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Abstract

Treatment of nitrite reductase with an 8-10-fold excess of N-bromosuccinimide (NBS) for 16-24 h modifies slightly less than
1 mol of tryptophan per mol of enzyme and eliminates approx. 80% of the activity of the enzyme, whether the physiological
electron donor, reduced ferredoxin, or the non-physiological donor, reduced methyl viologen, is used as a source of electrons.
NBS treatment does not result in any detectable change in the secondary structure of the enzyme and does not alter the
oxidation-reduction properties of the siroheme and [4Fe-4S] cluster prosthetic groups of the enzyme. NBS has little or no effect
on the affinity of substrate binding by nitrite reductase. These data suggest the possibility that one of the eight tryptophan
residues known to be present in spinach nitrite reductase may play a direct role in the electron transfer reaction catalyzed by the
enzyme. Data presented below suggest that this tryptophan may be proximal to both the ferredoxin-binding site and the siroheme

group.

Key words: Nitrite reductase; Ferredoxin-dependent enzyme; Tryptophan; Electron transfer

1. Introduction

Spinach chloroplasts contain an enzyme, ferredoxin
:nitrite oxidoreductase (EC 1.7.7.1), hereafter referred
to as nitrite reductase) that catalyzes the 6-electron
reduction of nitrite to ammonia using reduced ferre-
doxin as the electron donor [1]. The complete amino
acid sequence of the monomeric 63 kDa spinach en-
zyme has been deduced from the base sequence of a
c¢DNA clone {2] and the enzyme is known to contain a
single siroheme (E,, = —290 mV) and a single [4Fe-4S]
cluster (E_, = —365 mV) as prosthetic groups [1,3,4].

Nitrite reductase forms an electrostatically stabi-

Abbreviations: CD, circular dichroism; DTNB, 5,5-dithiobis-(2-
nitrobenzoic acid); NBS, N-bromosuccinimide; NiR, nitrite reduc-
tase.
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lized complex with its physiological electron donor,
ferredoxin [1,5-9), that appears to involve negatively
charged residues on ferredoxin [8,9] and positively
charged residues on nitrite reductase [8,10]. These
electrostatic interactions appear to play an important
role in the docking of the proteins that is required for
electron transfer from reduced ferredoxin to the en-
zyme [4]. While chemical modification techniques have
proven useful in establishing the role of charged
residues in the binding of ferredoxin to nitrite reduc-
tase [9,10], modification studies had not yet been used
to investigate the possible role of specific amino acids
in the electron transfer reaction per se. As it has been
proposed that aromatic amino acid residues may facili-
tate electron transfer reactions in proteins (see Ref.
[11] for a review and Refs. [12,13] for more recent
examples), it seemed useful to investigate the effect of
modifying aromatic amino acids in nitrite reductase.
Below we present the results of a study on the effects
of modification of nitrite reductase by N-bromosuc-
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cinimide (NBS), a reagent known to be selective for the
modification of tryptophan [14-16], that suggest a pos-
sible role for at least one nitrite reductase tryptophan
in electron transfer from reduced ferredoxin to the
enzyme.

2. Methods

Ferredoxin (A ;p50m/A277am = 0.45) and nitrite re-
ductase (Asgg,m/A2780m = 0.63) were prepared as de-
scribed previously [10] and stored at liquid nitrogen
temperature in 30 mM Tris-HCI buffer (pH 8.0) and
250 mM potassium phosphate buffer (pH 7.7), respec-
tively, until used. Ferredoxin concentrations were esti-
mated using an extinction coefficient at 422 nm of 9.7
mM ! ¢cm ~![17]. Nitrite reductase concentrations were
measured by estimating the protein concentrations of
nitrite reductase stock solutions using the method of
Bradford [18], with bovine serum albumin as a stand-
ard. Antibody raised against nitrite reductase was pre-
pared as described previously [19].

NBS, 35,5-dithiobis-(2-nitrobenzoic acid) (DTNB),
chloramine T and molecular weight standards for gel
filtration were purchased from Sigma. Ouchterlony im-
munodouble diffusion plates were purchased from
Cooper. Isoelectric focusing standards (p/ 2.80-6.55),
Ultrogel AcA 44 and CNBr-activated Sepharose 4B
were purchased from Pharmacia. Acrylamide (electro-
phoresis grade) and Western Blot kits were purchased
from Bio-Rad.

