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The Interactions of ATP, ADP, and Inorganic Phosphate with the Sheep
Cardiac Ryanodine Receptor

Helen Kermode, Alan J. Williams, and Rebecca Sitsapesan
Imperial College School of Science, Technology and Medicine, Cardiac Medicine, London SW3 6LY, United Kingdom

ABSTRACT The effects of ATP, ADP, and inorganic phosphate (P, on the gating of native sheep cardiac ryanodine receptor
channels incorporated into planar phospholipid bilayers were investigated. We demonstrate that ATP and ADP can activate
the channel by Ca®*-dependent and Ca®"-independent mechanisms. ATP and ADP appear to compete for the same site/s
on the cardiac ryanodine receptor, and in the presence of cytosolic Ca®* both agents tend to inactivate the channel at
supramaximal concentrations. Our results reveal that ATP not only has a greater affinity for the adenine nucleotide site/s than
ADP, but also has a greater efficacy. The EC,, value for channel activation is ~0.2 mM for ATP compared to 1.2 mM for ADP.
Most interesting is the fact that, even in the presence of cytosolic Ca®>*, ADP cannot activate the channel much above an open
probability (P,) of 0.5, and therefore acts as a partial agonist at the adenine nucleotide binding site on the channel. We
demonstrate that P, also increases P, in a concentration and Ca?*-dependent manner, but unlike ATP and ADP, has no effect
in the absence of activating cytosolic [Ca®*]. We demonstrate that P, does not interact with the adenine nucleotide site/s but
binds to a distinct domain on the channel to produce an increase in P,,.

INTRODUCTION

Early work by Fabiato and Fabiato (1978) demonstrated thaBoth P and ADP have been shown to decrease th& Ca
adenine nucleotides could stimulate Canduced CA&" content of the SR in skinned isolated cardiac muscle prep-
release (CICR) in cardiac muscle. Subsequently, Smith et aarations, but there is disagreement over the precise mecha-
(1986) demonstrated that physiological levels of ATP di-nisms involved (Smith and Steele, 1992; Steele et al., 1995,
rectly activated skeletal muscle ryanodine receptors (RyR1996; Xiang and Kentish, 1995). Fruen et al. (1994a,b)
incorporated into planar phospholipid bilayers. The nonhy+eported that Pstimulated ryanodine binding in skeletal, but
drolyzable analog of ATP, AMP-PCP, also increasggd not cardiac, SR membrane fractions, thereby inferring that
indicating that the effect of ATP was not the result of P, can increase thB, of skeletal, but not cardiac, RyR. The
phosphorylation of the channel or a closely associated propossibility that Pcould reduce cardiac SR €acontent by
tein. Surprisingly, very little is known about the mecha- activating cardiac RyR was therefore dismissed. However,
nisms involved in ATP activation of the cardiac ryanodinedifferences between the effects of caffeine-induced and
receptor. It is thought that ATP binds to a site on the cardiacC& " -induced release of G& from the SR led to the
ryanodine receptor that is distinct from the caffeine sitesuggestion that;Anay in fact directly activate the cardiac
(McGarry and Williams, 1994) and present evidence sugRyR (Xiang and Kentish, 1995). It was also reported that
gests that ATP, adenosiney,B-methylene-ATP, cyclic ADP potentiated, rather than reduced, CICR and found that
ADP-ribose (cCADPR), ADP-ribose, an@NAD™ bind to a P, enhanced this effect. They suggested that ADP and P
common site on the sheep cardiac ryanodine receptor chaexerted these effects by binding to the adenine nucleotide
nel to elicit an increase iR, (McGarry and Williams, 1994; binding site on the cardiac RyR.
Sitsapesan et al., 1995). We have therefore examined the mechanism by which
The levels of many adenine nucleotides, and correspondATP activates the cardiac RyR and tested the hypothesis
ingly the level of B, change by large amounts during myo- that ADP and Pmay activate the channel by binding to the
cardial ischemia (Allen and Orchard, 1987) and therefore idenine nucleotide site. We find that adenine nucleotides
is important to evaluate if and how any of these agentsnduce a complex mode of gating. Our results indicate that
affect the gating of the cardiac RyR channel. MyocardialADP and ATP share a common binding site on the channel,
ischemia leads to marked changes in intracellulaf"Ca but that ADP is a partial agonist at this site. In contrast to the
handling and a rapid reduction in contractile force. It hasreport by Fruen et al. (1994a) we also demonstrate that P
been proposed that the increased levels;@rfd ADP that does activate the cardiac RyR.d®es not appear to bind to
occur during ischemia contribute to the contractile failure.the adenine nucleotide binding site, but interacts with the
cardiac RyR by a different mechanism.
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vesicles were frozen rapidly in liquid nitrogen and stored-s80°C. Data acquisition and analysis

