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hybrid analysis, is a leucyl-propyl dipeptide motif
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Although dissociation of the 12 kDa FK506 binding
rotein (FKBP12)-type 1 ryanodine receptor (RyR1)
omplex by macrolide immunosuppressants is well
ocumented, effects of many solutes and drugs have
ot been quantitated. In the current study, the influ-
nce of these on binding between solubilised RyR1
nd an FKBP12-glutathione-S-transferase fusion pro-
ein was analysed using a novel assay. Association
etween these two proteins is stable, and is not greatly
ltered by changes in temperature, pH, cations, and
ndogenous solutes over physiological ranges. Asco-
ycin, an FK506 analogue, was identified for the first

ime as a drug which can disrupt the FKBP12–RyR1
omplex. © 2001 Academic Press

Key Words: 12 kDa FK506-binding protein: ryanodine
eceptor: protein–protein interaction: macrolides.

The opening of channels which release Ca21 from
ntracellular stores, namely the ryanodine receptors
RyRs) and inositol 1,4,5-trisphosphate receptors
InsP3Rs), is modulated by a plethora of accessory pro-
eins (1). FKBPs (FK506-binding proteins) are
eptidylpropyl-cis-trans isomerases which act as bind-
ng sites for the immunosuppressants macrocyclic lac-
ones FK506 and rapamycin (2). FKBP12 is a ubiqui-
ous, predominantly cytosolic ;12 kDa isoform
eported to bind to both RyRs and InsP3Rs, altering
heir channel activity. Such association was initially
ostulated from bio-informatic analyses (3) and subse-
uently verified biochemically, with four molecules of
KBP12 binding each tetrameric type 1 RyR (RyR1)
omplex (4). Complex formation is independent of
somerase activity, since enzyme-deficient mutant
KBP12 proteins can both bind to and regulate the

unction of the RyR1 (5, 27). A candidate FKBP12-
inding site in the InsP3R1, identified by yeast two-

1 To whom correspondence should be addressed. Fax: 1353 (0)21
274034. E-mail: stbi8042@ucc.ie.
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opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ighly conserved amongst Ca21 release channels (6).
ontroversially, recent biochemical evidence indicates

hat both RyR1 and RyR3 isoforms bind to FKBP12
ith high affinity, whereas InsP3R1 and InsP3R3 sub-

ypes do not (7).
Interaction between FKBP12 and Ca21 release chan-

els can be disrupted by treatment with the microbial
acrolides FK506 or rapamycin, thereby permitting

xamination of the role of the isomerase in regulation
hese ion channel complexes. Removal of FKBP12 from
yRs results in enhanced sensitivity to channel ago-
ists (4, 8, 9). At a single-channel level, RyR1 channels
tripped of the isomerase (10), or expressed heterolo-
ously in insect cells which lack FKBP12 (8), display
ubconducting states of prolonged open duration. Re-
ddition of FKBP12 to these systems restores channel
ating to predominantly fully open and fully closed
tates. It has been suggested that FKBP12 anchors
alcineurin, a Ca21-dependent protein phosphatase, to
erebellar InsP3Rs and RyRs (11). FKBP12 might also
acilitate intercomplex coupling of Ca21 release chan-
els (12), or inward rectification in the RyRs (13). The
yR2 isoform interacts specifically with a distinct

somerase, called FKBP12.6 (14), which might also an-
hor calcineurin to this complex (15).
In the current study, we have developed a novel

ssay to quantify the interaction between RyR1 and an
KBP12-glutathione-S-transferase (FKBP12GST) fu-
ion protein immobilised on glutathione agarose beads.
e have employed this technique to analyse the influ-

nce of both endogenous and pharmacological species
n binding of these two proteins.

ATERIALS AND METHODS

Materials. FK506 was kindly donated by Fujisawa (GmbH, Ger-
any). Rapamycin, ascomycin, and ivermectin were from Calbio-

hem. Glutathione sepharose 4B beads and pGEX-2TK expression
ector were from Unitech (Pharmacia, Ireland). Polychlorinated bi-
henyls (PCBs) were purchased from Metlab Supplies (UK) and



Molecular Probes SYPRO Red stain was from Cambridge Biosciences
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UK). Chaps (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
ulfonate), pregnanolone (5b-pregnan-3a-ol-20-one), protease inhib-
tors, horse-radish peroxidase antibody conjugates, palmitoyl coen-
yme A, cyclic ADP ribose, cycloheximide, S100, and calmodulin
ere obtained from Sigma (Ireland).

