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3D Mapping of the SPRY2 Domain of Ryanodine
Receptor 1 by Single-Particle Cryo-EM
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Montserrat Samsó1,4*
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Abstract

The type 1 skeletal muscle ryanodine receptor (RyR1) is principally responsible for Ca2+ release from the sarcoplasmic
reticulum and for the subsequent muscle contraction. The RyR1 contains three SPRY domains. SPRY domains are generally
known to mediate protein-protein interactions, however the location of the three SPRY domains in the 3D structure of the
RyR1 is not known. Combining immunolabeling and single-particle cryo-electron microscopy we have mapped the SPRY2
domain (S1085-V1208) in the 3D structure of RyR1 using three different antibodies against the SPRY2 domain. Two obstacles
for the image processing procedure; limited amount of data and signal dilution introduced by the multiple orientations of
the antibody bound in the tetrameric RyR1, were overcome by modifying the 3D reconstruction scheme. This approach
enabled us to ascertain that the three antibodies bind to the same region, to obtain a 3D reconstruction of RyR1 with the
antibody bound, and to map SPRY2 to the periphery of the cytoplasmic domain of RyR1. We report here the first 3D
localization of a SPRY2 domain in any known RyR isoform.
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Introduction

RyR1 consists of 4 subunits of 565 KDa associated in a

homotetramer (2.26 MDa) with fourfold symmetry. RyR1 acts as

a docking station for proteins and small molecules both in the

cytosol and the sarcoplasmic reticulum (SR). The available

interacting surface in the SR is limited because of the small mass

protruding into the SR lumen, however the cytosolic volume

available for protein-protein interaction is huge. Examples of

proteins interacting with RyR1 in the cytosolic side include

calmodulin [1,2,3], FKBP12 [4,5], the dihydropyridine receptor

DHPR [1,6,7], and RyR1 itself [8,9]. Protein-protein interaction

domains such as MIR, leucine zippers, EF-hands and SPRY

motifs are present in RyR1, several of which are repeated along

RyR1’s five thousand residue sequence [10].

The SPRY domain has been proposed as a targeting module for

protein-protein interactions [11,12,13]. The SPRY motif was first

identified as a repeat in the splA kinase of Dictyostelium discoideum and in

the RyR sequences [14]. There are eleven distinct protein families

known to contain this domain, which participate in diverse

physiological functions such as immunity, development, and signal

transduction [15,16]. The generic structure of SPRY consists of a b-

sandwich formed by two four-stranded antiparallel b-sheets. The two

b-sheets are interconnected by a-helices, whereas the b-strands are

connected by unstructured loops and turns [17]. There are three

SPRY domains present in the sequence of RyR1: SPRY1 (residues

582–798), SPRY2 (residues 1085–1208), and SPRY3 (residues 1358–

1571) with sequence identities ranging from 10 to 30%. Here we set

to map the 3D structure of the SPRY2 domain in the 3D structure of

RyR1. The SPRY2 domain has been suggested to play a role in the

interaction between the RyR1 and the DHPR [11,18,19,20].

Due to RyR1’s large size, electron microscopy (EM) has been

the most helpful tool for its structure determination [21,22,23,

24,25]. In the present study, we have combined antibody labeling

and single particle cryo-EM to map the position of the SPRY2

domain in RyR1. We have used three different specific antibodies

against the SPRY2 epitope in order to determine the positioning of

this protein-protein interacting module implicated in the interac-

tion between RyR1 and DHPR.

In several instances, antibody mapping and image reconstruction

of proteins has been used to identify certain protein regions. Some

examples using negative staining are the DHPR, F1 ATPase, and

scorpion hemocyanin [26,27,28]. In another example, a domain

within RyR1 was labeled using cryo-EM [29]. Immunodetection

and EM have been previously used to map protein regions using

standard 2D or 3D reconstruction methods [26,27,28,29,30]. In the

present study we have developed a new signal enhancement method

to ease the 3D determination of the antibody-binding site.

Results

Assessment of the Antibodies’ Immunoreactivity
Throughout the study we have used three different antibodies

against the SPRY2 domain. The first one (anti-SPRY2-A) is a
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polyclonal antibody against the unstructured loop between two of

the b-strands for SPRY2 (residues Pro1107-Ala1121). Anti-SPRY2-B

and anti-SPRY2-C are, respectively, a polyclonal and a monoclo-

nal antibody against the whole SPRY2 domain.

First of all, we qualitatively assessed the ability of the different

anti-SPRY2 antibodies to specifically recognize the SPRY2

domain in RyR1. Even though RYR1 contains three structural

SPRY domains, the sequence conservation among them is very

low, thus unspecific binding is less plausible. Nevertheless for

further details on the specificity of anti-SPRY2 antibodies one

should refer to [31]. For a cryo-EM study it is important to ensure

that the antibodies recognize the SPRY2 epitope in its native

conformation, folded within RyR1. Therefore, the SPRY2 domain

detection was also carried out in native conditions using dot blot.

