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A novel photo-activatable derivative of ryanodine, 9-
hydroxy-21-(4-azidobenzoyloxy)-9-epiryanodine, has
been synthesized and conjugated to keyhole limpet he-
mocyanin for the production of antibodies with high af-
finity and specificity to ryanodine. The anti-ryanodine
antibodies reacted specifically on immunoblots with the
azido-ryanodine compound covalently conjugated to bo-
vine serum albumin. A radioimmunoassay specific for
ryanodine was developed using the anti-ryanodine anti-
bodies, and a dissociation constant for ryanodine of 1
nM was determined. Half-maximal inhibition constants
(ICyo) for various ryanodine derivatives were found to
range between 3.2 and 200 nM. These IC;, values corre-
lated very well with the IC;, values obtained for the
compounds binding to the skeletal muscle membrane
receptor. These antibodies should be useful for the char-
acterization of the ryanodine binding site on the sarco-
plasmic reticulum Ca?* release channel. © 1994 Academic

Press, Inc.

Intracellular levels of calcium are regulated by move-
ment of calcium through channels in cellular mem-
branes. Calcium release through an ion channel present
in the terminal cisternae of the sarcoplasmic reticulum
initiates contraction in skeletal muscle (1). This Ca®*
release channel (reviewed in Ref. 2) has been shown to
bind the neutral plant alkaloid ryanodine with high af-
finity (3-7) and can be regulated by ryanodine, Ca®",
ATP, KCl, Mg?* ruthenium red, caffeine, and calmodu-
lin (8-11).
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The use of radiolabeled ryanodine as a probe has led
to the identification, purification, and biochemical char-
acterization of the Ca®* release channel/ryanodine re-
ceptor from skeletal, cardiac, and neuronal tissue (12—
16). The predicted primary structure of the Ca®* release
channel/ryanodine receptor has been determined in sev-
eral species and tissues (17-19), but the specific site
modulated by ryanodine is unknown.

Ryanodine has different effects on the channel con-
ductance and gating properties depending on the type of
tissue and concentration of ryanodine. In skeletal and
cardiac muscle for instance, micromolar concentrations
of ryanodine inhibit Ca®* release by closing the Ca**
release channel (4,5,20,21), while nanomolar concentra-
tions of ryanodine stimulate Ca?* release by locking this
channel in the open state (4,5). In neuronal tissue, mi-
cromolar concentrations of ryanodine completely block
the channel; however, lower concentrations of ryano-
dine do not appear to affect the brain Ca®" release chan-
nel (16).

Knowledge about the site of action for ryanodine
could provide additional information about receptor
structure and function. Since immunologic probes have
been widely used for the characterization of membrane
proteins and ion channels (22,23), one approach toward
characterization of the ryanodine binding site would be
the production of high-affinity antibodies to ryanodine
which mimic the binding characteristics of the skeletal
muscle membrane receptor.

Preparation of antibodies to peptides or small mole-
cules like ryanodine (MW 493) is usually accomplished
by conjugation to a carrier protein for optimal antigeni-
city (24-26). Derivatization of ryanodine would allow
coupling to carrier proteins. Selection of the site for
coupling is obviously a very important determinant of
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the properties of the resulting antibodies. Other groups
have prepared ryanodine derivatives and examined
their pharmacological, toxicological, and biochemical
properties (27-30), but not their ability to be linked to
proteins. We have synthesized a novel photo-activat-
able azido-ryanodine® derivative and covalently conju-
gated this compound to KLLH for production of antibod-
ies. The antibodies generated were used in the
development of a competitive radioimmunoassay for
ryanodine and ryanodine derivatives.

MATERIALS AND METHODS
Preparation of Compounds

Tetrahydrofuran (THF) was dried by distillation
from sodium and benzophenone and stored over 4A mo-
lecular sieves under nitrogen. HPLC separations were
carried out using a Gilson 303 system and a Spherisorb
S5 ODS2 column. The flow rate was 10 ml/min and
detection was carried out at 268 nm. NMR spectra were
recorded on a JEOL GSX 270 spectrometer. Mass spec-
tra were determined by fast atom bombardment ioniza-
tion (FAB) using a JEOL JMX-DX 303 instrument.

9,21-Dihydroxy-9-epiryanodine (1). Dehydroryano-
dine (50 mg, 102 uM) was added to a solution of osmium
trichloride (4 mg, 24 uM) and N-methylmorpholine (30
mg, 240 uM) in 50% aqueous THF (2 ml). The mixture
was stirred at room temperature for 24 h. The reaction
was quenched by adding saturated aqueous solutions of
NaHSO; (2 ml) and NaHCO; (2 ml) and then evapo-
rated to dryness. The residue was extracted with a mix-
ture of methanol and chloroform (1:3, 10 ml) and, after
filtration, the solution was passed through a short silica
column which was then eluted with more solvent. Evapo-
ration of the resulting solution gave the crude product
(95 mg). The product was purified on reverse-phase
HPLC using aqueous methanol (55:45) as the mobile
phase (tg = 12.5 min) to give 51 mg (95%) of pure mate-
rial, identical with that reported previously (27), FAB
MS m/e: 526 (MHY).

