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Abstract

We are developing a novel treatment for heart failure by increasing myocardial 2 deoxy-ATP
(dATP). Our studies in rodent models have shown that substitution of dATP for adenosine
triphosphate (ATP) as the energy substrate in vitro or elevation of dATP in vivo increases
myocardial contraction and that small increases in the native dATP pool of heart muscle are
sufficient to improve cardiac function. Here we report, for the first time, the effect of dATP on
human adult cardiac muscle contraction. We measured the contractile properties of chemically-
demembranated multicellular ventricular wall preparations and isolated myofibrils from human
subjects with end-stage heart failure. Isometric force was increased at both saturating and
physiologic Ca2* concentrations with dJATP compared to ATP. This resulted in an increase in the
Ca?* sensitivity of force (pCasp) by 0.06 pCa units. The rate of force redevelopment (ktg) in
demembranated wall muscle was also increased, as was the rate of contractile activation (kacT) in
isolated myofibrils, indicating increased cross-bridge binding and cycling compared with ATP in
failing human myocardium. These data suggest dATP could increase dP/dT and end systolic
pressure in failing human myocardium. Importantly, even though the magnitude and rate of force
development was increased, there was no increase in the time to 50% and 90% myofibril
relaxation. These data, along with our previous studies in rodent models shows the promise of
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elevating myocardial dATP to enhance contraction and restore cardiac pump function. These data
also support further pre-clinical evaluation of this new approach for treating heart failure.
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1. Introduction

Heart failure is a growing epidemic in developed countries, with the incidence and
prevalence rising each year [1]. Despite advancements in treatment, the five year mortality
approaches fifty percent [2]. At least half of the patients suffering from heart failure have
low systolic function [3]. However, currently available inotropic agents which increase
contractility via altering intracellular Ca2* do not improve survival in patients with heart
failure [4, 5]. Some of the reasons for failure of inotropic agents include tachyarrhythmias,
increased myocardial oxygen consumption, decreased coronary perfusion and alteration of
intracellular CaZ* [5]. Hence, there is an urgent need for development of novel agents that
improve contractility and systolic function. One way to avoid unwanted side effects may be
to directly target myofilaments to alter contractility at level of the sarcomere and motor
proteins.

In previous animal studies we found that use of 2-deoxy adenosine triphosphate (dATP)
instead of adenosine triphosphate (ATP) as the energy source improves contractility in
striated muscle by enhancing crossbridge binding and cycling kinetics and improving
allosteric activation [6-9]. In fact, increasing the dATP level from the typical <0.1% of the
adenosine nucleotide pool to 1% is enough to significantly increase contraction [10]. We
have developed a novel approach to elevate dATP in vivo by increasing the expression of the
enzyme ribonucleotide reductase (R1R2), the rate-limiting step in de novo dNTP
biosynthesis. This results in increased levels of 2-deoxy ATP (dATP). We have shown that
increasing dATP in intact cardiomyocytes via adenovirus mediated transfection increased
contractile magnitude and kinetics [10]. In addition, transgenic mice that overexpress R1R2
have increased left ventricular systolic function compared to control animals [11]. Based on
these results, overexpression of R1R2 and increased cardiomyocytes dATP constitutes an
exciting and novel therapy with potential to treat heart failure. However, before clinical
studies in humans are convened, a critical step is to test the efficacy of elevated dATP levels
on human cardiac myocardium to ensure that effect of dATP is consistent across species.

