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The 12-kDa FK506-binding proteins (FKBP12 and FKBP12.6)
are regulatory subunits of ryanodine receptor (RyR) Ca>*
release channels. To investigate the structural basis of FKBP
interactions with the RyR1 and RyR2 isoforms, we used site-
directed fluorescent labeling of FKBP12.6, ligand binding mea-
surements, and fluorescence resonance energy transfer (FRET).
Single-cysteine substitutions were introduced at five positions
distributed over the surface of FKBP12.6. Fluorescent labeling
at position 14, 32, 49, or 85 did not affect high affinity binding to
the RyR1. By comparison, fluorescent labeling at position 41
reduced the affinity of FKBP12.6 binding by 10-fold. Each of the
five fluorescent FKBPs retained the ability to inhibit [*H]ryanodine
binding to the RyR1, although the maximal extent of inhibition was
reduced by half when the label was attached at position 32. The
orientation of FKBP12.6 bound to the RyR1 and RyR2 was exam-
ined by measuring FRET from the different labeling positions on
FKBP12.6 to an acceptor attached within the RyR calmodulin sub-
unit. FRET was dependent on the position of fluorophore attach-
ment on FKBP12.6; however, for any given position, the distance
separating donors and acceptors bound to RyR1 versus RyR2 did
not differ significantly. Our results show that FKBP12.6 binds to
RyR1 and RyR2 in the same orientation and suggest new insights
into the discrete structural domains responsible for channel bind-
ing and inhibition. FRET mapping of RyR-bound FKBP12.6 is con-
sistent with the predictions of a previous cryoelectron microscopy
study and strongly supports the proposed structural model.

The 2.3-MDa ryanodine receptor (RyR)?>/Ca®* release chan-
nel isoforms expressed in skeletal muscle (RyR1) and cardiac
muscle (RyR2) function in complex with smaller regulatory
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proteins, which include FK506-binding proteins (FKBP12 and
FKBP12.6) and calmodulin (CaM) (1, 2). The FKBPs tightly
bind to RyR channels and may function to stabilize channels in
a fully closed conformational state while minimizing the occur-
rence of subconductance states (3, 4).

Disruption of FKBP binding to RyRs has been proposed to
underlie increased channel openings in response to 3-adrener-
gic stimulation (5), oxidation/nitrosylation (6—8), or disease-
causing channel mutations (9 -11), and the FKBP binding inter-
face is now under investigation as a therapeutic target for
disordered Ca®" regulation in cardiac and skeletal muscle.
However, the fundamental cellular and molecular mechanisms
that govern FKBP binding remain poorly defined, and the sig-
nificance of reduced FKBP binding in RyR channelopathies is
controversial (12—16). Because no atomic structure of an
FKBP-RyR complex is currently available, uncertainty regard-
ing the specific structural domains that comprise the binding
interface remains a significant gap in understanding.

Molecular determinants of FKBP binding have been inves-
tigated previously through mutagenesis of FKBP12 and
FKBP12.6 (17, 18). However, the key determinants thus far
identified are broadly distributed throughout the FKBP three-
dimensional structure and do not provide a clear indication of a
major RyR binding interface. Cryoelectron microscopy (cryo-
EM) and single-particle three-dimensional reconstruction of
RyRs in the absence and presence of FKBP12/12.6 have dem-
onstrated that the FKBPs bind within a pocket formed by the
intersection of domains 3 and 9 of the RyR1 and RyR2 cyto-
plasmic assemblies (19, 20). More recently, Samsé et al. (21)
advanced this approach to higher resolution and were able to
dock the atomic structure of FKBP12 into the three-dimen-
sional difference map of FKBP12 in a unique orientation. These
results suggested a distinct mode of binding, in which the sur-
face formed by the B-sheet and adjacent loops of FKBP12 forms
a major binding interface with domain 9 of the RyR1 channel,
and the hydrophobic drug-binding pocket of FKBP12 faces
RyR1 domain 3.

Here, we extend an approach (22) based on site-directed
labeling of channel regulatory proteins and fluorescence reso-
nance energy transfer (FRET) to further investigate the struc-
tural basis of FKBP binding to RyR channels. We identify struc-
tural determinants of both high affinity binding and RyR
inhibition. We define the orientation of FKBP12.6 when bound
to both the RyR1 and the RyR2 channel isoforms. Our results
provide the first FRET-based distance measurements within
the cardiac RyR2 and demonstrate that distance relationships
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within the RyR1 and RyR2 isoforms are remarkably similar.
Results are in excellent agreement with the mode of FKBP12-
RyR1 binding predicted by previous cryo-EM studies (21).

