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SUMMARY 

Addition of oxidizable substrates to aerobic suspensions of 
Hemophitus parainfluenzae containing no endogenous sub- 
strate results in rapid reduction of h and c type cytochromes 
to the aerobic steady state. The extent of reduction de- 
pends upon the relative activities of the dehydrogenases and 
oxidases involved. Addition of oxygen to anaerobic cells 
containing substrate rapidly oxidizes the cytochromes to the 
aerobic steady state. The rapid kinetics observed on 
mixing with oxygen show no evidence that the initial rate of 
oxidation of part of the b or c type cytochromes is higher, 
even within bacteria with a large stoichiometric imbalance of 
these cytochrome types. Cytochrome a2 reacts rapidly 
enough with oxygen to be considered a terminal oxidase, and 
indirect evidence indicates that cytochrome o reacts as 
rapidly with oxygen as does the mammalian oxidase (pseudo- 
first order rate constant around 80 set-l at room tempera- 
ture). 

Hemophilus parainfluenzae synthesize an unusually complex 
respiratory chain system containing as many as six cytochromes 
and five flavoprotein dehydrogenases bound to insoluble mem- 
branes within the cells (1, 2). Three of the cytochromes will 
bind carbon monoxide in the ferrous state to form compounds 
with absorption spectra similar to those which have been char- 
acterized as CO compounds of terminal oxidases in other species 
of bacteria: cytochromes o, al, and a2. The bacteria can also 
reduce nitrate. The total and relative contents of the different 
cytochromes and flavoproteins are observed to vary widely with 
changes in growth conditions and time of growth (2, 3). How- 
ever, the respiration can be very rapid even with an apparent 
deficiency of one or more cytochromes (4). The dehydrogenase 
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was found to be the rate-limiting step in the respiratory chain 
system under all conditions tested (2). These characteristics of 
the system of H. parain&enzae led us to study the oxidation- 
reduction reactions of the cytochromes with an instrument for 
rapidly mixing the bacteria with substrate or oxygen to initiate 
electron transport and recording the ensuing changes in the 
oxidation state of the cytochromes (5). For these studies 
bacteria were grown to contain widely different complements of 
cytochromes. 

The reaction with oxygen was found to be rapid, comparable 
in rate to that of the mammalian oxidase. In addition, some of 
the dehydrogenases show remarkably high reaction rates. As in 
a number of other bacteria (6), cytochrome a? was confirmed as a 
terminal oxidase in H. parain$uenzae. Surprisingly, cytochrome 
ai does not react rapidly enough on addition of oxygen to estab- 
lish it as a terminal oxidase; its function in these bacteria re- 
mains unknown. Q&chromes of c and b type act as inter- 
mediary electron carriers, and the extent of reduction of these 
in the aerobic steady state (aerobic in the presence of substrate) 
depends upon the relative activities of the dehydrogenase and 
the oxidase (oxidases). On the time scale used the cytochromes 
were seen to react rapidly and to show no inhomogeneity in the 
kinetics of change into the steady state. 

METHODS 

Growth of Bacteria-H. parainjluenxae, strain Boss, were grown 
under three different sets of conditions, as previously described 
(2); these are listed in Table I, along with the corresponding 
content of cytochromes. The bacteria were grown at 37”, 
harvested after 12 hours of growth, and washed with and sus- 
pended in 50 mu phosphate buffer, pH 7.6. 

Cyfochrome Content of Intact Bacteria-Cytochrome content 
was estimated from the anaerobic (with formate) minus aerobic 
(no substrate) difference spectrum obtained in the Cary model 
14 recording spectrophotometer with the light-scattering attach- 
ment, as in previous experiments (4). 

