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The venom peptide maurocalcin (MCa) is atypical among toxins
because of its ability to rapidly translocate into cells and potently
activate the intracellular calcium channel type 1 ryanodine recep-
tor (RyR1). Therefore, MCa is potentially subjected to posttransla-
tional modifications within recipient cells. Here, we report that
MCa Thr26 belongs to a consensus PKA phosphorylation site and
can be phosphorylated by PKA both in vitro and after cell pene-
tration in cellulo. Unexpectedly, phosphorylation converts MCa
from positive to negative RyR1 allosteric modulator. Thr26 phos-
phorylation leads to charge neutralization of Arg24, a residue
crucial for MCa agonist activity. The functional effect of Thr26

phosphorylation is partially mimicked by aspartyl mutation. This
represents the first case, to our knowledge, of both ex situ post-
translational modification and pharmacological reprogramming of
a small natural cystine-rich peptide by target cells. So far, phos-
phorylated MCa is the first specific negative allosteric modulator
of RyR1, to our knowledge, and represents a lead compound for
further development of phosphatase-resistant analogs.

maurocalcin | phosphorylation | pharmacology | toxin | ryanodine receptor

Animal venoms represent biolibraries that are natural sources
for the discovery of a growing number of peptides with im-

portant pharmacological properties. These peptides have been in-
strumental in discriminating different subtypes of ion channels and
membrane receptors (1–3). Several of them are now approved by
the US Food and Administration for the treatment of various hu-
man pathological conditions (4). Maurocalcin (MCa) is a 33-amino
acid peptide that belongs to the family of the calcin toxins charac-
terized by their folding forming an inhibitor cystine knot motif
(5, 6). After its initial purification from the venom of the scorpion
Scorpio maurus palmatus, MCa was obtained as a synthetic peptide
that exhibits structural and pharmacological properties identical to
those of the natural peptide (7). Extensive characterization of MCa
identified it as one of the most potent effectors of ryanodine re-
ceptor type 1 (RyR1) (8, 9). RyR1 is one of the three isoforms that
make up the RyR intracellular calcium channels family. It was first
identified in skeletal muscles (10) but is also broadly expressed in
many other tissues such as pre- and postsynaptic sites within neu-
rons of the brain (11). RyR calcium channels regulate Ca2+ release
from intracellular stores, and therefore represent crucial players of
a number of physiological and toxicological processes, from muscle
contraction to gene expression (12). As a consequence, silencing of
the gene encoding RyR1 is lethal at birth (13). Despite extensive
studies of the RyR biophysical properties, only a few molecules
specifically acting on these calcium channels have been identified.
The only specific inhibitors of RyR1 known so far are ryanodine at
high concentration (14), although this compound also exhibits ag-
onist properties at low doses (15, 16), and dantrolene. Ruthenium

red lacks selectivity and cell permeability. On the agonist side, MCa
is a very informative pharmacologic tool to investigate RyR prop-
erties because of its nanomolar potency and novel ability to sta-
bilize long-lived subconductances of the channel. Accordingly,
MCa increases specific binding of [3H]-ryanodine to RyR1 with an
apparent affinity in the range of 10 to 50 nM (9). This effect results
from the ability of MCa to convert RyR1 low-affinity ryanodine
binding sites into high-affinity sites, increase RyR1 sensitivity to
activating low Ca2+ concentrations (μM), and decrease RyR1
sensitivity to inhibiting high Ca2+ concentrations (mM), with the
two latest effects probably requiring an allosteric mechanism.
MCa binding onto RyR1 also induces Ca2+ release from sarco-
plasmic reticulum vesicles (8). These effects correlate with the
induction by MCa of long-lasting subconductance open transi-
tions of purified RyR1 channels reconstituted in artificial lipid
bilayers (7, 17, 18). This positive allosteric activity of MCa is the
consequence of its interaction with a cytoplasmic RyR1 domain
that directly controls the gating of this calcium channel (19).
Production of MCa analogs after alanine scanning helped iden-
tifying critical residues involved in the positive allosteric activity
of the peptide (9, 20). The pharmacophore of MCa was re-
stricted to a few basic amino acid residues, among which Arg24
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was the most important for activity (9). Despite these extensive
studies, none of the mutations converted MCa into RyR1 antago-
nist peptide, but mostly lowered affinity or inhibited agonist effect.
It is highly unusual that a venom peptide targets an intracel-

