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SLIM MARY 

1. The effect was studied of local am:sthetics (tetracaine, dibucaine,  procaine 
and  ×ylocaine) on the fol~vaxd and  the b~tckward reactions of the calcium p u m p  
of skeletal muscle sarcoplasmic reticulum. 

2. The inhibit ion of the rate of  calcium uptake, the rate of  calcium-dependent  
A T P  splitting and  the rate of  calcium-dependent  A T P - A D P  phosphate  exchange by 
sarcoplasmie ret iculum in the presence of the above dcugs is at  least partially d, te to 
the inhibit ion of the phosphoprote in  formation from ATP. 

3. The rate of  the ADP-induced  calcium release f rom sarcoplasmic ret iculum 
and  the rate of  ATP  synthesis driven by the calcium effiux are inhibited on account  
of  a reduction of the phosphoprote in  formation by or thophosphate .  

4. The phosphorylat ion of calcium transport  ATPase by either ATP  or or~ho- 
phosphate  is diminished by the local anesthetics owing to a reduction in the apparent  
calcium affinity of  sarcoplasmic reticulum membranes  o~ the outside and  on the 
inside, respectively. 

S The drug-induced calcium effiux from calciunl-preIoaded sarcoplasmic 
reticuhi;~:t vesicles, a reaction not requiring ADP,  is prob~tbly not mediated by cal- 
c ium tr~L:)sport ATPase. 

INTRODUCTION 

Several investigations have been undel~aken on the effects of  local anestEetics 
on sarc~plasmie ret iculum function [1-6]. Local axtesthetic drugs such as procaine, 
tetracaiae,  dibucaine and  xyloc~ine were shown to  inhibit  the calcium p u m p  of 
sarcoplasmic ret iculum [7-15] since they n:duce the rate of  ATP-dxiven calcium 
uptake and  the rate of  calcium-dependent ~ TP splitting [1-4]. Phosphoprotein  for- 
mat ion assayed in the presence of  5 m M  ca,clam was not affected by local anesthetics 
[4]. Fur thermore  procaine prevented calcium release f rom calcium-preloaded e a r ~ a c  
and  skeletal muscle sarcoplasnfic ret iculum by caffein [1, 5], as well as the caffein- 
induced calcium release and  calcium-induo.~d calcium release f rom sarcoplasndc 
ret iculum of  Natori  fibers [6]. On the other hand,  local anesthetic drugs seem to 
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release calcium from calcium-preloaded sarcoplasmic reticulum at concentrations 
which inhibit calcium uptake [I, 3, 4]. 

Balzer el al. have demonstrated that prenylamine, which inhibits calcium uptake 
and calcium ATPase [16], also affects the reversal of the calcium pump [17-23], 
since the drug inhibits calcium-driven ATP synthesis [18]. In addition, ~-blocking 
agents with local anesthetic properties inhibit both the rate of calcium uptake and 
the rate of ADP-dependent calcium efliux [24]. 

The aim of lhe present study was to obtain some information about the steps 
at which local anesthetic drugs might affect the reaction sequence of transport 
ATPase-mediated calcium transIocation through sarcoplasmic reticulum membranes 
in both directions. Moreover, information was sought as to whether drug-induced 
calcium release from sarcoplasmic reticulum vesicles might occur via the calcium 
transport ATPase as well. Some of the results have been briefly reported [25, 26]. 

M A T E R I A L S  A N D  M E T H O D S  

Reagents. Ortho[3eP]phosphate was purchased from the Radiochemical 
Centre Ltd. (Amersham). ATP, ADP, procaine and xylocaine were purchase.Ji from 
Sigma Chemical Co. (S~int Louis). Phosphoenolpyruvate, pyruvate kinase, hexo- 
kinase and ADP were purchased from Boehringer, GmbH (Mannheim). Thin-layer 
chromatography aluminium sheets, polyethyleneimine-cellulose F pro-coated and 
silica gel 60 F254 precoated were obtained from E. Merck (Darmstadt). Ethylene- 
glycol-bis-(2-aminoethyl-ether)-N,N'-tetraacetic acid (EGTA) was purchased from 
Fluka, AG (Buchs). Tetracaine and nupercaine were a generous gift from Ciba- 
Geigy, G m b H  (Basel). 

32p-labelling of ATP and ADP:  [y-a2P]ATP was prepared according to Glynn 
and Chappell [27] and LS-aZP]ADP was prepared according to Makinose [i 1 ]. 

Preparation of sarcoplasmic reticulum. Sarcoplasmic reticulum vesicles of 
skeletal muscle were prepared from rabbits according to Hasselbach and Makinose 
[28]. A solubilised ATPase preparation, prepared by solubilisation of sarcoplasmic 
reticulum vesicles with deoxycholate, followed by fractionation with ammonium 
acetate, according to MacLennan [29] was used in some of the experiments. 

,4nalyses. Protein was determined by the method of Daughaday et al. [30] or 
by the biuret method after dispersion with deoxycholate, using crystalline bovine 
serum albumin as standard. Calcium uptake and ATPase activity were measured as 
previously described [31-33]. The basic ATPase activity was assayed in the absence 
of calcium and in the presence of 0.2-0.5 m M  EGTA, The calcium-dependent ATPase 
g-as calculated by subtracting the basic ATPase from the total ATPase, whi¢:h was 
measured in the presence of calcium. Inorganic phosphate was determined according 
to Rockstein and Herron [34]. ATP-ADP phosphate exchange was performed and 
calculated as described in detail by Makinose [11 ], except that the separation of the 
nucleotides was carried out by thin-la~er chromatography using either polyethy|ene- 
imine-cellulose (solvent: 2 M formic acid/0.5 M LiCI) [35] or silica gel (solvent: n- 
propanol/ammonium (33 ~)/methanol /water  (45 : 30 : 15 : 10, v/v)) [36]. 