Nitrite reductase activity was measured as described
previously [20]. Co-migration of nitrite reductase /fer-
redoxin complexes during gel filtration chromatogra-
phy was evaluated as described previously [9], except
that enzyme activity rather than absorbance was used
to monitor the presence of nitrite reductase. Ferre-
doxin affinity chromatography was carried out using
ferredoxin coupled covalently to Sepharose 4B accord-
ing to the procedure of Shin and Oshino [21]. Isoelec-
tric focusing was performed using a Pharmacia Phast-
system, according to directions supplied by the vendor.
Western blots were performed as described previously
[22]. Oxidation-reduction titrations were performed
electrochemically using a gold mini-grid electrode and
a Bioanalytical Systems Model CV-27 potentiostat, es-
sentially as described previously [3,4]. Absorbance
spectra were measured using a Shimadzu Model
UV2100U spectrophotometer and circular dichroism
(CD) spectra were measured using either a JASCO
Model J-20 or Model 600 spectropolarimeter. All spec-
tra were measured at ambient temperature. Amino
acid analyses were performed using PICO-TAG™
chemistry and a Waters Model 840 chromatography
and data analysis system. All amino acid analysis values
were the average of three independent runs. A pico-

mole ratio of NBS-treated nitrite reductase to native
enzyme was calculated and these values were then
normalized so that the value for valine was 100%.

NBS treatment of nitrite reductase was carried out
by adding an aliquot of freshly prepared NBS stock
solution to the enzyme sample (nitrite reductase con-
centrations ranging from 0.3 to 1.4 mM, in either 10
mM or 250 mM potassium phosphate buffer (pH 7.7),
were used) and incubating the mixture in the dark at
4°C. After the indicated incubation time, the reaction
mixture was diluted between 1000- and 20 000-fold with
250 mM potassium phosphate buffer (pH 7.7) and the
diluted mixture centrifuged in an Amicon Microcentri-
con concentrator (50 kDa molecular mass cut-off) to
stop further modification. The activity of the enzyme
was then assayed, using both ferredoxin and methyl
viologen as electron donors. The extent of modification
of the eight tryptophan residues present on nitrite
reductase [2] was determined using the method of
Spande and Witkop [14]. The number of cysteines
modified by NBS was calculated by determining the
number of cysteines present, before and after NBS
treatment, using the DTNB method of Janatova et al.
[23].

Fluorescence excitation and emission spectra were
measured at ambient temperature using either a Perkin
Elmer Model MFP3 or a SLM Instruments Model
4800C spectrofluorometer at 2 nm spectral resolution.
K, values for the binding of ferredoxin to nitrite
reductase were measured using a modification of the
tryptophan quenching procedure of Davis [24], devel-
oped for measuring ferredoxin binding to ferredoxin:
NADP* oxidoreductase. Ferredoxin fluorescence was
virtually negligible at concentrations between 1 uM
and 10 uM [24]. In experiments in which ferredoxin
concentrations > 10 uM were used, the component of
the total fluorescence arising from ferredoxin was sub-
tracted in order to measure the fluorescence of nitrite
reductase. The K, for nitrite binding to the enzyme
was measured from the quenching of nitrite reductase
fluorescence by nitrite in a similar fashion and also
from plots of the spectral perturbation caused by ni-
trite binding to the enzyme, (A4 A3g5_4080m) VS- [NO; ],
as described previously [25]. In experiments in which
acrylamide was used as a fluorescence quencher, a
correction for the absorbance of acrylamide at 295 nm
was made [26].

3. Results

Fig. 1 shows the effect of treating nitrite reductase
with the tryptophan-modifying reagent, NBS, on the
activity of the enzyme. Activities with the physiological
electron donor, reduced ferredoxin, and with the non-
physiological donor, reduced methyl viologen, were



82 M. Hirasawa et al. / Biochimica et Biophysica Acta 1187 (1994) 80-88

120 / A
/A
A

3 100 A A A
> A
>
B Bor o
2
T
o 601
¢
E 5
o 40k
[}
x

20F

O 1 —. 1 i ] 1 S
o} 2 4 6 8 10

Time (hours)