Here we report for the first time that dATP improves contraction in myocardial samples
isolated from human subjects with end-stage heart failure. By measuring isometric force of
demembranated multicellular samples we show that dATP enhances force development at
both maximal and submaximal Ca%* concentrations and increases Ca2* sensitivity of force.
We also show that for isolated myofibrils there is an increase in activated force and rate of
activation without alteration of relaxation. This study represents an important next logical
step in the progression toward using dATP therapy in a clinical setting. We conclude that
elevation of myocardial dATP has merit as an approach worth further investigation for the
treatment of heart failure and in particular patients with low systolic function.
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2. Methods

2.1. Human Left Ventricular Tissue collection

Adult heart tissue was obtained following written informed consent from subjects who were
undergoing cardiac placement of left ventricular-assist device or cardiac transplantation for
end stage heart failure under a study protocol approved by the University of Washington
Institutional Review Board. For samples from transplanted patients, a piece of the left
ventricular free wall was obtained. Samples were transported to the laboratory in cold
phosphate buffered saline solution and immediately used with preparations as detailed in
sections below. The time from harvest in the operating room to arrival to the laboratory was
less than one hour.

2.2. NTPase and In vitro motility assays

Myosin was purified on the day of acquisition from human left ventricular samples as
previously described [12]. Purified myosin was stored at 4°C and used for up to three days.
ATPase and dATPase (NTPase) activities of human cardiac myosin were measured in
presence of actin at 23°C using a colorimetric method to detect the nucleotide hydrolysis
rate as described [7]. Myosin, actin and NTP (ATP or dATP) concentrations were 0.2 UM,
10 uM and 1 mM respectively. Heavy meromyosin (HMM) was prepared by digestion of
myosin with 0.05 mg/ml chymotrypsin as previously described [7, 12, 13] and stored for up
to three days at 4°C. In vitro motility assays were performed at 30°C using unregulated
Rhodamine Phalloidin-labeled F-actin in presence of 2 mM ATP or dATP as previously
described [7, 12, 13]. Images of filaments were recorded and digitally analyzed using
custom-built software as previously described. Previously described filtering methods were
used to define non-erratically moving filaments based on the ratio of standard deviation to
mean of the velocity of the filament (0.75 cutoff). Weighted mean and standard deviation for
each condition was calculated using the deviation of each filament’s speed, the number of
filaments on each slide and in each condition, as described in our previous studies [13].
Comparison between the two groups was done on the weighted average and standard
deviation using a Two-sample T-test with equal variance.

2.3. Multicellular left ventricular force measurements

Left ventricular wall tissue was demembranated in relaxing solution (in mM: 100 KCI, 10
imidazole, 2 EGTA, 5 MgCl,, and 4 ATP) containing 50% glycerol (vol:vol) and 1% Triton
X-100 overnight at 4°C then stored in glycerinated relaxing solution at —20°C and used
within one week. Demembranating and storage solutions contained protease inhibitor
cocktail (P8340; Sigma-Aldrich). Thin left ventricular strips (189+9 um wide and 0.79+0.05
mm long) were dissected out from the trabeculated layer with fibers going in a single
direction. Ends of the strips were wrapped in aluminum T-clips and mounted between a
motor (Aurora Scientific, Model 312B) and force transducer (Aurora Scientific, Model
403A). Sarcomere length (SL) was set to 2.3 um either by direct measuring using fast
Fourier transform analysis of the preparation image obtained via MyoCam (lonOptix Corp.)
or by stretching the sample to 15% over non strained length. Steady-state force was
measured using a custom built mechanical apparatus at 15°C during Ca2* activation at
various concentrations in presence of 5 mM ATP or dATP [14] with half of the preparations
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measured first in ATP and half in dATP. Experimental solutions were maintained pH 7.0 at
15°C and contained (in mM): 15 phosphocreatine, 15 EGTA, 80 MOPS, 1 free Mg?2*, 1
DTT, and 5 Mg,ATP or 5 Mg,dATP. CaZ* concentration (reported as pCa = —log[Ca?*])
was adjusted by varying amounts of CaCl2. lonic strength was set to 0.17 M with KCI [14].
Relaxing and activating solutions were prepared using a custom software package as
described previously [15]. Passive force (pCa 9.0) was subtracted from force at other pCa
concentration to calculate Ca activated force. Force-pCa curves were fit using the Hill
Equation to calculate pCa at half maximum force (pCasgg) and slope ().