Kinetics of Reduction and Oxidation of Cytochromes-The 
kinetics were followed by observing the rapid changes in absorb- 
ance at wave length pairs corresponding to the different cyto- 
chromes (given in Reference 4) in the double beam spectropho- 
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tometer equipped with the rapid flow device described by 
Chance and Legallais (5). Electron transport was initiated by 
the addition of substrate to a washed aerobic suspension of cells 
which had no endogenous substrate, or of oxygen to an anaerobic 
suspension of bacteria containing substrate. During the flow 1 
ml of substrate or oxygen is added to 80 ml of bacterial suspen- 
sion; thus a given batch can be used with several additions of 
oxygen by allowing the cells to become anaerobic between addi- 
tions. The rate of flow in these experiments was 320 cm per set 
and the distance from mixing to the point of spectrophotometric 
observation was 1.1 cm. The observations were made 3.4 msec 
after mixing. The traces recorded (Figs. 1 to 5) show the 

changes in absorbance during the flow and then after the flow 
stops until the aerobic steady state is reached. In some experi- 
ments (Fig. 2), the observation was continued until the bacteria 
exhausted the oxygen in solution and returned to the anaerobic 
St&. 

Pseudo-First Order Rate Con&a&---Rate constants for the 
oxidation of the intermediary cytochromes of b and c type on 
addition of oxygen were calculated from the extent of oxidation 
during the flow according to the method described by Chance 
and Williams (7) (see “Results”). This method cannot be used 
with cytochrome a2, since it is essentially completely oxidized 
during the flow. 

RESULTS 

Washed cells of H. parain$uenzae contain little or no endoge- 
nous substrate (4). Thus, in an aerobic suspension all of the 
cytochromes and flavoprotein dehydrogenases are presumably 
in the oxidized state. The top tracing of Fig. 1 records the 
change in absorbance at 423 minus 402 rnE.1 (corresponding to the 
peak of the y-absorption band of cytochrome cl in the reduced 
minus oxidized difference spectrum (1)) on addition of formate 
to a concentration of 8.3 mu to a washed aerobic suspension of 
the bacteria in the flow apparatus. These bacteria were grown 
anaerobically with nitrate (type III) and show strong absorption 
peaks for both b and c type cytochromes in the difference spectra. 
The trace indicates a rapid small reduction of the cytochrome cl 
during the flow, and then a further reduction after the flow 
stops to the aerobic steady state level. After the bacteria be- 
came anaerobic (not shown), oxygen was added in the flow 
apparatus to a final concentration of 15 PM, giving the bottom 
trace. In the presence of these concentrations of oxygen and 
formate the cytochrome c was about 40% reduced. The extent 
of reduction of cytochromes b or c in the aerobic steady state 
with all three types of the bacteria (see Table I) was found to be 
dependent upon the concentration of formate when it was added 
as substrate; the reduction was greater when saturating con- 
centrations of formate were added than with saturating con- 
centrations of succinate as substrate (Table II). Thus in the 
presence of 15 PM 02 the steady state level of reduced cytochromes 
was dependent upon the level of dehydrogepase present and the 
concentration of substrate. The amounts of dehydrogenase 
present depend upon the growth conditions, but there is always 
greater formate dehydrogenase than succinate dehydrogenase 
activity (2). 

The pseudo-first order rate constants for the oxidation of b or 
c type cytochromes on addition of oxygen to anaerobic cells con- 
taining succinate were calculated in a manner similar to that 
used with the system in mammalian mitochondria (7). The 

formula is: 
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2.3 
k = t log p, 

PO - P 

where t is the time after mixing when the oxidation of the cyto- 
chromes has proceeded to p per cent of its final level of oxidation, 
PO. In these experiments t was 3.4 msec. Some of these values 
are listed in Table III. 

The tracings of Fig. 1 show no inhomogeneity in the kinetics 
of oxidation and reduction of the cytochrome cl on the time 
scale used; that is, none of the cytochrome reacts at a rate lower 
than the rest in the rapid reaction under observation. Fig. 2 
pictures the changes on addition of 02 to an anaerobic suspension 
of the same kind of bacteria in the presence of 12.5 mu formate, 
recorded at the y-absorption peaks of both cytochrome cl (bottom 
trace) and b (top trace) on a slower time scale than that of Fig. 1. 
The cytochromes are oxidized to the aerobic steady state, and 
then reduced again as the oxygen concentration falls to zero as a 
result of the respiration of the bacteria. Again there is no 

TABLE I 

Growth conditions used for different types of bacteria 

The cytochrome content of each of the different kinds of bac- 
teria was assessed from measurements of anaerobic minus aerobic 
difference spectra made in the Cary spectrophotometer (see 
“Methods”). 

