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Abstract

To study the structural basis of pathological remodellingadteded calcium channel functional states in the he&rsought to
re-purpose high-affinity ligands of the cardiac calcium chanthe ryanodine receptor (RyR2), into super-resolutiorgintg
probes. Imperacalcin (IpCa), a scorpion toxin peptide wihittices channel sub-conduction states, and DPc10, a syndpicep
corresponding to a sequence of the RyR2, which replicategtamogenic CPVT functional changes, were used in fluergsc
imaging experiments.

Isolated adult rat ventricular cardiomyocytes were saponimgabilised and incubated with each peptide. |p646 became
sequestered into the mitochondria. This was prevented byn&eadf the permeabilised cells with the ionophore FCGRatimg

a striated staining pattern in confocal imaging whield weak colocalisation with RyR2 clusters. Poor spégifias an RyR2
imaging probe) was confirmed at higher resolution with expansicroscopy (proExM) (~70 nm).

DPc10-FITC labelled a striated pattern, which had modeddtealisation with RyR2 cluster labelling in confocal anoxM.
There was also widespread non-target labelling of the &distercalated discs, and nuclei, which was unaffdmfédcubation
times or 10 mM caffeine. The inactive peptide mut-DPcIB=Hwhich causes no functional effects) displayed a siraitzelling
pattern.

Significant labelling of structures unrelated to RyR2bth peptide conjugates makes their use as highly specifigrighprobes

of RyR2 in living isolated cardiomyocytes highly challenging.

We investigated the native DPc10 sequence within the RyRZweum understand the domain interactions and proposed
mechanism of peptide binding. The native DPc10 sequencendbdisectly interact with another domain, and but is dorgash

of one such domain interface. The rabbit Arg2475 (equividemiman Arg2474mutated in CPVT) in the native sequence is the
most accessible portion and most likely location for pepidurbancesuggesting FITC placement does not impact peptide
binding

Keywords: Peptide ligands, ryanodine receptor, RyR2, DPc10, &wgdein, super-resolution microscopy, cardiac

Introduction RyR2 clusters as imaged by confocal microscopy (limited2@0~nm

The ryanodine receptor (RyR), the largest known ion channelpisate 'esolution) appear as smooth punctate structures, leading te ove
to the process of excitation-contraction (EC) couplirand has been the €Stimations of cluster size in terms of RyRs per clusidrereas
focus of extensive research over the last few decadgRs Rre dSTORM, which increases the resolution to ~20nm, revealed
responsible for C4 release from the sarcoplasmic reticulum ($R) Significantly smaller cluster sizé8*% The molecular-level description
which occurs when intracellular [€ reaches a threshold Of peripheral nanodomains was obtained using the sub-10 nm i@solut
concentration, in a process termed"daduced C# release (CICRY. techniqgue DNA-PAINT, sufficient to localise |nd|V|_duaI RyRs More

A single homo-tetrameric, mushroom-shaped RyR consists of #cently, the prevalence of RyR2 phosphorylation at the individual
cytoplasmic region which interacts with a plethora ofidm and a f{]annel level has been studied with X10 expansion microd€oy)
transmembrane region containing the ion-conducting yore : . o ) )
Advancements in microscopy have progressed the understanding tH&'@ efficacy of super-resolution imaging research depends gty hi
RyRs self-assemble into clusters, forming discrete fundticalaium  SPecific fluorescent probes, which possess high specifaithe target.
release units (also known as nanodomains). Electron microscopy gavérious molecules have been used as probes, such as asfibodie
the first glimpses of the profile of individual RyRs in periiler nanobodies, smaller protein-binding scaffolds, and peptide ligaritis
couplings (interface with sarcolemmal surfaces), and idsigaterface e hypothesised that two peptides with high binding specificityier
with t-tubule membranes}”. More recently, electron tomography ;yR,.the scorpion toxin |mperacalcm (IpG&)apd the synthetic DPc10
offered more detailed 3D information of cluster geometry , might be effective super-resolution imaging probes, and moreover
Super-resolution techniques, which surpass the diffractiai dif light might permit the V|sual[sat|on of RyRs in dlfferent. functlostalgs (qpen

and use fluorescent markers to label targets, have reveale insights ~channel, IpCa; CPVT-like substate, DPc10). Reliable and highbiyiftc

into cluster geometry and the proteins present within theseloenains.  Non-antibody probes for this protein would also enable multiplelng,
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labelling other combinations of protein targets with antibodiethe

Results

same time. Furthermore, these fluorescent probes would allow
understanding of possible cluster rearrangements incurred by thpCa-A546 imaging

functional effect of each peptide.

