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In a continuing effort to understand the mechanism of electron transfer by c-type
cytochromes we have extended our investigations of the oxidation and reduction of
Rhodospirillum rubrum cytochrome c,. We have utilized the oxidant, oxidized azurin,
and the reductants SO, S,0,2-, sodium ascorbate, and reduced azurin. The results of
these studies demonstrate that, as found previously with the iron hexacyanides,
electron transfer apparently takes place at the exposed heme edge. Furthermore, we
report studies on the reduction of ferricytochrome ¢, from Rhodopseudomonas sphae-
roides, Rhodopseudomonas capsulata, Rhodomicrobium vannielii, and Rhodopseudom-
onas palustris by potassium ferrocyanide. Based on the amino acid sequence homology
between the various cytochromes ¢, and presumed structural homology, the observed
rates of electron transport are analyzed in terms of the structure in the region of the

exposed heme edge.

In an effort to elucidate the mechanism
of electron transfer by c-type cytochromes
considerable kinetic information has been
reported for the oxidation and reduction of
horse heart cytochrome ¢ (1-6). These data
coupled with available chemical and struc-
tural information have led to the view
that both oxidation and reduction of cyto-
chrome ¢ take place at or near the heme
edge with considerable participation by
the protein moiety (see Ref. 7 for a review).
Nevertheless, a number of questions re-
main, such as the identification of the
amino acid side chains at the site of elec-
tron transfer, the extent of participation
of the protein moiety in regions away from
the site of electron transfer, and the rela-
tion of studies with nonphysiological reac-
tants (primarily those used to date) to the
physiological situation.

Recently, a detailed study of the reac-
tion of Rhodospirillum rubrum cyto-
chrome ¢, with iron hexacyanides was re-
ported (8) which demonstrated substantial
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similarity to analogous studies with mam-
malian cytochrome ¢. This was not sur-
prising in that cytochrome ¢, and cyto-
chrome ¢ have been shown to have sub-
stantial structural homology (9). However,
a number of significant differences were
noted, including measurably different
rates of reduction and oxidation as com-
pared to cytochrome c (8). These findings
are not interpretable in a quantitative
fashion in the context of our present un-
derstanding of biological electron trans-
port. In addition, both the oxidation-re-
duction potential (10) and rates of oxida-
tion and reduction of cytochrome c, (8)
were found to be dependent on pH (pH 5-
8), which is not the case with cytochrome
¢ (11, 12). This latter observation suggests
the possibility of identifying the specific
amino acid side chains involved in electron
transport by cytochrome c, through their
appropriate pK values. Although it ap-
pears that cytochrome c, transfers elec-
trons via the exposed heme edge (8), as
proposed for cytochrome ¢ (3, 6, 13), this
interpretation is limited by the fact that
the oxidation and reduction of cytochrome
¢, have only been studied in detail with
the iron hexacyanides as reactants.

In an effort to further our understanding
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of biological’ electron transport, we are
reporting here studies of the effect of pH,
ionic strength, and temperature on the
reduction of R. rubrum cytochrome c, by
ascorbate, SO,~, and S;0,2". Furthermore,
the interaction of cytochrome ¢, with the
copper protein azurin is reported. Taking
advantage of natural chemical modifica-
tions of cytochrome c,, we are also report-
ing the comparative studies of the reduc-
tion of cytochrome c, from five different
organisms by potassium ferrocyanide.

MATERIALS AND METHODS

Rhodospirillum rubrum cytochrome ¢, (R-cyto
¢,)* was purified as described by Bartsch et al. (14).
Rhodopseudomonas capsulata strain Saint Louis
cytochrome ¢, (C-cyto ¢;), Rhodopseudomonas
sphaeroides strain 2.4.1 cytochrome c, (S-cyto c»),
and Rhodopseudomonas palustris strain 2.1.37 cy-
tochrome ¢, (P-cyto c,) were purified by standard
methods (15). Rhodomicrobrium vannielii strain
3.1.1 cytochrome ¢, (V-cyto ¢,) was kindly provided
by Dr. T. E. Meyer, Department of Chemistry,
University of California at San Diego. Azurin was
isolated from Pseudomonas denitrificans as previ-
ously described (16). Studies over a range of pH
values were-performed in Tris-sodium acetate-gly-
cine-potassium phosphate buffer adjusted to the
appropriate pH. Potassium ferrocyanide (Mallinck-
rodt), sodium ascorbate (American Drug and Chem-
ical Co.), and sodium dithionite (Hardman and
Holden) were the best grades available.