Vesicles were fused with planar phosphatidylethanolamine lipid bilayers as

previously described (Sitsapesan et al., 1991b). The vesicles fused in Qingle-channel recordings were displayed on an oscilloscope and recorded
fixed orientation such that theis chamber corresponded to the cytosolic on Digital Audio Tape (DAT). All steady-state recordings were carried out
space and thezanschamber to the SR lumen. Thmnschamber was held — at 0 mV. Under these conditions, current flow through the cardiac RyR was
at ground and theis chamber held at potentials relative to ground. After in the luminal-to-cytosolic direction. Current recordings were filtered at 1

fusion thecis chamber was perfused with 250 mM HEPES, 125 mM Tris,
10 uM free C&* buffered with EGTA and CaGJ pH 7.2, and thdrans

chamber was perfused with a solution containing 250 mM glutamic acid,

10 mM HEPES, pH 7.2 with Ca(OHl)free [C&*] ~50 mM). The free

kHz and digitized at 2 kHz. Channel open probabili)(and the lifetimes

of open and closed events were monitored by 50% threshold analysis.
ChannelP, values were obtained from 3 min of steady-state recording.
Lifetime analysis was carried out only when a single channel incorporated

[Ca2*] and pH of the solutions were measured at 23°C using a calciuminto the bilayer. Events<1 ms in duration were not fully resolved and were
electrode (Orion 93-20) and Ross-type pH electrode (Orion 81-55) agxcluded from lifetime analysis. Lifetimes accumulated fren3-min

described previously in detail (Sitsapesan et al., 1991b). The fréé [ca
the cytosolic solutions was maintained at 202 uM with 1 mM EGTA
and 0.95 mM total CaGl Additions of ADP &50 mM), R (KH,PO,,
=100 mM) and ATP €5 mM), did not alter the free [Ga] of the
solution. To investigate the effects of 10 and 20 mM ATP,disechamber
was perfused with a solution containing 1 mM EGTA and 2.3 mM GacCl
to maintain the free [Gd] at 10 + 2 uM. Subnanomolar [Ca] were
obtained by additions of EGTA (12 mM) and the free f{Chwas calcu-
lated using the computer program EQCAL (Biosoft, Cambridge, UK).

steady-state recordings were stored in sequential files and displayed in
noncumulative histograms. Individual lifetimes were fitted to a probability
density function (pdf) by the method of maximum likelihood (Colquhoun
and Sigworth, 1983) according to the equatiéft) = a,(1/m)exp(—t/

) +. .. +a,(l/r,)exp(—t/7,) with areasa and time constants A missed
events correction was applied as described by Colquhoun and Sigworth
(1983). A likelihood ratio test (Blatz and Magleby, 1986) was used to
compare fits to up to four exponentials by testing twice the difference in
log. (likelihood) against the chi-squared distribution at the 1% level.

ATP, ADP, and Pwere obtained from Sigma (Poole, UK). Single-channel current amplitudes were measured from digitized data
The ATP used in the experiments was 99% pure (assessed by Sigma Iging manually controlled cursors.

HPLC), and to determine whether degradation of ATP occurred during the

experiments we carried out control experiments in which the [ATP] of our

solutions was measured using the luciferin-luciferase reaction first deRESULTS

scribed by Stanley and Williams (1969). For the control experiments, SR

vesicles were fused with the bilayers and tieandtranschambers were ~ Effects of ATP on the cardiac RyR

perfused with the recording solutions as described above. ATP (1 mM) was . .
added to thecis chamber and the levels of ATP were measured immedi-AS has been previously reported for the skeletal RyR (Smith

ately after addition to the chamber and at 3 and 9 min (the longest duratioet al., 1985) we found that ATP modulated the gating of the
of an ATP experiment) later. After 3 and 9 min the [ATP] was 102.3  cardiac channel but did not cause any observable changes in
3.9% [mean valuet standard error of the mean (meanSEn = 4)] and conduction (data not shown). Fig. tof) illustrates the
101.0% =+ 2.8% (mean+ SE;n = 4) of the initial values, respectively. . . .
Therefore, there is no detectable degradation of ATP during the experi_—eﬁtECtS of ATP_on the ggtlng of a representative cardiac RyR
incorporated into a bilayer. In the presence of AWM

ments. The meart SE is given whera = 4. Forn = 3, standard deviation s ) ;
(SD) is given. cytosolic C&", 100 uM cytosolic ATP increased open

A e e mmmmo— o
FIGURE 1 (Top Activation of a i MWWWWMWWWW“WMW”M

ATP. In (A) the channel is activated
solely by 10 uM cytosolic C&*.
Subsequent additions of 1QM (B),
2 mM (C), and 10 mM ATP D) to
the cytosolic solution are shown. The

B+.,WWWN¢A[WA}

holding potential was 0 mV. The dot- 1.0 —
ted lines indicate the open channel P0=0.964 ] T
level and the arrows indicate the zero ' 8 I
current level. Channel open probabil- 0.8
ity is indicated above each trace. ] T
(Bottom) The effects of cytosolic 0.6 —
ATP on theP, of the sheep cardiac Po ]
channel. The experiments were car- Po=0.824 04
ried out in the presence of 1M -
cytosolic C&*. The mean and stan- m ]
dard error of four observations are 0.2 —
shown. ]
0.0 T I \ \ \
-6 -5 -4 -3 2 -1

