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Background: Ca®" -calmodulin (CaM) and apo-CaM regulate ryanodine receptors (RyRs) differently.
Results: Mutant and wild-type CaM-binding locations on RyRs have been determined.
Conclusion: The distinct binding locations of apo- and Ca*>*-CaM on RyR1 have been identified and are likely related to the

different regulation effects.

Significance: A CaM-binding location on RyR2 has been determined for the first time.

Ryanodine receptor types 1 (RyR1) and 2 (RyR2) are calcium
release channels that are highly enriched in skeletal and cardiac
muscle, respectively, where they play an essential role in excita-
tion-contraction coupling. Apocalmodulin (apo-CaM) weakly
activates RyR1 but inhibits RyR2, whereas Ca>*-calmodulin
inhibits both isoforms. Previous cryo-EM studies showed dis-
tinctly different binding locations on RyR1 for the two states of
CaM. However, recent studies employing FRET appear to chal-
lenge these findings. Here, using cryo-EM, we have determined
that a CaM mutant that is incapable of binding calcium binds to
RyR1 at the apo site, regardless of the calcium concentration.
We have also re-determined the location of RyR1-bound Ca>*-
CaM using uniform experimental conditions. Our results show
the existence of the two overlapping but distinct binding sites
for CaM in RyR1 and imply that the binding location switch is
due to Ca®* binding to CaM, as opposed to direct effects of Ca>*
on RyR1. We also discuss explanations that could resolve the
apparent conflict between the cryo-EM and FRET results. Inter-
estingly, apo-CaM binds to RyR2 at a similar binding location to
that of Ca®>*-CaM on RyR1, in seeming agreement with the
inhibitory effects of these two forms of CaM on their respective
receptors.

Ryanodine receptors (RyRs)® are calcium release channels
that are located in the sarcoplasmic or endoplasmic reticulum
of muscle and non-muscle cells, where they play a major role in
controlling cytoplasmic levels of free calcium (1, 2). RyRs are
the largest known ion channels, existing as homotetramers with
anet mass in excess of 2 MDa. More than 80% of the receptors’
mass exists as a multidomain cytoplasmic assembly, which
serves as a platform for interactions with numerous regulatory
enzymes and binding proteins. RyR1 and RyR2 are mammalian
RyR isoforms and play an essential role in excitation-contrac-
tion coupling in skeletal and cardiac muscle, respectively.
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One of the regulatory binding proteins for RyRs is calmodu-
lin (CaM), which binds tightly to the receptors in both its Ca®* -
bound (Ca*"-CaM) and Ca>" -free (apo-CaM) states (3—5). The
stoichiometry of CaM binding is 1 mol of CaM/mol RyR sub-
unit, regardless of whether Ca>™ is bound (6, 7), and a region of
the RyR1 amino acid sequence involving residues 3614 —3643
(residues 3581-3612 for RyR2) is involved in binding both apo-
and Ca’"-CaM (6, 8). Apo-CaM weakly activates RyRlI,
whereas Ca®>"-CaM inhibits RyR1 (9-12). In contrast, for
RyR2, CaM inhibits receptor activity at both high and low
[Ca®*] (7, 13). Previous cryo-EM and single-particle three-di-
mensional reconstruction studies demonstrated that apo- and
Ca®>*-CaM bind to overlapping but spatially distinct locations
on the cytoplasmic assembly of RyR1, in which the centers of
mass of CaM differ by 3— 4 nm (14, 15). The binding positions of
apo- and Ca*"-CaM on RyR2 have not yet been reported.

Recently, the technique of FRET was applied to monitor
changes in the modes of apo- and Ca>"-CaM binding to RyR1
and RyR2 (16, 17). In these studies, fluorescently labeled
FKBP12.6 served as a reference point from which distances
were determined to CaM that was fluorescently labeled within
its N-terminal domain, its C-terminal domain, or the central
region that connects the N- and C-terminal domains. The
results from FRET for RyR1 indicated no significant difference
in the distances between apo-CaM and FKBP12.6 and between
Ca®>*-CaM and FKBP12.6. Identical results were obtained by
FRET for CaM-RyR2 complexes (17). This result was unex-
pected because the cryo-EM studies had shown a several-nano-
meter shift in the location of apo-CaM relative to Ca*>*-CaM.