9-Hydroxy-21-(4-azidobenzoyloxy)-9-epiryanodine
(2). Compound 1 (70 mg, 133 uM) was dissolved in dry
THF and to this solution at room temperature was
added 4-azidobenzoyl chloride (27 mg, 150 4 M) and dry
pyridine (12 mg). The mixture was stirred in subdued
light for 5 days and then evaporated under reduced
pressure. The resulting residue was taken up in aqueous

2 Abbreviations used: BSA, bovine serum albumin; FAB, fast atom
bombardment ionization; KLH, keyhole limpet hemocyanin; PBS,
phosphate-buffered saline; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis; BLOTTO, bovine lacto transfer tech-
nique optimizer; T'SG, tris/saline/gelatin; IC;,, inhibition constant at
50% binding; azido-ryanodine, 9-hydroxy-21-(4-azidobenzoyloxy)-9-
epiryanodine; THF, tetrahydrofuran; DCC, dicyclohexylcarbodi-
imide; and DMAP, 4-dimethylaminopyridine.

methanol (3:7, 2 ml) and passed down a short reverse-
phase column, which was further eluted with the same
solvent. The eluent was evaporated under reduced pres-
sure to give the crude product (105 mg). The product
was purified by twice passing it through a reverse-phase
HPLC column in aqueous methanol (3:7) to give 35 mg
(39%) of 2 (tx = 13.5 min). ir (90% CHC],, 10% MeOH)
2118 cm™ (N,). '"H NMR (CD,0D, 6 ppm): 8.03 (d, 2H, J
= 7 Hz), 7.08 (d, 2H, J = 7 Hz), 6.96 (m, 1H), 6.79 (m,
1H), 6.16 (m, 1H), 5.56 (s, 1H), 4.95 (d, 1H, J = 12 Hz),
4.49 (d, 1H, J = 12 Hz), 4.36 (s, 1H), 2.51 (d, 1H, J = 14
Hz),2.19 (sept, 1H,J = 6 Hz), 2.06 (dt, 1H,J = 6, 14 Hz),
1.96 (m, 1H), 1.85 (d, 1H, J = 14 Hz), 1.82 (m, 1H), 1.36
(s, 3H), 1.25 (m, 1H), 1.04 (d, 3H, J = 6 Hz), 0.84 (s, 3H),
0.67 (d, 3H, J = 6 Hz). FAB MS m/e: 671 (MH").

21-(2-Hydroxyethylmercapto)-ryanodine (3). Dehy-
droryanodine (100 mg, 204 uM) and 2-mercaptoethanol
(100 mg, 1280 uM) were dissolved in dry THF (5 ml),
together with catalytic amounts of AIBN (10 mg) and
tributyltin oxide (14 mg). The mixture was stirred at
room temperature for 7 days and then evaporated to
dryness under reduced pressure. The residue was dis-
solved in aqueous methanol (55:45, 2 ml) and filtered
through a short column of silica, which was then washed
with aqueous methanol (10 ml). The total solution was
evaporated to dryness to give the crude product (115
mg). This material was then purified by reverse-phase
HPLC using aqueous methanol (55:45) to give 85 mg
(73%) of pure product 3 (tx = 25 min). 'H NMR
(CD,0OD, 6 ppm): 6.96 (m, 1H), 6.79 (m, 1H), 6.15 (m,
1H), 5.56 (s, 1H), 3.95 (d, 1H, J = 10 Hz), 3.60 (t, 2H, J =
7Hz), 2.94 (m, 1H), 2.58 (dt, 2H, J = 2.7 Hz), 2.50 (d, 1H,
J = 14 Hz), 2.36 (m, 1H), 2.21 (sept, 1H, J = 6 Hz), 2.01
(m, 1H), 1.89 (m, 1H), 1.87 (d, 1H, J = 14 Hz), 1.76 (m,
1H), 1.45 (m, 1H), 1.32 (s, 3H), 1.24 (m, 1H), 1.05 (d, 3H,
J =6 Hz), 0.83 (s, 3H), 0.67 (d, 3H, J = 6 Hz). FAB MS
m/e: 570 (MHY).