Kinetic studies were conducted in a Durrum-
Gibson stopped-flow spectrophotometer with a mix-
ing time of 3.5 ms. The temperature was maintained
at 20°C unless otherwise noted. Reduction and oxi-
dation of cytochrome ¢, were monitored at 418 nm
with the heme concentration at 2-3 um. All solu-
tions used in the stopped-flow experiments were
deoxygenated by bubbling with water-saturated ar-
gon gas. Absorption spectra were recorded on a
Cary Model 118 spectrophotometer.

RESULTS

General. The reaction of R-cyto ¢, with
the iron hexacyanides was previously

4 Abbreviations used: R-cyto ¢, Rhodospirillum
rubrum cytochrome c,; C-cyto ¢,, Rhodopseudomo-
nas capsulata strain Saint Louis cytochrome ¢,; S-
cyto ¢,, Rhodopseudomonas sphaeroides strain 2.4.1
cytochrome c,; P-cyto ¢,, Rhodopseudomonas palus-
tris strain 2.1.37 cytochrome ¢,; V-cyto ¢;, Rhodomi-
crobrium vannielii strain 3.1.1 cytochrome c;;
HIPIP, high-potential iron-sulfur protein.
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found to be consistent with the mechanism
given by Eq. [1] (8).

cyto ¢, (IIT) + reductant
ki ko ks,

=C, =C, =cytoc, II, , oxidant,
kZ] k32 k43

(11

where C, is a reductant-cyto ¢, (III) com-
plex and C,; is an oxidant-cyto ¢, (II) com-
plex. The second-order rate constants for
complex formation (k,, and k,;) have been
reported as well as the limiting first-order
rates in both directions (k.;, k3.) (8). For
the reactions of R-cyto c, to be reported
here (reduction by azurin, ascorbate,
SO, and S,0,%" and oxidation by azurin),
no evidence for complex formation was
found and Eq. [2] was applied. The nota-
tion k,, and k4, has been retained to relate
the work presented here to that reported
for the iron hexacyanides.

cyto ¢, (ITI) + reductant

kIZ

= cyto ¢, (II) , oxidant.
by

{2]

The reaction of ferri-R-cyto ¢, with so-
dium ascorbate was found to obey pseudo
first-order kinetics at pH values of 7.0 or
less; however, at alkaline pH the reaction
was biphasic with a slow kinetic species
detectable. The contribution of the slow
kinetic species to the total absorbance
change increased with increasing pH.
Plots of the pseudo first-order rate con-
stants vs [ascorbate] were linear in all
cases ([ascorbate] = 1 to 50 mm).

The reduction of ferricytochrome ¢, with
sodium dithionite obeyed pseudo first-or-
der kinetics ([S,0,27] = 10 to 500 um) for
all experimental conditions used here as
long as oxygen was omitted ([O,] <1 um).
Second-order plots ([S,0,%7] vs &ys) Were
nonlinear and the data were analyzed uti-
lizing the rate law given in Eq. [3] which
has previously been applied to the reduc-
tion of ferri-horse heart cytochrome c by
sodium dithionite (1, 6), where %, is the
second-order rate constant for S,0,2 re-
duction and %, the second-order rate con-
stant for SO, reduction. K, is the equilib-
rium constant for the breakdown of S,0,2~
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to 280, and was determined by electron
paramagnetic resonance as described pre-
viously (6). This mechanism requires that
both SO,” and S,0,>~ reduce cytochrome
¢, and that plots of &, [S.0271! vs
[S,0,2717'2 be linear; this was found to be
the case for all conditions investigated
here.

kobs = kl [82042.‘] [3]
+ k2 I(eql/2 [82042_]1/2-

The reaction of R-cyto ¢, with azurin
was monitored at both 600 and 552 nm
yielding identical results. Pseudo first-or-
der kinetics were found at all azurin con-
centrations (2 to 20 um) for both oxidation
and reduction of R-cyto ¢, (heme concen-
tration, 1 um). Second-order plots were
linear in all cases.

The reduction of cytochrome c, from
various sources by ferrocyanide obeyed
pseudo first-order kinetics ([ferrocyanide]
= 0.030 to 1 mm) and as analyzed in terms
of Eq. [1].

