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Extending a Spectrin Repeat Unit. Il: Rupture Behavior

Sterling Paramore, Gary S. Ayton, and Gregory A. Voth
Center for Biophysical Modeling and Simulation and Department of Chemistry, University of Utah, Salt Lake City, Utah

ABSTRACT A spectrin repeat unit was subject to extension using cyclic expansion nonequilibrium molecular dynamics. Pe-
riodic boundary conditions were used to examine the effects of the contiguous «-helical linker on the force response. The mea-
sured force-extension curve shows a linear increase in the force response when the spectrin repeat unit is extended by ~0.4
nm. After that point, the force response peaks and subsequently declines. The peak in the force response marks the point
where the spectrin repeat unit undergoes a change in its material properties from a strongly elastic material to a mostly viscous
one, on the timescales of the simulations. The force peak is also correlated with rupture of the a-helical linker, and is likely the
event responsible for the peaks in the sawtooth-pattern force-extension curves measured by atomic force microscopy
experiments. Rupture of the linker involves simultaneously breaking approximately four hydrogen bonds that maintain the
a-helical linker. After this initial rupture, the linker undergoes simple helix-to-coil transitions as the spectrin repeat unit continues
to be extended. The implications of linker rupture in the interpretation of unfolding and atomic force microscopy experiments are

also discussed.

INTRODUCTION

Spectrin is a filamentous protein that is primarily responsible
for the elasticity of the red blood cell, or erythrocyte. The
~200-nm-long spectrin tetramer is formed by the head-
to-head association of two heterodimers. The primary struc-
ture of the spectrin monomers exhibits a repeating sequence
consisting of 106 amino acids (1). NMR and x-ray crys-
tallography have shown that a particular selection of the
106-amino-acid repeating sequence (2) folds into three an-
tiparallel a-helices (where the helices are labeled A, B, and
C, and the B-helix is aligned antiparallel to the A- and
C-helices; see (3,4)). This triple-helix structure is commonly
referred to as the spectrin repeat unit. Many experimental
studies, such as x-ray crystallography (5-7), temperature-
and urea-induced unfolding (8,9), and atomic force micros-
copy (AFM) (10,11), as well as homology modeling (1) and
atomistic simulations (12—-14), have been performed to
understand the relationship between the molecular structure
of the repeat units and the function, or material properties, of
larger-scale spectrin assemblies. In particular, the secondary
structure of the polypeptide chain linking repeat units, or
just the linker, has often played a key role in explaining
the elasticity (1,5-7,9,15) and forced unfolding behavior
(10,11,14) of multiple-repeat spectrins. In contrast to earlier
assumptions about the secondary structure of the linker
(1,15), recent crystal structures of multiple-repeat spectrins
(3,5-7,16,17) have indicated that the linker forms a contig-
uous a-helix. This article presents novel simulations of
a spectrin repeat unit, which were constructed to examine
how a contiguous a-helical linker affects the properties of
a multiple-repeat spectrin. The companion article (part I)
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(18) explored how the linker affects the elastic properties, or
its near-equilibrium response. This work focuses more on
understanding how the structure of spectrin, and in particular
the linker, changes when it is subject to extensions large
enough to unfold the individual repeat units, such as those
imposed using AFM.

Spectrin was first studied using AFM by Rief et al. (19)
The force-extension curves of native a-spectrin, a recombi-
nant construct of six spectrin repeats, and a-actinin (which
belongs to the spectrin superfamily and is composed of
spectrin repeat units) all gave a sawtooth-pattern with force
peaks of 25-35 pN (at pulling speeds of 0.08-0.8 nm/ms)
and peak-to-peak spacings of ~31.7 nm. The peaks were
attributed to the force required to rupture one spectrin repeat
unit. The peak-to-peak spacing was close to that expected for
completely unfolding a 106-amino-acid spectrin domain.
This led the authors to conclude that the repeat units unfold
in an all-or-none fashion, similar to previous AFM results on
immunoglobulin and fibronectin type III domains (20-22).
Furthermore, Rief et al. (19) proposed that the mechanism
for the rupture event responsible for the AFM force peaks
involves breaking the core hydrophobic interactions main-
taining the triple-helix bundle.

More recent AFM studies (10,11,13,23), which analyzed
hundreds to thousands of force-extension curves, have re-
vealed more complex behavior. Lenne et al. (23) studied an
engineered spectrin consisting of four identical repeat units.
The distribution of peak-to-peak lengths was found to be
bimodal with short elongation events centered at 15.5 nm
and long elongation events centered at 31 nm. The short
elongation events were attributed to the existence of at least
one stable intermediate between the folded state and the
completely unfolded state. Subsequent simulation and mu-
tation studies suggested that the stable intermediate involves
kinking of helix B near a proline residue (13).
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AFM studies of two-, three-, and four-repeat spectrins
also gave bimodal as well as some very broad peak-to-peak
distributions (10,11), depending on the number of repeat
units in the molecule. But in contrast to Lenne et al. (23), the
bimodal distributions peaked at 22 nm and 42 nm, and the
authors assigned the long elongation events to tandem un-
folding, where two adjacent repeat units unfold at the same
time, although the precise mechanism by which tandem
unfolding would occur is still not clear. Originally, it was
thought that when one repeat unit unfolded (presumably by
the mechanism suggested by Rief et al. (19)), disruption
of hydrogen bonds in the linker would propagate into the
adjacent unit and destabilize the hydrophobic core, thereby
causing the adjacent repeat unit to unfold (10). However,
later experiments that examined the relationship between
tandem unfolding and the a-helical content seemed to sug-
gest that the loss of a-helical structure in the linker actually
decreased the tendency for tandem unfolding (11). In other
words, the presence of an a-helical linker would seem to
propagate unfolding to adjacent repeat units. Of course, the
molecular mechanism by which spectrin unfolds under an
applied force has not previously been determined, making any
discussion of the mechanism of tandem unfolding unclear.

Molecular dynamics (MD) simulations have played a
key role in elucidating the relationship between molecular
structures and forced unfolding experiments. This is espe-
cially true in the case of titin, where steered molecular dy-
namics (SMD) (24-26) simulations showed that the force
peaks observed in AFM experiments correspond to the force
required to rupture several B-sheet hydrogen bonds in
parallel (26-29). But in contrast to simulations of the titin
domains, SMD simulations of single- and double-repeat
spectrin units (12—14) have not previously shown a distinc-
tive force-peak that could be related to specific changes in
the molecular structure. Instead, more gradual unfolding was
observed, where the terminal helices (the ones that were
being pulled on) elongated, which disrupted the hydrophobic
core and allowed the repeat unit to unfold.

