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Respiratory nitrate reductase purified from the cell membrane of Escherichia coli is composed of three
subunits, a, jS, and -y, which are encoded, respectively, by the narG, narH, and narI genes of the narGHJI
operon. The product of the narJ gene was deduced previously to be a highly charged, acidic protein which was
not found to be associated with any of the purified preparations of the enzyme and which, in studies with
putative narJ mutants, did not appear to be absolutely required for formation of the membrane-bound enzyme.
To test this latter hypothesis, the narJ gene was disrupted in a plasmid which contained the complete narGHJI
operon, and the operon was expressed in a narG::TnlO insertion mutant. The chromosomal copy of the narJ
gene of a wild-type strain was also replaced by the disrupted narJ gene. In both cases, when nar operon
expression was induced, the a and 0 subunits accumulated in a form which expressed only very low activity
with either reduced methyl viologen (MVH) or formate as electron donors, although an a-Is complex separated
from the'y subunit is known to catalyze full MVH-linked activity but not the formate-linked activity associated
with the membrane-bound complex. The low-activity forms of the a and j8 subunits also accumulated in the
absence of the NarJ protein when the 'y subunit (Narl) was provided from a multicopy plasmid, indicating that
NarJ is essential for the formation of the active, membrane-bound complex. When both NarJ and NarI were
provided from a plasmid in the narJ mutant, fully active, membrane-bound activity was formed. When NarJ
only was provided from a plasmid in the narJ mutant, a cytosolic form of the a and , subunits, which expressed
significantly increased levels of the MVH-dependent activity, accumulated, and the a subunit appeared to be
protected from proteolytic clipping which occurred in the absence of NarJ. We conclude that NarJ is
indispensable for the biogenesis of membrane-bound nitrate reductase and is involved either in the maturation
of a soluble, active a-" complex or in facilitating the interaction of the complex with the membrane-bound y
subunit.

Membrane-bound respiratory nitrate reductase is encoded
by the narGHJI operon in Escherichia coli (2, 5, 22, 23). The
purified enzyme is composed of three subunits, a, 1, and y,
which are encoded, respectively, by the narG, H, and I
genes (2, 6, 15, 22). The a and ,B subunits form a complex
which contains molybdenum-pterin cofactor and nonheme
iron and can catalyze the reduction of nitrate with reduced
methyl viologen (MVH) as an artificial electron donor (1, 12,
14). The a-1 complex is normally tightly bound to the
membrane-associated -y subunit (cytochrome bNR), which
transfers electrons for nitrate reduction from the quinone
pool of the cell membrane (6, 7, 13, 17). An active form of
the a-1 complex can be released from the -y subunit and the
membrane by heat treatment (1, 12, 15), and it has been
reported to accumulate in an active, cytoplasmic form in
some narI mutants (13).
The sequence of the narJ gene indicates that it encodes a

26.5-kDa hydrophilic protein, and studies with narJ::lacZ
fusions have established that a NarJ protein is expressed
when the operon is induced (22). However, a protein corre-
sponding to NarJ has not been found in any of the purified
preparations of the enzyme, and its role in the formation or
activity of nitrate reductase is unknown.
The results of complementation of a putative narJ::TnJO

insertion mutant with plasmids expressing the narJ and narI
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genes suggested that NarJ facilitated, but was not absolutely
required for, assembly of fully active, membrane-bound
nitrate reductase (21). However, the interpretation of these
results was complicated by the imbalance of the nar operon
gene products resulting from expression of some of the genes
from a multicopy plasmid and by the lack of a well-defined
narJ mutant.
To circumvent these difficulties, we have determined the

effects of NarJ deficiency on nitrate reductase formation by
utilizing plasmid constructions which permit balanced sub-
unit production from plasmids at both high and low copy
numbers as well as mutants with well-defined chromosomal
narJ gene disruptions. The results indicate that NarJ is
required for the formation or stabilization of the active a-1
complex which catalyzes the reduction of nitrate with an
artificial electron donor.

