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High-affinity nitrite influx into mycelia of Aspergillus nidulans has been characterized by use of *NO,™,
giving average K,, and V,,,,, values of 48 = 8 pM and 228 = 49 nmol mg ™" dry weight (DW) h™’, respectively.
Kinetic analysis of a plot that included an additional large number of low-concentration fluxes gave an
excellent monophasic fit (** = 0.96), with no indication of sigmoidal kinetics. Two-dimensional (2D) and
three-dimensional (3D) models of AnNitA are presented, and the possible roles of conserved asparagine

residues N122 (transmembrane domain 3 [Tm 3]), N173 (Tm 4), N214 (Tm 5), and N246 (Tm 6) are discussed.

Although nitrate and ammonium are the major sources of
nitrogen for bacteria, fungi, algae, and plants, nitrite may also
represent a significant nitrogen source under some circum-
stances. For example, in waterlogged anaerobic soils as well as
in aerobic soils where gaseous anaerobic pockets exist, sub-
stantial levels of nitrite may accumulate (14). Phytoplankton
has been shown to excrete significant amounts of nitrite when
nitrate uptake exceeds the capacity for the assimilation of the
nitrite generated (20). Conditions such as low light, low tem-
perature, or a disruption of the nitrate reductase activity (40)
may result in nitrite efflux that matches nitrate uptake in a 1:1
stoichiometry. This nitrite may subsequently be taken up and
converted to ammonium by assimilatory nitrite reductase, fol-
lowed by assimilation into organic nitrogenous compounds
within root plastids or chloroplasts (2). As well as being a
source of nitrogen for a range of organisms, there are associ-
ated agricultural, environmental, and even medical issues in-
volved in nitrite biogeochemistry (16, 37).

There is a substantial amount of information available for
the nitrite assimilatory enzyme system, nitrite reductase, as
well as certain nitrate uptake systems that also transport nitrite
as well as nitrate. These bispecific permeases (together with
those that transport nitrate only, such as Chlamydomonas re-
inhardtii. NRT2.2) are characterized by 12 transmembrane
a-helical domains (Tms), a nitrate signature, and a major fa-
cilitator superfamily (MFS) motif and belong to the nitrate
NNP (nitrate nitrite porter) subgroup (TC 2.A.1) of the MFS
(21, 25, 33).

In contrast, there are transporters that transport nitrite but
not nitrate, for which much less is known. These transporters
include Escherichia coli EcNirC (3, 12, 13), Aspergillus nidulans
AnNitA (40), and C. reinhardtii CrNarl, which possesses no
fewer than six paralogs (18, 23). Such proteins belong to a
family quite separate from the MFS, known as the formate/
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nitrite transporter (FNT) family (TC 2.A.44), and many FNT
members are thought to transport nitrite and/or the structur-
ally related formate. FNT family members are found in the
microbial kingdoms of archaea, eubacteria, protista, and fungi.
Most members of the FNT family probably possess 6 Tms and
are much smaller (at the primary protein sequence level) than
NNP proteins. For example, the A. nidulans AnNitA protein
possesses 310 amino acid residues, compared to the AnNrtA
high-affinity nitrate transporter, which has 507 amino acid res-
idues. Recently, a structural analysis of the purified FocA pro-
teins (members of the FNT family) from E. coli (7, 41) and
Vibrio cholerae (38) suggested that these proteins are penta-
meric formate channels, with each FocA subunit being made
up of six transmembrane a-helices. FocA channels, with affin-
ities for formate that may be in the millimolar to tens of
millimolar range (38), are thought to export formate generated
from pyruvate during anaerobic respiration. The extent of co-
operativity among subunits and the nature of the true sub-
strate(s), formate or nitrite, still remain unresolved. Despite
the recognition from genome sequence data that a large family
of orthologous FNT proteins is distributed among a wide range
of microorganisms, little detailed information is available on
the mechanism of action of these proteins. Previous evidence
of the six-Tm topology of this group has come from the E. coli
EcFocA protein, characterized as a formate transporter on the
basis of the resistance of transposon insertion mutants to the
formate analog hypophosphite (30). Subsequent studies of de-
letion mutants have demonstrated that E. coli EcNirC trans-
ports nitrite (3), as does at least one of the C. reinhardtii
paralogs, the chloroplast membrane-localized CrNarl.1 pro-
tein (23). Electrophysiological studies showed that the C. rein-
hardtii CrNarl.2 chloroplast membrane-located protein ap-
pears to be a high-affinity nitrite and low-affinity carbonate
transporter (18). A putative chloroplast nitrite transporter,
CsNitrl-L, has also been identified in cucumber (28).

Until recently, there was no information regarding amino
acid residues within FNT proteins that might be important for
the nitrite transport function. However, three crystal structures
of FNT proteins have now been solved, all of which are for-
mate channels: E. coli EcFocA (41), Vibrio cholerae VcFocA
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(38), and Salmonella enterica serovar Typhimurium StFocA
(15). These structures have allowed the development of a
model for the AnNitA protein. Perhaps surprisingly, given that
NNP and certain FNT proteins share the same substrate, ni-
trite, the crucial conserved arginine residues that bind nitrate
in NNP proteins (35) are not present in the FNT group of
transporters.

Previous *NO,~ tracer studies showed that wild-type strains
of A. nidulans possess two high-affinity nitrate transporters
(NrtA and NrtB) that, in common with high-affinity nitrate
transporters from other organisms (8), also transport nitrite
(40). Mutant strains lacking NrtA and NrtB showed no
13NO, ™ tracer uptake yet are capable of growth on nitrite and
a net uptake of nitrite (40). Our previous studies included
obtaining accurate K,,, and V,,, values using *N-nitrate influx

for the A. nidulans NrtA and NrtB nitrate transporters (36). In
this article, we extended this line of study by generating the
short-lived tracer "*N-nitrite for nitrite transport studies. Such
tracer experiments permit a more accurate determination of
kinetic constants than can be obtained by use of assays of net
nitrite uptake. In addition, results of in vitro mutational studies
of AnNitA residues, highly conserved in FNT proteins, as well
as the oligomeric state of the protein are presented.

