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Abstract

The oxidation-reduction midpoint potentials for the two prosthetic groups of the chloroplast-located, ferredoxin-dependent
nitrite reductase of spinach leaves have been determined by spectroelectrochemical titrations and cyclic voltammetry. The
average of the results obtained by the two techniques are E,, = — 290 mV for the siroheme group and E,, = ~365 mV for the
[4Fe-4S] cluster. The value obtained for the [4Fe-4S] cluster is substantially more positive than values obtained previously in
experiments which utilized electron paramagnetic resonance spectroscopy at cryogenic temperatures to monitor the reduction
state of the cluster. Laser flash photolysis experiments have been used to monitor electron transfer from reduced ferredoxin to
nitrite reductase and have provided the first evidence for electron transfer between the two prosthetic groups of the enzyme. The
effect of ionic strength on the observed kinetics has provided support for the proposal that electrostatic interactions between
ferredoxin and nitrite reductase play a + ~.iportant role in the reaction mechanism.

Key words: Nitrite reductase; Ferredoxin; Oxidation-reduction titration; Cyclic voltammetry; Laser flash photolysis; Protein-pro-
tein complex; (Spinach)

1. Introduction heme and a single [4Fe-4S] cluster as prosthetic groups

(Refs. [1,2] and references cited therein). Amino-acid
sequences have been deduced from cDNA sequences
for the spinach, corn and tobacco enzymes [3-5]. It is

The enzyme ferredoxin:nitrite oxidoreductase (EC
1.7.7.1, hereafter referred to as nitrite reductase) cat-

alyzes the six-electron reduction of nitrite to ammonia,
a key step in the assimilation of nitrogen in plants and
algae [1]. Nitrite reductase is a soluble enzyme, located
in the chloroplast stroma where its physiological elec-
tron donor, ferredoxin, is reduced by the light-depend-
ent reactions of the non-cyclic electron transfer chain
{1} -Ferredoxin-dependent nitrite reductases, which
have been isclated from a number of higher plants and
algae, are monomeric proteins with molecular masses
ranging from 60 to 64 kDa and contain a single siro-
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known that the interaction between nitrite reductase
and ferredoxin is electrostatic in nature, with ferre-
doxin supplying the negative charges and nitrite reduc-
tase the positive charges involved in the interaction
between the two proteins [1,6-8). Oxidation-reduction
titrations [2,9-12] and extensive spectroscopic [10,12-
21)] and ligand binding [8-10,12-23] studies have been
carried out on ferredoxin-dependent nitrite reductases.
Although some possible intermediates on the pathway
from nitrite to ammonia have been proposed [10,13,
14,16}, no detailed kinetic studies of the enzyme have
yet been performed. Below wc present data on the
kinetics of clectron transfer from the deazariboflavin
radical and from reduced spinach ferredoxin to spinach
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nitrite reductase and provide new evidence on the
redox propertics of the [4Fe-4S] cluster in the enzyme.

2. Materials and methods

Ferredoxin and nitrite reductase were purified from
spinach leaves and stored as described previcusly {7
The cross-linked complex between nitrite reductase
and ferredoxin was prepared as descrivec [+ .. usly
{7]. The purity of the proteins was > 95%, using crite-
ria described previously [7], and the specific activities
of the nitrite reductase preparation and of the cross-
linked ferredoxin/ nitrite reductase complex used for
these experiments, assayed as described previously,
were essentially identical to those reported previously
[7]. Ferredoxin concentrations were estimated from the
absorbance at 422 nm using an extinction coefficient of
9.7 mM~! cm™! [24] and nitrite reductase concentra-
tions were measured as described previously [7].

Absorbance spectra were measured using a Shi-
madzu Model UV2100U spectrophotometer or an
OLIS modification of a Cary 15 spectrophotometer.
Laser flash photolysis measurements were carried out
with anaerobic samples, using the flash photolysis ap-
paratus and methodology described previously [25,26]).
Briefly, photolysis of a solution of S-deazariboflavin
and EDTA produces the deazaribuilavin semiquinone,
which reduces oxidized ¢ ~::in in competition with its
own disproportionation. All kinetic experiments were
performed under pseudo-first-order conditions, with
protein being present in large excess over the photo-
generated deazariboflavin semiquinone.