Effect of ionic strength. Table I presents
second-order rate constants for the reac-
tion of R-cyto ¢, with ascorbate, S,0,%",
SO,~, and oxidized and reduced azurin at
various ionic strengths. In all cases, the
rate of reaction was decreased by increas-
ing ionic strength indicating the interac-
tion of oppositely charged reactants. With
ascorbate, S,0,2~, and SO,”, a positive
charge at the site of electron transfer on
R-cyto ¢, is indicated. As the charge at
the site of electron transfer on azurin is
unknown, the interpretation in this case
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is not unequivocal; however, the results
are consistent with a plus charge on cyto-
chrome ¢, and a minus charge on azurin
(both proteins have a net negative charge
at pH 7.0). Table II summarizes the sec-
ond-order rate constants for the reaction
of R-cyto ¢, with a variety of oxidants and
reductants. The values presented were ob-
tained from plots of In &, or In &, vs u!'?
by extrapolation to infinite dilution as
described by the Debye-Huckel relation
(17). Although the absolute values of the
rate constants and apparent charges at
infinite dilution are questionable due to
the uncertainties in the application of the
Debye-Hiickel equation, the relative val-
ues are useful for comparative purposes.
For comparison, previous results with the
iron hexacyanides and the high-potential
iron-sulfur protein (HIPIP) from Chroma-
tion vinosum (18) are included in Table II.

pH effects. The reaction of S,0,2 and
S0,~ with ferricytochrome ¢, as a function
of pH is presented graphically in Fig. 1A.
The rate constant for SO,~ reduction goes
through a maximum at pH 9 while the
S,0,2~ rate constant decreases with in-
creasing pH. This pattern is similar to
that observed for the reduction of horse
heart cytochrome ¢ (6). Ascorbate reduc-
tion is complex in that at pH values above
7 the reaction is biphasic. However, both
kinetic species present at alkaline pH fol-
low second-order kinetics. This observa-
tion is in sharp contrast to the reduction
of ferricytochrome ¢, or ¢ by ferrocyanide
where two kinetic species are observed at
alkaline pH but the slow kinetic species

TABLE I

SECOND-ORDER RATE CONSTANTS FOR THE OXIDATION AND REDUCTION OF R. rubrum CYTOCHROME C; AS A
FuncTioN OF IONIC STRENGTH®

n Ascorbate, & SO,~, &k x 107 8,0,2, %k x 10¢ Azurin (re- Azurin (oxi-
(M5 (M7 s71) (M~'s)  duced), k x 10~ dized), k x 107
(M—l s—l) (M—l s—l)
0.018 - - —_ 4.1 -
0.035 - 8.8 9.2 3.6 9.2
0.045 68 — - - —
0.055 52 8.7 8.3 3.3 -
0.085 47 8.3 5.7 2.7 -
0.135 27 7.8 3.3 2.5 0.5
0.535 10 3.6 1.6 - —

¢ The buffer generally was 0.01 M potassium phosphate, pH 7.0, supplemented with various amounts of
NaCl to give the indicated ionic strengths. Heme concentration, 2-5 uM; reaction temperature, 20 = 0.2°C.
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TABLE 1I
THE ErrFecT oF IoNiCc STRENGTH ON THE REDOX KINETICS OF R. rubrum Cytochrome c,”

E.; (mV) ki (M1s™) Apparent charge on cytochrome c,
Reductant
Ferrocyanide® 410 5.0 x 10° +1.3
HIPIP® 320 1.4 x 10° Product of charges = —2.3
Azurin 300 4.8 x 10° Product of charges = —0.8
S,0,2- 150 2.5 x 10° +0.7
Ascorbate 58 170 +2
S0, —740 1.1 x 108 +0.7
Oxidant
Ferricyanide® 410 1.3 x 107 +0.7
HIPIP® 320 2.2 x 10% Independent of ionic strength
Azurin 300 1.9 x 108 Product of charges = —6.9