MATERIALS AND METHODS

Escherichia coli strains, plasmids, and media. Standard procedures were used
for the propagation of plasmids as well as for the subcloning and maintenance of
plasmids within E. coli strain DH5a.

Fungal strains. A. nidulans strains used in this study and described previously
(40) are double deletion mutant strain T110 (nrtA747 nrtB110) (disrupted in both
the nrt4 and nrtB genes), which has wild-type AnNitA without the V5 tag, used
as the negative control for the Western blots, and triple deletion mutant strain
T26 (nrtA747 nrtB110 nitA26) (disrupted in the nrtA, nrtB, and nitA genes), used
for kinetic studies. Strains generated for this study were double deletion trans-
formant strains T600 and T5275 (disrupted in both the nrt4 and nrtB genes as
described above), which have wild-type AnNitA with the V5 tag, used for kinetic
studies and Western blots; strain T454, expressing V5-tagged, nitrate/nitrite
transporter AnNrtA for Western analyses; and strain VFS106 (nrtA747 nrtB110
argB2 nkuA::argB* pyroA2), used as the recipient to facilitate high-throughput
transformation as well as to ensure crossover and integration at the nit4 locus.

Fungal growth media and handling techniques. Fungal growth media and
handling techniques were described previously (4). Shake flask cultures for
nitrate uptake assays were grown in liquid minimal medium (5).

Generation of NitA amino acid replacement constructs. For the generation
of mutations by PCR overlap extension (42), the template was plasmid
pVSMKNITA, which comprises the nitA coding region to which a sequence
encoding the V5 epitope (Invitrogen) was fused in frame at the 3’ end. Following
the stop codon is 300 bp of the nrtA terminator. Details of primers used for
mutagenesis are available from the authors. Mutant fragments were inserted into
pV5MKNITA using unique restriction sites. Following cloning, all DNA frag-
ments generated by PCR amplification were sequenced to verify the existence of
the desired mutation and the absence of other PCR-induced mutations. PCR
fragments for transformation were generated by the primary amplification of
four overlapping fragments—500 bp of sequence directly upstream from the nitA4
start codon; the coding region, including the V5 tag and nrt4 terminator; the
Aspergillus fumigatus pyroA gene; and 1 kb of the region downstream from
nitA—followed by a PCR fusion reaction to create the final product incorporat-
ing the four primary fragments (31).

Fungal genetic transformation procedure and selection of transformants. The
A. nidulans transformation procedure used was essentially that carried out as
described previously (see reference 24 and references therein). The selection of
transformants was based on the pyridoxine prototrophy of strain VFS106 fol-
lowing transformation with fusion PCR fragments containing the nit4 mutant
sequence and the A. fumigatus pyroA gene for selection. Transformants (pyroA ™)
were screened for the utilization of 2 mM nitrite as the sole source of nitrogen.
Growth was assessed after (i) 2 days at 37°C and (ii) 4 days at 25°C to determine
if the mutation resulted in temperature sensitivity or cryosensitivity.
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Molecular analyses of fungal transformants. With the selection system used,
pyroA™ transformants normally contain a single copy at the resident nit4 locus,
but location and copy number were nevertheless verified by Southern hybridiza-
tion. The conditions used during Southern analysis were described previously
(34). Finally, the entire DNA sequence of the nit4 coding region in mutant
transformants was determined by automated sequence analysis as described
previously (34).

Synthesis of the *N-nitrite tracer. *N-nitrate was generated by proton irra-
diation of water at the cyclotron facility (Tri-University Meson Facility), Uni-
versity of British Columbia, as described previously (36). This radioactive nitrate
was used as the source material to generate 'nitrite according to a method
described previously by McElfresh and colleagues (19). Trace quantities of hy-
drogen peroxide, added to the irradiated water to promote an oxidizing envi-
ronment, were removed by the addition of a commercial catalase enzyme, since
the reduction of nitrate to nitrite by a cadmium column was compromised by the
presence of hydrogen peroxide. Nitrate-13 was then passed twice through the
column prepared according to methods described previously by McElfresh and
colleagues (19). This procedure generated >96% '*N-nitrite, as determined by
passing the column eluate through a high-performance liquid chromatograph
(HPLC) with a gamma detector in series with the column. Passage through the
column resulted in the replacement of the nitrate-13 peak by a peak correspond-
ing to nitrite-13. After the cadmium reduction, the column eluate was treated
with 2 N KOH and boiled for 2 min to remove any contaminating NH,".

Fungal uptake assays with "*N-nitrite. The growth of strains and assay of
nitrite influx at the standard concentration range for high-affinity transport (10 to
250 M) were detailed for '*N-nitrate in our previous report (36). Briefly, strains
were grown for a total of 7 h at 37°C in minimal medium containing 5 mM urea,
to which 5 mM potassium nitrite was added to induce the nitrate assimilation
pathway 3 h prior to harvesting. Following harvesting by filtration and washing to
remove nitrite, fungi were resuspended in fresh nitrogen-free minimal medium
contained in 250-ml Erlenmeyer flasks. The flasks were shaken in a water bath at
37°C and inoculated with appropriate volumes of a freshly prepared 10 mM stock
of potassium nitrite solution to bring the medium to the desired concentration,
and an aliquot of the '*NO,~ stock was added immediately (negligible nitrite
concentration). After 5 min of incubation (transport is linear for at least 30 min),
five 10-ml aliquots were filtered individually through glass fiber filters and
washed twice with 200 ml of 200 wM nitrite to remove the unabsorbed tracer.
This procedure has been shown to remove all but negligible traces of *N from
mycelia and filters. Each filter was introduced into a plastic scintillation vial, and
the accumulated radioactivity was determined by gamma counting with a Can-
berra Packard gamma counter. Values for influx are expressed as nmol nitrite per
mg of dry weight (DW) of mycelium per hour. Normally, each K, or V.., value
was determined by linear regression of a Hoffstee analysis (a plot of V" against
V/S) and by a direct hyperbolic fit, with five replicates at each of the seven
concentrations used. For each transformant, a completely independent experi-
ment was run twice; results were highly reproducible. In order to explore the
possibility of sigmoidal kinetics associated with AnNitA activity at low external
nitrite concentrations, 6 additional concentrations of nitrite (7.5, 5, 2.5, 1, 0.5,
and 0.25 pM) were used to measure nitrite influx in strains containing only the
wild-type AnNitA protein (namely, T600, an nrtA nrtB double deletion strain).

