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ABSTRACT

RyRs contain 80-100 cysteine residues per subunit, of which ~25% are free for covalent modification, while the
remainder are either modified or form intraprotein disulfides. Oxidizing and nitrosylating reagents have several
effects on single RyR channel activity, which depend on the type of modifying reagent, the isoform of the RyR,
and ligands bound to the channel. We present evidence here for four major classes of functional cysteine residues
associated with RyR channels, i.e., two classes with free -SH groups that either activate or inhibit channels when
covalently modified and two classes, with endogenous modification, that either inhibit or activate. Single-chan-
nel characteristics provide evidence for four discrete responses within the first activating class, two responses
within the second inhibiting class and two types of response within the third endogenously modified class. All
but one of these changes in channel properties depend on residues located on the cytoplasmic or membrane-as-
sociated domains of the RyR; the remaining response is confined to the luminal domain. If it is assumed that each
type of response depends on a separate subclass of cysteine residue and that each subclass contains a minimum
of one cysteine per subunit, our results suggest that there are at least nine cysteine residues per subunit with func-
tional connections to the gating mechanism of RyR channels. These cysteine residues may be selectively modi-
fied under physiological and pathological conditions to regulate Ca* release from the sarcoplasmic reticulum and
contraction. Antiox. Redox Signal. 2, 27-34.

INTRODUCTION

RYANODINE RECEPTORS (RyRs) are essential
ion channels that release Ca®* from intra-
cellular stores during contraction in striated
muscle and Ca?" signaling in cells like neurons
and lymphocytes (Dulhunty et al., 1996; Guse
et al., 1999). RyRs are regulated by many lig-
ands and contain ~80-100 cysteine residues
per subunit, of which ~20 are free for modifi-
cation by oxidation, nitrosylation, or alkylation
(Xu et al., 1998), and can activate or inhibit RyR
channels, Ca2* release from sarcoplasmic retic-
ulum (SR) and contraction (Abramson and

Salama, 1989; Oba et al., 1996a; Eager et al., 1997;
Reid, 1998) and are likely to modulate Ca?*
regulation in vivo, under physiological and
pathological conditions.

Because covalent modification of cysteines
can have different actions on RyR activity, de-
pending on the nature and concentration of
reagents and background channel activity, dif-
ferent classes of functional cysteines are
thought to exist (Aghdasi et al., 1997a,b; Eager
and Dulhunty, 1998, 1999; Xu et al., 1998).
Reagents discussed here are (i) common reac-
tive disulfides, -dithiodipyridines (4,4'-DTDP)
or 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB),
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(ii) a novel reactive disulfide, gliotoxin (GTX),
(iii) an organomercurial, thimerosal, and (iv)
S-nitroso-N-acetyl-penicillamine (SNAP), a
donor of nitric oxide (NO). Reactive disulfides
are thiol-specific, whereas thimerosal and NO
act preferentially on thiols (Sayers et al., 1993;
Simon et al., 1996; Xu et al., 1998). The effects of
all reagents are prevented or reversed by
dithiothreitol (DTT), confirming thiol involve-
ment.

Usually, it is not clear whether oxidizing/ni-
trosylating reagents form stable mixed disul-
fides (or nitrosothiols) with cysteines, or
whether further oxidation forms intraprotein
disulfides. For example, it was thought that ni-
trosothiols were unstable and S-nitrosylation
was followed by oxidation to disulfides. This
is now known to be wrong, because stable ni-
trosothiols exist in several proteins including
RyRs (Simon et al., 1996; Xu et al., 1998). Some
reagents can at the same time S-nitrosylate and
oxidize different thiols (Xu et al., 1998), and ox-
idation and S-nitrosylation can occur without
altering RyR activity—i.e., not all free -SH
groups are linked to the channel’s “gating”
mechanisms (Aghdasi et al., 1997a,b; Xu et al.,
1998).
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FUNCTIONALLY ACTIVE
CYSTEINE RESIDUES

Because oxidizing (nitrosylating and alkylat-
ing) or reducing reagents can modify RyR ac-
tivity (Aghdasi et al., 1997a,b; Xu et al., 1998; Ta-
bles 1 and 2), functionally active cysteines exist
with both free -SH and modified (-5-R-)
groups (Fig. 1).