Log [ATP] (M)
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probability (P,) from 0.052* 0.019 (meant SE;n = 11) Open Lifetimes Closed Lifetimes
to 0.284+ 0.161 (meant SE;n = 4). PealP, values were 500 500
obtained in the presence of 2 mM ATP, which almost fully ime Gonstant Ares Time Consant rea
opened the channel, as shown in trac€P, = 0.905 +
0.066; mean+ SE,n = 4). Further increases in [ATP] *
resulted in a decline iR, as can be observed in Fig. b,

1.23 ms 97 % 4.35 ms 33%
300 6.42 ms 3% 300 2636 ms 36%
191 ms 3%

Frequency /4 ms

trace D). At 20 mM ATP the P, was 0.626+ 0.135 100
(mean=x SE;n = 4). o 5 s
Fig. 1 (otton) illustrates the relationship between the
cytosolic [ATP] and theP, of the sheep cardiac RyR in the 30001 o000

Time Constant Area Time Constant Area

presence of 1M cytosolic C&". Half maximal activation

of the channel occurred at 0.22 mM ATP and the Hill
coefficient was 1.5. This indicates that at least two mole-"
cules of ATP will bind to the channel to cause maximal
activation.

2.25ms 74% 2.94 ms 47%
16.91 ms 28%

74.60 ms 24%

2000
10.08 ms 23%

39.50 ms 3% 1000

Frequency /4 ms

1000

Lifetime analysis provides more information about the % P 0 o o -
mechanisms involved in ATP activation of the channel. It is
well documented that both the cardiac and skeletal isoforms 5004 1000
of the RyR exhibit brief open events when activated by qof | TR e Time Conslant - Avea

18.46 ms 67% 1.45 ms 50%

cytosolic C&" alone (Smith et al., 1986; Ashley and Wil-
liams, 1990; Sitsapesan and Williams, 1994, 1995). Re-
ported mean open lifetime values are generally between 0.5
and 1 ms and these values depend heavily on the resolution ‘ ! ‘ ‘
of the single channel events as the mean open time is very 0 B oo 0 % 00
close to the minimum resolvable event time. Figh 8hows Time ) Time (ms)
the Open and'closed |If§t|me dIStrIbu'tIOI’IS together with pdfSFIGURE 2 Effects of ATP on openlgft) and closed right) lifetime
of a typical single Car,dlac RyR aCt'Yate,d by W Cy,to' . distributions and probability density functions (pdf). The time constants
solic C&™". The best fit to the open lifetime distribution is ang percentage areas obtained from the best fit to the data are shown.
obtained with two exponentials, indicating that the channelLifetimes were determined as described in Methods Atlie channel is
has at least two open states. Ninety-seven percent of thastivated by 1uM cytosolic C&* alone. In B) and €) the effects of 100
events are<2 ms in duration. In contrast, the closed life- #M and 2 mM ATP are shown.
times are of longer duration and a triple exponential pro-
duces the best fit, indicating the presence of at least three
closed states. mum [ATP] it appears that the channel can only dwell in the
In the presence of 10@M ATP we observed a large two long open states. Interestingly, the loss of the shortest
increase in the number of brief openings and only a slightime constant from the open lifetime distribution is coupled
increase in the mean open time from 0.940.30 ms to the loss of the longest time constant from the closed
(mean*= SE;n = 4) to 2.31% 0.81 ms (meant SE;n = lifetime distribution. It therefore appears that the short open
4). Lifetime analysis demonstrates that in the presence aévents are linked with the long closing events, and vice
100 uM ATP (Fig. 2, A and B) the duration of all three versa.
closed states decreases. We also observed an increase in th&Ve have previously reported in abstract form that high
duration of the open lifetimes and a third longer componentoncentrations of cytosolic €& or ATP can inactivate the
to the pdf. However, although ATP is modulating both thecardiac RyR (Sitsapesan et al., 1991a). The inactivation of
frequency and duration of the open events, clearly at thishe channel by [ATPI>5 mM is clearly demonstrated in
concentration the main factor causing the increase in charkig. 1. As the [ATP] is increased above the optimal level,
nel P, is the increase in the frequency of channel openingincreased numbers of channel closing events lead to the fall
Increasing the [ATP] to 2 mM almost fully activates the in P,,.
channel and increases the mean open time to 78.56.24 ATP can activate the sheep skeletal RyR at subactivating
ms (0 = 4). In Fig. 1 ¢op, trace § it can be seen that at this levels of cytosolic C&" (Sitsapesan and Williams, 1995)
concentration of ATP the channel is virtually always open.but it has been reported that at nanomolar levels df'Ca
Only very brief closings occur and many of these events arevhile ATP can still effectively stimulate Ga efflux in
so brief that they are not fully resolved. Fig.2demon-  skeletal SR vesicles, in cardiac vesicles ATP has very little
strates the marked changes in the distributions of both opeeffect (Meissner and Henderson, 1987). We therefore tested
and closed lifetimes at 2 mM ATP. The open lifetime the hypothesis that ATP could only activate the cardiac
distribution is now fitted by a pdf with two exponential channel in the presence of activating levels of cytosolic
components with two long time constants. The very briefCa&*. Fig. 3 shows the effects of ATP on a representative
open time constant can no longer be detected and at optardiac RyR in the absence of activating cytosolié¢ Cadn

97.81 ms % 500 3.26 ms 50%

Frequency /4 ms
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A rrrmmmmmmmmmmmmmmmmmmeeoooeos P0=0.004

100 ms

FIGURE 3 ATP can activate RyR by a €aindependent mechanism.