Phosphoprotein t%rmafion by sarcoplasmic reticulum from [3zP]ATP or 
ortho[32P]phosphate was carried out according to Makonose I l l ,  19]. Phosphoenol- 
pyruvate and pyruvate kinase were used when the phosphoprotein formation was 
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carried out ~ i th  [a2p]ATP in order  to rein.ave ADP;  since the reaction was stol~,ped 
within 3-5 s by HCIO4, the specific activity of  A T P  remains  more  or less unchanged.  
Calc ium release and  A T P  synthesis were measured  acce~-ding to  Makinose  and  
Hasse lbach [IL7]. Glucose (100 raM)  and  hexokinase (40-80 /Jg /ml )  were present in 
the incubat ion medium.  Or tho[a2Plphosph~te  was separated f rom glucose 6-[a~PI- 
phospha te  by extract ion with i sobutanol /beazene /molybdate  and the glucose 6-phos- 
phate  was estilmated by paper  ch romatography  [37]. 

The passive calcium binding by sarcoplasmic reticulutn membram:s  ~as  
a~sayed in thq.- absence of A T P  by equilib~fium dialysis [42]. 1.5 mg sarco[:~asmic 
re t iculum pro~:ein was resuspended in 40 m M  histidine buffer (pH 7.0), 100 m M  KC! 
(0.5 ,-'rd volt, me)  and  dialysed ap, ainst a med ium containing 40 rttM histidine buffer 
(pH 7.0), 100 m M  KCI and  l0 -5 M 45CaC12 for 24-30 h. The actual  measured  
calcium concentra t ion in the m e d i u m  assayed by a tomic  absorpt ion  spectrometry 
[31] was 1.5 - 10-5-1.7  - 10 - s  M in the absence or in the presence, of  l0  - a  M tetra- 
caine or l0 -3 M dibucaine and  used for the calculations. 

RESULTS 

Effect c f  local ,~nesthetics on phosphoprotein formation by sarcoplasmic reticulum fr.Tm 
[aZP]ATP 

The eff¢:ct of  local anesthetics on [32p]phosphate incorpora t ion  f rom A'['P 
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Fig. 1o Izffe~ o f  various concentrations o f  tetracairte, dibucaine, procaine ee~d xylocaine on a2t'- 
labelled phosphoprote in  formation by sarcoplasmic :'etieulum from [3zP]ATP. Medium: 40 m M  
hi~tidine buffer (pH 7.0), 100 mM KCI, 5 m M  MgCI2, .4- mM [aaP]ATP, 2 m M  phosphoenolpyruwtte ,  
0.02 m s  pyruvute kinase/ml,  0.1 m M  CaCI2~ 0.5 mg sa~'coplasmic reticutum protein!ral. T ~ 23 ~C. 
Th0 reaction was stopped 5 s after addit ion o f  the sarcoplasmic rcticulum protein by 0.1 M H C I O ,  
containing 16 m M  ATP and 10 m M  orthophosphate.  After five washings with 0. |  M HCIO~ the 
radioactivity o f  the protein was measured. • - - • ,  tetracain©; A - - A ,  dibucaine; | l - - I I ,  pro~e~ne; 

--  V ,  xylocaine. 
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into the ATPase protein of  sarcoplasmic reticulum membranes depends on the 
c~dcium concentration in the medium. In the presence of  10 -4  M calcium, there 
is little effect on the phosphoprotein steady-state level of  tetracaine and dibu- 
caine at concentrations of 10 -3 M and 3 • 10 -4  M, respectively (Fig. 1). However, 
phosphoprotein levels fall slightly with higher concentrations of  tetracaine and more 
steeply with increasing concentrations of dibucaine. Procaine and xylocaine are 
w~thout effect (Fig. 1). When the calcium concentration is raised to 1 m M  with 
otherwise identical concentrations to those given in Fig. 1, there is no effect on the 
phosphoprotein steady-state level even at the highest concentrations of  drugs tested. 
Under  these latter co~ditions the phosphoprotein steady-state levels obtained in the 
presence of  10 -3 M cIibucaine, 3" l0  -3 M tetracaine, 3- 10 -~ M xylocaine a~d 10 -2 
M procaine, respectively, ranged between 4.33 and 4.66 nmo~.tmg protein compared 
to 4.51 nmol /mg protein measured in the absence of  drugs. 

On :he other hand, greatly reduced phosphoprotein steady-state levels are 
obtained at low ionized calcium concentrations (Fig. 2), demonstrating a shift in the 
calcium dependence of phosphoprotein formation towards higher calcium concen- 
trations in the presence of  the drugs. 
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Fig. 2. Effect of tetracaine and dibucaine on ~P=labelled phosphoprot©in formation by sarcoplssmic 
reticulum from [a2P]A.TP at various pCa. Me0imn: 60 mM histidin¢ buffer (pH 7.0), 40 mM KCI, 
5 m M  MgCiz, 5 m M  la2P]ATP, 2 mM phosphoenolpyruvate,  0.02 mg pyruvate kinase/ml, 0.5 m M  
total  CaCI2, 0.5-2.5 mM EGTA,  0.5 mg sarcoplasmic r©ticulum protein/ml. T --  23 °C. A valuo of  
2 - 10 -7 M was used as apparent dissociation coxLstant o f  tho Ca2*=EGTA complex in ord©r to 
calculate the ionized calcium concentration [48]. O - - C ) ,  control; 0 - - 0 ,  10 -3 M totrac, ain©; 
& _  A 10-3 M dibucaine. 
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Effect o f  local anesthetics on ATP-ADP phc,splu~e exchange by sarcopiasmic reticulum 
The rate of  A T P - A D P  phosphate exchange is markedly reduced ay. low ioni:,.ed 