EXPERIMENTAL PROCEDURES

Materials—Sarcoplasmic reticulum (SR) membrane vesicles
were isolated from pig longissimus dorsi and pig ventricular
tissue by differential ultracentrifugation of homogenized mus-
cle (23). Cysteine-reactive fluorescent dyes were purchased
from Invitrogen. [*H]Ryanodine was from PerkinElmer Life
Sciences. Image rendering of FKBP12, FKBP12.6, and RyR1
structural models was performed using the Chimera software
package (24).

Expression, Purification, and Fluorescent Labeling of Single-
cysteine Mutants of FKBP and CaM—Human FKBP12.6 cDNA
was modified by site-directed mutagenesis (QuikChange kit,
Stratagene (La Jolla, CA)) to introduce one of five different sin-
gle-cysteine substitutions (T14C, N32C, D41C, R49C, or T85C)
into a null cysteine background (C22A and C761 FKBP12.6). A
single-cysteine FKBP12 was synthesized by introducing a T14C
substitution into a null cysteine (C22A) FKBP12. FKBPs were
expressed in Escherichia coli BL21(DE3)pLysS and purified on
DEAE-Sephacel anion exchange and Sephacryl-200 HR col-
umns, essentially as described (25, 26). FKBPs were labeled at
their single cysteine using the maleimide derivatives of Alexa
Fluor 488 or Alexa Fluor 555. Unreacted dye was separated
from the fluorescence-labeled FKBPs (F-FKBPs) by phenyl-
Sepharose chromatography, and the F-FKBPs were then dia-
lyzed and concentrated using an Amicon device (YM3 filters,
Millipore (Billerica, MA)) into 20 mm MOPS, 30 mMm NaCl, pH
7.0. The degree of labeling of F-FKBPs was found to be =90%,
based on the absorbance of the bound dye and the SDS-PAGE
densitometry of the F-FKBP protein. Nearly stoichiometric
labeling of F-FKBPs was confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (sup-
plemental Fig. S1A). Circular dichroism was performed to rule
out major changes in FKBP12.6 secondary structure resulting
from mutagenesis and fluorescent labeling (supplemental Fig.
S1B). An F-CaM acceptor was synthesized by labeling a T34C
CaM mutant at its single cysteine with Alexa Fluor 568, as
described previously (27).

Binding Measurements—The binding of FKBPs to SR mem-
branes (0.4 mg/ml) was measured following 90-min incuba-
tions in 37 °C buffer containing 150 mm KCl, 20 mm K-PIPES
(pH 7.0), 5 mm GSH, 0.1 mg/ml bovine serum albumin, 1 mm
EGTA, 1 mm CaCl, (30 uM free Ca>", calculated using Maxch-
elator), and 100 nm Alexa 555-labeled FKBP12. For determina-
tions of nonspecific binding, 2 uM unlabeled FKBP12.6 was
added to the binding buffer. Bound and free F-FKBP were sep-
arated by centrifugation at 100,000 X g. Pellets were dissolved
in 5% SDS, 50 mm NaCl, 20 mm Na-PIPES (pH 7.0), and 1 mm
EGTA. Bound Alexa 555-labeled FKBP12 was determined from
the integrated fluorescence intensity from 563 to 591 nm,
acquired using a Gemini EM microplate fluorometer (Molecu-
lar Devices, Sunnyvale, CA) with excitation at 542 nm and a
550-nm emission long pass filter (no contribution of Alexa 488-
labeled FKBPs to the fluorescence signal).
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For determinations of the FKBP dependence of [*H]ryanod-
ine binding, skeletal muscle SR membranes (0.1 mg/ml) were
pretreated with 2 um FK506 to remove endogenous FKBPs.
Binding of [*H]ryanodine (20 nm) was determined following
16-h incubations at 25 °C in KCI/PIPES buffer containing 0.2
mg/ml SR protein, as described previously (23). IC, values are
based on fits to the Hill equation.

FRET Measurements and Calculation of Donor-Acceptor
Distances—FRET between RyR-bound F-FKBPs and F-CaM
was measured as described previously (22) in KCI/PIPES buff-
ers containing 30 um Ca>". SR membranes (0.4 mg/ml) were
preincubated with 50 nm Alexa 488-labeled FKBP12.6 (donor)
for 90 min at 37 °C. Membranes were centrifuged at 100,000 X
gto remove unbound donor, and the pellet was resuspended to
afinal concentration of 3 mg/ml. FRET was measured following
2.5-h incubations at 25 °C in the same buffer containing 0 — 800
nM Alexa 568-labeled CaM (acceptor).

