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Abstract

Background: A healthy heart is able to modify its function and increase relaxation through 

post-translational modifications of myofilament proteins. While there are known examples of 

serine/threonine kinases directly phosphorylating myofilament proteins to modify heart function, 

the roles of tyrosine (Y) phosphorylation to directly modify heart function have not been 

demonstrated. The myofilament protein troponin I (TnI) is the inhibitory subunit of the 

troponin complex and is a key regulator of cardiac contraction and relaxation. We previously 

demonstrated that TnI-Y26 phosphorylation decreases calcium sensitive force development and 

accelerates calcium dissociation, suggesting a novel role for tyrosine kinase mediated TnI-Y26 

phosphorylation to regulate cardiac relaxation. Therefore, we hypothesize that increasing TnI-Y26 

phosphorylation will increase cardiac relaxation in vivo and be beneficial during pathological 

diastolic dysfunction.

Methods: The signaling pathway involved in TnI-Y26 phosphorylation was predicted in silico 
and validated by tyrosine kinase activation and inhibition in primary adult murine cardiomyocytes. 

To investigate how TnI-Y26 phosphorylation affects cardiac muscle, structure, and function in 
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vivo, we developed a novel TnI-Y26 phosphorylation-mimetic mouse that was subjected to 

echocardiography, pressure-volume loop hemodynamics, and myofibril mechanical studies. TnI-

Y26 phosphorylation-mimetic mice were further subjected to the nephrectomy/DOCA model of 

diastolic dysfunction to investigate the effects of increased TnI-Y26 phosphorylation in disease.

Results: Src tyrosine kinase is sufficient to phosphorylate TnI-Y26 in cardiomyocytes. TnI-

Y26 phosphorylation accelerates in vivo relaxation without detrimental structural or systolic 

impairment. In a mouse model of diastolic dysfunction, TnI-Y26 phosphorylation is beneficial and 

protects against the development of disease.

Conclusions: We have demonstrated that tyrosine kinase phosphorylation of TnI is a novel 

mechanism to directly and beneficially accelerate myocardial relaxation in vivo.
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Introduction

Myocyte contraction occurs when thick filament myosin binds to thin filament actin forming 

a cross-bridge with the subsequent myosin power stroke causing the sarcomere to shorten 

and driving the production of the force necessary to pump blood from the ventricle. Myosin 

binding to actin is regulated by calcium binding to the troponin complex which modifies the 

thin filament conformation either to expose myosin binding sites on actin and promote force 

generation or to sterically inhibit myosin binding to actin and initiate myocyte relaxation.1, 

2 Altering these calcium-mediated myofilament conformational changes affects whole heart 

function by modulating myocyte contraction, relaxation, the production of force, stroke 

volume, and therefore cardiac output.

The ability of the heart to modulate its output and match demand is critical to 

health. Protein post-translational modification is a central mechanism to modulate cardiac 

contraction, relaxation, and ultimately output in part by affecting the protein-protein 

interactions that regulate the thin filament state.3–5 Of the myofilament proteins that 

undergo phosphorylation, the inhibitory subunit of the troponin complex (troponin I, TnI) is 

essential to the regulation of cardiac contraction and relaxation.5, 6 Upon increased demand, 

beta-adrenergic signaling activates the serine/threonine specific kinase protein kinase A 

(PKA) to phosphorylate multiple regulatory proteins within the cardiomyocyte, including 

TnI at serine residue 23 and serine residue 24 (S23/24). TnI-S23/24 phosphorylation 

has been well described to decrease calcium dependent myofilament force (calcium 

sensitivity) and accelerate myofilament deactivation resulting in accelerated diastolic 

function.7–12 The prominent role of myofilament regulatory protein phosphorylation in 

cardiac contraction and relaxation identifies this process as critical to understanding the 

regulation of cardiac function. In addition to serine and threonine phosphorylation, tyrosine 

phosphorylation accounts for 2–5% of phosphorylation in the heart13–15 yet the role of 

tyrosine phosphorylation to directly affect heart function has not been demonstrated.

Known roles for tyrosine kinase signaling in the heart include pathways that mediate 

cardiac development and disease. Tyrosine kinase signaling has been shown to contribute 

to cardiovascular disease development including atherosclerosis16 and hypertrophy.17 In 

addition to these defined detrimental effects, potentially beneficial roles for tyrosine kinase 

signaling in the heart have also been suggested. The use of tyrosine kinase inhibitors for 

the treatment of cancer can have cardio-toxic effects, supporting a role for tyrosine kinase 

signaling to maintain heart health.18 Additionally, there is evidence that tyrosine kinases 

mediate protective myocardial ischemic preconditioning.19 The signaling pathways and 

mechanisms responsible for the beneficial effects of tyrosine kinase signaling in the heart are 

not clear.

Myofilament proteins undergo direct tyrosine phosphorylation, yet neither the mechanism 

that induces tyrosine phosphorylation nor its effect on heart function are known.14, 15 

The key myofilament regulatory protein TnI is tyrosine-phosphorylated in the human 

heart.14, 15 While TnI has three tyrosine residues only tyrosine residue 26 (Y26) has 

been observed to be phosphorylated, suggesting signaling specificity of this residue.14, 15 

TnI-Y26 phosphorylation is decreased in human heart failure, suggesting the loss of TnI-

Salyer et al. Page 3

Circ Res. Author manuscript; available in PMC 2025 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Y26 phosphorylation is involved in cardiac disease.14 We previously demonstrated that TnI-

Y26 phosphorylation decreases calcium sensitive force development in troponin exchanged 

skinned cardiomyocytes.20 The signaling responsible for TnI-Y26 phosphorylation and the 

effect of this phosphorylation on in vivo heart function are unknown.