Preparation of skeletal muscle microsomes, FKBP12-glutathione-
-transferase (GST) and GST-only fusion proteins. Crude microso-
al membranes were prepared from New Zealand white rabbit back-
uscle as described previously (16). A cDNA encoding human
KBP12 was cloned and ligated into the pGEX2TK expression vector

Pharmacia), to create “FKBP12-pGEX2TK,” as described previously
y another laboratory (7). FKBP12-pGEX2TK and pGEX2TK plas-
ids were used to transfect Promega XL1-Blue competent cells ac-

ording to the manufacturer’s protocol. FKBP12GST and GST-only
usion proteins were isolated from bacterial cultures as described (7),
xcept that these proteins were stored on glutathione sepharose 4B
eads in FKBP12-wash buffer (FKBP-wash buffer: 300 mM sucrose,
70 mM NaCl, 0.1%(w/v) Chaps, 2 mM dithiothreitol, 20 mM Tris–HCl
H 7.4, and protease inhibitors: 2 mM iodoacetamide, 1 mM benza-
idine, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 1 mg/ml aprotinin,

.5 mM PMSF) containing 0.05%(w/v) sodium azide. GST and
KBP12GST proteins were stable for at least 3 weeks at 4°C when
tored in this manner.

Preparation of FKBP12GST–RyR1 complexes. Dissociation of
yR1 from the FKBP12GST fusion protein was analysed using an
ffinity purification procedure, modified from previously described
rotocols (7, 17). RyR1 was solubilised from skeletal muscle micro-
omes (2 mg protein/ml) by incubation in 8000 ml of 2%(w/v) Chaps, 500
M NaCl, 2 mM dithiothreitol, 20 mM Tris–HCl pH 7.4, with pro-

ease inhibitors. After shaking (;100 rpm) at room temperature for
h, insoluble material was cleared by centrifugation at 113,000gmax

or 60 min at 4°C (32,000 rpm, Beckman type 42.1 rotor). Solubilised
roteins were diluted to 50 ml with FKBP-wash buffer, then incu-
ated at 4°C for 14–16 h with 1000 ml of FKBP12GST or GST-only
eads. Beads were pelleted by centrifugation at 200gmax for 2 min,
hen resuspended in 12 ml of FKWB. The resuspended beads were
ivided into 1 ml (2 mg of fusion protein) aliquots in 1.5 ml Eppendorf
ubes immediately prior to assay of RyR-FKBP12GST dissociation.

Analysis of FKBP12GST–RyR1 interaction. Typically, aliquots (1
l) of RyR-FKBP12GST beads in FKBP-wash buffer were incubated
ith test agents for 2 h at 37°C with shaking (;100 rpm), covered in
luminium foil in order to prevent exposure to light. Beads were
ubsequently pelleted at 11,600gmax for 20 s (12,000 rpm, Eppendorf
icrofuge), the supernatant removed by aspiration, then the beads
ere resuspended in 1 ml of FKWB. Centrifugation and resuspen-

ion were repeated three more times, then 40 ml of 13 SDS–PAGE
oading buffer (16) was added to each tube. For analysis of the effect
f Ca21 or Mg21 on RyR-FKBP12GST interaction, 100 mM EGTA was
dded as a buffer and free cation concentrations were estimated
sing the CABAD program (18). For pH titrations, 20 mM Tris–HCl
H 7.4 in FKBP wash buffer was replaced by the following buffer
ystems: pH 4.5, pH 5.0, 50 mM sodium acetate-acetic acid; pH 5.5,
H 6.0, pH 6.5, 50 mM MES-HCl; pH 7.0, pH 7.5, pH 8.0, 50 mM
ris–HCl; pH 8.5, pH 9.0, pH 9.5, pH 10.0, pH 10.5, 50 mM glycine-
aOH. In order to examine the effects of NaCl on RyR-FKBP12GST
issociation, appropriate concentrations of this salt were added to
KWB prepared without NaCl. The influence of temperature on this

nteraction was analysed by incubating reactions for 2 h on an MJ
esearch PTC-200 Peltier Thermal Cycler, using a gradient across

he heating block. Reactions were placed on ice immediately after
his incubation period prior to washing. All experiments were re-
eated at least three times in duplicate, with vehicle control reac-
ions included in each where appropriate.

