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Immunoglobulin-like modules are common components of
proteins that play mechanical roles in cells such as muscle elas-
ticity and cell adhesion. Mutations in these proteins may affect
their mechanical stability and thus may compromise their
function. Using single molecule atomic force microscopy
(AFM) and protein engineering, we demonstrate that point
mutations in two p-strands of an immunoglobulin module in
human cardiac titin alter the mechanical stability of the pro-
tein, resulting in mechanical phenotypes. Our results demon-
strate a previously unrecognized class of phenotypes that may
be common in cell adhesion and muscle proteins.

Modular proteins that are exposed to mechanical stress play
important roles in regulating the elasticity of the extracellular
matrix!-3, mediating cell-cell adhesion?, in the cytoskeletons, and
in the passive elasticity of musclet-8. These proteins are typically
composed of domains that are placed in tandem. Some of these
domains have been found to contain mutations®!t, Many of these
mutations are thought to change the ligand binding properties
(affinity and specificity) of the affected protein modules (for
example, mutations in the cell adhesion protein L1; ref. 10), but
others remain unexplained®. It is likely that many of these muta-
tions change the mechanical stability of the modules. However, it
has not been possible to investigate how mutations affect resis-
tance to mechanical unfolding (mechanical stability) until now.

Here we demonstrate the effects of point mutations on the
mechanical stability of a protein module. Our experiments made
use of recently developed single molecule atomic force microscopy
(AFM)12-16 and protein engineering techniques21316 to probe the
effects of proline mutagenesis on the mechanical stability of the
27t immunoglobulin module of human cardiac titin (127, follow-
ing the convention of Labeit and Kolmerer®). This protein module
serves as an ideal model system for these studies because it has a
known structure!’, it has been modeled using steered (or biased)
molecular dynamics'®-20 and its mechanical properties have been
studied'>6. The 127 module consists of 89 amino acids that fold
into a characteristic B-sandwich with seven strands*. When
stretched by an atomic force microscope, a polyprotein composed
of 127 modules extends beyond its contour length by sequential
unfolding of the individual modules, creating a force-extension
curve with a characteristic sawtooth pattern that can be readily
recognized and studied!>-16.21,

Steered molecular dynamics simulations of the mechanical
unfolding of the 127 module®!® have predicted that the major
mechanical resistance to unfolding is located in a cluster of back-
bone hydrogen bonds linking the A’ strand (amino acids 9, 11, 13
and 15) to the G strand (amino acids 83, 85 and 87) (Fig. 1a).
These predictions are supported by recent AFM experimentst2-14.16
and suggest that any alteration of the atomic interactions in the
A'-G overlap region may reduce the mechanical stability of the 127
module. This hypothesis has been tested in this work.
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Fig. 1 Point mutations in an immunoglobulin module alter its mechani-
cal stability. a, Cartoon diagram showing the 3-sandwich structure of the
127 module and the amino acids that were substituted by Pro residues in
this work. Black bars indicate the six backbone hydrogen bonds linking
the A’ and G B-strands. b, The force extension relationships for the 127
polyproteins: wild type (black), YOP (cyan), V11P (blue), V13P (green),
and V15P (red) (we use the same color code throughout the paper). The
mutations V11P, V13P and V15P decrease the force required to unfold
the 127 module (see text). By contrast, the mutation Y9P increases this
force. These recordings were obtained at a pulling speed of 0.6 nm ms.

Mechanical phenotypes of proline mutants

Because the A'=G overlap of the 127 module is thought to be the
major point of mechanical resistance, we have focused our muta-
tion studies on this region of the module (Fig. 1a). We used proline
mutagenesis to block the formation of specific backbone hydrogen
bonds and to disrupt the 3-sheet structure within the overlap?. We
created four point mutants in this region (Y9P, V11P, V13P and
V15P) (Fig.1a) and used them to construct polyproteins for AFM
measurements. A comparison of the force-extension relationships
of the wild type polyprotein and the four mutants is shown in
Fig. 1b. Mutants V11P, V13P and V15P showed reduced unfolding
forces (horizontal bars in Fig. 1b; V11P, 143 pN, n = 273; V13P,
132 pN, n = 384; V15P, 159 pN, n = 259; average forces given; n is
number of observations) compared to the wild type protein
(204 pN, n = 266) (Fig. 2a). A proline substitution at position
9 resulted in increased unfolding forces (268 pN, n = 340). In addi-
tion, the Y9P polyprotein showed a much broader distribution of
unfolding forces than the wild type and the other three mutants
(Fig. 2a). These results demonstrate that point mutations can sig-
nificantly alter the mechanical properties of an immunoglobulin
module.