Here we demonstrate that Src tyrosine kinase signaling directly phosphorylates TnI at Y26 

in primary isolated adult ventricular cardiomyocytes, TnI-Y26 phosphorylation accelerates 

myocardium relaxation and diastolic function in vivo, and TnI-Y26 phosphorylation has 

beneficial functional effects to attenuate pathological development of diastolic dysfunction. 

These findings identify the first tyrosine kinase signaling pathway to directly phosphorylate 

a myofilament protein with beneficial effects on heart function.

Methods

Data Availability

All data and detailed methods can be found in the Supplemental Material or provided upon 

reasonable request. Statistical analysis was performed in accordance with the Statistical 

Reporting Recommendations of Circulation Research. Please refer to the expanded Methods 

and the Major Resources Table in the Supplemental Material.

Results

Src Tyrosine Kinase is Sufficient to Induce Troponin I Phosphorylation

We previously demonstrated TnI-Y26 phosphorylation decreases calcium sensitive force 

production in skinned myocytes.20 These findings support the phosphorylation of TnI at Y26 

is significant to alter cardiomyocyte contraction, yet the tyrosine kinase signaling pathway 

to induce this phosphorylation in the myocyte is unknown. Based upon the beneficial role 

of Src family kinases in ischemic preconditioning,19 we investigated the Src tyrosine kinase 

family as a signaling mechanism to induce TnI-Y26 phosphorylation.

Phosphorylation Group-based Prediction System 5.0 software21 identified Src as having 

the highest potential of the Src family kinases to phosphorylate TnI-Y26 (Figure 1A; 

Table S1). To determine if Src tyrosine kinase is sufficient to phosphorylate TnI-Y26, 

we treated primary mouse cardiomyocytes with either diperoxovanadate (DPV, 25uM) 

and/or PP2 (25uM). DPV activates Src tyrosine kinase.22 PP2 is a Src-specific inhibitor.23 

DPV concentration and incubation time were determined from time course experiments 

in neonatal rat ventricular myocytes (Figure S1). TnI-Y26 phosphorylation was quantified 

by Western blot with a custom antibody specific for cardiac TnI-Y26 phosphorylation 

(Figure S2). Vehicle treated control myocytes demonstrated basal TnI-Y26 phosphorylation, 

consistent with endogenous Y26 phosphorylation as previously reported (Figure 1B and 

1C).14, 15 Following incubation with DPV, TnI-Y26 phosphorylation increased nearly 3-fold 

compared to control myocytes (Normalized TnI-Y26 phosphorylation: Control = 1.004 ± 

0.12 AU; DPV = 3.0 ± 0.54 AU; p=0.0020 Kruskal-Wallis test, p=0.028 Control vs. +DPV 

by Dunn’s multiple comparisons test). Incubation with Src-specific inhibitor PP2 in the 

absence or presence of DPV did not significantly alter TnI-Y26 phosphorylation compared 

to control myocytes (Normalized TnI-Y26 phosphorylation: +PP2 = 1.057 ± 0.16 AU; 
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p=0.99, +DPV +PP2 = 1.737 ± 0.20 AU; p>0.99 Control vs. +PP2, p=0.34 Control vs 

+PP2+DPV by Dunn’s multiple comparisons test) (Figure 1B–C). These results demonstrate 

Src kinase signaling is a pathway to directly phosphorylate cardiac TnI at Y26.

We tested the specificity of Src tyrosine kinase to phosphorylate TnI at Y26 by infusing 

mouse hearts with interleukin-6 (IL-6) to activate another classic non-receptor tyrosine 

kinase signaling pathway, JAK2-STAT3. We observed an increase in phosphorylated STAT3 

in IL-6 treated hearts, supporting activation of JAK2 kinase (Figure S3A–C). We did not 

measure a significant difference in TnI-Y26 phosphorylation between IL-6 treated hearts 

and control, demonstrating that JAK2 is unable to phosphorylate TnI at Y26 in mouse heart 

tissue (Figure S3A, D–E).

Validation of the Troponin I Y26 Phosphorylation Mouse Model

To investigate the in vivo effects of TnI-Y26 phosphorylation, we generated a CRISPR/

Cas9 mouse with cardiac TnI-Y26 mutated to the phosphorylation mimetic glutamic acid 

(E) (TnI-pY26 mouse) (Figure 2A). We previously demonstrated no difference between 

actual phosphate and phosphorylation-mimetic TnI-Y26E in regulation of the thin filament, 

validating the use of phosphorylation-mimetic to study TnI-Y26 phosphorylation.20 Since 

cardiac TnI is only expressed in cardiomyocytes, this mutation is specific to the heart. 

Adult TnI-pY26 mice, between 3–8 months of age, were compared to age- and sex-matched 

wild-type (WT) controls. We observed no significant differences in cardiac function between 

non-transgenic littermates and C57BL/6 WT mice (Jackson) (Table S2), therefore we used 

C57BL/6 WT mice for all experiments.

To determine if expression of the TnI-Y26 phosphorylation mimetic induced compensatory 

phosphorylation changes, we quantified myofilament protein phosphorylation. ProQ 

Diamond phosphoprotein staining demonstrated no significant difference in total 

myofilament protein phosphorylation or in phosphorylation of the key regulatory proteins 

myosin binding protein C, troponin T, or regulatory light chain between TnI-pY26 and 

WT mouse ventricular tissues (Figure 2B–G; Table S3). We were not able to quantify 

TnI-S23/24 phosphorylation in TnI-pY26 hearts as the Y26E phosphorylation-mimetic 

mutation disrupts phospho-TnI-S23/24 antibody binding to S23/24 phosphorylated TnI 

(see Supplemental Data and Figure S4). The absence of gross changes in myofilament 

phosphorylation supports that any functional effects observed in the TnI-pY26 mice result 

from the increase in TnI-Y26 phosphorylation and not from compensatory phosphorylation 

of other myofilament proteins.