IpCa is a 3.7 kDa peptide found in the venom of the Pandimesator
scorpiont®2L |pCa binds to the RyR2 with high affinity (Kd = 5-10 nM)
and induces long-lasting sub-conductance st&fésThe 33 amino acid
peptide has an overall net charge of +8 (at physiological whith is

suggests IpCa enters the channel’s vestibule pore and binds an internal
site?%, whereas a study using IpCa-biotin-streptavidin reportbthtbto
the cytoplasmic moiety, far from the trans-membrane por

(Supplementary Figure 1Bj. Whether the peptide causes its effects by,

steric hindrance or an allosteric mechanism is unconfirdieéd?2
Previous imaging with a fluorescent IpCa conjugate in saponi
permeabilised cardiomyocytes confirmed an intracelldlealisation in
the sarcoplasm®, but lacked confirmation of positive RyR2 labelling
with a dual stain.

The synthetic peptide DPc10 corresponds to the RyR2 amimb acl, cubated with

sequence Gly2460-Pro2495 (full sequence provided in metffyds)d

is thought to compete with the native sequence, disturbingdimain
interaction. DPc10 destabilises the channel, in a wayntivaics the
human CPVT mutant RyR2 bearing R2474S, enhancing ryanodi
binding, causing hyper-sensitisatidf increasing SR Ca leak 2°,
reducing CaM binding®, without causing FKBP dissociatich2 A
mutant peptide (mut-DPc10) bearing the equivalent CPVatioatdoes
not affect channel functiof, suggesting the sequence is critical for
functional impact. The effect of the peptide is linked withypothesis
made in a different peptide probe study with the peptide 3P#hich
regards inter-domain interactions as being important fgulagng

channel function and stabilisation. This was partly informed by

observations of clustered mutations in 2 domains, the N-tercionzdin
(1-600) and central domain (2000-2500). The native DPc10, residing
the central domain, is thought to have a partner binding regioim it
N-terminal domain3% The DPcl0 peptide disturbs this domain
interaction, unzipping in order to elicit the functional ef&€t Previous
studies using fluorescent DPc10 as an imaging probe revedtéateds
labelling pattern in isolated cardiomyocytes, but lackatfionation of
RyR2 specificity with a dual-labép3¢

To evaluate whether the peptides could effectively label RyRi2u, we
used fluorescent conjugate forms IpCa-Alexa Fluor 546 (h&46) and
DPc10-fluorescein (DPc10-FITC) to label living isolatatl ventricular
cardiomyocytes, and evaluate specificity and colocalisatigth
confocal microscopy and protein retention ExM (proExR) Our
findings suggest that using both peptides as highly speaifaging
probes for RyR2 in isolated rat cardiomyocytes is highigllenging
given poor colocalisation with RyR2 antibody labelling, and glence

of substantial labelling of other structures in the icengocyte. We also
looked at high-resolution atomic models of RyR2 structutmtterstand
the native DPc10 sequence and domain interactions, and theaitigpls

of FITC placement on peptide binding. The native sequenwéhs a
well-structured region (helical domain 1 (HD1Jhe native sequence
itself is not directly interacting with an N-terminabrdain, but is
downstream of such a domain interface involving HD1. The nativ
sequence is largely enclosed by neighbouring residues and inaeces!
to an exogenous peptide. The rabbit Arg2475 residue (equivalére
human Arg2474) is the most accessible part of the sequence.

n

<

We sought to evaluate whether a fluorescent conjugate ef ¢pGld
effectively label RyR2 in situ in isolated rat ventricutardiomyocytes.
We conjugated IpCato Alexa Fluot&(Figure 1A), a fluorophore which
would be compatible with the super-resolution technique proEXié
biological activity of this conjugate, in terms of retairégh affinity for
RyR2, was verified akin to #previously showr?*.
Bf:ollowing isolation, cardiomyocytes were saponin-permesguili to
allow delivery of the peptide probe. Once attached tdniaatoated
chambers, cardiomyocytes were incubated with 5 pM Ip846 in a
$nock intracellular solution (with 10 mM caffeine and lowefj€a2+])
for 30 minutes at room temperature. Initially, Ip8546 was
sequestered into the mitochondria, revealing a labellingerpain
confocal imaging after fixation that resembled the mitochohdria
importer tom20 (Figure 1B). The reason for this sequestratitikely
due to the net positive charge on the IpCa peptitfeln order to prevent
mitochondrial sequestration, permeabilised cardiomyocytes were
the ionophore FCCP (30 uM, 10 mins) priorefiipe
incubation. FCCP allows Hions through membranes, effectively
eliminating the membrane potential of the mitochondfjavhich we
pothesised was the driving force for positively charged peptide

h
r%cumulation in the mitochondria. By pre-treating permesgulli

cardiomyocytes with FCCP, IpC&546 labelled in a striated pattern on
top of an underlying background staining pattern throughoutéfie
(Figure 1C), which resembles the original mitochondriddeliing.
Additionally, there was nuclear labelling (not shown).