lular receptor. Several reports indicate that MCa binds cell
surface glycosaminoglycans (21) and membrane lipids (20), and
that it rapidly translocates into cells using mechanisms akin to
cell-penetrating peptides (CPPs) (22). As a matter of fact, MCa
and CPPs share interesting structural features, such as the pres-
ence of a strong dipole moment characterized by a heavily basic
face opposing a far less charged one (23–25), with the latter being
also quite hydrophobic. Similar to a CPP, MCa proved to be ef-
ficient in the transport of several types of cargoes ranging from
drugs to peptides, proteins, and nanoparticles (22, 26–32). MCa is

the first natural CPP, to our knowledge, emerging from venom
sources and whose cytoplasm delivery and activity could be straight-
forwardly examined through the activation of RyR channels (33). It
is therefore conceivable that MCa may undergo posttranslational
modifications by target cell enzymes on delivery into the cytoplasm.
In this report, we show that MCa is a substrate of PKA in vitro,

leading to the phosphorylation of Thr26. We also demonstrate
that MCa phosphorylation happens in cellulo after translocation.
Phosphorylation of MCa leads to a fine peptide structural modi-
fication responsible for its complete pharmacological reprogram-
ming, thereby converting MCa into a RyR1 antagonist. We thus
establish for the first time, to our knowledge, that the pharmaco-
logical properties of a small cell-penetrating toxin peptide can be
dramatically modified by posttranslational modification, opening
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innovative approaches to develop negative allosteric modulators of
the RyR1 channel, with MCa P-Thr26 as a promising lead.

Results
MCa Is Phosphorylated by Protein Kinase A. Analysis of MCa se-
quence reveals a consensus R-R-X-T site of phosphorylation by
PKA at position R23R24G25T26, indicating that Thr26 may get
phosphorylated (Fig. 1A). This phosphorylation site is conserved
throughout the members of the calcin toxin family that include
imperatoxin A (34), hemicalcin (35), opicalcin 1 (6), and hadru-
calcin (36), indicating that phosphorylation may be a common
feature of these toxins acting as RyR1 agonists. Opicalcin 2 is the
only toxin of this family that lacks this consensus sequence (6).
According to the 3D structure ofMCa (23) and earlier alanine scan
studies (9, 18, 20), the domain encompassing R23R24G25T26 lays in
the pharmacophore region of the peptide, making this site both
accessible to PKA phosphorylation (23) and of potential functional
importance (SI Appendix, Fig. S1A). We first investigated in vitro
MCa phosphorylation by the catalytic subunit of PKA. Phosphor-
ylation was assessed by analytical HPLC and mass spectrometry
(MS) (SI Appendix, Fig. S1B). As shown, phosphorylation induces a
leftward shift in the HPLC profile of MCab (N-terminal bio-
tinylated version of MCa) indicative of reduced peptide hydro-
phobicity. MS spectra recording by MALDI-TOF of the resulting
product shows the appearance of an experimental molecular mass
of (M+H+)+ 4,164.19 Da (Fig. 1B, inset) corresponding to the
expected theoretical molecular mass of phosphorylated MCab
(MCab P-Thr26 at 4,164.20 Da), in addition to the mass of the
unphosphorylated one [(M+H+)+ at 4,084.70 Da]. To confirm that
phosphorylation takes place at Thr26 residue, the mutated MCab
Thr26Glu analog was used as negative control in the phosphoryla-
tion experiment. Both HPLC and MS analyses failed to detect the
appearance of phosphorylated MCab Thr26Glu (SI Appendix, Fig.
S1B). These data indicate that Ser18, the only other residue that
could experimentally undergo phosphorylation in MCa sequence, is
not targeted by PKA. Examination of MALDI-TOF spectra of
crude Maurus palmatus venom, from which MCa was originally
discovered, failed to uncover a mass corresponding to phosphory-
lated MCa. Thus, we investigated whether MCa could be phos-
phorylated after cell penetration into the cytoplasm of target cells.
After 3 h of incubation of HEK293 cells with MCab in the presence
of [32P]-orthophosphoric acid, cytoplasmic MCab was isolated and
phosphorylation witnessed by autoradiography. As shown, a 32P-
labeled band appeared in cells incubated with MCab, but not in the
absence of MCab (Fig. 1C). The identification of this band was
confirmed by streptavidin-peroxidase labeling. These data therefore
constitute evidence that MCa phosphorylation can occur ex situ and
in cellulo after cell penetration into recipient cells.