RyRs respond to oxidizing and nitrosylating
agents with increased activity, which can be
followed by inhibition with higher concentra-
tions of reagents or prolonged exposures (Ea-
ger et al., 1996; Eager and Dulhunty, 1998; Table
1). This suggests two classes of free ~SH groups
that, when oxidized, either activate or inhibit
RyRs (Fig. 1). It is unlikely that modification of
one class is followed by sequential changes in
activity, because (i) activation occurs without
inhibition with <1 mM 4,4'-DTDP, thimerosal,
or GTX (Eager et al., 1997; Marengo et al., 1998;
Table 1), (ii) activation is followed by inhibition
with 1 mM 4,4'-DTDP or thimerosal, but not
with 1 mM DTNB or SNAP (Table 1), and (iii)
inhibition can occur without initial activation
(Eager and Dulhunty, 1998; Haarmann et al.,
1999; Hart and Dulhunty, 1999).

TaBLE 1. ACTIVATION AND INHIBITION BY OXIDIZING AND NITROSYLATING REAGENTS
Inhibition
Activation Reversibility
Reversal - Prevention
Reagent P, T, long T, v.long F, with DTT AV DTIT by DTT

Cardiac RyRs?

1 mM 4,4'-DTDP cis T ™ ™ 1 Yes No No Yes

. trgns () T 1 Yes No No Yes

1 mM thimerosal cis () () — T Yes No No Yes

trans () () T Yes No No Yes
Skeletal RyRs

1 mM 4,4'-DTDP cis® T T — Yes No Yes nt

1 mM DTNB cis® ™ ™ — — Yes ni — —

trans 11 Tt — — Yes ni — — —

200 uM GTX cis© ™ — — Tt Yes n— — —

trans ™ — — Tt Yes n — — —

10 uM SNAP  cisd () — — (I Yes ni — — —

1 mM SNAP cigd na T — Ll nt ni — _ _

1 mM SNAP cisd na — —_ — Yes Yes nt

(to ATP-activated channels

na, no activation; ni, no inhibition; nt, not tested.
@Eager et al. (1998, 1999).
bHaarmann et al. (1999).

Green, Pace, Hurne, Waring, Hart, and Dulhunty, unpublished.

dHart and Dulhunty (1999).
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TaBLE 2. ErrecTs OF REDUCING REAGENTS ON RYR CHANNEL ACTIVITY

Activation Inhibition Reversibility

Reagent Py P; with DTNB
Cardiac RyRs

cis GSH (5 mM)? na Ll nt

cis DTT (10 mM)? na Ll nt
Skeletal RyRs®

cis DTT (2 mM)b< na ni

cis DTT (10 mM)P Tt ni Yes

trans DTT (2 mM)°© T ni nt

trans DTT (10 mM)P 11 ni Yes

na, no activation; ni, no inhibition; nt, not tested.

aEager et al. (1997).

bHaarmann et al. (1999).

Green, Pace, Hurne, Waring, Hart, and Dulhunty, unpublished.
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FIG.1. A chart showing different actions of oxidizing and reducing agents on RyRs. Cysteine residues in pro-
teins are shown as containing either free -SH groups or modified thiols (-S-R-), where R is S in disulfides or N in
nitrosothiols. The numbers 1-9 indicate functional subdivisons on the basis of channel activity or accessibility to re-
dox reagents. Effects have been localized to membrane-associated (membrane), cytoplasmic, or luminal domains
where indicated. All results were obtained from RyRs incorporated into lipid bilayers from SR vesicles (Laver et al.,
1995), and recorded either at cis potentials of +40 mV and —40 mV using symmetrical golutions contaix}ing,_in mM:
230 Cs methane sulfonate (CsCH3503), 20 CsCl, 10 N—tris—(hydroxyrnethyl)methyl—Z-ar_mnoetlmnesulfomc acid (TES)
and 1 CaCl, adjusted to a pH of 7.4 with CsOH; or only at +40 mV (using a cis sqlunon as above and a trans solu-
tion containing, in mM: 30 CsCH;S0s, 20 CsCl, 0.1 CaCl,, and 10 TES and was adjusted to a pH of 7.4 with CsOH.
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The activating and inhibiting -SH, and -5-R-,
groups are divided into subclasses on the ba-
sis of changes in single-channel activity upon
modification, and accessibility to cytoplasmic
or luminal solutions. We have no evidence for
the number of thiols in any “class.” A starting
hypothesis is that a subclass contains one
residue per subunit (or two if disulfides are
formed), because it is conceptually simpler to
imagine that modification of one thiol has a dis-
crete action on RyR activity.

