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Abstract

NAD(P)H:nitrate reductase (NaR, EC 1.7.1.1-3) is a useful enzyme in biotechnological applications, but it is very complex in
structure and contains three cofactors—flavin adenine dinucleotide, heme—Fe, and molybdenum-molybdopterin (Mo-MPT). A
simplified nitrate reductase (S-NaR1) consisting of Mo—-MPT-binding site and nitrate-reducing active site was engineered from yeast
Pichia angusta NaR cDNA (YNaR1). S-NaR1 was cytosolically expressed in high-density fermenter culture of methylotrophic yeast
Pichia pastoris. Total amount of S-NaR 1 protein produced was ~0.5 g per 10 L fermenter run, and methanol phase productivity was
5 pg protein/g wet cell weight/h. Gene copy number in genomic DNA of different clones showed direct correlation with the ex-
pression level. S-NaR1 was purified to homogeneity in one step by immobilized metal affinity chromatography (IMAC) and total
amount of purified protein per run of fermentation was ~180 mg. Polypeptide size was ~55kDa from electrophoretic analysis, and
S-NaR1 was mainly homo-tetrameric in its active form, as shown by gel filtration. S-NaR1 accepted electrons efficiently from
reduced bromphenol blue (ke = 2081s7!) and less so from reduced methyl viologen (ke,; = 159s7!). The nitrate Ky for S-NaR1
was 30 + 3 uM, which is very similar to YNaR 1. S-NaR1 is capable of specific nitrate reduction, and direct electric current, as shown
by catalytic nitrate reduction using protein film cyclic voltammetry, can drive this reaction. Thus, S-NaR1 is an ideal form of this
enzyme for commercial applications, such as an enzymatic nitrate biosensor formulated with S-NaR1 interfaced to an electrode
system.
© 2004 Elsevier Inc. All rights reserved.
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NAD(P)H:nitrate reductase (NaR, EC 1.7.1.1-3) is
the first enzyme in the nitrate assimilatory pathway of
eukaryotic organisms, such as plants and fungi [1]. Eu-
karyotic assimilatory NaR can be reduced by NADH,
NADPH, or both nucleotides, in the case of a bispecific
enzyme, which catalyzes the reduction of NO3 to NO3:

NO; + NAD(P)H — NO, + NAD(P)" + OH~
With a release of a large free energy, AG = —143 kJ/mol

and AE = 0.74V, under standard conditions and pH 7,
this redox reaction is essentially irreversible [1].
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Holo NaR has a ~100kDa polypeptide, which
binds three different cofactors: molybdenum-molyb-
dopterin (Mo-MPT), heme-Fe, and FAD in a ratio
of 1:1:1 in three distinct and independently folding
regions of the sequence (Fig. 1). NaR is found in
homo-dimeric or homo-tetrameric catalytically active
forms [2]. The Mo-MPT cofactor which is bound in
the nitrate-reducing active site of NaR is found only
in three families of enzymes: xanthine dehydrogenase
family, sulfite oxidase (SOX) family, and the aldehyde
dehydrogenase family [3,4]. A Cys residue bound to
the molybdenum of the Mo-MPT cofactor charac-
terizes the SOX family of enzymes (Fig. 2). Since
NaR has high amino acid sequence homology with
mammalian SOX [1,5], it is a member of the SOX
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Fig. 1. Functional schematic for eukaryotic NaR monomeric subunit,
as adapted from [1], showing the complete and partial reactions cat-
alyzed by the enzyme. Abbreviations: CbR, cytochrome b reductase
fragment; MoR, molybdenum reductase fragment; MV, reduced me-
thyl viologen; BPB, reduced bromphenol blue; FeCN, ferricyanide;
and Ser-(P), phosphorylation site.
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Fig. 2. Structure of Mo-MPT cofactor [1]. The Cys ligand to the Mo
center is Cys137 in YNaR1 and S-NaR1.

family of Mo-MPT containing enzymes [1,3]. The
biochemistry of assimilatory NaR has been studied in
many respects, but no 3-D structure is available for
the holo-NaR [1].

No commercial bacterial expression system was able
to make an active eukaryotic holo NaR, because the
prokaryotic Mo—MPT differs from the eukaryotic Mo—
MPT: in prokaryotes, the Mo—MPT is conjugated to a
nucleotide [3]. Arabidopsis thaliana NADH:nitrate re-
ductase (AtNR2) was the first holo-NaR successfully
expressed [6] in the methylotrophic yeast Pichia pastoris.
Recently, a bispecific NAD(P)H assimilatory NaR was
found in the yeast Pichia angusta (formerly Hansenula
polymorpha) [7], called yeast nitrate reductase 1
(YNaR1), and successfully expressed in the P. pastoris
expression system [8].

Sequence alignment of YNaR1 with the NaR model
AtNR2 [1] showed that the two enzymes had the same

