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The photochemical release o f C u  =+ from caged.Ca z+ in the absence of ATP, a n d  the release Of ATP from caged-ATP 
in the presenc~ of  Ca  2+ induce charucterJs tk  difference FTIR spectra on rabbit  sareoplnsmic reticulum that  a re  
related to the formation of  Cas-E t and  E ~ P Intermediates of  the Ca2+-ATPase, respectively. Diqclohexylcocbo- 
dilmide (10 n m o l / m g  protein) abolished both the C a S + a n d  ATP4nduced difgeremce I;'FIR spectra parallel wJtk 
inhibition of  ATPase activity. Cyclopiazonk acid (S0 n m e l / q  protein) inhibited the C,~:+-induced difAhmge 
spectrum measured in the absence of  ATP, but  bad  no s Jp i fk ' an t  effect on the ATP.induced difference spectrum 
measured in the presence of  I mM Ca  2+. The dog kidney Nn+,K+-ATPnse did not l ive significant dlflkh, ettce 
spectrum after  photolysis of  Called-ATP in Ca  =+-free media ceutsininlg 90 mM Nn + and  1¢ mM K +, with o r  without 
0uahein.  We p repme  tha t  beth the Ca =+ and  the ATP-induced difference g r l R  spectra of  the C;.:+-ATPnse reflect 
the occupancy of  the hillh-afflnity C a ' *  t ronsT~' t  sit~ of  the enz,~ne. 

Introduction 

Light-induced release of ATP [I,2] or  Ca 2+ [3] from 
their caged derivatives induce characteristic changes in 
the difference FTIR spectrum of sarcoplasmic reticu- 
lum. The principal changes seen after  Ca z+ release 
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consist of an increase in absorbance at !663 and 1676 
cm - t  and  a decrease in absorbance at 1653 c m - t ;  
these changes are related to the formation of C.a2E t 
enzyme intermediate [3]. The difference spectra pro- 
duced by the photolysis of  caged-ATP show an in- 
crease in absorbance at  1676, 1650 and  1624 cm -I  and 
a decrease in absorbance at 1662 and  1640 cm - t  asso- 
ciated with the phosphorylation of  the Cae+-ATPase 
(E ~ P) and the translocation of  calcium [i,2]. The 
difference bands  induced either by ATP or Ca 2+ are 
relatively narrow, suggesting that they originate from 
changes in side chain vibrations, but definitive assign- 
ment  of  the structural change cannot be made. Interac- 
tion of  Ca 2+ with carboxylate groups may be responsi- 
ble for some of the changes. 

In this report we explore the effects of  dicyclohexyl- 
carbodiimide and cyclopiazonic acid on the Ca 2+- and 
ATP-induced difference spectra of the CaZ+-ATPase. 
Dicyclohexy!carbodiimide and its fluorescent deriva- 
tives are potent inhibitors of the Ca2+*ATPase when 
reacted in the absence of Ca2+; Ca 2+ at ~tmolar con- 
centration provides nearly complete protection against 
the inhibition [4,5]. Based on these observations it was 
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suggested that DCCD reacts with carboxylate groups at 
the high-affinity Ca 2÷ binding site of the Ca2*-ATPase 
[4-ti]. 

Cyclopiazonic acid is a specific inhibitor of ATP 
hydrolysis by the Ca" +-ATPase of sarcoplasmic reticu- 
lum [7-9], but has no significant effect ,on the hydroly- 
sis of ATP by the kidney Na+,K÷-ATPase, gastric 
H+,K*-ATPase, the mitochondrial F~-ATPase, the 
Ca-'+-ATPase of erythrocytes er the Mg2+-ATPase of 
skeletal muscle T-tubules and ~,urface membranes [8]. 
CPA was suggested to inhibit the binding of Ca 2+ to 
the Ca2÷-ATPase [9] and to inte,'fere with the Ca2+-in - 
duced conformational changes related to Ca z+ trans- 
port [8]. ATP protects the enzyme in a competitive 
manner from inhibition by CPA [8]. 

