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ABSTRACT 35 

Heterogeneous, non-enzymatic glycation chemistry triggered by sugar-derived metabolites is typical of diseases 36 

that also entail pathological stiffening of cells, such as diabetes and age-related disorders. However, the mechanisms 37 

responsible for cell stiffening and the role of glycated biomolecules remain largely unexplored. Here, we show that 38 

glycation of cardiac titin, a giant intracellular protein scaffolding contractile sarcomeres, is increased in diabetes 39 

and leads to rigidification of both the protein and cardiomyocytes. Mechanistically, glycation-induced titin 40 

stiffening results from decreased contour length and enhanced folding of otherwise structurally intact protein 41 

domains following extensive formation of intramolecular crosslinking advanced glycation end products (AGEs). 42 

These stiffening effects outweigh softening contributions by competing, non-crosslinking AGEs. In combination, 43 

our work overcomes the intrinsic chemical complexity typical of glycation to uncover crosslinking AGEs as a 44 

source of pathological stiffening of cells, which we propose contributes to tissue dysfunction in situations of 45 

glycative stress. 46 

  47 
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Introduction 48 

Mechanics play inextricable roles in biological processes like development or stem cell differentiation1, and, when 49 

dysregulated, contribute to the onset and progression of disease. For instance, stiffening of the extracellular matrix 50 

(ECM) is linked to the growth of cancer cells2, and reduced compliance of the cardiac walls leads to heart failure 51 

because ventricles cannot properly accommodate blood during diastole3. Based on these observations, drugs 52 

countering mechanical alterations are gaining increasing traction in the clinic4,5. However, progress is hampered by 53 

an incomplete understanding of the molecular mechanisms underlying pathogenic changes in tissue mechanics. 54 

Here, we address why diabetic tissues and cells are stiffer than healthy counterparts, a situation that contributes to 55 

increased risk of heart failure among other systemic complications6-8 (Figure 1A).  56 

The macroscopic mechanical properties of tissues derive from the nanomechanics of their constituent biomolecules. 57 

This is best exemplified in striated muscle, where both extra- and intracellular proteins are well-known to set tissue 58 

mechanics9. Key players include collagens10, the main structural scaffold of the ECM, and the giant intracellular 59 

protein titin11-13, a major contributor to cardiomyocyte (and myocardial) stiffness at physiological strains9 (Figure 60 

1B). Considering this emergence across scales, it comes as no surprise that modulation of protein nanomechanics, 61 

for instance through protein isoform switch or by posttranslational modifications (PTMs), represents a physiological 62 

regulator of global tissue mechanics11,14. Importantly, in some diseases these very same mechanisms can result in 63 

pathological maladaptation perturbing tissue homeostasis. Such detrimental effects can be especially relevant in the 64 

case of PTMs favored during events of chemical stress, as exemplified by oxidations triggered by 65 

ischemia/reperfusion damage15,16. The mechanical consequences of other forms of chemical stress, including those 66 

induced by glycation typical of diabetes and age-related diseases17,18, remain incompletely understood. This so-67 

called glycative stress results from abnormally high concentrations of sugars and/or related metabolites, which 68 

induce a complex cascade of non-enzymatic reactivity between their carbonyl groups and amino or guanidino 69 

groups of both extra- and intracellular proteins. These reactions eventually form a heterogeneous set of compounds 70 

known as advanced glycation end products (AGEs)19, which includes both crosslinking and non-crosslinking 71 

modifications. Most often, many different AGEs coexist in affected tissues, challenging integrative functional 72 

characterization19.  73 

The main intracellular glycating compound is methylglyoxal (MG), a small and highly electrophilic -oxoaldehyde 74 

formed as a side product of glycolysis20,21. MG is thousands of times more reactive than glucose22; thus, it can 75 

rapidly and extensively modify proteins even in the low M concentration found in cells22,23. MG reacts with 76 

arginine side chains to form, among others, MG-derived hydroimidazolones (MG-H1, MG-H2 and MG-H3)23, and 77 

with lysine side chains, mainly yielding Nε-carboxyethyllysine (CEL)24 and a crosslinking MG-derived lysine dimer 78 

(MOLD)25. 79 
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Despite the concurrence of glycative stress and tissue stiffening, the causal relationship between them has remained 80 

elusive (Figure 1A). While crosslinking AGEs targeting ECM proteins have been proposed to contribute to tissue 81 

rigidification6,26-28, it remains unclear what the effect of competing, non-crosslinking counterparts may be since this 82 

type of modifications is expected to induce protein softening29. More importantly, mechanical alterations of the 83 

ECM cannot explain why diabetic or aged cells themselves are stiffer, as observed with endothelial cells30,31 and 84 

cardiomyocytes6,32,33. Building on circumstantial observations that titin is glycated in diabetic and aged 85 

myocardium34,35, we hypothesized that titin glycation could contribute to cardiomyocyte stiffening in these 86 

conditions. To test this hypothesis, here we have exploited single-molecule force spectroscopy, mass spectrometry, 87 

computer simulations, high-resolution NMR and cell mechanics experiments to demonstrate that AGEs in titin 88 

stiffen cardiomyocytes in situations of glycative stress.  89 

Results 90 

Increased glycation products in titin from diabetic myocardium 91 

To study whether titin glycation plays a role in pathological cardiomyocyte stiffening, we first set out to provide 92 

additional support to available evidence indicating that cardiac titin glycation increases in conditions inducing 93 

glycative stress34,35. To this aim, we applied low-percentage sodium dodecyl sulfate-polyacrylamide electrophoresis 94 

(SDS-PAGE) to protein extracts obtained from the myocardium of 20-week-old ob/ob mice, a model of type II 95 

diabetes induced by obesity36, and from WT controls. Next, we sliced bands corresponding to titin and digested 96 

samples with chymotrypsin. Ensuing mass spectrometry (MS) analysis identifies three times more peptides 97 

containing CEL, MG-H and N6-carboxymethyllysine (CML) AGEs in ob/ob animals than controls (Figures 1C, 98 

S1A). Similarly, we find 3.5-fold enrichment in glycated titin peptides in human myocardium from type II diabetic 99 

patients compared to non-diabetic counterparts (Figure 1D, S1B).  100 

 101 

Cardiomyocyte stiffening by methylglyoxal  102 

Our MS data confirm that pathological glycative stress during diabetes results in titin glycation, a modification that 103 

could contribute to cardiomyocyte stiffening6,33. To examine this possibility, we determined the passive stiffness 104 

of skinned cardiomyocytes undergoing glycative stress induced by MG. In a first approach, we used nanoindentation 105 

by atomic force microscopy (AFM), a method that measures transverse stiffness of specimens from force-distance 106 

(FD) curves that relate cantilever force to vertical displacement during indentation (Figure 1E,F). We find that 107 

typical FD curves recorded on neonatal murine cardiomyocytes treated with 50 mM MG for 4 h at 37ºC have a 108 

steeper slope at the contact region compared with controls, indicative of MG-induced cell stiffening (Figure 1F). 109 

Quantification confirms a two-fold increase in the Young’s modulus of MG-treated cells (19±4 kPa, mean±SEM 110 

unless stated otherwise) compared to controls (7±2 kPa) (Figure 1G).  111 

 112 
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Next, we followed a complementary approach to assess the longitudinal stiffness of MG-treated cardiomyocytes. 113 

To this end, we tethered single skinned rat cardiomyocytes to a motor and a force transducer and applied a tensile 114 

test consisting of six stepwise length increases of 5% the initial length (L0). Each straining step causes a sharp rise 115 

in passive force, followed by a slow relaxation phase as expected from the viscoelastic nature of cardiomyocytes29. 116 

After this initial test, we incubated cells at slack length with buffer including or not 50 mM MG for 30 min at room 117 

temperature (RT), and the tensile test was repeated. To average data, we normalized passive force signals for each 118 

cell according to values at 1.3 L0 in the first tensile test (Figure 1H). Results indicate that MG treatment induces a 119 

90% increase in passive force at 1.3 L0 from 5.0±0.8 kPa to 9.5±2.6 kPa, while incubations in the absence of MG 120 

show no effect (Figure 1H-J). Importantly, additional control experiments demonstrate that these stiffening effects 121 

do not result from potential MG-induced modification of the free amine group in ATP, a molecule present in the 122 

experimental buffers to prevent the formation of actin-myosin crossbridges37. In these control experiments, we find 123 

that relaxing buffer containing ATP preincubated with MG does not noticeably affect the passive stiffness of 124 

cardiomyocytes, in agreement with preserved blockage of actin-myosin interactions (Figure S2).  125 

 126 

In combination, our cell mechanics experiments demonstrate that MG-induced glycation leads to cardiomyocyte 127 

stiffening in both transverse and longitudinal directions, in agreement with a recent report using skeletal muscle 128 

fibers38. Considering that titin is the main contributor to passive stiffness of cardiomyocytes, particularly in the 129 

longitudinal direction39, our data support that the increased glycation of cardiac titin in diabetes is indeed a 130 

contributor to cardiomyocyte rigidification. To mechanistically scrutinize this possibility, we examined the effects 131 

of MG-induced glycation on titin mechanics. 132 

Extensive formation of intradomain crosslinking AGEs in titin I91 domain following incubation with MG 133 

The contribution of titin to cardiomyocyte stiffness results from the mechanical extension and contraction dynamics 134 

of the I-band domains of the protein40 (Figure 1B). Among them, the N2Bus and PEVK regions behave mostly as 135 

random coil/entropic springs that easily adapt their length to the pulling force in an elastic manner, while folded 136 

immunoglobulin-like (Ig) domains are more rigid because they sequester residues that do not contribute to the 137 

protein’s contour length. However, Ig domains can unfold upon application of force, which softens titin as a result 138 

of the associated increase in contour length (Figure 1B). This mechanical unfolding is reversible at forces lower 139 

than 10 pN41. Modulation of mechanical unfolding/folding transition kinetics in titin domains can result in large-140 

scale changes in the mechanics of the full-length protein, typically with opposing outcomes for crosslinking and 141 

non-crosslinking modifications, as observed with oxidative modifications29,42,43.  142 

To determine the mechanical effects of MG-induced glycation on titin Ig domains, we initially focused on the I91 143 

Ig domain of the protein (also known as I27, PDB code 1TIT). I91 contains eight solvent-exposed lysine residues 144 

that can be modified by MG, potentially resulting in both crosslinking and non-crosslinking AGEs (Figure 2A). 145 
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We first incubated purified (I91)8, a tandem repeat polyprotein containing eight domains of I91, in the presence of 146 

50 mM MG for 72 h at 37°C and evaluated results using size-exclusion chromatography (SEC) (Figures 2B,C, 147 

S3A). We used two control samples, i.e. untreated, pristine (I91)8, and (I91)8 incubated in the absence of MG. In 148 

the three conditions, we observe a peak at 15 mL elution volume marking monomeric (I91)8 (Figures 2C, S3B). 149 

