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ABSTRACT: The giant muscle protein titin plays important roles in heart S

function. Mutations in titin have emerged as a major cause of familial T L

cardiomyopathy. Missense mutations have been identified in cardiomyop- - g

athy patients; however, it is challenging to distinguish disease-causing mod &

mutations from benign ones. Given the importance of titin mechanics in ; ! VARV
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heart function, it is critically important to elucidate the mechano-phenotypes
of cardiomyopathy-causing mutations found in the elastic I-band part of
cardiac titin. Using single-molecule atomic force microscopy (AFM) and
equilibrium chemical denaturation, we investigated the mechanical and
thermodynamic effects of two missense mutations, R$7C-194 and S22P-184,
found in the elastic I-band part of cardiac titin that were predicted to be
likely causing cardiomyopathy by bioinformatics analysis. Our AFM results
showed that mutation R57C had a significant destabilization effect on the
194 module. R57C reduced the mechanical unfolding force of 194 by ~30—
40 pN, accelerated the unfolding kinetics, and decelerated the folding. These effects collectively increased the unfolding propensity
of 194, likely resulting in altered titin elasticity. In comparison, S22P led to only modest destabilization of 184, with a decrease in
unfolding force by ~10 pN. It is unlikely that such a modest destabilization would lead to a change in titin elasticity. These results
will serve as the first step toward elucidating mechano-phenotypes of cardiomyopathy-causing mutations in the elastic I-band.

Unfolding force (pN)

—— wt 184
—— S22P-184

Frequency

T T T T T T
o 50 100 150 200 250 300
Unfolding force (pN)

B INTRODUCTION

Titin is a giant muscle protein and spans half of the sarcomere
from the Z-line to the M-line." Titin is composed of hundreds of
tandem repeats of individually folded immunoglobulin (Ig),
fibronectin modules, and unique unstructured sequences. The I-
band part of titin is elastic and responsible for the passive tension
and elastic properties of vertebrate striated muscle and thus
plays critical roles in muscle function.

The composition of the I-band titin is regulated by alternative
splicing, giving rise to muscle type-specific isoforms that
determine the mechanical properties of specific muscles.” The
shortest titin isoform is the N2B isoform found in cardiac muscle
and has a molecular weight of 2993 kDa. The elastic I-band of
human cardiac N2B titin can be divided into four structurally
distinct regions (Figure 1A): (1) a proximal Ig region containing
15 tandem Ig modules, (2) a middle unstructured N2B unique
sequence (N2Bus) that contains 573 amino acid (aa) residues,
(3) a largely unstructured, 186-amino acid residue PEVK
sequence that is rich in proline (P), glutamate (E), valine (V),
and lysine (K), and (4) a distal Ig region that contains 22 tandem
repeats of Ig modules. N2BA is another titin isoform found in
heart muscle. It contains additional Ig modules in the mid-Ig
region and a longer PEVK sequence (Figure 1).

The elasticity and extensibility of titin have been studied in
detail both in situ’> and at the single-molecule level"~"" It is
now well established that the I-band titin is a complex,
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multielement molecular spring. In addition to the entropic
polymer elasticity of titin, mechanical unfolding of titin Ig
modules also plays important roles in titin elasticity and
extensibility when the muscle sarcomere is stretched close to or
beyond the physiological range of sarcomere length.””'*'*~"*
Titin elasticity is finely regulated by the length of titin elastic
elements (i.e, the length of unstructured sequences and the
number of folded Ig modules) as well as the mechanical stability
of folded Ig modules. The mechanical properties of individual
titin molecules can be scaled to explain the passive elastic
properties of muscles, providing a detailed mechanistic under-
standing of muscle passive elasticity at the molecular level.”
Cardiac titin plays critical roles in heart function. The size of
the stroke volume is determined by the passive diastolic tension
of the cardiac muscle wall,"'® which is directly regulated by titin.
Given the importance of cardiac titin in regulating the passive
elasticity of heart muscles, it has long been recognized that
mutations found in titin that alter the structure and/or
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Figure 1. (A) Schematics of cardiac titin N2B and N2BA isoforms. Blue asterisks indicate the locations of the missense mutations identified in cardiac
titin N2B and N2BA isoforms. (B) Missense mutations identified in titin N2B and N2BA isoforms that are possibly and likely causing cardiomyopathy.

properties of cardiac titin could lead to cardiomyopathy.'®™"

