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Abstract

The lysine 85 (K85) in the primary structure of the catalytic subunit of the periplasmic nitrate reductase (NAP-A) of Ralstonia
eutropha H16 is highly conserved in periplasmic nitrate reductases and in the structurally related catalytic subunit of the formate
dehydrogenases of various bacterial species. It is located between an [4Fe—4S] center and one of the molybdopterin-guanine di-
nucleotides mediating the through bonds electron flow to convert the specific substrate of the respective enzymes. To examine the
role of K85, the structure of NAP-A of R. eutropha strain H16 was modeled on the basis of the crystal structure from the Des-
ulfovibrio desulfuricans enzyme (Dias et al. Structure Fold Des. 7(1) (1999) 65) and K85 was replaced by site-directed mutagenesis,
yielding K85R and K85M, respectively. The specific nitrate reductase activity was determined in periplasmic extracts. The mutant
enzyme carrying K85R showed 23% of the wild-type activity, whereas the replacement by a polar, uncharged residue (K85M)
resulted in complete loss of the catalytic activity. The reduced nitrate reductase activity of K85R was not due to different quantities
of the expressed gene product, as controlled immunologically by NAP-specific antibodies. The results indicate that the K85 is
optimized for the electron transport flux to reduce nitrate to nitrite in NAP-A, and that the positive charge alone cannot meet

further structural requirement for efficient electron flow.
© 2003 Elsevier Inc. All rights reserved.
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Many oxidoreductases contain transition metals at
their active site. Molybdenum (Mo) and tungsten (W)
are present in biological systems as part of the nitroge-
nase co-factor or bound to the organic co-factor pyra-
nopterin. The molybdopterin or pyranopterin class of
enzymes is diverse and has been subdivided into three
main families [1]: the xanthine oxidase family, the sulfite
oxidase family, and the DMSO reductase family. Within

* Abbreviations: BSA, bovine serum albumin; D., Desulfovibrio;
DMSOR, dimethyl sulfoxide reductase; FDH, formate dehydrogenase;
FDH-H, formate dehydrogenase component of the formate-hydrogen
lyase complex of E. coli; FDH-N, nitrate-dependent formate dehy-
drogenase of E. coli when growing anaerobically on nitrate; MES, 2-
(N-Morpholino)ethanesulfonic acid; MGD, molybdopterin guanine
dinucleotide; Moco, pyranopterin-ene-1,2-dithiolate cofactor or mo-
lybdopterin.
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the variety of enzymes belonging to the DMSO reduc-
tase family, the periplasmic dissimilatory/respiratory
nitrate reductases (NAP) as well as the formate dehy-
drogenases (FDH) share the highest degree of structural
similarity in terms of their three-dimensional structures.
So far, only one crystal structure of a periplasmic nitrate
reductase has been solved (D.d. NAP, isolated from the
sulfate reducer Desulfovibrio (D.) desulfuricans (d.)
ATCC27774) [2,3], while three crystal structures are
currently available for formate dehydrogenases: The
FDH-H (part of the hydrogen lyase complex) from
Escherichia coli [4], the membrane protein FDH-N
(expressed when growing anaerobically on nitrate) from
E. coli [5], and the W-containing D. gigas formate
dehydrogenase (DgW-FDH) [6,7].

While D.d NAP and E.coli FDH-H are monomeric
enzymes consisting of 723 and 715 amino acids (aa),
respectively, the DgW-FDH is a heterodimeric enzyme
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with 977 aa (o-) and 214 aa (B-subunit), and the E. coli
FDH-N forms a trimeric complex of three subunits of
982aa (a-), 290aa (B-), and 217aa (y-subunit), which
associate as trimers along the membrane.