21-(4-Hydroxybutylmercapto)-ryanodine (4). This
compound was made in 19% yield by a route similar to
that for 3, from dehydroryanodine (50 mg) and 4-mer-
captobutanol (50 mg). On reverse-phase HPLC (40:60
aqueous methanol) ¢ty = 10.5 min. 'H NMR (CD,0D, §
ppm): 6.96 (m, 1H), 6.79 (m, 1H), 6.16 (m, 1H), 5.56 (s,
1H), 3.90 (d, 1H, J = 10 Hz), 3.50 (t, 2H, J = 7 Hz), 2.93
(m, 1H), 2.49 (d, 1H, J = 14 Hz), 2.47 (m, 2H), 2.31 (m,
1H), 2.19 (sept, 1H,J = 6 Hz), 2.0 (m, 1H), 1.93 (m, 1H),
1.85(d, 1H, J = 14 Hz), 1.75 (m, 1H), 1.56 (m, 4H), 1.44
(m, 1H), 1.31 (s, 1H), 1.23 (m, 1H), 1.03 (d, 3H, J = 6
Hz), 0.81 (s, 3H), 0.67 (d, 3H, J = 6 Hz).

21-(2-[4-Azidobenzoyloxy) -ethylmercapto)-ryanodine
(5). Compound 3 (8 mg, 14 uM) was dissolved in dry
THF (1 ml). To this was added 4-azidobenzoic acid (4.5
mg, 28 uM) and dicyclohexylcarbodiimide (DCC; 6 mg,
28 uM) and DMAP (1 mg). The mixture was then stirred
in subdued light at room temperature for 4 days. The
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reaction mixture was evaporated under reduced pres-
sure and the residue dissolved in aqueous methanol
(3:7) and passed down a short reverse-phase column.
The eluent was evaporated to leave the crude product
(22 mg). This material was purified twice by reverse-
phase HPL.C, with aqueous methanol (32:68) as the mo-
bile phase (tg = 26 min). The pure product, 5, 7.5 mg
(75%), was then obtained. '"H NMR (CD,;0OD, é ppm):
7.98 (d, 2H, J = 7 Hz), 7.10 (d, 2H, J = 7 Hz), 6.96 (m,
1H), 6.79 (m, 1H), 6.15 (m, 1H), 5.56 (s, 1H), 4.36 (t, 2H,
J="7Hz),3.99 (d, 1H,J = 10 Hz), 3.03 (m, 1H), 2.83 (dt,
2H, J =2, 7 Hz), 2.50 (d, 1H, J = 14 Hz), 2.43 (m, 1H),
2.19 (sept, 1H, J = 6 Hz), 2.01 (m, 1H), 1.89 (m, 1H), 1.87
(d, 1H, J = 14 Hz), 1.76 (m, 1H), 1.46 (m, 1H), 1.32 (s,
3H), 1.24 (m, 1H), 1.05 (d, 3H, J = 6 Hz), 0.83 (s, 3H),
0.67 (d, 3H, J = 6 Hz).

21-(2-[4-Azidobenzoyloxy]-butylmercapto)-ryanodine
(6). By aroute analogous to that above, 6 was made in
40% yield from compound 4 (8 mg, 14 uM). It was puri-
fied by reverse-phase HPLC (aqueous methanol 25:75,
tg = 17 min). '"H NMR (CD,0D, 6 ppm): 7.97 (d, 2H, J =
8 Hz), 7.10 (d, 2H, J = 8 Hz), 6.95 (m, 1H), 6.79 (m, 1H),
6.17 (m, 1H), 5.56 (s, 1H), 4.25 (t, 2H, J = 7 Hz), 3.92 (d,
1H,J =10 Hz), 2.91 (m, 1H), 2.52 (m, 2H), 2.48 (d, 1H, J
= 14 Hz), 2.33 (m, 1H), 2.19 (sept, 1H, J = 16 Hz), 1.99
(m, 1H), 1.92 (m, 1H), 1.85 (d, 1H, J = 14 Hz), 1.84-1.6,
m, 5H), 1.44 (m, 1H), 1.32 (s, 3H), 1.22 (m, 1H), 1.03 (d,
3H, J = 6 Hz), 0.83 (s, 3H), 0.67 (d, 3H, J = 6 Hz).

21-(2-[3,3,3-Trifluoro-2-diazopropionyloxy]-ethylmer-
capto)-ryanodine (7). Compound 3 (20 mg, 40 uM) was
dissolved in dry THF (1.5 ml). To this was added pyri-
dine (8 mg, 100 uM) and 3,3,3-trifluoro-2-diazopro-
pionyl chloride (14 mg, 80 uM) and the mixture was
stirred in subdued light for 7 days at room temperature.
The solution was then evaporated under reduced pres-
sure to give the crude product (41 mg) which was puri-
fied twice by reverse-phase HPLC (tg = 11 min) using
aqueous methanol 28:72 as the mobile phase, which had
been preadjusted to pH 7.6 with triethylamine to limit
decomposition of the product. The product (4 mg, 16%)
showed the following spectral characteristics: °F
(CD,OD, gcers) —57.5 ppm. "H NMR (CD;0D, 6 ppm):
7.96 (m, 1H), 6.81 (m, 1H), 6.16 (m, 1H), 5.56 (s, 1H),
4.33 (t, 2H, J = 7 Hz), 3.93 (d, 1H, J = 10 Hz), 3.00 (m,
1H), 2.75 (dt, 2H, J = 2, 7 Hz), 2.50 (d, 1H, J = 14 Hz),
2.39 (m, 1H), 2.19 (sept, 1H, J = 6 Hz), 2.02 (m, 1H), 1.92
(m, 1H), 1.86 (d, 1H, J = 14 Hz), 1.72 (m, 1H), 1.43 (m,
1H), 1.31 (s, 3H), 1.22 (m, 1H), 1.03 (d, 3H, J = 6 Hz),
0.81 (s, 3H), 0.69 (d, 3H, J = 6 Hz). FAB MS m/e:
728 (MNa™).

