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ABSTRACT: An in silico model of the ferredoxin-dependent nitrate reductase from the
cyanobacterium Synechococcus sp. PCC 7942, and information about active sites in related
enzymes, had identified Cys148, Met149, Met306, Asp163, and Arg351 as amino acids likely
to be involved in either nitrate binding, prosthetic group binding, or catalysis. Site-directed
mutagenesis was used to alter each of these residues, and differences in enzyme activity and
substrate binding of the purified variants were analyzed. In addition, the effects of these
replacements on the assembly and properties of the Mo cofactor and [4Fe-4S] centers were
investigated using Mo and Fe determinations, coupled with electron paramagnetic resonance
spectroscopy. The C148A, M149A, M306A, D163N, and R351Q variants were all inactive
with either the physiological electron donor, reduced ferredoxin, or the nonphysiological
electron donor, reduced methyl viologen, as the source of electrons, and all exhibited changes
in the properties of the Mo cofactor. Charge-conserving D163E and R351K variants were also
inactive, suggesting that specific amino acids are required at these two positions. The
implications for the role of these five conserved active-site residues in light of these new results
and previous structural, spectroscopic, and mutagenesis studies for related periplasmic nitrate reductases are discussed.

Nitrate assimilation in cyanobacteria1,2 involves an initial
two-electron reduction of nitrate to nitrite catalyzed by

nitrate reductase, followed by the six-electron reduction of
nitrite to ammonia and the subsequent incorporation of this
ammonia to form glutamine. Although glutamine formation
requires ATP, no redox chemistry is involved in this reaction.
However, the next step in the pathway, in which one molecule
of glutamine reacts with one molecule of 2-oxoglutarate to form
two molecules of glutamate, involves a two-electron reduc-
tion.1,2 In cyanobacteria, all three of the steps that involve a
redox reaction utilize reduced ferredoxin (hereafter abbreviated
as Fd) as the specific physiological electron donor.1,2 In
oxygenic photosynthetic eukaryotes, while Fd is the electron
donor for both the reduction of nitrite to ammonia and of
glutamine and 2-oxoglutarate to glutamate, the reduction of
nitrate to nitrite utilizes reduced pyridine nucleotide as the
reductant.1,3

The Fd-dependent nitrate reductase from Synechococcus sp.
PCC 7942 (NarB) is one of the best characterized of these
cyanobacterial nitrate reductases.3 This soluble, monomeric
enzyme has a molecular mass of approximately 78 kDa and
contains a single [4Fe-4S] cluster and a single Mo bis-
molybdopterin guanine dinucleotide cofactor (Moco) as its
only prosthetic groups.3 The oxidized [4Fe-4S]2+ form of the
iron−sulfur cluster is EPR silent, while one-electron reduction
(Em = −190 mV) produces a signal at 10 K characteristic of an
S = 1/2 [4Fe-4S]

+ cluster.4,5 EPR spectra obtained at 60 K have

been used to characterize the Mo center4,5 and to determine an
Em value of −150 mV for a Mo(VI) to Mo(V) transition.4

Previous work in our laboratory5,6 demonstrated that the
Synechococcus sp. PCC 7942 nitrate reductase forms a 1:1
complex with Fd (Kd ∼ 1−10 μM) at a low ionic strength. The
fact that Fd can donate only a single electron and the fact that
there is only a single high-affinity binding site on the enzyme
for Fd lead to the conclusion that electrons enter the enzyme
one at a time, one each from two separate reduced Fds,
allowing the enzyme to collect the two electrons necessary for
the reduction of nitrate to nitrite. This conclusion, which
suggests that the two electrons that accumulate in the enzyme
result in the reduction of Mo from the +6 to the +4 oxidation
state, followed by the transfer of two electrons from the
Mo(IV) species to nitrate, is consistent with results obtained by
protein film voltammetry.4

An early study3 used a combination of sequence alignments
and site-directed mutagenesis to identify the four conserved
cysteine residues in Synechococcus sp. PCC 7942, i.e., Cys9,
Cys12, Cys16, and Cys56, that serve as ligands to the four Fe
atoms of the [4Fe-4S] cluster. In this same study, sequence
alignment considerations identified Cys148 as a likely ligand to
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Mo, although no experimental data were presented to support
this assignment. More recently, mutagenesis studies in our
laboratories5 presented evidence that three conserved basic
amino acids, i.e., Lys58, Arg70, and Lys130, are essential for full
catalytic activity and that a fourth conserved residue, Arg146, is
not required for either activity or substrate binding. For both
Lys58 and Arg70, the requirements are specific for the two
amino acids present in the native enzyme, while at position 130,
it is more likely that only a positively charged side chain is
required.5 The requirement for Lys58 appears to be related to
its proximity to and its interaction with both of the two
prosthetic groups.5 In the case of Arg70 and Lys130, it has been
shown that neither residue appears to be involved in substrate
binding, but their exact roles in catalysis remain to be
elucidated.
The Synechococcus sp. PCC 7942 nitrate reductase and other

Fd-dependent cyanobacterial nitrate reductases are part of a
large superfamily of Mo-containing enzymes that include both
nitrate reductases and formate dehydrogenases.7,8 The
availability of three-dimensional structures of several of
them,9−17 along with sequence alignment analogies, not only
identified Cys148 as a likely axial ligand for Mo in Synechococcus
sp. PCC 7942 nitrate reductase but also suggested that Met149,
Asp163, Met306, and Arg351 were likely to be located at or
near the Moco active site of Synechococcus sp. PCC 7942 nitrate
reductase. We have used site-directed mutagenesis coupled with
activity assays, metal determinations, and EPR spectroscopy to
demonstrate that each of these amino acids is essential for
assembly of a wild-type Moco center and for full activity of
Synechococcus sp. PCC 7942 nitrate reductase.

■ MATERIALS AND METHODS
Recombinant wild-type Fd from the cyanobacterium Synecho-
cystis sp. PCC 6803 and a recombinant, His-tagged form of
wild-type Synechococcus sp. PCC 7942 nitrate reductase were
both expressed in Escherichia coli and purified as described
previously.5 Single-amino acid replacement variants of nitrate
reductase were prepared by site-directed mutagenesis of the
narB gene using the QuickChange (QC) site-directed muta-
genesis kit (Stratagene) as described previously.5 Site-specific
replacement of the amino acids targeted for study was
accomplished using a polymerase chain reaction (PCR)
technique involving the mutagenic primers listed in Table 1.
Expression of the mutated nitrate reductase variants in E. coli
and purification of these variants were conducted using the
same procedure used for the wild-type enzyme. SDS−PAGE
analyses indicated that all of the proteins used in this study
were at least 95% pure.
UV−visible absorbance spectra and difference absorbance

spectra were obtained using a Shimadzu model UV-2401PC
spectrophotometer, at a spectral resolution of 0.5 nm. Circular
dichroism (CD) spectra, at a spectral resolution of 1.0 nm, were
obtained using an OLIS model DSM-10 UV−vis CD
spectrophotometer. Ferredoxin concentrations were measured
from the absorbance at 420 nm, using an extinction coefficient
of 9.7 mM−1 cm−1.18 Nitrate reductase concentrations were
measured according to the method of Bradford,19 using bovine
serum albumin as a standard. X-Band (∼9.6 GHz) EPR spectra
were recorded for nitrate reductase samples as purified
aerobically and reduced anaerobically with a 10-fold excess of
dithionite, using a Bruker ESP-300E EPR spectrometer
equipped with an ER-4116 dual-mode cavity and an Oxford
Instruments ESR-9 flow cryostat. Spin quantifications were

conducted under non-power saturation conditions using a 1
mM CuEDTA standard as described by Aasa and Van̈ngar̊d.20