Q) determinations. Q,, determinations were performed by incubating strains
T600 and T26 in standard uptake medium containing 100 pM KNO, at 10°C and
23°C. The net uptake of nitrite was determined after 15 min, and Q,, values were
calculated from the equation Q;, = (R2/R1)(!%T2 = TD where R1 and R2 are
uptake rates at 10°C (temperature 1 [T1]) and 23°C (T2). Detailed protocols
describing net nitrite uptake were reported previously (40).

Formate-nitrite interactions. To investigate whether NitA might also trans-
port formate, we undertook classic substrate competition studies. Maintaining a
constant nitrite concentration of 100 uM KNO,, formate was added at 100, 200,
and 500 pM in medium buffered at pH 6.0. Nitrite uptake was then determined
for strain T600 (expressing NitA) according to standard protocols. Additionally,
using ['*C]formate, we measured formate uptake by T600 and T26 (disrupted in
NitA).

NitA protein purification from Pichia pastoris. The A. nidulans nitA gene, with
a sequence encoding an N-terminal six-histidine tag and a tobacco etch virus
(TEV) protease recognition site, was expressed by using the Pichia pastoris aox
promoter and terminator following transformation and selection using phleomy-
cin resistance as a selectable marker (1). P. pastoris cells were grown for 24 h in
yeast extract-peptone-dextrose (YPD) medium and transferred into minimal
medium containing 0.5% methanol for 24 h before harvesting. Cells were dis-
rupted at 30 Ib/in® by use of a Constant cell disruption system (Constant Systems
Ltd., Daventry, United Kingdom), cell debris was removed by centrifugation at
2,500 X g for 15 min at 4°C, and crude membranes were pelleted by centrifuga-
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tion at 25,000 X g for 45 min at 4°C. Membranes were solubilized in 1%
dodecyl-B-p-maltoside (DDM; Anatrace), and the NitA protein was purified
with Talon metal affinity chromatography resin (BD Biosciences), during which
the detergent concentration was reduced to 0.016%. The histidine tag was ex-
cised by incubation with TEV protease (Invitrogen), and the tag was removed by
a second run through Talon resin, collecting purified AnNitA protein in the
flowthrough.

Western blots of A. nidule brane pr Strains were grown for
around 5 h in 400 ml minimal medium at 37°C with 5 mM urea as the sole
nitrogen source and induced with 10 mM sodium nitrite for a further 3 h. Cells
were harvested by filtration through sterile Myracloth (Calbiochem, EMD Bio-
sciences) and washed with cold sterile distilled water. Mycelia (pressed wet
weight of 300 mg) were ground in liquid nitrogen, with the powder being resus-
pended in 10 ml extraction buffer (20 mM Tris [pH 7.5] at 4°C, 100 mM 6-amino
hexanoic acid, 5% [vol/vol] glycerol, 1 mM benzamidine). Crude plasma mem-
brane suspensions were made by the centrifugation of fungal suspensions at
2,500 X g for 15 min at 4°C, followed by the centrifugation of the supernatant at
25,000 X g for 45 min at 4°C. The gelatinous pellet was resuspended in 80 pl of
extraction buffer and stored at —85°C. Protein concentration estimations were
made by using a BCA protein assay kit (Pierce). Following the solubilization of
membranes in 1% DDM, 50 pg of protein was electrophoresed by blue native
polyacrylamide gel electrophoresis (BN-PAGE) on 4-to-17% gradient gels ac-
cording to a method described previously (11). Western blotting of the gel was
performed according to standard protocols, with the additional step of a destain-
ing of the polyvinylidene difluoride (PVDF) membrane with PAGE destain
(45% [volivol] ethanol, 10% [vol/vol] acetic acid) for 10 min prior to blocking.
Standard size markers (bovine serum albumin, rabbit muscle lactate dehydroge-
nase, equine spleen ferritin, and porcine thyroid thyroglobulin; all from Sigma)
were run alongside the extracted proteins. Immunological detection was carried
out by use of horseradish peroxidase (HRP)-conjugated anti-V5 antibody (In-
vitrogen) and visualized with enhanced chemiluminescent reagents (GE Health-
care). Blots were washed in stripping buffer (100 mM B-mercaptoethanol, 2%
SDS, 62.5 mM Tris-HCI [pH 6.7]) at 60°C for 30 min with occasional agitation
before immunodetection was repeated by using an antibody to the Saccharomy-
ces cerevisiae H"-ATPase Pmal (Santa Cruz Biotechnology) to demonstrate the
approximate equality of protein loading and transfer.

Generation of 2D and 3D models of AnNitA. The alignment of protein se-
quences was carried out by using ClustalW (32). Models were generated by using
the Bioinformatics Toolkit (http://toolkit.tuebingen.mpg.de). Alignments of
structural homologs were made by using HHpred (27), and a three-dimensional
(3D) model was created by using Modeler (26) based on EcFocA (Protein Data
Bank [PDB] accession number 3KCU). The N-terminal 28 residues and the
C-terminal 45 residues were not included in the two-dimensional (2D) or 3D
models. 3D figures were generated by using Pymol (6).