¢ k, was obtained from the extrapolation of plots of ln &, vs u!'? to zero ionic strength and hence
represents the rate constant at infinite dilution. The values of k., used in each case are given in Table I.
The apparent charge was obtained from the slope of a plot of In &,,; vs u"? and the known charge of the

reactant used.
® Data from Ref. 8.
¢ Data from Ref. 18.
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Fic. 1. Effect of pH on the oxidation and reduc-
tion of R-cyto ¢,. Solid lines generated as described
in the text. (A) Reduction by SO, (@, ordinate x
1077) and S,0,%* (A, ordinate x 107%). (B) Reduction
by ascorbate: @, fast kinetic species (acid form,
ordinate X 1073); A, slow kinetic species (alkaline
form). (C) Oxidation by potassium ferricyanide (A,
ordinate x 107°) and reduction by potassium ferro-
cyanide (@, ordinate x 1074,

has a rate constant that is independent of
the reduction concentration (8, 12). Figure
1B represents the second-order rate con-
stants for ascorbate reduction, with both
kinetic species having sharp pH optima.

Previous kinetic studies with the iron
hexacyanides and the oxidation-reduction
potential as a function of pH were inter-
preted in terms of three pK values in each
oxidation state of R-cyto ¢, (8). However,
a recent study (Dr. G. Pettigrew, personal
communication) of the oxidation-reduc-
tion potential of cytochrome ¢, has been
interpreted in terms of two pK values for
ferri-R-cyto ¢, (6.2, 8.4) and one for ferro-

cyto ¢, (7.0). Reevaluation of our previous
results leads us to believe that the inter-
pretation of Pettigrew is a more accurate
description of the situation. Nevertheless,
the kinetic data for ascorbate, SO,~, and
S,0,%~ reduction and ferricyanide oxida-
tion (8) clearly require at least two pK
values above 7. To accommodate all avail-
able information we propose three pK val-
ues for ferri-cyto ¢, (~6.2, 8.4, and 9.5)
and two for ferro-cyto ¢, (~7.0 and 9.5).
The pK value at 9.5 in each oxidation
state would be undetectable by equilib-
rium measurements. Equation ([4] pre-
sents the expression for the observed rate
constant for reduction and Eq. [5] presents
it for oxidation.

kobs =

kra + (kry Ko)/[H*]
+ (kge Ko1 Ko2)/[H'P
+ (kpa Ko1 Ko: Kop)/[H'® | [4]
1+ (Ko )/[HY] + (Ko Koo)/ [HT?
+ (Ko1 K2 Ko3)/[H*P

kobs =

koa + (konKr)/[H?]
+ (koc Ky Kg)/[H*P  [5]
1+ (Kg)/[H'] + (Kg, Kgo)/THT?

The expressions for the rate and equilib-
ria processes used to derive Eq. [4] are
given by Egs. [6]-[12],
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Hjcyto ¢, (III)

KDI
= H* + H2cyto ¢, (IID),

(6]

H,cyto ¢, (III)

Koo
= H*+ Hcyto ¢, (II),

(7]

Hcyto ¢, (IIT)

Kos
= H" + cyto ¢, (III),

(8]

Hseytoc, (III) + R
(9]

kra
= H;cyto ¢, (1),

Hycyto e, (III) + R
[10]

kry

= H,cyto ¢, (II),

Heyto ¢, dIT) + R

ch
= Hcyto ¢, D),

[11]

and
cytoc, (II) + R

de
= cyto ¢, (II),

[12]

where R represents the reductant. Similar
expressions can be written for the ferro
form of the cytochrome to yield Eq. [5].
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Using the equations given above and
the pK values and rate constants given in
Table III, the solid lines shown in Fig. 1
were calculated. Figure 1A is for SO,
and S,0,% reduction, Fig. 1B ascorbate
reduction, and Fig. 1C ferrocyanide reduc-
tion and ferricyanide oxidation with the
data taken from a previous publication
8).

Excluding the slow kinetic species ob-
served with ascorbate at alkaline pH, ex-
cellent agreement is obtained between the
kinetic and equilibrium measurements
and among the various reductants. For
ferrocyanide and ascorbate reduction, the
agreement between the calculated and ob-
served rate constants at pH 4 is poor (Fig.
1) suggesting another pK below pH 4 for
ferri-cyto c,.

The contribution of the second kinetic
phase observed for ascorbate reduction at
alkaline pH increases with increasing pH.
Thus, a plot of the log of the fraction of
the total absorbance represented by the
fast kinetic species (acid form) divided by
the fraction as the slow kinetic species
(alkaline form) is linear (Fig. 2). These
data yield a pK of 9.4 with a slope of 2 (n,
the number of protons, = 0.5); these values
are in excellent agreement with the pH
titration of the 695-nm absorption band
(pK = 9.3) and ferrocyanide reduction (pK
= 9.6) (8).

