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" Check for updates Titin, essential for mechano-homeostasis in cardiac and skeletal sarcomere,

contains numerous mechanosensitive immunoglobulin-like (Ig) domains in its
I-band region. However, how proline isomerization and cysteine-mediated
disulfide bond collectively regulate Ig domain dynamics within the physiolo-
gical force range remains unclear. Here, we use single-molecule force spec-
troscopy to quantify the proximal Igl domain, revealing that proline
isomerization leads to two native states—trans and cis states-with distinct
mechanical and thermal stabilities. The trans-Igl unfolds at forces of ~ 5 pN,
which is over 50 pN lower than that of cis-Igl, and unfolds 1000 times faster
under physiological forces. Furthermore, such proline induced dual-state is
likely shared feature across majority of I-band Ig domains. Additionally,
reduced cis- and trans-Igl exhibit catch-slip bond unfolding, while oxidized
forms display slip-catch-slip unfolding. This study offers insight into effective
modulation of proline isomerization and disulfide bond in regulating
mechanosensitive proteins within the physiological force range.

In both cardiac and skeletal muscle, the giant force-transmitting
protein titin forms a crucial connection between the Z-disk and the
M:-line within the sarcomere'?. The tension-bearing I-band region of
titin contains numerous immunoglobulin (Ig) domain repeats, with
skeletal muscle titin having over 90 repeats and cardiac muscle titin
containing more than 40 repeats’. These repeats are complemented
by unstructured regions such as PEVK, N2A, and N2B*. Titin acts as a
molecular spring, absorbing tension during sarcomere contraction-
relaxation cycles and defining the passive elasticity of muscle®””’.
This function relies on the elastic extension of the unstructured
regions**'° and the force-dependent unfolding and refolding of Ig
domains" .

Our current understanding of the force-dependent unfolding and
refolding dynamics of I-band Ig domains is largely based on extensive
studies of the titin 127 (also known as 191) domain located at the distal
region of the I-band™'>'*"*2, While the I-band Ig domains of titin exhibit
highly conserved structural features-characterized by a two-layer
sandwich of seven S-strands, where the 1 (A) and 7" (G) strands are in
close proximity, resulting in a shearing-force stretching
geometry”-there is also evidence suggesting heterogeneity in the
mechanical responses of these domains®. Therefore, it is essential to
systematically quantify the mechanical responses of Ig domains, par-
ticularly in the proximal and middle regions, to gain a comprehensive
understanding of the mechanical properties of the titin I-band.
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Interestingly, the majority (~80%) of the I-band Ig domains fea-
ture two or more evolutionarily conserved cryptic cysteines (Supple-
mentary Figs. 1-3), which have the potential to be regulated by
oxidative stress. In contrast, Ig domains in the A-band and M-line
typically contain only one cysteine’*. Notably, cysteines within the
I-band Ig domains have been suggested to form disulfide bonds under
oxidative stress. This phenomenon can lead to alterations in the
mechanical responses of titin Ig domains®. A comprehensive and
quantitative understanding of how disulfide bonds impact the
mechanical behavior of Ig domains is crucial for unraveling the
mechanical properties of titin under oxidative stress.

Moreover, proline isomerization has emerged as a highly effective
regulatory mechanism in a wide array of biological processes’*% Due
to its cis-trans conformational switches, proline residues significantly
influence the folding kinetics and conformational dynamics of
proteins®~°, While trans-state prolines dominate in most native pro-
tein conformations, instances of cis-state prolines or a combination of
both cis and trans states have been documented®®3°****3¢%  This
results in two distinct native states?*°*>*, Regulation via proline iso-
merization is particularly crucial for mechanosensitive proteins that
experience physiological mechanical forces, as these forces can trigger
or facilitate conformational changes in the protein, potentially pro-
moting proline isomerization. In turn, proline isomerization mod-
ulates the force responses of the protein®.

Intriguingly, in the proximal and middle titin I-band region, over
60% of the Ig domains contain a proline in the cis-state based on
solved crystal structures and AlphaFold-structural predictions (see
Methods section: AlphaFold based structural prediction, Supple-
mentary Figs 1-11)**. For example, the Igl (Ig-like 10, 2078-2167
residues of human titin) domain at the very proximal region of the
force-bearing titin I-band contains a proline (P2105) in the cis-state in
the solved crystal structure®. The P2105 is located at the loop brid-
ging the 2" (B) and the 3™ (C) strands. An interesting question is
whether physiologically relevant mechanical forces on the Igl
domain could trigger or facilitate potential cis-trans transitions due
to the force-induced conformational dynamics of Igl. Moreover, near
the P2105, a cysteine residue (C2109) is located within the 3™ (C)
strand and may potentially form a disulfide bond with the other
cysteine residue (C2134) on the 5" (E) strand, thereby locking 24
amino acids within the disulfide bond. This raises intriguing ques-
tions about how disulfide bond formation might affect the mechan-
ical responses of Igl and its potential impact on proline isomerization
within the Igl domain.

In this work, to address the aforementioned questions and gain a
quantitative understanding of the potential interplay among proline
isomerization, disulfide bonds, and mechanical forces affecting the
conformational dynamics of the mechanosensitive titin I-band prox-
imal Igl domain, we conducted a direct and systematic quantification
of the force-dependent conformational dynamics of Igl using a home-
built magnetic tweezers setup*®*’. Our findings reveal several key
insights. In both the reduced and oxidized states of Igl, proline iso-
merization leads to two distinct native states with differing mechanical
and thermal stability. The trans-Igl is approximately 1000 times less
resistant to force-dependent unfolding, exhibits unfolding forces that
are about 50 pN lower, and has a zero-force folding free energy that is
10 - 13 kgT lower than the cis-Igl. Reduced cis- and trans-Igl display a
nonmonotonic catch-slip bond unfolding behavior, which can be
explained by a one-pathway model with a force-dependent flexible
transition distance. Oxidized cis- and trans-Igl exhibit an unexpected
nonmonotonic slip-catch-slip bond unfolding behavior, which can be
attributed to the presence of an additional hidden intermediate state
promoted by the disulfide bond. Importantly, we also demonstrated
that the proline isomerization-induced formation of two distinct native
states is likely a shared feature among the majority of the I-band Ig
domains. Altogether, this study provides detailed insights into the

molecular mechanisms underlying the force-dependent conforma-
tional dynamics of titin Igl, showcasing a remarkably effective mod-
ulation of two binary switches (proline isomerization and disulfide
bond) in regulating critical mechanosensitive proteins within the
physiological force range.