Fig. 1. The effect of NBS treatment on the activity of spinach nitrite
reductase. Nitrite reductase was treated with a 8-fold excess of NBS
in 250 mM potassium phosphate buffer (pH 7.7) and aliquots re-
moved for activity assays at the indicated times. 100% specific
activity corresponds to 135 units mg~! for methyl viologen-linked
and 188 units mg~! for ferredoxin-linked activities, respectively. The
open squares and circles represent ferredoxin-linked and methyl
viologen-linked activities, respectively. The closed and open triangles
represent, respectively, the ferredoxin-linked and methyl viologen-
linked activities of a nitrite reductase sample that was incubated with
an 8-fold excess of NBS as a 1:1 mixture of enzyme plus ferredoxin in
10 mM potassium phosphate buffer for the indicated times.

affected to the same extent. These results are in con-
trast to those obtained previously with the lysine modi-
fying-reagent N-acetylsuccinimide, and the arginine-
modifying reagent phenylglyoxal, both of which inhibit
the ferredoxin-linked activity of nitrite reductase with-
out affecting the methyl viologen-linked activity [10].
Although it was not possible to obtain complete inhibi-
tion of enzyme activity by treatment with 8-10-fold
molar excesses of NBS, longer incubation times re-

Table 1
Kinetic and substrate-binding properties of nitrite reductase

Sub- Vinax (%) 2 Apparent K (uM) Ky (uM)
strates native +NBS native +NBS native +NBS
Ferre- 100 20 40 40 30%  25°Y,
doxin 50°¢
Nitrite 100 20 400 ¢ 500 ¢ 25°b 2505,
10 ¢

Nitrite reductase was treated with an 8-fold molar excess of NBS at
4°C for 24 h in 250 mM potassium phosphate buffer (pH 7.7). All
activities were measured uvsing reduced ferredoxin as the electron
donor. ® 100% activity corresponds to 14300 units. K, values were
measured either by fluorescence quenching  or by spectral pertur-
bation (AAs75_gosam ©» A4188_408nm *)» TESPectively. In the case of
sigmoidal binding curves, concentrations at which half-maximal fluo-
rescence quenching was observed were used. 9 Nitrite concentrations
that produced half-maximal rates were used.
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Fig. 2. The effect of ferredoxin concentration on the tryptophan
fluorescence of nitrite reductase. The fluorescence intensity at 330
nm of a 5 uM solution of nitrite reductase in 10 mM potassium
phosphate buffer (pH 7.7) was measured using 295 nm excitation.

sulted in inhibitions close to 80% (see below). The
pattern observed in Fig. 1, with both the ferredoxin-lin-
ked and methyl viologen-linked activities inhibited to
the same extent, was also observed at longer incuba-
tion times (see below).

Table 1 summarizes the effects of treating nitrite
reductase with NBS for a longer period of time, i.e., 24
h, on the kinetic parameters of the enzyme and on the
binding affinity of the enzyme for ferredoxin and for
nitrite. Neither the K, for the binding of ferredoxin
(Fig. 2) nor the K, for ferredoxin (Fig. 3) is apprecia-
bly affected by NBS treatment. The NBS-treated en-
zyme retained the ability of the native enzyme [1] to
bind to a ferredoxin-Sepharose 4B affinity column and
to co-migrate with ferredoxin during gel filtration chro-
matography at low ionic strength (data not shown),
providing additional evidence for the conclusion that
NBS treatment of nitrite reductase did not lessen the
ability of the enzyme to form an electrostatically stabi-
lized complex with ferredoxin.

It proved somewhat more difficult to compare the
nitrite-binding capacities of the native and NBS-treated
enzymes. Plots of rate vs. nitrite concentration were
sigmoidal for both the native enzyme [25] and the
NBS-treated enzyme (data not shown), with very simi-
lar half-maximal nitrite concentrations (Table 1). Both
the fluorescence quenching and spectral perturbation
assays described in Methods gave one-component bind-
ing isotherms with K, values of 5 and 10 uM, respec-
tively, for nitrite binding by the NBS-treated enzyme
(Table 1). These values, which agree with one another
to within the experimental uncertainties of the mea-
surements, are also identical (to within the experimen-
tal uncertainties) with the K, value of 10.3 uM re-
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Fig. 3. The effect of ferredoxin concentration on the initial velocities
of nitrite reduction catalyzed by native and NBS-treated nitrite
reductase. Enzyme activity was measured as described in Methods,
except that the ferredoxin concentration was varied as indicated.