Temperature. Table IV summarizes
thermodynamic data for the reduction of
R-cyto ¢, by ascorbate, SO,2", and S,0,%*
and compares these results to those re-
ported for the analogous reactions with

TABLE III

CoMPARISON OF pK VALUES AND LIMITING RATE CONSTANTS FOR THE OXIDATION AND REDUCTION OF R-
cyto ¢; BY A VARIETY OF REACTANTS

pK, pK: pKy k,(M7's) k,(M7'sT) k. (MT'sTH) kg (MTsTY)

Reductant

Ferrocyanide 6.2 8.4 9.5 2 x 10° 5 x 10* 104 108

S,0,%- 6.2 8.4 9.5 103 2.2 x 10¢ 104 8 x 10°

Ascorbate (fast) 6.2 8.8 9.8 30 2 3 x 10° 0.5

Ascorbate (slow) - 9.6 10.6 - 0.4 26 0.1

SO,- 6.2 8.4 9.5 1.6 x 108 5 x 107 1.7 x 108 6 x 107

Equilibrium 6.2 8.4 9.5 - - ~ -
Oxidant

Ferricyanide 7.0 9.5 - 1.8 x 10° 3.6 x 108 1.5 x 108 -

.Equilibrium 7.0 9.5 - - - — —




the iron hexacyanides (8). For all cases,
reduction is primarily an enthalpic process
with oxidation having a much larger en-
tropic contribution. The similarities in the
thermodynamic parameters again suggest
a common site of reduction.
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Fic. 2. Relation between pH and the acidic and
basic forms of R-cyto ¢, for ascorbate reduction. The
ratio acid/base was derived from the fraction of the
fast and slow kinetic species as described in the
text.

TABLE IV

THERMODYNAMIC PARAMETERS FOR THE REACTION
OF R. rubrum CYTOCHROME c, WITH ANIONIC

REACTANTS
AH% TASH AGE
(keal/ (kcal/ ‘keal/
mol) mol)¢ mol)*®
Reductant
Ferrocyanide® 11.4 0.5 10.9
5,0,* 16.0 2.6 13.4
Ascorbate 13.0 -2.3 15.3
50, 10.0 1.6 8.4
Oxidant
Ferricyanide® 5.2 -3.0 8.2
@ 20°C.

® Data from Ref. 8.

EQ1
JI1

ent ionic strengths are summarized in
Table V. The data presented are in terms
of k;» and k,; since in all cases the data
are interpretable in terms of Eq. [1] with
second-order plots becoming independent
of [ferrocyanide] at high concentrations.
To compare the various cytochromes c,,
Debye-Hiickel plots (17) were made and
the value of k,, at infinite dilution and
the apparent charge at the site of electron
transfer were determined. Table VI pre-
sents the value of k,, at infinite dilution,
k., the apparent charge, the isoelectric
point, and the oxidation-reduction poten-
tials of the cytochromes ¢, studied. Also
included in Table VI are the same param-
eters for R-cyto ¢, (8) and horse heart
cytochrome ¢ (6) for comparison. Most no-
table are the wide range of values for &k,
and the lack of correlation of the oxida-
tion-reduction potential with k,, and k..
P-cyto cy represents an anomaly in that
ko 18 ionic strength dependent, a finding
not observed with the other cytochromes
examined. In all cases a positive charge
at the site of electron transfer was ob-

served and, except for V-cyto ¢, and horse
heart cytoc, the apparent charoe rmn)‘h]v

1car L wWw L, Ui el il LAl gt IVUEL

correlated w1th the value of ku.