In this report the effects of DCCD and CPA on the 
ATP and Ca2+-induced FTIR difference spectra of the 
sareoplasmic reticulum CaZ+-ATPase are described, 
and the effects of ATP on thc FTIR spectrum of 
sarcoplasmic rcticulum Ca-'+-ATPasc and the kidney 
Na4,K÷-ATPasc are compared. 

Experimental procedures 

Materials 

Adenosine 5'-triphosphate, dithiothreitol, EGTA, 
imidazolc, magnesium chloride, 2-mercaptoethanol, 
glutathione, K-Mops, cyclopiazonic acid, bovine serum 
albumin, and Trizma base were obtained from S~gma 
Chemical Co., St. Louis, MO, calcium chloride from 
Baker Chemical Co., Phillipsburg, NJ, and A23187 
from Behring Diagnostics, La Jolla, CA. Sodium chlo- 
ride, potassium chloride and sodium vanadate were the 
products of Fisher Scientific Co., Fairlawn, NJ. Caged- 
ATP, Nitr-5. and ouabain were obtained from Cal- 
biochem, La Jolla, CA, dicyclohexylcarbodiimide from 
Eastman Organic Co.. Rochester. NY, and Hopes from 
Grand Island Biological Co., Grand Island, NY. 

Methods 

Isolation of sarcoplasmic ret,:cuhm~ 
Sarcoplasmic reliculum vesicles were i,~olatcd from 

rabbiz muscles according to Nakamura et al. [10]. The 
preparations were frozen in liquid nitrogen and stored 
before use in a medium of (1.3 M sucrose, 10 mM 
Tris-maleate buffer (pH 7.0) at a protein concentration 
of 30-40 mg/ml  in polyethylene containers at - 70"C. 
The protein concentration was determined according 
to Lowry et al. [11]. 

Reaction of sarcoplasmic reticuhon with dicyclohexyl- 
carbodiimide and with c),clopiazonic acid 

For reaction with DCCD sarcoplasmic reticulum 
~,esicles were thawed and suspended in a medium 

containing 100 mM KCI, 50 mM K-Mops (pH 6.2), 20 
tzg A23187/ml. 10 nmol DCCD/mg microsomal pro- 
tein, and 1 mM EGTA at a protein concentration of 
-= I mg/mL Control samples also contained i.3 mM 
CaCI 2. After incubation for 60 min at 2-4°C the sam- 
ples were centrifuged at 8 0 0 0 0 × g  for 50 rain and 
assayed for ATPasc activity. 

The reaction of sarcoplasmic reticulum vesicles with 
cyclopiazonic acid ~vas carried out as described by 
Seidler et al. [8] in a ZHzO medium of 0.1 M KCI, 10 
mM imidazole (p2H 7.4) and 0.5 mM MgCl2 at 2°C at 
CPA concentrations of 12.5-150 nmol /mg protein for 
0.5-24 h. CPA was added from a 0.2 M stock solution 
in dimethylsulfoxide. The final concentration of 
dimethylsulfoxide at the highest concentration of CPA 
was 3% (v/v); control exl3e~iments run with 3% DMSO 
without CPA indicated no significant effect either on 
the ATPase activity or on the b-TIR spectra. 

Preparation of  samples for FTIR measurements 
For FTIR measurements the native or DCCD- 

treated sarcoplasmic reticulum vesicles were sus- 
pended in 2H20 buffer containing 100 mM KCi, 0.5 
mM MgCI 2, 10 mM imidazole (p2H 7.4) and cen- 
trifuged for 40 rain at 80000 × g .  The pellet was resus- 
pended in the same medium and the centrifugation 
was repeated, q]le final sediment was suspended in 
2HzO buffer at a protein concentration of ---20-30 
mg/ml.  The total calcium concentration was deter- 
mined with a Perkin-EImer atomic absorption spec- 
trometer (Model 3030), and the total calcium concen- 
tration was adjusted to ---0.3 mM-0.6 raM. Further 
additions were made as described in the figure legends. 