Here, in an effort to better understand the mode of CaM
binding to RyR1 and RyR2, we investigate in further detail the
mode of CaM binding to RyR1 and RyR2 by cryo-EM and three-
dimensional reconstruction. Mutant CaM, ,,,, in which all four
of the Ca®* -binding domains in CaM have been rendered inca-
pable of binding Ca®"* (18) so that it constantly mimics the
apo-CaM conformation, was used to form CaM; ,5,-RyR1 com-
plexes in both low and high calcium buffers. Our results show
that CaM, ,;, binds at the location (between domains 3 and 4)
previously identified by Sams6é and Wagenknecht (14) for
apo-CaM. We found no difference in the binding location of
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CaM, 3, at micromolar and nanomolar Ca>", from which we
infer that the binding location of CaM does not depend on Ca>™*
acting directly on regulator sites present on RyR1 itself; rather,
a reconfiguration of the CaM mode of binding to RyR1 occurs
as a result of Ca®* associating with CaM. Finally, complexes of
apo-CaM and RyR2 were obtained, and cryo-EM analysis
revealed that apo-CaM, an inhibitor of RyR2, localizes to the
region (between domains 3 and 7) where Ca®>*-CaM, an inhib-
itor of RyR1, binds RyR1, rather than the apo-CaM site found
for RyR1.

EXPERIMENTAL PROCEDURES

Materials and Chemicals—The soybean phospholipid phos-
phatidylcholine, the detergent CHAPS, the redox reagent DT'T,
and the protease inhibitor leupeptin were purchased from Cal-
biochem. All other chemicals were purchased from Sigma-Al-
drich. RyR1 was purified from skeletal terminal cisternal vesi-
cles obtained from New Zealand White rabbits (Pel-Freez
Biologicals, Rogers, AZ) as described previously (19). Mouse
RyR2 was cloned, expressed in HEK293 cells, and purified as
described (20). Wild-type CaM and mutant CaM were
expressed and purified as described previously (21).

Cryo-grid Preparation—The previously published localiza-
tions of apo- and Ca®>"-CaM on RyR1 were obtained under
different buffer conditions (14, 15). Notably, the concentration
of the detergent CHAPS used for apo-CaM localization (14)
was ~20 times higher than that used for Ca®>"-CaM localiza-
tion (15), and exogenous lipid (phosphatidylcholine) was intro-
duced into the buffer system used for apo-CaM localization, but
not for Ca>*-CaM localization. A uniform buffer system was
used for the studies described here. Low calcium buffer con-
tained 20 mMm NaMOPS (pH 7.4), 0.108 M NaCl, 0.278 m KCl, 2
mM EGTA, 1% CHAPS, 0.5% phosphatidylcholine, 2 mm DTT,
and 2 ug/ml leupeptin in the incubation condition and 20 mm
NaMOPS (pH 7.4), 0.0216 m NaCl, 0.176 m KCI, 2 mm EGTA,
0.2% CHAPS, 0.1% phosphatidylcholine, 2 mm DTT, and 2
png/ml leupeptin in the final on-grid condition. High calcium
buffer was the same as low calcium buffer except that 0.1 mm
CaCl, was substituted for 2 mm EGTA.

Cryo-grids prepared for two-dimensional localization of
RyR1-bound CaMy, and CaM;,;, in low and high calcium
buffers were prepared as follows. Complexes of CaM and RyR1
were prepared by mixing equal volumes of CaMy,+ or CaM 55,
(in CaM buffer containing 20 mm NaMOPS (pH 7.4), 2 mm
DTT, and 2 pg/ml leupeptin) and RyR1 (in 20 mm NaMOPS
(pH 7.4), 150 mm NaCl, 1 m KCl, 0.4% CHAPS, 2 mm DTT, and
2 pg/mlleupeptin). The CaM/RyR1 molar ratio was 18:1. CaM-
free RyR1 control reactions contained the relevant buffer lack-
ing CaM. CaM and RyR1 mixtures were used to generate dif-
ferent CaM-RyR1 complexes by incubating CaM and RyR1
mixtures with either low or high calcium buffer for 20 min at
room temperature to achieve the incubation conditions men-
tioned above. Just before cryo-plunging, the incubated mix-
tures were diluted to the final on-grid condition listed above.
The concentration of RyR1 in the final on-grid condition was
~0.05-0.1 mg/ml. 4-pul diluted mixtures were applied to 300-
mesh grids coated with a thin continuous carbon film (~5 nm)
suspended over a thick holey carbon film (>10 nm) for 30 s. The
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grids were blotted with either Whatman No. 540 (low calcium
buffer) or No. 1 (high calcium buffer) filter paper for 4-4.5 s
before being plunged into liquid ethane.