Results

Proline isomerization induces two distinct native states for both
reduced and oxidized titin Igl

To investigate the force-dependent dynamics of the titin Igl domain,
we designed a protein construct that includes (from N-terminus to C-
terminus) a biotinylated AviTag, titin Ig1, and a SpyTag (see Methods
section: Plasmids preparation and protein expression). This design
allows for specific tethering of the titin Igl domain between a
streptavidin-coated super-paramagnetic bead and a SpyCatcher-
coated coverslip surface in a flow channel (Fig. 1a)***°. A magnetic
tweezers setup was employed to apply well-controlled force to the
tethered Igl and to record real-time molecular extension changes,
which are inferred from changes in bead height (Fig. 1a, right
panel)***’°° (see Methods section: Single-protein manipulation).

Figure 1 a, bottom right panel, illustrates a typical linear force-
loading experiment procedure, where the force applied to the teth-
ered molecule is linearly increased from 1 pN to 70 pN at a rate of 1 pN
s This is followed by a rapid reduction in force to 10 pN and a sub-
sequent linear decrease at a rate of —1pN s™. During the force-increase
scan, the folded domain undergoes force-induced unfolding, as indi-
cated by the stepwise increase in bead height (upward arrows). Con-
versely, the unfolded domain refolds at low forces < 5 pN during the
force-decrease scan (e.g., Fig. 1a, bottom right panel), allowing for
repeated force scans through multiple cycles on a single tethered
molecule. A characteristic ~4 nm stepwise extension fluctuation at
~30 pN, resulting from the unzipping/rezipping dynamics of the Spy-
Tag from the SpyCatcher, was consistently observed (inset in the
panel, also detailed in Supplementary Fig. 12). This signal serves as a
positive control for single-molecule tethering and provides an addi-
tional force-calibration reference 51.

Figure 1b, left panel, displays the typical force-bead height curves
of titin Igl in its reduced state during linear force-increase scans, ran-
ging from ~1pNto - 70 pN, with a loading rate of 1pNs™. In each scan,
the Igl domain unfolding event is observed as a stepwise increase in
bead height (arrows in Fig. 1b). Figure 1b, middle and right panels,
show the resulting force-dependent unfolding step sizes and the nor-
malized unfolding force distributions, respectively. The observed
force-dependent unfolding step size is consistent with theoretical step
size calculations where the unfolded Igl is considered as a peptide
chain with 95 amino acids based on the worm-like chain model*?, while
the folded Igl is considered as a rigid body (Fig. 1b, see Methods sec-
tion: Theoretical calculation of transition step sizes).

Interestingly, two distinct mechanical groups of Igl were
observed (Fig. 1b). One group, mechanically stronger, unfolds at
forces of 61.7+5.3 pN (mean + std), while the mechanically weaker
group unfolds at forces of 5.3+ 0.9 pN. We hypothesize that these
two distinct mechanical groups result from the P2105 cis-trans iso-
merization. To test this, we performed similar linear force-loading
experiments on two Igl proline point-mutant constructs, Ig1™°* and
1217295, where at 2105 position, proline was mutated to alanine, and
glycine, respectively (see Methods section: Plasmids preparation and
protein expression). The resulting force-bead height curves,
force-step size curves, and the normalized unfolding forces dis-
tributions of the two mutant constructs are plotted in Fig. 1c—d,
respectively. Consistent with our hypothesis, the unfolding of 1g1"05A
and I1g1™°%¢ primarily shows a single mechanical group (4.9 +1.9 pN,
and 6.9 +2.0 pN) similar to the weaker one observed in wild-type Igl.
Together, these results demonstrate that the P2105 cis-trans iso-
merization gives rise to two distinct native states of Igl, each
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associated with different mechanical stability. The cis state of proline
in Igl confers high mechanical stability to the domain, while the
trans-state switches the domain into a much weaker mechanical
state. Here, we note that the slight differences in the peak unfolding
forces between the mutated constructs and wild-type trans-Igl are
possibly due to the subtle changes in mechanical stability caused by
the point mutations.

Next, to determine whether the two native states of Igl, which
depend on proline isomerization, are also present when the nearby
cysteine disulfide bond is formed (i.e., in oxidized Igl), we performed
similar linear force-loading scans on wild-type Igl in the absence of a
reducing agent, such as dithiothreitol (DTT), in buffered solution. After
several scan cycles, the cysteine disulfide bond formed, as indicated by
a shortening of the force-dependent unfolding step size, consistent
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Fig. 1| Proline cis-trans isomerization induces two distinct native states of Igl
in both reduced and oxidized states. a Illustration of the single-molecule
experiments design for probing titin Igl mechanics. Left panel: the single-molecule
construct design of titin Igl and Igl structure illustration (PDB:1G1C) where the
P2105 in the cis state is highlighted. Right panel: the illustration of the force-
dependent height changes of titin Igl. Bottom panel: Representative time-bead
height curves during linear force-loading cycles. b-e Left panels: Representative
force--bead height curves of the titin Igl during linear force-increase scans with a
loading rate of 1 pN s, for reduced Igl (b), P2105A mutation of Igl in the reduced
state (c), P2105G mutation of Igl in the reduced state (d), and the oxidized state
(disulfide bond formed) Ig1 (e), respectively. The raw data (gray) is 10-point FFT