As a control antibody, we used a commercial antibody against

RyR1, antibody 34C. In Western blot, the signal for the detection

of the SPRY2 domain in purified, denatured RyR1 was weak as

compared to the control RyR1 antibody (34C) (Fig. 1 upper row).

In contrast, native dot blot detection of purified RyR1 was very

intense in all cases (Fig. 1 middle row), suggesting strong native-

structure dependence for the immunodetection. The native dot

blot detection levels in rabbit skeletal muscle vesicles were similar

amongst all three anti-SPRY2 antibodies, but lower than the 34C

antibody (Fig. 1 bottom row). At least for anti-SPRY B, all this is in

full agreement with the report that this antibody recognizes native

RyR1 in SR vesicles and that it can immunoprecipitate purified

RyR1 with a third of the efficacy measured for the antibody 34C

[31].

Cryo-Electron Microscopy
Once the interaction between folded RyR1 and the different

antibodies was assessed, we proceeded to the incubation of purified,

solubilized RyR1 with the different antibodies and vitrification of

the preparation into a thin ice layer. To increase the randomness of

orientations, we applied the sample to holey grids without carbon

support. The cryo-preparation yielded well-preserved particles

(Fig. 2), and the number of micrographs recorded for each RyR1-

antibody preparation were 11, 35 and 49 for anti-SPRY2-A, anti-

SPRY2-B and anti-SPRY2-C, respectively.

Single-Particle Image Processing
Individual particles were selected using the program BOXER

[32]. If there appeared to be extra mass around the RyR1 particle,

presumably due to antibody bound, we placed the center of the

window in the center of mass of RyR1 itself. The total number of

particles obtained was 189, 490 and 1331 for the RyR1 incubated

with anti-SPRY2-A, anti-SPRY2-B and anti-SPRY2-C, respective-

ly. These were subsequently analyzed using the SPIDER/WEB

software package [33]. First, a library of 2D projections was

constructed by projecting a reference RyR1 [22] (EMDB code

5014) in all possible orientations, at 10-degree intervals, followed by

Figure 1. Immunoblotting of RyR1. Immunodetection of the SPRY2
domain in purified RyR1 samples after SDS-PAGE (*) and native
conditions (**) and in rabbit muscle vesicles (RyR1 in native conditions)
(***). The antibodies used are the following: anti-SPRY2-A, anti-SPRY2-B,
anti-SPRY2-C and anti-RyR-34C.
doi:10.1371/journal.pone.0025813.g001

Figure 2. Cryo-EM fields of ice-embedded particles of RyR1
incubated with anti-SPRY2 antibodies. A. Anti-SPRY2-A antibody.
B. Anti-SPRY2-B antibody. C. Anti-SPRY2-C antibody. Scale bar, 100 nm.
doi:10.1371/journal.pone.0025813.g002

3D Mapping of the SPRY2 Domain into RyR1
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a multi-reference alignment scheme. After visual inspection of every

aligned single particle, we identified RyR1s clearly showing extra

mass. A representative set of RyR1-antibody particles for anti-

SPRY2-A, anti-SPRY2-B and anti-SPRY2-C is shown in Fig. 3A

and the full set in Figure S1. These single particles represent RyR1

with at least one antibody attached. In all the three antibody

experiments, the antibody binds almost exclusively to the corners of

the square-prism shaped cytoplasmic domain, and facing the T-

tubule. In the RyR1 domain nomenclature, the three antibodies

bind in the vicinity of domains 5, 6, 8, 9 and 10 of RyR1 (Fig. 3B).

Signal Enhancement of Partially Occupied Symmetry-
Related Binding Sites

To further characterize the particles containing bound anti-

body, we created a series of reference 3D volumes that consisted of

the addition of four 30 Å radius spheres at the fourfold

symmetrically related potential antibody-binding sites to the

reference RyR1 3D reconstruction (see Fig. 3C). Each position

of the four-sphere set with respect to the RyR1 was guided from

the location of the extra mass taken from the 2D raw images.

Given the known flexibility of bound antibodies [34] these

occupied a fairly large area and thus only a limited set of

reference 3D volumes was necessary to recreate the possible

locations. Then, for each raw particle, we calculated the 2D

projections of the fabricated RyR1-antibody complex at matching

Euler angles (Fig. 3A, Figure S1). These images were then used as

a guide to interpret the images of RyR1 with one, two and even

three antibodies bound (Fig. 3A). Figure 3C shows the 3D

representation that best satisfied all the raw images, with the

SPRY2 domain located between domains 5 and 6 of RyR1.

