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The elastic I-band part of muscle protein titin contains two tandem
immunoglobulin (Ig) domain regions of distinct mechanical properties.
Until recently, the only known structure was that of the 127 module of
the distal region, whose mechanical properties have been reported in
detail. Recently, the structure of the first proximal domain, I1, has been
resolved at 2.1 A. In addition to the characteristic B-sandwich structure
of all titin Ig domains, the crystal structure of I1 showed an internal
disulfide bridge that was proposed to modulate its mechanical extensi-
bility in vivo. Here, we use single molecule force spectroscopy and protein
engineering to examine the mechanical architecture of this domain. In
contrast to the predictions made from the X-ray crystal structure, we find
that the formation of a disulfide bridge in Il is a relatively rare event in
solution, even under oxidative conditions. Furthermore, our studies of
the mechanical stability of I1 modules engineered with point mutations
reveal significant differences between the mechanical unfolding of the I1
and 127 modules. Our study illustrates the varying mechanical
architectures of the titin Ig modules.
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like (Ig) domains and fibronectin type III domains
that are linked in series. In addition, titin also con-
tains some unique sequences whose structures are
not well defined and have features resembling

Introduction

Titin, the third filament of muscle, is a giant
muscle protein spanning half of the sacromere

from the Z disk to the M line with a contour length
of more than 1 pm.'? Titin is responsible for the
passive elasticity of muscle® which plays an
important role in muscle function.* The I-band of
titin has been recognized to be elastic and
responsible for the passive elasticity of muscle,
while the A-band part of titin is inextensible and
responsible  for the organization of the
sacromeres.””’ Single myofibril studies and single
molecule measurements, using atomic force
microscopy (AFM) and optical tweezers, have
demonstrated that titin is elastic and can extend
under a mechanical stretching force.® '*

Titin has a modular structure and different types
of muscles have differentially spliced titin
isoforms. Titin contains ~300 immunoglobulin-

Abbreviations used: Ig, immunoglobulin; AFM, atomic
force microscopy; SMD, steered molecular dynamics.
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that of random coil sequences.*”® The folded
domains show low sequence homology amongst
themselves (20-30% identity, 30-40% similarity
between Ig modules in human skeletal titin'®) and
widely  different thermodynamic stability'”
(2.55-7.36 kcal/mol). However, the key residues
of individual Ig repeats across different species
and the super-repeat patterns of avian and
mammalian titins are highly conserved through
evolution'® (82.5% similarity between the human
and the reptile sequences), suggesting that titin’s
modular structure is critical for the elasticity of
titin. Hence, it is of great importance to determine
the mechanical architecture of I-band titin and to
understand how the elasticity is controlled by
modulating titin’s mechanical architecture through
alternatively spliced isoforms in different muscles.

The I-band of human cardiac titin N2B isoform,
the shortest isoform of titin, consists of four struc-
turally distinct regions: proximal Ig and distal Ig
regions, N2B unique sequence and the so-called

0022-2836/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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PEVK segment, 70% of its sequence are proline,
glutamate, valine and lysine.’ These four regions
extend differentially under a mechanical stretching
force in intact muscle, suggesting these four
regions have different mechanical properties.'*"
Single molecule AFM studies have demonstrated
that the N2B and PEVK segments are flexible
random-coil like sequences with different
persistence length, a measure of molecule’s
flexibility."'*** Proximal and distal Ig domains on
the contrary, share the same persistence length yet
have very different extensibility. Combined
studies on the distal Ig domain 127 (following
the convention of Labeit & Kolmerer'!) using
single molecule AFM, protein engineering and
molecular dynamics simulations have provided
detailed insights into the mechanical unfolding of
distal Ig domains."'**'~?* 127 has a characteristic
B-sandwich structure.®® It has been shown that
the regions, where the A-B and A'-G B strands
overlap, allows 127 to resist mechanical unfolding.
These two regions are termed as A-B and A'-G
patches, respectively. A set of key backbone
hydrogen bonds linking the A and B, A’ and G B
strands, are critical for the mechanical stability of
127.2%>*” We now know that distal Ig domains
unfold through similar unfolding pathways that
involve an unfolding intermediate state. This
unfolding intermediate state provides extra mech-
anical resistance to distal Ig domains."'* 127 has
become the paradigm for single molecule AFM
and modeling studies.'>*"****?”~32 By contrast, our
understanding of proximal Ig domains has been

