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ABSTRACT

Background: The super-relaxed state of myosin (SRX) plays a fundamental role in maintaining the low
resting metabolic rate of skeletal muscle. Our previous work on this state has been in animal models.
Piperine is a small molecule that has been shown to destabilize the SRX in rabbit fast twitch fibers.
Methods: Here we extend this work to human muscle obtained from biopsies of the vastus lateralis of
both lean and obese subjects. The slow release of nucleotides by myosin in the SRX was measured by
incubating permeable fibers in a fluorescent analog of ATP and chasing with ATP.

Results: The fraction of myosin heads in the SRX was 0.48 + 0.04 with a lifetime of 148 + 5 s in lean
subjects and a fraction of 0.41 + 0.05 and a lifetime of 176 + 7 s in obese subjects. Addition of 100 uM
piperine decreased the SRX population by 43 + 7% in lean subjects and 36 + 7% in obese subjects, with
little change in lifetimes. Addition of piperine to human cardiac cells had no effect on the SRX, a
requirement for a drug to treat metabolic diseases.

Conclusions: In human muscle the SRX and its responses to piperine are similar to those seen previously,
with no significant differences between muscles from lean and obese subjects. Thus analogs of piperine
that have greater specificity could provide effective treatment for metabolic diseases. The SRX provides a

potential mechanism contributing to the large dynamic range of metabolic rate.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

We previously identified a state of myosin in relaxed muscle
with a very slow ATP turnover rate, terming it the “super-relaxed
state” (SRX) [1].! We observed the SRX slow nucleotide turnover in
the presence of faster ATPase activities using single nucleotide
turnovers, incubating single fibers in a fluorescent analog of ATP
(mantATP) and chasing with ATP (see Fig. 1). The SRX has been
associated with a structure called the interacting-heads motif
(IHM) in which myosin interaction with actin and its basal ATPase
are both inhibited by myosin heads interacting with each other and
folding back onto the myosin tails making up their filament
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1 Abbreviations: SRX, super-relaxed state; IHM, interacting-heads motif; DRX,
disordered relaxed state; mantATP, 2'/3’-O-(N-methylanthraniloyl)-adenosine-5'-
triphosphate; RLC, myosin regulatory light chain; EPOC, excess post-exercise oxy-
gen consumption; BMI, Body mass index; P2, the fraction of fluorescent nucleotides
that are released slowly during the chase phase; T2, the lifetime of P2 i.e. the slow
phase.
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backbone [2]. The IHM has been observed in a variety of muscles
and predates the origin of animals [3]. The SRX and the IHM
respond similarly to a number of interventions, including temper-
ature and small molecule inhibitors. For example, we previously
showed by EPR spectroscopy that spin-labeled nucleotides bound
to myosin in relaxed rabbit skeletal muscle had an oriented spectra
in the presence of blebbistatin, which is known to stabilize the [HM
[4]. The EPR spectrum was similar to that of tarantula fibers without
blebbistatin, known to have a particularly stable IHM and robust
SRX, supporting the hypothesis that the IHM structurally underlies
the SRX’s low ATP turnover rate [5].

Myosin heads in the SRX are in a dynamic equilibrium with a
disordered relaxed state (DRX), in which they have an ATPase ac-
tivity similar to that observed for purified myosin, approximately
tenfold faster than in the SRX. To conserve energy, most myosins at
in vivo temperatures are in the SRX. If all the myosins were in the
DRX, they would metabolize an additional ~1000 Cal per day,
increasing whole body metabolic rate ~50% [6]. Thus, pharmaceu-
ticals that destabilize the SRX would provide an effective strategy
for treating obesity and type 2 diabetes [7]. This would be partic-
ularly useful in cases where efforts to reverse the disease process,
such as dieting and/or exercise, may stimulate a loss in resting
metabolic rate [8], measured to be as large as 800 Cal per day
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Fig. 1. Measuring the SRX in human fibers. The intensity of the fiber fluorescence,
relative to the pre-chase value, is plotted as a function of time during the chase phase
of the single nucleotide turnover measurements in the presence (blue circles) or
absence (red squares) of 100 uM piperine. Human fibers were obtained from lean
subjects. The fibers were first incubated in the fluorescent ATP analog, mantATP, and
then chased with ATP. Fiber fluorescence decreases in two phases, a fast phase that is
largely completed in roughly 20—30 s, followed by a slow phase with a lifetime of
minutes. The slow phase arises from the slow release of nucleotides by myosin in the
SRX. The slower phase has a decreased population in the presence of piperine, showing
that the SRX has been partially destabilized. Fits to the data for control defined
P2 = 031 + 0.01, T2 = 157 + 9 s; and with piperine P2 = 0.21 + 0.01, T2 = 157 + 12 s.
Data averaged over a number of fibers is summarized in Table 1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

