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Muscular dystrophies arise with various mutations in dystrophin,
implicating this protein in force transmission in normal muscle. With 24
three-helix, spectrin repeats interspersed with proline-rich hinges,
dystrophin’s large size is an impediment to gene therapy, prompting the
construction of mini-dystrophins. Results thus far in dystrophic mice
suggest that at least one hinge between repeats is necessary though not
sufficient for palliative effect. One such mini-dystrophin is studied here in
forced extension at the single molecule level. D2331 consists of repeats (R)
and hinges (H) H1-R1-2wH3wR22-24-H4 linked by native (K) and non-
native (w) sequence. This is compared to its core fragment R2wH3wR22 as
well as an eight-repeat rod fragment middle (RFM: R8-15). We show by
atomic force microscopy that all repeats extend and unfold at forces
comparable to those that a few myosin molecules can generate. The hinge
regions most often extend and transmit force while limiting tandem repeat
unfolding. From 23–42 8C, the dystrophin constructs also appear less
temperature-sensitive in unfolding compared to a well-studied bI-spectrin
construct. The results thus reveal new modes of dystrophin flexibility that
may prove central to functions of both dystrophin and mini-dystrophins.
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Introduction

Dystrophin localizes to the plasma membrane in
contractile myocytes, and is one of the largest known
spectrin-repeat, actin-binding proteins. Dystrophin is
also encoded by the largest gene in the genome and
because of mutations that cause muscular dystrophy
(MD), considerable effort is being spent on the
engineering of functionally equivalent “minimal”
dystrophins.1–10 Dystrophin functions as a monomer
in linking cortical actin and the contractile apparatus
to the dystroglycan complex that mediates adhesion
(Figure 1(a)).11,12 While the nature of dystrophin’s
flexibility and extensibility in relation to its structure
is unclear, the mini-dystrophins tested thus far in
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mice do seem to indicate that a simple concatenation
of spectrin repeats is functionally inadequate.

Dystrophin has a central rod domain with 24
spectrin repeats13,14 that accounts for most of its
folded contour length of w150 nm. Interspersed
between dystrophin domains are four proline-rich,
proteolysis-sensitive hinge regions, designated H1–
H4,14 that appear relatively unique among spectrin
family proteins. Although there are no crystal
structures yet for dystrophin repeats, all of the
recent tandem-repeat structures for related
a-actinin and spectrins reveal continuous helical
linkers between repeats (Figure 1(a) inset).15–18

Interestingly, for the linker-hinge H3 with distributed
proline residues, secondary structure predictions
as recently applied to spectrin by McDonald and
co-workers,19 suggest that H3 is purely helical
between R2 and R22. Perhaps H3 is a proline-kinked
helix as seen in the middle B-helix of several spectrin
crystal structures.17 This putative helicity of H3 is
examined here with force and structural probes.

Naturally expressed mini-dystrophins give rise
to mild forms of MD and provide further rationale
d.



Figure 1. Schematic of dystrophin constructs investi-
gated by AFM force spectroscopy. (a) In myocytes,
dystrophin with 24 spectrin repeats and several hinges
(H) links the cell membrane to cortical actin. Boxed inset
shows tandem repeats 2–3 from a-actinin,15 in which
the triple helix repeats are linked by a continuous helix.
(b) Dystrophin RFM consists of repeats R8–15; D2331 is a
mini-dystrophin with five repeats and three hinges; and
the R2wH3wR22 construct is the central structure of
D2331 with a single hinge (see Table 1). (c) Extensible
unfolding by AFM. Representative sawtooth-shaped
force-extension pattern for RFM. One peak-to-peak
extension is especially long and is denoted with a t for
tandem repeat unfolding.
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for the engineering of mini-dystrophins.20 From
gene therapy studies of dystrophin-deficient mice, a
critical rod length of at least four repeats appears to
be required to functionally bridge the cytoskeleton
and the plasma membrane,4,6 although a more
sequence-specific mechanical role for a shortened
rod also seems crucial.4 Additionally, all of the
mini-dystrophin constructs that have shown some
success contain one or more proline-rich hinge
regions both within the shortened rod and at its
ends. This includes a mini-dystrophin composed of
five repeats and three hinges, D2331 (H1-R1-
2wH3wR22-24-H4; note thatwdenotes a non-native
linkage), with domains added at either end to bind
actin and dystroglycan. While this construct has
proven at least partially palliative in dystrophin-
deficient mice following viral gene transfer,7 similar
constructs have had more limited effect (e.g. R1-
2wR22-24) and imply hinges are key. From proteolysis
and electron microscopy, the hinge regions appear to
be highly accessible.14 We therefore seek to understand
how these hinge regions influence the molecular
extensibility and stability of dystrophin.