F=F);,/(1410" 75077 90)  (gq 1)

Reported pCasgg and ny values for force—pCa relationships are the average of individual ts
for each experimental curve £S.E.M.

The rate of isometric tension redevelopment (ki) was calculated in each activation solution
following a rapid release-restretch protocol[16] and fitting the resulting tension trace with
mono exponential equation [8].

F=Fy(1—e "% (Eq2)

For additional demonstration of the ability of dATP to increase contraction, force was
measured at submaximal (pCa=5.6) and maximal (pCa=4.5) Ca2* activation first in ATP,
then dATP and back to ATP. In order to eliminate the effect of the order of activation, for
one half of the samples the first ATP activation force was used and for the other half the
force of the second ATP activation was used.

2.4. Myofibril Mechanical Measurements

Small myofibril bundles were prepared from demembranated left ventricular wall tissue as
previously described [13]. Briefly, bundles were rinsed twice in Rigor solution containing 2
mM DTT and 1:200 dilution of protease inhibitor (Sigma-Aldrich, St. Louis, MO) before
being homogenized for 1 or 2 pulses of 30s at high speed, stored at 4°C, and used for up to
three days. Experiments were performed on a custom set up as previously described [13,
17]. In brief, myofibrils were mounted between two needles; one acted as a cantilever force
transducer and the other as an inflexible mount attached to a piezo-electric computer
controlled motor. A duel diode system was used to measure needle displacement and
developed force was measured based on this displacement and the known stiffness of the
needle. Needle stiffness was 2—7 nN/um for this study. Relaxing (pCa=9.0) and activating
(pCa=5.6) solutions were delivered to the mounted myofibril using a double-barreled glass
pipette. Activation and relaxation data were collected at 15°C and fit with either single-
exponential curves, linear coefficients, or 50% times as previously described [13, 17, 18].

2.5. Statistics

Comparison between groups of data was performed using paired or unpaired Student’s t test
as appropriate. All the data passed the normality test (Shapiro-Wilk method). Data are

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Moussavi-Harami et al. Page 5

expressed as mean = standard error of mean and “n” represents the number of experimental
samples in each group, and “N” represents the number of patients in each group. Statistical
significance was accepted as p<0.05 and when p> 0.05 the result was designated as not
statistically significant. In case of outliers in the data set, the interquartile range was
calculated and the outliers identified using Tukey’s method.

3. Results

3.1. Patient Characteristics

Sixteen samples were collected from fifteen patients that were enrolled in the study. For one
patient, there was sample collected both at time of left ventricular assist device (LVAD) and
transplant and used for different assays at the two time points. Thirteen out of fifteen
patients (87%) were males and the average age of the cohort was 49+13 years old (26-67
years). Twelve of the sixteen samples were collected from patients undergoing LVAD
implantation and four samples were collected at the time of cardiac transplantation. Samples
used for isometric contraction were exclusively from patients undergoing LVAD
implantation. For the myofibril measurements, NTPase and in vitro motility assays, there
was a mixture of samples at time of LVAD surgery and transplantation. The etiology of
heart failure in 87% (13 out of 15) of the patients was non-ischemic and 13% (2 out of 15)
was ischemic.

3.2. NTPase and In vitro motility assays

The Vax (actin activated) of isolated human myosin at 23° calculated by NTPase assay was
increased by sixty percent from 1.00 + 0.20 s~/head to 1.60 + 0.32 s~1/head (N=5, p=0.042)
when dATP was substituted for ATP (Figure 1A). Our in vitro motility measurements were
performed at 30°, which is closer to the physiologic temperature, and these measurements
also provide an indication of NTPase. Maximum sliding velocity (V) for isolated human
cardiac HMM was increased by 47%, from 1.78 + 0.53 pm/s to 2.62 £ 0.79 um/s (N=3),
when dATP was substituted for ATP (Figure 1B). This suggests a higher NTPase rate when
dATP is used by failing human adult myosin.