Despite the enormous size of the titin gene TTN (364 exons in
total),” early work revealed only a small number of mutations in
TTN associated with cardiomyopathies.'”*~>® This was largely
due to the challenges associated with sequencing such an
enormous gene. Over the past few years, developments in next-
generation high-throughput sequencing techniques have
changed the field significantly, and sequencing TTN has
become feasible at a reasonable cost. New experiments over
the past decade have demonstrated that mutations in TTN have
emerged as a major cause of familial cardiomyopathy.””**~*

In a landmark study by Herman et al.,”® it was found that TTN
truncation mutations are a common genetic cause of dilated
cardiomyopathy (DCM), a major cause of heart failure and
premature death. TTN-truncating mutations account for ~25%
of familial DCM cases and ~18% of sporadic cases. Further
studies have identified rare missense mutations that are linked to
various cardiomyopathies, including DCM, hypertrophic
cardiomyopathy (HCM), and arrhythmogenic right ventricular
cardiomyopathy (ARVC).>

In a more recent study involving a cohort of 147 DCM index
subjects, 348 rare missense variants were identified in cardiac
titin N2B and N2BA isoforms.”* Using bioinformatics analysis,
44 “severe” rare variants were identified in 37 probands, and
subsequent segregation analysis allowed the classification of
these “severe” variants into five “likely”, five “unlikely”, and 34
“possibly”. The “likely” and “possibly” disease-causing variants
are overrepresented in the A-band region of titin (23 in total).
Because the A-band titin is inextensible and interacts with the
myosin thick filament, it is likely that mutations found in A-band
cardiac titin affect the protein—protein interactions between
titin and the thick filament.

From the perspective of titin mechanics, it is very interesting
to note that seven of the “likely” and “possibly” disease-causing
variants were also found to be located in the elastic I-band of titin
N2B and N2BA isoforms. All seven mutations were found in
folded Ig modules, and none was in the unstructured N-2B
unique sequence or PEVK sequence (Figure 1).

12129

It is well established that point mutations could significantly
destabilize I-band Ig modules (as shown for I91) so that they
could potentially unfold under physiological conditions.'”*® It
has been hypothesized that such mutations could alter titin-
based passive stiffness and potentially cause cardiomyopathy."’
Recent studies on the T2850I variant of 110 lend supporting
evidence to this hypothesis.””*° T28501 is a missense mutation
in the 10th Ig module of the I-band titin and has been confirmed
to be linked to ARVC.” Single-molecule atomic force
microscopy (AFM) as well as equilibrium chemical denaturation
studies showed that the T2850I mutation significantly
destabilized 110, both thermodynamically and mechanically,
and caused 110 to unfold at reduced forces”” and display a higher
propensity for unfolding. These results suggested that T2850I-
I10 may unfold under physiological conditions and be more
susceptible to protein degradation, leading to altered titin
passive elasticity.””*

The discovery of the “likely” and “possibly” disease-causing
variants in the Ig modules of the I-band part of cardiac titin
provides a valuable opportunity to explore if these variants
display mechano-phenotypes similar to that of T2850I-110, and
if mechanical effects caused by mutations can be used as
screening tools for identifying cardiomyopathy-causing muta-
tions. For these purposes, here we combined single-molecule
AFM, equilibrium denaturation, and protein engineering
techniques to investigate the mechanical and thermodynamic
effects of two mutations, Ser13702Pro and Arg14640Cys, that
are predicted to be likely to cause cardiomyopathy.

B EXPERIMENTAL SECTION

Protein Engineering. Genes encoding wild type (wt) 194 and 184,
carrying a 5" BamH]I, and 3’ BgIII and KpnlI restriction sites, of cardiac
titin were custom synthesized (Gene-script). RS7C-194 and S22P-184
were constructed by using the standard site-directed mutagenesis
method. The genes encoding polyproteins Coh-(GB1-Ig), were
constructed in the pUCS7 vector following a well-established iterative
protocol based on the identity of the sticky ends of digested BamHI and
Bglll restriction sites.””*> The genes were then subcloned into the
PQESBOL expression vector. Overexpression of target proteins was
carried out in Escherichia coli strain DHSa following well-established
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protocols. Briefly, after inoculation with 3 mL of the preculture, the cells
were grown in 200 mL of Luria-Bertani medium containing 100 yg/mL
ampicillin at 37 °C and 225 rpm. When the ODyy, of the culture
reached ~0.7, protein overexpression was induced with 0.5 mM
isopropyl p-p-1-thiogalactopyranoside and the protein expression
continued for 4 h. Then, the cells were pelleted by centrifugation at
4000g for 10 min at 4 °C and resuspended in 10 mL of loading buffer
[10 mM phosphate-buffered saline (PBS) (pH 7.4)]. After the addition
of 10 uL of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO),
100 uL of SO mg/mL lysozyme, 1 mL of 10% (w/v) Triton X-100, and
50 uL of 1 mg/mL DNase I and RNase A to the loading buffer, cells
were lysed for 40 min on ice. Cell debris was then removed by
centrifugation at 22000g and 4 °C. Target proteins were purified by
using Co** affinity chromatography (TALON Metal Affinity Resins,
Clontech, Mountain View, CA). The purified protein sample had a
concentration of ~4 mg/mL.

