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A monoclonal antibody has been produced to an antigenic site on human cytochrome c which includes amino 
acid number 58 (isoleucine). This area is on the bottom back of the cytochrome, removed from the postulated 
binding/react ion sites for oxidase and reductase, but in the area of the molecule where an appreciable 
change in conformation is seen on oxidation-reduction. In spectrophotometric assays, where binding of 
cytochrome c to the oxidase or reductase is rate-limiting, the antibody gave stimulation of the reductase 
reaction under some conditions, where the oxidase reaction was inhibited. Also variation of the pH of the 
reaction medium resulted in differential effects on the oxidase and reductase reactions. Different effects of 
the antibody were seen when the oxidase was assayed polarographically, as compared to the spectrophotomet- 
ric measurements. The data show that the binding/react ion sites on cytochrome c for the oxidase and 
reductase must be different. They suggest that binding of antibody may affect conformational changes in the 
whole molecule, distorting the binding/react ion sites. Conformational changes may be involved as a control 
mechanism in cytochrome c-mediated electron-transfer reactions. 

Introduct ion  

We have prepared several monoclonal antibod- 
ies to human and bovine cytochromes c, using 
methodology described previously [1]. Most of 
these antibodies showed considerable cross-reac- 
tivity (by ELISA methodology) with cytochromes 
c from other eukaryotic species, as expected, since 
the tertiary structure of all mammalian cytochro- 
mes c that have been determined are very similar. 
However, one of the antibodies made to human 

* To whom correspondence should be sent. 
Abbreviations: ELISA, enzyme-linked immunosorbent assay; 
TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine dihy- 
drochloride. 

cytochrome c did not cross-react strongly with any 
of 20 different species of cytochrome c, including 
that from Macacca mulatta. Since the monkey 
cytochrome ¢ differs from the human pigment 
only in replacement of isoleucine-58 by threonine, 
the antibody must bind in the area around iso- 
leucine-58, which is at the bot tom back of horse 
and tuna cytochromes c when looking into the 
heme crevice as the front of the molecule [2]. 
Recent work has indicated that it is in this part of 
the molecule where an appreciable change in con- 
formation is seen on oxidation and reduction of 
horse cytochrome c [2-4]. However, the postulated 
b inding/ reac t ion  sites for the oxidase and re- 
ductase are on the front at the top of the heme 
crevice [5]. 
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We tested the effect of this antibody on the 
oxidation and reduction of human cytochrome c 
by the cytochrome c oxidase and the NADH 
cytochrome c reductase of bovine heart mito- 
chondrial membranes. We saw no complete block- 
ing of the reactions as we have found when an 
antibody completely occludes the b ind ing /  
reaction site [6,7]. Spectrophotometric assays were 
made, where binding of cytochrome c to the en- 
zymes is rate-limiting [8,9]. Here some antibody- 
to-cytochrome c ratios resulted in stimulation of 
the reductase, but resulted in inhibition of the 
oxidase reaction. Also variations in pH had differ- 
ent effects on the rates of the oxidase and re- 
ductase reactions. In polarographic assays of the 
oxidase (where a cytochrome oxidase-cytochrome 
c complex turns over repeatedly), addition of anti- 
body gave stimulation with ratios that were inhibi- 
tory in the spectrophotometric measurements. 

The data suggest that binding of the antibody 
to the area around isoleucine-58 in human cyto- 
chrome c, possibly by preventing a conformational 
change (or interconversion of two forms), affects 
the binding/react ion of cytochrome c at the reac- 
tion sites, decreasing the binding at the reductase, 
while increasing that at the oxidase site. The bind- 
ing/react ion sites on cytochrome c for the oxidase 
and reductase are not identical. 