Interaction of MCa with RyR1 Is Preserved After Phosphorylation. To
produce a fully phosphorylated MCab, the chemical synthesis of
MCab P-Thr26 was performed [SI Appendix, Fig. S2 (37)].
Binding of purified RyR1 on variable concentrations of MCab or
P-MCab Thr26 was measured using streptavidin-covered beads.
Bound RyR1 was then measured by immune staining, using an-
tibody directed against RyR1 (38). As shown, the amount of
bound RyR1 increases with the concentration of MCab or P-MCab
Thr26, reaching plateau at 100 nM for MCab and 300 nM for
P-MCab Thr

26 (Fig. 2A). Apparent affinities of RyR1 are 58.2 nM
for MCab and 149.6 nM for P-MCab Thr26 (Fig. 2B). Binding of
RyR1 on MCab P-Thr26 is strongly inhibited by an excess of
nonbiotinylated MCa (Fig. 2C), indicating that MCa precludes
phosphorylated MCa binding on RyR1.

MCa Pharmacological Reprogramming by Phosphorylation. MCa is a
strong positive allosteric modulator of RyR1, and channel open-
ings have been associated with a pronounced enhancement of
[3H]-ryanodine binding (7–9, 18, 20, 39). In sharp contrast to

the reported effects of MCa, 5–10 μM MCab P-Thr
26 was found to

inhibit the binding of [3H]-ryanodine onto RyR1, provided we used
1 nM [3H]-ryanodine and assessed binding for 30 min (Fig. 3A).
Use of higher concentrations of [3H]-ryanodine and longer incu-
bation times led to the loss of this inhibition (n = 4). These data
indicate that MCa phosphorylation onto Thr26 precludes the ago-
nist effect and favors inhibition.
Next, the effect of MCab P-Thr26 was investigated on Ca2+

release from Ca2+-loaded sarcoplasmic reticulum (SR) vesicles.
As expected from earlier reports (8, 9), 50 nM MCab induces a
strong Ca2+ release from Ca2+-loaded SR vesicles despite the
maintained activity of the SR ATPase Ca2+ pump (Fig. 3B). In
contrast, a 20-fold higher concentration of MCab P-Thr

26 (1 μM)
is unable to promote net Ca2+ release from SR vesicles, whereas
a subsequent addition of 100 nM MCab still induces a strong
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release of Ca2+, indicating the functionality of the SR vesicles
(Fig. 3B). MCab P-Thr26 does not act as a weak agonist by

producing a partial depletion from SR vesicles. Indeed, the slope
of Ca2+ release from SR vesicles after loading was negative, on
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average, in the presence of 1 μM MCab P-Thr26 (SI Appendix,
Fig. S3A), and the total Ca2+ content in SR vesicles remained
identical to the nontreated SR vesicles, as assessed by Ca2+ re-
lease, triggered by the application of 1 μM of the A23187 Ca2+

ionophore (SI Appendix, Fig. S3 B and C). These results indicate
that MCa should have the ability to displace MCab P-Thr

26 from
its binding site on RyR1. Similarly, the agonists caffeine (2 mM)
and ryanodine (20 μM) were also found to keep their Ca2+

release-activating effects in the presence of 2 μM MCab P-Thr
26

(SI Appendix, Fig. S4 A and B). A more physiological process of
RyR1 activation is the process of calcium-induced calcium re-
lease (CICR), whereby cytoplasmic Ca2+ triggers RyR1 open-
ing and Ca2+ release from SR (40). Sensitivity of SR vesicles to
CICR can be measured by sequential addition of Ca2+ to the SR
vesicle medium that will lead to CICR (41). Under control con-
ditions, SR vesicle loading by seven additions of Ca2+ (280 nmol) is
required to trigger CICR, whereas induction of CICR requires up
to 13 additions of Ca2+ (520 nmol) in the presence of 1 μM MCab
P-Thr26 (Fig. 3 C and D). This result indicates that MCab P-Thr