MATERIALS AND METHODS

Strains and plasmids. The bacterial strains and plasmids
used in this study are listed in Table 1. Strain RK5274P was
constructed by transferring the pcnB mutation (10) into
strain RK5274 by P1 transduction by using the selection
procedure described by Walker and DeMoss (27). To con-
struct narJ mutants MD100 and MD101, the narJ gene
disrupted with a kanamycin resistance cartridge in plasmid
pMD31 was transferred into the chromosomal narGHJI
operon of strain RK4353 by a two-step process. First, the
disrupted gene was moved into recBC mutant JC7623 by
homologous recombination. Kanamycin-resistant deriva-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or . Source or
plasmid Description reference

Strains
RK4353 F- araDl39 A(argF-lac)U169 rpsLI50 23

relAl flbBS301 ptsF25 deoC1 rbsR
gyrA non

RK5265 RK4353 narG::TnIO 23
RK5274 RK4353 narI::TnIO 23
MD100 RK4353 narJ::Kanr cartridge This work
MD101 RK4353 narJ::Kanr cartridge This work
JC7623 recB21 recC22 sbclS G. Weinstocka

Plasmids
pSL962 narGHJI 21
pMV4 narJl 21
pMV5 narI 21
pES203.1 narJ 21
pMD31 narGH narJ::Kanr cartridge This work
pMD32 narGHI narJ::12-bp insert This work
pMD33 narGHI AnarJ This work
pUC71K Kanr cartridge 24
a University of Texas Medical School, Houston, Tex.

tives of JC7623, resulting from transformation with pMD31
linearized at a unique AfllI site located at the 5' end of the
narG gene, were isolated and shown to lack the transforming
plasmid by their sensitivity to ampicillin. The disrupted gene
was then moved into the RK4353 background by P1 trans-
duction of the kanamycin resistance marker into strains
RK4353 and RK5274, resulting in strains MD100 and
MD101, respectively. Strain MD101 was sensitive to tetra-
cycline, demonstrating that incorporation of the region con-

taining the kanamycin resistance marker had replaced the
TnJO insert in the narI region. The location of the fragment
bearing the kanamycin cartridge in the nar operon of strain
MD100 was verified by a Southern blot of EcoRI-SalI
restriction digests with plasmid pMV4 as a radioactive
probe. Only strain MD100 was studied in detail since the two
strains appeared to be identical in preliminary studies of
their growth characteristics and biochemical properties.

Plasmid pSL962, which carries the complete narGHJI
operon, has been described previously (9). Plasmid pMD31
was constructed by inserting a fragment containing a kana-
mycin resistance gene into a BamHI site in the narJ gene of
pSL962. The 1.4-kb fragment containing the kanamycin
resistance gene obtained from digestion of plasmid pUC71K
(24) with BamHI was ligated with the 11.3-kb fragment
purified from a partial BamHI digest of pSL962, which
contains two BamHI sites. The location of the kanamycin
cartridge in the narJ gene of plasmid pMD31 was verified by
restriction analysis.

Plasmid pMD32 was derived from pMD31 by removal of
the kanamycin cartridge by using an alternative restriction
site in the flanking polylinker region. After digestion of
pMD31 with SalI, the mixture was religated and used to
transform RK4353 to ampicillin resistance. Plasmid pMD32
was isolated from a kanamycin-sensitive isolate, and the loss
of the fragment containing the kanamycin cartridge was

verified by restriction analysis. Based on the structure of the
polylinker region flanking the kanamycin cartridge (24), this
construction is equivalent to plasmid pSL962 with a 12-bp
insert at the BamHI site in the narJ gene.

Plasmid pMD33 was constructed by deleting a 98-bp
fragment between the BamHI and SacII sites within the narJ
gene of plasmid pSL962. pSL962 was digested overnight

with SacII and then partially digested with BamHI. The
digestion mixture was treated with Klenow fragment to fill in
the overhangs generated by BamHI and then incubated with
T4 polymerase to remove the overhangs generated by SacII.
The resulting 11.2-kb fragment was purified on an agarose
gel and ligated in the presence of an 8-bp Sall linker. A
plasmid isolated from an ampicillin-resistant transformant
was exhaustively digested with Sall to remove excess link-
ers, and the religated plasmid was isolated from an ampicil-
lin-resistant transformant. The general structure of the re-
sulting plasmid, pMD33, was verified by restriction analysis.
This construction replaced the deleted 98-bp fragment with
the 8-bp Sall linker, resulting in the restoration of the narJ
reading frame after the SacII site.
The structure of the altered regions in plasmids pMD32