To determine whether the striated pattern was due to RydeHihg, we
immunolabelled the cells using RyR2 antibodies. After immavadling,

it was evident even at ~ 250 nm resolution obtained witifocal
microscopy that whilst the IpCA546 staining was at a similar location
in the sarcomere, it stained a continuous structure lyssiadilar to the
lZ-discs39, unlike the punctate nature of RyR2 clusters (Figure 1C).
Line-profile plots transversely (along a single Z-disa) eomgitudinally
(perpendicular to the Z-discs) show the peptide labelling pssse
similar Z-disc periodicity but different characteristi@Figure 1D). For
instance, transversely (left), Ip@&46 is mostly uniform, while RyR2
is variable with prominent increases in intensity at locetiof clusters.
Longitudinally (right), while RyR2 labelling rises and falléth clear
gaps between each Z-dizc, Ip8&46 has a Z-disc periodicity, but is
much less prominent due to high (and even) cytoplasmic background in
between Z-discs. These observations further suggest thatAlpdB
striated labelling might reflect that of the Z-disc.

The degree of colocalisation between Ip&t6 and RyR2 was assessed
by thresholding 2-color confocal images and using the cigigaugin.
Colocalisation was assessed in terms of correlaticer¢Bes coefficient
ranging from -1 to 1, whereby 1 is perfect correlation, O isoneetation,
and -1 is perfect anti-correlation), and in terms ofegistence, &lo
known as fractional overlap (Manders coefficient, ranging/éen 0 and

1, whereby 1 is perfect overlap, 0 is no overfdpJhe Costes statistical
approach states whether the result was due to cfiadegermining what
percentage of randomised images have worse correlatonthi real
image. If greater than 95% (>0.95) of randomised have worselation

en the result is not due to chance. For instan@er 1L00% means none
the randomised images had better correlation, 0.5 me&ash&f
better correlation, and given it is <0.95 the resuli@be due to chance.
IpCa-A546 exhibited weak colocalisation with RyR2 in confocal data,
with weak anti-correlated Pearsons coefficient -0.05 +ggesting the
two patterns have no correlation. The fractional overlap Mande
coefficient 0.08 + 0.12 (proportion above the auto-threshollyét2)
suggests there was almost no co-occurrence. Manders mayebs a
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Figure 1 — Imperacalcin-A546 as an RyR2 imaging probe in isolated rat ventricular cardiomyocytes. (A) Schematic of IpCa#546 conjugate
(B) Isolated ventricular cardiomyocytes were incubateti WipM IpCaA546 for 30 minutes. Mitochondrial sequestration was visibleoinfoca
images (B-i), resembling the pattern typical of the mitochiahgrotein tom20 (B-ii). (C) After treatment with theniophore FCCP (30 uM for
minutes), IpCaA546 uniform striated labelling was visible (green), behhrelliackground trace of residual mitochondrial sequestration.Ap@@
shared a weak overlap with RyR2 labelling pattern (magental.ifiB)profiles plots (red lines in C) revealed differencethe two labelling patterr
IpCa-A546 labelling was uniform along a single sarcomere whylg Rvaried, and across multiple sarcomeres the Z-disc peakdess promine
in IpCa-A546 plots due to high background between Z-discs. (E) Exgramscroscopy demonstrates the prevalence of non-target tepedl -discs
and weak colocalisation witRyR2 clusters. Scale bars, 2 um (B,C), 8 um (E).

appropriate parameter given one structure (RyR2) dominatesna tér  Thus, in our hands, IpCa-546 does not fill the criteria of aygecific

area, due to high background levels in Ip&E#6 images leading to imaging probe of the RyR2 in living isolated cardiomyocyWse. also
higher thresholds and thus selecting fewer pixels. The Ceshes 0.27  used a different fluorophore conjugate of the IpCa, with Jafélior

(<0.95) indicates these figures could be due to random chakely, li 549, but this was also heavily sequestered into mitochorahihafter
attributable to the high background/noise of IpCa images. FCCP showed little RyR2 colocalisation (not shown). Wi present
We used proExM to verify the degree of colocalisation at highemethods, IpCa appears to be ineffective as an imaging petiteerdd in

resolution. As suggested by confocal colocalisation analysist of the  living cardiomyocytes, attributable largely to the siguwifit positive
IpCa-A546 labelling was outside of regions of RyR2-positive labellingcharge leading to significant background binding of numeroustsias
(Figure 1E). IpCaA546 appeared to label the Z-discs (the continuousn addition to the target protein RyR2.

borders of the sarcomere), and the background traces of mitb@ion

sequestration were prominent.
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Figure 2 - DPc10-FITC asan RyR2 imaging probein isolated rat ventricular cardiomyocytes. (A) Schematic of DPc10-FITC conjugate, u:
the RyR2 structure of the native DPc10. FITC was platdatde N-terminus, far from the Arg residue critioad binding. (B) Isolated ventricul
cardiomyocytes were incubated with 5 puM DPc10-FITC (ry@amn30 minutes. The striated labelling pattern overlappiid RyR2 (red). Non-targ
labelling of nuclei (N), intercalated discs (ID) and Mds (M) was visible in DPc10-FITC. (C) Line profildsts (red lines in B) revealed differen
in the two labelling patterns. Some line profile intenstgrges were common between DPc10-FITC and RyR2 labelling alsimgle sarcome
(left arrow), although other RyR2 peaks did not appear in DPCIO-fight arrow). Across multiple sarcomeres the M-latzelling of DPc10-FIT!
is apparent. (D) Expansion microscopy suggests some pdaligiéing of DPc10-FITC at RyR2 clusters (arrows), ad a&hon-target labelling
Z-discs. Scale bars, 8 pum (B,D), 1 um (B-inset), 2(Prnset).

