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Nitric oxide synthase (NOS) catalyses the conversion of L-
arginine into L-citrulline and nitric oxide. Recently we have
developed a method for expression of recombinant rat brain
NOS in baculovirus-infected Sf9 cells and purification of the
enzymically active enzyme [Harteneck, Klatt, Schmidt and Mayer
(1994) Biochem. J. 304, 683-686]. To study how biosynthetic
manipulation of the NOS cofactors haem, FAD/FMN, and
tetrahydrobiopterin (H,biopterin) affects the properties of the
isolated enzyme, Sf9 cells were infected in the absence and
presence of haemin chloride (4 xg/ml), riboflavin (0.1 mM), and
the inhibitor of H,biopterin biosynthesis 2,4-diamino-6-
hydroxypyrimidine (10 mM). In the absence of haemin, NOS
was expressed to a very high level but remained predominantly
insoluble. Purification of the soluble fraction of the expressed
protein showed that it had poor activity (0.35 gmol of citrull-

ine-mg ' -min~') and was haem-deficient (0.37 equiv. per mono-
mer). Supplementing the culture medium with haemin resulted in
pronounced solubilization of the expressed enzyme, which had a
specific activity of ~1 gmol of citrulline-mg™-min~' and con-
tained 0.95 equiv. of haem per monomer under these conditions.
Unexpectedly, the amount of H,biopterin endogenously present
in the different NOS preparations positively correlated with the
amount of enzyme-bound haem (y = 0.066 +0.430x; r = 0.998).
Radioligand binding experiments demonstrated that haem-
deficient enzyme preparations containing 30-40 9, of the holo-
enzyme bound only ~409, of H,biopterin as compared with
haem-saturated controls. These results suggest that the prosthetic
haem group is essentially involved in the correct folding of NOS
that is a requisite for solubilization of the protein and tight
binding of H,biopterin.

INTRODUCTION

Nitric oxide synthase (EC 1.14.13.39; NOS) catalyses oxidation
of L-arginine to L-citrulline and nitric oxide (NO). Three distinct
forms of NOS have been characterized so far. The isoenzymes
constitutively expressed in neuronal and vascular endothelial
cells require Ca**/calmodulin for activity, whereas macrophages
and most other mammalian cells express a Ca*'-independent,
inducible NOS upon activation by various cytokines [1-4].
Neuronal NOS (nNOS) was purified from rat and pig cerebellum
as a 150-160 kDa protein [5,6] which appears to exist as a
homodimer in its native state [7]. Biochemical characterization of
nNOS showed that it contains tightly bound P-450-like haem
[8-11] as well as the flavins FAD and FMN [12-14] as prosthetic
groups. Together with the sequence similarities to cytochrome P-
450 reductase [15], these results suggest that NOSs may be fusion
proteins of a cytochrome P-450 oxygenase and a flavin-con-
taining P-450 reductase, the latter shuttling reducing equivalents
from the co-substrate NADPH to the haem [16-19].

The pteridine derivative (6R)-5,6,7,8-tetrahydro-L-biopterin
(H,biopterin) has been identified as a cofactor of NOS [20,21],
but its role in NO biosynthesis is not well understood [22].
Recent results indicate that H,biopterin may be required for
dimerization of the haem-containing oxygenase domain of in-
ducible macrophage NOS [23,24] and may trigger a change in
conformation of the substrate site of the neuronal enzyme [25].
Furthermore, binding of H,biopterin affects the spectral proper-
ties of the haem moiety [19,26] and is competitive with 7-
nitroindazole, a putative haem-site inhibitor of NOS [27]. These
results indicate that the pteridine-binding site is sterically located
in close proximity to the catalytic centre of NOS allowing a

functionally important interaction of H biopterin with the pros-
thetic haem group.

We have recently described the purification of highly active
nNOS from Sf9 cells infected with a recombinant baculovirus
[28]. In agreement with an earlier study using the baculovirus/
insect cell system for overexpression of cytochrome P-450 2A1
[29] and more recent work on baculovirus-mediated expression
of neuronal and endothelial NOS [30-32], supplementation of
the cell culture medium with haemin was essential for expression
of a functionally active, haem-containing enzyme. The present
work was carried out to study the characteristics of baculovirus-
mediated NOS expression. In order to modulate the amount of
prosthetic groups bound to the isolated recombinant enzyme,
cells were infected with the baculovirus in the absence or presence
of compounds known to affect the intracellular availability of
haem, flavins and H,biopterin. Most importantly, we found that
supplementing the culture medium with haemin was essential for
binding of H,biopterin, pointing to an as yet unrecognized role
of haem in regulating the post-translational processing of NOS.