Figure 3. 3D reconstruction of the RyR1 anti-SPRY2 binding site. A. Unprocessed RyR1 particles incubated with the specified anti-SPRY2
antibody (raw images in upper row, antibody position indicated in yellow in middle row) compared to a calculated 2D projection (bottom row) for
RyR1 containing four 30 Å radius spheres at the preliminary proposed binding region for the anti-SPRY2 antibody. For easier visualization the
projection of the spheres has been highlighted in semitransparent yellow. B. 3D volumes of RyR1 displayed in two different orientations illustrating
the preliminary location for the SPRY2 domain (purple shadowing). C. Preliminary assigned location for the anti-SPRY2 antibody (purple sphere) in the
RyR1 3D reconstruction, at the vicinity of the domains 5 and 6. A set of four such spheres in the first, second, third and fourth repeats of the RyR1
(indicated by numerals) originated the 2D projections shown in the bottom rows of panel A. D. Low-resolution 3D reconstructions of RyR1 with anti-
SPRY2 antibody (golden surface) in two orthogonal positions, without (left) and with (right) the use of fourfold symmetry. The black arrows point at
the main difference between the 3D maps corresponding to the RyR1-antibody and the RyR1 control (purple mesh). E. 3D reconstruction with
superimposed contour maps indicating the density level in the selected one-pixel slice (dashed line in panel D) for the non symmetrized and the
fourfold symmetrized 3D reconstructions. The corresponding contour map for the control 3D volume (panel D, purple mesh) is displayed as a
reference (bottom). The gradient scale indicates the density level in arbitrary units.
doi:10.1371/journal.pone.0025813.g003

3D Mapping of the SPRY2 Domain into RyR1

PLoS ONE | www.plosone.org 3 October 2011 | Volume 6 | Issue 10 | e25813



Although in this figure the binding site for the antibody is

represented by a single sphere at position (repeat) 1, it is worth

mentioning that RyR1 is a homotetramer, thus, the antibody

binding site is present three more times (repeats 2 to 4 in Fig. 3C).

Besides the number of particles with antibody bound to RyR1

being insufficient to generate a high quality 3D reconstruction, a

further limitation was imposed by the fact that while the RyR1

exhibits fourfold symmetry, in general not all its corners were

decorated with an antibody. This caused a selective dilution of the

signal in the region of the antibody. To overcome this, the

symmetry operator and the Euler angles of every single particle-

containing antibody were taken into account and re-computed to

make the antibody converge onto the same repeat in 3D (repeat 1

in Fig. 3C indicated by a purple sphere). Because there were some

RyR1s with two and even three antibodies bound, the dataset

expanded from 90 to 124 particles with the SPRY2 antibody in the

first repeat. The RyR1-antibody raw images were grouped into a

single dataset since the three antibodies bound to the same region

of RyR1, and the variance in position within a given antibody

dataset was of the same magnitude than the intra-antibody

position variance.

With the transformed dataset having all particles with an anti-

SPRY antibody bound to repeat 1 of RyR1, we followed two

different approaches to obtain a 3D reconstruction, without and

with symmetry enforcement. Figure 3D shows both the symmetry-

free and the fourfold symmetrized 3D reconstructions of the RyR1

with anti-SPRY2 antibodies bound. The 3D reconstruction

without the use of symmetry shows the signal of the antibody

concentrated in the first repeat of RyR1, while the fourfold

symmetry distributes the signal of the antibody originating from

one corner into the four symmetrically-related repeats. In both

cases the quality of both reconstructions is poor because of (i) the

low number of particles, and (ii) the noise introduced by the

flexibility and the diversity of orientations that is adopted by

bound antibodies [34]. Nevertheless, a clear signal emerges in the

vicinity of domain 6 of RyR1 in both cases. To better illustrate

these features, we used a one-pixel thick slice of the 3D

reconstruction (dashed line in Fig. 3D) and color-coded the

density gradient above a threshold level, thus revealing the more

intense regions (Fig. 3E). In the case of the symmetry-free

reconstruction, the density is most intense in domain 6 of the first

and third repeats but some intensity is also measurable in domains

5 and 10 in the second and fourth repeats (Fig. 3E top left). When

fourfold symmetry is applied, the maximum intensity appears in

domain 6, followed by domain 5 and 10 with less intensity (Fig. 3E

top right). As a control, the same slice is represented for the

reference 3D volume (without antibody) showing that the

maximum intensity is restricted to domain 5 (Fig. 3E, bottom).

Docking of the Atomic Structure of the SPRY Domain
within RyR1’s 3D Envelope

For illustration purposes, we have docked the homology model

of the SPRY2 domain of RyR1 [20] in the RyR1 density map,

using as docking site the anti-SPRY2 binding sites resulting from

this study (Fig. 4A, see Methods section for details). The SPRY2

model was initially placed in the high-intensity spots (indicated by

arrows in Fig. 3E) for both the symmetry-free and fourfold

symmetry reconstructions (in the vicinity of domain 6, according

to Figure 3E) with three initial different orthogonal orientations

(90u, 0u, 290u) of the loop 2 in respect to the RyR1 reconstruction

in order to avoid favoring any specific orientation of the loop.