3.3. Isometric contraction of multicellular preparations

An example multicellular preparation of ventricular wall tissue from human failing
myocardium is shown in Figure 2. For each multicellular preparation, we first determined
the effect of dATP on the Ca?* sensitivity of force by activating the preparations in a series
of solutions with increasing Ca* concentrations in the presence of either ATP or dATP
(Figure 3A). The order of nucleotide used in the first curve was reversed for half of the
samples to avoid bias due to decreased force after multiple activations (run down). To
determine the Ca2* sensitivity of force, values were normalized to Fpay With either ATP or
dATP for each preparation and fitted the Hill equation (Figure 3A, Methods). Substitution of
5 mM dATP for 5 mM ATP resulted in increased Ca2* sensitivity, seen as a left-shift of the
isometric force-pCa curve (Figure 3B). The [Ca2*] required to elicit half maximum force
(pCasg) decreased from 5.68+0.03 for ATP to 5.76+0.03 (n=26, N=5, p=2.0 x 10~4). There
was no difference between the Hill coefficients (2.54 + 0.04 vs. 2.88 £ 0.05, n=21, N=5,
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p=0.21) or passive force (20.51 % 0.49 vs. 20.85 + 0.49 mN/mm?, n=26, N=5, p=0.47)
between the two groups.

Increase in active force by dATP was also determined by side-by-side measurement in ATP
and dATP containing solutions during maximal (pCa 4.5) and sub-maximal (pCa 5.6)
activations (Figure 3C, D). Maximal isometric force increased from 38.5+3.9 mN/mm?2 with
ATP to 42.8+4.4 mN/mm? with dATP (p=3.89 x 1075, n =25, N=5), which corresponds to
an 11% increase. The effect was greater at submaximal Ca2* concentration where the heart
operates. At pCa=5.6, when substituting dATP for ATP, isometric force increased by 35%
from 17.3 + 4.2 mN to 23.3 + 4.4 mN (p=1.04 x107°, n=18, N=6).

In addition to the magnitude of force, the rate of force development in muscle preparations
was also significantly increased at most levels of Ca2* activation (Figure 4). Example
tracings at pCa=5.6 are shown for ATP and dATP, indicating the faster rate of force
redevelopment. For each sample, using a rapid release and restrech protocol (Methods),
dATP increased the maximum rate of force redevelopment (ki) by <30%, from 0.62+0.01 to
0.82+0.01 51 (p=3.8 x 1074, n=25, N=5). Thus, dATP results in greater force development
at a faster rate in failing human myocardium.

To determine the nucleotide concentration dependence of changes in force caused by dATP,
we substituted 10%, 25%, 50% and 100% dATP, keeping the total concentration of ATP and
dATP at 5 mM, and measured isometric contraction in a subset of demembranated
preparations at pCa=>5.6. Within individual preparations, a nucleotide mixture containing
only 10% dATP was sufficient to significantly increase isometric force by 14%, from 26.3 +
5.1 mN/mm? to 29.9 + 5.5 mN/mm? (p=0.0091, n=11, N=4) as shown in Figure 5. The
augmentation of force by dATP appeared to be linear, from 10 to 100% dATP, with each
10% increase in dATP increasing the force by approximately 1.68 mN/mm?2 (R2=0.985).