occurring years after a weight-loss intervention [9]. A number of
laboratories and biotechnology companies are actively pursuing
the quest to discover such pharmaceuticals.

We recently carried out a screen of 2100 compounds, discov-
ering an effect by the small molecule piperine, the active compound
of black pepper, which had many of the qualities desired for
treating obesity and type 2 diabetes [7]. This molecule destabilizes
the SRX, is specific for fast twitch skeletal muscle having no effect
on cardiac muscle, and has no effect on the mechanics of activated
muscle. Studies by several other laboratories have shown that
piperine was effective in reducing weight gain in rodents and
improving blood glucose levels [10—12]. However, the affinity for
its target, Kd = 3 pM, is too low to be a pharmaceutical in humans.
Thus, further work is needed to find compounds with greater
specificity.

All of the above work on the SRX has been carried out in animal
models, mostly rabbits [1] and rodents [13]. A study of the pa-
rameters of the SRX in vastus lateralis muscle of three human
subjects reported on the effects of fiber type [14]. They find that the
population of the SRX is smaller in type IIA fibers than in type I or
type IIAX. The value of the lifetime is shorter in type IIAX fibers. The
data reported here are in broad agreement with theirs with the
exception that the lifetime of the SRX in their report is shorter,
80—100 s, than the value reported here of approximately 160 s. This
longer value is closer to that observed in rabbit muscle of 250 s [1].

The Holy Grail in the field of the SRX in skeletal muscle is the
possibility of developing pharmaceuticals for treating metabolic
diseases and the elucidation of the role of the SRX in whole body
metabolism [6]. We have oriented our studies on the further
development of a possible pharmaceutical to treat metabolic dis-
eases, piperine [7]. We show that piperine-like molecules with
greater affinity for myosin would provide effective treatments for
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the metabolic diseases, obesity and type 2 diabetes. We conclude
with a discussion of the role of the SRX in human metabolism in the
presence and absence of piperine-like compounds. We focus on the
role of muscle activity and its disordering of the SRX via myosin
regulatory light chain phosphorylation leading to thermogenesis by
myosin heads in the DRX [1,15].

2. Materials and methods
2.1. Fibers and solutions

Biopsy samples taken from the quadriceps (vastus lateralis)
were obtained from the Center for Muscle Biology at the University
of Kentucky. Samples were acquired from both lean and obese
subjects, flash frozen in liquid nitrogen and shipped on dry ice. The
only information provided on the donors was their BMI. Strips of
human cardiac tissue were obtained from the left ventricle, and
were a gift from MyoKardia.

Fibers were stored at —20 °C in a solution of rigor buffer and
glycerol mixed 50/50. The Rigor buffer contained: 50 mM 3-(N-
morpholino)propanesulfonic acid, 120 mM potassium acetate,
5 mM magnesium chloride, 5 mM EGTA, 4 mM DTT, and 5 mM
potassium phosphate, pH = 6.8. Relaxing buffers were obtained by
the addition of 4 mM ATP or 250 pM mantATP to the Rigor buffer.

2.2. Characterization of fiber properties

Single nucleotide turnovers were measured in flow cells as
described previously at a temperature of 25 °C [1]. Data were fit
with a 2 exponential function as described previously [1].