Start-stop positions or phasings of the repeats
also appear to be of paramount importance to mini-
dystrophin function.21 Recent antisense-based
therapies of exon skipping22 undoubtedly disrupt
phasing and are very likely to affect folding, since
dystrophin’s repeats are typically encoded by more
than one exon. Moreover, not all three-helix spectrin
repeats are functionally interchangeable: a-actinin’s
four repeat rigid rod domain, for example, shows little
success in replacing dystrophin’s repeats. a-Actinin is
also well known to dimerize antiparallel, which
stiffens the molecule and severely limits extension.23

Successes as well as failures in gene therapy together
with basic questions of structure-function motivate
our single molecule studies here of three dystrophin
and mini-dystrophin fragments (Figure 1(b) and (c)).
Dystrophin’s rod fragment middle (RFM) consists of
repeats R8–1521 and serves here as a hinge-less, native
Table 1. Primary structure properties of dystrophin
constructs

Domain Number of aa Contour, lc (nm)

Hinge 1 84 31.0
R1 111 41.0
R2 108 39.9
R8 123 45.4
R9 104 38.4
R10 96 35.4
R11 105 38.7
R12 108 39.9
R13 102 37.6
R14 96 35.4
R15 99 36.5
Hinge 3 47 17.3
R22 116 42.8
R23 129 47.6
R24 109 40.2
Hinge 4 72 26.6
Avg for R 108 41.0

Domain contour lengths, lc, have been calculated with a peptide
length of 0.37 nm.
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construct with a mean number of amino acid (aa)
residues per repeat of 104 (Table 1) that is close to the
canonical 106 aa for spectrin repeats. The representa-
tive mini-dystrophin D2331 construct (i.e. H1-R1-
2wH3wR22-24-H4) has the basic engineered hinge
region R2wH3wR22 in the middle with a 47 aa long
hinge engineered between two spectrin repeats (of
near-typical length). In thermal denaturation, the RFM
construct had been shown in the past to be more stable
than a construct similar to D2331.21 We extend such
studies here to the core construct R2wH3wR22 and
probe these molecules under force by atomic force
microscopy (AFM), showing that the short dystrophin
construct R2wH3wR22 has a stability similar to the
RFM.
Results

Extension of the dystrophin RFM by AFM shows
the often-seen sawtooth patterns for forced exten-
sion and unfolding (Figure 1(c)). First described for
the muscle protein titin,24,25 and soon thereafter for
spectrin23,26–28 and other membrane-associated
proteins,29 each peak in the sawtooth (blue or red
dot in Figure 1(c)) corresponds to the force to unfold
one or more repeats. Here, the spacing is O20 nm,
which is more than three times the folded length of
a spectrin repeat. The peak-to-peak length rep-
resents the extension of an unfolded domain before
Figure 2. Dystrophin constructs’ unfolding length statistic
surface, the total unfolding length (avg. GS.D.) beyond th
categorized by Npk. The lower bar graph shows frequency d
extension limits calculated from the number of amino acid res
the data (including zero total unfolding length at NpkZ2) is t
single and tandem repeat unfolding. (b) Histograms of peak u
Gaussians of the same width but means that differ by a factor
minor peak to pulling on two chains or a loop.
the next domain is stressed to unfold. Thousands of
such pulling events provide statistical fingerprints
of mechanical unfolding for each protein construct.

Extra long intervals between force peaks indicate
tandem repeat unfolding processes (red t in
Figure 1(c)) and are among the recent surprises in the
unfolding of various spectrin family proteins.26,28 For
the given sawtooth pattern, force peaks marked with
blue dots indicate the point at which a single repeat
unfolds and the blue arrows indicate the forced
extension of that repeat. The red dot indicates the
point at which tandem repeats unfold and the red
arrow is the forced extension of the repeats. The
influence of dystrophin hinges on the single or tandem
repeat unfolding processes is a primary focus below.

Extensible unfolding of dystrophin: peak
counts, lengths, and forces

The sawtooth patterns for the three dystrophin
constructs here have a countable number of peaks,
Npk, that are seen to range up to the number of
spectrin repeats plus two (Figure 2(a), bottom
histograms). In buffer alone, contacts of the AFM
tip with the surface yield curves with NpkZ0 or 1.
With protein on the surface, unfolding has occurred
whenever Npk R3; if a molecule attaches and
detaches without unfolding (NpkZ2), and if no
molecule attaches to the tip (Npk!2). Force spectro-
grams with zero to two peaks account for O80% of
s and force distributions. (a) After 8000 contacts of tip to
e second peak is obtained for each sawtooth, which is
istributions of Npk. The upper gray regions indicate the
idues (Table 1). The slope of the best-fit line through all of
he average distance between peaks and accounts for both
nfolding forces. Each bimodal histogram is fitted with two
of 2. The major peak corresponds to single chains and the
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the data, which is consistent with working in the
single molecule limit.26

It is no surprise that the greater the number of
peaks observed, the longer the total extension
(Figure 2(a)). However, sawtooths with very large
Npk are rare. The length limits calculated as contour
lengths from the number of residues (gray regions
in Figure 2(a); see Table 1) are approached only for
extension curves at the max(Npk). The difference,
Du, between the maximum unfolded length and the
contour length tends to increase with the total
length of hinge (Table 2), suggesting that the hinges
are generally (but not always) being extended
before unfolding of the repeats. In a sawtooth
such as in Figure 1(c), for example, any hinge
regions would typically have been extended before
the first blue dot where the first domain unfolds and
therefore does not account for maximum unfolding
length. It thus seems clear that the hinges readily
extend without a distinct force peak or domain
signature.