Fluorescence emission spectra were acquired at 25 °C with
excitation at 490 nm, and a 495-nm emission long pass filter.
Donor-only samples and acceptor-only samples displayed dis-
tinct emission maxima at 518 and 600 nm, respectively
(supplemental Fig. S2). FRET efficiency was calculated from the
decrease in donor steady-state fluorescence (Fp) due to the
presence of acceptor (Fp ) according to Equation 1,

FDA
FRET = (1 — FD>

To verify that FRET was strictly dependent on donor binding,
control experiments measured FRET in samples that contained
either FK506 or unlabeled FKBP12.6 to block F-FKPB binding
to RyRs (supplemental Fig. S2). Alternatively, excess unlabeled
CaM was added to block binding of the F-CaM acceptor and
abolish FRET.

Donor-acceptor distances, R, were calculated from Equa-
tion 2,

(Eq. 1)

R = Ry(FRET ' —1)® (Eq.2)
where the Forster distance, R, is defined as the distance at
which FRET = 0.5 (62 A for the Alexa 488-Alexa 568 donor-
acceptor pair) (28).

To assign a unique orientation to the RyR-bound FKBP rel-
ative to the CaM subunit, we assumed that observed FRET effi-
ciencies are primarily a function of the proximity of each
F-FKBP donor to its nearest neighbor F-CaM acceptor bound
to the same lateral face of the RyR and that any FRET to F-CaMs
bound to different faces of the same channel, to neighboring
channels, or to non-RyR targets had comparatively little impact
on the aggregate FRET signal. This assumption is well sup-
ported by the disposition of FKBP and CaM subunits in
cryo-EM structures (19), by our own previous analysis (22),
and by the donor-acceptor distances derived in this study
(Table 1). A schematic is included to illustrate the predicted
distance relationships among multiple donors and acceptors
bound within an ordered array of RyR channels, in the con-
text of the limited range of distances over which FRET may
occur (supplemental Fig. S3).
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RESULTS

FKBP12 and FKBP12.6 share 85%
amino acid sequence homology and
nearly identical backbone struc-
tures (Fig. 14) (29). The FKBP12

isoform is more widely and abun-
dantly expressed and copurifies

FIGURE 1. Structure and site-directed fluorescent labeling of FKBP12.6. A, the structure of FKBP12.6 (blue;
Protein Data Bank entry 1C9H) is superimposed with FKBP12 (gray; Protein Data Bank entry 1D60) for compar-
ison. B, five FKBP12.6 residues targeted for cysteine mutagenesis and fluorescent labeling are shown in red.
C, SDS-PAGE of the five single-cysteine FKBP12.6 mutants and their corresponding fluorescent conjugates
(above, Coomassie; below, fluorescence). Lanes 1 and 2 contain wild-type FKBP12 and FKBP12.6, respectively, as

standards.
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FIGURE 2. Competitive inhibition of FKBP12 binding to the skeletal mus-
cle RyR1 by five single-cysteine mutants of FKBP12.6 and their fluores-
cent conjugates. Skeletal muscle SR membranes were incubated in medium
containing Alexa 555-labeled FKBP12 (100 nm) and a 0-1000 nm concentra-
tion of an FKBP12.6 modified at either position 14, 32,41, 49, or 85, as denoted
in the upper right of each graph. Normalized membrane-bound fluorescence
data are means = S.E. (error bars) from 3-5 experiments (excitation 542 nm,
emission 563-591 nm).

Statistics—Sample means are from two or more independent
experiments. Experiments were repeated using at least two
independent SR membrane preparations, isolated from differ-
ent animals. Means were compared using Student’s ¢ test and
considered significantly different at p < 0.05.
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with the RyR1 channel from mam-
malian skeletal muscle, where
FKBP12.6 is absent. However, in
vitro FKBP12.6 binds with higher
affinity and selectivity to both the
RyR1 and RyR2 channels (17) and
thus provides an ideal means of tar-
geting fluorescent probes to each of
the two channel isoforms (22).

To determine the orientation at
which FKBPs bind to RyR1 and
RyR2 channels and to identify key
FKBP domains at the binding inter-
face, we synthesized a series of fluorescence-labeled FKBP12.6
mutants. Single-cysteine substitutions were introduced at five
positions distributed over the surface of FKBP12.6 (Fig. 1B). We
selected for modification only solvent-exposed side chains out-
side the FKBP hydrophobic core, to minimize potential effects
of mutagenesis and fluorescent labeling on global tertiary struc-
ture. Each of the five single-cysteine FKBPs was individually
labeled with green fluorescent Alexa 488. SDS-PAGE analysis
demonstrated single fluorescent bands for each of the five
F-FKBPs, with apparent molecular masses slightly greater than
the corresponding unlabeled single-cysteine FKBPs (Fig. 1C).