The CPA-treated samples and the corresponding 
control samples containing only DMSO were supple- 
mented either with caged-ATP (1-2.5 mM) or with 
caged-Ca -'+ (1-2.5 raM) and used directly for FTIR 
measurements. 

Measurement of the A TPase actit'ity 
The ATPase activity was measured either by the 

coupled enzyme assay as described earlier [12], or by 
measuring the liberation of inorganic phosphate. 

Sarcoplasmic reticulum vesicles (~0 .1  mg pro- 
te in /ml)  were incubated at 20°C in a medium contain- 
ing 100 mM KCI, 50 mM K-Mops (pH 6.2), 5 mM 
MgCI 2, 5 mM ATP, 0.1 mM CaCI 2. The reaction was 
stopped with 2% TCA and after centrifugation in a 
clinical centrifuge, aliquots of the supernatant were 
assayed for Pi according to Fiskc-SubbaRow [13]. 

Isolation of Na +,K +-ATPase 
Na*.K+-ATPase was extracted from dog kidney and 

purified according to J~rgensen [14]. The final pellet 
was suspended in 2H20 buffer containing 20 mM 
Hopes (p~H 7.6), 0.1 mM EGTA, I mM MgCI: and 



e i ther  10 m M  KCI and 90 m M  NaCI,  o r  only 100 m M  
KCI. Af t e r  ccntr i fugat ion at 270000 × g for 4 h the 
pellet was  suspended  in the same  buffer.  Fur the r  addi-  
fiona were  m a d e  as descr ibed in the f igure legends.  

FTIR measurements 
F T I R  spectra  were  analyzed on a Mat tson Cygnus  

100 spec t romete r  us ing M C T  detec tor  and  t empera tu re  
control led ceils (Model  TFC-M25;  Har r ick  Scientific 
Corp. ,  Ossining,  N ¥ )  euu ipped  with bar ium fluoride 
windows and  50 p.m spacers.  The  F T I R  spec t romete r  
was  modif ied  for  photolysis o f  caged-Ca  -'+ by open ing  
an  extra  window on the  hous ing and inser t ing a ge rma-  
n ium mi r ro r  into the  l ightpath,  that ref lected the  360 
nm light on to  the  sample  cell. A 500 W high pressure  
mercury  xenon arc l amp  (type U S H  5085A) ope ra t ed  
wi th  an  Orie l  type 8530 power  supply in a type 66011 
housing was  used as  light source for  photolysis. T h e  
light b e a m  af te r  .n~sing th rough a wa te r  heat  f i l ter  and 
a Cor ion 5840 (CS 7-60) ultraviolet  absorbing fi l ter  was  
focused with quar tz  lenses  on the  sample  cell. 

Rout inely 64 scans  were  collected, coadded,  zero- 
filled once and  apodized with t r iangular  function. The  
resolution was  4 c m - t .  T h e  spectra  were  recorded  
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before  and dur ing  or  af ter  I min il lumination with light 
of  predominant ly  360 nm wavelength.  T h e  difference 
absorbance ( ,J  A ) was  calculated according to 

..IA = -log I after//before 

where  l~,fl:r and I~f,,r: correspond,  respectively, to  the  
spectra taken a f te r  and before  U V  illumination. T h e  
spectra  prcsenfed  in this report  rcprcsent  the averages  
of  4 - 3 2  difference spectra  taken on individual samples  
under  identical exper imenta l  conditions. 

