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a,fl-Bidentate CrADP abolishes the negative cooperativity of yeast mitochondrial 
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The hydrolysis of MgATP and MglTP by mitochondrial Fi-ATPase from Saccharomyces cerevisiae is 
competitively inhibited by a,/~-CrADP, a,/~,-/-CrATP and/~,3,-CrATP. The apparent K I values of the three 
complexes are in the range of the half-saturating MgATP concentration. The negative cooperativity 
(n H = 0.7) of MgATP hydrolysis is totally abolished by a,fl-CrADP (nvl = 1.0), while it is not affected by the 
CrATP. It is concluded that a,/3-CrADP binds exclusively at the regulatory site and that CrATP binds 
exclusively to the catalytic site. 

Introduction 

The stable complexes of chromium (III) with 
ATP, ADP and several other nucleotides, first 
synthesized in Cleland's laboratory [1], have been 
used by a number of investigators (for references, 
see Refs. 2 and 3) either as inhibitors to elucidate 
kinetic mechanisms or as substrates to clarify the 
stereochemistry of enzymatic reactions. In the 
latter case use is made of the facts that these 
complexes exist as coordination isomers (mono-, 
bi- or tridentate) and as screw sense isomers (e.g., 
the tridentate a, fl,,c-CrATP forms four isomers A 
and A, each as endo and exo), and that the pure 
diastereomers can be separated (for nomenclature 
and definitions, see Refs. 2 and 3). 

These types of investigation were also per- 
formed with isolated H+-ATPases  from bovine 
heart mitochondria [4-6], rat liver mitochondria 
[4] and spinach chloroplasts [7] and with sub- 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; Mes, 4-morpholineethanesulfonic acid; CD, cir- 
cular dichroism. 

mitochondrial particles from bovine heart [6]. As 
far as the chromium complexes were applied as 
substrates [5-7] the results are not really conclu- 
sive and are partially controversial. As kinetic 
effectors, different isomers of CrATP * and CrADP 
were found to be all competitive inhibitors when 
MgATP was the substrate [4,6,7] and to be non- 
competitive inhibitors with MglTP as the substrate 
[4,6]. In all cases, the negative cooperativity of 
MgATP [8-10] was not affected by these inhibi- 
tots I4,6]. In contrast, we demonstrate here that 
a, f l-CrADP abolishes the negative cooperativity of 
F~-ATPase from yeast mitochondria, while fl, y- 
and a, fl,~,-CrATP do not. In addition, these three 
complexes are competitive inhibitors with respect 
to both MgATP and MglTP [11]. Finally, the 
effects of the diastereomeric A- and A-CrADP, 
separated by a new HPLC technique, are de- 
scribed. 

* In these octahedral chromium complexes only those ligands 
are specified that are not water; a,#,y indicate the coordi- 
nated phosphate oxygens. If not indicated by A or A the 
complexes were used as their mixtures of diastereomers (see 
Refs. 2 and 3). 

0005-2728/85/$03.30 © 1985 Elsevier Science Publishers B.V. 
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Materials and Methods 

All chemicals used were p.a. grade and 
purchased from E. Merck, Darmstadt. Pyruvate 
kinase, lactate dehydrogenase (both in 50% 
glycerol), ATP, ADP, ITP, NADH and phos- 
phoenolpyruvate were bought from Boehringer 
GmbH,  Mannheim. 

Yeast mitochondrial F1-ATPase with a specific 
activity of 160 U / m g  at pH 7.0 (about 190 U / m g  
at pH 8.0) was prepared from Saccharomyces 
cerevisiae by chloroform extraction as described 
elsewhere [10]. The enzyme was stored as an am- 
monium sulfate suspension and prior to use di- 
luted with a 1 : 1 glycerol/water mixture contain- 
ing 0.25 M sorbit, 50 mM Tris-HC1, 50 mM NaCI 
and 2 mM EDTA adjusted to pH 8.0. To remove 
the ammonium sulfate, 1 ml was centrifuged 
through a 5 ml syringe with Sephadex G-25 equi- 
librated with the same buffer. Bidentate /3, 7- 
CrATP *, tridentate ~x,/3,7-CrATP and bidentate 
c~,/3-CrADP were prepared by the heating proce- 
dure described in Ref. 1. However, the purification 
by Dowex 50X2 chromatography was modified: 
since the ion-exchange resin catalyses the conver- 
sion of bidentate to tridentate CrATP, only small 
amounts of the reaction mixture were absorbed, 
and the/3,7-CrATP was eluted as soon as possible 
with 0.1 M sodium acetate (pH 4.75). After leaving 
the reaction mixture on the resin for 2 days, pure 
m/3-7-CrATP was obtained. When a,/3-CrADP was 
used as a mixture of diastereomers it was also 
eluted with 0.1 M sodium acetate (pH 4.75). In all 
cases, the fractions were immediately adjusted to 
pH 3 to prevent decomposition and polymerisa- 
tion [2]. 