EXPERIMENTAL
Materials

Sf9 cells were obtained from A. T. C. C., Rockville, MD, U.S.A.
(#CRL 1711), and the culture medium TC-100 from Sigma
(Vienna, Austria). Antibiotics, amphotericin B and lipid con-
centrate were from GibcoBRL (Life Technologies GmbH,
Vienna, Austria), fetal calf serum from SEBAK GmbH (Suben,
Austria), pVL1393 from Invitrogen (San Diego, CA, U.S.A.)
and BaculoGOLD DNA from Dianova (Hamburg, Germany).

Abbreviations used: NO, nitric oxide; NOS, nitric oxide synthase; nNOS, neuronal NOS; DAHP, 2,4-diamino-6-hydroxypyrimidine; H,biopterin, (6R)-

5,6,7,8-tetrahydro-L-biopterin.
1 To whom correspondence should be addressed.
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Stock solutions of haemin chloride (2 mg/ml) were prepared in
0.4 M NaOH/EtOH (1:1, v/v) [33]. [’H]H,Biopterin was synthe-
sized as described previously [34]. L-[2,3.4,5-°H]Arginine hy-
drochloride (57 Ci/mmol) was purchased from MedPro
(Amersham International, Vienna, Austria), unlabelled
H,biopterin was from Dr. B. Schircks Laboratories (Jona,
Switzerland), 2’,5-ADP-Sepharose 4B, calmodulin—Sepharose
4B, and molecular-mass standards for SDS/PAGE (myosin,
200 kDa ; phosphorylase b, 94 kDa ; BSA, 67 kDa ; ovalbumin,
43 kDa ; carboanhydrase, 30 kDa ) from Pharmacia Biotech
(Vienna, Austria). All other materials were from Sigma (Vienna,
Austria).

Expression of NOS

Infection of Sf9 cell suspensions with rat brain NOS recombinant
baculovirus was performed as described previously [28]. Briefly,
Sf9 cells (~3 x 10® cells/200 ml) were infected with the recom-
binant baculovirus at a ratio of 5 plaque-forming units
(p.f.u.)/cell. Where indicated, haemin chloride (up to 10 xg/ml;
usually 4 ug/ml) and riboflavin (0.1 mM) were added to the
culture medium at the time of infection. For inhibition of
H,biopterin biosynthesis, cells were preincubated for 24 h with
10 mM 2,4-diamino-6-hydroxypyrimidine (DAHP), and the drug
remained present during cell infection. At the indicated time
points, usually after 48 h , cells were harvested by centrifugation
for 3 min at 1000 g, washed with 50 ml of serum-free TC-100
medium, and resuspended in 2ml of chilled 50 mM
triethanolamine/HCI buffer (pH 7.4), containing 0.5 mM EDTA
and 10 mM 2-mercaptoethanol (buffer A). Cell homogenates
were prepared by sonicating the cells on ice (3 x 10's, 150 W) and
centrifuged at 30000 g for 15min to separate soluble and
particulate fractions. Pellets were resuspended in 2 ml of buffer A
by brief sonication and centrifuged at 30000 g for 15 min, and
the combined supernatants were used for enzyme purification.
SDS/PAGE (89, slab gels) was performed as described pre-
viously [35]. An antiserum raised in rabbits against purified pig
brain NOS [6] was used for specific detection of nNOS subsequent
to immunoblotting as described [35].

Purification of NOS

Soluble fractions of the infected Sf9 cells (up to 10 parallel
preparations) were sequentially chromatographed over 2°,5'-
ADP- and calmodulin—Sepharose columns (0.5 ml bed volume
each). The 2’,5'-ADP-Sepharose was washed with 5 ml of buffer
A, containing 0.5 M NaCl (buffer B), and NOS was eluted with
2 ml of buffer B, containing 20 mM 2’-AMP (Sigma, # A-1627;
contains ~ 509, of 3’ -AMP) [36]. 2’-AMP was used for enzyme
elution, since commercially available NADPH was found to
contain variable amounts of H,biopterin (P. Klatt and B. Mayer,
unpublished work). The eluate was adjusted to 2 mM CacCl, and
applied to the calmodulin—Sepharose column which was washed
with 5 ml of 20 mM Tris/HCI buffer (pH 7.4) containing 10 mM
2-mercaptoethanol and 2 mM CaCl,, followed by elution of
NOS with 1 ml of 20 mM Tris/HCI buffer (pH 7.4) containing
10 mM 2-mercaptoethanol and 4 mM EGTA. Final eluates were
stored at —70 °C.