Resul ts  and  Discussion 

The effect o f  DCCD on the difference spectrum o f  sarco- 
plasmic refictdttm indnced by photolysis of  caged-Ca 2 + 

Photolysis o f  caged-Ca  :+ in a suspension of  sarco- 
plasmic re t iculum vesicles produces  the  difference 
F'[/IR spectrxtm shown in F i g  ! (line !). T h e  di.fference 
spec t rum is character ized by posit ive bands  at 1676, 
1663 and  a negat ive  band  at 1653 cm - I ,  that are  
re la ted to the  format ion  of  the  C a ,  E t in te rmedia te  of  
the  Ca2+-ATPase  [3]. The re  are  a l so  bands  at !633, 
1599-1600, 1519, 1509, 1496, 1487, 1339 and  1264 

~gemm 

c 

! 
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Fig. I. Effect of DCCD treatment on the difference FTIR spectra of sarcoplasmic reticulum induced by C~.: ÷ release from Nitr-5-Ca 2. complex. 
(Trace I) Control sarcoplasmic reticolum. Native sarcoplasmle retlculum vesicles (40 m~, protein/ml) were suspended in 0.1 M KCI, l0 mM 
imidazole (p:H 74). 0.5 mM MgCI2, 1.5 mM Nitg-5, 3 mM DTT and ~0.32 mM total Ca:*. F'TIR spectra were taken before and after 
illumination with 360 nm light for I mio. The spectra represent the average of six different spectra (after minus before illumination), (Trace 2) 
Sarcoplasmic rcticulum treated with DCCD in the presence of Ca: +. The conditions were similar to those in trace I, except that the sarcoplasmic 
reticulum vesicles were incubated with 10 nmol DCCD/mg $R for 60 mio at 2-4°C in a medium containing 0.41-0.83 mM total Ca:" before 
illumination, The protein concentration was 27 mg/mL 16 diffcrance spectra were averaged. (Trace 3) Sarcoplasmic reticulum treated with 
DCCD in the absence of Ca:*. The conditions were similar to those in trace ! except that the sarcoplasmic reticulum vesicles were incubated 
prior go illumination with 10 nmol DCCD/mg SR for 60 mln in a Ca2*-free medium containing 1 mM EGTA. The protein concentration was 24 
mg protein/ml. After incubation with DCCD the total Ca 2÷ concentration was adjusted to 0.27-0.58 raM. 16 difference spectra were averaged. 

For other details see Experimental procedures. 
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TABLE I 

The effect o f  DCCD on the ATPase aclil'io, 

The reaction of sareoplasmic reticulum with DCCD (10 nmol/mg 
protein) was carried out at 2°C in a medium of 0.1 M KCI, 50 mM 
K-Mops (pH 6.2), 20/zg/ml A23187 and 1.0 mM EGTA. To DCCD 
control samples 1.5 mM CaCI 2 was also added. After 60 rain the 
samples were diluted with 2H20 medium containing 0,I M KCI, 0.5 
mM MgC12 and 10 mM imidazole (p2H 7.4) and processed for FTIR 
measurements and for measurement of ATPase activity, as described 
under Methods. The Ca 2+ concentration of the samples was deter- 
mined by atomic absorption spectrometry and adjusted to the level 
described in the leg:',ld to Fig. 1. 

Additions ATPase activity % 
(#.mol rag- i rain - z) inhibition 

None (control) 1.14 ± 0.03 0 
DCCD + I mM EGTA 0.28 ± 0.1}6 86 
DCCD+ 1.5 mM Ca :+ 1.04 ± 0.01 8 

c m -  1 that  are  due  to the  photolysis products  o f  caged-  
Ca  2+ [3]. 

React ion  of  sarcoplasmic re t iculum vesicles with 10 
nmol  D C C D / m g  prote in  at 2°C for  1 h in the  presence  
o f  1.0 m M  E G T A  caused  86% inhibition of  A T P a s e  

activity (Table  I); in control samples  t rea ted  with 10 
nmol D C C D / m g  prote in  under  the  same  condit ions 
but in the  presence  o f  1.5 m M  Ca z+ the  A T P a s e  
activity was  only slightly reduced  ( - - -8%)  compared  
with D C C D - f r e e  control  samples .  