To investigate the effects of TnI-Y26 phosphorylation on calcium handling and diastolic 

function, we measured cardiomyocyte shortening, response to isoproterenol, and cellular 

calcium handling by fluorescence. Shortening and calcium measurements were conducted 

independently on myocytes isolated from the same mouse heart (n=3) to exclude effects 

of Fura-2 AM buffering on shortening. Cardiomyocyte shortening from TnI-pY26 and 

WT mice was not significantly different (Table S4). Cardiomyocytes from TnI-pY26 and 

WT mice similarly increased cell shortening in response to isoproterenol treatment (Table 

S4). There was no significant difference in the calcium transient of TnI-pY26 myocytes 
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compared to WT myocytes indicating that altered calcium cycling is not responsible for 

changes in TnI-pY26 relaxation (Table S5).

We previously demonstrated that TnI-Y26 phosphorylation mimetic decreased calcium 

sensitive force production ex vivo.20 To determine if in vivo cardiac expression of TnI-Y26 

phosphorylation similarly decreases calcium sensitivity, we measured calcium sensitive 

force production in left ventricular (LV) myofibrils from TnI-pY26 mice. Myofibrils from 

TnI-pY26 mice demonstrated a rightward shift in the force calcium relationship and a 

decrease in pCa50 compared to WT myofibrils (Figure 2H, Table S6). TnI-pY26 myofibrils 

exhibited greater maximal tension and had a shorter duration of the linear phase of force 

decline (Dslow) and faster linear rate (slow kREL) compared to myofibrils isolated from WT 

mice, with no significant difference in the rates of cross-bridge turnover (kACT and kTR) 

(Figure 2I, Table S6). These data demonstrate that expression of TnI-Y26 phosphorylation 

results in decreased calcium sensitive force development and accelerated relaxation of 

cardiac muscle.

Troponin I Y26 Phosphorylation Mice Have Accelerated In Vivo Diastolic Function

To assess the effect of TnI-Y26 phosphorylation on in vivo function, TnI-pY26 male mice 

were subjected to echocardiography (4–5 months old) and invasive LV catheterization 

for pressure-volume loop hemodynamics (8 months old). Echocardiography demonstrated 

that TnI-pY26 mice have a greater LV end systolic (LVESD) and end diastolic diameter 

(LVEDD) with no difference in LV mass compared to WT mice (Figure 3A, Table S7). 

This observed increase in LVEDD is due to increased relaxation and not dilated remodeling 

because TnI-pY26 mice have cardiac myocyte dimensions and a normal 5:1 length to width 

ratio24 that is not significantly different from WT myocytes (Table S7). Hemodynamic 

measurements further demonstrated TnI-pY26 mice have accelerated diastolic function 

(shorter tau) and faster rate of pressure decline (more negative dP/dt min) compared to 

WT mice, although dp/dt min did not reach statistical significance (Figure 3B–C, Table S7). 

Although echocardiography cardiac structural differences between female TnI-pY26 and 

WT mice did not reach statistical significance, we did observe significantly shorter tau in 

TnI-pY26 female mice (Table S8). Together these physiological measurements support that 

TnI-Y26 phosphorylation increases diastolic function in vivo.

Troponin I Y26 Phosphorylation is Not Detrimental

Since mutations in myofilament proteins that decrease calcium sensitivity have been 

associated with dilated cardiomyopathy and systolic impairment, we evaluated the TnI-pY26 

mice for potential detrimental effects of increased TnI-Y26 phosphorylation. Hemodynamic 

measurements demonstrated systolic function (dP/dt max, maximal rate of pressure increase; 

ESPVR, end systolic pressure-volume relationship; PRSW, preload recruitable stroke work) 

was not different between TnI-pY26 and WT mice (Figure 3D–F, Table S7). Additionally, 

7–8 month old TnI-pY26 mice ran for a longer time until exhaustion during the up-hill 

treadmill test than WT mice (time to exhaustion: TnI-pY26 = 19.6 ± 0.46 min; WT = 15.9 

± 0.61 min; p=0.00040 by unpaired t test) (Figure 3G). Echocardiography measurements 

demonstrated TnI-pY26 mice have similar LV mass (Figure 3H), LV posterior wall 

thicknesses, and tibia length normalized whole heart weight compared to WT mice (Table 
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S7), indicating no detrimental cardiac remodeling. Echocardiography further demonstrated 

TnI-pY26 and WT mice have similar stroke volume, ejection fraction (EF), and cardiac 

output (Figure 3I–K). Overall, these findings demonstrate pTnI-Y26 mice do not have 

impaired cardiac structure, function, or performance in the presence of increased cardiac 

demand, supporting that increasing TnI-Y26 phosphorylation is not detrimental to in vivo 
function.

To investigate any potential detrimental effects from increasing TnI-Y26 phosphorylation 

long-term, we assessed in vivo cardiac structure, function, and performance of aged pTnI-

Y26 mice. Similar to younger mice, echocardiography at 18–20 months of age demonstrated 

TnI-pY26 mice have greater LVEDD and LVESD compared to WT mice (Figure 4A, 

Table S9). Unlike younger mice, aged TnI-pY26 mice demonstrated increased LV mass and 

increased whole heart weight/tibia length compared to WT mice without a difference in 

posterior wall thicknesses (Figure 4B–C, Table S9). We observed TnI-pY26 and WT mice 

both had significantly increased calcineurin and NFkB activity with age. We observed no 

significant difference in ERK or AKT signaling with age or genotype. Therefore, TnI-pY26 

mice remodeling with age is not explained by classic hypertrophic signaling pathways 

(Figure S5). Importantly, cardiac performance (stroke volume, EF, cardiac output) was not 

different between TnI-pY26 and WT mice at 18–20 months of age (Table S9). Furthermore, 

aged TnI-pTy26 mice demonstrated greater whole-body cardiovascular fitness (longer time 

until exhaustion) compared to age-matched WT mice (time to exhaustion: TnI-pY26 = 19.5 

± 0.61 min; WT = 15.5 ± 0.47 min; p<0.0001 unpaired t test) (Figure 4D). Finally, the 

survival of TnI-pY26 mice was not different from WT mice over 2 years (Figure 4E). 