Cryo-grids for three-dimensional localization of RyR1-
bound CaM, 3, in low and high calcium buffers were prepared
as described above. Cryo-grids for three-dimensional localiza-
tion of RyR1-bound CaMy,+. in high calcium buffer were sepa-
rated into two parts. The cryo-grids for low tilt (0—30°) image
collection were prepared in the same way as described above,
whereas grids for high tilt (30—-50°) image collection were pre-
pared by the carbon film sandwich method (22). The buffer
conditions and Ca®"-CaMy,-RyR1 complex concentration
were the same. After applying 4-ul diluted mixtures to the
grids, an additional thin continuous carbon film was placed on
top of the diluted mixture. Side blotting followed the second
carbon film introduction before cryo-plunging.

Cryo-grids prepared for two- and three-dimensional local-
ization of RyR2-bound CaM, 1 in low and high calcium buffers
were prepared as follows. Purified RyR2 (7 ul at a concentration
of 0.2 mg/ml in 20 mm NaMOPS (pH 7.4), 1 m NaCl, 1%
CHAPS,2mMm DTT, and 2 pug/ml leupeptin) was mixed with 1.4
wl of 0.5 mg/ml CaM (in 20 mm NaMOPS (pH 7.4) and 400 mm
KCl) and 28 ul of low calcium buffer containing 20 mwm
NaMOPS (pH 7.4), 400 mm KCl, 3.0 mm EGTA, 0.5% CHAPS, 2
mwm DTT, and 2 pg/ml leupeptin. Control RyR2 was prepared
identically except that CaM was omitted. The calcium-contain-
ing buffer contained 0.15 mm CaCl, in place of 3.0 mm EGTA.
The mixtures were incubated on ice for 30 —40 min, and 4 ul
was applied to grids and frozen as described above.

Cryo-EM—Cryo-EM was done using an FEI Tecnai F20
transmission electron microscope equipped with a field emis-
sion gun and operated at 200 kV. An Oxford CT3500 cryo-
transfer holder (Gatan, Inc., Warrendale, PA) was used with the
temperature maintained within a few degrees of —175°C.
Micrographs of CaMy,-RyR1 and CaM;,5,-RyR1 complexes
were recorded using a Tietz 415 4kX4k CCD camera (Tietz
Video and Image Processing Systems GmbH, Gauting, Ger-
many) using low dose protocols; CaMy,-RyR2 complexes
were recorded on films and digitized using a Zeiss imaging
scanner (Z/I Imaging Corp., Huntsville, AL) with a step size of
14 um. The objective lens defocus range was from 1.5 to 4.5 um.
Magnification was X50,760 (*2%). For three-dimensional
reconstruction, images were collected with the grids tilted by 0°,
10°,20°, 30°, 40°, and 50°, whereas for two-dimensional analyses,
only 0° data were used. Each exposure corresponded to an elec-
tron dose of ~10 e /A2,

For the Ca®"-CaMy,-RyR1 complex, we modified the grid
preparation by applying a second carbon film, which resulted in
the specimen being sandwiched between two layers of carbon
(22). This was done to reduce the specimen charging or beam-
induced specimen movement that usually occurs when the
specimen grid is tilted, especially to tilt angles above 20°. This
method helped to reduce the charging and image blurring in
micrographs of tilted specimens and improved the ratio of usa-
ble images in the 40° and 50° tilted images from <5 to ~20%.
However, at the same time, introduction of the second carbon
film decreased the signal-to-noise ratio of the images and might
have caused some minor structural alterations in the Ca**-
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CaMy1-RyR1 complexes. The use of this technique for the
Ca®"-CaMy,-RyR1 specimen might have been responsible for
the less robust differences attributable to CaM than were
observed in the previous study of the same complex (15) (see
“Results” for further discussion).

Image Processing—Micrographs were processed using the
SPIDER/WEB software package (23). A phase-flipping method
(24) was used to correct the contrast transfer function effect on
each particle. Two-dimensional analyses were done using 400
particles (defocus range of 3.0 = 0.1 um) for each experimental
group. A projection-matching procedure (25) was used for
three-dimensional reconstructions with 4-fold symmetry
enforced. The final resolutions were estimated by Fourier shell
correlation with a cutoff value of 0.5 (26), and the final three-
dimensional reconstructions were filtered to the estimated
resolutions. The final three-dimensional reconstructions of
CaM, ,4,-RyR1 in low (resolution of 27 A) and high (resolution
of 28 A) calcium buffers were computed from 5561 and 5033
particles, respectively. The three-dimensional reconstruction
of CaM-free RyR1 (control) in low calcium buffer was reported
previously (27). The three-dimensional reconstructions of
Ca®"-CaM,-RyR1 (resolution of 27 A) and the CaM-free
RyR1 control (resolution of 30 A) in high calcium buffer were
computed from 7000 and 4932 particles, respectively. The
three-dimensional reconstruction of Ca>*-CaM,1-RyR1 fol-
lowing supervised classification (see below) attained a resolu-
tion of 28 A and was computed from 6969 particles. A three-
dimensional reconstruction of apo-CaM-RyR2 was computed
from 14,568 particles and attained a resolution of 30 A. The
CaM-free RyR2 control was computed from 7102 particles at a
resolution of 30 A.