calcium concentrations by tetrac~;ne and dibucaine (Fig. 3). Boeh drugs shift ~ 
calcium dependence of  the phosphate exchange re~tction towards hight,~ calcium ~ n -  
centrations as observed with phosphoprotein formation (Fig. 2), i.e. the zLpparent 
calcium affinity of  saxcoplasmic reticulum me~mbranes is reduced in the pre+~ence of  
the drugs. At  higher free calcium concentrations there is an incre.~-se in the rate of  
A T P - A D P  phosphate  exchange, which may partially result from an alteration in 
substrate inhibition. 

The greatest increase in the ~ate of ATP--ADP phosphate exchange ¢,~curs in 
the presence of  10 -3 M tetracaine and 10-3 M dibucaine and is obser~ed at various 
A D P - A T P  ratios ranging from 0. ! to 0.8 ([:ig. 4); procaine and xylocaine are without  
effect under these conditions when the drug con~'entrations are increast.~d fro:m 10 -4  
to 10 -2 M and  3 • 10 -3 M, respectively. 

The effect of tetracaine and dibucaine on the A T P - A D P  phosphate  exchange 
is not due to an alteration in A D P  sensitivity of  the phosphoprotein  formed, sinc~ 
the phosphoprotein  steady-state level as well as the rate o f  the calcium-dependent 
A T P  splitting are reduced to the same extent by A D P  either in the presence or in the 

abs ence  of the drugs (Table I). 
A similar increase in the rate of  A T P - A D P  phosphate  exchange by tetracaine 

md dibucaine under  conditions described in Fig. 4 is also observed whh  a purified 
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F g. 3. Effect of te t raca ine  and  dibucaine on A T P - A D P  phosphate  exchange by sarcoplasmi~ reticulum 
at I various pCa.  Medium:  60 m M  histidine buffer (pH 7.0), 40 m M  KCI,  7 m M  MgCI2, 5 m M  ATP,  
2 [riM p 2 P ] A D P ,  0.5 m M  total  CaCIz,  0.5-2.5 m M  ]EGTA (el. 0.2 m M  total  CaCl2 and 0.::-1.25 m M  

,;~TA), 0.03 mg sarcoplasmi~ reticulum protein]mL T -- 25 °C. Calculation o f  the iovAz~d calciuta 
coincentration as in Fig. 2.O --O, control; Q --Q, 10-3 M tetracaine; / ' , -  Z~, 3 - 10-+ M dibucaine; 
A~-- A, 10- 3 M dibtwaine. 

; 



576 

" *  ; 2  " . ' "  , , , " 

[ "Iz  1 

T 2 3 4 

A l~ '  (mM ) 
Fig. 4. Effect o f  te t racaine  and  d ibuca ine  o n  A T P - A D P  phospha te  exchange  by sarcoplasmic re t icu lum 
at v a r i o u s A k ) P  concent ra t ions .  M e d i u m :  40 m M  his t idine buffer (pH 7.0), 100 m M  KCI,  5 m M  ATP,  
0 .5-4.0  m M  [32p]ADP,  0.1 m M  CaCI2, 0.03 m g  sarcoplasmic  reticuJum pro te in /ml ;  MgCIz concen-  
t ra t ion  was the  sum o f  the  nuc leo t ide  concent ra t ion .  T ~-- 25 °C. C)- -C) ,  cont ro l ;  • - - O ,  10 -3  M 
tet racaine;  A - -  A, 10-  s M dibucaine.  

T A B L E  1 

E F F E C T  O F  A D P  O N  P H O S P H O P R O T E I N  F O R M A T I O N  F R O M  [aaP]ATP A N D  C A L C I U M -  
D E P E N D E N T  ATPase  O F  S A R C O P L A S M I C  R E T I C U L U M  IN TILE P R E S E N C E  O F  T E T R A -  
C A I N E  A N D  D I B U C A I N E  

P h o s p h o p r o t e i n  f o r m a t i o n  g~ts assayed as descr ibed  in Fig. 1 eitht~r in the  p r e ~ n c e  o f  5 m M  [ ~ P ] -  
A T P  plus 2 m M  A D P  but  wi thou t  p h o s p h o e n o l p y r u v a t e  ~nd pyruva te  kinase.  The, m a g n e s i u m  
concen t ra t ion  w~ s the  sum o f  the  nuc leo t ide  concen t ra t ion .  Tht~ Ca  ~ +-ATpase  ~¢as p repa red  accord ing  
to  M a c L e n n a n  [29]. T h e  assay m e d i u m  con ta ined  40 m M  histidit le buffer ( pH  7.0), 100 m M  KCI,  
5 m M  MgCI2, 5 m M  ATP,  2 r a m  phosphoeno lpy ruva t e ,  0.02 mE pyruvate  kineL~e/ml, 0.5 m M  CaCI~, 
0.5 m M  E G T A ,  0.05 m g  sarcoplasmic  re t icu lum pro te in /ml .  I n  t he  presence o f  5 m M  A T P  plus 2 m M  
A D P  the p h o s p h o e n o l p y r u v a t e  and  pyruvate  kinase  were  omi t ted .  Te t raea ine  a n d  d ibuca ine  concen-  
t ra t ions  were 10 -5  M, except  in the  ATPase  assay d ibuca ine  was 3 - 10 - 4  M. 

