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SUMMARY 

The reaction between a cytochrome oxidase and a copper protein from 
Pseudomonas aeruginosa has been studied by a rapid mixing technique. The data 
support the view that a complex is formed rapidly between the two proteins and 
is followed by a transfer of electrons in either direction. Reduced copper protein 
donates an electron to the heme c moiety of the oxidase with an apparent first-order 
rate constant of about 30 s -1 while the transfer in the reverse direction proceeds 
with a constant of about 120 s - t .  The reaction between the copper protein and 
the heme c of the oxidase is followed by a much slower internal reaction involving 
electron transfer between the heine c and heine d. 

The kinetic data have been analyzed in terms of the thermodynamics of the 
interactions. This analysis indicates that the copper protein has a A E  of about 0.038 V 
more positive than the heine c component, a value that compares favorably with that 
of 0.040 V obtained by equilibrium methods. The value ofA E obtained by the kinetic 
method for the internal reaction is less precise but is reasonably close to that of 
0.070 V determined by an equilibrium technique. 

INTRODUCTION 

Pseudomonas cytochrome oxidase (ferrocytochrome c2:O z oxidoreductase, 
EC 1.9.3.2) functions in the terminal respiration of cells ofPseudomonas aeruginosa t-6. 
The oxidase can donate electrons either to molecular oxygen 3'4'12 or to nitrite 5'7'8 
although it appears that in situ it functions with nitrite rather than oxygen, since 
Pseudomonas cytochrome oxidase is only synthesized when the cells are cultured 
anaerobically in the presence of nitrate 9. Thus, it might be described more appro- 
priately as a nitrite reductase. 

Pseudomonas cytochrome oxidase has been purified to a state of electrophoretic 
homogeneity as a water-soluble protein containing one heme c moiety and one heme 
d group per molecular weight of 1150001°. The purified preparation has been found to 
oxidize a c-type cytochrome (e-551) 11'12 as well as a copper protein of the blue 
type ~3'14, both of which are synthesized by the organism 1.1o 

In an effort to further elucidate the enzymic mechanims of terminal electron 
transfer we have investigated the reactions in which Pseudomonas cytochrome 
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oxidase participates. In this communication we shall describe details of  the reaction 
between the oxidase and the Pseudomonas copper protein. 

EXPERIMENTAL 

Materials 

Pseudomonas cytochrome oxidase and Pseudomonas copper protein were 
purified by the method of Gudat  et al. 1 o. The concentration of heine c in Pseudomonas 
cytochrome oxidase is based on a value of e (549 nm) of 30.2 mM -1 . cm -1 (ref. 4) 
after reduction with a few grains of sodium dithionite. The concentration of heme 
d in Pseudomonas cytochrome oxidase was calculated from e (620 n m ) =  24 mM -1. 
cm -1 (ref. 15) for the reduced pyridine hemochrome. The concentration of copper 
protein is based on a value of e (630 nm) of 6.95 mM - l . c m  -1 (ref. 14) with the 
copper in the cupric state. 

All reagents unless specified otherwise were of  analytical reagent grade. Sodium 
dithionite was obtained from Hardman and Holden, Miles Platting, Manchester, 
England. Ascorbic acid was of U.S.P. grade from Merck and Company;  it was usually 
employed as a solution of the potassium salt. Carbon monoxide (C.P.) was purchased 
from Matheson. 

Methods 
The stopped flow and associated equipment have been described previously 16' 17. 

The apparatus was employed on-line with a Digital Equipment Corporation Model 
PDP-8I digital computer and A/D converter. The computer was programmed for 
flexible data acquisition to select points on the reaction curve, smooth them by a 
least-squares procedure, and to print these as Aabsorbance. Furthermore, the com- 
puter was used simultaneously to calculate and print the first-order rate constants of  the 
reaction, both cumulative and point to point. 