An initial three-dimensional reconstruction of Ca®"-
CaM,-RyR1 indicated less than stoichiometric binding of
CaM and other unexpected structural differences from the con-
trol reconstruction. The unexpected differences could be arti-
factual (e.g. induced by the carbon film sandwich technique that
was used for Ca>*-CaM,-RyR1; see “Results”) or reflect gen-
uine small structural alterations in RyR1. To enhance the signal
from Ca*"-CaM,,, supervised classification (28) was applied
to the images of the Ca®"-CaM,,-RyR1 complexes; which we
applied masks to the region between domains 3 and 7, that were
used to screen for the fully bound Ca**-CaMy,-RyR1 com-
plexes to be included in the computation of the three-dimen-
sional reconstruction that is shown in Fig. 3 (E and F).

RESULTS

Two-dimensional Localization of RyRI-bound CaM -+ and
Mutant CaM 53, at Low and High Calcium Concentrations—
Frozen hydrated complexes of CaMy,+-RyR1 and CaM,,;,-
RyR1 in buffers containing either high (100 um) or low (<10
nMm) [Ca®"], as well as the CaM-free RyR1 control in the same
buffers, were imaged by cryo-EM. Under all of the conditions,
the images displayed the standard tetrameric RyR shape, a
square with four protruding corners (“clamps”) and a central
cross, which is characteristic of RyRs adsorbed to carbon-
coated EM grids. Because of the high noise level of individual
images and the small mass of CaM (16.5 kDa) relative to RyR1
(565 kDa/subunit), RyR-bound CaM is not discernible in
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FIGURE 1. Two-dimensional analysis of CaM,,;-RyR1 and CaM, ,;,-RyR1in
4-fold view. A and B, 4-fold symmetrized two-dimensional averages of apo-
CaM,+-RyR1 and CaM,,;,-RyR1, respectively, in low calcium buffer (2 mm
EGTA). C and D, 4-fold symmetrized two-dimensional averages of Ca®"-
CaM,t-RyR1 and CaM,,5,-RyR1, respectively, in high calcium buffer (0.1 mm
CaCl,). E and F, 4-fold symmetrized two-dimensional averages of the RyR1
control in low calcium buffer. G and H, 4-fold symmetrized two-dimensional
averages of the RyR1 control in high calcium buffer. Scale bar = 10 nm (E). I-L,
upper panels, difference maps generated by subtracting images in E-H from
A-D, respectively. The white regions in I-L are the positions of positive differ-
ences. The biggest differences are in bright white. Lower panels, the positive
differences (asterisks) in the upper panels superimposed on the bottom view
of a three-dimensional reconstruction of RyR1.

images of CaM,1-RyR1 or CaM,,,-RyR1, which appear to be
identical to their respective control specimens lacking bound
CaM. After averaging the images, small symmetrically distrib-
uted regions of increased density are apparent in CaM,-RyR1
and CaM,,,,-RyR1 (Fig. 1, A—D) compared with the respective
RyR1 controls (Fig. 1, E-H) under both low and high calcium
conditions. To make these subtle differences clearer, we sub-
tracted the averaged RyR1 controls from the averaged com-
plexes and generated difference maps (Fig. 1, I-L), each pre-
senting four strong positive regions of density (white) having
the expected 4-fold symmetry. Application of ¢ tests showed
these positive differences to be statistically significant at
>99.9% confidence levels. We attribute these differences to
RyR-bound CaMy,+ or CaM,,,, present at four copies/tetra-
meric RyR1. These localization results are consistent with pub-
lished apo- and Ca®>*-CaM localizations (14, 15). However,
two-dimensional analysis did not distinguish between the apo-
and Ca**-CaM positions, as both appear on one side of and at
the base of the clamp structures. Some weaker positive differ-
ences also appeared in difference maps (Fig. 1, I-L), and they
might have been the result of subtle conformational changes in
RyR1 triggered by CaM binding.