When using either AFM or MD simulation to study the
forced-unfolding behavior of repeating structures such as
spectrin, it is often convenient to reduce the system size to
only a small number of repeat units. In doing so, it is as-
sumed that there is little coupling between repeat units and
that understanding how a single- or double-repeat spectrin
unfolds will provide considerable insight into the properties
of the full spectrin filament. However, when using a small
section of spectrin to understand the larger structure, the
boundary conditions imposed on the system must be care-
fully considered. This is especially true in the case of spec-
trin, where the linker region that connects adjacent repeat
units has a specific secondary structure, that of a contiguous
a-helix. Any subdivision of the full spectrin filament into
a smaller number of repeat units will obviously disrupt the
native structure of the linkers, and any artifacts introduced
due to this subdivision must be addressed. As mentioned
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above, SMD has previously been employed to study the
forced-unfolding behavior of spectrin (12—14). However, the
particular choice of boundary conditions used (i.e., the way
in which the SMD biasing force was applied) for these sys-
tems may exhibit properties that are not commensurate with
either those of the full spectrin filament or those of the several-
repeat spectrins studied by AFM. The primary difficulty is
that SMD was imposed on the two terminal atoms which, in a
larger filament, would have belonged to a contiguous a-helix
and any force on the end of the filament would have been
distributed throughout the a-helix. In an AFM experiment,
the AFM tip has a radius of curvature of approximately the
size of four spectrin repeat units (10) and thus the force on
the spectrin molecule is distributed over a much larger sur-
face and not localized on the two terminal atoms (the spectrin
AFM experiments have used adsorptive rather than covalent
interactions to attach the molecules to surface and tip). These
issues were perhaps less critical in the SMD simulation of
titin unfolding (26-29), where the linkers did not have a well-
defined secondary structure, and thus the force on a single
titin domain could be considered to originate from specific
atoms.

The approach used in this work is designed to alleviate
some of the issues discussed above and involves making use
of periodic boundary conditions to attach a spectrin repeat
unit to its own periodic image, thereby incorporating an in-
tact and contiguous a-helical linker without introducing
any free noncontiguous helical ends. This situation can be
thought of as a simulation of an interior spectrin repeat unit
(i.e., surrounded by other repeat units). The relationship
between the force-extension response and the molecular
structure was probed using a method called cyclic expansion
nonequilibrium molecular dynamics (NEMD), which im-
poses a uniform strain field on the system. In the companion
article (18), this method was used to demonstrate that a con-
tiguous a-helical linker can significantly increase the elas-
ticity of a spectrin repeat unit. In this article, it will be shown
that the linker also plays an important role in the unfolding
behavior. Specifically, the simulations suggest that the force
peaks observed in AFM experiments can be attributed to
rupture of the a-helical linker.

METHODS

The simulation conditions and methods are described in detail in the
companion article (18), but will be briefly summarized here. The initial
coordinates for all simulations were based on the solution NMR structure of
the 16th repeat unit of chicken-brain a-spectrin (4) (Protein Data Bank ID
1AJ3). The residues that were not resolved in the NMR structure were
manually added to adopt an a-helical conformation using the Swiss-
PDBViewer (30). The C-terminus of the spectrin repeat unit was covalently
bound, via a peptide bond, through the periodic boundary conditions to the
N-terminus to form a contiguous a-helix, as observed in crystal structures of
multiple-repeat spectrins (3,5,6,16,17). Explicit water was used to solvate
the system, which was then equilibrated for 10 ns under a constant NPT
ensemble. Starting conditions for the nonequilibrium simulations were
obtained from configuration snapshots of this equilibration trajectory.
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The force-extension response of the spectrin repeat unit was calculated
using cyclic expansion NEMD (31-36). In short, cyclic expansion NEMD
subjects the system to an oscillating strain rate given by

€ = éwsin(wt), (1)

where € is the strain rate, £ is the amplitude of oscillation, and w is the
frequency (and A = 27/w is the period). This strain rate is only applied along
the z direction of the simulation cell, such that the length of the spectrin
repeat unit is governed by L, (f) = L,()€, where L, is the extension rate, or
pulling speed. The strain rate given by Eq. 1 is imposed on the system
through the equations of motion. The equations of motion (see the com-
panion article (18)) are similar to the usual Nosé-Hoover NPT equations of
motion (37), except that the strain rate in the z direction is predetermined by
Eq. 1. The strain rate in the x and y directions is such that it maintains, on
average, zero stress in these directions.

As discussed in the companion article (18), the instantaneous force acting
on the system is F,, = (P,,V)/L, (where P,, is the instantaneous value of the
pressure tensor (38) in the z direction and V is the volume of the simulation
cell). This relationship, which is easy to measure using MD, is a consequence
of the employed periodic boundary conditions and the equations of motion.
The equilibrium force response is obtained in the limit of w — 0. In practice,
this value is obtained by averaging P,,V/L over all trajectories performed at
a particular w and extrapolating the averages to w = 0. But since NEMD can
only sample a finite range of frequencies, the true w — 0 limit is not always
obtained by extrapolation. Evidence that the extrapolation is not equal to the
— 0 limit is often observed in the form of a strong frequency or extension-
rate dependence, as discussed in Results. In this case, the extrapolated force
response gives an upper limit to the equilibrium force response and indicates
that, on timescales of the NEMD simulation, a large amount of irreversible
work must be done on the system to impose the applied extension.

NEMD simulations of water under conditions very similar to those in the
spectrin simulations were used as a control. As shown in the companion
article (18), the force response from bulk water is negligible at the pulling
speeds used in the spectrin NEMD simulations. Therefore, any force re-
sponse measured can be directly attributed to the presence of spectrin, and
not the bulk water.

The companion article (18) was primarily concerned with examining the
force response of a spectrin repeat unit under small extensions in the linear
region of the force-extension curve. This article expands on the earlier work
by probing a larger range of extensions using two different sampling meth-
ods. The first method, which is referred to as the NEMD window sampling
method, involved chaining together several cyclic expansion NEMD simu-
lations. This was accomplished by first taking the maximum amplitude con-
figurations from the slowest frequency cyclic expansion NEMD trajectories
reported in part I, and equilibrating them under constant length for 500 ps.
These new equilibrated structures were then subject to cyclic expansion
NEMD to obtain the force response for that region of the force-extension
curve. The maximum amplitude structures from these NEMD simulations
were again equilibrated at constant length for 500 ps and the process was
repeated to cover four NEMD windows, or ranges of length. All windows
were subject to the same NEMD amplitude ¢ = 0.02 and NEMD periods,
ranging from A = 500 to 4000 ps. For every period in each window, 4-7
trajectories starting from different initial configurations were calculated.

The second method involved performing cyclic expansion NEMD on
equilibrated systems sampled from the original constant NPT equilibration
trajectory, but with varying amplitudes ranging from ¢ = 0.01 to 0.09 and
periods from A = 200 to 2000 ps (giving rise to pulling speeds ranging from
0.2-12 nm/ns). This method is referred to as the amplitude-scan method. For
these simulations, both the extension (1 = 0 to A/2) and contraction (t = A/2
to A) trajectories are reported (i.e., both halves of the NEMD cycle). For
every period at each amplitude, 10 trajectories starting from different
configurations were calculated.

A quantitative measurement of the structural changes of spectrin was
obtained by measuring the number of linker hydrogen bonds as a function of
extension in the amplitude scan trajectories. For the purposes of this article,
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the linker was defined as including residues 100-110 and 1-16. A hydrogen
bond was counted only if the distance between backbone nitrogen and
oxygen atoms was <3.5 A and the hydrogen-nitrogen-oxygen angle was
<35°. The molecular visualization program VMD (39) was used for this
analysis.