D C C D  t r ea tmen t  of  sarcoplasmic re t iculum in a 
CaZ+-free m e d i u m  near ly  completely abolished the  dif- 
fe rence  absorbance  induced by photolysis o f  caged-  
Ca 2+ at 1676, 1663, and  1653 cm -1 (Fig.  1, line 3 
versus  line 1). T h e  di f ference  absorbance  bands  at 
1633, 1597-1600, 1519, 1509, 1339-1340 and  at 1264 
c m - J  a re  caused  by the  photolysis o f  caged-Ca  2+ and  
r ema ined  unaf fec ted  by D C C D  t r ea tmen t  of  sarco- 
plasmic re t iculum (Fig.  1, l ines 1 and  3). A f t e r  D C C D  
t r ea tmen t  in the  presence  of  0.5 m M  excess Ca  :+  (Fig.  
1, line 2), the  1676 and  1663 di f ference  bands  were  
abolished,  but  the  negat ive  band at  1652 cm - t  was  
only slightly reduced  in ampi i tude .  

These  observat ions  sugges t  that  D C C D  may  react  
with several  g roups  in the  Ca2+-ATPase ,  but  the  pro-  
tection of  A T P a s e  activity by Ca  2+ is associated with a 
g roup  that  gives rise to the  nega t ive  band  at 1652 
cm - t .  W e  propose  that  the  absorpt ion at --- 1652 cm - t  
is a t t r ibutable  to the C--O vibrat ion o f  a c a r b o ~ l a t e  
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Fig. 2. Effect o," treatment with DCCD on the difference FTIR spectr~ of sarcoplasmic reticulum induced by release of ATP from caged-ATP in 
the presenco of Ca 2 +. (Trace !) Control sarcoplasmic reticulum. Sarcoplasmic reticulum vesicles (30 mg proteiu/ml) were suspended in 0.! M 
KCI. 10 mM imidazole tp2H 7.4). 5 mM MgCI 2, 1.3 mM total Ca2+, 1.5 mM caged-ATP, 3 mM DTr, 50 ~tM A23187. FTIR spectra were taken 
before and during illumination with 360 nm light for I rain at 6°C. (Trace 2) Sarcoplasmi¢ reticulum treated with DCCD in Ihe presence of Ca 2÷. 
The conditions were similar to those in trace I except that tbc sarcoplasmic reticulum vesicles were incubated prior to illuminafi~.n with 10 nmol 
DCCD/mg SR protein for ~0 rain at 2-4°C in medium containing 0.41-0.83 mM total Ca 2+ The protein concentration waz 21 r~g protein/ml. 
24 difference spectra were averaged. (Trace 3) Sarcoplasmic reticulum treated with DCCD in the absence of Ca 2+. The ctmditions were similar 
to those in J~ce I except that the sarcoplasmic re¢ieulum vesicles were incubated prior to illumination with 10 nmol DCCD/mg SA for 60 rain at 

2-4*(? in a Ca 2 +-tree medium containing I mM EGTA. The protein concentration was 18 mg protein/ml. 24 differs*tee spectra were analyzed. 



group and the negative band at this position after 
photolysis of caged-Ca 2+ arises from the reaction of 
the protein carboxylate ion with calcium. 

The effect of  DCCD on the difference FTIR spectrum of 
sarcoplasmic reticulum induced by photolysis of caged- 
ATP 

Photolysis of caged-ATP in the presence of Ca 2+ 
produces the difference spectrum shown in Fig. 2 (line 
1). The spectrum is characterized by positive bands at 
1705, 1688, 1650-1651, 1626-1627, and by negative 
bands at 1662 and 1637-1639 cm-I; these were at- 
tributed by Barth and his colleagues [i,2] to the forma- 
tion of the E ~ P intermediate of the Ca2+-ATPase 
and the associated reactions. All these bands are 
markedly reduced in intensity after reaction of the 
Ca2÷-ATPase with DCCD in the absence of Ca 2+ (Fig. 
2, line 3) with inhibition of ATPase activity (Table I), 
but are only moderately affected when the reaction 
with DCCD was performed in the presence of Ca 2~ 
(Fig. 2, line 2) that protected the ATPase activity 
(Table 1). The intensity of bands related to the photoly- 
sis products of caged-ATP (1525-1527, 1347 and 1264 
cm-~) is essentially identical in the three samples (Fig. 
2, lines 1-3). 