pattern, which displayed moderate colocalisation with RyR&ters
DPc10-FI TC imaging (Figure 2B). The DPcl10-FITC pattern was qualitatively enpunctate
than IpCaA546 (referring to the roundness of the blobs, a characteristic
of RyR2 labelling). Despite the instances of colocalisatieael Z-disc,
there was also a significant amount of non-RyR2 labelligtercalated
discs, nuclei, and M-lines.
Line-profile plots show peptide labelling was like RyR2 bus wet
identical (Figure 2C). For instance, transversely (alongg@lesiZ-disc)
(left) RyR2 staining and DPc10-FITC showed similar peridglici stain
intensity (left arrow), but also instances where an incréaasRyR?2
intensity lacked a respective DPcl0 increase (right arrow
Longitudinally (perpendicular to the Z-discs) (right), the DBREITC
M-line labelling is apparent as smaller peaks in betweere thibthe Z-
discs.
The colocalisation of DPcl0-FITC with RyR2 was assessed, as
performed previously for IpCA546. DPc10-FITC exhibited moderate
colocalisation with RyR2 in confocal data, with a fractlooaerlap

We next explored DPc10 as an imaging probe for RyR2. A fluaresce
conjugate of DPc10 with an N-terminal &arboxyfluorescein (FITC
moiety was synthesised (Figure 2A). The predicted pefatidieag (using
JPred software) into 2 alpha helices is like the foldiittpe native RyR2
sequence, as displayed for the schematic of the conjugBtgure 2A.
The FITC on the N-terminus is proposed to not inhibit peptiderrtd
the RyR2, given it is placed far from the Arg residue Wiicthought to
be critical for bindingand in a solvent facing spa®®ePlacement of FITC
at this site has previously been shown to preserve the peptide’s ability to
bind and incur the increase to spark frequency and decre&seltad

35

We incubated saponin-permeabilised isolated cardiomyocyties wM
DPc10-FITC in a mock intracellular (low free [Ca2+])wa@n, for 30
minutes at roontemperature. After immunolabelling with antibodies for
RyR2, confocal images showed that DPc10-FITC labelled inatestri
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Figure 3 — Alterations to improve DPc10-FI TC target binding and understand non-target labeling. (A) Increasing the peptide incubation ti
to 60 minutes did not affect non-target labelling. (B) Npriovement in non-target labelling was seen when including 1Qaffdine in the peptic
incubation to increase the odds of RyR2 activation. (C) SMDPc10-FITC (which causes no functional alterations in)RyBduced an almc
identical non-target labelling pattern. (D) 5 uM FITC (therophore common to both DPc10 and mut-DPc10 conjugates)sgesisan entire
different non-target labelling pattern when applied by itselfigesting the fluorophore was not driving conjugate localisafcale bars, 8 um (A-I

Manders coefficient 0.54 + 0.08 (proportion above the duteshold of
RyR). The labels were moderately positively correlated (Beau®.45 +
0.07), and the Costes value 1 indicates these findingsahanieenot due
to random chance (>0.95).

Despite FITC losing a significant amount of fluorescendbe proExM
protocol (and thus the resolution is poor for that channeljedsed

channel. The inactive peptide fails to mediate labellingRpR2 34,
suggesting it loses its ability to bind RyR@sing mut-DPc10-FITC we
sought to learn whether the similar peptide-fluorophore conjuiste
had non-target labelling. In confocal imaging, 5 UM mut-DPdI®@F
was like DPcl10-FITC, it labelled in a striated patfebut also had
significant amount of non-target labelling of Z-discs, nudid

RyR2 image resolution would help assess colocalisation. proExNhtercalated discs. (Figure 3C). This suggested thatistaby these

revealed that DPc10-FITC labelling was present at some RiyREers
(arrows showing white pixels in composite image), but abstaiger
amounts outside of RyR2 clusters, labelling Z-discs (Figire
Altogether, these results suggest that DPc10-FITC does sfidbes
label a fraction of RyR2, but there was also a proportiomooftarget
labelling at sites that were not RyR2 clusters, includirdisés, M-line,
nuclei and intercalated discs.

Alterations to improve DPc10-FITC labelling and understand non-
target labelling

To explore the conditions which promote DPc10-FITC bindingytB2
we incubated isolated cardiomyocytes with the peptideafdonger

peptides does not correlate with functional data, whereipepgdes are
substantially different. We explored whether the FITC flpbaye,
common to both peptides, itself might influence the localisaifaihe
peptide conjugate and account for non-target labelling. Whevedzadi

by itself, 5 uM FITC labelled an altogether different pait@appearing
to be sequestered in vesicles (Figure 3D). This suggestheh&ITC
fluorophore was not driving the localisation of the conjugate fo
subsequent staining patterns.

