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SUMMARY 

1. Isolated F 1 contains 14.9 ~ N, indicating the presence of at least 8 ~ non- 
protein material. The Lowry method, standardized with bovine serum albumin, 
correctly measures the protein content. 

2. An extinction coefficient of 28.5 mM -1 • cm -~ at 367.5 nm was found for 
aurovertin D in ethanol. 

3. The fluorescence enhancement of aurovertin bound to F 1 at pH 7.5 was 
found to be more than 100-fold. 

4. Binding parameters calculated from the fluorescence enhancement with fixed 
F~ and variable aurovertin concentrations, and vice versa, indicate two binding sites 
per F 1 molecule. 

5. The fluorescence data are not readily interpreted on the basis of successive 
binding of aurovertin by 3-component binding reactions of the form E + A  ~ EA, but 
fit closely a model of two non-interacting sites binding aurovertin in a 4-component 
reaction, E F ÷ A  ~ E A ÷ F ,  with an equilibrium constant of about 2. 

INTRODUCTION 

It is clearly established that the ATPase (Coupling Factor 1 or F~), first 
extracted by Racker and co-workers from beef-heart mitochondria [1 ], is the terminal 
enzyme of oxidative phosphorylation, catalysing the reaction 

A D P + P  i +energy ~- A T P + H 2 0  (1) 

the energy being derived from electron-transfer reactions that also take place in the 
same membrane. Analogous enzymes, with somewhat similar subunit structure, have 
also been isolated from chloroplast (reviewed in ref. 2) and bacterial membranes 
(reviewed in ref. 3). 

The exact nature of the link between the electron-transfer reactions and the 
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ATP-synthesizing reaction is still under active investigation. According to the chemi- 
osmotic hypothesis [4], the function of the electron-transfer reactions is to provide 
protons at a high electrochemical activity on the outside of the mitochondrial mem- 
brane (inside of the chloroplast thylakoid membrane), and these protons are fed back 
through a proton channel to the Ft which is located on the inside of the mitochondrial 
membrane (outside of the thylakoid membrane) in such a way that the reaction 
illustrated in Eqn. 1 is driven to the right. Strong support for this hypothesis has been 
given by the demonstration, in several different types of experiments, that a suitable 
proton gradient can drive the synthesis of ATP, at a rate consistent with this process 
being on the main pathway of the oxidative phosphorylation reaction (reviewed in ref. 
5). It cannot be excluded, however, that a more direct link between the electron- 
transferring and ATP-synthesizing systems exists in addition to that provided by the 
translocation of protons across the membrane. This could be, for example, a proton 
channel within the membrane [6], or a direct interaction between polypeptide chains 
in the electron-transfer system with those in the ATP-synthesizing system [7, 8]. If 
this were the case, one would expect to find a stoicheiometric relationship between the 
systems [cf. 9]. If, as envisaged in the chemiosmotic hypothesis, the only link is via 
protons outside the membrane, no stoicheiometric relationship would a priori be 
expected. 

Bertina et al. [10] have reported that in both rat-heart and rat-liver mito- 
chondria the concentration of F~, measured by aurovertin binding, is equal to the 
concentration of the bcl complex, measured by antimycin binding. This conclusion 
was based on the assumption that F t contains only one aurovertin-binding site under 
the conditions used. Later work has, however, cast doubt on the validity of this 
assumption. Scatchard plots seemed clearly to show the presence of two types of 
binding sites in submitochondrial particles [11]. Chang and Penefsky [12] reported 
that beef-heart Fa combines with 2 molecules of aurovertin with equal binding con- 
stants in the presence of ATP, but only one in its absence, and Lardy et al. [13] have 
reported that rat-liver mitochondrial ATPase binds 2 molecules of aurovertin per 
molecule (360 000 daltons), and the beef-heart enzyme an average of 1.25 molecules of 
aurovertin. The lower binding of the beef-heart enzyme was ascribed to dissociation of 
this preparation into its sub-units. 

In view of the importance of establishing the stoicheiometry between F t and 
the electron-transfer chain, we have reinvestigated the binding of aurovertin to puri- 
fied beef-heart F~. Particular attention was given to the question of determining the 
concentrations of F1 and aurovertin. We now find that isolated beef-heart F1 binds 
two molecules of aurovertin, even in the absence of ATP. We present evidence that 
the binding sites are non-interacting and that binding of aurovertin leads to dissocia- 
tion of a component of F~, according to the equation E F + A  ~- EA+F.  

