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The effect of polyamines on ryanodine binding activity of junctional sarcoplasmic rcticulum membranes is described. Spermine 
stimulated the binding of ryanodine to its i,:ceptor up to 5-fold, with half-maximal stimulation obtained with 3.5 raM. Spermidine 
and putrescine also stimulated ryanodine binding, but they were about 12-fold less potent. The degree of stimulation is 
dependent on the NaCI concentration present in the assay medium. Spermine has no effect on the Ca2+-dependency of 
ryanodine binding but it increases the ryanodine binding affinity (K d) by about 5.6-fold. Both the rate of ryanodine association 
with, and dissociation from, its binding site were affected by spermine. Spermine also stimulates the photoaffinity labelling by 
3-O-(4-benzoyl)benzoyl[a-32p]ATP ([a-3Zp]BzATP) of the ryanodine receptor, increasing the Bz.ATP binding affinity. We 
suggest that the stimulatory effect of spennine on ryanodine binding is due to its specific interaction with the ryanodine receptor. 
This spermine interaction enabled us to develop a new, one-step, fast and with high yield method for the purification of 
ryanodine receptor (Shoshan-Barmatz, V. and Zarka, A. (1992) Biochem. J. 284, in press). 

Introduction 

The factors that regulate Ca 2+ release from sarco- 
plasmic reticulum (SR) in vi tro have been extensively 
studica [1-3], b,,.:~ the. actual mechanism that triggers 
the release in v ivo  remains unknown. It is now well 
accepted that the ryanodine receptor is a key compo- 
nent in the excitation-contraction coupling. Rl,anodine 
binds specifically, and with high affinity, to a receptor 
in the junctional regions of the SR membrane network 
[4,5]. The ryanodine receptor protein has been isolated 
from rabbit skeletal and cardiac muscle SR by a num- 
ber of groups using a range of soiubilizatioti and ~epa- 
ration techniques [6-13]. Purification of the receptor 
protein has permitted detailed structural, functional 
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and biochemical characterization [7-11,14,15]. The 
high-affinity ryanodine binding complex consists of a 
30 S homotetramer and is equivalent to the 'feet '  
structures and it forms a channel following its incorpo- 
ration into planar phospholipid bilayers. 

Spermine is one of the polyamines, polycationic 
metabolites in prokaryotic and eukaryotic cells. Their 
function is not yet clear; it has been suggested that 
they are involved in cell growth, cell differentiation and 
in the regulation of biosynthetic pathways [16]. The 
interaction of polyamines with membranes has been 
suggested by several reporters [17-19]. Among these 
interactions are their ability to modify synaptic trans- 
mission [17] and the activity of Na, K-ATPase [18,19]. 

The functions of polyamines in the maintenance of 
Ca 2+ homeostasis have also been reported [20-26]. 
Spermine was found to stimulate Ca 2+ uptake by mito- 
chondria [20,21] and both spermine and spermidine in 
the range of micromolar concentrations, were also 
found to block Ca 2+ release from SR induced by 
various drugs [22]. Several other studies [23-26] sug- 
gest that polyamines serve as intracellular messengers 
which provoke an in;::ease in cytoplasmic Ca 2+ con- 
centration. 

In tlds communication we describe the interaction 
of spermine with the ryanodine receptor. 



Materials and Methods 

Materials 
ATP, EGTA, EDTA, Tris, Tricine, Mops, spermine, 

spermidine and putrescine were obtained from Sigma 
Chemical Co. [a-3"P]BzATP was synthesized and puri- 
fied as described by Williams and Coleman [27]. [a- 
32p]ATP was obtained from Amersham,  and 
[3H]ryanodine (60 Ci /mmol)  was purchased from New 
Enj,land Nuclear. UnlabeIled ryanodine was purchased 
from Calbiochem, and ruthenium red from Fluka. 

Membrane preparations 
Junctional SR membranes were prepared from rab- 

bit fast twitch skeletal muscle as described by Saito et 
al. [28]. in most of the experiments the fraction R 4 was 
used. The membranes were suspended to a fin-+l con- 
centration of about 25 mg protein/ml in a buffer 
containing 0.25 M sucrose, 10 mM Tricine (pH 8.0) and 
1 mM histidine and stored at -70°C.  Protein concen- 
tration was determined by the method of Lowry et al. 
[29]. 