10-0-(3-Benzyloxycarbamoyl-propionyl)-ryanodine
(8). Ryanodine (540 mg, 1.1 mM) was dissolved in dry
THF (20 ml) followed by 3-benzyloxycarbamoyl-pro-
pionic acid (260 mg, 1.17 mm), DCC (1 g, 4.85 mM), and a
catalytic amount of DMAP (20mg). After stirring for 18

h further amounts of DCC (500 mg) and the propionic
acid derivative (130 mg) were introduced and stirring
was continued for a further 24 h. The solution was then
evaporated to dryness and the remainder was sus-
pended in 50% aqueous methanol (30 ml) and filtered
and the filtrate was evaporated under reduced pressure.
The crude product was then resuspended in a smaller
volume of 50% aqueous methanol (10 ml) from which an
oil separated (280 mg). The oil was chromatographed on
silica (5% methanol in chloroform as the mobile phase)
and then twice on reverse-phase HPLC, in aqueous
methanol (35:65, tg = 16.5 min) to give 8 (53 mg, 7%). 'H
NMR (CD,0OD, é ppm): 7.33-7.18 (m, 5H), 6.97 (m, 1H),
6.80 (m, 1H), 6.17 (m, 1H), 5.51 (s, 1H), 5.25(d, 1H, J =
10 Hz), 5.04 (d, 1H, J = 12 Hz), 4.97 (d, 1H, J = 12 Hz),
3.37 (t,2H,J = 6 Hz), 2.53 (t, 2H, J = 6 Hz), 2.51 (d, 1H,
J =14 Hz), 2.19 (sept, 1H,J = 6 Hz), 2.15-1.90 (m, 2H),
1.88 (d, 1H, J = 14 Hz), 1.56-1.40 (m, 2H), 1.31 (s, 3H),
1.24 (m, 1H), 1.03 (d, 3H, J = 6 Hz), 0.83 (s, 3H), 0.76 (d,
3H, J = 6 Hz), 0.68 (d, 3H, J = 6 Hz).
10-0O-(3-Aminopropionyl)-ryanodine (9). Com-
pound 8 (23 mg, 33 uM) was dissolved in methanol, a
palladium catalyst (5% Pd on charcoal; 2 mg) was added
and the mixture was hydrogenated under a 2-bar pres-
sure of hydrogen for 1.5 h. The reaction mixture was
filtered through hi-flo and the filtrate evaporated under
reduced pressure to give the product (19.5 mg). This
material showed a single spot on TLC (R; = 0.1 on SiO,
using CHC1;:MeOH:40% aq.MeNH, = 85:15:2) and was
not purified further. '"H NMR (CD,0D, § ppm): 6.96 (m,
1H), 6.79 (m, 1H), 6.16 (m, 1H), 5.50 (s, 1H), 5.24 (m,
1H), 2.85 (t, 2H, J = 6 Hz), 2.49 (d, 1H, J = 14 Hz), 2.47
(t,2H,J = 6 Hz), 2.18 (sept, 1H,J = 6 Hz), 2.15-1.90 (m,
2H), 1.87 (d, 1H, J = 14 Hz), 1.56-1.40 (m, 2H), 1.33 (s,
3H), 1.23 (m, 1H), 1.03 (d, 3H, J = 6 Hz), 0.82 (s, 3H),
0.77 (d, 3H, J = 6 Hz), 0.67 (d, 3H, J = 6 Hz).
10-0-(3-[4-Azidobenzamido] - propionyl) - ryanodine
(10). Compound 9 (7 mg, 12.4 uM) in THF (1 ml) was
reacted at 20°C with 4-azidobenzoic acid (4.5 mg, 27 uM)
and a solution of 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (18 mg, 94 uM) in dichloro-
methane (1 ml). After stirring in subdued light for 1 h
the mixture was evaporated to dryness and the residue
was purified by chromatography first on a silica column
(in 85% CHCIl,; 15% MeOH) and then on a reverse-
phase HPLC column using aqueous methanol (35:65, ¢ty
= 19 min) to give 10 (5.5 mg, 63%). '"H NMR (CD,0D, §
ppm): 7.78 (d, 2H, J = 8 Hz), 7.06 (d, 2H, J = 8 Hz), 6.95
(m, 1H), 6.78 (m, 1H), 6.15 (m, 1H), 5.48 (s, 1H), 5.25 (d,
1H,J = 10 Hz), 3.60 (m, 2H), 2.64 (t, 2H, J = 6 Hz), 2.50
(d, 1H, J = 14 Hz), 2.18 (sept, 1H, J = 6 Hz), 2.13-1.89
(m, 2H), 1.87 (d, 1H, J = 14 Hz), 1.54-1.40 (m, 3H), 1.31
(s, 3H), 1.24 (m, 1H), 1.02 (d, 3H, J = 6 Hz), 0.83 (s, 3H),
0.76 (d, 3H, J = 6 Hz), 0.64 (d, 3H, J = 6 Hz).
10-0-(3-[2-Nitro-5-azidobenzamido]-propionyl)-ryan-
odine(11). Thiscompoundwas made by amethodsim-
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ilar to that for 10, using 2-nitro-5-azidobenzoic acid.
The product (5 mg, 53%) on HPLC had a tg = 12 min. 'H
NMR (CD,0D, 6 ppm): 8.09 (d, 1H, J = 9 Hz), 7.24 (dd,
1H, J = 3,9 Hz), 7.11 (d, 1H, J = 3 Hz), 6.96 (m, 1H),
6.78 (m, 1H), 6.15 (m, 1H), 5.50 (s, 1H), 5.23 (d, 1H, J =
10 Hz), 3.59 (t, 2H, J = 6 Hz), 2.67 (t, 2H, J = 6 Hz), 2.49
(d, 1H, J = 14 Hz), 2.15 (sept, 1H, J = 6 Hz), 2.14-1.78
(m, 2H), 1.86 (d, 1H, J = 14 Hz), 1.53-1.4 (m, 2H), 1.32
(s,3H), 1.21 (m, 1H), 1.03 (d, 3H, J = 6 Hz), 0.81 (s, 3H),
0.77 (d, 3H, J = 6 Hz), 0.65 (d, 3H, J = 6 Hz).