Three-dimensional Localization of CaM ,,5, on RyR1 at Low
and High Calcium Concentrations—The three-dimensional
reconstructions of CaM; ,5,-RyR1 in both low and high calcium
buffers display the typical RyR1 appearance (29, 30), which is a
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published
Ca?-CaM
binding site

FIGURE 2. Three-dimensional localization of RyR1-bound CaM,,,, at low
and high calcium. A and B, solid-body representations of the three-dimen-
sional reconstructions of CaM,,;,-RyR1 complexes and the CaM-free RyR1
control, respectively, in low calcium buffer. The yellow boxed regions highlight
the areas with the biggest difference. C, subtraction of B from A yields four
symmetrically related positive differences, one of which is shown superim-
posed on the RyR1 control (yellow mass) and which is attributed to RyR1-
bound CaM,,5,. Dand E, solid-body representations of the three-dimensional
reconstructions of CaM;,5,-RyR1 complexes and the CaM-free RyR1 control,
respectively, in high calcium buffer. The cyan boxed regions highlight the
areas with the biggest difference. F, the green mass is the result of subtraction
of E from D and represents RyR1-bound CaM,,,, in high calcium buffer.
G, locations of RyR1-bound CaM 5, in low (yellow mesh) and high (green solid)
calcium buffers. Both were localized on domain 3 close to domain 4, which
closely matches the previously published apo-CaM,, site. The numerals on
the cytoplasmic assembly indicate the distinguish domains as numbered pre-
viously (30). TA, transmembrane assembly. Scale bar = 10 nm.

square prism shape (28-nm edge length) comprising 14 distin-
guishable domains connecting to a smaller transmembrane
region (Fig. 2, A and D). Compared with the CaM-free RyR1
control (Fig. 2, B and E), in both low and high calcium buffers,
CaM, ,3,-RyR1 shows a major difference in domain 3 close to
domain 4 (yellow boxed regions in Fig. 2). Subtractions of the
CaM-free RyR1 controls from the CaM, ,5,-RyR1 complexes in
the same buffer were performed to more clearly display the
excess densities that are present in CaM;,5,-RyR1 but absent in
the RyR1 controls. For both the high and low Ca®>* conditions,
the strongest positive mass differences appear in domain 3 (Fig.
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2, C and F), as expected from visual comparisons of the recon-
structions of RyR1 with and without CaM. Based upon the sizes
of the major differences and the absence of other substantial
differences, they are interpreted as RyR1-bound CaM,,,. The
locations of these strongest masses are consistent with the
4-fold view positions of CaM, ,, in the two-dimensional anal-
yses (Fig. 1). The locations, as well as the overall ellipsoidal
shapes of the major differences, closely match the results of the
published localization of apo-CaMy,+ on RyR1 (14).

Fig. 2 shows only the differences due to additional mass pres-
ent in the CaM,,;,-RyR1 complexes. Analysis of the negative
differences indicated that none were significant enough to
compensate for the positive masses attributed to CaM,,s,.
Therefore, the positive CaM, ,,-like masses are not the result
of RyR1 conformational changes, and we conclude that each of
these positive masses corresponds to RyR1-bound CaM, ,3,.

In summary, RyR1-bound CaM,;, in low calcium buffer is
localized on domain 3 close to domain 4 on RyR1, which is the
same position as the published apo-CaM,, site. RyR1-bound
CaM,,,, in high calcium buffer is also localized to this region;
the CaM,,5, masses in both the low and high calcium buffer
experimental groups almost completely overlap (Fig. 2G) with
the distance between the masses of <0.1 nm. Most signifi-
cantly, this result shows that the previous localization of RyR-
bound CaM at high [Ca®"], in which Ca®>*-CaM was localized
to the cleft formed by domains 3 and 4 and the clamp (arrow in
Fig. 2G), was a consequence of Ca>" binding to CaM and was
not due to a direct effect of Ca>* on the structure of RyR1.

Three-dimensional Localization of Ca”*-CaM,; on RyRI—
To check that the Ca**-CaM-binding site that we identified
previously (15) is present under the conditions used in this
study, we determined a three-dimensional reconstruction of
the Ca®>"-CaM-RyR1 complex. The three-dimensional recon-
struction of Ca®>"-CaMy,-RyR1 shows the typical RyR1
appearance (Fig. 3). The major differences between Ca’"-
CaM,+-RyR1 (Fig. 3, A and B) and the CaM-free RyR1 control
(Fig. 3, Cand D) involve domains 3 and 7 and the space between
them. The strongest differences are located in domain 3. In
Ca®>"-CaMy,-RyR1, domains 3 and 7 are connected, whereas
in the CaM-free RyR1 control, they are separated. This result is
consistent with previous results (15), which placed Ca**-CaM
in the gap between domains 3 and 7.