Determination of enzyme activity and cofactors

NOS activity was measured as formation of [*H]citrulline from
[*H]arginine as described previously [27]. The amounts of bound
flavins and H,biopterin were determined by HPLC and fluore-
scence detection as described previously [12]. For determination
of enzyme-bound haem, a published HPLC method [37,38] was

modified as follows. Samples containing 3-15 uM haem were
diluted 1 to 4 in acetonitrile/water/trifluoroacetic acid
(60:40:0.1, by vol.) prior to injection of 30 xl aliquots on to a
250 mm x4 mm C,; reversed-phase column fitted with a
4 mm x 4 mm C,, guard column (LiChrospher 100 RP-18, 5 um
particle size; Merck). Samples were eluted isocratically
(LiChroGraph L-6200, Merck) with acetonitrile/water/
trifluoroacetic acid (60:40:0.1, by vol.) at a flow rate of 1 ml/min,
and haem (retention time = 5.4 min) was detected by its absor-
bance at 398 nm (L-4250, Merck). The method was calibrated
with myoglobin and gave essentially the same results as the
pyridine/haemochrome method [39].

Binding of [*H]H,biopterin to rat brain NOS

Binding experiments were performed as described previously
[25,40]. Briefly, purified rat brain NOS (~3 ug) was incubated
for 10 min at 37°C in the presence of 20 nM (~ 18 nCi)
[PH]H,biopterin and increasing concentrations of unlabelled
H,biopterin. Separation of bound from free radioligand was
performed by poly(ethylene glycol) precipitation and vacuum
filtration. Recovery of radioactivity retained on filters was
determined by liquid scintillation counting. K, and B, values
were calculated from individual plots using the GIPMAX non-
linear least-squares regression curve-fitting program [41] and are
given as means+S.E.M.

Experimental protocol and data evaluation

Unless otherwise indicated, data represent mean values +S.E.M.
of 34 independent experiments. To modulate cofactor contents,
NOS was expressed under four different conditions: (i) no
additions to the culture medium, (ii) addition of haemin chloride
(4 ug/ml), (iii) haemin plus riboflavin (0.1 mM), and (iv) haemin
plus DAHP (10 mM). Four independent cell infections were
carried out under each of these conditions, followed by puri-
fication of the expressed NOS, yielding a total of 16 preparations
of the purified enzyme. NOS activity of these preparations was
measured as formation of [*H]citrulline from [*H]arginine in two
independent enzyme assays. Haem, FAD, FMN and H,biopterin
were determined twice in each of the preparations and are
expressed as means+S.E.M. of the calculated molar ratios, i.e.
as mol of cofactor per mol of NOS subunit (equiv. per monomer),
based on a subunit molecular mass of 160 kDa [15]. Protein
content was determined with the Bradford method [42] using
BSA as standard protein. Concentrations of the purified protein
were corrected according to amino acid analysis data which
showed that the Bradford method overestimated the NOS protein
by a factor of 1.124+0.016 (n = 5) (P. Klatt and H. P. Béachinger,
unpublished work).

RESULTS

Characteristics of NOS expression in recombinant-baculovirus-
infected Sf9 cells

Infection of Sf9 cells for 48 h with recombinant rat brain NOS
baculovirus resulted in high-level expression of a 160 kDa protein
that was recognized by a rabbit antiserum against nNOS, whereas
infection of the cells with the wild-type virus did not result in
detectable NOS expression. The expressed protein was almost
exclusively insoluble, unless the culture medium was supple-
mented with haemin chloride during infection. As recently shown
by others [32], haemin induced a pronounced solubilization of
NOS, with a maximal effect at 4 ug of haemin per ml (results not
shown). In agreement with our initial study on NOS over-
expression using the baculovirus system [28], the expressed
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Figure 1 Time course of expression of NOS activity in soluble fractions of
Sf9 cells infected in the absence and presence of haemin

Sf9 cells infected with rat brain NOS recombinant baculovirus in the absence (open) and
presence (closed) of 4 xg/ml haemin chloride were harvested at the indicated time points. NOS
activity (nmol of citrulline - mg™" - min~") was determined in supernatants of three different cell
preparations and is given as mean+ S.E.M.
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Figure 2 Time course of expression of the NOS protein in soluble fractions
of Sf9 cells infected in the absence and presence of haemin

Sf9 cells infected with rat brain NOS recombinant baculovirus in the absence (A) and presence
(B) of 4 «g/ml haemin chloride were harvested after 24 (lane 1), 32 (lane 2), 40 (lane 3), 45
(lane 4), 47.5 (lane 5), and 50 (lane 6) h. Soluble fractions (5 xg of protein) were subjected
to SDS/PAGE and immunoblotting.

enzyme accounted for approximately 5 9%, of total soluble protein
under these conditions.