Table 1

domain organization, which is defined in Table 1. The
YNaR 1 enzyme is composed of 859 amino acid residues
and has five distinct domains. On the other hand, the
489 amino acid residue fragment of YNaR1 which
constitutes simplified NaR or S-NaR1 contains only two
of the five domains of holo-NaR (Table 1). The N; re-
gion in YNaR1 is 30 residues long (positions 1-30). In
AtNR2, it is thought to play a role in the stability and
the regulation of the enzyme [1]. The YNaR1 Mo-MPT-
binding domain is 240 residues long (positions 31-271).
In the SOX refined structure, used as a model for the
Mo-MPT-binding domain of NaR family [1,5], this
domain is composed of 227 residues (positions 96-323)
and contains nine o-helices and three B-sheets [5]. Cys
137 in YNaR1, which corresponds to Cys 191 in
AtNR2, is predicted to be covalently bound to the
molybdenum in the Mo-MPT cofactor (Fig. 2). The
NOj5 binding site may involve two positively charged
amino acids, Arg 87 and Arg 142 in YNaR1, based on
its alignment with SOX where the corresponding Arg
residues were ligands to the substrate sulfite [5]. In
YNaR1, the dimer interface domain (DI) is 165 residues
long (positions 272-435) and was shown in AtNR?2 to be
essential for the formation of a stable and active dimer
(unpublished data, W.H. Campbell). In SOX, the DI is
119 residues long (position 347-466) and contains two
B-sheets [5]. In YNaR1, Hinge 1 is 65 residues long
(positions 436-500). It links the DI domain to the cy-
tochrome b domain (Cyt b). In AtNR2, Hinge 1 does
not seem to have a defined secondary structure [1], but it
contains a serine (Ser 534) involved in the regulation of
the enzyme activity by the protein 14-3-3 [9]. No cor-
responding regulatory Ser is found in Hinge 1 of
YNaR1. The sequence of S-NaR1 terminates in the
middle of Hinge 1 and so it is made up of just the first
two domains (Mo-MPT binding and DI domains) of
the holo-enzyme, which are those essential for nitrate
reducing activity and forming a structurally stable
fragment [1].

The rate-limiting step in catalysis seems to involve
the internal electron transfer from Cyt b to Mo-MPT,
since the rates for these steps are about equal to the
over ke of the whole enzyme [10,11]. It was observed

Definition of the domains of YNaR1 and S-NaR|1, based on the predicted domain structure of AtNR2 [1], showing amino acid sequence numbering

and number of residues per defined region of the sequences

Enzyme  Sequence regions

Nt* Mo-MPT DI Hinge 1 Cyt b Hinge 2 FAD NAD(P)H
AtNR2 1-90 (90)  91-334 (244)  335-490 (156) 491-540 (50)  541-620 (80)  621-660 (40)  661-780 (120) 781-917 (137)
YNaR1 1-30 (30)  31-271 (240)  272-435 (165) 436-500 (65)  501-577 (77)  578-594 (17)  595-720 (126) 721-859 (139)
S-NaR1  1-30 (30)  31-271 (240)  272-435 (165) 436-468 (32) NP NP NP NP

Note. S-NaR1 polypeptide is 489 residues long, but only 468 of these come from YNaR1 with the remainder from the expression vector.

& Abbreviations: Nt, N-terminal sequence of NaR; Mo-MPT, molybdenum-molybdopterin cofactor binding domain; DI, dimer interface domain;
Cyt b, cytochrome b domain; FAD, flavin adenine dinucleotide binding domain; NAD(P)H, nicotinamide adenine dinucleotide binding domain; and
NP, not present.
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by X-ray absorption spectroscopy of AtNR2 that in-
teractions between Mo and one of its three Mo-S li-
gands (Fig. 2) in the resting enzyme are different than
in the active enzyme [12]. Structural changes of the
Mo-S ligand seem to be induced by the catalytic
turnover of the NaR [1,10,12]. The size and the com-
plexity of the NaR enzyme makes the in-depth study of
its catalytic mechanism difficult to do and interpret.
Clearly, if the nitrate-reducing active site of NaR could
be studied independent of internal electron transfer and
the structural components required for this function-
ality, namely the Cyt b, FAD, and NAD(P)H domains
as well as Hinge 1 and 2, it might be possible to gain
unique insight into the key characteristics of NaR
catalysis.

Mild proteolytic degradation showed that the NaR
is composed of independently functional domains and
since these domains are linearly arrayed in the NaR
gene, it appeared that recombinant expression of en-
zyme fragments might be possible [1]. The first active
NaR fragment successfully expressed in Escherichia
coli and crystallized was the cytochrome b reductase
(CbR) fragment [13,14], which contains the NADH-
binding domain and the FAD-binding domain and
catalyzes ferricyanide reductase activity (Fig. 1). A
NaR fragment showing a cytochrome c¢ reductase
activity, the molybdopterin reductase fragment (MoR)
(Fig. 1), was successfully cloned and expressed in E.
coli [15]. The MoR and MoR+ fragment (MoR+ =
MoR plus dimer interface domain, Fig. 1) from corn
and spinach were successfully expressed at high level
by fermentation in the methylotrophic yeast P. pas-
toris [16], which does not assimilate nitrate and does
not possess an NaR activity [5,8]. Furthermore, a
chimera MoR fragment was made by fusion of a rat
Cyt bs with spinach NaR’s CbR [17], confirming the
modularity of the enzyme. Having access to purified
NaR fragments has advanced the understanding of
mechanistic aspects of the catalytic process and
structure of NaR [13-16]. However, the structure of
the nitrate-reducing fragment of NaR and its active
site remains unknown.

Here, to make the nitrate-reducing functionality of
NaR more accessible, we engineered an eukaryotic yeast
nitrate reductase in order to obtain a simplified NaR
fragment, which is called S-NaR1, capable of specific
nitrate reduction when in contact with an electron do-
nor, and expressed it in large quantity by fermentation
in the methylotrophic yeast P. pastoris. This simplified
fragment is easier to produce and purify, and more
stable than the holo-NaR due to its smaller size and to
its lower degree of complexity with Mo—-MPT as its only
cofactor. S-NaR1 could be used in commercial appli-
cations of NaR like a nitrate biosensor [18] in which
catalytic efficiency with specificity and stability are im-
portant parameters.

Materials and methods
Construction of the YNaRI-pPICZb

All the restriction enzymes used were provided by
New England Biolabs (NEB, Beverly, MA). The cDNA
fragment encoding the NAD(P)H:NaR of P. angusta
(YNaR1) in the pBSII-SK vector (Stratagene, La Jolla,
CA) was a kind gift from Siverio and co-workers [7]. A
2735-bp EcoRI-Kpnl fragment containing the YNaR1
ORF was subcloned under the control of the alcohol
oxidase 1 (AOX1) methanol inducible promoter in the
P. pastoris Zeocin resistant expression vector pPICZ-b
(Invitrogen, Carlsbad, CA) [8]. The plasmid obtained
was called YNaR1-pPICZb and its size was 6029 bp [8].
Sequence encoding YNaR1 polypeptide has GenBank
Accession No. Z49110.