3. Results
3.1. Measuring the SRX

The SRX was measured using permeable muscle fiber prepara-
tions. These are fibers from which the cell membrane has been
rendered permeable using chemical methods, in this case high
concentrations of glycerol. This is a preparation widely used in the
field, allowing the proteins of the myofibril to be bathed in a so-
lution of choice. In order to measure the slow release of nucleotides
from myosin in the SRX in the presence of other faster enzymes,
single muscle fibers were mounted in a flow cell, incubated in the
fluorescent ATP analog 2’/3’-O-(N-methylanthraniloyl)-adenosine-
5’-triphosphate i.e. mantATP, and then chased with ATP [1]. The
decay in fluorescence intensity during the chase phase is shown as
a function of time in Fig. 1. Myosin heads in the DRX hydrolyze and
release nucleotides quickly, resulting in a rapid phase of fluores-
cence decay, within roughly 20—30 s. This is followed by a slow
release of nucleotides by myosin heads in the SRX. Fig. 1 is a typical
decay of fluorescence during the chase phase. The decay in fluo-
rescence was fit with a bi-exponential function having the fast and
slow decay fractions P1 and P2, respectively, with lifetimes of T1
and T2 [1]. The averaged data from a number of fibers are shown in
Table 1. These data show that human fibers display an SRX with a
population and lifetime similar to that seen in rabbit muscle [1].
This result is not surprising given the high degree of conservation of
the SRX [3]

3.2. Correcting raw data for nonspecific binding

Determining mantATP binding specificity is important for
analyzing the data [1]. To address this, fibers were first incubated in
mantATP along with an additional 4 mM ATP. The ATP will compete
with the mantATP for specific binding sites on the fiber. This is then
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Table 1
Populations and lifetimes (T2) for the SRX
Control Piperine
SRX population T2 SRX population T2
Lean 0.48 + 0.04 148 +5 0.36 + 0.04 157+ 6
Obese 0.41 + 0.05 176 +7 033 + 0.04 170+ 7

Errors shown are SEM for n =170 for lean subjects and n = 110 for obese subjects.
The SRX population is the fraction of myosin heads that are in the SRX state, derived
by correcting P2 for non-specifically bound nucleotides as described in section 3.2.

chased with ATP. Fig. 2 shows that approximately half of the mant
nucleotides remain bound in the presence of competing ATP i.e. are
nucleotides bound non-specifically to the fiber. Results from mul-
tiple fibers showed that 42 + 2% bound non-specifically. Thus the
population of myosin heads in the SRX = P2/(1—-0.42). The data of
Fig. 2 show that almost all of the nucleotides released slowly arose
from nucleotides bound to specific sites in the fiber. These results
are very similar to those obtained in rabbit fibers [1]. In the
following discussion we will refer to the populations of the SRX
adjusted for specificity by the above equation.

3.3. No dependence of the SRX on body mass index (BMI)

Samples were obtained from 3 lean subjects, BMI 24, 24 and 25,
and from 3 obese subjects, BMI 33, 38 and 45. Although there were
significant differences in SRX populations between individuals,
there was little dependence on BMI; a straight line fit to a plot of
SRX population as a function of BMI has a slope that is not signif-
icantly different from zero. For the lean subjects the SRX pop-
ulations were 0.41, 0.47 and 0.57, respectively, averaging 0.48. For
the obese subjects they were 0.34, 0.50, and 0.36, respectively,
averaging 0.41. The populations seen here are close to that found in
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Fig. 2. Measuring the fraction of mant nucleotides bound specifically to the fiber. The
fiber was first incubated in mantATP and at 100 s chased with ATP similar to the
control fiber in Fig. 1, red squares. The fit to the decay curve during the chase defined
P2 = 0.29 + 0.01; T2 = 170 + 7 s. The fiber was then washed with rigor buffer and
incubated again, in mantATP with an additional 4 mM ATP. The presence of the ATP
competes off mantATP from sites that bind ATP specifically, blue circles. As can be seen,
approximately half of the nucleotides are no longer bound to the fiber. An average of
ten experiments showed 42 + 3% of the nucleotides bound nonspecifically. The fiber
was then chased with ATP starting at 100 s. The slow release of nucleotides seen in the
absence of competing ATP is much reduced, showing that the slow release of nucle-
otides comes from ATP specific sites. A fit to the data during the chase defined
P2 = 0.05 + 0.02, T2 = 160 + 15 s. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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rabbit, 0.57 + 0.07 [1] and in a recent study of human muscle [14].
These populations are for our in vitro assays at 25 °C. The SRX is
more stable at higher temperatures, and at 37 °C e.g. in vivo the SRX
populations would be approximately 75%. The SRX populations
may reflect real biological differences between individuals. How-
ever, it may also be due to other factors such as sample handling,
etc. There was much less variation in T2, which has an average value
for all samples of 162 + 12 s. We conclude that, as measured in our
assay system, the parameters of the SRX do not depend signifi-
cantly on BMI. Measurements within this in vitro system do not
preclude the possibility that in vivo post translational modifications
could alter the SRX differently as a function of factors related to
BMI. Table 1 shows the associated SRX populations and their life-
times averaged for lean and obese individuals.