Spectroelectrochemical oxidation-reduction titra-
tions of nitrite reductase were conducted in the cell
compai:ent of a Shimadzu UV2100U spectropho-
tometer using a gold mini-grid optically transparent
electrode and potentiostat system, as described previ-
ously [11]. Self-assembled lipid bilayer membranes were
deposited on a gold electrode from a membrane-for-
ming solution containing 2.5 mg/ml egg lecithin [PC,
phosphatidylcholine, Sigma Chemical Co.) in squalene

Fig. 1. Reduced nunus oxidized difference absorbance spectra of
nitrite reductase photoreduced in the presence of deazariboflavin
plus EDTA. (A) The anaerobic reaction mixture contained 100 uM
5-deazariboflavin. 1| mM EDTA and 7 uM nitrite reductase in 4 mM
potassium phosphate buffer (pH 7.7) in a total volume of 2 ml. (B)
Conditions as in (A) except that 14 uM enzyme was present. Pho-
toreduction was accomplished by illuminating the reaction mixtures
in a | cm pathlength silica cuvette placed 20 cm from a 200 W lamp
for S. 15, 35, 45, 95 and 125 s (A) or 55, 75, 105, 135, 175, and 215 s
(B) of total irradiation. The spectra of fully oxidized nitrite reductase
and deazariboflavin have been subtracted from cach of the spectra
shown. (C) The spectrum obtained after 135 s of illumination was
subtracted from that cbtained after 215 s of illumination.
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(Fluka Chemie)/butanol (1:3 v/v) as previously de-
scribed [27]. A gold wire of 0.5 mm diameter (Aldrich
Chemical Co.) with a Teflon sleeve of 0.52 mm inner
diameter was used as a working electrode. The refer-
ence electrode was a saturated Ag/AgCl electrode.
Electrolyte solutions were degassed with high purity
argon before use. Cyclic voltammetric experiments were
performed as described previously, using a custom-
made functional generator with a current interface
[28]. Potential and current output were digitized by a
Heath-Zenith SD 4850 digital oscilloscope and the
waveforms were transferred to the hard disk of an IBM
XT computer. A BASIC program performed all data
analysis. The applied voltage was scanned over the
range from —0.9 to 0.1 V at a rate of 0.020 V/s. The
formal redox potentials (E, ,,) were determined from
the average of the oxidative (anodic E,,) and reductive
(cathodic E,.,) peak potentials, ie., (£, +E_4)/2.
The conversion of the applied potentials to normal
hydrogen electrode values were made assuming the
standard literature value for the potential of the refer-
ence electrode (0.197 V).

3. Resuits

In most earlier investigations of nitrite reductase in
which the siroheme and [4Fe-4S] cluster prosthetic
groups were reduced for spectroscopic characteriza-
tion, sodium dithionite ... used as the reductant
[10,14,15,17,19,23]). The use of he dithionite anion as a
reductant can result in the production of sulfite, which
can serve as a ligand to the siroheme [29-33]. We have
confirmed earlier observations (29,30} that sulfite can
serve both as a siroheme ligand and as a substrate for
spinach nitrite reductase (Aketagawa, J. and Hirasawa,
M., unpublished observations). Thus, previous studies,
in which attempts were made to measure the E
values of the prosthetic groups of niirite reductase
using dithionite to reduce the enzyme, were likely to
have measured E, values for the sulfite adduct rather
than those of the free enzyme. To eliminate this diffi-
culty we have reduced spinach nitrite reductase photo-
chemically in the presence of 5-deazariboflavin plus
EDTA, electrochemically in the presence of oxida-
tion-reduction mediators, and via cyclic voltammetry,
thus avoiding the use of the dithionite anion as a
chemical reductant.