(A) A single cardiac channel has incorporated into the bilayer and the
cytosolic free [CA"] has been lowered to picomolar levels by the addition
of 12 mM EGTA. Under these conditions there are no channel openings.
The dotted lines indicate the open channel level and the arrows indicate the
zero current level.) 2 mM ATP has been added to thes chamber and J 3pA
long but infrequent openings occur.

100 ms

FIGURE 4 Effects of ADP on a single cardiac RyR. The channel was
trace A the cytosolic [C&A"] was lowered to picomolar activated by 1QuM cytosolic C&* alone @) and by 10uM cytosolic C&*

levels by adding 12 mM EGTA to the cytosolic channel in the presence of 10 mMBj and 50 mM ADP (). Dotted lines indicate

face, and the channel remained completely closed. After th@e open channel level and arrows indicate the zero current level. Channel
. - ' open probability is indicated above each trace.

addition of 2 mM ATP to theis chamberiface B), channel penp Y

openings were observed aRg was increased from & 0

to 0.016+ 0.014 (SD;n = 3). The mean open time Was jncreases in [ADP] led to reductions Ry. At 50 mM ADP,
2.55 * 1.83 ms, which is longer than that observed whenp0 was 0.275+ 0.240 (meant SE;n = 4).

the channel is activated solely by cytosolic’Car by ATP There are obvious similarities in the mechanisms by
in the presence of Ca at comparable®, values. In the \yhich ATP and ADP activate the channel. A comparison of
absence of cytosolic Ca, ATP was not able to fully  Figs 1 and 4 demonstrates that both agonists are effective at
activate the channel (at least in concentratisfidd mM). increasing the frequency of channel opening. However,
The ATP-activated channel therefore exhibits different gat-aApp does not cause very large increases in mean open time.
ing kinetics to the channel activated by ATP plus cytosolicgyen at optimum ADP concentrations the increase in mean

.
ca’. open time is not so marked as that occurring in the presence

Effects of ADP on the Ca2?*-release channel

1.0
As for ATP, we found that ADP caused no significant ]
changes to the current-voltage relationship of the cardiac 0.8
RyR (data not shown). In the presence of @M cytosolic .
ca*, ADP increased, in a concentration-dependent man- 0.6
ner but was far less effective than ATP. The effects of two Fo 1
concentrations of ADP on a single RyR are shown in Fig. 4. 0.4 -
10 mM ADP was required to incread® from 0.020 + ]
0.009 to 0.490* 0.197 (meant SE;n = 4). In comparison, 0.2 -
~0.2 mM ATP activates the channel to the same degree. ]
The relationship between [ADP] afr}, is illustrated in Fig. 0.0 - : : : | |
5. The EG, value for channel activation by ADP was 1.2 5 4 3 P A 0

mM and the Hill coefficient was 0.966. An important ob-
servation was that ADP was unable to fully activate the
channel even in the presence of activating levels dt'Ca FIGURE 5 The relationship between [ADP] aRglin the presence of 10

(10 pM). The highestP, value observed with ADP was ,u cytosolic free C&*. The mean and standard error of four observations
0.578+ 0.214 (meant SE;n = 4) at 20 mM ADP. Further are shown.

Log [ADP] (M)
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of ATP. For example, in a typical channel activated by thechannel (Fig. 5) and is apparently antagonizing the effects
optimal concentration of 20 mM ADP, thB, increases of ATP to some degree, ADP is behaving as a partial agonist
from 0.004 to 0.407 but the mean open lifetime only in-at the adenine nucleotide binding sites.
creases from 0.55 ms to 1.37 ms. As for ATP, ADP was able
to induce C&"-independent openings, although even at th
concentration of 20 mM the openings were infrequent
openings per minute). Fruen et al. (1994a, b) reported that millimolar levels pf P
increased th&, of purified skeletal RyR incorporated into
bilayers and increased ryanodine binding to skeletal SR
vesicles, but did not affect ryanodine binding to cardiac SR.
ADP possesses structural similarities to ATP, and thereforélowever, Xiang and Kentish (1995) suggested than&y
may compete with ATP for the adenine nucleotide bindingslightly activate SR C& release by directly activating the
site/s on the RyR. If the two agents share common bindingardiac RyR. In order to resolve this issue we investigated
sites, then it would be expected that one would not potenthe effects of Pon the cardiac RyR. Fig. 7 demonstrates the
tiate the other. In fact, we find that ADP decreasesRhef  typical effects of inorganic phosphateXBn the gating of
channels already activated by a submaximal concentratioa single cardiac RyR. In the presence of A8l cytosolic
of ATP. A typical example of such an experiment is shownfree C&*, millimolar concentrations of Raused a concen-
in Fig. 6. P, decreased from 0.839 0.133 (SD;n = 3) in  tration-dependent increase ®,. For example, 20 mM ;P
the presence of 1M cytosolic C&* and 500uM ATP to  increased®, from 0.009+ 0.003 (mean+ SE;n = 5) to
0.689=+ 0.208 (SDjn = 3) after the addition of 1 mM ADP. 0.077z 0.025 (meant SE;n = 5). Further increasing [P
A further decrease iR, to 0.401+ 0.353 (SD;n = 3) was  to 100 mM increase®, to 0.244+ 0.206 (SD;n = 3). The
seen when [ADP] was increased to 10 mM. Thus the actionfP,]-P, relationship is shown in Fig. 8. The effect of Was
of ADP support the idea that ADP is acting at the same sitegot due to an increase in ionic strength as adding KCI
as ATP. Moreover, since ADP is unable to fully activate the(=100 mM) to the cytosolic channel side under the same
ionic conditions had no effect d, (P, was 0.079+ 0.016
and 0.063*+ 0.061 (SDjn = 3), respectively, in the absence
Po=0.071 and presence of 100 mM KCI). Relatively high concentra-
------------------------ tions of R are required to produce significant increases in