The structures of D.d.NAP and E. coli FDH-H are
functionally related to the large catalytic a-subunit of
DgW-FDH and of E. coli FDH-N. These catalytic o-
subunits carry the molybdopterin cofactor (W/
Mo[(MGD),,-SH/-OH,-SeCys] and Mo[(MGD),,-OH,-
Cys] for FDHs and NAPs, respectively) as well as one
[4Fe—4S] cluster. Although differing in their molecular
weights, their structures can be superimposed showing
that their respective core structures are quite similar.
The superposition of the large subunit of DgW-FDH
with NAP shows an r.m.s. deviation of 2.0 A for 636 Ca
atoms, while the comparison with E. coli FDH-H gives a
corresponding r.m.s. deviation of 2.1 A for 659 Cu at-
oms [7]. The structure of the a-subunit of the E.coli
FDH-N is superimposable with that from E. coli FDH-
H with an r.m.s. deviation of 1.9 A for 599 Ca atoms [5].
The classification of these homologous proteins in terms
of the topology is also similar and the overall structure
can be subdivided into four domains, two of which
correspond to non-contiguous stretches of the poly-
peptide chain. In the larger proteins E.coli FDH-N and
DgW-FDH, the additional residues of the catalytic o-
subunit are essentially distributed over the molecular
surface as insertions in the whole polypeptide.

The differences between both kinds of enzymes (NAP
and FDH) that account for their different substrate
specificities (reduction of nitrate to nitrite or conversion
of formate into carbon dioxide) are localized essentially
in the vicinity of the Mo active site as well as in the
tunnel leading to it [3]. However, the electron transport
pathway between the Mo active site and an external
physiological electron acceptor (or donor) is rather
conserved and it has been assumed that a conserved Lys
residue mediates the electron transfer between one of the
molybdopterin cofactors and the relatively exposed
[4Fe-4S] cluster [4]. This conserved lysine residue is also
found in prokaryotic assimilatory nitrate reductases (for
an overview see [8]). Interestingly, sequence alignment
studies show that the membrane-bound respiratory ni-
trate reductases (NAR) carry an arginine residue at the
corresponding position (for reviews see [1,9]). The aim
of this work is to analyze the requirement of this residue
(K85) in NAP-A by single mutagenesis studies in com-
parison to an arginine replacement, as to whether the
positive charge at that position is sufficient or whether
further structural constraints make the lysine residue
indespensible for the nitrate reductase activity in peri-
plasmic nitrate reductases. Ralstonia eutropha was cho-
sen for this study because the strain is much better
amenable to genetic manipulation and its NAP-A is
highly homologous to that from D. desulfuricans.
D.d NAP is the simplest member of the periplasmic ni-

trate reductases, since it contains only the catalytic
subunit. In contrast, the nitrate reductase from R. eu-
tropha is a heterodimer as found in all other periplasmic
nitrate reductases analyzed so far. We therefore modeled
only the a-subunit of NAP from R. eutropha (R.eu.
NAP-A) based on the D. desulfuricans structure and
then carried out the Lys85 mutation studies.

Materials and methods

Bacterial strains and plasmids. The genes for the periplasmatic ni-
trate reductase of R. eutropha are not part of the bacterial chromosome
but located on the 450 kb megaplasmid pHG1 [10]. For our mutation
studies we used strain HF210 [11], the megaplasmid-free derivative of
the wild-type strain H16 (DSM 428, ATCC 17699), together with
plasmids containing the complete nap cluster (pGE49, pCH332) [12]. A
complete list of bacterial strains and plasmids used in this study is
given in Table 1.

Media and growth conditions. R. eutropha strains were grown aer-
obically at 30 °C with 0.4% (w/v) fructose as carbon source and 0.2%
ammonium chloride (w/v) as nitrogen source in 100 ml mineral me-
dium as described in [12,13]. Strains of E. coli were grown at 37°C in
Luria—Bertani medium [14]. Solid media contained 1.8% (w/v) agar.
Antibiotics were added as appropriate for R. eutropha (tetracycline,
12.5 pg/ml) and for E. coli (tetracycline, 12.5 ng/ml; ampicillin, 100 pg/
ml). Cell growth was monitored by measuring the optical density at
600 nm.

Mutation and cloning protocol. The complete nap cluster with the
genes napE, napD, napA, napB, and napC (total length 5.8 kb) was
recloned into the vector pBC SK + (Stratagene) and subsequently in
pMCSS (MoBiTec, Germany) for further use yielding in the vector
pTH100.