Functionalization of AFM Cantilevers and Glass Coverslips.
After air plasma cleaning for 30 min, cantilevers were salinized by
incubating in S00 uL of (2-aminopropyl)-dimethyl-ethoxysilane
(APDMES, ABCR, Karlsruhe, Germany) mixed with 0.5 uL of doubly
distilled H,0 (ddH,0) and S00 uL of ethanol for 2 min. The
cantilevers were then rinsed with ethanol and water sequentially,
followed by baking at 85 °C for 45 min. Salinized cantilevers were
stored under argon and used within one month.

Glass coverslips were first washed by sonication in a 1:1 ddH,0/
isopropanol solution for 10 min and then washed in a hot chromic acid
solution for 20 min (Caution: Chromic acid is corrosive and a carcinogen
and must be handled with extreme care!). Coverslips were then rinsed
with ddH,O and ethanol and dried in a gentle stream of nitrogen. To
functionalize the glass coverslips, coverslips were incubated in an
APDMES/ethanol solution (88% ethanol, 10% ddH,O, and 2%
APDMES in volume) on a tabletop shaker for 1 h. Then the coverslips
were rinsed with ethanol and ddH,O and then baked at 85 °C for 45
min. The clean coverslips were then stored under argon and used within
one month.

To functionalize the glass coverslip and AFM cantilevers with
Cohesin and Dockrin fusion proteins, silanized coverslips and
cantilevers were incubated in a solution of 5 kDa maleimide-PEG
succinimidyl-NHS-acid ester (Creative PEGWorks, Durham, NC)
dissolved in SO mM HEPES (pH 7.4—7.6) at 25 mM (125 mg/mL) for
45 min. After being rinsed with ddH,O, the coverslips were incubated
with the protein of interest at 6—10 M [SO mM sodium phosphate
(pH 7.2), 50 mM NaCl, and 10 mM EDTA buffer], and the cantilevers
were incubated with 10 #M cys-X-dockerin [ SO mM sodium phosphate
(pH 7.2), 50 mM NaCl, and 10 mM EDTA buffer] for 1 h. After being
rinsed with PBS buffer, the samples were used immediately in single-
molecule AFM experiments. The pulling experiments were carried out
in Tris buffer [25 mM Tris, 72 mM NaCl, and 1 mM CaCl, (pH 7.2)].

Single-Molecule Force Spectroscopy (SMFS) Experiments.
SMES experiments were conducted on a home-built atomic force
microscope, which was described previously.”” Before each SMFS
experiment, the spring constant (~40 pN/nm) of the silicon nitride
cantilevers (MLCT, Bruker, Santa Barbara, CA) was calibrated by
utilizing the thermal method in a PBS buffer solution (pH 7.4). In a
typical constant-velocity SMFS experiment, the cantilever function-
alized with dockerin was brought into contact (~50 pN) with the
surface functionalized with the target cohesin fusion proteins and then
retracted at a constant velocity (e.g, 400 nm/s). The pulling was
conducted in a semiautomatic fashion. The force—extension curves
were then screened for single-molecule stretching events and analyzed
using custom written codes in IgorPro (Wavemetrics, Lake Oswego,
OR). The unfolding experiments were carried out in Tris buffer [25
mM Tris, 72 mM NaCl, and 1 mM CaCl, (pH 7.2)]. To prevent
endogenous cysteine residues in 194 from reacting with unreacted
maleimide or forming a disulfide bond between them in the unfolded
194, the refolding experiments with 194 and R57C-194 were carried out
in the presence of 5 mM dithiothreitol.

Monte Carlo Simulations. Monte Carlo simulations were carried
out following the well-established protocol, which was described in
detail previously, to reproduce the experimentally determined force—

extension curves. The mechanical unfolding of proteins was described
using the Bell-Evans model, a(F) = a, exp(FAx,/ ks T).>>** The
simulation results (unfolding force histograms and pulling speed
dependence of the unfolding forces) were then compared with the
experimental data to estimate the kinetic parameters characterizing the
mechanical unfolding, the unfolding rate constant at zero force, @, and
the distance between the native and mechanical unfolding transition
state, Ax,, performed to reproduce our experimental data to determine
unfolding kinetics.