[ 3H]Ryanodine binding 
Unless other, vise indicated, junctional SR mem- 

branes (final concentration of 0.5 mg/ml )  were incu- 
bated with 20 nM [3H]ryanodine (spec. act. 30 
Ci/mmol),  in ~ standard binding solution containing 
0.2 M NaCI, 25 raM Mops (pH 7.4) and 50/~M CaCI2, 
for 1 to 2 h at 37°C. The unbound ryanodine was 
separated from the protein-bound ryanodine by filtra- 
tion of protein aliquots (50 /zS) through Whatman 

G F / C  filters, folle'~ed by washing three times with 5 
ml of ice-cold buffer containing 0.2 M NaCI, 5 mM 
Mops (pH 7.4) and 50 /.tM CaCI 2. The filters were 
dried and retained radioactivity was determined by 
liquid scintillation counting techniques. Non specific 
binding was determined in the presence of 25 p.M 
unlabelled ryanodine. 

Photoaffini~ labelling of ryanodine receptor by [t~- 
s z P] Bz.A TP 

SR membranes (1 mg/ml )  were irradiated in tile 
presence of 2 p.M of [~-32P]BzATP (4.106 cpm/nmol)  
in 50 pl  of 25 mM Mops (pH 7.4) and 0.2 M NaCI and 
1 mM EDTA. The radiation from 15W, UV lamp 
(GI5TS) was for 4 min at a distance of 5 cm. The 
irradiated membranes were immediately diluted 1:1 
with a sample buffer containing 125 mM Tris-HCi (pH 
6.8), 20% (v/v) glycerol 4% (w/v) SDS and 2% (v/v) 
3-mercaptoethauol and were incubated for 3 min at 
100°C. The samples were analyzed by SDS-PAGE as 
described below. Autoradiography of the dried gels 
was carried out using Kodak X-omat film. Quantitative 
analysis of the labelled protein bands was performed 
by densitometric scanning of the autoradiogram using a 
Hoofer GS 300 scanning densitometer. 

Gel electrophoresis 
The analysis of prott:in profile by SDS-polyacryl- 

amide slab gel electrophoresis was performed accord- 
ing to the discontinuous buffer system of Laemmli [30] 
in 1.5 mm thick slab gels with 4-15% acrylamide. Gels 
were stained with Coor0assie brilliant blue. 
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Fig. I. Stimulation of iTanodine binding to the junctional SR membranes produced by polyamincs. SR membranes (0.5 mg/ml) were assayed for 
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described in Materials and Methods. This is one of four identical experiments. 
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Fig. 2. Effect of N:.CI concentration on ryanodine bipding and on the degree of stimulation of ryanodine binding by spermine. SR membra~es 
(0.5 mg/ml) were assayed for wan ;dine binding in the absence (o) and the presence (e) of 10 mM spermine as described under Materials and 
Methods except that the NaCI concentration was varied. The data in A are presented as percentage of stimulation of ryanodine binding by 

spermine in B. This is one of two identical experiments. 

Results 

The effect of  the aliphatic polyamines; spermine, 
spermidine and putrescine on [~H]ryanodine binding to 
junctional SR membranes is shown in Fig. 1. A stimu- 
lation of about 4-fold was obtained with 15 mM of 
spermine and 100 mM of spermidine or putrescine. 
Furthermore, half-maximal stimulation was obtained 
with 3.5 mM of spermine compared to 40 mM of 
spermidine or putrescine. These results are listed in 
Table I along with the polyamine structure and their 
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Fig. 3. Ca2+-dependency of ryanodiue binding in the absence and the 
presence of spermine. SR membrane (0.5 mg/ml) were assayed for 
ryanodine binding in the absence (0) and in the presence (~) of 10 
mM spermine, ann in the presence of 0.2 mM EGTA and tim 
indicated free Ca 2+ concentrations. Free Ca 2+ concentration was 
calculated with a computer program using the apparent binding 
constant at pH 7.4 of 2.99"107 M -I. Control activity (100%)= I.Sb 
and 5.6 pmol/mg protein in the absence and the presence of 

spermine, respectively. 

charge. As will be discussed below, it seems unlikely 
that the difference in the polyamine potency is at- 
tributable to differences in the respective number of 
charges. 

The degree of stimulation of ryanodine binding by 
spermine is dependent on the NaCl concentration pre- 
sent in the ryanodiae binding medium, the stimulation 
decreasing as the NaCI concentration increased (Fig. 
2). This is not surprising since high NaCI concentra- 
tions stimulate ryanodine binding [7], thus in the pres- 
ence of high NaCI concentration, the binding is close 
to its maximal level. 