Cytochromes c 
The different cytochromes c were obtained from 

the following sources: those from horse, cattle, 
chicken, pig, sheep, pigeon, rabbit, rat, tuna, dog 
heart and yeast were purchased from Sigma Chem- 
ical Co.; Dr. M. Reichlin kindly supplied cyto- 
chrome c from Macacca mulatta and cytochromes 
from fly, guanaco, tobacco moth, snapping turtle, 
Samia cynthia, Pacific lamprey and Pekin duck 
were gifts from Dr. E. Margoliash and had been 
stored in the frozen state for several years. We 
prepared cytochromes from bovine and human 
heart and from Paracoccus denitrificans by the 
methods of Margoliash and Walasek [10] and 
Scholes et al. [11], respectively, followed by iso- 
electric focusing [12]. 

The concentrations of bovine and human cyto- 
chrome c were assessed spectrophotometrically, 
using A550 = 27.6 mM 1. 

Cytochrome c oxidase and reductase 
The source of oxidase and reductase was phos- 

phate-washed submitochondrial particles [13], 
kindly furnished by Dr. B. Trumpower. These 
were treated with deoxycholate to expose reaction 
sites maximally (1 mg deoxycholate per mg protein 
added to a concentrated suspension, as described 
in Ref. 14). 

Methods 

Preparation and characterization of antibodies 
Monoclonal antibodies to bovine and human 

cytochromes c were prepared following our previ- 
ously described method. Some preparations were 
used as the total IgG pool; others were those 
isolated on Affigel columns, as with other antibod- 
ies to c-type cytochromes [1]. 

Cross-reactivity of the antibodies with cyto- 
chromes c from numerous species was tested with 
ELISA methodology [1]. 

The affinity constant for binding of the anti- 
body (F16-464.1) to human cytochrome c was 
measured using a fluorescence quenching method 
described previously [1]. The cytochrome e was 
reduced with Na2S204 or oxidized with K3Fe 
(CN)~, and chromatographed on a G-25 sephadex 
column. 

Enzymatic assays 
Cytochrome c oxidase and NADH cytochrome 

c reductase activities were followed spectrophoto- 
metrically with deoxycholate-treated bovine sub- 
mitochondrial particles and human cytochrome c, 
using methods we have described previously [9,15]. 
The kinetics were followed at 550-540 nm using a 
turbine-driven, time-sharing multichannel spectro- 
photometer built by the Johnson foundation, 
School of Medicine, University of Pennsylvania, 
Philadelphia, PA. The activities are expressed as 
the first-order rate constants [9,15]. Except when 
testing the effects of pH variation, the assays were 
run in 0.05 M Tris-maleate buffer (pH 7.67) to 
eliminate any effects which might result from vari- 
ations of pH or ionic strength. The reductase 
reactions were followed at concentrations of cyto- 
chrome c where the reaction was first order in 
ferri-cytochrome c [9]. Under the conditions used, 



the binding of cytochrome c appears to be rate 
limiting in assays of both oxidase and reductase 
[8,9]. When the effect of antibody was tested, it 
was added to the cytochrome c in buffer in the 
cuvette before addition of the submitochondrial 
particles. 

The oxidase activity was also assayed polaro- 
graphically in the same buffer, 0.05 M Tris-maleate 
buffer (pH 7.67) in the presence of 0.75mM T M P D  
and 10 mM ascorbate, as described previously 
[16]. 

Results 

Reaction of the antibodies with different cytochromes 
c 

Table I summarizes observations on the reac- 
tions of a number  of monoclonal antibodies gener- 
ated by bovine and human cytochromes c with 
cytochromes c from many eukaryotic species, as 
evidenced by ELISA methodology. Several of the 
antibodies could bind to most of the cytochromes; 
others showed cross-reactivity with a few, while 
one made to human cytochrome c (F16-464.1) 
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could bind strongly only to this cytochrome. It 
also showed a weak affinity toward tuna cyto- 
chrome c. Thus this antibody is unusual among 
this group in its specificity. Since cytochrome c 
from Macacca mulatta differs from the human 
pigment only at amino acid number 58 (where 
isoleucine is replaced by threonine), and since this 
antibody (F16-464.1) does not bind to Macacca 
mulatta cytochrome c, the binding site of the 
antibody must be in the area of this amino acid. In 
tuna cytochrome c, amino' acid 58 is valine, which 
is more similar to isoleucine than is threonine. 