SUBCLASSES OF THIOL GROUPS BASED
ON SINGLE-CHANNEL
CHARACTERISTICS: FOUR
ACTIVATING RESPONSES

Activated RyRs exhibit a higher than normal
mean current (I') and open probability (P,), ei-
ther because the frequency of opening (F,)
and/or the open time (T,) increase (where I”is
the average of all data points in a segment of
channel recording, usually 30 to 60 sec). We
postulate that modification of one subclass of
—SH increases F,, whereas modification of a sec-
ond subclass increases T,, on the basis of the
fact that 4,4’-DTDP, DTNB, and thimerosal
preferentially prolonged T, whereas low
[SNAP] and GTX increased F, alone (Table 1).
In addition, NO (~40 nM) (Simonsen et al.,
1999) donated by 10 uM SNAP increases F,,
while ~4 uM NO, donated by 1 mM SNAP,
lengthened T, (Table 1).

F, increased in two ways—the GTX-induced
increase in F, was seen at +40 mV (cis poten-
tial), NO-induced increase in F, was seen at
—40 mV, but not +40 mV, suggesting that one
class of thiol influences activity at +40 mV and
the other at —40 mV. These effects were inde-
pendent of the bilayer potential when the
reagents were added. Two discrete changes
were also seen with prolongation of T, because
cis 4,4'-DTDP introduced intermediate (7 =
8-10 msec), long (7 = 20-30 msec), and very
long (7 = 100 msec) components into the open
times of cardiac RyRs, whereas trans 4,4'-DTDP
and thimerosal (cis or trans) introduced only in-
termediate and long components (Table 1; con-
trol openings were in one 7 of ~1.5 msec). The
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intermediate/long components may have de-
pended on oxidation of one class of thiols ac-
cessible to 4,4’-DTDP and thimerosal, whereas
the very long time constants required oxidation
of other thiols accessible only to cis 4,4’-DTDP.
Curiously, only one additional (long) compo-
nent was added to skeletal RyRs by either cis
4,4'-DTDP or cis or trans DTNB (Table 1; con-
trol activity had short and intermediate com-
ponents). The cysteines supporting the very
long component are either absent in skeletal
RyRs or are inaccessible to 4,4’-DTDP.

TWO INHIBITING RESPONSES

Inhibition following -SH modification varies
between cardiac and skeletal RyRs and be-
tween modifying agents. Inhibition by 4,4'-
DTDP or thimerosal abolished RyR activity and
could not be reversed either by agonists (Ca®*
or ATP), or by voltage pulses (which normally
activate channels; Laver et al., 1995) (Table 1).
Inhibition was prevented if DTT was added be-
fore activity was lost, and inhibiton could be
reversed by DTT in skeletal, but not cardiac,
RyRs (Table 1). Either access to the inhibition
site by DTT is denied in cardiac RyRs or the in-
hibiting cysteines differ between the RyR iso-
forms. Two different types of inhibition were
seen in skeletal RyRs, because 1 mM SNAP de-
pressed (but did not abolish) activity, and
SNAP-inhibited channels could be reactivated
by voltage pulses. The SNAP-induced inhibi-
tion may be an enhancement of the usual re-
duction in channel activity after a voltage pulse
(Laver and Lamb, 1998; Zahradnikova and Mez-
aros, 1998; Haarmann et al., 1999). The reacti-
vation of SNAP-inhibited channels by voltage
pulses could then occur via the normal voltage
activation of low-activity channels. Modifica-
tion of one class of thiol might reversibly de-
press channels, whereas oxidation of a second
class irreversibly abolishes activity (Fig. 1).