Competition Studies of F-FKBP Binding to SR Membranes—
To identify FKBP12.6 mutants and fluorescent conjugates that
retained high affinity binding to RyR1 channels, we examined
the competitive inhibition of FKBP12 binding to skeletal mus-
cle SR membranes (Fig. 2). FKBP12 was labeled with red fluo-
rescent Alexa 555. In the absence of FKBP12.6, SR membranes
bound 55.7 = 5.8 pmol of Alexa 555-FKBP12/mg of protein,
consistent with a binding stoichiometry of four FKBP12 per
RyR1 tetramer (30). The addition of wild-type, unlabeled
FKBP12.6 fully inhibited FKBP12 binding (Fig. 2, dashed gray
lines; IC,, = 22.6 = 2.2 nM), demonstrating that the two FKBP
isoforms competed at a common binding site on the RyR1.

The introduction of a single cysteine at position 14, 32, 49, or
85 did not significantly alter the concentration dependence of
FKBP12.6 inhibition (Fig. 2, blue lines). Furthermore, high
affinity binding was retained following the covalent attachment
of Alexa 488 at each of these four positions (green lines), sug-
gesting that positions 14, 32, 49, and 85 are removed from the
major RyR1 binding interface.

By comparison, the introduction of a cysteine at position
41 resulted in a significant rightward shift in the FKBP12.6
dependence of inhibition (IC,, = 45.4 = 5.4 nm, p = 0.01).
Attachment of fluorophore at this position evoked a further
rightward shift in FKBP12.6 inhibition (IC,, > 100 nm). Cir-
cular dichroism indicated that FKBP12.6 secondary struc-
ture was unaffected by fluorescent labeling at position 41
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(supplemental Fig. S1B). Thus, the marked decrease in RyR1
binding affinity that resulted from labeling at position 41 may
be explained by steric hindrance in the vicinity of the major
binding interface.

RyR1 Inhibition by F-FKBPs—To identify fluorescence-la-
beled FKBPs that retained the ability to inhibit the RyR1 chan-
nels, we characterized the inhibition of [*H]ryanodine binding
to skeletal muscle SR membranes by the different F-FKBPs.
Initial experiments characterized the effects of wild-type
FKBP12 and FKBP12.6 on the Ca®>* dependence of [*H]ryano-
dine binding to SR membranes that had been pretreated with
FK506 to remove native FKBP12. The addition of unlabeled
FKBP12 decreased the Ca>" activation of [*H]ryanodine bind-
ing to the FKBP-depleted membranes by approximately half
(Fig. 3A). Unlabeled FKBP12.6 evoked a similar decrease in
[*H]ryanodine binding. Fig. 3B compares the inhibition of
[*H]ryanodine binding by the five single-cysteine FKBP mu-
tants and their fluorescent conjugates. All of the FKBP variants
significantly inhibited [*H]ryanodine binding. However, fluo-
rescent labeling at position 32 significantly reduced the extent
of RyR1 inhibition.

Subsequent experiments further examined the concen-
tration-dependent inhibition of [*H]ryanodine binding by the
F-FKBPs labeled at positions 32 and 41. Results (Fig. 3C) veri-
fied that fluorescent labeling at position 32 reduced by half the
inhibitory effect observed at high F-FKBP concentrations.
Thus, although competition studies (Fig. 2) indicated that this
F-FKBP retained high affinity binding to the RyR1, results
shown in Fig. 3, B and C, indicate that the F-FKBP labeled at
position 32 was impaired in its ability to inhibit the RyR1 when
bound to the channel.

Fluorescent labeling at position 41, on the other hand, did
not alter the maximal extent of RyR1 inhibition (Fig. 3C).
Rather, labeling at this position only increased the FKBP con-
centration required for RyR1 inhibition (IC;, = 83.1 = 19 nm
versus 17.1 = 2.9 nMm for D41C F-FKBP and unlabeled wild-type
FKBP12.6, respectively; p = 0.01). Results from [*H]ryanodine
binding and competition studies are therefore consistent in
indicating that the F-FKBP labeled at position 41 binds to the
RyR1 with a markedly reduced affinity yet retains full efficacy in
inhibiting the RyR1 at sufficiently high concentrations. Taken
together, our [*H]ryanodine binding (Fig. 3) and competition
studies (Fig. 2) indicate that site-directed modifications of
FKBP12.6 may independently alter either functional activity
(position 32) or high affinity binding (position 41).