lllumination of anaerobic reaction mixtures contain-
iy nitrite reductase, CDTA and 5-deazariboflavin for
increasing periods of time produced an increasing ex-
tent of reduction of the enzyme. Reduced minus oxi-
dized difference spectra are shown in Fig. 1A for the
wavelength region below 500 nm and ia Fig. 1B for the
wavelength region from 425 to 730 nm. The abs=rbance
spectrum of the fully reduced enzyme has peaks at 412,
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Fig. 2. Reduced minus oxidized difference spectrum of chemically
reduced nitrite reductase. The sample and reference cuvettes both
contained 14.6 uM enzyme in 250 mM potassium phosphate buffer
(pH 7.7). The spectrum was recorded after the enzyme in the sample
cuvette was reduced by adding a few crystals of sodium dithionite.

549 and 604 nm and troughs centered at 387, 449, 572
and 696 nm. The reduced minus oxidized difference
spectrum of photoreduced nitrite reductase clearly dif-
fers from that of the enzyme reduced by dithionite
(Fig. 2). These differences may arise from incomplete
reduction of the enzyme by dithionite [9,10,12,15,18],
from sulfite binding by the enzyme when dithionite is
used as the reductant, or from both factors.

Analysis of the time course for the photoreduction
reveals that it proceeds in two Kkinetic phases. The first
phase, which is complete under the experimental con-
ditions of Fig. 1 after approximately 105 s, is character-
ized by isosbestic points located at 400, 497, 563, 581,
640 and 725 nm (marked A in Fig. 1). The second
phase, which is complete after approximately 215 s, is
characterized by a shift in one of the isosbestic points
from 497 to 532 nm (marked B in Fig. 1). This pattern
can be interpreted in terms of the presence of two
electron-carrying centers in spinach nitrite reductase
that are reduced sequentially and that differ by less
than 100 mV in their E_ values. This resuit was
surprising in view of previous reports that the E
values for the {4Fe-4S] cluster of plant, ferredoxin-cou-
pled nitrite reductases are approximately 400 mV more
negative than those of the siroheme group of the
enzymes [9,10,12]. Our results are, however, quite simi-
lar to those obtained for the heme subunit of E. coli
sulfite reductase, a protein with prosthetic group con-
tent identical to that of spinach nitrite reductase and
for which the E,, values of the siroheme and [4Fe-4S]
cluster differ by only 70 mV [31]. Although therc is
some overlap between the two phases, the spectrum of
the first photoreduction phase suggests that it is associ-
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ated with the reduction of siroheme, as would be
expected if the siroheme has a more positive K, value
than that of the [4Fe-4S] cluster. The spectrum of the
second phase (Fig. 1C) in the region above 430 nm is
consistent with rcduction of the [4Fc-435] cluster in
nitrite reductase.

Our unexpected observation that the photoreduc-
tion pattern was consistent with the presence of two
prosthetic groups in nitrite reductase that do not differ
greatly in E | values, suggested that it would be impor-
tant to redetermine the E_ values for siroheme and
the [4Fe-4S] cluster in oxidation-reduction titrations,
taking care to ensure that the E,_ values for both
centers were measured under identical conditions. Fig.
3 shows the results of a spectroelectrochemical oxida-
tion-reduction titration of spinach nitrite reductase,
using 4A 3, nnas7 nm tO Monitor the oxidation state of
the [4Fe-4S] cluster. This wavelength pair was chosen
to maximize absorbance changes due to reduction of
the cluster, minimize absorbance changes arising from
siroheme reduction and eliminate contributions to the
difference spectrum arising from reduction of the oxi-

aF 4
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2F [u]