e
Channel activation by P;

Site of action of ADP

P0=0.013

3 pA

100 ms
3 pA

FIGURE 6 Effects of ADP on cardiac RyR already activated by'Ca

plus ATP. The dotted lines indicate the open channel level and the arrows 100 ms

indicate the zero current level. IA) the channel is activated by 40M

cytosolic C&" alone. In B) 500 uM ATP has been added arfe}, has FIGURE 7 Activation of a representative single cardiac RyR pyTRe
increased to 0.720. IrC) the subsequent addition of 1 mM ADP decreases dotted lines indicate the open channel level and the arrows indicate the zero
P, to 0.450. In D) the [ADP] has been increased to 10 mM aRglis current level. The channel is activated by Bl cytosolic free C&" alone
further reduced to 0.053. (A) and by 10uM cytosolic free C&* in the presence of 50 mM, @B).
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04 — the open events are increased. This is confirmed by lifetime
analysis (Fig. 9). The open lifetime distribution is virtually
unchanged by ;Pout the closed lifetime constants are re-
0.3 — duced, demonstrating that iRcrease®, solely by increas-
ing the frequency of channel opening.
The effects of Pwere investigated in the absence of
Po 02— activating cytosolic [C&"] (picomolar C&"). Even at con-
] I centrations up to 100 mM,;Rvas unable to induce any
channel openings (data not shown).
0.1 I It has been suggested thatrRay exert an effect on the
J 3 cardiac RyR via the adenine nucleotide binding sites on the
channel (Xiang and Kentish, 1995). To examine this hy-
pothesis we investigated the effects of the simultaneous
286 20 A5 10 -05 presence of ATP and, ®n theP, of the channels. Fig. 10
Log [Pi] (M) illustrates a representative experiment where more than one
channel has incorporated into the bilayer. The figure illus-
FIGURE 8 The effect of Pon the P, of sheep cardiac RyR. The ftrates the gating of the channels in the presence of cytosolic
experiments_were performed in the presence qﬁWDcyto;oIicfree Ca*. ca&* alone (race A, after the addition of a supramaximal
'ggfsc;arteasph(gr\:vti ?or':tjgmean of three to five observations. Standard el ncentration of ATP (10 mMirace B and after the
addition of 20 mM R(trace Q. ChannelP, increased from
0.597 + 0.381 (meant SE;n = 4) in the presence of 10
P,. With 10 uM cytosolic free C&" as the only other mM ATP to 0.702+ 0.291 (meant SE;n = 4) upon the
activating ligand, Pis far less effective at elevatirig, than  addition of 20 mM R Fig. 1 (potton) demonstrates that
ATP or ADP. However, the concentration oflequired to  concentrations of ATP above the optimum (2 mM) tend to
increaséP, and the degree of elevationiy observed inthe reduceP,. Therefore, 10 mM ATP is on the inactivating
cardiac channel in the present study is similar to that reportion of the [ATP]P, relationship. The subsequent addi-
ported by Fruen et al. (1994b) in the skeletal channel.  tion of an agent binding to the same sites as ATP would be
Fig. 7 demonstrates that; hcreases the frequency of expected to produce further inactivation of channel gating.
channel openings without any evidence that the duration oP, actually causes an increaseRy to a level higher than

0.0 | T T ]

Open Lifetimes Closed Lifetimes
2000 2000
Time Constant Area F\ Time Constant Area
§ 15001 1.82 ms 90% 15004 3.78 ms 67%
= 17.46 ms 10% 14.93 ms 8%
§ 10004 10004
= 61.83 ms 25%
w
FIGURE 9 Effects of P on open 5001 500
(left) and closedrfght) lifetime distri-
butions and probability density func- o
tions (pdf). The time constants and Oo 50 100 0 100

percentage areas obtained from the
best fit to the data are shown. Life-

times were determined as described in
Methods. The channel was activated 20004 30007