Ca  2 +-ATPas¢ 
(Fmol  P t /mg p ro te in  per  min )  

E , - ~ P  
( n m o l / m g  pro te in )  

5 m M  A T P  5 mh4 ATP-F- ~/o 5 m M  A T P  5 mlvt A.TP-t- ~{, 
2 m M  A D P  2 m M  A D P  

Cont ro l  5.33 2.00 38 4.38 1.58 36 
Tet raca ine  3.20 I. 17 37 4.08 1.59 39 
Dibuca ine  2.96 0.95 32 3.85 1.3! 34 
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ATPase preparation [291. This indicates that the effect of the drugs c n the phos- 
phate exchange reaction is independent of calcium-bound to calcium birding pro- 
teins [41 ], since the latter were removed during the preparation of the ATPas~. [29]. 

Effect o f  local anesthetic:; on calcium uptake, calcium-dependent ATPase and calcium 
binding o f  sarcoptasmic reticulum 

The effects of vaciotls concentrations of tetracaine, dibucaine, procaine and 
xylocaine on the rate of calcium uptake and the rate of calcium.<tep~m~ent ATP 
splitting were e×amine¢t under the conditions used for measurements of phospho- 
protein formation giver in Fig. 1. The rate of calcium uptake is only slightly inhibited 
by tetracaine and dibucainc at concentrations of 10 -3 and 3 - 10 -4  M, respectively 
(Fig. 5). The rate of (:alcium-dependent ATP splitting is affected to approximately 
the same extent as the rate of calcium uptake at low drug concentrations, but at 
higher drug concentr~Ltions the inhibition of  calcium uptake appears to bc greater 
than the inhibition of~he ATPase (F'igs. 5 and 6). The inhibition of the rate of calcium 
uptake and the rate of calcium-dependent ATP splitting by sarcoplasmic reticulum 
vesicles is markedly enhanced at a low ion~z~,~ calcium concentration (Table lI), 
which parallels the cLecrease in the rate of ATP-A.DP phosphate exchange and. the 
reduction in the phosphoprotein steady-state level (Figs. 2 and 3). Th .  ~ inhibitory 
effect of procaine a.nd xylocaine is clearly ~bservcd under these con~[itions. The 
stoichiometry between calcium uptake and ATP hydrolysis, which is abo~zt i.6 in the 
controls, is not significantly altered by the drugs at the concentrations u ~ d  in these 
experiments. 

. v ., ! "'\ \\ 

m, m l • I Ill ~ 
I: & " "'" " 

CO~ITR. W -~; ~0 "J I0-2~,1 

LOCAL. ~ E s r ~ r l c  

Fig. 5. Effect of various concentrations of tetrueaine, dibucaine, procaine and xylocain¢ on calcium 
uptake by sorcolgumic reticulum. Medium: 40 mM histidine buffer (pH 7.0), 100 mM KCI, 5 mM 
MgCI~, $ m M  ATP,  2 mM phosph¢¢nolpyruvate, 0.02 mg pyr~vato kinasc/ml, $ mM oxal~tt¢, 0.1 mM 
4sC~tCl=, 0.025-4),0~ ms sarcoplasmi¢ r©tieulum prot©in/ml. T ~ 25 °C, O--C), conUol; Q- -O,  
tetracaine; A ~  &, dibucain©; m--m, procaine; v --V, xylocaine. 
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Fig. 6. Effect of  tetracaine, dibucaine, procaine and xylocaine on the calcium-dependent A T P  
hydrolysis by the calcium ATPase  o f  sarcoplasmic reticulum. The  calcium ATPase was prepared 
according to MacLennan  [29]. Medium: 40 mM histidine buffer (pH 7.0), 100 mM MgCI2, 5 m M  
ATP,  2 mM phosphoenolpyruvc~e, 0,02 mg pyruvato kinase/ml,  0,1 m M  CaCI2, 0.05 mg sarco- 
plasmic reticulum protein/ml.  T----25 ~C. C)--C),  control ;  O - - O ,  tetracaine; 4k - -&,  dibucaine; 
• - - • ,  procaine; ~' - - V ,  xyiocaine. 

TABLE II 

E F F E C T  O F  D I B U C A I N E ,  T E T R A C A I N E ,  X Y L O C A I N E  A N D  P R O C A I N E  O N  T H E  R A T E  
O F  C A L C !  UM U P T A K E  A N D  T H E  RATE OF C A L C I U M - D E P E N D E N T  A T P  H Y D R O L Y S I S  
BY S A R C O P L A S M I C  R E T I C U L U M  

Medium: 40 mM bistidine-buffer, 40 mM KCI, 5 m M  MgCIa, 5 m M  ATP, 2 mM phosphoenol-  
pyruvate,  0.02 mg pyruvate  kinase/ml,  0.05-0.10 mg sarcoplasmic reticulum protein/ml,  0.2 m M  total  
4SCaCiz and 0.4 m M  E G T A ;  p H  7.0; 7' ~ 25 ~C, Transpor t  ratio, rate o f  calcium uptake divided by 
the rate o f  calcium-dependent  A T P  splitting, Values are means ~ S.E. for the number  o f  experiments 
given in parentheses (n). 