Thus, we had six initial positions. The system was allowed to

iterate until reaching a solution. Six different solutions were

obtained (data not shown). Five of these solutions docked in

domain 6. The other solution docked in domain 4 (adjacent to

domain 6). Four out of six solutions displayed the SPRY2 loop

towards the cytosolic side. These solutions with an exposed SPRY2

loop are the only ones that can explain the binding of the anti-

SPRY2-A antibody, specifically designed against this loop, in the

folded RyR1. From the different dockings that we obtained, we

Figure 4. Docking of a homology model for the SPRY2 domain
in the context of the RyR1-DHPR and inter-RyR1 interactions
found in the triad junction. A. Docking of a homology model for the
SPRY2 domain in the anti-SPRY2 binding site of RyR1. The two RyR1s are
in the typical lattice arrangement [8] and the dashed-line circles indicate
the region of overlap with the DHPR [36]. The two SPRY2 orientations
within the RyR1 originate from two slightly different starting locations
for the antibody-binding site: that obtained from the unsymmetrized
3D volume (purple) and that obtained from the fourfold symmetrized
3D volume (magenta). The RyR1 with docked SPRY2 is shown in two
orthogonal orientations. The distance between two proximal SPRY2
domains of two neighboring RyR1s measures 60 Å (blue line). B.
Domains of RyR1 relevant for the interaction with the DHPR: DR2 region
(domains 6–8, light blue [39]), and region of overlap with DHPR [36]
delimited by dashed line. The SPRY2 domain (domain 6) is shown in
dark blue. The side view of RyR1 is rotated 45u around the fourfold axis
with respect to the side views shown in panel A and Fig. 3, panels B–D.
Scale bars, 5 nm.
doi:10.1371/journal.pone.0025813.g004

3D Mapping of the SPRY2 Domain into RyR1
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have subjectively displayed two of the docking solutions with the

SPRY2 loop oriented towards the cytosol (Fig. 4A).

Discussion

Recovering the Signal when a Symmetric Protein is
Partially Decorated

In this study, we have mapped the SPRY2 domain of RyR1

(residues 1085–1208) in the vicinity of domain 6 by antibody

labeling in combination with single-particle cryo-EM. This is the

first 3D localization of a SPRY2 domain in any known RyR

isoform. The 3D reconstruction scheme had to be modified to take

into account the signal ‘‘dilution’’ caused by partial decoration of

equivalent, symmetrically located binding sites. For this, the extra

mass corresponding to the antibody was computationally ‘‘moved’’

to a specified repeat of the structure as follows. Since for a

symmetric shape there are several redundant configurations (in

our case four) of the Euler angles that yield the same 2D

projection, for every decorated raw image where the antibody was

visible and did not fall in a specified corner of the RyR1, we

replaced its Euler angles for the symmetrically related Euler angles

that would place the antibody on the specified corner. If the raw

image had more than one antibody bound, this was repeated by

providing the symmetrically related Euler angles that would place

this second bound antibody in the specified location, and so on.

Finally, the 3D reconstruction was performed with all antibodies

back-projected to the specified repeat.

The above method works as long as the antibody is visible and

always binds to the same site. To establish this we first made a

rough identification of the 3D position of the antibody relative to

the RyR1 by creating a simulated 3D of RyR1 with four antibody-

sized spheres located at four equivalent positions and projecting

this simulated model in all orientations. Then once the RyR1 in

the raw image was matched to the corresponding projection, the

position of the projected spheres was compared to the position of

the extra mass (antibody). The four spheres were then placed in

other locations and the process was repeated until the match

between the set of simulated projections and the set of raw images

was optimal (Figure S1), which indicated the approximate 3D

location of the antibody. With this new method it has been

possible not only to identify the antibody in the individual particles

but it has also been possible to recover the signal in the context of

the 3D structure.

Location of the SPRY2 Domain in the Context of the 3D
Structure of the RyR1

SPRY domains have been shown to mediate protein-protein

interaction processes involved in diverse cellular functions

[11,12,13,14,15,16]. The SPRY domains of several proteins have

been recently crystallized, revealing a high structural conservation

for this domain. A distinctive feature of SPRY domains for the

protein-protein interaction specificity is the presence of an

unstructured and flexible loop between b-strands (Fig. 4A). The

flexible loop is thought to mediate specific protein-protein

interactions. This loop shows conformational exchange in

intermediate time scales, which appears to be important for

protein-protein interactions [35].

The 3D location of SPRY2 within domain 6 of RyR1 found in

this study, near the corners of the square prism-shaped

cytoplasmic domain and oriented towards the T-tubule, overlaps

with regions that contribute to the interaction between the DHPR

and RyR1 identified in several previous studies (see Fig. 4B). First,

the proposed positioning of the DHPR tetrads with respect to the

RyR1 found by TEM thin section and freeze-fracture studies

[8,36] locate these in domains 5-6-9. Second, studies using green

fluorescent protein tags inserted along the RyR1 sequence have

shown that the divergent region 2 of RyR1 (DR2, residues 1342–

1403), a sequence crucial for the RyR1-DHPR coupling [37,38],

was located between domains 6 and 8 of RyR1 [39]. The TEM

thin-section studies also indicate that RyR1s form a two-

dimensional lattice [8]. In the lattice, two SPRY2 domains from

two adjacent RyR1s are facing each other (Fig. 4A). However it is

unlikely that SPRY2 domains have a direct role in these inter-

RyR1 interactions because two neighboring SPRY2 domains are

located at a relatively large distance of each other, around 60 Å.