Chemical-Induced Denaturation. To determine the thermody-
namic stability of 194, 184, and their mutants, equilibrium chemical
denaturation experiments were performed on a Jasco-J810 spectropo-
larimeter using a micro fluorometer polystyrene plastic cuvette with a
path length of 10 mm. Tryptophan fluorescence was used as the probe
for protein unfolding. In the experiments, tryptophan fluorescence was
excited at 280 nm, and the emission spectra were recorded from 300 to
500 nm. To measure the fluorescence spectra of proteins at different
GdmCl concentrations, the protein concentration was kept the same at
0.2 mg/mL by mixing protein and GdmCl stock solutions. The
prepared protein solutions were equilibrated at room temperature for at
least 30 min before measurements. The experimentally determined
tryptophan fluorescence as a function of GdmCl concentration was
converted to the equilibrium denaturation curve. The denaturation
curves were then fitted to a two-state model (eq 1) to estimate the m
value, [D], 5, and AGy_y

Al —
exp( GN_ET m[D] )

1+ eXP(AGN_;T_ M[D])

f=
(1)

where fis the fraction of folded proteins, R is the gas constant, and T is
the absolute temperature.'® AGy_y = m[D],,,, where [D],, is the
GdmCl concentration at which the fraction of the folded protein is 50%.

B RESULTS

Ser13702Pro and Arg14640Cys Are Two Missense
Mutations That Likely Cause Cardiomyopathy. Among
the seven rare missense variants identified as “possibly” and
“likely” variants in the I-band N2B/N2BA cardiac titin to cause
DCM, Ser13702Pro and Arg14640Cys are two likely variants.”*
Ser13702Pro is located in the 184 module, and Arg14640Cys is
in the 194 module, both of which are homologous and in the
distal Ig region of the I-band titin (Figure S1). Because all I-band
Ig modules share a high degree of sequence homology among
themselves, they are gredicted to fold into similar three-
dimensional structures.”>*® 11 and 191 modules are the only Ig
modules in the I-band titin whose three-dimensional structures
are available, and both of them fold into a p-sandwich
structure.””*® To gain insights into the structures of 184 and
194, we carried out homology modeling using SWISS-
MODEL" to predict their three-dimensional structures.

As expected, homology modeling revealed that both 194 and
184 fold into f-sandwich structures (Figure 2) that are similar to
I191. 194 contains 90 residues. Residue Arg14640, which is ArgS7
in the sequence of 194, is located at the beginning of f-strand E
and solvent-exposed (Figure 2A). The Argl4640Cys mutation
caused the change in a positively charged residue to a polar
residue but did not cause significant structural changes to the -
sandwich structure of 194 (Figure 2B). In comparison, 184
contains 98 residues. Residue Ser13702, which is Ser22 in the
sequence of 184, is located in the flexible loop connecting j
strands A’ and B (Figure 2C). Although the Ser13702Pro
mutation introduced a bend, this mutation was well-tolerated
and did not cause significant structural changes to the p-
sandwich structure (Figure 2D). These results indicated that the
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Figure 2. Three-dimensional structures of (A) 194, (B) RS7C-194, (C)
184, and (D) S22P-184 predicted by homology modeling. Both 194 and
184 modules fold into a f-sandwich structure, similar to that of I91.
Homology modeling also predicted that mutations RS7C and S22P do
not alter the three-dimensional structure of 194 and 184 significantly.

structural changes caused by these two mutations are likely
small, and both mutant Ig modules are likely folded.

R57C and S22P Destabilized 194 and 184 Thermody-
namically. To investigate the thermodynamic effect of both
mutations on 194 and 184, we first carried out equilibrium
unfolding experiments to measure their thermodynamic
stability. For the sake of convenience, Argl4640Cys-194 is
termed as RS7C-194 and Ser13702P-184 as S22P-I84. Because
both Ig modules contained a tryptophan residue in their
hydrophobic core, we used tryptophan fluorescence as a probe
to monitor their equilibrium unfolding as a function of the
concentration of chemical denaturant guanidinium chloride
(GdmCl). Figure 3 shows the equilibrium denaturation curves
of both 194 and 184 modules as well as their mutants. Both 194
and 184 are thermodynamically stable, with [D],,, values, at
which 50% of the protein is unfolded, of 1.17 + 0.01 M [average
(avg.) + standard deviation (SD)] and 2.90 + 0.01 M for 194
and 184, respectively. Fitting the experimental data to a two-state
unfolding—folding model measured equilibrium free energies
between the native and unfolded state (AGy_y;) of 2.86 = 0.10
kcal/mol for 194"’ and 5.67 + 0.18 kcal /mol for I84. Introducing
mutations R57C and S22P into 194 and 184 resulted in a clear
destabilization, as evidenced by the shift in [D], ;, toward lower
values. Fitting the data to the two-state model revealed AAGy_y
values of 1.09 kcal/mol for RS7C-194 and 0.87 kcal/mol for
S22P-184. Neither mutation significantly changed the m value,
which is associated with the difference in the surface area

