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ABSTRACT
Mutations in the MYBPC3 gene, encoding cardiac myosin binding protein
C (cMyBP‑C) are frequent causes of hypertrophic cardiomyopathy (HCM).
Previously, we have presented evidence for haploinsufficiency, i.e. reduced
cMyBP‑C expression, in patients with a truncation mutation in MYBPC3. In
mice, knocking out cMyBP‑C resulted in faster cross‑bridge kinetics.
In this study, we investigated the hypothesis that cross‑bridge kinetics are
accelerated in myectomy samples from HCM patients harboring a heterozygous
MYBPC3 mutation (MYBPC3mut). Isometric force and the rate of force
redevelopment (ktr) at different activating Ca2+‑concentrations were measured
in mechanically isolated Triton-permeabilized cardiomyocytes from MYBPC3mut
(n=15) and Donor (n=7) tissue. Furthermore, the stretch activation response
of cardiomyocytes was measured in tissue from 5 MYBPC3mut patients and
4 Donors to assess the rate of initial force relaxation (krel) and the rate and
amplitude of delayed force development (kdf and P3, respectively) after a rapid
increase in length.
Maximal force development of the cardiomyocytes was reduced in
MYBPC3mut (24.2±2.6 kN/m2) compared to Donor (34.9±1.6 kN/m2). The
Ca2+‑concentration at which force was half-maximal (pCa50, i.e. -log10[Ca50])
was increased (MYBPC3mut: 5.57±0.03; Donor: 5.50±0.03), but the variation
among patients was large and the difference was not statistically significant.
The rates of force redevelopment in MYBPC3mut and Donor over a range
of Ca2+‑concentrations were similar (ktr at maximal activation: 0.63 ±0.03
and 0.75±0.09 s-1, respectively). Moreover, the stretch activation parameters
did not differ significantly between MYBPC3mut and Donor (krel: 7.0±0.4 and
6.9±0.4 s-1; kdf: 1.10±0.1 and 1.21±0.2 s-1; P3: 0.12±0.01 and 0.09±0.01,
respectively). Incubation with protein kinase A accelerated the stretch activation
kinetics in MYBPC3mut and Donor to a similar extent.
We conclude that at the cMyBP‑C expression levels in this patient group
(51±4% relative to donors) cross‑bridge kinetics are preserved and that the
depressed maximal force development is not explained by perturbation of
cross‑bridge kinetics.
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INTRODUCTION
Cardiac myosin binding protein C (cMyBP‑C) is a thick filament‑associated
protein that interacts with myosin, titin and actin.159-162 Recent evidence suggests
that cMyBP‑C has a regulatory role in sarcomeric function, in that cMyBP‑C
influences cross‑bridge kinetics.35 The importance of cMyBP‑C for proper
cardiac function in humans is stressed by the recognition that mutations in
MYBPC3 are among the most frequent causes of hypertrophic cardiomyopathy
(HCM).6;29 The morphological hallmark of HCM is hypertrophy of primarily
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the left ventricle and septum. However, even before the development of overt
hypertrophy, subtle impairment of diastolic function is detected in mutation
carrying individuals.18‑20 Altered cross‑bridge kinetics might thus underlie
sarcomeric dysfunction and be of critical importance in the pathophysiological
development of HCM.
The N‑terminus of cMyBP‑C is able to activate cross‑bridge cycling and
to increase the rate of tension redevelopment (ktr).163;164 However, full‑length
cMyBP‑C appears to limit cross‑bridge cycling,34;35 possibly through the
simultaneous binding of the cMyBP‑C C‑terminus to the myosin backbone.
Binding of the N‑terminus of cMyBP‑C to the S2 region of myosin could tether
the myosin heads close to the backbone and so impair cross‑bridge formation
by a structural constrain.36;37 In this way cMyBP‑C could act as an internal
load, slowing down cross‑bridge cycling.38;39 Furthermore, cMyBP‑C appears
to directly modulate actomyosin binding and kinetics via its interaction with
actin.35;39;123 Ablation of cMyBP‑C resulted in enhanced cross‑bridge kinetics,
confirming its role as a brake on cross‑bridge kinetics.34;41;120 cMyBP‑C knock
out mice models demonstrated faster shortening velocity and rate of force
redevelopment of skinned cardiomyocytes,41;120 faster stiffening of the heart
during systole122 and a marked abbreviation of the systolic ejection.40
The regulation of sarcomere function by cMyBP‑C is controlled via
phosphorylation by protein kinase A (PKA).28;51 Phosphorylation of cMyBP‑C
releases its binding to the S2 region of myosin and to actin and extends the
cross‑bridges further from the myosin backbone.37;51 As seen in the absence
of cMyBP‑C, this PKA-mediated relief of interactions between cMyBP‑C and
other sarcomeric proteins results in accelerated cross‑bridge kinetics.165 A
transgenic mouse model in which the phosphorylation sites of cMyBP‑C were
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replaced by alanines demonstrated decreased contraction and relaxation of the
heart, indicating the necessity of cMyBP‑C phosphorylation for proper cardiac
function.53 Stretch activation and subsequent delayed force development
in cardiomyocytes may play an important role in maintenance of systolic
force.120;166;167 The involvement of cMyBP‑C and its phosphorylation in stretch
activation has been clearly demonstrated in mice by Stelzer et al.52;120
The contribution of altered cross‑bridge kinetics to cardiomyocyte
dysfunction in human HCM patients is yet unknown. Previously, we have
demonstrated haploinsufficiency, i.e. decreased expression of cMyBP‑C in a
group of HCM patients with truncation mutations in MYBPC3, the gene
encoding cardiac MyBP‑C (MYBPC3mut) (Chapters 5 and 6). Additionally, we
observed decreased maximal force development in MYBPC3mut patients and a
deranged PKA-mediated phosphorylation of sarcomeric proteins. To investigate
if reduced cMyBP‑C expression and its PKA-mediated phosphorylation alters
cross‑bridge kinetics, as shown in cMyBP‑C knock out mice, we studied several
key parameters defining cross‑bridge kinetics in MYBPC3mut and healthy donor
cardiomyocytes.

