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Five temperature-sensitive chiC mutants were isolated from Escherichia coli
by the technique of localized mutagenesis. All of the mutants produced severely
reduced levels of both nitrate reductase and formate dehydrogenase when grown
at 43°C. In three of the mutants, the nitrate reductase activity produced at the
permissive temperature was shown to be thermolabile compared with the activity
produced by the parent wild-type strain, both in membrane preparations and in
preparations released from the membrane by deoxycholate. In each case, formate
dehydrogenase activity was similar to the wild-type activity in its stability to
heat. It is concluded that the chiC gene codes for at least one of the polypeptide
chains of nitrate reductase and that the chIC mutations affect indirectly the
formation of formate dehydrogenase.

The formation of the formate-nitrate reduc-
tase system, which includes a specific formate
dehydrogenase,cytochrome b1,andnitratereduc-
tase (14, 15), is under the control of at least
seven genetic loci in Escherichia coli (1, 4, 5,
12, 13, 19). Mutants defective in the fonnation
of this membrane-bound, multienzymatic path-
way have been selected by several different pro-
cedures and have been variously designated chl
(12, 13), nar (5, 19), and NR- (14) mutants.
Because most of the mutants are resistant to
chlorate, they are now generally designated chl
mutants.
Four of the chi genes (A, B, D, and E) are

pleiotropic; mutations at these loci lead to the
loss of both formate dehydrogenase and nitrate
reductase as well as another anaerobic electron
trnport pathway, the formate hydrogenlyase
system (4, 13). Except for chlD, which affects
molybdenum uptake or processing (3, 18), the
functions of these genes are unknown.

It has generally been concluded that the chiC
locus is the sructual gene for nitrate reductase
because mutations at this locus result in the
loss of nitrate reductase without affecting the
formation of the formate hydrogenlyase system
(4, 5, 12, 13). However, the chiC mutations also
lead to a 10 to 90% decrease in the specific
activity of formate dehydrogenase (4, 5), creat-
ing some doubt about the assignment of this
locus as the structural gene of nitrate reductase.

For two of the remaining genes, chiF and
chlG, only a few mutants have been isolated,
and these are poorly characterized (4). chAF
mutants were istinguishable from chiC mu-

tants by conjugative mapping but were sepa-
rated as a distinct genetic locus on the basis of
frequency of cotransduction with trp (4). The
mutations designated as chiFwere cotransduced
with tip at a fiequency of less than 10%, whereas
chiC mutations exhibited fiequencies of 40 to
60%. Because formate dehydrogenase was de-
pressed more severely than nitrate reductase in
the chlF mutants, it was suggested that chlF
may be a structural gene for formate dehydro-
genase. However, no compelling biochemical or
genetic evidence has been obtained to support
this idea, and the role of the chlF gene remains
unknown.
To understand the role of the various chl

genes in the expression of the nitrate reductase
system, it is essential that the structural genes
of the various polypeptide components be estab-
lished. In the present study, several tempera-
ture-sensitive chiC mutants have been isolated
and studied in an attempt to define the role of
this gene in the formation of the formate-nitrate
reductase system.

MATERIALS AND METHODS
The wild-type strain E. coli K-12 strain PK27 (4)

and the mutant strains were maintained on L ar
(7) and grown on L broth (7) or minimal medium (20)
supplemented as indicated.
Phage P1 transduction was carried out employing

the general condition described by Lennox (7) except
that E. coli Atrp ins, obtained from E. J. Murgola,
was used as the indicator strain for titrating the phage.
Mutant trpDLI is a tryptophan auxotroph derived

from strain PK27 by P1 trnsduction from E. coli
C9830, a tipC mutant obtained from C. Yanofsky. The
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temperature-sensitive mutants T84, T85, TS6, TS8,
and TS9 were isolated by employing the localized
mutagenesis technique of Hong and Ames (6) as mod-
ified by Murgola and Yanofsky (11). Phage P1, prop-
agated on wild-type stain PK27, was mutagenized
with hydroxylamine and used to transduce strain
trpDLl to prototrophy. The prototrophic tanaduc-
tants were selected on minimal medium supplemented
with 0.2% Casamino Acids and stabbed into three L-
agar plates. Plates were incubated at 25, 37, and 43°C
until appropriate growth occurred, and the plates from
25 and 43°C were scored for formate-nitrate reductase
activity by the agar overlay technique of Glaser and
DeMoss (4). The strains that exhibited little formate-
nitrate reductase activity at 43°C relative to strain
PK27 but exhibited approximately equal levels at 25°C
were isolated from the corresponding 37°C plates by
restreaking on L agar. Only those strains that pro-
duced growth zones equivalent to the wild type were
selected for restrealdng, and the isolates were finally
retested for temperature-sensitive, formate-nitrate re-
ductase activity by the overlay technique.

Strain TS9A was isolated after Pl-mediated trans-
duction of the temperature-ensitive phenotype from
mutant TS9 into strain PK27. The temperature-sen-
sitive trnsductants were selected by plating on L agar
supplemented with 0.2% potassium chlorate and in-
cubating at 430C. The reting chlorate-resistant col-
onies were picked and scored for the temperature-
sensitive, formate-nitrate reductase phenotype as
above. Strain TS9A was isolated from one such colony
by resrealring on L agr and retesting by the overlay
techique.