-%00 -450 -400 -350 -300 -250 -200
Eh (mV)
Fig. 3. Oxidation-reduction titration of the [4Fc¢-48] cluster of nitrite
reductase. The reaction mixture contained 100 uM nitrite reductase
and 80 mM NaCl in 10 mM potassium phosphate buffer (pH 7.7) and
the following oxidation-reduction mediators: 20 uM anthraquinone-
1.5-disulfonate; 20 uM anthraquinone 2-suifonate; 5 uM safranin O;
20 M benzyl viologen; 20 uM methyl viologen:and 20 uM triquat.
The ambient potential was adjusted using the spectroelcctrochemical
apparatus described in Materials and Methods. Absorbance spectra
were ed over the pc ial range from - 200 mV 10 —~ 500 mV
and stored in the memory of the Shimadzu UV2100U spectropho-
tometer. The spectrum obtained for a sample poised at an ambient
potential of ~ 200 mV was taken as the baseline and subtracted from
all spectra obtained at lower ambient pc ials. The oxidation staie
of the protein was monitored by following difference absorbance
between 430 and 457 nm. Points were taken in both the oxidative
{closed squares) and reductive (open squares) directions. Optical
pathlength, 0.33 mm; temperature 4°C. The data were plotted ac-
cording to the Nevnst Equation. assuming that the absorbance spec-
trum measured for a sample poised at E, = —275 mV represented
that of nitrite reductase containing a fully oxidized [4Fe¢-4S] cluster.

dation-reduction mediators used in the titration. An
E,, valuec of -360+ 15 mV (n=12+02) was ob-
tained for the component being titrated and the differ-
ence spectrum observed (not shown), which was similar
in the region above 430 am (v that obiained for the
second phase during the photoreductica of the en-
zyme, is consistent with that expected for reduction of
a [4Fe-4S] cluster. Oxidation-reduction titrations of the
siroheme group in nitrite reductase under conditions
identical to those used for the expetur.. .. o7 Fig. > ¢ ¢
shown), confirmed our earlier observation [11] that the
E,, value of the siroheme group of the enzyme is — 305
mV.

Similar E_; values to those obtained by spectroelec-
trochemical titrations, showing the considerably smaller
difference in E, values between the prosthetic groups
than had been reported previously, were obtained from
the cyclic voltammetry experiments. The cyclic voltam-
moeram of nitrite reductase at a self-assembled PC
bilayer on a gold electrode shows two electrochemical
waves (Fig. 4). The half-wave values calculated from
the results shown in Fig. 4 are —270 + 30 mV and
- 370 + 30 mV, respectively. Although two waves can
clearly be scen in Fig. 4, the fact that they are sepa-
rated by only ca. 100 mV results in overlap, and makes
calculation of the half-wave potentials somewhat less
accurate than those obtained from the spectroelectro-
chemical titrations. If we sszume that the more elec-
tropos.t.ve com-u.nent seen in the cyclic voltammo-
gram corresponds to the red: ction of siroheme, then
the E,, values obtained by spectroelectrochemical
titrations and cyclic voltammetry are identical within
the experimental uncertainties. The discrepancy be-
tween the E values of —360 mV and -370 mV
obtained for the {4Fe-4S] cluster of spinach nitrite
rz-uctase obtained in this study using spectroelcctro-
chemica! techniques and cyclic voltammetry, respec-
tively, and the much more electronegative values found
in our own earlier studies [9] and those of others
[10.12] may arise from the fact that the titrations re-
ported herein did not involve dithionite as a reductant,
avoiding complications arising from the formation of
an enzyme / sulfite adduct, and/or from the fact that
earlier titrations all involved sample observation at
cyogenic temperatures and, in several cases, were
performed at alkaline pH values. In contrast, thc cx-
periments of Figs. 3-5 were carried out at a pH cioser
to neutrality and, as they were also carried out at
ambient temperature, the possibility of shiftsin E, E,
or pH which might arise from lowening the sample
temperature to 20 K has been eliminated.