All cloning steps were carried out in E. coli strain DHSa (Invitro-
gen). A small part of the nap cluster (1192 bp in length) was amplified
by PCR (for primers used in this study, see Table 1) with Tag poly-
merase (Eppendorf, Germany). The plasmid pCH332 containing the
whole napEDABC cluster was used as template DNA. During the
amplification, mutations were introduced at particular sites by PCR
mutagenesis leading to the wanted single amino acids replacements
(K85R and K85M). The sequence and position of the oligonucleotides
are listed in Table 1. The changes in the lysine codon AAG (exchange
to arginine codon CGC or methionine codon ATG) are underlined.
The sequence of the oligonucleotide Bgl2-100-sense is located on the
sense strand of the napA gene (position 965-984) about 100 nucleotides
upstream of an Bg/II restriction site (position 1065), while the sequence
of the oligonucleotide EcoRI+ 100-anti is located on the anti-sense
strand of the napA gene (position 2137-2156) about 100bp down-
stream of an EcoRI restriction site (position 2051).

The PCR products were introduced by TA cloning into the vector
pCR 2.1-TOPO (Invitrogen, USA) to yield the plasmids pTOPO-
K85R and pTOPO-K85M. The obtained mutated sequence was veri-
fied by DNA sequencing (MWG, Germany). The inserts carrying the
mutations were excised from the vector by the restriction endonuc-
leases Bg/ll and EcoRI and ligated into the vector pTH100 replacing
the wild-type Bg/ll/EcoRI segment of the complete nap cluster to yield
the vectors pTH101 (exchange K85R) and pTH102 (exchange K85M).
The correct arrangement of the gene was verified by restriction anal-
ysis. The mutated nap cluster was cut out of the vectors pTH101 and
pTHI102 by the restriction endonucleases Smal and Swal and this
blunt-ended fragment was cloned into the broad host range vector
pCM62 [15] resulting in pTH201 (exchange K85R) and pTH202 (ex-
change K85M). The vector pCM62 had been treated with Xbal and the
sticky ends had been filled by Klenow polymerase to yield blunt ends,
too. In the same manner the wild-type nap cluster was cut out of vector
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Table 1
Bacterial strains, vectors, and oligonucleotides

Strain, plasmid or Relevant characteristics

Reference or source

pMCS5

ApR lacZ' flori pPBR3220ori; T7promoter

oligonucleotide
R. eutropha
H16 Nar+, Nas+, Nap+, pHG1+ DSM 428, ATCC 17699
HF210 Nar+, Nas+, Nap- pHGI-; derivative of H16 [11]
E. coli
DH5a F~¢80dlacZAM15A(lacZY A-argF) U169 deoR recAl endAl hsdR17(r; ,m]) phoA Invitrogen
supE44 1~ thi-1 gyrA96 relAl
S17-1 Tra+ recA pro thi hsdR chr::RP4-2 [29]
Plasmids
pBC SK+ CmR lacZ' flori ColElori; T3 promoter, T7 promoter Stratagene
pBluescript SK+ ApR lacZ' flori ColElori; T3 promoter, T7 promoter Stratagene

MoBiTec, Gottingen,
Germany

pCR 2.1-TOPO Ap® Km® lacZ' pUCori flori; T7 promoter Invitrogen
pCM62 Broad-host-range vector, TcR lacZ' traJ’ ColElori oriV oriT [15]

pVK102 Km®R Tc? Mob+ RP4ori [30]

pGE49 16-kb HindIll fragment of megaplasmid pHG1 in pVK102 [12]

pCH332 6.0-kb EcoRV—Clal fragment of pGE49 in pBluescript SK+ [12]

pNapBC 6.0-kb EcoRV—-Clal fragment of pGE49 in pBC SK+ This study
pTOPO-K85R 1.2-kb PCR-product K85R in pCR 2.1-TOPO This study
pTOPO-K85M 1.2-kb PCR-product K85M in pCR 2.1-TOPO This study
pTH100 6.0-kb EcoRV—Xhol fragment of pNapBC in pMCS5 This study
pTHI101 986-bp Bglll-EcoRI fragment of pTOPO-K85R in pTH100 This study
pTHI102 986-bp Bglll-EcoRI fragment of pTOPO-K85M in pTH100 This study
pTH200 6.1-kb Swal-Smal fragment of pTH100 in pCM62 This study
pTH201 6.1-kb Swal-Smal fragment of pTH101 in pCM62 This study
pTH202 6.1-kb Swal-Smal fragment of pTH102 in pCM62 This study