For the asay of activities, stains were grown on L
broth supplemented with 1% potasium nitrate
spargedwitha mixture of95% N2 and 5% CO2. Cultures
were harvested at 80 to 100 Klett units (no. 54 filter);
the cells were washed once with 0.05 M potassium
phosphate (pH 7.0) and resuspended in the same
buffer for assay or for preparation of extracts.

Extracts were prepared from 10% cell suspensions
(wet wt/vol) by passing through a French press and
centrifuging the crude extract at 3,000 x g for 15 min
to remove whole cells. Ammonium sulfate (23 g/100
ml) was added to the supernatant, and the mixture
was stirred for 1 h at 40C. The membrane fraction
was sedimented by centrifugation at 39,000 x g for 45
min and finally suspended in 0.05 M potassium phos-
phate (pH 7.0) for assay. Nitrate reductase was re-
leased from the membrane fraction by addition of
deoxycholate (1 mg/mg of protein) and ammonium
sulfate (0.30 saturation) as described by Scott and
DeMoss (16). The supernatant remaining after re-
moval of the residual membrane fraction by centrifu-
gation was used for assay without further purification.

Formate dehydrogenase (15) and nitrate reductase
(17) activities were assayed in both whole-cell suspen-
sions and cell extracts as previously described and are
expressed in units of micromoles per minute.

For the ent of temperature stability of en-
zyme activities, extracts (0.3 to 2.0 mg of protein per
ml) were incubated at the temperature indicated; sam-
ples were withdrawn at the indicated intervals and
immediately assayed at 370C.

Protein was determined by the Lowry procedure

(8), and specific activity was expressed as units per
milligram of protein.

RESULTS
A series of putative temperature-sensitive

chiC mutants were isolated by employing the
localized mutagenesis technique (6). With the
agar overlay procedure of Glaser and DeMoss
(4), mutants were selected that exhibited consid-
erably less formate-nitrate reductase activity
after growth at 430C than at 250C. This was in
contrast to the parental strain, PK27, which
exhibited considerably more activity after
growth at 430C than at 250C. To eliminate pos-
sible indirect growth effects, only those mutants
that produced larger zones of growth at 430C
than at 250C were selected for further study.
To establish that the temperature-sensitive

mutants were chiC mutants, the frequency of
cotansduction of the temperature-sensitive
phenotype with tip was determined with five of
the isolates. Of the known chi genes, only chiC
and chiF are cotransduced with tip, and only
chiC is cotransduced at a high fiequency with
trp (4). Phage P1 was propagated on mutant
strains TS4, TS5, TS6, TS8, and TS9 and used
to transduce with strain trpDLl to auxotrophy.
For all five mutants, cotransduction frequencies
of 37 to 46% were obtained for the temperature-
sensitive phenotype with the tip marker, veri-
fying that all five are chiC mutants.
Because reduced formate-nitrate reductase

activity can result from reduced levels of either
formate dehydrogenase or nitrate reductase ac-
tivity, the temperature-sensitive mutants were
assessed for their ability to produce these activ-
ities at the restrictive and permissive tempera-
tures (Table 1). The specific activity of nitrate
reductase in the wild-type strain PK27 was
about twofold higher in cells grown at 430C than
in those grown at 250C. Compared with the
wild-type, the temperature-sensitive strains pro-
duced reduced levels of nitrate reductase activity
at both 25 and 430C. However, the specific ac-
tivity of nitrate reductase was reduced 30- to
50-fold in cells grown at 43°C and reduced only
4-fold in those at 250C, resulting in each case
in a lower specific activity in 430C cells than in
250C cells. The mutants were also affected in
their ability to produce active formate dehydro-
genase. The specific activity of this enzyme was
reduced at both temperatures, relative to the
wild type, but the relative levels at 25 and 430C
were different in different mutants. In mutants
TS8 and TS9, the specific activity of formate
dehydrogenase was severalfold lower in cells
grown at 430C compared with those grown at
250C. The specific activity of formate dehydro-
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genase in mutant TS4 was severalfold higher in
cells grown at 430C compared with those grown
at 250C, in contrast to the pattern observed for
nitrate reductase. These results demonstrated
that temperature-sensitive chiC mutations af-
fect the formation of both formate dehydrogen-
ase and nitrate reductase activities. These data
are in agreement with the earlier demonstration
by Guest (5) and by Glaser and DeMoss (4)
that many chiC mutations lead to a reduction
in formate dehydrogenase activity, and they fur-
ther emphasize the ambiguity of the assignment
of chiC as the structural gene for nitrate reduc-
tase.
To eliminate any possible differences in the

genetic background of the mutants and the wild-
type strain, one of the temperature-sensitive le-
sions was transferred into PK27 without tryp-
tophan selection by the procedure outlined
above. The resulting strain, TS9A, produced
enzyme levels similar to its temperature-sensi-
tive parent, TS9, at 25 and 430C. This rules out
the possible involvement of other unlinked ge-
netic factors that might have been present in
the recipient strain in which the mutants were
originally isolated.
To assess what direct effects these mutations

have on the structures of the enzymes, the rela-
tive heat stabilities of formate dehydrogenase
and nitrate reductase were examined in the
membrane fraction of cells grown at the permis-
sive temperature (Fig. 1). The wild-type strain
PK27 and mutants TS4, TS9, and TS9A were
grown at 250C, and membrane fractions were

