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The triazine dye, Reactive Red 120, was found to bind tightly (K d = 30) nM) and with low stoichiometry to 
sarcoplasmic reticulum membranes. Our finding that this high-affinity binding caused noncompetitive 
inhibition of the Ca2+-ATPase indicates that the dye-binding site is distinct from both the active site and 
putative regulatory site. Detergent solubilization (monomerization) of the Ca2+-ATPase caused a 25-fold 
decrease in affinity for Reactive Red 120, while causing no decrease in affinity toward another dye, Reactive 
Blue 2. For the Reactive-Red-120-inhibited enzyme, the level of steady-state enzyme phosphorylation by 
ATP was not significantly different from that exhibited by the control CaZ+-ATPase. The rate of 
dephosphorylation in the presence and absence of ADP, however, was markedly decreased by the presence 
of the inhibitor. Distance measurements by fluorescence energy transfer from the active (FITC-reactive) site 
to the Reactive Red 120 site gave a value of 59 ~,. Similar experiments yielded an average distance of 35 ~. 
between the latter site and the tryptophan residues, most of which are postulated by the 'sequence model' 
(MacLennan et al. (1985) Nature 316, 696-700)  to be located in a transmembrane domain. 

Introduction 

The  sarcoplasrmc re t iculum (SR), an int racel lu-  
lar  organelle,  has as its funct ion the control  of  
cy tosohc  calc ium levels in muscle  cells. Release of 
ca lc ium f rom the SR causes con t rac t ion  of  
myofibr l ls ;  re laxa t ion  occurs  upon  subsequent  

The abbrevmtlons used are SR, sarcoplastmc retxculum, Mops, 
4-morphohnepropanesulfomc acxd, EGTA, ethylene glycol 
bls(2-amlnoethyl ether) N,N,N' ,N'- tetraacet lc  acid, 
AdoPP[NH]P, adenyl-5'-yl lrmdodlphosphate, SDS, sodtum 
dodecyl sulfate, Cl2 E9, poly(oxyethylene) 9-1auryl ether, FITC, 
fluorescem lSOfluocyanate 0somer I), 150, concentration of 
inhibitor causing 50% mtubmon, FET, fluorescence energy 
transfer, EP, phosphorylated enzyme intermediate 
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sequester ing of  cel lular  ca lc ium into the SR via 
active t r anspor t  by  an intr insic  enzyme, the Ca 2 + 
ATPase .  Isola ted  as vesicles with the Ca 2 ÷-ATPase  
active site ou tward ly  oriented,  skeletal  SR is one 
of  the s implest  in wt ro  active t ranspor t  systems. 
The  Ca2+-ATPase  has been the subject  of a large 
number  of  s tudies (for reviews, see Refs. 1 and 2), 
so that  many  s teps in the ca ta ly t ic  cycle and 
numerous  s t ructura l  features,  inc luding the com- 
plete  amino-ac id  sequence [3], have been eluci- 
da ted .  Nevertheless ,  much of the re la t ionship  be- 
tween its s t ructure  and funcnon  remains  un- 
known.  

One of the more  fruitful  approaches  to s tudy-  
ing the s t ructure  and  m e c h a m s m  of  an enzyme has 
been  to use noncova len t  probes .  A m o n g  numerous  
examples  of  their  use are the in t e rachon  of  ouaba ln  
with the ca ta ly t ic  subumt  of  the ( N a ÷ + K + )  - 
ATPase ,  and  aurover t in  with the /3 subuni t  of 

0005-2736/87/$03 50 © 1987 Elsevier Scxence Pubhshers B V (Biomedical Division) 



228 

mltochondnal [4] and bacterial [5] F1-ATPases. 
Discoveries along these lines continue to be val- 
uable, as is illustrated by the recent description of 
diethylstflbestrol as an F0-dlrected hgand [6]. Such 
molecules can be used to reveal and characterize 
umque sites on the enzyme, inhibit one or more 
catalytic steps, or, in conjunction with fluorescent 
ligands, measure mtersite distances by fluores- 
cence energy transfer. The present study char- 
acterizes the interaction of such a probe, Reactwe 
Red 120, with the SR Ca2+-ATPase. This dye, 
when attached to agarose, was previously used to 
fractlonate the SR proteins [7]. Reactwe Red 120 
is shown to bind strongly and with low stoichlom- 
etry to SR membranes. Dye binding causes non- 
competitive inhibmon of the Ca2+-ATPase, indi- 
cating that its site ts distract from both the active 
site and the putative regulatory site. FET measure- 
ments suggest that the Reactive Red 120 site xs 
distant from the active (FITC-reactwe) site, per- 
haps being located close to the p r o t e i n /  
phosphollpid interface. Detergent solubilizanon 
dramatically lowers the affinity toward Reactwe 
Red 120, illustrating that the probe is sensitive to 
the state of the enzyme m the membrane. 

Materials and Methods 

Sarcoplasmic retlculum vesicles were obtained 
from rabbit hand leg whate skeletal muscle by the 
method of Eletr and Inesi [8]. Reactive Red 120, 
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C12E9, FITC, rabhat muscle lactate dehydrogenase 
type II, rabbit muscle pyruvate kmase type II and 
fatty-acid-free bovine serum albumin were from 
Sigma; Reactive Blue 2 (Cibacron blue F3GA) 
was purchased from Polysclences. Reactive Red 8 
was from Aldrich; all other chemicals were re- 
agent grade or better. FITC-modlfied SR (5 + 0 5 
nmol FITC attached per mg SR protem) was 
prepared by a previously described procedure [9]. 