Single-Molecule AFM Experiments Revealed the
Decreased Mechanical Stability of Both Variants. To
examine the mechanical effect of the mutations on both Ig
modules, we used single-molecule AFM to examine their
mechanical unfolding. For this purpose, we constructed
heteropolyproteins Coh-(GB1-194), and Coh-(GB1-R57C-
194),, where Coh represents the cohesin domain** and GB1
represents the small protein B1 IgG binding domain of protein
G. GBI, which has been studied in great detail®* and is
characterized by an unfolding force ~180 pN at a pulling speed
of 400 nm/s and a contour length increment ALc of 18 nm,
served as a fingerprint for identifying single-molecule stretching
events as well as an internal force caliper for comparing the
unfolding forces of 194 and its mutant 194-R57C.*”

To stretch the heteropolyprotein in its entirely from its N- and
C-termini, we used a well-established stretching strategy based
on specific interactions between cohesin and dockerin (Figure
4A).** Cohesin and dockerin are two interacting domains from
Clostridium thermocellum and have been developed as a specific
handle for stretching single proteins in AFM-based SMES
experiments.*”*’ Bringing a dockerin-coated AFM tip into
contact with Coh-(GB1-194),, which were chemically immobi-
lized onto the glass substrate via the thiol-maleimide chemistry,
allowed us to stretch Coh-(GB1-194), from its N- and C-termini
via the strong interaction between Coh-Doc. Figure 4B shows
the representative force—extension curves of stretching (GB1-
194),, which are of the characteristic sawtooth pattern-like
appearance, with each sawtooth peak corresponding to the
mechanical unfolding of one protein domain in the stretched
polyprotein. Eight unfolding force peaks were observed in each
force—extension curve, corresponding to the unfolding of the
eight domains in the polyprotein, and the last peak
corresponded to the rupture of the Coh-Doc complex. The
unfolding events clearly showed two different ALc values.
Fitting the data to the wormlike chain (WLC) model of polymer
elasticity revealed a ALcl of 18.1 + 0.5 nm (avg. + SD) and a
ALc2 of 282 + 0.6 nm. Clearly, the unfolding events with a
ALcl of 18 nm correspond to the unfolding of the fingerprint
domain GBI, while those with 28 nm correspond to the
unfolding of 194. It is worth noting that four unfolding force

A)
109 A wtiod
m 194-R57C
0.8
®
T 0.6
L
N
S 0.4
®
0.2
0.0, T =T T T 1
0 1 2 3 4 5
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1.0 A wtiss

m 184-S20P
0.8

0.6+

0.4+

0.2+

0.0

0 1 2 3 4 5
[GdmCI] (M)

Figure 3. Equilibrium denaturation curves of 194, (A) 194-RS7C, and 184, (B) I84-S22P. Solid lines are fits of the experimental data to a two-state

unfolding—folding model. The fitting parameters are listed in Table S1.
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Representative force—extension curves of (B) (GB1-194), and (C) (GB1-R57C—194),. Two groups of unfolding force events were observed.
Unfolding events colored black display a contour length increment ALc of 18 nm and correspond to the unfolding of GB1 domains, while unfolding
events colored red display a contour length increment ALc of 28 nm and correspond to the unfolding of 194 or R$7C-194 domains. (D) Unfolding
force histograms of 194 and R57C-194 at a pulling speed of 400 nm/s. The average unfolding force is 187 + 33 pN (avg. + SD) for wt 194 (n = 208) or
145 + 32 pN for R$7C-194 (n=291). (E) Pulling speed dependence of the unfolding forces. Solid lines are Monte Carlo simulation results using a Ax,
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Figure 5. Mechanical properties of 184 and S22P-184. Representative force—extension curves of (A) (GB1-184), and (B) (GB1-S22P-184),. Two
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peaks of 194 were interspersed with four GB1 unfolding events, identical to those of wt 194, suggesting that the R57C mutant is

suggesting that 194 and GB1 unfolded at similar forces. well folded. It is of note that, different from the wt protein, the
Stretching (GB1-RS7C-194), resulted in force—extension
curves similar to those of wild type (wt) (GB1-194), (Figure

4C). The unfolding of 194-RS7C displayed a ALc of 28 nm, to the four unfolding events of GBI, suggesting that the

four unfolding events of the mutant RS7C often occurred prior
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Figure 6. Effects of mutations on the folding kinetics of 194 and 184. (A) Schematics of the double-pulse AFM protocol in measuring the folding
kinetics of proteins. (B) Representative refolding curves of full length (GB1-194),. In the first pulse, four GBI and four 194 unfolding events were
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Solid lines are the fitting to the first-order rate law P;= 1 — exp(—ft).

mechanical stability of R$7C is lower than that of GBI and thus
lower than that of wt 194.