It is possible to utilize the deazariboflavin radical,
generated rap'dly by a laser flash, to examine the
kinetics of electron transfer reactions in enzyme sys-
tems involving ferredoxin {25,34-36). Fig. 5 shows the
results of an experiment utilizing this technique in the
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absence of ferredoxin, in which the oxidation state of
nitrite reductase was monitored at 604 nm, a wave-
length at which absorbance changes arise primarily
from changes in the oxidation state of siroheme (See
Figs. 1 and 2). The transients observed are biphasic
and Fig. 6A illustrates the difference spectra for the
overall change observed at long times (i.e., 50 ms after
the flash) and for the fast (2 ms after the flash) and
slow (2 ms to 50 ms) phases. These spectra are consis-
tent with an electron transfer sequence in which the
fast phase arises from the reduction of the nitrite
reductase siroheme by the photoreduced deazari-
boflavin semiquinone and the slow phase represents an
additional siroheme reduction process occurring via
internal electron transfer within the enzyme, presum-
ably between the siroheme and the [4Fe-4S] cluster.
Thus, consistent with this interpretation, k. values
for the fast phase (measured at 604 nm) were linearly
dependent on nitrite reductase concentration (Fig. 6B),

giving second-order rate constants of 1.5- 108 M~!s~!
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Fig. 4. (A) Cyclic voltammogram of nitrite reductase. The reaction
mixture contained 140 uM nitrite reductase in 25 mM potassium
phosphate buffer (pH 7.7) containing 25 mM NaClO,. The data were
obtained at a scan rate of 20 mV /s with a gold electrode modified
with phosphatidylcholine bilayer using 2.5 mg/mi membrane forming
solution. (B) Current-voltage reduction (O) and ox:dation (e) curves

obtained from the cyclic voltammogram of Fig. 4 after background
subtraction. All conditions as described in the legend to Fig. 4.
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Fig. 5. Kinetic transient for the reduction cf nitrite reductase by the
deazariboflavin radical. The anaerobic reaction mixture contained
13.9 uM nitrite reductase in 4 mM potassium phosphate (pH 7.7)
containing 1 mM EDTA and 100 uM 5-deazariboflavin. The arrow
indicates the time of the laser flash.

and 1.0- 108 M~! s~! at ionic strengths of 39 and 119
mM, respectively. In contrast, the k,, value (100 + 10
s~ !, at an ionic strength of 39 mM) for the slow kinetic
phase (measured at 465 nm; cf. Fig 6A) was independ-
ent of nitrite reductase concentration (Fig. 6B), as
expecied for an intramolecular process.

Nitrite reductase is known to form an electrostati-
cally stabilized complex with ferredoxin at low ionic
strength, with the complex dissociating at high ionic
strength {1,6-8). The utilization of the photogenerated
deazariboflavin radical to study electron transfer be-
tween proteins within such complexes has proven to be
quite useful [26,34-36] and it thus seemed appropriate
to examine the complex between nitrite reductase and
ferredoxin by this technique. The reduction of spinach
ferredoxin by the photoreduced deazariboflavin radical
has been extensively studied [25,34] and kinetic mea-
surements conducted with ferredoxin alone during the
course of this investigation (not shown) produced re-
sults essentially identical to those previously reported.
It was possible, in the presence of nitrite reductase, to
follow the time course of both ferredoxin reduction by
the deazariboflavin radical and the subsequent reoxi-
dation of reduced ferredoxin by monitoring the ab-
sorbance at 500 nm, an isosbestic point for nitrite
reductase (see Fig. 1B). I'ig. 7A shows the results of
such an experiment carried out with nitrite reductase
and a 6-fold excess of ferredoxin in a low ionic strength
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buffer (4 mM potassium phosphate buffer, pH 7.7),
conditions under which the deazariboflavin radical
generated by the flash would be most likely to reduce
ferredoxin rather than nitrite reductase. It can be
calculated, from the observation that the K, for the
complex between ferredoxin and nitrite reductase is
<1 uM at this ionic strength [37] and the assumption
that the stoichiometry of the complex is 1:1, that
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Fig. 6. Laser flash-induced oxidation-reduction of nitrite reductase.
(A) Difference spectra. The reaction mixture contained 21 uM
nitrite reductase, 1 mM EDTA and 100 uM 5-deazariboflavin in
4 mM potassium phosphate buffer (pH 7.7). Absorbance changes
were recorded vs. wavelength at 10 nm intervals between 450 and
750 nm, at the indicated times after the flash. (0), (o), and (a)
represent relative absorbance changes (in arbitrary units) for the fast
phase (2 ms minus zero time), the slow phase (50 ms minus 2 ms),
and the total absorbance change (50 ms minus zero time), respec-
tively. (B) Second-order and first-order plots for the fast and slow
phases of nitrite reductase prosthetic group reduction resulting from
the laser flash-induced generation of the deazariboflavin radical.
Conditions as in (A) except thai the nitrite reductase concentration
was varied as indicated. Second-order plots for the psuedo-first-order
fast phase are shown for data recorded at 604 nm in the presence
(closed squares) and ab (open sq ) of 80 mM NaCh. A
first-order plot is shown for the slow phase with data recorded at 465
nm in the absence of NaCl (x).
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Fig. 7. Kinetic transients measured at two wavelengths for electron
transfer between ferredoxin and nitrite reductase. Reaction condi-
tions as in Fig. 6, except that the nitrite reductase concentration was
5 uM and 30 uM ferredoxin was present. (A) 500 nm. (B) 604 nm.
Sulid lines correspond to single exponential fits to the data. (C)
Second-order rate plots are shown for data collected at 604 nm
(open circles) and 500 nm (open sguares).