Unfolding kinetics of Pro mutants

AFM experiments have been used to determine the unfolding dis-
tance and the unfolding rate constant for the 127 polyprotein®215,
The unfolding force of a module was shown to depend on the
pulling speed2. The average unfolding force versus the pulling
speed (0.005-6 nm ms?) for the wild type and mutant 127
polyproteins is plotted in Fig. 2b. The data show that the average
unfolding force for the mutant polyproteins V11P, V13P and V15P
has a much weaker dependence on the pulling speed than that of
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the wild type. By contrast, the unfolding of the YOP mutant shows
adependence on the pulling speed that is similar to that of the wild
type protein.

Unfolding is modeled as a two-state process — that is, only the
folded and the unfolded states are populated in the reaction. The
unfolding rate constant a(F) is expressed as o exp(FAX, / KT),
where F is the applied force, a, is the unfolding rate constant with-
out the applied force, Ax, is the unfolding distance, k is the
Boltzmann constant and T is the temperature in K. The Monte
Carlo approach was used to estimate the o, and Ax, values and to
generate a set of simulated sawtooth patterns over the experimen-
tal range of pulling speeds'2152, The average unfolding force
obtained from the simulations was then plotted as a function of the
pulling speed and compared with the experimental data (Fig. 2b,
solid lines). Using a previously described procedure'?, the values of
0, and Ax, in the Monte Carlo simulation were adjusted until the
simulated relationship between unfolding force and pulling speed
matched the experimental data of Fig. 2b. We found that the aver-
age unfolding force and its speed dependence were adequately
reproduced using the following values for o, and Ax,: YOP, o, =
5x10-°s1, Ax, =0.25 nm; V11P, a,=7 x 10-5st, Ax, = 0.50 nm;
V13P, 0, =8 %1075, Ax,=0.60 nm; V15P, 0, =7 x 10-6 571, Ax, =
0.45 nm. The point mutations V11P, V13P and V15P reduce the
force required to unfold the 127 protein module. However, the
Monte Carlo simulations predict that at lower speeds (<0.001 nm
ms1) these mutants may require higher forces to unfold than the
wild type 127. For example, the arrow in Fig. 2b indicates the
crossover pulling speed for the wild type and V15P proteins. This
result clearly demonstrates that the effect of a point mutation on
the mechanical stability of a protein module cannot be defined at a
single pulling speed.

The unfolding rate constants of the four mutants measured by
the Monte Carlo technique are smaller than that of the wild type
(3.3 x 10 s1), indicating that the activation energy of unfolding
was increased by the proline mutations. The unfolding distance of
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Fig. 2 Magnitude and kinetics of forced unfolding of mutant proteins.
a, Unfolding force frequency histograms for the wild type (wt) and the
mutant 127 polyproteins. The pulling speed was 0.6-0.8 nm ms®. The
width of the histograms reflects the stochastic nature of the unfolding
process. Although some of the scatter may be due to errors in the force
measurements (C20 pN), most is due to the probabilistic nature of the
unfolding process'2. b, A plot of the average unfolding force versus the
pulling speed reveals that Pro substitutions can alter the kinetics of
unfolding (changed slope). To quantify these changes we used Monte
Carlo simulations to estimate the unfolding rate and the distance to the
transition state, as described?!2. The solid lines are fits of the Monte Carlo
simulation to the experimental data (see text). The figure also shows
that the relative mechanical stability of the mutant proteins depends on
the pulling speed. For example, the arrow indicates the crossover pulling
speed for the wild type and V15P proteins. Above this speed, wild type
proteins are more stable than V15P mutants, below this speed V15P
mutants are predicted to be more stable than the wild type protein.

the Y9P protein is identical to that of the wild type (0.25 nm),
while the unfolding distances of the other three mutants are con-
siderably longer. This result indicates that mutation of amino acids
11, 13 or 15 to Pro affects the position of the transition state along
the reaction coordinate (distance), shifting it towards the unfolded
state of the module.

