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ABSTRACT: Intramolecular electron transfer over 12 Å from hemec to hemed1 was investigated in
cytochromecd1 nitrite reductase fromPseudomonas aeruginosa, following reduction of thec heme by
pulse radiolysis. The rate constant for the transfer is relatively slow,k ) 3 s-1. The present observations
contrast with a corresponding rate of electron transfer, 1.4× 103 s-1, measured for cytochromecd1 from
Paracoccus pantotrophus, though the relative positions of the two heme groups are the same in both
enzymes. The rate of intramolecular electron transfer within the enzyme fromP. aeruginosawas accelerated
104-fold (1.4× 104 s-1) by the binding of cyanide to thed1 heme. A coordination change at thed1 heme
upon its reduction is suggested to be a major factor in determining the slow rate of electron transfer in the
P. aeruginosaenzyme in the absence of cyanide.

Cytochromecd1 is a bacterial nitrite reductase that has a
respiratory function and is located in the periplasm. The
enzyme catalyzes the reduction of nitrite to nitric oxide
(NO2

- + e- + 2H+ f NO + H2O). Each monomer of the
homodimeric molecule contains two heme groups, ac-type
cytochrome and ad1 heme. Thec-heme is the electron
acceptor site in cytochromecd1 and mediates the electron
transfer to the catalytic site hemed1 of the enzyme. High-
resolution X-ray crystal structures have recently been
obtained for the oxidized cytochromecd1 molecules from
Paracoccus pantotrophus(formerly Thiosphaera pantotro-
pha) (1) and Pseudomonas aeruginosa(2). Remarkably,
these structures show substantial differences. Whereas an
essentially identical eight-bladedâ-sheet propeller structure
binds the d1 heme in protein from both sources, the
organization of the N-terminal cytochromec domain differs.
The latter domain of nitrite reductase fromP. aeruginosa
(NIR-Ps)1 has a typical class Ic-type cytochrome fold with
axial His and Met ligands to the heme iron. In contrast, the
c cytochrome center in nitrite reductase fromP. pantotrophus
(NIR-Par) is His/His coordinated, and the corresponding Met

residue to that found as a heme ligand in NIR-Par is at the
bottom of a loop some distance from the heme iron. A further
difference occurs with respect to the ligation of thed1 heme
iron. In enzymes from both sources the proximal ligand is
His; the distal ligand in NIR-Par is Tyr25, which is only
eight residues further along the polypeptide chain than one
of the His ligands to thec-type cytochrome center. In
contrast, in the structure of NIR-Ps, the secondd1 heme
ligand is a hydroxide which in turn is bonded to Tyr10, which
is not structurally equivalent to Tyr25 in NIR-Par. However,
despite the differences in both heme iron ligation and tertiary
protein structure between the cytochromecd1 from the two
sources, the relative positions of the hemes are the same, in
terms of both edge to edge cofactor distance (11.4 Å for
NIR-Ps, 11.0 Å for NIR-Par) and their relative orientation
(60°) to each another.

The conformation of cytochromescd1 from both sources
depends on the redox state of the protein, and major changes
in the structural organization were found to occur upon
reduction. The most dramatic occur for NIR-Par where the
His17 ligand to the Fe of thec-type cytochrome center is
replaced by Met106 and the Tyr25 is displaced from thed1

heme iron with the result that this iron becomes five
coordinate (3). In the case of NIR-Ps, the conformational
changes are less extensive but nevertheless cause loss of the
hydroxide ion that is a ligand to thed1 heme of the oxidized
enzyme (4, 5). In both cases, very recently, it has been
proposed that a loop of thec heme domain (56-62 in NIR-
Ps, 99-162 in NIR-Par) moves following the reduction of
the d1 heme rather than as a consequence of the reduction
of the c heme (5).

Several studies have shown that the rate of electron transfer
between thec andd1 hemes in NIR-Ps is of the order of 1
s-1 (6-8). This is a strikingly low rate in the context of the
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heme to heme separation of only 11 Å. It is important to
note that the interheme electron-transfer rate within NIR-Ps
is accelerated to ca. 100 s-1 when oxygen is bound at thed1

heme (9). In the case of NIR-Par, on the other hand, this
rate has been determined under two sets of conditions. Pulse
radiolysis experiments showed that thec to d1 electron-
transfer rate within NIR-Par was 1.4× 103 s-1 (10). A
different approach showed that reoxidation of ascorbate-
reduced enzyme by oxygen resulted in electron transfer from
the c to thed1 heme at a rate of over 100 s-1 (11). Thus to
date the very slow (1 s-1) electron-transfer rate identified in
NIR-Ps has not been observed for NIR-Par. The difference
in structure between the oxidized forms of NIR-Ps and NIR-
Par, together with the much larger structural change that
occurs upon reduction of the latter, means that the interheme
electron transport rates may differ in an instructive manner
between the two proteins. A very significant difficulty in
comparing the rates obtained hitherto for cytochromecd1

from the two sources is that the experiments have been done
under completely different conditions, as discussed before
(10).