26

attenuates the response of RyR1 to cytoplasmic activating Ca2+.
To more directly explore the inhibitory effect of MCab P-Thr

26,
we measured single-channel gating activity of RyR1 reconstituted
in bilayer lipid membranes. In the presence of optimal cytosolic
(cis) Ca2+ concentration (50 μM), typical RyR1 channels exhibit a
high open probability (Po) of 0.78 with characteristic, very short-
lived transitions to the full open state (Fig. 3E). The addition of
2 μM MCab P-Thr

26 into the cis chamber produced a very strong
channel gating inhibition in a time-dependent manner (Fig. 3E).
This time-dependent reduction in Po was invariably observed
(n = 7 channels) and suggests that multiple sites on RyR1 may
need to be occupied to see full inhibition. Kinetic analysis of RyR1
gating indicates a ∼fourfold decrease in mean open dwell time and
a ∼13-fold increase in mean closed dwell time, resulting in an
eightfold decrease in Po 10 min after addition of MCab P-Thr26

(Fig. 3F). Subsequent addition of 50 nMMCa into the cis chamber
resulted in reactivation of RyR1, as witnessed by the appearance
of the MCa-induced characteristic (7–9, 17, 18) long-lasting sub-
conductance states (Fig. 3E). Moreover, MCa-modified RyR1
channel remains responsive to 2 μM ryanodine, as witnessed by
the appearance of a different long-lasting subconductance state
(Fig. 3E). In addition to MCa and ryanodine, RyR1 channels
inhibited by 3 μM MCab P-Thr

26 could also be reactivated by the
addition of 2 mM caffeine to the cis chamber. In turn, these caf-
feine-reactivated channels remained responsive to 50 nM MCa
(SI Appendix, Fig. S5A). Altogether, evidence of reactivation of
channel activity by the RyR1 agonists MCa, ryanodine, and caf-
feine further illustrate the fact that MCa, as well as ryanodine or
caffeine, overcome the effect of MCab P-Thr26 on RyR1,
explaining why the inhibition of [3H]-ryanodine binding by MCab
P-Thr26 is difficult to observe. This overriding effect of caffeine on
Po suppression by MCab Thr26 probably occurs through an allo-
steric mechanism, considering that caffeine and calcins bind onto
distinct sites. Finally, we also determined that application of 2 μM
MCab P-Thr

26 lowers the channel Po without promoting the sub-
conductance state of RyR1, indicating again that this analog is not
a weak activator (SI Appendix, Fig. S5B). Altogether, these results
lead to the hypothesis that MCab P-Thr26 decreases RyR1 sensi-
tivity to activating Ca2+ concentrations; hence the term negative
allosteric modulator for MCab P-Thr

26.

Thr26 Phosphorylation Leads to Neutralization of the Guanidinium
Group of Arg24. Preserving the 3D structure of MCa is manda-
tory for its pharmacological activity (42). Although a pharma-
cophore has been mapped that is responsible for the agonist
activity of MCa (9, 20, 24), none of the analogs previously pro-
duced exhibit inhibitory activity. The consequences of Thr26

phosphorylation on MCa structure were thus expected to be
subtle, and were therefore fully inspected using circular dichroism,

1H-NMR, molecular modeling, and 1H-2D-NMR. Nuclear Over-
hauser effects in the amide region of MCa and MCa P-Thr26 are
identical in intensity, showing that the backbone conformation was
not altered by the phosphorylation. Both circular dichroism
spectra of MCab and MCab P-Thr

