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Nitrate reductase solubilized from the membrane of Escherichia coli by
alkaline heat treatment was purified to homogeneity and used to prepare specific
antibody. Nitrate reductase, precipitated by this antibody from Triton extracts
of the membrane, contained a third subunit, not present in the purified enzyme
used to prepare the antibody. This third subunit was identified as the
cytochrome b, apoprotein. This cytochrome is bound to nitrate reductase from
wild-type E. coli in a ratio of 2 mol of cytochrome per mol of enzyme complex. In
mutants unable to synthesize heme, this cytochrome b, apoprotein is not bound
to nitrate reductase. In these same mutants, the enzyme is overproduced and
accumulates in the cytoplasm. The absence of cytochrome also affects the
stability of the membrane-bound form of the enzyme.

The nitrate reductase enzyme of Escherichia
coli is a membrane-bound enzyme which func-
tions anaerobically as a terminal electron ac-
ceptor. Under usual physiological circum-
stances the electron donor is formate, which is
oxidized by the enzyme formate dehydrogenase
(9). Cytochrome b, appears to be an intermedi-
ate in the transfer of electrons from formate
dehydrogenase to nitrate reductase (9), and the
amount of membrane-bound cytochrome b,
increases several-fold when nitrate is added to
cultures growing anaerobically (6).

The question arises as to how this cytochrome
b, is related to or coupled to the enzymes
formate dehydrogenase and nitrate reductase.
Is the cytochrome b, a separate component of
the system, free to diffuse in the membrane and
interact at random with the enzymes in a more
rigid complex? Is the cytochrome b, distinct
and separable from the donor and acceptor
enzymes, or do each of the enzymes have their
own cytochrome b, as tightly bound subunits?

Formate dehydrogenase which has been solu-
bilized and purified to the point where it is free
of nitrate reductase activity has been shown to
contain functional cytochrome b, (13). The
enzyme nitrate reductase, which has been puri-
fied to homogeneity, does not contain cyto-
chrome b, (8, 10). However, this purification
involved heating at alkaline pH to solubilize the
enzyme. As was shown in the previous paper in
this series (4), this procedure results both in
limited proteolysis of the enzyme and in the
complete loss of a small subunit (subunit C)
which is present when the enzyme is solubilized

without heating using the detergent Triton
X-100.

This paper presents evidence that the Triton-
solubilized enzyme contains bound cytochrome
b,, which is present in the ratio of 2 mol of
cytochrome per mol of molybdenum, and that
subunit C is the apoprotein of this cytochrome.
Furthermore, this cytochrome appears to play a
role in the regulation of synthesis of nitrate
reductase and in the in situ proteolysis of
nitrate reductase.

MATERIALS AND METHODS

Strains. Unless otherwise indicated, all experi-
ments were performed using E. coli RK7 (8). For
studies with hemA mutants, strains AN344 (pro-,
leu=, and hemA-) and the isogenic strain AN345
(pro-, leu-, hemA*) were used. Strains AN344 and
AN345 were provided by Graeme Cox.

Growth medium. Strain RK7 was grown anaerobi-
cally as previously described (4). For growth of strains
AN344 and AN345, this basic medium was supple-
mented with a mixture of amino acids and vitamins
(5). 8-Amino levulinic acid was added at a final
concentration of 20 ug/ml.

Cell fractionation. Cells were broken in a French
pressure cell as previously described (4). The crude
extract was centrifuged at 200,000 x g for 45 min. The
supernatant fraction resulting from this centrifuga-
tion was used to obtain the cytoplasmic fraction. This
supernatant was incubated at 32 C for 2 h. After this
incubation, the small membrane fragments contained
in the supernatant had aggregated and could be
removed by centrifugation (7). This final soluble
fraction is referred to as cytoplasm. Isolation of the
membrane fraction has been described elsewhere (4).

Difference spectra. All difference spectra were
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measured using an Aminco DW-2 spectrophotometer.
In each case, the sample was divided in half and the
dithionite-reduced sample was read against an air-
oxidized reference.