TABLE 1. Effect ofgrowth temnperature on activities
of the formate-nitrate reductase

Formate de- Nitrate re-
Growth temp hydrogenase ductaseStrain (OC) (U/mg of (U/mg of

protein) protein)
PK27 25 0.29 1.2

43 (7.79 2.7

TS9 25 0.045 0.33
43 0.013 0.051

TS8 25 0.049 0.26
43 0.012 0.055

TS4 25 0.046 0.28
43 0.084 0.047

TS5 25 0.30
43 0.089

TS6 25 0.23
43 0.098

a Determined in whole cell suspension at 37°C as
described in the text.

U

C

C
a

a.44c
3

30 60 90 120
Minutes at 45°C

FIG. 1. Stability of activities in membrane frac-
tions at 450C. The fractions were incubated and
assayed as described in the text.

prepared by differential centrifugation after dis-
ruption in a French press., In the preparation
from wild type, nitrate reductase activity was
quite stable at 450C and actually increased about
50% over the incubation period. It has been
shown previously that nitrate reductase can be
released from the membrane by heating at 600C
and that a signiicant activation occurred during
that release (9, 10). In the membrane prepara-
tion from each mutant, nitrate reductase activity
was relatively unstable at 450C, with inactiva-
tion occurring with a half-time of 80 to 120 min.
In contrast, formate dehydrogenase in the mem-
brane preparations from the temperature-sensi-
tive mutants was as stable as, or more stable
than, the activity in the membrane fraction from
the wild type.
These results established that mutants TS4,

TS9, and TS9A produce a temperature-sensitive
form of membrane-bound nitrate reductase. It
remained possible that the alteration of some
other component that is associated with nitrate
reductase in the membrane was leading to the
temperature-sensitive state. To eliminate this
possibility, nitrate reductase was released from
membrane preparations of the wild type and of
mutant TS9A by treatment with deoxycholate
and ammonium sulfate as described above. This
procedure has been used to release nitrate re-
ductase from the membrane in a form that can
be purified to homogeneity free of other mem-
brane components (2). The solubilized nitrate
reductase from the mutant was markedly tem-
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perature sensitive relative to that from the wild
type (Fig. 2).

DISCUSSION
The results presented here establish that the

chiC gene codes for at least part of the poly-
peptide structure of nitrate reductase, because
mutations at this locus result in the formation
of a temperature-sensitive enzyme. Nitrate re-
ductase is composed of two distinct polypeptide
chains (9, 10), and it is not possible to determine
which of the polypeptides is rendered tempera-
ture sensitive in the mutants studied because
conditions have not been established for disso-
ciation and reconstitution of the enzyme. Be-
cause no other genetic loci are known to specif-
ically affect nitrate reductase activity, it remais
a possibility that the chiC gene codes for both
polypeptide chains of the enzyme.
Mutations at the chiC gene also result in

reduced levels of formate dehydrogenase activ-
ity, although the heat stability properties of this
enzyme are not affected by the temperature-
sensitive mutations. There are several possible
explanations for the reduction in formate dehy-
drogenase levels in chiC mutants. This enzyme
may be associated with nitrate reductase in the
membrane, and its synthesis or turnover may
be affected by the presence of stable nitrate
reductase. Alternatively, the formation of for-
mate dehydrogenase may be regulated directly
or indirectly by the activity of nitrate reductase.
Another possibility suggested by Guest (5) is
that formate dehydrogenase (or at least one of
its peptides) is encoded by an adjacent gene
that is part of an operon including the chiC
gene and that chiC mutations exert polar effects
on its expression. The latter possibility is attrac-
tive because several mutants (chiF) that ap-
peared to be most severely affected in their
formate dehydrogenase activity were found to
map near the chiC locus.

It has not been possible to carry out reversion
studies to establish that both the temperature-
sensitive phenotype and the reduced level of
formate dehydrogenase are the result of a single
mutation. Revertants to wild type are appar-
ently too rare to detect with the nonselective
procedure of Glaser and DeMoss (4), and the
mutants grow too well at the nonpermissive
temperature on the selective lactate-nitrate me-
dium of Venables and Guest (19) to permit the
isolation of revertants by that procedure. Al-
though it has not been proven by reversion
studies that both characteristics are the result
of a single mutation in the chiC gene, the results
strongly suggest that this is the case. Both were
characteristics of the three temperature-sensi-

10-C\
0. ~~~~~~~~0
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FIG. 2. Stability at 25 and 45°C of nitrate reduc-
tase released from membrane fractions by deoxycho-
late treatment. Nitrate reductase was released, and
the samples were incubated and assayed as described
in the text.

tive mutants that were examined in detail, and
both were transferred at high frequency with
trp during phage P1 transduction.
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