Finally, the location of the SPRY2 domain on the peripheral

region of the cytoplasmic domain makes it also widely accessible to

other protein binding partners in the cytoplasm.

In conclusion, our methodological approach has allowed us to

extract detailed and relevant information out of very limited

amount of data. Our antibody labeling and 3D mapping of RyR1

provides new and deeper insight on the location of the SPRY2

domain in the RyR1 structure and in the context of the RyR1-

DHPR interaction. Until the structure of big proteins such as

RyR1 can be resolved by higher resolution techniques such as X-

ray crystallography, cryo-EM appears to be the best feasible

alternative to identify regions in the 3D structure of proteins.

Materials and Methods

Source for the Antibodies against the SPRY2 Domain
Anti-SPRY2-A: A peptide encoding a SPRY2 domain loop

between residues Arg1106 to Leu1120 was synthesized and coupled

to Keyhole Limpet Hemocyanin by the Australian Cancer

Research Foundation Biomolecular Resource Facility at the John

Curtin School of Medical Research. The SPRY2 loop peptide was

used as an immunogen for the preparation of anti-SPRY2-A

polyclonal antibodies. Rabbit polyclonal antiserum was generated

by standard techniques after three weekly injections of the antigen

emulsified in Freund’s adjuvant. The specific anti-SPRY2

antibodies were purified from the crude antiserum by affinity

purification on SPRY2 immobilized on nitrocellulose as described

previously [40].

Anti-SPRY2-B: Recombinant SPRY2 domain protein for use as

an antigen for rabbit antiserum production was expressed in E.coli.

A cDNA fragment encoding residues from Phe1075 to Ser1210 was

amplified from the Oryctolagus cuniculus (European rabbit) RyR1

cDNA [41]. The amplified cDNA was cloned between the EcoR1

and Sal1 sites of the expression vector pHUE [42]. To facilitate

cloning, additional bases were included at the 59 and 39 ends of the

cDNA that resulted in the inclusion of non-native Ser and Glu

residues at the N-terminal of the finally purified protein. The use

of the pHUE vector and the purification of expressed proteins

have been described in detail [42]. Briefly the recombinant protein

was initially expressed as a polyHis-ubiquitin-SPRY2 fusion

protein that was purified by affinity chromatography on Ni-

iminodiacetate agarose. Subsequently the N-terminal polyHis-

ubiquitin tag was removed by cleavage with the catalytic core of

the ubiquitin cleaving enzyme Usp2. Finally, the polyHis–

ubiquitin tag and the Usp2 fragment were removed by a second

round of Ni agarose chromatography. The purified SPRY2

protein was used for the preparation of polyclonal (anti-SPRY2-B)

and monoclonal antiserum (anti-SPRY2-C).

Anti-SPRY2-C: Monoclonal antibodies were developed in the

laboratory of Professor Yoshinobu Eishi by a standard protocol

[43] after immunization of BALBc mice with purified recombinant

SPRY2 protein. Hybridoma cell lines producing anti-SPRY2

antibodies were checked by enzyme-linked immunosorbent assay

3D Mapping of the SPRY2 Domain into RyR1
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(ELISA) with the recombinant SPRY2 protein. Hybridomas giving

positive results were screened by immunohistochemistry with

formalin-fixed and paraffin-embedded tissue sections of skeletal

muscle.

RyR1 Purification
RyR1 from rabbit skeletal muscle was purified as described

previously [21,22]. Briefly, the solubilized RyR was purified from

SR vesicles using gel filtration and sucrose gradient, followed by

concentration on a heparin column. This preparation yielded a

single band compatible with a MW of 565 kDa.

Preparation of RyR1-anti SPRY Complexes for cryo-EM
Antibodies and RyR1 were mixed at a molar ratio of 10

(antibody:RyR1 tetramer) and incubated at 4uC for a time period

ranging between 3–9 hours. The final RyR1 concentration was of

2.26 mg/ml in all cases. The final buffer was 20 mM MOPS

pH 7.4, 0.15 M NaCl, 0.5% CHAPS, 2 mM EGTA, 2 mM

DTT, conditions known to favor the RyR1 in the closed

conformation [21,22], and a protease inhibitor cocktail.

Immunodetection
Rabbit muscle vesicles containing native RyR1 were transferred

to PVDF membranes by means of vacuum (dot-blot). Purified

RyR1 from rabbit muscle vesicles was resolved by means of SDS-

PAGE and electrotransfered to PVDF membranes in a denatured

state (Western blot). RyR1 was immunodetected in both native

and denatured states by incubation of PVDF membranes with

rabbit raised anti-SPRY2-A and anti-SPRY2-B, and with mouse

raised anti-SPRY2-C and 34C (abcam ab2868) antibodies. The

detection was carried out using both anti-rabbit and anti-mouse

secondary antibodies and a horseradish peroxidase-based chemi-

luminiscent detection kit (Supersignal West Dura, Thermo

Scientific).

