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The cytoplasmic nitrate reductase in heme mutant H-14 of Staphylococcus
aureus was partially purified by steps which included ammonium sulfate frac-
tionation and chromatography on Bio-Gel A 1.5m and ion-exchange columns.
The active fractions from the ion-exchange columns showed two forms of the
enzyme upon electrophoresis in nondenaturing gels of polyacrylamide; these
corresponded to proteins of Rf 0.16 and 0.28. Each form contained a predominant
polypeptide of molecular weight 140,000, as shown by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The Rf 0.16 form contained another major
polypeptide of molecular weight 57,000, but the Rf 0.28 form contained several
other polypeptides. The sedimentation properties of the enzyme were examined
after partial purification on Bio-Gel A 1.5m. In sucrose gradients containing
Triton X-100 the enzyme sedimented as a homogeneous peak with an estimated
molecular weight of 225,000; without detergent a heterogeneous profile was
observed of molecular weight greater than 250,000. Treatment of the enzyme with
trypsin increased the specific activity, and the enzyme sedimented as a homoge-
neous peak in sucrose gradients without Triton X-100, with an estimated molec-
ular weight of 202,000. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
indicated that trypsin treatment converted the polypeptide of molecular weight
140,000 to a polypeptide of molecular weight 112,000. We conclude that the
cytoplasmic nitrate reductase of S. aureus has a large subunit of molecular weight
140,000, which can be modified by trypsin to a polypeptide of molecular weight
112,000 without loss of catalytic activity.

Respiratory nitrate reductase systems have
been investigated extensively in enteric bacteria
and in denitrifying bacteria (13, 14). In general,
the nitrate reductase in these organisms has
been found almost exclusively in the cytoplasmic
membrane, and purification has usually required
solubilization with detergents or organic sol-
vents. Different forms of the enzyme from Esch-
erichia coli have been described, varying with
the method of release from the cytoplasmic
membrane. Preparations solubilized with deter-
gent are associated with cytochrome b (3, 6, 9,
10), but the cytochrome is not found in prepa-
rations released by heat treatment (8, 11). Ni-
trate reductase released by heat treatment has
been purified to homogeneity and shown to have
two subunits in a ratio of 1:1. The large subunit
has a molecular weight estimated to be from
142,000 (11) to 150,000 (8), and the small subunit
has an estimated molecular weight of 55,000 (8)
to 58,000 (11).
We have been concerned with the respiratory

nitrate reductase system in wild-type and Hem

mutants of Staphylococcus aureus (1, 2, 7). The
reductase in the cytoplasmic membrane links
with L-lactate or sn-glycerol-3-phosphate dehy-
drogenase via cytochrome b, but the organism
also has large amounts of cytoplasmic nitrate
reductase. The cytoplasmic enzyme accounts for
at least 50% of the total activity measured in
crude lysates with artificial electron donors. In
this paper we describe the partial purification
and some properties of the cytoplasmic enzyme
from Hem mutant H-14, with a future view
toward comparing it with the enzyme in the
cytoplasmic membrane. The mutant was chosen
as source since it has higher nitrate reductase
activity than the wild type when grown without
hemin (2).

MATERIALS AND METHODS
Organism and growth conditions. Hem mutant

H-14 of S. aureus was used; its properties have been
described previously (1, 2, 7). Cells were grown in
static culture at 34 to 370C in SB medium supple-
mented with 50 mM glucose, 10mM sodium pyruvate,
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20 mM KNO3, 0.1 mM uracil, and 0.1 mM sodium
molybdate (1, 2, 7).
Assay of nitrate reductase. Nitrate reductase

activity was assayed with reduced methyl viologen as
electron donor (7). One unit of enzyme is defined as
the amount catalyzing the formation of 1 ,umol of
nitrite per min under the standard conditions of assay.

Polyacrylamide gel electrophoresis. Samples
were analyzed by polyacrylamide gel electrophoresis
in nondenaturing gels containing 7.5% polyacrylamide.
The gels were stained histochemically for nitrate re-
ductase activity with reduced methyl viologen as elec-
tron donor (2). Elution of the enzyme for analysis by
sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis was by immersion of the gel slices in 10
mM Tris-hydrochloride buffer (pH 7.5) for 15 h at
5°C. The eluates were concentrated and dialyzed by
using an Amicon Dynaflow apparatus under nitrogen
with an XM 50 membrane.