RESULTS

Effect of pH on “*N-nitrite tracer accumulation in a strain
disrupted in the nrtA, nrtB, and nitA genes. We followed pro-
cedures detailed previously (19) to generate the short-lived
tracer '’N-nitrite for nitrite influx experiments to permit a
more accurate determination of kinetic constants than can be
obtained with nonradioactive net nitrite (**N-nitrite) transport
assays (see Materials and Methods for more details). The use
of HPLC established that a >96% conversion of '*N-nitrate to
13N-nitrite was achieved, with no >N-ammonium present. To
investigate the possibility of nitrous acid (HNO,) permeation,
*N-nitrite influx was determined for strain T26 (carrying
nrtA747, nrtB110, and nitA26 mutations). Since this strain lacks
nitrate and nitrite transporters, any >N accumulation would
represent the passive permeation of >NO,~ or H'*NO,. We
manipulated the speciation of '>’NO, /H'*NO, by varying the
pH from pH 3.5 (close to the pK, of nitrous acid) to pH 8.5 and
measured °N accumulation in T26 using a 250 WM external
nitrite concentration (Fig. 1). The optimum pH for the influx
of nitrous acid occurred at pH 3.5 and declined as the pH
increased.

EukarYOT. CELL

500 1
450 A
400 +
350 -
300 -
250 ~
200 -
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FIG. 1. "*N-nitrite influx in strain T26 (nrtA747 nrtB110 nitA26) to
evaluate the extent of nitrous acid (HNO,) permeation at various pH
values. The nitrite concentration was 250 pM.

13NO2” influx [nmol mg dry weight + h"]

6.5 7.5 8.5

Influx of "*N-nitrite by NitA. The use of a radioactive tracer
has numerous advantages over net nitrite ('*N-nitrite) deple-
tion studies. There is clear evidence (see the introduction) that
nitrite efflux, either due to the activity of the nitrate/nitrite
transporters or by a separate nitrite efflux system, can be sub-
stantial. Hence, net measurements of '*N-nitrite uptake may
be compromised by simultaneous efflux. By using short-term
measurements of a 5-min duration with '*N-nitrite, we are able
to characterize the influx activity of AnNitA, and the sensitivity
of gamma detection permitted influx measurements even at
nanomolar concentrations. In the present study, V., and K,,,
values for the wild-type AnNitA protein (using strain T600,
carrying the nrtA747 and nrtB110 mutations) were determined
by means of Hoffstee analysis, which gave average values
(based upon 8 separate experiments) of 228 + 49 nmol mg ™’
DW h™ ! and 48 = 8 uM, respectively. The Hoffstee plot gave
an excellent monophasic fit (* = 0.93). In the current study,
strain T600 (expressing wild-type AnNitA in the nrtA747
nrtB110 double deletion mutant background) was used to elim-
inate nitrite being taken up by the bispecific permeases
AnNrtA and AnNrtB. In order to explore for the presence of
sigmoidal kinetics, Fig. 2A includes influx data, using strain
T600, at six low concentrations of **N-nitrite (7.5, 5, 2.5, 1, 0.5,
and 0.25 wM), in addition to a standard concentration range
(10 to 250 wM). Sigmoidal kinetics are typical of allosteric
enzymes exhibiting cooperativity among subunits. These data
gave V.. and K, values of 214 = 8 nmol mg~ ' DW h™ ' and
35 = 4 uM, respectively, using a direct hyperbolic fit and 212 =
11 nmol mg~* DW h™! and 35 * 2.5 puM, respectively, using
Hoffstee analysis. In contrast, strain T26 (nrtA747 nrtB110
nitA26 triple deletion mutant) showed linear kinetics, with very
low levels of nitrite influx (Fig. 2A). For example, at 100 wM,
the rate of nitrite influx in T26 averaged 22 nmol mg~' DW
h™!, compared to 142 nmol mg~' DW h™*' for T600. Hyper-
bolic kinetics were restored to strain T26 (V. = 162 = 14
nmol mg~! DW h™! and K,, = 41 * 7 uM) when it was
transformed with the wild-type nit4A gene to generate strain
T5275 (Fig. 2B). The metabolic dependence of nitrate uptake
was revealed through Q,, (temperature coefficient) experi-
ments, which resulted in values of 1.82 = 0.02 and 1.06 = 0.05
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FIG. 2. Concentration dependence of *NO, ™ influx. (A) "*N-nitrite influx (nmol mg~' DW h™') in T600 (nrtA4747 nrtB110) (@), expressing
AnNitA, and in T26 (nrtA747 nrtB110 nitA26) (O), lacking AnNitA. Hoffstee analysis (> = 0.95) gave V., and K,,, values of 212 = 11 nmol mg ™!
DW h™ ' and 35 = 2.5 uM, respectively, for T600. Linear regression of T26 data gave an > of 0.999. (B) *N-nitrite influx (nmol mg~! DW h™ 1)
in strain T26 (nrtA747 nrtB110 nitA26) (O) and in T26 after a knock-in transformation with the wild-type nit4 gene to give strain T5275 (@).
Hoffstee analysis (> = 0.93) gave V... and K,,, values of 162 = 14 nmol mg ' DW h™! and 41 = 7 pM, respectively, for strain T5275. Linear

regression of T26 gave an r* of 0.94.

for strains T600 and T26, respectively, at temperatures of 10°C
and 23°C. Typically, Q,, values significantly greater than 1
characterize metabolic processes. The incubation of strain
T600 in the presence of 100, 200, and 500 wM formate showed
no reduction of NO, ™ uptake (data not shown). The [**C]for-
mate uptake by strain T26 (with disrupted NitA) was not re-
duced (data not shown) compared to that by T600 (expressing
NitA).