10-0-(3-[4-Benzoylbenzamido)-propionyl)-ryanodine
(12). Using 4-benzoylbenzoic acid and a method simi-
lar to that for 10, the product 12 (4 mg, 42%) was ob-
tained. On HPLC it had a ¢tz = 18 min. '"H NMR
(CD,;0D, 6 ppm): 7.89 (d, 2H, J = 8 Hz), 7.73 (m, 4H),
7.57 (m, 1H), 7.47 (m, 2H), 6.96 (m, 1H), 6.79 (m, 1H),
6.16 (m, 1H), 5.47 (s, 1H), 5.26 (d, 1H, J = 10 Hz), 3.65
(m, 2H), 2.69 (m, 2H), 2.49 (d, 1H, J = 14 Hz), 2.15 (sept,
1H,J =6 Hz),2.14-1.86 (m, 2H), 1.85(d, 1H,J = 14 Hz),
1.57-1.39 (m, 2H), 1.29 (s, 3H), 1.23 (m, 1H), 1.00 (d, 3H,
J = 6 Hz), 0.82 (s, 3H), 0.75 (d, 3H, J = 6 Hz), 0.63 (d,
3H, J = 6 Hz).

Preparation of Azido-Ryanodine Conjugates

Azido-ryanodine (compound 2) was covalently cou-
pled to the carrier proteins KLH and BSA for antibody
production and analysis of antiserum. Lyophilized car-
rier protein (5 mg) was dissolved in 0.5 ml sterile filtered
H,0 and 6 mg azido-ryanodine was dissolved in 0.5 ml
50% ethanol. The carrier protein was added to 2 ml
PBS, pH 7.4, mixed, and combined with the dissolved
azido-ryanodine in a 30-mm-diameter plastic dispos-
able petri dish. The mixture was irradiated in the petri
dish for 30 min at 4°C using a Spectroline Model ENF-
280C handheld ultraviolet lamp at 365 nm. Following
irradiation, the carrier protein-ryanodine conjugates
were aliquoted and stored at —20°C. All steps, prior to
uv irradiation, in the preparation of the carrier protein—
ryanodine conjugate were performed in dim or indirect
lighting.

Immunization and Production of Anti-Ryanodine
Antibodies

Female New Zealand white rabbits were bled on Day 0
prior to injection to obtain preimmune sera. The rabbits
received 0.9 mg of KLH-ryanodine conjugate (based on
KLH concentration in the mixture) emulsified in
Freund’s complete adjuvant at multiple subcutaneous
and intramuscular sites. Subsequent injections of 0.1 to
0.5 mg of KLH-ryanodine conjugate were emulsified in
Freund’s incomplete adjuvant and administered at 2- to
3-week intervals. Rabbits were bled 1 week after the
second injection and again 1 week following each boost.
Blood was collected from the outer marginal ear vein,

allowed to clot at 25°C for 15 min, and stored at 4°C for
1-2 h. Serum was removed following centrifugation for
20 min at 10,000 rpm in a Beckman JA-17 rotor and
stored frozen at —20°C.