Orientation of F-FKBPs Bound to RyR1 and RyR2 Revealed
Using FRET—W e used FRET to examine distance relationships
between Alexa 488 (donor) attached at the different positions
on FKBP12.6 and Alexa 568 (acceptor) attached to the RyR
CaM subunit. Skeletal muscle SR membranes were preincu-
bated with the different F-FKBPs and washed to remove
unbound F-FKBP donor. Representative emission spectra for
each of the five F-FKBPs bound to the RyR1 channel isoform are
shown in Fig. 4A4. Upon excitation at 490 nm, donor-only sam-
ples (green lines) displayed a single fluorescence peak at 518 nm.
A second fluorescence peak at 600 nm was apparent in samples
that contained both donor and acceptor (800 nwm, red lines).
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FIGURE 3. Effects of cysteine mutagenesis and fluorescent labeling on
FKBP inhibition of [*H]ryanodine binding to RyR1 channels. A, [*HIryano-
dine binding to skeletal muscle SR membranes pretreated with FK506 (2 um)
was determined in the absence or presence of either wild type FKBP12 (WT-
FKBP12) or FKBP12.6 (WT-FKBP12.6) (unlabeled proteins). B, inhibition of ryan-
odine binding by single-cysteine FKBP12.6 mutants and their fluorescent
conjugates (1 um) was determined in 10 um Ca®". Samples contained either
no FKBP (@), unlabeled wild type FKBP12.6 (WT), or an FKBP variant modified
at position 14, 32, 41, 49, or 85, as indicated. *, denote significant difference
from samples containing no FKBP; **, significant differences from samples
containing wild-type FKBP12.6 (p < 0.05). C, concentration dependence of
RyR1 inhibition by unlabeled wild-type FKBP12.6 (open circles), Alexa 488-
labeled N32C FKBP12.6 (closed circles), and Alexa 488-labeled D41C FKBP12.6
(diamonds). Data are means = S.E. (error bars) from two experiments (A) or
from three or four experiments (B and C).

FRET was evident as a decrease in the fluorescence of the
RyR1-bound donor in the presence of the acceptor. The mag-
nitude of the FRET signal differed depending on the position of
donor attachment on FKBP12.6. FRET was greatest when the
donor was attached at position 49 and least when the donor was
attached at position 32 or 41 (Fig. 4A4). In each case, FRET was
abolished when the specific binding of acceptors to RyR1 channels
was blocked by the addition of excess unlabeled CaM (gray lines).
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FIGURE 4. FRET between F-FKBPs (donor) and F-CaM (acceptor) bound to
the skeletal muscle RyR1 channel. A, representative spectra from experi-
ments in which the Alexa 488 donor was attached at either position 14,32, 41,
49, or 85 of FKBP12.6, as indicated in the individual graphs. Samples contained
skeletal muscle SR membranes (3 mg/ml) and donor only (green), donor plus
acceptor (800 nm; red), or donor plus acceptor plus excess unlabeled CaM (16
uMm; gray). All spectra are normalized to donor-only fluorescence at 518 nm.
Consequently, in the case of the F-FKBP labeled at position 41, a reduced
donor signal (attributable to decreased F-FKBP binding) is reflected as a rela-
tiveincrease in F-CaM acceptor fluorescence at 600 nm. B, FRET, calculated
as the fractional decrease in donor fluorescence, is plotted as a function of
acceptor concentration. Numbers at the right indicate the position of
donor attachment on FKBP12.6. Data are means = S.E. (error bars) from
four experiments.

RyR1 FRET experiments are summarized in Fig. 4B, in which
FRET from each of the five positions on FKBP12.6 is plotted as
a function of Alexa 568-CaM acceptor concentration. Note that
FRET from positions 14, 32, 49, and 85 increased sharply with
the addition of acceptor and reached saturation at concentra-
tions of =300 nM. We therefore conclude that FRET from these
positions on FKBP12.6 provided a direct indication of acceptor
binding at saturable, high affinity CaM sites in close proximity
to the RyR1 FKBP site. We attribute differences in maximal
FRET observed at saturating acceptor concentrations to differ-
ences in the proximity of the donor when attached at position
14, 32, 49, or 85.