Protein aggregation was evident in the sample incubated without MG, resulting in lower signal intensity for 150 

monomeric (I91)8 in this preparation. In contrast, protein aggregation was not detected in MG-treated (I91)8; in this 151 

case, the main (I91)8 peak is broader with higher contribution of species at lower elution volumes as expected from 152 

some degree of MG-induced intermolecular crosslinking. Unreacted MG was effectively separated from (I91)8, as 153 

indicated by the prominent peak appearing at the exclusion volume (20-22 mL). To examine the extent of 154 

modification by MG, we evaluated (I91)8 samples using MALDI-TOF/TOF mass spectrometry. While the spectrum 155 

of pristine (I91)8 shows a well-defined, narrow peak centered at 81.5 kDa matching the theoretical mass of the 156 

protein (81.7 kDa), the sample treated with MG yields a much broader peak at 87.6 kDa indicating the presence of 157 

a mixture of (I91)8 molecules containing different extents of MG-derived AGEs (Figure 2D). Accordingly, the 158 

band corresponding to MG-treated (I91)8 in SDS-PAGE gel is quite diffuse (Figure S3B). 159 

Having proved that (I91)8 is extensively modified by MG, we used single-molecule force-spectroscopy by AFM 160 

(here referred to as AFS)44 to characterize the mechanical effects of glycation on I91. We subjected single (I91)8 161 

proteins to a 40 pN s-1 increment in pulling force between 0-260 pN, while simultaneously measuring protein length 162 

(Figure 2E-G). As expected, mechanical unfolding of pristine (I91)8 or (I91)8 incubated in the absence of MG 163 

results in stepwise ~25 nm increases in length at forces around 150-170 pN, where every step corresponds to a 164 

single I91 unfolding event (Figure 2E,F)29. Since our single-molecule experiments rely on non-specific 165 

physisorption of proteins to the AFM cantilever, we find a variable number of 25-nm events in individual recordings 166 

(seven and six in the examples in Figure 2E,F, respectively). Notably, many steps with shorter lengths are evident 167 

in single-molecule recordings obtained with the MG-treated (I91)8 sample (Figure 2G, short steps marked by red 168 

stars), suggesting that many unfolding domains contain covalent bonds that prevent full mechanical extension of 169 

the polypeptide, as previously observed for disulfide and isopeptide bonds45,46.  170 

To quantify the extent of MG-derived crosslinking modifications in an unbiased manner, we selected single-171 

molecule recordings following increasingly stringent fingerprinting criteria44. Initially, using a lax criterion, we 172 

extracted the step size and unfolding force of all events in traces containing ≥2 events with at least one being 25 nm 173 

in length, and represented the results in bidimensional histograms. For pristine (I91)8, this analysis identifies the 174 

expected main population of events centered at 25 nm that emerges from a background of non-specific events typical 175 

of single-protein AFS measurements44 (Figure 2H, 25 nm population shaded in blue). Similar results are obtained 176 

with control (I91)8 incubated in the absence of MG (Figure 2I). In contrast, the abundance of ~25 nm events 177 

considerably drops in the sample treated with MG, where a new population of events between 9-14 nm is now 178 
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observed (Figure 2J; population of short steps shaded in light red). For precise estimation of the proportion of these 179 

shorter steps, we followed a stricter fingerprint criterion analyzing only traces that contain 9-14 nm and/or 23-27 180 

nm steps (Figure 2K-M). We find that 77% of events in the MG-treated (I91)8 sample correspond to short steps, 181 

strongly suggesting that most I91 domains in these conditions contain MG-induced covalent crosslinking 182 

modifications. By setting incubations with MG of different duration, we find that the proportion of short steps 183 

reaches saturation after 48 h of reaction (Figures 2N, S4). Importantly, these experiments also reveal that the sole 184 

addition of MG induces intradomain crosslinks in 24% of I91 domains despite its immediate removal by SEC, a 185 

process that is completed in less than 1 h at 4ºC (open circle in Figure 2N). This result indicates that MG quickly 186 

induces a subset of covalent crosslinking modifications in the I91 domain of titin.   187 

Overall, our single-molecule experiments with MG-treated (I91)8 indicate that intradomain covalent crosslinking 188 

modifications are very prevalent and can target the majority of I91 domains despite expected chemical competition 189 

with non-crosslinking modifications. 190 

Detection of crosslinking modification MOLD in MG-treated I91 191 

We sought to characterize the chemical nature of the crosslinking AGEs formed in MG-treated I91. With that aim, 192 

we first produced glycated and control (I91)1 preparations (Figures 3A, S5, Text S1). Similar to (I91)8, the 193 

molecular mass of (I91)1 determined by MALDI-TOF/TOF increases upon 24 h incubation with 50 mM MG, and 194 

the peak corresponding to glycated (I91)1 is broader than that of the pristine protein (Figure S6). This indicates 195 

equivalent extent and heterogeneity of glycation in (I91)1 and (I91)8. Next, we collected the 15N,1H-TOCSY-HSQC 196 

NMR spectra of 13C,15N-(I91)1 samples. While the projection of the H-H planes in the spectrum for non-glycated 197 

(I91)1 displays well-defined cross-peaks at 7.2 ppm correlating lysine-H with the other intra-residue protons, these 198 

signals disappear in MG-treated (I91)1, which proves that MG modifies the NH group of the lysine side chains of 199 

(I91)1 (Figure 3A,B).  200 

 201 

To investigate the chemical nature of the AGEs formed in glycated I91, we incubated unlabeled (I91)1 with 13C-202 

labeled MG. The advantage of this strategy is that only carbons coming from MG become NMR-visible, thus 203 

allowing straightforward comparison with commercially available chemical standards of AGEs. The 1H,13C-HMBC 204 

spectra of unlabeled (I91)1 modified with 13C-MG evidence the correlation of some aromatic (i.e. between 6 and 9 205 

ppm in the 1H dimension) one bond C-H cross-peaks with other C-H cross-peaks. This demonstrates that MG 206 

induces the formation of aromatic AGEs on I91 (Figure 3C). To assess whether these signals could arise from 207 

MOLD, we collected the 1H,13C-HMBC spectrum of MOLD standard (sMOLD) and carried out its chemical shift 208 

assignment (Table S1). The 1H,13C-HMBC signals obtained for sMOLD match those observed for glycated (I91)1
 209 

(Figure 3C), unequivocally demonstrating the formation of MOLD on MG-treated I91. Subtle shifts in the 1H,13C-210 

cross-peaks of MOLD formed on I91 compared to sMOLD are likely due to the different chemical environments. 211 
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In addition, the low intensity peaks appearing next to the C5-H2, C5-H4 and C2-H4 cross-peaks suggest that 13C-212 

MG-treated (I91)1 might contain at least two different MOLD moieties with different protein chemical 213 

environments. 214 

 215 

In combination, our NMR data confirm that modification of I91 lysines by MG is substantial and identify MOLD 216 

as a crosslinking AGE present in the modified protein.  217 

 218 

Restricted conformational flexibility and preserved fold of glycated I91 219 

Our interpretation of the AFS data assumes that glycated I91 remains folded in the absence of force application. To 220 

obtain independent validation of this assumption, we further used NMR spectroscopy to get insights at the residue 221 

level on potential structural effects in glycated I91. We observe that the positions of the structural fingerprint 15N-222 

HSQC amide cross-peaks in (I91)1 do not change upon incubation with MG (Figure 3D), a first indication that 223 

glycation does not induce major alterations to the structure of I91. Furthermore, we do not detect any relevant 224 

change in the ring shifted resonance 1H signal of L58-CH3, which arises from its structural proximity to the 225 

aromatic side chain of W34 in the hydrophobic core of the domain (Figure S7A,B), nor in the long-range NOE 226 

signals that result from tertiary structural contacts (Figure S7C). Using the backbone chemical shifts (i.e. N, HN, 227 

Cα, C, Hα and CO) assigned for all residues in 13C,15N-(I91)1 incubated in the presence or absence of MG (BMRB 228 

codes 53390 and 53389, respectively), we also observe that glycation does not affect the β-sheet propensity scores 229 

of the β-sheets of the domain (Figure S7D-F). Altogether, these data prove that glycation mediated by MG does 230 

not impact the secondary nor the tertiary structure of I91.  231 

Despite preserving the global fold of the I91 domain, MG-treated samples show increased intensity of many HSQC 232 

peaks (Figure 3E). This suggests that glycation shifts I91 towards a predominant conformation, thereby reducing 233 

exchange between minor conformational populations. The most affected residues are those mainly located at the 234 

ABED β-sheet, as well as in the loops connecting these strands and in those connecting them with the A’GFC β-235 

sheet (Figure S8A). Intriguingly, the HSQC peaks that mostly change their intensities upon glycation are located 236 

at the N-terminus of strand D and at the C-terminus of strand E, which could indicate modification of nearby C47 237 

and C63 (Figure S8A). However, the chemical shifts of the Cβ of C47 and C63 (highly sensitive to the oxidation 238 

state of the thiol group) did not remarkably change upon glycation (27.3 ppm for C47 and 28.1 ppm for C63, Figure 239 

S8B). This observation aligns with previous results, which show that both cysteine residues in I91 have low solvent 240 

accessibility when the domain is folded, and therefore cannot be targeted by reagents in the solution at 37°C29 241 

(Figure S8C). 242 

To evaluate the effect of glycation on the dynamics of I91, we acquired NMR relaxation data (i.e. R1, R2 and 15N 243 

HET-NOE; Figure S9) and determined the amplitudes of the conformational fluctuations of the backbone amide 244 
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groups in terms of order parameters (O2, on the ps to ns time scale) according to a model-free formalism47. O2 values 245 

were calculated considering that the best-fit rotational diffusion tensor is anisotropic with a correlation time (c) of 246 

10.6 and 11.5 ns for untreated and MG-treated (I91)1, respectively (Figure 3F). The mean values (±SEM) of the 247 

backbone order parameters <O2> calculated for the L1-L89 stretch (Text S1) are 0.701±0.011 for I91incubated in 248 

the absence of MG and 0.768±0.013 for MG-treated I91 (p<0.0001 for paired samples t-test), suggesting that 249 

glycation restricts overall protein conformational dynamics and rigidifies the domain. This result is even clearer 250 

from the comparison of O2 (i.e. ΔO2= O2
I91 glycated - O2

I91) at the residue level (Figure 3G,H). Remarkably, not all 251 

regions showing increased O2 are located near MG-sensitive lysine residues, which indicates that glycation can 252 

reduce structural fluctuations in an allosteric manner. Finally, the restricted conformational flexibility of glycated 253 

I91 was also captured by a reduced conformational entropy of the protein backbone (i.e. ΔSconf=-114.2±2.9 Jꞏmol-254 

1ꞏK-1 or TΔSconf=-34±0.8 kJꞏmol-1 at 298 K; error is SD), as calculated from NMR relaxation data48. 255 

 256 

In short, structural characterization of glycated I91 proves that MG does not induce any major change to the fold of 257 

the protein. However, we detect reduced conformational flexibility of several regions of the glycated domain, which 258 

probably results from the formation of crosslinking AGEs captured in single-molecule force-spectroscopy and NMR 259 

experiments.  260 

 261 

Mechanically relevant glycated lysines in I91 262 

Our results so far indicate that MG-induced glycation of I91 leads to the formation of intradomain lysine-lysine 263 

crosslinking AGEs in the absence of major structural alterations. To directly examine the extent of this type of 264 

AGEs, we did additional AFS experiments using MG-treated (I91)8, but now including a protein preparation where 265 

we aimed to transform the lysine residues into inert CEL49 (Figures 4A,B, S10). Western blot (WB) analysis 266 

confirms that our experimental protocol results in high levels of CEL, which are considerably higher than in I91 267 

incubated only with MG (Figure 4C). AFS results show that control samples not subjected to CEL modification 268 

but incubated with MG display the expected increase in short unfolding steps after MG incubation (Figure 4D,E). 269 