smoothed (colored lines). The cis- and trans-states are superimposed on the same
plot for direct comparison. Middle panels: The resulting force--step size distribu-
tions of the Igl unfolding events obtained from the linear scans, the dashed curves
are the theoretical calculation of force-dependent step sizes for reduced or oxi-
dized Igl. Right panels: The resulting normalized unfolding force distributions (bin-
size = 2) of the Igl in corresponding conditions. The number of data points for the
statistics are N =314, 168,85, and 409, respectively. The colored lines are the
double-Gaussian or Gaussian fitting of the distributions, giving the peak forces as
53+0.9 pN and 61.7+5.3 pN (b), 4.9 +1.9 pN (c), 6.9 £2.0 pN (d), and 8.1+ 2.1 pN
and 50.2+ 6.8 pN (e).
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Fig. 2| The force-dependent unfolding and refolding rates of cis and trans Iglin
reduced state. a, b Typical time-bead height curves of reduced Igl during force-
jump experiments between different forces (colored lines). The cis or trans-state of
the proline is roughly indicated by the black or gray color of the raw data. The
unfolding event of the Igl at 60 pN at each cycle was indicated by a red arrow. ¢ The
force-dependent unfolding step sizes of the reduced Igl domain at trans or cis state
during the force-jump measurement. The dashed line is a theoretical calculation of
the force-dependent step size of reduced Igl. Solid circles show the mean step size
at each force; hollow circles show experimental values (n > 20). Vertical error bars
indicate the standard deviation (std); horizontal error bars represent a 5% force
uncertainty. d The time-evolution of the unfolding probability of the Igl in cis or

trans states at different forces. e Force-dependent unfolding (circles) and refolding
(triangles) rates of the reduced Igl in cis and trans states. The hollow circles are
individual unfolding rates measured (n >40), and the solid circles are the char-
acterized unfolding rates at the force obtained by fitting in panel (d). The lines are
fitting curves with the one-pathway model with force-dependent transition dis-
tance. f A sketch of the one-pathway theoretical model, where the transition dis-
tance between N and U states is force-dependent, due to the force-dependent
extension of the transition state flexible peptide. The estimated number of amino
acids peeled off during the transition state (N*) is indicated in the panel. The
highest energy barrier position is indicated by 1.
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oxidized state where disulfide bond formed. a, b Typical time-bead height curves
of oxidized Igl during force-jump experiments between different forces (colored
lines). The cis or trans-state of the proline is roughly indicated by the black or gray
color of the raw data. Example unfolding events of the Igl at 40 pN (red arrow), 50
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at 6 pN (blue arow) are indicated. ¢ The force-dependent unfolding step sizes of the
oxidized Igl domain at trans or cis state during the force-jump measurement. The
dashed line represents the theoretical calculation, while solid and hollow circles
denote the mean step size and experimental values (n > 20), respectively. Vertical
error bars indicate the standard deviation (std), while horizontal error bars repre-
sent a 5% force uncertainty. d The time-evolution of the unfolding probability of the

50

60 N*=11 a.a.

70

Igl in cis or trans states at different forces. e Force-dependent unfolding (circles)
and refolding (triangles) rates of the oxidized Iglin cis and trans states. The hollow
circles are individual unfolding rates measured (n > 20), and the solid circles are the
characterized unfolding rates at the force obtained by fitting in panel (d). The lines
are fitting curves with the one-pathway model with force-dependent transition
distance and a hidden intermediate state. f A sketch of a one-pathway theoretical
model with a hidden intermediate state. In the model, there is a hidden inter-
mediate state (I) between the N and U states. The transition distance between N and
I states is force-dependent, due to the force-dependent extension of the transition
state flexible peptide. The estimated number of amino acids peeled off during the
N-I transition (N*) is indicated in the panel. The highest energy barrier position is
indicated by 1.

with theoretical step size calculations showing 24 amino acids locked
in the disulfide bond (Supplementary Fig. 13; see Methods section:
Theoretical calculation of transition step sizes). Figure 1d shows the
typical force-bead height curves of titin Igl in its oxidized state with a
disulfide bond (left panel), the resulting force-dependent step sizes
(middle panel), and the normalized unfolding force distribution (right
panel). Notably, even in the oxidized state, Igl exhibits proline iso-
merization, leading to two distinct native states with unfolding forces
peaking at 8.1+ 2.1 pNand 50.2 + 6.8 pN, respectively. Interestingly, the
disulfide bond appears to reduce the mechanical stability of the cis-Igl

state while enhancing the mechanical stability of the trans-Igl state
(Supplementary Table 1).

Catch-slip bond force-dependent unfolding behavior of both
reduced cis- and trans-Igl

To further quantitatively understand the effects of both disulfide
bonds and proline isomerization on the mechanical stability of Igl, we
aimed to directly quantify the force-dependent unfolding and refold-
ing rates of Igl in its cis or trans and reduced or oxidized states by
implementing force-jump scan cycles. To probe the force-dependent
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unfolding rate of reduced cis-Igl, each force-jump scan cycle began by
holding the folded Igl at < 4 pN to maintain it in the cis state. The force
was then rapidly increased to a target level and maintained until
unfolding was observed (e.g., 60 pN, Fig. 2a, red arrow), from which
the domain’s dwell time (A¢) at that force was recorded. The force was
subsequently reduced to ~4 pN to allow Igl to refold. If the Igl was in
the trans-state, it would dynamically unfold and refold for tens of
seconds until transitioning to the more mechanically stable cis state
(e.g., cycle 1in Fig. 2a). If the Igl was in the cis state, it refolded rapidly
at this force (e.g., cycle 2 in Fig. 2a). Once the Igl transitioned to the cis
state, the force was again increased to the target level, initiating the
next force-jump scan cycle. By repeating multiple force-jump scan
cycles across a wide range of forces, we obtained the force-dependent
dwell times of the domain. Analyzing the time evolution of the
domain’s unfolding probabilities at each force (Fig. 2d) allowed us to
determine the force-dependent unfolding rates of reduced cis-
Igl (Fig. 2e).

Next, we implemented a modified force-jump scan cycle to
quantify the force-dependent unfolding rates of trans-Igl (Fig. 2b). The
force was initially increased to 60 pN to mechanically unfold cis-Igl,
maintaining this force for several seconds to allow for the proline cis-
trans transition in the unfolded state. The force was then dropped to a
low level (e.g., 2 pN) for approximately one second to facilitate rapid
refolding of trans-Igl. After refolding, the force was increased to a
target level and maintained until Igl unfolded (e.g., 15 pN in the panel,
Fig. 2b). The force-jump cycles were repeated between 2 pN (low force)
and 15 pN (target force) until the proline transitioned back to the cis
state, indicated by a significantly prolonged lifetime at the target force
(Fig. 2b). The force was then increased to ~ 60 pN to restart the trans-
Igl. By repeating the scan cycles at a wide range of target forces, we
obtained the force-dependent unfolding rates of reduced trans-Igl
(Fig. 2d, e and Supplementary Fig. 14).