P +
bydlg “!I\./IO C'}\//tIOSOIIC (I:g Cglfn(la (OFS))O " Time Constant Area 25004 Time Constant Area
and by 10uM cytosolic plus 2 1500
mM P, (bottor). N 1.64 ms 95% 20004 3.27 ms 69%
5 (- 0,
§ 1000 1022 ms 5% 15004 7.27ms 10%
o
E 10004 30.62 ms 21%
5001
5004
0 0
0 50 100 0 50 100

Time (ms) Time (ms)



1302 Biophysical Journal Volume 74 March 1998

P0=0.007 states and enter the short open state via long closings. As yet
we are uncertain whether free ATP or®Cabound ATP (or

both) are binding to the channel to cause the observed
N w WWMWMWM MWM changes irP,. While the fact that adenosine (McGarry and

' Williams, 1994) can fully activate the channel indicates

that, in general, adenine nucleotides do not need to be bound
to divalent cations to be effective activators of RyR, it is
_________________________________ possible that the different forms of ATP may exert different
effects on the channel.

A large amount of information on adenine nucleotide-
stimulated C&" efflux from SR vesicles isolated from both
b\

P0=0.433

cardiac and skeletal muscle has been accumulated by Meiss-
ner and co-workers (Meissner and Henderson, 1987; Meiss-
ner et al., 1986; Meissner, 1984). However, much of this
work was performed with the nonhydrolyzable analog of
ATP, AMP-PCP, which appears to be slightly less potent
than ATP (Meissner et al., 1986). In skeletal SR vesicles,
the EG,, for ATP-stimulated C&" efflux was 1 mM com-
pared with 2 mM for AMP-PCP. ADP was reported to be
much less effective at stimulating €a efflux and our
single-channel data indicate that this is because ADP has
/J 3 pA both a lower affinity and efficacy at the adenine nucleotide
sites than ATP. Meissner and Henderson (1987) reported
100 ms that adenine nucleotides were more effective stimulators of
Ca*-release from skeletal than from cardiac SR vesicles.
FIGURE 10 Effects of Pon channels already activated by 1M However, in their Study this 0n|y appears to be the case
cytosolic C&* plus 10 mM ATP. Dotted lines indicate the open channel when the cytosolic [Czér] is very low (2 nM). Our single

level and arrows indicate the zero current level. &) the channel is .
activated by 10uM cytosolic C&* alone. After the addition of 10 mM channel study demonstrates that ATP is a more potent

ATP in (B), P, is increased to 0.433. This concentration of ATP is on the activator of cardiac RyR (E§ = 0.22 mM) than would be
inactivating portion of the [ATPP, relationship. Subsequent addition of predicted from the flux studies by Meissner and co-workers.

20 mM R (C) results in an increase iR, to 0.61 Although not precisely determined, data from our own
laboratory suggest that ATP is approximately equipotent at
activating the sheep cardiac and skeletal isoforms of the

added together. This is good evidence thald®s not exert channel (Sitsapesan and Williams, 1995). Herrmann-Frank

; o : d Varsayi (1993) reported that ATP increased tRAgof
| gating by binding to th tes a§"
if-];.(;as on channel gating by binding to the same sites at e purified skeletal RyR with an Eg value of 2.2 mM,

which decreased to 0.5 mM when the channel was phos-

phorylated by protein kinase A. A direct comparison of our
DISCUSSION results with those of Herrmann-Frank and Vargavould
indicate that the sheep skeletal and cardiac channels are far
more sensitive to ATP than the rabbit skeletal channel.
This is the first study to demonstrate the full relationshipHerrmann-Frank and Varsgi, however, carried out their
between cytosolic [ATP] and th, of a native RyR. In the experiments on purified channels, and since ATP appears to
presence of activating cytosolic €3 activation of the be more effective in the vesicle flux studies of Meissner et
channel by ATP appears to be a positively cooperativel. (1986) from the same species, it is possible that purifi-
process, as the Hill slope is 1.5. Lifetime analysis of eventsation of the RyR may affect ATP binding sites orCa
>1 ms in duration indicate that in the presence of cytosolidinding sites, thereby affecting the synergistic effects of
Ca* ATP increases both the frequency and the duration oATP and C&* on channel gating.
channel openings. Therefore, ATP must bind to both a An important observation of this study is that concentra-
closed and an open state of the channel. At low concentraions of ATP (and ADP) above the optimum level cause a
tions of ATP EC;, value) the primary mechanism for the decrease iP,. The inactivation results from an increase in
increase inP, is the increase in frequency of opening. As the frequency of channel closing and therefore the duration
the [ATP] increases above this level, large increases in thef the open events is reduced. The cause of the increase in
duration of the open states cause the further elevatioRg in the frequency of channel closing is not yet clear. This may
At P, values close to unity, the longest closed state and theesult from ATP and ADP binding to low-affinity inactiva-
shortest open state cannot be detected. The channel mégn sites. The experiments performed at subactivating lev-
predominantly enter the long open states via the short closegls of cytosolic C&" indicate that the shape of the dose-