However, the appearance of short unfolding steps upon MG incubation is notably reduced in the case of the CEL-270 

modified (I91)8 preparation (Figure 4D-F). Hence, this set of experiments confirm that lysine-lysine covalent 271 

crosslinking AGEs are responsible for the reduced mechanical unfolding length of glycated I91 domains.  272 

Next, we investigated the specific lysine pairs that are preferential crosslinking sites in MG-treated I91. We first 273 

analyzed the step sizes and associated forces resulting from mechanical unfolding of glycated I91. By fitting the 274 

worm-like chain model of polymer elasticity50 to the force versus step size distribution, we determined that the 275 

reduction in contour length of the I91 domain containing crosslinking AGEs is ~16 nm (i.e. around 40 amino acids 276 

trapped by the covalent crosslink considering a contour length of 0.4 nm per amino acid51) (Figure 4G). We 277 

identified three candidate pairs of structurally vicinal lysine residues in the sequence of I91 that could account for 278 
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this reduction in contour length, i.e. K6-K55, K35-K79 and K37-K85 (Figure 4H). To prove that MG-induced 279 

crosslinking involves at least one of these lysine pairs, we produced the mutant polyprotein (I91-KA)8, in which we 280 

replaced K6, K37 and K79 with non-reactive alanine residues in all I91 domains. Upon 72 h incubation of (I91-281 

KA)8 at 37ºC with 50 mM MG and subsequent purification (Figure S11), we conducted unfolding experiments by 282 

AFS. Different from the wild-type protein, the population of 9-13 nm steps in MG-treated (I91-KA)8 is only 283 

marginally increased with respect to the mutant protein incubated in the absence of MG (Figure 4I,J). In 284 

combination, our results with (I91-KA)8 confirm that at least one of the selected lysine pairs is a primary target for 285 

MG-induced crosslinking in I91. In agreement with this result, following an MS-based search for crosslinked 286 

peptides between lysine pairs in (I91)1 incubated with 50 mM MG for 24 h at 37°C, we were able to unambiguously 287 

detect the presence of a MOLD-crosslinked dipeptide involving K35 and K79 (Figure 5). 288 

 289 

Interdomain crosslinking AGEs targeting titin domains 290 

In addition to intradomain crosslinking of lysine residues, interdomain and intermolecular crosslinking reactions 291 

should also be possible when MG reacts with serially linked protein domains such as those in (I91)8 (Figure S12A). 292 

While our preparations are devoid of high-molecular weight intermolecular crosslinks thanks to the size-exclusion 293 

purification step (Figure S3B), we cannot rule out contributions of intramolecular, interdomain crosslinks that 294 

would reduce the number of mechanically unfoldable domains in AFS experiments (Figure S12B). Indeed, we 295 

detect a slight decrease in unfolding events per AFS trace, from an average of ~5 in controls to ~4 in glycated (I91)8 296 

(Figure S12C), suggesting that MG incubation induces some interdomain crosslinking. Considering that 297 

interdomain crosslinks would also cause structural modifications on the (I91)8 protein, we studied the impact of MG 298 

treatment on the overall structure and size of (I91)8 by small-angle X-ray scattering (SAXS). The scattering signals 299 

for both glycated and non-glycated (I91)8 overlap to a great extent, suggesting that the influence of glycation on the 300 

overall structure of (I91)8 is minor (Figure S12D). In addition, neither Porod-Debye plot shows a Porod plateau 301 

(Figure S12E), proving that neither protein preparation displays compact globular structures and that both have a 302 

certain degree of flexibility. This observation agrees with the plateau observed in the q3ꞏI(q) vs. q3 plots (Figure 303 

S12F) which is typical of flexible partially folded structures52. Moreover, both SAXS-derived pair-distance 304 

distribution functions (Pr; probability distribution of the interatomic vectors inside the molecule) exhibit a local 305 

maximum at ~20Å, which accounts for the inter-atomic distances within a single I91 domain, and another one at 306 

~46 Å, which indicates the separation between the mass centers of two consecutive I91 domains (Figure S12G). 307 

This separation agrees with the average length of the I91 domain (Figure 3A), thus indicating extended domain 308 

organizations.  309 

 310 

In summary, AFS and SAXS data taken together point to limited extent of interdomain crosslinking in MG-treated 311 

(I91)8 in our experimental conditions. 312 
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 313 

Crosslinking glycation products in full-length titin  314 

Since MG-induced glycation results in the formation of crosslinking AGEs in I91, we hypothesized that other titin 315 

domains could also be target of these modifications. To test this possibility, we examined by AFS and HaloTag 316 

technology53 the consequences of MG-induced glycation of native cardiac titin isolated from mice. In these 317 

experiments, we covalently attached engineered titin molecules containing a HaloTag inserted in the distal I-band 318 

region of the protein to glass surfaces coated with HaloTag ligand (Figure 6A). Next, we added 50 mM MG to the 319 

fluid chamber of the AFS and started pulling from titin molecules in constant-velocity mode for several hours. We 320 

also ran experiments in the absence of MG. Two representative force-distance traces are shown in Figure 6A; both 321 

of them exhibit a characteristic sawtooth pattern, a well-known single-molecule fingerprint in constant-velocity 322 

force spectroscopy where every peak originates from the mechanical unfolding of a titin domain and the distance 323 

between peaks reflects the increase in contour length associated with unfolding54. Using the worm like chain model, 324 

we find that the commonest change in contour length between consecutive peaks in the absence of MG is ~30 nm 325 

(Figure 6B), as expected for non-modified titin domains53. In agreement with previous reports, we also detect a less 326 

frequent population of unfolding transitions (less than 20% of total events) characterized by changes in contour 327 

length shorter than 20 nm (Figure B)42,53. Interestingly, the distribution of unfolding events shifts towards shorter 328 

changes in contour length when titin is incubated with MG (Figure 6A,B), indicating that many domains in titin in 329 

addition to I91 undergo MG-induced crosslinking.  330 

 331 

Mechanical properties of glycated titin domains 332 

Although intramolecular crosslinks are generally considered to stiffen proteins due to the associated reduction in 333 

total contour length, this effect can be countered or even reversed depending on how they affect the mechanical 334 

(un)folding dynamics of the targeted domains; for instance if crosslinks result in mechanical destabilization that 335 

favors unfolded polypeptides43. Hence, to quantify in detail how crosslinking AGEs affect the global mechanical 336 

properties of titin domains, as well as the contribution of non-crosslinking AGEs, we further exploited our single-337 

molecule force-ramp experiments.  338 

 339 

First, we determined whether AGEs alter the mechanical stability of the I91 domain. We find that domains 340 

containing MG-derived crosslinking AGEs unfold at a slightly lower force than counterparts incubated in the 341 

absence of MG (142 and 158 pN, respectively; Figure 6C). Similarly, CEL-containing I91 domains appear 342 

mechanically weaker than the corresponding controls (114 vs 122 pN, respectively; Figure 6D). Fitting the Bell-343 

Evans model of force-activated reactions55, we estimate that unfolding rates at zero force are between 3 and 8 fold 344 

higher for glycated domains, while the distance to the transition state is mostly preserved indicating no major 345 

changes in the force dependency of unfolding (Table S2). In combination, our analyses of unfolding forces indicate 346 
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that both crosslinking and non-crosslinking AGEs induce mechanical weakening of the targeted domains, a 347 

softening effect that in the case of crosslinking modifications opposes stiffening that results from reduced total 348 

contour length.   349 

 350 

Next, we did unfolding-quench-probe AFS experiments to study mechanical folding of glycated I91 (Figure 6E)29. 351 

In these experiments, (I91)8 is subjected to an unfolding force-ramp, followed by a quench pulse to 0 pN where 352 

domains first collapse and subsequently regain native mechanical stability in a time-dependent manner. In the final 353 

probe pulse, domains that refolded during the quench pulse unfold again. Folding fractions are calculated as the 354 

ratio between the number of unfolding events observed in the probe pulse and those observed in the unfolding pulse. 355 

To have better resolution of folding fractions at low folding times, we included force pulses to 40 pN before and 356 

after the quench at 0 pN. Since 40 pN is non-permissive for folding of the I91 domain41, the initial pulse allows 357 

better synchronization of actual folding times limiting the effects of variable collapse times. Similarly, jumping 358 

straight to 40 pN avoids folding reactions occurring during the probe force ramp. Results of the unfolding-quench-359 

probe AFS experiments indicate that CEL moieties do not noticeably modify the folding kinetics of the I91 domain 360 

(Figure 6F). In contrast, I91 domains containing crosslinking AGEs refold at a rate ≥30 s-1, which is the resolution 361 

limit of our setup implying at least a 6-fold increase compared to the corresponding control (Figure 6G). Hence, in 362 

addition to stiffening resulting from reduced total contour length, crosslinking AGEs entail an additional stiffening 363 

effect as a consequence of increased folding of targeted domains.  364 

Prevailing stiffening induced by titin glycation 365 

As explained in the previous section, our single-molecule data demonstrate that, similar to oxidative modifications, 366 

glycation of titin can entail both stiffening and softening effects29,42. To illustrate the available range of modulation 367 

of titin mechanics by AGEs, we did Monte Carlo computer simulations as reported43. We first built virtual models 368 

of the I-band of human titin containing 104 (for the N2BA isoform) or 48 (for the N2B isoform) Ig domains, all of 369 

them with equivalent mechanical properties, as well as random coil N2Bus and PEVK regions (Table S3). Since 370 

the PEVK region is rich in lysine residues (Figure 6H,I), we also estimated the reduction in contour length 371 

associated with crosslinking modifications targeting this region of titin. Specifically, considering that the first and 372 

last lysine in each of the 31 PEVK repetitions can form a crosslink (Figure 6I), we used a 67% maximum reduction 373 

in contour length upon glycation of the PEVK region (Figure 6J). We acknowledge that crosslinks between 374 

different PEVK repetitions could result in further decreases in contour length; however, we have not contemplated 375 

this possibility here.  376 

In the simulations, we subjected the virtual I-bands to 1-Hz triangular force pulses between 0 pN and a predefined 377 

setpoint peak force while monitoring the resulting changes in titin length (Figure 6K,L). During these 378 

extension/relaxation cycles, titin domains unfold and refold stochastically according to their folding and unfolding 379 
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rates, which depend on the type of glycation modification as detected in our single-molecule experiments (Tables 380 