Figure 2 e shows the resulting force-dependent unfolding rates of
both reduced cis-Igl and trans-Igl. Clearly, the mechanical stability of
trans-Igl decreases by approximately 1000-fold compared to cis-Igl
across physiological force ranges. Intriguingly, both trans- and cis-Igl
exhibit non-monotonic force-dependent catch-bond to slip-bond
unfolding behavior in their reduced states. At forces <16 pN (trans)
or <20 pN (cis), the Igl unfolding rate decreases as force increases
(catch-bond). At higher forces, the unfolding rate increases with force
(slip-bond).

The catch-slip behavior of Igl unfolding can be explained by a one-
pathway model with a force-dependent flexible transition distance
(Fig. 2)!>*5>3* Based on previous steered molecular dynamics (SMD)
simulations of titin Ig domains®~’, it can be assumed that domain
unfolding primarily follows a transition pathway involving the peeling
of the A-A’ strand, during which bonded residues in the A-A’ strand are
sequentially peeled off from the remaining folded core until the
transition state is reached. The transition state likely contains a flexible
peptide with N* residues and a remaining folded core. The transition
distance of the domain is Ax*(F) = Xpeptide (F) + Xeore(F) — xO(F), where
Xhenide(F) €an be described by the worm-like chain model™, with a
contour length of L*=N*xl, and a bending persistence length
A=0.4 - 0.8nm; [p=0.38 nm is the contour length per residue™".
X:ore(F) and x°(F) can be described by a force-dependent single rigid
body rotation model with rigid body lengths b* and by, respectively,
which can be measured from the structure®. The force-dependent
unfolding rate of the domain can then be fitted using the Arrhenius

Law (black and red lines, Fig. 2e): k,(F)= kﬁ exp (— %) , where
AG*(F)= — fg Ax*(f)df is the force-dependent free energy difference
between the transition and native states. We obtained N* =11 for both

trans-Igl and cis-Igl (Supplementary Table 2), suggesting that the
transition state likely involves the complete peeling off of the A strand

while the A’ strand remains bonded, which is consistent with previous
SMD simulations on titin Ig1*’. Here we note that the catch-slip beha-
vior of Igl unfolding can also be explained by a two-pathway model in
general that includes a force-resistant pathway at lower forces and a
force-compliant pathway at higher forces (Supplementary Note 2, and
Supplementary Fig. 15)°%,

Slip-catch-slip bond force-dependent unfolding behavior of
both oxidized cis- and trans-Igl

Next, we investigated the force-dependent unfolding rates of cis-Igl
and trans-Igl in their oxidized state (i.e., when the disulfide bond is
formed). Programmed force-jump scan cycles were applied to the
oxidized cis-Igl (Fig. 3a) and trans-Igl (Fig. 3b). The resulting force-
dependent unfolding rates for both cis-Igl and trans-Igl in the oxidized
state were determined by analyzing the dwell time of the domains at
each force (Fig. 3c-d), and are plotted in Fig. 3e. Notably, in the oxi-
dized state, the mechanical stability of trans-Igl also shows a dramatic
decrease (by approximately 1000-fold) compared to cis-Igl over the
physiological force range.

Unexpectedly, both cis-Igl and trans-Igl in the oxidized state
exhibit non-monotonic slip-catch-slip unfolding behavior. At forces < 8
pN, the Igl unfolding rate increases as force increases (slip-bond).
Between 8 — 15 pN for cis-Igl and 8 — 12 pN for trans-Igl, the unfolding
rate decreases as force increases (catch-bond). At higher forces, the
unfolding rate again increases with force (slip-bond). For the oxidized
Ig1, we fitted the force-dependent unfolding rates in the first slip-bond
regime (O — 8 pN) and the second slip-bond regime (15 — 30 pN for
trans-Igl, and 25 - 60 pN for cis-Igl) using Bell's model, yielding Ax,
and kg for each regime. The oxidized Igl shows an additional larger
positive Ax,=2.45nm (trans) or 2.07 nm (cis) in the first slip-bond
regime (O — 8 pN). This suggests the existence of an intermediate state
(I) between the native state (N) and the unfolded state (U).

By incorporating an additional hidden transient intermediate
state into the one-pathway model, featuring a force-dependent flexible
transition distance, the slip-catch-slip behavior of the oxidized Igl
domain can be accurately described using the modified model
(Fig. 3f)***%° (Supplementary Table 3). In this model (Fig. 3f), the
transition distance for the N-I transition, Ax},(F), is force-dependent
due to the force-dependent nature of the transition state length (as
detailed for the reduced Igl). On the other hand, the transition dis-
tance for the I-U transition, Ax},, is a positive value. The energy barrier
heights for both the N-I and I-U transitions are influenced by changes
in force.

At forces < 8 pN for both trans and cis states, the highest energy
barrier along the N-U transition (i.e., the transition state, denoted by
1 in the panel) lies along the I-U transition path (Fig. 3f, top panel). In
this range, the transition distance, Ax*(F) >0, leading to slip-bond
unfolding behavior (top panel). At forces > 8 pN, the highest energy
barrier along the N-U transition shifts now locates along the N-I
transition path. In this regime, the transition distance becomes
Ax*(F)=Axy,(F), which is negative at forces <12 pN (trans) or <15pN
(cis), resulting in catch-bond unfolding behavior (middle panel) in
the force range of 8-12 pN (trans) or 8-15 pN (cis). In the force
regime of >12 pN (trans) or >15 pN (cis), the transition distance
becomes positive again, giving rise to the second slip-bond unfolding
behavior (bottom panel).