and pMD33 were confirmed by dideoxy-sequencing (16, 24,
25) of fragments containing the narJ region cloned into the
phagemid vector pTZ18R (Pharmacia LKB Biotechnology).
Growth conditions and cells. For determination of activi-

ties, cultures were grown overnight in L broth (8) supple-
mented with the appropriate antibiotics on a rollerdrum
apparatus and were used as a 1% inoculum for larger
volumes of L broth supplemented with the appropriate
antibiotics. The inoculated culture was grown on a shaker to
a turbidity of 60 Klett units (with a 540 filter) and then shifted
to anaerobic conditions with the addition of 1% glucose and
1% potassium nitrate. The cultures were grown to approxi-
mately 100 Klett units (log phase), harvested by centrifuga-
tion, and resuspended in 50 mM potassium phosphate buffer,
pH 7.0.

In some cases, crude extracts were prepared by passing
cell suspensions (approximately 20% [wt/vol]) through the
French press and removing cell debris by centrifugation for
10 min at 10,000 x g. To determine the localization of
activities, the crude extracts were centrifuged for 1 h at
100,000 x g. The resulting supernatants were assumed to
represent the cytosolic fractions, while the pellets, sus-
pended in an equal volume of buffer, were assumed to
represent the membrane fractions.
Enzyme activities. Nitrate reductase activity was deter-

mined by using reduced MVH or formate as electron donors
as described previously (19, 20), except that samples of the
reaction mixtures were analyzed at 5-min intervals to estab-
lish linear reaction rates. Activities are expressed as units
(micromoles of nitrite formed per minute) per milligram of
protein.
Cytochrome bNR was determined in either the whole-cell

suspensions or the membrane fractions in a double-beam
spectrophotometer, as previously described (19). The rela-
tive content of cytochrome bNR was determined as the peak
(558 nm at room temperature) height in absorbancy units per
milligram of protein. For a comparative set of determina-
tions, the spectra were run on samples with identical protein
concentrations. Cells grown anaerobically in the absence of
nitrate or the mutants blocked in the formation of cy-
tochrome bNR produced negligible amounts of cytochromes
and did not interfere with this determination in whole cells or
membrane fractions.

Protein was determined by the Lowry reaction (11).
Immunoblot procedure. The immunoblot was run accord-

ing to a procedure previously described (26) with antibodies
purified from an antiserum prepared in rabbits against the
purified a-P complex (12). The antibodies were purified by
the procedure of Olmsted (18), with a and P subunits purified
by gel electrophoresis.
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TABLE 2. Effect of plasmid copy number on complementation of
mutant RK5274

Subunits Nitrate reductase (U/mg of
Strain (plasmid) expressed protein)

by plasmids MVH-linked Formate-linked

RK4353a 1.82 0.099

RK5274b 0.57 <0.001
RK5274pcnB 0.62 <0.001
RK5274(pMV4) NarJ, Narn 1.85 0.050
RK5274pcnB(pMV4) 1.40 0.072

RK5274(pMV5) NarI 1.26 0.066
RK5274pcnB(pMV5) 1.54 0.080

RK5274(pES203.1) NarJ 0.93 <0.001
RK5274pcnB(pES203.1) 1.11 <0.001

a RK4353, wild-type narGHJI.
b RK5274, nar::TnlO.