3.4. Piperine destabilizes the SRX

Piperine is a small molecule shown previously to destabilize the
SRX in rabbit muscle [7]. To determine whether it has a similar
effect in humans, muscle fibers were incubated and chased as
described above, washed in rigor buffer, and run again using so-
lutions containing 100 pM piperine. As shown in Fig. 1, piperine
destabilizes the SRX. Table 1 shows the results for lean and obese
subjects, obtained by averaging for each subject then averaging the
subjects. If the data are first averaged for each category, piperine is
found to destabilize the SRX in lean and obese by 43 + 7% and
36 + 7%, respectively. Piperine had no effect on the lifetime of the
SRX for samples from either lean or obese humans, in contrast to
results found in rabbit where it inhibited lifetime by 29% [7].

3.5. Piperine does not affect human cardiac muscle

Of particular importance in the development of pharmaceuticals
to treat metabolic disease in humans is the requirement that the
pharmaceutical be specific for skeletal muscle and have no effect on
cardiac muscle. In our previous work on piperine in rabbit muscles
this was in fact the case [7]. To check whether this was the case in
human cardiac tissue, we repeated the experiment using human
cardiac ventricular strips. As shown in Fig. 3, piperine had no effect
on the population or lifetime of the SRX. The value of P2 seen here,
0.27 + 0.02, is similar to the P2 observed previously in human
cardiac cells of 0.25 + 0.02 [16].

4. Discussion

Here we show that the population of the SRX in human skeletal
muscle has the same magnitude as other organisms previously
studied (rabbit and rodent), as well as in a recent study of human
muscle [14]. It is remarkably resilient (similar magnitude) with
different body mass indices, and is reduced by piperine [1,13]. The
lifetime averaged over all conditions, 162 + 13 s, is a little shorter
than for rabbit, ~250 s [1], but longer than previously seen for
human, ~90 s. The specificity of fluorescent nucleotide binding is
very similar in rabbit and human fibers. This parameter is necessary
to interpret the data in terms of populations of the SRX (discussed
in section 3.2). Critical to the future consideration of piperine-like
pharmacological agents, there is no effect of piperine on human
cardiac muscle cells. For a pharmaceutical used to treat obesity and
type 2 diabetes, any effect on cardiac cells would cause an unac-
ceptable side effect. This is similar to previous observations of no
effect on rabbit cardiac cells [7]. We conclude that previous ob-
servations of the effects of piperine on the SRX in other model
systems are applicable to human muscles. Previous studies of the
effect of piperine in rodents had shown that it is effective at pre-
venting diet-induced obesity and type 2 diabetes [10—12]. No
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Fig. 3. Effect of piperine on human cardiac cells in the absence, red squares, and
presence of 100 uM piperine, blue circles. The experiment was carried out following
the same protocols as described in the legend to Fig. 1, with the exception that the
muscle sample was a strip of cardiac cells taken from the left ventricle of a human
subject. As can be seen, piperine has little effect on the SRX. Fits to the data showed
that the fractions of fluorescence that decayed slowly, P2, were 0.27 + 0.02 for control
and 0.29 + 0.02 with piperine, with respective lifetimes of 180 + 18 and 171 + 14 s. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

mechanism for this effect was identified, and we have suggested
that it was due to the effect of piperine on the SRX [7]. Assuming
that a piperine-like compound disordered 40% of the myosin heads
from the SRX to the DRX, one can calculate using known human
myosin kinetics that whole-body metabolic rate would increase
~400 Calories per day, providing an effective treatment for obesity
and type 2 diabetes [7].