METHODS 

F1 was prepared according to the method of Knowles and Penefsky [14] and 
taken up in 250 mM sucrose, containing 10 mM Tris, 2 mM EDTA and 4 mM ATP 
brought to pH 7.5 with acetic acid. Samples were stored at the temperature of liquid 
nitrogen. After thawing a sample, the protein was precipitated with an equal volume 
of neutralized saturated ammonium sulphate, collected by centrifugation and dis- 



424 

solved in 250 mM sucrose, 10 mM Tris and 2 mM EDTA brought to pH 7.5 with acetic 
acid. The precipitation with ammonium sulphate was repeated 4 times. The samples of 
F~ used contained 2.0 mol ATP and 0.9-1.1 mol ADP per mol F ~ [cf. 15, 16 ]. According 
to acrylamide-gel electrophoresis both in the presence and absence of dodecyl sulphate, 
the F~ was more than 90 % pure. The concentration of F~ is given in #M, based on the 
protein concentration (see below), assuming 100 Yo purity and that a molecule of F~ 
contains 319 kilodalton protein (see Discussion). 

Aurovertin used in the experiments reported was a sample of aurovertin D 
isolated by Bertina [17]. A sample of aurovertin kindly supplied by Dr. H. S. Penefsky 
gave essentially the same results. Aurovertin solutions were freshly prepared in etha- 
nol, the concentration of which was determined spectrophotometrically, using 
A367.5 nm = 2 8 . 5 m M - ~  "cm-~ (see below). The ethanol concentration in the 
aurovertin titrations did not exceed 3%. 

Fluorescence measurements were made at 22 °C with a Perkin-Elmer MPF-2 
fluorimeter equipped with a stirring compartment, with 368 nm as excitation wave- 
length and 480 nm as emission wavelength. The band widths were 4 nm. 

Fl-bound ATP and ADP were determined as described by Harris et al. [15]. 

RESULTS 

Determination of  the concentration of F~. 
In the literature, the concentration of F~ has been usually expressed as dry 

weight of the dialysed enzyme, either measured directly [18] or indirectly from the 
protein concentration determined by refractometry [12, 18, 19], spectrophotometry 
[14, 18, 19], turbidity [14], or by the biuret [20] or Lowry [19] or modified Lowry [20, 
21 ] methods, and standardized with dry enzyme. In earlier papers from this laboratory 
[15, 22], we have used the Lowry method but, as pointed out elsewhere [16], used an 
incorrect A2ao ,m t% to standardize the serum albumin. 

Four methods of determining the concentration of F1 were compared, viz. dry 
weight, Kjeldahl N determination, biuret and Lowry. For determination of the dry 
weight, 2 ml of Ft dissolved in 250 mM [~#CJsucrose (10 #Ci), containing 10 mM 
Tris, 2 mM EDTA and 4 mM ATP, brought to pH 7.5 with acetic acid, was dialysed 
against 1 1 water, the dialysis fluid being changed twice within 24 h. No radioactivity 
( < 3 • 10- s #Ci) could be detected in the last dialysate. The F~, which was precipitat- 
ed by this procedure, was washed out of the dialysis bag, the washings freeze-dried and 
finally dried over P20~ to constant weight. The N content was determined in two 
laboratories by the Dumas procedures, one gasometric, the other gas chromato- 
graphic. Both procedures gave the identical result, namely 14.9 % N, i.e. 92 ~o (14.9 • 
100/16.2) of that expected from the N content calculated from the amino acid compo- 
sition [23]. The biuret [24] and Lowry [25] methods, standardized with bovine serum 
albumin (A279 ,m = 6.67 cm -~ for a 1 ~ solution [26]), yielded 91 and 95 ~o, respec- 
tively, of the dry weight. 

The protein content of a sample of F~ dialysed, after thawing, against 20 mM 
potassium phosphate buffer (pH 7.6), 50 mM KC1 and 0.5 mM EDTA, was deter- 
mined by the Kjeldahl (protein = 100 N/16.2), the biuret and the Lowry methods. 
The values obtained by the biuret and Lowry procedures were 102.5 and 99.5 %, 
respectively, of that obtained by the Kjeldahl. 
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It is concluded that both the biuret and the Lowry methods correctly determine 
the protein content within 3 ~o. Since the latter requires less material, it was used 
routinely. 