S4, S5). At t = 0 s, all domains are folded and, as the simulations progress, a fraction of domains transitions to the 381 

unfolded state resulting in longer protein lengths (Figure 6L). Simulation times were long enough to always reach 382 

steady-state lengths in all simulation runs (Figures 6M, S13).  383 

In Figure 6M, we present the results of the simulations of N2BA titin at a peak force of 10 pN, typically considered 384 

the upper limit of the physiological range40, comparing control conditions with two extreme scenarios where all 385 

domains are glycated with either non-crosslinking or crosslinking AGEs. These results readily capture the prevailing 386 

stiffening effect of crosslinking modifications, which cause ~33% shortening of titin at peak force. In contrast, non-387 

crosslinking modifications result in subtle, yet measurable, softening. Prompted by these results, we ran additional 388 

simulations at intermediate degrees of glycation and considering different proportions of non-crosslinking and 389 

crosslinking AGEs. In Figure 6N, we compare steady-state lengths of titin in these simulations with respect to 390 

control simulations. As expected, we find that the mechanical effects of both types of AGEs progressively increase 391 

at higher glycation fractions. More importantly, we observe that stiffening contributions of crosslinking AGEs 392 

outweigh softening induced by non-crosslinking counterparts even when the ratio of crosslinking/non-crosslinking 393 

modifications is only 20/80, independently of the total levels of glycation (Figure 6N). We observe similar effects 394 

for the N2B isoform, although in this case stiffening is less apparent (Figure S13 A,B). Increasing the peak force 395 

of our simulations to 100 pN exacerbates the mechanical consequences of both crosslinking and non-crosslinking 396 

modifications, with up to 57% reduction in length induced by crosslinking AGEs (Figure S13C-F). Further analysis 397 

of the Monte Carlo simulations captures a fundamental role of glycation of the PEVK domains in global titin 398 

stiffening (Figure S14). Indeed, if we consider that no glycation targets the PEVK region, no stiffening of titin is 399 

detected at 10 pN peak force indicating no overall mechanical effect of crosslinking AGEs targeting Ig domains at 400 

this force (Figure S14A,C). At 100 pN in the absence of PEVK glycation, the stiffening contribution of crosslinking 401 

AGEs in Ig domains becomes apparent again (Figure S14B,D). Such force dependency of the stiffening effects of 402 

crosslinking AGEs in titin Ig domains resembles the behavior reported for intradomain disulfide bonds43.  403 

Finally, we also quantified from our Monte Carlo simulations how glycation affects Ig domain unfolding/refolding 404 

dynamics, which can influence downstream force-dependent interactions and PTMs11,15 and active force generation 405 

by sarcomeres41. With this aim, we counted the number of unfolding events in the different simulations. Results 406 

indicate that both crosslinking and non-crosslinking AGEs increase the extent of Ig domain (un)folding transitions, 407 

particularly at low forces (Figure S15). 408 

Discussion 409 

High concentrations of carbohydrates and the associated toxic side-products of glycolysis (e.g. -oxoaldehydes) 410 

are at the basis of many human diseases including diabetes, obesity, age-related disorders and the metabolic 411 
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syndrome, as well as their associated comorbidities (e.g. cardiovascular complications)56. However, the underlying 412 

molecular pathomechanisms are yet to be fully elucidated. A main example is the origin of myocardial stiffening 413 

typically associated with carbohydrate-related diseases, a major risk factor for developing heart failure3. While 414 

fibrosis and glycation of ECM components have been shown to stiffen the myocardium in these conditions6,7,27, the 415 

reasons for the concurrent rigidification of cardiomyocytes (even permeabilized ones) remain incompletely 416 

understood, limiting our grasp on how diastolic failure develops in affected patients. So far, stiffening of diabetic 417 

cardiomyocytes has been proposed to be contributed by hypophosphorylation of titin and by glycogen accumulation, 418 

although compensatory overexpression of the compliant N2BA titin isoform complicates quantitative 419 

interpretation6,33,57,58. The data presented here uncover an additional stiffening effect induced by titin glycation, a 420 

modification found in the myocardium of both animal models and humans in diabetes34 (Figure 1C-D) and aging35.  421 

Specifically, our work demonstrates that MG-induced glycation, a main chemical route during glycative stress20, 422 

results in cardiomyocyte stiffening (Figure 1E-I) because it leads to the preferential formation of crosslinking 423 

AGEs within titin domains. Indeed, Monte Carlo simulations indicate that stiffening induced by intradomain 424 

crosslinking AGEs prevails over softening contributions by non-crosslinking counterparts already when the 425 

proportion of crosslink-containing domains reaches 20% (for N2BA titin) or 40% (for N2B titin), independently of 426 

the total extent of glycation (Figures 6N, S13). From our single-molecule experiments at saturating glycation 427 

conditions, we estimate the actual proportion of crosslink-containing domains to be at least close to 80% (Figures 428 

2N, S4), which agrees with the observation using WB that the percentage of CEL within all the MG-derived AGEs 429 

is relatively low (Figure 4C). This level of crosslinking modifications consistently leads to titin stiffening in Monte 430 

Carlo simulations, in line with our cell mechanics experiments. Since simulations also show that glycation of the 431 

PEVK region is a main contributor to titin stiffening (Figure S14), the different proportions of crosslink-containing 432 

domains required to achieve stiffening in N2BA and N2B titin can be easily explained by the distinct relative 433 

mechanical contribution of the PEVK domains in both isoforms (the ratio PEVK length in nm/number of Ig domains 434 

is 6.9 and 1.4 for the N2BA and the N2B isoforms, respectively) (Table S3). To strengthen our conclusions, we 435 

have obtained further evidence of the presence of crosslinking AGEs in MG-treated titin domains by mass 436 

spectrometry (Figure 5) and NMR (Figure 3C). Furthermore, our NMR results show that the structure of I91 is 437 

mostly unaffected by MG-induced glycation (Figures 3D, S7), which induces instead restricted conformational 438 

entropy of the protein as a result of the formation of crosslinking AGEs (Figures 3F-H, S8A, S9). Such overall 439 

preservation of the I91 native fold is also supported by the modest reduction in mechanical stability of glycated 440 

domains (Figure 6C) and their enhanced/preserved ability to refold (Figure 6F,G). Hence, in combination, our 441 

findings add to available evidence challenging the conventional view that glycation universally compromises 442 

protein structure17.  443 
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A potential limitation of our work stems from the millimolar MG concentration we used to trigger glycation in 444 

timescales compatible with single-molecule and cell mechanics experiments. This concentration is several orders 445 

of magnitude above typical estimates in cells, which indicate that MG levels do not exceed the micromolar range 446 

even in situations of glycative stress59. Hence, it appears that the increased glycation of titin in diabetes and aging 447 

that we and others have observed (Figure 1C,D)34,35 most probably results from the slow accumulation of AGEs 448 

involving multiple glycation pathways, a situation challenging to reproduce in the laboratory. Still, we have been 449 

able to detect a measurable fraction of crosslinking AGEs occurring very rapidly after addition of 50 mM MG 450 

(Figure 2N). This observation points to favored glycation reactions induced by MG that can proceed at 451 

physiological concentrations. It is also important to consider that given the high reactivity of MG and that the 452 

glycolytic flux can be estimated to produce ~125 mol of MG per kg of cell mass per day (i.e. 133 M per day for 453 

a 15,000 m3 cardiomyocyte considering a cellular density of 1.06 g/mL)20, it is conceivable that the effects of any 454 

given steady-state concentration of MG in vivo are noticeably higher than those of a seemingly equivalent, but not 455 

replenishable, concentration of MG in in vitro experiments.  456 

Several aspects of our work call for further research. First, given that intracellular protein glycation is common to 457 

many tissues in addition to the myocardium60, we speculate that equivalent mechanisms to the ones we describe 458 

here can contribute to stiffening of cell types other than cardiomyocytes. Similarly, it is possible that glycation 459 

targeting protein-folding-based mechanosensor proteins like talin can have profound consequences in cell 460 

behavior61. In this regard, although the existence of crosslinking AGEs can be extrapolated from the presence of 461 

non-crosslinking counterparts19, new methods are required to quantify crosslinking modifications in native proteins 462 

and how they depend on cellular state. These new methods will need to overcome both the vast combinatorial space 463 

of potential target sites, particularly in large proteins like titin, and the interpretation and scoring of hybrid 464 

fragmentation spectra, which is very challenging for conventional mass-spectrometry approaches62,63. For further 465 

quantitative understanding of the effects of protein AGEs in cell mechanics, additional work will need to address 466 

protein folding intermediates41 and to integrate both stiffening interdomain crosslinks and the effects of mechanical 467 

crosstalk with other PTMs, especially those competing for glycation sites like acetylation and ubiquitination64.  468 

Concluding remarks 469 

Our results with titin add to the list of detrimental functional consequences that follow glycation of key proteins in 470 

cardiomyocytes64,65, including other sarcomere components important for contraction34,66-68, the calcium pump 471 

SERCA2a69 and the calcium channel RyR235. At the methodological level, our work illustrates how single-molecule 472 

AFS can discriminate the mechanical consequences of crosslinking and non-crosslinking AGEs in a manner that is 473 

chemically agnostic, therefore overcoming intrinsic heterogeneity of non-enzymatic glycation reactions. Having 474 

pinpointed crosslinking modifications as culprits of cell rigidification, our work provides deeper understanding of 475 

highly promising therapeutic strategies based on scavenger molecules that block protein glycation27. According to 476 
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our data, further improvements could be achieved by preferentially preventing the formation of crosslinking AGEs, 477 

or even by inducing their cleavage. Single-molecule force spectroscopy methods can serve as a valuable screening 478 

platform to this aim. 479 
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Materials and methods 534 

Human subject research 535 

Samples and data from patients included in this study (Table S6) were provided by the Hospital Universitario Puerta 536 

de Hierro Majadahonda (HUPHM)/Instituto de Investigación Sanitaria Puerta de Hierro-Segovia de Arana 537 

(IDIPHISA) Biobank (Carlos III Health Institute Biomodels and Biobanks Platform – PT23/00015). Samples were 538 

processed following standard operating procedures with the appropriate approval of the Ethics and Scientific 539 

Committee (Ref: 67/187906.9/24). The handling of samples and patient data was conducted in accordance with the 540 

principles of the Declaration of Helsinki and the International Conference on Harmonization of Good Clinical 541 

Practice guidelines, under the framework of Spanish and European regulations concerning data protection and 542 

clinical research. 543 
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Animal research 544 

Mice were housed and maintained in CNIC’s animal facility in accordance with Spanish and European Legislation 545 

(Directive 2010/63/EU amended by Regulation EU 2019/1010; CNIC-01/18- PROEX042/1; CNIC-01/23 - PROEX 546 

107.8/23). Only male mice were used for the experiments. Adult mice were sacrificed using CO2, and neonates 547 

were sacrificed by decapitation. Hearts were isolated, perfused with PBS, frozen in liquid nitrogen, and stored at -548 

80ºC. All procedures on rats were reviewed and approved by the Faculty of Medicine of the University of Porto 549 

(FMUP) Animal Welfare and Ethics Review Body (Órgão Responsável pelo Bem-Estar dos Animais [ORBEA-550 

FMUP]) and the Portuguese competent authority (Direção Geral de Alimentação e Veterinária [DGAV], reference 551 

number 8161/23-S) and performed in accordance with EU Directive 2010/63/EU and Decreto-lei 113/2013 national 552 

legislation at the FMUP animal facility. Seven-week-old male Wistar-Han rats were acquired from Charles River 553 

Laboratories (Barcelona, Spain) and housed in groups of 4 animals per cage in a controlled environment under a 554 

12:12-h light-dark cycle at a RT of 22ºC, with free supply of food and water. Twelve weeks later, animals were 555 

anesthetized with sevoflurane (8%), the heart was removed and immediately frozen in liquid nitrogen for subsequent 556 

analysis. All procedures were carried out by properly trained and licensed researchers. 557 

 558 

 559 

LC-MS/MS mass spectrometry in native titin experiments 560 

Myocardial protein extracts in the presence of N-ethylmaleimide were obtained following Herrero-Galán et al.43. 561 

Samples were run in 3.5% SDS-PAGE gels in the absence of reducing agents. Proteins were visualized with 562 