Binding of antibody to oxidized and reduced cy- 
tochrome c 

Fig. 1 plots data from an experiment testing the 
binding of antibody F16-464.1 to both oxidized 
and reduced forms of human cytochrome c, using 
the fluorescence quenching methodology. To cor- 
rect for dilution and attenuation of the fluores- 
cence signal, a normal rabbit IgG was used in 
control titrations. The plots with the two forms of 
cytochrome c run in 0.05 M Tris-maleate buffer 
(pH 7.0) appear to be superimposable. The K~ 
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Fig. 1. Fluorescence quenching curves for F16-464.1 monoclonal IgG 1 purified antibody with oxidized (A) and reduced (B) human 
cytochrome c. The excitation wavelength was 295 nm and emission wavelength was 345 nm. Initial antibody site concentration, 
1.14.10 -6 M; initial cytochrome c concentration, 6.10 -5 M; buffer 0.05 M Tris-maleate (pH 7.0) with 2 mM EDTA. Fluorescence 
in arbitrary units. 
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values ca lcula ted  f rom these p lo ts  using the com- 
pu te r  p rog ram descr ibed  in Ref. 1 were 1.04- 106 
for the oxid ized  form and  1 . 4 9 . 1 0  6 for the re- 
duced  form. Thus,  there  appea r s  to be l i t t le  or  no 
di f ference in the b ind ing  aff ini ty  to the two forms. 
Similarly,  Reichl in  et al. [17] observed  only a small  
d i f ference in the b ind ing  of  horse cy tochrome c in 
oxid ized  and reduced  forms to po lyc lona l  anti-  
b o d y  made  in rabb i t  to horse cy tochrome  c with 
the complemen t  f ixat ion technique.  Smi th  et al. 
[7], however,  found  no di f ference in b ind ing  of  the 
two forms of  horse  cy tochrome  c to an t ihorse  
an t ibod ies  in goat  ant iserum,  measured  by  fluores- 
cence quenching  assays. 

Spectrophotometric assays 
When  the oxidase  and reductase  were assayed 

under  the same cond i t ions  in the presence of  in- 
creasing a n t i b o d y - t o - c y t o c h r o m e  c ratios,  there  
was no comple te  blocking,  but  the f i rs t -order  rate  
cons tan t s  of  bo th  oxidase  and reductase  react ions  
were affected (Fig.  2). In  this exper iment  specific 
a n t i b o d y  was used. M o l a r  ra t ios  of a n t i b o d y  to 
cy tochrome  c up to a round  0.125 (0.25 a n t i b o d y  
s i t e s / c y t o c h r o m e  c *) gave apprec iab le  s t imula-  
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Fig. 2. Effect of antibody to human cytochrome c on the 
oxidase and reductase activity measured spectrophotometri- 
cally. The assays were run in 2,8 ml 0.05 M Tris-maleate buffer 
(pH 7.67)+2 mM EDTA with 0.0533 mg submitochondrial- 
particle protein and 0.46 #M cytochrome c. For the reductase 
assays 0.36 mM NADH and 1 mM KCN were used. Antibody 
was a purified sample of F16-464.1. 