DISCUSSION

In terms of the reduction of ferricyto-
chrome c¢,, the results presented here
strongly support the view that all reac-
tants interact at a common site on the
cytochrome. This conclusion is derived

from the similar apparent charge at the
site of electron transfer (Table II), the

Ll LTIVl WIailsiel

identical effects of pH in terms of pK

TABLE V

SECOND-ORDER RATE CONSTANTS FOR THE REDUCTION OF VARIOUS CYTOCHROMES ¢; AS A FUNCTION OF
IoNic STRENGTH

K (gi‘g‘:f%ﬁ’:ﬁ) R. capsulata R. sphaeroides R. vannielii
ki X 1070 kyy ki x 1075 Ry, By, X 1075 ky ki X 1074k,
M1's™) (57 (M7 s (s (M's™  (s7H) (M7ts™h)  (s7H)
0 - 3.9 500 - - -
0.042 4.4 200 2.8 500 17.8 303 7.0 22
0.068 2.4 111 2.4 500 8.5 294 3.1 42
8 111 1.5 500 3.9 238 1.9 37
0.168 0.9 51 — - - — -
8 98 0.6 500 1.5 244 5.9 29
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TABLE VI
THE ErrFECT OF IoNIC STRENGTH ON THE REDUCTION KINETICS OF CYTOCHROMES C,
Source E,’ (mV) ol 2 ks Apparent

(M™'s™) (s charge
R. capsulata 368 7.1 1.3 x 10¢ 500 +0.7
R. palustris (strain 2.1.37) 362 9.7 1.3 x 10¢ 90-200 +0.7
R. vannielii 356 7.9 4.0 x 105 32 +1.0
R. sphaeroides 351 5.5 4.2 x 107 270 +1.6
R. rubrum 324 5.9 5.0 x 108 250 +1.3
Horse heart cytochrome ¢ 261 10.4 1.0 x 10° 132 +1.3

values on the reduction process (Table III),
and the similar thermodynamic activation
parameters (Table IV). We have previ-
ously demonstrated that R-cyto ¢, inter-
acts with iron hexacyanides via a complex
mechanism (Eq. [1], Ref. 8). We have no
reason to think that this same mechanism
is not operative for the reactants used
here, even though no complexes were de-
tected for the interaction of R-cyto ¢, with
SO, S,0,%, ascorbate, and oxidized and
reduced azurin (and HIPIP, Ref. 18). The
lack of detectable complexes may be at-
tributed to the lifetime of the complex. In
terms of ferricytochrome ¢, reduction, fer-
rocyanide is the weakest reductant (E,’
approximately ~400 mV). Yet the rate of
electron transfer (k,3) is near the limit of
the stopped flow (250 s, Ref. 8). If driving
force is a significant factor in the reaction
then all other reductants studied should
have rates of electron transfer (k.;) much
greater than 250 s~! and would not be
detectable by available mixing methods.
Thus, it is our view that the second-order
rate constants reported here and else-
where (8, 18) monitor complex formation.

Electrostatics clearly play an important
role in the chemistry of the interaction of
cytochrome ¢, and the various reactants
studied. A positive charge at the site of
electron transfer is found irrespective of
the nature of the oxidant or reductant
(Table II) or the isoelectric point of the
cytochrome (Table VI). This latter point
establishes that a specific region on the
cytochrome surface which is positively
charged mediates electron transfer (8).
However, the reactions cannot be com-
pletely described in terms of electrostatic
effects because the rate of complex forma-
tion (Table II), is not proportional to the

net charge on the oxidant or reductant.
Also, for the reaction of R-cyto ¢, and
oxidized HIPIP, no ionic strength depend-
ence was noted, yet quite rapid rates were
observed. Available evidence suggests
that the chromophores of HIPIP and
azurin are not solvent accessible (19, 20);
hence, direct interaction with the heme of
cytochrome c; is prohibited. Thus, it could
be anticipated that steric restrictions
might play an important role in control-
ling the rate of interaction of cytochrome
¢, with HIPIP and azurin. However, both
HIPIP and azurin interact readily with
cytochrome c, at rates approaching those
observed with the small iron hexacya-
nides; thus, steric restrictions appear to
be minimal. In view of the rapid rates of
electron transfer between the redox pro-
teins studied and the apparent lack of
steric restrictions, a mechanism involving
some type of electron tunneling is sug-
gested. Thus, both orientation relative to
a specific site of electron transfer and
electron tunneling can be proposed as op-
erative components of an electron transfer
mechanism between these redox proteins.