All other methods have been described in the
preceding paper (4).

RESULTS

Nitrate reductase purified by heat solubiliza-
tion contains two different subunits with molec-
ular weights of 142,000 (A) and 58,000 (B).
When specific antibody was used to precipitate
the enzyme from Triton-solubilized membrane,
the protein profile of this precipitate on SDS
(sodium dodecyl sulfate) gels showed that a
third protein was present. This protein, termed
subunit C, had a molecular weight of 19,500 and
was present in a ratio of 2 mol of subunit C to 1
mol of subunit B to 1 mol of subunit A (4). One
explanation for the existence of this protein in
Triton-solubilized nitrate reductase might be
that it is the cytochrome b, apoprotein, that it is
normally associated with nitrate reductase, and
that it is removed from the enzyme during the
heat extraction process. This possibility is
strengthened by the fact that the reduction of
nitrate to nitrite involves the transfer of two
electrons; therefore 2 mol of cytochrome would
need to be present per mol of enzyme for this
transfer to occur in one step.

This possibility was tested in the following
way. Membrane protein was solubilized with
Triton X-100. To one part of the Triton extract,
rabbit anti-nitrate reductase was added, fol-
lowed by goat anti-rabbit gamma globulin. To
another part of the extract, preimmune rabbit
serum was added, followed by the same goat
serum. The resulting precipitates were washed
and their spectra were determined. Figure 1
shows the difference spectrum of each precipi-
tate. The characteristic cytochrome b, peak at
558 nm was found in the anti-nitrate reductase
precipitate but not in the preimmune precipi-
tate. This figure also shows the difference spec-
trum of nitrate reductase precipitated from a
heat-solubilized extract. Although this sample
contained more total nitrate reductase protein
then the Triton-solubilized material, only a
very small peak at 558 nm was observed. It can
be calculated that the material precipitated
from the crude heat-solubilized membrane con-
tained 9% of the cytochrome b, found in a
corresponding amount of material precipitated
from the Triton extract. The membrane protein
which remains insoluble after heat extraction
also contains very little cytochrome b,. Since
the cytochrome b, is virtually absent both from
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FiG. 1. Difference spectra of antibody-precipitated
nitrate reductase. (A) Equal amounts of rabbit anti-
nitrate reductase (solid line) or preimmune rabbit
serum (dotted line) were added to identical samples of
Triton-solubilized membrane (4). These were then
precipitated with goat anti-rabbit gamma globulin.
The resulting precipitates were washed and sus-
pended in 0.15 M NaCl. Each suspension was divided
between two cuvettes. A small amount of sodium
dithionite was added to one cuvette and the difference
spectrum was measured with an Aminco spectropho-
tometer from 500 to 600 nm at 0.02 optical density full
scale. (B) Anti-nitrate reductase serum and goat
serum were added as in (A) to membrane prepara-
tions solubilized by heating at 60 C at pH 8.3. The
antibody precipitate was treated as in (A) and simi-
larly scanned. (B) contained 2.6 times the amount of
protein as (A).

the soluble and from the insoluble fractions
after heat extraction, it must be heat labile. The
purified, heat-extracted protein which was used
to immunize rabbits to obtain the antiserum
did not contain any cytochrome b,, since there
were no characteristic absorption peaks for
cytochrome b, detectable in difference spectra
of the purified enzyme and since there was no
subunit C detected in SDS gels of the purified
enzyme. Therefore, the cytochrome b, which is
precipitated by the antiserum must either be
precipitated nonspecifically or it must be bound
to the enzyme.