3.4. Myofibrillar contraction measurements

Small myofibril bundles were used to assess the kinetics of activation and relaxation. To
control for the effects of repeated activations, separate myofibril bundles from each patient
were activated and relaxed at pCa 5.6 in the presence of 2 mM ATP and 2 mM dATP.
Figure 6A shows an example of activation and relaxation of 2 myofibril bundles, one in
presence of 2 mM ATP and the other in the presence of 2 mM dATP. The force for both
traces is normalized to highlight the rates of activation and relaxation. This example
demonstrates the increase in the rate of activation in the presence of dATP. The data for all
measurements is summarized in Figure 6B. The relaxation trace shows that the time course
of relaxation to baseline was similar. dATP significantly increased both force production
(76.1 + 1.0 vs. 85.9 = 6.9 mN/mm?2, p=0.039, n=27, N=7) and rate of activation (0.64 + 0.01
vs. 0.92 +£0.08 571, p=0.003, n=27, N=7) at pCa=5.6. Myofibril relaxation measurements
did not show a decrease in time to 50% (0.38 £ 0.03 vs. 0.47 + 0.05 s, p=0.064, n=16, N=7)
or 90% (4.44 £ 0.75vs.5.11 + 1.01 s, p=0.31, n=16, N=7) relaxation. Myofibril tension
relaxation consists of an initial slow (Krg|_sjow) Phase, associated with crossbridge
detachment rates, and a secondary, large amplitude fast (Krg|_ fast) phase that dominates
overall relaxation time [19]. Neither the duration (0.182 + 0.002 msec (ATP) vs. 0.194 +
0.009 s (dATP), p=0.17, n=25, N=7), nor rate of the slow phase of relaxation (KreL_ siow)
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(0.273 £ 0.009 vs. 0.310 + 0.05 s71, p=0.32, n=25, N=7) are significantly increased when
dATP was substituted for ATP. Similarly, there was no significant increase in the rate of the
fast phase of relaxation (Krg fast) (1.81 £0.03 vs. 1.70 £ 0.11 s71, p=0.29, n=27, N=7).

4. Discussion

Here we have reported the first observations of the effect of dATP on the contractile
properties of cardiac muscle from human heart failure patients. This cohort of patients have
severe systolic function (Table 1), indicating severe contractile dysfunction in the cardiac
muscle. The main findings from our studies are that dATP 1) increases human cardiac
myosin binding (to actin) and cycling kinetics and 2) the magnitude and rate of contraction
at all levels of CaZ* activation. Importantly, this occurs without altering the relaxation
properties of cardiac muscle, which can occur with other cardiac inotropes (discussed
below). Our pCas values (5.44 to 5.87 for ATP group) are within the range reported in the
literature (5.6-5.8 in non-failing hearts and 5.8-6.0 in failing heart) [20, 21]. These previous
studies were performed on skinned isolated cells rather than multicellular preparations, as in
our study.

Our previous studies in rodent models demonstrated that the magnitude and rate of force
development was increased at all CaZ* activation levels in cardiac muscle preparations when
dATP is substituted for ATP [6, 7, 10, 11]. However, there are known differences between
contractile proteins in humans and rodents. The predominant myosin subtype in human is 8-
MHC, compared to the faster a-MHC subtype that is predominant in rodents [22]. While the
two isoforms show significant homology, B-MHC exhibits a slower ATPase rate, slower
sliding velocity and maximal shortening velocity, and significantly lower power generation
capabilities [23]. At the same time, B-MHC is more energy efficient and produces the same
amount of force per crossbridge [24].