Drug  concentra t ion n Ca  a ÷ uptake Ca  z +-ATPase Transpor t  
(M) (/4reel Ca=+/mg (,umol Pt/mg ratio 

protein per min)  protein per min 

Contro l  
Dibucaine 
Tetracaine 
Xylocaine 
Procaine 

- -  9 0.622 =[=0.043 0.380 &0.029 1.65 ~ 0 , 0 6  
3 .  10- 4 3 0.310 ~-0,041 0.201 :~0.030 1.56 ±0 .06  

10 -3 4 0.274 &0.015 0.167=[=0.009 1.63=[=0.06 
3 • 10 -5 3 0 .364~0.017 0.226=!=0.015 1.62-;-0.08 

10 -2 4 0.32 ±0.030 . . . .  
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The ;pas.sive calcium binding by sarcoplasmic ref iculum assayed in the ab ;ence 
o f  A T P  by equi l ibr ium ~dialysis (ref. 42; see IV[ater~ials ~lnci Methods )  is actually 
reduced by dibucain¢ and  tetracaine. Calc ium binding was 16.85=E 1.47 and 18.74=E 
2.03 nmol  Ca~+/mg ..;arcoplasmic re t iculum protein in the presence of  i0  -3  IV[ dibu- 
caine, respectively, compared  to  21.06=E0.97 n m o l / m g  protein obtained in the ab.,ence 
of  the drugs { m e a n s ~ S . E .  o f  three s~cop la smic  ret iculum preparat ions) .  The effects 
o f  the drug;s on calcium binding are small, since the calcium concentra t ion is r~ther 
high in these experiments,  but  calcium concentrat ions of  5-  i 0 - ¢ - 7  - 10 -~ M are 
present  as cont~-ninant  in the m e d i u m  which excludes assays of  calc ium bindir~g at  
low calcium concentrat ions wi thout  E G T A  or a special t r ea tment  o f  the solutio~ts ~n 
order  to  remove the contaminat ing  calcium. 

Effect of  tetracaine and dibucaine on ADP-independent calci~,~m effiux 
The rate of  calcium effiux f rom calcium-preloaded vesicles of  sarc¢plae;mic 

re t iculum in the presence of  E G T A ,  but  in the absence of  A D P  is slightly incre~tse<l 
by tetracaine anti dibucaine at  concentrat ions  of  10 -3 and  3 - 10 - 4  lVf~ respectively 
(Fig. 7). However ,  a marked  elevation in the rate o f  calcium effiux occurs at higher 
d rug  concentrat ions.  Similar effects are obta ined in the presence of  oxalate insleaxt 
of  o r thophospha te ,  but  the rate of  calc ium release is lower with calcium oxalate 
pre loaded sarcoplasmic re t iculum vesicles (Table II i) .  

Effect of  tocal anesthetic.~ on ADP-dependent calcium effiux ¢md ATP synthesis 
The reversal on the calcium p u m p  has been shown by MaKinose and  H ~ : ~ l -  

O.4 
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k ~  ~ 0"4"B 
, . f - - - - - V -  ,,. 

i. , i " ' "  . 

2 4 6 8 2 4 6 4 
TII~£ (rnin) TIME (#t~in) 

Fig. 7. The~ effect of t©tracain¢ an~t dibucaine on ADPoindzpendent calcium efflux from calcim~ 
preloaded sarcopla~;mic rzticulum vesicles in the prcszr, co of orthophosphate. Sarcoplasmic reticuhun 
vesicles C0.5 mg ptoteitffml) wore incubated for 25 rain in a mediu~ containing; 40 mM histidin© buff~:r 
(pH 7.0), 100 mM KCI, 7 mM MgCi~, 2 mM acetylphosphatz, 20 mM or thophosphate, 0.2 m ~  
4sCaCl2. T ~ 25 °C. At 25 rain 4 mM EGTA was adde~i. The drugs were added 15 s before EGT,A,. 
Tetraeaine (A.): A--  A, 10 -3 M; i - - R ,  2 • 10 -3 M; • ~ • ,  3 • 10 -3 M. C)ibueain© 0B): A--  A, 
3 • 10 -a  M~ i--Mi, 5 • 10 -4 M; • --W, 10 -3 M; 9) - -Q,  control. 
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T A B L E  I l l  

C O M P A R I S O N  O F  T H E  E F F E C T S  O F  T E T R A C A I N E  A N D  D I B U C A I N E  O N  A D P - ] N D E - .  
P E N D E N T  C A L C I U M  E F F L U X  F R O M  S A R C O P L A S M I C  R E T I C U L U M  P R E L O A D I ~ D  I N  
T H E  P R E S E N C E  O F  O R T H O P H O S P H A T E  O R  O X A L . A T E  

Sarcoplasmic  re t i cu lum vesicles were  i n c u b a t e d  for  25 ra in  in a m e d i u m  con ta in ing  40 m M  his t idine 
buffer (pH 7.0), 100 m M  KCI ,  7 m M  MgCIz,  2 m M  ace ty lphospha te ,  0.2 m M  '*SCaCI ~ a n d  20 m M  
o r t h o p h o s p h a t e  (A)  o r  5 m M  oxala te  (B). T ~ 25 ~C. A t  25 ra in  4 m M  E G T A  was added .  T h e  
drugs  were  a d d e d  15 s before E G T A .  