Weak energy transfer was observed in measurements using
the F-FKBP labeled at position 41 (Fig. 4B, FRET =0.11). This
observation may be taken to indicate that the donor attached at
position 41 is oriented furthest from the acceptor when bound
within the macromolecular RyR1. Alternatively, the absence of
a robust FRET signal in these measurements may reflect the
partial dissociation of this F-FKBP from the RyR1 during 2.5-h
incubations with the FRET acceptor. This latter possibility is
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FIGURE 5. FRET between fluorescence-labeled FKBP12.6 and CaM bound
to the cardiac RyR2 channel. A, representative spectra from experiments in
which the Alexa 488 donor was attached at position 14, 32, 41, 49, or 85 of
FKBP12.6, as indicated. Samples contained 3 mg/ml cardiac SR and donor
only (green), donor plus 800 nm acceptor (red), or donor plus acceptor plus 16
um unlabeled CaM (gray). B, FRET from the different positions on FKBP12.6 is
plotted as a function of acceptor concentration (means = S.E. (error bars) from
3-6 experiments).

supported by the reduced RyR1 binding affinity of the F-FKBP
labeled at position 41 that was demonstrated in our binding
studies (Figs. 2 and 3). Reduced binding of this F-FKBP is also
evident in the spectra in Fig. 44, in which the amplitude of the
donor fluorescence peak for this F-FKBP is clearly decreased
relative to that of the acceptor. We therefore conclude that the
absence of arobust FRET signal when the donor was attached at
position 41 is in part attributable to the reduced affinity of this
F-FKBP for the RyR1.

We also examined FRET between FKBPs and CaM bound to
the cardiac RyR2 channel, to determine how donor-acceptor
proximities compare across the different RyR isoforms. Cardiac
SR membranes were preincubated with the Alexa 488-labeled
FKBPs and washed to remove unbound F-FKBP donor. Binding
of each of the five F-FKBPs was evidenced by fluorescence at
518 nm (Fig. 54, green lines). A decrease in F-FKBP donor fluo-
rescence upon the addition of the F-CaM acceptor (red lines)
indicated FRET between RyR2-bound donors and acceptors.

Summarized data (Fig. 5B) demonstrate that FRET efficien-
cies obtained using cardiac SR membranes were remarkably
similar to those when using skeletal muscle SR (Fig. 4B). For
example, when the donor was attached at position 49, the FRET
signal at 800 nm acceptor was 0.47 = 0.05 using cardiac SR
membranes and 0.53 = 0.04 using skeletal muscle SR mem-
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TABLE 1

Distance relationships between the Alexa 488 donor attached at
different positions on FKBP12.6 and the Alexa 568 acceptor attached
to CaM

Distances are derived from Equation 1 and FRET observed in the presence of 800 nm
Alexa 568-CaM (Figs. 4B and 5B). ND, value not determined. Pos., position.

Distance (A)
Pos. 14 Pos. 32 Pos. 41 Pos. 49 Pos. 85
RyR1 67 =3 77 £3 ND 61+3 65+ 2
RyR2 67 +5 74+3 ND 63 + 4 65+ 2

branes (p = 0.4). Furthermore, the relative efficiencies of
energy transfer from the five positions on FKBP12.6 were the
same whether FRET probes were bound to cardiac or skeletal
muscle SR membranes (position 49 > 85 = 14 > 32 > 41).
Thus, our FRET results indicate that in binding the RyR1 and
RyR2 isoforms, FKBP12.6 adopts the same orientation, in
which position 49 is located nearest to the adjacent CaM
subunit.

Analysis of Donor-Acceptor Distances—FRET provides a sen-
sitive measure of donor-acceptor distances in the range of 0.5—
1.5 X R,. Given a Forster radius of 62 A for the donor-acceptor
pair in our FRET experiments (28), we calculated the distances
separating donors attached at different positions on FKBP12.6
from the acceptor attached within the N-lobe of CaM (Table 1).
This analysis excluded results obtained using the F-FKBP
labeled at position 41 because we considered that the uncou-
pling of donors and acceptors due to reduced F-FKBP binding
contributed to the weak FRET from position 41. Distances
between donors and acceptors bound to the RyR1 isoform
ranged from 61 A when the donor was attached at position 49 of
FKBP12.6 to 77 A when the donor was attached at position 32.
Distances between donors and acceptors bound to the cardiac
RyR2 isoform were very similar and did not significantly differ
from the corresponding RyR1 distances for any given position
on FKBP12.6.

DISCUSSION

Uncertainty regarding the structural basis of FKBP binding
to RyR channels has contributed to the controversy that sur-
rounds the molecular mechanisms controlling these interac-
tions in cardiac and skeletal muscle. By attaching a donor
fluorophore at discrete positions on FKBP12.6 and measuring
FRET to the RyR CaM subunit, we have determined the orien-
tation of FKBP12.6 binding within the cytoplasmic assembly of
the RyR1 and RyR2 channel isoforms. Previously, we used this
approach to define the orientation of CaM binding within the
RyR1 (22).