The Fe and Mo contents were determined using inductively
coupled plasma (ICP) mass spectrometry in the Department of
Chemistry and Biochemistry at Arizona State University
(Tempe, AZ) as described previously.5

Nitrate reductase activities, with either reduced methyl
viologen (MV) or reduced ferredoxin as the electron donor,
were measured as described previously.5,6 All plots of nitrate
reductase activity as a function of Fd concentration at saturating
nitrate concentration and as a function of nitrate concentration
at saturating Fd concentration gave excellent fits to the
Michaelis−Menten equation. Kinetic parameters were calcu-
lated by fitting the data (i.e., initial velocity vs substrate
concentration) to the Michaelis−Menten equation using
GraphPad Prism 6. Formation of the complex between Fd
and nitrate reductase was measured using the previously
described spectral perturbation method,5,6 except for the choice
of the wavelength pairs used to monitor complex formation.
Complex formation for wild-type nitrate reductase was
monitored at 420 nm minus 600 nm. Variations were observed
in the maxima of the difference spectrum, depending on the
nitrate reductase variant, so to maximize the magnitude of the
absorbance changes used for the Kd calculations, the following
wavelength pairs were used to monitor ferredoxin binding by
the variants: C148A, 470 nm minus 680 nm; M149A, 430 nm
minus 520 nm; D163N: 400 nm minus 700 nm; D163E, 410
nm minus 460 nm; M306A, 410 nm minus 470 nm; R351Q,
460 nm minus 700 nm; R351K, 410 nm minus 490 nm.
Complex formation for wild-type nitrate reductase with nitrate
was monitored at 400 nm minus 470 nm. As was the case for
complex formation with Fd, different wavelength pairs were
used for the different variants to maximize the signal:noise ratio
of the absorbance changes used to monitor complex formation:
M149A, 350 nm minus 450 nm; D163N, 400 nm minus 680
nm; D163E, 460 nm minus 540 nm; M306A, 410 nm minus
470 nm; R351Q, 400 nm minus 700 nm; R351K, 410 nm
minus 490 nm.

Table 1. Primers Used To Introduce Mutation into the
pCSLM85 Nitrate Reductase Expression Plasmida

primer name sequence (5′−3′)
C148A_F ACCAACTCGCGACTCGCCATGTCCTCAGCGGTG
C148A_R CACCGCTGAGGACATGGCGAGTCGCGAGTTGGT
M149A_F AACTCGCGACTCTGCGCGTCCTCAGCGGTGTCG
M149A_R CGACACCGCTGAGGACGCGCAGAGTCGCGAGTT
D163N_F CTTTGCCTGGGTAGCAATGGCCCACCCGCCTGC
D163N_R GCAGGCGGGTGGGCCATTGCTACCCAGGCAAAG
D163E_F CTTTGCCTGGGTAGCGAGGGCCCACCCGCCTGC
D163E_R GCAGGCGGGTGGGCCCTCGCTACCCAGGCAAAG
M306A_F CTCTCGCTTTGGTCGGCGGGCGTCAATCAGTCG
M306A_R CGACTGATTGACGCCCGCCGACCAAAGCGAGAG
R351Q_F AACGCCATGGGCGGTCAAGAAACGGGTGGGCTC
R351Q_R GAGCCCACCCGTTTCTTGACCGCCCATGGCGTT
R351K_F AACGCCATGGGCGGTAAAGAAACGGGTGGGCTC
R351K_R GAGCCCACCCGTTTCTTTACCGCCCATGGCGTT

aF indicates the forward direction primer, and R indicates the reverse
direction primer. The mutagenic base replacements are highlighted in
boldface.
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■ RESULTS
Figure 1 shows the location, in the in silico model5 previously
developed for the Synechococcus sp. PCC 7942 nitrate

reductase, of the five active-site amino acids selected for
mutational replacement in this new study, i.e., Cys148, Met149,
Asp163, Met306, and Arg351. The locations of the enzyme’s
prosthetic groups in this model are also shown in Figure 1.
Table 2, indicates the distances, calculated using the in silico
model of the enzyme, from these five amino acids to the Mo
and to the nearest Fe of the [4Fe-4S] cluster. With the
exception of Cys148, which corresponds in the sequence of
Synechococcus sp. PCC 7942 nitrate reductase to the cysteine or

selenocysteine that serves as an axial ligand to the Mo in related
enzymes8−17 and the nearby Met149 and Met306, none of the
five amino acids are particularly close to the Mo and none of
the five are very close to the [4Fe-4S] cluster.
Before discussing the effect of mutagenic replacement of

these five amino acids on the catalytic and substrate binding
properties of the enzyme, we will summarize the Mo and Fe
contents of all of the nitrate reductase samples used in this
study (Table 3). The values obtained for the wild-type enzyme,
i.e., 3.6 mol of Fe/mol of enzyme and 0.93 mol of Mo/mol of
enzyme, agree with the theoretical predicted values of 4.0 and
1.0, respectively, within the experimental uncertainties of the
measurements. Many of the substitutions characterized in this
study have little significant effect on either the Mo or Fe
contents. However, the replacement of Cys148 with alanine
does produce a dramatic loss of Mo, consistent with the
likelihood, based on comparisons between the amino acid
sequences of Synechococcus sp. PCC 7942 nitrate reductase and
related enzymes, that the thiol/thiolate of the side chain of
Cys148 serves as a Mo ligand. Although neither our in silico
model nor the known X-ray crystal structures for related
enzymes8−17 predict any direct interaction between the Mo and
the [4Fe-4S] cluster, the C148A variant exhibits, in addition to
the loss of Mo, a significantly lower level of [4Fe-4S] cluster
than does the wild-type enzyme (Table 3). In contrast, as
shown in Table 3, replacement of the nearby Met149 or
Met306 with alanine has no effect on the content of either
metal cofactor. Somewhat surprisingly, considering its distance
from both Mo and Fe in our in silico model (see Table 2), and
the distances to these metal centers from the corresponding
amino acid in the structures of related enzymes,8−17 the D163N
variant exhibits significantly lower levels of Mo and of Fe than
the wild-type enzyme does. In contrast, a charge-conserving
replacement at this position, to produce a D163E variant,
contained essentially wild-type levels of both Fe and Mo.
Circular dichroism (CD) spectroscopy was used to address

the possibility that the effects of the mutational replacements
conducted in this study on prosthetic group content, substrate
binding affinities, or catalytic parameters result from large
conformational changes. The CD spectra of all of the variants
used in this study were measured in the ultraviolet region where
α-helices and β-sheets show characteristic CD features. In fact,
the CD spectra of all of the nitrate reductase variants examined
in this study were very similar to those of the wild-type enzyme.
Thus, although the possibility that these mutational sub-
stitutions produce small changes in conformation cannot be
ruled out, we can conclude that none of them cause any major
changes in secondary structure.
As shown in Table 3, replacement of Cys148, Met149,