RESULTS

Complementation of nar mutant RK5274. Sodergren et al.
(21) previously demonstrated that complementation of a
putative narJ::TnJO mutant, E. coli RK5274, with a multi-
copy plasmid expressing only the narI gene partially re-
stored the activity of membrane-bound nitrate reductase,
while complementation with a plasmid expressing both the
narJ and narI genes yielded full wild-type levels of activity.
Since a mutant with a TnWO insertion in the narJ gene should
produce a and ,B subunits but neither the narJ nor narI gene
products, these results suggested that the NarJ protein was
not absolutely required for the expression of the physiolog-
ically active, membrane-bound a-1--y complex. To explore
whether the NarJ protein might be required for expression
when the -y subunit was present at levels normally produced
from the chromosome, we repeated these complementation
studies with a pcnB (10) derivative of strain RK5274 to limit
the plasmid copy number to two or three per cell (Table 2).
Nitrate reductase was determined in cell suspensions with
MVH as electron donor to assess the total amount of active
enzyme produced and with formate as electron donor to
assess the amount of enzyme capable of accepting electrons
from the membrane-bound quinone pool. In each case,
complementation at high and low plasmid copy numbers
yielded similar results, indicating that the imbalance of nar
gene products produced with multicopy plasmids had a
minimal effect, if any, on the biogenesis of nitrate reductase.

More informative, however, was the demonstration that
complementation with Narl alone (pMV5) restored both
MVH- and formate-linked nitrate reductase produced by
RK5274 to the levels produced with Narn plus NarJ (pMV4).
Complementation with NarJ alone (pES203.1) led to a slight
increase in the level of MVH-nitrate reductase produced by
RK5274, but no formate-linked activity was detectable in
this case. Although not entirely conclusive, the simplest
interpretation of these results was that the TnJO insertion in
RK5274 is in the narI gene rather than the narJ gene, since
the provision of NarI alone restored essentially full levels of
both activities. Therefore, whether NarJ is required for the
expression of nitrate reductase activity remained an open
question.

Effect of plasmid narJ disruption. To examine more criti-
cally the possible requirement for NarJ in nitrate reductase
biogenesis, we constructed specific lesions in the narJ gene
on a plasmid which carried the entire narGHJI operon and
expressed the resulting plasmids in a narG mutant (RK5265)
that produced none of the operon products from the chro-
mosomal locus (Table 3). RK5265 produced undetectable
levels of MVH- and formate-linked nitrate reductase activi-
ties and cytochrome bNR. RK5265 transformed with plasmid
pSL962, which contains the entire narGHJI operon, over-
produced MVH-linked activity and cytochrome bNR two- to
threefold relative to the wild-type strain RK4353, and for-
mate-nitrate reductase activity was restored to the wild-type
level. The narJ gene of plasmid pSL962 (9) was disrupted in
three different ways. In plasmid pMD31, a kanamycin resis-
tance gene cartridge (24) was inserted into a unique BamHI
site located within the narJ gene approximately 100 bp from
the 5' end of the open reading frame. When expressed in
RK5265, this construction produced no detectable cyto-
chrome bNR, but surprisingly, it produced a low but signifi-
cant level of both MVH- and formate-linked activities (Table
3).

Plasmid pMD32 was constructed by removing the kana-
mycin cassette from pMD31 by digestion with Sall followed
by religation, leaving a 12-bp insert at the BamHI site which
restored the original narJ reading frame. This construction
behaved exactly as did plasmid pSL962 by overproducing
cytochrome bNR and MVH-nitrate reductase and restoring
formate-nitrate reductase to the wild-type level (Table 3),
indicating that insertion of four amino acids at the position in
the NarJ protein defined by the BamHI site did not adversely
affect the formation of nitrate reductase.

Plasmid pMD33 was constructed by deleting a 96-bp
fragment between the blunted BamHI site and a blunted
SacII site within the narJ gene (21, 22), which resulted in the
deletion of a 32-amino-acid fragment from the NarJ protein

TABLE 3. Effects of narJ gene disruption on nar operon expression from multicopy plasmids

Strain (plasmid) Structure of narGHJI in Nitrate reductase (U/mg of protein) Cytochrome bNR
plasmid MVH-linked Formate-linked relative content'

RK4353b 2.34 0.25 0.003

RK5265C <0.01 <0.01 <0.001
RK5265(pSL962) Wild type 4.60 0.25 0.010
RK5265(pMD31) narJ::Kanr cartridge 0.30 0.09 <0.001
RK5265(pMD32) narJ insertion (12 bp) 4.88 0.28 0.011
RK5265(pMD33) AnarJ (90 bp) 0.14 0.09 0.010

a See Materials and Methods.
b RK4353, wild-type narGHJI.
c RK5265, narG::TnIO.