Coomassie blue and titin bands were sliced out from the gel and stored at 4ºC until analysis. Bands were equilibrated 563 

in 50 mM ammonium bicarbonate (ABC) prior to reduction with 50 mM DTT and alkylation with 100 mM 564 

iodoacetamide, both in 100 mM ABC. Gel bands were then subjected to in-gel-digestion using modified bovine 565 

chymotrypsin, sequencing grade (Promega) at a final ratio of 1:20 (chymotrypsin-protein). Digestion proceeded 566 

overnight at 37ºC in 100 mM ABC, pH 7.8. After digestion, peptides were extracted using acetonitrile with 0.1% 567 

(v/v) trifluoroacetic acid (TFA). Finally, peptides were desalted and dried until LC-MS analysis. LC-MS analysis 568 

was done using an Evosep One HPLC (Evosep) coupled to an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo 569 

Fisher Scientific) using an Endurance Evosep column 15 cm x 150 m ID as analytical column (Thermo Fisher 570 

Scientific) coupled to a stainless steel emitter of 30 m ID. Peptides were eluted from Evotips and analyzed using 571 

the Evosep One pre-programmed gradient for 15 samples per day (SPD). MS spectra were acquired in the Orbitrap 572 

analyzer using full ion-scan mode with a 390-1700 m/z range and 60,000 FT resolution. The automatic gain control 573 

target was set at 1 x 106 with 50 ms maximum injection time. HCD fragmentation was performed at 30% of 574 

normalized collision energy and MS/MS spectra were analyzed at a 30,000 resolution in the Orbitrap with automatic 575 

gain control target set at 1 x 105 and 100 ms maximum injection time. For peptide identification, tandem mass 576 

spectra were extracted, and charge state was deconvoluted by Proteome Discoverer 2.5.0.400 (Thermo Fisher 577 
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Scientific). MS/MS spectra were analyzed using SEQUEST HT (Thermo Fisher Scientific) performing searches 578 

against a titin database43 considering as variable modifications methionine oxidation (mass = 15.995), NEM and 579 

IAM-modified cysteines (mass = 125.048 and 57.021, respectively), and the masses of non-crosslinking AGEs 580 

CML (mass = 58.005), CEL (mass = 72.021) and MG-H (mass = 54.011). Peptide-spectrum matches (PSM) 581 

were filtered to a q-value < 0.01.  582 

 583 

Purification of methylglyoxal 584 

MG was purchased as a 40% solution (Sigma-Aldrich) and additionally purified by steam distillation. The 585 

concentration of MG after purification was quantified by incubating with excess H2O2 and titrating the remaining 586 

H2O2 with KMnO4 according to Friedemann’s method70. The fractions were frozen until use. 587 

 588 

AFM-based nanomechanical spectroscopy on neonatal cardiomyocytes 589 

Dissected hearts from neonatal (postnatal days 1-3) mice were minced with scissors in cold Hanks’ Balanced Salt 590 

Solution (HBSS) and dissociated using the Pierce Primary Cardiomyocyte Isolation Kit (Thermo Fisher Scientific) 591 

in 0.21 mL enzyme mix/heart in a 2 mL reaction tube for 20 min at 37°C under constant end-to-end rotation. The 592 

pellet was centrifuged, washed twice with HBSS and resuspended in 0.5 mL cardiomyocyte medium (DMEM for 593 

Primary Cell Isolation containing 10% heat-inactivated FBS and 1% penicillin/streptomycin)/heart and plated onto 594 

MatTek dishes covered with matrigel solution (Fisher Scientific). AFM measurements were performed with a 595 

commercial JPK NanoWizard III instrument (Bruker-JPK) coupled to an inverted Axio Observer A1 optical 596 

microscope (Carl Zeiss). Cardiomyocytes were permeabilized with 0.2% (v/v) Triton X-100 in 1% (w/v) BSA for 597 

15 min and incubated with 50 mM MG or PBS for 4 h at 37ºC. Following rinsing with PBS, cardiomyocytes were 598 

probed at RT in PBS using rectangular Si3N4 AFM cantilevers with silicon tips of radius < 15 nm and a nominal 599 

spring constant of 0.1 N m-1 (BioLever mini, Bruker). Cantilevers were calibrated using the thermal fluctuation 600 

method71. FD curves were recorded in contact mode on the surface of single cardiomyocytes to determine Young’s 601 

moduli. Approach-retract cycles were performed with a tip velocity of 10 µm s-1, a ramp size of 2 µm and a setpoint 602 

force of 2 nN. We analyzed around 100 FD curves per cardiomyocyte. Young’s modulus values (E) were calculated 603 

using the JPK Data Analysis software, by fitting the approach section of the curve to the Hertz model using Equation 604 

172: 605 

 606 

𝐹 ൌ  
ସ

ଷ

ா

ଵିఔమ √𝑅𝛿ଷ       (1) 607 

 608 
In Equation 1, F is the applied force, R is the probe radius, ν is Poisson’s ratio, and δ is the indentation. Cells mostly 609 

consist of water and are considered incompressible, hence a Poisson ratio of 0.5 was used. 610 

 611 
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Tensile testing of adult rat cardiomyocytes 612 

Rat cardiomyocytes were isolated from cardiac tissue of 19-week-old male Wistar rats. Cells were isolated in 613 

imidazole-containing relaxing buffer (RB, Table S7) by homogenizing a piece of tissue from the left ventricle with 614 

ceramic microspheres (Bertin Instruments) for 10 seconds at 5,000 rpm using a MiniLys system (Bertin 615 

Instruments). The cell suspension was resuspended to a final volume of 2.5 mL. Cells were incubated with 0.5% 616 

Triton X-100 (Millipore) for 5 min on ice. Subsequently, the detergent was removed by several washes in 15 mL 617 

imidazole-containing RB followed by centrifugation of the cells for 1 min at 348 g. Passive tension measurements 618 

were performed using a Permeabilized Myocyte Test System 1600A (Aurora Scientific), where single isolated 619 

skinned cardiomyocytes were fixed to a force transducer and a motor. Cells were transferred to propionic-containing 620 

RB (Table S7) and passive force was measured during 6 step length increments of 5% L0. To avoid quenching of 621 

MG with phosphocreatine, cells were incubated with MG (or controls in the absence of MG) for 30 min at in 622 

phosphocreatine-free RB (Table S7). Finally, the cells were transferred back to propionic-containing RB and the 623 

passive tension was measured again. All force values were converted to tension values assuming an elliptical shape 624 

of the cell, according to 625 

 626 

𝐶𝐴 ൌ 0.7 𝜋 
௔మ

ସ
        (2) 627 

 628 

where a is the width of the cardiomyocyte observed in the microscope and CA is the estimated cross-sectional 629 

area73. In control experiments to check for the potential effect of ATP modification by MG, passive tension of 630 

cardiomyocytes was first measured in phosphocreatine-free RB. Next, cells were incubated for 30 min in a 631 

phosphocreatine-free RB that had been previously incubated for 30 min with 50 mM MG (excess MG in the buffer 632 

was quenched with 0.1 M Tris-HCl pH 7.5; ATP-modified RB), and passive tension was determined. To account for 633 

non-specific effects of adducts between Tris and MG, we included a control experiment where Tris was added to 634 

MG before final addition to phosphocreatine-free RB (ATP-preserved RB). 635 

 636 

Protein expression and purification 637 

The complementary DNA (cDNA) coding for monomers and octamers of titin I91 was cloned in the pQE80 638 

expression plasmid (Qiagen). The cDNA coding for titin (I91-K6/37/79A)8 synthetized by GeneArt Gene Synthesis 639 

(Thermo Fisher Scientific) was inserted in the pQE80 expression plasmid using BamHI and KpnI restriction 640 

enzymes and verified by Sanger sequencing. Polyproteins were expressed in Escherichia coli BLR (DE3). 641 

Monomeric protein was expressed in Escherichia coli BL21 (DE3) and cultured in isotopically labeled M9 minimal 642 

medium (Table S8) containing 13C6-D-glucose and 15N-ammonium chloride. Fresh cultures (OD600 = 0.6-1.0) were 643 

induced with 1 mM isopropyl -D-1-thiogalactopyranoside (IPTG) for 3 h at 37ºC and 250 rpm agitation. Bacteria 644 

culture was lysed using French Press. Proteins were purified by affinity chromatography using gravity-based 645 
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strategy or in a HisTrap Fast Flow column using Fast Protein Liquid Chromatography (FPLC) AKTA Pure 25 L 646 

system (GE Healthcare). Proteins were eluted in 50 mM sodium phosphate pH 7, 300 mM NaCl, 250 mM imidazole, 647 

followed by protein concentration using Amicon Ultracel 3K, for (I91)1, or 30K, for (I91)8, centrifugal filter 648 

(Millipore). Finally, we did an additional purification step using size-exclusion chromatography in Superdex 200 649 

Increase 10/300 GL or Superose 6 Increase 10/300 GL columns in the AKTA Pure 25 L system in Hepes (10 mM 650 

Hepes, 150 mM NaCl, 1 mM EDTA, pH 7.2) or in 0.2 M phosphate (pH 7.4). Purity of samples was checked by 651 

SDS-PAGE. Protein concentration determinations considered theoretical extinction coefficients values (Table S9).  652 

 653 

Protein glycation 654 

For batch glycation, Ni-NTA fractions with the highest protein concentration were pulled together, followed by 655 

buffer exchange to 0.2 M phosphate pH 7.4 using PD-10 desalting columns (GE Healthcare) or by dialysis using 656 

Slide-A-Lyzer Dialysis Casettes (Thermo Scientfic) with 3,500 Da molecular weight cut-off (MWCO) for (I91)1 657 

and 20,000 Da MWCO for (I91)8 proteins for 24 h at 4ºC, 100 rpm agitation. Reactions with MG were done at 37ºC 658 

and excess MG was removed by size-exclusion chromatography using FPLC as described above. To induce 659 

formation of CEL, the protein was incubated with 70 mM pyruvic acid (Sigma-Aldrich) and 100 mM sodium 660 

cyanoborohydrate (NaBH3CN) (ThermoFisher Scientific) for 48 h at 50ºC 49, and excess reagents were removed as 661 

above. For proteins treated both with pyruvic acid and MG, a dialysis step in 0.2 M phosphate buffer pH 7.4 was 662 

included between both reaction steps. 663 

  664 

MALDI-TOF/TOF mass spectrometry 665 

Protein preparations were dialyzed against mili-Q water. For (I91)1, 2 μl of the protein solution were mixed in a 1:1 666 

ratio with a matrix solution containing 5 mg/mL of α-cyano-4-hydroxycinnamic acid prepared in a water:acetonitrile 667 

(70:30). For (I91)8, the protein solution was mixed in a 1:1 ratio with a matrix solution containing 10 mg/mL of 668 

sinapinic acid prepared in a water:acetonitrile (50:50). Both matrix solutions contained 0.1% TFA. 0.5 μL aliquots 669 

of those mixtures were spotted onto a steel target plate (MTP 384), air-dried, and subjected to mass determination. 670 

Mass spectra were acquired on a Bruker Autoflex III MALDI-TOF/TOF spectrometer equipped with a 200-Hz 671 

smart-beam pulsed N2 laser (λ 337 nm). The IS1 and IS2 voltages were 20 kV and 18.40 kV respectively, and the 672 

lens voltage was 8.4 kV. Measurements were performed using a positive reflector mode with matrix suppression 673 

below 4000 Da. External calibration was performed using a standard protein mixture. 674 

 675 

Single-molecule force spectroscopy by Atomic Force Microscopy 676 

Single-molecule AFS measurements were done in a Luigs & Neumann setup following published protocols44. 677 