Refolding kinetics of Pro mutants

By stretching and relaxing the same polyprotein repeatedly, with
variable intervals between relaxation and stretching, we can mea-
sure the time dependence of refolding after a mechanical unfold-
ing event312, Such an experiment, in which a single polyprotein
was repeatedly unfolded and then allowed to refold after a time
interval (At) is shown in Fig. 3. A plot of the fraction of refolded
modules as a function of At, for the wild type and the mutant
polyproteins, is shown in Fig. 3b. Polyprotein refolding is well
described by a single exponential. The mutant polyproteins V11P,
V13P and V15P fold at the same rate (3, = 2.8 s), which is higher
than that of the wild type (B = 1.2 5). We were unable to observe
refolding of the Y9P polyprotein because this protein, for
unknown reasons, detached from the probe before a refolding
series of stretch/relaxation cycles could be completed.

Module refolding has been shown to depend on the force
applied to the polypeptide chain3122, The sensitivity of the refold-
ing rate to an applied force has been used to estimate the refolding
distance, an important component of the mechanical energy land-
scape of the protein.

In a typical refolding experiment, a polyprotein is first stretched
nearly its contour length, L, to mechanically unfold its modules.
Then the protein is relaxed to allow refolding. In order to apply a
force during refolding, we relaxed the protein not to its fully
relaxed length but to a length Lo, which determines the magnitude
of the resulting force that can be calculated from the worm-like
chain (WLC) model*2. After a 5 s interval we again stretched the
protein in order to count the number of modules that had refolded
(Fig. 3c). As had been reported’2, we found that the number of
modules that refolded decreased sharply when force was applied.
We found that the refolding distance (Ax;) determined from this
plot using Monte Carlo simulations!? was 2.3 nm for wild type 127
and that this distance remained unchanged by the introduction of
the proline mutations (Fig. 3d). However, the scatter in the data is
such that we can only specify the folding distance within a 0.6 nm
margin of error (solid lines in Fig. 3d).

Free energy of mechanical folding/unfolding

The kinetic parameters — unfolding rates and distances (0o, AX,)
as well as the refolding rates and distances (3, Ax;) — of the wild
type and mutant 127 polyproteins extracted from the experiments
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Fig. 3 Refolding kinetics of the 127 polypro-
teins. a, Unfolding and refolding cycles for a
single V11P polyprotein. The protein was first
stretched to almost its contour length to count
the number of domains that unfolded (Nyota)
and then it was relaxed to its initial length to
allow refolding. A second extension after a
delay (At) measured the number of domains
that refolded (N,efoigeq)- b, Plot of the fraction of
refolded domains, Niefoged / Niotar VErsus At. The
mutant polyproteins all refolded faster than
the wild type. The solid lines are fits of the data
to the single exponential function P(t) = 1-e-t#;
the refolding rate B = 1.2 s* for wild type (black
line) and B = 2.8 s for the mutants (red line).
¢, The extent of refolding of a polyprotein
depends on its residual tension. A polyprotein is
first stretched to count the number of domains
that unfold (N.) and is then rapidly relaxed to
a length L, for a fixed period of 5 seconds. L, / L C
(where L is the contour length) determines the
residual force applied to the protein during
refolding®2. A second extension measures the
number of domains that refolded under the
residual tension (Nefoided)- d, Plot Of Nieforded /
Neotar VErsus Lo / L. The black solid lines corre-
spond to the Monte Carlo simulations with
folding distances Ax; = 2.0, 2.3 and 2.6 nm (from

left to right).