Construction of the S-NaRI1-pPICZb

The YNaR1-pPICZb plasmid was digested for 16h
at 37°C with the restriction enzyme Xbal. The diges-
tion products were separated on a 0.7% low melting
point agarose gel, and five fragments were obtained:
one composed of 4683bp containing the pPICZ-b
DNA sequence and the YNaR1 DNA sequence cod-
ing for N, region, the nitrate reducing fragment (Mo—
MPT binding and DI domains), and part of Hinge 1
and four other fragments (454, 149, 441, and 299 bp).
The 4683bp DNA fragment was extracted from the
agarose gel using a GELase (Epicentre Technologies,
Madison, WI), purified with Promega PCR prep
wizard kit (Promega, Madison, WI), and ligated
overnight at room temperature with a T4 DNA ligase
(NEB, Beverly, MA). The resulting plasmid contained
a 1417bp DNA sequence from the YNaR1 cDNA
coding for the nitrate reducing fragment, in-frame
with hexa-His-tag and the stop codon built into the
pPICZ-b vector, yielding to a 1486bp expression
cassette. Both plasmids (YNaR1-pPICZb and SNaR1-
pPICZDb) obtained were transformed in Epicurian Coli
XL1-blue cells (Stratagene, La Jolla, CA) and after
amplification, the plasmid was purified with Wizard
Plus minipreps (Promega, Madison, WI). The se-
quence encoding S-NaR1 has GenBank Accession No.
AY541702.

Pichia pastoris electrotransformation and screening

Preparation of wild-type P. pastoris competent cells
and electrotransformations were done according to the
protocol described previously [6,16]: 5ug of purified
plasmids was linearized with the Sacl restriction enzyme
and 1pg of this DNA was used to transform by elec-
troporation the P. Pastoris competent cells. The elec-
trotransformation solution was spread on YPDS plates
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with 1000 pg Zeocin/mL. From these plates, 10-50
clones were picked up and used to inoculate a 3mL
minimum glycerol media (MGY) culture tube with
1000 pg Zeocin/mL. After 16 h at 30°C and 300 RPM,
the 3mL culture was used to inoculate 100mL MGY
flask culture. After 24h of growth at 30°C and
300RPM, the cells were harvested by centrifugation
(3000g, 5min, 4°C) and resuspended in expression me-
dia supplemented with 2mL of 100 mM disodium mo-
lybdate according to the method previously described
[16,19]. Methanol was added, and after 24 h of induction
time at 30°C and 300 RPM, yeast cells were harvested
(10,000g, 10min, 4°C) and resuspended in extraction
buffer [16]. Yeast cells resuspended were then mixed with
0.5mm zirconium beads and lysed with a Mini Bead-
Beater (Biospec products, Bartlesville, OK), since the
protein was expressed internally. Crude extracts were
centrifuged (10,000g, 10 min, 4 °C), and the NaR activity
was assayed with dithionite-reduced methyl viologen
(MV) as electron donor [1,2]. The S-NaR1 P. pastoris
cell line with the best product activity per g of wet cell
weight (wew) yield (Yp)x) was selected for fermentation
studies. A P. pastoris YNaRI-expressing cell line was
processed as described above for a comparative control
and its NaR activity was assayed with NADH as elec-
tron donor.

Reduced dye NaR assay

A volume of enzyme (1-20 uL) was pipetted into a
tube that contained 2mL of assay buffer. The final
concentration in the reaction tube was: 25mM potas-
sium phosphate, pH 7.5, 10mM potassium nitrate,
0.5mM methyl viologen (MV) or 0.2mM bromphenol
blue (BPB), and 5mM sodium dithionite. The reaction
was carried out at 30 °C and was stopped after 1 min by
air oxidation via mixing on a Vortex followed by addi-
tion of 1 mL of color reagent 1 (10 g sulfanilamide/L of
3 N HCl). After mixing, 1 mL of color reagent 2 (0.2 g/L
of N-naphthylethylenediamide) was added and mixed.
After S5min of development, the absorbance at 540 nm
was read in a spectrophotometer calibrated with nitrite
standards. This standard curve was used to convert 4s4
values to nmol nitrite formed. In time course assays, the
unit of NaR was 1 pmol nitrite formed per min per
amount of enzyme.

Methanol utilization phenotype determination

The methanol utilization (Mut) phenotype was de-
termined by streaking the expressing cell lines on mini-
mum media with methanol according to the protocol
previously described [20]. The growth was evaluated
after three days at 30 °C. P. pastoris cell lines of known
phenotype were used as standards (Mut*t, wild-type P.
pastoris; MutS, KM71H P. pastoris strain).

Determination of gene copy number by slot blot

The yeast genomic DNA was prepared using the
MasterPure Yeast DNA kit (Epicentre, Madison, WI).
One microgram of purified genomic yeast DNA and
0.2ng of each of the following plasmids, S-NaRl1-
pPICZb and pPIC9 (Invitrogen, Carlsbad, CA), which
contained, respectively, 1 copy of the S-NaR1 gene
and 1 copy of the HIS4 gene, were immobilized on
positively charged nylon membrane (Roche, Basel,
Switzerland) according to the manufacturer’s recom-
mendations of the slot blot apparatus (Bethesda Re-
search Laboratory, Gaithersburg, MD). The DNA
was cross-linked to the membrane by 10min of UV
exposure. Two sets of hybridizations for each probe
(copy number probe and control probe) were done by
using the Easy Hyb kit from Roche and an Isotemp
incubator (Fisher Scientific, Pittsburg, PA). The DIG
wash and Block buffer kits from Roche were used
(Roche DIG easy hyb kit, Roche, Basel, Switzerland).
The color development was done using the DIG DNA
Detection kit from Roche. The slot blots were then
scanned and the density of the slot blot was analyzed
by using Photoshop software (Adobe Systems, San
Jose, CA). The intensity data of the slot blot probed
by the copy number probe were then matched against
the intensity data obtained with the slot blot probed
with the one copy control, which was the HIS4 based
probe [20,21].