METHODS
Cardiac tissue
Cardiac tissue was obtained from the left ventricular septum of 15 HCM
patients with a mutation in the MYBPC3 gene (MYBPC3mut) which underwent
a myectomy to relieve outflow obstruction. We previously reported on protein
and functional alterations in cardiomyocytes from a subgroup of these patients
carrying either a c.2373dupG or a c.2864_2865delCT mutation, that both
encoded truncated cMyBP‑C (Chapter 5).90 The current patient group includes
patients with these mutations (c.2373dupG, exon 24, n=9; c.2864_2865delCT,
exon 27, n= 3) as well as patients with pathogenic splice site mutations expected
to result in truncated protein (c.927-2A>G, exon 9, n=2; c.1458-1G>C, exon 16,
n=1).29;112;114 Table 7.1 gives a summary of the clinical characteristics from all
patients included in this study.
Cardiac tissue obtained from the free left ventricular wall of Donor hearts
(n=7) which were not eligible for transplantation served as control. The Donors
had no history of cardiac disease, a normal cardiac examination, normal ECG
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and normal ventricular function on echocardiography within 24 h prior to
heart explantation.
All samples were quickly frozen and stored in liquid nitrogen. The study
protocol was approved by the local ethics committees, and written informed
consent was obtained.
Protein analysis
Cardiac samples were treated with trichloroacetic acid prior to protein analysis
to preserve the endogenous phosphorylation status of the sarcomeric proteins.75
To determine cMyBP-C protein level, proteins were separated on 4-15% pre-cast
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Tris-HCl gels (BioRad) and stained with SYPRO Ruby. The level of cMyBP‑C
was expressed relative to a‑actinin as described previously.90 The same gels
were stained with ProQ Diamond to determine phosphorylation of PKA target
proteins (cMyBP-C and troponin I (cTnI)). The phosphorylation staining
intensities of cMyBP-C and cTnI were expressed relative to the intensity of
the SYPRO-stained cMyBP-C and a‑actinin bands, respectively, to account for
differences in protein loading.
Cardiomyocyte force measurements
Cardiomyocytes were mechanically isolated from small pieces of cardiac tissue
defrosted in relaxing solution, permeabilized by incubation for 5 minutes in
relaxing solution containing 0.5% (v/v) Triton‑X100 and attached between
a force transducer and a piezoelectric motor as described previously.80;89;90
Sarcomere length was adjusted to 2.2 μm.
Force was measured at various Ca2+‑concentrations (expressed as pCa,
‑log10[Ca2+], ranging from 4.5 to 9.0). Maximal force development (Ftotal) was
determined by transferring the cardiomyocyte from relaxing solution (pCa 9.0)
to activating solution containing saturating [Ca2+] (pCa 4.5). Force developed
gradually and when the maximal isometric force level was reached, the
cardiomyocyte was shortened to 70% of its initial length, followed by a rapid
restretch to its original length after 30 ms (slack test), to determine the zero
force level (Figure 7.1). The rate of force redevelopment after the slack test
(ktr) was determined by fitting force redevelopment to a single exponential
function. Subsequently, the cardiomyocyte was transferred to relaxing solution
(pCa 9.0) and a slack test with a duration of 10 s was applied to determine
passive force (Fpas) of the cardiomyocyte. Maximal calcium‑activated force
(Fmax) was calculated by subtracting Fpas from Ftotal. To allow comparisons
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between cardiomyocytes and between the experimental groups, Fmax and Fpas
were expressed per cross-sectional area of the myocytes. Cross-sectional area
was calculated from the widths of the myocytes measured in two perpendicular
directions, assuming an elliptical cross-section. Relative forces at sub-maximally
activating [Ca2+] were normalized to maximal force. The force‑pCa relations
were fitted to a modified Hill equation as described previously.80 Ca2+‑sensitivity
is denoted as pCa50, i.e. the pCa value at which 50% of Fmax is reached, and nH
reflects the steepness of the relationship.
Stretch activation was measured at saturating and submaximal [Ca2+]
(pCa 4.5 and 5.4, respectively) using a protocol adapted from Stelzer et al.120
These experiments were performed in a separate set of measurements when
the size of the biopsy permitted these additional determinations. A pCa value
of 5.4 was chosen in these experiments since at that pCa the cardiomyocytes
developed approximately 50% of Fmax. When a cardiomyocyte had reached
steady‑state force (P0), it was rapidly (in 2 ms) stretched by 5% of its original
length for 5 seconds. The passive response was determined by imposing the
same protocol in relaxing solution (Figure 7.1). The relative changes in length
were calculated from the length of the cardiomyocytes viewed by means of an
inverted microscope from below (c.f. the insets in figure 7.3). This length was
less than the actual length of the cardiomyocyte between the attachments. As
a consequence, the actual relative changes in sarcomere length were smaller
than the relative changes noted (5% for the stretch activation experiments and
30% for the slack tests).