Po=0.615

that expected if the individual effects of ATP angd &e
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response curve for ATP (and ADP) may be dependent oifow enough, then it is possible that ADP may play a role in
the cytosolic [CA"]. At subactivating [CA"], ATP could  regulating the gating of the cardiac RyR. However, ADP
induce channel openings but was very ineffective even at aould not be expected to cause an increased efflux éf Ca
concentration of 10 mM. No peak iR, was achieved and from the SR. Once the levels of ADP became high enough
therefore no inactivation was observed at the higher [ATP]to compete effectively with ATP so that ADP was the
At high levels of ATP, the concentration of cytosolica predominant agonist, this would be more likely to reduce
will determine whether the channel is on the activating orthe P, of the channels or at least prevent them from being
the inactivating portion of the ATP dose-response curve. Irfully activated. When considering the possible conse-
fact, what we have termed “high” ATP concentrations arequences of ischemia it should be remembered that levels of
close to the normal physiological levels of ATP (10 mM) other adenine nucleotides and nucleosides also change dur-
thought to be present intracellularly in cardiac cells (Hohl eting ischemia. For example, levels of adenosine, cAMP, and
al.,, 1992). Inactivation of the cardiac RyR by high ATP AMP increase during ischemia and the relative concentra-
concentrations may therefore play a role in terminatingtions, affinity, and efficacy of these agents for the adenine
C&" release from the SR during EC coupling. nucleotide binding site would determine how ADP affected
the gating of the RyR in situ. Our results do indicate,
however, that it is unlikely that the €4 efflux from the SR
observed by Smith and Steele (1992) or by Xiang and
Kentish (1995) is caused by stimulation of the RyR by ADP
In the presence of cytosolic €5 ADP increases, pre-  since millimolar levels of ATP were present in their exper-
dominantly by increasing the frequency of channel openiments. If anything, under the experimental conditions of
ings. At optimal [ADP] the duration of the open lifetimes is their experiments, ADP would be expected to reducePhe
slightly increased, but not to the same extent as occurs in thef the channels. More difficult to explain is the potentiation
presence of ATP. Whereas the Hill coefficient for ATP of CICR by ADP and the further increase inCarelease in
activation indicates that the interaction of ATP with the the presence of;Plus ADP observed by Xiang and Kentish
RyR is a positively cooperative process, the Hill coefficient(1995). One possible explanation for this effect could be the
for ADP activation suggests that this is not the case foiinclusion of di-adenosine pentaphosphate {APin all
ADP. These values may reflect the ability of ATP to bind to their solutions containing ADP. AfA is a myokinase in-
both the open and closed channel states, whereas ADP méybitor and was included to prevent ATP production from
bind predominantly to the closed state. Alternatively, ADPADP. We have performed preliminary experiments with
may bind to the open state without producing a measurablthis compound indicating that it is a potent activator of the
response. Unlike ATP, ADP cannot fully activate the car-cardiac RyR (data not shown). Therefore, in the experi-
diac RyR. Presumably the inability of ADP to cause markedments of Xiang and Kentish (1995) it may be 4 rather
increases in open lifetime duration explains why ADP canthan ADP, which is stimulating CICR.;Pif acting via a
only partially activate the channel. separate binding site on the channel, may then potentiate the
Similarities in the mechanisms of channel activation sug-effects of ARA to cause further activation of the RyR.
gest that ADP and ATP share a common binding region.
Both agents increase the frequency of channel opening at
low concentrations. Both agents act synergistically with
Ca* to increaseP,, but can also activate the channel in a
Cé&*-independent manner by invoking an apparently dif-By isolating cardiac SR and monitoring current flow
ferent kinetic gating scheme with longer open events. Irthrough the RyR we have established that increases in
addition, ATP does not potentiate the effects of ADP. Fig.cytoplasmic [F] can activate sheep cardiac RyR. The acti-
7 demonstrates that ADP acts as if it were competing withvation requires millimolar concentrations and is purely a
ATP for the same binding site/s. ADP cannot fully activate Ca*-dependent process; Ras no effect in the absence of
the channel and therefore, when present in high enoughctivating cytosolic [C&'] at concentrations up to 100 mM.
concentrations, effectively antagonizes the effects of ATPIn the presence of G4, P, increase®, solely by increasing
Our results therefore suggest that ADP is a partial agonist ahe frequency of channel opening. No lengthening of the
adenine nucleotide binding sites. open events occurs. Thus the mechanism facBvation of
How do these results relate to the control of channethe channel is identical to that for €aactivation of the
gating within the cell? The Eg value for ADP is more than channel. These results suggest two possible mechanisms for
5 times greater than that for ATP. Therefore, coupled withP; activity: either P can sensitize the channel to Caor P,
the fact that ATP may be present in concentratiod® mM  can only bind to and affect the gating of the“*Cebound
compared with submillimolar levels of ADP, it is unlikely channel. It was suggested by Fruen et al. (1996) that P
that ADP will have any effect during normal physiological interacts with specific sites on the skeletal RyR, whereas
conditions. During prolonged conditions of ischemia, ATP other anions such as perchlorate, nitrate, and chloride may
levels will fall and ADP levels will rise (Allen and Orchard, affect channel gating because of their chaotropic properties.
1987). If ADP levels rise high enough and ATP levels fall An interesting finding of their experiments was thataRd
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other inorganic anions could increase ryanodine binding to increased Ca  activation of ryanodine receptor®iophys. J.71:

and C&" efflux from skeletal, but not cardiac, SR. We are 2522-2530.