SDS–PAGE, immunoblotting, and protein quantitation. Samples
ere resolved on 7.5% (w/v) SDS–PAGE minigels (Atto Corp.) with
53
olecular weight standards, as described by Murray and Ohlendieck
19). Immunoblotting was performed as described previously (16).
rotein concentrations were estimated by the method of Bradford,
alibrated using bovine serum albumin as a standard. Protein bands
n SDS–PAGE gels were detected by SYPRO-Red staining (Molecu-
ar Probes) and laser scanning fluorimetry using a Molecular Dy-
amics Storm 860 device. Fluorescent intensities of protein bands
ere quantified using ImageQuant version 1.2 software for MacIn-

osh computers (Molecular Dynamics). Individual protein bands
ere isolated using the “spotfinder” application within this program,
y increasing the minimum threshold values for data collection
ithin selected regions of gels.

Data analysis. Skeletal muscle RyR (“% RyR remaining”) associ-
ted with FKBP12GST beads was normalised to a maximal, un-
reated control value using the following equation:

RyR remaining

5
(band density of RyR/band density of FKBP12GST) 3 100%

(control RyR band density/control FKBP12GST band density) .

his normalisation eliminates variation in results due to loading
rrors, differences in RyR content of distinct microsomal prepara-
ions, differences in SYPRO-Red staining and potential effects of
arious agents on FKBP12GST-glutathione bead interaction. Dose-
esponse relationships were fitted using GraphPad Prism software,
ccording to the Hill equation, normalised to 100% RyR bound:

% RyR remaining 5 100 (1 2 (1/(1 1 EC50/[log X])H))

here [log X] is the logarithmic molarity of test substance; EC50 the
oncentration of test substance necessary to elicit half-maximal ef-
ect; and H the Hill coefficient of the dose-response relationship.

ESULTS AND DISCUSSION

Although association between FKBP12 and the
yR1 has been recognised for almost a decade, there
as been limited characterisation of exogenous and
ndogenous factors which can regulate this interac-
ion. In the current investigation, a simple, direct as-
ay was developed to quantitate the binding of these
wo proteins. An FKBP12GST fusion protein immobil-
sed on glutathione agarose beads was employed to
nvestigate factors influencing binding between
KBP12 and RyR1 solubilised from rabbit skeletal
uscle. In order to determine if this binding was spe-

ific and saturable, increasing quantities of solubilised
uscle protein were added to a fixed amount (2 mg) of

he fusion protein. Detectable quantities of a high ap-
arent molecular weight protein (;500 kDa) could be
ffinity purified from 100 mg of solubilised microsomal
rotein (Fig. 1A). Fusion protein beads were saturated
ith this ;500 kDa polypeptide by addition of 2000 mg

f solubilised material. The affinity purified protein
as identified as the RyR1 by immunoblot of a parallel
el (Fig. 1B) using the isoform-specific rabbit anti-
erum pAb 2141 (20). No detectable RyR1 was precip-
tated using GST-agarose beads alone (Figs. 1A and
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B). RyR protein bands within region “r1” of the
YPRO-Red stained gel, were digitally isolated, their
ensities measured and then divided by the densities
f corresponding FKBP12GST bands in region “r29”.
hese ratios were normalised to the maximal value,
hen were plotted as a graph (Fig. 1C). In addition to a

FIG. 1. FKBP12GST specifically interacts with RyR1 from skel-
tal muscle. Increasing amounts of protein solubilised from rabbit
keletal muscle microsomes were incubated with 2 mg of
KBP12GST fusion protein (lanes 1 to 8), or GST alone, immobilised
n agarose beads. Following washing, proteins precipitated using
his technique were resolved on SDS–PAGE gels, then stained with
YPRO-Red (A) or transferred onto nitrocellulose and detected with
RyR1-specific antiserum (B). The polypeptides marked by an as-

erisk (A) represent aggregates of the FKBP12GST fusion protein.
luorescent staining intensities of proteins in regions “r1” and “r29”
ere determined in order to estimate the relative amount of RyR
recipitated from these solubilised microsomes. These data were
ormalised to the maximum amount of RyR isolated and plotted
gainst the amount of solubilised protein added (C, mean 6 SEM,
5 4). Amounts of solubilised protein added were: lane 1, 0 mg; lane