RyR2 gtructural analysisof DPc10 native sequence, peptide binding site
and domain interactions

Finally, we examined the native DPc10 sequence within varigas c

period of up to 60 minutes (Figure 3A). The longer incubation did noEM RyR2 structural models, PDB codes of which are ietén the

qualitatively affect the uniform striated labelling, arieé thon-target
labelling remained.

We also incubated cardiomyocytes with the peptide in the presEh@e
mM caffeine (Figure 3B), which activates the channel and inessapen

methods We investigated whether there was a direct interaction &y th
native DPc10 sequence with an N-terminal domain, as suggedtesl
unzipping hypothesig® and alluded to by reports of peptide directly
binding the N-terminal domaif*. We aimed to shed light on the

probability 4243 as has been shown to enhance access of the peptidechanism of peptide binding and disturbing the domain ioeréand
previously . Caffeine did not qualitatively change the amount ofto determine the implication of FITC placement on peptide bandi

punctate labelling, and the non-target labelling was unchangeitstW
these results do not offer a conclusive, quantitative descripfi the
change of % colocalisation between RyR2 and DPc10, they oot
even with conditions optimised for RyR2 activation, thereaieed a
significant amount of non-target labelling, which prevents TOPFITC
being used as a specific imaging probe of RyR2 in livingaied
cardiomyocytes.

To get a perspective on non-target binding, we used a sipgfstide
mut-DPc10, which bears the mutation equivalent to the R24758 fou
CPVT, and has been shown to cause no functional defeitts RyR2

Regarding the location and structure of the native DPc10 seqiiRyiR2
sequence 2460-2495), it was previously described as locatirggiiral
domain, but in modern descriptions the nomenclature has chamged,
the RyR2 central domain’ refers to the domain with sequence 3636-4020
4445 Therefore, DPc10 exists within helical domain regio(HD1),
residues 211Q679, not the ‘central domain’.

To investigate DPc10 domain interaction with the N-teahilomain and
the idea that the peptide binds to the N-terminal domaegcttjt we

looked to see whether the region containing the DPc10 sequence

interacted with an N-terminal domain. The N-terminal domof the
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Nterminus of g R sequence within HD1
same monomer gl g

Figure 4 —- RyR2 structural analyss of the DPc10 native sequence, peptide binding ste and domain interactions. (A) DPc10 native sequer
exists inHD1, which comes into proximity with the neighbour subunit N-taahdomain. (B) This neighbour N-terminal domain does netéc
directly with DPc10, but does interact with other resglwithin HD1upstream of DPc10 and Arg2475 (in rabbit, equivalent to humaR24X4)
There is also an interaction of the N-terminal domaih @it central domain, in proximity to DPc10. (C) Mosthef DPc10 sequence is internal
not exposed surfaces, surrounded by neighbouring helices of HDM47&rgits at the most exposed portion of the sequence.@RHychemati
where peptide unzipping is by DPc10 sequence directly binding (IDF) A proposed new schematic for the DPc10 domain zipant®n, indicatin
that the native DPc10 sequence, within HD1, does not directlytbiNeterminal domain, but upstream residues of HD1 tie. dentral domain (!
zip is also in proximity. DPc10 peptide could interaith the native sequence Arg2475, disturbing the upstreanadtien of HD1 with N-termin:
domain

neighbour subunit is in close proximity to HD1, but does natcty peptide may induce domain unzipping upstream of the exact bisiting
interact with the native DPc10 (~20 A away) (Figure 4A).sTNi-  without directly binding to the N-terminal domain, instead ieteng
terminal domain interacts with other residues within HDdtably  with the native sequence interactions, allostericallyudig upstream
Arg2419 and Ser2426. This interaction between the N-terminahidom domain zips (Figure 4D).

and HD1 is upstream of DPc10 (Figure 4B), and of the redidy®475  To gauge the likelihood and mechanism of peptide bindingeatdtive
(equivalent to human Arg2474) which is mutated in CPVTotAar  sequence, we explored the structure and accessibilitysafegion. The
domain zip was observed in close proximity, involving thisehNwinal DPc10 sequence within HD1 is largely inaccessible, surrounded by
domain and residues of the central domain, notably 3891-3894. Weeighbouring helices, making most of the native sequence ibexsac
observed no intra-subunit (within the same monomer) domain interact internal surfaces, which were not exposed allowing disturbbpce
between the N-terminal domain and HD1 (Figure 4A). peptide (Figure 4C). This well-structured region has a nunabe
The simplicity of previous schematics of DPc10 peptide effexsed on  stabilising interactions which suggests that the degree oflityoli
direct interaction of native sequence with N-terminal domaiay be limited. Furthermore, this region does not become moressitbe in the
inappropriate, and we propose it may be updated to reflacDBalO0  open confirmation, compared to the closed (Supplementgoyd=-2B).
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However, the native residue Arg2475 sits at the most exposeaf plae DPcl10-FITC labelling on the other hand was more punctate (a
native sequence and interacts with several residues wibip &hd is  characteristic pattern of RyR2 clusters) and showed moderate
thus the most accessible to be disturbed by a peptide. TheA2475  colocalisation with RyR2 in confocal imaging. proExM confirnthet
interactions with other residues also seem to be unchangeednpethe  DPcl1O-FITC did successfully label some RyR2 clusters, despit
open and closed conformations (Supplementary Figure 2B). significant amount of non-target labelling of the Z-disc. Colimace at
Previously, it has been shown that DPc10 peptide binding is dependehe super-resolution level was visible, but formal qudaiditawas not