VOL. 174, 1992



870 DUBOURDIEU AND DEMOSS

TABLE 4. Effects of narJ gene disruption on chromosomal nar
operon expression

MVH-nitrate reductase
Cytochrome

Strain (plasmid) U/mg % bNR' relative
gfprten Membrane content b

of protein' bound'

RK4353 1.28 85 0.011
MD100 0.06 84 <0.002
MD100(pMV4) 1.08 88 0.011
MD100(pMV5) 0.09 86 0.012
MD100(pES203.1) 0.40 47 <0.002

a Determined in the pellet fractions after centrifugation of the crude extract.
b See Materials and Methods.
Determined in crude extracts.

dCrude extracts were centrifuged at 100,000 x g for 60 min, and the pellet
was suspended to a volume equal to that of the original sample. The
percentage of membrane-bound enzyme was based on the total units of
activity in the supernatant plus pellet fractions.

but the restoration of the narJ reading frame thereafter. This
construction, like pMD32, overproduced cytochrome bNR,
but it produced only a very low level of MVH- and formate-
nitrate reductase activities in RK5265 (Table 3). These
results demonstrated that when the a and 1 subunits were
expressed in the absence of NarJ (with either pMD31 or
pMD33), very low but significant levels of MVH- and
formate-nitrate reductase activities were formed. Further-
more, whether cytochrome bNR was provided (with pMD33
but not with pMD31) had little or no effect on the level of
either activity produced in the absence of NarJ. We con-
clude that in the absence of the NarJ protein, the balanced
overproduction of subunits a, 13, and -y from a multicopy
plasmid does not result in the formation of either fully active
a-13 or a-13-y complex.

Effect of chromosomal narJ disruption. To test the effects
of disruption of the narJ gene in the chromosomal narGHJI
operon, the disrupted narJ gene containing the kanamycin
resistance cartridge in plasmid pMD31 was transferred into
the RK4353 background by the procedure described in
Materials and Methods. The resulting strain, MD100, ex-
pressed less than 5% of the wild-type level of MVH-nitrate
reductase activity (Table 4) and, as expected for a narJ gene
disruption, undetectable amounts of Narn (cytochrome bNR).
Transformation of MD100 with plasmid pMV4 (NarJ+
NarI+) resulted in essentially full restoration of the wild-type
level of MVH-nitrate reductase activity, indicating that
normal levels of the a and 1B subunits were expressed by
MD100. Transformation of MD100 with pMV5 (NarI+ only)
resulted in no significant increase in the level of MVH-nitrate
reductase activity, although wild-type levels of cytochrome
bNR were produced. In contrast, transformation with
pES203.1 (NarJ+ only) resulted in the formation of more
than 30% of the wild-type level of MVH-nitrate reductase
activity. The relative levels of MVH-nitrate reductase in
these strains were the same when determined in whole-cell
suspensions and in crude extracts prepared in the French
press, eliminating any possible differences in enzyme acces-
sibility due to differential localization. However, when the
crude extracts were fractionated into membrane and cyto-
solic fractions by centrifugation, the activity produced by
strain MD100(pES203. 1) was distributed more or less
equally between the cytosolic and membrane fractions,
while that produced by the other strains, including the low
level in MD100, was localized mainly in the membrane
fraction as in the wild type (Table 4).

1 2 3 4 5 6 7 8 9 10 11 12 1314 15 16

a-

FIG. 1. Immunoblot determination of the distribution and prop-
erties of a and 1 subunits accumulated in narJ mutant derivatives.
Lanes: 1, purified nitrate reductase; 2 to 6, 20 ,ug (each lane) of
protein of whole-cell suspensions; 2, RK4353; 3, MD100(pMV4); 4,
MD100(pES203.1); 5, MD100(pMV5); 6, MD100; 7 to 16, equal
volumes of either the membrane or cytosolic fractions, prepared as
described in Materials and Methods; 7, RK4353 membrane; 9,
MD100(pMV4) membrane; 11, MD100(pES203.1) membrane; 13,
MD100(pMV5) membrane; 15, MD100 membrane; 8, 10, 12, 14, and
16, cytosolic fractions.