Recently, the X-ray crystal structure of the first
proximal Ig domain I1 has become available.*® 11
is 100 amino acids long and has a characteristic
B-sandwich structure with seven antiparallel
strands™ (Figure 1), which is very similar to that
of 127. The backbone hydrogen bonds linking the
A-B and A'-G B strands are predicted to be
critical for the mechanical stability of the I1
domain®* and are highlighted in Figure 1. The
high-resolution crystal structure provides an
opportunity to examine the mechanical unfolding
of proximal Ig domains at atomic details and to
compare the mechanical design of proximal and
distal Ig domains, which may offer insights into
the general principle underlying the mechanical
architecture of titin. In addition, Cys37 and Cys62
were found to form a disulfide bridge in the Il
crystal structure, connecting B strands C and E
across two B-sheets. This disulfide bridge is
different from the classic disulfide bridge found in
many extracellular Ig domains, which connects
strands B and F. The disulfide bridge in 11 was
proposed to modulate the passive elasticity of titin
under oxidative stress. Here, we combine single
molecule AFM techniques with protein engineer-
ing, to examine the mechanical properties of Il
and test this hypothesis. We constructed a (127-11),
polyprotein chimera and used single molecule
AFM to stretch it to measure its mechanical proper-
ties. We found that I1 is mechanically less stable
than 127, and that the mechanical unfolding of I1
does not involve an unfolding intermediate state
and therefore is an all-or-none event. Through
site-directed mutagenesis, we found that the A-B
and A’'-G patches of the Il module unravel
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Figure 1. The crystal structure and amino acid sequence of the first proximal Ig domain I1 of human cardiac titin. I1
has a characteristic B-sandwich structure with seven antiparallel § strands. A disulfide bridge between Cys37 and
Cys62 is present in I1’s structure, connecting  strands C and F. This disulfide bridge is highlighted in the structure
(yellow bond). Orange bars indicate the backbone hydrogen bonds linking the A and A’ B strands to the remainder
of I1, which are thought to be critical for the mechanical stability of I1.



Mechanical Design of the I1 Domain of Titin

77

together under a mechanical stretching force. This
mechanism contrasts that of 127, where the A-B
and A’'-G patches work independently and break
sequentially. In addition, our results show that the
formation of the disulfide bridge, found in the I1
crystal structure, is a rare event in aqueous
solution, even in an oxidative environment. Our
study reveals the mechanical design of a proximal
Ig domain, whose features sharply contrast those
of distal Ig domains, increasing our understanding
on how titin elasticity is finely tuned.

Results and Discussion

Mechanical properties of the first proximal Ig
domain 1

I1 consists of 100 amino acids and has a
characteristic B-sandwich structure with seven
antiparallel B strands® (Figure 1). We used protein
engineering techniques to construct a hetero-
polyprotein composed of four tandem repeats of
127-11 dimer. Here, we used the well-characterized
127 domain from human cardiac titin as a
mechanical fingerprint to identify single molecule
stretching events."'***** This hetero-polyprotein
also allows for a direct comparison of the
mechanical properties of I1, a proximal Ig domain
with that of 127, a distal Ig domain.

Stretching single (I27-11); polyprotein chimera
results in force—extension curves with a character-
istic sawtooth pattern. An example of force—
extension curves is shown in Figure 2A. The
individual sawtooth corresponds to the mechanical
unfolding of individual Ig domains of the stretched
polyprotein.”*! As the recording shows, there are
two clear levels of unfolding forces (dashed lines),
one at ~130 pN and a second at ~210 pN, the
latter corresponds to the mechanical unfolding of
127 domains characterized by the mechanical
fingerprints of 127 domain unfolding (~200 pN of
unfolding forces, and ~28 nm in contour length
increment, Figure 2A).*' Since 127 and I1 domains
are constructed in an alternating fashion, the low
force peaks clearly correspond to the mechanical
unfolding of I1 domains in the polyprotein.'**
A frequency histogram of unfolding forces of
(I27-11), is plotted in Figure 2B. The histogram
shows two separate peaks, centered at
127(+18) pN and 210(+32) pN (1 = 573), which
correspond to the mechanical unfolding of I1 and
127 domains, respectively. This result indicates
that I1 is mechanically less stable than 127, in
agreement with previous observation that
proximal Ig domains are generally less stable than
the distal ones.""*