Proof that the precipitation of cytochrome
results from antigen-antibody combination is
provided in part by the preimmune serum
control experiment shown in Fig. 1, and by the
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results given in Tables 1 and 2. In the experi-
ment shown in Table 1, various concentrations
of rabbit antiserum were added to a fixed
amount of Triton-solubilized extract. The im-

TasLE 1. Co-precipitation of nitrate reductase and
cytochrome b, by anti-nitrate reductase serum®

ANAEROBIC CYTOCHROME b, IN E. COLI

Dilution of Supernatant Precipitate
anti-NR serum (total cyto-
Total cyto-| Total NR
added chrome b, (mU) chrome b,)
No serum 4.72 1,848 0

1:10 4.48 1,568 0.16
1:5 4.28 1,400 0.32
1:2 3.28 632 1.52
Undiluted 1.64 22 3.20

¢Equal amounts of 0.15 M NaCl, anti-nitrate
reductase (NR) serum diluted with 0.15 M NaCl, or
the concentrated antiserum were added to identical
samples of a Triton extract. The immune precipitates
were washed once (4) and suspended in 0.15 M NaCl.
Cytochrome b, was measured from the difference
spectrum as shown in Fig. 1A, and is expressed as the
difference in optical density at 558 nm x 102

TasLE 2. Co-precipitation of Triton-solubilized
nitrate reductase and cytochrome b, from mixtures of
Triton- and heat-solubilized extracts®

NR (mU) " | Total protein | TS protein in (;,y/toch:o :n]e

in precipitate| precipitate ;;r:gi:i:

HS TS (mg) (% of total) precipitate
0 8,640 0.358 100 1.56
3,450 5,180 0.558 48 0.54
5,180 | 3,450 0.884 35 0.32
6,910 {1,720 0.992 22 0.22
8,640 0 0.970 0 0.18

s Membrane preparations were isolated from iden-
tical cultures labeled with [*H Jleucine or [*‘C Jleucine.
The *H-labeled membrane was extracted with Triton
X-100, and the C-labeled membrane was extracted
by heating at 60 C. The heat-solubilized (HS) extract
was concentrated by pressure filtration to give the
same nitrate reductase (NR) activity per milliliter as
the Triton extract. Samples of the same volume were
prepared so that the ratio of HS enzyme activity to
Triton-solubilized (TS) enzyme activity were 0:100,
40:60, 60:40, 80:20, and 100:0. To each of these was
added a constant amount of rabbit anti-NR sufficient
to precipitate greater than 99% of the NR activity.
Cytochrome b, in the washed immune precipitates
was measured and is expressed as in Table 1. The
amount of TS and HS protein in the washed immune
precipitates was calculated from the °H and '*C
counts. In this experiment, the specific activity of NR
was somewhat lower in the HS preparation than in
the TS preparation; hence, the total amount of
protein was greater in the samples with greater
amounts of HS extract.
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mune precipitates were removed by centrifuga-
tion, and difference spectra of both the precipi-
tates and the supernatants were measured. The
removal of nitrate reductase activity by im-
mune precipitation was also determined by
measuring the activity remaining in the super-
natant after precipitation. If the cytochrome b,
(or at least a portion of it) is bound to the
enzyme, then a simultaneous removal of cyto-
chrome and enzyme activity should occur and
Table 1 shows that this does in fact occur.
However, when only 1% of the initial nitrate
reductase activity remains in the supernatant,
there is still 35% of the initial cytochrome b,
present in the supernatant. Thus, not all of the
cytochrome b, in the Triton extract is bound to
nitrate reductase, as might be expected.

In the experiment shown in Table 2, a Triton
extract and a heat extract were mixed in various
proportions. To these mixtures, a fixed amount
of antibody was added. The amount of cyto-
chrome b, and the amount of protein derived
from the Triton extract and the heat extract
were measured in the immune precipitates. As
the amount of Triton-solubilized protein in the
precipitates decreased, there was a correspond-
ing decrease in the amount of cytochrome b, in
the precipitates, even though the total amount
of protein in the precipitates increased. This
also shows that the precipitation of the cyto-
chrome b, is not due to nonspecific binding to
the immune precipitate. '

It was possible to calculate the extinction
coefficient of the cytochrome b, from the data
shown in the first line of Table 2, since both the
difference spectrum and the amount of protein
in the immune precipitate were determined,
and since the molecular weights and molar
ratios of the subunits present in the enzyme
which is immune precipitated from Triton ex-
tracts are known (4). A millimolar extinction
coefficient of 19.5 was calculated for dithionite-
reduced versus air-oxidized cytochrome b, at a
wavelength of 558 nm and a light path of 1 cm.
This calculation is based on molecular weight of
19,500 for the apoprotein. This extinction coeffi-
cient is in agreement with other extinction
coefficients which have been previously re-
ported for cytochrome b, (1, 2), and this agree-
ment provides further proof that subunit C is in
fact cytochrome b,.