The effects of  spermine on the [3H]ryanodine bind- 
ing properties of the receptor were determined by 
testing its effect on the CaZ+-dependence of ryanodine 
binding (Fig. 3), on the affinity of ryanodine for its 
high-affinity site (Fig. 4), and on the rate of ryanodine 
association ~vith and dissociation from its binding site 
(Fig. 5). 

As it has been shown previously [31] ryanodine 
binding is Ca2+-dependent (Fig. 3). Under the condi- 
tions adopted (0.2M NaCI and pH 7.4), the Ca2+-de - 
pendency obtained in the absence or the presence of 
10 mM spermine was similar. Half-maximal stimulation 

TABLE I 
Effect of d(fJ'erent polymnines on ryanodine binding 
Experimerital conditioLs are as described in Fig. 1. C.~,, the concen- 
tration r~quired for half-maximal stimulation of ryanodine binding. 

PolyarJine Formula Cs. No. of 
(mM) charges 

Spe~mine NH2(CH2)3NH(CH2)4NH(CH2)3NH 2 3.47 +4 
Sprrmidine NH2(CH2)~NH(CH:)~NH 2 40.0 +3 
Pntrescine NH2(CH2)~NH 2 40.0 +2 
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and the presence of spennine, respectively. 

o f  ryanod ine  b ind ing  by Ca  2+ was  ob ta ined  with 100 to  
200 n M  (n = 2) in the  absence  o r  the  p resence  o f  
spermine .  

Fig. 4 a n d  Fig. 5 exemplify the  effects  o f  spe rm;qe  
on  equi l ibr ium b inding  pa rame te r s .  

Fig.  4 shows the  b ind ing  o f  [SH]ryanodine  as  a 
func t ion  o f  its concen t ra t ion  in the  absence  a n d  the  
p resence  o f  10 m M  spermine .  Sca t cha rd  plots  analysis  

o f  ryanod ine  b ind ing  (a t  0.2 M NaCI)  in the  p resence  
a a d  the  absence  o f  10 m M  spe rmine  indicates  tha t  
spe rmine  increased  the  a p p a r e n t  b ind ing  affinity ( K  d) 
abou t  5.6-fold, f rom 81 ± 8.7 (n  = 5) to  14.5 ± 0.6 n M  
(n  = 3), s imilar  to  the  K d ob t a ined  in the  p resence  o f  
1.0 M NaCI (da t a  no t  shown).  In cont ras t ,  s imilar  Bma x 
values were  ob t a ined  with 0.2 M NaCI ± 10 m M  sper-  
mine  o r  high NaC!  concen t ra t ions  (Bma x = 21.7 ± 4.2 
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FiB. 5. Effect of spermine on equilibrium binding of [3H]ryanodine and dissociation kinetics. In A, SR membranes (I mg/ml) were incubated 
with 20 nM want)dine as in Fig. 1, in the absence (o) and the presence (el of 10 mM spermine. After the indicated time, aliqnots were assayed 
for bound ryanodine (B t ) The maximal amount of ryanodine bound at the plateau (B e) was 3.2 and 10.5 pmol/mg protein in the absence and the 
presence of spermine, respectively. In B, SR membranes were incubated with 20 nM ryanodine as in Fig. 1. After 2 h aliquots were assayed for 
bound ryanodine (B e - 3.2 pmol/mg protein). Dissociation of bound wanodine was initiated by 100-fold dilution with the binding medium 
(without wanodine) with (o) or without (o) 10 mM spermine. The residual bound wanodine at the indicated time (B t) was determined. The 
calculated dissociation constant (k_ t) was 0.0136 and 0.005 rain- t in the absence and ~he presence of spermine, respectively. The rate constant 
for association (k t ) was calculated from the kobs (0.022 rain-I) as described previously i46] using the following equatlou: kot~ - kt~L][R]/Be), 

where |L] = ryanodine concentration, IR] = ryanodine receptor concentration = Bm~ (25,4 pmnl/mg protein). 
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pmol/mg protein, (n = 8). These ~'csuits suggest that 
the increase in ryaaodine binding produced by sper- 
mine (at low NaCI concentrations) is attributable to 
increased receptor affinity for the ligand. 