Briefly, 5-10 L of purified protein solution were spread on 15-mm-diameter coverslips coated with 100-nm-thick 678 

gold (Luigs & Neumann). Experiments were performed in 0.2 M phosphate buffer pH 7.4 using silicon nitride 679 
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MLCT-FB cantilevers (Bruker), coated with 60 nm titanium-gold on their back side. Cantilevers were calibrated by 680 

the thermal noise method71. Single polyproteins were picked up by pressing the tip against the coverslip for 1 second 681 

at 1,500 pN contact force. To trigger protein unfolding, a 40 pN s-1 force ramp for 6.5 seconds was applied. For data 682 

selection and analysis, two levels of fingerprinting were used to select single-molecule events. As a non-stringent 683 

fingerprint, all the traces containing at least one step of ~25 nm, which corresponds to one I91 unfolding event29, 684 

were selected. The step size of all events appearing on the selected traces were measured and plotted on 685 

bidimensional histograms. Based on the results, a more stringent fingerprint criterion, by which only traces 686 

containing at least 2 events of 23-27 nm and/or 9-14 nm steps were selected, was used for further analysis. For 687 

analysis of mechanical unfolding, only traces presenting detachment at forces higher than 240 pN were selected to 688 

ensure full unfolding of the polyprotein. Traces presenting nonspecific events at forces >50 pN were discarded. 689 

Traces with more than 8 events were only considered for analysis in Figure S12C. To quantify the fraction of 690 

glycated protein domains, we divided the number of short steps by the total number of steps. For quantifying 691 

mechanical stability, we fit the AFS data to the Bell-Evans model, which considers that the mechanical unfolding 692 

rate of the protein (r) depends on the applied force (F) according to: 693 

 694 

𝑟 ൌ 𝑟଴ e
ಷ∆ೣ
ೖಳ೅      (3) 695 

 696 

where r0 indicates the unfolding rate at zero force, Δx is the distance to the transition state of the mechanical 697 

unfolding reaction, kB is the Boltzmann constant and T is the absolute temperature74. Specifically, we used the 698 

following equation, which is the derivation of the Bell-Evans model for the case of a force ramp55: 699 

 700 

𝑃௨ሺ𝐹ሻ ൌ 1 െ 𝑒𝑥𝑝 ൤
௥బ௞்

ఈ∆௫
∙ ൬𝑒

ಷ∆ೣ
ೖ೅ െ 1൰൨    (4) 701 

 702 

For folding analysis, a three-pulse experiment was used. Upon unfolding of domains in a 40 pN s-1 ramp, the force 703 

was quenched to 0 pN to allow for protein collapse and refolding. Finally, proteins were stretched again to detect 704 

domains that refolded during the quench time29. Folding fractions were calculated as the ratio between the number 705 

of unfolded domains during the probe pulse and the number of unfolded domains during the unfolding pulse. For 706 

this analysis, we only considered traces in which the difference in protein length between first and second ramp was 707 

not bigger than 15 nm. The folding ratio was quantified for varying quench times to quantify the folding rate. Errors 708 

were estimated using bootstrapping75.  709 

 710 

NMR spectroscopy  711 
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To prepare samples for NMR spectroscopy, 13C,15N-(I91)1 was incubated in the presence (glycated sample) or 712 

absence (non-glycated sample) of 50 mM MG for 48 h at 37ºC. Solutions containing 13C,15N-(I91)1 (270 μM) or 713 

MG-treated 13C,15N-(I91)1 (200 μM) were prepared in 20 mM sodium acetate, pH 4.5 supplemented with 10% (v/v) 714 

D2O. In addition, the same buffer was used to prepare a solution containing non-labeled (I91)1 (120 μM) glycated 715 

with 13C-MG using the same conditions as above, and a solution containing 6 mM 1,3-bis((S)-5-amino-5-716 

carboxypentyl)-5-methyl-1H-imidazol-3-ium acetic acid salt (sMOLD; Iris Biotech). These solutions were then 717 

used for NMR studies, which were carried out at 25ºC on a Bruker Avance III spectrometer operating at a 1H 718 

resonance frequency of 600.1 MHz (14.1 T) and equipped with a 5 mm 1H/13C/D-BB z-GRD triple resonance broad 719 

band probe (TBI). In all experiments, water suppression was achieved by the watergate pulse sequence76 and proton 720 

chemical shifts were referenced to the water signal fixed at 4.771ppm. 13C and 15N chemical shifts were referenced 721 

indirectly using the 1H,X frequency ratios of the zero point77. The spectra were processed using the software 722 

packages NMRPipe/NMRDraw78 and Topspin (Bruker), whereas the data were analyzed using Xeasy/Cara79, 723 

Sparky80 and Protein Dynamics Center software (Bruker). The sequence-specific backbone assignments of native 724 

and MG-treated (I91)1, as well as the assignments of their C, were achieved using the following standard 2D and 725 

3D NMR experiments: 1H,15N-HSQC, 15N-TOCSY-HSQC, 15N-NOESY-HSQC (250 ms), HNCACB, 726 

CACB(CO)HN, HNCO, HCCH-TOCSY, HNHA, 13C-NOESY-HSQC and HN(CA)CO. To assign (I91)1 we 727 

initially started from part of the assignment previously published by Improta et al. at 35ºC 81, which we adjusted, 728 

confirmed and expanded. The chemical shift assignment of MG-treated (I91)1 was achieved using the NMR 729 

experiments mentioned above. The NMR assignments have been deposited in the Biological Magnetic Resonance 730 

Data Bank (BMRB) under the accession codes 53389 and 53390 for (I91)1 and MG-treated (I91)1, respectively. 731 

Protein backbone assignments were used to estimate the secondary structure content at the residue level. This was 732 

carried out using three different algorithms: i) the neighbor corrected structure propensity calculator (ncSPC)82, 733 

which bases its calculation on the random coil library and adds an additional weighting procedure that accounts for 734 

the backbone conformational sensitivity of each amino acid type; ii) the TALOS+ program83, which uses the 735 

chemical shifts and the sequence information to make quantitative predictions of the secondary structural content; 736 

and iii) the CSI 3.0 web server, which uses backbone chemical shifts to identify up to eleven different types of 737 

secondary structures84. We also acquired 15N longitudinal (R1) and transverse (R2) relaxation data, as well as steady-738 

state 15N HET-NOE data. The R1 values were determined using a series of 11 experiments with relaxation delays 739 

ranging from 10 to 2000 ms. The R2 values were obtained using a set of 11 different relaxation delays ranging from 740 

2 to 140 ms. Recycle delays were 3 s in both R1 and R2 experiments. The 15N HET-NOE measurements were 741 

performed by 3 s high power pulse train saturation with a 5 s recycle delay. R1, R2 and 15N HET-NOE data were 742 

acquired using standard pulse sequences85. We acquired 32 scans in R1 and R2 experiments, and 200 scans in 15N 743 

HET-NOE experiment. R1 and R2 relaxation data were fitted to a mono-exponential decay function, whereas 15N 744 

HET-NOE data were obtained as the ratio of the peak intensities from the saturated and unsaturated spectra. 745 
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Relaxation constants and experimental errors were calculated using the Protein Dynamics Center software (Bruker). 746 

R1 and R2 relaxation constants and their experimental errors were used to determine the correlation times (c) through 747 

the TENSOR2 software86. The orientation and the magnitude of the rotational diffusion tensor were determined 748 

from the R1 and R2 relaxation constants using the Quadratic-Diffusion software87. The experimental relaxation 749 

constants and the solution structure of I91 (PDB: 1TIT)81, which was modified adding the three last residues of our 750 

construct (i.e. R90-C92; Text S1 using Pymol88), were studied using the molecular diffusion derived by Woessner 751 

in combination with the Lipari–Szabo model-free analysis of local flexibility47. The model-free order parameters 752 

(O2) report on the amplitudes of conformational fluctuations on time scales faster than the overall rotational 753 

diffusion. The amide bond length was fixed at 1.02 Å, whereas the chemical shift anisotropy was fixed at -172 ppm 754 

for the 15N backbone spins89. TENSOR2 software was also used to test five different models to characterize the 755 

internal dynamics of the amide groups: model 1 (O2), model 2 (O2, e), model 3 (O2, kex), model 4 (O2, e, kex) and 756 

model 5 (Of
2, Os

2, e)90. e is the effective internal correlation time (describes motions on a timescale > 20 ps); kex is 757 

a chemical exchange term (describes slow timescale motions on the order of μs–ms); and Of
2 and Os

2 are terms that 758 

result from splitting the generalized order parameter (O2) into two order parameters reflecting slower and faster 759 

motions, respectively. The confidence levels were estimated using 100 Monte Carlo simulations per run in 760 

combination with c2 and F-test criteria. The residues that had an overlapped cross-peak with other residues or they 761 

were too broadened to allow the quantitative analysis were excluded. The generalized order parameter (O2) was 762 

then used to estimate the change in the backbone conformational entropy (ΔSconf) of (I91)1 as a result of its 763 

modification with MG. This approach is based on the assumption that the fluctuations of individual residues are 764 

uncorrelated91, but it is also assumed that it underestimates the real change in the conformational entropy as it does 765 

not account for the entropy change associated with motional modes on time scales longer than c (it only takes into 766 

account the O2 values). The estimation of the change in the backbone conformational entropy was carried out using 767 

∆𝑆௖௢௡௙ ൌ 𝑅 ∑ ln ൤
ଵିை಺వభ ೒೗೤೎ೌ೟೐೏,೔

మ

ଵିை಺వభ,೔
మ ൨௜      (5)  768 

where O2 is the order parameter for each residue in native (I91)1 (𝑂ூଽଵ,௜
ଶ ) and in glycated (I91)1 (𝑂ூଽଵ ௚௟௬௖௔௧௘ௗ,௜

ଶ ), and 769 

the sum runs over all residues92.  770 

 771 

NMR study of the formation of MOLD on I91 772 

To assess the formation of the MG-derived crosslinking MOLD on MG-treated I91, we first assigned the 1H and 773 

the 13C-NMR chemical shifts of the imidazole ring of sMOLD (Table S1). This was achieved using a solution 774 

containing commercial MOLD (Iris Biotech) and collecting the corresponding 1D-1H, 13C-HSQC, 13C-edited-775 

HSQC, 1H,1H-TOCSY, and 13C-HMBC spectra. Lastly, the obtained NMR data was used to identify the formation 776 

of MOLD on MG-treated I91, which was achieved collecting the 13C-HMBC spectrum of a solution containing non-777 

labeled I91 that was previously incubated with 13C-MG (Sigma-Aldrich). 778 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 14, 2026. ; https://doi.org/10.64898/2026.02.13.705744doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.13.705744


25 
 

 779 

Western blotting 780 

Purified recombinant proteins were separated by 12% SDS-PAGE. Proteins were transferred onto polyvinylidene 781 

difluoride (PVDF) membranes (Biorad) and blocked in 5% non-fat dried milk solution in Tris-Buffered Saline with 782 

0.1% Tween-20. Presence of glycation products was tested by 2 h incubation at RT with anti-CEL primary antibody 783 

(1:400, Cosmo Bio), followed by 1 h incubation at RT with HRP-conjugated anti-mouse secondary antibody 784 

(1:5000, ThermoFisher Scientific). Bands were visualized using ECL Western Blot Reagents (Cytiva).  785 