Type and growth conditions 
I 

Cytochrome content 

I 

I. Nitrate in medium, shaken High a~ and c; average or 
gently during growth, no and o; low b 
aeration 

II. No nitrate in medium, aerated High al, UZ, and b; little or 
strongly during growth no c 

III. Grown anaerobically with ni- Very high G; reasonably 
trate in the medium high b; no a2 

TABLE II 

Reduction of b or c type cytochromes in aerobic steady state in 
presence of varying concentrations of formate and succinate 

Substrates were added to washed aerobic suspensions of bac- 
teria to give the concentrations indicated and the increase in 
absorbance in the aerobic steady state was measured at either 
430 minus 410 rnp or at 423 minus 402 rnp. 

A. Type I bacteria; substrate Increase in absorbance at 430 
minus 410 rnp in aerobic 
steady state 

20 j~ivr formate 0.0044 
12.5 mM formate 0.0154 
8 mM succinate 0.0038 

B. Type II bacteria; substrate 

50 PM formate 
12.5 rnrvr formate 
8 mM succinate 

Increase in absorbance at 430 
minus 410 rnp in aerobic 
steady state 

0.00324 
0.0081 
0.0054 

C. Type III bacteria; substrate Increase in absorbance at 423 
minus 402 rnp in aerobic 
steady state 

0.05 mivr formate 0.0027 
12.5 mM formate 0.0048G 
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FIG. 1. (left) Changes in absorbance at 423 minus 402 rnp on ad- 
dition of substrate and 02 to H. parainj~enzae, type III. Top trace 
records change on addition of 1 ml of 1 M formate to 80 ml of washed 
aerobic bacteria (0.10 mg, dry weight, per ml) in 50 mM phosphate 
buffer, pH 7.6. This shows the change from the aerobic state in 
the absence of substrate during and after the flow to the aerobic 
steady st,ate in the presence of 12.5 mM formate. After the bacte- 
ria became anaerobic (not shown), 1 ml of buffer saturated with O2 
was added and the bottom trace was recorded, showing the change 
from the anaerobic state containing substrate during and after 
the flow t,o the aerobic steady state. A downward deflection of the 
trace represents an increase of absorbance at 423 rnp. The first 

evidence of inhomogeneity of rates of oxidation or reduction. 
Similarly, there was no evidence of kinetic inhomogeneity ob- 
served on addition of oxygen when the changes in absorbance 
were measured at the a-absorption peaks of the cytochromes. 
In fact, there was no evidence of biphasic reactions seen on addi- 
tion of oxygen to anaerobic suspensions of any of the bacteria on 
the time scales of these experiments. The only evidence of a 
biphasic reaction was seen when formate was added to a washed 
aerobic suspension of bacteria which had been grown anaerobi- 
cally with nitrate. This is illustrated in Fig. 3, where a rapid 
reduction of about 15% of the cytochrome b is recorded during 
the flow and 56% after the flow; then this is followed by a slower 
reduction of 29% of the cytochrome. 

Fig. 4 records experiments with bacteria grown with gentle 
shaking with nitrate in the medium (type I); these show high 
contents of cytochromes u2 and cl in the anaerobic minus aerobic 
difference spectra, moderate amounts of cytochromes al and o, 
and only a low content of b type cytochromes. Recordings 

TABLE III 

Rate constants for oxidation of c or 6 type cytochromes on 
addition of oxygen to anaerobic suspensions of bacteria 

Oxygen (15 PM) was added in the flow apparatus to anaerobic 
suspensions of the three types of bacteria containing 8 mM suc- 
cinate. The pseudo-first order rate const,ants were calculated 
from the percentage oxidation of the c or b type cytochromes 
during the flow, as outlined by Chance and Williams (7). 