What role could the SRX play in whole body metabolic rate
during everyday life? One pathway known to regulate the SRX is
phosphorylation of the myosin regulatory light chain (RLC), which
disorders the binding of the myosin heads to the core of the thick
filament (for a review see Ref. [15]). The disordered heads are
available to bind to actin, potentiating twitch force. However, they
would also lead to greater ATPase activity in the DRX and thus
greater thermogenesis [1,6], analogous to futile cycling of protons
in mitochondria or calcium in the sarcoplasmic reticulum [17].
There have been only a few papers exploring the extent of myosin
phosphorylation in humans. Houston and coworkers measured
phosphorylation before and after exercise in human subjects in a
series of papers, see for example [18,19] reviewed in Refs. [15].
Resting levels of RLC phosphorylation ranged from 0.30 to 0.50,
rose to 0.4—0.8 after maximum voluntary contractions (nearly
doubling phosphorylation after 10 s contractions), and dephos-
phorylated back to resting levels after 10—30 min. Results were
similar in fast and slow twitch fibers. These results, showing high
levels of initial RLC phosphorylation and increasing close to
maximum during brief exercise, then decaying relatively slowly, all
argue that RLC phosphorylation levels are high in active in-
dividuals. Previous work in rabbit muscle showed that >50% RLC
phosphorylation disordered 35% of the SRX [1]. Assuming a similar
result for human muscle, and further assuming that active in-
dividuals have up to 50% phosphorylation during waking hours
suggests that metabolism due to myosin phosphorylation would
approach 300 Calories/day, or about 15% of total daily expenditure.
Another physiological process influencing the SRX is mechano-
sensing, whereby a stretch of the muscle disorders the SRX [20].
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However, this is probably playing a role mainly in activating the
muscle, with tension partitioning the myosin population into the
DRX, further increasing the force being generated in proportion to
the tension against which the force is applied.

While increased metabolism due to myosin RLC phosphoryla-
tion has not been measured directly, in fact greater metabolic ac-
tivity is observed following active contraction, called excess post-
exercise oxygen consumption (EPOC) [21]. The time course of
EPOC is complex, but one component, the initial 5—10 min, is
similar to twitch potentiation and RLC phosphorylation. The ther-
mogenesis associated with EPOC adds to the energetic costs of the
activity, especially for brief and/or light activities [22]. This helps to
explain the potentially larger-than-expected benefits of standing,
walking, and fidgeting [23—25]. EPOC therefore represents a
mechanism whereby regular movement through the day could
contribute significantly to metabolic rate, with particularly short
bursts of activity (seconds to minutes in duration) potentially
harvesting the greatest caloric expenditure after movement rela-
tive to the movement itself. Although many factors contribute to
EPOC, including obligatory replacement of metabolites, etc., we
propose that thermogenesis by myosin in the DRX is one of them,
particularly for short bursts of activity that might fall more into the
category of daily living rather than exercise per se.

Recent research has shown that long periods of inactivity lead to
increased risk factors for cardiovascular disease and type 2 dia-
betes. Interrupting the inactivity with periodic bouts of moderate
exercise improves cardiovascular risk factors and glycemic control
[26—28]. Brief bouts of activity split up over time metabolize more
energy than the same total activity exerted in a single bout. For
example, when relatively sedentary humans walk briskly for 2 min
to interrupt sedentary behavior, EPOC occurs for roughly another
5 min, doubling the caloric expenditure relative to that of the
movement itself [29]. We propose that myosin phosphorylation
leading to thermogenesis by myosin heads in the DRX contributes
to the benefits of brief bouts of activity.

5. Summary

Properties of the SRX in human muscles are similar to those
seen earlier in animal models. The effect of piperine is also similar,
suggesting piperine would be a reasonable lead compound to look
for pharmaceuticals to treat metabolic disease. The properties of
the SRX are similar in muscles of lean and obese individuals. Thus,
BMI for the six individuals studied here was not determined by
genetic differences in the SRX, although the SRX could still play a
role due to differences in post-translational modifications in vivo.
The SRX has the potential to play a role in a number of areas related
to human metabolic rate, including advancing models designed
around lifestyle interventions to reduce the metabolically-related
diseases, obesity and type-2 diabetes.

The major limitation of our study is that, due to the limited
resources available to our laboratory, we could only study 6 sub-
jects. A more extensive study could have allowed better statistical
analysis and examination of more varied conditions. In particular
we think that studies of the effects of myosin phosphorylation on
the SRX in vitro, coupled with measurements of phosphorylation
levels in vivo, would be most informative.
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