* The antibodies are divalent. 
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Fig. 3. Effect of pH on the oxidase (A) and reductase (B) 
activities measured spectrophotometrically in the presence of 
antibody. The assays were run in 0.05 M Tris-maleate of 
varying pH with 0.0533 mg of submitochondrial-particle pro- 
tein and 0.46 #M cytochrome c at an antibody concentration 
of 0.46 #M. In the reductase assays, 0.36 mM NADH and 1 
mM KCN were added. 

t ion of  the reductase  react ion,  while inhib i t ing  the 
oxidase  reaction.  At  a ra t io  of  abou t  one a n t i b o d y  
site per  cy tochrome c, 34% of  the oxidase  act ivi ty  
remained,  but  75% of  the reductase  act ivi ty  was 
still  present .  A t  all ra t ios  tested there was inhibi-  
t ion of  the oxidase,  but  there was s t imula t ion  of 
the reductase  at  low ratios,  then inhib i t ion  at 
h igher  ratios.  

A t  a fixed ra t io  of  2 a n t i b o d y  sites per  cyto-  
ch rome c, bo th  oxidase  and reductase  are in- 
h ibi ted.  The  extent  of  inh ib i t ion  of  the oxidase  



252 

TABLE II 

EFFECT OF ANTIBODY TO H U M A N  C Y T O C H R O M E  c 
ON THE ACTIVITY OF C Y T O C H R O M E  c OXIDASE AS- 
SAYED P O L A R O G R A P H I C A L L Y  

A deoxycholate-treated submitochondrial-particle preparation 
containing 1.2 mg protein was assayed in the presence of 0.75 
mM T M P D  plus 10 mM ascorbate in 0.05 mM  Tris-maleate 
buffer (pH 7.60) containing 2 mM EDTA. Ant ihuman cyto- 
chrome c (F16-464.1) antibody from I),(3 pool was added in 
two aliquots. 

Additions 0 2 uptake 
( # M . s  i) 

T M P D  + ascorbate 0.08 
+ Submitochondrial particles with 

deoxycholate 0.12 
+ Human  cytochrome c (0.7 #M) 0.33 
+ Antibody 0.23 A b / C y t  c 0.43 
+ Antibody 0.46 A b / C y t  c 0.33 

reaction by antibody decreases with increasing pH 
between 6 and 8, while the inhibitory effect on the 
reductase increases over this pH range. Actually 
the effect on the reductase reaction is to decrease 
the rate constant at all pH values, but to a greater 
extent at p H  7.67 (Fig. 3A). In contrast, the effect 
on the oxidase is to decrease the activity at all pH 
values to a low similar value (Fig. 3B). 

Polarographic assays 
Oxidase activity was tested polarographically 

with the same buffer, oxidase preparation, human 
cytochrome c and antibody (F16-464.1) used in 
the spectrophotometric assays depicted in Fig. 2. 
In contrast with the observations made spectro- 
photometrically, a ratio of 0.46 antibody sites per 
cytochrome c gave stimulation of the reaction 
measured with the 02 electrode (Table II). Finally, 
increase of the ratio to 0.92 sites per cytochrome c 
resulted in a decrease of activity back to the 
control level. 

Discussion 

Most of the monoclonal antibodies to bovine 
and human cytochromes c showed considerable 
cross-reactivity with cytochromes c from different 
eukaryotic species, as expected from the observed 

similarity in structure. However, one antibody to 
human cytochrome c was highly specific in bind- 
ing strongly only to human cytochrome c among a 
large number tested. The binding area includes 
amino acid 58, since the antibody does not bind to 
cytochrome c from Macacca mulatta, which dif- 
fers from human cytochrome c only in replace- 
ment of isoleucine-58 with threonine. Tuna cyto- 
chrome c, which has another hydrophobic amino 
acid, valine, in position 58, binds weakly to the 
antibody. The structural requirements of the mole- 
cule in this area appear to be quite specific, and a 
hydrophobic amino acid at position 58 is im- 
portant. The adjacent amino acid at position 57 is 
also isoleucine in human cytochrome c. We had 
recognized this site as being antigenic when we 
isolated an antibody population to the same area 
on human cytochrome c from rabbit immune 
serum previously [7]. 