In addition, we investigated the refolding dynamics of Igl by
performing force-jump-scan cycles or equilibrium force measure-
ments. The resulting force-dependent refolding rates for Igl in the
reduced or oxidized, cis or trans states are shown in Figs. 2e and 3e,
with zero-force folding kinetic parameters obtained by fitting the

experimental data to the Arrhenius law: k,(F) :k? exp (— %) (see

Methods section: Arrhenius Law analysis of force-dependent refolding
rates). In both the reduced and oxidized states, the refolding rate of
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Fig. 4 | The effects of force and oxidization on proline isomerization. a Diagram
of proline cis-trans isomerization transition kinetics of Igl. There are two possible
kinetic paths from the Uy,ns State to the N state: (i) from Ugans to Ugis, and then to
Nqis state, or (ii) from Ugyans tO Nerans, and then to N state. The two paths result in an
apparent transition rate of k{"?(F). b, ¢ Representative time traces of unfolded trans
to folded cis transition at different forces for reduced Igl (b) and oxidized Ig1 (c). The
dashed arrows indicate the example dwell times measured to calculate the k{*2(F).
d The resulting force-dependent apparent trans-cis transition rate for reduced Igl
(blue) and oxidized Igl (red). Hollow circles represent experimental values (n>15),
while solid circles denote the apparent trans-cis rates obtained from single-
exponential fitting of the experimental data. Horizontal error bars indicate the

cis cis
standard deviation. The lines are theoretically fitting using Equation 1 with sets of
possible parameters. e The zero-force free energy difference (AG) of the Igl in dif-
ferent states. The AGS® =18.91+0.30 ky T (reduced)or =19.99 + 0.37 k;, T (oxidized),
and AG§™ =5.51+0.10 k5 T (reduced)or =9.35 + 0.12 k5 T (oxidized), are obtained
based on the experimentally measured force-dependent unfolding/refolding rates at
each state. The AG{". =10.45+£0.58 ky T (reduced)or =7.44 + 0.71 kg T (oxidized),
and AGY. . =2.95+0.19 k, T (reduced)or = 3.20 + 0.23 k T (oxidized) are obtained
based on the theoretical fitting of the apparent trans-cis transition rate using
Equation 1. The mean and standard deviation of each value are obtained by boot-
strap analysis®.

the cis-state Igl is faster than that of the trans-state Igl at a given
applied force (Figs. 2e and 3e). Additionally, for both trans and cis
states, the refolding rate of the oxidized Igl is faster than that of the
reduced Igl under the same applied force (Figs. 2e and 3e and Sup-
plementary Fig. 14). These findings suggest that both trans-cis iso-
merization and disulfide bond formation promote refolding of the
domain.

Effects of disulfide bond and forces on proline isomerization

Next, we aimed to quantify the force-dependent proline isomerization
rates in both the reduced and oxidized states. We measured the
apparent transition rate, kK:°%(F), which represents the transition rate
from the trans unfolded state (Ui ans) to the cis folded state (Ngis)
(Fig. 4a-d). This apparent transition rate, k{*2(F), is related to the
transition rates between the trans-cis and cis-trans states in the native
and unfolded states, k.. .(F), k.. and k.. (F) as given by the following
expression® (see Methods section: Apparent proline isomerization

rate analysis):

kY. (F)KES(F)

KPP (F)= (1 - Py (F)ky- —
‘ e K- () + K5 (F) + K- (F)

¢ TPu(F)

@

Here, the Py (F) is the measured force-dependent probability of
the trans unfolded state k;°(F) is the measured force-dependent
refolding rate of the domain in the cis state. The constant k.. . is force-
independent, as the proline in the folded state is not subjected to
additional mechanical force. In contrast, k. .(F) and kY. (F) are force-
dependent since the proline in the unfolded domain is directly affec-
ted by mechanical stretching. These rates can be described by Bell’s
model®: k}'(F) = ki ® exp(; A"*) wherel denotes either the trans-cis (t-c)
or cis-trans (c-t) transmon the k 9 and Ax; represent the zero-force
transition rate and the transition distance for the corresponding
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transition, respectively. To obtain |Ax;, we measured the force-
dependent cis-trans isomerization rate, kg.t(F), at several forces for
both reduced and oxidized Igl (Supplementary Figs 16 and 17). Fitting
the data to Bell's model above yields k.- =(4.3+1.5)x107? s and
Ax...=0.20 £ 0.02 nm (Supplementary Fig. 17). By assuming symmetric
transition distances between the unfolded cis and trans states, we
obtained |Ax;| =0.20 £ 0.02 nm.

Fitting Eq. (1) to the experimental data for both reduced and
oxidized Igl, we obtained k.:0=(2.26+0.22)x107> s and k}..=
(4.94+0.41)x1072 s for reduced Igl, and ;-2 =(1.28+0.20) 10>
sTand k). =(2.70+0.29)x 10> s for oxidized Igl (Fig. 4d and Sup-
plementary Fig. 17). In addition, kinetic simulations using the above
transition rate parameters also provide k% *™(F), which is in good
agreement with the experimental results (Supplementary Note 3 and
Supplementary Fig. 18). Interestingly, k{“_c for oxidized Igl is over 10
times smaller than that for reduced Igl, whereas ;. . for oxidized Igl is
comparable to that of reduced Igl. This suggests that the oxidation
(disulfide bond formation) of nearby cysteine residues significantly
slows down the trans-cis isomerization of proline in the folded states.

Effects of proline isomerization and disulfide bond on
thermostability of Igl

The zero-force folding free energy of Igl can be obtained using the
following expression:

F
AGy=AG(F)+ /0 Axun(Hdf 2)

where AG(F)=kgT In ’,EE?) represents the force-dependent protein
folding free energy, and Axyn(f) is the force-dependent extension
difference of Igl between the unfolded and folded states. The zero-
force isomerization free energy for both the unfolded and folded

states can be derived as:

u

k-
AGY..=kgTIn ktU < 3)
c-t
AGN  =AGES — AGY., — AGE™S )

The resulting free energy differences for each state are summar-
ized in Fig. 4e. Interestingly, in the cis-proline state, the zero-force
folding free energy AG of oxidized Igl (19.99 kgT) is slightly (-1kgT)
higher than that of the reduced Igl (18.91 kg 7). In contrast, in the trans-
proline state, AG, of oxidized Igl (9.35 kg7) is significantly (3.84 kgT)
higher than that of reduced Igl (5.51 kg7). These results suggest that
the disulfide bond enhances the thermostability of trans-Igl while
having a much smaller effect on the thermostability of cis-Igl. In sharp
contrast, AGy of cis-Igl is 13.4 kgT higher than that of trans-Igl for
reduced Igl, and 10.64 kgT higher for oxidized Igl, indicating that
trans-cis isomerization significantly enhances the thermostability of
both reduced and oxidized Igl.