As the formation of the E ~ P intermediate from 
ATP requires the binding ef Ca 2+ to the enzyme 
[15,16], the inhibition of ATPase activity (Table 1) and 
the loss of the ATP-induced components of the differ- 
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ence spectrum (Fig. 2, line 3) is presumably due to 
inhibition of the Ca 2+ binding to the DCCD-treatod 
enzyme. Protection by Ca -̀ + of the Ca -'+ binding site 
preserves both ATP hydrolysis (Table I) and the ATP- 
induced difference spectrum (Fig. 2, line 2). 

The characteristic bands at 1650-1651 and at 1626 
cm- '  are reduced in intensity after incubation for 6 
min at 6°C following the photolysis of caged-ATP (Fig. 
3, line 2). This is due to the hydrolysis of ATP by the 
CaZ+-ATPase. Traces of myokinase and adenylate 
dcaminase that are present in the sarcoplasmic reticu- 
lure preparations convert the ADP during continued 
incubation into inosine monophosphate, with the ap- 
pearance of a positive band at 1673 cm- ' and a nega- 
tive band at 1624 cm-i (Fig. 3, lines 3, 4). The 1673 
cm-i band is attributed to the C---O group of inosine 
and the negative band at 1624 cm- i to the ring stretch- 
ing of adenosine. The myokinase inhibitor p,pS_ 
di(adenosine-5') pentaphosphate (10-60 ~M) slowed 
but did not prevent the spectral changes due to conver- 
sion of AMP into IMP (not shown). 

The effect of  cyclopiazonic acid on the difference spectra 
of Ca z +-ATPase induced by photolysis of  caged-Ca z+ 
and caged-ATP 

SarcGplasmic reticulum vesicles were incubated with 
cyclopiazonic acid in a medium containing 0.1 M KCI, 
10 mM imidazole (pH 7A), 0.5 mM MgCI2, 2 mM 
caged Ca 2+, 0.1 mM C a a  2 and I% dimethylsulfoxide 
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Fig. 3. Time d©pend©nl changes in the diffcrcrtce FTIR spectra of sarcoplasmic rclk:ulurn after Ih¢ release of ATP from cas¢,:t-ATP, (Trace I )  
Sarcoplasmic rcticutum vesicles (30 mlI protcin/ml) were suspended in 0.1 M KCI. 10 mM imidazole (p2H 7.4), 5 mM M8CI2, 1.3 mM CaC'I z, 
1.5-5 mM caged-ATP, 3-10 mM DTI', 50 #.M A23187. F'rlR spectra were taken at 6°C. before and during I rain illumination wit,~ 360 nm IJshL 
The trace represents the avcrali¢ of 16 difference spectra. Difference spectra were also taken on the same samples 6 (trace 2). 15 (tt~ce 3) and 40 

(trace 4) rnin later. 
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for 0.5-4 h at 2-4°(:. Difference FI ' IR spectra were 
taken before and after photolysis of caged Ca 2+, as 
described under Methods (Fig. 4). All these measure- 
nrents were performed in the absence of dithiothreitol, 
that may influence the reaction of CPA with the Ca 2+- 
ATPase. The bands at 1676 and 1653 em - t  associated 
with Ca 2+ binding to the C~Z+-ATPase (Fig. 4, trace l, 
control sample) were significantly reduced or absent in 
samples treated with 50 or 150 nmol cyelopiazonic 
acid/rag protein (Fig. 4, traces 2 and 3). This is consis- 
tent with earlier observations that CPA interferes with 
Ca z+ binding and with the Ca2+-induced changes in 
the conformation of Ca2+-ATPase [8,9]. The small 
change at 1662 cm -I , may also be related to the 
inhibition of Ca 2+ binding. Cyclopiazonie avid also 
affected the difference ahsorbance bands at 1705 and 
1645 cm-  t (Fig. 4, traces 2 ~nd 3). As discussed in oar  
earlier report [3] the bands at 1645 and 1795 -:m-'  are 
due to the reaction of the nitrosoketone photoproducts 
of Nitr-5 with the sarcoplasmic retieulum in the ab- 
sence of DTT. The mechanism of CPA effect on the~. 
bands was not investigated. 