The pulse radiolysis approach (10, 12-15) has several
features that are distinct from those of other methods used
to study electron transfer within proteins. First, it permits
the extremely rapid donation of a single electron to a metal
center in an enzyme; in the case of NIR-Par this was
previously shown to be specific for thec-type cytochrome
center (10). The rate of reduction was such that the absence
of any conformational change could be assumed. Second,
the method does not require any substrates of the enzyme;
thus complications arising from kinetic constraints imposed
by chemical events at, for example, thed1 heme center or
site of docking of an electron donor protein, will not occur.
Indeed, these considerations mean that extrapolation cannot
automatically be made from the results obtained with the
pulse radiolysis technique applied to NIR-Par to those
obtained using different approaches on NIR-Ps. Thus the
understanding of the electron-transfer process between the
two types of heme in cytochromecd1, and the consequences
for this process of the difference in structure, requires the
same conditions to be applied to both enzymes. This paper
presents the first such study, describing the results of studying
electron transfer within NIR-Ps using the pulse radiolyis
technique previously applied to the NIR-Par enzyme (10).

MATERIALS AND METHODS

NIR-Ps was purified by the method of Parr et al. (16).
Pulse radiolysis experiments were performed with an

electron linear accelerator at the Institute of Scientific and
Industrial Research, Osaka University (10, 12-15). The pulse
width and energy were 8 ns and 27 MeV, respectively. The
concentration ofN-methylnicotinamide (NMA) radicals
generated by pulse radiolysis was determined by absorbance
change at 420 nm using a millimolar extinction coefficient
of 3.2 mM-1 cm-1 (17). The reactions were carried out at
20 °C.

Samples for pulse radiolysis were prepared as follows.
Solutions of the enzyme contained 2 mM NMA and 0.1 M
tert-butyl alcohol (for scavenging OH radicals) in 10 mM
phosphate buffer (pH 7.0) and were deoxygenated in sealed
cells by repeated evacuation and flushing with argon. The
quartz cells had an optical path length of 0.3 or 1 cm.

The concentration of the oxidized NIR-Ps was determined
by using millimolar extinction coefficients of 282 mM-1

cm-1 at 410 nm (18). Optical absorption spectra were
measured with a Hitachi U-3000 or a Perkin-Elmer Lambda
2 spectrophotometer.

RESULTS

The pulse radiolysis experiment involves the almost
instantaneous generation of NMA radicals which in turn can
reduce a redox center within a protein. Our previous report
showed that the NMA radical gave a rapid and specific
reduction of thec-type heme center of NIR-Par (10). A
similar result was also obtained with NIR-Ps, as shown in
Figure 1. This is apparent from the decrease in absorbance
at 400 nm and increases in absorbance at 420 and 550 nm,
characteristic ofc heme reduction, and the lack of absorbance
increases around 460 nm (data not shown), characteristic of
d1 heme reduction, observations that are diagnostic of
reduction of thec, but not of thed1, heme iron centers on
the microsecond time scale. The initial transient increase in
absorbance at 400 and 420 nm indicated the formation of
NMA radicals. A second-order rate constant of 2× 109 M-1

s-1 could be calculated for the reduction of the enzyme by
NMA radicals, a comparable value to that found previously
with NIR-Par (3.8× 109 M-1 s-1). However, subsequent
events were quite different for NIR-Ps (10). Whereas the
electron passed essentially quantitatively to thed1 heme on
the millisecond time scale in NIR-Par, the transfer between
the hemes within NIR-Ps took place more slowly, as shown
in Figure 2. Following the initial very rapid reduction of the
enzyme at thec-type heme by NMA radicals, there was a
much slower change in absorbance at 400 and 420 nm and
an increase at 460 nm, corresponding to the oxidation of
thec and the reduction of thed1 heme centers, respectively.
Only after 5 s had the electron-transfer process been
completed.