To reiterate, single-channel analysis shows
six different responses to agents that covalently
modify thiol groups. This could provide evi-
dence for as many as six classes of thiols, four

that activate channels when modified and two
that inhibit.
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THREE RESPONSES OF
ENDOGENOUSLY MODIFIED THIOLS

DTT reduces disulfides and can remove
modifying groups from thiols (Xu et al., 1998).
Reducing reagents, in the absence of added ox-
idants, inhibit (Eager et al., 1997; Zable et al.,
1997; Marengo et al.,, 1998) or activate RyRs
(Oba et al., 1996b). We found that 2 mM DTT in
the trans, but not cis, solution activated rabbit
skeletal RyRs and that 10 mM DTT on either side
of pig skeletal RyRs increased activity, with re-
versal by 1 mM DTNB from either side (Table 2).
Activation by DTT was not related to prepara-
tive techniques because preparation of pig skele-
tal SR was based on Meissner (1984) and Ma et
al. (1995) with buffers containing 2mM DTT,
whereas preparation of skeletal SR was based on
Saito et al. (1984), with buffers lacking DTT. Xu
et al. (1998) also show a higher P, after adding 10
mM DTT to RyRs that were previously activated
by CysNO. The results suggest three classes of
modified thiols, one enhances activity (its re-
duction inhibits), and two depress (their reduc-
tion activates) (Fig. 1). If each class contains disul-
fides, at least six cysteine residues per subunit
could be involved.

LOCATION OF CYSTEINE
RESIDUES

Functional cysteine residues need not be near
the ion pore because RyR activity can be regu-
lated via long-range allosteric effects from re-
gions >10 nm from the pore (Wagenknecht et al.,
1997), and may be located on associated proteins,
such as FKBP12, triadin, or calmodulin (Liu and
Pessah, 1994). Lipid-soluble (4,4’-DTDP, NO, or
GTX) and water-soluble (thimerosal, DTNB, and
DTT) reagents partition into the bilayer (see be-
low) and can modify cysteines in membrane-as-
sociated regions of the RyR, as well as on the side
to which they are added and on the opposite
side, if sufficient time is allowed for the concen-
tration of reagent in the opposite solution to in-
crease to active levels. Addition of reagents to
different sides of bilayers has helped locate some
classes of cysteines.

ACTIVATING THIOLS
IN CYSTOPLASMIC AND
MEMBRANE-ASSOCIATED

DOMAINS

As mentioned above, cis 4,4'-DTDP added in-
termediate, long, and very long components to
open time distributions of cardiac RyRs, whereas
trans 4,4'-DTDP added only intermediate and
long components. This suggests that the very
long component depends on oxidation of thiols
on the cytoplasmic domain. Thimerosal and 4,4'-
DTDP on either side of the bilayer added “in-
termediate” and “long” time constants, suggest-
ing that thiols responsible for these components
were located in membrane-associated domains
(the transmembrane region or in regions very
close to the membrane; Fig. 1).

DTNB (1 mM) on either side of skeletal RyRs
introduced one longer time constant compo-
nent to the open times (Haarmann et al., 1999).
Addition of 10 mM DTT to the solution con-
taining DTNB (either cis or trans), or to the op-
posite solution (either cis DTNB followed by
trans DTT, or trans DTNB followed by cis DTT)
returned activity to control levels. The rate of
change in activity was independent of the side
of the bilayer that reagents were added to,
again suggesting that activating residues were
in membrane-associated domains (Fig. 1). Ac-
cessibility to water-soluble reagents could sug-
gest a location in the channel pore. However,
DTT with a pKa of 9-10 (Shaked et al., 1980)
would rapidly partition into the membrane, as
would a fraction of DTNB with a pKa of 5-6
(Houk et al., 1987). Thus, these agents could
also access transmembrane residues or
residues close to the membrane but not in the
pore. The agents could not have targetted
residues on the opposite side of the channe] re-
mote from the membrane because massive di-
lution in the opposite solution would mean that
activation with DTNB or recovery with DTT
would have been much slower when reagents
were applied to the opposite solution. Differ-
ential rates of the effects of the reagents were
not observed in skeletal RyRs.

The F,-enhancing thiols oxidized by GTX are
also located in or near the membrane, because
GTX increased activity at the same rate after
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addition to either cis or trans solution. Activa-
tion by cis GTX was reversed by 2 mM cis DTT,
whereas addition of GTX to the trans chamber
did not activate RyRs if the cis solution con-
tained DTT.