As demonstrated for 127 and other proteins, the
mechanical unfolding of proteins is typically a
non-equilibrium process, therefore the force
required to unfold a protein module depends on
the pulling speed. Figure 2C plots the pulling
speed dependence for the two levels of unfolding

forces observed for (I127-I1), polyprotein. We used
Monte Carlo simulation®® to estimate the
mechanical unfolding rate constant at zero force
and the distance to the transition state by simul-
taneously predicting the distribution of unfolding
force at a given pulling speed (Figure 2B) and the
speed dependence of unfolding forces (Figure 2C).
The distribution of unfolding forces are predicted
by the Monte Carlo simulations using unfolding
rate constants at zero force, k%, of 5.0 X 1073 s ! for
I1 and 3.3x107*s™' for 127 (Figure 2B and C,
solid lines). The unfolding distance to the tran-
sition state is Ax,=035nm for Il and
Axy, = 0.25nm for 127, respectively. However, as
demonstrated before,"” these numbers can only
be viewed as estimates, as the use of Monte Carlo
simulations to estimate these parameters has a
low sensitivity.

In addition to the different mechanical stability,
I1 and 127 also show a difference in contour length
increment (AL.) observed upon domain unfolding.
We used the worm-like-chain (WLC) model®*® of
polymer elasticity to fit consecutive force peaks
and estimate the contour length increment upon
domain unfolding (Figures 2A and 3A, red solid
lines). The measured contour length increment for
I1 and 127 are plotted in the frequency histogram
shown in Figure 3B for I1 and Figure 3C for 127
domain, respectively. A Gaussian fit of the 127
distribution (red line, Figure 3C) measures
AL. = 27.9(£0.79) nm. In contrast, a Gaussian fit
of the I1 distribution (red line, Figure 3B) measures
ALc = 30.0(%=0.62) nm, which is longer than that of
the 127 domain and of the other proximal Ig
domains, such as I4 and I5."! I1 is 100 amino acid
long and has a folded length of ~5.6 nm.*® Hence,
a complete unfolding of I1 domain should result
in a length increment of 30.4nm assuming a
peptide length of 0.36 nm® (0.36 nm/aa X 100aa—
56nm), in excellent agreement with our
measurements.

In the vast majority (>94%, n = 295) of force—
extension curves of (I127-11),, the unfolding of the
I1 domains is accompanied by a contour length
increment of ~30nm. However, in rare cases
(<6%), we also observed force—extension curves
showing two different spacing (Figure 3A): in
addition to contour length increases in
AL. ~30nm (as indicated by red arrows), these
force—extension curves also show events with a
much shorter contour length increment, as
indicated by blue arrows in Figure 3A. WLC fits
to these events resulted in a minor peak in the AL,
histogram for I1 (Figure 3B). A Gaussian fit
measures a contour length increase in
AL. = 21.7(x1.28) nm for these events, which is
8.3 nm shorter than the contour length increment
that resulted from a complete unfolding of an I1
domain. This result suggests that, after the Il
domain unfolding, about 23 amino acids (8.3 nm/
0.36 nm) remain “hidden” from the stretching
force in the unfolded state and are therefore
“short-circuited” by a putative unbreakable bond.
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Figure 2. Mechanical properties of the first proximal Ig domain I1. A, A typical force—extension curve of a poly-
protein chimera (I27-I1),. The well-characterized 127 domains are used as a mechanical fingerprint to identify the
stretching and unfolding of I1 domains. The force—extension curves show two distinct levels of unfolding forces
(dashed lines), one at ~130 pN with a contour length increment of ~30 nm; a second at ~210 pN with a contour
length increment of ~28 nm, the latter corresponds to the unfolding of 127 domains. B, Histogram of the unfolding
forces for the (I27-I1), polyprotein. There are two clearly separated peaks, one at 127 pN and a second at 211 pN
(n = 595). The line corresponds to Monte Carlo simulations of the unfolding forces of (127-11), polygrotein (1000 trials).
The unfolding rate constants at zero force we used in Monte Carlo simulations were: k) = 5.0 x 107> s™* for I1 domains,
K =33x10"*s"! for 27 domains. The unfolding distance was assumed to be Ax, = 0.35 nm for I1 domains and
Ax, = 0.25 nm for 127 domains, respectively. C, Plot of pulling speed dependence for two levels of unfolding forces
observed for (I27-I1), polyprotein chimera. Open circles, connected by solid lines, correspond to Monte Carlo
simulations at seven different pulling speeds (30 trials at each pulling speed). The parameters used in Monte Carlo
simulations are same as those listed in B.