, 50 mg; lane 3, 100 mg; lane 4, 200 mg; lane 5, 500 mg; lane 6, 1000
g; lane 7, 2000 mg; lanes 8 and 9, 5000 mg.
54
hese gels, the fusion protein alone contained two ad-
itional protein bands of ;72 kDa and ;110 kDa (Fig.
A, asterisk). These probably represent dimers and
rimers of the ;36 kDa fusion protein, since they are
ecognised on immunoblot by antibodies against GST,
s well as by those recognising FKBP12 (data not
hown). In agreement with this, formation of high mo-
ecular weight aggregates in SDS–PAGE gels by GST
usion proteins has been reported previously (21).
ince RyR1 can be detected when affinity precipitated

rom microgram quantities of solubilised skeletal mus-
le microsomal protein, this technique might be em-
loyed to isolate these channel proteins from limited
mounts of biological material, such as cultured cells,
r tissue biopsies.
The amount of RyR1 associated with FKBP12GST

eads was maximal at 4°C and decreased to 18.1 (6
.7, n 5 3)% (mean 6 standard error in mean, n 5
umber of experiments) of this value at 65°C (Fig. 2A).
he effects of higher temperatures could not be inves-
igated, since the interaction between FKBP12GST
nd glutathione beads became unstable. Temperature
oes not have a major effect over a pathophysiological
ange, with 70.9 (6 6.7, n 5 3)% of the RyR remaining
ssociated at 35.4°C compared with 45.0 (6 3.7)% at
1.7°C. Binding of the RyR1 to FKBP12GST displays a
iphasic dependence of NaCl concentration (Fig. 2B).
o association between these two proteins was ob-

erved in FKBP-wash buffer without added NaCl.
inding is optimal between 100 and 200 mM of NaCl,
ecreasing at greater concentrations of this salt. These
esults suggest that the RyR1–FKBP12 interaction de-
ends on both hydrophobic and electrostatic bonding.
he RyR1–FKBP12GST complex is not very sensitive
o buffer conditions between pH 4.5 and pH 9.0, with
arked dissociation only occurring under more basic

onditions (Fig. 2C).
Numerous solutes and myoplasmic proteins which

egulate the activity of the RyR1 channel (1) were
ested for their ability to dissociate FKBP12. Ca21,
hich exerts a biphasic effect on the gating of these
a21 release channels, had no significant influence
ver the range tested (0.1 nM to 100 mM). Likewise,
g21 inhibits RyRs at low millimolar levels, but did not

isrupt the FKBP12–Ca21 release-channel complex at
oncentrations of between 100 nM and 5 mM. These
esults indicate that FKBP12 can interact with the
yR1 in both its open and closed channel conforma-

ions (7). Cyclic ADP ribose is a candidate second mes-
enger which can activate ryanodine-sensitive Ca21 re-
ease channels, as well as dissociating FKBP12.6 from
yR2 in pancreatic islet cells (22). This signalling mol-
cule had no effect on RyR1–FKBP12GST binding over
1 nM to 100 mM range. Palmitoyl coenzyme A is a
ajor lipid metabolism intermediate, reported to cause
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55
tal muscle (23). However, this metabolite (0.5–200
M) did not modify the binding of these proteins in the
ssay employed in the current study. Calmodulin and
100 are myoplasmic Ca21 binding proteins which reg-
late the channel activity of Ca21 release channels (1).
either of these regulatory proteins (2–2000 nM) dis-

upted the RyR–FKBP12GST complex, with or without
he addition of 10 mM free Ca21. It is possible that these
andidate signalling species exert their effects via ac-
essory proteins, absent in the assay system presented
ere. Indeed, efficacy of acyl CoA in stimulating the
pening of the RyR1 channel is greatly enhanced by the
resence of an acyl CoA-binding protein (23). Immuno-
lot investigations indicate that at least one regulatory
rotein, calcineurin, is absent from RyR1 complex iso-
ated by Chaps-solubilisation and FKBP12GST affinity
recipitation (manuscript in preparation).
The macrolide immunosuppressant FK506 causes an

pparent increase in the dissociation of RyR1 from
KBP12GST. The apparent dissociation constant (k)
as increased from 0.0029 6 0.0012 min21 (n 5 3) in
ehicle-treated controls, to 0.0317 6 0.0034 min21 (n 5
) in complexes treated with 10 mM FK506, corre-
ponding to half-times of 324.0 6 97.8 min and 25.4 6
.2 min, respectively. In steady-state assays, FK506
ose-dependently dissociated the RyR1–FKBP12GST
omplex, with an apparent half-maximal effective con-
entration (EC50) of 18.7 6 0.8 nM and a Hill slope (nH)
f 20.906 6 0.027 (Fig. 3, n 5 3). This EC50 value is
onsiderably lower than previously reported (5). Rapa-
ycin, another immunosuppressant macrolide, disso-

iates these proteins with an EC50 of 82.1 6 8.7 nM,
gain a lower value than previously reported (10), with
Hill slope of 21.111 (6 0.142) (Fig. 3, n 5 3). The

eason for these discrepancies in EC50 values might be
consequence of comparing data obtained from com-

lex, membrane based-models to the current isolated
rotein system. FK506 and rapamycin are known to
nteract with several components of the sarcoplasmic
eticulum, including the sarcoplasmic/endoplasmic
a21-ATPase and lipid constituents of the membrane