ported for the native spinach enzyme by Mikami and
Ida [6]. These K, values are also virtually identical to
the half-maximal nitrite concentration values measured
in our laboratory from tryptophan fluorescence
quenching titrations (Table 1) and from the titration of
spectral perturbations [25] observed when nitrite is
added to the native spinach enzyme. However, unlike
the enzyme preparation used by Mikami and Ida [6], in
our hands the nitrite-binding curves for native spinach
nitrite reductase are sigmoidal and the data cannot be
fitted to a single binding isotherm [25]. It appears likely
that the sigmoidal nature of these binding curves arises
from heterogeneity in preparations of nitrite reductase
that arise, in turn, from proteolysis near the amino
terminus of the enzyme during isolation and purifica-
tion [2,3]. It is not completely clear why NBS treatment
of the enzyme would eliminate heterogeneity in nitrite
binding (see Discussion), but this phenomenon compli-
cates analysis of the effect of NBS treatment on nitrite
binding. Nevertheless, it can be said that NBS treat-
ment does not eliminate the capacity of the enzyme to
bind nitrite with good affinity.

In contrast to the minimal effects of NBS treatment
on substrate binding and on the apparent K, values
for the two substrates, NBS treatment decreases the
turnover numbers for both the ferredoxin-linked and
methyl viologen-linked activities of nitrite reductase to
20% of the values observed with the native enzyme
(Table 1, Fig. 3). The observation that NBS treatment
inhibits activity with ferredoxin, the physiological elec-
tron donor, and with a non-physiological donor equally
and the fact that NBS treatment has little effect on

substrate binding (Table 1, Fig. 2), raise the possibility
that the inhibitory effect of NBS treatment on enzyme
activity may arise from modification of one or more
amino acids directly involved in the electron transfer
process. Before this possibility could be explored fur-
ther, it was first necessary to eliminate the possibilities
that the inhibition resulted from indirect effects such
as NBS-induced conformational changes or alterations
in the redox properties of the enzyme’s prosthetic
groups.

Western blots and Ouchterlony immunodouble dif-
fusion experiments demonstrated that an antibody
raised against native nitrite reductase recognized a
sample of the enzyme that had been treated with a
10-fold molar excess of NBS for 24 h (data not shown),
indicating that no conformational changes large enough
to significantly affect the major antigenic epitopes ac-
company the loss of activity that results from NBS
treatment. The CD spectrum of this NBS-treated ni-
trite reductase sample in the region from 190 to 230
nm (data not shown) was identical to that of the native
enzyme [10], indicating that treatment of the enzyme
with a 10-fold excess of NBS for 24 h did not produce
any large changes in the secondary structure of the
enzyme that could be responsible for the observed loss
of activity. The CD spectra of the native and NBS-
modified enzymes were also essentially identical be-
tween 350 and 750 nm (data not shown), indicating that
the conformations of the siroheme-binding pocket and
[4Fe-4S] cluster-binding region were not significantly
altered by treatment with NBS. The p/ of the NBS-
treated enzyme, 4.2, is identical to that of the native
enzyme, indicating that the loss of activity caused by
NBS treatment does not arise from any change in the
net charge on nitrite reductase caused by this trypto-
phan-modifying reagent. Oxidation reduction titrations
of the siroheme and [4Fe-4S] prosthetic groups of a
sample of nitrite reductase that had been treated with
a 10-fold excess of NBS for 20 h gave E  values of
—290 mV (n=0.9) and —375 mV (n = 1.1), respec-
tively (data not shown). These values are identical, to
within the experimental uncertainties, to those mea-
sured previously for the native enzyme [4].