Slopes in Figure 2(a) give the unfolding length
per peak for each construct and increase by almost
50% from the shortest to longest construct. These
best-fit slopes average both single and tandem
unfolding events and begin to indicate that
tandem events are far more frequent in the two
tandem repeat constructs than in the short construct
where a single proline-rich hinge separates two
helical repeats.

Mean forces to unfold the dystrophin domains
are statistically similar among the various con-
structs and range from 15 pN for D2331 to 21 pN for
R2wH3wR22 and 23 pN for RFM (Figure 2(b)).
These are all within the range of forces previously
measured for spectrins;23,26,27 and, because of thermal
noise levels with these cantilevers of (kC kBT )

1⁄2 Z
6–7 pN, current methods preclude any claim that
these forces are statistically different. While the
force distributions appear bimodal when fit by
Gaussians, minor peaks at high force differ from the
main peaks by wtwofold in force, which indicates
that the minor peaks are just a small number of two-
chain events where parallel chains are forced to
unfold simultaneously. Importantly, forces to
unfold tandem repeats and single repeats appear
the same: forced unfolding of one repeat propagates
rapidly to the next without any need for a higher
force. Aside from the small number of two-chain
events, the results show single molecule extension
and unfolding.
Table 2. Hinge lengths for dystrophin constructs and
experimentally determined difference between extended
length and total contour length

Dystrophin
construct

Total hinge length
(nm) Du (nm)

RFM 0 4
R2-H3-R22 17.7 48
D2331 75.3 90
Construct lengths and tandem repeat unfolding

A maximum of seven peaks per force-extension
curve for the five repeat spectrin construct (D2331;
number of repeats, rZ5) is consistent with the first
and the last peaks representing surface and tip
desorption processes. Thus max(Npk)ZrC2. Each
repeat in this construct thus contributes no more than
one peak, consistent with past trends for monomeric
constructs of serial spectrin repeats (Figure 3). The
same arithmetic applies to the rZ2 dystrophin
construct R2wH3wR22 with max(Npk)Z4. The
eight-repeat RFM dystrophin shows a maximum
of nine peaks in sawtooth unfolding patterns after
the standard number of contacts, and although this
is one peak less than the expected (rC2)Z10, it is
probably another indication of a very high prob-
ability of tandem repeat unfolding. Importantly, all
of the max(Npk) results above imply that each
repeat unfolds in a single all-or-none fashion. If
there were a significant frequency of two-stage
unfolding (i.e. two peaks per repeat), then max(Npk)
would tend to be twice or more the number of
repeats in each construct.

While pre-extension of the hinge in the short
R2wH3wR22 construct predominates (based on
the large Du), and should limit coupled unfolding of
the two repeats (see Discussion), tandem repeat
unfolding clearly occurs at finite frequency based
on the bimodal peak-to-peak length histogram of
Figure 4. The minor Gaussian occurs at nearly twice
the length (41 nm) of the major Gaussian (21 nm)
and has a similar width. Consistent with results
Figure 3. The maximum number of peaks in the
sawtooth patterns scales linearly with the number of
spectrin repeats in tandem. The quantity max(Npk) K2 is
subtracted from the first and last peaks for surface
desorption and final desorption, respectively. For the
two small dystrophin constructs as well as monomeric
a-spectrin and b-spectrin, the unit slope indicates that the
maximum contribution to the sawtooths is one peak per
repeat, ruling out partial unfolding of repeats. Dystrophin
RFM, with its eight repeats in series and extensive tandem
repeat unfolding (see Figure 4), falls just below the
trendline. The eight-repeat lateral dimers of a,b-spectrin
as well as a-actinin fall well below the trendline.



Figure 4. Histograms of peak-to-peak unfolding lengths for dystrophin constructs. Histograms for both R2wH3wR22
and RFM constructs were fit with Gaussians for single repeat unfolding and, for R2-H3-R22, tandem unfolding. The
major peaks (black) for R2wH3wR22 and RFM reflect single domain unfolding and are respective fits of sums of two
and eight Gaussians that include effects of different contour lengths for dissimilar domains (see Table 1). For R2-H3-R22,
the minor peak (gray line) at wtwice the major peak value reflects simultaneous unfolding of tandem repeats and was fit
with a single Gaussian. For RFM, the bracket spans tandem unfolding events involving two, three, and four repeats.

Molecular Extensibility of Mini-dystrophins 799
above, the major peak at 21 nm in Figure 4 is less
than the 26 nm slope of Figure 2(a) and is therefore
also indicative of tandem repeat unfolding. The
difference suggests that tandem unfolding is a
minor pathway with a frequency of w25%, which
is the same small, but finite frequency obtained
from the amplitudes of the Gaussians.