Figure 7.1. Length signal illustrating the experimental protocol used during the stretch
activation experiments. During steady state force development, the cardiomyocyte was

stretched by 5% for 5 seconds. After the original length was restored, the cardiomyocyte was
quickly shortened by 30% and after 30 milliseconds restretched to its original length (slack
test), to determine the rate of force redevelopment. The same protocol was repeated in relaxing
solution with a slack test of 10 seconds to determine the corresponding changes in passive
force.
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The rate constants of the force decay (krel) and delayed force redevelopment
(kdf) were calculated by fitting a double exponential to the time course of
the force response (i.e., P(t)=A*[1‑exp(‑krel*t)]+B*[1‑exp(‑kdf*t)]+C). The time at
which the peak force (P1) was reached was used as the starting point for the
double exponential fit. Note that this procedure is slightly different from the
procedure used by Stelzer et al.120 who used two single exponential relations,
in which the minimum reached after the stretch (P2) was used as the starting
point to determine kdf.
To asses the effect of PKA-mediated phosphorylation of sarcomeric proteins
on cross‑bridge kinetics, the cardiomyocytes were incubated for 40 minutes at
20ºC in relaxing solution containing the catalytic subunit of PKA (100 U/mL,
Sigma), after which force measurements were repeated.
Data analysis
Data are presented as mean±S.E.M. Cardiomyocyte force per cross‑sectional
area was averaged per patient and mean values of MYBPC3mut and Donor were
compared with a Student’s t‑test. PKA effects on individual cardiomyocytes
were assessed by repeated measures two-way ANOVA, followed by Bonferroni
post-test analysis. P<0.05 was considered significant.

RESULTS
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Patient characteristics
The MYBPC3mut group consisted of 8 males and 7 females, with an average age
of 43.6±3.4 years (Table 7.1). Hypertrophy was observed in the septum (septum
thickness 22.3±1.0 mm; normal value <13 mm),115 resulting in an increased
left ventricular transaortic pressure gradient (82.9±4.9 mmHg; normal value
<30 mmHg).116 The left ventricular ejection fraction was depressed, though
not below the threshold of reduced ejection fraction (46.1±2.1%; preserved
ejection fraction >50%, reduced ejection fraction <40%).158;168 The end‑diastolic
(41.7±0.8 mm) and end‑systolic (22.5±1.0 mm) diameters were comparable
to dimensions found in healthy volunteers.169 Left ventricle diameters were
determined by echocardiography and pressure gradients with tissue Doppler
imaging or by catheterization. The donor group consisted of 6 males and 1
female, with an average age of 33.9±6.4 years.
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c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2373dupG

c.2864_2865delCT

c.2864_2865delCT

c.2864_2865delCT

c.927-2A>G

c.927-2A>G

c.1458-1G>C

2

3

4

6

7

19

26

42

43

1

9

29

36

33

5
43.6±3.4

41

48

22

32

44

39

60

32

57

69

44

62

33

39

32

Age
(yrs)

8/7

F

M

M

F

M

M

M

M

F

M

F

M

F

F

F

Sex
(M/F)

82.9±4.9

92

82

71

121

70

116

77

88

74

74

60

64

94

60

100

LVOTPG
(mmHg)

22.3±1.0

22

18

30

23

20

23

23

23

24

19

17

23

20

20

30

ST
(mm)

41.7±0.8

37

40

44

44

40

48

45

43

41

44

42

39

40

38

40

LVEDD
(mm)

22.5±1.0

20

25

19

21

25

26

29

16

20

30

24

22

20

21

20

LVESD
(mm)

46.1±2.1

46

38

57

52

38

46

36

63

51

32

43

44

50

45

50

LVEF
(%)

b‑blocker, CCB

b‑blocker

b‑blocker, CCB

b‑blocker, CCB, diuretics

CCB, b‑blocker

CCB, vitamin D, calcium

b‑blocker, CCB

b‑blocker, CCB

b‑blocker

b‑blocker, diuretics,
statins

CCB

ATII, b‑blocker, statins

CCB

CCB, diuretics

b‑blocker

Medication

M/F indicates male/female; LVOTPG, left ventricular transaortic pressure gradient; ST, septum thickness; LVEDD, LV end-diastolic diameter;
LVESD, LV end-systolic diameter; LVEF, LV ejection fraction, calculated from (LVEDD-LVESD)/LVEDD; CCB, calcium channel blocker; ATII,
angiotensin II receptor antagonist.