Solutions containing the reactants were made anaerobic in a tonometer by 
several cycles of evacuation and flushing with oxygen-free nitrogen. The tonometer 
was left with a slight positive pressure of  nitrogen. The reactant was reduced by 
titration with anaerobic reducing agent (usually 0.1 M ascorbate) by means of a 
gas-tight microsyringe inserted through a rubber serum cap near the upper end of the 
tonometer. The reduction of the reactant was monitored in a Beckman Model DK-2A 
spectrophotometer by means of a cuvette fitted to the lower end of the tonometer. 
The titration was terminated just before complete reduction was reached and the 
reactant was then transferred anaerobically to the stopped-flow apparatus. For 
experiments in the presence of CO the tonometer was evacuated after reduction of the 
oxidase and filled with 1 atm of CO. In these experiments solutions of  the copper 
protein also contained 1 atm of CO. 

Because of an overlap in the optical absorption spectra of  the reactants it was 
necessary to apply corrections at the wavelengths used to monitor the reactions. For  
the contribution of the copper protein at 549 nm (the maximum of  the heme c group) 
the following correction factor was applied: 

AA549n m =0.35"AA595n m 
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For  the cont r ibu t ion  of the heme c componen t  at 460 n m  (the max imum of the heme 

d group) the following correction factor was used: 

AA46o ~m = 0.465" AA549.na 

It  was found  unnecessary to make any corrections for absorbance changes at 595 nm 
(the wavelength used to moni to r  changes in the copper protein) since this was an 
isosbestic point  for the components  of the oxidase. Fur thermore,  no correction was 
required at 424 nm* since only the heme c was found to be involved in absorbance  

changes at that wavelength. 

RESULTS 

Reaction of oxidized Pseudomonas cytochrome oxidase with reduced copper protein 
The mixing of reduced copper protein with oxidized Pseudomonas cytochrome 

oxidase under  anaerobic condit ions produces biphasic absorbance changes at 595, 
549, and 424 nm and a monophas ic  change at 460 nm. As seen in Fig. 1 the magni tude  
and rate of the absorbance changes are affected by the ratio of copper protein to 
oxidase. Thus, as the concentra t ion  of copper protein is increased the rate as well 

as the total absorbance change increases. 
The biphasic character of the absorbance changes is illustrated in Fig. 2 where 
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Fig. 1. Reduction of Pseudomonas cytochrome oxidase (15 #M) by reduced copper protein 
followed in the stopped-flow apparatus at 424 and 549 nm. Temperature was 20 °C; buffer was 
0.1 M phosphate, pH 6.6. 0,  50/~M reduced copper protein; O, 25 #M reduced copper protein; 
tD, 12.5 pM reduced copper protein. The final changes in absorbance are indicated. Path length, 
2 cm. Concentrations given are those before mixing. 

Fig. 2. Reduction ofPseudomonas cytochrome oxidase (15 #M) by 50 pM copper protein followed 
at 549 nm. Temperature was 20 °C; buffer was 0.1 M phosphate, pH 6.6.0, data points from the 
reaction trace; o, points obtained after subtracting the slow phase of the reaction (solid line) from 
the points of the reaction trace. 

* This wavelength was chosen because insufficient light was transmitted at the absorbance 
maximum at 418 nm with the concentrations of oxidase used in these experiments. 
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the logarithm of the absorbance changes is plotted as a function of time. The line 
represented by the solid circles is curved because it contains the elements of two 
reactions, one rapid and the other slower. If  the elements of the slower reaction 
(indicated by the solid line) are subtracted from the composite curve then a straight 
line (indicated by the open circles) is obtained which represents the rapid phase of the 
reaction. In the reaction illustrated in Fig. 2, where 50 #M copper protein was mixed 
with 15 #M Pseudomonas cytochrome oxidase, the rapid phase has a half-time of 
32 ms and is virtually complete within 200 ms. The slower phase, on the other hand, 
has a half-time of at least 200 ms and requires several seconds to reach completion. 

The absorbance changes at 549 nm and 424 nm reflect changes in the oxidation 
state of the heme e moiety ofPseudomonas cytochrome oxidase; the changes at 460 nm 
represent a change in the state of the heine d component; those at 595 nm are due to 
changes in the oxidation state of the copper protein. Analysis of the data indicates 
that the rapid portion of the biphasic reaction represents the reduction of the heme e 
component of the oxidase by the copper protein. Thus, as shown in Fig. 3, when the 
absorbance changes at 549 nm are plotted against the changes at 424 nm, straight 
lines are obtained with a slope, after correction for the contribution of the copper 
protein at 549 nm, of 4.6. This value is essentially the same as the ratio obtained from 
static absorption spectra for the heine c component of the oxidase. When the absorb- 
ance changes at 549 nm are plotted against the changes at 595 nm, straight lines are 
obtained with a slope of 2.8. This value is similar to the ratio of the As549 n m  ( ¢ Z +  

minus c3+):Ae59s nm ( Cu~ + minus Cu2+). 
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Fig. 3. The relation between the absorbance changes at 549 nm and those at 424 nm from the 
data of Fig. 1. Symbols are the same as in Fig. l. The scales for Z].d424 nm are displaced for clarity. 