Asp163, Met306, or Arg351 produces enzyme variants that
have lost all, or almost all, of their ability to catalyze the
reduction of nitrate to nitrite, regardless of whether reduced Fd
or reduced MV serves as the electron donor. No KM values for
either Fd or nitrate are shown for these variants, simply because
the observed rates were far too low to allow these parameters to
be estimated. It should be noted that the charge-conserving
D163E variant does not have an activity significantly higher
than that of the D163N variant, even though the D163N
variant is significantly deficient in both Mo and Fe, while the
D163E variant retains wild-type levels of Mo and Fe. These
results indicate that the large loss of activity exhibited by the
D163N variant cannot be attributed simply to loss of the
cofactor and that there is a specific requirement for aspartate at

Figure 1. In silico model for the structure of Synechococcus sp. PCC
7942 nitrate reductase showing (A) the full model and the cofactors
and selected residues (B) along the same view and (C) along a
perpendicular view. The five residues targeted for mutagenesis are
identified by their amino acid sequence numbers. The five side chains
and cofactors are colored according to atom type. The Mo is
represented as a purple dot.

Table 2. Distances from Amino Acid Residues Altered by
Mutagenesis to the FeS Cluster and Mo Cofactora

residue distance to the Fe−S cluster (Å) distance to Mo (Å)

C148 15.0 3.2
M149 14.1 7.3
M306 14.8 4.7
D163 20.4 14.2
R351 16.6 10.3

aThe distances are measured from the end of each side chain to the
closest point of each cofactor.
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position 163, rather than simply a requirement for a negatively
charged side chain at this position. Similarly, the observation
that the charge-conserving R351K variant does not have an
activity significantly higher than that of the R351Q variant that
eliminates the positive charge on the side chain suggests that
there is a specific requirement for arginine at position 351,
rather than there being simply a requirement for a positive
charge at this position.

In principle, the losses of activity for the variants described
above might have resulted from large decreases in substrate
binding affinities. Fortunately, spectral perturbations that result
from formation of a complex between the enzyme and both Fd
and nitrate make it possible to measure these affinities
directly.5,6 Figure 2 shows the results of representative substrate
binding data for the wild-type enzyme and two of the variants
produced for this study. Replacement of amino acids at these

Table 3. Kinetic, Substrate Binding, and Prosthetic Group Contents of Nitrate Reductase Variants with Active-Site
Replacements

enzyme MV-linked specific activitya Fd-linked specific activitya ironb molybdenumb Kd nitrate (μM) Kd ferredoxin (μM)

wild type 790 (100%) 30.5 (100%) 3.6 ± 0.45 0.93 ± 0.04 1.0 ± 0.3 7.8 ± 2.1
C148A <0.2 (<0.1%) <0.2 (<0.1%) 1.6 ± 0.10 0.38 ± 0.02 ndc 25.4 ± 14.6
M149A 4.9 (0.6%) 0.8 (2.6%) 3.8 ± 0.13 0.96 ± 0.03 3.1 ± 1.1 6.8 ± 1.3
D163N 15.6 (2.0%) 2.7 (8.8%) 2.4 ± 0.04 0.57 ± 0.01 32.2 ± 13.0 20.7 ± 11.3
D163E 20.4 (2.6%) 2.9 (9.5%) 3.9 ± 0.31 0.90 ± 0.10 1.2 ± 0.34 16.8 ± 2.6
M306A 5.8 (0.73%) 1.6 (5.2%) 3.9 ± 0.1 0.85 ± 0.02 39.5 ± 17.5 10.7 ± 6.8
R351Q 2.1 (0.3%) 1.9 (6.2%) 4.1 ± 0.08 0.95 ± 0.01 2.4 ± 0.9 11.5 ± 3.8
R351K 11.4 (1.4%) 3.5 (11.5%) 4.1 ± 0.37 1.13 ± 0.14 1 ± 0.3 1.4 ± 0.6

aIn units of micromoles of nitrite produced per minute per milligram of enzyme. bIn units of moles per mole of enzyme. cCould not be detected by
spectral perturbations.

Figure 2. Measurement of substrate binding affinities by nitrate reductase variants. Titrations were conducted in samples containing 10 μM nitrate
reductase in 25 mM HEPES buffer (pH 8.0). The wavelength pairs used to monitor complex formation are given in Materials and Methods.
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five positions putatively at or near the active site of the enzyme
produces relatively modest changes in binding affinities for Fd
and nitrate (i.e., a <5-fold decrease in affinity), with the
exceptions of the large decreases in affinity for nitrate exhibited
by the D163N and M306A variants (as no spectral
perturbations were observed when the C148A variant was
titrated with nitrate, we are not currently able to determine
whether this amino acid replacement affects the affinity of the
enzyme for nitrate). It should also be noted that in the case of
the charge-conserving variant, D163E, even though its activity
is essentially as low as that of the D163N variant, its binding
affinities for its two substrates are closer to those measured for
the wild-type enzyme. Given that both of the substrates, i.e., Fd
and nitrate, carry net negative charge, the observation that a
negatively charged side chain at position 163 increases enzyme
affinity for both substrates is counterintuitive. In contrast,
elimination of the positive charge at position 351 has little or
no effect on the binding affinity for either Fd or nitrate. The
most dramatic effect of these replacements on substrate binding

is the almost 40-fold decrease for nitrate observed with the
M306A variant, a change that occurs with little effect on the
binding affinity for Fd.
EPR spectroscopy has proven to be a powerful tool for

characterizing both the Mo and iron−sulfur cluster prosthetic
groups of nitrate reductases and related enzymes.4,5,7,14,21

Figure 3 compares the X-band spectra of wild-type
Synechococcus sp. PCC 7942 nitrate reductase with those of
variants involving putative residues involved in interacting with
or channeling substrates to Moco, i.e., M149A, D163E, D163N,
R351K, R351Q, M306A, and C148A. Figures 4 and 5 show
high-resolution spectra of selected air-oxidized and dithionite-
reduced Mo(V) species, respectively, which reveal resolved
proton hyperfine and 95/97Mo satellite spectra (I = 5/2; 25%
natural abundance). EPR studies at 70 K were used to
selectively investigate S = 1/2 Mo(V) species that, in contrast to
fast-relaxing S = 1/2 [3Fe-4S]

+ and [4Fe-4S]+ clusters that are
clearly observable only below 30 K, exhibit slow relaxation and
consequently are readily observed without broadening at 70 K.