However, volume subtraction of the CaM-free RyR1 control
from Ca®"-CaMy,-RyR1 showed a more complex distribution
of positive and negative differences (mainly in domain 3) than
seen previously. Several differences in experimental parameters
are evidently responsible for these discrepancies, which caused
less than stoichiometric binding (or increased mobility) of
Ca®"-CaM to RyR1 and possibly some structural alterations
involving domain 3 not seen previously. Therefore, to clarify
the CaM-binding position, we applied a supervised classifica-
tion step to the images that were used to generate the final
differences shown in Fig. 3 (E and F) (see “Experimental Proce-
dures”). However, even without this additional image-process-
ing step, it is evident that Ca®>"-CaM binding to RyR1 occurs
within the cleft between domains 3 and 7 (red circled regions in
Fig. 3, A and B), in agreement with previous work, and not in the
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FIGURE 3. Three-dimensional localization of RyR1-bound Ca**-CaM,.
A and B, three-dimensional reconstruction of Ca®*-CaM,-RyR1. A shows
a side view, and B shows a 4-fold view of the bottom (membrane-facing)
surface. C and D, side view and bottom 4-fold view, respectively, of the
CaM-free RyR1 control. Red circled regions in A-D highlight the major dif-
ferences between Ca®*-CaM,,-RyR1 and the CaM-free RyR1 control. Eand
F, densities likely due to RyR1-bound Ca?"-CaM,,; that were generated by
volume subtraction of the RyR1 control from Ca®"-CaM,-RyR1. Scale
bar =10 nm.

upper regions of domain 3 where apo-CaM and CaM, ,3, bind
(Fig. 2).

Localization of Apo-CaM,+ on RyR2—The effects of apo-
CaM on RyR2 calcium channel activity differ from its effects on
RyR1, but CaM interactions with RyR2 have not been investi-
gated previously by cryo-EM. Two-dimensional averages
of apo-CaMy,-RyR2 and Ca®>"-CaMy,-RyR2 complexes
showed typical RyR shapes, but when difference images were
formed with control (CaM-free) RyR2, only apo-CaM-RyR2
showed significant excess mass density compared with control
RyR2 (Fig. 4, A-D). Several experimental conditions were
tested for Ca®"-CaM,,-RyR2, but for unknown reasons, none
resulted in significant differences compared with control RyR2.
Therefore, data for three-dimensional reconstruction were col-
lected for apo-CaM-RyR2, but not for Ca*"-CaM,-RyR2.
The three-dimensional reconstruction of apo-CaMy,-RyR2
localizes apo-CaMy - to the gap between domains 3 and 7 (Fig.
4, H-M). The strongest differences appear to be associated with
domain 7, perhaps indicating that the mode of binding is not
identical to that of Ca*>*-CaM binding to RyR1, in which Ca**-
CaM appears to be more closely associated with domain 3. Nev-
ertheless, the binding of apo-CaM on RyR2 to the cleft formed
by domains 3 and 7 is much more similar to that of Ca®>"-CaM
compared with apo-CaM on RyR1.
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DISCUSSION

The motivation for this study was to clarify the modes of apo-
and Ca”>"-CaM binding to RyR1 and to test the hypothesis that
Ca®" binding to CaM promotes large-scale structural rear-
rangements in RyR1. Previous results obtained by cryo-EM
indicated that apo- and Ca®>"-CaM bind to clearly distinct but
partially overlapping locations on the lateral surface of the cyto-
plasmic region of the receptor (Fig. 2G), ~10 nm from the
Ca®"-conducting channel in the transmembrane region (14,
15). The straightforward interpretation of this finding is that
Ca®"- and apo-CaM bind differently to RyR1 such that their
centers of mass are displaced from one another by several nano-
meters. Analysis of CaM binding to a CaM-binding peptide
corresponding to RyR1 residues 3614 —3643 indicated that
CaM moves toward the N terminus of the peptide upon binding
Ca** (31), an observation that is not inconsistent with the
movement detected by cryo-EM, but additional structural
changes would seem to be required to account for the large (~3
nm) shift in the CaM location found by cryo-EM. Furthermore,
because RyR1 is also regulated by Ca®>" independently of CaM,
it has been suggested that Ca®" itself could induce a structural
change in RyR1 that reconfigures the binding site for CaM (2);
this interpretation is consistent with results from multiple stud-
ies showing involvement of a 30-residue amino acid sequence
within RyR1 (residues 3614 -3643) in binding both apo- and
Ca*"-CaM (6, 8). To test for this latter possibility, we have
determined the three-dimensional reconstructions of mutant
CaM (CaM,43,) in which all four Ca*"-binding motifs have
been rendered incapable of binding Ca>", and so CaM, 43,
should behave as apo-CaM even in the presence of micromolar
[Ca®™].