AVERAGE
±S.E.M.

MYBPC3 mu‑
tation

Patient
ID

Table 7.1. MYBPC3mut patient characteristics.
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Protein composition
The expression level of cMyBP‑C and the phosphorylation levels of both
cMyBP‑C and cTnI were determined by staining proteins separated on 1D
gradient gels with SYPRO Ruby and ProQ Diamond stain. Compared to Donor
myocardium, cMyBP‑C expression was significantly decreased to 65±5% (n=14)
in MYBPC3mut. The average cMyBP‑C expression level in the 5 MYBPC3mut
patients in which stretch activation response could be measured was somewhat
lower, 51±4%. These results confirm the haploinsufficiency observed previously
(Chapters 5 and 6).90;138 The phosphorylation of cMyBP‑C (relative to its
expression) was comparable between MYBPC3mut and Donor (97±8% of Donor
in MYBPC3mut, 105±18% in patients in which stretch activation was measured
(n=5). Phosphorylation of cTnI was significantly lower in MYBPC3mut compared
to Donor (23±5% of Donor in all MYBPC3mut (n=14), 21±7% in patients in which
stretch activation was measured).
Force development in MYBPC3 mutant cardiomyocytes
Force measurements performed at pCa 4.5 demonstrated a significant reduction
in maximal calcium activated force (Fmax) per cross‑sectional area of 31±12% in
cardiomyocytes from MYBPC3mut (n=15; 24.2±2.6 kN/m2) compared to Donor
(n=7; 34.9±1.6 kN/m2)(Figure 7.2A). Passive force (Fpas) per cross‑sectional
area at 2.2 mm sarcomere length did not differ significantly between groups
(3.4±0.7 and 2.4±0.5 kN/m2 for MYBPC3mut and Donor, respectively). Force
was also measured at various submaximal [Ca2+] (pCa 5.0-6.0) and fitted to the
Hill equation to determine the Ca2+‑sensitivity of force (pCa50) as well as the
steepness of the relation (nH). Cardiomyocytes from MYBPC3mut appeared to be
more sensitive to calcium compared to donor cardiomyocytes as demonstrated
by a leftward shift of the force‑pCa relation (Figure 7.2B). However, variation
in pCa50 between patients was relatively large and the difference in average
pCa50 between the MYBPC3mut (5.57±0.03) and Donor (5.50±0.03) group did
not reach statistical significance (P=0.16, Figure 7.2C). The kind of mutation
in a patient did not appear to influence Ca2+‑sensitivity (Figure 7.2C). The
steepness of the force‑pCa relation (nH) in MYBPC3mut (3.1±0.2) and Donor
(3.2±0.1) was very similar.
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A.

B.

C.

D.

E.

F.

Figure 7.2. Isometric force characteristics of donor and MYBPC3mut cardiomyocytes. A.

Maximal force development per cross‑sectional area at pCa 4.5 (Fmax) was significantly lower in
MYBPC3mut than in Donor cardiomyocytes. *P<0.05 MYBPC3mut vs. Donor. B. Calcium sensitivity
of force development. The average force‑pCa curve of MYBPC3mut was shifted leftwards compared
to Donor. C. The difference in Ca2+‑sensitivity (pCa50) between MYBPC3mut and Donor was not
significant. D. The rate of force redevelopment (ktr) after the slack test declined at lower
Ca2+‑concentrations both in MYBPC3mut and Donor, but was comparable between both groups
over the range of calcium concentrations studied (pCa 4.5-5.6). E. ktr at pCa 4.5 was slightly
but not significantly lower in MYBPC3mut compared to Donor. F. The relationship between ktr
and relative force was similar in MYBPC3mut and Donor. mdepicts Donor; l, MYBPC3mut in
panels B, D, F. m depicts individual Donors; l, c.2373dupG; n, c.2864delCT; u, c.927‑2A>G;
p, c.1458‑1G>C in panels C, E.
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Baseline
cross‑bridge
kinetics
in
MYBPC3
mutant
cardiomyocytes
When steady state force was reached, the cardiomyocyte was quickly shortened
to 70% of its length and after 30 ms restretched to its original length to
determine the rate of force redevelopment (ktr) at different [Ca2+]. These
measurements indicated that the rate of force redevelopment increased with
increasing [Ca2+] in the range from pCa 5.6 to 4.5. At pCa‑values below 5.6, ktr
could not be determined reliably because of the low signal-to-noise ratios of the
force recordings. The differences in ktr values were not significantly different
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between MYBPC3mut and Donor cardiomyocytes, both at pCa 4.5 (0.63±0.03
and 0.75±0.09 s-1, respectively) and pCa 5.6 (0.36±0.02 and 0.30±0.04 s-1,
respectively) (Figure 7.2D). Overall, ktr was positively related to Fmax (R2=0.23,
P=0.04. Figure 7.7C), although this relation was not present in the MYBPC3mut
group alone (R2=0.24, P=0.11. Figure 7.7C).
Representative recordings of stretch activation measurements are shown
in figure 7.3. This figure demonstrates the length changes applied to the
cardiomyocytes and the resulting force responses. Figure 7.4 illustrates typical
recordings of the stretch activation at saturating (pCa 4.5) and at submaximal
[Ca2+] (pCa 5.4). During the stretch (phase 1), force rapidly increased to a
peak value P1. Thereafter (phase 2), force rapidly declined to a minimum (P2)
close to the pre-stretch level (P0) and subsequently demonstrated a delayed
(transient) increase in force (phase 3) up to a maximum level P3. The rate
constants of force decay (krel; phase 2) and delayed force redevelopment (kdf;
phase 3) were determined using a double exponential fit (Figure 7.4). All
amplitudes were defined and normalized to pre‑stretch level (P0) as described
by Stelzer et al.120 P1 was corrected for the passive force response measured
in relaxing solution.
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A.