 786 

Analysis of recombinant (I91)1 by LC-MS/MS  787 

Around 50 μg of protein were subjected to in-filter reduction and alkylation using iodoacetamide followed by 788 

chymotrypsin digestion (Nanosep Centrifugal Devices with Omega Membrane-30K, PALL), and the resulting 789 

peptides were desalted by C18 OMIX tips according to the manufacturer’s protocol, after which all fractions were 790 

dried under vacuum before MS analysis. MS analyses were performed as for native titin samples. To search for 791 

crosslinked lysines in the recombinant I91 titin sequence, we built a list of all possible MOLD-crosslinked 792 

combinations by proximity of lysine residues (K6-K55, K35-K79 and K37-K85) excluding combinations that would 793 

render the same mass as missed cleavages of non-modified peptides (Table S10). Different charge states for each 794 

combination were manually analyzed applying layouts with the QualBrowser 4.5.474.0 program (Thermo Xcalibur) 795 

by monitoring the retention time colocalization of 8 diagnostic fragments (according to the corresponding 796 

sequence), in the m/z window of the parental ion along the entire gradient. Scans containing the coeluting 797 

diagnostic-fragments for each combination were manually inspected to assign the remaining expected fragments 798 

resulting from the breaking of the crosslinked constructs, including the presence of signals belonging to expected 799 

neutral losses (ammonia loss, water loss and carbonyl-group loss generating b-derived “a” fragmentation series). 800 

 801 

Small-angle X-ray scattering 802 

Solutions containing 140 μM (I91)8 that had been incubated in the presence or absence of MG were dialyzed against 803 

mili-Q water. Afterwards, these solutions were used for SAXS studies, which were carried out on a Xeuss 2.0 804 

instrument (Xenocs) equipped with a microfocus Cu Kα source (λ 1.54 Å) and a Pilatus 300 k detector (Dectris). 805 

The distance between the detector and the sample was calibrated using silver behenate, and samples were measured 806 

using sample-detector distances of 370 mm. The measurements were carried out for 2 h under vacuum at 25ºC using 807 

a BioCUBE device (Xenocs), equipped with a temperature-controlled flow-through quartz capillary (1.9 mm 808 

width). In addition, we also collected the scattering curve for milli-Q water, which was subtracted from the signal 809 

of the protein solutions. RAW software93 was used for data processing and analysis. GNOM was used to compute 810 

the pair-distance distribution functions (Pr)94. 811 

 812 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 14, 2026. ; https://doi.org/10.64898/2026.02.13.705744doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.13.705744


26 
 

Purification of titin from mouse cardiac tissue 813 

Mouse cardiac tissue obtained by cryopulverization of frozen hearts in liquid nitrogen was used to extract titin 814 

following the protocol from53 with minor modifications. Buffer volumes were adjusted according to tissue weight 815 

(1mL per g of tissue). ~ 200 mg of tissue were washed 4 times with 3 volumes of homogenization buffer (1 mM 816 

NaHCO3 pH 7, 50 mM KCl, 5 mM EGTA, 0.01 % NaN3) supplemented with protease inhibitors (1 mM PMSF, 0.1 817 

mM leupeptin, 0.02 mM E-64, all from Sigma-Aldrich) and 20 µg/mL trypsin inhibitor (Roche). Between washes, 818 

fibers were pelleted by centrifugation (2,000 g, 10 min, 4ºC). Then, fibers were resuspended in 2 volumes of 819 

extraction buffer (10 mM imidazole pH 7, 900 mM KCl, 2mM EGTA, 2 mM MgCl2, 0.01 % NaN3) supplemented 820 

with protease inhibitors (1.5 mM PMSF, 0.2 mM leupeptin, 0.04 mM E-64, 40 µg/mL trypsin inhibitor) and 821 

homogenized with a plastic microhomogenizer (Takara BioMasher) on ice. After homogenization, the tissue debris 822 

was pelleted by centrifugation (30 min, 20,000 g, 4ºC) and the supernatant was diluted 4 times in precipitation 823 

buffer (0.1 mM NaHCO3 pH 7, 0.1 mM EGTA) supplemented with protease inhibitors (0.05 mM leupeptin, 0.01 824 

mM E-64) and incubated for 1 h at 4ºC in a spinning wheel. After incubation, samples were centrifuged (30 min, 825 

20,000 g, 4ºC) and the supernatant was diluted 5 times with precipitation buffer and incubated for 40 min at 4ºC in 826 

a spinning wheel. Finally, the supernatants were centrifuged (40 min, 10,000 g, 4ºC) to precipitate titin molecules 827 

and pellets were carefully resuspended in storage buffer (30 mM potassium phosphate pH 7.0, 200 mM KCl) at a 828 

ratio of 500 µl of buffer per 200 mg of cardiac tissue used as starting material. Resuspended titin molecules were 829 

stored at 4ºC until use. 830 

 831 

Single-molecule force-spectroscopy on native titin 832 

The experiments were carried out on HaloTag-ligand-coated surfaces, prepared according to published protocols53. 833 

Briefly, glass coverslips (15 mm, Ted Pella) were cleaned by sequential sonication (1% Hellmanex, acetone, 96% 834 

ethanol; 30 min each), air-dried, activated by exposure to O₂ plasma for 15 min, and silanized by immersion for 20 835 

min in 1% (v/v) 3-aminopropyltrimethoxysilane (APTMS, Sigma-Aldrich) in ethanol. Unreacted silane was 836 

removed by ethanol rinses, then surfaces were air-dried, cured at 100°C for ≥1 h, and stored in a desiccator until 837 

use. For functionalization with HaloTag ligand, silanized coverslips were incubated overnight at RT in the dark 838 

with 1 mM HaloTag succinimidyl ester (O4, Promega) in 50 mM borax buffer (pH 8.5). After incubation, coverslips 839 

were washed with Milli-Q water, air-dried, and stored at 4°C in a humid chamber for up to one week. For titin 840 

unfolding experiments, 20 µL Halo–titin solution was applied to a HaloTag-ligand-coated surface, incubated for 10 841 

min, and washed with phosphate buffer. Single-molecule AFM force spectroscopy was performed in force–842 

extension mode in 0.2 M phosphate buffer pH 7.4 containing 50 mM MG or control buffer without MG, using 843 

MLCT Bio DC cantilevers (Bruker; nominal spring constant 0.01 N m⁻¹). Cantilevers were calibrated by the thermal 844 

noise method71. Single titin proteins were picked up by pressing the tip against the coverslip for 1 second at 2 nN 845 

contact force and unfolding was triggered by applying a ramp of 1.2 µm at a speed of 600 nm s⁻¹. Force–extension 846 
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curves were baseline-corrected and peaks corresponding to titin domain unfolding were identified. The associated 847 

contour length increments (ΔLc) were estimated using the worm-like chain model50.  848 

 849 

Monte Carlo simulations 850 

To estimate the effect of glycation on titin stiffness we applied Monte Carlo simulations to a model of titin’s I-band 851 

containing equivalent Ig domains (104 and 48 for the N2BA and N2B titin isoforms) and two entropic regions 852 

(PEVK and N2Bus)43. Associated contour lengths and Kuhn lengths are included in Table S3. To calculate the 853 

reduction in contour length by crosslinking modifications of the PEVK, we aligned the 31 domains of the PEVK 854 

region of human N2BA titin (Uniprot: Q8WZ42) using Clustal Omega and considered the possibility that the first 855 

and last lysine in each domain can form a crosslink. To calculate the associated reduction in contour length, we 856 

subtracted the positions of both lysines from the number of amino acid residues present in the domain, considering 857 

a contour length per amino acid of 0.4 nm51. Next, we added the contour length of MOLD, which we estimated to 858 

be 1.6 nm. As an example, for a PEVK domain that is 27 amino acid long and contains lysines at positions 6 and 859 

27, the contour length upon crosslinking glycation would be (27-21) × 0.4 + 1.6 = 4 nm. Since the original contour 860 

length is 27 × 0.4 = 10.8 nm, the contour length is reduced by 63% in this example. For the simulations, we 861 

implemented an oscillating force protocol with triangular waves at a frequency of 1 Hz and 10 ms of simulation 862 

step for 1 h and measured the resulting length of titin. For each condition, we ran 10 independent simulations. Next, 863 

we averaged titin length at times longer than 300 s to ensure that steady state had been reached. Ratios between 864 

steady state lengths at different conditions were calculated and plotted as heatmaps. We used the Freely-Jointed 865 

Chain model95 to estimate lengths from contour length values. Unfolding events were considered as all-or-none 866 

events and their probability was calculated according to Bell’s model74. Parameters governing (un)folding kinetics 867 

of Ig domains are included in Tables S4 and S5.  868 

 869 

Statistical analysis 870 

The statistical analyses were conducted with either IGOR Pro or GraphPad Prism 8. The data are presented with 871 

the mean value either accompanied by the standard error of the mean (SEM) or standard deviation (SD), as specified. 872 

The statistical significance was determined by using Student T-tests. If experimental data did not follow a normal 873 

distribution, Mann-Whitney test was applied instead. Significance was defined as p-value <0.05 (*), <0.01(**), 874 

<0.001 (***). 875 

 876 
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Figure 1. Glycation stiffens cardiomyocytes. (A) Hypothesis of this work: protein glycation contributes to 1149 
cardiomyocyte stiffening in situation of glycative stress including diabetes. (B) Schematic representation of a 1150 
contracted and relaxed I-band in half a sarcomere (not to scale). Titin is colored in yellow, while other sarcomeric 1151 
proteins appear in gray. Titin Ig and fibronectin domains are represented as filled circles, and the approximate 1152 
positions of the mostly unstructured N2Bus and PEVK segments are indicated. The length of the mechanically 1153 
active I-band and the beginning of the A-band are delimited by arrows. Please note that in the relaxed sarcomere, 1154 
unstructured regions are extended, and a fraction of Ig domains is unfolded. (C) Difference in spectral counts 1155 