26 were identical, indicating the
preservation of the β-strands (Fig. 4A). However, the chemical
shifts of several NH protons from backbone and side chains were
altered in the region of the pharmacophore (Fig. 4B; SI Appendix,
Fig. S6A). These chemical shift variations can be explained by
alterations in the chemical environment of the atomic nuclei lo-
cated in the immediate vicinity of the phosphate group now pre-
sent onto the hydroxyl moiety of Thr26 (43). Protons of amino acid
residues 20–23 and 30–33 of MCab P-Thr26, close to the phos-
phoryl group, are indeed expected to shift orientation relative to
the peptide backbone (23). A total of 25 3D projections of MCab
P-Thr26 were modeled, using the 25 deposited structures of MCa
(Protein Data Bank ID code 1C6W). Twelve of the modeled 3D
structures were found to be in agreement with the 1H-NMR data
acquired on MCab P-Thr26 and predicted a reorientation of the
lateral chain of Arg24 and an electrostatic interaction with the
lateral chain of the phosphorylated Thr26. Three of 25 modeled
structures indicated a possible hydrogen bond interaction of the
phosphate group of Thr26 with the amine group of Asn27, but were
not compatible with the NMR data. To visualize the structural
modifications, the average 3D structure of MCab P-Thr

26 (on the
basis of the 12 NMR-coherent structures) is superimposed to the
corresponding average MCa structure (SI Appendix, Fig. S6B). As
illustrated, the predicted structural changes are observed for amino
acid residues 22–33. Nevertheless, the main observation is that the
phosphate group on Thr26 induces a strong downfield chemical shift
variation of the NHe proton of the Arg24 side chain (Fig. 4 B and C).
This chemical shift is far more pronounced than the one observed
for the NHδ proton of Asn27, indicating that the side chain of Arg24

was more likely to move than the one of Asn27 in response to Thr26

phosphorylation. To confirm the modeling data, the proximity of the
guanidinium group of Arg24 with the phosphoryl group of Thr26 was
experimentally measured by 1H-2D-NMR (SI Appendix, Fig. S7).
We compared the frequency resonance of Arg24 guanidinium NHe
proton in MCab P-Thr26 and compared it with MCa. A clear
chemical shift variation of this guanidinium group was observed,
indicating the vicinity with the phosphoryl group of Thr26. Such an
influence of the phosphoryl group was demonstrated earlier (44).
Furthermore, results from these experiments show that the Asn27

side chain is negligibly affected by the modification of Thr26, fur-
ther ruling out its contribution to the pharmacological reprog-
ramming of MCab P-Thr26. The modeled structure of MCab
P-Thr26 illustrating the arginine-phosphate electrostatic inter-
action is shown in Fig. 4D. This type of interaction has been de-
scribed to present “covalent-like” stability (45), although geometry
and distance should affect the stability of this interaction. The
resulting structure is in agreement with the reported critical role of
Arg24 in MCa activity (9). A functional role of Asn27 in the
pharmacological activity of MCab P-Thr

26, through the formation
of a hydrogen bond between the phosphate group of Thr26 and the
amine group of Asn27 (n = 3 of 25 modeled structures) (SI Ap-
pendix, Fig. S8A), was further ruled out by chemically synthesiz-
ing and testing two new analogs, MCab Asn27Ala and MCab
P-Thr26 Asn27Ala. MCab Asn27Ala fully preserves the stimulating
activity of MCa on [3H]-ryanodine binding, indicating that Asn27 is a
priori not a residue of the pharmacophore (SI Appendix, Fig. S8B).
In addition, MCab P-Thr26 Asn27Ala was found to delay, but not
inhibit, caffeine-induced Ca2+ release from SR vesicles (SI Appen-
dix, Fig. S8C). On the basis of these data, we propose that the
electrostatic interaction of Thr26 phosphate with Arg24 guanidinium
represents the structural modification of MCa that is involved in its
pharmacological reprogramming.
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Thr26 Substitution by the Negatively Charged Aspartyl Best Mimics
Phosphorylation. To test the importance of this intramolecular
electrostatic interaction between phosphorylated Thr26 and Arg24

residues, we chemically synthesized and tested on RyR1 channel
activity two closely resembling MCab analogs: MCab Thr

26Glu and
MCab Thr

26Asp. Molecular modeling indicates that the negatively
charged carboxylic function of glutamyl is unable to establish an
electrostatic interaction with the positively charged guanidinium
group of Arg24 because of the structural constraints imposed by
the rigid backbone of MCa and the superior side-chain length
(SI Appendix, Fig. S9A). The opposite was found to be true for the
aspartyl substitution (Fig. 5A). This is confirmed by 1H-2D-NMR
experiments that indicate a clear chemical shift variation of the
Arg24 guanidinium NHe proton of MCab Thr