DONOR

B.

MYBPC3mut

Figure 7.3. Force measurements in Donor and MYBPC3mut cardiomyocytes. An image of a
cardiomyocyte from a Donor (A) and a MYBPC3mut patient (B) is shown. Below, the recording

of the length signal is depicted in red and of the force signal in black. The regions inside the
boxes (stretch activation) are shown in more detail in figure 7.4. The bars above the length
traces indicate the period during which the cell was in activating solution (pCa 4.5), whereas in
the remainder of the time the cardiomyocyte was kept in relaxing solution (pCa 9.0).

A.

B.

DONOR

pCa 4.5

MYBPC3mut

pCa 5.4

Figure 7.4. Stretch activation responses in Donor and MYBPC3mut cardiomyocytes. A.
Force recordings of the response to 5% stretch at maximal (pCa 4.5) and B. submaximal

(pCa 5.4) Ca2+‑concentrations of Donor and MYBPC3mut cardiomyocytes. The different parameters
are indicated in the left panel of (B) as described in RESULTS of this chapter. A double
exponential was fitted through the data points to estimate the rate of force decay (krel) and of
delayed development (kdf) (red dashed line).
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Cardiomyocytes from 4 Donors (13 cardiomyocytes) and 5 MYBPC3mut
(15 cardiomyocytes from patients 6; 33; 36; 42; 43) samples were studied, because
only from these patients enough tissue was available to perform the stretch
activation experiments. A summary of the stretch activation characteristics
in MYBPC3mut and Donor is given in table 7.2. The rapid increase in force
that coincides with the increase of length is assumed to reflect instantaneous
elasticity of the cross‑bridges.166;167 The amplitude of P1 was comparable in
MYBPC3mut and Donor, indicating the absence of alterations of the intrinsic
cross-bridge elasticity in MYBPC3mut cardiomyocytes (Table 7.2, Figure 7.4).
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The fast decay of force during phase 2 results from length readjustment of the
strained cross‑bridges and the release of stretched cross‑bridges, as meanwhile
new, unstrained, cross‑bridges are attaching.166;170 In our measurements, we
did not find any difference in the rate constant of force decay (krel) nor in the
amplitude of P2 between MYBPC3mut and Donor (Table 7.2, Figure 7.4). The net
delayed recruitment of cross‑bridges is represented by the amplitude of phase
3 (P3), with a rate constant of kdf. Both P3 and kdf were comparable between
MYBPC3mut and Donor (Table 7.2, Figure 7.4).
The stretch activation response was also measured at submaximal [Ca2+]
(pCa 5.4). At submaximal [Ca2+], fewer cross‑bridges are recruited than
at saturating [Ca2+], leaving more cross‑bridges vacant for delayed force
development in response to stretch. The amplitude of P1, normalised to the
prestretch level (P0), was similar to the value at pCa 4.5. The relaxation speed
during phase 2 (krel) was slightly but not significantly faster at submaximal
[Ca2+] than at saturating [Ca2+]. However, the amplitude of phase 2 was larger,
resulting in a significantly lower minimum P2 at submaximal [Ca2+]. The speed
of the delayed force redevelopment (kdf) was slower at submaximal [Ca2+]. It can
be noted that this rate (0.56 – 0.76 s-1, Table 7.2) is in good agreement with the
value observed in pig myocardium (0.7 s-1).171 P3 was larger at submaximal than
at saturating [Ca2+] in Donor cardiomyocytes but comparable at both activation
levels in MYBPC3mut cardiomyocytes. Notably, considerable variability was
observed in the amplitude of force redevelopment during phase 3, with the
coefficient of variation being twice as high in Donor as in MYBPC3mut (91% vs.
40%, respectively).
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0.54±0.01

MYBPC3mut

- PKA

0.54±0.01

MYBPC3mut

‑0.16±0.01*

‑0.17±0.02*
‑0.19±0.02#*

‑0.24±0.01#*

0.00±0.01#

0.13±0.02

0.21±0.07*

0.12±0.01

0.09±0.01

- PKA

0.17±0.04

0.13±0.04

0.11±0.01

0.09±0.01

+ PKA

P3 (fraction)

8.5±0.7

7.8±0.6

7.0±0.4

6.9±0.4

- PKA

10.8±0.7#

10.8±1.2#*

8.9±0.6#

7.7±0.4#

+ PKA

krel (s-1)

1.42±0.20#

1.75±0.17#

+ PKA

0.76±0.15

0.52±0.05*

0.56±0.09* 0.55±0.09*

1.10±0.09

1.21±0.16

- PKA

kdf (s-1)

Stretch activation was measured before (‑) and after (+) PKA in 4 Donor (13 cardiomyocytes) and 5 MYBPC3mut (15 cardiomyocytes) samples. # indicates
P<0.05 after (+) versus before (-) PKA; * indicates P<0.05 pCa 4.5 vs pCa 5.4.