Analysis by SDS-polyacrylamide gel electrophore-
sis was as described previously (1). The gels contained
5% polyacrylamide for determination of molecular
weights greater than 100,000, otherwise, 10% gels were
routinely used.

Sucrose gradient centrifugation. Linear gra-
dients of 5 to 20% sucrose in 50mM Tris-hydrochloride
buffer (pH 7.6) were prepared by layering a discontin-
uous gradient of 20, 15, 10, and 5% sucrose with over-
night equilibration at 40C; where stated, Triton X-100
was included in the gradient. Enzyme samples con-
taining 10,ug of catalase as marker were applied in a
volume of 0.1 to 0.3 ml to 5-rnl gradients, and centrif-
ugation was for 11 h at 34,000 rpm in an SW50.1 rotor
at 4°C. Fractions of 3 to 6 drops were collected and
assayed for enzyme activity. The molecular weights
were estimated as described by Martin and Ames (12).

Trypsin treatment. Samples of enzyme (2 mg of
protein in 0.5 ml of 50 mM Tris-hydrochloride buffer,
pH 8.1) were mixed with 0.06 ml of 0.1 M CaCl2 and
0.06 ml of trypsin (5 mg/ml in 0.001 N HCl) and
incubated at 30°C for 30 min. The reaction was ter-
minated by the addition of 0.12 ml of trypsin inhibitor
(5 mg/ml in 0.1 M EDTA). Controls were treated
similarly except that water was added instead of tryp-
sin.

Protein determinations. Protein was estimated
by a modification of the method of Lowry et al., using
bovine serum albumin as standard (5).

Materials. Trypsin was from Worthington Bio-
chemicals Corp. Trypsin inhibitor (soybean), catalase,
Triton X-100, and phenylmethylsulfonyl fluoride were
from Sigma Chemical Co. The latter compound was
prepared immediately before use as a 0.1 M solution
in isopropanol. The molecular weights and sources of
the polypeptides used as standards for the determi-
nation of molecular weight by SDS-polyacrylamide
gel electrophoresis were: hemocyanin, 290,000, kindly
provided by Mary-Anne Markwell; phosphorylase a,
92,500, Sigma; conalbumin, 77,000, Sigma; bovine se-
rum albumin, 68,000, Sigma; catalase, 60,000, Sigma;
and ovalbumin, 43,000, Sigma.

Purification of nitrate reductase. The cells from
8 liters of culture were harvested at the end of the
logarithmic phase of growth at a culture density of

approximately 1.7 at 540 nm. The cells were washed
in 50 mM potassium phosphate buffer (pH 7.5) and
suspended in approximately 350 ml of this buffer to a
protein concentration of 10 mg/ml. They were stored
at -20°C until required.

Preparation of lysates and cytoplasmic frac-
tion. The thawed cell suspensions were centrifuged,
and the cells were suspended in approximately 350 ml
of 50 mM potassium phosphate buffer (pH 7.5) con-
taining 25% NaCl. Lysozyme and lysostaphin were
added (1 and 0.025 mg/ml of suspension, respectively),
and the mixture was incubated for 30 min at 37°C; in
this time at least 90% of the cells were converted to
spheroplasts. The preparations were centrifuged for
15 min at 27,000 x g, and the pellet was homogenized
in 40 to 50 ml of 50 mM potassium phosphate buffer
(pH 7.5) containing 10% (wt/vol) glycerol, 5 mM
MgSO4, and 1 mM phenylmethylsulfonyl fluoride.
DNase and RNase (1 ug of each per ml) were added,
and the preparation was passed through a French
pressure cell at 18,000 lb/in2. The lysate was centri-
fuged for 2 h at 150,000 x g to remove particulate
matter. The supernatant, designated the crude cyto-
plasm, was the starting material for the subsequent
purification steps, which were carried out at 0 to 5°C.