The effects of cyclopiazonic acid on the difference 
spectra of sarcoplasmic reticulum induced by photoly- 
sis of 2 mM caged ATP were tested at 6°C in tnc 
presence of 1 mM CaCI 2 under conditions similar to 

those described in Fig. 2. Presumably due to competi- 
tion between caged ATP and CPA there was no signifi- 
cant inhibition of the ATP-induced difference spec- 
trum, even at 150 nmol C P A / m g  protein (not shown), 
although CPA at this concentration produced essen- 
tially complete inhibition of the Ca2+-induced differ- 
ence FTIR spectrum in the absence of ATP (Fig. 4). 

The photolysis of caged-ATP in the presence of 
Na +,K +-ATPase 

The reaction mechanisms of Na+,K+-ATPase and 
Ca2+-ATPase include the formation of a similar phos- 
phoenzyme intermediate, but the two enzymes differ in 
their specificity for the transported cations [17,18]. We 
hoped that by comparing the effects of ATP on the 
FT!R spectra of the two enzymes the contributions of 
cation binding and phosphoenzyme formation to the 
ATP-indueed difference spectra could be identified. 

The FTIR spectrum of purified Na+,K+-ATPase is 
shown in Fig. 5. Like the spectrum of CaZ+-ATPase, it 
contains a band at 1726 c m - '  due to the C-.-O stretch- 
ing vibratien of phospholipids, the Amide I band at 
rr~45 c,~, ' ~hat arises mainly from the C=O stretching 
~'i~:.. ~ :he peptide backbone, the residual Amide 
11 band at --1550 c m - t  and a large band at 1465 

Hicrons 
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e o.ool / I  

I ! 
j . . . . .  , . . . .  , . . . .  , . . . . .  . . . . .  . . . .  . 
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Fig. 4. Effe¢I of cy¢lopiazonic acid on Ihe difference F'fIR spectra of sarcoplasmic retieulum induced by Ca 2+ release from eased-Ca "~'*. (Tra.,'e 
I) Control sarcoplasmic reticulum. Native sarcopiasmic rcticulum vesicles (30 mg proinin/ml wnrn suspended in 0.1 M KCI; 10 mM imidazoln 
(p2H 7.4). 0.~i mM MgCI 2, 2 mM caged-Ca :+, 0.1 mM CaCI 2 and I% v/v DMSO. FTIR spectra were taken before and after illumination with 
360 nm light for I rain. The spectra represent the average of six different spectra (after minus before illumination). (Trace 2) Sarcoplasmie 
reticulum treated with 50 nmol CPA/rng protein. The conditions were similar to those in trace ]. except that the sarcoplasmic reticulum vesicles 
were incuba£ed with 50 nmol CPA/mg SR for 30 rain to 4 h at 2-,1°C under eondilions described for control sarcoplasmie reticulum (trace t). 
Eight different spectra were averaged. (Trace 3) Sarcoplasmic reticulum trented with 150 nmol CPA/mg protein. The conditions were similar to 
those in trace I e~ept that the sarcopi,lsmie reticulum vesicles were incubated with 150 nmol CPA/mg for 30 rnin to 4 h at 2-4°C. Four different 

spectra were averaged, 
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Fig. 5. FTIR spectrum of Na+,K+-ATPase containing caged-ATP. Purified Na+,K+-ATPasc was suspended in a :H20 medium containing 90 
mM Na +, 10 mM K +, 20 mM Hepes (p;H 7.6). 0.1 mM EGTA, I mM MgCI z. I..'; mM caged-ATP and 1.5 mM DTi'. The spectrum was taken at 

6°C without illumination. 