Type bacteria Wave length of observation Pseudo-first order 
rate constant 

set-’ 

I 430 minus 410 rn* 66 
II 430 minus 410 rnp 112 
II 423 minus 402 rnw 142 

III 430 minus 410 mp 78 
III 423 minus 402 rnp 88 

,002 :7 0.0 

Starts 

I 
stops 
4 

t 
4 +200msec 

8.3mM Farmote 

430-4lOmp 

Absorbance lncreose At 430mp 1 

signal of the flow velocity trace refers to the bottom trace and the 
second to the top trace. 

FIG. 2. (middle) Same bacterial suspension as in Fig. 1, contain- 
ing 12.5 mM formate. Traces record effect of addition of 1 ml of 
buffer saturated with 02 to the anaerobic bact.eria at 423 minus 
402 rnp and at 430 minus 410 m,u as the cytochromes are oxidized 
and then reduced again as the 02 in solution is exhausted. The 
time scale is slower than that of Fig. 1. 

FIG. 3. (tight) Change in absorbance at 430 minus 410 rnr on 
addition of 1 ml of 1 M formate to 80 ml of washed aerobic sus- 
pension of type I bacteria containing 0.14 mg, dry weight, per ml. 
The cytochrome is reduced during and after the flow to the aero- 
bic steady state. 

were made at two wave length pairs, 423 minus 402 rnp and 430 
minus 410 m,u, on addition of oxygen to anaerobic bacteria con- 
taining 600 pM formate without (A) and with (B) the prior addi- 
tion of 14 PM CO. The presence of CO decreased the extent of 
oxidation during the flow and the rate of decrease after the flow, 
the inhibitory effect being slightly more pronounced at 430 
minus 410 rnp than at 423 minus 402 mp. 

Fig. 5 pictures the changes in absorbance at several representa- 
tive wave length pairs at the a-absorption peaks of the cyto- 
chromes on addition of oxygen to more concentrated suspensions 
of bacteria grown with aeration without nitrate in the medium 
(type II). Anaerobic minus aerobic difference spectra of these 

bacteria showed high contents of cytochromes b, al, and ~2, but 
little cytochrome cl. The data are summarized in Table IV and 

indicate the time sequence of reaction of the different pigments 
with oxygen to be cytochrome a2 > b > al, as delineated by 

Siorts 

nn 
Slops 

430-410 

423-402 

I5wM 0, 

423 -402mp 

430 -4lOmp 

Absorbance lncreose At 423mp And 43Oqd 

A B 

FIG. 4. Change in absorbance on addition of 02 to an anaerobic 
suspension of type I bacteria (0.14 mg, dry weight, per ml) con- 
taining 600 PM formate without (A) and with (B) prior addition 
of CO. The final concentrations of 02 and CO were 15 and 14 
pM, respectively. The change from the anaerobic state during 
and after the flow to the aerobic steady state is pictured by record- 
ings at 423 minus 402 rnp (top trace in B, bottom trace in A) and at 
430 minus 410 rnp (top trace in A, bottom trace in B). The bact,eria 
became anaerobic between the recordings. 
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FIQ. 5. Absorbance changes on addition of 02 to an anaerobic 
suspension of type II bacteria (6.31 mg, dry weight, per ml) con- 
taining 8.3 mM succinate. Recordings were made successively at 
630 minus 655 m, 533 minus 538 n+, and 560 minus 575 rnp, allowing 
the suspension to become anaerobic between successive runs. The 
flow velocity traces refer to the successive runs. 

TABLE IV 

Changes in absorbance on addition of oxygen to anaerobic 
bacteria in flow apparatus 

The bacteria were grown with aeration without nitrate in the 
medium; they contained high levels of cytochromes b, o, ar, and 
a2, but relatively low content, of c type cytochrome. Oxygen (15 
PM) was added to anaerobic suspension of the bacteria containing 
succinate in the flow apparatus and the changes in absorbance at 
the different wave length pairs were observed during and after 
the flow. 