The effect of spermine on the association of ryan- 
odine with its receptor is shown in Fig. 5A. Spermine 
increased ryanodine binding by 3.3-fold with no effect 
on the observed association rate constant (ko~s). 
[SH]Ryanodine associates with its binding sites with a 
kob~ =0.0:?33 +0.0063 rain -I  (n = 2). The calculated 
pesudo-first-order association rate constants (kin) ob- 
tained in the absence and the presence of spermine 
were 1.5.105 + 1.2-104 and 5.41 • l0 s + 8.4.104 M - i 
min - t  (n =2). When the dissociation of ryanodine 
receptor radioligand complex at equilibrium was initi- 
ated by 100-fold dilution, the dissociation was 
monophasic (k_ t = 0.011 :t: 0.0024 min-  i n = 3). Sper- 
mine decreased the dissociation of ryanodine from its 
binding site by 2.5-fold (k_ i = 0.00436 + 0.0006 rain - i, 
n = 3). The K d based on the calettlated association and 
dissociation constants are 73 nM and 8.0 nM in the 
absence and the presence of spermine, respectively, 
which are close to the K d calculated from saturation 
experiments (Fig. 4). 

Ruthenium red (RR) is a polycationic dye which, 
inhibits ryanodine binding at micromolar concentra- 
tions [5,31] as well as Ca 2+ release from isolated vesi- 
cles [32] and the activity of single Ca 2+ release chan- 
nels incorporated into lipid bilayers [33]. The relation- 
ship betwc+;n the RR and spermine-binding sites is 
demonstrated in Fig. 6. At 0.2 M NaCI, RR inhibits 
ryanodine binding with half-maximal inhibition occur- 
ring at about 1 and 6 p.M in the absence and the 
presence of 10 mM spermine, respectively. However, 

increasing NaCI concentration to 1 M, produced an 
increase in the concentration of RR required for half- 
maximal inhibition, either in the absence or the pres- 
ence of 10 mM spermine to 26 ~M (Fig. 6). These 
results do not reflect a simple competition between RR 
and spermine. 

The effect of spermine on the ryanodine receptor 
properties was also examined by testing its effect on 
the regulatory nucleotide binding site. Fig. 7 shows the 
effect of spermine on the labelling of the receptor ATP 
binding site by the photoaffinity analog of ATP, 3"0-  
(4-benzoyl)benzoyladenosine triphosphate (BzATP). 
Spermine stimulates the labelling by [o:-s2p]BzATP of 
the ryanodine receptor. Quantitative analysis carried 
out by densitometric scanning of the autoradiogram 
and determination of the peak-area of the ryanodine 
receptor indicate that the stimulation of BzATP bind- 
ing by spermine is a result of spermine increasing 
receptor affinity, for BzATP (Fig. 7B). 

Discussion 

In this study, the effect Of spermine on ryanodine 
binding activity of junctional SR is described. Sper- 
mine, stimulates the binding of ryanodine to its recep- 
tor up to 5-fold. Stimulation of ryanodine binding was 
also obtained with spermidine and putrescine but they 
are much less potent (Fig. 1 and Table I). This en- 
hancement in ryanodine binding is dependent on the 
assay conditions (Fig. 2) and it is due to an increase in 
the receptor affinity for the ligand by affecting both the 
rate constants for association and dissociation. In the 
presence of 0.2 M NaCI, where the binding is not at 
the maximum level, spermine increases the binding 
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phospho~lase b, 97400; bovine serum albumin, 66 200 and ovalbumin 42700 (Bio.Rad). 

affinity by over 5-fold, to the affinity observed in the 
presence of 1.0 M NaCI, suggesting that  like high ionic 
s t rength [6], spermine maintains  opt imal  receptor  site 
conformation.  The receptor  conformation mainta ined 
by spermine is also optimal  for the binding of ATP as 
followed by the binding of the photoreactive analog; 
[3ZP]BzATP (Fig. 7). 

Interestingly, ru thenium red, another  pe!yc.',tionic 
species, in contrast  to spermine,  completely inhibits the 
binding of ryanodine both in the absence or the pres- 
ence of spermine (Fig. 6). 

The effect of the polyamines on ryanodine binding 
can be explained by considering them as only p o l k a -  
lent  cations.  Al though the effectiveness of  the 