(#Spectral counts) of peptides containing glycated residues along the titin sequence (x-axis) resulting from the 1156 

hearts of 5 control and 5 ob/ob mice (2 chromatographic runs per sample). (D) Difference in spectral counts of 1157 
peptides containing glycated residues between diabetic myocardium samples (n=2) and control myocardium 1158 
samples (n=2). In C and D, the pink area indicates values above and below 3 x SD of control datasets where no 1159 
differences in glycated peptides are expected (Figure S1). (E) Representation of AFM nanoindentation experiments 1160 
to characterize the effects of incubation with MG on transverse stiffness of skinned neonatal cardiomyocytes. (F) 1161 
Representative approach force-distance AFM curves recorded for untreated (-MG, black) and MG-treated (+MG, 1162 
red) cardiomyocytes. (G) Quantification of Young’s moduli obtained by AFM nanoindentation. Each dot represents 1163 
the median Young’s modulus obtained for an individual cell, results obtained with n = 13 for -MG condition and n 1164 
= 11 for +MG condition, error bars represent SD. (H) Stretch protocol used to measure the passive force of 1165 
cardiomyocytes in the longitudinal direction. A single skinned cardiomyocyte is mounted between a force sensor 1166 
and a motor (inset). The cell is stretched from 1.0 to 1.3 times its initial length (L0) in 6 steps, and the passive force 1167 
is recorded before and after 30-minute incubation with phosphocreatine-free relaxing buffer including or not MG 1168 
at RT. Force traces show average results from n = 8 cells per condition; individual force traces were normalized 1169 
considering the peak force values at 1.3 L0 before the incubation phase. (I) Changes in passive force measured at 1170 
1.3 initial length (L0) before and after incubation with and without MG. (J) Relative changes in passive stiffness 1171 
after incubation with and without MG. Error bars represent SEM (n = 8). p-value <0.01(**), <0.001 (***). 1172 
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Figure 2. MG induces a high proportion of crosslinking modifications in the I91 domain of titin. (A) 1175 
Representation of the reaction between I91 and MG leading to the formation of non-crosslinking (e.g. CEL; depicted 1176 
in blue) and crosslinking (e.g. MOLD; depicted in red) AGEs in lysine residues. (B) Experimental groups to study 1177 
the effects of glycation of the (I91)8 polyprotein. Non-modified lysine residues are represented in one-letter code; 1178 
modifications indicated as in (A). (C) Size-exclusion chromatograms of (I91)8 protein preparations. Arrow marks 1179 
elution volume of (I91)8. (D) MALDI-TOF/TOF spectra of pristine or glycated (I91)8 after incubation with 50 mM 1180 
MG for 72 h at 37°C. (E-G) Representative single-molecule force-ramp traces to probe the mechanical unfolding 1181 
of individual titin I91 domains in the three types of (I91)8 preparations. Blue stars mark 23-27 nm events coming 1182 
from unfolding of full length I91 domains. Red stars indicate shorter events (9-14 nm). (H-J) Bidimensional 1183 
histograms showing frequency of events according to their size and force at which they occur for the three 1184 
experimental conditions, using lax fingerprinting to select single-molecule events. The number of events 1185 
contributing to the data set are indicated. Monodimensional distributions of step sizes are shown on top of the 1186 
bidimensional histograms. (K-M) Equivalent histograms to panels H-J obtained using strict fingerprinting to select 1187 
single-molecule events. (N) Kinetics of appearance of 9-14 nm steps. The solid line is a fit to first order reaction 1188 
kinetics. For the 0 h incubation time, the data for pristine protein was considered for the fit. The open symbol 1189 
corresponds to the results from the sample to which MG was added and then immediately removed using FPLC. 1190 
Error bars are SD of bootstrapping distributions75. PDF: probability density function. 1191 
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 1193 

Figure 3. Characterization of glycation-induced modifications in titin’s I91 domain by NMR. (A) Ribbon 1194 
representation of the solution structure of I91 (PDB: 1TIT). The side chains of lysine residues are shown in purple. 1195 
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The double arrow indicates the distance between the ends of the globular structure. (B) Overlapping of the 1196 
projections of the different H-H planes of the 1H,1H-TOCSY-HSQC spectra obtained for native (black) and glycated 1197 

(I91)1 (red). The chemical shifts of the H-H cross-peaks corresponding to lysine residues are marked with a blue 1198 

line that crosses the correlation peaks appearing due to coupling between the H with the other protons of the lysine 1199 

side chains. The insert in the spectra shows a model representing the side chain of lysine. (C) Overlapping of the 1200 
1H,13C-HMBC spectrum obtained for sMOLD (blue) and that obtained for (I91)1 treated with 13C-MG (red). As it 1201 
happens in 1H,13C-HMBC spectra, all the peaks corresponding to the C-H one bond correlation are split into two 1202 
different signals separated by their 1JC-H coupling constants. The chemical structure of MOLD is shown. (D) Overlay 1203 
of the ¹⁵N-HSQC spectra for non-glycated (I91)1 (black) and glycated (I91)1 (red). (E) Effect of glycation on the 1204 
intensity of the HSQC peaks, calculated as (Iglycated/Inative)-1, where Inative is the resonance intensity of each peak of 1205 

I91 (I’native) internally corrected by the intensity of the N-H cross peak corresponding to the side chain of N77 (see 1206 

panel D) (Inative=I’native/IN77(N-H)), and Iglycated is also the corrected resonance intensity of each peak in glycated (I91)1. 1207 

The bars corresponding to lysine residues are colored in green. (F) Backbone O2 values obtained from NMR 1208 
relaxation data for non-glycated (I91)1 (black) and glycated (I91)1 (red). Gray shaded areas indicate the positions 1209 

of lysine residues. Position of -strands following previously assigned annotations81 is shown as blue arrows at the 1210 
top of the panel. (G) Differences between order parameters for residues in non-glycated (I91)1 and glycated (I91)1 1211 
(ΔO2= O2

I91 glycated - O2
I91). The bars corresponding to lysine residues are colored in green. (H) Cartoon 1212 

representations of the 3D structure of I91, which have been color-coded according to the ΔO2 values plotted in panel 1213 
G (blue for ΔO2 > 0.3, cyan for 0.2 < ΔO2 ≤ 0.3, red for 0.1 < ΔO2 ≤ 0.2, salmon for 0.05 < ΔO2 ≤ 0.1, and yellow 1214 
for 0.02 < ΔO2 ≤ 0.05. The image presents two views of the same structure, rotated 180º. Labels for the β-sheets are 1215 
shown in blue. Images were generated with Pymol88.  1216 
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 1217 

Figure 4. Lysines in I91 are mechanically relevant glycation targets. (A) Schematic representation of a lysine 1218 
residue reacting with pyruvic acid in the presence of NaBH3CN to form CEL. (B) Experimental workflow to block 1219 
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lysines by formation of CEL (routes 3 and 4), which prevents subsequent MG glycation in route 4. Control 1220 
incubations of the (I91)8 are also indicated (routes 1 and 2). (C) SDS-PAGE analysis of (I91)8 domains that have 1221 
undergone the reactions shown in (B). Panel shows Coomassie blue staining (left) and WB analysis using anti-CEL 1222 
antibodies (right). (D) Bidimensional histograms showing the frequency of the size of the unfolding steps and the 1223 
force at which they occur in AFS traces selected with stringent fingerprinting for the four experimental conditions. 1224 
The number of events contributing to the data set are indicated. Monodimensional distributions of step sizes are 1225 
shown on top of the bidimensional histograms. (E-F) Quantification of the percentage of unfolding steps between 1226 
9 and 14 nm in the two experimental arms. (G) Distribution of force versus step size for events obtained using MG-1227 
incubated (I91)8 in AFS experiments. Solid lines are worm-like chain fits to the data. The contour length reduction 1228 
in short steps is estimated to correspond to a covalent barrier trapping around 40 amino acids. (H) Structure of the 1229 
I91 domain (PDB: 1TIT) highlighting lysine residues mutated out in (I91-KA)8. Image was generated with Pymol88. 1230 
(I-J) (I91-KA)8 was incubated in the absence or presence of 50 mM MG for 72 h at 37ºC and probed using single-1231 
molecule AFS. Single-molecule traces were selected with the non-stringent fingerprinting criterion, and data are 1232 
represented as in panels D and E. WT data from Figure 2. Error bars are SD of bootstrapping distributions75. PDF: 1233 
probability density function. 1234 
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 1238 

Figure 5: Identification of a MOLD crosslink in glycated I91 by LC-MS/MS. (A) Schematic representation of 1239 
the experimental workflow. (B) Zoomed-in integrated survey scan between minutes 36 and 37, showing the doubly-1240 
charged precursor ion at m/z 698.38 corresponding to a chymotryptic dipeptide from I91 crosslinked by a MOLD 1241 
connector. (C) Sequence of the chymotryptic dipeptide; the connector and lysines 35 and 79 are highlighted in 1242 
green. (D) Assigned fragmentation MS/MS spectrum corresponding to the peptide in (C), taking the long peptide 1243 
sequence (QAANTKSAANL) as a base on which the short sequence plus the crosslinking agent (MOLD-KL) are 1244 
added. The figure shows the main fragmentation series (b and y) for the fragments singly- (+) or doubly-charged 1245 
(++), containing (asterisks) or not the MOLD-KL delta-mass, demonstrating the exact location of crosslinking. The 1246 
y´1 and b´1 ions would correspond to the breaking of the peptide bond between the residues of the short sequence 1247 
(KL), giving rise to the common fragment derived from leucine (y1 / y´1) and the fragment corresponding to the 1248 
rest of the crosslinked structure (b´1). Black arrows indicate neutral losses of water or ammonium. Blue arrows 1249 
mark the a-series ions derived from the neutral loss of the carbonyl group from the corresponding b-series ions, 1250 
demonstrating the correct assignment of these ions. 1251 
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Figure 6. Mechanics of glycated titin. (A) Native titin molecules containing a HaloTag insertion at the end of the 1256 
I-band region are immobilized on a HaloTag-ligand derivatized glass surface and stretched using AFM in constant-1257 
velocity mode. Glycation is induced in situ by adding 50 mM MG. Representative curves are shown. (B) Cumulative 1258 
distribution of changes in contour length (ΔLc). (C) Distribution of unfolding forces of I91 domains after 72 h 1259 
incubation of (I91)8 at 37ºC in the absence (top; n = 440 events from 3 independent experiments) and in the presence 1260 
of 50 mM MG (bottom; n = 436 9-14 nm events from 2 independent experiments). (D) Distribution of unfolding 1261 
forces for (I91)8 incubated for 48 h at 50 ºC without (top; n = 323 from 4 independent experiments) or with (bottom; 1262 
n = 418 from 4 independent experiments) pyruvic acid and NaBH3CN. Solid lines in panels E and F are fits to the 1263 
Bell-Evans model of force-activated reactions 55,74. (E) Representative unfolding-quench-probe AFS trace to study 1264 
mechanical folding of glycated I91. A single glycated (I91)8 polyprotein is subjected to 40 pN s-1 unfolding pulse, 1265 
then force is quenched to 0 pN and finally increased again in a probe pulse. The folding fraction is calculated by 1266 
comparing the number of unfolded domains in both ramps. In this example, 5 out of 5 9-14 nm steps and 2 out of 3 1267 
23-27 nm steps refolded during the force quench. 40 pN force pulses are included for optimal sensitivity (see main 1268 
text). (F,G) Folding fractions corresponding to the same protein preparations as in (C,D). Lines represent 1269 
exponential fits to the data. In all cases, n>60 for each time point. (H) Schematic representation of the PEVK region 1270 
in N2BA titin, highlighting the position of lysine residues in the sequence of human N2BA titin (Uniprot: Q8WZ42). 1271 
(I) Alignment of the 31 PEVK repeats of human N2BA titin (repeats according to Uniprot: Q8WZ42). The most 1272 
terminal lysine residues in each repeat are highlighted in red, while the remaining lysine residues are marked in 1273 
pink. All other amino acids are shown in gray. (J) Distribution of contour length reduction in all PEVK repeats 1274 
when their first and last lysine residues are crosslinked by MOLD. (K) Force protocol for Monte Carlo simulations. 1275 
(L) Corresponding protein length of a virtual N2BA titin subjected to to the force protocol in (K). (M) Length of 1276 
N2BA titin at 10 pN during the Monte Carlo simulations for non-modified (black), 100% glycated/0% crosslinked 1277 
(blue) and 100% glycated/100% crosslinked (red) protein. Solid lines are the average of 10 independent simulations. 1278 
Shaded areas represent SD. (N) Heatmap representing N2BA titin length at 10 pN peak force for Monte Carlo 1279 
simulations at different glycation conditions, relative to the non-modified protein. Results are the average of 10 1280 
independent simulations per condition. The simulations in panels M and N consider that the PEVK region can be 1281 
glycated. Error bars are SD of bootstrapping distributions75. PDF: probability density function. 1282 
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