The different pK values observed for the
oxidized and reduced forms of the R-cyto
¢, most likely result from local changes in
the environment of the participating side
chains. This conclusion is derived from
the requirement for oxidation and reduc-
tion to take place at the same site (Eq.
[1], and Ref. 8) and the fact that the
oxidized and reduced forms of the molecule
have almost identical three-dimensional
structures (9). Hence, the pK values for
ferricytochrome c, at 6.2, 8.4, and 9.5 could
be altered in the ferro form to 7.0, 9.5,
and >11, respectively. Alternatively, the
pK values at 6.2 and 8.4 could be altered
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to <4.0 and 7.0, respectively, with the pK
at 9.5 the same in both oxidation states.
Available data cannot discriminate be-
tween these two possibilities as measure-
ments below pH 4 or above pH 11 are not
possible with the oxidants and reductants
used to date. Nevertheless, pK changes on
the order of 1 to 2 pH units are required
which suggest rather substantial modifi-
cations of the chemical environment of the
participating groups. Analysis of the ki-
netic data for reduction is difficult because
two types of pH effects are noted (Fig. 1).
The monovalent anions SO,” and ascor-
bate have maximum rates at approxi-
mately pH 9, while S,0,*>~ and ferrocya-
nide show a continually decreasing rate
from low to high pH. Nevertheless, the
same pK values can be used for all reduc-
tants. The origin of these differences can-
not be established at this time although
the number of charges on a particular
reductant may be important.

In terms of the exposed heme edge as
the site of electron transfer, the pK value
at 6.2 in the ferri form can be assigned to
the propionic acid side chain of pyrrole
ring 3. This group is extensively hydrogen
bonded with serine-49 and tyrosine-46 hy-
droxyl groups within 4 A (9) and the e-
amino group of lysine-90 within 3.5 A
[distances calculated from available coor-
dinates (21)]. Thus, an altered pK for this
group is likely and its close proximity to
the heme edge and to the heme itself is
suggestive of its participation. The alka-
line pK (9.5 in the ferri form) can readily
be assigned to a lysine or tyrosine residue
with lysine-75, -88, and -90 and tyrosine-
46, -48, -52, and -70 all in close proximity
to the heme edge in R-cyto c,. The pK at
8.4 in the ferri form is a more difficult
assignment as it is lower than is generally
observed for e-amino groups and phenolic
hydroxyls. Alternatively, ionizations away
from the site of electron transfer could
result in the perturbation of the solvent
shell of cytochrome ¢, with attendant mod-
ifications at the site of electron transfer
resulting in changes in all apparent rates.
This latter possibility is difficult to inves-
tigate quantitatively and cannot be ex-
cluded at this time.
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Ferrocyanide and ascorbate reduction
and titration of the 695-nm band at alka-
line pH are all consistent with the conver-
sion of cytochrome ¢, to a new molecular
species at alkaline pH (8). This conversion
is complex as nonintegral values of n are
obtained with a pK of approximately 9.4.
The alkaline species formed is reducible
by ascorbate (second-order reaction) but
not reducible by ferrocyanide (8). Further-
more, ascorbate reduction of the alkaline
form indicates at least two pK values (9.6
and 10.6, Table IID). Thus, in the pH range
9-10, two molecular species of ferricyto-
chrome ¢, are at equilibrium [rate of inner
conversion, ~0.02 s™! (8)] with each species
having two ionization states.

Comparison of the rates of reduction of
the various cytochromes ¢, studied (Table
VD indicates a wide range in values of
both %, (100-fold) and %,, (20-fold). Ideally,
in a comparative analysis the difference
observed can be assigned to specific pa-
rameters. In this regard no relation be-
tween oxidation-reduction potential or iso-
electric point and the values of k,, and %,
can be detected (Table VI). This is not
surprising and points to the more likely
explanation that differences in structure
in the vicinity of the site of electron trans-
fer are responsible for the wide range of
reaction rates. In the discussion that fol-
lows, structural differences in the vicinity
of the exposed heme edge will be analyzed.
Table VII presents the amino acid compo-
sition in the region of the exposed heme
edge for the cytochromes ¢, used here.
The side chains given in Table VII were
obtained from inspection of the three-di-
mensional structure of R-cyto ¢, (9). The
assignments for cytochrome c, from other
sources were made on the basis of amino
acid sequence homology. The basic as-
sumption utilized is that the various cyto-
chromes c, are structurally homologous.
Hence, replacement of amino acid residues
at a particular position in the amino acid
sequence will not influence strongly the
overall structural features of the molecule.
This assumption is justified in our view
by the striking structural homology be-
tween mammalian cytochrome ¢ and bac-
terial cytochrome c, (9). Thus, the closely
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TABLE VII
AMINO Acip RESIDUES IN THE VICINITY oF THE HEME EnGE