Slot blot gene probe design

The S-NaR1 probe was used to analyze the number
of copies integrated to the P. pastoris genome by ho-
mologous recombination events [20,21]. It was con-
structed by using the PCR DIG labeling mixP™ kit
purchased from Roche (Roche, Basel, Switzerland). The
5" primer was the 21 bp oligonucleotide, 5 CCGAGGT
GCTTCCAACAGATC 3/, matching the region 1061-
1081 of the SNaR1-pPICZb plasmid. The 3’ oligonu-
cleotide primer was composed of 43bp and had the
following sequence:

5" CTTGACCCTATCCATCCAACCGCCAGGCT
TGTTGGCCACCACG 3. It matched the region 2301—
2343 of the pPICZb-SNaR1 plasmid. The template used
was the pPICZb-SNaR1 plasmid and the final product
had a length of 1283bp (positions 1061-2343 on
SNaR 1-pPICzb). The one copy only control was based
on the HIS4 gene from P. pastoris and labeled as pre-
viously described with the DIG non-radioactive marker.
The 41bp 5 primer had the following composition:
5 GCGGTGAGCATCTAGACCTTCCAGCAGCCA
GATCCATCAC 3. The 36bp 3’ primer had the fol-
lowing sequence: 5GCTGACCAGCTTGCACCCTG
ATCGTTCACTCTCGAC3?'. The DNA template used
was the pPIC9 plasmid (Invitrogen, Carlsbad, CA). The
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PCRs were run according to the kit manufacturer’s
recommendations.

S-NaRl1 P. pastoris cell line fermentation

Three fermentations of the selected S-NaR1 P.
pastoris cell lines were run. Starter cultures of the S-
NaR1 P. pastoris cell lines were grown in 3mL MGY
plus 1000 pg/mL. Zeocin for 16h, 300 RPM, 30°C.
After 16h, the two 3mL cultures were aseptically
transferred to two 100mL MGY plus 100 pg/mL Zeo-
cin culture for 16h, 300 RPM, 30°C. Then, the two
100mL MGY culture were aseptically transferred to
two 500mL MGY in 2.8L Fernbach flasks. The two
500mL cultures were aseptically transferred to the
fermenter when a biomass of ~ 80g/L of wcw was
achieved (16h at 300 RPM, 30°C). The fermenter was
filled with 5.5L glycerol minimal media [16,22]. The
fermentation was conducted in a BioFlo3000 fermenter
(New Brunswick Scientific, Edison, NJ) with a working
volume vessel of 10 L, as previously described [16]. The
fermenter was interfaced to a computer using the NBS-
BioCommand software package (New Brunswick Sci-
entific, Edison, NJ). The fermenter was operated at
30°C, the pH was maintained at 4.9 by addition of
28% NH4OH, and the dissolved oxygen level was kept
above 35% by using the DO cascade loop of the fer-
menter. If necessary, pure oxygen was used to maintain
the oxygen set point. The glycerol and the methanol
inputs were monitored by using a balance (Denver
Instrument, Arvada, CO) interfaced to a computer via
the Winwedge Pro software (Tal Technologies, Phila-
delphia, PA).

The standard fermentation procedure followed was in
three steps [16,22]. First, the batch mode in which, based
on previous fermentations, the yeast consumed all of the
glycerol initially present in 15h (from #; to #;5), and grew
according to the general Eq. (1) under substrate limiting
conditions

X, =X Xew, (1)

where X; is biomass at time #(g), Xj is initial biomass (g),
w is growth rate (h™!), and time=0 < r< 15h.

A waiting period of time of about 1 h between ¢#5 and
t1¢ was allowed before starting the glycerol feed batch.
The fermenter culture was grown for 8 h (from ¢4 to t4),
with a 50%, w/v glycerol solution supplemented with a
12 mL/L PTM4 trace salt solution [16]. The glycerol feed
was started at 716 and the flow rate was proportionally
increased to follow the yeast culture glycerol maximal
growth rate (Eq. (2))

F; :)(t X CG) (2)
where F; is flow rate (g/h) at time ¢ with 16 < 1 <24, X; is

biomass at time #(g), and Cg is yeast glycerol con-
sumption rate (g glycerol/g wew/h).

Therefore, applying the general growth equation, F;
was increased hourly according to Eq. (3)

F, = X5 x e x Cg, (3)

where time =16 < ¢t <24 and X5 is the biomass at #;s.
The growth factor u was fixed between ¢ and £, at
0.10h~! in order to reach, in 8 h, a target biomass X,,; of
1600 g wew.

At ty4 the feed batch was stopped and the culture was
starved for 1 h in order to use all the glycerol (sole carbon
source). Finally at #,5, the fermenter culture was fed with
100% methanol HPLC grade (Becton and Dickinson,
Franklin Lakes, NJ, USA) supplemented with 12 mL/L
PTM, trace salt solution as the sole carbon source in
order to induce protein expression. The methanol feed
rate was adjusted (from #s to t45) according to Eq. (3)
with the corresponding methanol parameters and
checked by the “oxygen spike’” method using the dis-
solved oxygen probe in the fermenter [16,22].