The three-dimensional reconstructions of CaM;,5,-RyR1
complexes determined at either nanomolar or micromolar
[Ca®"] show the CaM,,,, mutant to be bound at the location
previously determined for apo-CaM (14). Two aspects of this
result are significant. First, it provides confirmatory evidence of
the apo-CaM-binding location, which has been reported only
once before. The apo-CaM site has also been called into ques-
tion based upon estimations by FRET of the distance between
fluorescently tagged CaM and FKBP12.6 that were more con-
sistent with apo-CaM being bound nearer to the location found
by cryo-EM for Ca>"-CaM (16). Second, the result rules out the
hypothesis that direct binding of Ca®>* to RyR1 causes a restruc-
turing of the CaM-binding site that accounts for the difference
in apo- and Ca®>"-CaM binding observed by cryo-EM. On this
point, our results agree with FRET results, which also showed
no significant Ca®>"-dependent changes in FRET for RyR1-
bound CaM, 5, (16, 17).

We have also re-determined the location of RyR1-bound
Ca®>"-CaM and have confirmed that Ca*>*-CaM binds in the
deep cleft formed between the “handle” and clamp regions of
the cytoplasmic region of RyR1. For unknown reasons, either
the binding occupancy of Ca?"-CaM was <100%, or Ca*"-
CaM was somewhat mobile because the density attributed to
Ca®"-CaM was weaker than expected, but nevertheless highly
significant. Thus, increasing evidence from cryo-EM supports a
model in which apo- and Ca*>*-CaM bind to distinct sites on
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FIGURE 4. Two- and three-dimensional localizations of RyR2-bound apo-CaM. A and B, 4-fold symmetrized two-dimensional averages of apo-CaM,,-RyR2
and the CaM-free control, respectively, in low calcium buffer (3 mm EGTA). C, difference map generated by subtracting B from A. The white regions are the
positions of positive differences. The biggest differences are in bright white. D, locations of the positive differences (asterisks) in C superimposed on the bottom
view of a three-dimensional reconstruction of RyR1. E and F, 4-fold symmetrized two-dimensional averages of Ca®*-CaM,,-RyR2 and the CaM-free control,
respectively, in high calcium buffer (0.1 mm CaCl,). G, difference map generated by subtracting F from E, showing no significant positive differences. H and /,
three-dimensional reconstruction of the CaM-free RyR2 control. H shows a side view, and / shows a 4-fold view of the bottom (membrane-facing) surface./and
K, side view and bottom 4-fold view, respectively, of the apo-CaM,,1-RyR2 complex. Red circled regions highlight the major differences between the apo-CaM -
RyR2 complex and the CaM-free RyR2 control. L and M, positive densities (purple) attributed to RyR2-bound apo-CaM,,; that were generated by volume
subtraction of the CaM-free RyR2 control from apo-CaM,,+-RyR2, which suppresses the positive differences due to FKBP12.6. Scale bar = 10 nm.
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RyR1. Meanwhile, more recent studies by FRET (17), employ-
ing fluorophore-labeled CaM and FKBP12.6, continue to report
small changes in FRET that appear to be inconsistent with the
nanometer-scale movements seen by cryo-EM of CaM relative
to FKBP12.6 when CaM switches between the Ca®>*-free and
Ca®"-bound states for both RyR1 and RyR2.

Are the results from FRET and cryo-EM necessarily discord-
ant? In the FRET study, distances between fluorophore-labeled
CaM and FKBP12.6 were determined for CaM that was labeled
in its N-terminal domain (N-terminal lobe), central connecting
peptide, or C-terminal lobe. In all three instances, no significant
Ca®>*-dependent changes in FRET were found, and the N-ter-
minal lobe consistently yielded higher FRET than the C-termi-
nal lobe (16). The FRET experiments were conducted on unpu-
rified RyR1 that was present in vesicles derived from skeletal
sarcoplasmic reticulum, as well as on purified detergent-solu-
bilized RyR1, the latter conditions being similar to those used
for cryo-EM. No instances were found of Ca®>*-dependent
changes in FRET of a magnitude that might be expected for
nanometer-scale shifts in the CaM-binding location as have
been inferred from cryo-EM (14).