The total absorbance changes at 460 nm are rather small due to the fact that the 
heme d group has a more negative oxidation-reduction potential than either the 
heme e group or the copper protein and because the heme c is contributing to the 
absorbance change in the opposite direction. As a result the signal-to-noise ratio of 
the data obtained in these experiments at 460 nm is not particularly good and precise 
absorbance results are difficult to attain. It seems, however, that on the basis of an 
approximation, the absorbance changes are monophasic. Moreover, it would appear 
that their rates are comparable to the slower phase of the biphasic reactions observed 
for the heme c and the copper protein with a half-time of approximately 500 ms. 

Reaction o f  oxidized copper protein with reduced Pseudomonas cytochrome oxidase 
In addition to serving as a donor of electrons to Pseudomonas cytochrome 
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oxidase the copper  pro te in  can also accept  electrons f rom the oxidase.  Thus,  the 
add i t ion  of  oxidized copper  pro te in  to reduced Pseudomonas cy tochrome oxidase 
under  anaerob ic  condi t ions  results in b iphasic  absorbance  changes at 595, 549, and 
424 nm and a monophas i c  change at 460 nm. As in the case of  the t ransfer  of  electrons 
f rom reduced copper  pro te in  to the oxidase the rate and  magni tude  of  the absorbance  
changes are affected by the rat io  of  copper  pro te in  to oxidase.  Fig. 4 shows the 
absorbance  changes that  occur at  549 and 424 nm after  mixing Pseudomonas cyto-  
chrome oxidase of  a fixed concent ra t ion  with copper  pro te in  at  three different 
concentra t ions .  
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Fig. 4. Reduction of copper protein by reduced Pseudomonas cytochrome oxidase (15/~M) in the 
stopped flow apparatus at 424 and 549 nm. Temperature was 20 °C; buffer was 0.1 M phosphate, 
pl-[ 6.6. O, 60 tzM oxidized copper protein ; o, 30/~M oxidized copper protein; ID, 15 pM oxidized 
copper protein. The final changes in absorbance are indicated. Path length, 2 cm. Concentrations 
given are those before mixing. The base line for the changes at 424 nm is displaced to accom- 
modate the figures for the limits of the changes at 549 nm. 

Fig. 5. Reduction of copper protein (60btM) by 15 #M (each heme group) Pseudomonas cytochrome 
oxidase followed at 549 nm. Temperature was 20 °C; buffer was 0.1 M phosphate, pH 6.6. 
0,  data points from the reaction trace; ©, points obtained after subtracting the slow phase of the 
reaction (solid line) from the points of the reaction trace. 

When  the da ta  in Fig. 4 are p lo t ted  logar i thmica l ly  as a funct ion o f  t ime a 
curved line is ob ta ined  as shown in Fig.  5. This curved line conta ins  the elements  o f  
two react ions,  one rapid  and the other  slower. These react ions can be separa ted  and 
p lo t ted  as two straight  lines representat ive  of  pseudo-f i r s t -order  reactions.  In the case 
where the highest  concent ra t ion  of  copper  prote in  (60/~M) was mixed with 15 # M  
Pseudomonas cy tochrome oxidase the rap id  phase  was calculated to have a half- t ime 
o f  8 ms and was vir tual ly  comple te  within 50 ms. On the other  hand,  the slower phase 
was observed to have a half- t ime of  75 ms and required several seconds to reach 
comple t ion .  Analys is  o f  these da ta  indicates  that  the rapid  por t ion  of  the react ion 
represents  the oxida t ion  o f  the heme c componen t  of  the oxidase by the copper  protein.  
Thus,  as seen in Fig. 6 the absorbance  changes at  549 nm plot ted  against  those  at  
424 nm result in s t raight  lines that  have a slope, after correct ing for the con t r ibu t ion  o f  
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Fig. 6. The relation between the absorbance changes at 549 nm and those at 424 nm from the data 
of Fig. 4. Symbols are the same as in Fig. 4. The scales for zIA424 nm are displaced for clarity. 