Cell growth was monitored at 600nm and by re-
cording the wew. One milliliter of fermentation solution
sample was centrifuged for 2min in a pre-weighted mi-
crocentrifuge tube at 12,000 RPM, 4°C. The superna-
tant was discarded and the wcw was recorded. The
microcentrifuge tube was then filled to 1 mL with cold
extraction buffer and 0.5 mm zirconium beads and pro-
cessed with the Mini Bead-Beater as described above.
The MV-NaR activity was assayed and recorded. When
the production of S-NaR 1 began to level off, the culture
was harvested and the cells were centrifuged for 10 min
at 10,000 RPM, 4°C, resuspended in extraction buffer
(50mM sodium phosphate, 0.3M NaCl, 1.5% w/v
polyethylene glycol, 10% glycerol, and 10 mM imidaz-
ole, pH 7.3), and stored at —80 °C.

Large scale crude extract preparation and purification

The resuspended cells were thawed overnight at 4 °C,
centrifuged, and resuspended in a minimum volume of
the extraction buffer described above (~2 L of buffer/kg
wcw). P. pastoris cells were broken by passing the sus-
pension twice through the 0.6 L chamber of a Dyno-Mill
type KDL A (Glen Mills, Clifton, NJ) filled with half a
liter of 0.5mm glass beads at a flow rate of 10L/h
[10,16]. The Dyno-Mill was cooled by a CFT-300 chiller
(Neslab, Portsmouth, NH) set at —5°C, in order not to
exceed an outlet temperature of 5°C. After the second
pass, the crude extract was centrifuged for 15min at
15,000 RPM, 4°C [16].

The centrifuged crude extract (CCE) was purified
with 400 mL immobilized metal affinity chromatography
(IMAC), a Talon Superflow resin (Clontech laborato-
ries, Palo Alto, CA) loaded with Co?*. The protocol
followed was similar to that of the batch-binding pro-
cess described by the manufacturer in the Talon resin
manual: after mixing the gel and the CCE for 1 h, the gel
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was recovered on a filter funnel. The gel was then
washed in 10 bed volumes of purification buffer (same
composition as extraction buffer) and recovered on a
filter funnel. This stage was repeated six times. The gel
was poured into a 1L glass column and processed with
the elution buffer (S0mM sodium phosphate, 0.3 M
NaCl, 10% glycerol, and 150 mM imidazole, pH 7.3).
The fractions containing the highest MV-NaR activity
were pooled and buffer exchanged into a Mops buffer
(25mM Mops, pH 7.0) on an Amicon unit (Amicon,
Danvers, MA) with a 30,000 kDa cut-off membrane.
Concentration of protein was determined at 280 nm on
UV, Vis spectrophotometer HP 8452A diode array
spectrophotometer using a coefficient factor (es.nar) =
120,000M~'cm™!) determined from the predicted
amino acid sequence with the Protparam program
available on the Expasy website (http://us.expasy.org/
tools/protparam.html).

Molecular weight determination

A 4-20% gradient Nu-PAGE (Invitrogen, Carlsbad,
CA) under denaturing and reducing conditions was
performed to determine the molecular weight of the
monomer, as previously described [2,16]. Gel-exclusion
chromatography was performed on Sepharose 4B
(Amersham Biosciences AB, Uppsala, Sweden) to de-
termine the degree of polymerization of the active form.
The buffer used was a 50mM sodium phosphate,
100 mM NacCl, pH 7.5, and fractions of 8 mL were col-
lected. MV-NaR assays were performed and the Ag0
was measured.

Ky and k., determination with different electron donors

The NaR activity of S-NaR1 was measured using
methyl viologen and bromphenol blue as an electron
donor as described above, but the final concentration in
the reaction tube was varied from 10 to 500 uM nitrate.
The concentration of protein was determined at 280 nm,
as described above.

Cyclic voltammetry

Purified S-NaR1 and commercial natural corn leaf
(Zea mays) NADH:NaR (The Nitrate Elimination,
Lake Linden, MI) were formulated as protein films on
commercial pyrolytic graphite edge-plane electrodes
(Pine Instrument, Grove City, PA) using polymyxin B
sulfate (Sigma Chemical, St. Louis, MO) as a promoter
for film formation and 25mM Mops buffer at pH 7.0
and 22°C, under purified high-purity argon gas. The
protein film on the electrode was formed in a manner
similar to that used previously [23]. Cyclic voltammo-
grams were run in the presence and absence of nitrate
ions in an anaerobic buffered system at various poten-

tials which were compared to the Standard Hydrogen
Electrode [23]. The electrode system was linked to a
computer using the BAS CV 50W interface and soft-
ware (Bioanalytical systems, West Lafayette, IN). The
voltammograms were normalized to the same control
response curve to compensate for differences in experi-
mental conditions.

Results and discussion
Generation of S-NaRl1-expressing P. pastoris cell lines

Purified YNaR1-pPICZb plasmid was digested with
Xbal and the digestion products were separated on a
0.7% agarose gel. The size of the largest fragment ob-
served (~4.7kb) after Xbal digestion matched the in
silico predicted size (4683 bp) for the core plasmid plus
the code for S-NaR 1. The 4.7 kb fragment was purified
from the agarose gel, ligated with a T4 DNA ligase, and
amplified in E. coli. It was designated the SNaR1-
pPICZb plasmid. Restriction mapping of the purified
amplified S-NaR1 plasmid and agarose gel electropho-
resis of the restriction digestions were done. The results
observed matched the in silico predictions (Fig. 3). The
SNaR1-pPICZb plasmid was transformed by electro-
poration into wild-type P. pastoris competent cells to
generate putative S-NaRl-expressing P. pastoris cell
lines.