) L/L=0.42
can be assembled to describe the free
energy diagram for the mechanical unfold-
ing/refolding of the 127 polyproteins
(Fig. 4), assuming that the reaction pro-
ceeds via a two-state mechanism.

The changes in activation energy (AAG,) and the changes in the
distance to the transition state (AAX,) caused by the proline muta-
tions are shown in Fig. 4. These mutations typically shift the posi-
tion of the transition state towards the denatured state and increase
the activation energy of unfolding while decreasing the activation
energy of refolding. It is striking that while the mutations increase
the thermodynamic stability of the proteins as well as the height of
the activation energy barrier for unfolding, the mutant polypro-
teins V11P, V13P and V15P unfold at lower forces. It is clear from
these data that measuring the thermodynamic stability of a protein
may not sufficiently determine its mechanical stability.

Our results show that point mutations in an immunoglobulin
module can affect the free energy of mechanical unfolding and the
position of the transition state (Fig. 4). Typically, these changes are
expressed as AAG, and AAx, (Fig. 4) and are summarized in
Table 1. There is no simple explanation for the effect of a mutation
on the mechanical resistance to unfolding since a mutation can
either increase or decrease the unfolding force, depending on the
pulling speed (Fig. 2b). The data summarized in Table 1 provide an
indication of the effect of a mutation on the mechanical stability
(AF) of the 127 polyprotein at a particular pulling speed. However,
it is not obvious in what way the mutation will affect the mechani-
cal stability under a different set of experimental conditions. A uni-
fied analytical treatment is needed and will be discussed elsewhere.

% refolded

At=1s '
0.4

o WAAL AR, .
0.0

L,/L=0.33 W...—W

Table 1 Mechanical stability of proline mutants

Mutant AAG, (kcal molt) AAX, (nm) AF (pN)t
Y9P +1.1 0 +64
V11P +2.3 +0.25 -61
V13P +3.6 +0.35 -72
V15P +2.3 +0.20 -45

1At a pulling speed of 0.6 nm ms™.
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Steered molecular dynamics simulations predicted that the
force required to unfold the 127 module was determined mainly by
the simultaneous rupture of a set of backbone hydrogen bonds in
the A'=G overlap'®®, Therefore, any disruption of the A'-G over-
lap is expected to weaken the 127 protein module. This hypothesis
is supported by the mutations V11P, V13P and V15P, which
decrease the mechanical stability of the 127 module. However, the
increased mechanical stability of the YOP mutant was unexpected.
These experiments suggest that proline substitutions not only dis-
rupt hydrogen bonding but also affect or introduce other types of
noncovalent interactions that contribute to the mechanical stabil-
ity of the 127 module. The atomic basis of the changes in the posi-
tion of the transition state is not known. Developing a detailed
theoretical model of all the interactions in the A'-G overlap is,
therefore, of great importance for understanding the design of a
region that resists mechanical forces in a protein module.

Physiological significance of point mutations

The simplest view of the mechanical properties of titin proposes
that its elasticity is solely the result of the thermal fluctuations of
the protein that drive it to coil to maximize its entropy?2. If this is
true, extension of the protein generates a recoiling force that is
simply predicted by the WLC model of polymer elasticity and is
solely dependent on its extension within a fixed contour length”s,
In other words, instead of a sawtooth pattern, a force extension
relationship would simply show a monotonically increasing func-
tion given by the WLC relationship. From this point of view, a
point mutation is just an inconsequential alteration of the polymer
chain.

In contrast to this hypothesis, recent single molecule force spec-
troscopy experiments have revealed that titin is a complex mole-
cule and that it does not behave as a simple entropic spring?.:242,
As first suggested by Erickson?, the single molecule experiments
demonstrated that the tandem immunoglobulin modules of titin
unfold under force. These experiments also showed that the titin
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Fig. 4 Free energy diagram for the mechanical
unfolding and refolding of the 127 module and its
mutants. This schematic was calculated from the
single molecule AFM experiments described in the
text. The free energies were calculated from the
rate constants for unfolding and refolding at zero
force (0o, Bo; see Methods). In this diagram we
have assumed that the total distance between the
native and the unfolded states remains constant