Cornea et al. (16) discussed possible ways in which their
FRET results could be interpreted so as to be consistent with
the cryo-EM results. One possibility is that FKBP12.6, like
CaM, switches between two binding sites such that there is little
net change in the distance between the two bound ligands for
the two states (high and low [Ca®"]). However, this possibility
was considered to be unlikely given the lack of evidence that
FKBP12 undergoes any significant changes in its mode of bind-
ing as a function of Ca®"". It was also suggested that if the tran-
sition of apo-CaM to Ca>"-CaM approximates CaM moving
along a circular arc relative to FKBP12.6, then no change in the
distance from CaM to FKBP12.6 would be observed using
FRET. However, the cryo-EM results do not appear to lend
support to this interpretation either.

In light of the results presented here, we argue that it is
worthwhile to consider additional explanations. We contend
that there are other (probably many) ways in which CaM bind-
ing to RyR1 could occur so as not to contradict either the FRET
or cryo-EM results. For example, we note that in the FRET
studies (16), the N- and C-terminal lobe-labeled versions of
CaM had the fluorophores on the same side of the CaM, assum-
ing that Ca®>"-CaM binds to the RyR1 CaM-binding domain as
determined by x-ray crystallography (32). One could envision
scenarios in which the center of mass of the CaM undergoes a
3—4-nm translational shift (in agreement with the cryo-EM)
while, at the same time, the N- and C-terminal lobes change
their orientations, perhaps independently of each other (e.g. by
rotations about the long axis of CaM), such that the attached
fluorophores undergo movements that compensate for the
translational shift (Fig. 5). The central region of CaM almost
certainly differs substantially in conformation in apo-CaM
compared with Ca®>*-CaM, and therefore, in the absence of
structural information, FRET changes for probes placed in this
region are unpredictable. This speculation illustrates how small
changes in FRET could still allow for large structural rearrange-
ments, but the actual explanation for the apparent disagree-
ment of the FRET and cryo-EM results may well be more com-
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FIGURE 5. Hypothetical model of FRET pair locations on RyR1-bound apo-
CaM, Ca®*-CaM, and FKBP12.6. The white circled region indicates the loca-
tion of FKBP12.6 on the RyR1 surface, which is between domains 3 and 9. The
white asterisk shows one possible donor fluorophore location on the FK506-
binding protein. The red asterisks are the potential acceptor fluorophore loca-
tions on the N-terminal lobe of apo-CaM (backbone in cyan) and Ca>*-CaM
(backbone in yellow). The green asterisks are the acceptor locations on the
C-terminal lobe. CaMs were positioned and oriented so as to be consistent
with both the cryo-EM localizations and the FRET data that indicate small
differences between donor/acceptor fluorophore pairs in apo-CaM versus
Ca?"-CaM. Scale bar = 10 nm. The Protein Data Bank code for apo-CaM s 2IX7
(35), and that for Ca?*-CaM is 2BCX (32).

plex than this. For instance, whereas the C-terminal lobe of
CaM is thought to bind tightly and constitutively to the well
documented CaM-binding region of RyR1 (residues 3614 —
3643), some studies suggest of independent movements of the
N-terminal lobe relative to the C-terminal lobe of CaM, per-
haps with the N-terminal lobe undergoing major changes in its
mode of interaction with RyR1 (32—34). Further investigation is
needed to resolve the nature of potentially complex dynamical
interactions of the N- and C-terminal lobes of CaM with mul-
tiple domains within RyR1.

Our finding that the apo-CaM-binding site on RyR2 is in the
deep cleft between domains 3 and 7 (Fig. 4), similar to the Ca®* -
CaM-binding position on RyR1, is perhaps the structural cor-
relate of functional studies showing that both apo- and Ca**-
CaM inhibit the calcium channel activity of RyR2, whereas
Ca®"-CaM inhibits but apo-CaM activates the channel activity
of RyR1 (7, 9-13). A structural model that posits two CaM-
binding sites on the RyR, one in the cleft between domains 3 and
7, which has an inactivating effect on the RyR, and the second
near the juncture of domains 3 and 4, which has an activating
effect, is consistent with existing structural and functional data.
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