Step 1. The cytoplasmic fraction was brought to
30% saturation by the addition of saturated ammo-
nium sulfate in 50 mM potassium phosphate buffer
(pH 7.5), and after 30 min the mixture was centrifuged
for 15 min at 27,000 x g. The supematant was brought
to 60% saturation with ammonium sulfate, stirred for
30 min, and then centrifuged for 15 min at 27,000 x g.
The supernatant was discarded, and the pellet was
dissolved in 50 mM potassium phosphate buffer (pH
7.5) containing 10% (wt/vol) glycerol and 1% (wt/vol)
Triton X-100 to a protein concentration of 10 to 20
mg/ml.

Step 2. The solution from step 1 was layered on a
column (2 by 92 cm) of Bio-Gel A 1.5m equilibrated
with 50 mM potassium phosphate buffer (pH 7.5)
containing 0.1 M NaCl, 10% glycerol, and 1% Triton
X-100. The column was eluted with the same solution
at a flow rate of 25 ml/h, and 3-ml fractions were
collected. Active fractions eluting behind the void
volume were combined, concentrated by using an
Amicon XM 50 membrane, and dialyzed for 18 h
against 20 mM Tris-hydrochloride buffer (pH 7.5)
containing 10% glycerol and Triton X-100.

Step 3. The solution from step 2 was applied to a
column (2 by 13 cm) of epichlorohydrin triethanola-
mine-cellulose previously equilibrated with 20 mM
Tris-hydrochloride buffer (pH 7.5) containing 10%
glycerol and 1% Triton X-100. The column was washed
with 1 column volume of the same buffer and then
eluted with a linear gradient of 0 to 0.35 M KCI in this
buffer. Fractions of 3 ml were collected over a total
gradient volume of 450 ml. Active fractions were
pooled, concentrated by using an Amicon XM 50
membrane, and dialyzed against 20 mM Tris-hydro-
chloride buffer (pH 7.8) containing 10% glycerol and
1% Triton X-100.

Step 4. The solution from step 3 was applied to a
column (1 by 12 cm) of Whatman DEAE-cellulose
equilibrated with 20 mM Tris-hydrochloride buffer
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(pH 7.8) containing 10% glycerol and 1% Triton X-100.
The column was washed with 1 column volume of the
same buffer and then eluted with a linear gradient of
0 to 0.45 M KCI in 200 ml of the same buffer. Fractions
(1 ml) were collected.

RESULTS

Purification. The procedure summarized in
Table 1 gave an 18-fold purification of the cy-
toplasmic nitrate reductase with an overall re-
covery of 13%. The final step on DEAE-cellulose
gave two areas of enzyme activity; the fractions
including each area were pooled and designated
peaks I and II (Fig. 1). Preparations of the
enzyme were kept in the presence of 10% glycerol
and could be stored for at least 6 months without
loss of activity.
The major loss of activity occurred during

chromatography on ion-exchange celluloses. No
significant loss was observed during the dialysis
and concentration of the material from the Bio-

TABLE 1. Purification of nitrate reductase
Total Total

Step Fraction Pro- Ac- Sp Yieldtein tivity acta (%
(mg) (U)

Crude cytoplasm 619 931 1.5 100

1 60% Ammonium 322 876 2.7 94
sulfate
precipitate

2 Bio-Gel A 1.5m 86 662 7.7 71

3 ECTEOLA-celluloseb 25 311 12.4 33

4 DEAE-cellulose
Peak I 2.8 60 21.4 5.5
Peak II 3.1 83 26.8 7.5

a Expresed as micromoles of nitrite formed per minute per
milligram of protein.

b ECTEOLA-cellulose, Epichlorohydrin triethanolamine-
cellulose.
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FIG. 1. Elution profile from DEAE-cellulose col-
umn. Solid line, nitrate reductase; dashed line, pro-
tein. Fractions 108 to 119 and 120 to 133 were pooled,
concentrated, and designated peaks I and II, respec-

tively.