Gel electrophorests. SDS tube gel electrophoresls 
was performed according to the method of Laem- 
mli [10] using a 5% stacking gel and a 12% runnmg 
gel. A gel scanner attachment with a GCA-Mac-  
Pherson spectrophotometer was used to monitor 
the magrat~on of dyes: the wavelengths used in this 
procedure were: 495 nm (FITC): 525 nm (Reac- 
tive Red 120): and 595 nm (Bromphenol blue). To 
test for covalent labeling of SR proteins by dyes, 
the gels were fixed overnight with a trichloroacet~c 
ac id /methano l  solution and were subsequently 
destamed with 40% methanol /7% acetic acid. 

Kmettc assays. All kinetic deterrmnations were 
performed at 37 ° C in solutions containing 80 mM 
KC1, 50 mM Mops (pH 7), 5 mM MgC12, 1.1 mM 
CaC12 and 1 mM EGTA plus other stated compo- 
nents. For studying the concentration dependence 
of inhibition of SR vesicular CaZ+-ATPase by 
triazine dyes, the phosphomolybdate assay was 
used with 1 mM ATP and 0.04 Fg of lonophore 
A23187 per Fg of SR. The experamental procedure 
was that described m Coll and Murphy [11]. For 
other studies a coupled enzyme assay was used 
[12]. The mhibmon of lactate dehydrogenase (5. 
10 -9 g /ml )  was studied in the presence of 1 mM 
dithiothreitol and 1 mM pyruvate. Initial veloci- 
ties were determined spectrophotometrically at 340 
nm with N A D H  varied between 4 /~M and 300 
FM. 

The reversibility of Reactive Red 120 mhibmon 
of the CaZ+-ATPase was tested by incubating 2 
m g / m l  SR vesicles wah 25 #M dye at room 
temperature in assay buffer. Allquots of flus mix- 
ture containing 10/~g of SR were then assayed for 
actwity by the coupled enzyme procedure with 2.5 
mM ATP and 0 4 btg of lonophore A21387. After 
recording the velocity of the dye-inhibited en- 
zyme, 5 m g / m l  (final) bowne serum albumin was 
added to the assay and the resulting increased rate 
was recorded. 



For studies concerning the inhibition of solubi- 
lized Ca2+-ATPase, the following procedure was 
used. SR vesicles (2 m g / m l  final) were solubilized 
in a solution containing the following final con- 
centratlons: 20 m g / m l  C12E9, 20% (W/V) sucrose, 
1 mM MgC12, 1 mM CaC12, 50 mM Mops (pH 7). 
Ahquots of this enzyme stock were then assayed 
with the coupled enzyme method using 10/~g SR 
and 2.5 mM ATP, with the final concentration of 
detergent adjusted by addition of a C12E9 stock 
solution. The activity of the enzyme was de- 
termined using several concentrations of pyruvate 
kmase and lactate dehydrogenase to ensure full 
couphng. The concentration of free dye was de- 
termined under each condition from the iterative 
program utilizing the N A D H  concentration and 
the dlssocmtion constants and stoichiometrles of 
dye binding to the coupling enzymes (Table I). 
The dye-inhibited velocities collected at each [de- 
tergent] were then treated by nonlinear regression 
analysis (see below) to yield values for the K, of 
the soluble enzyme and the CEs0 (concentration 
of detergent at which the concentrations of free 
and detergent-bound are equal). The parameters 
for interaction of pyruvate klnase and lactate de- 
hydrogenase with dyes were determined spectro- 
photometrically; 5 ~tM dye was titrated with vary- 
ing concentrations of enzyme and the resulting 
absorbance changes were analyzed by Eqn. 3. The 
absorption coefficient of lactate dehydrogenase 
used was ~280=162.103 M - l . c m  - i  [13] and 
35 000 subunit molecular weight was assumed. The 
absorption coefficient of pyruvate kmase used was 
E~0 = 5.4 [14] and a subunlt molecular weight of 
57 000 was assumed. 

Measurements of phosphorylated enzyme inter- 
mediate. The phosphorylatlon reaction was studied 
at 0 °C  m an assay solution containing final con- 
centrations of: 1.1 mM CaCI 2, 1.0 mM EGTA, 5 
mM MgCI 2, 80 mM KC1, 50 mM Mops (pH 7.0) 
and 35/*M [3,-32p]ATP. The reaction was initiated 
by addition of 0.2 m g / m l  (final) SR vesicles con- 
taining 40 /~g ionophore A23187/mg protein. 
Controls were obtained with reactions containing 
the above components in the absence of calcium. 
For studies concermng the time-dependence of 
phosphoenzyme concentration, time zero was 
taken as addition of EGTA; at the desired time 
intervals a 900 /~1 aliquot of the reaction was 
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quenched with 200 #1 of ice-cold 25% (w/v)  tri- 
chloroacetic acid. Collection of precipitated SR 
protein and its treatment were carried out as 
previously described [7] 

Trtazlne dyes. Reactive Red 120 stock solutions 
were prepared in doubly distilled water using the 
manufacturer 's  estimate of dye content (60% by 
weight, the remmnder being NaC1). The resulting 
solution gave a absorption coeffiment at 515 nm 
of 52 350 M i .  c m - l .  Reactive Red 8 stock solu- 
tions were prepared with the estimated dye con- 
tent of 50% by weight; the resulting absorption 
coefficient at 550 nm was 39 600 M 1. c m -  1. The 
concentration of Reactive Blue 2 was determined 
using an absorption coefficient of 13600 M -1.  
cm-1 at 610 nm [15]. The partit iomng of dyes into 
mlcelles was determined spectrophotometrlcally 
using the same experimental conditions as the 
kinetic assays. Scans of the visible spectra of 5/~M 
dye solutions were collected at several concentra- 
tions of C12E 9. The data were analyzed as AA vs. 
AA/ ( [C12E9] - cmc) ;  the slope of this plot was 
termed - CEs0. 