Immunoblot Analysis of Anti-Ryanodine Antibodies

BSA or BSA-ryanodine conjugate (1 ug each) was sep-
arated by 3-12% SDS-PAGE and transferred to nitro-
cellulose as previously described (31). Immunoblots
were blocked with PBS-BLOTTO (PBS-5% non-fat
dried milk) for 1 h and incubated overnight on a rocker
at room temperature with anti-ryanodine antibodies at
a 1:1000 dilution. The nitrocellulose membranes were
washed twice for 10 min and then incubated for 1 h with
a 1:1000 dilution of horseradish peroxidase-linked goat
anti-rabbit secondary antibody. The membranes were
then washed twice for 10 min and developed using 4-
chloro-1-naphthol as substrate. All washes and incuba-
tions were performed using PBS-BLOTTO.

[’H)Ryanodine Binding— Dextran-Coated Charcoal
Assay

[*H]Ryanodine binding characteristics of the isolated
anti-ryanodine antibodies were determined using a dex-
tran-coated charcoal assay similar to an assay devel-
oped for the 1,4-dihydropyridine calcium channel
blockers (32,33). Binding was performed in triplicate in
1.5-ml polypropylene tubes. Each assay tube contained
1 ml of T'SG (T'ris/saline/gelatin consisting of 150 mM
NaCl, 10 mmM Tris, pH 7.2, and 0.1% gelatin) and a final
concentration of 1 nM [*H]ryanodine. Following the ad-
dition of serial dilutions of antibody, the tubes were
shaken and incubated for 1 h at room temperature. The
tubes were placed on ice for 10 min and then 0.2 ml of
stirred, ice-cold dextran-coated charcoal (0.0625% Dex-
tran T-70, 0.625% Norit A charcoal in TSG) was added
to each tube. The tubes were shaken and incubated for
an additional 10 min on ice. The charcoal was removed
by centrifugation (850g) for 15 min in a Beckman TJ-6R
centrifuge and [*H]ryanodine binding was measured by
counting 0.5 ml of the supernatant in a liquid scintilla-
tion counter. Controls without antiserum were included
to determine the amount of radiolabel that could not be
precipitated by the charcoal. These values were sub-
tracted from values obtained for the antiserum to deter-
mine the total specific [*'H]ryanodine bound to the anti-
body. Greater than 98% of the [*H]ryanodine was
removed from the supernatant by the dextran-coated
charcoal in the absence of antibody. The antibody dilu-
tion required to bind 50% of the [*H]ryanodine in the
absence of unlabeled ryanodine (titer) was used for the
competitive binding assays.
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FIG. 1.
under Materials and Methods.

Affinity and Specificity of Anti-Ryanodine Antibodies

Inhibition of [*H]ryanodine binding was performed
using the dextran-coated charcoal assay described
above in the presence of unlabeled ryanodine or ryano-
dine derivatives (1072 to 107® M). Ryanodine derivatives
were prepared by serial dilution in TSG. The percentage
of [*'H]ryanodine bound was plotted as a function of the
concentration of unlabeled ryanodine compound. The
inhibition of [*H]ryanodine at 50% of maximal binding
(IC4,) was determined from the plot.

[’H]Ryanodine Binding to Rabbit Skeletal Membranes

Rabbit skeletal muscle triads were prepared as previ-
ously described (34). [*H]Ryanodine binding to triad
membranes was performed as described (12) using a
glass fiber filter assay. Ryanodine and ryanodine deriva-
tives were used at concentrations varying from 1072 to
10~° M in competition assays. The inhibition of [*H]-

0. ,{CH,~NHR

HO OH Mo
o

HOQ MeHO
%

(8) R =CO,Bn

(9) R =H

(10) R = 4-N;-BENZOYL
R = 2-NO,-5-N;-BENZOYL
R

= 4-BENZOYLBENZOYL

(11)
(12)

Derivatives of ryanodine. Shown are structures for ryanodine, dehydroryanodine, and ryanodine derivatives prepared as described

ryanodine at 50% of maximal binding (IC,) was deter-
mined from a plot of bound [*H]ryanodine versus con-
centration of competitor.

Materials

[PH]Ryanodine (61.5 Ci/mmol) was obtained from
New England Nuclear. Ryanodine used in biochemical
studies was obtained from Penick (Lyndhurst, NJ).
Ryanodine and dehydroryanodine used in synthesis
were obtained as an approximately 1:1 mixture from
Agra Systems International (Windgap, PA) and sepa-
rated by reverse-phase HPLC. Dextran T-70 was ob-
tained from Sigma and Norit A was obtained from
Fisher Scientific. Bovine serum albumin and keyhole
limpet hemocyanin were from Pierce Chemical Co. Gela-
tin was obtained from Bio-Rad and electrophoresis re-
agents and secondary antibodies were from Boehringer
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FIG. 2. Antibodies to ryanodine. One microgram of BSA (lane 1) or
BSA-ryanodine conjugate (lane 2) was separated by SDS-PAGE on a
3-12% gradient gel, transferred electrophoretically to nitrocellulose,
and analyzed using indirect immunoperoxidase staining methods.
The left column (Pre) was stained with a 1:1000 dilution of rabbit
serum obtained on Day 0 prior to immunization and the right column
(Post) was stained with a 1:1000 dilution of postimmune serum oh-
tained on Day 68. Molecular weight standards (M, X 107%) are indi-
cated on the left and the arrow indicates the position of the BSA-
ryanodine conjugate.