Source Amino acid®

27° 28 46 47 48 49 50 51 52 88 89 90
R. rubrum K v Y A Y S D S Y K S K
R. capsulata a T F K K I T G
R. sphaeroides T F K G E G M G
R. palustris - F T P L N S T
R. vannielii G F N A M T
Horse heart T F T T A N — T

@ A blank space indicates the same residue as in R. rubrum; a dash indicates sequence deletion at the

indicated position.
b Position.

related bacterial cytochromes c, can be
expected to show little or no differences in
their backbone conformations.

Figure 3 represents an attempt to visu-
alize the situation an approaching reac-
tant would encounter in the region of the
heme edge. Presented in this figure are
only the charged or potentially hydrogen
bonding residues taken from Table VII.
The figure is roughly to scale (in two
dimensions) with solid lines representing
distances of less than 3 A, dashed lines
less than 4 A, and dotted lines less than 5
A. The distances were determined from
the coordinates of ferricytochrome ¢, from
Rhodospirillum rubrum (21) and assigned
to other cytochromes ¢, from sequence ho-
mology. Net charges cannot be calculated
because of the extensive hydrogen bond
networks likely present (9); nevertheless,
a reasonable explanation based on charge
can be proposed for the wide range in
rates of complex formation (k;;). S-cyto ¢,
has four e-amino and two carboxyl groups
available and has a much larger rate con-
stant than R-cyto ¢,, which has three e-
amino and two carboxyl groups. V-cyto ¢,
has one e-amino and two carboxyl groups,
consistent with its relatively slow rate of
complex formation. C-cyto ¢, has four e-
amino and two carboxyl groups but is
missing lysine-90 (replaced by glycine),
the side chain most proximal to the heme
edge. Thus, it can be suggested that in R.
capsulata the loss of lysine-90 is partially
compensated but not sufficiently to bring
the rates up to the level of R. rubrum and
R. sphaeroides cytochromes c,. R. palus-

Fe Fe Fe

k9Q k9Q
FANAAN K27 K27
F300 ZBOA.Y_“'K47 5\ 30 N7
K88.____js49 Y46 KBB..,__K49 “549
D50 D50 D50
R rubrum R capsulata R vannteli
K90 Fe K90, Fe
FRAN K27 N
i 30, N 30 47
é K47
Ke8 $49
E5S0

R. sphasrodes R palustris

Fic. 3. Structure of cytochrome c; in the vicinity
of the exposed heme edge. Solid lines represent
distances of less than 3 A, dashed lines less than 4
A, and dotted lines less than 5 A. From the single-
letter code for amino acids: K, lysine; Y, tyrosine;
S, serine; D, aspartic acid; N, asparagine; E, glu-
tamic acid; T, threonine. In addition, Fe represents
the heme iron and 30 represents a carboxyl oxygen
of the propionic acid side chain of pyrrole ring 3.

tris cytochrome ¢, has only one e-amino
group in the immediate vicinity of the
exposed heme edge; however, the carboxyl
group present at position 50 in the other
cytochromes c, has been replaced by a
proline. Thus, a rate of complex formation
comparable to that of R. capsulata is ob-
served. The foregoing discussion is specu-
lative; nevertheless, it does suggest a ra-
tional explanation for the observed rates
and serves as a basis for the design of
further experiments.

To summarize we have shown that a
wide variety of nonphysiological reactants
interact with ecytochrome c, from R. rub-
rum with kinetic parameters consistent
with a common mechanism. Moreover, cy-
tochrome c¢; from a variety of sources
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reacts with potassium ferrocyanide, con-
sistent with an identical mechanism. Ki-
netic results with physiological reactants
(HIPIP and azurin discussed here) are
generally consistent in that charged inter-
actions are as observed with the nonphys-
iological reactants. However, the physio-
logical reactants do not appear to be se-
verely sterically restricted suggesting that
electron transfer can take place over a
relatively large distance (>5 A). Analysis
of available kinetic data in terms of the
primary and tertiary structure in the re-
gion of the exposed heme edge yields a
consistent interpretation of the observed
kinetic differences and similarities and
implicates the participation of specific
amino acid side chains.
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