Determination of the concentration of aurovertin 
In previous papers from this laboratory [10, 27, 11], the concentration of 

aurovertin in stock ethanolic solutions was determined using the absorbance coeffi- 
cient A367. s nm = 42.7 mM -1 • cm -1 [28]. This value has also been used by Chang 
and Penefsky [12]. Mulheirn et al. [29] have, however, reported a considerably lower 
value, viz. Aa6ms nm = 34 .5mM-1"  cm-1, for aurovertin B, which differs from 
aurovertin D only in the replacement of a side-chain secondary alcoholic hydroxyl by 
a hydrogen atom. Bertina [17] has also reported for his purest preparation a lower 
value ( .4367.  5 nm = 29 mM -1 • cm -1) than that of Baldwin et al. [28], but we had 
ascribed this to impurities in his preparation. However, the report of Mulheirn et al. 
[29] prompted us to request Mr. C. Kruk and Mr. J. C. van Velzen of the Organic 
Chemistry Department of the University of Amsterdam to purify our preparation of 
aurovertin D further and to determine its absorbance coefficient. The value obtained, 
A a67.s n~ ---- 28.5 m M - 1 .  cm-~, was almost identical with that reported by Bertina, 
and we have used this value in this paper. 

Binding of aurovertin to F1 
Fig. 1 shows the increase of fluorescence obtained by adding increasing 
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Fig. 1. Aurover t in  t i t ra t ion curves o f  Fx. The  observed fluorescence is p lo t ted  against  the  aurover t in  
concent ra t ion  wi th  the  indicated concent ra t ions  o f  FI  dissolved in 250 m M  sucrose, l0  m M  Tris-  
acetate  buffer, 2 m M  E D T A ,  p H  7.5 a t  22 °C. T he  con t i nuous  lines represent  the  theoretical  curves o n  

the  bas is  o f  a f ou r - componen t  equi l ibr ium (see text), with K = 2.1 ; ~b and  ~t = 57.5 and  0.4 arbi t rary  
uni ts  • p M -  l, respectively; n u m b e r  o f  b inding  sites: n = 1.74. 
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amounts of aurovertin to two different concentrations of F1 dissolved in a solution 
containing 250 mM sucrose, 10 mM Tris and 2 mM EDTA brought to pH 7.5 with 
acetic acid. As previously found by Chang and Penefsky [12] and Yeates [27], the 
increase of fluorescence is biphasic in time. The fluorescence recorded in Fig. 1 is the 
maximum value reached with each concentration of aurovertin. The measured 
fluorescence, Fobs, is a function of the amount of bound and unbound aurovertin, 
according to Eqn. 2. 

Fob s = # f a f  -]- 0~ba b (2) 
where af and ~b are the fluorescence coefficients (arbitrary units •/tM-1) of free and 
bound aurovertin, respectively, and a r and a b (#M) are the concentrations of free and 
bound aurovertin, respectively. In the range of aurovertin concentrations used, no 
"inner filter" quenching of the fluorescence by the aurovertin was detectable. Eqn. 3 is 
derived from Eqn. 2: 

Fobs = (~b-- 0~f)ab -'[- 0~fa (3) 
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Fig. 2. (A)  Double-reciprocal plot o f  fluorescence against F1 concentration at the indicated concentra- 
tions of  aurovertin. Reaction conditions as described in Fig. 1. The points × represent the observed 
fluorescence after correction for non-linearity between fluorescence and protein concentrations at 
higher protein concentration (see Fig. 3). The lines are drawn by hand. (B) Fluorescence at infinite 
protein concentration (FF~ -. oo) plotted against aurovertin concentration. A value of  ~ = 57.5 
units •/(Iv[- 1 is obtained from this figure. 
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Fig. 3. Relation between fluorescence and protein concentration at constant protein/aurovertin ratio, 
to show the non-linearity between fluorescence and protein-aurovertin complex concentration at high 
protein concentrations. [Aurovertin]/[Ft] ratio, 17.3; otherwise conditions as in Figs. 1 and 2. The 
arrow indicates the highest protein concentration used in the experiment given in Fig. 2. 

where a ---- a f + a  b is the total concentration of aurovertin, from which follows that 

F°bs--Cxfa (4) 

~f, determined by measuring the fluorescence in the absence of F1 (see Fig. 1), 
was found to be 0.4 units • pM-1, under the conditions of the experiment shown. 