Preincubation of nitrite reductase with an equimolar
amount of ferredoxin at low ionic strength, conditions
known to favor formation of an enzyme /ferredoxin
complex (5], completely protected the enzyme against
the loss of ferredoxin-linked and methyl viologen-lin-
ked activity caused by treatment with NBS. This is
demonstrated in Fig. 1 for short-time incubation of the
enzyme with NBS and is also true for longer incubation
times. For example, the enzyme retained 98% of its
ferredoxin-linked activity after 16 h of incubation of
the ferredoxin/enzyme complex with an 8-fold molar
excess of NBS, while treatment of nitrite reductase
alone with NBS for the same amount of time resulted
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in a loss of 80% of both the ferredoxin-linked and
methyl viologen-linked activities. Somewhat surpris-
ingly, treatment of the ferredoxin/nitrite reductase
complex with NBS actually resulted in a small en-
hancement (approx. 25%) of the methyl viologen-lin-
ked activity of the enzyme (Fig. 1). Neither addition of
ferredoxin at high ionic strength, where the enzyme/
ferredoxin complex dissociates [5], nor addition of ni-
trite at either low or high ionic strength gave any
protection against the loss of activity resulting from
NBS treatment. The magnitude of the activity loss
resulting from the incubation of nitrite reductase alone
with NBS was the same in low and high ionic strength
buffers (10 and 250 mM potassium phosphate, respec-
tively), indicating that the protection observed in the
presence of ferredoxin at low ionic strength arises from
complex formation with ferredoxin rather than from a
less effective reaction of the enzyme itself with NBS at
low ionic strength. These results suggest that at least
one amino acid located at or near the ferredoxin-bind-
ing site of nitrite reductase is involved in the electron
transfer reaction catalyzed by the enzyme.

Analysis of the effect of NBS treatment on the
tryptophan content of the enzyme suggests that the loss
of activity described above is likely to be associated
with the modification of a single tryptophan. Thus
incubation of the enzyme with an 8-fold excess of NBS
for 8 h, a treatment that produced a 50% loss in
activity (Fig. 1), resulted in the loss of 0.54 tryptophan
(determined as described in Ref. [14]) and incubation
of the enzyme with NBS for 16 h, a treatment that
produced a 80% loss in activity, resulted in the loss of
0.74 tryptophan. Detailed analyses of the tryptophan

0SS°0
0SS°0

00%°0

(sqy)
00%°0

002°0
0020

g TR VN ISP GUMPEI U SO S | e
8 250 300 400 500 600 700 750 8
° trm) e

content of nitrite reductase peptides will be required to
determine whether the total of slightly less than one
tryptophan modified per molecule of enzyme under
these conditions represents essentially compiete modi-
fication of a single tryptophan or whether tryptophans
at several loci are partially modified.

The observation that, despite the presence of eight
tryptophans in spinach nitrite reductase, only approx. 1
mol of tryptophan per mol of enzyme was modified by
NBS under the conditions described above suggested
that the majority of tryptophan residues were either
partially or completely buried and thus not exposed to
the modifying reagent. Treatment of nitrite reductase
with a 100-fold excess of NBS resulted in a modifica-
tion of only 2.7 tryptophan residues, even after pro-
longed incubation of the enzyme with the modifying
reagent (data not shown), suggesting that only three of
the tryptophan residues in the enzyme are accessible to
NBS. It appears likely that the remaining five trypto-
phans in the enzyme are buried in the interior of the
protein and are thus inaccessible to the solvent. There
must also be differences in the degree of solvent expo-
sure of the three tryptophans that can be modified by
NBS, as one is modified in the presence of an 8-fold
molar excess of NBS, while the other two are modified
only in the presence of much higher NBS concentra-
tions.

Although NBS has been reported to be reasonably
specific for the modification of tryptophan, it has been
reported to also modify histidine, methionine, tyrosine
and cysteine under some conditions [14-16]. Amino
acid analysis of both native and NBS-treated nitrite
reductase samples indicated that treatment of the en-
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Fig. 4. Spectra of NBS-treated nitrite reductase and of its nitrite adduct. (A) The solid line represents the spectrum of a reaction mixture that
contained, in 250 mM potassium phosphate buffer (pH 7.7), 2.9 wM nitrite reductase that had been treated with a 10-fold excess of NBS for 8 h
in the same buffer and then diluted and centrifuged in an Amicon Centricon concentrator (30 kDa molecular mass cut-off) to remove excess
NBS. The spectrum was obtained vs. a buffer blank in a 1.0 cm optical pathlength cuvette. The dashed line represents the spectrum of the same
“sample to which 100 M sodium nitrite had been added. (B) The (NO;* enzyme) minus enzyme difference spectrum of NBS-treated nitrite
reductase. The NBS-treated nitrite reductase used in (A) was placed in both the sample and reference cuvettes and a baseline spectrum
obtained. The difference spectrum was then generated by adding 100 ©M sodium nitrite to the sample cuvette.
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zyme with an 8-fold molar excess of NBS for 24 h had
no effect, within the experimental uncertainties of the
measurement, on the content of histidine, tyrosine or
methionine (91%, 103% and 117% of the values found
in the native enzyme were found in the NBS-treated
enzyme for these three amino acids, respectively). Fur-
thermore, treatment of the enzyme with a 16-fold
molar excess of chloramine T, a reagent known to
modify methionine residues [27,28], had no effect on
the activity of the enzyme. Further evidence for the
specificity of the NBS treatment was obtained from
additional amino acid analysis data which showed that
the treatment had no significant effect on the levels of
glutamate plus glutamine, serine, glycine, arginine,
threonine, alanine, proline, isoleucine, leucine, phenyl-
alanine and lysine.