Measurements of fluorescence quenching by Re- 
acttoe Red 120 The fluorescence of unmodified 
SR vesicles (excitation, 290 nm; emission, 350 nm) 
and FITC-labeled SR vesicles (excitation, 490 nm; 
emission, 520 nm) was monitored at 25 °C  with a 
Perkin-Elmer MPF-44B spectrofluorimeter using 
10 nm slits for both excitation and emission. To a 
2.5 ml assay solution identical to that used in the 
kinetic studies (except that calcmm was omitted) 
were added sequential increments of dye. The 
recorded fluorescence at each dye concentration 
was corrected for inner filter effects and dilution. 
The data were then treated as described in the 
Data  analysis section. 

It should be noted that an artifact observed 
primarily at low SR concentrations had to be 
addressed in order to gain accurate and reproduci- 
ble data. Bnefly, It was found that at low SR 
concentrations mere manual stirring of the solu- 
tion would produce a decrease in fluorescence. No 
evidence could be found to indicate that this was a 
vessel wall effect, and after several remlxangs a 
stable signal was obtained. Either the data were 
collected from an assay solution whose initial flu- 
orescence signal had been stabilized by remaxing, 
or the portion of fluorescence quenching due to 
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mixing was determined by sequentml additions of 
ahquots of water and subtracted from the trlazine 
dye data. Both methods gave the same results. 

The distance, R, between donor and acceptor 
was calculated according to Faxrclough and Can- 
tor [16]: 

1 

R = (1/Eft- 1)6R0 

where Eff is the transfer efficiency, and R 0 is the 
FSrster cntical distance. The latter was obtained 
by. 

R 0 = 0.979( tc2rt -4~j ) 

where x 2 ~s the dipole orientation factor (assumed 
to be 0.67; [16]), n is the refractive index (as- 
sumed to be equivalent to that of alamne, I.e., 1.4), 

is the quantum yield of the donor in the absence 
of the acceptor, and J is the spectral overlap 
integral. The quantum yield for the tryptophan 
residues was deterrmned to be 0.17 by the ratio 
method using tryptophan at pH 7 (~b = 0.13) as a 
standard [17]. For FITC-modified SR, a value of 
0.6 was used [9]. Values for J were calculated with 
the aid of a hand calculator as described by 
Fairclough and Cantor [16]; for the fluorescein-re- 
active red pair, we obtained a value of 3.4.1011 
~3. M-~; for tryptophan-reactlve red, the value of 
J was 4.3 • 101° ~3. M 1. The method was checked 
by calculating J for 1,N6-ethenoADP and NBD- 
tyrosine [18]; the results agreed within 1%. The 
value of E at 515 nm for Reactive Red 120 bound 
to SR was found to be 52 400 M - 1 .  cm- l .  

Data analysts. Since many of the data collected 
in this study Involve conditions in which free 
[hgand] is considerably less than total added 
[ligand], the results had to be treated m a manner 
accounting for this ligand depletion. Briefly, equa- 
tions relating the observed dependent variable (en- 
zyme velocity, v, absorbance difference, AA, or 
fluorescence intensity, F )  to the concentration of 
free enzyme, [E], were derived by combining mass 
conservation equations with the equilbrlum equa- 
tion: 

K = iLl[E] 
[ELl 

where [L] and [EL] are the concentrations of free 
dye and enzyme-dye complex, respectively, and K 
is the dissociation constant. 

Solving for [E], one obtains the quadratic equa- 
tion. 

1 

[EI=O5([K+[Llt-Bp]2+4KBP)~+BP-K-[LIt (1) 

where [L]t is the total dye concentration, P is the 
protein concentration, and B is the stoichiometry 
(nmol- mg-1). Eqn. 1 is then substituted into the 
following three equations: 

v = (SA)[EI/B (2) 

AA =,a,([EI,-[E]) (3) 

F = 1 - Eff(1 - [E]/[E]t) (4) 

where SA is the specific activity, and Ac is the 
extinction coefficient difference. A more detailed 
derivation of the equation used for enzyme inhibi- 
tion and an example of its use with a hlgh- 
Stolchiometry case can be found in Anderson et al. 
[19]. 

Kinetic and dissociation parameters were 
calculated with a BASIC computer program which 
uses a nonlinear regression algonthm [20] to fit 
the data. An adequate fit of the data involving 
quenching of FITC fluorescence, however, re- 
quired a two-binding-site model. The complex 
analytical solution for this model was obviated by 
using a computer subroutine to calculate itera- 
tlvely the free hgand concentration, [L], just as is 
done to calculate free metal and hgand concentra- 
tions from given total concentrations. The relative 
fluorescence was then computer fitted to" 

F= (1-Eft al)(l--ot2) 

where a is [L]/([L] + K,), and K 1 and K 2 are the 
high- and low-affinity dissociation constants, re- 
spectively. 

Results 

Reactwe Red 120 mhlbttton of the SR Ca 2 +-A TPase 
Reactive Red 120 was found to be a potent 

inhibitor of the SR CaZ+-ATPase. At a given 
concentration of dye, the degree of inhibition was 
independent of the concentration of ATP (0.5-10 



mM);  it is therefore a noncompet i t ive  inhibitor ,  

b ind ing  at a site dist inct  from the active s~te. This 
was unexpected,  because for the solubilized en- 
zyme we observed compet i t ion between dye b ind-  

ing and  active site occupancy [7]. Fig. 2 shows the 
effect of increasing concentra t ions  of Reactive 

Red 120 on the velocity of ATP  hydrolysis. The 
inh ib i t ion  occurred at low concentra t ions  of dye, 

indicat ing that the K d of Reactive Red 120 is in 

the range of the total b ind ing  site concent ra t ion  

present  in the assay. Accordingly,  the /so for 

Reactive Red 120 varies with SR concent ra t ion  
(Fig. 2, inset). The data were treated using Eqn. 2, 
which assumes simple noncompet i t ive  inhib i t ion  
and  allows one to account  for the deplet ion of 
l igand due to tight b ind ing  [19]. This analysis of 

the data ymlded a value for K, of 30 + 10 n M  and  
a Stolchiometry of 7 + 1.6 n m o l .  mg - l .  In  this 
same range of dye concentrat ions,  the calcium- 

independen t  ATPase  activity showed no inhibi t ion  
by Reactive Red 120. 