essentially all of the nitrite reductase is bound to
ferredoxin and virtually no free nitrite reductase is
present. As is evident in Fig. 7A, an initial rzpid
decrease in absorbance at 500 nm was observed (due to
ferredoxin reduction), followed by an exponential ab-
sorbance increase that returned the absorbance to the
pre-flash baseline (due to ferredoxin oxidation). Fig.
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7B shows the kinetic transient observed at 604 nm,
using the same reaction mixture and reaction condi-
tions. The increase in absorbance at this latter wave-
length, which has the same k&, (36 s~ ') as that for the
absorbance increase at 500 nm (35 s™!), can be at-
tributed to reduction of the siroheme group of nitrite
reductase. In this experiment, the siroheme remained
reduced for at least 60 ms following the laser flash.

As can be seen from the dependence of &, on the
concentration of nitrite reductase (Fig. 7C), this clec-
tron transfer process is second order. Approximately
identical second-order rate constants were caiculated
for the transients at 500 nm, where the absorbance
changes are due largely to changes in the redox state of
ferredoxin (1.1- 107 M~'s~"), and 604 nm, where ab-
sorbance changes due to changes in the redox state of
ferredoxin are small [34] and the absorbance changes
are largely due to changes in the redox state of siro-
heme (1.0-107 M~'s~1). If the electron transfer from
ferredoxin to the siroheme group of nitrite reductase
monitored in these experiments occurs within a tight
1:1 complex between the proteins, one would have
expected first-order kinetics, with k. independent of
enzyme concentration, rather than the second-order
kinetics actually observed. It is thus likely that the
second-order kinetics represent reduction of the siro-
heme in a pre-formed complex by free reduced ferre-
doxin generated by the laser flash. Such a reaction has
previously been observed {~ the complex between
cytochrome b, and cytochrome c . 38]. This implies that
either the intracomplex electron transfer process is too
rapid to be observable in *r's experiment, or that
complexed ferredoxin is inaccessible to reduction by
the deazariboflavin semiquinone. Further studies will
be required to clarify this point.