RESULTS
NEMD windows

In any MD simulation that involves measuring a force-
extension response, care must be taken to distinguish
between contributions that arise from the underlying conser-
vative forces and those that arise from nonconservative
forces. Cyclic expansion NEMD is ideally suited for these
purposes. By measuring the phase relationship between the
imposed extension or extension rate and the force response,
one can determine whether the system behaves primarily as
an elastic material (involving conservative forces) or if it
responds with strong viscous (i.e., nonconservative) forces.
An elastic material gives a force response that is in phase
with the extension, whereas a viscous material gives a force
response that is in phase with the extension rate. In the
companion article (18) it was shown that for small extensions
of ~3 A, spectrin behaves primarily as an elastic material.
Therefore, to determine how the material properties change
as a function of length, the spectrin repeat unit studied here
was subject to cyclic expansion NEMD over four ranges, or
windows, of extension.

Fig. 1 shows the extrapolated force-extension curve for
each of the NEMD windows. The sampling windows overlap
because the starting configurations for window 1 were all
sampled from an equilibrium trajectory integrated under a
constant NPT ensemble. This ensemble gives a distribution of
initial lengths, which carries over to subsequent windows.
Window 1 sampled the force response over lengths of ~5.50—
5.80 nm, window 2 sampled 5.70—6.05 nm, window 3 sam-
pled 5.95-6.30 nm, and window 4 sampled 6.20-6.55 nm.

As discussed in detail in the companion article (18), the
force response in window 1 was found to be mostly linear
with little frequency dependence, and could be accurately
described by a linear elastic constitutive equation. Fig. 1
shows that this linear force-extension response breaks down
in window 2, where the magnitude of the force peaks at 400
* 100 pN at ~5.9 nm. As will be shown in a later section,
this force peak corresponds to the force required to rupture
the a-helical linker. The peak is followed by a quick decline
in the magnitude of the force through window 3 and then
levels off to an almost constant force of ~100 pN in window 4.

One of the ways in which the material properties of the
spectrin repeat unit were measured was by calculating an
effective spring constant for each window as a function of
the NEMD frequency w (Fig. 2 shows results for windows
2-4; see Fig. 3 of part I for window 1). In windows 1-3, the
measured spring constant was relatively insensitive over the
range of imposed frequencies, although it did significantly
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FIGURE 1 The extrapolated force-extension curve using NEMD window
sampling. Each point type corresponds to a different window: window 1 is
shown as solid squares, window 2 as open squares, window 3 as solid
circles, and window 4 as open circles.

decrease as the repeat unit was extended. In contrast, window
4 gives a strong positive spring constant (meaning that the
force-extension curve is downward-sloping) of 870 = 160
pN/nm at high frequencies and a weak negative (upward-
sloping), essentially zero, spring constant of —160 *= 215
pN/nm at low frequencies. This trend is indicative of a vis-
cous effect and suggests that there are some slow relaxation
processes that occur after the linker has ruptured. Indeed, the
trajectories that were subject to slow frequencies in window
4 give a force response that is largely in phase with the
extension rate and out of phase with the extension (data not
shown), again indicating the presence of viscous forces.
These results show, on these timescales, that as the spectrin
repeat unit is extended, it undergoes a transition from a strong
elastic material to a mostly viscous one. As will be shown
later, the peak in the force-extension curve and the changes
in material properties are due to rupture of the a-helical
linker connecting repeat units.
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FIGURE 2 Spring constants measured as a function of frequency for each
NEMD window (window 1 is shown in the first article). Each point type
corresponds to a different window: window 2 is shown as open squares,
window 3 as solid circles, and window 4 as open circles. In window 4,
spectrin responds with a strong elastic component only at higher frequencies.
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Amplitude scan

The rupture process observed in the force-extension curve
described above was examined in more detail by performing
cyclic expansion NEMD over a set of NEMD amplitudes.
The amplitudes used here (¢ = 0.010-0.090) covered a
similar range of lengths (5.50-6.70 nm) as spanned in the
NEMD window trajectories. But in this case, both the ex-
tension and contraction halves of the NEMD cycle were cal-
culated. By monitoring the hysteresis in the force response,
information about the reversibility of the rupture process was
obtained.

Results from the extension trajectories are shown in Fig. 3.
Each line in this figure is the extrapolated force response of
the spectrin repeat unit at a particular NEMD amplitude. In
the linear region of the force-extension curve, ~5.5-5.8 nm,
the force response for all amplitudes is the same to within the
error of =100 pN. In this region, both the amplitude scan and
NEMD window sampling are in agreement. However, after
~5.9-6.0 nm, the force responses for each amplitude di-
verge. The reason for this divergence is that, although all
amplitudes sampled the same extension rate frequencies w,
the larger amplitude trajectories were subject to larger ex-
tension rates (Eq. 1). This indicates that after the peak in the
force-extension curve, the system is far enough away from
equilibrium that a linear extrapolation of the forces with re-
spect to these frequencies is not equivalent to the w — 0 limit.
In other words, after rupture, the spectrin repeat unit re-
sponds with strong frequency-dependent forces (i.e., viscous
forces that relax on a longer timescale than these simu-
lations). These viscous forces were also observed in this
region of the force-extension curve in the NEMD window
sampling trajectories described above.

The extrapolated force response for each amplitude on
contraction is given in Fig. 4. This figure shows that before
the rupture point is reached, the extension and contraction
force-extension curves are nearly identical. However, once
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FIGURE 3 The extrapolated force-extension curve upon extension for
several NEMD amplitudes (¢ = 0.010-0.040 shown as solid lines, ¢ =
0.050-0.090 shown as dashed lines). The arrow indicates the direction of
pulling (extension). Error bars have been omitted for clarity, but are similar
in magnitude to Fig. 1 (i.e., =100 pN).
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the spectrin repeat unit is extended beyond 5.9-6.0 nm, a
large hysteresis develops. The force that the spectrin repeat
unit experiences is thus critically dependent on whether it has
been extended beyond the rupture point. Up to this point, the
force response is essentially linear, and the zero of the force-
extension curve is close to the equilibrium length. Once the
repeat unit has ruptured, the zero of the force response shifts
out to larger lengths and the effective spring constant
decreases.

To determine how accurately Fig. 4 represents the actual
dynamics of the spectrin repeat unit, a set of simulations
were performed, which were not subject to the length con-
straints imposed by cyclic expansion NEMD. In these sim-
ulations, the final configurations of the slowest (period A =
2000 ps) extension amplitude scan trajectories were allowed
to evolve under a normal constant NPT ensemble for 2 ns.
The average position (over 10 initial configurations) as a
function of time is plotting for each NEMD amplitude in
Fig. 5. This figure is in good agreement with the conclusions
drawn from Fig. 4. For example, Fig. 4 shows that when the
spectrin repeat unit is extended to 6.2 nm, the zero in the
force response on contraction occurs at ~6.0 nm. Of course,
the force response beyond the rupture point is largely de-
pendent on the pulling speed and the zeros of the force-
extension curve would also be expected to differ, depending
on how fast the system is pulled. Beyond the rupture point,
the zero of the force response occurs approximately half-way
along the force-extension curve (Fig. 4). This means that for
the slowest (A = 2000 ps) contraction trajectories performed,
the system was forced to the zero point in ~500 ps. Fig. 5
shows that after 500 ps, a system that started with a length of
6.2 nm relaxed to a length of 6.0 nm. Therefore, the
contraction force-extension curves of Fig. 4 appear to govern
the actual motion of the system, at least over the timescales
on which it was calculated.