The stoichiometry de te rnuned  from inhibt t ion  

i I i I _l _l 

75 % o 

o ~5 ~5 

() 0 05 0 1 0 15 0 2 0 25 

[ R e a c t i v e  ped 120], ~JM 

Fig. 2 lnhlbmon of SR vesicle hydrolysis of ATP by Reactwe 
Red 120 SR hydrolysis of 1 mM ATP was measured by lnmal 
velocmes using the phosphomolybdate assay; conditions were 
as described in the Materials and Methods section The Ca 2+- 
ATPase actiwty was measured with total Reactive Red 120 
concentration vaned between 0 and 0 25 pM with the follow- 
mg SR protein concentratmns. A, 5, It, 10; and O, 20 p,g/ml 
The hnes were generated using Eqns. 1 and 2 and the fitted 
parameters wbach were obtained as described m Materials and 
Methods - Data analys~s The fitted data yielded a value for 
K a of 30 + 10 nM and a value for the StOlCluometry of 7_+ 1 6 
nmol per mg SR protein. Inset' the vanatmn of 15o for 
Reactive Red 120 mtubltmn as a function of SR concentration 
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kinetics was conf i rmed by direct measurements  of 

free dye concentra t ion.  Fig. 3 shows the results of 
experiments  in which varying concentra t ions  of 

Reactive Red 120 were incubated  with SR; the 

vesicles were then pelleted by centr i fugat ion and  
the supernatants  were analyzed spectrophotomet-  

rically for free dye. As seen in Fig. 3, the free dye 

concent ra t ion  plotted as a funct ion of total dye 
added showed a break occurring at about  6.8 

n m o l -  mg-1  SR protein.  The results shown in ttus 
figure also confirm the noncompet i t ive  na ture  of 
the inhibi t ion,  since FITC-modi f ied  SR Ca 2+- 

ATPase  (which has access by nucleotide substrates 

to its active site blocked) showed approxamately 
the same stomhiometry of tight b indmg.  The 
stoichiometries obta ined from these experiments 

and  those described below are all in the range of 
total Ca2+-ATPase content  of about  5 n m o l .  

m g - 1  so that at these low dye concentra t ions  we 
observe no significant b ind ing  of Reactive Red 

120 to other SR components .  

Reverslbthty o f  Reactive Red  120 bmdmg to the 
Ca e +-A TPase 

Reversibil i ty of inhib i t ion  was studied in order 

0 25 . . . . .  '^/ 

y /  
O2 

gO ~5 

0 

0 O5 

I i I t 

2 4 6 8 10 I'2 1'4 

[ R e a c t i v e  Red 120], nmol/mg 

Fig 3. Binding of Reactive Red 120 to SR membranes as 
studied by centnfugatlon To 2 ml of 1 mg/ml SR vesmles in 
actlvaty assay buffer was added varying concentranons of 
Reactive Red 120 The vesmles were then pelleted by centrlfu- 
gatlon at 48000Xg for 30 nun at 5°C. The decanted super- 
natant's absorbance was then measured at 515 nm for unmod- 
ified SR, II, and FITC-modlfied SR, O The breaks in the plots 
of free Reactive Red 120 vs. total added dye mdmate 
stolcluometry of tight binding of approx. 7 nmol per mg SR 

protein for both enzymes 



232 

to deterrmne whether the dye was covalently mod- 
flying the enzyme SR vesicles were incubated in 
the presence of 14 nmol of Reactive Red 120 per 
mg of protein. Assaying ahquots of this solution 
over a period of hours revealed no time-dependent 
loss of ATPase activity. Since bovine serum al- 
bumin binds triazine dyes tightly [25], it was ad- 
ded as a scavenger in some of these assays Its 
addition did not affect the activity of the unin- 
hibited enzyme; when added to the dye-inhibited 
enzyme assay, full Ca2+-ATPase activity was re- 
stored. 

In preliminary experiments, we observed that 
Reactive Red 120 was not completely removed 
from SR vesicles by gel filtration on Sephadex 
G-50 or overnight dialysis. To investigate the pos- 
slbdity that covalent modification was occurring 
at sites which do not affect ATP hydrolysis, sam- 
ples of SR which had been incubated under the 
above conditions were analyzed by SDS gel elec- 
trophoresis. The samples were run on 12% tube 
gels according to the method of Laemmli [10]. 
Subsequent scans at 525 nm revealed that no dye 
was present in the area of the M r 100000 Ca 2+- 
ATPase (the migration of the Ca2+-ATPase was 
determined from control runs using the FITC- 
modified enzyme). In these electrophoresis experi- 
ments, Reactive Red 120 ran as a single band with 
an R F of 0.8 relative to the tracking dye, 
Bromphenol blue. Reactive Red 120 (in the ab- 
sence of protein) migrated with the same R r. Gels 
which were fixed and subsequently destained 
showed no remaining Reactive Red 120. The above 
results indicate that under these conditions (Reac- 
tive Red 120 present at concentrations saturating 
the tight binding sites and overnight incubation at 
room temperature), no covalent modification of 
SR proteins occurs. 