To separate the two diastereomers of a,/3- 
CrADP the material was ehited from a Dowex 
50X2 resin with 1 M HC104. The fractions were 
adjusted to pH 3.0 with solid KHCO_~, and the 
KCIO 4 was filtered off. Separation was performed 
by HPLC on a C18 reverse-phase column using as 
elutant 0.05 M sodium phosphate (pH 5.0). From 
CD spectra the A-isomer eluted first, followed by 
the A-isomer. The fractions from a series of runs 
were immediately adjusted to pH 2.5, adsorbed on 
small Dowex 50X2 columns, eluted with 0.1 M 

* See footnote  on p. 35. 

sodium acetate (pH 4,75), and adjusted to pH 3. 
Under these conditions both isomers are stable for 
several months. (During the preparation of this 
manuscript a similar method was published [12], 
using ethanesulfonic acid instead of phosphate.) 
Co(NH3)4ATP and Co(NH3)nADP were pre- 
pared according to Ref. 13 and purified on Dowex 
50X2 with 0.1 M sodium acetate (pH 5.2) or 0.1 M 
Mes (pH 6.0), respectively. 

All kinetic measurements were performed spec- 
trophotometrically at 25°C. The final volume of 
the cuvette (2.02 ml) was made up of 0.2 M Hepes, 
adjusted to pH 7.0 with KOH, 4 mM phos- 
phoenolpyruvate, 0.5 mM NADH, 50 > g / m l  
pyruvate kinase, 50 ~ g / m l  lactate dehydrogenase 
and the appropriate concentrations of MgC12, ATP 
or ITP. Using a dissociation constant of 0.13 mM 
at pH 7.0 for both magnesium complexes [14], the 
total amounts of Mg 2+ and ATP or ITP were 
adjusted to yield the desired concentrations of the 
substrates (i.e., MgATP or MglTP) and 1.0 mM 
free Mg 2+. For inhibition studies the appropriate 
concentrations of the chromium complexes were 
added. The reaction was started with 20 ~1 of the 
ATPase solution described above. At the con- 
centrations used the chromium complexes had no 
effect on the coupled assay system. Decomposition 
at pH 7 was negligible during the period of mea- 
surement. 

Initial velocities v were determined at a con- 
stant concentration of inhibitor [I], the substrate 
concentration [SI being varied from 15 ~M to 5 
mM MgATP or 50 t*M to 2 mM MglTP. Data was 
analysed using the Hill equation according to the 
method of Wieker et al. [15] evaluating the maxi- 
mal velocity Vmax, the interaction coefficient n H 
and the substrate concentration [S]o.5 giving 
½ Vmax. In a second series of experiments, v was 
determined at constant IS] and variable [I]. From 
these data, fractional inhibitions 71 = ( v 0 -  v)/vo 
were calculated, and n H, the maximal inhibition 
~m~x and the inhibitor concentration [I]0.s giving 
½Oma~ were determined as above. In some cases 
these measurements were also analysed by use of 
the Dixon plot [16], i.e., 1/v against [I1. Nonlinear 
relationships are presented by spline approxima- 
tions, i.e., a piecewise least-squares fit of cubic 
polynomials using subroutine VB05B of the 
Harwell subroutine library. 



R e s u l t s  

The three chromium complexes investigated here 
are strong inhibitors of the hydrolysis of MgATP 
or MgITP by the F]-ATPase from yeast mitochon- 
dria. The analysis of initial velocities v measured 
at constant [I] (four or five concentrations) and 
variable [MgATP] or [MgITP] clearly revealed that 
the inhibitors had no effect on the maximal veloc- 
ity (i.e., Vmax), but decreased the affinity of the 
enzyme for both substrates, i.e., [S]0.5 increased. In 
Fig. 1, 1 /Vmax  is plotted versus [I], and it can be 
seen that in each series the data vary less than 
+ 8% around their mean (differences between the 
series are due to different enzyme preparations). 
Fig. 2 demonstrates the striking effects of these 
inhibitors on [MgATP]05 (a comparable plot was 
obtained for [MgITP]0.5). Regardless of their ef- 
fects on n a (see below) and the mechanism in- 
volved, the three chromium complexes are classi- 
fied as competitive inhibitors with respect to 
MgATP and MglTP. A similar conclusion was 
reached using the Dixon plot (data not shown). 