Gel column (step 2). Purification was also at-
tempted in the absence of Triton X-100. Large
amounts of activity eluted in the void volume of
the Bio-Gel column, but inclusion of the deter-
gent in the buffer resulted in elution of the
enzyme as one peak. However, in subsequent
steps on ion-exchange columns heterogeneity
was observed with or without Triton X-100.
Such heterogeneity frustrated attempts to im-
prove upon the purification by isoelectric focus-
ing, by chromatography on DEAE-cellulose be-
fore epichlorohydrin triethanolamine-cellulose,
and by varying the elution gradients. Heteroge-
neous forms of the enzyme were consistently
observed, and significant increases in specific
activity were not obtained. Phenylmethylsulfo-
nyl fluoride (1 mM) was routinely included in
preparations of the crude lysates to inactivate
proteases. The inhibitor was also included in the
elution buffers in several purifications, but it did
not affect the heterogeneity or yield.
Analysis of enzyme fractions by poly-

acrylamide gel electrophoresis. Prepara-
tions of nitrate reductase at various stages of
purification were analyzed by electrophoresis on
slab gels containing 7.5% polyacrylamide; the
gels were stained histochemically for enzyme
activity and for protein with Coomassie brilliant
blue (Fig. 2A). The crude cytoplasm and the
fraction from the Bio-Gel step showed one band
of activity corresponding to a protein band of Rf
0.16. After chromatography on the ion-exchange
columns a second band of enzyme activity was
revealed on the gels, corresponding to a protein
band of Rf 0.28. Peak I from the DEAE-column
showed a predominance of enzyme activity as-
sociated with this protein (Fig. 2A, channel 4),
whereas peak II showed two areas of enzyme
activity corresponding to proteins of Rf 0.16 and
0.28 (Fig. 2A, channel 3).
The two forms of enzyme found on the histo-

chemical gels were analyzed by SDS-polyacryl-
amide gel electrophoresis. Peaks I and II from
the DEAE-cellulose column were furst run on
the nondenaturing gels; the bands of enzyme
were then eluted and subjected to SDS-poly-
acrylamide gel electrophoresis (Fig. 2B). Both
the Rf 0.16 fonn (channel 4) and the Rf 0.28
form (channels 1 and 3) showed a predominant
polypeptide of molecular weight 140,000. In ad-
dition, the Rf 0.16 form showed one other poly-
peptide of molecular weight 57,000. The Rf 0.28
form from both peaks I and II showed an array
of polypeptides ranging in molecular weight
from 77,000 to 43,000.
The observations suggest that the Rf 0.28

form of the enzyme may have been derived from
the Rf 0.16 form during purification on the ion-
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2 3 4 5 tions were centrifuged in sucrose gradients con-

taining 1% (wt/vol) Triton X-100 (Fig. 3), and

the activity sedimented slightly behind the cat-
alase marker. The estimated molecular weight

9 2 under these conditions was 225,000.
; 68 Effect of trypsin. The effect of trypsin treat-

ment was examined with preparations of nitrate
reductase purified from the Bio-Gel column in
the absence of Triton X-100. Incubation of the
enzyme preparations with trypsin for 30 min or

longer increased the activity by approximately
1.5-fold and markedly altered the sedimentation
pattern in sucrose gradients (Fig. 4). The tryp-
sin-treated material sedimented as a single ho-
mogenous peak of activity in gradients without
detergent, and the estimated molecular weight
was 202,000. Under the same conditions, the
control without trypsin showed the diffuse pro-

file described above.
oolyacrylamide gel The control and trypsin-treated enzymes were
ise preparations at isolated from the sucrose gradients and analyzed
ab gels containing by polyacrylamide gel electrophoresis. On non-

histochemically for denaturing gels, the Rf 0.16 form of the enzyme

otein with Coomas- *. 'otein Coofnmes (described above) was found m the control (Fig.
t bognedlsA iezym6 5A, channel 1). The trypsin-treated samples re-

. channel2A crude vealed two bands of activity corresponding to
U of enzyme); chan- proteins of Rf 0.36 and 0.40; no evidence was
Fse (15 jig ofprotein, found of either the Rf 0.16 form or the Rf 0.28
eak I from DEAE- form (Fig. 5A, channel 2). Analysis of the tryp-
U of enzyme). (B) sin-treated material by SDS-polyacrylamide gel