The free energy differences of proline isomerization are also
estimated based on Boltzmann distribution (Fig. 4e). Similar values of
AGY., ~ 3 kT were estimated for both reduced and oxidized Igl. This
value is slightly larger than the previously estimated value of
approximately 2 kgT between cis-FLNa20 and trans-FLNa20*’. We
speculate that the slight difference may either arise from experimental
variability within a reasonable range or result from the influence of
neighboring residues®. In contrast, it appears that disulfide bond
formation lowers the free energy differences of proline isomerization
in the folded state. In addition, based on these free energy difference
estimations, the force-dependent probability of Igl in each state (cis or
trans, unfolded or folded) can be calculated using the Boltzmann
distribution (Supplementary Fig. 18 and Supplementary Table 5).

Proline isomerization induced two distinct native states are
likely conserved among titin Ig domains

More than 60% of the Ig domains within the proximal and middle
regions of the titin I-band contain a proline in the cis-state, based on
resolved crystal structures and/or AlphaFold structural predictions
(Supplementary Figs 1-4)******_ In stark contrast, the distal region of
the titin I-band contains only 7% cis-proline Ig domains (Fig. 5a). This
observation suggests that the cis-proline-containing Ig domains in the
proximal and middle I-band regions may exhibit two mechanically
distinct native states due to proline isomerization. In other words, the
proline isomerization-mediated transition between these two states is
likely highly conserved among the Ig domains of the proximal and
middle I-band regions of titin. To test this hypothesis, we randomly
selected another cis-proline-containing Ig domain (Ig-like 32) from the
middle region of the I-band and investigated its mechanical behavior
through linear force-loading experiments. Consistent with our
hypothesis, Ig-like 32 also displays two distinct mechanical peaks
during force-loading: one at 9.3 +4.1 pN and another at 64.3 +2.3 pN
(Fig. 5b-e). Figure 5f illustrates the representative dynamics of cis-
unfolding of Ig-like 32 at 60 pN, a cis-refolding event at 3 pN, and the
transition between a dynamically unfolded/refolding trans-Ig-like 32
and a folded cis-lg-like 32 at 3 pN.

Discussion

In summary, we have systematically investigated how proline iso-
merization and disulfide bonds collectively regulate the kinetics and
dynamics of titin Igl under physiological forces. Our findings reveal
that proline isomerization gives rise to two mechanically distinct
native states of Igl: the mechanically weak trans-Igl and the mechani-
cally strong cis-Igl, both in the reduced and oxidized states. In the
reduced state, both cis- and trans-Igl exhibit a catch-slip bond
unfolding behavior, which can be explained by a one-pathway model
featuring a force-dependent, flexible transition distance. In the oxi-
dized state, both cis- and trans-Igl display a slip-catch-slip bond
unfolding behavior, which can be attributed to an additional hidden
intermediate state stabilized by the disulfide bond. Taken together,
this study provides detailed insights into the molecular mechanisms
underlying the force-dependent conformational dynamics of titin Igl,
demonstrating the remarkably effective modulation of two binary
switches—proline isomerization and disulfide bonding-in the regula-
tion of critical mechanosensitive proteins under physiological force
conditions.

In the proximal and middle regions of the titin I-band, more than
60% of the Ig domains are in the cis-state for proline, as indicated by
crystal structures®** and AlphaFold3 structural predictions®. The
majority of these I-band Ig domains (-80%) possess two or more
evolutionarily conserved cryptic cysteines, which can potentially form
disulfide bonds under oxidative stress. Since both sequence and
structural-topological features are highly conserved'®?**34%3, the sen-
sitivity of the force-dependent unfolding rate to proline isomerization
and disulfide bond formation is likely a shared characteristic of these
I-band Ig domains. This has important implications for the structural
states of the Ig domains and their interactions with binding factors.

Previous studies on titin 127 suggest that the I-band Ig domains
exhibit high mechanical stability, with unfolding rates ranging from
107 s to 10™* s within 30 pN''" This implies that the Ig domains have
low structural dynamics during muscle contraction and extension. In
contrast, the results presented here show that, even at room tem-
perature, the majority of the Ig domains in the I-band exist in two
mechanically distinct native states. The trans-Igl domains exhibit
unfolding rates of approximately 1s™, over 1000 times faster than the
cis-Igl domains. These findings suggest that the titin I-band Ig domains
may display much greater structural dynamics within the physiological
force range. Such dynamic unfolding and refolding of the Ig domains
may transiently expose binding sites for various factors, which could
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be critical for the mechanochemical functions and homeostasis of the
titin I-band.

The mechanical stability of a protein domain is primarily deter-
mined by the interactions of residues along the unfolding transition
pathway. For the titin Ig domain, which has a well-characterized
seven B-strand structure, the 1% (A) and 7™ (G) strands are in close
proximity in a shearing-force stretching geometry”. The unfolding

Force (pN)

pathway of the titin Ig domain is thought to involve the sequential
peeling of the 1°* (A) strand from the folded core of the domain. While
proline isomerization or point mutations (located in the loop brid-
ging the 2™ (B) and 3" (C) strands), as well as the disulfide bond
(located between the 3" (C) and 5™ (E) strands), do not significantly
alter the primary unfolding pathway, changes to the folded core may
affect the effective energy barrier between the native and transition
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Fig. 5 | Proline-isomerization mediated two mechanically distinct native states
are conserved in titin I-band Ig domains. a The summary table of titin Ig domains
with the number of domains containing cis-pro or cys residues. b Illustration of the
single-molecule experiments designed for probing the titin Ig-like 32 mechanics.

The structural sketch was predicted by AlphaFold3, and the Cis-proline (P5161) is

highlighted in the zoom-in. ¢ Representative force--bead height curves of the titin
Ig-like 32 during linear force-increase scans with a loading rate of 1 pN s™.. The raw
data (gray) is 10-point FFT smoothed (colored lines). d, e The resulting force--step
size distributions (d) and the normalized unfolding force distributions (e) of the Ig-
like 32 unfolding events obtained from the linear force-loading scans. The number
of data points for the statistics is N=96, with a bin size of 2 pN. The dashed line in

(d) is the theoretical calculation of the force-dependent step size of the Ig-like 32.
The colored line in (e) is the double-Gaussian fitting of the distribution, giving the
peak forces as 9.3 +4.1 pN and 64.3 + 2.3 pN. f A representative time--bead height
curve during force-jump cycles. The Ig-like 32 was initially maintained in the cis
state at 3 pN, and then unfolded at 60 pN in the cis state, then rapidly refolded at 3
pNin the cis state. In the second cycle, the Ig-like 32 was unfolded at 60 pNin the cis
state and then transited into the trans-state. When force was returned to 3 pN, the
Ig-like 32 underwent dynamic refolding and unfolding fluctuations in the trans-
state for over 600 s, until switched into cis state and rapidly refolded in stable cis
state at 3 pN.

states. Consequently, this can lead to changes in the force-dependent
unfolding rates.