Oligonucleotides

Bgl2-100-sense 5-AC CTC ACC TGC CTC CAC CAG-3'; position 965-984 This study
EcoRI + 100-anti 5-TGG GGT CGG CGT ACA GTT CG-3'; position 2156-2137 This study
K85R-sense 5-G AAC TGC GTC CGC GGC TAC TTC CTG TCC-3'; position 1303-1330 This study
K85R-anti 5'-G GAA GTA GCC GCG GAC GCA GTT CAG GCC-3; position 1325-1298 This study
K85M-sense 5'-AAC TGC GTC ATG GGC TAC TTC CTG TC-3'; position 1304-1329 This study
K85M-anti 5-GAA GTA GCC CAT GAC GCA GTT CAG GC-3'; position 1324-1299 This study

pTHI100 and cloned into vector pCM62 to yield vector pTH200. Only
those plasmids were chosen (named pTH200, pTH201, and pTH202)
where the nap cluster was in anti-sense orientation to the lac promoter
of the vector pCM62.

The vector pCM62 can be replicated in E. coli as well as in R.
eutropha. The vectors pTH200, pTH201, and pTH202 were trans-
formed into the E. coli strain S17-1 and subsequently mobilized from
E. coli strain S17-1 to R. eutropha strain HF210 according to [12].

The transconjugants of R. eutropha harboring either a nap cluster
with mutation or a wild-type nap cluster on a plasmid were grown in
100ml cultures and harvested in the stationary phase. Periplasmic
fractions of R. eutropha were prepared as described in [16].

Nitrate activity assay. Enzyme activity was determined in the
periplasmic extracts as well as in crude cell extracts with the micro-
titerplate assay described by Borcherding et al. [17] with the following
modifications: all buffers were flushed with argon prior to use to lower
the oxygen concentration in the solution. 1.5mM of benzyl viologen
instead of methyl viologen was used as electron donor. The enzymatic
reaction was carried out in a closed tube at 37 °C instead of incubating
in the open microtiterplate at room temperature. The reaction buffer
was either 50mM MES/NaOH for the pH values 5.5, 6.0, and 6.5 or
50 mM potassium phosphate buffer for the pH values 7.0, 7.5, and 8.0.

Protein assay. Protein concentrations were determined in an assay
based on the Lowry method [18]. As protein standard for quantifica-
tion, BSA in distilled water was used at concentrations from 100 to
500 pg/ml. The product of the color reaction was measured at 750 nm
in a microtiter plate reader (Spectra Max 250, Molecular Devices,
USA). Protein concentration of each sample was determined eightfold.

SDS-PAGE and Western blot. Denaturing polyacrylamide gel
electrophoresis was performed according to Laemmli [19]. The acryl-
amide and bisacrylamide concentration in the separating gel was ad-
justed to 12% total concentration and 1% cross-linkage. Protein
samples were diluted with the same volume gel loading buffer con-
taining 2% (v/v) B-mercaptoethanol and 2% (w/v) SDS. Samples were
heated for 15min to 60 °C prior to loading the gel. 7.5 ul of “Precision
Plus Protein standards, dual colour” (Bio-Rad, Germany) was used as
molecular weight markers. After the electrophoresis, gels were stained
with Coomassie brilliant blue R-250.