polyamines is not defined exclusively by the number of 
positive charges (Table !), electrostatic interactions 
should be considered as one of the parameters in their 
mechanism of action. Because the charges are dis- 
tributed at fixed distances along the flexible carbon 
chain, they are able to bridge critical distance (e.g. 1.6 
and 1.1 nm for spermine and spermidine, respectively 
[16]). Thus, these features allow specific interactions 
which are not shared by inorganic cations such as 
Mg 2+ and/or  Ca 2+. Accordingly, a number of possible 
mechanisms may account for the effect of spermine on 
the ryanodine receptor activity. One of these relates 
directly to its polybasic nature; namely it has a particu- 
larly high affinity for polyanions. Since spermine will 
be in the protonated form at pH 7.4 with four posi- 
tively charged moieties [34], there is an appreciable 
chance for bridging protein-protein earboxyl groups. 
Ryanodine receptor has a highly acidic nature [35,36] 
with isoelectric point of 3.7 [37]. Because of the abun- 
dance of negatively charged residues in the receptor 
protein, spermine presumably is able to associate non- 
specifically with these negatively charged groups. In 
other words, the modulation of ryanodine binding by 
spermine is due to electrostatic interactions p-ovided 
by spermine. Fhis possibility is coi~sistent with the 
stimulatory effect of high salt concentration on ryan- 
odine binding. In fact, 10 mM spermine produced a 
similar degree of enhancement of the ryanodine bind- 
ing affinity of the receptor as 1.0 M NaCI. However, 
the observation that spermidine, which has three posi- 
tive charges compared to four of spermine, is 12-fold 
less potent is contrary to the suggestion of non-specific 
electrostatic interactions. 

Another possibility is that the pronounced effects of 
spermine on ryanodine and BzATP binding to the 
receptor could be due to spermine interaction with a 
specific site on the receptor. This possibility is sup- 
ported by the data in Table 1, and by the specific 
purification of ryanodine receptor on spermine-agarose 
column [39]. This specific site is not likely to be the 
high-affinity Ca 2÷ binding site since spermine had no 
significant effect on the Ca2÷-depeodency of the ryan- 
odine binding (Fig. 3). The interaction of spermine 
with the inhibitory low-affinity, Ca 2÷ binding site is 
ruled out because spermine exerts its stimulatory effect 
in the presence of low concentrations of Ca 2÷, where 
the low-affinity Ca 2+ binding site would not be occu- 
pied. It should be mentioned that the above possible 
mechanism for the stimulatory effect of spermine is 
consistent with the polyamine-Ca '+ exchange reaction 
hypothesis [23,24]. This hypothesis suggests that 
polyamines serve as intracellular messengers that in- 
crease free cytosolie [Ca 2+ ] by binding to anionic sites 
on the receptor and displace bound Ca 2+ with conse- 
quent opening up of Ca 2+ channels [23,24]. 

Another possible mechanism to account for the el- 
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feet of spermine is its binding to phospholipids [38]. 
We have found, however, that spermine stimulated the 
binding of ryanodine to the purii'ied receptor in the 
presence of a relatively high concentration (10 mg/ml) 
of phosphatidylcboline [39]. 

Since spermine stimulated ryanodine binding to the 
purified protein [39], it is unlikely that alterations in 
membrane surface charge, like those demonstrated for 
polyamines in other systems [38,40,41] are responsible 
for the stimulation of ryanodine and ATP binding to 
the receptor. 

Thus, it seems that the stimulator,/ effect of sper- 
mine on ryanodine binding is due to its specific interac- 
tion with the ryanodine receptor, which led to stabliza- 
tion of a eonformational state with higher binding 
affinity for ryanodine and for ATP. 

The existence of a recognition site for polyamines 
on the NMDA receptor complex and the modulation 
of this receptor by polyamines have been demonstrated 
recently [42]. 

Spermine, spermidine and putrescinc are endoge- 
nous constituents of muscle tissue [41] up to 0.8, 0.6 
and 0.04 p.mol/g wet weight of skeletal muscle, re- 
spectively [43,44]. These physiological levels might be 
capable of in situ modulation of ryanodine receptor 
activity. Paladc [22] found that spermine at the range 
of micrumol,-.r concentrations inhibited the drug-in- 
duced Ca 2+ release, from isolated SR vesicles, and 
suggested that spermine might be a physiological SR 
Ca 2+ channel regulator. Spermine also antagonizes the 
halothane-induced contractures in muscle, although 
this effect was related to its interaction with phospho- 
lipase A 2 [45]. 

Polyamines including spermine are known to regu- 
late a wide variety of physiological and biochemical 
processes (see Introduction), and it has been suggested 
that they may constitute a new class of hormones and 
second messenger [16,23,24]. Although the functions 
attributed to the aliphatie polyamines are numerous, 
their modes of action at a molecular level is not yet 
clear. 

The interaction of spermine with the ryanodine re- 
ceptor, enabled us to develop a new, fast and simple 
method for the purification of the ryanodine receptor 
from skeletal muscle [39]. 
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