D r u g  c o n c e n t r a t i o n  (A) (B) 
(M)  Ca  a + re leased Ca  a + re leased 

( / ,mol  C a  a +/rag pro te in  (/~mol C a  ~ ~ /mg  pro te in  
per  min~ per  ra in)  

C o n t r o l  - 0.008 0,.0,04 
Te t r aca ine  ~ - 10 -~ 0.195 0.037 
D i b u c a i n e  10-  3 0.125 0.030 

0.4 

o. . / /  
f l" 

~ 0.2J,. 

| 

~ 0.20 i 

0.75 

o t o  

aos + 
2 4 6 8 2 4 6 8 

TIME fmin) 

Fig. 8. Eff=ct o f  t e t raca ine  o n  A D P - d e p e n d e n t  ca lc ium e m u x  a n d  A T P  synthesis  by sa rcop lasmic  
rz t i cu lum.  Sarcop lasmic  r e t i cu lum vesicles were  i n c u b a t e d  for  25 ra in  in a m e d i u m  con ta in ing  
40 m M  hb;t idine buffer  ( p H  7.0), I00 m M  K C | ,  7 m M  M&Cla, 2 m M  aco ty lphospha te ,  100 m M  
glucose ,  0.5 m g  sa rcop lasmic  to t i cu lum pro teb t /ml  a n d  e i ther  2 0 r a M  o r t h o p h o s p h a t e ,  0.2 m M  
45CaCiz o r  2 0 r a M  o r t h o [ a 2 P l p h o s p h a t e ,  0.2 r a M  CaCi2.  T = 25 °C. H e x o k i n a s e  (40/~g/ml)  was  
a d d e d  a t  2.* min.  A t  25 m i n  4 m M  E G T A  plus  2 m M  A D P  was  added .  Te t r aca ine  was a d d e d  15 s 
be fore  EG 'FA plus  A D P .  • - - • ,  con t ro l ;  A --  ~ ,  5 - 10 - 4  M te t raea ine ;  A -- A ,  10 -~  M te t raca ine .  
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]'ABLE IV 

EFFECT OF TETRACAINE AND DIBUCAINE ON ADP-INDUCED CALCIUM RELEASE 
AND ATP SYNTHESIS BY SARCOPLASMIC RETICULU]~'I 

Conditions as given inL Fig. 8~ 

Drug concentration Calcium released ATP synthesized Ca 2 ÷ released 
(M) ~umol Ca 2 +/mg (/,tool ATP/mg ATP synthesized 

protein per rain) protein per mia) 

Control 

Tetracaine 

Dibucaine 

- 0.251 0.118 2.12 

5 ' 1 0 -  '~ O. 167 0 . 0 8 4  ' .98 
I0 -'~ 0.135 0.062 2. i'~ 

I 0  - ' ;  0.179 0.109 1.64 
3 • 10 -'~ 0.116 0.060 ! 93 

bach  [17], by ,J.emonstrating tha t  the ADP- induced  ca lchtm effiux is s toichiometr i -  
cally coupled  wi th  A T P  synthesis.  Similar  d a t a  were repor ted  by Panet  et al. [20] and  
Y a m a d a  et at. [21, 22]. Tet raca ine  and  dibucaine influence the A D P - i n d u c e d  release 
of  calc ium f rom ca~cium-preloaded vesicles in a different m a n n e r  to  t[leir effect on the  
slow rate  of  ca lc ium release obtaine~ in the presence of  E G T A ,  but  in the absence 
o f  A D P .  The  r a t e  of  calcium release in the presence of  2 m M  A D P  eald 4 m M  E G T A  
f r o m  calc ium-pre loaded sarcoplasmic re t iculum vesicles is reduced by abouL 25 and  
5 0 %  in the presence of  te t racaine  at , -oncentrat ions of  5 -  10 - 4  and  l0 -3 M, respec- 
tively. The  rate o f  A T P  synthesis is ~.itered to  virtually the same extent  as the rate  o f  
calc ium effiux, indicat ing tha t  te t racaine  inhibits the calc ium release media ted  by the 
ATPase  proteir~ (Fig. 8). The  inhibi t ion o f  the rate  o f  calc ium release a n d  A T P  

- %  

0.3 

0,2 

• - i '  I 

| 

( ~  i i ,, • 

2 4 6 

0.20 

.~ 0.15 ~ 

0 

0.I0 

~'- ~ O.O5 

I 

TIME ( ra in)  

¢ 
2 4 6 

Fig. 9. Effect of "high" concentrations of tetracaino and dibucaine on calcium ¢ffiux and ATP syn- 
thesis by s~rcoplasmi.: reticulum. Conditions as given in Fig. 8. C)--C), control; & -  &, 3 • l0 -~ M 
tetracaine; [~--[-l, 10 -a M dibucaine. 
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synthesis by 3- 10 -4  M dibucaine i~ about  as great as in the presence of  10 -3 M 
tetracaine. The stoichiometry between calcium release and ATP synthesis, which is 
about  2 [17], is unchanged by both drugs at the drug concentrations and conditions 
used (Table IV). 

On the other hand, ADP-induced calcium release and ATP synthesis are disso- 
ciated in the presence of tetracaine and dibucaine at concentrations of  3 • 10 - s  an(i 
10 -3 M, respectively; calcium effiux appears very little affected, whilst ATP synthesis 
is severely depressed (Fig. 9). 

i, 

Effect of  local anesthetics on phosphoprotein formation by sarcoplasmic reticulum 
from ortho [32p]phosphate 

The phosphoprotein steady-state level obtained by phosphorylation of  
sarcoplasmic reticulum vesicles with ortho[~ZP]phosphate is markedly reduced in 
the presence of  increasing concentrations of  tetracaine or dibucaine (Fig. I0). Little 
change in the phosphoprotein steady-state level is observed when the rea~ion is 
stopped either 5 s or 1 rain after the addition of E G T A  and/or  the addition of the 