NitA protein isolation. Milligram quantities of pure AnNitA
protein were made from the yeast P. pastoris, which was used
as the AnNitA expression host (see Materials and Methods),
and AnNitA protein identity and integrity were verified by
mass spectrometry (data not shown). Blue native polyacryl-
amide gel electrophoresis (BN-PAGE) was used to investigate
the quaternary structure of AnNitA according to a method
described previously (11) for membrane proteins. This ap-
proach takes into account the contribution of bound detergent
and Coomassie brilliant blue dye to the observed mass. In
comparison to standard proteins, AnNitA showed an apparent
molecular mass of 230 kDa by BN-PAGE, which is equivalent
to an actual mass of around 128 kDa (Fig. 3). Upon prior
treatment with 1% SDS, the major AnNitA band migrated
with an apparent mass of 58 kDa, which corresponds to an
actual mass of 32 kDa, close to the mass of 33.6 kDa predicted
from the amino acid sequence. Fainter but higher-molecular-
mass bands in this lane probably correspond to dimeric and
trimeric intermediates formed upon SDS denaturation.

Western blots of A. nidulans membranes following BN-
PAGE. No reaction to the anti-V5 antibody was observed with
strain T110, which expresses wild-type AnNitA without the V5
tag (Fig. 4, lane 1). However, in membranes prepared from a
transformant strain expressing wild-type V5-tagged AnNitA

(strain T600), the size of the immune-reacting band corre-
sponded to a tetramer (lane 3). Pretreatment with 1% SDS
resulted in bands of the size expected for the AnNitA mono-
mer and dimer (lane 2). Although equal amounts of protein
were loaded, the signal for the monomer/dimer is weaker than
that for the tetrameric form, perhaps due to poor transfer from
the higher gel concentrations under the conditions used for
blotting. Nevertheless, the results show that it is possible to
distinguish between different oligomeric states of the protein.

A
TG FER LDH BSA NitA SDS
669 -
440 -
-
140 - -
86- - -

FIG. 3. Blue native gel electrophoresis of purified AnNitA. Sam-
ples (15 wg) of the A. nidulans AnNitA protein expressed in P. pastoris,
solubilized in 0.016% DDM or incubated at room temperature for 30
min in 1% SDS prior to loading, were run on a 5-to-17% gradient
BN-PAGE gel along with 5 pg each of molecular size markers thyro-
globulin (TG), ferritin (FER), lactate dehydrogenase (LDH), and bo-
vine serum albumin (BSA), the sizes of which are shown on the left.
Following electrophoresis, the gel was destained to remove residual
Coomassie stain.
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FIG. 4. Western blot of proteins from crude membrane prepara-
tions of Aspergillus nidulans separated on BN-PAGE gels. Proteins
from crude membranes were run in 5-to-17% gradient BN-PAGE gels
and blotted onto a PVDF membrane, and protein was detected by
using anti-V5 antibody and ECL Plus reagents. Lane 1 contains around
50 pg of protein from strain T110 (wild-type AnNitA without a V5
tag). For lanes 2 and 3, membranes were prepared from a transformant
strain, T600, expressing wild-type V5-tagged AnNitA. Both lanes con-
tain around 20 pg of protein, but the sample in lane 2 was exposed to
1% SDS for 15 min prior to loading. Lane 4 contains 50 g of protein
from A. nidulans strain T454 expressing the V5-tagged, nitrate/nitrite
transporter AnNrtA for size comparisons. The exposure time for lanes
1 to 3 was approximately 10 times longer than that for lane 4 to ensure
that no signal was visible in lane 1 and in order to see the bands in lane
2 clearly. Molecular masses of soluble protein standards (in kilodal-
tons) are shown. The masses of the membrane proteins were calcu-
lated according to a formula described previously by Heuberger and
colleagues (11).

Conserved asparagine residues and models of AnNitA. In an
alignment of 643 FNT protein sequences generated in the
Pfam database (accession number PF01226; http://pfam.sanger
.ac.uk), residue N122 in Tm 3 and N246 in Tm 6 were present
in 100% of sequences, while N173 in Tm 4 and N214 in Tm 5b
were represented in more than 80% of sequences (9). No
highly conserved arginine residues (which are involved in sub-
strate binding in the nitrate/nitrite transporter AnNrtA) were
observed in Tms. A secondary structure model of the 4. nidu-
lans 33.6-kDa AnNitA monomer based on an alignment with
EcFocA (PDB accession number 3KCU) of known structure is
shown in Fig. 5A, with the asparagine residues highlighted.
The model shows the six Tms, including the broken Tm 2a and
Tm 2b as well as Tm 5a and Tm 5b, joined by short segments
termed the () and S loops, respectively (38). The dashed lines
represent the approximate extent of the lipid bilayer, and the
position of the so-called P helix is shown on the outside of the
membrane. Figure 5B is a representation of the 3D monomer
structure viewed from the plane of the membrane, and Fig. 5C
shows the positions of the conserved asparagine residues and
their proximity to the () and S loops within the 3D model. The
Tms are rainbow colored as in the 2D model.

Asparagine residue replacements. Our previous mutagene-
sis studies of AnNrtA have shown that an asparagine residue is
intimately associated with nitrate binding (35), and so the
presence of highly conserved asparagine residues in predicted
Tm regions of the FNT family is intriguing. Consequently,
these four highly conserved polar asparagine residues, i.e.,
N122 (Tm 3), N173 (Tm 4), N214 (Tm 5), and N246 (Tm 6),
were altered (in an nrtA nrtB mutant background) to determine
if such changes affected the ability to grow on nitrite as the sole
source of nitrogen. As a general strategy, residues were altered
to Q (polar with a bulkier side chain than that of N), S (polar
with a less bulky side chain), K (positively charged with a

EukarYOT. CELL

FIG. 5. Secondary and tertiary structure models of AnNitA.
(A) Secondary structure model generated by comparison to the crystal
structure of EcFocA (PDB accession number 3KCU). The N-terminal
28 residues and the C-terminal 45 residues were not included in the
model. Tms are rainbow colored from blue (N terminal) to red (C
terminal). A comparison of 643 amino acid sequences in the Pfam
protein families database (9) was examined to identify the highly con-
served asparagine residues outlined in black: N122 in Tm 3, N173 in
Tm 4, N214 in Tm 5b, and N246 in Tm 6. (B and C) Tertiary structure
model of the AnNitA monomer viewed from the plane of the mem-
brane (B) and the same tertiary structure model showing the relative
positions of the conserved asparagine residues as well as the () and S
loops between Tm 2a/2b and Tm 5a/5b, respectively (C).

bulkier side chain than that of N), and D (negatively charged
with a side chain similar to that of N). In addition, amino acid
replacements of two nonconserved residues, L127 (Tm 2) with
V and C177 (Tm 4) with T, were made as controls to ensure
that a change in a Tm residue per se did not result in a loss of
function. The growths of the L127V and C177T mutants were
similar to that of the AnNitA wild-type strain (T600), as were
expression levels, judging by Western blot analyses (data not
shown).