400

200

-200 -

Force (pN)

-400 -

_600 1 1 1 1 1 1
54 56 58 60 62 64 66

Length (nm)

FIGURE 4 The extrapolated force-extension curve upon contraction for
several NEMD amplitudes (¢ = 0.010-0.040 shown as solid lines, ¢ =
0.050-0.090 shown as dashed lines). The arrow indicates the direction of
pulling (contraction). Error bars have been omitted for clarity, but are
~*100 pN.
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FIGURE 5 Average length as a function of time for several different
starting lengths when the system was allowed to evolve under a constant
NPT ensemble. Trajectories that started from the maximum extension of
amplitudes & = 0.010-0.040 are shown as solid lines, whereas those from
& = 0.050-0.090 are shown as dashed lines.

As more time is allowed, the system continues to relax to
smaller lengths than those suggested by Fig. 4. But it is clear
from Fig. 5 that the spectrin repeat unit does not easily return
to its equilibrium length once it has been extended past the
rupture point. Instead, this figure shows that even after 2 ns,
the system relaxes to two different lengths, depending on
whether it was extended beyond ~6.0 nm.

STRUCTURAL ANALYSIS

Visual inspection of the trajectories reveals that the struc-
ture of the linker region can be used to explain features of the
force-extension curves described above. Fig. 6 shows several
snapshots of the linker at different lengths, where the hy-
drogen bonds have been highlighted with yellow bars (see
Methods for the criteria used to assign a hydrogen bond). In
the linear region of the force-extension curve, the backbone
hydrogen bonds maintaining the «-helix in the linker are all
well formed (Fig. 6 a). Shortly after the force peak, four

FIGURE 6 Configuration snapshots showing the hydrogen-bond rupture
and subsequent unzipping of the linker a-helix. Hydrogen bonds are
indicated by the yellow bars. The snapshots were taken at extensions of (a)
5.62 nm, (b) 6.07 nm, (c) 6.19 nm, and (d) 6.54 nm. This figure was made
with the help of VMD (39).
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FIGURE 7 Linker hydrogen bonds as a function of spectrin length for the
extension-half of the NEMD cycle (slow trajectories, A = 2000 ps; ¢ =
0.010-0.040 shown as solid lines, ¢ = 0.050-0.090 shown as dashed lines).
The arrow indicates the direction of pulling (extension). Error bars have been
omitted for clarity, but are ~*1 hydrogen bond. The line drawn is a linear
fit to the data beyond 6.1-nm extension and corresponds to a helix-to-
coil transition extension of 0.254 £ 0.026 nm, close to the expected value of
0.23 nm.

linker hydrogen bonds break, which is equivalent to approx-
imately one turn of the a-helix (Fig. 6 b). Therefore, the
linear region of the force-extension curve likely corresponds
to stretching the linker hydrogen bonds, while the force peak
can be attributed to the force required to break these
hydrogen bonds. The initial rupture of one turn of the a-helix
behaves like a nucleation event, as subsequent extension of
the spectrin repeat unit results in rupture of adjacent hy-
drogen bonds as seen in Fig. 6, ¢ and d. Furthermore, this
behavior can help to explain the origin of the irreversibility
of the rupture process observed in Figs. 4 and 5. When the
system is allowed to relax (or forced back to its equilibrium
length using cyclic expansion NEMD), reformation of the
a-helical linker would require that several hydrogen bonds
all come into alignment at the same time. This would be an
extremely rare event and is not observed on the timescales of
the simulation.

A more exact description of the structural changes can be
obtained by counting the number of hydrogen bonds in the
linker region as the system is extended. Fig. 7 shows the
average number of linker hydrogen bonds as a function of
length for the extension amplitude scan trajectories. In the
linear region of the force-extension curve, 5.5-5.8 nm, the
number of linker hydrogen bonds is almost constant. One
exception to this trend involves the slow, low amplitude
trajectories (A = 2000 ps, ¢ = 0.010), where the average
number of hydrogen bonds actually increase by approxi-
mately two bonds when spectrin is extended from 5.5 to 5.7
nm. This effect is due the fact that, at equilibrium, the
boundary conditions forced the linker to bend slightly to
attach to its periodic image. This bend reduces the average
number of linker hydrogen bonds. When the system is
slowly extended, the bent linker is allowed to straighten and
consequently allows for the formation of more hydrogen
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bonds. For the larger amplitude trajectories (¢ > 0.010), the
faster extension rates do not give the linker enough time to
straighten as much and thus do not reform hydrogen bonds as
readily (although a slight, ~0.5 hydrogen-bond, increase can
still be observed between lengths of 5.5-5.7 nm for all
amplitudes).

When the spectrin repeat unit is extended beyond the
linear region of the force-extension curve, the number of
linker hydrogen bonds sharply drops by approximately four
bonds between lengths of 5.8 and 6.1 nm. As indicated by
Fig. 6 b, this four-hydrogen-bond drop corresponds to the
rupture of one turn of the linker a-helix. Beyond the rupture
point, the number of linker hydrogen bonds decreases more
slowly. A linear fit to the data shown in Fig. 7 beyond 6.1 nm
revealed that for every hydrogen bond that breaks, the length
of the spectrin repeat unit increased by 0.25 * 0.03 nm. The
end-to-end length of a single amino acid is ~0.38 nm and the
length of one turn of an a-helix is 0.54 nm (40). Since there
are 3.6 amino acids per turn of the a-helix, when a residue
converts from being in an a-helical conformation to that of
an extended random coil, the end-to-end length of the poly-
peptide is expected to increase by 0.23 nm. The agreement
between this estimate and the measured decrease suggests
that after one turn of the a-helix has ruptured (i.e., beyond
6.1 nm), the linker unfolds via a simple helix-to-coil tran-
sition.

The number of linker hydrogen bonds measured in the
contraction trajectories also offers some insight into the rup-
ture process. As shown in Fig. 8, the broken linker hydrogen
bonds reform if the spectrin repeat unit has not been ex-
tended beyond ~6.1 nm. Beyond this length (i.e., after one
turn of the a-helical linker has ruptured), the hydrogen bonds
do not completely reform. Fig. 8 shows the results from
trajectories subject to NEMD periods of A = 2000 ps. How-
ever, when the system is subject to much faster cyclic ex-
pansion NEMD (A = 200 ps; Fig. 9), the linker hydrogen

Number of Hydrogen Bonds
=)

14t 1
12 3
10 1 1 1 1 1 1
54 56 58 60 62 64 66
Length (nm)

FIGURE 8 Linker hydrogen bonds as a function of spectrin length for the
contraction-half of the NEMD cycle (slow trajectories, A = 2000 ps; & =
0.010-0.040 shown as solid lines, ¢ = 0.050-0.090 shown as dashed lines).
The arrow indicates the direction of pulling (contraction). Error bars have
been omitted for clarity, but are ~=*1 hydrogen bond.
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FIGURE 9 Linker hydrogen bonds as a function of spectrin length for the
contraction-half of the NEMD cycle (fast trajectories, A = 200 ps; § =
0.010-0.040 shown as solid lines, ¢ = 0.050-0.090 shown as dashed lines).
The arrow indicates the direction of pulling (contraction). Error bars have
been omitted for clarity, but are ~*1 hydrogen bond.

bonds actually reform more readily. This is a consequence of
the fact that at the fast pulling speeds, the ruptured sections
of the a-helix have not had enough time to fully randomize
and still contain some a-helical structure, even though the
hydrogen bonds have ruptured. When the system is forced
back, the hydrogen bonds are aligned enough to reform.
When the pulling speed is decreased, the ruptured sections
are given enough time to become random coil elements where
exceedingly slow speeds would be required for the hydrogen
bonds to align and reform.