On the molecular level, differences between the two cardiac myosin isoforms are thought to
be primarily in loop 1 and loop 2 of the myosin head [25]. Our molecular dynamic
simulations predict that dATP changes the charge exposure on loop 2[26], so it was possible
that the effect of dATP could be MHC dependent. We have reported that dATP increases
force and the rate of force development at all levels of Ca2* activation in demembranated
cardiac preparations from normal and PTU treated rats, the latter of which express primarily
B-MHC respectively [8]. In a report by Schoffstall et al., porcine cardiac preparations had a
similar dATP-induced increase in maximal force production and at sub-maximal Ca2* levels
> pCa 5.5, but did not show change in Ca2* sensitivity of force, a result that was attributed
to troponin and tropomyosin isoform differences by the authors [27]. It may also be that
phosphorylation of myofilament proteins was significantly different in their cardiac muscle
preparations, as phosphorylation of proteins such as troponin I, troponin T, myosin binding
protein C and titin are known to affect the Ca2* sensitivity of force and affect the myosin
dependence of thin filament activation and force development. They did report a 47%
increase in unregulated (no troponin or tropomyosin) actin filament sliding velocity over
immobilized myosin heads via the in vitro motility assay, which is the same magnitude
increase we report for actin motility on surface covered with myosin from failing human
hearts (Figure 1B), supporting a myosin specific effect of dATP.
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The interspecies difference in ATPase rates and actin sliding velocity within a and § MHC
[22] and reported alterations in myosin subtype expression in human failing hearts [28-30]
warranted an assessment of the effect of dATP on failing human myocardium. To our
knowledge, this is the first study to evaluate the effect of dATP on the contraction of human
samples from end-stage heart failure patients. Our data demonstrate that, in addition to
augmenting cardiac muscle contraction at all levels of Ca2* activation, dATP increases
crossbridge cycling in purified human cardiac myosin and HMM. Coupled with our previous
studies, this suggests that dATP enhances crossbridge activity independent of myosin
isoform and Ca2* levels present in cardiac muscle cells. Additionally, we show that even a
minority concentration of dATP (10% dATP: 90% ATP in this study) can significantly
increase the isometric force generated in failing human myocardium at physiologic Ca?*
levels. Our isometric force measurements from both isolated myofibrils and demembranated
left ventricular samples demonstrate an increase in the magnitude (Figure 2C) and the rate of
force development (Figure 4) at all levels of Ca?* activation with dATP. Our current human
data confirms the previous mechanism that has been shown in rodents, where we
demonstrated an increase in myosin binding to actin with dATP, which leads to increased
thin filament activation at all levels of Ca?* activation, and that the level of thin filament
activation is an important determinant in the rate that force develops [7, 8]. Our data can be
interpreted using the 2-state model of crossbridge to understand how dATP improves
contraction in human cardiac samples. In the 2-state crossbridge model, the rate constants
for crossbridge attachement and force generation are summed together as fapp and rate of
crossbridge detachment is gapp. Our current data in human samples shows that dATP
increases rate of force redevelopment (ky=fapp*9app), Fmax (~ fapp/(fapp*9app) and V¢,
indicating an increase in fapy+gapp and fapp/Japp- This is also consistent with recent modeling
results from our group showing dADP stabilizes myaosin in a conformation that favors
binding to actin. Thus dATP elevates contractile activation via increased myosin binding to
actin, without extending the time of myosin-actin interaction, such that it should increase the
amount and rate of force development, but not retard the rate of myosin detachment and
muscle relaxation.

The increase in both magnitude and rate of force development at the sub-cellular and tissue
levels correlates (respectively) to systolic ventricular function, particularly the isovolumic
phase of pressure development (+dP/dT). Indeed, we have reported that +dP/dT is
significantly increased in transgenic mice with elevated [dATP] [11], in normal and
infarcted mice and infarcted pigs treated with a viral vector to overexpress R1R2 and elevate
dATP in the heart [31-33]. As such, it suggests that +dP/dT could be increased by elevating
myocardial dATP in failing human hearts. An aspect that may be unique to elevated dATP
as a treatment for heart failure may be that, in addition to improving systolic pressure
development, myocardial relaxation and the rate of ventricular pressure decline (—dP/dT) at
beginning of diastole is not prolonged and may even be improved. This may be related to
faster nucleotide hydrolysis product release by myosin with dATP as the substrate [6].

We found significant variability of pCasg between patients. The etiology of heart failure,
duration of LVAD treatment and medication profiles (Tables 1 and S1) may account for
some of these differences. We evaluated phosphorylation profile of the left ventricular wall
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preparations (3-5 per patient) used in generating the force-pCa plot using We also
performed western blot analysis of the phosphorylated S23/24 troponin | and total troponin |
of the same samples. While there was slight differences in the total phosphorylation and
tropoinin | phosphorylation between the samples, there was no relationship between pCasg
and amount of phosphorylation. However, the strength of our study is dATP had a dramatic
effect in all the samples tested despite baseline differences. In order to eliminate even the
small contribution of decreasing force with multiple activations (run down) in our samples,
we performed sequential isometric activation with ATP and dATP. We found that the
increase in force was much higher in the physiologic range of Ca2* concentrations (about
30%) compared to saturating Ca* concentrations (about 10%).