Ca: +-A TPase mhlbttton by related dyes 
Since Reactive Red 120 posseses two chromo- 

phoric domains per molecule, the inhibitory 
potency of related but smaller dyes (Fig. 1) toward 
the Ca2+-ATPase was studied. Reactive Red 8, 
winch is structurally similar to one-half of the 
Reactive Red 120 molecule, also exhibited a de- 
gree of Inhibition that was independent of [ATP]. 
Thus it is also a noncompetitive inhibitor, and its 
K, was determined to be 8.8 + 2.6/~M, indicating 

it binds almost 300-fold more weakly than Reac- 
tive Red 120 does, A somewhat larger triazine dye, 
Reactive blue 2, has, when lmmobihzed on agarose, 
been used to purify the solubilized SR Ca 2÷- 
ATPase [26]; after ascertaining that It also acted 
as a noncompetitive inhibitor, we found its K, to 
be 0.81 + 0.13 ~tM. Clearly, the structure of Reac- 
twe Red 120 enables it to bind far more tightly 
(over 25-fold) than the smaller dyes. When dye 
binding was analyzed by the centrifugation method 
illustrated in Fig. 3, we could find no evidence for 
competition between Reactwe Red 120 and Reac- 
tive Blue 2. This was also the case when the 
spectral absorption of the SR-Reactive-Red-120 
complex was monitored in the presence of Reac- 
tive Blue 2 (data not shown). These results imply 
that Reactive Red 120 binds to a unique site 
having little afflmty for other triazme dyes. 

Effect of nomontc detergents on the concentration of 
free dyes 

Part of this study is concerned with the interac- 
tion of tnazine dyes with the detergent-solubihzed 
Ca2+-ATPase as compared with their interaction 
with the membranous enzyme. We have therefore 
studied the behavior of Reactive Red 120 and 
Reactive blue 2 in solutions of non-ionic detergent 
and the effect of detergent on dye inhibition of the 
soluble enzyme, lactate dehydrogenase. The criti- 
cal mlcelle concentration (cmc) for the non-ionic 
detergent, C12E8, has been determined to be 0.09 
mM [21]; we have assumed the same cmc for the 
detergent used in tins study, C12E9, accordingly, 
the mlcelle concentration for the present work was 
taken as proportional to the total detergent con- 
centration minus the cmc. Tltrations of 5/~M dye 
solutions (to avoid dye stacking, [22,23]) with in- 
creasing concentrations of C12E 0 yielded the fol- 
lowing values. Reactive Blue 2 (Fig. 1) ' bound '  to 
the detergent rmcelles with CEs0 of 0.037 mg/ml ,  
producing a A%35 of 6170 + 50 M -1 • cm -1. Reac- 
tive Red 120 (Fig. 1) bound to the detergent 
micelles with a CEs0 of 0.22 mg/ml ,  producing a 
Acss o of 2 4 8 0 0 _  300 M -1 • cm - l .  Accordingly, 
apparent  decreases in enzyme affimty for these 
dyes due to the partitioning of the dyes into 
micelles should show this dependence on deter- 
gent concentration. (Assuming that the only effect 
of added detergent is to lower the free concentra- 



tion of inhibitor, then the observed (apparent) K, 
at a given concentration of C12E9 IS: K,,ap p = K,(1 
+ ([CI2E9] - cmc)/CEs0),  where CEs0 is the con- 
centration of detergent at which half the dye is 
partitioned into the micelles. Accordingly, plots of 
K,.ap p vs.  ( [C12E9]  - c m c )  should be linear and the 
slope is equal to K,/CE50.) 

Detergent-dye mteracttons wtth nonmembranous 
enzymes 

Studying the competitive inhibtion of the solu- 
ble enzyme, lactate dehydrogenase, by Reactive 
Blue 2 as a function of detergent concentration, 
we obtained the following results. The apparent 
K, obtained at different concentrations of C12E9 

extrapolated linearly to the K, determined in the 
detergent-free case; the slope of the detergent 
effect on apparent K, yielded a CEs0 of 0.048 
mg/ml ,  in reasonable agreement with the spec- 
trally determined value. 

Lactate dehydrogenase is competitively in- 
habited by Reactive Red 120 also, and this strong 
inhibition is attenuated by detergent. The kinetic 
behavior is not simple, however; in the presence of 
Reactive Red 120, the NADH concentration de- 
pendence of the velocity is sigmoidal (data not 
shown). The dye, therefore, appears to be able to 
bridge two subunits of this enzyme. Its behavtor 
toward pyruvate kinase is simpler Consistent with 
the number of nucleotide sites in each subunit 
[24], this enzyme bound two Reactive Red 120 
molecules per subunit (Table I). Because of the 
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complexity of the kinetic behavior &splayed by 
lactate dehydrogenase, determination of K, values 
was not attempted. Along w~th the binding 
Stolchlometry of 0.5 mol per mol subunit we ob- 
tained (Table I), these results suggest that Reac- 
tive Red 120 strongly inhibits lactate dehydro- 
genase only when each of the two chromophores 
of the molecule binds to a separate active stte on 
the tetramenc enzyme. 

Effect of nontomc detergent on dye Inhibitor potency 
toward the Ca" +-A TPase 

The above approach of studying the effect of 
detergent on the affinity of lactate dehydrogenase 
toward triazine dyes was extended to the Ca z+- 
ATPase. In addition to raismg of apparent K, 
values by dye partitioning into the micelles, deter- 
gents may affect the affinities of ligands for mem- 
brane proteins by changing the nature of the 
bmding site. In the present case detergents have 
been shown to produce active monomerxc Ca 2+- 
ATPase [27-31]. Fig. 4 shows the effect of deter- 
gent concentration on the mhibition of the Ca ~+- 
ATPase by Reactive Blue 2. As can be seen, the 
apparent K, extrapolates to the inhibition con- 
stant observed in the absence of detergent (SR 
vestcles). The slope of detergent concentration on 
apparent K, ytelds a value for CEs0 of 0.01 mg/ml,  
which is lower than that determined from spectral 
titratlons, but is still consistent wtth dye partition- 
mg as the major effect. 