Quantitative analysis of the unfolding forces revealed that the
average unfolding force of wt 194 was 187 = 33 pN (avg. = SD)
at a pulling speed of 400 nm, while the unfolding force for R57C-
194 was 145 + 32 pN, ~40 pN lower than that of wt 194 (Figure
4D). Stretching (GB1-194-R57C), at different pulling speeds
revealed that the unfolding force of RS7C was consistently lower
than that of wt 194 by 30—40 pN (Figure 4E). The standard
deviation of the unfolding forces is determined by kzT/Ax,,
where kpT is the thermal energy and Ax, is the unfolding
distance between the native state and mechanical unfolding
transition state.””** The relatively large SD of the unfolding
forces indicated a large Ax, for both 194 and R57-194. It is worth
noting that the standard error of the mean (sem) of the
unfolding forces is small (~2—3 pN), and a Student’s ¢ test
showed that the difference in unfolding forces of 194 and RS7-
194 is statistically significant (p < 0.001). Hence, these results
clearly indicated that 194 was weakened mechanically by the
RS57C mutation.

Using similar strategies, we characterized the mechanical
unfolding of 184 and its variant S22P-184 (Figure S). The
average unfolding forces at a pulling speed of 400 nm/s were 180

12133

pN for wt I84 and 167 pN for S22P. Experiments at different
pulling speeds revealed the same consistent trend. Clearly, S22P
decreased the unfolding force of 184, but its weakening effect was
much milder than that of R57C-194. It is of note that although
the weakening effect was small, the difference in the unfolding
force of 184 and S22P-I84 is statistically significant (p < 0.001),
while the difference in unfolding forces of GB1 in (GB1-184),
and (GB1-184-S22P), is statistically not significant (p > 0.05).

To quantify the mechanical unfolding kinetics, we used the
well-established Monte Carlo simulation protocols to reproduce
the pulling speed dependence of the unfolding forces. Fitting the
Monte Carlo simulation result to the experimental data allowed
for the estimation of the key parameters characterizing the free
energy profile of the mechanical unfolding of proteins: , the
intrinsic unfolding rate constant at zero force, and Ax,, the
distance between the native state and the mechanical unfolding
transition state (F) (Figures 4E and SD). Both mutations
accelerate the unfolding kinetics of 194 and 184 but did not affect
Ax,. The R57C mutation increased the o, of 194 by ~3-fold
(from 0.025 to 0.080 s '), while the S22P mutation increases the
@, of 184 by ~2-fold (from 0.002 to 0.004 s™).

It is worth noting that R57 is outside of the A-B and A’'G
patch, which are predicted to be responsible for the mechanical
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stability of titin Ig domains,'” yet RS7C has an obvious
mechanical destabilizing effect on 194. This result suggested that
RS57 may be involved in interactions with the A’G patch. To
understand the molecular origin of this destabilization effect,
more detailed analysis will be needed.

S22P and R57C Decelerated the Intrinsic Folding
Kinetics of 194 and 184. Having characterized the mechanical
effects of the two mutations on 194 and 184, we used single-
molecule AFM to evaluate their effects on the folding kinetics of
both proteins. For this, we used the double-pulse protocol” to
measure the folding kinetics of 194, 184, and their mutants. As
shown in Figure 6A, in the first pulse, the full length polyprotein
(GB1-194), was stretched to unfold all of the protein domains
(four GB1 domains and four 194 domains). Then the unfolded
polypeptide chain was quickly relaxed to zero force and kept at
zero force for a given time to allow the unfolded protein domains
to refold. In the second pulse, the polyprotein was stretched
again to count the number of folded 194 domains. By varying
waiting time At, we measured the folding probability of 194 as a
function of At. As shown in Figure 6B, wt 194 folded rapidly at
zero force; within <1 s, almost 100% 194 domains managed to
refold to regain their mechanical stability. Fitting the folding
probability curve of 194 to a first-order rate equation yielded a
folding rate constant /3, of 15 + 5 s™" at zero force (Figure 6C).
In comparison, the folding of 194-R57C was clearly slowed by
the RS7C mutation, showing a folding rate constant f, of 6.4 +
1.1s™

Using the same strategy, we also examined the effect of S22P
on the folding kinetics of 184 (Figure 6D). It is interesting to find
that the folding of wt 184 is very slow, with a folding rate constant
Bo of (1.8 + 0.2) X 107> s™" at zero force. Such a slow folding
kinetics was observed in some distal Ig modules, such as 192 and
195.** The folding of mutant S22P slowed the folding of 184 even
further by ~3.6-fold, leading to a 3, of (5.0 + 0.3) X 107> s™" at
zero force for S22P-184.