The X-ray crystal structure of Il revealed a
disulfide bridge in the B-sandwich structure,
connecting Cys37 (located on B strand C) and
Cys62 (located on B strand E).** This disulfide
bridge is formed under ambient condition during
crystallization process, readily oxidized by
ambient O,. It has been demonstrated that
disulfide bonds are mechanically very stable,
requiring ~1.4nN to break.*” Hence, under our
typical experimental condition, an S-S bond will

remain intact under a stretching force, predicting
that the 26 amino acids between Cys37 and Cys62
will be locked upon formation of a disulfide
bridge, limiting the extensibility of the I1 poly-
peptide chain. Steered molecular dynamics (SMD)
simulation of the mechanical unfolding of the I1
domain in the presence of a disulfide bridge** also
suggested that formation of the disulfide bond
limits the extensibility of the I1 domain and the
unfolded I1 domain could only extend by
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Figure 3. I1 and 127 domains
show different contour length
increment upon domain unfolding.
A, Force—extension curves of
(I27-11), polyproteins. In single
molecule AFM experiments, the
vast majority of force—extension
curves (>94%) of (127-11), we
observed are similar to those
shown in Figure 2A, in which I1
domains show contour length incre-
ments of ~30 nm corresponding to
the complete unraveling of I1
domain; in rare cases, we observed
force—extension curves in which I1
shows contour length increments
between 18 nm and 24 nm (as indi-
cated by the blue arrows), in
addition to the regular 30 nm in
contour length increment (as indi-
cated by the red arrows). B, Histo-
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gram of contour length increments
of the I1 domains shows a bimodal
distribution: one at 30.0 nm and a
second one at 21.7 nm. The contour
length increment of 30 nm corre-
sponds to the unraveling of the
reduced I1 domains, whereas the
contour length increment of
21.9 nm corresponds to the unravel-
ing of the oxidized I1 domains
which contain a disulfide bridge.
C, Histogram of contour length
increment of 127 domains shows a
peak at 27.9 nm. Red lines in B and
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~22nm, in excellent agreement with our experi-
mental findings. This suggests that, in our AFM
studies, the observed force peak spacing of
~22nm (Figure 3A and B) corresponds to the
mechanical unfolding of I1 domains with a
disulfide bridge, while the spacing of 30nm
corresponds to the complete unfolding of the
reduced form of the Il domains in which no
disulfide bridge is present. Stretching the (127-11),
polyprotein in the presence of 50 mM dithiothreitol
(DTT), a strong reagent to reduce the disulfide
bridge, further confirms our interpretation. When
stretched in the presence of DTT, all I1 domains
unfold with a contour length increment of
~30 nm, corresponding to the complete unraveling
of I1 domains which are in the reduced state.
Under these conditions, no force peak spacing of
~22nm was observed in over 100 I1 domain
unfolding events (data not shown). Our (I127-11),
polyproteins are stored at 4 °C and at pH 7.4, it is
likely that the oxidation, which leads to the
formation of a disulfide bridge, is due to the
ambient O,. However, the extremely low

C are Gaussian fits to the measured
contour length increment frequency
histograms.

population of the oxidized I1 form suggests that
the oxidation reaction is highly unfavorable under
our experimental conditions.

The mechanical unfolding of I1 is an all-or-
none event

Previously we have shown that the mechanical
unfolding of the distal Ig domains, such as 127, 128
and I32, go through an unfolding intermediate
state, which plays an important role in stabilizing
the distal Ig domains."""* The unfolding inter-
mediate state manifests itself as a “hump” in the
force—extension curve, which clearly deviates
from the WLC model of polymer elasticity. This
feature is again evident for the unfolding events
of 127 domains in the force—extension curve of
(I27-11), polyprotein, shown in Figure 4. WLC fits
(thin lines, Figure 4) to the unfolding event of 127
measure a length increase in 0.8 nm/module upon
127 undergoing a transition from the native state
to the unfolding intermediate state, in agreement
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Figure 4. The mechanical unfold-
ing of the I1 domains is an all-or-
none event. The black trace is a
force—extension curve of (I27-11),,
red lines are WLC fits to the experi-
mental data. The force—extension
relationship for the unfolding of
127 domains shows a clear hump,
which deviates from the WLC fit.
This hump has been identified as
an unfolding intermediate state
prior to the main unfolding event
of 127. In contrast to the 127
domains, the I1 domains do not
show a “hump” prior to the main
unfolding event and the force—
extension relationship of I1 can be
well-described by the WLC model,
indicating that no unfolding inter-
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with our previous measurements carried out on
(I27),, homopolyproteins.'?