Fig. 7. Reduction of copper protein (60 #M) by 15/~M (each heme group) Pseudomonas cytochrome 
oxidase followed at 460 nm. Temperature was 20 °C; buffer was 0.1 M phosphate, pH 6.6. 

coppe r  pro te in  at  549 rim, of  abou t  4.5. Fur the rmore ,  the absorbance  changes at 
549 nm, when p lo t ted  against  those at  595 nm, result  in s t raight  lines with a slope o f  
abou t  3. 

The absorbance  changes at 460 nm are much  greater  in these exper iments  
than  in those where reduced copper  pro te in  in i t ia ted  the react ion.  This result  occurs  
because the o x i d a t i o n - r e d u c t i o n  potent ia ls  of  the reactants  favor  prac t ica l ly  comple te  
ox ida t ion  of  the heme d which is represented by  the absorbance  changes at  460 nm. 
When  app rop r i a t e  correct ions  are made  for  the con t r ibu t ion  o f  heme c the absorbance  
changes at  460 nm, as seen in Fig. 7, are monophas i c  and have a hal f - t ime o f  a b o u t  
70 ms. These changes,  when p lo t ted  against  the slow absorbance  changes at  460 nm, 
result  in a p ropo r t i ona l  re la t ionship.  There  appears  to be little, if  any,  effect on the 
ra te  o f  the slow changes on vary ing  rat ios  o f  copper  pro te in  and oxidase.  

Reaction o f  oxidized copper protein with reduced Pseudomonas cytochrome oxidase 
inhibited by CO 

CO combines  with the reduced heme d componen t  o f  Pseudomonas cy tochrome 
oxidase bu t  not  with the heme c moie ty  3' lo. When  oxidized copper  pro te in  is mixed 
with reduced oxidase in the presence o f  CO there is no change in absorbance  at  
460 nm after  correc t ing  for  the con t r ibu t ion  o f  the heme c componen t .  Moreover ,  
the absorbance  changes at  595, 549, and  424 nm are essential ly monophas ic .  
Thus,  when the absorbance  changes at 549 and 424 nm are p lo t ted  logar i thmica l ly  
as a funct ion o f  t ime there is a s t ra ight  line for  each as seen in Fig.  8. The half- t ime 
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Fig. 8. Reduction of copper protein (60/zM) by 15/zM (.each heme group) Pseudomonas cyto- 
chrome oxidase followed at 549 nm in the presence of 1 atmosphere of carbon monoxide. Temper- 
ature was 20 °C; buffer was 0.1 M phosphate, pt-I 6.6. 
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for the reaction where 60 #M copper protein was mixed with 15 # M  of Pseudomonas 
cytochrome oxidase is about 7 ms, a value that compares favorably with the rapid 
phase of the uninhibited biphasic reaction. In these reactions the rate is also affected 
by the ratio of  copper protein and oxidase with the half-times corresponding to 
the half-times of the rapid phase of the biphasic reactions. 

DISCUSSION 

The addition of reduced copper protein to oxidized Pseudomonas cytochrome 
oxidase produces a rapid reduction of the heme c component  of  the oxidase and a 
slower reduction of  the heme d moiety. Furthermore, the reaction of the reduced 
Pseudomonas cytochrome oxidase with oxidized copper protein results in a rapid 
oxidation of the heme c moiety and a slower oxidation of the heme d. We interpret 
these results to indicate that the copper protein interacts with the Pseudomonas 
cytochrome oxidase and that a rapid transfer of  an electron occurs between the copper 
and the heme c. The rapid transfer is followed by a slower transfer of  an electron 
between the heme d and the heme c components of  the oxidase. This interpretation 
is based on several considerations. First, the ratio of the changes in oxidation state of 
the copper protein and the heme c of  the oxidase agree closely with the ratio predicted 
from the extinction coefficients of  these electron carriers and indicates an equivalent 
transfer of electrons. Second, the rapid changes that occur between reduced Pseudo- 
monas cytochrome oxidase and oxidized copper protein are duplicated in the presence 
of CO; under these conditions the oxidation of heme d is blocked and presumably 
only the heme c is able to donate an electron. Finally, the ratio of  the slow changes in 
the oxidation states of  the heme c and heme d agree closely with the ratio predicted 
for the extinction coefficient of  these components. 