The same peak-to-peak length histogram for the
eight repeat RFM, which lacks any hinges, has a
very prominent, long-length tail that suggests that
up to four repeats or more can unfold all at once
when stressed. This would cause a gain in
dystrophin length from a w25 nm folded structure
to an 84 nm unfolded chain in a single transition (!).
Importantly, all such length changes (from 21 nm
up to 84 nm) are highly cooperative in unfolding
force, in that they occur at the same force of w20 pN
as per Figure 2(b). Recent studies of spectrin
unfolding by AFM have attributed these tandem
repeat unfolding events to helix-to-coil transitions
that propagate through helical linkers between
repeats.26
Figure 5. Decrease in fraction of tandem unfolding
events with temperature.
Pathway shifts and softening with temperature

Tandem repeat unfolding events, as a combined
percentage (Figure 5), increase with the number of
repeats from w25% for a two-repeat construct to
over 50% for the eight-repeat construct (at 23 8C).
Initial studies of the rate-dependence of the w25%
tandem events for R2wH3wR22 from 0.3 nm/ms
to 5 nm/ms extension, suggest no more than a weak
increase of about 5% over this log range in rate.
However, these percentages tend to decrease
significantly with increasing temperature up to
37 8C or 42 8C, and the decrease is strong for the
shortest construct, down to an almost imperceptible
10–15% at 37 8C (Figure 5). b1-4 Spectrin shows a
similar but less dramatic decrease in tandem events
upon heating.27

Although tandem unfolding events are less
frequent upon heating, the dystrophin constructs’
peak-to-peak length distributions from 23 8C to
42 8C showed no significant changes in the major
peak values. This is most likely because the helical
linkers between repeats15–18 tend to be destabilized
by heat before the repeats themselves are.27

Thermal unfolding of the linker limits helix-to-coil
tandem unfolding events that otherwise would
propagate to adjacent repeats. Thermal unfolding
of a highly heat-susceptible linker-hinge in
R2wH3wR22 thus results in a steep decrease in
tandem percentages as compared to RFM and b1-4.
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Past work on intramolecular hydrogen-bonding30

and ionic strength effects on the thermal unfold-
ing31 of spectrin peptides indeed support the
conclusion that interdomain linkers are less stable
and more susceptible to conformational changes
than the coiled-coil triple helical repeats.

Comparisons and insights with circular
dichroism (CD)

Thermal unfolding in solution, based on loss of
helicity, proved distinct among the different con-
structs (Figure 6). At 42 8C, the percentages of initial
helix are O80% for both dystrophin RFM and
R2wH3wR22, and 56% for spectrin b1-4. Spectrin
b1-4 thus loses nearly half of its initial helicity over
the temperature range studied here in AFM. Over
this same temperature range for the dystrophin
constructs, there was also no significant change in
unfolding force in AFM (data not shown); at the
physiological temperature of 37 8C, mean unfolding
forces of 24 pN and 26 pN were measured for RFM
and R2wH3wR22, respectively. For b1-4 spectrin, in
contrast, the unfolding forces decrease by 50%
(from 23 8C to 42 8C) with the same non-linear
trend for loss of helicity with temperature.

While CD measures of helicity might provide a
first indication of stability under force, there are
other possible effects. R2wH3wR22 exhibits a
considerable drop in helicity from 112% (relative
to 4 8C) to 78% helicity (change of 34%) from 23–
45 8C (Figure 6(b)). This is similar, if less complete,
than the loss of helix and drop in force for b1–4

spectrin over this same temperature range. While
unfolding forces do not change significantly for
R2wH3wR22, tandem repeat percentages drop
more than 50% (extrapolating to 45 8C). This
suggests that any low-temperature helicity pre-
dicted for H3 (see Introduction), which would allow
helix-to-coil transitions to propagate from one
repeat to the next, is lost upon heating. Fully helical
H3 is about 20% of total predicted helicity and
Figure 6. Change in helical content
of dystrophin constructs versus tem-
perature by CD. (a) Melting curve
for RFM versus that for b1–4 spectrin.
(b) Melting curve for R2wH3wR22
(versus RFM) is for two separate
samples, with error bars indicating
the range in helicity. The inset CD
spectrum demonstrates helicity
induced in H3 construct at
0.16 mg/ml in 40% TFE:60% buffer
with y-axis corresponding to CD
signal as q(103 deg cm2 dmolK1)
and x-axis to wavelength (nm).
Increasing the peptide concen-
tration threefold had no significant
effect on H3 helicity from 5–90 8C,
although helicity decreased almost
linearly by 20% over this range.
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would be most of the 34% loss of helix. The fact that
the remaining majority 78% of R2wH3wR22’s
helicity is not lost until 80 8C (versus 70 8C for
RFM) is consistent with these two repeats being
very stable.