DISCUSSION

The results presented above provide a general picture for
the initial stages of spectrin unfolding under an imposed
extension. For small displacements, the spectrin repeat unit
gives a linear force response that arises primarily from
stretching the a-helical hydrogen bonds in the linker. Even-
tually, this stretching reaches a threshold, the force peaks, a
full turn of the a-helix quickly ruptures, and the force drops.
This is followed with one-by-one breaking of adjacent
hydrogen bonds, or what can be thought of as unzipping of
the a-helical linker.

Previous forced unfolding MD simulations of both single-
(12,13) and double-repeat (14) spectrins failed to observe
any specific molecular-level rupture events that could be
responsible for the AFM force peaks. Although linker rup-
ture was observed in some of the recent double-repeat simu-
lations of Ortiz et al. (14), the large noise in the measured
force-extension curve makes any definitive conclusions
(about, for example, force barriers) problematic. The critical
difference between the previous simulations and those re-
ported here is our use of periodic boundary conditions to
allow for a contiguous a-helical linker. In a contiguous
a-helix, the backbone of each residue forms two hydrogen
bonds with nearby residues. On the other hand, in an isolated
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single- or double-repeat spectrin, the terminal a-helices are
not contiguous, so the four residues near the termini can only
form one hydrogen bond each. The situation is similar to
starting with adjacent linkers that have already ruptured.
Indeed, after rupture of the linker a-helix, the NEMD sim-
ulations reported here are qualitatively and quantitatively
similar to the pulling simulations of a single isolated repeat
unit reported by Paci and Karplus (12) and Altmann et al.
(13). Although Paci and Karplus (12) and Altmann et al. (13)
probed extensions large enough to completely unravel the
entire repeat unit, the peak average forces (~200 pN) were
all significantly lower than those observed in this study
(~400 pN). Furthermore, these 200-pN peak forces were
observed in regions that were shown here, using cyclic
expansion NEMD, to involve strong viscous forces that
would likely be diminished on experimental timescales. The
NEMD simulations reported here, in conjunction with these
previous SMD simulations, thus demonstrate that once the
two adjacent linkers surrounding a repeat unit have ruptured,
no significant force barriers need to be overcome for the
repeat unit to continue unfolding (at least, none larger than
those required to rupture the linkers in the first place).
Rupture of the linker is thus an initial, or nucleating, un-
folding event; following which, the structure readily unfolds.

The above considerations strongly suggest that the force
peaks observed in AFM experiments are the result of rupture
of the a-helical linker region connecting repeat units. The
mechanism of the rupture event (i.e., the initial stages of
unfolding) involves breaking approximately four parallel
hydrogen bonds followed by sequential unzipping of the
nearby hydrogen bonds. This mechanism is in sharp contrast
to the one originally suggested by Rief et al. (19), where the
rupture event was proposed to involve unbundling of the
three helices. Despite any evidence supporting such a mech-
anism, it is possible that these long timescale tertiary struc-
ture rearrangements could occur and are just not being
sampled over the timescales examined in these NEMD sim-
ulations. Nevertheless, in real systems such as the AFM
experiments or the cellular-level spectrin network, the ob-
served force response can be thought of as a superposition of
multiple frequency-dependent responses spanning the entire
frequency spectrum (as required by equipartition of energy).
That is, the observed unfolding mechanism could be a com-
posite effect resulting from multiple unfolding mechanisms,
occurring over different frequency domains. The NEMD sim-
ulations reported here indicate the presence, and describe the
details, of a high-frequency rupture mechanism that could
exist in conjunction with other very different low-frequency
responses. Despite these considerations, the NEMD simu-
lations suggest a plausible mechanism for the rupture events
observed in AFM experiments.

A similar mechanism has been observed in the immuno-
globulin (26-28) and fibronectin type III (29) domains of the
muscle elasticity protein titin. Spectrin and titin both play
a similar physiological role by providing cellular elasticity
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and are both arranged into a sequence of repeating domains.
Titin has also been the subject of AFM experiments (20,
21,41-43) and gives a sawtooth-pattern force-extension
curve similar to spectrin, although the peaks are significantly
larger. However, the structure of the repeating domains of
spectrin and titin are vastly different. The spectrin repeat unit
is constructed of three a-helices, and the repeating domains
of titin are composed of several 3-sheets. Despite these large
structural differences, spectrin and titin both share a similar
unfolding mechanism. SMD simulations of the titin domains
were able to show that the force peaks observed by AFM are
due to the force required to rupture several parallel hydrogen
bonds, which compose a B-sheet (26-29). After this initial
rupture, the structure of the protein is such that the remaining
[B-sheets were able to be unzipped, where the hydrogen
bonds ruptured sequentially rather than in parallel. The
rupture event for both the spectrin and titin repeating
domains appear to involve disruption of secondary structure
elements and not the tertiary structure proposed in the orig-
inal AFM experiments (19,20). It is intriguing that Nature
would choose a structure composed of repeating domains for
two different elasticity proteins, and perhaps even more in-
teresting that rupture of these domains would follow a similar
mechanism involving hydrogen-bond rupture, even though
the structure of the domains are completely different. How-
ever, it is still not clear what, if any, role these rupture
processes play under physiological conditions.

An important difference between the rupture mechanisms
of spectrin and titin is the location of the rupture. Although
the rupture event in titin occurs between [(-sheets of the
folded domain, spectrin ruptures at the linker connecting
repeat units. Of course, the whole idea of what constitutes the
spectrin repeat unit and what constitutes the linker is some-
what arbitrary. Spectrin was originally identified as being
composed of repeating units when an examination of the
primary structure of spectrin revealed a ~106-amino-acid
repeating sequence (1,44). Winograd et al. (2) were able to
show that a particular selection, or phasing, of the repeating
sequence resulted in a stable, folded single-repeat structure.
This sequence was later shown to fold into a triple-helix
structure (3,4), which is now referred to as the spectrin-repeat
unit. Using this definition of a repeat unit, experimental
unfolding results suggest that the repeat units do not unfold
independently. Instead, temperature- and urea-induced un-
folding experiments indicate that in a double-repeat spectrin,
both repeat units unfold in concert (8). Furthermore, Kusunoki
et al. (7) were able to show that, while both single- and
double-repeat spectrins undergo a single unfolding transi-
tion, triple-repeat spectrins undergo two transitions. This
would again indicate some cooperativity in the unfolding of
repeat units. Excluding the single-repeat case, these experi-
ments indicate an interesting trend, where for N repeat units,
N—1 unfolding transitions are observed. Although forced-
unfolding and temperature- or urea-induced unfolding of pro-
teins do not necessarily follow the same unfolding pathways,
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this trend could be a consequence of linker rupture being
the initial unfolding barrier to both types of unfolding. In a
multiple-repeat structure with N repeat units, there are N—1
linkers, which would each give rise to a separate unfolding
event. From a functional standpoint (i.e., when considering
unfolding), it might be more useful to consider a ‘‘shifted”’
repeat unit, where the center of the repeat unit is the linker
region instead of the triple-helix. With this definition of a
shifted repeat unit, the temperature-induced unfolding ex-
periments (7,8) would suggest that the shifted repeat units
do, in fact, unfold independently, where each of the N—1
shifted repeat units undergo an unfolding event. Single-
repeat structures thus correspond to a special case, which
fold into significantly less stable structures than multiple-
repeat spectrins (8).