. Lo . Fruen, B. R., J. R. Mickelson, T. J. Roghair, H.-L. Cheng, and C. F. Louis.
uncertain why no apparent activation of the cardiac chan- 1994a. Anions that potentiate excitation-contraction coupling may

nels was observed by Fruen et al. (1994a, b) whereas wemimic effect of phosphate on &4 release channelAm. J. Physiol.
clearly observed FRnduced increases iR,. Possible rea- ~ 266:C1729-C1735.

sons include differences between species or differences fffuen B.R. J. R. Mickelson, N. H. Shomer, T. J. Roghair, and C. F. Louis.
1994b. Regulation of the sarcoplasmic reticulum ryanodine receptor by

the+optimal conditi0n§ required for ryanodine binding or inorganic phosphatel. Biol. Chem269:192-198.
ca* efflux from cardiac and skeletal SR. Herrmann-Frank, A., and M. Vasgi. 1993. Enhancement of &are-
An investigation of the effects of;®n the presence of lease channel activity by phosphorylation of the skeletal muscle ryano-

ATP indicates that Pdoes not bind to adenine nucleotide 9N receptorFEBS Lett332:237-242. .
ites on the RVR (Fi 10) Althouah in skinned cardiac Ce||SHOhI' C. M., A. A. Garleb, and R. A. Altschuld. 1992. Effects of simulated
S y g. : g ischemia and reperfusion on the sarcoplasmic reticulum of digitonin-

a recent report suggested thatiitreased SR Ca efflux lysed cardiomyocyte<Circ. Res.70:716—723.
by a non-RyR mechanism (Steele et al., 1996) our resultsicGarry, S.J., and A. J. Williams. 1994. Adenosine discriminates between
demonstrate that it would be expected that increasestn P the caffeine and adenine nucleotide sites on the sheep cardiac sarcoplas-

he | | . duri isch . id b bl mic reticulum calcium-release channél.Membr. Biol.137:169-177.
the levels occurring during ischemia wou e able to PO\eissner, G. 1984. Adenine nucleotide stimulation of Ganduced C&"

tentiate the effects of agents acting at adenine nucleotide release in sarcoplasmic reticulugh. Biol. Chem259:2365-2374.

binding sites on the RyR channels and cause an increase ieissner, G., E. Darling, and J. Eveleth. 1986. Kinetics of rapid"Ca

P release by sarcoplasmic reticulum. Effects of Gavig?* and adenine

°'| USi h ined d d ibed th nucleotidesBiochemistry 25:236-244.

n COOC USIQH, we ,ave exam_me, an escribe ?/Ieissner, G., and J. S. Henderson. 1987. Rapid Ca release from cardiac
mechanisms involved in ATP activation of the sheep car- sarcoplasmic reticulum vesicles is dependent ofGand is modulated
diac RyR. We have shown that ADP binds to the same sites by Mg®", adenine nucleotide and calmodulid. Biol. Chem.262:

on the channel as ATP but has a much lower affinity. ADP 3065-3073.

| t tial ist at th it Th findi Sitsapesan, R., A. Boraso, and A. J. Williams. 1991a. High concentrations
also acts as a partial agonist at these sites. €s€ TINAINGSyt calcium and ATP reduce the open probability of the sheep cardiac

should help in the elucidation of the structure-activity rela- sarcoplasmic reticulum calcium release chanBébphys. J.59:19%.
tionship of the ATP site. We have also demonstrated that P_(Abstr.). - .
can activate the cardiac channel and that this action resulfdsaresan. R., S. J. McGarry, and A. J. Wiliams. 1995. Cyclic ADP-

f P i . ith si disti £ he ATP si ribose, the ryanodine receptor and’CaeleaseTIPS 16:386-391.
rom R interacting with sites distinct from the sites. Sitsapesan, R., R. A. P. Montgomery, K. T. MacLeod, and A. J. Williams.

With C&™ as the only other ligand, ADP is more effective  1991b. Sheep cardiac sarcoplasmic reticulum calcium release channels:
than P at increasing thé, of cardiac RyR. In contrast,,P ~ modification of conductance and gating by temperaturePhysiol.

would be predicted to exert more effect on the channel in 434:469-488. - . . .
. . . . Sitsapesan, R., and A. J. Williams. 1994. Gating of the native and purified
situ since it would not have to compete with ATP for the ~ 5giac SR & -release channel with monovalent cations as permeant

same binding domain, but rather would potentiate the ef- speciesBiophys. J67:1484-1494.
fects of ATP. Sitsapesan, R., and A. J. Williams. 1995. The gating of the sheep skeletal
sarcoplasmic reticulum Ga-release channel is regulated by luminal
C&*. J. Membr. Biol.146:133-144.
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