FIGURE 1: Absorption changes on the microsecond time scale after
pulse radiolysis of cytochromecd1 nitrite reductase fromP.
aeruginosameasured at 400 nm (A), 420 nm (B), and 550 nm (C).
Samples contained 70µM enzyme in a 0.3 cm optical pathway
cell for spectra A and B and a 1 cm path for spectrum C,
respectively. All samples contained 2 mM NMA and 0.1 Mtert-
butyl alcohol in 10 mM phosphate buffer (pH 7.0).
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The calculated first-order rate constant for electron transfer
from thec to d1 heme was 3 s-1. The intramolecular nature
of the process was established by observing that this rate
constant was independent of the enzyme concentration in
the range from 30 to 240µM (data not shown). The slow
rate for NIR-Ps (3 s-1) is consistent with that obtained by
the stopped-flow method (0.2-1 s-1) (6-8) under certain
completely different conditions.

Figure 3 shows the kinetic difference spectra in the Soret
region at 100µs and 5 s after pulse radiolysis of NIR-Ps.
The spectrum at 100µs, which has an absorption maximum
at 420 nm, is consistent with the reduction ofc heme. At
5 s after the pulse, an absorption increase around 460 nm
appeared together with a decrease in absorbance at 420 nm.
However, the absorbance at 420 nm (or 400 nm) did not
return to its initial value, and about 50% of the initial
absorption change remained after 5 s. Thus, only ap-
proximately half of the electrons originally delivered to the

c-type cytochrome center were passed on after 5 s to the
d1-type heme. This can be explained by an equilibrium
constant close to unity for electron transfer betweenc and
d1 heme. This is consistent with the reports (19, 20) of a
relatively small difference between the redox potentials of
hemesc andd1.

Reduction of thed1 heme of NIR-Ps is known to cor-
relate with change in coordination of the Fe atom (21)
which might be connected with a slow electron-transfer rate.
It was of interest to study effects of the binding of cy-
anide to thed1 heme on the intramolecular electron trans-
fer within the NIR-Ps enzyme. Electron transfer should
occur without any rearrangement at the two heme centers,
because cyanide binds both ferrous and ferric hemed1 (22,
23). As in the case without cyanide, thec heme was re-
duced first, and subsequently, interheme electron transfer
occurred. The rate constant for the reduction ofc heme by
the NMA radical was not affected by binding of cyanide to
d1 heme (data not shown). The initial absorbance increase
at 420 nm subsequently reversed (Figure 4A), indicating
the reoxidation of hemec. Concomitantly, the absorption at
480 and 640 nm, characteristic of a ferrous-CN d1 heme,
increased with a half-time of 50µs (Figure 4B,C). Fig-
ure 5 shows the kinetic difference spectra in the Soret re-
gion at 100 and 500µs after the pulse. The initial spec-
trum of thec heme was not affected by binding of cyanide
to the d1 heme. Formation of ferrous-CN d1 heme was
supported by the kinetic difference spectrum, with a char-
acteristic broad absorption from 460 to 500 nm, obtained at
500 µs after the pulse (Figure 5). The rate constant for this
process (1.4× 104 s-1) was independent, within experimental
error, of both the enzyme and cyanide (1-4 mM) concentra-
tions. Therefore, this process is due to the intramolecular

FIGURE 2: Absorption changes on the seconds time scale after pulse
radiolysis of cytochromecd1 nitrite reductase fromP. aeruginosa
measured at 400 nm (A), 420 nm (B), and 460 nm (C). Samples
contained 70µM enzyme in a 0.3 cm path. All samples contained
2 mM NMA and 0.1 M tert-butyl alcohol in 10 mM phosphate
buffer (pH 7.0).

FIGURE 3: Kinetic difference spectra at 100µs (b) and 5 s (O)
after the pulse radiolysis of cytochromecd1 nitrite reductase from
P. aeruginosa. The experimental conditions were as described in
Figure 1.

FIGURE 4: Absorption changes after pulse radiolysis of cyto-
chrome cd1 nitrite reductase fromP. aeruginosameasured at
420 nm (A), 480 nm (B), and 640 nm (C) in the presence of
KCN. Samples contained 12.5µM enzyme, 2 mM NMA, 2 mM
KCN, and 0.1 Mtert-butyl alcohol in 10 mM phosphate buffer
(pH 7.0).
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electron transfer fromc heme to CN-boundd1 heme, as
follows:

The absorbance at 420 nm did not return to its initial value
(Figure 4A), just as observed without cyanide. This suggests
that the redox potential of thed1 heme may not be greatly
affected by the binding of CN-, rather than hydroxide, to
the d1 heme, at least under the conditions of the pulse
radiolysis experiment. However, an alternative explanation
stems from the previously described effects of ligand binding
to the d1 heme on the potential of thec heme (24). Thus,
coincidentally, it may be that the difference in reduction
potentials between the two hemes changes little upon
introduction of cyanide at thed1 heme. This is consistent
with the results reported (20), where the difference in
reduction potential between the two hemes (-25 mV) does
not change upon cyanide binding. We note that there are
variations among the published values of reduction potentials
for the two hemes in NIR-Ps cytochromecd1 (19, 24).
However, although precedent with some other heme proteins
might suggest that an anionic ligand such as hydroxide or
cyanide can lower the redox potential to ca.-200 mV (25),
there is no evidence that this is the case for cytochromecd1

(24). The factors determining the redox potential of the
unusuald1 heme center, with various ligands bound, have
not been studied systematically, but we note that at least for
the P. pantotrophusenzyme the ferrous-cyanide state is
unusually stable (26), a factor that would contribute to a more
positive potential for the cyano form ofd1 heme than usually
found for hemes with cyanide bound.

DISCUSSION

The present results clearly show that electron transfer
within NIR-Ps (3 s-1) contrasts with the corresponding rate
of the electron transfer of 1.4× 103 s-1 in NIR-Par (10),
even though the relative positions of two heme groups are
the same in both enzymes. A possible interpretation of the
present data is that the difference in redox potential between
the c and d1 centers is a factor in determining the rate of
electron transfer. It is evident that under the conditions of
the pulse radiolysis experiments the redox potentials of the
c- andd1-type hemes must be approximately equal for NIR-
Ps; in contrast, they must differ by at least approximately

100 mV in NIR-Par in which electron transfer fromc to d1

is stoichiometric (10). Therefore, the difference in redox
potential is suggested to be one factor in determining the
different rates. However, the 103 times difference in the rate
cannot be explained simply by the redox potential. It is noted
that the rate in NIR-Par (1.4× 103 s-1) is comparable to the
intramolecular electron transfer from type I Cu to type II
Cu in copper-containing nitrite reductase (1.4× 103 s-1) (12)
and from copper A to hemea in bovine cytochrome oxidase
(1.8 × 104 s-1) (13). The separation distance and the
difference in the redox potential of these redox centers are
12.5 Å (27) and 20 mV (28) for Cu-NIR and 19 Å (29)
and 0-35 mV (30, 31) for cytochrome oxidase, respectively.
Rather, it can be argued that the much slower rate in NIR-
Ps is due to a particular character of the enzyme. From an
experiment with zinc protoporphyrin IX-reconstituted NIR-
Ps (32) the internal electron-transfer rate constant (7.0×
105 s-1), even after correction for the driving force, is still
much higher (over 100-fold) than those determined by the
present study and stopped flow (7-9). Therefore, it is likely
that the very slow rate observed in the present paper is due
to a reorganization step involving a coordination change
concomitant with electron transfer from thec to d1 heme.
The reduction ofd1 heme causes loss of the hydroxide ion
from thed1 heme iron of NIR-Ps (4, 5). Thus, thed1 heme
might need to lose the bound hydroxide in order to accept
an electron from thec heme; an associated conformational
change could determine the rate of electron transfer. This
proposal is supported by the finding that CN- bound to the
ferric form of d1 heme increased by about 104-fold the
electron-transfer rate from thec heme, which is explained
by cyanide remaining bound to resultant ferrousd1 heme.
Though the binding of cyanide to thed1 heme may affect
the redox potential of the heme, the 104 times difference in
the rate constant for the intramolecular transfer cannot be
explained simply by the redox potential. Furthermore,
recently it has been shown by X-ray crystallography that a
form of the NIR-Ps with thec heme reduced and thed1 heme
oxidized retains the hydroxide ligation to thed1 heme (5).
This observation contradicts a previous hypothesis (4) that
reduction of thec heme triggered hydroxide loss from the
oxidizedd1 heme and strongly suggests that reduction of the
d1 heme is correlated with dissociation of the hydroxide. This
supports our interpretation of the slow electron-transfer rate
from c to d1 heme in native NIR-Ps. In the case of NIR-Par,
on the other hand, thed1 heme can accept an electron from
thec heme without prior displacement of Tyr25 from thed1

heme (10). The difference between the two enzymes would
be due to the coordination structures His/Tyr25 for NIR-Par
and His/OH- for NIR-Ps. We note that it is not possible to
study the electron transfer between thec andd1 hemes with
cyanide present for the NIR-Par because cyanide will not
bind to the oxidized state of the enzyme (26).