on the peptide Arg residi€ A similar peptide DP4 (RyR2 sequence possible due to poor resolution in the FITC channel. Futiperinents
2442-2477) shares one loop of the DPc10 structure, includinduthis  with a proExM-compatible probe would be required to assesddgree
(Supplementary Figure 2A), and similarly functionally deperaishis  of target-specific binding at the nanometer scale. Geffeeatment did
residue®, further supporting the idea that this peptide residesitisal not noticeably change the uniform Z-disc-like labelling paftern
for binding the RyR2 confirming that even in conditions optimized for RyR2 specifigityn-

To summarise on the mechanism of peptide binding near the natitarget labelling exists. It is of interest to quantify tfenge in RyR2
sequencewhilst we have no direct evidence of the site of DPc10gepti specificity by caffeine treatment in the future with a proEcdrpatible
binding, our analysis of the structure of RyR2 in the locatif DPc10  conjugate, to determine whether the probe can reflect chamdeyR2
sequence does not offer support to the suggestion that the peptielg ent activation state.

displaces the RyR2 sequence to corrupt a domain-domaifagge¥We  DPc10 binding conditions are difficult to speculate on givenDPc10
suggesthe peptide may bind at the exposed DPc10 Arg2475 residue, amihding site is not confirmedPreviously DPcl10-FITC access was
this is dependent on its own Arg residue. Given this concempifde  enhanced by increased RyR2 activation and pre-bound non-fluorescent
binding, we assume that the observations made with the ERE00  DPc10, although this confocal analysis demonstrated striabelling
were not likely to have been affected by fluorophore placenteitea which was not verified as specific RyR2 labelliig

peptide N-terminus, given this was far from the Arg residad, would  Given DPc10 effects do not easily reverse without long wasleoigtds

be located in solvent exposed position. 29.35 peptide dissociation is unlikely to account for the amount btaind
Interestingly, the DPcl0 peptide binding site reported by FRETRyYR2. The inclusion of caffeine should ensure the chaneehain
experiments is different from the location of the native TIPgequence activatedso peptides can re-bind even if they dissociated.

within HD1, instead reporting to be around the handle redgfon Use of a proExM-compatible ukxDPc10 conjugate, for colocalisation
(Supplementary Figure 2C, left). The identify the site based set analysis in comparison to the active peptide, is desirablexptore
distance 56 A away from FKBP and CaM. In the RyR2 sfrectthe  whether the peptide labelling patterns correlate with fanati binding
native sequence site is 100 A from the location of the FIRRET  data.

partner (Supplementary Figure 2C, right), suggesting that thist ithe

site of binding they discovered, but they refer to the possilitigy Non-target labelling

DPc10 may bind to the RyR& multiple sites.

Altogether, this information raises questions over the dgaation and
nature of DPc10 binding, either directly to an N-temhidomain, near
the native sequence, or near the reported site based on FRET.

It might be possible to use IpCa and DPc10 as imaging piblties
challenges of non-target labelling are circumvented. Typical
immunolabelling experiments with IgG primary antibodies circumvent
non-target labelling in fixed cells by performing a blockingpsto
. . eliminate sites which randomly bind epitopes. It remainbe seen
Discussion whether it is possible to perform blocking to prevent stigkio these

Both IpCaA546 and DPc10-FITC possessed a significant amount ofidespread structures, especially as blocking in thedivill is not
non-target labelling at sites other than the RyR2. Whileethezre ~ POSSible without altering physiology and/or structure. _
instances of positive RyR2 labellithe prevalence of negative labelling The positive charge of IpCa lead to significant non-target laigetiue
hampers their use as high specificity super-resolution imgggiobes for 0 mitochondrial sequestration. The distribution of positivergea on
the RyR2 when applied to living isolated cardiomyocytes. the peptide are critical for binding to RYR-2548 so one would speculate
Despite failure to confirm specificity of the peptides for RyR2  thatremoving the charge to prevent this sequestration woolgraigent
fluorescent imaging experiments, it is not disputed that petitides ~ the binding to the target RyR2.