194-R57C Displayed Mechano-phenotypes Similar to
Those of ARVC-Causing Variant T1850I-110. Although it
has long been hypothesized that mutations in the elastic I-band
titin that affect the mechanical properties of folded Ig modules
may be a potential cause of cardiomyopathy,'” connecting rare
missense mutations in titin with cardiomyopathy has been
challenging. The first confirmed cardiomyopathy-causing
missense mutation in the elastic I-band titin is T2850I, which
is located in the 110 module and linked to ARVC.*"*"*° Single-
molecule AFM studies revealed that the T1850I mutation
destabilized 110 both thermodynamically and mechanically.*”
The T1850I mutation resulted in a decrease in the mechanical
unfolding force of I10 by ~30 pN, a 4-fold increase in the
unfolding rate. The mutation did not affect the folding kinetics
of I10. Proteolysis analysis also revealed that the mutation
increased the susceptibility of 110 to proteolysis. On the basis of
these experimental data, it was concluded that the increased
susceptibility of 110 to proteolysis, which is due to the increased
unfolding kinetics and the disruption of the local structure, may
be a key feature for this cardiomyopathy-causing variant. These
mechano-phenotypes of a cardiomyopathy-causing mutation
provided an invaluable starting point for further investigation of
the mechanical effects of potential disease-causing mutations in
the I-band titin. Our studies of R$7C-194 and S22P-184 serve as
an effort in this direction. Our results revealed different
mechanical effects of these mutations on Ig modules.

The two missense variants 194-R57C and 184-S22P, identified
from cardiomyopathy patients, were predicted to be likely to

cause cardiomyopathy.”* Our single-molecule AFM studies
revealed that the RS7C mutation had mechano-effects similar to
those of the cardiomyopathy-causing mutation T1850I-110. I94-
RS7C decreased the mechanical unfolding force of 194 by ~30—
40 pN and accelerated the unfolding kinetics by 3-fold.
Moreover, RS7C slowed the folding kinetics of the 194 module.
Both an increased unfolding rate constant and a decreased
folding rate constant should increase the propensity of unfolding
of the 194 module. A stretching force would further increase this
propensity, as predicted by the Bell-Evans model.””** To
quantitatively estimate the unfolding propensity of 194 in muscle
sarcomeres, we assumed an average stretching force of 5 pN
experienced by each individual titin molecule in sarcomeres.'*
We found that under reduced conditions (which is the
physiological condition), ~2.3% of wt 194 would be unfolded
at this force. However, the unfolded fraction of R57C-194
increased to ~15% under the same condition. This significant
increase in the unfolded fraction of 194 suggested that the RS7C
mutation may render a significant fraction of 194 unfolded, thus
making it more susceptible to proteolysis inside the cell. These
effects are similar to those of T1850I-110, suggesting that R57C
may alter the elastic properties of I-band titin and make R57C a
likely cardiomyopathy-causing mutation.

S22P Displayed a Small Effect on the Nanomechanical
Properties of 184. For 184-S22P, the mutational effect appears
to be more subtle. 184 is thermodynamically stable with a
AGy_y of 5.67 kCal/mol measured from equilibrium
denaturation experiments. A destabilization effect of 0.87 kcal/
mol is rather modest. Single-molecule AFM experiments also
revealed a small destabilization effect (a decrease of 10 pN in
unfolding force).