In contrast to 127, the force—extension curves for
I1 are well described by the WLC model, no
deviation from the WLC model can be detected
within the experimental error (Figure 4). This
result suggests that there is no similar unfolding
intermediate state along the mechanical unfolding
pathway of I1. Therefore, the mechanical unfolding
of I1 under these conditions is apparently an all-or-
none event. This finding is consistent with our
previous observations on other proximal Ig
domains," indicating that the lack of an unfolding
intermediate preceding the main unfolding event
may be a general feature of the proximal Ig
domains of titin. Although the I1 domain does not
show any unfolding intermediate state similar to
that of the 127 domain in force—extension measure-
ments, we cannot rule out the possibility that
unfolding intermediate states may exist after the
main unfolding event or appear under a different
set of experimental conditions. For example, the
intermediate state in 127 occurs before the main
unfolding event, therefore it is easy to detect in
our AFM experiments."""> However, if an inter-
mediate state existed after the main unfolding
event, as predicted for the Fnlll domains,*** it
could be hidden by the cantilever backlash and
invisible in AFM force—extension recordings.

Molecular basis of the mechanical unfolding
of I1

I1 and 127 share similar B-sandwich structure.
Both have seven anti-parallel § strands that are
arranged into two B sheets packing against each
other (Figure 1).*** It has been predicated by
SMD simulation that the backbone hydrogen
bonds attaching the A’ and A B-strands to the
remainder of the fold are critical in maintaining

! mediate state can be detected along
250 the mechanical unfolding pathway
of the I1 domain.

the mechanical integrity of the protein.>* In
addition, single molecule AFM experiments
suggested that other non-covalent interactions,
such as hydrophobic interaction, may also
contribute to the overall mechanical stability of a
protein module.” The major difference between 11
and 127 is the number of backbone hydrogen
bonds and their distribution in these two regions:
I1 has more backbone hydrogen bonds between
it's A- and B-B strands than those between the A’
and G strands (six versus five), while 127 is the
opposite (two backbone hydrogen bonds between
A and B B strands versus six between it's A’ and G
B strands).

SMD simulation and other modeling approaches
of mechanical unfolding of proteins have provided
invaluable atomic description of the key events
leading to its mechanical unfolding.'>*?**%* SMD
simulation of the mechanical unfolding of 127
showed that two backbone hydrogen bonds
between A- and B-B strands break first, resulting
in an unfolding intermediate state. The subsequent
unraveling of the A—G' patch triggers the complete
unfolding of the 127 domain. In contrast to the
three-state unfolding of the 127 domain, our own
SMD data" and that of Schulten et al.** on I1 have
shown that the A-B and A’-G patches in the I1
domain unravel together. After the unraveling and
separation of both the A-B and A’-G patches, the
remainder of I1 will unravel without significant
energy barriers. This result provides a molecular
mechanism under which I1 can unfold without a
significant unfolding intermediate in an all-or-
none fashion.

SMD simulations showed that the unfolding
event of the I1 domain coincides with the rupture
of backbone hydrogen bonds between A-B B
strands and between A’-G B strands. In order to
examine the role of the A-B and A’-G  strands
in the mechanical stability of I1, we used
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site-directed mutagenesis to introduce proline
residues into the A-B and A’-G patches. The
positions of the I1 mutations were chosen to block
the formation of selected backbone hydrogen
bonds in the A-B and A’-G regions of the protein
rather than to be in the exact same positions of
those in 127. In addition to disrupting hydrogen
bonds, proline mutations are likely to disrupt local
B-sheet structure and affect other non-covalent
interactions in the mutated regions.*’ We
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Figure 5. Mechanical properties of the I1 mutants.
A, A cartoon shows the B-sandwich structure of the I1
module and the amino acids that are substituted by pro-
lines in this work. Black bars indicate the six backbone
hydrogen bonds linking the A and B B strands and five
backbone hydrogen bonds linking the A’ and G B
strands. B, The unfolding force histogram of I127-I1
mutant polyproteins: 127-11 wt (black), 127-I11-E4P (red),
127-11-K7P  (blue), I127-I1-R28P (cyan), I127-11-Q15P
(purple) and I127-11-V17P (green). All the histograms
show two distinct unfolding force peaks. The unfolding
force of 127 remains the same for all the constructs,
while the unfolding forces of I1 mutants decrease com-
pared with that of 11 wt.

constructed five different (I27-I1), polyproteins
containing point mutation in the A-B patch
(I1-E4P, K7P and R28P) and in the A'-G patch
(I1-Q15P and V17P) of the I1 domain, and used
single molecule AFM to measure the effect of
these mutations on the mechanical stability of I1
(Figure 5A). Mutants QI15P and V17P of I1
happen to be in the same positions as the
mutants V11P and V13P of 127, while E4P, K7P
and R28P in Il are in different positions (see
sequence alignments®**).