~b was determined by measuring the fluorescence increase at various protein 
concentrations and fixed aurovertin concentration (Fig. 2A), and plotting the inverse of 
Fob s against the inverse of the protein concentration [of. 30]. At the highest Ft concen- 
tration (3.46 #M) it was necessary to correct for quenching of the fluorescence by the 
protein (see Fig. 3). The corrected points are indicated in Fig. 2A. The points lie on 
parallel straight lines at low F1 concentration but deviate at high concentrations. 
This gives some difficulty in extrapolating to infinite F1 concentration (1/[F~ ] = 0), 
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Fig. 4. Scatchard plot for the binding of aurovertin to F1 at two different protein concentrations, 
calculated from the data of Fig. 1. 

but the points are sufficiently close to the ordinate to allow the extrapolation to be 
carried out with reasonable accuracy. The intercept on the ordinate plotted against 
the total aurovertin concentration (Fig. 2B) yields a straight line, the slope of which is 
equal to ~b, since at infinite protein concentration, all the aurovertin must be bound. 
Under the conditions of these measurements and that of Fig. 1, ~b = 57.5 units • 
#M-1.  Substituting the values for 0q and ~b in Eqn. 4, ab can be calculated for each 
value of a, and af = a--ab can then be calculated, and a Scatchard plot constructed. 
This is given in Fig. 4. 

Calculation of  parameters for binding of  aurovertin to F 1 
The Scatchard plots shown in Fig. 4 are curved, concave upwards, with inter- 

cepts on the abscissa corresponding to two binding sites per molecule of F1. The 
simplest interpretation of  the Scatchard plot would seem to be to assume two binding 
sites per molecule o f F  1 with different dissociation constants. The binding data of Fig. 1 
could be simulated assuming values of K 1 and K 2 (dissociation constants) of 0.02 and 
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Fig. 5. Plot of bound aurovertin/free aurovertin against the inverse of  bound aurovertin (see Appen- 
dix, Eqn. 8) for the binding of  aurovertin to Ft.  In the inset, the amount of  maximally bound aurover- 
tin is plotted against the protein concentration. Total number  of binding sites (n) derived from this 
figure is 1.74. 

0.8 #M, respectively, for the lower concentration of F 1, and 0.08 and 1.2 #M, respec- 
tively, from the data with the higher concentration. (These simulations are not those 
shown in Fig. 1, see below.) The simulated curve was quite sensitive to changes of K2 
(within 0.1/tM) but relatively insensitive to changes in K1. The fact that K~ and K2 are 
dependent on the concentration of F~ (as is immediately apparent by the fact that the 
two curves in Fig. 4 are not parallel) throws doubt on this simple interpretation of the 
curved Scatchard plot. Moreover, it was not found possible closely to simulate 
double-reciprocal plots shown in Fig. 2A on the basis of a simple three-component 
binding reaction of the form E + A  ~- EA even if there are two binding sites (see 
Appendix). 

As shown in the Appendix, however, the data fit a simple four-component 
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Fig. 6. Simulation of the experiment shownin  Fig. 2A on the basis of a four-component eqmliblium of  
the binding of  aurovertin to Ft.  The following constants were used: K = 2.1, gb = 57.5 units • /zM- 1 
and gr ~ 0.3 units "#M -~. The aurovertin concentrations used are indicated in the figure. The 
experimental points are those shown in Fig. 2A, but plotted on an abscissa scale of concentration of 
binding sites ( =  n[Fx]), on the basis o f n  = 1.74, as derived from Fig. 5. 

TABLE I 

PARAMETERS OF BI N D I N G  OF A U R O V E R T I N  TO ISOLATED F1 

The fluorescence data, plotted as in Fig. 1, have boen interpreted either on  the basis of three-compo- 
nent binding with 2 binding sites: E + A  ~ EA; K1 = [El [A]/[EA]; E ' + A  ~ -  E 'A;  K2 = [E'] [A]/ 
[E'A]; or four-component binding: ( E F ) 2 + A  ~--- EA • E F + F ;  E A .  E F + A  ~ -  (EA)2+F;  intrinsic 
K = [EA] [F]/iEF] [A]. n = [aurovertin-binding sites]/[Ft]. 