Wave length pair of 
observation 

559-575 

553-538 
598-575 
630-655 

Predom’~~$~~~hrome Amount oxidized during flow 

% 

b type 33 
c type 42 

al Nearly 0 
a2 100 

Chance and Williams (7). Relative rates of reaction are esti- 
mated from a comparison of the extent of reaction during the 
interval of flow with that after the flow stops (7). The data 
show that cytochrome aa reacts very rapidly with oxygen, but 
that cytochrome al reacts relatively slowly (not shown in Fig. 5). 
The latter observation was confirmed when similar recordings 
were made at the y-absorption peak of cytochrome al; it can 
hardly be considered a rapidly reacting oxidase. The kinetics of 
the reaction of ferrocytochrome o cannot be visualized independ- 
ently, since both the y- and cr-absorption peaks overlap those of 

cytochromes b and c. The changes in absorbance on addition of 
oxygen up to the aerobic steady state at 630 minus 655, 553 

minus 538, and 559 minus 575 rnp were 0.049, 0.0065, and 0.013, 
or in the ratio 1: 1.3:2.7. The corresponding values at these 
wave length pairs in the anaerobic minus aerobic difference 
spectrum of type II bacteria with the same substrate (formate) 
were in the ratio 1: 1.9: 2.1. In the difference spectrum there is 
a large absorption peak at 559 rnp and no separate peak at 553 

mk 

DISCUSSION 

These experiments show H. parain$uenzae to be good material 
for studies of the rapid reactions of the respiratory chain of intact 
bacteria with added substrates, since they can be washed free 
of endogenous substrates; this is difficult to do with most other 
bacterial species. Also, the relative amounts of the different 
cytochromes and flavoprotein dehydrogenases can be varied 
easily by changing growth conditions. However, so many 
pigments are involved (six cytochromes, five flavoproteins) that 
quite extensive experimentation may be required to unravel all 
of the different reaction sequences. 

The pseudo-first order rate constants for the oxidation of the 
intermediary b or c type cytochromes of H. puruin$uenzue on 
addition of oxygen to an anaerobic suspension containing succ,i- 
nate (Table III) compare favorably with those reported by 
Chance and Williams (7) for the mammalian system. Thus, one’ 
or more active oxidases are present. Cytochrome uz is shown to 
react very rapidly with oxygen and thus qualifies as a terminal 
oxidase, as suggested by its ability to bind CO. Cytochrome al 
can also combine with CO. However, our experiments do not 
furnish evidence that it reacts rapidly enough with oxygen to 
function effectively as a terminal oxidase (Table IV). The 
combination of a cytochrome with CO cannot be considered 
definitive evidence that it is a terminal oxidase. A cytochrome 
al can be the sole terminal oxidase or part of a combination of 
oxidases in other bacterial species (6). Cytochromes of the 
aa type can also function as oxidases in other bacteria (6), but 
have not been seen as the sole oxidase in any (8). Since cyto- 
chrome a2 is missing from type III bacteria and cytochrome al 
is not a rapidly reacting oxidase, the sole oxidase here must be 
cytochrome o, and the data show it to be quite active. 

One of the oxidases seems to have a rather high sensitivity to 
inhibition by CO, as shown by the data of Fig. 4, obtained with 
type I bacteria which have a high content of cytochrome u2 and 
average cytochrome o. When CO is present in about equal 
concentration to that of oxygen (both about 15 PM), the extent 
of oxidation of the intermediary b and c type cytochromes during 
the flow is markedly reduced, giving a several-fold decrease in the 
calculated first order rate constants. However, increasing the 
concentration of CO did not have any further inhibitory effect, 
suggesting that the other oxidase is fairly insensitive. 

As in the mammalian system and those of other microorgan- 
isms, b and c type cytochromes act as intermediary electron 
carriers in the respiratory chain system of H. puruin$uenzue. 
The levels of reduction of these cytochromes in the presence of 
15 I.LM 02 with substrates of different dehydrogenases or with 
different concentrations of the substrate of one dehydrogenase 
seem to vary in a straightforward manner with the relative ac- 
tivities of the dehydrogenases (Table II). So far no evidence 
has been seen which would indicate the presence of multiple 
independent electron transport chains, but more quantitative 
data are required to be certain of this. 