Figure 3. EPR spectra of wild-type Synechococcus sp. PCC 7942 nitrate reductase and the M149A, D163E, D163N, R351K, R315Q, M306A, and
C148A variants. (A) Spectra of air-oxidized samples recorded at 70 K and a microwave power of 2 mW. (B) Spectra of air-oxidized samples recorded
at 10 K and a microwave power of 2 mW. (C) Spectra of dithionite-reduced samples recorded at 20 K and a microwave power of 1 mW. (D) Spectra
of dithionite-reduced samples recorded at 70 K and a microwave power of 2 mW. Protein concentrations for the samples ranged from 0.22 to 0.65
mM, and the buffering medium consisted of 25 mM HEPES with 200 mM NaCl and 100 μM sodium molybdate. All spectra were recorded at 9.60
GHz and a modulation amplitude of 6.3 G, and the intensities have been normalized with respect to the wild-type enzyme, to correct for differences
in spectrometer gain and sample protein concentration.
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Figure 4. High-resolution EPR spectra of air-oxidized WT, M306A, and C148A Synechococcus sp. PCC 7942 nitrate reductase. Spectra were recorded
at 70 K and a microwave power of 2 mW, with a microwave frequency of 9.60 GHz and a modulation amplitude of 2.9 G. (A) Spectra showing
proton-split Mo(V) resonances for WT (g1,2,3 = 2.023, 1.998, and 1.993, and A1,2,3 = 6.8, 7.5, and 6.8 G) and M306A variant (g1,2,3 = 2.019, 1.999, and
1.992, and A1,2,3 = 5.6, 5.6, and 5.3 G), and the lack of any resolvable proton splitting on the rhombic Mo(V) resonance (g1,2,3 = 2.025, 1.990, and
1.970) observed for the C148A variant. (B) Broad scans of the same spectra shown in panel A with 10-fold amplification to show the Mo-satellite
hyperfine resulting from the 25% natural abundance of I = 5/2

95Mo and 97Mo isotopes. The observation of Mo satellites confirms the assignment of
these resonances as Mo(V) species.

Figure 5. High-resolution EPR spectra of dithionite-reduced WT and M306A Synechococcus sp. PCC 7942 nitrate reductase. Spectra were recorded
at 70 K and a microwave power of 2 mW, with a microwave frequency of 9.60 GHz and a modulation amplitude of 2.9 G. (A) Spectra showing the
proton-split Mo(V) resonances for WT (g1,2,3 = 1.997, 1.990, and 1.982, and A1,2,3 = 6.5, 6.0, and 5.0 G) and the lack of any resolvable proton
splitting on the axial Mo(V) resonance (g⊥ = 1.991, and g|| = 1.979) observed for the M306A variant. (B) Broad scans of the same spectra shown in
panel A with 10-fold amplification to show the Mo-satellite hyperfine resulting from the 25% natural abundance of I = 5/2

95Mo and 97Mo isotopes.
The observation of Mo satellites confirms the assignment of these resonances as Mo(V) species.
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At 70 K, air-oxidized samples of the wild-type enzyme exhibit
the “very high-g” proton-split S = 1/2 Mo(V) resonance (g1,2,3 =
2.023, 1.998, and 1.993, gav = 2.005, and A1,2,3 = 6.8, 7.5, and 6.8
G), accounting for 20−30% of the Mo content, that has
previously been reported for Synechococcus NarB4,5 (see Figures
3A and 4 and Table 4). This Mo(V) resonance persists, albeit
somewhat broadened, at 10 K and 2 mW and is overlapped by a
broad fast-relaxing resonance with a g|| ∼ 2.02 and g⊥ ∼ 2.00
characteristic of an S = 1/2 cubane-type [3Fe-4S]+ cluster,
accounting for <10% of the Fe content, that is formed by partial
O2-induced degradation of the native [4Fe-4S]2+ cluster5 (see
Figure 3B). After dithionite reduction, the 10 K spectra of the
wild-type enzyme exhibit the characteristic fast-relaxing
rhombic resonance (g1,2,3 = 2.058, 1.951, and 1.908) associated
with the S = 1/2 [4Fe-4S]+ cluster in reduced Synechococcus
NarB4,5 (see Figure 3C and Table 4). The resonance accounts
for 90−100% of the Fe content, suggesting that some or all of
the [3Fe-4S]+ clusters reconvert to [4Fe-4S]+ clusters upon
dithionite reduction, by incorporating adventitious Fe(II) into
reduced [3Fe-4S]0 clusters, as is frequently observed with [3Fe-
4S]+ clusters generated by O2-induced degradation of [4Fe-
4S]2+ clusters.22 Previous EPR studies of wild-type Synecho-
coccus NarB have revealed two distinct types of Mo(V)
resonances in dithionite-reduced samples that can be observed
along with the [4Fe-4S]+ resonance at 20 K and in isolation at
70 K.4,5 One is termed the “high-g” proton-split Mo(V) signal
(g1,2,3 = 1.997, 1.990, and 1.982, gav = 1.990, and A1,2,3 = 6.5, 6.0,
and 5.0 G) that accounts for ∼20% of the Mo content.4 The
other is a weak rhombic resonance (g1,2,3 = 2.017, 1.988, 1.962,
gav = 1.989) with negligible proton splitting, accounting for
<10% of the Mo content.5 Analogous resonances, termed the
“low-potential” Mo(V) resonance, have been observed in
dithionite-reduced bacterial assimilatory nitrate reductases.16,23

In our hands, different purifications of dithionite-reduced wild-
type Synechococcus NarB exhibit one of these two signals or the
other, and we have yet to define specific experimental
conditions for generating each type of Mo(V) resonance. As
shown in Figures 3D and 5 and Table 4, the dithionite-reduced
wild-type enzyme used in this work exhibits the “high-g”
proton-split Mo(V) signal accounting for ∼20% of the Mo
content. The proton hyperfine in the “high-g” proton-split
Mo(V) signal shown in Figure 3D is not resolved because of
high modulation amplitudes (6.3 G) but is clearly seen, along

with the 95/97Mo satellites, in spectra recorded with lower
modulation amplitudes (2.9 G) (see Figure 5).
Only the C148A mutation has a significant effect on the EPR

properties of the [4Fe-4S]+ cluster in dithionite-reduced
samples (see Figure 3C and Table 4). However, the difference
relates only to the intensity of the resonance, 10% of the [4Fe-
4S] clusters in the C148A variant and 4% of total wild-type
[4Fe-4S] cluster content based on EPR spin quantifications and
Fe determinations (see Tables 3 and 4). This may result from a
lower reduction potential for the [4Fe-4S]2+ center in the
C148A variant, coupled with the mutation having an effect on
the assembly or stability of the [4Fe-4S] cluster. Significantly,
the C148A mutation does not affect the g values of the rhombic
S = 1/2 [4Fe-4S]