These data support that long-term expression of increased TnI-Y26 phosphorylation results 

in altered cardiac structure but does not detrimentally affect cardiac function or whole-body 

cardiovascular fitness.

Troponin I Y26 Phosphorylation Attenuates the Development of Diastolic Dysfunction

Since the TnI-pY26 mouse demonstrated accelerated in vivo relaxation, we hypothesized 

increasing TnI-Y26 phosphorylation would be beneficial in diastolic dysfunction. To 

test this hypothesis we subjected 4–6 month old mice to a model of diastolic 

dysfunction by unilateral nephrectomy with subcutaneous pellet implantation for continuous 

deoxycorticosterone acetate (DOCA) delivery and saline drinking water ad libitum (DOCA 

model).25, 26 Echocardiography was performed before initiation of the DOCA model, at 1 

week post-DOCA and at 2 weeks post-DOCA, with terminal hemodynamics at 2 weeks 

post-DOCA and necropsy to evaluate cardiac structure and function (representative echo and 

PV loops, Figure S6). TnI-Y26 phosphorylation was not significantly increased in WT mice 

subjected to the DOCA model (Figure S7).

Consistent with previous descriptions of the DOCA model,25–27 WT mice subjected to the 

DOCA procedure (DOCA/WT) developed an increased LV mass and increased heart weight/

tibia length compared to WT mice subjected to a sham procedure (Sham/WT) (Figure 5A, 

Table S10 and S11). These structural changes are not due to increased fibrosis (Figure S8). 

DOCA/WT mice did not develop systolic dysfunction and had no difference in EF or dP/dt 

max compared to Sham/WT mice (Table S10 and S11). Measurements of diastolic function 
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demonstrate DOCA/WT mice had increased tau, increased end diastolic pressure (EDP), and 

increased left atrial (LA) diameter (indicative of increased LA pressure) (Figure 5C–E, Table 

S10 and S11). Additionally, we observe an increased E/A ratio in DOCA/WT mice at 2 

weeks post-DOCA (Figure 5F, Table S11). Increased E/A ratio with elevated LA pressure is 

characteristic of detrimental restrictive filling and severe grade III pseudo-normal diastolic 

dysfunction.27, 28 Together these structural and functional impairments in the DOCA/WT 

mice support the development of diastolic dysfunction in the DOCA model.

In contrast to the structural and functional impairments observed in DOCA/WT mice, 

TnI-pY26 mice demonstrate a different response to the DOCA diastolic dysfunction model. 

Unlike DOCA/WT mice, TnI-pY26 mice subjected to the DOCA model (DOCA/TnI-pY26) 

maintained an LV mass and excised heart weight that was not significantly different from 

Sham/WT mice (Figure 5A–B, Table S10 and S11). Measurements of diastolic function 

demonstrate no difference in tau, EDP, LA diameter, or E/A ratio in DOCA/TnI-pY26 

mice compared to Sham/WT at 2 weeks post-DOCA (Figure 5C–F, Table S10 and S11). 

Additionally, DOCA/TnI-pY26 mice maintained ventricular compliance and had a lower 

EDPVR compared to DOCA/WT mice at 2 weeks post-DOCA (Figure 5G, Table S10). 

DOCA/TnI-pY26 mice had a longer time until exhaustion and maintained exercise tolerance 

compared to DOCA/WT mice at 2 weeks post-DOCA, although this difference did not 

reach statistical significance (time to exhaustion: DOCA/TnI-pY26 = 13.25 ± 0.97 min; 

DOCA/WT = 10.09 ± 1.1 min; p=0.061 by unpaired t test) (Figure 5H). Together these data 

demonstrate that, unlike WT mice subjected to the DOCA model, TnI-pY26 mice subjected 

to the DOCA model do not develop increased LV mass or impaired diastolic function 

compared to Sham/WT mice, suggesting that TnI-Y26 phosphorylation preserves structural 

and functional outcomes in pathological diastolic dysfunction.

To investigate the mechanism of TnI-pY26 maintained function in the DOCA diastolic 

dysfunction model, we conducted cardiac myofibril mechanics studies following 2 weeks 

of the DOCA model. In contrast to some reports,26 we observed impaired myofibril 

relaxation after the DOCA procedure. Resting and maximal tension were reduced, and 

relaxation and cross-bridge kinetics were affected in both DOCA/TnI-pY26 and DOCA/WT 

mice compared to basal conditions (Table S12 compared to Table S6). TnI-pY26 mice 

demonstrated a slower rate of force re-development (kTR) compared to WT mice after 

DOCA (Table S12). DOCA/WT mice had a decrease pCa50, (Table S12 compared to 

Table S6) making the difference in calcium sensitivity no longer statistically significantly 

different from DOCA/TnI-pY26 mice. These differences were not driven by a change in 

myosin isoform (Figure S9). This suggests TnI-Y26 phosphorylation preserves structural 

and functional outcomes in pathological diastolic dysfunction by maintaining faster myocyte 

relaxation.