In the transition state, the extension of the peeled A strand is
force-dependent: it increases with rising force, following the worm-like
chain model. At low forces, its extension is shorter than that of the A
strand in the extended S-strand conformation within the folded
domain, resulting in a negative transition distance. At higher forces, its
extension surpasses that of the S-strand, causing the transition dis-
tance to become positive. This shift leads to slip-bond unfolding at
high forces. Thus, the force-dependent extension change in the tran-
sition state drives the catch-slip transition of the Ig domains.

Interestingly, the formation of a disulfide bond in oxidized Igl
promotes the emergence of a hidden intermediate state along the
unfolding pathway. This hidden intermediate possibly involves the B-F
strands located in the folded core. We speculate that this hidden
intermediate state may also exist in reduced Igl but with a significantly
lower energy barrier, which does not hinder the unfolding process
within our measured force range. Conversely, in oxidized Igl, the dis-
ulfide bond between the C-E strands stabilizes the folded core and
increases the energy barrier of the hidden intermediate state. This
elevated energy barrier accounts for the slip-bond behavior observed
in oxidized Igl at low forces. Whether this hidden intermediate state is
a general feature of titin Ig domains remains to be explored in future
studies.

Consistently, a more stable folded core also facilitates the
refolding process. The folded core containing the disulfide bond is
more stable than the reduced folded core, resulting in a faster
refolding rate for oxidized Igl compared to reduced Igl at the same
force, in both the proline cis-state and trans-state (Supplementary
Fig. 15). Furthermore, the proline cis-state folded core is more stable
than the trans-state folded core, leading to a faster refolding rate for
cis-state Igl relative to trans-state Igl at the same force (Supplemen-
tary Fig. 15).

The intrinsically slow proline isomerization and disulfide bond
formation strongly affect the folding and unfolding dynamics of
proteins, thereby they may act as a highly effective regulatory
mechanism in a wide array of biological processes? % The proline
isomerization and disulfide bond formation, in turn, are also
modulated by the domains’ folding or unfolding states. Mechanical
forces are effective regulators of the structural states of protein
domains. Since mechanosensitive proteins, such as titin and filamin,
are physiologically regulated by mechanical forces, the interplay
among mechanical forces, proline isomerization, and disulfide
bond formation may serve as an important modulator for con-
formational changes and interactions, thereby influencing the
functions of mechanosensitive proteins. The idea has been sug-
gested in structural studies of the A2 domain of von Willebrand
factor®® and experimentally demonstrated with the first g-strand of
domain 20 (FLNa20) of human filamin A using single-molecule
optical tweezers®. Importantly, in both filamin and titin, based on
the AlphaFold3 structural prediction, the majority of force-bearing
domains contain cis-proline in their folded states, suggesting that
this may be a general regulatory mechanism for such proteins.

We have previously demonstrated that the unfolding rate of the
titin 127 domain is highly sensitive to temperature changes within the
physiological range'. Over a force range up to 20 pN, an increase in
temperature from 23 °C to 37 °C results in a two-order-of-magnitude
increase in the unfolding rate (from 102 s to 107 s™). Given the highly
conserved sequences and structural features of titin Ig domains, Igl
and other Ig domains may also exhibit strong sensitivity to tempera-
ture. We, therefore, hypothesize that under in vivo temperature con-
ditions (37 °C), the majority of titin I-band Ig domains (specifically the
cis-proline containing Ig domains) are predominantly unfolded when
they transition from the cis-state to the trans-state under physiological
forces due to the combined effects of temperature and proline iso-
merization. The remaining Ig domains likely undergo dynamic
unfolding and refolding fluctuations as a result of temperature effects.
This highly dynamic behavior of titin I-band Ig domains highlights their
potential force-dependent signaling roles, as well as the importance of
chaperone proteins. Further studies are needed to explore the effects
of temperature on the force-dependent unfolding rates of Igl and
other Ig domains, as well as the influence of chaperone proteins on
these Ig domains.

Methods

Plasmids preparation and protein expression

Four plasmids were prepared for the expression of the protein con-
structs for single-molecule stretching experiments: (1) pET151-Avi-
(Ig))-Spy, (2) pET151-Avi-(Ig17*%°%)-Spy, (3) pET151-Avi-(Ig1"*%*)-Spy, (4)
pET28a-Avi-(Ig-like 32)-Spy. The target genes were synthesized by
IDTgblock/Sangon, assembled into pET151 or pET28a vectors using a
seamless DNA assembly kit and verified by first-generation sequencing
(Sangon). Detailed sequence information for the single-molecule
protein constructs is provided in Supplementary Note 1.

Proteins were purified as previously described'”®. Briefly, each
plasmid was transformed into BirA-containing Escherichia coli BL21
(DE3) by heat shock (42 °C for 40 s) and cultured overnight (=12 h) on
an LB agar plate at 37 °C. A single colony was picked and cultured in
5mL of LB broth medium overnight (12-14 h) at 37 °C with shaking at
250 rpm. Next, 4 mL of the overnight culture was diluted into 400 mL
of fresh LB broth medium (1:100 ratio) and incubated at 37 °C with
shaking at 250 rpm for 2-3 h until the optical density (OD) reached 0.4-
0.6. D-Biotin and IPTG were then added to final concentrations of
50 piM and 0.4 mM, respectively. The culture was incubated overnight
(approximately 16 hours) at 20 °C with shaking at 250 rpm. Bacteria
were harvested by centrifugation at 4000 rpm at room temperature
and resuspended in bacterial lysis buffer containing 50 mM Tris (pH
7.5), 500 mM NaCl, 10% glycerol, and 20 mM imidazole. Lysis was
performed via sonication, and the lysate supernatant was incubated
with Ni-NTA resin for approximately 3 hours with gentle shaking at
4°C. The protein was eluted using a buffer containing 50 mM Tris (pH
7.5), 500mM NaCl, 10% glycerol, 1mM f-Mercaptoethanol, and
200 mM imidazole. Imidazole was removed via buffer exchange using
dialysis or the AKTA system. The final protein concentration was
approximately 1 mg mL™ in a storage buffer composed of 50 mM Tris
(pH 7.5), 500 mM NaCl, 5 mM DTT (Dithiothreitol), and 10% glycerol.
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Protein aliquots were snap-frozen in liquid nitrogen and stored
at —-80°C.