+ resonance, and there is no evidence of S = 3/2
[4Fe-4S]+ in the low-field region.
In contrast, all the mutations involving the putative active

residues result in significant perturbations of air-oxidized and/
or dithionite-reduced Mo(V) resonances compared to those of
the wild-type enzyme. The air-oxidized D163E, D163N, and
R351K variants exhibit “very high-g” proton-split S = 1/2
Mo(V) resonances, albeit with intensities that are 50-, 25-,
and 7-fold lower, respectively, than that of the wild-type
enzyme (see Figure 3A and Table 4). The lower intensities of
the Mo(V) resonances in these variants facilitate observation of
the shape of the S = 1/2, g|| ∼ 2.02 and g⊥ ∼ 2.00 [3Fe-4S]+

resonances in the 10 K spectra of D163E and D163N (see
Figure 3B). The dithionite-reduced samples of these variants
also exhibit weak “low-potential” Mo(V) signals, albeit with
inverted intensities, i.e., R351K being the weakest and D163E
the strongest (see Figure 3D). This suggests that these
mutations produce environmental perturbations that change
the Mo(IV)/Mo(V) and/or Mo(V)/Mo(VI) redox potentials
without changing the Mo coordination environment. A similar
conclusion can be drawn for the R351Q variant, which exhibits
no Mo(V) resonance in the air-oxidized form at 70 K and a
wild-type-like “high-g” proton-split Mo(V) signal in the
dithionite-reduced form at 70 K (see Figure 3A,D and Table 4).
More distinct changes in the EPR properties of the Mo(V)

centers are observed for the M149A, M306A, and C148A
variants. Despite almost stoichiometric Mo content (see Table
3), the M149A variant exhibits an anomalous and very weak S =
1/2 axial resonance (g⊥ ∼ 1.99, and g|| ∼ 1.98) that is attributed

Table 4. EPR Parameters and Spin Quantifications for Mo(V) and [4Fe-4S]+ Centers in Wild-Type and Variant Forms of
Synechococcus sp. PCC 7942 Nitrate Reductase

aerobically purified Mo(V) resonancea dithionite-reduced Mo(V) resonancea
dithionite-reduced

[4Fe-4S]+ resonanceb

sample name g1,2,3 [A1,2,3 (G)] spin/molec name g1,2,3 [A1,2,3 (G)] spin/molec g1,2,3 spin/molec

wild type very high-g 2.023, 1.998, 1.993
(6.8, 7.5, 6.8)

0.23 high-g split 1.997, 1.990, 1.982
(6.5, 6.0, 5.0)

0.19 2.058, 1.951, 1.908 0.95

M149A 1.99, 1.99, 1.98 0.02 none 2.058, 1.951, 1.908 0.91
D163E very high-g 2.023, 1.998, 1.993

(6.8, 7.5, 6.8)
0.004 low-potential 2.017, 1.988, 1.962 0.08 2.058, 1.951, 1.908 1.02

D163N very high-g 2.023, 1.998, 1.993
(6.8, 7.5, 6.8)

0.01 low-potential 2.017, 1.988, 1.962 0.02 2.058, 1.951, 1.908 0.59

R351K very high-g 2.023, 1.998, 1.993
(6.8, 7.5, 6.8)

0.03 low-potential 2.017, 1.988, 1.962 0.01 2.058, 1.951, 1.908 0.86

R351Q none high-g split 1.997, 1.990, 1.982
(6.5, 6.0, 5.0)

0.20 2.058, 1.951, 1.908 0.87

M306A very high-g 2.019, 1.999, 1.992
(5.6, 5.6, 5.3)

0.85 high-g unsplit 1.991, 1.991, 1.979 0.83 2.058, 1.951, 1.908 0.85

C148A 2.025, 1.990, 1.970 0.39 none 2.058, 1.951, 1.908 0.04
a70 K and 2 mW; b10 K and 1 mW; cValues of spin/mole are accurate to ±10%.
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to a Mo(V) species and accounts for <2% of the Mo content in
the air-oxidized form at 70 K (see Figure 3A and Table 4).
Upon dithionite reduction, no significant Mo(V) signals are
observed at 10 or 70 K (see Figure 3C,D). Hence, either the
Mo center is not redox active, or the Mo(VI)/Mo(V) and
Mo(V)/Mo(IV) redox potentials do not permit observation of
significant Mo(V) species in air-oxidized or dithionite-reduced
samples. Regardless, the M149A mutation clearly has had a
major effect on the redox properties and/or ligation of the Mo
center. For the air-oxidized M306A variant, the “very high-g”
proton-split S = 1/2 Mo(V) resonance (g1,2,3 = 2.019, 1.999, and
1.992, gav = 2.003, and A1,2,3 = 5.6, 5.6, and 5.3 G) is
significantly perturbed compared to that of the wild-type
enzyme (g1,2,3 = 2.023, 1.998, and 1.993, gav = 2.005, and A1,2,3 =
6.8, 7.5, and 6.8 G) and accounts for ∼100% of the Mo
concentration compared to 20% for the wild-type enzyme (see
Figures 3A and 4 and Table 4). Likewise, the dithionite-reduced
M306A variant exhibits a perturbed axial “high-g” Mo(V) signal
(g⊥ = 1.991, g|| = 1.979, and gav = 1.987, with no resolvable
proton hyperfine) compared to that of the wild type (g1,2,3 =
1.997, 1.990, and 1.982, gav = 1.990, and A1,2,3 = 6.5, 6.0, and 5.0
G for the proton hyperfine), accounting for ∼100% of the Mo
concentration compared to 20% for the wild-type enzyme (see
Figures 3D and 5 and Table 4). In accord with the putative role
of C148 as a Mo ligand, the most dramatic changes in the
Mo(V) EPR properties were observed in the C148A variant.
The air-oxidized sample exhibited a new type of rhombic
Mo(V) signal (g1,2,3 = 2.025, 1.990, and 1.970, and gav = 1.995,
with no resolvable proton hyperfine), accounting for 100% of
the Mo concentration (see Figures 3A and 4 and Tables 3 and
4). No Mo(V) signals were observed in the dithionite-reduced
sample (see Figure 3). The observation of “Mo satellites” due
to the 25% natural abundance of I = 5/2

95Mo and 97Mo
isotopes unambiguously identifies the sharp rhombic resonance
in the air-oxidized sample as originating from Mo(V) (see
Figure 4). All four of the EPR spectra recorded for the C148A
variant exhibited a slow-relaxing and broad near-isotropic
resonance centered at 2.01 (see Figure 3). This is tentatively
attributed to a radical species.
In summary, EPR studies of the putative active-site variants

indicate that each of them perturbs the Mo(V) EPR signals,
suggesting that C148, M149, D163, R351, and M306 all change
the environment and redox properties of the Moco site to some
extent. EPR-monitored redox titrations would clearly be helpful
in clarifying the redox properties of the Moco in these mutants.
However, the weakness of the Mo(V) EPR signals observed for
the majority of these mutants makes such meaurements
particularly challenging. Significantly, the most dramatic
changes in the Mo(V) signals are observed for the residues
closest to the Mo, i.e., M149, M306, and C148 (see Table 2),
and the marked changes in the Mo(V) EPR signals associated
with the C148A variant are consistent with loss of C148 as a
Mo ligand. Moreover, both the EPR studies and Fe
determinations indicate that the loss of this Mo ligand also
affects the ability of the enzyme to assemble or stabilize the
[4Fe-4S] cluster.