Fig. 5 shows the effect of detergent concentra- 

TABLE I 

BINDING OF TRIAZ1NE DYES TO SR VESICLES, LACTATE DEHYDROGENASE AND PYRUVATE KINASE 

All detertmnations were performed at 37 ° C in the activity assay buffer described m Materials and Methods n d ,  not determined 

Dye SR vesicles a Lactate dehydrogenase b Pyruvate kinase b 

K, B K d B A~ K d B A~ 
(nM) (nmol mg - i )  (nM) (molecules (),,nm) (nM) (molecules (~,nm) 

subumt) (M -1 cm -1) subumt) (M l -cm-1)  

React~veRedl20 30_+ 10 7 + 1 6  40+ 30 049-+002 33400+200 910-+100 20_+0.1 30000+300 
(557 5 - 500) (562 - 502) 

ReactlveBlue2 820-+100 n d  1300+1000 1.2 -+02 3500-+300 1000_+800 13+0 ,2  4200_+400 
(660-  575) (685 - 590) 

a The afflmt~es and stotcluometnes were determaned from the noncompetltLve lntubltlon of ATP hydrolysis as outhned m Materials 
and Methods and Results and Discussion 

b The parameters for dye binding were determined spectrally as outlined m Materials and Methods 
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Fig 4 Intubltxon of soluble Ca2+-ATPase acnwty by Reacnve 
Blue 2 as function of detergent concentration. Soluble SR 
Ca2+-ATPase activity was followed using the coupled enzyme 
assay as described in Materials and Methods [Cl2E9]-cmc 
was taken as proportional to the macelle concentrauon, K , , a p  p 

~s the observed K, determined at each concentration of deter- 
gent The extrapolated K, at zero detergent was 0 82_+0 1 btM, 
the slope of the effect of detergent o n  Kl,ap p gave a value for 
the partmomng of dye into mlcelles of CE50 = 0 01-+0 002 

mg /ml  

tion on the K, of  Reactive Red 120 toward the SR 
Ca2+-ATPase;  the value of CE50 calculated from 
the slope of  the detergent-caused increase in K, is 
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Fig 5 Intubltlon of soluble Ca2+-ATPase acuwty by Reactwe 
Red 120 as a function of detergent concentranon The condl- 
nons are as descnbed in the legend to Fig 4 The extrapolated 
value of K, at zero detergent concentration was 0 7+0 ] ffM. 
the slope of the effect of detergent o n  K l , a p  p gave a value for 

the parUtlonmg of dye into nucelles of CE~ 0 = 0 2 -+ 0 03 
mg/ml 

0.2 m g / m l ,  in good agreement with the ab- 
sorbance-determmed value. In the case of Reac- 
tive Red 120 inhibition, the extrapolated K, at 
zero detergent is 700 nM, or approx. 25-fold higher 
than the directly observed value (SR vesicles) of 
30 nM. The data  clearly indicate that solubfliza- 
tion of  the CaZ+-ATPase dramatically lowers the 
affinity of the enzyme toward Reactive Red 120 
such that the dye 's  K, becomes similar to that of 
Reactive Blue 2. (Since experimental difficulties 
would not  allow the use of the phosphomolybda te  
assay in the presence of  detergents, these data  
were obtained using a coupled assay ut ihzmg 
pyruvate  klnase and lactate dehydrogenase [12]. 
As these two enzymes (present in high concentra-  
tions) bind triazme dyes, it was necessary to de- 
terrmne the free dye concentrat ion for each case 
using the K d values and stolchiometries hsted in 
Table I. With each experimental condition, several 
concentraUons of pyruvate  klnase and lactate de- 
hydrogenase were used; the small increases in 
velocity observed on doubling both enzymes en- 
sured proper  couphng and allowed the reaction 
rates to be related to the free dye concentrat ion.  
In this manner,  reliable K, values were acquired 
for the dye ininbltion of the soluble Ca 2 +-ATPase.) 

Effect of Reactwe Red 120 on steady-state enzyrne 
phosphorylatton 

Since Reactive Red 120 abolishes CaZ+-ATPase 
activity with a low stoicinometry, it was of  interest 
to begin to investigate which step of the catalytic 
cycle is inhibited by the dye. We found that 
Reactive Red 120 has no significant effect on the 
steady-state level of  phosphoryla ted enzyme inter- 
mediate, even at concentrat ions of dye winch re- 
duce turnover to a few percent of  normal. This 
result shows that Reactive Red 120 does not solely 
inhibit the phosphoryla t ion step of the cycle. 
However,  because the phosphorylat Ion step is 
much faster than turnover, this result would be 
obtained if the dye slows down each step of the 
cycle by a similar degree. To investigate further 
the mode of  inhibition, the effect of large amounts  
of  Reactwe Red 120 (20-40 n m o l .  m g - a )  on en- 
zyme phosphoryla t ion and dephosphorylat lon was 
studied. Fig. 6 shows that under these conditions 
no transient is observed in the formation of  phos- 
phoenzyme and no significant turnover occurs. 
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Fig 6 Effect of Reactive Red 120 on dephosphorylatlon of EP 
To a reaction maxture contalmng 0 2 mg m1-1 leaky SR 
vesicles and 35 /xM [-/-32P]ATP was added 6 mM EGTA at 
time zero Ahquots were quenched at the designated times and 
the amount of EP was deterrmned for control SR (O), SR+40 
nmol ReacUve Red 120 per mg protein (A), SR+40 nmol 
Reacuve Red 120 per mg protein + 500 /~M ADP added with 
the EGTA ([3) The values of EP 0 (EP deterrmned prior to the 
addmon of EGTA) were 4 6 (O), 3.0 (A) and 3 5 ([3) nmol 
mg ~ Essentially the same results were obtaining at 10 nmol 
Reactive Red 120 per mg protein. Other detads are given in 