The membrane-bound formate dehydrogenase of H. puruin- 
JEuenzue has unusually high activity, compared with the de- 
hydrogenases of the mammalian system. When formate is 
substrate, the cytochrome cl can be as much as 40% reduced in 
the presence of 15 PM Oa. This is in agreement with the observa- 
tion that the rate of oxidation of formate by 0, is very high in 
these bacteria (4). As expected from the measurements of rates 
of 02 uptake (4), the intermediary cytochromes were reduced 
less rapidly via the other membrane-bound dehydrogenases. 
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There is no evidence that one part of the cytochromes of H. 
parainJEuenzae is oxidized at a different rate than the rest in the 
rapid reactions under observation, even though the different types 
are present in different stoichiometric ratios. Although there 
was one instance seen of inhomogeneity of reduction of cyto- 
chrome b on addition of formate (Fig. 3), one cannot be certain 
that the final lower rate did not result from the production of 
other substrates. The ratios at the a-absorption peaks of 
cytochromes a2, c, and b of type II bacteria in the aerobic steady 
state differ somewhat from these values in the anaerobic minus 
aerobic difference spectrum (1: 1.3:2.7 as compared with 1: 1.9: 
2.1). Thus, it is possible that not all of the cytochromes are 
participating in the rapid reactions under observation. How- 
ever, in the mammalian system the b type cytochromes are more 
highly reduced in the aerobic steady state than are the c type 
cytochromes (9). 

The difference in reaction rate sometimes observed on addi- 
tion of Oa when observations are made at the y-absorption peak 
of cytochrome b as compared with that of cytochrome c is puz- 
zling. For example, in Fig. 1 the rate at 423 minus 402 rnE.r is 
greater than that at 430 minus 410 rnp, even though the anaerobic 
minus aerobic difference spectrum shows no evidence of a sepa- 
rate absorption peak for cytochrome c in this region. The 
difference in rate is even greater in the presence of CO (Fig. 4). 
Such a difference would not be expected in the reactions of 6 or c 
type cytochromes on the same electron transport chain, judged by 
observations with the mammalian system (7). However, the 
overlapping of the y-absorption bands of reduced cytochromes 

b, c, o, and the CO compound of cytochrome o makes for some 
difficulty in interpretation. Many more data would be needed 
with bacteria containing different ratios of the different cyto- 
chromes to clarify the situation and also to make certain of the 
presence of only one electron transport chain. The finding of 
conditions in which the bacteria synthesize very low cytochrome 
o and high cytochrome a2 would be a great help in this respect. 

The preliminary conclusion from the present experiments is 
that the data with H. parainjluenzae are better explained by the 
variable three-dimensional array of pigments previously pro- 
posed (4) rather than by fixed assemblies of stoichiometric ratios 
of pigments. However, more extensive quantitative studies are 
needed on the extent of involvement of the different cytochromes 
in the rapid reactions following initiation of electron transport on 
addition of oxygen and of different substrates. 

REFERENCES 

1. WHITE, D. C., AND SMITH, L., J. Biol. Chem., 237, 1332 (1962). 
2. WHITE. D. C.. J. Biol. Chem.. 239, 2055 (1964). 
3. WHITE; D. C.; J. Bacterial., i3, 851 (196i). 
4. WHITE, D. C., AND SMITH, L., J. Biol. Chem., 239, 3956 (1964). 
5. CHANCE, B., AND LEGALLAIS, V., Disc. Faraday Sot., 17, 123 

(1954). 
CASTOR, L. N., AND CHANCE, B., J. Biol. Chem., 234,1587 (1959). 
CHANCE, B., AND WILLIAMS, G. R., J. Biol. Chem., 217, 429 

(1955). 
SMITH, L., in I. C. GUNSALUS AND R. Y. STANIER (Editors), 

The bacteria. Vol. II. Academic Press. New York. 1961, I). 365. 
CHANCE, B., AND WILLIAMS, G. R., j. Biol, Chem., ii7, 409 

(1955). 

 at U
niversity of T

ennessee Library on F
ebruary 16, 2009 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org