Experiments with X-ray crystallography [2], 
chemical modification [3] and 1H-NMR spectro- 
scopic measurements [4] indicate that the area of 
horse cytochrome c around isoleucine residue-57 is 
an area most affected by conformational changes 
on oxidation-reduction. The observations with ~H- 
N M R  showed this region of the molecule to be 
relatively flexible in both oxidized and reduced 
forms [18], and there was a small difference in the 
structure in the two states [4]. There may actually 
be small cooperative conformational changes over 
large distances in the molecule. Or, different con- 
formations of cytochrome c may exist in rapid 
interconversion in solution. Even larger conforma- 
tional changes may occur in solution than those 
revealed by methods such as X-ray crystallography 
of the oxidized and reduced crystals. 

The area around isoleucine-58 is at the bottom 
back of the molecule in horse and tuna cytochro- 
mes c, looking into the heme crevice as the ' front ' .  
(The 3-dimensional structures of mammalian-type 
cytochromes c are similar). This area is displaced 
from the postulated binding/react ion site with the 
oxidase and reductase, on the front at the top of 
the heme crevice [5], about as far as possible. Thus 
it is surprising that the antibody (F16-464.1) to the 
antigenic site at the bot tom back had such large 
effects on the reaction of the cytochrome with 
bovine heart oxidase and reductase. 



The direction and extent of the effects of the 
antibody depended upon the ratio of antibody to 
cytochrome c, but also upon the assay method 
utilized. Both oxidase and reductase were assayed 
with the spectrophotometric method under the 
same reaction conditions, where the binding of the 
cytochrome to the oxidase or reductase is rate- 
limiting [8,9]. The antibody was inhibitory to the 
oxidase reaction at all ratios of antibody to cyto- 
chrome c tested. There was no complete blocking, 
as seen with antibodies covering the reaction site 
[6], but there was a decrease in rate constant, 
suggesting that the binding of antibody distorts 
the oxidase binding site, possibly by preventing a 
conformation change (or interconversion of two 
forms) so that the release of the oxidized cyto- 
chrome c is retarded. Addition of antibody had 
both stimulatory and inhibitory effects on the 
reductase reaction. At ratios up to about 0.25 
antibody sites per cytochrome c, the reductase 
reaction was stimulated. This could result from 
more rapid release of reduced cytochrome c from 
the reductase. Higher ratios produced decreased 
rate constants, following a course similar to that of 
the oxidase inhibition, as if the predominant effect 
is that at the oxidase sites. Our previous data 
suggests that the two sites are nearby [6,19]. 
Oxidized cytochrome c adhering to the oxidase 
site could inhibit getting more cytochrome c to the 
reductase reaction site. 

It could also be argued that the effects of this 
antibody which binds at the bot tom back of the 
molecule is evidence for the suggestion that cyto- 
chrome c binds to the oxidase by two points of 
at tachment in a cleft in the oxidase molecule 
[20,21]. However, this would not readily explain 
why we observed no complete blocking or why the 
reductase activity was increased in spectrophoto- 
metric assays. There was little or no difference in 
the binding affinity of the antibody to the bot tom 
back area of the oxidized and reduced forms of the 
cytochrome c (Fig. 1). The conformational change 
on oxidation-reduction does not have a large effect 
in this respect. This means that the different ef- 
fects of the antibody on the oxidase and reductase 
reactivities do not result simply from a greater 
extent of binding of antibody to one of the forms 
of the cytochrome. 

When tested with the spectrophotometric as- 

253 

says, variations of the pH of the reaction medium 
yielded differential response of the oxidase and 
reductase reactions in the presence of antibody. 
The inhibitory effects on the oxidase were greatest 
around pH 6, while those on the reductase were 
manifested rather similarly between pH 6 and pH 
8. It is known that electrostatic interactions play a 
part  in the reaction of the oxidase and cytochrome 
c [22,23]. The rate of productive encounter at a 
reaction site may actually depend upon the spatial 
orientation of all of the charged groups on the 
cytochrome with respect to the electron-transfer 
site. In any case, the situation is different with the 
oxidase and reductase. If the binding/react ion 
sites on cytochrome c for the oxidase and re- 
ductase were identical, no differences in pH effect 
should be apparent. This observation plus those of 
the preceding paragraph add weight to our previ- 
ous conclusion that the oxidase and reductase sites 
on cytochrome c are not identical [6,19]. 