Gels used for Western blot analysis were not stained, but blotted on
a PVDF membrane (Immobilon-P, Millipore) using a semi-dry blot
apparatus (Fast Blot B-33, Biometra, Gottingen, Germany). Blotting
buffer consisted of 192 mM Glycin, 25 mM Tris, 1.3 mM SDS, and 20%
(v/v) methanol. The gel was blotted for one hour at 4mA/cm?. After
blotting the gel was stained with Coomassie brilliant blue R-250 to
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check the completeness of the transfer. The PVDF membrane was
blocked for 1h with 5% skimmed milk powder in PBS-Tween
(100 mM sodium phosphate buffer, pH 7.5, 100 mM NacCl, and 0.1%
(w/v) Tween 20). The nitrate reductase was detected by a two-step
incubation with antibodies, at first with an antiserum from rabbit
against purified nirate reductase [16] diluted 1:1000 in PBS-Tween,
second with goat-anti-rabbit IgG conjugated with peroxidase (Dia-
nova, Hamburg, Germany) diluted 1:1000 in PBS-Tween. The color
reaction was performed with a solution of a few crystals of 3,3'-dia-
mino-benzidine dissolved in 10 ml of 50 mM sodium acetate, pH 5.0,
containing 0.03% H,O,. The relative intensity of the NAP-A bands on
the blot was determined using the MacCAM 1.0b (Cybertech) soft-
ware.

Modeling the Ralstonia nitrate reductase structure. Based on the D.
desulfuricans nitrate reductase [2], a three-dimensional model of NAP-
A of R eutropha nitrate reductase was constructed. First, a BLAST
search was performed using the sequence of R. eutropha. Next, the
amino acid sequence of the two nitrate reductases from R. eutropha
(Swiss-Prot Accession No. P39185) and D. sulfuricans (P81186) as well
as a third one from E. coli (P33937), and two sequences of two different
formate dehydrogenases from E. coli (FDH-N, P24183; FDH-H,
P07658) were aligned using the program ClustalX [20] applying the
GONNET matrix [21]. Subsequently, corresponding amino acids in
the D. desulfuricans structure were replaced by the R. eutropha-specific
amino acids using the program MODELLER4.0 [22]. Finally, using
the program PROCHECK [23], the obtained Phi and Psi angles of the
backbone linkages were analyzed for unusual conformations by using
a Ramachandran plot. These unusual conformations were corrected
and modified towards more frequent structural arrangements. In ad-
dition, energetically unfavorable amino acids positions were optimized
using the AMBER 6 software [24].

The alignment between the two amino acid sequences of R.eu.-
NAP-A and D.dNAP-A (Fig. 1A) was done using the ClustalW
program [25] at the web page of NPS@ [26].

Results and discussion
Structural model of R. eutropha NAP-A

As the structural basis for our mutagenesis studies,
we constructed a three-dimensional model of the cata-
lytic subunit NAP-A from R. eutropha (R.eu.NAP-A)
based on the D. desulfuricans structure (D.d.NAP). The
D. desulfuricans nitrate reductase structure (1.9 A reso-
lution [2]) shows an amino acid identity of 37.5% with
R.euNAP-A (see Fig. 1A). In order to find the struc-
turally conserved regions within the oxidoreductase
family, a BLAST search was performed using the
R.euNAP-A primary structure. Next, the primary
structure of several periplasmic nitrate reductases as well
as two formate dehydrogenases was aligned (see Mate-
rials and methods for list of the proteins). This com-
parison identified the conserved regions of R.eu. NAP-A,
as well as two additional loops of 25 and 43 amino acids
(aa) in length, present only in R.eu. NAP-A (aa position
297-328 and 577-651; see Fig. 1B). Due to the lack of
any homologous structure information and the length of
those loop regions, we did not address any three-di-
mensional structure to these two loop segments by
modeling, as their significance would be poor.

Subsequently, we replaced the corresponding amino
acids in the D. desulfuricans structure by the varying R.
eutropha amino acids and super-positioned the back-
bone atoms by using spatial restraints. In this way, an
energetically favorable structure for the deletions and
insertions was calculated. The amino acid side chains of
the conserved residues were oriented according to the
rotamer positions in the crystal structure; the remaining
rotamers of the differing residues were modeled. Un-
usual conformations were corrected and modified to-
wards arrangements found more frequently in other
structures. In addition, energetically unfavorable amino
acids positions were optimized.

We noticed that the major sequence differences be-
tween the two structures, the two loops in the Ralstonia
enzyme, are not related to the essential structural ele-
ments linked to electron transport, pterin positioning or
the active site, but are located at the protein surface. The
functionally relevant protein parts required for catalytic
nitrate reduction as compared to the D.d NAP remain
nearly unmodified (see Fig. 1B).