■ DISCUSSION
A combination of in silico modeling of a possible structure for
Synechococcus sp. PCC 7942 nitrate reductase and comparisons
of the amino acid sequence of this cyanobacterial nitrate
reductase to those of related enzymes identified Cys148,
Met149, Asp163, M306, and Arg351 as being likely to play

important roles in the catalytic mechanism of the enzyme. The
results presented above, using a mutagenic replacement
approach, provide direct support for the hypothesis that all
five of these amino acids are in fact essential for catalytic
activity. The observation that variants with replacements at all
five of these positions are equally inactive, regardless of whether
Fd or MV is used as the electron donor, suggests that these
amino acids are not involved in binding and/or properly
orienting Fd but rather are involved in some other aspect of the
catalytic cycle.
Before discussing the implications of the results for specific

variants, we start by summarizing the current picture that has
emerged for the catalytic mechanism and active-site structures,
based on the available structural, electrochemical, and
spectroscopic data for the closely related soluble cytoplasmic
assimilatory nitrate reductases, such as Synechococcus NarB and
soluble periplasmic dissimilatory nitrate reductases, such as the
monomeric Desulfovibrio desulfuricans NapA or the A subunit of
the heterodimeric NapAB enzymes from Paracoccus panto-
trophus, E. coli, Rhodobacter sphaeroides, and Cupriavidus necator.
In common with other members of the DMSO reductase family
of molybdoenzymes, which have Mo bis-molybdopterin
cofactors and cycle between the Mo(IV/V/VI) oxidation
states, structural and spectroscopic studies of as purified soluble
nitrate reductases have revealed significant heterogeneity in Mo
coordination12,16,17,21 and demonstrated that reductive activa-
tion is required to obtain homogeneous samples and optimal
activity.21,24,25 However, upon irreversible reduction to the
functional Mo(IV) form, there is as yet no evidence of a
functional EPR-active Mo(V) intermediate, when periplasmic
dissimilatory nitrate reductases undergo redox cycling between
the EPR-silent Mo(IV) and Mo(VI) forms, in the presence or
absence of substrate.24 This may be a consequence of a very
transient Mo(V) intermediate and/or very similar Mo(IV/V)
and Mo(V/VI) redox potentials. Nevertheless, as discussed
below, both the very high-g and high-g Mo(V) EPR species,
which are observed in NarB and related nitrate reductases,21

appear to be oxidized precursors of the functional form, and
recent evidence suggests that the Mo coordination in the high-g
Mo(V) species is likely to be closely related to a functional
Mo(V) form.25

Three distinct Mo(V) EPR signals have been observed in
wild-type Synechococcus NarB: very high-g in aerobically purified
samples and high-g or low-potential in dithionite-reduced
samples (see Figure 4 and Table 4). The type of signal present
in dithionite-reduced samples is preparation-dependent,4,5

again illustrating the plasticity of the Moco in these enzymes,
but only the high-g signal, reported by Jepson et al.,4 was
observed in this work. Redox titrations indicated that the high-g
Mo(V) species accounts for ∼100% of the Mo content at −280
mV and persists with no significant decrease in intensity down
to −550 mV.4 In our studies of aerobically prepared NarB, the
very high-g Mo(V) species accounted for ∼20% of the Mo
content and showed near stoichiometric conversion from the
very high-g to the high-g signal upon dithionite reduction (see
Table 4). Moreover, the return of the very high-g signal
following exposure to air suggests a reversible redox
interconversion between these two species.4 This is consistent
with the MoS6 structures that have been proposed on the basis
of the most recent crystal structures16,17 and theoretical analysis
of the EPR parameters using DFT calculations26 (see Figure 6).
The high-g Mo(V) structure is essentially trigonal prismatic
involving six sulfur ligands: two dithiolenes from the MGDs

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00511
Biochemistry 2015, 54, 5557−5568

5564

http://dx.doi.org/10.1021/acs.biochem.5b00511


and a side-on η2 cysteine disulfide with a partial disulfide bond.
Two-electron oxidation results in cleavage of the partial
disulfide bond to yield terminal sulfido and cysteinate ligands
in the very high-g Mo(V) structure. In both cases, the
nonexchangeable proton hyperfine splittings are attributed to
the β-CH2 protons of the coordinated cysteine.26,27 This
suggests that the cysteine ligand is dissociated in the rhombic
low-potential Mo(V) species, which lacks proton hyperfine
coupling and is observed in some samples of dithionite-reduced
wild-type NarB and D. desulfuricans NapA.16,23 Alternatively,
the low-potential Mo(V) species could correspond to a form
with a terminal cysteine persulfide ligand, which would be
expected to exhibit much weaker cysteine β-CH2 proton
hyperfine coupling. However, the low-potential Mo(V) species
is always a minor species (<10% of the Mo content5), and it
remains to be seen if it corresponds to a catalytically relevant
Mo(V) species.
In addition to the intricate interplay of Mo- and sulfur ligand-

based redox chemistry, the reductive activation process in
periplasmic nitrate reductases has recently been proposed to
involve molybdopterin-based redox chemistry.25 The need for
reductive activation before steady state catalysis can be
observed was first demonstrated by Butt et al. in protein film
voltammetry (PFV) of P. pantotrophus respiratory nitrate
reductase (NarGH) and Synechococcus NarB.24 Subsequent
EPR and PFV studies of R. sphaeroides NapAB demonstrated
that reductive activation is irreversible, occurs in the absence of
substrate, and quantitatively correlates with the loss of the high-
g Mo(V) EPR signal in a reaction that is too slow to be part of
the normal catalytic cycle.21 More detailed kinetic studies of R.
sphaeroides NapAB using room-temperature EPR and direct
electrochemistry revealed that reductive activation occurs prior
to Mo reduction and involves changes in the exchange coupling
between Mo(V) and the [4Fe-4S]+ cluster without significant
coordination changes at the Mo(V) center.25 On the basis of
the known molybdopterin redox chemistry, this was interpreted
in terms of slow cyclization of the pyran ring and irreversible
two-electron two-proton reduction of the oxidized dihydromo-
lybdopterin to yield the catalytically competent tricyclic
tetrahydromolybdopterin proximal to the [4Fe-4S] cluster.25