Preparation Bound nucleotides ATPasc FI n 3-component 4-component 
(mol/mol FI)  activity ~ M )  model model 

~ m o l / m i n  
ATP ADP per mg K~ /(2 K 

protein) (/,M) (/,M) 

1" 2.04 1.06 89 0.436 1.74 0.04 0.8 1.96 
0.872 1.74 0.08 1.2 2.08 

2 -- -- 97 0.515 1.74 0.09 1.4 1.43 
1.027 1.75 0.13 2.0 1.59 

3 1.95 0.89 87 0.565 1.78 0.03 0.4 5 

* Data given in Figs. 1-6. 
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binding reaction of the form E F + A ~  E A + F  (Eqn. 5)whichyields a straight-line plot 
of bound ligand/free ligand against 1/bound ligand, intercepting the abscissa at the 
reciprocal of the concentration of binding sites and the ordinate at minus the equilib- 
rium constant. Fig. 5 shows that the data of Fig. 1 obey the equation closely (the 
points at the beginning of the titration, where the values for free aurovertin are subject 
to large errors, have been omitted). The intercepts of the lines drawn in Fig. 5 intercept 
the abscissa at a concentration of binding sites close to double that of F,,  and the 
ordinate at K = 2.08 and 1.96, respectively. The lines in Figs. 1 and 6 are calculated 
according to the equilibrium given by Eqn. 5, assuming the values for K and the con- 
centration of binding sites found from Fig. 5. 

In Table I are assembled data for two other titrations calculated on the basis of 
both the 3-component and 4-component binding reactions. 

DISCUSSION 

Nitrogen content and molecular weight of  Fx 
The N content of F 1, 14.9 ~o, is 8 % less than that calculated from the amino 

acid composition given by Knowles and Penefsky [23], namely 16.2 % N, indicating 
the presence of about 8 Yo non-protein material in the F~. The nature of the non- 
protein material has not yet been established. Nor is it known if it is an intrinsic part of 
the protein or a contaminant. The ATP, ADP and Mg contents [16] account for only 
about 0.5 % of the dry weight. 

The Kjeldahl, Lowry and biuret methods all gave the same value for the protein 
concentration within 3 %. According to our data, the protein concentration should be 
multiplied by 16.2/14.9 = 1.09 to obtain the dry weight. This is considerably different 
from the factor used by Garrett and Penefsky [19] to convert Lowry protein to dry 
weight, namely 1/1.18 : 0.85. Thus, we differ from Garrett and Penefsky by the factor 
of 1.28 in converting Lowry protein to dry weight. 

The molecular weight of F~ has been determined by several laboratories by the 
sedimentation equilibrium method. Forrest and Edelstein [31] found 280 000 for the 
heavier component, Lambeth et al. [32] 310 000 as the weight average and Knowles 
and Penefsky [23] found 347 000. Lambeth et al. [32] found 360 000 by gel filtration. 
If the 8 % of non-protein material that we find in F1 was present in the preparations 
used for the determination of the molecular weight [31, 32, 23], these values should be 
decreased by 8 % to obtain the number of daltons of protein in one molecule, e.g. 
Knowles and Penefsky's molecular weight corresponds to a 319 kilodalton protein. 
This is close to the value of 323 kilodaltons calculated on the basis of a sub-unit com- 
position of F~, ~2f12Y2(~282 and the molecular weights of the subunits determined by 
sedimentation equilibrium or amino acid analysis [23]. 

Bindin9 of aurovertin to isolated F1 
On the basis of a protein molecular weight of 319 000 and an absorbance 

coefficient for aurovertin at 367.5 nm of 28.5 m M - 1 .  cm-i ,  our data indicate close to 
2 binding sites per FI molecule. However, the calculation of the number of binding 
sites is dependent upon the correct values for the molecular weight of Fa, the absor- 
bance coefficient ofaurovertin and the purity of the preparation. If the protein molec- 
ular weight is higher than 319 000, the number of binding sites will be correspondingly 
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higher. If an  .4367. 5 n m  ~ 34.5 mM -~ .cm -~ [29] were used instead of the .4367.5 n m  

of 28.5, the number of binding sites would be 17 ~o less. The presence of contaminating 
proteins in the F 1 preparation (probably less than 10 %) would increase the number 
of binding sites. If Lardy et al. [13] used a n  . 4 3 6 7 . 5  n m  : 42.7 ram -1 • cm -1, the 
number of binding sites of 1.25 that they obtained, and ascribed to dissociation into 
subunits, would become 1.87 if the same value for the absorbance coefficient for auro- 
vertin were used as in this paper. However, it then remains difficult to explain the two 
binding sites found with the liver enzyme, using the higher absorbance coefficient. 
Chang and Penefsky [12] also used the higher value, but this is largely compensated 
by the 28 ~o difference between the relation between dry weight and protein, referred 
to above. There is a residual 17 ~o difference between us and Chang and Penefsky [12] 
in the factor used to convert fluorescence and protein data to number of binding sites 
(ours higher). This is not sufficient to explain the discrepancy that Chang and Penefsky 
find only one binding site in the absence of ATP, whereas we find two. 