Sympathetic tone is a key determinant of in vivo heart function and the sympathetic 

beta-adrenergic mediated regulation of cardiac function is impaired in the failing heart.2 

To investigate the effect of TnI-Y26 phosphorylation on beta-adrenergic mediated cardiac 

function we evaluated hemodynamic measurements in mice subjected to the DOCA 

procedure following injection of the beta-agonist dobutamine. Following dobutamine, 

DOCA/WT mice demonstrated a less negative dP/dt min and longer tau compared to 
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dobutamine injected Sham/WT mice (Figure 6A–B, Table S11) indicating an impaired beta-

adrenergic response in DOCA/WT mice. In contrast, dobutamine injected DOCA/TnI-pY26 

mice demonstrated a dP/dt min, tau, and dP/dt max that were not significantly different 

from dobutamine injected Sham/WT mice (Figure 6A–C, Table S11). This demonstrates 

that while pathological diastolic dysfunction impaired the beta-adrenergic diastolic function 

response in WT mice, TnI-pY26 mice maintained a normal beta-adrenergic response.

Discussion

Key Findings

While tyrosine kinase signaling has been demonstrated to play an important role in 

cardiovascular health, the effect of myofilament protein tyrosine phosphorylation to affect 

heart function is unknown. Here we demonstrate the first known instance of a tyrosine 

kinase directly phosphorylating a myofilament protein and beneficially affecting heart 

function. This study demonstrates 1) Src tyrosine kinase signaling directly phosphorylates 

the key regulatory protein troponin I (TnI) at Y26, 2) TnI-Y26 phosphorylation 

beneficially accelerates in vivo myocardial relaxation and improves diastolic function 

without detrimental effects, and 3) TnI-Y26 phosphorylation attenuates the development 

of pathological diastolic dysfunction in vivo. Overall, we establish that Src tyrosine 

kinase phosphorylation of TnI is a novel mechanism to beneficially accelerate myocardial 

relaxation in vivo.

1. Src tyrosine kinase phosphorylates the key regulatory protein troponin I 
at Y26—Post-translational modification of myofilament proteins is a key mechanism to 

directly regulate cardiac function. Myofilament proteins are tyrosine-phosphorylated in the 

heart,14, 15 yet neither the kinase signaling pathway responsible for this direct myofilament 

phosphorylation nor their effect on heart function are known. The heart expresses both 

receptor and non-receptor kinases, but only non-receptor tyrosine kinases are able to directly 

phosphorylate the intra-cellular myofilament proteins responsible for directly regulating 

cardiac function.29 Our in silico analysis suggested the regulatory protein TnI at residue Y26 

is a strong recognition sequence for Src (Table S1). The established role of Src tyrosine 

kinase signaling in the heart is associated with pathological remodeling and ultimately 

attributed to downstream signaling pathways with the final effector being serine/threonine 

kinase.16, 17, 30, 31 Src tyrosine kinases have also been suggested to play a beneficial role 

as Src inhibition eliminated the beneficial effects of ischemic preconditioning.18, 19 The 

downstream effector protein and mechanism for these beneficial effects of tyrosine kinase 

signaling in the heart is unknown.

Here we demonstrate that treatment of cardiomyocytes with tyrosine kinase activator 

(DPV) dramatically increased TnI-Y26 phosphorylation (Figure 1). Co-treatment with DPV 

and a Src-specific inhibitor (PP2) eliminated the increase in TnI-Y26 phosphorylation, 

demonstrating that the increase in TnI-Y26 phosphorylation is mediated by Src. Acute 

treatment with PP2 alone did not reduce TnI-Y26 phosphorylation levels compared to 

untreated cells because PP2 is a Src family-selective tyrosine kinase inhibitor and does not 
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act as a phosphatase.23 This is the first demonstration of tyrosine kinase signaling to result in 

the direct phosphorylation a myofilament protein in a living cardiac cell.

2. Troponin I Y26 phosphorylation accelerates in vivo relaxation without 
detrimental effects—Calcium binding to troponin to regulate the interaction of myosin 

with actin is the key regulatory mechanism of cardiac contraction and relaxation. A healthy 

heart can modify the interaction of myosin with actin and directly modulate cardiac 

function through serine/threonine phosphorylation of the regulatory myofilament proteins.3, 

4 Cardiac TnI is an essential myofilament protein directly involved in regulating cardiac 

function.1, 2 The phosphorylation of TnI at S23/24 is a fundamental mechanism to modulate 

cardiac function by decreasing the calcium sensitivity of the myofilament to accelerate 

myocardial relaxation and enhance cardiac diastolic function.6, 7, 9 In addition to serine/

threonine phosphorylation, TnI is also tyrosine-phosphorylated, yet the role of tyrosine 

phosphorylation on heart function is unknown.14

TnI is tyrosine-phosphorylated at residue 26 (Y26) in the heart14, 15 and we previously 

demonstrated that the phosphorylation of cardiac TnI at Y26 decreases ex vivo muscle 

calcium sensitivity and accelerates calcium dissociation from troponin C (TnC).20 To 

investigate the effects of TnI-Y26 phosphorylation on in vivo heart function, we generated 

a TnI-Y26 phosphorylation-mimetic mouse with cardiac specific TnI-Y26 mutated to 

glutamic acid (TnI-pY26). In vivo measurements demonstrate TnI-pY26 mice have 

accelerated myocardial relaxation and improved diastolic function (Figure 3, Table S7). 

This observed phenotype is not due to differences in the calcium transient since we do not 

observe a significant difference in calcium cycling between TnI-pY26 and WT mice (Table 

S5).

Mechanical studies of myofibrils demonstrate TnI-pY26 mice have a rightward shift in the 

force calcium relationship, decreased pCa50, a shorter duration of the linear phase of force 

decline, and faster slow rate, without a change in kACT or kTR (Figure 2H–I, Table S6). 