One important issue concerning unfolding is the mech-
anism by which the unzipping of the linker stops. These
simulations suggest that it is relatively easy to break
a-helical hydrogen bonds once the initial rupture event takes
place. If this trend continued, then the entire structure of a
multiple-repeat spectrin would easily unfold after just one
linker ruptured. Obviously, this is not supported by the ex-
perimental evidence. Instead, there must be some structural
feature of spectrin that prevents the entire structure from
being unzipped after one linker has ruptured. One hypothesis
to explain this behavior begins by considering an unfolding
experiment of a triple-repeat spectrin molecule, where the
helices are labeled A;, B;, and C;, and where i is the position
of the repeat unit. Now suppose that the C;A; linker (i.e., the
linker connecting repeat units 1 and 2) ruptured upon forced
extension. As the system is elongated, the hydrogen bonds in
the C;A, linker region will continue to rupture until the
entire C;A, helix has unzipped. At this point, the force
would no longer be applied in the same direction on the B,
and B, helices, since the B-helices are all aligned antiparallel
to the A- and C-helices. Stabilizing interactions between the
B, and A helices and the B, and C, helices could plausibly
be enough to prevent further unzipping. However, once an
adjacent linker unfolds, such as linker C,As3, the B, helix
would be isolated and no longer stabilized enough to resist
unfolding. Consequently, this whole process would give rise
to multiple different peak-to-peak extension lengths in the
AFM force-extension curve, depending on whether adjacent
linkers have ruptured. Bimodal and very broad AFM peak-
to-peak distributions have been observed, but have been
attributed to either a stable intermediate (23) or to tandem
unfolding (10,11). These bimodal or broad distributions may
at least partially be a consequence of linker rupture and the
mechanism by which helix unzipping stops. Of course, the
scenario described above is only one hypothesis; there could
be different mechanisms to halt unzipping of the whole
structure. These issues cannot be directly addressed with the
present boundary conditions, because there is only one re-
peat unit and one linker, and must be examined with large-
extension simulations of multiple-repeat spectrin structures.
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Although these simulations offer some insight into the
structural changes that occur when spectrin is subject to
pulling by AFM, a direct quantitative comparison of the
rupture forces between the NEMD simulations and the AFM
experiments is not appropriate for several reasons. First of
all, as discussed in the companion article (18), the boundary
conditions prohibit interrepeat bending. The periodically
replicated system corresponds to a perfectly linear hyper-
stretched multiple-repeat spectrin molecule. This means that
the force response obtained using NEMD arises solely from
stretching the repeat unit and thus provides information
about the linear force required to rupture an individual do-
main. On the other hand, AFM experiments measure how
much force is required on the end of the molecule to rupture
a domain. Part of the force response would be due to the
force required to straighten some of the bending between
repeat units as it is extended. As discussed above, bending of
the linker can affect the hydrogen-bond network. In fact,
bending of the linker region as spectrin is straightened out in
an AFM experiment may facilitate unfolding by destabiliz-
ing the linker hydrogen bonds.

Another reason why a quantitative comparison between
simulations and AFM experiments is not appropriate is the
fact that the NEMD simulations are restricted to pulling
speeds approximately six orders-of-magnitude faster than
experiment. Rupture forces are known to be dependent on
pulling speed (19,20,24,45,46); but due to large irreversible
contributions to the force, simple extrapolation of the rupture
force to experimental timescales is not generally valid (25).
In the case of spectrin unfolding, this inability to extrapolate
rupture forces to experimental timescales is clearly exhibited
by the divergence of the extrapolated force responses at
different NEMD amplitudes after rupture (Fig. 3).

But perhaps the most significant difference between these
simulations and experiment is that in an experiment, the
length of the repeats units can fluctuate (46,47). Instanta-
neous fluctuations of the force on, or the length of, a repeat
unit can rupture a domain, without that force ever prop-
agating to the AFM tip. With cyclic expansion NEMD, the
force is measured with respect to a predetermined length that
is not allowed to fluctuate. The importance of this distinction
can be illustrated by imagining an idealized AFM experi-
ment of a perfectly straight spectrin molecule containing
several repeat units. In this idealized AFM experiment, let
the equilibrium length of a repeat unit be /,. When the AFM
cantilever moves away from the surface, the average length
of each repeat unit increases by some amount, {I) = [y +
Aarml, Where Asppml is the average displacement per repeat
unit imposed by the AFM. The average displacement of each
repeat unit from equilibrium gives rise to a force on the
cantilever. Although the average end-to-end length of spec-
trin is well controlled in an AFM experiment, the lengths of
the individual repeat units are still subject to thermal fluc-
tuations; so at any given time, the length of a repeat unit may
not be equal to the average length imposed by the AFM.
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Suppose that a small thermal fluctuation increases the length
of one repeat unit. If the fluctuation was small enough that
rupture has not occurred, then the large linear restoring force
that arises due to the increase in length will drive the repeat
unit back toward the average length (/). On timescales six
orders-of-magnitude larger than those in the NEMD simu-
lations, a fluctuation large enough to bring a repeat unit over
the force barrier can become probable. If a large fluctuation
results in rupture, then on atomistic timescales, as shown in
Figs. 4 and 5, the ruptured repeat unit will relax to a length
larger than the equilibrium length /. Since the ruptured re-
peat unit can have a larger length for a given force, the other
repeat units in the chain will be able to relax toward their
equilibrium length. The average length of the remaining
folded repeat units thus becomes (I) < Iy + A spml, and
results in a drop in the measured force. The ruptured repeat
unit is easily extensible, so the force will only slowly rise as
the cantilever is moved until it becomes large enough for a
fluctuation to again rupture another repeat.

Experimentally, it has been shown that once a repeat unit
has been completely unfolded via AFM, it takes on the order
of seconds to refold (19,23). But even when the repeat unit
has only been partially unfolded (i.e., after rupture of just few
turns of the linker a-helix), it is not likely that it would be
able to refold, even on experimental timescales. Refolding
during the course of an AFM experiment would require a
decrease in the length of the ruptured repeat unit and a
corresponding increase in the length of adjacent repeat units.
So in order to refold, the ruptured repeat unit would not only
have to overcome its own intrinsic folding barrier, but would
also have to overcome the additional barrier imposed by
extending the adjacent repeat units.