0.57±0.01*

0.59±0.02* 0.57±0.02*

0.48±0.01# ‑0.02±0.01

‑0.01±0.01#

+ PKA

P2 (fraction)

0.48±0.01# ‑0.04±0.01

+ PKA

Donor

pCa 5.4

0.53±0.02

- PKA

P1 (fraction)

Donor

pCa 4.5

Group

Table 7.2. Amplitudes and rate constants of different phases of stretch activation in human tissue.

Effect of PKA on isometric force characteristics
Force measurements were repeated in 12 MYBPC3mut (28 cardiomyocytes) and
7 Donors (33 cardiomyocytes) after incubation of the cardiomyocytes with
PKA. Fmax after PKA incubation was somewhat lowered in both MYBPC3mut
(before vs. after: 19.8±2.0 and 18.8±1.7 kN/m2) and Donor cardiomyocytes
(before vs. after: 29.6±2.4 and 27.7±2.3 kN/m2). This reduction is in both cases
most likely due to the decline in force output which occurs during repeated
activations. Ca2+‑sensitivity was lowered after PKA treatment in both groups,
but to a greater extent in MYBPC3mut (ΔpCa50: -0.15±0.02) than in Donor
(ΔpCa50: -0.05±0.01), abolishing the (insignificant) difference in Ca2+‑sensitivity
between MYBPC3mut and Donor at baseline (Figure 7.5A). PKA treatment
appeared not to have an effect on nH. The ktr‑pCa relation was lowered slightly,
but not significantly, after PKA incubation both in Donor and MYBPC3mut
cardiomyocytes. (Figure 7.5B)

B.
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A.

Figure 7.5. Effects of PKA incubation in Donor and MYBPC3mut cardiomyocytes.
A. Incubation with exogenous PKA lowered Ca2+‑sensitivity in both MYBPC3mut and Donor

cardiomyocytes. The effect of PKA (ΔpCa50) was significantly larger in MYBPC3mut cardiomyocytes,
as a consequence Ca2+‑sensitivity in Donor and MYBPC3mut cardiomyocytes was comparable after
PKA incubation. (-), before PKA incubation; (+), after PKA incubation. #P<0.05 after vs. before
PKA treatment. B. The rate of force redevelopment (ktr) plotted at different Ca2+‑concentrations
before (black) and after (grey) PKA incubation. m depicts Donor; n, MYBPC3mut. After
incubation with PKA, ktr was somewhat lower at the higher pCa50 values, but the PKA effect
was not significant. Differences between MYBPC3mut and Donor cardiomyocytes were also rather
small after PKA incubation and did not reach statistical significance.
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Effect of PKA on stretch activation response
The stretch activation response was also measured in the 4 Donor
(13 cardiomyocytes) and 5 MYBPC3mut (15 cardiomyocytes) samples, after
incubation with PKA. Incubation with PKA caused a minor reduction in the
amplitude of P1 in Donor and MYBPC3mut cardiomyocytes at saturating [Ca2+],
while no PKA effect on P1 was observed at submaximal [Ca2+] (Figure 7.6,
Table 7.2). The speed of force decay, krel, was significantly increased after
PKA treatment and consequently P2 was found to have a lower value. At
saturating [Ca2+], the rate of the delayed increase in force, kdf, was increased
after incubation with PKA, but the amplitude of stretch activation (P3), a
measure of total number of recruited cross‑bridges, was not altered.
After PKA incubation, the amplitude of P1 was somewhat larger at
submaximal than at saturating [Ca2+], both in MYBPC3mut and Donor
cardiomyocytes. P2 was found at a lower value at submaximal than at saturating
[Ca2+]. The relaxation speed during phase 2 (krel) appeared to be faster at
submaximal [Ca2+]. However, the speed of the delayed force redevelopment
(kdf) was slower at submaximal [Ca2+] after PKA, as was the case before PKA
incubation. No difference in P3 was seen between submaximal and saturating
[Ca2+] (Figure 7.6, Table 7.2).
The statistical analysis of the effects of PKA at saturating and submaximal
[Ca2+] revealed a somewhat mixed pattern but it can be noted that the overall
effects of PKA on the stretch activation response in MYBPC3mut and Donor
were fairly similar.
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A.

B.