IpCa and DPc10 bind to the RyR2. There is a wide body of ewédafnc While significant non-target labelling of IpG¥46 and DPc10-FITC

the functional effects of both peptides in the literaturefenders them ineffective as super-resolution RyR2 imagioges in
20,22,24,25,29,31,34,36,46 47 isolated cardiomyocytes, they might still prove useful SR lipid

bilayers, or cell types lacking dense contractile machipenyrevalent

Evidence of positive RyR2 labelling tmu;rgs:?gg”r}?g\évorks, for instance atrial cardiomyocytekll et (atrial

InCa-A546 showed weak colocalisation with RyR2 in confocal imagingprevious exploits with fluorescent IpCa showed an intraieell
and proExM revealed that the majority of Ip8846 was outside RyR2  |pcalisatior??, and imaging with DPc10-FITC inferred successful RyR2
clusters, tending to uniformly label the Z-discs whéak in the same  |apelling by the striated labelling pattéfnThese results demonstrate the
rough plane as the clusters. The colocalisation seen acabidvel was  need to validate probe target specificity at higher resolutiomd

localisations of these two probes, attributable in pantgh background

of IpCa-A546 traces within the mitochondria. The pattern of 1@G46 : . . .
near RyR2 clusters was neither punctate nor noticeably l&kéyR2 DPc10 native sequence, peptide binding site and unzipping hypothesis

pattern, instead having a uniform pattern like a-actinin of the Z-disc. ~We expected to find the native DPc10 sequence directlyeadj&s and

Binding of IpCa, which is thought to bind the channel’s open interacting with an N-terminal domain, as suggested by theidonip

conformation?3, should be encouraged when the channels activatBypothesig3. We found that the native sequence was not itself interacting
regularly and often, as was achieved with cafféfifé with an N-terminal domain, but that a region upstream of IDRdid

interact. It is possible that this is the inter-domgrtlzat is important for
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regulating channel gating, and which is compromised in tR¥TC  pg/ml saponin (from Quillaja bark, S-2149), in a mock etalar
mutated RyR2 bearing R2475S. solution (concentrations in mM: EGTA, 0.5; KCI, 100; HERES5;
The fact that DPc10 did not directly interact with N-teratidomain was  MgCI, 5.72; ATP, 5; creatine phosphate, 10. pH 7.0 with K@)10
surprising, given the finding that DPc10 directly binds to thedinal ~ minutes at room temperature (RT) on a rocker. The freé*][Ca
domain®*. This study detected DPc10-labelled fluorescencermgafent  concentration was estimated to be low (50-100 nM) given théiauli
of RyR2 (after calpain digestion) which was bound by N-terhdiomain ~ EGTA buffering added to ensure contaminating*Geas removed.
antibodies. The similar peptide DP4 is also shown to bimdNtkerminal ~ Following permeabilisation, cells were centrifuged anduspsnded in
domain 49, further supporting the notion that these peptides boundhtracellular solution prior to attachment to lamicoated chambers
directly, as opposed to indirectly. Indirect labelling of édatinal ~ (Thermo Fisher Scientific, 23017015). 11.7 pg/ml laminirtingawas
fragment could occur if peptides were bound to the HD1 regibith performed overnight at RT. For Ip@&46 experiments, permeabilised
was itself bound to the N-terminal domain. Alternativelyisipossible  cells were incubated with 30 uM FCCP (C2920) for 10 minpties to
there are multiple binding sites, both directly at theeiainal domain, attachment.
and at the native sequence location. Once attached, permeabilised cells were incubated with R O-
As well as the inter-subunit interaction with HD1, Mwterminal domain  FITC, mut-DPc10-FITC, IpC&546 or FITC (diluted in intracellular
also interacted with the neighbour subunit’s central domain. It has been  solution), for 30 minutes unless stated otherwise. Whateds 10 mM
suggested that a region within the central domain, also knowlreds caffeine was including in the peptide incubation step. Gargbcytes
domain (3722- 4610), is involved in a domain interaction whiclitisar ~ were fixed with 2% paraformaldehyde for 10 minutes at room
in regulating channel gatirig®. This region, near the N-terminal domain temperature.
interaction with HD1, could well be directly influenceg tnzipping of
these d_omains. _ o _ ) _ Immunolabdling
Thg natlv_e sequence ls_emb(_edded V\."thm ne_lgh_bourlng he“d@}dt}l Fixed cells were permeabilised with 0.1% Triton X-100 BSFor 10
region, with most of residue interactions being integréfiéaegion, ina yins"and blocked with 10% normal goat serum (NGS, 10000C, Thermo
stablt_a, undynamlc_g\_/?y,_wr;llch g'd not_c;nove ddra_s_t(lj;ally u%on CAhann%}sher Scientific) in PBS for one hour, both stepsoahr temperature.
&%?;'lngi;/gsnﬁ]gos;' tiIc;gfIler;[ct?ct)rﬁaﬁtp;epr)rzlalfegagn ﬁwrtlgra(mis;vflésv Orfg Primary antibodies for RyR2 (mouse monoclonal anti-RyR2 IgG1,
the resgidues tha?trﬁ)e native Arg do)t/es to interfere and cahiptormal _Thermo_ Flsher_ Scientific, UK, MA3-916) were _dlluted o I)Zlm_
incubation solution ((w/v or v/v) 0.05% NaN\% bovine serum albumin

structure. The idea of this Arg being critical is supported thoy ; s Y. g . of Tri 166 ;
complementary effects of the similar peptide DP4, whltdres a similar g; ermc:jl_zlsh%r tScollentlflc)_, ﬁt/o {\I :ﬂg 0.05% Triton X-1Gsolved in
structure, including the Arg residue critical for binding. S and incubate overmgnt at 4 % :