One last curious feature in Figure 6(b) is that the
hinge-linked construct shows an initial, unique,
cold-denaturation regime of about 12% helix
induction from 4–27 8C. Note that the error bars in
the plot indicate the range of helicity results
obtained with two separate batches of protein,
and so this helix induction phase is reproducible.
Since it is not seen in either the dystrophin RFM or
the b1–4 spectrin construct, a feature unique to
R2wH3wR22 seemed implicated. Initial efforts to
express the synthetic tandem R2wR22 were unsuc-
cessful, and so we expressed the H3 alone
(extended by a few residues as MetwR2417–Q2476)
and studied its secondary structure. The predicted
structure of H3 in R2wH3wR22 was described as
helical (100%) in the Introduction based on algorithms
previously applied to spectrin,19 and dependent on
the adjacent R2 and R22. As an isolated peptide, H3
is predicted to be mostly coil. CD measurements
indeed show H3 is a coil in PBS. However, addition
of 40% trifluoroethanol (TFE), which is known to
induce helicity preferentially in polypeptides with
an underlying disposition for helicity,32 induces at
least 50% helix in the H3 construct (Figure 6(b),
inset).
Discussion

More than a dozen mini-dystrophin constructs
have been tested in mice by various morphological
and physical assessments of muscle.1–10 Peripheral
nuclei provide one of the simplest measures of
effectiveness since, in normal muscle, nuclei appear
pushed to the periphery by the contractile appar-
atus whereas dystrophin-deficient muscles show
more than 50% of nuclei centrally located in the
myotubes. Chamberlain and co-workers reported
that only two of their ten constructs suppressed
nuclear mislocalization (to !1%), with the smallest
effective construct being R1-3wH2wR24.5 A longer
construct of R1-3wH3-R20-24, based on H3 instead
of H2, gave similar results, but other combinations
with or without H2 and/or H3 still led to a
significantly higher number of central nuclei (and
often lower contractile forces). Similar to the
functional R1-R3-H2wR24 construct reported by
Chamberlain and co-workers, the R1-2wH3wR22-
24 construct reported by Xiao and co-workers that
was tested here was the only one to have an
intervening hinge (H3) among their three mini-
dystrophin constructs made.7,8 It was the only one
tested to show a positive effect both on muscle
force8 and nuclear localization.7 We sought here to
better understand the force-dependent flexibility of
dystrophin constructs, especially the role of the
hinge H3, in forced extension. Of course, through-
out, it is very important to note that differences
between constructs may also reflect differences in
individual repeats; for example, some individual
repeats have been found to unfold thermally at or
below 37 8C, whereas most repeats unfold at or
above 40–45 8C.19

Single molecule extension of a number of multi-
domain proteins have shown that unfolding forces
can easily range from almost 300 pN for some titin
Ig domains24,25 down to 15–30 pN for spectrin
repeats23,26,28 as also found here. Such forces are
typical for the mid-range of AFM-extension vel-
ocities (w1 nm/ms) and are even lower at slower,
physiologically relevant rates of extension. Myosin
molecules individually generate peak forces on
F-actin of about 6 pN with similar milliseconds
kinetics.33 This suggests that the collective action of
several myosin molecules would be sufficient to
extensibly unfold dystrophin in muscle. Titin is also
believed to unfold in muscle,34 despite its much
higher unfolding forces.

Tandem unfolding through helical linkers and
hinges

Because differences in unfolding force among
constructs here are small and cannot be considered
significant (Figure 2(b)), sustainable forces on
repeats are perhaps less revealing of distinctive,
linker-related mechanisms here than tandem repeat
unfolding processes. While the skipped sawtooths
exemplified by Figure 1(c) for the dystrophin RFM
might be interpreted as simultaneous unfolding of
non-adjacent repeats instead of tandem repeats,
tandem repeat unfolding is most clearly implicated
by the bimodal length distribution for the two-
repeat R2wH3wR22 (Figure 4). We had reported a
similar bimodal distribution for the two-repeat b1–2

spectrin26 and a multi-modal distribution for b1–4

spectrin,35 which suggest a qualitatively similar
coupling between some if not all spectrin repeats. In
addition, kinetic Monte Carlo simulations of such
AFM data based on equivalence of all repeats for
tandem unfolding also capture the global statistics
of such experiments.36 However, the tandem repeat
unfolding pathway for b1–2 spectrin was shown to
occur about as frequently as the single-repeat
pathway, which is significantly more frequent
than with R2wH3wR22. For b-spectrins, tandem
repeat unfolding is understood to reflect a helix-to-
coil transition that propagates through a helical
linker from one repeat to the next. A reduced helical
propensity for the proline-rich linker of
R2wH3wR22 would tend to reduce, but not
eliminate, such propagated unfolding. While hinges
(at least H3) thus seem to have a primary role as
mechanical separators of repeats in forced exten-
sion of dystrophin, the occasional coupling between
repeats could be of some importance, especially in a
distinctive functional role for H3 versus other hinges
in dystrophin.