26Asp compared with
MCa, which was not observed for MCab Thr26Glu (SI Appendix,
Fig. S7). These data confirm the importance of peptide backbone
geometry for the establishment of salt bridges (46). As shown,
2 μM MCab Thr26Asp added into the cis chamber produced a
time-dependent channel gating inhibition (Fig. 5B). However, this
inhibition was less pronounced than the one observed with MCab
P-Thr26. A kinetic analysis of the MCab Thr

26Asp-modified RyR1
channel indicates a decrease in mean open dwell time (1.9-fold)
and an increase in mean closed dwell time (1.6-fold), resulting in a
2.1-fold decrease in Po 10 min after addition of MCab Thr26Asp
(Fig. 5C). As observed with MCab P-Thr26, the MCab Thr26Asp-
modified RyR1 channel activity remains responsive to the se-
quential addition of 50 nMMCa and of 2 μM ryanodine (Fig. 5B).
In contrast, 2 μM MCab Thr26Glu increases Po of RyR1 chan-
nels without stabilizing subconductances characteristic of MCa
(SI Appendix, Fig. S9B), and recordings lasting several minutes fail
to promote subsequent channel inhibition observed with either
MCab P-Thr26 or MCab Thr26Asp. Finally, with regard to Ca2+

release from SR, MCab Thr26Asp also does not trigger Ca2+ re-
lease but remains sensitive to 2 mM caffeine or 20 μM ryanodine,
akin to MCab P-Thr

26 (SI Appendix, Fig. S10). Collectively, these
data indicate that Thr26 is critical for conferring nanomolar affinity
and stabilizing channel subconductance behavior characteristic of
MCa. Pharmacological reprogramming of MCa is highly dependent
on both the precise electrostatic interaction between MCab P-Thr

26

or its phosphomimic MCab Thr
26Asp and Arg24 and the distance of

the negative charge on the Thr26 side chain from the ridged MCa
backbone (e.g., MCab Thr

26Asp vs. MCab Thr
26Glu).

Discussion
Posttranslational modifications such as phosphorylation control
the function of a large number of proteins by modifying their ability
to interact with their partners and/or by altering their activity (47).
Often phosphorylation sites have been found to be located on
binding interfaces and to modulate strength of interaction and
function (48). Concerning toxins, a number of posttranslational
modifications have been reported, all occurring in situ at the site of
production within venom glands, and include proteolytic process-
ing, disulphide bridge formation, carboxylation of glutamic acid,
bromination of tryptophan, epimerization of some amino acids,
cyclization of N-terminal glutamine, and O-glycosylation, to name
a few (49). It is of interest that peptides from Conus venoms are
among the most highly posttranslationally modified gene products
(49). In this study, we investigated whether the venom peptide
MCa could be phosphorylated ex situ within target cells and ex-
amined the consequences of this phosphorylation on its pharma-
cological properties. MCa presents an interesting combination of
features, rarely encountered for peptide toxins, to cross the plasma
membrane and to act on an intracellular ion channel target (i.e.,
RyR1). We report that MCa is a substrate of PKA in vitro and is
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also phosphorylated in cellulo after cell penetration. To our
knowledge, this is the first reported case of an exogenous bioactive
peptide that gets phosphorylated within host cells. Probably the
most significant discovery is that phosphorylation of MCa pro-
vokes its complete pharmacological reprogramming, converting
MCa toward an inhibitor of RyR1 activity. Earlier reports about
cell phosphorylation of exogenous material concerned clostridial
neurotoxins (botulinum neurotoxins A, B, and E and tetanus
neurotoxin) (50), but these are very large proteins compared with
MCa, and phosphorylation does not negate the activity of these
toxins. We provide a clue on how phosphorylation may induce
such a drastic change in pharmacological properties of MCa. It is
shown here that the negative charge or charges introduced by the
phosphate group contribute to both loss of positive allosteric
modulation and neutralization of the guanidinium group of Arg24,
leading to the conversion toward negative allosteric modulation.
The channel bilayer and Ca2+ release experiments indicate that
MCab P-Thr26 and MCab Thr26Asp reduce channel activity and

delay CICR without producing stable subconductances, which is a
hallmark of nonphosphorylated MCa, and without fully blocking
the channel even at high concentrations. Importantly, the ob-
served MCab P-Thr26 and MCab Thr26Asp effect is the result of
forcing the channel to adopt a more “normal” activity, similar to
that observed in low cytoplasmic Ca2+, with classical characteristic
rapid gating full transitions of RyR1 openings and closings. We
thus propose that MCab P-Thr