Recently, a study of the intermolecular electron-transfer
kinetics betweenc-type cytochromes and cytochromecd1

from Pseudomonas nauticahas been reported (33). It was
estimated that the first-order rate constant for the intramo-
lecular transfer of electrons from thec-type to thed1 heme
center within the cytochromecd1 was a minimum of 33 s-1

at a pH value of 6.3 but declined to approximately 1 s-1 at
pH 8. It was concluded that at pH 8 this is a rate-limiting
step, whereas at pH 6.3 the intermolecular transfer to

FIGURE 5: Kinetic difference spectra at 100µs (b) and 500µs (O)
after the pulse radiolysis of cytochromecd1 nitrite reductase from
P. aeruginosa. The experimental conditions were as described in
Figure 4.

c2+d1
3+-CN f c3+d1

2+-CN
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cytochromecd1 from a c-type donor is rate limiting. Thus,
it was argued (33) that, at pH 6.3, the intramolecular electron-
transfer rate might be as high as the 1400 s-1 obtained in a
previous pulse radiolysis study of NIR-Par (10). The enzyme
from P. nauticaappears to be closely related to that of NIR-
Ps because the N-terminal sequences, not generally well
conserved between different cytochromescd1, from the two
proteins are very similar (34) and overall they share 70%
sequence homology (A. S. Pereira, I. Cabrito, J. J. G. Moura,
and I. Moura, personal communication). Thus it is very
probable that the rate for intramolecular electron transfer of
3 s-1 obtained in the present work for NIR-Ps will also apply
to the P. nauticacytochromecd1. Unless there is a large
increase in the intramolecular electron rate on going from
pH 7 to pH 6.3, the pulse radiolysis data presented here argue
against the intermolecular electron-transfer reaction being
the rate-determining step at pH 6.3. Alternatively, one must
consider the possibility that the binding of ac-type cyto-
chrome to cytochromecd1 of P. nauticaalters the intramo-
lecular electron-transfer rate; the pulse radiolysis approach
measures the intrinsic rate of electron transfer in the isolated
protein. Whereas these issues will require further investiga-
tion in the future, it is notable that the redox potentials of
thec andd1 hemes in theP. nauticaenzyme are reported as
being relatively pH independent, with thed1 being slightly
less positive than thec (34). Thus a large change in electron-
transfer rate with pH is not predicted, while the similarities
of the potentials of the two centers suggest that, as with the
P. aeruginosaenzyme, single electron reduction following
pulse radiolysis should result in an approximately equal
distribution of electrons between the two centers after the
reaction.

The oxidation/reduction behavior of NIR-Par and NIR-Ps
presents many unresolved issues which relate to the observa-
tions made with the pulse radiolysis technique. With the NIR-
Par a quasi-equilibrium redox titration has shown that thec
andd1 hemes are reduced with high cooperativity which is
associated with ligand switching at both hemes (35); it is
not possible to obtain enzyme with just one type of heme
center reduced under titration conditions. Under the pulse
radiolysis condition the NIR-Par enzyme is supplied with
only one electron perc andd1 hemes (10). The migration of
that electron from thec to the d1 heme may well occur
without a preceding ligand switch at either thec heme, which
would remain His/His throughout, or thed1 heme. There is
not such evidence for cooperativity among the two types of
heme group in NIR-Ps, but the oxidation/reduction behavior
depends on the conditions. Thus in the crystal (5) an electron
on thec heme shows little tendency to migrate to thed1

heme, but under our solution conditions using pulse radiolysis
such migration does occur on the seconds time scale. Perhaps
one electron per polypeptide chain can slowly drive the
dissociation of the hydroxide from thed1 heme in solution
whereas in the crystal both hemes need to be reduced. On
the other hand, even in solution there are variations in the
reports of the oxidation/reduction behavior of the enzyme
(19, 23); resolution of these issues is beyond the scope of
the present work.

Finally, the results presented here show how the rate of
electron transfer can be regulated by the environment of the
donor and acceptor groups. Such conformational changes,
without movement of the donor and acceptor groups, could

offer a mechanism of control of electron transfer. Although
there are differences between the enzymes fromP. pantotro-
phus and P. aeruginosa, in each case a relatively slow
controlled electron transfer from thec to thed1 heme may
be important to avoid the buildup of a dead-end inhibitory
ferrousd1 heme NO complex.
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