INHIBITING THIOL GROUPS ARE IN
THE MEMBRANE DOMAIN

Inhibition of cardiac RyRs was seen within 5
min of adding 4,4'-DTDP or thimerosal to ei-
ther side of the bilayer (Eager and Dulhunty,
1999), suggesting a membrane-associated site
of action. Inhibition of skeletal RyRs by cis 4,4'-
DTDP is consistent with a membrane-associ-
ated action (Haarmann et al., 1999).

ENDOGENOUSLY MODIFIED THIOL
GROUPS ARE IN CYTOPLASMIC,
MEMBRANE-ASSOCIATED, OR
LUMINAL DOMAINS

Cardiac RyRs were inhibited by DTT applied
to the cis chamber, indicating a cytoplasmic or
membrane location for the modified thiols.
Skeletal RyRs were activated by 10 mM DTT in
the cis or trans chamber, indicating a mem-
brane-associated action. Skeletal RyRs were
also activated by 2 mM DTT in the trans cham-
ber, but not the cis chamber, suggesting a mod-
ified thiol that is uniquely located on the lu-
minal domain (Fig. 1).

DISCUSSION

RyRs respond to modification, or demodifi-
cation (with DTT) -SH groups, in nine ways,
suggesting that nine classes of cysteines and a
minimum of nine residues per subunit can al-
ter RyR gating. This number could double if in-
traprotein disulfides were involved. If it were
argued that different responses reflect different
conformations of mixed disulfides or nitrosy-
lated thiols, six classes of cysteines remain: ac-
tivating cytoplasmic and activating and in-
hibiting membrane-associated thiols, and
endogenously modified thiols that, when re-
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duced, either inhibit or activate. Activating
residues are located in both domains of the RyR
associated with the membrane and in the lu-
minal domain.

There are several reports of multiple func-
tional sulfhydryls on RyRs. Three classes of
-SH explain actions of the alkylating agent, N-
ethylmaleimide (NEM), the cross-linking
reagent, diamine, and NO (Aghdasi et al.,
1997a,b). Cross-linking residues were in the
central and carboxy-terminal transmembrane
part of the RyR, whereas amino-terminal thiols
were alkylated by NEM (Wu et al., 1997). Two
functional classes explain activation by S-nitro-
sylation of three thiols per subunit (reversed by
DTT), no effect of oxidation of another five to
six, and activation by oxidation of an additional
thiol, which was not reversed by DTT (Xu et al.,
1998). A unique decrease in single-channel con-
ductance was seen when methanethiosulfonate
derivatives were added to the cis side of RyRs
(Quinn and Ehrlich, 1997). The relationship be-
tween the classes of cysteine residues defined in
different laboratories is yet to be determined. It
is not clear why some disulfides are reduced by
DTT (Wu et al., 1997) whereas others are not (Xu
et al., 1998). Because all activating responses in
Table 1 were reversed by DTT, the cysteines may
have belonged to classes described by Wu et al.
(1997). Alternatively, reversibility might indi-
cate that mixed disulfides or S-nitrosothiols,
rather than disulfides, were formed (Xu et al,,
1998). More functional cysteines may be discov-
ered as different modifying agents are used un-
der different conditions. The next challenges
will be determining which residues in the RyR
sequence form each of the functional classes,
and the structural basis for their effects on chan-
nel gating.

We conclude that between six and nine
classes of cysteines can influence RyR activ-
ity and provide a basis for in vivo modulation
of Ca®* release from the SR. Concentrations
of oxidants including NO and reducing re-
gents in muscle vary with activity, fatigue,
and pathology. A battery of free and modi-
fied thiols, with different actions on the RyR
channel, allow for a sophisticated differential
response to changes in the redox state of the

cytoplasm and the functional state of the mus-
cle.
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ABBREVIATIONS

ATP, adenosine triphosphate; Ca?*, calcium
ion; DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid);
4,4'-DTDT, 4,4'-Dithiodipyridine; DTT, dithio-
threitol; F,, frequency of opening; GTX,
gliotoxin; I, mean current (mean amplitude of
all data points in a period of recording, in-
cluding channel openings and closures); NEM,
N-ethylmaleimide; NO, nitric oxide; P, open
probability; RyR, ryanodine receptor; -SH,
sulfthydryl; SNAP, S-nitroso-N-acetyl-penicil-
lamine; SR, sarcoplasmic reticulum; T,, mean
open time; 7, exponential time constant.
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