26 and MCab Thr
26Asp modify the

agonist effect of Ca2+ on RyR1; hence the term negative allosteric
modulators for these peptides. MCa itself remains a positive al-
losteric modulator for favoring the activating role of cytoplasmic
Ca2+ (9). With regard to [3H]-ryanodine binding, we observed a
mild inhibition by MCab P-Thr

26 only when performing binding in
the presence of low concentrations of [3H]-ryanodine and for a
short incubation time. Higher ryanodine concentrations (50 nM)
and longer incubation times completely prevented the MCab
P-Thr26 effect. This might be explained by both possible de-
phosphorylation of MCab P-Thr26 during the time course of the
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experiment with dephosphorylated MCa overriding the effect of
MCab P-Thr26, and/or ryanodine itself precluding MCab P-Thr26

effect, as supported by results obtained in bilayer experiments
showing the persistence of ryanodine effect on the MCab P-Thr

26-
modified RyR1.
The fact that MCa prevents MCab P-Thr

26 binding on RyR1
suggests their binding occurs on the same site between the
clamp and handle domain of RyR1 (51, 52). Although the
presence of distinct sites allosterically influencing each other
remains possible, it seems, however, unlikely because of the
structural similarities between the two ligands being very high
and the notion that toxins interact with their receptors
through multiple points. However, two binding sites have
previously been identified for MCa (19) on RyR1, and
therefore the ability of MCab P-Thr

26 to bind to these sites, as
well as their respective roles in the effect of MCab P-Thr

26 on
RyR1 modulation, remains to be established. In addition, the
existence of an allosteric behavior between the MCa and/or
MCab P-Thr

26 binding sites within the RyR1 tetramer is also a
strong possibility. This could possibly explain the slow onset of
action of MCab P-Thr

26, as well as the rapid overriding effect
of MCa on MCab P-Thr26. Alternatively, it remains possible
that phosphorylation of MCa alters the Koff of binding on
RyR1 sites, explaining why MCa so easily overrides MCab
P-Thr26. Interestingly, the reported binding site for imperatoxin
A, a close homolog of MCa, is located near the proposed CaM
binding site. Knowing that CaM can also act as activator or an
inhibitor, depending on Ca2+ concentration, there is an in-
teresting parallel to be made on the opposing effects of MCab
P-Thr26 and MCa on RyR1 behavior. These evidences high-
light the crucial role of this RyR1 region in the control of
channel gating properties. MCab P-Thr26 will therefore re-
present an interesting tool to study the structural constraints
that take place within the RyR1 MCa/MCab P-Thr26 binding
site and that control RyR1 channel gating. A particular im-
portant question will be to understand how Thr26 of MCa
interacts with RyR1 and what structural change is induced in
RyR1 by the addition of a phosphate group or, more gener-
ally, a well-positioned negative charge on the lateral chain of
the substituted residue at position 26 of MCa. Obviously, the
recent resolution of the 3D structure of RyR1 (53–55) pre-
sents exciting perspectives on the understanding of the posi-
tive and negative allosteric modulation of this physiologically
important ion channel. The data also need to be considered in
the frame of an intriguing sequence homology between MCa
and a cytoplasmic domain of the skeletal muscle voltage-gated
calcium channel, the dihydropyridine receptor (DHPR) (9).
Several studies have led to the proposal that MCa could mimic
the action of this DHPR domain on RyR1 (56). Interestingly,
this DHPR domain carries a Ser residue, Ser687, corre-
sponding to Thr26 of MCa, that has been previously shown to
be phosphorylated in vitro by PKA (57, 58). In their study,
the authors showed that a peptide corresponding to this se-
quence of DHPR completely loses its ability to activate RyR1
under phosphorylation of the Ser687 residue. Although DHPR
II-III loop residues 681–690 do not seem essential for en-
gaging physiological EC coupling in intact skeletal myotubes
(59), our results suggest that MCa, and possibly the other
calcin toxins with the inhibitor cystine knot motif, have
evolved to mimic some aspect or aspects of interactions be-
tween the DHPR and RyR1, whose structures have been
optimized for high affinity and efficacy toward functional
modification of RyR1.
Both MCa P-Thr26 and MCa Thr26Asp can now be considered