One of the limitations of our study is that it was skewed towards non-ischemic
cardiomyopathy. We would expect similar increase in contractility in other forms of systolic
heart failure. We also need to evaluate our approach in isolated cardiomyocytes treated with
R1R2 overexpression viral vector to ensure the effect is present event with the elevated
diastolic Ca%* levels seen in end-stage heart failure. ATP is an indispensable biological
molecule and in our novel therapeutic approach, we anticipate replacing less than 10% of the
ATP content by dATP. It is noted that dATP can be used instead of ATP by enzymes such
as hexokinase, polynucleotide kinase, T4 DNA ligase, T4 RNA ligase and sarcoplasmic
reticulum Ca2* dependent ATPase (SERCA) [34, 35]. It has been shown that ATP and
dATP are hydrolysed at similar rate by SERCA [34]. Whether these ATPases would have
enhanced activity with a dATP pool that is less than 10% of ATP, as is the case for
myofilament contractility, is unclear.

We have previously shown that overexpression of the enzyme ribonucleotide reductase in
rodents, using transgene or gene therapy, can improve contraction via increased dATP [10,
11]. Now we show that dATP can increase contraction in failing human myocardial tissue.
Our novel approach to treat heart failure focuses at the myofilament where the primary
contractile deficit occurs. Levosimendan and Omecamtiv mercarbil are two medications in
investigational trials that also focus on treating heart failure at the level of the myofilament.
Levosimendan is a Ca2* sensitizer [36] that binds to Ca?*-saturated cTnC. Levosimendan
does have off-target effects, such as interaction with the vascular smooth muscle K*
channel, and has shown favorable hemodynamic effects without any clear clinical benefit
[37]. Omecamtiv mercarbil enhances the ATPase activity of myosin [38], and also improves
cardiac function in both healthy volunteers and those with stable heart failure. However, this
medication increases the duration of cardiomyocyte twitches, increases systolic ejection
time, and decreases time in diastole. Furthermore, there is concern that Omecamtiv
marcarbil decreases coronary perfusion and coronary filling [39, 40]. Our approach to
treating heart failure is myofilament specific, and we have previously shown the nucleotide
dATP can transfer from one cell to another via gap junctions [41] so elevation of
ribonucleotide reductase need not be accomplished throughout the myocardium.
Additionally, cardiomyocyte contractions are stronger and faster, but not prolonged, and
both +dP/dT and —dP/dT are increased with a resulting increase in ejection fraction [10, 11].
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We have demonstrated for the first time that dJATP can increase contraction and the rate of
crossbridge cycling in cardiac muscle from patients with end-stage heart failure, without
retarding relaxation. We have used isolated protein, myofibril and multicellular assays to
show this occurs at the level of the contractile apparatus of the heart over the entire range of
Ca?* activation. Coupled with our previous and ongoing work in animal models, these data
support a novel myofilament approach for treating heart failure that warrants further pre-
clinical evaluation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ATP increases NTPase activity. A) NTPase activity of myosin from failing human

myocardium in presence of actin and 1 mM ATP or dATP (N=5). Data are reported as mean
with standard error of the mean. *p <0.05 by paired student’s t-test B) Speed of smoothly
moving actin filaments (V) over failing human cardiac heavy meromyosin in presence of 2
mM ATP (n=576 filaments) or dATP (n=1493 filaments). Data are reported as weighted
mean with standard deviation (N=3) * p< 0.05 by non-paired student’s t-test
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Figure 2.
Human end-stage heart failure left ventricular multicellular preparation. Representative

demembranated multicellular preparation under microscope. The zoomed image
demonstrates sarcomeres and it was used for measuring sarcomere length to ensure that
experiments were under isometric conditions.
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Figure 3.