The rates of the reactions involving heme d are at least an order of magnitude 
less than those involving heme c and the copper protein. The rates of the changes in 
the oxidation state of  the copper protein and the heme c of the oxidase are altered by 
changes in their relative concentrations. Thus, when the concentration of the copper 
protein is increased with respect to the oxidase there is a significantly higher rate of  
electron transfer. If  the reciprocals of  the observed pseudo first order rates of  both the 
forward and reverse transfers are plotted as a function of the reciprocal of  the copper 
protein concentration, a limit of  the first-order rate constants for each transfer can be 
estimated (see Fig. 9). These values are 29 s-  1 for the transfer between reduced copper 
protein and oxidized heme c and 120 s -1 for the transfer between reduced heme c 
and oxidized copper protein. The hyperbolic character of  the observed rate constants 
when plotted as a function of copper concentration suggests that a complex is formed 
between the oxidase and the copper protein 18. Furthermore, the data indicate that 
the rate of  complex formation is considerably faster than the rate of  electron transfer 
since little if any lag in absorbance changes was observed after mixing the reactants 
(see Figs 2 and 5). These results suggest that the rate of  the reaction between the 
oxidase and the copper protein is close to that expected for a diffusion-controlled 
reaction between molecules of  this size (see Alberty and Hammes19). In addition, 
rates of  reactions between oxidation-reduction proteins that are even higher than 
those observed here have been found for the reaction of beef heart cytochrome oxidase 
and cytochrome c 2° and of yeast cytochrome c peroxidase and cytochrome c 2~. 
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Fig. 9. Double-reciprocal plot of pseudo-first-order rate constants as a function of copper protein 
concentrations for the reaction with Pseudomonas cytochrome oxidase (15 pM). ©, reaction be- 
tween reduced copper protein and oxidized oxidase; 0 ,  reaction between oxidized copper protein 
and reduced oxidase. The intercept at the abscissa gives the limit rate constants for each reaction. 

The  overal l  react ion involving Pseudomonas cy tochrome oxidase and the copper  
pro te in  may  be expressed as 

Cu 1+ + c3+d 3+ ~ E S 1  ~ E S  2 ~ C H  2+ -~ c2+d 3+ 

¢2+d3+ ~ c 3 + d  2+ 

(1) 

(2) 

CH 1+ ~- c 3 + d  2+ ~ E S '  1 ~ - E S  2' ~ C u  2+ -k- c 2 + d  2+ (3) 

We have a l r eady  men t ioned  that  the por t ion  of  the react ion involving a t ransfer  o f  
e lectrons to or  f rom heine d is approx ima te ly  an order  o f  magni tude  slower than the 
respective ox ida t ion  or  reduct ion o f  the heme c g roup  by the copper  protein.  Thus,  
the con t r ibu t ion  o f  heme d to the rates of  the rap id  react ions involving heme c and 
the copper  p ro t e in  can be d is regarded wi thout  significantly affecting the resul t ing 
ra te  constants .  As  a result  the react ions expressed in equat ions  1, 2, and 3 can be 
simplified to 

kl k2 k3 
C H I +  _[_ ¢3+ ~_ E S  1 ,~_ E S  2 .~ C u 2 +  ._~ c 2 +  (4) 

k - t  k-2 k-3 

It  is o f  interest  to  c o m p a r e  the kinetic  results ob ta ined  here with t he rmodynamic  
da ta  r epor ted  by  Hor io  et al. 22 and K a m e n  and Hor io  23. In o rder  to evaluate  the 
da ta  in this way and  to  de termine  the overal l  equi l ibr ium constant ,  it is necessary to 
de termine  Ks~ and  Ks 2 which are defined as the associa t ion  constants  for  the fo rma t ion  
o f  ES1 and ES2, respectively,  f rom the reactants  on the oppos i te  sides o f  the equat ion.  
F r o m  our  da ta  we calcula te  Ksl and Ks 2 to be bo th  equal  to 2.6. l0  -5  M. Since these 
cons tants  are equal  they cancel  out  one another  in the calcula t ion o f  the equi l ibr ium 
constant .  Thus,  the equi l ibr ium cons tan t  for  the react ion is equal  to 0.242. In order  to 
c om pa re  this value with the value for  the difference in the o x i d a t i o n - r e d u c t i o n  po-  
tentials ,  AE, between the heme c componen t  o f  the oxidase and the copper  prote in ,  
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where A E=Eh  (heme c)--Eh (copper protein), the Nernst equation must be re- 
written as 