Single-molecule AFM experiments revealed that 184 showed a
slow folding kinetics, with a 3, of 0.018 s™" at zero force. This
slow folding kinetics and the measured mechanical unfolding
kinetics would give rise to an apparent AGy_y of 1.38 kcal/mol,
considerably smaller than the value measured from equilibrium
chemical denaturation experiments (5.67 kcal/mol). A AGy_y
of 1.38 kcal/mol would predict that ~10% of 184 would be
unfolded at equilibrium even in the absence of any stretching
force. This is in sharp contrast with the predicted 0.01%
unfolded fraction of 184 based on a AGy_y; of 5.67 kcal/mol. To
examine this discrepancy, we counted the number of folded and
unfolded 184 modules in our single-molecule AFM pulling
experiments on (GB1-184),. In our experiments, (GB1-184),
was stretched from its N- and C-termini. In principle, each
force—extension curve should contain four GB1 and four 184
unfolding events. Missing an unfolding event, either GB1 or 184
would indicate that the missing domain was unfolded on the
surface prior to stretching. We found that 99% of the force—
extension curves contained four GB1 unfolding events and four
184 unfolding events, indicating that almost all 184 modules are
propetly folded in the experiments, in spite of the chemical
immobilization onto the glass surface. This observation
eliminated the possibility that 10% of 184 would be unfolded
at equilibrium. Therefore, the observed slow folding rate
constant of I84 in the AFM experiments was likely a result of
kinetically trapping; i.e., the mechanically unfolded I84 was
likely stretched into a kinetically trapped state. However, the
origin of this kinetic trapping remains to be elucidated.

Therefore, on the basis of the AGy_y measured from
equilibrium chemical denaturation experiments, the S22P
mutation would not cause a significant change to the unfolding
probability of 184 under a stretching force of S pN (0.1% for wt
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184 vs 0.5% for S22P). In other words, the S22P mutation would
have a very weak effect on the mechanical properties of 184. This
result implied that from the viewpoint of titin elasticity, the S22P
mutation would unlikely cause a significant change in the
mechanical properties of 184, thus raising the question of
whether S22P is a cardiomyopathy-causing variant. However,
S22P does slow the refolding of I84. Because titin cyclically
stretches during its life span, the reduced refolding rate could
also lead to the change in titin elasticity.* Thus, it remains an
open question if the slower folding kinetics of S22P can lead to
cardiomyopathy.

Challenges in Identifying Cardiomyopathy-Causing
Mutations in I-Band Titin Ig Modules. Our single-molecule
AFM experiments on the two missense mutants that were
predicted by bioinformatics analysis to be likely causing
cardiomyopathy”* revealed different mechanical effects. AFM
results on R57C-194 revealed clear mechanical signatures of the
R57C mutant that are comparable to those found in a
cardiomyopathy-causing mutation T18501-110,>" while S22P-
184 showed only minute changes to the mechanical properties of
184.

From a viewpoint of titin mechanics alone, the RS57C
mutation will likely alter the elasticity of cardiac titin and
potentially lead to cardiomyopathy. However, S22P will unlikely
alter titin elasticity. Although we cannot completely eliminate
the possibility that S22P is linked to cardiomyopathy, our results
do raise the question of whether S22P is indeed a
cardiomyopathy-causing mutation.

The difference in the mechanical consequences of mutations
in these two I-band Ig modules also points to the challenge in
distinguishing disease-causing mutations from those benign
ones. This challenge is inevitably linked to the very limited
number of missense mutants that have been confirmed to be
directly linked to cardiomyopathy. This situation is different
from disease-causing mutations found in other sarcomeric
proteins, such as myosin and myosin binding proteins, where
cardiomyopathy has been found to be linked to missense
mutations in these proteins.46 In the latter case, establishing
mechano-phenotypes may become feasible. For example, single-
molecule AFM has been used to try to establish mechano-
phenotypes of disease-causing mutations found in myosin
binding proteins.”> Therefore, developing innovative methods
to help establish definitive connections between cardiomyop-
athy and missense variants in titin, especially I-band titin, will be
a critical step toward establishing mechano-phenotypes for
missense variants in elastic I-band titin. In this respect, the
experimental efforts by Bogomolovas,®® in which transgenic
knock-in mice containing the T1850I mutation were used to link
DCM with T1850], are critically important.

B CONCLUSIONS

Using single-molecule AFM and equilibrium chemical denatu-
ration, we investigated the mechanical and thermodynamic
effects of two missense mutations found in the elastic I-band part
of cardiac titin that were predicted to cause cardiomyopathy by
using bioinformatics analysis. Our AFM results showed that
RS57C had a significant destabilization effect, both thermody-
namic and mechanical, on the 194 module. R57C reduced the
mechanical unfolding force of 194, accelerated the unfolding
kinetics, and decelerated the folding kinetics. These effects
collectively increased the unfolding propensity of 194, likely
resulting in altered titin elasticity. In comparison, the S22P
mutation led to only modest destabilization of 184, with a

decrease in unfolding force by ~10 pN. It is unlikely that such a
modest destabilization would lead to a change in titin elasticity.
These results will serve as the first step toward elucidating
mechano-phenotypes of cardiomyopathy-causing mutations in
the elastic I-band part of titin.
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