As a final note, the rupture process observed in these sim-
ulations has an interesting interpretation in terms of a simple
protein folding model. Protein folding can be described as
diffusion in a multidimensional configuration space (48).
The folded state corresponds to a small region of this con-
figuration space that has a lower potential energy. Protein
folding thus involves a search in configurational space for
the folded state. This type of a model captures the fact that
folding involves a decrease in both the energy and entropy
of the system. The decrease in entropy is due to the fact that
the folded state has access to fewer configurations than the
unfolded state. In terms of this model, the linear region of the
force-extension curve corresponds to small perturbations of
the folded state. When the spectrin repeat unit is extended
beyond the point where the linker hydrogen bonds break, it is
forced to leave the folded region and has access to a much
larger configuration space. This larger configuration space
comes in the form of the linker being able to access a greater
number of ¢- and ¢-backbone angles. When the hydrogen
bonds are broken, the system will diffuse in the expanded
configuration space and can get so far away from a folded-
like structure that it essentially gets lost in configuration
space, where random sampling of a folded structure is highly
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unlikely. This inhibits refolding on MD timescales even
when the length of spectrin is brought back to its folded
length. Refolding will only occur if the system is allowed
enough time to search though the available space for the
folded state. This model also suggests that if the system is not
allowed to diffuse in the unfolded space for very long, it may
not get lost, and can return to the folded state when the length
is decreased. These features of this simple model were ob-
served in these simulations, where more linker hydrogen
bonds were able to reform on contraction when the imposed
NEMD frequency was high (e.g., Fig. 9).

CONCLUSIONS

These are the first simulations that directly attribute a specific
molecular-level rupture event to the peaks in the AFM force-
extension curve of spectrin. These NEMD simulations were
able to show that rupture of the linker region connecting
spectrin repeat units seems to be the most likely event re-
sponsible for the AFM force peaks. A precise account of the
initial rupture process was also presented, which involves
simultaneously breaking approximately four parallel hydro-
gen bonds that maintain the «-helix. After rupture, the
adjacent hydrogen bonds break one-by-one and unzip the
helix.

If linker rupture is the primary unfolding event, many
experimental results may need to be reinterpreted. First of all,
rupture of the linker suggests that defining a shifted repeat
unit would aid in the interpretation of urea- and temperature-
induced unfolding experiments. Using this definition basically
transforms complicated cooperative unfolding transitions of
the standard repeat unit into independent unfolding of shifted
repeat units. Furthermore, the bimodal and very broad distri-
bution of unfolding lengths measured using AFM, which
have been attributed to the existence of a stable intermediate
of a single repeat unit or complete tandem unfolding of re-
peat units, may instead be at least partially a consequence of
whether adjacent repeat units have already unfolded.

Finally, it should be emphasized that many of these results
were obtained only through careful consideration of the
boundary conditions used to simulate a spectrin repeat unit.
Specifically, the periodic boundary conditions employed
allowed simulation of a spectrin repeat unit without any non-
contiguous «-helical linkers. However, it may be necessary
in the future to run simulations of multiple-repeat spectrin
structures where periodic boundary conditions could become
problematic, and in which case any artifacts that might
arise due to noncontiguous linkers must be addressed. One
solution might be to cap the terminal helices by introduc-
ing artificial bonds to prohibit unfolding of the end linkers,
thereby only allowing interior linkers the ability to unfold.

This research was supported by a grant from the National Science Found-

ation Information Technology Research program (No. CHE-0218739).
The computational resources for this work were partially supported by

Biophysical Journal 90(1) 101-111

Paramore et al.

the National Computational Science Alliance under grant number
MCA94P017N and utilized the TeraGrid and Lemieux clusters. A portion
of the computational resources for this project were also provided by the
National Institutes of Health (grant No. NCRR 1 S10 RR17214-01) on the
Arches Metacluster, administered by the University of Utah Center for High
Performance Computing.

REFERENCES

1. Speicher, D. W., and V. T. Marchesi. 1984. Erythrocyte spectrin is
comprised of many homologous triple helical segments. Nature. 311:
177-178.

2. Winograd, E., D. Hume, and D. Branton. 1991. Phasing the con-
formational unit of spectrin. Proc. Natl. Acad. Sci. USA. 88:10788—
10791.

3. Yan, Y., E. Winograd, A. Viel, T. Cronin, S. C. Harrison, and D.
Branton. 1993. Crystal structure of the repetitive segments of spectrin.
Science. 262:2027-2030.

4. Pascual, J., M. Pfuhl, D. Walther, M. Saraste, and M. Nilges. 1997.
Solution structure of the spectrin repeat: a left-handed antiparallel
triple-helical coiled-coil. J. Mol. Biol. 273:740-751.

5. Grum, V. L., D. Li, R. I. MacDonald, and A. Mondragén. 1999.
Structures of two repeats of spectrin suggest models of flexibility. Cell.
98:523-535.

6. Kusunoki, H., R. I. MacDonald, and A. Mondragén. 2004. Structural
insights into the stability and flexibility of unusual erythroid spectrin
repeats. Structure. 12:645-656.

7. Kusunoki, H., G. Minasov, R. I. MacDonald, and A. Mondragoén.
2004. Independent movement, dimerization and stability of tandem
repeats of chicken brain a-spectrin. J. Mol. Biol. 344:495-511.

8. MacDonald, R. I, and E. V. Pozharski. 2001. Free energies of urea and
of thermal unfolding show that two tandem repeats of spectrin are
thermodynamically more stable than a single repeat. Biochemistry.
40:3974-3984.

9. MacDonald, R. I., and J. A. Cummings. 2004. Stabilities of folding of
clustered, two-repeat fragments of spectrin reveal a potential hinge in
the human erythroid spectrin tetramer. Proc. Natl. Acad. Sci. USA.
101:1502-1507.

10. Law, R., P. Carl, S. Harper, P. Dalhaimer, D. W. Speicher, and D. E.
Discher. 2003. Cooperativity in forced unfolding of tandem spectrin
repeats. Biophys. J. 84:533-544.

11. Law, R., G. Liao, S. Harper, G. Yang, D. W. Speicher, and D. E. Discher.
2003. Pathway shifts and thermal softening in temperature-coupled
forced unfolding of spectrin domains. Biophys. J. 85:3286-3293.

12. Paci, E., and M. Karplus. 2000. Unfolding proteins by external forces
and temperature: the importance of topology and energetics. Proc.
Natl. Acad. Sci. USA. 97:6521-6526.

13. Altmann, S. M., R. G. Griinberg, P.-F. Lenne, J. Ylidnne, A. Raae, K.
Herbert, M. Saraste, M. Nilges, and J. H. Horber. 2002. Pathways and
intermediates in forced unfolding of spectrin repeats. Structure. 10:
1085-1096.

14. Ortiz, V., S. O. Nielsen, M. L. Klein, and D. E. Discher. 2005.
Unfolding a linker between helical repeats. J. Mol. Biol. 349:638-647.

15. Bloch, R. J., and D. W. Pumplin. 1992. A model of spectrin as a
concertina in the erythrocyte membrane skeleton. Trends Cell Biol. 2:
186-189.