We studied the effects of antibody on the 
oxidase reaction also with polarographic assays 
and found some differences from the effects seen 
using spectrophotometric assays. With ratios of 
antibody to cytochrome c where spectrophotomet- 
rically inhibition was observed, polarographically 
we found stimulation. This would fit the sugges- 
tion made above that changes resulting from bind- 
ing of antibody inhibit release of cytochrome c 
from the oxidase site, since in the polarographic 
method an oxidase-cytochrome c combination ap- 
pears to turn over repeatedly [5,16]. We have 
shown that the two kinds of methodology measure 
different aspects of the oxidase reaction [16]. How- 
ever, the data of Osheroff et al. [24] show that the 
reaction of human cytochrome c with the bovine 
oxidase, measured polarographically, may be 
limited by a low reduction rate by T M P D  of the 
cytochrome c bound to the oxidase. It is not clear 
how this would affect our observations. 

We previously worked with an antibody popu- 
lation from rabbit serum (as Fab) to an antigenic 
site of human cytochrome c including isoleucine-58 
[7]. This antibody was also found to inhibit the 
reaction of human cytochrome c with bovine 
oxidase at Fab-to-cytochrome c ratios from 0.022 
to 0.44, when tested with the spectrophotometric 
assays. The effect on the reductase was not tested 
over a range of Fab-to-cytochrome c ratios. 
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Several groups have obtained from rabbit serum 
an antibody fraction to an antigenic determinant 
of horse cytochrome c around amino acid number 
60 (lysine), near the center of the back surface of 
the molecule [25-27]. With a 20% excess of this 
antibody (Fab) over cytochrome c, Osheroff et al. 
[28] found a slight inhibition of the oxidase reac- 
tion, tested with polarographic assays. (The Vm~ X 
of the high-affinity phase was about 70% of that 
for free cytochrome c and the K M was un- 
changed). Actually, the small inhibitory effect 
could have resulted from a decreased rate of re- 
duction of bound cytochrome c by TMPD.  Thus 
the effects of antibody to amino acid-60 of horse 
and to amino acid-58 of human cytochrome c are 
quite different, emphasizing the significance of the 
latter area. The effect of antibody to amino acid-60 
of horse cytochrome c was found to have little 
effect on the reductase reaction tested spectropho- 
tometrically [28]. Polarographic assays of the re- 
ductase under different experimental conditions 
gave different results from the spectrophotometric 
measurements; a 2-fold decrease in K M and a 60% 
decrease in Vm~ X were seen in the presence of 
antibody. 

In summary, a monoclonal antibody to human 
cytochrome c has been produced which binds to 
the cytochrome in an area at the rear bottom of 
the molecule, removed from the postulated bind- 
ing site for the oxidase and reductase, but in the 
area showing the most significant conformational 
change on oxidation and reduction. When assayed 
spectrophotometrically, where binding of the cyto- 
chrome to the enzymes is rate-limiting, the anti- 
body inhibits the reaction with the oxidase (de- 
creases the rate constant), possibly by inhibiting 
the release of the oxidized cytochrome from the 
oxidase. At certain ratios of antibody to cyto- 
chrome c the reductase reaction is stimulated, as if 
the cytochrome c is released more readily from the 
reductase site. It may be that a freezing of the 
conformational change on binding of the antibody 
affects the b inding/react ion  of the cytochrome c 
with the oxidase and reductase. Local changes in 
conformation on oxidation-reduction may be in- 
volved as a control mechanism in the cytochrome 
c-mediated electron shuttle between reductase and 
oxidase. 
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