dATP increases force and Ca2* sensitivity. A) Example of an experiment on human left
ventricular multicellular preparation. An initial activation at saturating Ca2* level (pCa=4.5)
is followed by activation at increasing amounts of Ca?* at pCa 6.4, 6.2, 6.0, 5.8, 5.6, 5.2 and
4.5. Each activation is followed by a rapid release-restrech protocol to determine the rate of
isometric tension redevelopment (k;;). B) Normalized and non-normalized (inset) force vs.
pCa in presence of ATP (Open Circle) vs. dATP (Closed Circle). Force is normalized to pCa
4.5 for each preparation. Data are reported as the mean and standard error for each pCa
(n=25, N=5). Data were fit to the Hill Equation and values of pCasg and m are reported in
the text. C) Representative tracing of isometric force measurement on demembranated
multicellular preparation at pCa=5.6 in presence of 5 mM ATP or dATP. D) Force measured
at saturating (pCa=4.5) and working Ca?* concentrations (pCa=5.6) in presence of 5 mM
ATP (white) or 5 mM ATP (Black). Measurements represent average and standard error of
mean. * p<0.05 by paired student’s t-test
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Figure 4.
dATP increases rate of isometric tension redevelopment following a rapid release-restretch

protocol. A) Example tracings of isometric tension redevelopment (ki) at pCa=5.6 in
presence of 5 mM ATP (Black) or dATP (Red). B) Rate of isometric tension redevelopment
(k¢r) in demembranated human failing multicellular preparations at different pCa in presence
of 5 mM ATP or dATP (n=5-21, N=5).* p< 0.05 by paired student’s t-test
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A small amount of dATP increases isometric force. Isometric force measured at pCa=5.6 in
multicellular demembranated preparations at 10%, 25%, 50% and 100% dATP compared to
100% ATP (n=11, N=4 at each dATP concentration). Measurements represent mean and
standard error of the mean. Linear regression performed on the data. * p < 0.05 compared to
100% ATP (0% dATP) by paired student’s t-test

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Moussavi-Harami et al. Page 20

WA
8 — \
= t \
o rel,slow \
W
el
[J]
g
©
€
=
S
P4
B 1s
12 04 —_— 06 S 6 P
,
03 &
=038 W =04 =4
) > s o
5 $02 n o
< g & &
04 & 0.2 2
0.1
0 + 0 4 0+ 04
ATP dATP ATP dATP ATP dATP ATP dATP
Figure 6.

dATP increases myofibril activation rate without altering relaxation. A) Typical normalized
myofibril force trace from a patient with end-stage congestive heart failure in presence of
ATP (Black) or dATP (Red). The left trace is the activation trace at pCa=5.6 and the right
trace is relaxation when switched to pCa=9.0 solution. The inset is close up of the slow
phase of relaxation. B) Rate of activation (kyc), rate of the slow phase of relaxation

(KrEL slow), time to 50% (RT50) and 90% (RT90) relaxation of human myofibrils in
presence of 2 mM ATP (white) and dATP (black). Data are reported as mean+SE (n=25-27,
N=7). * P<0.05 compared to ATP by non-paired student’s t-test
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Table 1

Demographic, clinical and echocardiographic characteristics of the patients including in this study. Data

represents mean + SD.

Demographic Data

Age (years) 48.9+13.6
Male/Female 13(87%)/2(13%)
Clinical Data
Etiology
Ischemic 2 (13%)
Non-ischemic 13 (87%)
Medications
Inotropic agents 6 (40%)
Beta blockers 8 (53%)
Angiotensin converting enzyme inhibitor/angiotensin receptor blocker | 12 (80%)
Diuretics 14 (93%)
Digoxin 11 (73%)
Echocardiographic Data
Ejection Fraction (%) 16+5
Left ventricular end-diastolic dimension (cm) 74+14
Left ventricular end-diastolic dimension (cm) 6.7+14
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