AE = R T  In Keq (5) 
nF 

Using Kcq equal to 0.242 we have calculated A E  to be -0 .036 V. This value is re- 
markably close to that obtained by subtracting the value of Eh=0.328 V, obtained 
by workers in Okunuki's laboratory 6, for copper protein from the value of Eh = 0.288 V, 
reported by Kamen and Horio 23, for the heine c moiety of the oxidase. 

It is considerably more difficult to evaluate the slow changes in the reaction 
between Pseudomonas cytochrome oxidase and the copper protein in order to compare 
them with existing thermodynamic data. The chief difficulty stems from the small 
absorbance changes and low signal to noise ratios observed during the slow phase 
when reduced copper protein is mixed with oxidized oxidase. Thus, the first-order 
rate constants calculated for reactions of the latter type are probably correct only 
to an order of magnitude. For this reason only an approximate comparison can be 
made with the thermodynamic data. 

The equation for the slow phase of the reaction can be expressed as 

kl 
C 2 + q- d 3 + ~ C 3 + "-I- d 2 + (6) 

k-1 

where c and d are the heine c and heine d groups, respectively, of Pseudomonas 
cytochrome oxidase. With the present data it is probably safe to set limits for k~ 
of 0.2 to 2.0 s -1. The data for the reverse reaction are stronger, because of greater 
absorbance changes, and k-1 is equal to about 10 s -1. With these limits Keq for the 
reaction is equal to between 0.02 and 0.20 and the value for A E  is between -0 .049  
and -0 .100  V, with the heme d group having a more negative mid-point potential 
than the heine e moiety. These values are not inconsistent with the A E  of -0 .070  V 
reported by Horio et al. 22 using a thermodynamic method. Thus, although our 
current data on the slow phase of the reaction between Pseudomonas cytochrome 
oxidase and the copper protein are not ideal they are not out of line with the thermo- 
dynamic findings. 

The observation that the copper protein, which is not autooxidized and is 
normally thought of as a donor of electrons to Pseudomonas cytochrome oxidase, has 
a more positive mid-point potential than does either the heme c or heine dcomponents 
of the oxidase raises many interesting questions not the least of which is its possible 
role in controlling the electron transfer reaction. A considerable excess of reduced 
copper protein, vis/t vis Pseudornonas cytochrome oxidase, would have to be present 
in order to donate electrons via the oxidase to a terminal electron acceptor at an 
optimal rate. Thus, substrate would be oxidized significantly only when its concen- 
tration tended to become quite high. Conversely, a lower concentration of substrate 
would result in a considerable turning down of the overall process. 

Whether cytochrome c-551, another electron donor of the oxidase, acts similarly 
to the copper protein is unknown at this time. This cytochrome has been reported to 
have a mid-point potential of + 0.286 V 6 which places it very close thermodynamically 
to the heme c component of the oxidase. In addition, Antonini and his collaborators 24 
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found  that  cy tochrome c-551 interacts  readi ly  with the copper  pro te in  and that  
e lectrons are t ransferred between the two prote ins  at  rates consis tent  with those  
observed here for  the oxidase and the copper  protein.  Unfor tuna te ly ,  the close 
over lap  of  the absorp t ion  spectra  of  the cy tochrome c-551 and the heine c moie ty  
o f  the oxidase precludes a dupl ica t ion  o f  the rap id-mix ing  exper iments  with the 
copper  pro te in  tha t  we have repor ted  here. One exper imenta l  solut ion to this p rob lem 
m a y  be to freeze the reactants  at  stepwise intervals  after  mixing and quant i ta t ive ly  
measure  the electron pa ramagne t i c  resonance  signals o f  the heme i ron 1°. 
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