Mechanical topology and unfolding pathway
of I

Figure 5B compares the unfolding force distri-
bution of the wild-type polyprotein and five
mutants. As expected, the unfolding forces of the
fingerprint 127 domains remain the same in all
constructs (~200 pN). However, I1 mutants E4P,
K7P, Q15P, V17P and R28P show reduced unfold-
ing forces (E4P, 80(*=23)pN, n=2300; K7P,
69(=30) pN, n = 119; R28P, 82(+28) pN, n = 238;
Q15P, 82(+28) pN, n =337, V17P, 117(*+42) pN,
n = 543; average forces given) as compared to the
wild-type I1 protein (127(%£18) pN, n = 595)
(Figure 2B). This result demonstrates that the
removal of backbone hydrogen bonds and local
structural disruption in the A-B and A’'-G patches
mechanically weaken the I1 module, indicating
that all these residues are important in maintaining
the mechanical integrity of I1. The proline mutants
in the A-B patch (I1-E4P, I1-K7P and I1-R28P)
have a significant destabilizing effect on the
mechanical properties of I1. The unfolding
forces for these mutant proteins drop by more
than 40% compared with that of the wild-type.
This contrast the results obtained for the 127
domain, where a proline mutation in the A-B
patch left the main unfolding peaks unchanged,
while its main effect was the elimination of the
intermediate state.

We have shown that the unfolding force of a
module depends on the pulling speed. From the
speed dependence of unfolding forces one can
estimate the distance to the transition state and
unfolding rate constant at zero force. Here, we
carried out single molecule stretching experiment
at different pulling speeds and determined these
two parameters for the unfolding of E4P and V17P
mutants (Figure 6). We found that E4P and V17P
mutants show similar speed dependence as the
wild-type, suggesting that I1 mutants and wild-
type have a similar distance to the transition state.
Using the Monte Carlo approach,*”” we estimate
the distance to the transition state of I1 mutants to
be 0.35 nm. We also estimated the unfolding rate
constant of I1 mutants at zero force: E4P: oy, =
7X107%s7!, Ax,=035nm; K7P: oy=0.1s7",
Ax, =035nm; R28P: o;,=5%x10"%s"!, Ax,=
0.35nm; Q15P: ay=5%x10"2s"!, Ax, = 0.35nm;
V17P: ao=8%x102%s"!, Ax, =0.35nm. These
results suggest that the proline mutations
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Figure 6. A plot of average unfolding force versus pull-
ing speed reveals the phenotypical effect of proline
mutations on the mechanical properties of the I1 domain.
The experimental data are shown as squares for I1-wt,
diamonds for I1-E4P and triangles for I1-V17P. Open
circles, connected by solid lines, correspond to Monte
Carlo simulations results: I1-wt (blue), I1-E4P (red) and
I1-V17P (green). For comparison, the Monte Carlo simu-
lation of the speed dependence of the unfolding forces
for the 127 domains is also shown here (black line).
Parameters used in Monte Carlo simulations are listed
in the main text. Monte Carlo simulations were per-
formed at seven different pulling speeds with 30 trials
at each speed.

destabilize the I1 domain by lowering its unfolding
energy barrier, while the transition state and
unfolding pathway remain the same for the Il
mutants. This contrasts the phenotypic effects of
proline mutations in 127 domain. For 127 domain,
proline mutations in the A’'-G region decreased
the unfolding forces required to unravel 127
domain and increased the distance from the native
state to the transition state.””” The difference in
the phenotypic effect of proline mutation in similar
region of I1 and I27 domains again showed the
substantial difference in the mechanical unfolding
energy landscapes for both domains.

Our results confirm the prediction made by SMD
simulations, that the major mechanical resistance
of I1 arises from the A-B and A’-G patches.** In
addition, our results also reveal the close
connection between A-B and A'-G patches,
where a disruptive proline mutation in either A-B
or A'-G patch has a destabilizing effect on the
overall mechanical stability. This result indicates
that, unlike the 127 module, the A-B and A'-G
patches are mechanically coupled. The mechanical
coupling allows the A-B and A'-G patches to
work in a cooperative manner to provide the
mechanical resistance to the I1 domain. This
mechanical design is very different from that of
127. For the 127 domain, the A—-B and A'-G patches
behave independently of each other. A mutation in

the A-B patch changed the properties of the
unfolding intermediate, which corresponds to the
separation of the A—B patch, but has no effect on
the main energy barrier to unfolding, which
corresponds to the unraveling of the A'-G
patch."