Orientation of F-FKBPs Bound to RyRI—Our FRET results
are in excellent agreement with the mode of FKBP12 binding to
RyR1 channels predicted by the previous cryo-EM studies of
Samso et al. (21). For example, note that in the cryo-EM model
(Fig. 6), Met™ of FKBP12 faces away from the major binding
interface and is thereby situated nearest to the putative site of
CaM binding across RyR1 domain 3 (19). Accordingly, we
found that energy transfer to CaM was strongest when the
donor was attached at position 49 on FKBP12.6 (Fig. 48). By
comparison, Glu®? lies opposite to Met*® on the FKBP12 sur-
face and points away from the CaM binding site in the cryo-EM
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FIGURE 6. Cryo-EM model of FKBP12 binding within the three-dimen-
sional architecture of the RyR1 channel showing the predicted orienta-
tion of FKBP relative to the F-CaM acceptor. The RyR1 (green) is shown in
side view. FKBP12 (blue) is shown with the five positions targeted for donor
fluorophore attachment in this study highlighted in red. The red circle at the
right indicates the predicted position of the fluorescent acceptor attached
within the N-lobe of CaM (19, 22). This figure was adapted from Ref. 21.

model. Accordingly, we observed weaker FRET when the donor
fluorophore was attached at position 32 (Fig. 4B).

Although positions 14 and 85 are widely separated in the
FKBP12/12.6 atomic structures (Fig. 14), we found that FRET
from these two positions was similar and intermediate to that
from positions 49 and 32. This result is also consistent with the
model in Fig. 6, in which residues Thr'* and Thr®* of FKBP12
are situated roughly equidistant from the F-CaM acceptor. All
distance determinations (Table 1) were well within expected
limits based on the dimensions of the RyR cytoplasmic assem-
bly (280 X 280 X 120 A), the separation of nearest neighbor
FKBP and CaM subunits in cryo-EM models (19, 31), the sizes
of the donor and acceptor fluorophores and their flexible link-
ers (28), and our own previous determinations (22) (see also
supplemental Fig. S3). Thus, our FRET results indicate that
FKBP12.6 binds to the RyR1 in the orientation predicted for
FKBP12 binding using cryo-EM. Excellent agreement between
these very different structural approaches and different channel
preparations strongly supports the validity of this model of
FKBP-RyR binding.

Determinants of RyRI Binding and Inhibition by F-FKBPs—
Additional insights into the mode of FKBP binding were pro-
vided by competition studies identifying the effects of single
cysteine substitutions and their fluorescent conjugates on high
affinity binding to the RyR1. We found that binding was unaf-
fected by modifications at four of five positions on FKBP12.6
(Fig. 2), indicating that these positions are removed from the
major binding interface. In contrast, labeling at position 41
resulted in an ~10-fold decrease in binding affinity, indicating
that key determinants of high affinity binding are localized to
this region. In support of this conclusion, the cryo-EM model
shows Asp*! pointing toward the interface of FKBP12 with
RyR1 domain 9.

Remarkably, modifications at position 41 did not affect the
efficacy of FKBP12.6 as an inhibitor of [*H]ryanodine binding
(Fig. 3C). This suggests that, although determinants of high
affinity binding are localized near Asp*' of FKBP12.6, contacts
critical for channel regulation involve distinct structural
domains. Previously, Huang et al. (32) reported that removal
of negatively charged aspartate residues at positions 37 and 41
enhanced FKBP12.6 binding to a mutant RyR2 that mimics a
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constitutively phosphorylated channel (RyR2 S2808D). Al-
though the current results and those of Huang et al. (32) are not
directly comparable, both studies suggest that contacts in the
vicinity of Asp*' comprise a key component of the binding
interface. This conserved region of FKBP12/12.6 contains a
phosphorylation motif (**KKFDS SRD*'), and protein kinase C
phosphorylation of FKBP12 has been demonstrated in vitro
(33). However, no study to date has demonstrated phosphory-
lation of FKBP12/12.6 in vivo.