Fig. 8 summarizes the ionic strength dependence of
the observed rate constant for electron transfer from
reduced ferredoxin to the siroheme group of nitrite
reductase in a series of experiments in which the ionic
strength was varied, either by increasing the concentra-
tion of potassium phosphate buffer (upper panel) or by
adding NaCl to the basal potassium phosphate buffer
(lower panel). The patterns observed when the ionic
strength is varied in these two manners differ some-
what quantitatively but are similar qualitatively, with
k . exhibiting a pronounced optimum at intermediate
ionic strength. It should also be noted that the V,,, for
the ferredoxin-dependent activity of nitrite reductase,
mecsured during steady-state assays, exhibits consider-
ably less dependence on ionic strength than does K e
(Fig. 8).

It is possible to cross-link ferredoxin to nitrite re-
ductase using a water-soluble carboditnide [7,8]. We
have confirmed our earlier observation {7] that the
cross-linked complex between nitrite reductase and
ferredoxin is enzymatically active in steady-state assays
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Fig. 8. The effect of ionic strength on electron transfer between
ferredoxin and nitrite reductase. Reaction conditions for the laser-in-
duced Kinetic transients measured at 604 nm (open squares), were as
described in Fig. 7. (A) The ionic strength was adjusted by varying
the concentration of the potassium phosphate buffer. (B) The ionic
strength was adjusted by adding aliquots of an anaerobic 5 M sodium
chloride solution to the reaction mixture. The steady-state data
(closed squares) were obtained using the assay system described in
Materiails and Methods.

in the absence of free ferredoxin, when dithionite is
added to reduce the ferredoxin in the covalent complex
(data not shown). Fig. 9 shows a typical kinetic tran-
sient for the reduction by the photogenerated deazari-
boflavin radical (Fig. 9A) and subsequent reoxidation
of ferredoxin (Fig. 9B) in the cross-linked complex,
observed at 500 nm (satisfactory data could not be
obtained at 604 nm). Ferredoxin reduction was found
to be second order (data not shown), with a rate
constant of 1.6- 103 M~' s~ ', This can be compared to
a value of 6.7-10° M~'s~! obtained with the free
protein at pH 7.0 and 310 mM ionic strength [34).
Providing that the redox potential of the iron-sulfur
cluster of ferredoxin in the cross-linked complex is
similar to that of the cluster in the free protein, this
wouid suggest that the accessibility of the [2Fe-2S}
cluster to deazariboflavin semiquinone is decreased
somewhat within the complex. In contrast, the ob-
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Fig. 9. Kinetic transients for the reduction of the cross-linked ferre-
doxin /nitrite reductase complex by the deazariboflavin radical. The
reaction conditions were as described in Fig. S, except that the
cross-linked ferredoxin /nitrite reductase complex, at a concentration
of 28 uM, was present instead of the free enzyme. The data were
collected at 500 nm. (A) Fast phase of ferredoxin reduction. (B) Slow
phase of ferredoxin reoxidation. Solid lines correspond to single
exponential fits to the data.

served rate constant for the reoxidation of ferredoxin
was independent of the protein concentration (data not
shown), indicating that we are observing an intracom-
plex electron transfer event. The value for the ob-
served first-order rate constant for intracomplex ferre-
doxin reoxidation (0.4 +0.05 s~!) under these condi-
tions can be compared with the value that would be
obtained in the experiment of Fig. 8 at an equivalent
nitrite reductase concentration (400 s~'). This implies
that the intracomplex rate constant for electron trans-
fer from ferredoxin to siroheme within the covalent
complex is considerably smaller than that for a non-co-
valent electrostatic or collisional complex. This could
be a consequence of the covalent linkage(s) constrain-
ing the proteins to assume a less productive orienta-
tion. Similar results have been obtained with several
other protein-protein complexes [39-43].