The mechanical stability of the 11 domain
affects the formation of the disulfide bridge

In addition to destabilizing effects on the
mechanical stability, proline substitutions in the
A-B and A’-G patches also have important effects
on the formation of the disulfide bridge. In contrast
to the rare occurrence of a disulfide bridge in wild-
type 11, the I1 mutants E4P, K7P Q15P and R28P
more readily show the formation of the disulfide
bridge. Force—extension curves of these mutants
frequently show mixed spacing, as illustrated by
the WLC fits to the data shown in Figure 7 (left
panel). One type of force peak spacing is the
standard ~30nm (red arrows) corresponding to
the unraveling of the reduced form. The other
type of force peak spacing is ~22 nm (blue arrows)
corresponding to the unraveling of the oxidized
form of I1. In a few cases, we have observed that
the mutant I1 modules of a polyprotein all appear
in the oxidized form. Histograms of the contour
length increment upon I1 domain unfolding were
plotted in Figure 7 (right panel). The force peak
spacing for the mutant proteins E4P, K7P Q15P
and R28P show a clear bimodal distribution, with
the first peak centered at ~22 nm and the second
peak centered at ~30 nm. In contrast, the mutant
V17P shows mainly one dominant peak at
~30nm. The bimodal distribution of the force
peak spacing for the mutants (E4P, K7P, V15P and
R28P) shows that the equilibrium between the
oxidized and reduced forms of I1 shifted signifi-
cantly towards the oxidized form. In contrast to
the low count of the oxidized form in the wild-
type (<6%) and the mutant V17P (~7%, n = 98),
the total counts of the oxidized form significantly
increase in the mutant I1 proteins (E4P: 40%,
n =106; K7P: 64%, n =28, Q15P: 60%, n =48;
R28P: 50%, n = 34). However, it is rare to observe
force—extension recordings where all the I1
domains in a single sawtooth pattern are in the
oxidized form. Mostly, in any given recording we
observed mixtures of oxidized and reduced I1
unfolding events.

The mutants E4P, K7P, R28P and Q15P show
significant decreases in mechanical stability and a
corresponding increase in unfolding rate constant
at zero force, while the mutant V17P and the wild-
type have a much higher mechanical stability and
a smaller unfolding rate constant. The correlation,
between the mechanical stability of I1 and the ease
to form a disulfide bridge, suggests that the
mechanical weakening of I1 domains facilitates
the formation of the disulfide bridge. Two possible
factors may contribute to this effect. One is the
structural flexibility of the region involving two
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Figure 7. Proline mutation facili-
tates the formation of a disulfide
bridge. Left panel shows the force—
extension curve of the Il proline

mutants. The red lines correspond
to the WLC fits to the experimental
data. Fits demonstrate that the
mutant E4P, K7P, R28P and Q15P
have two different contour length
increments: one is ~30 nm as indi-
cated by the red arrows; a second
one is ~22 nm as indicated by blue
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arrows. Mutant V17P predomi-
nantly shows one type of force
peak spacing which is ~30nm.
Right panel shows the force peak
spacing histograms observed for I1
mutants. E4P, K7P, Q15P and R28P
show bimodal distribution in force
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peak spacing, one peak centered at
~22 nm, the other one at ~30 nm.
The bimodal distribution indicates
that these mutants exist in equi-
librium between two populations:
reduced and oxidized forms. V17P
is similar to the wild-type and
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cysteine residues. Previous studies® have shown
that the disulfide bridge forms only after the
domain folds into its compact B-sandwich
structure; this is in contrast to most extracellular
disulfide bridged proteins where the formation of
disulfide bridge is critical for the correct folding of
proteins.** The rigidity of the B-sheet structure in
I1 may hinder the formation of the disulfide bond.
It is possible that the local disruption caused by
proline mutation confers enough flexibility to this
region, allowing the disulfide bridge to form. The
second factor may be the accessibility of cysteine
residues to O,. The cysteine residues in the I1
domain are buried inside the hydrophobic core.
The compact packing of the B-sandwich structure
may prevent O, from accessing the cysteine
residues. A local disruption of the B-sandwich
may increase the accessibility of molecular O, to
the two cysteine residues buried in the hydro-
phobic core. The combined effect of increasing
flexibility and accessibility to O, may facilitate the
formation of the disulfide bridge in I1.

Since the intracellular environment, where titin
performs its physiological functions, is considered
to be reducing, it is most unlikely that a disulfide
bridge will form in I1 and plays physiological
roles in titin elasticity.”® Prompted by the

!
25

11 Spacing (nm)

predominantly exists in the reduced
form.