2.0 

~: 110 

" ( 3  

| | • • IL  I , ~ l L n a n L  ~ t t A A a J t j  

CONTR. tO -4 I0 -3 IO-2 N 

LOCAL ANE~ TFIE TIC 

Fig. I0. Effect o f  tetracaine and  dibucaine on  phosphoprote in  formation by sarcoplasmic roticulum 
f rom or thoP2P]phospha te .  Sarcoplasmic reticulurn vesicles were incubated for 25 min in a medium 
conta ining 40 mM histidin© buffer (pH 7,0), i00 mM KCI, 7 m M  MgCI2, 2 mM acetylphosphatc,  
20 mM ortho[~aP]phosphate,  0,2 mM CaCI2, 0.5 mg sarcoplasmic reticulum protein/ml.  At  25 rain 
2-4  mM E G T A  was added. The drugs were added 5 s after E G T A  and  tUo reaction stoplmd 15 s later 
by adding a solut ion ofO.l M HCIO4 containing 20 mM orthophosphatt~. The protein was r©covered 
by cenU-/fugation and  the pellet was washed thrice with 0.I M HCIO4 and 20 m M  unlabelled or tho-  
phosphate  and  four times with a 0.I M I-][CIO4, 200 mM NaCl  solution. O--.f~., control ;  • - - 0 ,  
tetracaine;  A -  A,  dibucaine. 
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1 

| I - - -  11 " "  

A 

' 

B | II ' ' - ~ . i ~  

I 3 5 1 3 5 

OXALATE (mi,41, OXALATE (m,'~} 

Fig. 11. Effect o f  te t rac~:~e  a n d  d ibuca ine  o n  p h o s p h o p r o t e i ~  f o r m a t i o n  b y  saxcoplasmic re t icu lum 
f rom o r tho [32P]phospha t e  a t  variom; oxala te  concen t ra t ions .  Sarcop lasmic  re t icu lum vesicles were  
i ncuba ted  for  20 m i n  in a m e d i u m  con t a in ing  40 m M  his t id in¢ buffer ( p H  7.0),  100 m M  KCI ,  7 m M  
MgCI.. ,  2 m M  acetylphosl~hate,  0.2 m M  CaClz ,  0.5 mg  sa rcop lasmic  re t i cu lum pro te in /mt  a n d  I, 3~ 
or  5 m M  oxala te .  A t  20 rain 4 m M  E G T A  a n d  20 m M  o r t h o [ ' 2 P ] p h o s p h a t e  was  a d d e d  a n d  the  
reac t ion  s t o p p e d  20 s la te r  by  a so lu t ion  o f  0. I M H C I O a  cotztaining 20 m M  unlabel led  o r thophos~  
phate .  "Ihe drugs  were ar2ded 5 s a f ter  ~he add i t i on  o f  EG'I['A plus  o r t h o [ a 2 P ] p h o s p h a t e  a n d  the  
reac t ion  was s topped  as irL the con t ro l s  20 s af ter  the  addi t ion  o f  E G T A  plus  o r tho [32P]phospha te .  
2 m M  A D P  was added  to. con t ro l  samples  a n d  samples  wi th  the  drugs  20 s af ter  the  add i t i on  o f  
E G T A  plus  o r tho [S2P]phospha te  a n d  the  reac t ion  was  s topped  5 s later.  C losed  symbol s :  w i t h o u t  
A D P ;  open  symbol s :  2 m M  A D P .  (A) :  a , - -  A 10-3  M te t raca ine;  i - - I ,  3 - 10 - *  M d ibuca ine ;  
Q - - Q ,  cont ro l .  (B):  A.- .  A ,  3 -  10 -3  M te t racaine;  I ~ I ,  l 0  -3  M d ibuca ine ;  Q ~ O ,  con t ro l .  

drugs. Phosphoprotein steady-state levels are of about  the same order whether the 
drugs are given befor,: or after the addition of EGTA. When the intravesicular 
ionized calcium concentration is altered by using various concentrations of  oxalate 
for the calcium loading of  sarcoplasmic reticulum vesicles [10, 11, 28, 33, 43] a 
marked reduction in ortho[32P]phosphate incorporation is observed in the presence 
of  higher oxalate concentrations, i.e. at lower intravesicular free. calcium concentra- 
tions (Fig. 11). In the presence of higher oxalate concentrations there is a much 
greater reduction in the phosphoprotein steady-state level by the drugs compared 
to  the controls. Following the addition of A D P  there is an immediate decline in 
phosphoprotein  to a very low concentration, which is independent of  the presence 
or the absence of  the drugs. These findings seem to  suggest that  the dep~.ndence of  
phosphoprotein formation on imravesicular calcium is shifted to higher calcium 
concentrations in the presence of  the drugs. 

D I S C U S S I O N  

Local anesthetics markedly influence the forward reactions [7-15] of  the 
calcium pump of  sarcopl.asmic veticulum membranes m©diated by phosphoprotein 
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formed in the presence of calci~lm, magnes ium and ATP in the medium, as well as 
the reverse reactions of the calcium p u m p  [17-23], which depend on calcium inside 
the vesicles, magnes ium and  the products  of  the forward reactions, A D P  and ortho-  
phosphate.  

The inhibit ion of the rates of  calcium uptake,  calcium-dependent  A T P  spl;tting 
and A T P - A D P  phosphate  exchange by tetracaine and dibucaine are at least partially 
due to effects of  both  drugs on phosphoprote in  format ion f rom ATP, which seems 
to be reduced on account  of  a reduction in the apparen t  calcium affinity of  sarco- 
plasmic re t iculum membranes ,  as indicated by the al terat ion in calcium dependence  
of  phosphoprote in  format ion and  A T P - A D P  phosphate  exchange (Figs. 2 and  3). 
This interpretat ion is in agreement  with the passive calcium binding to sarcoplasmic 
ret iculum membranes ,  The calcium binding obtained in the absence of  ATP  is sig- 
nificantly reduced in the presc~ice of dibucaine. 