The hydrolysis of MgATP is characterised by 
negative cooperativity quantified by an interaction 
coefficient of nrt -- 0.7. As can be seen from Fig. 3, 
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Fig. 1. Reciprocal max imum velocities 1/Vmax as a function 
of  [I]. Vmax was determined f rom v vs. [MgATP] (open sym- 
bols) or  v vs. IMgITP] (closed symbols). The inhibitors were 
a , f l -CrADP ( O ,  *),  a,fl,  y-CrATP 02, I )  and fl, y-CrATP ( ~ ,  
, ) ,  respectively. 

37 

o 

~ 8 

~ 6 

>_. 

2 

-0.2 
i t i t t 

0.2 0.6 1.0 

[Inhibitor] (mM) 

Fig. 2. Linear least-squares fits of [MgATP]o.5/Vmax as a 
function of [I]. The intercepts on the abscissa give - Kl, the 
apparent inhibition constants. Symbols as in Fig. 1. 

fl, 7- and a, fl,7-CrATP have no effect on n ~, while 
a,fl-CrADP at concentrations of at least 0.3 mM 
totally abolishes the negative cooperativity of 
MgATP yielding an nH = 1.0. This surprising ef- 
fect is further demonstrated in Fig. 4. In contrast, 
the hydrolysis of MgITP is non-cooperative (n a = 
1.0) and the three inhibitors exert only a slight 
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Fig. 3. Interaction coefficient n H as a function of  [I]. nH w a s  

determined f rom v vs. [S]. Symbols as in Fig. 1. 
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Fig. 4. Double-reciprocal plot of 1/v vs. 1/[MgATP].  Initial velocities were measured in the absence (zx) and presence (O)  of 0.54 mM 
a,#-CrADP.  The straight line ( O  O)  is a linear least-squares fit of all data, the dashed lines are least-squares fits of the six 
lowest and the six highest 1/[S]  values, respectively, and the full line (zx zx) is a spline fit of all data. The dotted area in (A) is 
magnified in (B). 

effect on the interaction coefficient reaching a 
maximal value of n H ~< 1.16. 

Using MgATP as the substrate, the apparent 
inhibition constant (KI) for each inhibitor was 
determined by linear least-squares fits of [S]0.5/ 

Vmax vs. [I] as shown in Fig. 2. (Since the de- 
termination of [S]o.5 is affected by the error of 
Vmax we recommend a fit of [S]o 5 /Vmax leading 
to the same K~, however, with greater accuracy.) 
The resulting Kj values are given in Table I to- 

TABLE I 

A P P A R E N T  I N H I B I T O R  C O N S T A N T S  K l OF YEAST M I T O C H O N D R I A L  F1-ATPase 

The g I values  (4- S.D.) are determined by linear least-squares fits of [MgATP]o.5 / Vmax vs. [I] (Fig. 2) or [I]o.5 vs. [MglTP] (Fig. 5), 
respectively. 

Inhibitor Substrate 

KI (mM)  K s a ( m M )  

MgATP MgITP MgATP MglTP 

fl, y-CrATP 0.17 4- 0.003 0.27 4- 0.027 - - 
a, fl, -pCrATP 0.15 4- 0.005 0.18 + 0.014 - - 
a,fl-CrATP 0.17 4- 0.013 0.07 4- 0.003 - - 
None  - 0.17 4- 0.003 0.48 5:0.007 

a The apparent substrate constants K s are the mean values of several [MgATP]0.5 or [MglTP]o 5, respectively, obtained in the absence 
of inhibitors. 



gether with the apparent K s value, the mean of the 
[S]05 obtained in the absence of inhibitors. It is 
obvious that the affinity of F1-ATPase to the three 
chromium complexes is quite the same as to 
MgATP. 

