutants domains may also be designed to unfold only
partially.
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