c m - t  ~.hat is a compos i te  o f  H O 2 H  and  C H  2 deforma-  D T T  was  p resen t  dur ing  photolysis (Fig. 6, line 2). 
t iops in prote ins  and  in phospholipids.  However ,  these  bands  were  also observed in the  ab-  

Photolysis o f  c a g e d - A T P  in the  absence  of  D T T  sence  of  Na+ ,K+-ATPase ,  and  the  1640 cm - t  band  
prot]:tced only one  broad  band  located at  - 1688 c m - '  was  unaf fec ted  by the  omission of  Na  ÷ f rom the  
(Fig.  6, line 1) that  shi f ted to  1640 c m - '  when  10 m M  m e d i u m  (Fig.  6, line 3) o r  by the  addi t ion of  I m M  

IMmm 

o.; ,.; - ,.; ~,, ,f, ,.; ,.,, 

!i t 
. 

, ~ ~ -  • ~ .  ~ . ,~ .  ~ ~ . . .  ~ ~ , ,  

m v ~  
Fig. 6. Difference FTIR spectra of Ne*,K~-ATPase after photolysis of caged-ATP in the presence or absence of DTr and Na ". (Trace I) 
Purified Na+,K+-ATPase was suspended in a 2H20 medium containing 90 mM Na +, 10 mM K ÷, 20 mM Hepes (p2H 7.6), 0.1 mM EGT*'~ ! 
mM MgCI 2, 5 mM cagcd-ATP. The FTIR spectra were taken at 6°C before and during illumination with 360 nm light for 1 rain; 16 difference 
spectra were averaged. (Trace 2) The conditions were identical to those in trace I except that 10 mM DTT !vas added to the buffer medium; 28 
difference spectra were averaged. (Trace 3) Na+/g  +-ATPase was suspended in 2H20 buffer containing 70 mM KCI, 14 mM Hepes (p2H 7.8k ] 

rnM MgCI2, 0.l mM EGTA, 10 mM DTT and 2 mM caged-ATIP but no Ha +. 
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ouabain (not shown). Tiierefore we suggest that the 
shift of the 1688 band to 1640 cm - t  is due to the 
reacti~,n of the nitrosophenone photoproduet of caged- 
ATP with DTI'.  At the present level of sensitivity there 
is no spectral c~mponent that could be confidently 
associated with the phosphorylation of the Na+,K +- 
ATPase by ATP. 

In the Ca2+-ATPase experiments (Fig. 2), although 
D'VI" was present, the 1640 r:m - t  band could not be 
resolved because it was overshadowed by the much 
larger 1650 cm-  i band and the negative band at 1639 
em -  t that are caused by the reaction of ATP with the 
Ca2+-ATPase. The small residual band at 1688 cm -j  
in the Ca2~-ATPase system (Fig. 2) may be due to 
residual nitrosophenones. 

We commented earlier on the fact that the FTIR 
difference spectrum of sareoplasmic reticulum Ca 2+- 
ATPase produced by photolysis of caged-Ca 2+ is in 
some respects a mii'ro~ ia~age of the difference spec- 
trum produced by photolysis of cagcd-ATP [3]. A possi- 
ble explanation is that the re~lction steps following the 
formation of the phosphoinlcrmediate E(Ca) 2 ~ P de- 
crease the Ca 2+ affinity of the Ca-'+-ATPase and cause 
the release of bound Ca 2+ [15,16]. Therefore, the 
ATP-induced spectra would represent a reversal of the 
Ca2+-induccd spectral changes. If the FTIR difference 
spectra of sarcoplasmic reticulum produced by photoly- 
sis of caged-ATP are indeed dominated by the effects 
of Ca 2÷ binding to the Ca-'+-ATPase, the absence of 
an ATP-induced difference spectrum in the Na+,K +- 
ATPase may reflect the differences between the ion 
binding sites of the two enzy~nes. 

Based on the observations available so far, we can- 
not assign any of the obs,zrved cumpoocnts of the 
difference sp~:ctra of sarcoplasmic reticulum to the 
formation of the acylphosphat= intermediate or to 
changes in the secondary structure of Ca2+-ATPase. 
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