Evidence that the 19,500-molecular-weight
protein is actually cytochrome b, was also
provided by examining the nitrate reductase
protein found in mutants unable to synthesize
heme without the addition of -amino levulinic
acid (JALA). Strain AN344 (hemA~) was grown
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anaerobically in the presence of nitrate either
with or without ALA. When the cytoplasm and
Triton extracts of the membrane fraction of this
mutant grown without ALA were examined for
the presence of cytochromes by difference spec-
trum, no trace of any cytochrome was found,
even at the most sensitive setting. When in vivo
nitrate reductase activity was determined by
measuring the amount of nitrite present in the
culture fluid (8), no significant nitrate reduc-
tase activity could be found (approximately
0.1% of the wild-type level). Strain AN344
grown with J6ALA, however, had higher
amounts of cytochrome than an isogenic
hemA* strain but comparable levels of in
vivo nitrate reductase activity. Enzyme as-
says using an artificial electron donor (methyl
viologen) provided contrasting results to those
just mentioned. The mutant AN344 grown with-
out ALA had 3.6 times the total nitrate re-
ductase activity (membrane plus cytoplasm)
than that measured in the same strain grown
with 6ALA. Obviously, the unsupplemented
mutant was able to make enzyme which func-
tions in the methyl viologen assay but not in
the organism itself. If a cytochrome were neces-
sary to couple nitrate reductase to its electron
donor, it would follow that any enzyme syn-
thesized in the mutant which could not make
heme (without 6ALA) would not be able to
function in vivo but might still appear active
when assayed with an artificial electron donor.
Assuming that the 19,500-molecular-weight
subunit found in the Triton-solubilized nitrate
reductase is the cytochrome b, apoprotein, it
might be absent in enzyme from AN344 grown
without SALA but present in enzyme from
AN344 grown with 6ALA. Figure 2 shows that
this is the case. Antibody was used to precipi-
tate nitrate reductase from Triton-solubilized
membrane fractions of AN344 grown with and
without ALA. The antibody-precipitated en-
zyme from the membrane of AN344 grown with
6ALA was composed of subunits of 142,000 (A),
60,000 (B), and 19,500 (C) molecular weights in
a ratio of 1:1:2, as determined on SDS gels (Fig.
2A). An isogenic hemA* strain without 6ALA
had an identical gel pattern. The enzyme pre-
cipitated from the Triton-solubilized mem-
brane proteins of AN344 grown without dALA
contained none of the 19,500-molecular-weight
(C) protein. Moreover, in place of the 60,000-
molecular-weight (B) subunit, only very small
peaks were present with molecular weights
ranging from 55,000 to 25,000. The 142,000-
molecular-weight (A) subunit was present (Fig.
2A). A comparison of enzyme activity (Table 3)
in the Triton-solubilized membranes shows that
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Fic. 2. Protein profile on SDS gels of *H-labeled
material precipitated by rabbit anti-nitrate reductase
from Triton-solubilized membrane (A) and cytoplas-
mic (B) fractions of strain AN344. In each case the
solid line represents AN344 grown without 6ALA and
the dotted line represents AN344 grown with 6ALA.
A, B, and C identify the three peptide peaks found in
nitrate reductase solubilized by Triton from the
membrane of wild-type E. coli (4). Methods for Triton
extraction, precipitation with antisera, and gel proce-
dures are described elsewhere (4).