This slow rate-limiting transformation precedes rapid reduction
to the Mo(IV) state, which calculations indicate would weaken
the Mo−S(Cys) bond, thereby facilitating nitrate binding and
enzyme turnover by a sulfur shift-type mechanism.25,28

While a slow reductive activation step involving molybdop-
terin-based redox chemistry is an attractive proposal that
explains the spectroscopic and redox properties of periplasmic
nitrate reductases,21,25 it has yet to be confirmed by high-
resolution crystallographic data. However, the available data
suggest it may not apply to the assimilatory Synechococcus
NarB,4 which uses a much lower-potential electron donor
([2Fe-2S]2+/+ Fd, Em ∼ −400 mV, compared to ubiquinone/
ubiquinol, Em ∼ 60 mV, or menaquinone/menaquinol, Em ∼

−80 mV, for periplasmic nitrate reductases) and has a much
lower electrode potential for optimal activity based on PFV
studies (approximately −450 mV for NarB, compared to
approximately −100 mV for periplasmic nitrate reductases).4

Moreover, the observation that NarB activity is turned on at
potentials below −200 mV, where the cofactors correspond
predominantly to the [4Fe-4S]+ and high-g Mo(V) species that
both increase to become stoichiometric and then persist as the
potential is lowered to −550 mV,4 has led to the proposal that
nitrate binds to the high-g Mo(V), which increases the Mo(V)/
(IV) redox potential, thereby allowing the [4Fe-4S]+ cluster to
effect reduction to the Mo(IV) state.4

Crystallographic data for periplasmic nitrate reductases
indicate that the transfer of an electron from the [4Fe-4S]+

cluster to the proximal MGD is mediated by the amido group
of a conserved lysine (Lys58 in NarB) that interacts with the
[4Fe-4S] cluster and the terminal amido group of tetrahy-
dromolybdopterin.17 Notably, site-directed mutations of Lys58
in NarB (K58Q and K58R) result in a complete loss of activity,
low Fe contents, negligible [4Fe-4S]+ resonances in dithionite-
reduced samples, and negligible Mo(V) resonances in air-
oxidized and dithionite-reduced samples,5 suggesting that this
residue is essential for [4Fe-4S] cluster stability and/or
assembly.
Previous mutagenesis studies of the active-site cysteine in the

periplasmic dissimilatory nitrate reductase (Nap) from
Ralstonia eutropha reported complete loss of activity for a
C181S variant.29 The data presented herein for mutation of the
equivalent cysteine (C148A) in NarB, i.e., complete loss of
activity, low Mo and Fe content, and major perturbations of the
EPR-active Mo(V) forms, clearly support the hypothesis that it
also serves as a ligand to the Mo in cytoplasmic assimilatory
nitrate reductases, a role that had previously been crystallo-
graphically documented for the corresponding cysteine (or
selenocysteine) in related enzymes.9−17 In particular, the lack of
proton hyperfine coupling on the rhombic Mo(V) resonance
that accounts for all the Mo in air-oxidized samples of the
C148A variant supports the view that the hyperfine coupling
originates from the cysteine β-CH2 protons and hence is
diagnostic of loss of the cysteine ligand. The fact that no UV-
visible spectral perturbations occurred when nitrate was added
to the C148A variant of the enzyme (see Table 3), although not
definitively proving that this variant is incapable of binding
nitrate with reasonable affinity, is certainly consistent with the
proposed role for this cysteine residue in facilitating productive
nitrate binding. In addition, the loss of this Mo ligand also
affects the ability of the enzyme to assemble or stabilize the
[4Fe-4S] cluster. Arsenite oxidase is currently the only member
of the bis-molybdopterin DMSO reductase family that does not
contain a covalent linkage to Mo in the form of serine, cysteine,
or selenocysteine.30 The corresponding residue in arsenite
oxidase is an alanine that is contained in a loop that is folded
away from the Mo, creating an active site more exposed than
those of other members of the DMSO reductase family.30

However, the NarB C148A variant shows no spectroscopic
similarity to arsenite oxidase, which is proposed to catalytically
cycle between dioxo-Mo(VI) and monooxo-Mo(IV) redox
states at high redox potentials (292 mV vs SHE at pH 5.9),
without any significant accumulation of Mo(V) species.31,32

Met149 in the Synechococcus NarB corresponds to Met141 in
D. desulfuricans Nap, the structure of which10 was used as the
basis for our in silico modeling of the Synechococcus enzyme.5

This methionine is highly conserved in periplasmic nitrate

Figure 6. Proposed schematic structures for the very high-g and high-g
Mo(V) species.23
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reductases, with the sulfur positioned 6−8 Å from the Mo, and
has been proposed to function as part of a solvent-accessible
channel involved in “guiding” nitrate to the active site in the D.
desulfuricans enzyme.16 Previous mutagenesis studies involving
the equivalent methionine in other organisms have been
contradictory with respect to the effect on enzyme activity but
generally provide support for roles in channeling nitrate to Mo
and modulating the Mo and [4Fe-4S] cluster redox
chemistry.15,29,33 The M182H variant in Ra. eutropha Nap
was found to be completely inactive.29 In contrast, the M153A
variant of R. sphaeroides NapAB exhibited wild-type activity
using methyl viologen as the electron donor, but did result in
an 8-fold increase in the Km for nitrate binding.15 In addition,
the high-g Mo(V) signal that can be observed in the wild-type
enzyme over a wide range of potentials (from 570 to −225
mV), in addition to a weak very high-g Mo(V) signal, was
replaced with a very weak rhombic resonance (g1,2,3 = 1.992,
1.982, and 1.973, with no resolved proton hyperfine coupling),
maximally accounting for 0.03 spin/[4Fe-4S] cluster and
observable between 0 and 200 mV.15,33 The midpoint potential
of the [4Fe-4S]2+,+ cluster was also shifted by ∼100 mV to the
negative compared to its value in the wild-type enzyme. In
contrast to the M153A variant of R. sphaeroides NapAB, the
M149A variant of Synechococcus NarB results in greatly reduced
activity [0.6 and 2.6% of that of the wild type, using MV and Fd
as electron donors, respectively (see Table 3)]. However, the
modest effect on the affinity of NarB for binding nitrate [3-fold
increase in Kd (see Table 3)] is in accord with the small
decrease in nitrate binding ability observed for the M153A
variant of R. sphaeroides NapAB and is consistent with the
hypothesis that the side chain of this methionine may be
involved in efficiently guiding nitrate toward the active site at a
rate compatible with enzyme turnover, but that it is not
involved in the final binding of nitrate at the active site. The
EPR changes for M149A NarB are also very similar to those
reported for the M153A variant of R. sphaeroides NapAB,15,33

i.e., loss of both the very high-g and high-g Mo(V) signals and
the appearance at high potentials of a very weak resonance
(g1,2,3 ∼ 1 0.99, 1.99, and 1.98, with no resolved proton
hyperfine coupling, accounting for 0.02 spin/mol). Hence, we
attribute the loss of activity associated with the M149A
mutation to major changes in the redox properties and/or
ligation of the Mo center. The marked discrepancy in the
activity of the M153A variant of R. sphaeroides NapAB and the
M149A variant of Synechococcus NarB remains to be resolved.
Met306 of Synechococcus NarB is absolutely conserved within

the nitrate reductase and formate dehydrogenase families but
has not been targeted in previous mutagenesis studies. The
corresponding residue in the D. desulfuricans periplasmic nitrate
reductase, Met308, is close (i.e., 4.4 Å) to the active-site Mo.10