DONOR

pCa 4.5

MYBPC3mut

pCa 5.4

Figure 7.6. Stretch activation response before and after PKA incubation.
A. Force activation response to PKA after 5% stretch at maximal (pCa 4.5) and B. submaximal

(pCa 5.4) Ca2+‑concentrations. Force recordings of MYBPC3mut and Donor are obtained before
(black traces) and after (grey traces) PKA incubation. Subtle changes in kinetics occurred,
which are summarized in table 7.2.
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DISCUSSION
This study is the first to examine stretch activation response and force kinetics
in human cardiomyocytes. The baseline rates of relaxation (krel) and delayed
force development (kdf) in response to stretch in MYBPC3mut and healthy Donor
cardiomyocytes were very similar and incubation of the cardiomyocytes with
PKA accelerated these rates equally. The rate of force redevelopment after a
slack test (ktr) increased with increasing Ca2+‑concentration both in MYBPC3mut
and Donor cardiomyocytes. This suggests cross‑bridge kinetics in this patient
group are preserved and that the depressed maximal force development
observed is not explained by a perturbation of cross‑bridge kinetics.
Protein composition
Expression of full‑length cMyBP‑C was significantly lower in MYBPC3mut than
in Donor, while the phosphorylation level was similar. This extends our previous
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results (Chapters 5 and 6)90 and since this pattern of cMyBP‑C has not been
described in heart failure patients before, it appears unique for HCM patients
with a MYBPC3 mutation. The cTnI phosphorylation level was decreased in
MYBPC3mut compared to Donor, which is in agreement with other studies in
end‑stage heart failure patients and thus might be a general feature of the
disease.48;72;74
Altered baseline isometric force characteristics in MYBPC3mut
The decreased Fmax measured in this group of MYBPC3mut patients extends
our previous observations in a patient population with truncation mutations
(Chapter 5).90 The current patient group included patients with splice site
mutations, in which Fmax was decreased as well (patient 5: 24.3±2.8; patient
33: 28.5±6.5; patient 36: 26.9±0.5 kN/m2). The maximal force development did
not correlate with the level of cMyBP‑C expression in MYBPC3mut (R2=0.11,
P=0.25. Figure 7.7A, dashed line) or in both MYBPC3mut and Donor (R2=0.08,
P=0.21. Figure 7.7A, solid line).
Variation in pCa50 was large among MYBPC3mut patients, but did not
appear to be related to the kind of mutation in a patient (Figure 7.2C).
Recently, Hoskins et al.96 reported a significant decrease in Fmax and an
increase in pCa50 in a group consisting of HCM patients with MYBPC3,
MYH7 or unknown mutations, which is in agreement with these findings.
The reduction in cTnI phosphorylation described above might account for this
increase in Ca2+‑sensitivity.
Effect of PKA on isometric force characteristics
The decreased Fmax in MYBPC3mut was not restored after PKA incubation,
indicating that hypophosphoryation of the PKA target proteins is not the
cause of the depressed Fmax in MYBPC3mut cardiomyocytes. Since we measured
force in single cardiomyocytes, the decreased Fmax also can not be explained by
cardiomyocyte disarray frequently observed in HCM. cMyBP-C also plays a role
in maintaining sarcomere integrity.30;172 Hence, its reduced expression might
give rise to structural abnormalities such as myofibrillar disarray and thereby
explain the reduced Fmax.
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PKA incubation normalized Ca2+‑sensitivity in MYBPC3mut, confirming the
results of our previous study.90 As noted above this could be attributed to the
decrease in cTnI phosphorylation at the well-known PKA-sites Ser23 and Ser24
in patients compared to Donor, but targets on cMyBP-C152 and titin173 might
be involved as well.
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Figure 7.7. Correlations between force characteristics and cMyBP‑C expression level.
A. Maximal force development did not correlate with the level of cMyBP‑C expression.
B. Overall, there was no correlation between ktr at saturating [Ca2+] and cMyBP‑C expression

in MYBPC3mut and Donor. In the MYBPC3mut cardiomyocytes alone, ktr at saturating [Ca2+] had
an inverse relation to cMyBP‑C expression. C. ktr correlated positively with Fmax. m depicts
individual Donors; l, c.2373dupG; n, c.2864delCT; u, c.927‑2A>G; p, c.1458‑1G>C; Solid lines,
regression lines of all data points; dashed line, regression lines of MYBPC3mut group.