TasLE 3. Distribution of nitrate reductase activity
and immune-precipitable nitrate reductase protein in
a hemA mutant grown with and without SALA®

Total nitrate reduc- | Total nitrate reduc-
tase protein (mg) tase activity (mU)
Supplement
TS mem- TS -
brane Cytoplasm brr::;n Cytoplasm
none 0.78 2.00 24,000 | 117,000
SALA 1.30 0.60 20,000 19,000

“Identical cultures of strain AN344 were grown
with and without ALA. Both cultures were grown
with [°H Jleucine to permit determination of protein in
immune precipitates from the cytoplasm and from
Triton extracts of the membrane fractions. Enzyme
activity was measured in each fraction before and
after immune precipitation, and in all cases greater
than 99% of the activity was removed by immune
precipitation. TS, Triton solubilized.

the methyl viologen enzyme activity is slightly
higher in the unsupplemented mutant. How-
ever, if total antibody-precipitable protein is
compared, more nitrate reductase protein is
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found in the membrane from the supplemented
mutant. A similar comparison of enzyme activi-
ties in the cytoplasm fractions from this same
experiment demonstrated that there was six
times the assayable activity in the cytoplasm
from the strain grown without SALA as com-
pared to that in the supplemented strain but
only 3.3 times the amount of precipitable pro-
tein. The excessive amount of nitrate reductase
seen in this hemA- mutant grown without
6ALA, then, is not bound to the membrane but
located in the cytoplasm. An SDS gel compari-
son of the nitrate reductase precipitated from
each cytoplasmic fraction is shown in Fig. 2B.
The 6ALA-supplemented mutant has the same
gel pattern seen in the isogenic hemA+ strain
and in wild-type RK7 (4), i.e., only the A
subunit is distinguishable. However, the nitrate
reductase in the cytoplasm of the unsupple-
mented mutant is composed of both the A and
B subunit. In this case, the ratio of subunit A to
subunit B is greater than 1:1. In neither the
cytoplasm nor the membrane fraction of the
mutant grown without SALA is there any
19,500-molecular-weight protein (subunit C)
bound to the nitrate reductase.

DISCUSSION

Two kinds of experiments have been used to
prove that Triton-solubilized nitrate reductase
contains bound cytochrome b, and that the
19,500-molecular-weight subunit C is actually
the cytochrome b, apoprotein. One series of
experiments involved the spectral measurement
of cytochrome b, in antibody precipitates.
These experiments demonstrated that cyto-
chrome b, co-precipitates with nitrate reduc-
tase from Triton-extracted membrane. The fol-
lowing evidence has been given: (i) anti-nitrate
reductase serum precipitates cytochrome b, but
preimmune serum does not. (ii) The precipita-
tion of cytochrome b, from Triton extracts
follows the precipitation of nitrate reductase
from these extracts. (iii) Antibody precipitates
from mixtures of Triton- and heat-solubilized
membrane proteins contain decreasing amounts
of cytochrome b, as the ratio of Triton-solubil-
ized enzyme to heat-solubilized enzyme in the
precipitate decreases.

A second series of experiments involved the
use of a hemA mutant. Grown under conditions
where it synthesizes no heme, this mutant still
makes nitrate reductase but the antibody-
precipitated enzyme contains no subunit C.

Difference spectra revealed the presence of
only very small amounts of cytochrome b, in the
enzyme precipitated from crude heat-solubil-
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ized membrane or in the crude heat extract
itself. (The cytochrome was completely re-
moved from the enzyme during purification
after alkaline heat extraction (8).) Equally
small amounts of cytochrome were found in the
material which remained bound to the mem-
brane after heating. It has been shown previ-
ously (4) that when the membrane is heated in
the presence of the protease inhibitor p-
aminobenzamidine, nitrate reductase is not
degraded and the activity remains in the mem-
brane. Subunits A and B also remain in the
membrane but subunit C is lost. Thus, the loss
of the difference peak at 558 nm after heating
corresponds to the loss of the C subunit from the
enzyme after heating.

The fact that total removal of nitrate reduc-
tase from Triton extracts results in the removal
of only 65% of the cytochrome b, is probably due
to the remainder of the cytochrome b, being
associated with other enzymes, such as formate
dehydrogenase (3).