S-NaRl expressing P. pastoris cell line selection
From the YPDS plates plus Zeocin, 20 P. pastoris
colonies were picked up and grown in MGY media plus

Zeocin in 3mL culture tubes. The MGY media are a
P. pastoris selective minimum media with glycerol as

ColE1

3555
Sh ble ORF /

3181

AOXI1 promoter

4557 1

3884

944

961: Start

S-NaR 1-pPICZb
plasmid
4683 bp

S-NaR1
ORF: 961-2428

2430: Stop

2427-2410 2361
[—

His tag

Fig. 3. The SNaR 1-pPICZb expression vector construct. Abbreviations:
AOX1, methanol inducible promoter; Sh Bleo ORF, Zeocin resistance
gene; and ColEl, origin of replication in E. coli.
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sole carbon source. These media supplemented with
Zeocin were used instead of the regular glucose based
media to grow P. pastoris strains prior to induction.
Protein expression was induced by methanol in 100 mL
flask expression media culture flasks and crude extracts
were prepared from the cells obtained in these cultures,
after the yield of wew was determined. The 20 S-NaR1
P. pastoris cell lines screened had MV-NaR activity per
g wew yield (Yp/x) ranging from 0.05 to 0.5 U/g. The cell
line with the highest Yp/x was selected for fermentation.
Since NaR activity was observed in the extracts of the
P. pastoris cell lines, the cells must have incorporated the
Mo-MPT cofactor (Fig. 2) into the S-NaR 1 polypeptide
which resulted in a stable, catalytic combination.
Genomic slot blot analyses were done on the 20
P. pastoris S-NaR1 cell lines (Fig. 4) to determine if the
expression level of protein was limited by one of the
following events: transcription level, Mo—MPT cofactor
biosynthesis, or by insertion of the Mo—MPT into the S-
NaR1 apoprotein, since P. pastoris is not known to
produce a Mo—MPT containing enzyme naturally. The
S-NaR1 copy number probe used was the 1283 bp
coding sequence (positions 1061-2343 in SNaRl1-
pPICZb plasmid) of the YNaR1 cDNA coding for the
Mo-MPT domain (Fig. 4A). The HIS4 gene of P. pas-
toris was used as a one copy control in the slot blot
analysis (Fig. 4B), since it has been shown that this gene
was present in only one copy in the yeast genome
[20,21]. The results of the two sets of slot blots were
matched and normalized by dividing the value of the
band intensity of a given clone by the S-NaR1 based
probe (Fig. 4A) over the value of the band intensity of
the same clone probed by the HIS4 based probe
(Fig. 4B). Then, for each S-NaR1 P. pastoris cell line, its
Yp/x was plotted against the number of copies of the S-
NaR1 found in the genomic DNA by slot blot analysis
(data not shown). We found a direct correlation between
the copy number of the S-NaR1 gene integrated in the

A1 2 3 4 5 6 7 8 910 11 12 13 14

B1 2 3 4 5 6 7

R

8 9 10 11 12 13 14

Fig. 4. Genomic DNA slot blots for S-NaR1 gene copy number de-
termination of different clones. For each slot, 1 pg of purified genomic
DNA and 0.2 ng of purified plasmid for the controls were used. Lanes
1 and 2: S-NaR1 clone a; lanes 3 and 4: S-NaR 1 clone b; lanes 5 and 6:
S-NaR1 clone c; lanes 7 and 8: S-NaR1 clone d; lanes 9 and 10:
S-NaR1 clone e; lanes 11 and 12: SNaR 1-pPICZb plasmid control; and
lanes 13 and 14: pPIC9 plasmid. (A) Slot blot probed with S-NaR 1. (B)
Slot blot probed with His 4.

yeast genome and the level of protein expression in
100 mL shake flask culture (data not shown). The two
screening methods led to the same results: the S-NaR 1
cell line with the highest MV NaR activity (0.5 U/g wcw)
had the greatest number of gene copies integrated in the
genome (~3). It has been shown that the number of gene
copies integrated in the yeast genome generally corre-
lates with the gene expression level [21,24]. Copy num-
ber of gene integrated in the yeast genomic DNA can go
up to 15 copies for small genes [21,24], but a lower limit
may exist with larger genes like NaR. The observed re-
sults indicated that the limiting event for expression of
NaR activity in P. pastoris seemed to be the accessibility
of the gene, that is to say, the number of copies inte-
grated into the yeast genome, rather than some aspect of
the availability of the Mo—MPT cofactor or its insertion
into the S-NaR1 polypeptide.

The S-NaR1 expressing methanol utilization pheno-
type was determined according to the general protocol
previously described [16,20]. The growth on minimum
media plus methanol showed that the selected YNaR1
and the S-NaR1 P. pastoris cell lines were growing as
fast as the wild type strain. Therefore, these clones were
methanol utilization positive (Mut"), which was ex-
pected based on the use of wild-type P. pastoris as the
host cell line and the integration mechanism for the
pPICZ vectors [19].

Fermentation of S-NaRlI-expressing P. pastoris cell line

The fermentations were conducted according to the
standard protocol described in the Materials and
methods section and used previously for fermentation of
NaR-expressing P. pastoris cell lines [8,10,16]. The fer-
menter employed was a 10L working volume Bioflo
3000. Two 500 mL MGY starter cultures of S-NaR1 P.
pastoris cell line #1 were used to inoculate the fermenter
with an initial biomass (Xp) of 90 g wew, and the total
initial volume of the fermenter was 6.7 L. The data for
one fermentation run of the S-NaR1 P. pastoris cell line
#1 are presented in Fig. 5, which is representative of
several fermentation runs done with this cell line and
other S-NaR 1-expressing cell lines. During the glycerol
batch mode (fy—t;5), the growth rate u was 0.12h~!, the
yield of g wew per gram of glycerol (Yx,g) was 2.3 g/g,
and the glycerol consumption rate was 0.32 g glycerol/g
wcw/h. The total mass of wet cells at the end of the
glycerol batch was ~650g. After 1h of starvation be-
tween the glycerol batch and fed batch, the glycerol feed
was started at f#;s. The growth rate p was fixed at
0.10h~" in order to reach the target biomass of 1600 g
wew in 8 h. The estimated glycerol flow rate (F,) starting
point was calculated according to Eq. (3) and was equal
to 64 g of glycerol solution/L/h, and increased.