Cryo-EM and Single-Particle Image Processing
A 5 ml aliquot of the RyR1-antibody incubation mixture was

adsorbed to a holey grid (either Protochips TM or quantifoilTM),

and the excess of buffer blotted off with Whatman 540 filter paper,

blotting time 40. The samples were vitrified by plunging the grid

into liquid ethane using either an FEI VitrobotTM device, with the

main chamber at 80% humidity. Cryo-electron microscopy was

performed on a FEI Tecnai F20 operated at 200 kV under low

dose conditions and a magnification of 50,0006. Defocus range

varied between 2.5 and 4 mm. A total of 11, 35 and 49

micrographs for anti-SPRY2-A, anti-SPRY2-B, and anti-

SPRY2-C, respectively, were recorded on Kodak SO-163 film.

Micrographs were digitized in a Zeiss SCAI scanner at a step size

of 7 mm or 1.4 Å per pixel, and subsequently binned down to a

pixel size of 2.8 Å. A total number of 189, 490 and 1331 particles

for anti-SPRY2-A, anti-SPRY2-B, and anti-SPRY2-C, respective-

ly, were visually selected and windowed with BOXER [32]. All

subsequent image processing steps were carried out using SPIDER

[33]. In brief, particles with any anti-SPRY2 antibody bound were

visually inspected yielding a dataset formed by 90 particles. After

ensuring that the three antibodies bound to the same region of

RyR1, these particles were matched to a reference with defined

Euler angles obtained from the projection of a low-resolution

reference 3D volume of RyR1. The Euler angles for these particles

were re-computed in order to place the antibody-binding site in a

single repeat of the (fourfold symmetric) RyR1, yielding a total of

124 particles. These particles were used to determine a non-

symmetric and a fourfold symmetric (assuming RyR1’s fourfold

symmetry) 3D reconstruction for the antibody-bound particles. In

the density map, the steep region in the density gradient marks the

boundaries of the macromolecule. We choose the mid point

(threshold of 0.25 in our case) as the density threshold for the

isosurface representations. The 3D reconstructions were low-pass

filtered to 30 Å resolution using a Fermi filter.

Visualization and Docking
Chimera [44] was used to display the 3D volumes and atomic

models in all figures. For visualization purposes and to show more

accurately the distinctive features of RyR1, a 3D map of RyR1 at

10.3 Å resolution is displayed in Figures 3B, 3C, 3E and 4. The

homology modeled SPRY2 domain [20] was docked in the RyR1

cryo-EM map using the correlation method in ‘‘Fit in Map’’ tool

from Chimera [45]. A 10.3 Å resolution map of the SPRY2 model

was generated and was allowed to freely rotate and move using the

full density range. The correlation of the fit was used as the

weighing function and the system was allowed to iterate until it

stabilized.

Supporting Information

Figure S1 Complete set of identified RyR1 single-
particles incubated with anti-SPRY2 antibodies present-
ing additional mass (indicated by white arrows).
Unprocessed RyR1 particles incubated with the specified anti-

SPRY2 antibody (anti-SPRY2-A, anti-SPRY2-B, anti-SPRY2-C;

upper row), and calculated 2D projections (bottom row) for RyR1

containing four 30 Å radius spheres at the preliminary proposed

binding region for the anti-SPRY2 antibody.

(PDF)

Acknowledgments

We thank Dr. T. Walz for his sharing of the electron microscopy facility at

the Department of Cell Biology at Harvard Medical School. The molecular

EM facility at Harvard Medical School was established by a generous

donation from the Giovanni Armenise Harvard Center for Structural

Biology. We also thank Professor Yoshinobu Eishi for the gift of the

monoclonal antibody anti-SPRY2-C and Nicole Norris for making the

SPRYII homology model available for our study.

Author Contributions

Conceived and designed the experiments: AP-M AD MS. Performed the

experiments: AP-M MS. Analyzed the data: AP-M MS. Contributed

reagents/materials/analysis tools: AP-M HT PB MC AD MS. Wrote the

paper: AP-M AD MS.

References

1. Sencer S, Papineni RV, Halling DB, Pate P, Krol J, et al. (2001) Coupling of

RYR1 and L-type calcium channels via calmodulin binding domains. J Biol

Chem 276: 38237–38241.

2. Cornea RL, Nitu F, Gruber S, Kohler K, Satzer M, et al. (2009) FRET-based

mapping of calmodulin bound to the RyR1 Ca2+ release channel. Proc Natl
Acad Sci U S A 106: 6128–6133.

3. Samso M, Wagenknecht T (2002) Apocalmodulin and Ca2+-calmodulin bind to

neighboring locations on the ryanodine receptor. J Biol Chem 277: 1349–1353.

4. Samso M, Shen X, Allen PD (2006) Structural characterization of the RyR1-

FKBP12 interaction. J Mol Biol 356: 917–927.