24). This binding could lead to an increase in the
pparent half-maximal effective concentration for
he action macrolide lactones on the FKBP12–RyR1
omplex.
Ascomycin is an analogue of FK506, with an ethyl

ather than an allyl substitution at position C21. A
ovel finding presented here is that ascomycin also
issociates the FKBP12GST–RyR1 complex, albeit
ith a higher EC50 value of 4362 6 89.5 nM than
K506, with an nH of 20.799 6 0.065 (Fig. 3, n 5 3).
his increased EC50 value indicates the importance of
ydrophobic side-groups in mediating this effect. All
acrolides which stripped RyR1 from the FKBP12GST

usion protein did so with a negative Hill slope. This
FIG. 2. Effects of temperature, sodium chloride, and pH on the
yR1–FKBP12GST complex. The influence of temperature (A),
aCl (B), and pH (C) on the interaction between FKBP12GST

usion protein and RyR1 solubilised from rabbit skeletal muscle
icrosomes was analysed. Data are normalised to maximum val-

es and represent the mean of three separate experiments per-
ormed in duplicate. Error bars depict the standard errors in these

ean values.
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ndicates that the four FKBP12 binding sites (5) on this
hannel complex are allosterically coupled. The neutral
lant alkaloid ryanodine also interacts with low affin-
ty binding sites on RyR1 in a manner displaying neg-
tive cooperativity (25).
Ivermectin, a macrolide with antihelminthic proper-

ies, had no detectable effect on this complex at con-
entrations between 1 nM and 100 mM. Cycloheximide
s reported to inhibit the isomerase activity of FKBP12
ith micromolar efficacy (26). Data from another lab-
ratory using FKBP12-mutants (27) indicated that
somerase activity was not necessary for the effects on
yR1 function. In agreement, cycloheximide (0.5–500
M) did not promote FKBP12GST–RyR1 dissociation.
olecular modelling analysis has indicated that sev-

ral steroid hormones could bind FKBP12 and were
ubsequently demonstrated to bind this isomerase
ith low micromolar affinity (28). This raises the pos-

ibility that steroid-like compounds could be endoge-
ous modulators of the FKBP12–RyR1 complex. How-
ver, one of these compounds, pregnanolone (1 nM–100
M), had no detectable influence on the binding be-
ween these proteins. Neither the RyR agonist caffeine
0.1–20 mM), nor its antagonist ruthenium red (0.5–
00 mM), had detectable effects on the interaction be-
ween this channel and FKBP12, over pharmacological
anges used to modify the function of this Ca21 release
hannel. Polychlorinated biphenyls (29) promote sub-
onductance channel states in RyR1, which resemble
a21 release channels stripped of FKBP12 by treat-
ent with macrolide immunosuppressants. However,

n the study presented polychlorinated biphenyl conge-
ers PCB4 (0.5–200 mM) and PCB95 (0.5–200 mM) did
ot cause isomerase-channel dissociation over concen-
ration ranges known to exert such effects.

In summary, the assay described in this report has
roved useful in characterising the interaction be-

FIG. 3. FK506, rapamycin, and ascomycin cause dissociation of
he RyR–FKBP12GST complex in a dose-dependent manner. RyR–
KBP12GST complexes were incubated for 2 h with different con-
entrations of FK506 (F), rapamycin (�), or ascomycin (■). Relative
mounts of RyR remaining associated were determined, normalised
o the maximum value, then the mean values (6 SEM, n 5 3) were
lotted against the logarithmic concentration of each macrolide.
56
his technique will permit screening of pharmacologi-
al agents, signalling molecules and accessory proteins
or their ability to influence binding between these two
roteins, thereby modulating RyR1 channel activity.
uch studies will aid the identification of structural

eatures of exogenous reagents critical for causing
KBP12–RyR1 dissociation, as well as assisting in the
iscovery of endogenous which might regulate this in-
eraction.
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