After 8h of glycerol feed batch from #14 to fy4, the
yeast cells were starved for 1h in order to use the last
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Fig. 5. Fermentation of S-NaR1 P. pastoris cell line 1. The filled circle
indicates the absorbance at 600 nm (A4g). The open circle represents
the wet cell weight or WCW (g/L). The open triangle is for the NaR
productivity: yield of product over biomass or Yp/X (MV NaR uts/g
wcw). The long dashed line is for the glycerol added (g). The short
dashed line shows the methanol added (g). The total base added to
neutralize the culture to the pH set point is shown as a solid line. The
last three parameters were taken from the Bio-Command software and
represent readings taken directly from the fermenter at intervals of
1 min and therefore are shown as continuous lines.

trace of glycerol and methanol was fed to the culture.
The methanol flow rate was adjusted every hour ac-
cording to Eq. (3) with the specific parameters for
methanol feed shown below, and checked with the DO
spike method [16,22]. The maximum methanol con-
sumption rate observed for this clone was 0.12g
methanol/g wew/h, and the maximum p obtained for
cell line # 1 was known from previous fermentations to
be 0.07h~! and the biomass used in Eq. (3) was Xs.
The px was maintained at 0.02h~! in this fermentation,
due to the heat transfer limitation of the fermenter. At
t45, the cells were harvested and the total biomass was
2150 g wew, as expected. In the representative S-NaR 1
cell line fermentation (Fig. 5), 1685 g of methanol was
consumed during the induction phase and ~1445 MV-
NaR units of S-NaR1 (~0.5g of S-NaR1 protein based
on the specific activity of purified enzyme) was pro-
duced. The Yx/m was 0.2g wew/g methanol, and the
Yp/x was 0.74 MV-NaR units per gram of wcw
(0.25mg of protein/g wecw). The overall productivity
(gp) of the methanol induction phase of this fermen-
tation was 0.019 MV-NaR U/g wcew/h (or 5 pg protein/
g wew/h).

Purification of S-NaRl

The centrifuged crude extract obtained from the two
passes of the Dyno-Mill contained 1445 MV-NaR units
and was mixed with Talon Superflow cobalt gel for 1.5h
at 4°C, and rinsed six times in a batch mode with 10 gel
volumes of purification buffer. Around 99% of the active
protein was bound to the gel, and 500 MV-NaR units of
NaR activity was recovered after elution, representing

~33% of recovery. The fractions containing the enzyme
were pooled and buffer exchanged into Mops buffer and
the amount of purified protein was estimated at 181 mg
by the absorbance at 280nm and derived extinction
coefficient. The purification yield was about 30% and the
buffer exchanged recovery was 99%.

Biochemical characterization

Molecular size analysis by denaturing polyacrylamide
gel electrophoresis revealed a protein band at
~55,000 Da (Fig. 6) which is near the predicted size for
the monomeric S-NaR1 (56,528 Da). When gel-exclu-
sion chromatography (Fig. 7) was performed, 80% of
the MV-NaR activity was recovered. The results showed
one main peak at around 220 kDa and one smaller peak
at ~110kDa. The 220kDa represented the homo tet-
rameric active form of the S-NaR1 protein, which
seemed to be the most common form of the enzyme
since the amount of protein based on the A3 was the
highest. The 110kDa peak represented a less common
active homo dimeric form of the S-NaR1 catalytic en-
zyme. Natural holo-NaR is known to form a mixture of
homo-dimers and tetramers [1,2]. The multimeric form
of S-NaR 1 was expected since the DNA sequence cloned
contained the coding for the dimer interface domain of
holo-NaR and it has been shown that NaR needs to be
in an even homo multimeric form (dimeric or tetra-
meric) to be active [1,2,16].

The spectra of the purified S-NaR1 showed an ab-
sence of the 413nm peak and of the 460 nm shoulder
found in the spectra of the NaR holo-enzyme (Fig. 8).
The 413 peak is known to be the o absorbance peak of
heme-Fe in Cyt b and the 460 nm shoulder corresponds
to the FAD cofactor [1,10,13,15]. Therefore, it can be
concluded that S-NaR1 does not contain the C-terminal
portion of holo-NaR containing the heme-Fe, flavin
adenine dinucleotide, and pyridine nucleotide binding
sites, which is consistent with its design. The S-NaR1
spectra revealed a shoulder at 290nm (Fig. 8), which
could be hypothesized to be attributed to the Mo—-MPT
cofactor but since its spectral characteristics in holo-
NaR are not known, this needs to be verified.

Further investigations were done by using different
electron donors. NADH, NADPH, reduced MV, and
reduced BPB were used to characterize the catalytic
activity of S-NaR1. As expected, no NaR activity was
observed when S-NaR1 was in the presence of NO3
with NADH or NADPH as electron donor. Reduced
dyes such as MV and BPB can drive the nitrate reduc-
tion of the holo-enzyme [1]. The electron acceptor sites
for MV and BPB are thought to be the Mo—MPT. These
catalytic activities, in the holo-NaR, are independent of
functionality of the other domains. When S-NaR1 was
assayed with BPB, the k¢, observed was 13 times higher
than the MV k¢, (Table 2). No increase of the activity
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Fig. 6. Denaturing polyacrylamide gel for determination of the relative
molecular size of the S-NaR1 polypeptide. A 4-20% gradient Nu-
PAGE gel was used and the protein was purified by Talon gel IMAC,
buffered exchanged, and concentrated. Approximately 1 pg was loaded
on the gel and run for 2h at 100 V. Lane 1, 1 pg S-NaR1 at ~55kDa;
and lane 2, protein standards of the relative molecular masses shown to
the right of the gel (Sigma M-0671).