Mutant analysis

The genes for the periplasmatic nitrate reductase of
R. eutropha strain H16 are not part of the bacterial
chromosome but located on a megaplasmid. We intro-
duced the desired mutations into the napA gene by site-
directed mutagenesis and used a periplasmic nitrate re-
ductase negative and megaplasmid-free derivative of the
wild-type H16, R. eutropha HF210 as the host to study
the effect of the mutant enzymes.

The four strains studied (wild-type napEDABC,
mutant K85R, mutant K85M, and nap-negative strain
HF210) were grown in 100 ml cultures in at least three
independent experiments, harvested in the stationary
phase, and the periplasm was isolated.

Nitrate reductase activity was determined in whole
cell and in periplasmic extracts but not in further puri-
fied form to avoid loss of activity during the four-step
purification procedure (including ammonium sulfate
precipitation, hydrophobic interaction and cation ex-
change chromatography, and gel filtration [12]) and to
keep the enzyme in a “as native as possible” state.

The activity assay was carried out with benzyl viol-
ogen (BV) as artificial electron donor. It is not clear if
BV transfers the electrons first to the heme groups of
NapB and then via the [4Fe—4S] cluster of NapA to the
Mo center as the physiological electron donor (NapC)
does. Alternatively, BV might transfer electrons directly
to the [4Fe—4S] cluster. In all cases, Lys85 is part of the
electron transfer path. Direct electron transfer to the Mo
center by BV is highly improbable as the Mo center is
deeply buried in the NapA protein (see Fig. 1B) and is
accessible only via the cavity through which nitrate en-
ters the active center.
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Fig. 1. (A) Homology comparison of the amino acid sequences of the D. desulfovibrio and the R. eutropha nitrate reductase catalytic subunit NAP-A.
The signal peptides are underlined. Identical amino acids are marked by asterisks (*), strongly similar amino acids are marked by two dots (:), weakly
similar amino acids are marked by one dot (.). The four conserved cysteine residues binding the [4Fe-4S] cluster are highlighted by white font on grey
background; the lysine 85 is highlighted by white font on black background. (B) Structural superimposition of the catalytic subunits NAP-A of the
periplasmic nitrate reductases from D. desulfovibrio (dark red) and R. eutropha (green). (For interpretation of the references to color in this figure
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The pH-dependent activity of the wild-type nitrate
reductase was examined in the pH range from pH 5.5 to
8.0. Maximum activity was found at pH 6.5 (data not
shown); thus, the subsequent activity assays for the
NAP mutants were carried out at pH 6.5.

The strain containing the wild-type napEDABC ex-
hibited specific nitrate reductase activities between 0.522
and 0.987 U/mg at pH 6.5 with an average of 0.73 U/mg
(see Table 2). One activity unit U is defined as 1 pmol
nitrite formed per minute at 37°C and at pH 6.5. The
strain with the amino acid exchange K85R showed ac-
tivity values between 0.090 and 0.251 U/mg with an
average of 0.17 U/mg (four independent experiments).
This corresponds to an activity of the K85R mutant
relative to the wild-type of (23 +10)% (comparison of
the mean values). The strain carrying the nap cluster
with the mutation K85M showed no nitrate reductase
activity (three independent experiments), neither did the
nap-negative strain HF210 which served as a negative
control (three independent experiments).

This discrepancy in specific activity is not due to
different amounts of nitrate reductase produced by the
different mutants. To verify this, the amount of nitrate
reductase was checked by Western blot analysis (see
Fig. 3). As expected, neither NAP-A nor NAP-B protein
can be detected in the nap-negative strain HF210 (neg-
ative control, lane 1). Only a few very faint bands of
proteins cross-reacting with the antiserum against the
periplasmic nitrate reductase of R. eutropha can be de-
tected. Lane 2 (wild-type), 3 (mutant K85R), and 4
(mutant K85M) show similar intensities for the catalytic
o-subunit (NAP-A) and for the smaller B-subunit (NAP-
B): The intensity of the NAP-A-bands was determined
by applying a gel analysis program and was found to be
36.5 arbitrary area units for the wild-type, 37.6 area
units for K85R, and 26.7 area units for K85M. Within
the error, both strains showing nitrate reductase activity,
i.e., wild-type and the K85R mutant, have the same
NAP-A band intensity and thus the same amounts of
enzyme in the periplasmic extract analyzed.