This methionine is also close (i.e., 4.7 Å) to the active-site Mo
in our in silico model of the Synechococcus NarB. The
observation that the M306A variant produces an essentially
inactive enzyme with an approximately 40-fold decrease in the
binding nitrate is consistent with the hypothesis that this
residue plays an essential role in catalyzing nitrate reduction.
EPR results reveal only minor perturbations of the very high-g
proton-split Mo(V) resonance in the air-oxidized sample
compared to the wild type (see Table 4 and Figures 3 and
4). However, the major changes to the high-g proton-split
Mo(V) signal in the dithionite-reduced sample compared to
that in the wild type, i.e., a change in g value anisotropy from
rhombic to axial and complete loss of proton hyperfine

coupling (see Table 4 and Figures 3 and 5), suggest that the
M306 variant is no longer directly coordinated to Sγ of the
active-site cysteine residue upon dithionite reduction. The latter
would provide a rationale for the almost complete loss of
activity (see Table 3). Most importantly, both the air-oxidized
and dithionite-reduced samples are homogeneous with near
complete occupancy of both cofactors and all of the Mo in each
form being present as a Mo(V) species. Hence, the air-oxidized
and dithionite-reduced forms of M306A Synechococcus NarB are
attractive targets for high-resolution crystallographic studies to
address the structures of the very high-g and high-g Mo(V)
species, the hypothesis that loss of proton hyperfine coupling
results from loss of a Sγ-coordinated cysteine residue, and the
role of this rigorously conserved methionine residue in catalysis.
Arg351 in Synechococcus NarB corresponds to Arg354 in D.

desulfuricans Nap, to Arg392 in R. sphaeroides NapAB, and to
Arg421 in Ra. eutropha Nap. These positively charged arginine
residues have been proposed to play a role in the funnel
involved in guiding nitrate to the active site.10,15,16,29,33 This is
supported by the lack of activity for the R421E variant and the
decreased activity (∼25% of that of the wild type) for the
charge-conserving R421K variant in Ra. eutropha Nap.29 In
contrast, no change in activity compared to that of the wild type
was observed for the R392A variant of R. sphaeroides NapAB,
but the Km for nitrate was increased ∼160-fold in the variant,
providing strong support for a role for R392 in promoting
substrate binding.15,33 EPR studies of the R392A variant of R.
sphaeroides NapAB revealed a 20 mV decrease in the redox
potential for the [4Fe-4S]2+,+ cluster and no Mo(V) resonances
over a wide potential range.15 The results reported herein for
the R351Q and charge-conserving R351K variants of
Synechococcus NarB concur with those for the R421E and
R421K variants of Ra. eutropha Nap,29 in finding greatly
reduced activity compared to that of the wild type [0.3 and
6.2% for R351Q with MV and as electron donors, respectively;
1.4 and 11.5% for R351K with MV and as electron donors,
respectively (see Table 3)]. However, in contrast to the
dramatic increase in the Km for nitrate observed for the R392A
variant of R. sphaeroides NapAB, no increase in the Kd for
nitrate was observed for the R351K variant of NarB, and an
only modest 2.4-fold increase was observed for the R351Q
variant. The observation that the R351Q variant of the
Synechococcus NarB is almost completely inactive, but that
this charge-eliminating replacement of Arg351 with Gln has an
only modest effect on the affinity of the enzyme for nitrate, is
consistent with the hypothesis that the side chain of Arg351 is
involved in efficiently guiding nitrate toward the active site at a
rate compatible with enzyme turnover, but that it is not
involved in the final binding of nitrate at the active site. In
addition, the observation that the charge-conserving R351K
variant is effectively as inactive as the R351Q variant supports
the idea that arginine is specifically required at this position and
not simply a positively charged side chain. The EPR data for the
NarB R351Q and R351K variants add further support to a role
in guiding nitrate to the Mo center. In contrast to the lack of
Mo(V) EPR signals reported for the R392A variant of R.
sphaeroides NapAB,15 both NarB variants investigated exhibit
wild-type Mo(V) EPR signals in the air-oxidized and dithionite-
reduced states, albeit with substantially diminished intensity in
one form or the other (see Table 4 and Figure 3), suggesting
that these mutations produce environmental perturbations that
change the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) redox
potentials without changing the Mo coordination.
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Asp163 in Synechococcus NarB corresponds Asp155 in D.
desulfuricans Nap and Asp196 in Ra. eutropha Nap. Previous
mutagenesis results are limited to the observation that the
D196G variant of Ra. eutropha Nap is inactive.29 In the D.
desulfuricans enzyme, this aspartate forms part of the solvent-
accessible funnel that leads to the Mo at the active site and may
be involved in coordinating an ordered water molecule.10 The
EPR data for the D163E and D163N variants add further
support for these putative roles, as both exhibit wild-type
Mo(V) EPR signals in the air-oxidized and dithionite-reduced
states, albeit with substantially diminished intensities (see Table
4 and Figure 3), again suggesting that these amino acid
replacements produce environmental perturbations that change
the Mo(VI)/Mo(V) and/or Mo(V)/Mo(IV) redox potentials
without changing the Mo coordination environment. Even
though the exact role of this conserved aspartate residue in
nitrate reductases is still not fully understood, the data of Table
3 make it clear that there is a specific requirement for the
presence of an aspartate at this position for active Synechococcus
NarB. The observation that a charge-conserving D163E variant
also lacks activity demonstrates that this requirement goes
beyond a simple need for a negatively charged side chain at this
position. It should be mentioned that the D163N nitrate
reductase variant is the only one examined in this study that
shows a significant decrease in binding affinity for both nitrate
and Fd when compared to that of the wild-type enzyme. This
may be related to the fact that, for reasons still not understood,
there is significant loss of both Mo and Fe when Asp163 is
replaced with asparagine (see Table 3). In the case of position
163, even though replacement of aspartate with glutamate does
not produce an active enzyme, it does produce a variant with
substrate binding affinities very similar to those of the wild-type
enzyme (see Table 3).
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