Martonosi  et al. [4] have suggested that  the inhibit ion of calcium uptake  and  
calcium ATPase by tetracaine and  dibucaine is due to the inhibition of dephos-  
phorylat ion of the pho~phorylate:l  intermediate formed from ATP during calcium 
uptake.  It cannot  be deduced from our  da ta  whether  or not the drugs dimi~dsh the 
dephosphoryla t ion of the phosphoenzyme in addit ion to their inhibitory effects on 
phosphoprot~in formation.  Measurements  of  the rate of  dephosphorylat ion in the 
presence or absence of  the drugs by a quench-flow appara tus  [23], which is not 
available to us at present,  could answer  this question. 

The increase in the rate of  A T P - A D F  phosphate  exchange observed in the 
presence of tetracaine at higher calcium concentrat ions (Figs. 3 and  4) is associated 
with a decrease in the ATP-spl i t t ing reaction, whilst the phosphopro te in  steady 
state level is little affected under  these condit ions (Fig. 1, Table  I). The decline in the 
rate of  A T P  hydrolysis is too small to  account  for the elevated rate of  phosphate  
exchange. The apparent  increase in the rate of  A T P - A D P  phosphate  exchange 
by sarcoplasmic ret iculum in the presence of tetracaine at saturat ing calcium con- 
centrat ions as compared  with the m a x i m u m  rate of  phosphate, exchange obtained 
in the absence of the drug  (Fig. 3) appears  to be a consequence of  a shift in substrate  
inhibit ion,  i.e. inhibit ion of  the phosphate  exchange reaction by calcium occurs at  
higher ionized calcium concentra t ion in the presence of  tetracaine than  in th~ absence 
of  the drug. 

The reduct ion in the rate of  ADP- induced  calcium release, as well as in the 
rate of  A T P  synthesis by tetracaine and  nupercaine  indicates tha t  the drugs influence 
calcium effiux mediated by the calcium-translocat ing ATPase  of sarcoplasmic reti- 
cu lum membranes  (Fig. 8 and  Table  IV). The inhibi t ion of both  the rate of  calcium 
release a n d  the rate o[" ATP synthesis at low drug concentrat ions (Fig. 8 and  Table  
IV) and  the virtually complete inhibi t ion of A T P  synthesis by high drug  concentra-  
t ions (Fig. 9) are azsoc=iated with a reduction in the concentra t ion of phosphopro te in  
formed f rom or thophosphate  in the presence of  magnes ium and  intravesiculax calcium 
(Fig. 10). This reduction in the phosphopro te in  steady-state level by the drugs seems 
to b~ due to inhibit ion of  phosphoprote in  format ion on account  of  an al terat ion in 
intravesicular calcium dependence.  As judged f rom the use of  oxalate in order  to vary 
the intravesicular free calcium concentra t ion [28, 43], it appears  tha t  tetracaine 
and  dibucaine reduce the apparen t  calcium affinity on the inside of  the membrane  
(Fig. l 1). The reduction of  o r thophospha te  incorpora t ion  into the ATPas¢ protein 
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in the presence of  oxalate  does not  seem to be due to a compet i t ion  of  oxalate  and  
phosphat , .  ~ as described in the ca~;e o f  ca lc ium up take  [44], since the inhibi t ion of  
phosphopro te in  fo rma t ion  was pract ical ly the same when the o r thophospha te -oxa la t e  
ra t io  was changed  f rom 4 to  10. 

It cannot  be decided f rom the present  da ta  whether  the effect o f  the local 
anesthetics on calc ium translocatic,n via the ca lc ium t r anspo r t  ATPase  is media ted  
by a direct act ion of  the drugs  on the ATPase  prote in  or  by affecting the protein  
lipid interact ion of  the sarcoplasmic  re t icu lum m e m b r a n e  due to the wel l -known 
binding to  the phosphol ip ids  ,>f the m e m b r a n e  [45-47] or  by a combina t ion  of  both.  

On the other  hand ,  the drug- induced ,  but  A D P - i n d e p e n d e n t  ca lc ium efflux 
f rom ca lc ium-pre loaded  sarcoplasmic  re t icu lum (Fig. 7; Table  I I l )  is p robab ly  due 
~o the effect o f  the drugs  on the m e m b r a n e  phosphol ipids .  It is a s sumed  t lmt  this type 
of  ca lc ium effiux does not occur via the ATPa~e, which would  explain  the appa ren t  
uncoupl ing  o f  ca lc ium etllux and  A T P  syntihesis at  higher d rug  concen t ra t ions  
(Fig. 9). C)~herwise one has to assume tha t  the drugs dephosphory la t e  the phospho-  
protein fo rmed  f rom o r thophospha t e  in the presence of  intravesicular  ca lc ium in 
order  to explain the increase in the rat,: o f  ca lc ium effiux. This lat ter  possibil i ty seems 
ra ther  unlikely since A T P  synthesis app roached  zero (Fig. 9), and  ,this ough t  not  to  
be the case as j udged  f rom the rates o f  ca lc ium release by A D P  or high d rug  con-  
cent ra t ions  (Figs. 7 a n d  8); moreover ,  no effect was observed  of  the drugs  on A D P  
sensitivity o f  the phosphopro t e in  fo rmed  f rom A T P  (Table  I). Thus ,  the drug-  
induced release shou ld  proceed  via the m e m b r a n e  lipids, which would  be in agree- 
men t  with the observat ions  tha t  te t racaine and  dibucaine  increase the ca lc ium permea-  
bility o f  lil:,osomes [4]. 
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