Using MglTP as the substrate, initial velocities 
were also determined at constant [MglTP] and 
variable [I]. From these data fractional inhibitions 
~/ were calculated (see Methods) and analysed as 
functions of [I]. From this, values for nrt, [I]0. 5 and 
,/max were determined [15]. In Fig. 5 the resulting 
[110.5 are plotted vs. [MglTP], and from a linear 
least-squares fit the apparent K~ values obtained 
(Table I). From studies using CrATP values for n H 
between 0.93 and 1.13 were obtained, the Dixon 
plots being linear. Using a, fl-CrADP, the Dixon 
plots were concave upward (Fig. 6), and the n rt 
increased with [MglTP] up to n H = 1.5 at [MglTP] 
>/0.5 mM. These latter findings point to a positive 
cooperativity between a,fl-CrADP and MglTP. 

In additional experiments it was evident that 
the two diastereomers of a,fl-CrADP exert similar 
effects. The Dixon plots (not shown) obtained 
with the isolated A- and A-isomers at four con- 
stant [MgATP] revealed that the K l values differ 
only by a factor of 2, the A-CrADP being slightly 
more effective than the A-CrADP. Both isomers 
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Fig. 5. Linear least-squares fits of [I]o.s as a function of 
[MglTP]. The [l]o.s were determined from ~ vs. [I]. The value 
on the abscissa, i,e., [MglTP] = - K s (see Table I), is part of 
each data set. The intercepts on the ordinate give K v Symbols 
as in Fig. 1. 
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Fig. 6. Dixon-plot 1/v vs. [a,fl-CrADP]. Measurements  were 
performed in the presence of 0.2 m M  (12) and 0.5 m M  (O)  
MglTP. The full lines are spline fits of all data, the dashed lines 
are least-squares fits of  the highest [I] values. 

abolish the negative cooperativity" of MgATP. With 
MglTP as substrate, the same ratio of K~ was 
found. 

In addition to these experiments Co(NH3) 4- 
ADP and Co(NH3)4ATP were also investigated; 
neither complex had any effect on the hydrolysis 
of MgATP and MglTP. 

Discussion 

In previous investigations on the structure and 
subunit composition, on the catalytic process and 
on the regulatory properties of F:ATPases from 
different sources, no significant differences were 
found. However, the effects of the chromium 
nucleotide complexes on yeast mitochondrial F :  
ATPase are significantly different from their ef- 
fects on other Fl-ATPases [4,6] (see Introduction). 
The present results, in particular the influence on 
the negative cooperativity of MgATP hydrolysis, 
suggest that the yeast enzyme has a greater bind- 
ing specificity than other F:ATPases. Since the 
overall processes are very similar, these differences 
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in the details of function and regulation are acces- 
sible only from kinetic studies. Therefore, a mech- 
anistic interpretation of our results and the char- 
acterization of binding sites have to be based on 
kinetic considerations. 

The kinetic investigations of F1-ATPases from 
different sources clearly revealed at least two dif- 
ferent types of nucleotide binding site, the cata- 
lytic sites (C-sites) allosterically interacting with 
the regulatory sites (R-sites) [17,18] (for references, 
see also Ref. 19). Recently, a mechanism for yeast 
mitochondrial F~-ATPase was proposed by our 
group [17] which accounts for the negative cooper- 
ativity of ATP hydrolysis as well as for the allos- 
teric effects of different anions: the enzyme with 
its a3/333,~e subunit structure contains three nonin- 
teracting protomers, each possessing one C-site 
allosterically interacting with one R-site. MgATP 
is bound at the C-site and the R-site, both being in 
a high-affinity state; binding of MgATP or some 
anions [17] at the R-site switches the C-site to its 
low-affinity state, which consequently leads to 
negative cooperativity. In contrast, MgITP binds 
only at the C-site and consequently exhibits no 
cooperative effects. As a consequence of micro- 
scopic reversibility, binding of substrates at the 
C-site has to switch the R-site from a high-affinity 
to a low-affinity state. 

The experimental results can be compared with 
the predictions based on this mechanism for the 
three possibilities of inhibitor binding: (1) the 
inhibitor is exclusively bound at the C-site; (2) the 
inhibitor is exclusively bound at the R-site; (3) the 
inhibitor is bound at both the C- and the R-site. 

Case (1). If the inhibitor is exclusively bound at 
the C-site it competes directly with the substrate, 
and a competitive type of inhibition will result. 
Although the inhibitor induces the low-affinity 
state of the R-site, MgATP is the only ligand 
bound at the R-site and regulating the binding of 
substrate at the C-site. Therefore the negative co- 
operativity of MgATP will not be affected by the 
inhibitor. These predictions are in contrast to the 
results obtained with a,fl-CrADP (Fig. 3), but they 
fit exactly the results with fl,3,-CrATP and a,fl,3,- 
CrATP. 