In the cryo-EM model, Asp®? of FKBP12 points toward the
intersection of RyR1 domains 5 and 9 and lies very near the edge
of the binding interface. Therefore, we were surprised that the
F-FKBP labeled at position 32 retained an affinity for the RyR1
comparable with that of unlabeled wild-type FKBP12.6 (Fig. 2).
Position 32 marks a region of FKBP12/12.6 sequence diver-
gence, in which residues Glu®' and Asp®* in FKBP12 are
replaced by their corresponding amines in FKBP12.6. The
resultant charge difference has previously been suggested to
account for isoform differences in FKBP12/12.6 binding and
regulation of RyR channels (17). The above model places these
residues adjacent to the RyR1 “clamp” region, which is thought
to be a major site for the allosteric modulation of channel activ-
ity (2). In this regard, we found that fluorescent labeling at posi-
tion 32 markedly reduced the efficacy of FKBP12.6 in inhibiting
[*H]ryanodine binding to the RyR1 (Fig. 3). We conclude that
structural determinants in the vicinity of position 32 may con-
tribute to the productive interactions of FKBP with a regulatory
site in the RyR clamp region yet lie outside the major interface
responsible for high affinity binding to RyRs. Additional mod-
ifications of this region might therefore yield novel, functionally
inert antagonists of the FKBP regulatory site.

F-FKBPs Bind to RyR1 and RyR2 in the Same Orientation—
Direct comparisons of F-FKBP interactions with RyR1 and
RyR2 channels were made possible by synthesizing F-FKBPs
derived from the FKBP12.6 isoform, which binds to both RyR1
and RyR2 with high affinity. We found that FRET in samples
containing the cardiac RyR2 (Fig. 5B) was essentially equivalent
to that observed in the presence of the skeletal muscle RyR1
(Fig. 4B). This result is noteworthy not only because of the
differences in the channel isoforms to which donors and accep-
tors bound but also because of the different background of non-
RyR proteins present in cardiac and skeletal SR membranes that
may potentially interact with our fluorescent proteins. The
F-CaM acceptor, in particular, is expected to bind to multiple
membrane targets (22), and the identity and concentrations of
these targets will differ between cardiac and skeletal SR. The
very similar FRET that we observed using cardiac and skeletal
muscle membranes therefore supports our previous conclusion
(22) that FRET in our assays is a function of the proximity of
donors and acceptors bound to RyR channels and that acceptor
binding at non-RyR CaM sights does not contribute signifi-
cantly to the FRET signal. Our results further showed that the
rank order of FRET from the different positions on FKBP was
the same for RyR1 and RyR2. This demonstrates for the first
time that FKBP12.6 binds to the different channel isoforms in
the same orientation.

Donor-acceptor distances derived from FRET measure-
ments revealed no significant differences between RyR1 and
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RyR2 for any given position of donor attachment on FKBP12.6
(Table 1). This result is consistent with the essentially identical
three-dimensional architectures of the two channel isoforms at
20-30 A resolutions (2, 34) and with the similar dispositions of
their FKBP and CaM subunits. Although the comprehensive
ligand-binding studies used to characterize the different
F-FKBP interactions with the RyR1 isoform were not extended
to the RyR2, these FRET results are strong evidence that the
RyR2 isoform shares a common mode of FKBP binding with the
RyR1 channel. In particular, the reduced donor fluorescence
and low outlying FRET that was observed when the donor was
attached at position 41 suggest that this F-FKBP also bound
weakly to the RyR2 (Fig. 5), as was demonstrated directly for the
RyR1 isoform in competitive binding studies (Fig. 2).

Previous studies have documented important differences in
the affinity and functional activity of FKBP12 and FKBP12.6
(17, 35, 36). These differences are probably a function of both
the FKBP isoform and the RyR isoform, and understanding
these differences remains an important goal. The present find-
ings indicate that these differences are not linked to major dif-
ferences in the orientation or mode of FKBP binding to RyR1
and RyR2. In a recent study, Guo et al. (37) examined the sub-
cellular distribution and functional activity of F-FKBPs in per-
meabilized cardiac myocytes. Their results show that fluores-
cent conjugates of both FKBP12 and FKBP12.6 localized to the
Z-line, consistent with specific binding to RyR2 channels. How-
ever, a significant inhibition of Ca®>" spark frequency was
observed only in the presence of the FKBP12.6 isoform.

In conclusion, we describe the first use of site-directed label-
ing and FRET to map FKBP binding on RyR channels. Our
results reveal that FKBP12.6 binds to RyR1 and RyR2 channels
in the same orientation and yield new insights into the struc-
tural determinants of FKBP binding and regulation. Newly
characterized F-FKBPs offer powerful tools for monitoring
FKBP binding and regulation in situ and for targeting spectro-
scopic biosensors to the RyR N-terminal cytoplasmic domain.
With recent progress in obtaining crystal structures of the RyR
N-terminal domains (38, 39), a clearer picture of the FKBP
binding interface is emerging.
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