' Cells were washed three times in fresh PBS at RT2@omins, then

We highiight the discrepancy between the site of the DPeqQesce incubated with goat anti-mouse IgG Alexa Fluor 488 (in the a-
within HD1 and the reported peptide binding site in the handi@(res AB46), or goat%mti-mouse IgG ,glexa Fluor 594 (in t(he caf:gﬁ:m-
1652-2109, aka domain 3 in older nomenclature), near both FERBP FITC) ’(A11001 A11005, Thermo Fisher Scientific)

CaM 35, The paper does speculate that one DPc10 molecule may bind to
2 different sites, but the reason for binding at a differéatsiwhere the . . .
native sequence lies is unexplained. We are not ruling out@itnding | ™ading and expansion microscopy

at the native sequence or at the site in the handle, avraytlie native  For confocal imaging an inverted LSM700 (Carl Zeiss, Jena)usad
sequence, given the possibility that DPc10 has multiplérigrgites on ~ with a Plan-Aprochromat 40x 1.3 NA objective. Fluorophoresewer
the RyRZ%. We suggest that the DPc10 peptide binding interactitie s t excited with 488 nm and 561 nm DPSS lasers, and emission bands were

focus of further research. selected using the in-built spectral detector.
proExM was performed as detailed in the cited papeiTo image
Materials and Methods expanded gels, squares of gel were cut out and placed iniic acr
chambers onto a glass no. 1.5 coverslip (Menzel Glaser), wieoh
Peptides poly-L-lysine coated (0.1%, overnight at RT).

IpCa peptide was produced as detailed previcdslpCa was modified
with the cyclic imidoester 2-iminothiolandinker to introduce a Software

sulfhydryl, which was reacted with fluorescent maleimidexa Fluor ~ Image analysis was performed in Fijihttps://imagej.net/Fii
546, as detailed previoust: Colocalisation analysis was implemented using the colaxuia after
DPc10 peptide sequence is performing background subtraction. A median filter was applied to
(2460)GFCPDHKAAMVLFLDRVYGIEVQDFLLHLLEVGFLP(2495)  DPc10-FITC ExM data to remove noise.

. DPc10-FITC and mut-DPc10-FITC (bearing R2474S mutati@rew Pymol was used to visualize the peptides and RyR2 cryo-EM sesctur
synthesised by Peptide Proteiresrch, the 5 carboxyfluorescein  The following PDB structures were used: 1lie6 (Ip€apL1d (rabbit
located at the N-terminus of the peptide. The peptides pugiied to ~ RyR2 closed), 5goa 5909 (prcine RyR2 open and closetf, 6ji8
>95% in acetonitrile and water containing 0.1% trifluoesimc acid  (porcine RyR2 with FKBP and CaMj.

(TFA) by HPLC. Jpred4|littp://www.compbio.dundee.ac.uk/jprefi4fas used to predict

DPc10 peptide secondary structure features.

Cardiomyocytes

All chemicals are sourced from Sigma-Aldrich unless ifipelc
otherwise. Animal experiments were performed according tdHdke
Office approved methods. Ventricular cardiomyocytes weotated
from adult male Wistar rats using the Langendorff perfusiethod as
described previousR?. Cells were permeabilised in suspension with 10
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Supplementary Figure 1 — Imperacalcin background. (A) Representative image of the structure of IpCa denradimgy the
cluster of positively charged residues (blue) on one sideeafiblecule forming the dipole moment. (Bi-ii) The exact bigdiite
of IpCa on the RyR2 is unconfirmed, but hypothesised to be aitherytoplasmic moiety far from the pore (annotation ind@
at a site within the interior of the pore (not shpwn
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DPc10 site Native DPc10
based on FRET sequence

Supplementary Figure 2 — Supporting infor mation on DPc10 sequence and peptide binding site. (A) The similar peptide DP4 relates to a sin
loop/site (red) as DPc10 (yellomwyhich also involves Arg2475. (B) The DPcl10 native sequencerrdgicomes no more accessible in the
conformation. (C) The reported DPc10 binding site from FREE®gment (Oda 2013) is a different location to that of #iva sequence regic
DPc10 is reported to be distance 56 A away from FKBP (orangefaM, whereas in the RyR2 structure, DPc10 native sequehe8 A from th
location of the FKBP FRET partner.
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