Case (2). If the inhibitor is exclusively bound at 
the R-site, it competes with MgATP and inhibits 
the binding of both substrates at the C-site by 

inducing the low-affinity state. Since only binding 
and not the catalytic process is altered, a competi- 
tive type of inhibition will be observed with 
MgATP and MgITP. Regardless of whether the 
inhibitor or MgATP is bound at the R-site, the 
C-site will be in its low-affinity state. Therefore, at 
sufficiently high [I] the negative cooperativity of e 
vs. [MgATP] will be abolished. If the inhibition is 
measured at constant [S] as a function of [I], the 
R-site will be in its low-affinity state due to the 
substrate bound at the C-site. In the case of MgITP, 
the inhibitor will displace the substrate by induc~ 
tion of the low-affinity state of the C-site, and the 
resulting dissociation of MgITP leads to the high- 
affinity state of the R-site. However, with MgATP 
both substrate and inhibitor compete for the R-site 
and the affinity of the C-site will not change. 
Therefore, the inhibition measured at constant [S] 
as a function of [I] will exhibit positive cooperativ- 
ity with respect to MgITP as the substrate and be 
noncooperative with MgATP. These predictions 
are in contrast to the results obtained with /3,3,- 
CrATP and a,fl,3,-CrATP. However, they fit ex- 
actly the results obtained with a,fl-CrADP: in case 
of MgITP being the substrate n H -- 1.5 is evaluated 
from T/vs. [I] and 1 /v  vs. [I] is found to be concave 
upward (Fig. 6). When MgATP is the substrate an 
n H = 1 is obtained from v vs. [MgATP] (Fig. 3) 
and 1/v vs. [I] is found to be linear. 

Case (3). If the inhibitor is bound at both sites, 
competitive inhibition will be observed and the 
negative cooperativity will be abolished for the 
reasons outlined above. However, the competition 
of MgITP and the inhibitor at the C-site will 
prevent any cooperativity of ~ vs. [I]. These predic- 
tions do not fit the results obtained with either 
fl,3,-CrATP and a, fl,3,-CrATP nor those obtained 
with a,fl-CrADP. 

In summary, the considerations lead to the con- 
clusion that fl,~,-CrATP and a, fl,3,-CrATP are ex- 
clusively bound at the C-site and that a,fl-CrADP 
is exclusively bound at the R-site. This latter find- 
ing is surprising, since ADP is a substrate of ATP 
synthesis and would therefore be expected to bind 
at the C-site. Possibly, binding of ADP necessi- 
tates the presence of phosphate, but since phos- 
phate also inhibits the enzyme, it cannot be de- 
termined whether it induces an additional binding 
of a,fl-CrADP at the C-site. Conversely, the 'hys- 



teretic inhibition'  by ADP,  described for F 1- 
ATPase from pig-heart mitochondria  [19], demon- 
strates a highly selective regulatory function of  the 
A D P  moiety, which correlates with our interpreta- 
tion. Unfortunately,  the instability of the chro- 
mium complexes do not permit the long-time in- 
cubations necessary to study whether a, f l -CrADP 
exhibits ' hysteric inhibition'.  

Al though the binding sites are highly selective 
for either CrATP or CrADP,  there is no significant 
selectivity for the sterical arrangement of  the chro- 
mium complexes: the C-site has the same affinity 
for f l , ' r -CrATP with its monocyclic  coordinat ion 
at the metal ion as for a, fl ,) ,-CrATP which has a 
bicyclic coordination. The affinity of the R-site for 
A- and A-CrADP differs only by a factor of 2, 
much lower than expected for selectivity. How- 
ever, the metal nucleotide complexes are not bound 
at any site, if the metal-coordinated water is re- 
placed by ammonia,  i.e., neither Co(NH3)  4 ATP 
nor  C o ( N H 3 ) 4 A D P  is an inhibitor of yeast 
mitochondrial  F~-ATPase. A possible explanation 
may be that the metal ion is bound  to an enzyme 
residue via a hydrogen bond  of the coordinated 
water, which is much more acidic than the am- 
monia  [2]. However,  the opposite explanation may 
also hold, i.e., the binding process requires the 
replacement of water by an enzyme residue, which 
cannot  occur in the case of the unexchangeable 
ammonia.  
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