Treatment of nitrite reductase with an 8-fold molar
excess of NBS for 24 h did decrease the cysteine
content of the enzyme by 0.39 mol cysteine /mol en-
zyme. However, this loss of cysteine occurred almost
immediately after the incubation period commenced
(i.e., within 20 min after the addition of NBS) and no
further loss of cysteine was observed. Thus, unlike the
case for the loss of tryptophan described above, the
time course for the modification of cysteine caused by
NBS treatment did not parallel the time course for the
loss of activity. Complex formation with ferredoxin, a
treatment that completely protected nitrite reductase
from the NBS-induced loss of activity (Fig. 1), also
completely eliminated the loss of tryptophan caused by
the addition of NBS (data not shown). In contrast,
complex formation with ferredoxin had no effect on
the loss of nitrite reductase cysteine caused by NBS.
These results make it appear unlikely that the loss of
activity caused by treating nitrite reductase with NBS
arises from the modification of a small amount (i.e.,
less than one residue) of cysteine.
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The absorbance spectrum of nitrite reductase treated
with a 10-fold molar excess of NBS for 22 h at 4°C (Fig.
4A) is virtually identical to that of the native enzyme in
the visible region (see Refs. [29,30]). A small decrease
in absorbance in the ultraviolet is observed, as a result
of the modification of approx. 0.8 tryptophan by NBS
(see above). The absorbance spectrum of the nitrite
adduct of the NBS-treated enzyme (Fig. 4A) differs
slightly from that of the nitrite adduct formed by the
native enzyme [29,30], with the Soret band maximum
shifted from 396 nm in the native enzyme to 392.5 nm
in the treated enzyme. In addition, a shoulder observed
at 364 nm in the spectrum of the nitrite adduct of the
NBS-treated enzyme (Fig. 4A), is not seen with the
native enzyme [29,30]. Additional changes resulting
from NBS treatment can be seen more clearly by
comparing the difference spectrum of the nitrite adduct
of the NBS-treated enzyme minus the spectrum of the
NBS-treated enzyme in the absence of the ligand (Fig.
4B) to that of the native enzyme [25,29,30]. As nitrite is
known to bind to the siroheme group of the enzyme [1],
the observation that shifts in the spectrum of the
nitrite adduct of nitrite reductase are caused by NBS
modification of a tryptophan suggests that this trypto-
phan may be in the vicinity of the siroheme group.

Modification of a tryptophan residue(s) would be
expected to lead to a change in the fluorescence prop-
erties of the enzyme. Fig. 5A and B show the fluores-
cence emission spectra of both native and NBS-treated
nitrite reductase. (The native and NBS-treated en-
zymes had essentially identical excitation spectra, with
a maximum at 295 nm.) The multiple emission maxima,
in the region where tryptophan is known to fluoresce,
observed in both emission spectra suggest a hetero-
geneity in the environments of the emitting trypto-
phans, both in the native and NBS-treated enzymes.
Although there are some small differences in the shape
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Fig. 5. Fluorescence emission spectrum of nitrite reductase. The reaction mixtures contained, in 250 mM potassium phosphate buffer (pH 7.7),
either 2.4 uM native nitrite reductase (A) or 22.4 uM enzyme that had been treated with an 8-fold excess of NBS for 16 h (B). The excitation
wavelength was 295 nm and both emission and excitation slit widths were set at 2 nm.
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of the two emission spectra, the most striking effect of
NBS treatment is the 90% decrease in tryptophan
fluorescence yield. (Note that the concentration of
NBS-treated enzyme used for the experiment of Fig.
5B is 9.3-fold higher than that of the native enzyme
used to obtain the spectrum shown in Fig. 5A.) As
NBS treatment of nitrite reductase modifies neither
tyrosine nor phenylalanine residues on the enzyme (see
above), the decreased fluorescence of the enzyme must
result from a decrease in the fluorescence of one or
more enzyme tryptophans. If NBS treatment modifies
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Fig. 6. The effect of acrylamide on the tryptophan fluorescence of
nitrite reductase. The reaction mixture contained 5.6 uM nitrite
reductase in 10 mM potassium phosphate buffer (pH 7.7). (A)
Stern-Volmer plot. (B) Stern-Volmer plot modified according to
Lehrer [31]. F, is the fluorescence intensity in the absence of
acrylamide, F is the fluorescence in the presence of the indicated
concentration of acrylamide, dF = F — F,.