Tandem repeat unfolding is much more prevalent
in the longer constructs here, based on both the
unfolding lengths per peak (slopes in Figure 2(a))
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and the peak-to-peak length histograms (Figure 5).
Moreover, at the physiological temperature of 37 8C
the percentage of tandem repeat unfolding for
R2wH3wR22 is just 10–15% versus O50% for the
dystrophin RFM. The proline-rich hinge H3 is thus
most likely less helical, on average, than most of the
linkers in the RFM construct. Indeed, the
R2wH3wR22 construct loses w10% helix upon
heating from 23 8C to 37 8C in the first phase of an
apparent two-phase melting curve (Figure 6(b)),
whereas the RFM construct loses much less helix
over this temperature range. The fact that the
unfolding forces change very little while the
tandem repeat frequency decreases by nearly half
suggests that the repeats are intact and stable but
increasingly decoupled. b1–4 Spectrin is the example
that establishes the rule, in that its melting curve
clearly tracks the decrease in unfolding force
(Figure 6(b)). Another parallel is that, at low
temperatures where b1–4 spectrin repeats are
thermally stable (%25 8C), the frequency of tandem
Figure 7. Secondary structure predictions of constructs stud
org) and has recently been applied to spectrin for refined pr
structures are predicted for all tandem repeats of dystrophin,
(range of 53–65 aa). The predictions are consistent with those o
the range is 29–43 aa. The inset, from a-actinin’s PDB structur
sequester and probably stabilize the linker, in blue. (b) Pred
underlined as part of a long, 108 aa helix that links adjacent
repeat unfolding of b1–4 spectrin decreases.27 In
other words, helical linkers between repeats tend to
stochastically couple the unfolding of tandem
repeats and these linkers tend to be more thermally
susceptible structures than the repeats they link.

Secondary structure predictions used here, as on
spectrins,19 predict helical linkers between spectrin
repeat motifs for all of the tandem repeats studied
here (Figure 7). This includes H3 as a helical linker
in the engineered construct R2wH3wR22, which is
a prediction consistent with the finite probability of
tandem repeat unfolding in R2wH3wR22. H3
helicity is induced, in structure predictions, by the
adjacent repeats; likewise, we show that helicity of
an H3 construct can be induced in TFE (Figure 6(b)
inset). The H3 here contains five proline residues
spaced by three or more amino acid residues and is
distinct from H2 (not studied here), which has five
proline residues in a row and is predicted to be a
coil where proline density is high. More generally,
recent database analyses confirm that proline
ied here. The algorithm used was PSIPRED (www.expasy.
ediction of linkers.19 (a) Canonical, helix-linked spectrin
but the linking helices are much shorter, averaging 59 aa
f Koenig and Kunkel.15 For the 35 aa helices in the repeats,
e, shows the close-packed structure of adjacent loops that
iction for the R2wH3wR22 construct with hinge-3 (H3)

helical repeats.

http://www.expasy.org
http://www.expasy.org
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residues have an intermediate propensity, among
all amino acids, to be in short a-helices.37 Proline
residues are also in turns in the spectrin structures
here: in the two turns within each repeat, single
proline residues are often found. We thus conclude
from predictions as well as AFM data and
preliminary CD data that, at least a small fraction
of the time, the hinge H3 is helical: perhaps a kinked
helix seen in the B-helix of some spectrin repeats.17

As cited in the Introduction, a helical linker
between tandem repeats is found in all of the crystal
structures for spectrin repeat superfamily pro-
teins.15–18 This seems to apply to dystrophin’s H3
linker also, though it appears significantly softer
than the “typical” linker between spectrin repeats;
the lower stability is probably due to H3’s proline
residues, which might introduce kinks but are
sufficiently distributed along the sequence. The
prediction here of a 108 aa helical linker is about
80% longer than the 59 aa (average length) linkers
between all other helical repeats in dystrophin, but
structural evidence of even longer helices in other
muscle proteins is clear and includes the neck
region of myosin-V, which is about 150 aa in length.
Thus, while these hinges may add flexibility to the
folded structure as speculated originally,14 they also
limit extensible unfolding of helical repeats and
thereby make mini-dystrophins with strategically
placed hinges less extensible whenever domain
unfolding occurs.

Our current understanding of how the results
here translate to full-length dystrophin or other
mini-dystrophins is perhaps best summarized in
the analyses in Figure 8, which is based on the
results for all three constructs studied (see Materials
Figure 8. Dependence on the number of repeats, r, of
two key measures of sawtooth statistics. First, the
unfolding lengths per peak of Figure 2, including the
single repeat interval in Figure 4, increase with the total
number of domains r and fit well to the indicated
exponential plateau function with the decay constant,
roZ3 (see Materials and Methods). Additionally, the Npk