AlphaFold based structural prediction

All 152 known human titin Ig-like domains (UniProt: Q8WZ42-1) were
predicted using AlphaFold3 via the AlphaFold server (available at
https://deepmind.google/technologies/alphafold/alphafold-server/).
The predictions were generated between May 15, 2024, and May 25,
2024, with the exact prediction time for each domain recorded in the
original files (available as source data files). Briefly, the amino acid
sequence of each Ig-like domain, as annotated in UniProt (Q8WZ42-1),
was uploaded to the server. The server produced five structural
models (i.e., model-0, model-1, model-2, model-3, and model-4) along
with associated parameters such as pLDDT and PAE, which were
downloaded for analysis. In this study, we used model-O for each
domain in our analyses (Fig. 5a and Supplementary Figs. 4-11). The
predicted models are subject to the AlphaFold Server Output Terms of
Use (available at alphafoldserver.com/output-terms). No modifica-
tions were made to the original predictions, and all structures were
used strictly for non-commercial, scientific research purposes.

Single-protein manipulation

All in vitro protein stretching experiments were performed using
home-built vertical magnetic tweezers***°°%" in a reduced-state
solution containing 1X PBS, 1% BSA, 2.5 mM DTT, and 10 mM sodium L-
ascorbate, or in a solution that allows cysteine oxidation, consisting of
1X PBS and 1% BSA. The experiments were conducted at 22 +1°C. The
magnetic tweezers setup has a temporal resolution of 200 Hz and a
spatial resolution of approximately 0.8 nm. Force calibration of the
setup introduces a 5-10% uncertainty due to the heterogeneity in the
diameter of the paramagnetic beads*¢, while the determination of bead
height in the setup has an uncertainty of approximately 2 nm due to
the thermal fluctuation of the tethered bead®®. Raw data from the
magnetic tweezers experiments were analyzed using OriginPro or
MATLARB software and plotted using OriginPro.

Theoretical calculation of transition step sizes

The force-extension curve of a folded domain, x€4*°%(F), is deter-
mined by the rigid rotational fluctuations of a characteristic rigid body
with a length of b, which can be estimated from the structure of the
folded domain. This curve can be described using the freely-jointed
chain polymer model with a single segment:

- Fb kgT
rigid body ( [y — _ 2B
b'e (F) b(coth (kBT> Fb) 5)

The force-extension curve of the unfolded state of a domain is
determined by the force response of a flexible peptide chain. This
curve can be described using the worm-like chain (WLC) polymer
model with the Marko-Siggia formula®*:

FA 1 1 XM

keT weEN 2 4 NI (6)
B 4(1_XNI(E )) 0

where A ~0.8 nm is the bending persistence length of the residues,
lo=0.38 nmis the contour length per residue™"”*%, and N is the number
of residues in the unfolded domain. Therefore, the force-dependent
unfolding transition step size, defined as the change in extension of the
domain before and after unfolding at the transition force, is given by:

AXUN(F) - XWLC (F) _ xrigid body (F) (7)

Igl domain contains approximately 95 amino acid residues and
has arigid body length of ~ 4.3 nm. In the reduced state, all residues are

released upon unfolding. In the oxidized state, where two cysteine
residues form a disulfide bond, 24 residues are locked within the dis-
ulfide bond, leading to 71 residues for releasing upon domain
unfolding. Based on these estimates and the above equations, we can
calculate the theoretical force-dependent unfolding or refolding
transition step sizes of Ig domains in both reduced and oxidized states.

Arrhenius Law analysis of force-dependent refolding rates
The refolding rates of Igl can be described by Arrhenius Law:

®

k.(F)= k? exp <— AO(F))

kgT

where k? is the zero-force refolding rate and AG*(F)= — fg Ax*(f)df,
represents the free energy difference between the transition state and
the unfolded state. Here, Ax*(f)=x*(f) — Xunfoldea(f) is the force-
dependent transition distance. By treating the transition state as a rigid
body with a length b* and the unfolded state as a flexible peptide, x*(f)
could be then described by the freely-jointed chain model, and
Xunfolded(f) could be described by the WLC model using Marko-Siggia
formula®>. All fitting parameters are summarized in Supplementary
Table 4.

Apparent proline isomerization rate analysis

There are a total of four states for either reduced or oxidized Igl, Ug;ans,
Ucis, Nirans, and Ngs (Fig. 4a). The apparent proline isomerization rate,
k3PP (F), measures the transition rate from Ugans to Neis (Fig. 4b-d).
Before reaching N, the domain can be in Ugans, Ucis, OF Nirans State.
The probability of being in the Ug.,s State is given by
Py, ((F)=k{™™(F)/[k;™™ (F)+ k™" (F)], while the probability of being in
the Nirans State is 1 — Py(F). In both states, proline can undergo iso-
merization, resulting in two distinct pathways originating from two
different starting points (Ugrans and Nirans). For the pathway starting
from Uy.ns, the isomerization proceeds through Ugs and ends at N,
allowing the U state can be treated as an intermediate state. Con-
sequently, the net transition rate of the Ugans-UcisNeis path can be
expressed as a combination of k;. ., k< and kY., *°. For the pathway of
Utrans-Nerans-Neis, the isomerization rate is denoted as k?.c. Combining
the rates of these two pathways with the probabilities of originating
from their respective start points gives Eq. (1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Unless otherwise stated, all data supporting the results of this study
can be found in the article, Supplementary, and source data files.
Sequence information of key constructs is included in Supplementary
Information. AlphaFold-predicted structures are available as source
data files. The predicted models are subject to the AlphaFold Server
Output Terms of Use (available at alphafoldserver.com/output-terms).
No modifications were made to the original predictions, and all
structures were used strictly for non-commercial, scientific research
purposes. Key plasmids are available upon request from the corre-
sponding authors. Source data are provided in this paper.
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