only a single tryptophan residue (see above), then this
large decrease in the tryptophan fluorescence yield of
nitrite reductase that accompanies NBS treatment im-
plies that this tryptophan is characterized by a signifi-
cantly greater fluorescence quantum yield than are the
other seven tryptophans present in the enzyme.

Additional evidence for heterogeneity in tryptophan
environment in nitrite reductase was obtained from the
results of acrylamide fluorescence quenching experi-
ments. Fig. 6A shows that a Stern-Volmer plot for the
quenching of nitrite reductase tryptophan fluorescence
by the neutral quencher acrylamide [31] is non-linear.
Analysis of the acrylamide quenching data according to
the method of Lehrer [31] suggests that 37% of the
tryptophans in nitrite reductase that contribute to the
fluorescence are accessible to acrylamide and thus are
likely to be exposed to the solvent (Fig. 6B). As we
have no independent method for determining how
many of the tryptophans do contribute significantly to
the fluorescence of the enzyme, it was not possible to
estimate the actual number of tryptophan residues that
are accessible to acrylamide. It should be pointed out
that some caution must be exercised in interpreting the
non-linear Stern-Volmer plots observed for acrylamide
fluorescence quenching, as exposure to acrylamide
could perhaps cause conformational changes in the
protein and has been reported to cause a small loss in
the activity of ferredoxin : NADP™ oxidoreductase [24].
In fact, exposure of nitrite reductase to 250 mM acryl-
amide inhibits both the ferredoxin-linked and methyl
viologen-linked activities of the enzyme by 45%. How-
ever, the non-linearity in the Stern-Volmer plot (Fig.
6A) occurs at lower acrylamide concentrations (i.e.,
near 50 mM) where acrylamide does not inhibit the
enzyme. (No inhibition of either ferredoxin-dependent
or methyl viologen-dependent activity was observed
even at an acrylamide concentration of 100 mM.)

4. Discussion

The data presented above demonstrate that modifi-
cation of one tryptophan per nitrite reductase by NBS
causes almost complete loss of enzymatic activity. It is
not yet known whether a single specific tryptophan is
completely modified by NBS treatment or whether
partial modification of several different tryptophans
occurs. However, the data suggest that modification of
tryptophan in nitrite reductase by an 8-10-fold excess
of NBS can occur at no more than three loci, as only
three of the tryptophans present in the enzyme appear
to be accessible to the tryptophan-modifying reagent.
The additional observation that complex formation be-
tween nitrite reductase and ferredoxin completely elim-
inates both the loss of activity and the modification of
tryptophan by NBS is consistent with the idea that only
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a single tryptophan near the ferredoxin-binding site of
the enzyme is modified by NBS under the conditions
used in this study. The effects of tryptophan modifica-
tion by NBS on the absorbance spectrum of the en-
zyme /nitrite adduct suggest that the modified trypto-
phan may also be in reasonable proximity to the siro-
heme prosthetic group of the enzyme.