distributions of Figure 2 consistently show a scaled decay
with Npk that fit to wmKNpk ,26 and this factor m also
decreases as indicated with the total number of domains r.
Such fits from the current constructs provide simple
extrapolations for other possible mini-dystrophins and
dystrophin constructs, including full-length (rZ24).
and Methods). Plotted versus the number of repeats,
r, the exponential fits for both unfolding length
(which combines single plus all tandem unfolding
pathways as per Figures 2 and 4) and the decaying
frequency distributions of Npk (Figure 2), yield an
integer decay constant of roZ3. This indicates that,
w67% of the time, three or fewer spectrin repeats in
dystrophin behave as a single mechanical unit in
forced extension and unfolding. Although tandem
repeat unfolding is frequent even with hinge H3,
massive unfolding of more than three spectrin
repeats in dystrophin is unlikely. While averaging
through hinged and non-hinged constructs, the
result provides insight into the extensibility of a
full-length, 24-repeat dystrophin with two inter-
vening hinges (Figure 1(a)): very similar sawtooth
statistics are expected for dystrophin constructs
larger than about 12 repeats, regardless of hinges
being present or not. Such studies also provide
physical insight into refined designs of mini-
dystrophins that might have statistics similar to or
distinct from longer constructs. For example, knock-
ing out the proline residues in the hinges or adding
more potent helix-breakers could have useful
consequences.
Conclusion

The single molecule, ensemble-scale studies here
elaborate the thermo-mechanical properties of
various dystrophin mini-constructs, including one
mini-dystrophin hinged-rod domain used already
in gene therapy. The constructs probed reveal
aspects of mechanical extension and unfolding
forces as well as hinge and temperature effects.
Our findings that the hinges will not unfold as
three-helix repeats do show that these proline-rich
regions lack the character of stable domains. While
these hinges have been speculated to add flexibility
during the contraction-relaxation of muscle fibers,
our results indeed show that they generally
facilitate extension when unfolding is minimal.
The hinges, or at least H3 as a marginally stable
proline-kinked helix, allow only very limited
unfolding of tandem repeats. Similarities between
dystrophin and spectrin extension include forces
and linker mechanisms as well as very limited
aspects of temperature dependence.
Materials and Methods

Protein preparation

The central rod fragment of dystrophin, comprising
repeats 8–15, was subcloned into expression vector
pMW172 as described.21 The mini-dystrophin construct
D2331 was made by PCR, using the construct D39907 as a
template generously donated by Dr X. Xaio. A start
codon-embedded NdeI site, an added stop codon and an
EcoRI site were engineered into PCR primers such that
the PCR product could be subsequently subcloned into
expression vector pMW172 to yield the minidystrophin
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D2331 construct containing hinge 1, repeats 1 and 2, hinge
3, repeats 22–24 and hinge 4, i.e. H1-R1-2wH3wR22-
24wH4. In such constructs, we denote any change in
native sequence with a w. The D2331 is essentially the
D3990 without the N-terminal and CR domains. The
R2wH3wR22 construct is the core of D2331. It corre-
sponds to residues 448–556 (rod domain 2: R2), 2424–2470
(hinge 3: H3), and 2684–2802 (rod domain 22: R22) of
human dystrophin (GeneBank NM004006). It was cloned
out of D3990 and ligated into the expression vector
pMW17231 between BamHI and HindIII sites. Resulting
plasmids were used to transform Escherichia coli strain
BL21 (Star)DE3 (Invitrogen). Bacteria were grown at 37 8C
in Luria-Bertani medium with 200 mg/ml of ampicillin, to
an A600 nm of 0.8–1.0, and expression was induced by
addition of 1 mM isopropyl-b-D-thiogalactoside. After
3–4 h, cells were harvested by centrifugation at 5000g for
10 min and frozen in liquid N2. The frozen cell pellet
(w10 ml, from 2 l of culture) was thawed for 10 min at
25 8C and lysed by resuspension in 40 ml of Cellytic B
(Sigma-Aldrich) containing 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml of leupeptin, and 10 mg/ml of aproti-
nin. After 15 min at 25 8C, the cell lysate was clarified by
centrifugation at 45,000g for 15 min; centrifugation and all
subsequent steps were performed at 4 8C. The super-
natant was loaded onto a DEAE-cellulose column
(Whatman DE-52, 2.5 cm ! 30 cm) pre-equilibrated
with 20 mM Hepes (pH 7.0), 1 mM dithiothreitol, 1 mM
sodium azide, and eluted at 35 ml/h with a 325 ml !
325 ml gradient of 0–0.5 M sodium chloride in Hepes
buffer; fractions were collected at 12 min intervals. The
expressed protein, identified by SDS-PAGE, eluted about
halfway through the gradient. Solid ammonium sulfate
was added to the pooled peak fractions to a final
concentration of 1.6 M, and the material was applied to
a 1.5 cm!30 cm column of Butyl ToyoPearl 650 M (Tosoh
Bioscience) in 1.6 M ammonium sulfate, 20 mM Hepes
(pH 7.0), 1 mM dithiothreitol, 1 mM sodium azide. The
column was eluted at 10 ml/h with a descending gradient
of 1.6 M–0 M ammonium sulfate in 150 ml. Fractions
were collected at 10 min intervals, and fractions contain-
ing the purified protein were identified by SDS-PAGE,
pooled, and dialyzed against 100 volumes of phosphate-
buffered saline, with two changes. The concentration was
determined from the A280 nm using an extinction coeffi-
cient of 1.313 at 1 mg/ml, calculated from the amino acid
composition.