Furthermore, while the accelerated linear rate and significantly decreased calcium sensitivity 

are lost after DOCA, DOCA/TnI-pY26 mice maintain a shorter linear duration compared 

to DOCA/WT mice (Table S12) suggesting that the faster thin filament deactivation time is 

driving the attenuation of diastolic dysfunction. Together these data support that TnI-Y26 

phosphorylation accelerates relaxation by speeding the myosin cross-bridge detachment 

without altering cross-bridge cycling.32 It was previously demonstrated that changes in the 

properties of the thin filament can speed the slow rate of relaxation and shorten the linear 

duration.33 It has been further demonstrated that TnI phosphorylation at the neighboring 

S23/24 (which also shortens the duration of the linear phase of force decline) similarly 

speeds the rate for the slow phase of relaxation.11 The mechanism by which TnI-S23/24 

phosphorylation affects cross-bridge kinetics has been attributed to a weakened interaction 

between TnI and the regulatory domain of TnC, thus reducing the affinity of TnC for 

calcium, thereby keeping the thin filament in the blocking state and limiting access for the 

cross-bridge to form.8 Whether or not TnI-Y26 phosphorylation accelerates relaxation by 

a similar mechanism remains to be determined. Additionally, TnI-pY26 myofibrils reached 

greater maximal tension (Table S6). This result is supported by our recent publication 

demonstrating that slow-twitch skeletal muscle fibers exchanged with cardiac TnI containing 
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pseudo-phosphorylated Y26 had increased maximal tension.34 This increase in maximal 

tension could result from increased cross-bridge cycling in a similar mechanism to TnI-

S23/24 phosphorylation,10 supporting that TnI-pY26 cardiac muscle can relax faster without 

detriment to force generation. While beyond the scope of this current paper, future studies 

will elucidate the specific mechanism by which phosphorylation of TnI in this region is able 

to speed myosin cross-bridge detachment resulting in accelerated relaxation, increased LV 

filling, and improved in vivo diastolic function.

Myofilament mutations that decrease calcium sensitivity have been associated with impaired 

systolic function and dilated cardiomyopathy indicating TnI-Y26 phosphorylation-mediated 

decrease in calcium sensitivity could result in detrimental systolic function and pathological 

remodeling. Although we observe cardiac structural remodeling in the TnI-pY26 mice, 

TnI-pY26 mice have the same cardiomyocyte length to width ratio as WT mice in unloaded 

conditions (Table S7), supporting that the increase in LV diameters results from increased 

myofibril relaxation that allows for greater ventricular filling, rather than from pathological 

dilation. Furthermore, TnI-pY26 mice maintain normal systolic function (Figure 3, Table 

S7). This lack of an effect on systolic measurements suggests the TnI-pY26 increased 

LVESD does not result from a detrimental loss of contractility or systolic function, but 

rather is a mechanism to decrease stroke volume and maintain normal cardiac output in the 

presence of increased filling.

While TnI-Y26 phosphorylation-mediated decrease in calcium sensitivity could become 

detrimental over time, there was no difference in survival between TnI-pY26 and WT 

mice to 2 years of age (Figure 4). Furthermore, aged TnI-pY26 mice not only maintained 

comparable heart function to aged WT mice, but also exhibited increased exercise tolerance 

(Figure 4). We did not find evidence of increased hypertrophic signaling in aged TnI-pY26 

mice compared to WT supporting that this remodeling is due to compensatory mechanisms 

and not pathological hypertrophic signaling (Figure S5). These findings support that the 

long-term expression of TnI-Y26 phosphorylation in the heart is not detrimental.

3. Troponin I Y26 phosphorylation attenuates the development of diastolic 
dysfunction—Diastolic dysfunction, or the inability of the heart to relax and refill with a 

sufficient volume of blood, can be present asymptomatically and contribute to heart failure 

in both patients with reduced and preserved EF.28, 35 Impaired myocardial relaxation is a 

hallmark of diastolic dysfunction. Therefore, accelerating relaxation would improve diastolic 

filling and improve outcomes for heart failure patients. Since decreased phosphorylation 

of myofilament proteins (including TnI at Y26) is observed during heart failure,14, 36 we 

investigated if increasing myofilament phosphorylation would improve diastolic function. 

Unilateral nephrectomy and DOCA salt implantation is an established model in which 

oxidative stress and hypertension drive cardiac remodeling and diastolic dysfunction.25, 

26 Here we demonstrate that TnI-Y26 phosphorylation-mediated acceleration of in vivo 
relaxation beneficially preserves LV pressures and prevents the development of cardiac 

remodeling, diastolic dysfunction, and impairment of the beta-adrenergic response in a 

nephrectomy/DOCA cardiac diastolic dysfunction model (Figures 5 and 6). While the 

mechanism by which DOCA-model affects myofibril mechanics is unknown, impaired 

myofibril relaxation has been observed in other models of diastolic dysfunction, and the 
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maintenance of a faster myofibril linear duration has been associated with attenuation of 

diastolic dysfunction.37, 38 Similar to these other reports, we observe mechanical impairment 

with the DOCA-model but preserved linear duration and diastolic function in DOCA/TnI-

pY26 mice. These observations support increasing TnI-Y26 phosphorylation to improve 

myocardial relaxation during diastolic dysfunction is a beneficial mechanism to attenuate 

cardiac disease.