In order to evaluate the effects of asparagine substitutions
on the growth of A. nidulans strains, fungi were grown at
several nitrite concentrations, including 250 pM, 500 pM, 1
mM, 1.5 mM, and 2.0 mM. Generally, relative growths with the
different nitrite concentrations were similar; strains T600 (ex-
pressing AnNitA) and T26 (in the absence of AnNitA) repre-
sented the extremes of high growth rates and virtually no
growth, respectively (Fig. 6A, showing data for 2 mM nitrite in
cells grown at 37°C). No temperature sensitivity or cryosensi-
tivity differences were observed for any of the asparagine-
altered mutants; i.e., mutants had approximately similar
growth phenotypes whether assessed at 37°C or 25°C. Altera-
tions of residues N122 or N246 to Q, S, K, or D were not
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FIG. 6. Growth and Western analysis of AnNitA asparagine re-
placement mutants. (A) Growth phenotypes of missense mutant
strains compared with strain T600 (expressing wild-type AnNitA) and
strain T26 (in the absence of AnNitA) were assessed after 3 days at
37°C on minimal medium containing 2 mM nitrite as the sole nitrogen
source. All strains are in an nrtA747 nrtB110 background. (B) Crude
membrane preparations from cells grown for around 5 h at 37°C with
urea as the sole nitrogen source and induced with nitrite for a further
3 h at 37°C were solubilized in 1% DDM, and proteins were separated
by BN-PAGE and blotted onto PVDF membranes for immunodetec-
tion with HRP-conjugated anti-V5 antibody. (C) Blots were washed in
stripping buffer, and immunodetection was repeated by using the
cross-reacting S. cerevisiae Pmal H*-ATPase antibody to assess the
approximate equality of protein loading and transfer.

tolerated, as judged by the absence of growth of the resultant
mutant strains (similar to strain T26) on 2 mM nitrite as the
sole source of nitrogen (Fig. 6A). Western blots of BN gels
detected no V5-tagged AnNitA protein in membrane prepa-
rations from the N122 mutant strains or the N246Q, N246S,
and N246K mutants, although the N246D protein was detected
albeit at a lower level than that of the wild type (Fig. 6B). To
circumvent the potential problem of transfer from the high gel
concentration of the BN gradient gel, and in order to check
whether low levels of monomer might be detectable, 10%
SDS-PAGE gels of the same membrane preparations were
subjected to Western blotting (S. E. Unkles, unpublished
data). The presence of the monomer under denaturing condi-
tions correlated well with the expression of the oligomer. After
a long exposure of the blot, the AnNitA monomer was barely
detectable in the N122 mutants or the N246Q, N246S, and
N246K mutants, while the monomer was clearly detectable in
the N246D mutant at a lower level than that for the wild type.

Modifications of N173 to Q, K, or D resulted in growth
levels similar to that of the nit4 deletion strain, whereas an
alteration to S resulted in relatively higher levels of growth.
Therefore, a further series of changes of N173 to the other
polar residues T (slightly larger than S), C (intermediate size
between S and T), and Y (bulky aromatic) was undertaken.
Finally, N173 was changed to the smaller (than N) nonpolar A
(which resembles S but without the hydroxyl group). The
change to A provided growth similar to those of the N173S,
N173T, and N173C mutants, exhibiting poorer but neverthe-
less significant growth, while alterations to the aromatic Y
residue did not allow growth. Western blots of BN-PAGE gels
showed that the N173Q and N173S mutant proteins were ex-
pressed at levels similar to those of the wild type; N173C,
N173D, and N173A levels were reduced; N173T and N173Y
levels were barely detectable, and N173K levels were undetect-
able. The observation that the growths of the N173A, N173C,
and N173T mutants were similar to that of the wild type but
that the protein levels were considerably lower suggests that
these mutant proteins, while functional in vivo, are somewhat
labile during membrane purification. As observed for the N122
and N246 mutants, the levels of the monomer detected under
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denaturing conditions in N173 mutants mirrored those ob-
tained with BN-PAGE (Unkles, unpublished).

Changes of N214 to Q or K were not tolerated, but poor
growth was observed for the N214S mutant and approached
wild-type levels of growth for the N214D mutant. The expres-
sion of the N214D protein was of a level comparable to that of
the wild type in Western blots of BN-PAGE gels, but the
protein was barely detectable in membranes from the N214Q
and N214S mutants and undetectable in membranes from the
N214K mutant. Western blots of membrane preparations from
both the N173 and N214 mutants run on SDS-PAGE gels
generally reflected the results obtained by BN-PAGE.

3N-nitrite tracer influx was assayed for strains T600 and T26
to establish points of reference and for amino acid replace-
ment strains that exhibited some growth, i.e., the N173A,
N173S, N214D, and N214S strains, in order to verify that any
growth effects of asparagine substitutions were being exerted
as a consequence of altered nitrite uptake rather than by pleio-
tropic effects associated with the altered amino acid composi-
tion of the AnNitA mutants. Compared to T600 and T26,
which generated hyperbolic and linear concentration plots,
respectively (Fig. 2A), the N173A, N173S, and N214S mutants
gave fluxes that responded to the nitrite concentration in a
linear rather than a hyperbolic fashion. Flux at 250 wM nitrite
for the N214D strain was significantly higher than that for T26
but lower than that for T600. Fluxes for the N173A, N173S,
and N214S strains were intermediate between T26 and the
N214D strain.