5. Wagenknecht T, Radermacher M, Grassucci R, Berkowitz J, Xin HB, et al.
(1997) Locations of calmodulin and FK506-binding protein on the three-

dimensional architecture of the skeletal muscle ryanodine receptor. J Biol Chem
272: 32463–32471.

6. Paolini C, Protasi F, Franzini-Armstrong C (2004) The relative position of RyR

feet and DHPR tetrads in skeletal muscle. J Mol Biol 342: 145–153.

3D Mapping of the SPRY2 Domain into RyR1

PLoS ONE | www.plosone.org 6 October 2011 | Volume 6 | Issue 10 | e25813



7. Dulhunty AF, Haarmann CS, Green D, Laver DR, Board PG, et al. (2002)

Interactions between dihydropyridine receptors and ryanodine receptors in

striated muscle. Prog Biophys Mol Biol 79: 45–75.

8. Block BA, Imagawa T, Campbell KP, Franzini-Armstrong C (1988) Structural

evidence for direct interaction between the molecular components of the

transverse tubule/sarcoplasmic reticulum junction in skeletal muscle. J Cell Biol

107: 2587–2600.

9. Marx SO, Ondrias K, Marks AR (1998) Coupled gating between individual

skeletal muscle Ca2+ release channels (ryanodine receptors). Science 281:

818–821.

10. Hamilton SL, Serysheva II (2009) Ryanodine receptor structure: progress and

challenges. J Biol Chem 284: 4047–4051.

11. Cui Y, Tae HS, Norris NC, Karunasekara Y, Pouliquin P, et al. (2009) A

dihydropyridine receptor alpha1s loop region critical for skeletal muscle

contraction is intrinsically unstructured and binds to a SPRY domain of the

type 1 ryanodine receptor. Int J Biochem Cell Biol 41: 677–686.

12. Woo JS, Imm JH, Min CK, Kim KJ, Cha SS, et al. (2006) Structural and

functional insights into the B30.2/SPRY domain. EMBO J 25: 1353–1363.

13. James LC, Keeble AH, Khan Z, Rhodes DA, Trowsdale J (2007) Structural

basis for PRYSPRY-mediated tripartite motif (TRIM) protein function. Proc

Natl Acad Sci U S A 104: 6200–6205.

14. Ponting C, Schultz J, Bork P (1997) SPRY domains in ryanodine receptors

(Ca(2+)-release channels). Trends Biochem Sci 22: 193–194.

15. Rhodes DA, de Bono B, Trowsdale J (2005) Relationship between SPRY and

B30.2 protein domains. Evolution of a component of immune defence?

Immunology 116: 411–417.

16. Kuang Z, Lewis RS, Curtis JM, Zhan Y, Saunders BM, et al. (2010) The SPRY

domain-containing SOCS box protein SPSB2 targets iNOS for proteasomal

degradation. J Cell Biol 190: 129–141.

17. Kuang Z, Yao S, Xu Y, Lewis RS, Low A, et al. (2009) SPRY domain-

containing SOCS box protein 2: crystal structure and residues critical for protein

binding. J Mol Biol 386: 662–674.

18. Casarotto MG, Cui Y, Karunasekara Y, Harvey PJ, Norris N, et al. (2006)

Structural and functional characterization of interactions between the

dihydropyridine receptor II-III loop and the ryanodine receptor. Clin Exp

Pharmacol Physiol 33: 1114–1117.

19. Kimura T, Pace SM, Wei L, Beard NA, Dirksen RT, et al. (2007) A variably

spliced region in the type 1 ryanodine receptor may participate in an inter-

domain interaction. Biochem J 401: 317–324.

20. Tae H, Casarotto MG, Dulhunty AF (2009) Ubiquitous SPRY domains and

their role in the skeletal type ryanodine receptor. Eur Biophys J 39: 51–59.

21. Samso M, Feng W, Pessah IN, Allen PD (2009) Coordinated movement of

cytoplasmic and transmembrane domains of RyR1 upon gating. PLoS Biol 7:

e85.

22. Samso M, Wagenknecht T, Allen PD (2005) Internal structure and visualization

of transmembrane domains of the RyR1 calcium release channel by cryo-EM.

Nat Struct Mol Biol 12: 539–544.

23. Ludtke SJ, Serysheva II, Hamilton SL, Chiu W (2005) The pore structure of the

closed RyR1 channel. Structure 13: 1203–1211.

24. Radermacher M, Rao V, Grassucci R, Frank J, Timerman AP, et al. (1994)

Cryo-electron microscopy and three-dimensional reconstruction of the calcium

release channel/ryanodine receptor from skeletal muscle. J Cell Biol 127:

411–423.

25. Radermacher M, Wagenknecht T, Grassucci R, Frank J, Inui M, et al. (1992)

Cryo-EM of the native structure of the calcium release channel/ryanodine

receptor from sarcoplasmic reticulum. Biophys J 61: 936–940.