30

unexpected finding of a disulfide bridge in the I1
crystal structure, Willmans and colleagues carried
sequence analysis of titin and predicted that 40
out of 92 I band Ig domains contain appropriate
cysteine pattern which have the potential of form-
ing disulfide bridges under oxidative stress.”
They proposed a mechanism in which reversible
formation of a disulfide bridges could regulate the
extensibility of I band titin.>> However, our results
do not support this mechanism. Our results
strongly suggest that the formation of a disulfide
bridge in I1 is unlikely in aqueous solution even
in an oxidative environment. SMD simulation
provides additional evidence to support our
conclusion. After equilibration in water for 1 ns,
the structure of the oxidized I1 shows that, the
distances between the two sulfur atoms (S-S) and
between the two B carbon atoms (CF-CPF) of the
two cysteine residues (Cys37 and Cys62) are
~20A and 3.8 A respectively (K. Schulten &
M. Gao, personal communication). In contrast,
after equilibration in water for 1ns, the structure
of the reduced I1 shows that the S-S and CP-C®
distances increased to 3.8 A and 4.8 A, respectively.
It has been shown that the C*P—CP distance required
to form a disulfide bridge is in the range of
3.45-4.5 A.* The CP-CP distance in the reduced I1
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domain is beyond the optimum range for a
disulfide bridge to form. From the modeling point
of view, it is therefore intrinsically unfavorable for
the two cysteine residues in I1 to form a disulfide
bridge in aqueous solution; this agrees well with
our observations on Il. The observation of a
disulfide bridge in the crystal structure may have
resulted from the unique condition imposed by
the crystal packing. However, a thorough SMD
simulation is needed to elaborate this point and
will be the subject of a future publication.

The present study confirms the critical import-
ance of the A-B and A’-G patches of Ig domains
in providing for their mechanical resistance.
Although I1 and 127 domains share similar
structure, they have distinct mechanical properties.
Subtle structural differences such as the
distribution of the backbone hydrogen bonds,
hydrophobic interactions and salt bridges deter-
mine the mechanical properties of the resulting
protein domains. This is one of the most important
features of the mechanical design of the I-band
titin. Considering the enormous size of titin and
the importance of muscle passive elasticity to
physiology, it is intriguing that only a small
number of A-B and A'-G patches-like motifs
could determine the mechanical properties of the
elastic Ig regions of titin. Therefore, it is possible
that A-B and A’-G patches may function as
“mechanical active sites” in titin mechanics, similar
to the active sites of enzyme catalysis. Perhaps
Nature has selectively focused evolutionary
pressure on these “active sites”, instead of the
whole titin sequence, to optimize the mechanical
properties of titin and therefore the performance
of different muscles types.

Materials and Methods

Protein engineering

We constructed polyprotein chimeras that contained
four direct tandem repeats of an 127-I1 dimer or 127-
IImutant dimer ((127-11),, (127-11-E4P),, (127-11-K7P),,
(127-11-Q15P),, (127-11-V17P),, and (I27-11-R28P),). 127
and I1 monomers were amplified from a human cardiac
muscle ¢cDNA clone using polymerase-chain-reaction.
Point mutations were introduced to I1 monomer using a
Quick-change mutagenesis kit from Qiagen. 127, I1 and
I1 mutant monomers were flanked with a 5 BamHI
restriction site and 3 Bg/II, KpnI restriction sites. Poly-
protein DNA were constructed using a previously
described method® based on the identity of the sticky
ends generated by Bam HI and Bgl1I restriction enzymes
and subcloned into a modified pET-blue expression
vector. All polyproteins were expressed in E. coli pLac-
BL(DE3)-tuner strain (Qiagen). Proteins were purified
by Ni**-affinity chromatography followed by additional
size-exclusion FPLC purification step. Proteins were
kept at 4 °C in Tris/NaCl at pH 8.4. All the constructs
used in this study have a His-tag at the N terminus for
affinity purification, and two Cys codons at the
C terminus to facilitate the covalent attachment of poly-
proteins to the gold substrate through the Au-S bond.

Single molecule atomic force microscopy

Single-molecule AFM has been described in detail**~**
elsewhere. Force—extension measurements were carried
out in PBS buffer. The cantilevers are standard SizN,
cantilevers with a typical spring constant of
~40 pN/nm. (ThermoMicroscope, Sunnyvale, CA).
Every cantilever was calibrated in solution using the
equipartition theorem. Unless noted in the text, the pull-
ing speed of all force—extension curves was in the range
of 0.4-0.6 nm/ms.
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