Although the observation that NBS inhibition of the
enzyme can be completely eliminated by pre-forming a
complex of the enzyme with ferredoxin suggests that a
tryptophan at or near the ferredoxin-binding site is
altered by NBS, NBS treatment does not affect the
binding of ferredoxin to the enzyme. While NBS treat-
ment of the enzyme appears to have little effect on the
ability of the enzyme to bind nitrite with good affinity,
NBS treatment does eliminate the sigmoidicity seen in
nitrite-binding curves obtained with the native enzyme
(see above). As nitrite reductase contains a single siro-
heme and thus a single nitrite-binding site, the hetero-
geneity observed in nitrite binding by some, but not all,
nitrite reductase preparations [6,25] is likely to arise
from the known protein heterogeneity that can result
from proteolytic cleavage of the enzyme during isola-
tion and purification [2,3]. It appears that the true
amino terminus of the mature form of the spinach
enzyme is a cysteine [2], but that between 45% [3] and
75% [2] of the protein loses this cysteine due to prote-

olysis during purification. It may be possible that elimi-

nation of the free sulfhydryl group at the amino termi-
nus, by NBS treatment, of that portion of the nitrite
reductase molecules present in our preparation that
has not undergone proteolytic treatment produces a
preparation in which all nitrite reductase molecules
have very similar affinities for nitrite. The fact that
approx. 0.4 cysteine per enzyme is modified by NBS
(see above) is at least consistent with this interpreta-
tion. However, it is not clear why modification of the
amino terminal cysteine by NBS does not then elimi-
nate the sigmoidal shape of the activity vs. [nitrite]
profile (see above). Clearly additional mechanistic de-
tails that would allow an elucidation of the relationship
between the apparent K| and K, are required before
this question can be addressed further.

As reported above, NBS treatment of nitrite reduc-
tase appears to have no major effect on the secondary
structure of the enzyme. Furthermore, NBS treatment
has no effect on the E,_, value of either the [4Fe-4S]
cluster or siroheme found in the enzyme.

If the inhibition of nitrite reductase that results
from the modification of one tryptophan by NBS can-
not be attributed to alterations in secondary structure,
substrate-binding or the redox properties of the pros-
thetic groups, the most likely remaining possibility is
that this tryptophan is directly involved in the electron
transfer reaction itself. If this is indeed the case, one
would expect this tryptophan residue to be highly con-

served in ferredoxin-dependent nitrite reductases. In
fact, all eight of the tryptophans present in spinach
nitrite reductase [2] are conserved in the three other
higher plant, ferredoxin-dependent nitrite reductases
for which sequences are available — maize [32], tobacco
[33] and birch [34]. One of these, W34 (ignoring the
transit peptide and designating the N-terminal cysteine
of the spinach enzyme as amino acid 1), is located at a
position that corresponds to the N-terminal methion-
ine in the homologous ferredoxin-dependent nitrite
reductase from the cyanobacterium Synechococcus sp.
PCC 7942 [35,36]. A second tryptophan found in the
spinach enzyme, W148, is located at a position occu-
pied by the non-aromatic amino acid, leucine, in the
Synechococcus enzyme [35,36]. If, as our chemical
modification studies suggest, at least one tryptophan,
because of its aromatic nature, is essential for the
electron transfer activity of nitrite reductase, it thus
appears unlikely to be either W34 or W148. Of the
remaining six tryptophans found in spinach nitrite re-
ductase, five are located at positions also occupied by
tryptophan in the Synechococcus enzyme [35,36] and
the sixth, W227, is located at a position occupied by
the aromatic amino acid, phenylalanine, in the Syne-
chococcus enzyme [35,36].

It should be pointed out that sulfite reductases
found in non-photosynthetic bacteria, enzymes that
catalyze the 6-electron reduction of sulfite to sulfide,
contain the same siroheme and [4Fe-4S] cluster pros-
thetic groups and display significant sequence homolo-
gies to ferredoxin-dependent nitrite reductases found
in photosynthetic organisms (see discussion in Ref.
[35]). However, the bacterial enzymes utilize reduced
pyridine nucleotide as the electron donor [37] and thus
an aromatic amino acid involved in electron transfer
from reduced ferredoxin to nitrite reductase in a pho-
tosynthetic organism might not be conserved in a bac-
terial enzyme. Nevertheless, of the six tryptophans
found in spinach nitrite reductase that appear to be
possible candidates for direct involvement in electron
transfer reactions, three are found at positions (W227,
W281 and W314) that are occupied by an aromatic
amino acid — phenylalanine in one case and tyrosine in
two cases — in the sulfite reductases from Escherichia
coli and Salmonella typhimurium [35]. Definitive identi-
fication of the role of these aromatic amino acids will
require future site-directed mutagenesis studies.
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