Mannheim. All other reagents were of reagent grade
quality.

RESULTS
Preparation of Azido-Ryanodine Derivative

Dehydroryanodine (Fig. 1) was dihydroxylated to
form 9,21-dihydroxy-9-epiryanodine (compound 1, Fig.
1). This compound was subsequently acylated with 4-
azidobenzoyl chloride to form 9-hydroxy-21-(4-azido-
benzoyloxy)-9-epiryanodine (compound 2, Fig. 1). This
provided an analog of ryanodine with an added azido
group which could be activated by uv light for attach-
ment to carrier proteins (such as KLH or BSA) via avail-
able amines. Other compounds were prepared from sub-
stituted ryanodine or intermediates to test their
specificity and selectivity on the Ca®' release channel/
ryanodine receptor (Fig. 1).

Production of Anti-Ryanodine Antibodies

Figure 2 shows the positive reaction of the postim-
mune serum with BSA-ryanodine conjugate (right col-
umn, lane 2, indicated by arrow) but not with BSA alone
(right column, lane 1). There was no reaction on an
identical blot when stained with preimmune serum (Fig.
2, left column). Furthermore, when a similar blot was
incubated with postimmune serum in the presence of 1
uM unlabeled ryanodine, the reaction with the immobi-
lized BSA-ryanodine conjugate was abolished (data not
shown).

[’H]Ryanodine Binding to the Anti-Ryanodine

Antibodies

[*H]Ryanodine binding to the anti-ryanodine antibod-
ies was tested using a dextran-coated charcoal radioim-
munocassay. This assay was used because the dextran-
coated charcoal is able to precipitate free [*'H]ryanodine
but not [*H]ryanodine that is bound to the anti-ryano-
dine antibodies. In a typical assay, the anti-ryanodine
antibodies bound greater than 95% of the added [*H]-
ryanodine and were specifically inhibited by 1 uM unla-
beled ryanodine (data not shown). In addition, the pre-
cipitation of [*H]ryanodine in the absence of added
antibody or in the presence of preimmune antiserum
were only at background levels (less than 2% of total
binding, data not shown). Similar assays were per-
formed using anti-ryanodine antibodies immobilized on
protein A-Sepharose- with identical binding results
(data not shown). These assays demonstrate the spe-
cific interaction of the anti-ryanodine antibodies with
[*H]ryanodine.

In order to use the anti-ryanodine antibodies to de-
termine inhibition constants for ryanodine and ryano-
dine derivatives, it was necessary to determine an ap-
propriate dilution of antibody to use for the competitive
radioimmunoassay. A titer test, using serial dilutions of
the anti-ryanodine antibodies, was performed to calcu-
late the concentration of antibody required for 50% of
the added [*H]ryanodine to be bound in the absence of
unlabeled ryanodine. This dilution of antibody was cho-
sen since it has been shown to be appropriate for accu-
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FIG. 3. Displacement of specifically bound [*H]ryanodine by unla-
beled ryanodine. A competitive radioimmunoassay for [*H]ryanodine
was performed using the dextran-coated charcoal assay as described
under Materials and Methods in the presence of 1 nM [*H]ryanodine,
a 1:8000 dilution of anti-ryanodine antibody, and various concentra-
tions of unlabeled ryanodine (107* to 1077 M). Percentage [*H]-
ryanodine bound was plotted as a function of unlabeled ryanodine
concentration. The data shown are from a representative experiment
of triplicates with the SEM <2%. The half-maximal inhibition (ICy,)
of [*H]ryanodine binding determined from the plot is 1.6 nM.
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TABLE 1
Inhibition of [*’H]Ryanodine-Antibody Binding by Ryanodine and Ryanodine Derivatives

Compound IC,, (nM)

Ryanodine 1.6
Ryanodine derivatives

21-(2-[3,3,3-Trifluoro-2-diazopropionyloxy]-ethylmercapto)-ryanodine (7) 4

21-(4-Hydroxybutylmercapto)-ryanodine (4) 25

21-(2-[4-Azidobenzoyloxy]-butylmercapto)-ryanodine (6) 198

10-0-(3-[4-Azidobenzamido]-propionyl)-ryanodine (10) 3.2

10-0O-(3-[2-Nitro-5-azidobenzamido]-propionyl)-ryanodine (11) 3.2

10-0-(3-[4-Benzoylbenzamido]-propionyl)-ryanodine (12) 6

Note. Numbers in parentheses correspond to the compound numbers in Fig. 1.

rate calculation of the average antibody affinity con-
stant (35). The titer for the specific antibody used for
the competitive radioimmunoassays in this study was
determined to be 1:8000 or 0.125 ul/ml (data not
shown).