7horesis of Rf 0.16 electrophoresis showed a predominant poly-
and Rf 0.28 forms of nitrate reductase. Samples of
peaks I and IIfrom the DEAE-cellulose column were
run on nondenaturing gels, and the bands of activity
were eluted and subjected to SDS-polyacrylamide gel
electrophoresis; 10 pg ofprotein was applied to each
channel. Channel 1, Rf 0.28 form frompeak I; channel
3, Rf 0.28 form from peak II; channel 4, Rf 0.16 form
from peak II; channels 2 and 5, protein standards
(phosphorylase a, conalbumin, and bovine serum al-
bumin); the numbers show the respective molecular
weights, in thousands, of these standards.

exchange columns. The polypeptide of molecu-
lar weight 140,000 was common to both forms of
the enzyme and is presumed to be the catalytic
subunit.
Sedimentation of nitrate reductase in su-

crose gradients: effect of Triton X-100. In
these experiments nitrate reductase was purified
by chromatography on Bio-Gel A 1.5m as de-
scribed above, except for the omission of Triton
X-100 from the buffer. The enzyme showed a

diffuse sedimentation profile when centrifuged
in sucrose gradients without detergent (Fig. 3,
control), and the estimated molecular weight
was greater than that of the catalase marker
(250,000). In contrast, a sharp sedimentation
profile was observed when the enzyme prepara-
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FIG. 3. Sedimentation of nitrate reductase in su-

crose gradients. The gradients were prepared as de-
scribed in the text without Triton X-100 (control) and
with 1% (wt/vol) Triton X-100. The enzyme prepara-
tion was from the Bio-Gel A 1.5m column without
Triton X-100. The arrows mark the position of the
catalase marker.
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FIG. 4. Sedimentation in sucrose gradients of un-
treated and trypsin-treated preparations of nitrate
reductase. The enzyme was from the Bio-Gel A 1.5m
column without Triton X-100. Control and trypsin-
treated samples were prepared as described in the
text, and 0.2-ml amounts were applied to the gra-
dients (5 to 20% sucrose in 50mM Tris-hydrochloride
buffer, pH 7.5). The arrows show the elution position
of the catalase marker.

peptide of molecular weight 112,000 (Fig. 5B,
channel 2). The polypeptide of molecular weight
140,000 shown in the control (Fig. 5B, channel
3) was not detectable after trypsin treatment.
The modifications described above occurred

within 30 min of incubation with trypsin, and
further incubation for periods up to 2 h did not
alter the polypeptide pattern or the enzyme
activity.
Forms of nitrate reductase during the

growth cycle. Cell extracts were prepared from
organisms harvested in the early, middle, and
late logarithmic and the stationary phases of
growth. The extracts were separated into mem-
brane and cytoplasmic fractions, and nitrate re-
ductase activity was assayed in each fraction
and in the. crude extract. The proportion of
activity found in the cytoplasmic fraction did
not vary significantly throughout the growth
cycle and accounted for 50 to 70% of the total
activity. The cytoplasmic fraction from each
sample was analyzed on histochemical gels con-
taining 7.5% polyacrylamide. The Rf 0.16 form
of nitrate reductase was found to predominate
throughout the growth cycle, and only traces of
the Rf 0.28 form were observed.

DISCUSSION
This work has shown that the cytoplasmic

nitrate reductase from S. aureus has a large

subunit of molecular weight 140,000. This sub-
unit is comparable to the large subunit of the
nitrate reductase purified from the cytoplasmic
membrane of E. coli (8, 11), and it is presumed
to contain the catalytic site. The presence of
other subunits in the enzyme from S. aureus
could not be established since it was not purified
to homogeneity. Multiple forms of the enzyme
were observed during purification and were a
major obstacle to achieving a homogeneous
preparation. Heterogeneous forms have also
been reported in the purification of nitrate re-
ductase from E. coli (3, 8) and Enterobacter
aerogenes (14).
The most highly purified enzyme from S. au-