Materials and Methods 

Addition of 500 /tM ADP to the inhibited phos- 
phoenzyme resulted in a transient decrease of EP 
(formation of ATP) with a t, of 50 s. In the 

2 

absence of inhibitor, t, 2 is 5 s [32]. 

lnterslte dtstance measurements usmg F E T  

In order to obtain an estimate of the location of 
the Reactive Red site relative to the ATP catalytic 
site, we carried out FET experiments on SR 
vesicles labeled with FITC. As shown in Fig. 7, 
addition of Reactive Red 120 causes quenching of 
the fluorescence of the fluorescein chromophore. 
As observed for the effect of Reactive Red on 
Ca2+-ATPase activity (Fig. 2), the degree of 
quenching by a given concentration of Reactive 
Red 120 depended on the SR concentration. From 
fitting the data, we estimated a binding stoichiom- 
etry of 3.2 nmol per rag, which is somewhat lower 
than that obtained from the inhibition results. We 
also obtained two dissociation constants from the 
results; the high-affimty value (40 nM) is in ap- 
proximate agreement with the K, obtained from 
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Fig 7 Effect of Reactive Red 120 on the fluorescence of FITC 
SR. Labeled SR (5 nmol FITC per mg protein) was tarated 
with Reactwe Red 120 at 25°C m 50 mM Mops/80 mM 
KCI/5 mM MgCI2/1 mM EGTA (pH 7 0) Protein concentra- 
tions were 10 (A); 50 (O), and 100 ([3) #g m1-1 Additional 
expenrnental detads are given m Materials and Methods The 
hnes were generated using Eqn 5 and the fitted parameters 
For the high-affinity binding, these are hsted m Table II. The 

low-affimty &ssoclatlon constant obtained was 3 1 + 0 9 #M 

the Ca2+-ATPase activity measurements. Parallel 
experiments showed that there was no change in 
the absorption spectrum of FITC SR as Reactive 
Red 120 was added. Based on a calculated R 0 of 
56 ,~, the distance between the FITC and the 
Reactive Red sites is estimated to be 59 ,~. 

We also observed that the lntnnsic fluorescence 
of SR vesicles was partxally quenched m a satura- 
ble manner by Reactive Red 120. The ATPase 
contains 13 tryptophan residues [3], so that FET 
from them to the bound dye cannot be considered 
to be a measure of a umque distance on the 
protem. Nevertheless, since there is reason to be- 

TABLE II 

DISTANCES ESTIMATED FROM FLUORESCENCE EN- 
ERGY TRANSFER WITH REACTIVE RED 120 AS 
ACCEPTOR 

Donor  Acceptor binding R0 Efficiency R 

B Kd (A) (A) 
(nmol mg-1) (nM) 

FITC 32_+06 40_+ll 56 0.43_+003 59 
Trp 42_+1.3 200_+50 32 037_+002 35 
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lieve that most of the tryptophans are located in a 
membrane-spanning domain (see Discussion), 
estimation of an average distance has some value. 
The apparent K d we obtain (0.2 ~M) is somewhat 
higher than the ATPase inhibition and fluorescein 
moiety quenching counterparts; th~s may be re- 
lated to the heterogeneity of the donor population. 
From the quenching efficiency at saturation and 
an R o value of 32 A, we esUmate an average 
distance of 35 A. These FET results are sum- 
marized in Table II. 

Effect of Reacttve Red 120 on two-dimensional array 
formation 

Because of the possibility that Reactive Red 
120 may inhibit one or more conformation changes 
of the catalytic cycle, we tested its effect on the 
conformation change resulting in two-dimensional 
array formation [33]. When present m an amount 
which reduced Ca2+-ATPase activity to a few 
percent of control (10 nmol of dye per mg of 
protein), we observed that Reactive Red 120 &d 
not inhibit array formation reduced by vanadate 
(0.5 mM decavanadate incubated w~th 1 m g / m l  
SR [34]). At these levels, the dye itself did not 
induce the formaUon of arrays; the appearance of 
negatively stained vesicles in electron micrographs 
was indistinguishable from that of vesicles without 
Reactive Red 120 present (Scales, D., personal 
commumcatlon) 

Discussion 

This study has shown that Reactive Red 120 
binds noncovalently to SR memrbanes with high 
affinity and low stoichlometry. The mean (_+ S.D.) 
of the four measurements is 5.3 + 1.9 nmol • mg 1; 
this is not significantly different from our previ- 
ously reported estimate of ATPase content of 4.7 
nmol per mg SR protein [7]. Since the inhibition is 
noncompetitive and dye binding is not eliminated 
by FITC labehng, Reactive Red 120 brads to a 
part of the enzyme distinct from both the active 
s,te and the putative regulatory site, Just as the 
ouabaln-bindlng site of the ( N a + +  K+)-ATPase 
and the aurovertin site of the mitochondnal F 1- 
ATPase [35] have been valuable In the study of 
these enzymes, the Reactive Red 120 site provides 
the potential for further elucidation of the struc- 

ture and transport cycle of the Ca2+-ATPase. Thus, 
for example, not only does Reactive Red 120 
provide a unique site on the enzyme for FET 
experiments, but its noncompetitive inhibition may 
reveal information about the steps involved in 
active transport. 