4. Discussion

Experiments described above, using photochemical
titrations with deazariboflavin, spectroelectrochemical
redox titrations and cyclic voltammetry, indicate that
the E_ value for [4Fe-4S] cluster of spinach nitrite
reductase is considerably more positive than previously
reported. The E_ value obtained for [4Fe-4S] cluster
in this study from the two diffcreni o cuchenm..
techniques, —365 mV, places this prosthetic group of
the enzyme approximately midway on the redox scale
between ferredoxin, the physiological electron donor to
the enzyme (E,_, = —420 mV, Ref. 1), and the site of
reduction of nitrite, the siroheme group of the enzyme
E,, = —290 mV. As the results obtained from the two
different electrochemical techniques employed in this
study do not differ by more than the experimental
uncertainties involved, it scems appropriate to use the
average of the values obtained from spectroelectro-
chemistry and cyclic voltammetry for both the sircheme
and [4Fe-4S] cluster. The difference between the E,
value for the [4Fe-4S] cluster obtained in this study and
the values below —500 mV obtained in earlier studics
[9,10,12} are likely to arise from the fact that alkaline
pH, cryogenic observation temperatures and the use of
dithionite as a reductant were avoided in the experi-
ments reported above. If the n.ore positive value ob-
tained i this std, i correct, a puzzling problem
raised by the earher results (i.e., that a prosthetic
group of the enzyme had an E_ value at least 100 mV
more negative than that of the physiological electron
donor for the enzyme) has been eliminated.

Yrevious freeze quench Kkinetic studies established
that the rates of reduction of the siroheme and [4Fe-4S}
clurt=r in spinach nitrite reductase by dithionite are
comparabic {15]. It should be pointed out that dithion-
ite is a very poor electron donor to the enzyme, sup-
porting nitrite reduction at a rate only 1% of that
observed with ihe physiological electron donor, re-
duced ferredoxin [15]. The [4Fe-4S} cluster is rapidly
reoxidized when nitrite is added to the enzyme, consis-
tent with a role for the cluster in the electron transfer
reaction catalyzed by nitrite reductase [15]. We have
nov’ been able to demonstrate, using flash photolysis,
that internal electron traasfer from a group within the
enzyme to the siroheme can occur with a rate constant
of 100 + 10 s~* (see Fig. 6). Inasmuch as the [4Fe-4S]
cluster is the only prosthetic group other than siro-
heme known to be present in the enzyme, it appears
very likely that the slow phase of siroheme reduction
we have cbserved when the enzyme is reduced by the
deazariboflavin radical reflects electron transfer from
this cluster. This observation provides the first evi-
dence for electron transfer between the two prosthetic
groups of the enzyme. Although we have not been abie
to deternr ne the kinetic parameters for the reduction
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of the [4Fe-4S] cluster, it appears that ciuster reduction
by the photoproduced deazariboflavin radical must oc-
cur with a rate constant comparable to that for reduc-
tion of the siroheme by this radical.

An attempt has been made in these studies to
characterize the kinetics of electron transfer from re-
duced ferredoxin to nitrite reductase. A second-order
process, probably corresponding to electron transfer
from reduced free ferredoxin to the sircheme of nitrite
reductase within a pre-formed ferredoxin/ nitrite re-
ductase complex, was observed. Although we have not
becn able to detect the expected first-order electron
transfer from ferredoxin to the enzyme within the
complex, one would surmise that this rate constant is
larger than the largest observed pseudo-first-order rate
constant for the ternary interaction (k> 250 s~'; cf.
Fig. 7c). This work has provided new evidence for the
importance of electrostatic factors in the interaction
between ferredoxin and nitrite reductase, first pro-
posed on the basis of ionic strength effects observed in
the course of equilibrium binding studies [1,6-8,37].
The observation that k. for the reduction of nitrite
reductase by reduced ferredoxin decreases markedly as
the ionic strength is increased above about 100 mM
(Fig. 9) is consistent with the previous hypothesis
[6,7,37] that negatively charged groups on ferredoxin
interact with positively charged groups on the enzyme
during the docking of ** - twr, proteins [1). The sharp
decrease in k., as the i.nic strength is decreased
below ca. 100 mM piobably reficcts the transition
between a reaction invziving free ferredoxin and free
nitrite reductase and one involving free ferredoxin and
nitrite reductase complexed to ferredoxin. A similar
effect was observed in the cytochrome b/ cytochrome
¢ system [38].
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