reus showed one other major polypeptide of
molecular weight 57,000 when analyzed by SDS-
polyacrylamide gel electrophoresis. This mate-
rial was prepared by elution from nondenaturing
gels of the Rf 0.16 form, which in turn was
derived from the enzyme in peak II from the
DEAE-cellulose column (Fig. 1 and 2). The sec-
ond subunit of the E. coli nitrate reductase is of
similar molecular weight (estimated to be from
45,000 to 67,000) (3, 6, 8, 11). This subunit is
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FIG. 5. Polyacrylamide gel electrophoresis of con-
trol and trypsin-treated nitrate reductase from su-
crose gradients. Fractions 8 to 13 (control) and 14 to
18 (trypsin treated) from the gradients shown in Fig.
4 were pooled and concentrated. (A) Nondenaturing
gels containing 7.5% polyacrylamide, stained for ni-
trate reductase activity (shown by arrows) and then
for protein with Coomassie brilliant blue. Channel 1,
control (10 pg ofprotein); channel 2, trypsin treated
(15 pg of protein). (B) SDS-polyacrylamide gel elec-
trophoresis. Each channel received 10 pg ofprotein.
Channel 1, standard proteins (phosphorylase a, con-
albumin, bovine serum albumin, catalase, ovalbu-
min); channel 2, trypsin-treated enzyme; channel 3,
control enzyme sample. The numbers show the molec-
ular weights (in thousands); the catalase polypeptide
(60,000) is present in both enzyme samples.
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apparently susceptible to degradation during pu-
rification, possibly accounting for the discrep-
ancies in the molecular weight estimates (3, 4, 8,
10, 11). The apparent molecular weight of the
nitrate reductase from S. aureus was 225,000, as
estimated by sedimentation in sucrose gradients
containing 1% Triton X-100. This value gives
some support for a second subunit and approxi-
mates the molecular weight (200,000 to 220,000)
of the monomeric form of the enzyme from E.
coli (3, 8). However, the estimated value must
be regarded cautiously because of possible bind-
ing of the detergent to the enzyme.
The two forms of nitrate reductase revealed

by electrophoresis on nondenaturing polyacryl-
amide gels were found only in preparations pu-
rified by chromatography on ion-exchange cel-
lulose columns. The Rf 0.28 form was not de-
tectable in the crude cytoplasm of extracts from
cells harvested at various stages of growth, nor
was it apparent in preparations from the Bio-
Gel columns. We suggest that the Rf 0.28 form
was derived from the Rf 0.16 form during puri-
fication. The array of polypeptides revealed by
SDS-polyacrylamide gel electrophoresis of the
Rf 0.28 form (Fig. 2B) may represent degrada-
tion products, possibly arising from the putative
subunit of molecular weight 57,000.
The presence of Triton X-100 in the sucrose

gradients was necessary to obtain a sharp sedi-
mentation profile (Fig. 3). Such effects of deter-
gent have been reported with certain enzymes
solubilized from cytoplasmic membranes, in-
cluding the nitrate reductase (3) and D-lactate
dehydrogenase of E. coli (15). It is thought that
the detergent prevents aggregate formation due
to protein-protein interaction between enzyme
monomers.
Treatment of the staphylococcal nitrate re-

ductase with trypsin drastically altered its be-
havior. The enzyme sedimented in sucrose gra-
dients without detergent as a homogeneous
peak, with an estimated molecular weight of
202,000. Also, the specific activity was increased.
These changes were correlated with the disap-
pearance of the polypeptide of molecular weight
140,000 and the appearance of a polypeptide of
molecular weight 112,000. The observations sug-
gest that the subunit ofmolecular weight 140,000
can lose a large segment without damage to the
catalytic site, as measured with reduced methyl
viologen as electron donor. The segment re-
moved by trypsin could be responsible for the
tendency of the enzyme to form aggregates in
the absence of detergent. The effect of trypsin
on the nitrate reductase of S. aureus differs
markedly from its effect upon the enzyme from
E. coli (4). In the latter case, the large subunit
was not affected, whereas the second subunit

was apparently converted from a polypeptide of
molecular weight 59,000 to one of molecular
weight 43,000.
A major question concerning the cytoplasmic

nitrate reductase of S. aureus is its relationship
to the enzyme in the cytoplasmic membrane
which functions physiologically with membrane
L-lactate and glycerol-3-phosphate dehydrogen-
ase.
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