This initial investigation as to the mode of 
Reactive Red 120's inhibition has shown that en- 
zyme phosphorylation cannot be the sole affected 
step because the dye has at most modest effects on 
steady-state levels of EP. That the dye profoundly 
Inhibits dephosphorylation of the enzyme by water 
or ADP suggests that Reactive Red 120 acts by 
stabilizing the enzyme in the Ca2EP form (ADP- 
sensitive phosphoenzyme). 

Since the SR Ca2+-ATPase can be solubilized 
to produce active monomenc enzyme [27-31], we 
studied the interaction of triazine dyes with the 
enzyme in the presence of detergent. Our results 
show that detergent solubihzation does not affect 
the binding affimty of Reactive Blue 2 to SR, 
whereas it greatly reduces the affinity of the en- 
zyme for Reactive Red 120. The result obtained 
with Reactive Blue 2 is similar to those reported 
for high-affinity ATP and calcium binding; for 
both of these llgands, detergent solubllization was 
shown to have no signficant effect [36]. That a 
dramatic decrease in affinity toward Reactive Red 
120 occurs upon solubllizatlon of the SR Ca 2+- 
ATPase lends further support to the conclusion 
that the two trlazlne dyes have separate binding 
sites. 

Previously we used Reactive Red 120 coupled 
to agarose to purify the detergent-solubihzed SR 
Ca2+-ATPase [7]. In this case it was found that 
the enzyme was eluted from the column with the 
substrate analogue, AdoPP[NH]P.  When study- 
ing the kinetic behavior of Reactive Red 120 with 
the soluble Ca2+-ATPase we found mixed non- 
competitive kinetics (data not shown) The ability 
of ATP and its analogues to antagonize the bind- 
ing of solubIhzed enzyme to Reactive Red 120 is 
completely different from the strict noncompeti- 
tive inhibition seen with the membranous enzyme. 
These results indicate that either solubilization 
dramatically affects the affinity and mode of in- 
hibition by Reactive Red 120, or that upon solu- 
bilization dye binding to the active site and non- 
competitive site has similar affinity. Because de- 



tergent micelles bind Reactive Red 120 and be -  

c a u s e  the solubilized enzyme has a much lower 
affimty for the dye, we were unable to deterrmne a 
stoichlometry of binding with the purified Ca 2÷- 
ATPase [7]. 

The structural features of Reactive Red 120 
which allow it to bind tightly to its enzyme s~te 
(while the other dyes show httle afflmty) probably 
include its larger size and its possessmn of two 
chromophore domains. While the hlgh-affimty 
binding of Reactive Red 120 may be due solely to 
its large number of hydrophobic and ionic interac- 
tions with a site on the Ca2+-ATPase, it could also 
be due to one dye bridging two neighboring 
ATPases. This mechanism would place each of the 
two chromophore moieties of Reactwe Red 120 in 
a separate dye binding site on two adjacent en- 
zymes. Such a chelating effect would produce the 
observed high-affinity blndmg, and solubilization 
(monomerlzation) would attenuate the effect. This 
intriguing possibihty is given credence by reports 
which suggest that the Ca2+ATPase exasts in the 
membrane as dimers [37,38]. The data shown in 
Table I suggest that Reactive Red 120 inhibits 
lactate dehydrogenase by such a mechanism, since 
only 0.5 mol dye per mol subunlt is necessary for 
complete inhibition. The intubition kinetics ob- 
served with Reactive Red 120 and lactate dehy- 
drogenase, i.e., nonhyperbolic (cooperative) effects 
of N A D H ,  also supports this scheme. Neverthe- 
less, ]t should be noted that for the Ca2+-ATPase 
the effect of detergent could instead be due to 
conformational alterations of the dye-binding site. 
The observed binding stoichiometry is more con- 
sistent with this interpretation. 

While our results do not perrmt pinpointing of 
the location of the Reactive Red 120 site on the 
Ca2+-ATPase, they provide some information 
about the structure of the enzyme. With the pub- 
licatlon of the complete amino-acid sequence, 
MacLennan et al. [3] postulated a model wtuch 
revolves phosphorylation and nucleotide-blnding 
domains connected by a calcium-binding stalk to 
a t ransmembrane segment. Examanation of this 
model reveals that 11 of the enzyme's 13 
tryptophan residues would be located in this 
t ransmembrane domain. Assuming the nearest of 
these residues are close to the center of a 60-,~- 
thick bilayer, our results would place the Reactwe 
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headp iece  

s ta lk  

t r a n s m e m b r a n e  

Fig 8. Structural model of the Ca2+-ATPase The volumes of 
the three cyhnders are proportional to the proposed number of 
armno-ac]d residues m the transmembrane, stalk, and nucleo- 
t]de-phosphorylatlon (headpiece) dommns [3] The height of 
each cyhnder is taken to be 40 ,~ For the transmembrane and 
stalk reedons, tins Is based on hypotheucal six-turn helices [3] 
For the headpiece tins height ~s arbitrary. The &ameters of the 
cyhnders are calculated from the molecular volumes and the 
heights. Intersite dtstances. Trp-RR (donor: tryptophan side- 
chains, acceptor, Reactive Red 120), ATP-RR (donor FITC, 
acceptor Reactwe Red 120), Ca-ATP (donor" Tb, acceptor 

FITC [39]. The cohneanty of Trp-RR-ATP is arintrary 

Red 120 site in the stalk region near the phos- 
phollptd head groups (Fig. 8). 

At a distance of about 60 A from the Reactive 
Red 120 site, the catalytic site according to our 
results would be located in a different domain, as 
is predicted by the sequence model. Placing the 
nucleotide site at some distance from the 
calcium-binding sites is also consistent with the 
results of recent FET studies mvolvlng this site 
(F]g. 8) [9,39]. Given the postulated small size 
(about 100 residues according to MacLennan et al. 
[3]) of the stalk domain, its containing both the 
calcium sites and a dye site would place them 
rather near one another. 
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