Cytochrome b, must also be involved in the
regulation of nitrate reductase. This regulation
is in two directions: amount of enzyme pro-
duced and attachment of the enzyme to the
membrane. Measurements of the amount of
antibody-precipitable nitrate reductase in the
cytoplasm and Triton-soluble membrane frac-
tions indicated that there is at least a 1.6-fold
increase in the total amount of enzyme protein
synthesized in mutants lacking functional cyto-
chrome b,, compared to those with functional
cytochrome b,. The protein profile on SDS gels
of membrane-bound nitrate reductase from the
mutant lacking functional cytochrome b, indi-
cates that when the cytochrome is not bound to
the enzyme, the enzyme appears to be de-
graded. This is evidenced by the loss of the B
subunit (Fig. 2A) and by the reduction of the
total amount of membrane-bound nitrate re-
ductase (Table 3). In contrast, the cytoplasm of
the mutants without functional heme contains
enzyme with the B subunit intact. However,
there is about 25% more A subunit present than
B subunit. My interpretation of these data is
the following: if all the nitrate reductase synthe-
sized in the unsupplemented hemA mutant
were inserted into the membrane, the mem-
brane would be 32% nitrate reductase. Such a
membrane could probably not be made. There-
fore much of the nitrate reductase synthesized
under these conditions is never inserted into the
membrane and, consequently, appears unde-
graded. The excess A subunit present is that
released from the membrane. These observa-
tions support the previous conclusion (4) that
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the B subunit is responsible for the attachment
of the enzyme to the membrane.

It should be noted that Haddock and Schairer
(1) have shown that a similar hemA mutant is
able to synthesize the cytochrome apoproteins
when grown without ALA, although they were
not able to demonstrate whether these apo-
proteins were inserted into the membrane or
remained cytoplasmic. This may also be the
case in this mutant. The apoprotein without
heme may influence the regulation of nitrate
reductase in a different way than does the intact
cytochrome. What is obvious in this mutant is
that the cytochrome b, apoprotein, present or
not, is not attached to the nitrate reductase in
the same way as in the wild type.

It has been demonstrated previously that
increased amounts of nitrate reductase can be
measured by methyl viologen assay after heat-
ing the membrane-bound enzyme (4). A differ-
ence in assayable enzyme activity can also be
s2en in the different forms of nitrate reductase
found in the hemA mutant. When milligrams of
enzyme protein is compared with units of en-
zyme activity in Table 3, it becomes obvious
that the relationship between protein and activ-
ity differs. Further, it can be demonstrated in
the wild type that cytoplasmic nitrate reductase
has a higher specific activity (based on milli-
grams of antibody-precipitable protein) than
that of membrane-bound enzyme. The cyto-
plasmic enzyme contains only subunit A,
whereas the membrane-bound form contains all
three subunits. If specific activity in the mem-
brane fraction is calculated on only the amount
of A protein present, the activity increases to
that of the cytoplasmic nitrate reductase. These
observations indicate that the only part of the
enzyme necessary for methyl viologen-nitrate
reductase activity is subunit A. Thus the
methyl viologen assay is not an accurate mea-
sure of the total amount of nitrate reductase
protein present, nor is the specific activity
based on this assay a proper measure of the
purity of the enzyme.

Finally, one might gain insight into the func-
tioning of anaerobic electron transport, using
the information we have accumulated about
nitrate reductase. Since the enzyme complex
appears to always have cytochrome b, bound to
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it (that is, the enzyme which is functional in
vivo) and the cytochrome is always present in a
fixed ratio of cytochrome to enzyme, and since
there is evidence that formate dehydrogenase
and cytochrome b, have a similar relationship,
the transfer of electrons from formate dehydro-
genase to nitrate reductase might be best pic-
tured as occurring as a result of the collision of
individual enzyme-cytochrome complexes. The
classical concept of a chain of cytochromes and
enzymes fixed in the membrane is likely not to
apply in this case.
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