Our data fit a four-component binding reaction, in which a component of F~ 
(a sub-unit or a non-protein component) is dissociated simultaneously with binding of 
aurovertin, better than to a conventional three-component binding reaction. There is, 
however, no direct evidence for the aurovertin-induced dissociation of F from EF. In 
this sense, our interpretation of the binding data remains speculative. Both models 
yield two binding sites per F1. 

The isolated/3 sub-unit of F1 binds aurovertin in a conventional three-compo- 
nent binding reaction with one binding site per molecule [33 ]. The increase of fluores- 
cence on adding aurovertin to the 13 sub-unit is monophasic in time, compared with 
the biphasic kinetics with F~ [12, 27]. On the basis of the four-component model, the 
biphasic kinetics with intact F~ are readily understandable by a sequence EFq-A 
EF. A ~ EA+F,  where EA has a higher fluorescence yield than EFA. On the basis of 
the three-component model it could be rationalized by assuming a conformation 
change after binding of aurovertin, but then the rapid monophasic kinetics with the 
isolated fl sub-unit [33] would be rather unexpected. Yeates' [27] finding that the t½ of 
the slow fluorescence increase is independent of aurovertin concentration excludes the 
possibility that the slow phase is due to a slower combination of aurovertin to a low- 
atfmity site. 

The conclusion that isolated F~ binds two molecules instead of one of aurover- 
tin and the new absorbance coefficient of aurovertin requires an assessment of the 
determinations of the concentration of F~ in mitochondria [10] and submitochondrial 
particles [11 ] reported earlier in this laboratory on the basis ofaurovertin-binding data. 
These two factors alone introduce a correction factor of 42.7/(28.5×2)----0.75. 
However, it was also not realized in this earlier work that the extrapolation to infinite 
protein concentration of the double-reciprocal plot of fluorescence against protein 
concentration is only valid at high protein concentrations, unless K = 1. If the straight 
portions of the lines in Fig. 2, at lower protein concentrations (cf. ref. 11), are extrapo- 
lated to infinite protein concentration the quantum yield is greatly over-estimated and 
the concentration of bound aurovertin (and therefore of F 1) correspondingly under- 
estimated. Since it is difficult accurately to measure the fluorescence in the presence of 
high concentrations of particles, the measurement of aurovertin fluorescence is un- 
suitable for measuring the concentration of F~ in particulate preparations. The mea- 
surement of the concentration of F~-binding sites in particles stripped of F1 [34] and 
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the determination of 4-chloro-7-nitrobenzofurazan-binding sites [351 are more reli- 
able methods. 
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A P P E N D I X  

For a simple three-component binding of aurovertin (A) to enzyme (E), 
E + A  ~- EA, the dissociation constant: 

K - IE]EA] _ ( e -  EEA])(a - [EA]) = (e - ab)(a -- ab) 

[EA] [EA] ab 
(6) 

where e = [E]q-[EA]. 
When a >> e, little aurovertin is bound, so that a--ab ~-- a, and Eqn. 6 sim- 

plifies to ab = e a / ( K + a ) .  Neglecting, as a first approximation, the fluorescence of free 
aurovertin (~b/0ef = 128), 

Fob s - -  gb ea 
K + a  

and 

1 K 1 

Fobs ~bea ~b e 

A plot of 1/Fob s against 1/e at low protein concentration and fixed a is a straight line 
passing through the origin with slope ( K / g b a ) + l f i x  b. 

When a << e, there is little bound enzyme so that e--ab  ~-- e and Eqn. 6 
simplifies to 

ea 
a b = - -  and 

K + e  

1 K 1 

Fobs ~bea  gb a 
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Fig. 7. Double-reciprocal plot of  fluorescence (Fob,) against enzyme concentrations, at different fixed. 
aurovertin concentrations, calculated for a three-component binding reaction, E-I-A ~ EA. Fob, = 
57.5 aa where aa is concentration of bound aurovertin (/tM). e, total enzyme concentration ~M) .  
Top: K (dissociation constant) = 0.1/~M; below: K = 1.0/~M. Curves 1, 2, 3: total aurovertin con- 
centration 0.6, 1.2 and 2.17 FM, respectively. 