Role of cMyBP‑C in cross‑bridge kinetics
We observed very similar ktr values in MYBPC3mut and Donor cardiomyocytes
both at saturating and submaximal [Ca2+]. Since ktr represents the sum of the
apparent attachment rate (fapp) and detachment rate (gapp)174 and assuming
that fapp depends on the activation level whereas gapp does not (see e.g.
Millar et al.175; de Tombe et al.176), our results suggest that both fapp and gapp
remain unaltered in our patient group. Hoskins et al.96 provided evidence
for a 10% increase in ktr at maximal activation in myectomy samples from
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HCM patients whereas, in fact, the average ktr value at saturating [Ca2+] in
our patient group was somewhat lower than that observed in healthy Donor
tissue. This difference might be due to the mixed composition of their patient
group, which included patients with a MYH7 mutation, encoding for the
b‑myosin heavy chain which contains the catalytic site where ATP hydrolysis
takes place. The relation between Fmax and ktr was positive; ktr was faster
in cardiomyocytes with higher Fmax (R2=0.23, P=0.04. Figure 7.7C) In the
MYBPC3mut group alone, this correlation did not reach significance (R2=0.24,
P=0.11. Figure 7.7C).
Stelzer et al. demonstrated that ablation of cMyBP‑C in MyBP‑C knock out
mice led to accelerated force redevelopment and stretch activation response
at submaximal [Ca2+],34;41;120 and suggested that this could be the cause of the
systolic dysfunction observed in these mice.32 This stimulated us to study
stretch activation kinetics in HCM patients carrying MYBPC3 mutations.
Although the general shapes of force redevelopment and the stretch activation
responses were very similar in mice and men, our study revealed important
species differences. Firstly, force kinetics are much faster in mice than in
men. The ktr at maximal activation was 30.0±1.5 s-1 at 22°C in wild type mice,34
which was 40 times faster than in human donor cardiomyocytes (0.75±0.1 s-1 at
15°C). The rate of relaxation (krel) and delayed force redevelopment (kdf) during
stretch activation were about 30-35 times faster in mice than in human.120
Evidence suggests that this difference can only partly be attributed to the
dominant myosin isoform, which is a‑myosin heavy chain in mice in contrast
to b‑myosin heavy chain in human.177;178 A second difference between mice and
men notable is that in MyBP‑C knock out mice, krel and kdf at submaximal
activation were faster than in wild type mice, while in humans these rates
were comparable in MYBPC3mut and Donor at the two levels of activation
investigated.
Cardiac tissue in which we studied stretch activation response
still contained 51±4% of full‑length cMyBP‑C expression relative to the
amount detected in Donor. In the homozygous knock out mice studied by
Stelzer et al.34;52;120 and Korte et al.41 no cMyBP‑C was detected in the heart.
However, hearts from cMyBP‑C knock out mice in which 72% cMyBP‑C
was re‑expressed performed similar to wild type mice in stretch activation
measurements.179 There was a weak inverse correlation between ktr at
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saturating [Ca2+] and cMyBP‑C expression in MYBPC3mut cardiomyocytes
(R2= 0.33, P=0.05. Figure 7.7B), but this correlation was absent when Donor
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cardiomyocytes were included in the analysis (R2=0.04, P=0.43. Figure 7.7B).
Therefore, we propose that the reduced expression of cMyBP‑C in MYBPC3mut
patients might still be sufficient to maintain proper cross‑bridge kinetics in
these patients. It should be noted that we can not exclude that the regulatory
effects of cMyBP-C on cross-bridge kinetics in human myocardium could be
less than in mice hearts and thereby more difficult to resolve in a patient
group with intrinsic variation. However, the results discussed below suggest
that this is not the case.
Effect of PKA on cross‑bridge kinetics
We observed a faster krel after PKA incubation both at saturating and at
submaximal [Ca2+]. The speed of delayed force redevelopment (kdf) was faster
only at saturating [Ca2+] and not at submaximal activation. Importantly, the
effects of PKA were similar in Donor and MYBPC3mut cardiomyocytes. The
relative effect of PKA on krel at submaximal [Ca2+] in human and in mice was
rather similar: after PKA incubation krel was 1.4 times faster in human and
1.5 times faster in mice.165
Incubation of mice myocardium with PKA accelerated stretch activation
in wild type mice, but not in cMyBP‑C knock out mice, and this acceleration
was specifically ascribed to cMyBP‑C.52;165 After PKA incubation, kinetics in
wild type mice were as fast as in cMyBP‑C knock out mice.165 Our study
indicates that the acceleration in kinetics after phosphorylation of cMyBP‑C
in MYBPC3mut and Donor applied during phase 2 of the stretch activation
(krel) and the rate of delayed force development during phase 3 (kdf) both
at saturating and submaximal [Ca2+]. This indicates that mechanistically the
effects of PKA on stretch activation kinetics in human tissue are very similar
to those in mice.
In our previous studies (Chapters 5 and 6) as well as in this study we
observed that the cMyBP-C phosphorylation levels in the patients carrying the
MYBPC3 mutations were very similar to those in the control donor tissue,90
whereas the phosphorylation of another target of PKA, cTnI was reduced.
Assuming that the effects of PKA on cross-bridge kinetics are governed by
cMyBP-C phosphorylation, it is not surprising that the effects of PKA on
stretch activation kinetics in MYBPC3mut and Donor were the same.
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Conclusion
In summary, we found no significant alterations in cross‑bridge kinetics in
HCM patients with a MYBPC3 mutation. The presence of normal cMyBP‑C,
although at a lower expression level, in these heterozygous patients might be
sufficient to preserve cross‑bridge kinetics. This indicates that the depressed
maximal force development in this patient group is not explained by perturbation
of cross‑bridge kinetics but by another mechanism, e.g. post translational
protein modifications or subcellular alterations such as myofibrillar disarray.
Incubation with PKA accelerated stretch activation kinetics, most likely via
phosphorylation of cMyBP‑C, indicating that these patients remain able to
respond to b‑adrenergic receptor stimulation.
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