Affinity and Specificity of the Anti-Ryanodine Antibodies

Figure 3 shows the displacement of specifically bound
[*H]ryanodine by the addition of increasing concentra-
tions of unlabeled ryanodine. The average antibody ap-
parent dissociation constant (K;) for the [*H]-
ryanodine-antibody complex, determined according to
the method of Miiller (35), was calculated to be 1 nM.
This value is similar to the K, values reported for the
ryanodine receptor in skeletal, cardiac, and brain mem-
branes (12,36,37).
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FIG. 4. Comparison of [*H]ryanodine inhibition to skeletal mem-
branes and anti-ryanodine antibodies. [*H]Ryanodine binding to
anti-ryanodine antibodies and rabbit skeletal membranes was per-
formed in the presence of various concentrations of unlabeled ryano-
dine derivatives as described under Materials and Methods. Shown is
a linear regression comparison of the half-maximal inhibition (IC;,)
values for rabbit skeletal membranes and anti-ryanodine antibodies.
Numbers next to the data points correspond to the compound num-
bers from Fig. 1.

The specificity of the anti-ryanodine antibodies was
tested using various ryanodine derivatives from 1072 to
107® M as competitors. All ryanodine derivatives were
able to compete with [*H]ryanodine for the antibody
binding sites with differences in affinity resulting from
the substitutions to the basic ryanodine structure as
shown in Table 1. Derivatization of the C,, hydroxyl of
ryanodine gave compounds with ICy, values similar to
ryanodine, even when the substituents were large (com-
pounds 10, 11, and 12). Comparitively, small S-linked
substituents at C,; can be tolerated with little effect on
the IC,, (compound 7). However, more sterically de-
manding groups reduce binding substantially, notably
the mercaptobutyl-linked compounds 4 and 6, which
bind about 10 and 100 times less tightly than ryanodine.

Comparison of Antibody and Skeletal Muscle Membrane
Binding Characteristics

[*H]Ryanodine competition binding was also per-
formed on rabbit skeletal muscle membranes with ryan-
odine and ryanodine derivatives using a glass fiber filter
assay. Concentrations at 50% inhibition were calculated
from plots of percentage bound versus concentration of
inhibitor (data not shown). Figure 4 shows a comparison
of IC;, values plotted for [*H]ryanodine competition
binding to skeletal membranes and anti-ryanodine anti-
bodies. This figure indicates the similarity in the trend
of [*H]ryanodine binding for skeletal membranes and
anti-ryanodine antibodies. For example, ryanodine has
the highest affinity for membranes and antibodies but
compound 6 has the lowest affinity for both.

DISCUSSION

We have demonstrated that by use of a derivative of
ryanodine (9-hydroxy-21-(4-azidobenzoyloxy)-9-epiry-
anodine) which can be photocoupled to carrier proteins,
it is possible to prepare antibodies with high affinity and
specificity for ryanodine. The binding characteristics of
the anti-ryanodine antibodies produced compare favor-
ably with those of the skeletal muscle membrane recep-
tor for ryanodine and ryanodine derivatives.
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These antibodies may be useful for the production of
anti-idiotypic antibodies (directed against the ryano-
dine binding site) which may affect receptor function.
Another potential use for these antibodies and the radio-
immunoassay is screening for endogenous ryanodine-
like compounds in skeletal, cardiac, and brain prepara-
tions. Detection of such endogenous ryanodine-like
compounds would further the understanding of calcium
release and excitation-contraction coupling.

We have also demonstrated the ability of the anti-
ryanodine antibodies to recognize protein-ryanodine
covalent conjugates. Therefore, these antibodies may be
a useful tool for the identification of the specific ryano-
dine binding site obtained from peptide fragments of
the ryanodine receptor that have been covalently la-
beled with photoaffinity labeling derivatives of ryano-
dine. The identification of such a site could provide in-
formation on how ryanodine and other regulators of the
Ca®" release channel interact with the ryanodine recep-
tor and affect channel function. In addition, knowing
the specific ryanodine binding site would allow for the
development of new ryanodine analogs. For example,
new ryanodine-like compounds could be engineered
which have lower toxicity levels and which may be use-
ful for treatment of skeletal or cardiac disorders involv-
ing the Ca®" release channel. Finally, knowing this spe-
cific site may help to answer the questions of whether
the ryanodine binding site is located in the predicted
channel region of the ryanodine receptor and whether
the ryanodine binding site is conserved among the dif-
ferent genes of the ryanodine receptor (2).
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