Subunit accumulation in the narJ mutant. The accumula-
tion of the a and 13 subunits in the narJ mutant and its
transformed derivatives was determined directly with immu-
noblots with antibodies against the purified a-1 complex
(Fig. 1). Although the antibody preparation stained the 13
subunits relatively more intensely than the a subunits, the
immunoblot of whole-cell extracts (lanes 2 to 6) showed that
both subunits were partially converted to presumedly de-
graded, faster-migrating forms in mutant MD100 (lane 6)
compared with those in the parental strain RK4353 (lane 2),
in which they appeared not to be degraded. In strain MD100
transformed with pMV4, which expressed essentially full
wild-type activity, the a and 13 subunits appeared similar to
those in the wild type (lane 3), while in strain MD100
(pMV5), which produced cytochrome bNR but not NarJ,
both subunits were degraded to the same extent as those in
MD100 (lane 5). Strain MD100(pMV5) also accumulated
large amounts of a NarG-NarJ fusion protein, as expected
from the construction of pMV5 (21), in which the 3' end of
narG, all of narH, and the 5' half of the narJ gene were
deleted. In strain MD100(pES203.1), which produced NarJ
as well as the at and 1 subunits, the a subunit appeared to be
completely protected from degradation (lane 4), while the 13
subunit seemed to be degraded similarly to that in the mutant
(lane 6). Figure 1 also shows the results of immunoblots for
equal amounts of the membrane and cytosolic fractions
separated from the crude extract of each strain by differen-
tial centrifugation (lanes 7 to 16). In the strains which
produced fully active enzyme, RK4353 (lanes 7 and 8) and
MD100(pMV4) (lanes 9 and 10), the a and 13 subunits were
localized predominantly in the membrane fractions (lanes 7
and 9) in which the activity was located (Table 4). In narJ
mutant MD100 (lanes 15 and 16) and MD100(pMV5) (lanes
13 and 14), the undegraded forms of the subunits were
equally distributed between the membrane (lanes 15 and 13)
and supernatant (lanes 16 and 14) fractions as was the
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degraded form of 13, but the degraded form of a remained
mainly in the supernatant. Thus, in the absence of NarJ,
both the a and subunits accumulated in an inactive form,
which appears to be susceptible to proteolytic degradation
and to tend to remain in the cytosol even when membrane-
bound cytochrome bNR is produced. Furthermore, the por-

tion of the a-13 complex which was associated with the
membrane fraction appeared to represent the specific form
of the complex which included the undegraded a subunit.

In contrast to the other cases, the a and subunits which
accumulated in the presence of NarJ in MD100(pES203.1)
were localized more in the supernatant fraction (lane 12)
than in the membrane fraction (lane 11). Together with the
restoration of activity observed with this strain (Table 4),
these results suggest that NarJ protects a partially active,
cytoplasmic form of the complex from proteolytic degrada-
tion and retards its binding to the membrane in the absence
of cytochrome bNR.

DISCUSSION

Contrary to the conclusions reached in our previous study
(21), we demonstrate here that there is an absolute require-
ment for the NarJ protein in the assembly of physiologically
active, membrane-bound nitrate reductase. Expression of
the narGHJI operon containing a disrupted narJ gene either
from a multicopy plasmid in a narG::TnJO insertion mutant
or from a single chromosomal copy resulted in severely
reduced levels of both MVH-linked and formate-linked
nitrate reductase activities. The two activities are not re-

stored in the mutant with a disrupted narJ gene when NarI is
provided from a plasmid but only when both NarJ and NarI
are provided. Thus, although NarJ does not appear to be
associated with membrane-bound nitrate reductase, it is
required for the assembly of the active complex.
Although the role of NarJ in the assembly of nitrate

reductase has not been defined by these studies, the proper-

ties of the and subunits which accumulate in the absence
or presence of NarJ provide some interesting clues. When
the cx-1 complex is purified after release from the active
a-13-y complex (1, 12, 14, 17), it retains full (or even

increased) MVH-nitrate reductase activity along with the
Mo-pterin cofactor and the complement of nonheme iron
present in the mature complex (1), but it will not accept
electrons from quinols which are effective electron donors
for the ac-3--y complex (17). The activity of the purified ox-1