interesting lead inhibitors of RyR1 channel activity. Both of these
compounds freely cross the plasma membrane and can therefore
be readily used to silence RyR1 channel activity in vitro. In vivo
use can also be programmed because of the extreme protease

resistance of MCa and important half-life in mice (24). Although
MCab Thr26Asp recapitulates some of the properties of MCa
P-Thr26, it does so only partially. Still better inhibitors may be
designed that will not possess a phosphate group on the lateral
chain. This is desirable if one wants to avoid dephosphorylation to
occur in cellulo. Reasons why the aspartyl substitution only par-
tially mimics the phosphate group on Thr26 may include an im-
perfect charge neutralization of Arg24, the absence of a second
negative charge that the phosphate group may carry depending on
pH, and a less perfect interaction with RyR1 site. Obviously,
several more analogs need to be designed to sort these issues out,
but the basic observations are there that will help us design better
inhibitors that are also phosphatase-resistant. The present com-
pounds will nevertheless be useful to silence RyR1, and probably
other RyR isoforms, in a number of pathological conditions in
which abnormal RyR1 channel activity is involved. These include
skeletal and cardiac myopathies (60), neurodegenerative disorders
(61, 62), and environmentally triggered disorders (12). Our results
suggest that MCa P-Thr26 is capable of normalizing two important
dysfunctional properties of RyR1: by decreasing the sensitivity of
RyR1 to cytoplasmic Ca2+, allowing a decrease of spontaneous
CICR (Fig. 3 A–D), and by normalizing RyR1 channel activity in
the presence of high (50 μM) cytoplasmic Ca2+ (Fig. 3 E and F),
restoring Po to near those measured at [Ca2+]rest (∼120 nM).
Coordinated reduction of abnormal RyR1opening mediated Ca2+

leak and normalization of RyR1 channel hyperactivity may have
translational significance toward the development of new thera-
peutic strategies in treating the growing number of complex dis-
orders that converge on RyR dysregulation.
In conclusion, these results represent the first demonstration,

to our knowledge, that a small bioactive peptide toxin may un-
dergo phosphorylation in cellulo at its site of delivery but also
that such a modification has the ability to fully reprogram its
pharmacological properties. Taking into account the growing list
of active peptides isolated from venoms and the large spectra of
posttranslational modifications, a systematic investigation of the
effect of such toxin modification could lead to the character-
ization of new functionalities of these peptides. It is noteworthy
that phosphorylated versions of bioactive peptides have also
been detected in snake venoms (63), indicating that our obser-
vation may represent the first example, to our knowledge, of a
larger list of peptides whose pharmacological activity is modu-
lated by posttranslational modifications. Obviously, homologous
peptides from the calcin family, which also bear the consensus
phosphorylation site, are the next candidates for investigation of
the effect of phosphorylation on pharmacology.

Materials and Methods
Detailed methods can be found in SI Appendix, Materials and Methods.
Peptide syntheses were performed as previously described (7). The in cellulo
phosphorylation was performed in HEK293 cells, using the PKA activator
8-bromoadenosine 3′,5′-cyclic monophosphate. NMR recordings were per-
formed at a peptide concentration of 1 mM, using a Bruker DRX500 Avance
III equipped with a QX1 probe. Junctional SR was from skeletal muscle of
New Zealand White rabbits. [1H]-ryanodine binding and Ca2+ release ex-
periments were performed at 0.1 mg/mL SR vesicles concentration. The in-
teraction of MCab and MCab P-Thr26 with RyR1 was performed with purified
RyR1. All planar bilayer experiments were performed using junctional SR
membrane vesicles on a bilayer clamp BC 525C apparatus.
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