In addition to the examination of the periplasmic
fractions, the nitrate reductase activity was also studied
in crude extracts of whole cells obtained by sonification

of R. eutropha cells. This was done for all 4 strains ex-
amined above: the wild-type nitrate reductase as well as
the two mutants, and—as control—the nap-negative
strain. Also in this case, the expression levels of the ni-
trate reductase were studied by Western blot analysis.
The nitrate reductase activity results from these whole
cell extract experiments (data not shown) are in com-
plete agreement with the results obtained with samples
from the periplasmic fractions.

The conserved positively charged Lys residue shows
optimal nitrate reductase activity in contrast to the mu-
tant with the K85M replacement that exhibits no nitrate
reductase activity. However, the positively charged mu-
tant K85R still shows 23% activity relative to wild-type.
These results indicate that a positive charge is required at
this protein site for nitrate reductase activity. In all re-
lated crystal structures, the electron transfer from the
Mo site to an external electron acceptor/donor involves
the [4Fe—4S] center and is mediated by a Lys residue,
strongly conserved in all periplasmic nitrate reductases
as well as in formate dehydrogenases. This Lys is located
two residues after the fourth Cys ligand of the [4Fe—4S]
cluster with the conserved motif:

C-XX-C-XX-GC——CXK¥G

As depicted in Fig. 2, the conserved Lys makes a
hydrogen bond with the exocyclic NH, group of the
pterin. The contact to the [4Fe—4S] center is through an
NH-—S bond involving the NH5 group of the same Lys
and the SY-Cys"2, a ligand of the [4Fe—4S] center. The
importance of the conserved Lys is, at first instance, to
create a favorable through bond electron transfer
pathway between the two metal centers which are at a
distance (Mo—nearest Fe is 12.6 A for D.d NAP) [27]
that allows efficient electron tunneling. Interestingly, in
all molybdopterin enzymes of the Xanthine Oxidase
family [28] electron transfer between the redox centers
(molybdopterin and 2 x [2Fe-2S]) involves the (direct)
contact (NH-S bond) of the pterin-NH, to the S” of one
of the cysteines of the nearest [2Fe-2S] cluster, but
without the mediation of an amino-acid side chain.

Alignment of the amino acid sequences from formate
dehydrogenases (FDH), periplasmic nitrate reductases
(NAP), and respiratory membrane-bound nitrate re-

Table 2

Specific nitrate reductase activity of wild-type, K85M, K85R, and HF210
Strain Specific activity in different independent experiments (U/mg) Average Percentile

activity (U/mg) activity
1 2 3 4

Wild-type NAP 0.522 0.859 0.987 0.563 0.73 = 100%
Mutant K85R 0.251 0.207 0.090 0.142 0.17 23%
Mutant K85M 0 0 0 — 0 0%
nap-Negative strain 0 0 0 — 0 0%

(HF210)

The different strains were grown in three to four independent experiments, periplasma was prepared, and the specific nitrate reductase activity in

the periplasm was determined.
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-=-=--C-X-K-G- (consensus sequence for Nap and FDH)

e (nearest) Fe ~12 A

Fig. 2. Super positioning of the bis-sMGD cofactor (including the Mo/
W atom and its ligands, OH/SH and Cys/SeCys), the [4Fe-4S] cofactor
and the conserved Lys, which mediates the electron transfer to an
external electron acceptor. Residues numbering correspond to
D.d NAP. The D.d NAP is represented in color code, the E. coli FDH-
H in light blue, the D. gigas W-FDH in pink, and E. coli FDH-N in
dark blue. Only crystal structures are displayed. Our modeled structure
is not presented; it would super-impose the D. desulfuricans NAP. The
distances between the NHE group of the conserved Lys and the pterin-
NH, vary between 3.01 and 3.12A in D.dNAP, FDH-H, W-FDH,
and FDH-N. The contact between the Lys and the [4Fe-4S] is estab-
lished by NH—S bonds with the SY-Cys of the cluster. (For interpre-
tation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