DISCUSSION

The observation that strain T600 (nrtA747 nrtB110), lacking
nitrate transport, could still maintain growth on nitrite sug-
gested the activity of a discrete nitrite transporter that is inca-
pable of transporting nitrate (40). A similar conclusion was
arrived at from previous studies of nitrite uptake by Hansenula
polymorpha (17) and A. nidulans (22). However, another pos-
sibility is that the conjugate acid of nitrite (nitrous acid), rather
than the nitrite anion per se, might permeate the cell mem-
brane to support growth. For example, it was suggested previ-
ously that nitrite entry into pea root plastids was done by
passive diffusion, based upon rates of >NO, ™ entry (2). We
made use of "*N-labeled nitrite to explore this question with A.
nidulans by incubating strain T26 (i.e., the nrtA747 nrtB110
nitA26 triple deletion mutant) in medium that nominally con-
tained 250 M nitrite and varied the nitrous acid concentration
by altering the ambient pH (Fig. 1). As anticipated, tracer
accumulation increased logarithmically as ambient pH values
were decreased from pH 8.5 to 3.5 (* = 0.95), consistent with
increasing nitrous acid permeation as the pH declined. This
raises the interesting conjecture that even without the AnNrtA
and AnNrtB (nitrate/nitrite) transporters and AnNitA, signif-
icant quantities of nitrite (actually nitrous acid) might perme-
ate the plasma membrane at a low pH. While most soils have
pH values closer to pH 5 and 6, lower pH values are common
in forest soils. However, at more typical soil pH values, *N-
nitrite influx in T26 mycelium was low compared to the flux of
nitrite through the AnNitA transporter in strain T600 express-
ing wild-type AnNitA (in the nrtA747 nrtB110 double deletion
background). Furthermore, the fluxes showed linear concen-
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tration dependence in T26, with no indication of saturation as
the external nitrite concentration was varied from 10 to 200
wM. Thus, unless we were to operate at pH values of less than
pH 5.5, there is little nitrous acid permeation. Typically, '*N-
nitrite flux analyses and growth tests were conducted at pH 6.5
or 7.5, at which pH nitrous acid concentrations are <1% or
<0.1%, respectively, of the nitrite concentration. It is therefore
likely, except at unrealistically high nitrite concentrations, that
nitrous acid is a minor permeating species. Comparisons of
influx at 250 wM to values at 2.0 mM for various strains using
T600 as the point of reference demonstrated that the reduction
of influx associated with the deletion of the nit4 gene or amino
acid modification was consistently much lower at 2 mM than at
250 wM nitrite. This observation is consistent with increasing
nitrous acid permeation at elevated nitrite concentrations.
However, it is highly unlikely that nitrite concentrations would
reach mM levels under natural conditions. Additional evidence
that it is nitrite and not nitrous acid that is transported at
higher pH values comes from mutant growth tests. Strain T26
(nrtA747 nrtB110 nitA26) failed to grow on nitrite (at all con-
centrations up to and including 2 mM) as the sole source of
nitrogen at pH 7.5, whereas there was some growth at lower
pH values. This provides evidence that the nitrous acid per-
meation, although detectable by use of '*N-nitrite and signif-
icant at 2.0 mM, was insufficient to sustain the normal growth
of A. nidulans. The importance of the AnNitA transporter for
nitrite entry is also demonstrated by the restoration of satura-
ble influx following the knock-in transformation of the T26
triple mutant with wild-type nit4. Q,, estimates for high-affin-
ity nitrite influx gave clear evidence of a strong metabolic
dependence, while the absence of any reduction of nitrite in-
flux in the presence of a considerable excess of formate sug-
gests that NitA is a nitrite transporter with no capacity for
formate transport. Consistent with this observation was the
finding that formate uptake by T26 was not reduced compared
to the uptake by T600.

The data presented in Fig. 2A reveal that strain T600 exhib-
ited typical hyperbolic kinetics for **N-nitrite influx, with V.
and K,,, values of 212 = 11 nmol mg ' DW h™ ' and 35 * 2.5
wM, respectively. Thus, although this strain is incapable of
growth on nitrate or of '*N-nitrate influx, it is capable of
growth on nitrite and saturable nitrite influx. In contrast, T26,
lacking AnNitA, exhibited linear fluxes of substantially lower
magnitudes (Fig. 2A), and a knock-in transformation of this
strain with the wild-type nit4 gene restored hyperbolic kinetics
(Fig. 2B). Because of the oligomeric nature of AnNitA, we
examined the kinetics of *N-nitrite influx down to a concen-
tration of 0.25 wM in order to explore sigmoidal kinetics that
might indicate cooperative interactions among the four sub-
units. As shown in Fig. 2A, no deviation from hyperbolic ki-
netics was apparent. Using '*N-nitrite net uptake values re-
ported in a previous study (40), we reported V., and K,
values of 168 = 21 nmol mg~' DW h™' and 42 = 1 pM,
respectively. The lower K,,, value in the previous study is prob-
ably the result of several differences in protocols. First, *NO,~
provides measurements of unidirectional influx rather than net
flux (influx minus efflux). Second, in the previous study, the
induction of mycelia was achieved by 100 min of exposure to 10
mM nitrate, while in the present study, mycelia were induced
by 5 mM nitrite for 3 h. The net nitrite uptake following

EukaryoT. CELL

induction by nitrite resulted in a substantially higher K,,, than
that for nitrate induction (data not shown). The accumulation
of cytoplasmic nitrite by the latter methodology may account
for this effect upon K, values, as was observed previously for
effects of accumulated K™ and NH,, " on the influxes of K™ and
NH, ", respectively (39). Even higher K,, values (640 uM)
were reported in a previous study of nitrite uptake by A. nidu-
lans (22). These differences indicate the sensitivity of measured
K,,, values to assay conditions; unlike enzyme assays, wherein
conditions are highly regulated and reproducible, K, values
for transport processes are a measure of a physiological status
and highly sensitive to growth conditions.