complex is relatively stable, except that the C-terminal end
of the subunit is hypersensitive to the action of endoge-
nous protease action and tends to be converted to a form
approximately 2 kDa shorter than the complete subunit
without loss of enzyme activity (4). Based on activity and
immunoblot analyses, the a and subunits which accumu-

lated when the chromosomal narJ gene was disrupted were

quite susceptible to proteolytic clipping. Both the a and
subunits appeared to be partially converted to slightly
smaller forms, and only a very low level of MVH-nitrate
reductase activity was expressed. When the y subunit (cy-
tochrome bNR) alone was provided from a plasmid, the
activity and subunit characteristics of cx and were un-

changed and no active complex was formed. When NarJ
alone was provided from a plasmid, the subunit was

completely protected from proteolytic clipping and MVH-
nitrate reductase activity was expressed by a form of the
resulting cx-1 complex which tended to partition with the
cytosolic fraction. Apparently, NarJ either directly protects
the a subunit from proteolysis and the loss of MVH-linked

activity or converts the subunit to a more active, protease-
resistant form. The latter process could involve the addition
or modification of the Mo-pterin cofactor or a facilitated
association with the ,B subunit. In any case, it will be of some
interest to purify and compare the composition of the forms
of the a and a subunits which accumulate in the presence
and absence of NarJ.
When the narJ gene was disrupted within the narGHJI

operon located on plasmid pSL962, low but significant levels
of both MVH-linked and formate-linked activities were
produced in a narG: :TnlO insertion mutant. The low level of
these activities was not due to nitrate reductase produced
from the cryptic narZ operon described by Bonnefoy et al.
(3), since no detectable activity was expressed under the
same conditions in the absence of the plasmid (Table 3).
Apparently, the ax and 1 subunits which are overproduced
from the multicopy plasmid accumulate in the absence of
NarJ as a complex which expresses at least low levels of the
MVH-linked activity. The fact that some formate-linked
activity is also expressed under these conditions suggests
that this incomplete complex can accept electrons from the
quinone pool of the membrane at a low but finite rate, even
in the absence of cytochrome bNR. As shown for mutant
MD100 (Table 4), these activities are primarily associated
with the membrane fraction and, based on the immunoblot
study, the active fraction includes only that portion of the
complex with undergraded a subunits. Either association of
the a subunit (or an ot-1 complex) with the membrane
protects it from proteolytic clipping and loss of MVH-
activity or only the complex with the unclipped form of a can
bind to the membrane. In either case, the association with
the membrane appears to permit this low-activity form of the
complex to accept electrons from the quinol pool (represent-
ed by formate-linked activity) in the absence of cytochrome
bNR and indicates that the a-1 complex may associate with
the membrane in a specific manner in the absence of either
cytochrome bNR or NarJ. In the presence of NarJ, the oa-1
complex expresses a significantly higher level of MVH-
linked activity, which tends to remain in the cytosol in the
absence of cytochrome bNR. Although these results demon-
strate that NarJ is required for assembly of the active nitrate
reductase, they raise additional questions concerning the
sequence of events involved in the addition of cofactors and
the assembly of subunits leading to the biogenesis of the
physiologically active, membrane-associated ox-13-y com-
plex. On the basis of the available evidence, NarJ may be
involved at any of these stages of nitrate reductase biogen-
esis.
Our conclusion here that the TnJO insertion mutant

RK5274, previously thought to be a narJ mutant, is a narI
mutant is supported by the characteristics of the mutant with
a disrupted narJ gene. RK5274 accumulates a form of the
ax- complex with significant MVH-nitrate reductase activity
(30% of the wild-type level) in the cytosolic fraction (21)
(Table 2). This contrasts with the extremely low level of
activity expressed by narJ mutant MD100 but is similar to
the characteristics of MD100 transformed with pES203.1
(Table 4), which forms NarJ in addition to the cx and 1
subunits. The fact that transformation of RK5274 with
pES203.1 led to an increased level of MVH-linked activity
suggests that the increased level of NarJ stabilizes or pro-
duces increased amounts of the active, cytosolic a-6 com-
plex, which can accumulate in the absence of cytochrome
bNR-
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