26. Wolf M, Eberhart A, Glossmann H, Striessnig J, Grigorieff N (2003)

Visualization of the domain structure of an L-type Ca2+ channel using electron
cryo-microscopy. J Mol Biol 332: 171–182.

27. Gogol EP, Aggeler R, Sagermann M, Capaldi RA (1989) Cryoelectron

microscopy of Escherichia coli F1 adenosinetriphosphatase decorated with
monoclonal antibodies to individual subunits of the complex. Biochemistry 28:

4717–4724.
28. Boisset N, Radermacher M, Grassucci R, Taveau JC, Liu W, et al. (1993)

Three-dimensional immunoelectron microscopy of scorpion hemocyanin labeled

with a monoclonal Fab fragment. J Struct Biol 111: 234–244.
29. Benacquista BL, Sharma MR, Samso M, Zorzato F, Treves S, et al. (2000)

Amino acid residues 4425–4621 localized on the three-dimensional structure of
the skeletal muscle ryanodine receptor. Biophys J 78: 1349–1358.

30. Boisset N, Penczek P, Taveau JC, Lamy J, Frank J (1995) Three-dimensional
reconstruction of Androctonus australis hemocyanin labeled with a monoclonal

Fab fragment. J Struct Biol 115: 16–29.

31. Tae H, Wei L, Willemse H, Mirza S, Gallant EM, et al. (2011) The elusive role
of the SPRY2 domain in RyR1. Channels (Austin) 5: 148–160.

32. Ludtke SJ, Baldwin PR, Chiu W (1999) EMAN: semiautomated software for
high-resolution single-particle reconstructions. J Struct Biol 128: 82–97.

33. Shaikh TR, Gao H, Baxter WT, Asturias FJ, Boisset N, et al. (2008) SPIDER

image processing for single-particle reconstruction of biological macromolecules
from electron micrographs. Nat Protoc 3: 1941–1974.

34. Sandin S, Ofverstedt LG, Wikstrom AC, Wrange O, Skoglund U (2004)
Structure and flexibility of individual immunoglobulin G molecules in solution.

Structure 12: 409–415.
35. Yao S, Liu MS, Masters SL, Zhang JG, Babon JJ, et al. (2006) Dynamics of the

SPRY domain-containing SOCS box protein 2: flexibility of key functional

loops. Protein Sci 15: 2761–2772.
36. Paolini C, Protasi F, Franzini-Armstrong C (2004) The relative position of RyR

feet and DHPR tetrads in skeletal muscle. J Mol Biol 342: 145–153.
37. Perez CF, Mukherjee S, Allen PD (2003) Amino acids 1–1,680 of ryanodine

receptor type 1 hold critical determinants of skeletal type for excitation-

contraction coupling. Role of divergence domain D2. J Biol Chem 278:
39644–39652.

38. Yamazawa T, Takeshima H, Shimuta M, Iino M (1997) A region of the
ryanodine receptor critical for excitation-contraction coupling in skeletal muscle.

J Biol Chem 272: 8161–8164.
39. Liu Z, Zhang J, Wang R, Wayne Chen SR, Wagenknecht T (2004) Location of

divergent region 2 on the three-dimensional structure of cardiac muscle

ryanodine receptor/calcium release channel. J Mol Biol 338: 533–545.
40. Board PG, Webb GC (1987) Isolation of a cDNA clone and localization of

human glutathione S-transferase 2 genes to chromosome band 6p12. Proc Natl
Acad Sci U S A 84: 2377–2381.

41. Treves S, Pouliquin R, Moccagatta L, Zorzato F (2002) Functional properties of

EGFP-tagged skeletal muscle calcium-release channel (ryanodine receptor)
expressed in COS-7 cells: sensitivity to caffeine and 4-chloro-m-cresol. Cell

Calcium 31: 1–12.
42. Baker RT, Catanzariti AM, Karunasekara Y, Soboleva TA, Sharwood R, et al.

(2005) Using deubiquitylating enzymes as research tools. Methods Enzymol 398:
540–554.

43. Harlow E, Lane D (1988) Antibodies: a Laboratory Manuual; Harlow E, Lane D,

eds. Cold Spring Harbour: Cold Spring Harbour Laboratory.
44. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al.

(2004) UCSF Chimera–a visualization system for exploratory research and
analysis. J Comput Chem 25: 1605–1612.

45. Goddard TD, Huang CC, Ferrin TE (2007) Visualizing density maps with

UCSF Chimera. J Struct Biol 157: 281–287.

3D Mapping of the SPRY2 Domain into RyR1

PLoS ONE | www.plosone.org 7 October 2011 | Volume 6 | Issue 10 | e25813


	Virginia Commonwealth University
	VCU Scholars Compass
	2011

	3D Mapping of the SPRY2 Domain of Ryanodine Receptor 1 by Single-Particle Cryo-EM
	Alex Peralvaerz-Marin
	HanShen Tae
	Phillip G. Board
	See next page for additional authors
	Downloaded from
	Authors


	pone.0025813 1..7