Preliminary work had shown that the change of two noncon-
served Tm residues (i.e., L127V and C177T) per se had no
apparent effect on either the growth phenotype or protein
expression. The four conserved asparagine residues were cho-
sen for mutagenesis because these were identified from align-
ments as being the only highly conserved, noncharged, polar
residues within Tms of the formate-nitrate transporters. Addi-
tionally, asparagine is interesting because of its propensity to
act as a hydrogen bond donor or acceptor and, hence, the
potential for the side-chain amide group to coordinate either
the nitrogen or the oxygen atoms within nitrite. However, in
the light of the published crystal structures of the three for-
mate channels, it appears that the function of these asparagine
residues is primarily to constrain or govern the flexibility of the
Q and S loops through networks of hydrogen bonds (15, 38,
41). The disruption of this function may be responsible for the
observed lack of expression in many of the mutants in this
study.

A further function may exist for N173, whose counterpart in
VcFocA was proposed, in addition, to interact directly via a
hydrogen bond to the substrate formate following the move-
ment of the () loop as part of the hypothesized gating mech-
anism (38). In terms of the growth phenotype, replacements of
N173 by residues with a smaller side-chain bulk permitted the
growth of mutants on 2 mM nitrite as the sole nitrogen source
regardless of whether the replacement residue was polar (S, C,
or T), or nonpolar (A), although rates of growth at 250 and 500
wM nitrite were significantly lower than that of T600. The
replacement of N173 by the charged residue (D) resulted in
only marginal growth at 2.0 mM nitrite. Mutants with a sub-
stitution to the bulkier amide side chain (Q) showed marginal
growth, while mutants with changes of N173 to yet bulkier
residues (K and Y) were incapable of growth on nitrite. The
results of phenotypic tests were reflected in protein expression
in that smaller residues tended to have expression levels that
were somewhat reduced (D, T, C, or A) or close to those of the
wild type (Q or S), while much larger residues (K and Y)
showed very poor or no protein expression. The results illus-
trate that asparagine at position 173, although not essential,
influences nitrite transport. N173 appears to reside in a region
of the protein at which there is a constraint of space, and so
residues bulkier than asparagine reduce or prevent protein
expression and/or activity. Indeed, N173 resides in a region
where in FocA proteins there is a “slit” or constriction of the
channel through which the substrate must pass (38, 41). The
change from hyperbolic to linear fluxes in the N173 mutants
that grew on nitrite suggests that a reduction in the side-chain
volume at this position disrupts normal fluxes of nitrite through
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the transporter, perhaps by allowing the nitrite to slip through
the constriction. N173 may therefore act as part of a gate or
barrier within the transporter which regulates the flux of nitrite
through the translocation pathway.

The introduction of a charged residue into a Tm is thermo-
dynamically unfavorable and often perturbs protein expres-
sion. However, N214 can be replaced by aspartate, with little
effect on growth or protein expression, and the replacement of
N173 and N246 with D, while adversely affecting growth on
nitrite, nevertheless permitted some protein expression. This
finding suggests that the negative charges introduced at these
positions are neutralized, probably via hydrogen bond net-
works with neighboring residues.

While the replacement of N214 with the negatively charged
aspartate was tolerated well in terms of the growth of the
mutant strain and protein expression, other substitutions re-
duced (S) or completely abolished (Q or K) the ability of
mutants to grow on nitrite and severely disrupted protein ex-
pression. An asparagine-to-aspartate change could be re-
garded as very conservative, particularly if N214 is involved as
a hydrogen bond acceptor, but it might be expected that glu-
tamine would substitute well in that situation. The finding that
there is no activity in the N214Q mutant (as determined by
growth on nitrite) and, more particularly, no protein expres-
sion suggests severe restrictions on space at that residue posi-
tion such that even a moderate increase in side-chain bulk is
not tolerated. The suggestion was made previously that in
EcFocA, hydrogen bonding was possible between the residue
equivalent to N214 and the substrate (41), and therefore, a
replacement aspartate residue with its similar bulk and ability
to accept hydrogen bonds could still permit interactions with
nitrite and the observed activity.

None of the substitutions of N122 or N246 tested (D, K, Q,
or S) allowed the growth of the corresponding mutant on
nitrite, and although some protein expression was detected for
the N246D mutant, all the other mutants failed to produce
protein. It would appear that asparagine at positions 122 and
246 is important for the correct folding of the protein and,
hence, protein expression, but it is not possible to deduce from
these results if they also serve a role in the passage of nitrite.

The BN gel analysis as well as a previous study by size-
exclusion chromatography (1) appeared to indicate that the
AnNitA protein is a tetramer. Crystal structures of the FNT
family formate channels, however, show that these proteins are
pentameric. Given the experimental error inherent in both
PAGE and chromatographic estimations of protein size, it is
likely that AnNitA is similarly pentameric. Nevertheless, pro-
teins with a similar 3D fold, i.e., the aquaporins, are tetramers
(10, 29). Also, there are some differences in primary amino
acid sequences of biochemically verified formate versus nitrite
transporters, notably in the length of the loop between Tm 5
and Tm 6 to 20 residues in VcFocA, versus the predicted 5
residues in AnNitA, for example. Therefore, a definitive an-
swer to the quaternary organization of FNT nitrite transporters
awaits a crystal structure. Finally, however, as conjectured pre-
viously by Waight et al. (38) for VcFocA and regardless of the
quaternary structure, the absence of any sigmoidal kinetics
suggests that cooperativity is absent among the protein mono-
mers.
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