Study Limitations

While we quantified key myofilament phosphorylation sites and hypertrophy pathways, 

this is not an exhaustive investigation of every compensatory mechanism. Specifically, 

we were unable to reliably quantify TnI-S23/24 phosphorylation because the Y26E 

phosphorylation-mimetic mutation disrupts the phospho-TnI-S23/24 antibody binding to 

S23/24 phosphorylated TnI. While we did not observe any gross differences in myofilament 

protein phosphorylation or hypertrophy pathway markers, the limited number of available 

samples is not sufficient to rule out subtle changes that may contribute to the observed 

phenotype in the TnI-pY26 mice. The myofibril mechanics studies at basal conditions 

and after DOCA were performed at different times, by different personnel, and at 

slightly different sarcomere lengths, so the pre- and post-DOCA measurements cannot 

be directly compared. Additionally, the myofibril kinetic measurements were conducted 

at maximally activated calcium concentrations and do not necessarily represent mechanics 

at physiological calcium concentrations. Isolated cardiomyocyte functional studies were 

conducted at 1.8mM Ca2+, however, in this model we do not observe any differences 

in shortening between WT and TnI-pY26 myocytes. This was not unexpected as it has 

been previously demonstrated that the lusitropic response of TnI-S23/24 phosphorylation is 

load dependent.39 We used room-temperature saline to calibrate the pressure catheter for 

hemodynamics studies which could explain the higher than expected diastolic pressures. 

Only male mice were used for nephrectomy/DOCA studies because sex differences in 

response to this disease model have been observed.40 In contrast to other studies using the 

DOCA model,26 we observe impaired myofibril relaxation in DOCA/WT mice, which may 

be due to the older age of our mice and the dose of DOCA used.

Overall Impact

Current standards of care for heart failure do not improve diastolic function and there 

are no approved therapies that directly improve myocardial relaxation.41 Although beta-

adrenergic mediated PKA phosphorylation of TnI at S23/24 accelerates myocardial 

relaxation, therapeutic approaches to increase TnI-S23/24 failed long-term clinical trials 

because of PKA-mediated serine/threonine phosphorylation of other cardiac regulatory 

proteins resulted in arrhythmia and increased mortality.42 Currently there is an unmet 

need for therapeutic interventions to directly accelerate myocardial relaxation and improve 

impaired diastolic dysfunction without detriment. We now demonstrate that increasing TnI-

Y26 phosphorylation prior to initiating a diastolic dysfunction model beneficially preserves 

myocardial relaxation and diastolic function without systolic impairment or long-term 

detriment. Together these findings support future studies investigating the effect of targeting 

Src tyrosine kinase to increase TnI tyrosine phosphorylation as a novel therapeutic approach 

to accelerate in vivo myocardial relaxation and improve heart failure outcomes.
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Non-standard Abbreviations and Acronyms

DOCA deoxycorticosterone acetate

DPV diperoxovanadate

LV left ventricle

LVEDD left ventricular end diastolic diameter

LVESD left ventricular end systolic diameter

PKA protein kinase A

TnC Troponin C

TnI Troponin I
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Novelty and Significance

What is Known?

• The heart can modify its function through post-translational modifications of 

myofilament proteins.

• Myofilament proteins are tyrosine-phosphorylated. How these tyrosine 

phosphorylations affect in vivo heart function is unknown.

What New Information Does this Article Contribute?

• Src tyrosine kinase phosphorylates Troponin I (TnI) at Y26 to directly 

accelerate myocardial relaxation.

• Increasing TnI-Y26 phosphorylation beneficially preserves cardiac relaxation 

during diastolic dysfunction.

The key regulatory myofilament protein Troponin I (TnI) is phosphorylated at tyrosine 

(Y) 26. TnI-Y26 phosphorylation has been shown to decrease calcium sensitivity but the 

in vivo effects of increasing this modification are unknown. Our findings reveal that Src 

tyrosine kinase is the signaling pathway involved in tyrosine phosphorylation of TnI. In 

a novel TnI-Y26 phosphorylation-mimetic mouse model we demonstrate that increasing 

TnI-Y26 phosphorylation accelerates relaxation in vivo. Furthermore, this accelerated 

relaxation is beneficial during diastolic dysfunction. This is the first demonstration of 

tyrosine phosphorylation of a myofilament protein directly affecting cardiac function 

and supports further investigation into tyrosine phosphorylation as a potential therapeutic 

strategy for diastolic dysfunction.
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Figure 1. Src tyrosine kinase phosphorylates TnI at Y26.
A, Src tyrosine kinase was predicted to phosphorylate troponin I (TnI) at Y26. B, 

Representative Western blot (best image of 3 technical replicates) of primary isolated murine 

cardiomyocytes treated with Src activator (DPV, 25μM) and/or Src inhibitor (PP2, 25μM). 

Blots were sequentially probed for TnI-Y26 phosphorylation (TnI-pY26, green) and Total 

TnI (red), with resulting merged image of TnI-pY26 and Total TnI. C, Quantification of 

myocyte TnI-Y26 phosphorylation normalized to Total TnI signal. Mkr, BioRad Precision 

Plus Protein Dual Color Standard; McTnI, un-phosphorylated recombinant mouse cardiac 

TnI; McTnI-pY26, Y26-phosphorylated recombinant McTnI; Control, myocytes treated 

with vehicle; +DPV, myocytes treated with DPV; +PP2, myocytes treated with PP2; AU, 

arbitrary units. n=3 independent mouse myocyte isolations. Data are mean ± SEM. Analyzed 

by Kruskal-Wallis test (p=0.020) with Dunn’s multiple comparisons test (* p=0.028 vs 

Control).
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Figure 2. Characterization of TnI-Y26 phosphorylation mice.
A, TnI-Y26 phosphorylation-mimetic mice were generated by CRISPR/Cas9 mutation of 

cardiac TnI-Y26 to glutamic acid (E). Sanger sequencing chromatogram shows 100% E26 

in homozygous TnI-pY26 mice. B, ProQ Diamond phosphoprotein stain and C, subsequent 

SYPRO Ruby total protein staining of ventricular myofilament homogenates from wild type 

(WT, circle) and TnI-pY26 (triangle) mice. Normalized phosphorylation quantification of 

D, total myofilament (Total pMF), E, myosin binding protein C (pMyBPC), F, troponin T 

(pTnT), and G, myosin regulatory light chain (pRLC). Normalized phosphorylation, ProQ 

Diamond phospho-protein signal / Sypro Ruby protein signal. WT and TnI-pY26 n=3 mice. 