— ) (Ax = Ax, + Ax; = 2.55 nm) and that all the native
\ [¢] S -
e ‘ = states have a common origin. The figure reveals
ol ~@ 5 that the positions of the transition state for the
SIS e g V11P, V13P and V15P modules are significantly

2.55 nm

modules have varying mechanical stability, which determines
which modules unfold at a given force and pulling speed!>2, These
observations may have implications on the biological functions of
titins. For example, the elastic | band region of human cardiac titin
contains 42 tandem immunoglobulin modulest. A folded module
has a length of 4.4 nm'’, whereas unfolding of a single
immunoglobulin module lengthens a titin molecule abruptly by
(28 nm and immediately relaxes the stretching force'22125, The
unfolding of only two or three titin immunoglobulin modules per
molecule is sufficient to account for the relaxation of the stretching
force in an intact muscle fiber (ref. 25; A. Minajeva, M. lvemeyer,
JM.F. & W.A. Linke, unpublished results). The number and tim-
ing of unfolding events may thus control the operating contour
length of | band titin%. Our data predict that point mutations in
immunoglobulin modules have the potential for disrupting the
finely tuned elasticity of human cardiac titin and may result in yet
unrecognized forms of familial cardiomyopathy.

Immunoglobulin modules are also common components of cell
adhesion proteins, which play important roles in development, tis-
sue formation and inflammation®. The mechanical effects of point
mutations in an immunoglobulin module, as demonstrated here,
may help understand the molecular mechanisms underlying the
physiological effects of mutations that target cell adhesion proteins.

Methods

Engineering wild type and mutant 127 polyproteins. We used
recombinant DNA techniques to synthesize and express direct tan-
dem repeats of 127 monomers?2. Point mutations were introduced by
PCR using standard techniques. All engineered polyproteins were
expressed in the recombination defective strain BLR (DE3)
(Novagene), purified by Niz* affinity chromatography and kept at 4 °C
in PBS (phosphate buffer saline), 5 mM DTT (dithiothreitol), 0.2 mM
EDTA buffer.

Atomic force microscopy. Details of the custom-made AFM appara-
tus had been described previously312-16, Calibration of the cantilevers
(SisN, twin-tips from Digital Instruments, Inc.) was done in solution
and using the equipartition theorem as described?627. The spring con-
stant of the cantilever (1100 mN m) is determined with 20% accura-
cy using the method described in ref. 27.

Monte Carlo simulations. The distribution (Fig. 2a) and speed
dependency (Fig. 2b) of the unfolding forces were fit using Monte
Carlo simulation to calculate the unfolding rate constants and the
position of the transition state?23. The folding/unfolding of a domain
was modeled as a two-state Markovian process. The probability of
unfolding was P, = N;aAt, where N; is the number of folded modules
and At is the polling interval, defined as the total time of the simula-
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- shifted towards the unfolded state. By contrast,
the position of the transition state of the Y9P
mutant is the same as that of the wild type. All
mutations increase the kinetic stability of the pro-
tein as indicated by the increased height of the
unfolding energy barrier. From the refolding rate

> constants we also calculate that Pro mutants
increase thermodynamic stability. However, these
mutations cause a decrease in mechanical stability.

tion divided by the number of Monte Carlo trials. The folding proba-
bility was Ps = N,BAt, where N, is the number of unfolded modules.
The rate constants for unfolding (a) and refolding (B) are given by a =
aexp(FAX, / kT) and B = Rexp(-FAx¢ / KT), where F is the applied force
and Ax, and Ax; are the unfolding and folding distances, respectively.
Bo, the folding rate in the absence of an applied force, was obtained
from Fig. 3b. During the forced unfolding simulations  was set to
zero (see reference 12 for details). The force due to the extension of
the protein was calculated from the worm like chain model of poly-
mer elasticity with the parameters: contour length, L, and persistence
length, p'22, L, was calculated from the number of unfolded and
folded modules during the Monte Carlo simulation. The persistence
length of the polypeptide chain was always set to 0.4 nm.
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