1 2 3 4 5
kDa

— 200
— 150
— 100
napA —

napB —

Fig. 3. Western blot analysis of periplasmic extracts from different
Ralstonia eutropha strains. Lanes 1-4 each contain 15 pg of periplasmic
protein. Lane 1—nap -negative, megaplasmid-free strain HF210; lane
2—strain HF210 harboring plasmid pTH200 (containing the wild-type
napEDABC cluster); lane 3—strain HF210 harboring plasmid pTH201
(like pTH200 but with single amino acid exchange K85R); lane 4—
strain HF210 harboring plasmid pTH202 (like pTH200 but with single
amino acid exchange K85M); and lane 5—molecular weight standard
(7.5 pl Precision Plus Protein standard, dual colour, Bio-Rad).

ductases (NAR) shows that the latter enzymes carry a
conserved arginine at the position corresponding to K85
of R. eutropha NAP-A (see reviews [1,9]). Also in the
light of our results, it seems very probable that in re-
spiratory nitrate reductases this conserved Arg residue
mediates electron transfer from the [4Fe-4S] center to
Moco in a similar way as the Lys residue does in NAP
and FDH. Until now, no crystal structure of a respira-
tory nitrate reductase (NAR) has been solved. Hence,
the exact three-dimensional arrangement of the [4Fe—4S]
center, MoCo and the Arg side chain in NAR is not
known. However, due to the sequence homologies one
might anticipate similarities of the three-dimensional
structure of NAR with NAP and FDH, at least in re-
gions important for catalysis. Nevertheless, the two
consensus sequences of NAR on the one hand and NAP
and FDH on the other hand differ at least in one aspect:
the first ligand of the [4Fe—4S] center is a His in NAR
and a Cys in NAP and FDH:

C-X-X-C-X-X-G-C——C-X-K-G

quence for NAP and FDH)

H-X-X-X-C-X-X-X-C C-P-R-G (consensus se-

quence for NAR)

Obviously, R is tolerated instead of K at position 85.
It is thus not really surprising that the mutant K85R
shows activity. Based on the similarities between the two
groups of enzymes, we might expect that the exchange
K85R would cause only a minor decrease in enzyme
activity. Instead, the observed decrease in activity of
(77+£10)% for the K85R mutant—although also carry-
ing a positive charge—can be tentatively explained by
considering the larger size of the Arg side chain, which
may change the framework of the through bond electron
transfer pathway rendering it somewhat less effective.
Although the general three-dimensional arrangements
of the [4Fe-4S] center and the MoCo can be speculated
to be similar in NAR and NAP, this through-bond
electron transfer pathway might differ between these two
groups of enzymes. Alternatively, the function of the
Arg might be coupled to the presence of the His ligand
of the iron-sulfur center. Following this line of argu-
ments, full activity would only be expected for the
combinations C-C-C-C-K (NAP, FDH) and H-C-C-C-
R (NAR), but not for mixtures like C-C-C-C-R (muta-
tion K85R) or H-C-C-C-K. Future mutagenesis studies
will elucidate this point.

In the case of the K85M, the electron tunneling will
probably be disturbed, since no hydrogen bonds can be
established between the pterin moiety and the [4Fe—4S]
cluster. In addition, the absence of a positive charge will
certainly imply changes in the relative redox potentials
of the metal centers. The effect will be probably higher in
the nearest Fe/S center than in the Mo site with a con-
sequent decrease in its redox potential.

The efficient electron transport in periplasmic nitrate
reductases seems to require a positively charged residue

(consensus  se-
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placed between the cofactors: (1) to modulate the redox
potential of the involved metal sites and (2) to create a
through-bond electron transfer path between the redox
centers. These conclusions should however be regarded
as tentative and a more detailed study will require the
production of the pure mutants, a more detailed enzy-
mological study on the purified proteins, and the de-
termination of the respective crystal structures, which is
planned for the near future.
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