was observed when the MV concentration was increased
(data not shown). Therefore, it can be concluded that
the BPB electron acceptor site is more accessible in S-
NaR1 than the MV electron acceptor site. The hy-
pothesis is that in the NaR holo-enzyme, reduced BPB
might donate its electrons preferentially to the Mo—
MPT rather than via the heme-Fe in the Cyt » domain,
and that MV might reduce preferentially the Cyt b do-
main (Fig. 1). However, it is clear from the results here
that reduced MV can donate electrons directly to the
Mo-MPT since S-NaR1 does not contain the Cyt b
domain. However, the low rate of nitrate reducing ac-
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Fig. 7. Gel filtration of S-NaR 1 on Sepharose 4B at 4 °C. Open circles
represent the total protein absorbance at A, nm. The filled circle
represents the NaR activity determined at Ass nm in the MV-NaR
activity assay. Fractions of 8 ml were collected and total recovery was
80% of applied NaR activity.
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Fig. 8. UV/Visible spectra comparing S-NaR 1 and YNaR1. The arrow
at 290 nm indicates the shoulder on the protein peak which may be due
to the Mo-MPT cofactor of NaR.

Table 2
Kinetic properties of purified S-NaR1 determined with two different
electron donors: dithionite-reduced mv and dithionite-reduced BPB

Electron Electron Nitrate Ky keat (571 keat/Km
acceptor donor (uM) (s7'uMh)
NO3y MV 3043 159 5.3

NOj BPB ND* 2081 69

#Not determined, but assumed to be the same as determined with
MYV as electron donor.

tivity supported by MV is almost the same as when no
electron-carrying dye is present and dithionite is directly
reducing the Mo of the enzyme (data not shown). Thus,
it is clear that BPB greatly enhances electron transfer to
the Mo center in the nitrate reducing active site of
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S-NaR 1. This observation might not be true in holo-
NaR, since the presence of the Cyt b domain could affect
the redox potential of the Mo-MPT cofactor.

The determination of the apparent Ky for nitrate was
performed with dithionite-reduced MV as electron do-
nor and gave a value of 30 + 3 uM (see Table 2), which is
close to the 40 uM value found for the holo-YNaR1
with NADH as electron donor (data not shown). Thus,
the S-NaR1 fragment of YNaR1 retained the low Ky
for nitrate, which is generally characteristic of eukary-
otic NaR forms but not all [1]. This confirms that S-
NaR1 is a highly efficient and specific nitrate-reducing
catalyst and is illustrated by the kei/Km value of
69s~! uM~! (Table 2), which is similar to the catalytic
efficiency for nitrate reduction catalyzed by AtNR2 and
other holo-NaR forms [1,10]. This demonstrates that S-
NaRT1 is fully capable of highly efficient nitrate reduc-
tion when electron supply is not limiting, despite the
absence of the internal electron transfer system of the
holo-NaR.

Cyclic voltammetry

To show that S-NaR1 could be reduced by elec-
trons supplied at the surface of an electrode in the
absence of an electron carrying dye, cyclic voltamme-
try was carried out. Sets of cyclic voltammograms of
pyrolytic graphite electrodes prepared with a protein
film containing either commercial natural corn leaf (Z.
mays) NADH:NaR (ZmNaR1) or S-NaRl in the
presence and absence of nitrate ions in an anaerobic
buffered system were performed at various potentials
compared to the standard hydrogen electrode (Fig. 9).
The direct electrical current traces shown in Fig. 9
demonstrate an enhanced response for the enzymes in
the presence of nitrate ions, which indicated the nitrate
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Fig. 9. Cyclic voltammograms comparing the nitrate-driven catalytic
response of S-NaR1 and ZmNaR1 to a control for each enzyme which
was analyzed in the absence of nitrate and normalized. The enzymes were
present as a thin protein film on a edge-plane pyrolytic graphite electrode.

reducing catalytic activity of the enzymes. When ni-
trate ions were replaced by chloride or nitrite, no
current was found. Azide, a known NaR inhibitor [1],
blocked the current found in the presence of nitrate.
Therefore S-NaR1, as well as the holo-enzyme, can use
electrons provided by direct electric current for nitrate
reduction in a specific way, and the product of the
reaction, nitrite, does not seem to interfere with the
reaction.

Conclusion

In conclusion, a simplified form of a eukaryotic NaR
(S-NaR1) from the yeast P. angusta was engineered and
expressed at high level by fermentation in the phylo-
genically similar yeast P. pastoris. The active S-NaR1
contained only the polypeptide for the nitrate-reducing
fragment which contained the Mo-MPT cofactor
binding site. The host P. pastoris supplied the Mo-MPT
cofactor to the S-NaR 1 polypeptide to form the active
nitrate-reducing catalyst. Purified S-NaR1 was most
capable of nitrate reduction when electrons were do-
nated via dithionite-reduced BPB under the conditions
used here. The S-NaR1 monomer had an Mg of 55kDa
determine by SDS-PAGE, which is very close to the
predicted size for the polypeptide. The most common
active form of the active catalytic protein appeared to be
homo-tetrameric according to the gel exclusion chro-
matography. The active purified S-NaR1 had a nitrate
Ky of 30+ 3 uM and an enzyme efficiency comparable
to those of the natural and recombinant forms of
holo-NaR. This active fragment of NaR confirms
the hypothesis that the domains and major fragments
of the holo-NaR are functionally and structurally
independent.

Nitrate pollution is a problem worldwide and the lack
of a sensitive affordable field nitrate sensor has made
continuous monitoring of nitrate levels in natural waters
virtually impossible [1]. However, since the cyclic vol-
tammetry experiments showed that the nitrate reduction
of simplified nitrate reductase is highly specific and can
be driven by an electrical current without a dye media-
tor, this enzyme fragment could be ideal for develop-
ment of a nitrate biosensor.
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