AU, arbitrary units. Data are mean ± SEM. Mann-Whitney test (p-values listed in Table S3). 

H, Normalized force-pCa relationship and pCa50 (inset) of myofibrils from TnI-pY26 and 

WT mice. I, Normalized myofibril mechanical trace and quantification of the duration of 

linear phase relaxation (inset) of WT and TnI-pY26 myofibrils during a rapid switch from 

maximally activating (pCa 4.5) to relaxing (pCa 9) solution. n=number of myofibrils. 3 mice 

per group, 12–15 myofibrils per mouse. Data are mean ± SEM. * p<0.05 mixed-effects 

analysis (p-values listed in Table S6).
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Figure 3. Cardiac phenotype of TnI-Y26 phosphorylation mice.
A, Echocardiography measurements of left ventricular (LV) end systolic (LVESD) and 

end diastolic (LVEDD) diameters of 4–5 month old wild type (WT, circle) and TnI-

Y26 phosphorylation (triangle) mice. WT and TnI-pY26 n=10 mice. Hemodynamic 

measurements of B, isovolumetric relaxation constant (Tau), C, maximal rate of pressure 

decline (dP/dt min), and D, maximal rate of pressure increase (dP/dt max) from 8 month 

old mice conducted at 480bpm. WT n=11, TnI-pY26 n=9 mice. Preload-independent 

hemodynamic measurements of E, end systolic pressure-volume relationship (ESPVR) 

and F, preload recruitable stroke work (PRSW). WT and pY26 n=6 mice. G, Up-hill 

treadmill running time until exhaustion at 7–8 months of age. WT n=6, TnI-pY26 n=7 mice. 

Echocardiography derived H, LV mass, I, stroke volume, J, ejection fraction, and K, cardiac 

output. WT and TnI-pY26 n=10 mice. Data are mean ± SEM. * p<0.05 unpaired t test 

(p-values listed in Table S7).
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Figure 4. Long-term effects of TnI-Y26 phosphorylation in aged mice.
Echocardiography A, measurements of left ventricular (LV) end systolic (LVESD) and end 

diastolic (LVEDD) diameters and B, calculated LV mass of wild type (WT, circle) and 

TnI-Y26 phosphorylation (triangle) mice at 18–20 months of age. WT n=10, TnI-pY26 n=6 

mice. C, Excised heart weight normalized to tibia length at 24 months of age. WT n=5, 

TnI-pY26 n=7 mice. D, Up-hill treadmill running time until exhaustion at 21 months of age. 

WT n=10, TnI-pY26 n=9 mice. E, Probability of survival as determined by Log-rank test 

(p=0.46). Data are mean ± SEM. * p<0.05 unpaired t test (p-values listed in Table S9).
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Figure 5. TnI-Y26 phosphorylation protects against diastolic dysfunction.
A, Echocardiography calculated LV mass over time [before (Baseline), 1 week post-

DOCA (Week 1), and 2 weeks post-DOCA (Week 2)] from 4–6 month old wild type 

sham (Sham/WT, black circle), wild type mice subjected to DOCA (DOCA/WT, open 

circle) and TnI-Y26 phosphorylation mice subjected to DOCA (DOCA/TnI-pY26, open 

triangle). Sham/WT n=10, DOCA/WT n=19, DOCA/TnI-pY26 n=14 mice. B, Excised heart 

weight normalized to tibia length at 2 weeks post-DOCA. Sham/WT n=10, DOCA/WT 

n=19, DOCA/TnI-pY26 n=14 mice. Hemodynamic measurements of C, isovolumetric 

relaxation constant (Tau) and D, end diastolic LV pressures (EDP) conducted at 480bpm 

2 weeks post-DOCA. Sham/WT n=8, DOCA/WT n=7, DOCA/TnI-pY26 n=11 mice. E, 

Echocardiography measurements of left atrial (LA) diameter over time Sham/WT n=10, 

DOCA/WT n=19, DOCA/TnI-pY26 n=14. F, Doppler echocardiography measurements 

of mitral valve (MV) flow E/A ratio. Sham/WT n=3, DOCA/WT n=6, DOCA/TnI-pY26 

n=6 mice. G, Hemodynamic measurements of end-diastolic pressure-volume relationship 

(EDPVR) 2 weeks post-DOCA. DOCA/WT and DOCA/TnI-pY26 n=5 mice. H, Up-hill 

treadmill running time until exhaustion 2 weeks post-DOCA. DOCA/WT and DOCA/TnI-

pY26 n=6 mice. Data are mean ± SEM. * p<0.05 unpaired t test or 1 way ANOVA 

with Tukey’s multiple comparisons test. †<0.05 time factor, ‡<0.05 genotype factor 2 way 

ANOVA (p-values listed in Table S10, S11).
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Figure 6. TnI-Y26 phosphorylation mice have preserved beta-adrenergic response in the DOCA 
diastolic dysfunction model.
Hemodynamic measurements following dobutamine injection of A, maximal rate of pressure 

decline (dP/dt min), B, isovolumetric relaxation constant (Tau) and C, maximal rate of 

pressure increase (dP/dt max), from wild type sham (Sham/WT, black circle), wild type mice 

subjected to DOCA (DOCA/WT, open circle) and TnI-Y26 phosphorylation mice subjected 

to DOCA (DOCA/TnI-pY26, open triangle) 2 weeks post-DOCA. Measurements taken at 

peak heart rate. Peak HR was not different between groups (see Table S10). Sham/WT n=5, 

DOCA/WT n=8, DOCA/TnI-pY26 n=11 mice. Data are mean ± SEM. * p<0.05 1 way 

ANOVA with Tukey’s multiple comparisons test (p-values listed in Table S11).
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