A p lo t  o f  1/Fob s aga ins t  1 / e a t  h igh p ro te in  concen t ra t ion  and  fixed a is a s t ra ight  line, 
wi th  s lope equal  to  K/Otbe and  in tercepts  on the o rd ina te  and  abscissa  equal  to  1/Xba 
and  - - l / K ,  respectively.  In  Fig.  7, ca lcula ted  p lo ts  are  shown cover ing the range  o f  
aurover t in  and F 1 concen t ra t ions  used in these exper iments ,  a ssuming  K = 0.1 and  1, 
respect ively.  

F o r  a f o u r - c o m p o n e n t  b ind ing  of  aurover t in  to enzyme (EF) ,  

E F  + A  ~-  E A  + F ,  the  equ i l ib r ium cons t an t  

K - [ E A ] [ F ]  _ [-EA] 2 _ a 2 since I F ]  = FEA-] (7) 
[ E F ] [ A ]  [ E F ] [ A ]  (e--ab)(a - - a b ) '  

F o r  the  special  case tha t  K : 1, 

ea otbea 1 1 1 
a b ----- - -  , Fob s = - - ,  and  --  + - -  

e + a e + a F o b  s O~ba ~b e 

A p lo t  o f  1/Fob s aga ins t  1/e is a s t ra ight  l ine wi th  s lope = 1/0t b and  in tercept  on the 
o rd ina te  equal  to 1/~b a. Thus  plots  o f  1/Fobs agains t  1/e at  different  concent ra t ions  o f  a 
will be s t ra igh t  lines para l le l  to  one another .  These  lines are  no t  very sensit ive to 
changes o f  K between 0.2 and  10 as the ca lcula ted  curves in Fig.  8 show. 

Eqn. 7 m a y  be wri t ten  K ---- ab2/(e--ab)af 
f rom which  it fol lows that :  
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Fig. 8. Double-reciprocal plot of  fluorescence (Fob,) against enzyme concentration at different fixed 
aurovertin concentrations calculated for a four-component binding reaction, EFd-A ~ -  E A + F .  
Fob, = 57.5 ab, where ab is concentration o f  bound aurovertir~ (pM). e, total enzyme concentration 
(pM). Equilibrium constant K, as indicated in the figure. Curves 1, 2, 3: total aurovertin concentration 
0.6, 1.2 and 2.17 pM, respectively. 

which does not give a linear relation in the Scatchard plot (ab/af against ab), but a 
curve cutting the abscissa at e. A linear relation is, however, obtained in the plot of 
ab/a f against 1/a b with an intercept on the abscissa equal to 1/e and on the ordinate of 
--K (slope = ICe). 

Indeed Fig. 4 shows non-linear Scatchard plots cutting the abscissa at a con- 
centration of binding sites equal to double the enzyme concentrations. In accordance 
with Eqn. 8, the plot of ab/a f against 1/a b is linear, the line cutting the abscissa at a 
value also corresponding to a concentration of binding sites equal to double the F 1 
concentration (Fig. 5). This shows that F1 contains two non-interacting identical 
binding sites behaving according to Eqn. 5, i.e. 

(EF)2+A ,-~ EA. E F + F  

EA. EF+A ~- (EA)2+F 

(If K is now the intrinsic equilibrium constant of the aurovertin-binding reaction 
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lEA" EF] = 2raf[(EF)2] - 2Kaf [(EF)2], since 
I F ]  a b 

Kaf [EA"  EF]  ( ~ b f )  2[(EF)2] 
[ ( E A ) 2 ]  - 2 [ F ]  = 

ab = [EA" EEl +2[(EA)2] 

-~ 2 Kaf (1 ÷ Kaf] [(EF)2 ] 
¢2 b a b / 

[F] = d b 

e = 2([(EF)2] + (EA- EF] + [(EA)2] ) 

2[(EF)2 ] ( 1 +  2 K a f +  (Kclfi2) 
ab \ ~b / 

= 2[(EF)2 ] (1 + g~/f) 2 

[(EF) d = 

a n d  

, d b / 

a b  ~ 

eKaf eKaf 

abO+, af i o +Kof 
a b / 

from which it follows that ab/a f : K(e/a b -  1), which is the same as Eqn. 8.) 
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