Stable monomer was ultimately purified by gel-
permeation chromatography in phosphate-buffered
saline (PBS) and kept on ice for AFM studies. Immedi-
ately before use, any protein aggregates were removed by
centrifugation at 2 8C for 1 h and monodispersity was
verified by dynamic light-scattering.

Dynamic force spectroscopy

An AFM experiment was begun by adsorbing 50 ml of
0.1 mg/ml of protein for 15 min at room temperature onto
either freshly cleaved mica or amino-silanized glass
coverslips. The surface was then lightly rinsed with PBS
and placed, without drying, under the head of the AFM;
all measurements were carried out in PBS. Lower protein
concentrations generated minimal AFM results; higher
protein concentrations showed higher unfolding forces,
proving consistent with the results below, indicating
that domains in multiple, parallel chains are forced to
unfold all at once. Fluorescence imaging of labeled
protein demonstrated homogeneous adsorption, and
AFM imaging after scratching the surface showed that
no more than a monolayer of molecules covered the
substrate.29

Two AFMs were used with similar results: (i) a
Nanoscope-E Multimode AFM (Digital Instruments,
Santa Barbara, CA) equipped with a liquid cell; and (ii)
an Epi-Force Probe from Asylum Research. Sharpened
silicon nitride (Si3N4) cantilevers (Park Scientific, Sunny-
vale, CA) of nominal spring constant kC Z10 pN/nm
were typically used, with equivalent results obtained
using 30 pN/nm cantilevers. kC was measured for each
cantilever using the manufacturer’s directions at each
temperature, and additional calibrations were performed
as described.29 Temperatures in the range used seemed to
have little effect on kC. Experiments were done at imposed
displacement rates of 1 nm/ms. For the high-temperature
experiments, samples were first studied at 23 8C, and the
temperature was then raised. The experiments proved
challenging due to bending of the bi-layered cantilever
(gold on silicon nitride). The laser had to be realigned
after raising the temperature, and only the rare cantilever
yielded a high laser sum and low data noise. Tempera-
tures higher than 42 8C caused the cantilever to bend
sufficiently that the laser would not deflect off the tip. The
desired temperatures were controlled and monitored
using the Nanoscope Heater Controller by Digital
Instruments. For any one temperature, thousands of
surface to tip contacts were collected and analyzed with
the aid of a semi-automated, visual analysis program
custom written in CCC.29 Since protein unfolding events
are stochastic and the experiment intrinsically random in
many ways, collecting and analyzing thousands of peaks
is necessary to provide an accurate statistical survey of
extensible unfolding. Initial results at the beginning of a
many hours experiment were similar to those obtained at
the end of the experiment. Nearly all of the data was
thus analyzed.

As a check of our experimental technique and analysis
methods, we have conducted unfolding studies on a
Titin-(I27)8 construct (AthenaES, Baltimore, MD). Not
only do we obtain mean unfolding forces and mean
unfolding lengths within established variations for this
well-studied protein, but we also find no significant
tandem repeat unfolding (!10–15%).
Circular dichroism measurements

Circular dichroism spectra were measured at a number
of temperatures using a 1 mm path-length cell on a Jasco
J715 spectropolarimeter in the same buffer (PBS, pH 7.4)
as that used in AFM experiments. The instrument was
calibrated with d-10-camphorsulfonic acid. Samples were
equilibrated at each temperature for 20 min before taking
measurements. Each spectrum was the average of three
consecutive measurements. The effect of 40% (v/v) TFE
on the secondary structure of the peptides was also
studied on a construct containing only hinge 3 (H3).
Cumulative analyses of construct lengths

Two analyses of AFM results were conducted in order
to identify overall trends versus construct length or
number of repeats, r. With such trends in hand, one
might be able to predict single molecule results for other
dystrophin constructs or even, perhaps, for full-length
dystrophin. First, it is clear that the mean unfolding
length per peak in Figure 2 increases with the total
number of repeats: 26 nm, 34 nm, 38 nm for rZ2, 5, 8,
respectively. This is because of the increasing frequency of
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tandem repeat unfolding. In addition, a single repeat
should also give a forced unfolding of 21 nm for rZ1
(Figure 4). Plotted versus r (Figure 8), the trend with these
four points is non-linear and tending to plateau with r,
since there is little difference between the two larger
dystrophin constructs. We therefore fit the mean unfold-
ing length per peak to the function:

f ðrÞZACB expðKr=roÞ

For physical reasons, ro should be an integer.
There is a second, more subtle but similar trend with r

in the AFM results. First, we have noted before26 that
frequency distributions for the number of unfolding
peaks in the sawtooths, Npk (Figure 2) generally decay
with Npk, and for spectrin proteins these decays have
been shown to fit frequency wmKNpk. As explained by
Law et al.,26 the factor m provides a measure of the m-fold
fewer ways of achieving one more unfolded domain
(single or multi-repeat domains) spanning the gap
between tip and surface. Experiments on a series of
b-spectrin constructs as well as kinetic Monte Carlo
simulations that fit such results36 show that mZm(r) and
this function also decays exponentially as f(r), albeit with
different A and B.
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