16. Djinovic-Carugo, K., P. Young, M. Gautel, and M. Saraste. 1999.
Structure of the a-actinin rod: molecular basis for cross-linking of actin
filaments. Cell. 98:537-546.

17. Ylanne, J., K. Scheffzek, P. Young, and M. Saraste. 2001. Crystal
structure of the a-actinin rod reveals an extensive torsional twist.
Structure. 9:597-604.

18. Paramore, S., G. S. Ayton, D. T. Mirijanian, and G. A. Voth. 2005.
Extending a spectrin repeat unit. I: Linear force-extension response.
Biophys. J. 90:92-100.



Extending Spectrin: Rupture Behavior

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Rief, M., J. Pascual, M. Saraste, and H. E. Gaub. 1999. Single
molecule force spectroscopy of spectrin repeats: low unfolding forces
in helix bundles. J. Mol. Biol. 286:553-561.

Rief, M., M. Gautel, F. Oesterhelt, J. M. Fernandez, and H. E. Gaub.
1997. Reversible unfolding of individual titin immunoglobulin do-
mains by AFM. Science. 276:1109-1112.

Rief, M., M. Gautel, A. Schemmel, and H. E. Gaub. 1998. The
mechanical stability of immunoglobulin and fibronectin III domains in
the muscle protein titin measured by atomic force microscopy. Biophys.
J. 75:3008-3014.

Oberhauser, A. F., P. E. Marszalek, H. P. Erickson, and J. M.
Fernandez. 1998. The molecular elasticity of the extracellular matrix
protein tenascin. Nature. 393:181-185.

Lenne, P.-F., A. J. Raae, S. M. Altmann, M. Saraste, and J. K. H.
Horber. 2000. States and transitions during forced unfolding of a single
spectrin repeat. FEBS Lett. 476:124-128.

Grubmiiller, H., B. Heymann, and P. Tavan. 1996. Ligand binding:
molecular mechanics calculation of the streptavidin-biotin rupture
force. Science. 271:997-999.

Izrailev, S., S. Stepaniants, M. Balsera, Y. Oono, and K. Schulten.
1997. Molecular dynamics study of unbinding of the avidin-biotin
complex. Biophys. J. 72:1568—1581.

Lu, H., and K. Schulten. 2000. The key event in force-induced
unfolding of titin’s immunoglobulin domains. Biophys. J. 79:51-65.
Lu, H., B. Isralewitz, A. Krammer, V. Vogel, and K. Schulten. 1998.
Unfolding titin immunoglobulin domains by steered molecular dy-
namics simulation. Biophys. J. 75:662-671.

Lu, H., and K. Schulten. 1999. Steered molecular dynamics simulations
of force-induced protein domain unfolding. Proteins. 35:453-463.
Krammer, A., H. Lu, B. Isralewitz, and V. Vogel. 1999. Forced
unfolding of the fibronectin type III module reveals a tensile molecular
recognition switch. Proc. Natl. Acad. Sci. USA. 96:1351-1356.
Guex, N., and M. C. Peitsch. 1997. SWISS-MODEL and the Swiss-
PDBViewer: an environment for comparative protein modeling.
Electrophoresis. 18:2714-2723.

Hoover, W. G., A. J. C. Ladd, R. B. Hickman, and B. L. Holian. 1980.
Bulk viscosity via nonequilibrium and equilibrium molecular dynam-
ics. Phys. Rev. A. 21:1756-1760.

Hoover, W. G., D. J. Evans, R. B. Hickman, A. J. C. Ladd, W. T.
Ashurst, and B. Moran. 1980. Lennard-Jones triple-point bulk
and shear viscosities, Green-Kubo theory, Hamiltonian mechanics,
and nonequilibrium molecular dynamics. Phys. Rev. A. 22:1690-1697.
Ayton, G., S. G. Bardenhagen, P. McMurtry, D. Sulsky, and G. A.
Voth. 2001. Interfacing continuum and molecular dynamics: an
application to lipid bilayers. J. Chem. Phys. 114:6913-6924.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

111

. Ayton, G., S. G. Bardenhagen, P. McMurtry, D. Sulsky, and G. A.

Voth. 2001. Interfacing molecular dynamics with continuum dynamics
in computer simulation: toward an application to biological mem-
branes. IBM J. Res. Dev. 45:417-426.

Ayton, G., A. M. Smondyrev, S. G. Bardenhagen, P. McMurtry, and
G. A. Voth. 2002. Calculating the bulk modulus for a lipid bilayer
with nonequilibrium molecular dynamics simulation. Biophys. J. 82:
1226-1238.

Ayton, G., A. M. Smondyrev, S. G. Bardenhagen, P. McMurtry, and
G. A. Voth. 2002. Interfacing molecular dynamics and macro-scale
simulations for lipid bilayer vesicles. Biophys. J. 83:1026—-1038.

Melchionna, S., G. Ciccotti, and B. L. Holian. 1993. Hoover NPT
dynamics for systems varying in shape and size. Mol. Phys. 78:533—
544.

Allen, M. P., and D. J. Tildesley. 2001. Computer Simulation of
Liquids. Clarendon, Oxford, UK.

Humphrey, W., A. Dalke, and K. Schulten. 1996. VMD—visual
molecular dynamics. J. Mol. Graph. 14:33-38.

Zubay, G. L. 1998. Biochemistry, 4th Ed. Wm. C. Brown Publishers,
Dubuque, IA.

Tskhovrebova, L., J. Trinick, J. A. Sleep, and R. Simmons. 1997.
Elasticity and unfolding of single molecules of the giant muscle protein
titin. Nature. 387:308-312.

Fisher, T. E., A. F. Oberhauser, M. Carrion-Vazquez, P. E. Marszalek,
and J. M. Fernandez. 1999. The study of protein mechanics with the
atomic force microscope. Trends Biochem. Sci. 24:379-384.

Best, R. B., S. B. Fowler, J. L. T. Herrera, A. Steward, E. Paci, and J.
Clarke. 2003. Mechanical unfolding of a titin Ig domain: structure of
transition state revealed by combining atomic force microscopy,
protein engineering and molecular dynamics simulations. J. Mol. Biol.
330:867-877.

Wasenius, V.-M., M. Saraste, P. Salvén, M. Erimaa, L. Holm, and
V.-P. Lehto. 1989. Primary structure of the brain a-spectrin. J. Cell
Biol. 108:79-93.

Rief, M., J. M. Fernandez, and H. E. Gaub. 1998. Elastically coupled
two-level systems as a model for biopolymer extensibility. Phys. Rev.
Lett. 81:4764-4767.

Hummer, G., and A. Szabo. 2003. Kinetics from nonequilibrium
single-molecule pulling experiments. Biophys. J. 85:5-15.

Keller, D., D. Swigon, and C. Bustamante. 2003. Relating single-
molecule measurements to thermodynamics. Biophys. J. 84:733—
738.

Bicout, D. J., and A. Szabo. 2000. Entropic barriers, transition states,

funnels, and exponential protein folding kinetics: a simple model.
Protein Sci. 9:452-465.

Biophysical Journal 90(1) 101-111



	Extending a Spectrin Repeat Unit. II: Rupture Behavior
	Introduction
	Methods
	Results
	NEMD windows
	Amplitude scan

	Structural analysis
	Discussion
	Conclusions
	References