Infection time turned out to be critical for expression of NOS
activity in Sf9 cells. As shown in Figure 1, NOS activity appeared
in cell supernatants with a rather sharp maximum 48 h after the
cells had been infected with the NOS recombinant baculovirus in
the presence of 4 ug/ml of haemin chloride (filled symbols).
Omission of haemin during infection (Figure 1, open symbols)
resulted in a much broader range of optimal infection times and
reduced NOS activities in the cell supernatants. Figure 2 shows
the time-course of expression of the NOS protein, which con-
firmed the delayed NOS expression in the presence of haemin as
observed in activity measurements. Figure 3 shows that the
specific NOS activities in crude Sf9 cell supernatants decreased
from 48 +2.4 (n = 3) to 16+0.3 nmol of L-citrulline-mg™"-min™*
when the protein concentration was increased from 1 to
40 pg/tube, (0.1 ml) indicating that the insect cell extracts may
contain an endogenous inhibitor of nNOS.

Purification of NOS and biosynthetic manipulation of cofactor
availability in Sf9 cells

As described previously, active recombinant rat brain NOS was
conveniently purified to homogeneity from supernatants of
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Figure 3  Effect of the total protein concentration on NOS activity in Sf9 cell
supernatants

Sf9 cells were infected for 48 h with rat brain NOS recombinant baculovirus in the presence
of 4 pg/ml haemin chloride. NOS activity was determined in the presence of the indicated
concentrations of soluble protein and is given asnmol of L-citrulline-mg~"-min~"
(mean+S.EM., n=23).

infected Sf9 cells by sequential affinity chromatography on 2’,5'-
ADP-Sepharose and calmodulin—Sepharose [28]. For the present
study, we have down-scaled this method to allow us simultaneous
handling of up to 10 preparations. From ~ 100 mg of soluble
protein (200 ml of Sf9 cell suspension; 3 x 10° cells), we obtained
1-1.3 mg of NOS with a specific activity of approx. 1 yumol of
L-citrulline-mg™-min~'. The amount of recovered NOS and
the specific activities of the isolated enzyme (0.9-
1.1 gmol-mg™-min~') were highly reproducible within different
preparations.

To modulate the amount of NOS-bound haem, flavins and
H,biopterin, we expressed the enzyme under four different
conditions of infection: (i) no additions to the culture medium;
(ii) addition of haemin chloride (4 ug/ml); (iii) addition of
haemin chloride plus 0.1 mM riboflavin, a precursor of flavin
biosynthesis; and (iv) addition of haemin chloride plus 10 mM
DAHP, an inhibitor of GTP cyclohydrolase I, the rate-limiting
enzyme in H,biopterin biosynthesis [43]. DAHP was added to
the cells 24 h before infection with the baculovirus and remained
present during the 48 h period of infection. The various treat-
ments had no effect on cell viability as judged by visual inspection
of the infected cells and determined as release of lactate de-
hydrogenase to the culture medium (results not shown). The
representative SDS gel shown in Figure 4 demonstrates that
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Figure 4 SDS/PAGE analysis of different NOS preparations

NOS was purified from Sf9 cells infected under different conditions with rat brain NOS
recombinant baculovirus and analysed by SDS/PAGE. Lane 1, molecular mass standards; lane
2, infection in the absence of added haemin; lane 3, infection in the presence of 4 wg/ml
haemin chloride; lane 4, infection in the presence of haemin chloride and 0.1 mM riboflavin;
lane 5, infection in the presence of haemin chloride and 10 mM DAHP. Shown is a Coomassie
Blue-stained 9% gel representative of four.
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Table 1

Cofactor content of rat brain NOS expressed in Sf9 cells under different conditions of infection

Haemin and riboflavin were added to the cell culture medium at the time of infection, DAHP was added 24 h prior to infection and remained present during protein expression. Data are mean
values + S.E.M. of four different preparations in which the various cofactors were determined twice.

Haem FAD FMN H,biopterin
Additions (mol of cofactor per mol of 160 kDa subunit)
None 0.37+0.08 0.39+0.02 0.40+0.03 0.22+0.04
Haemin (4 pg/ml) 0.95+0.09 0.40+0.09 0.46+0.11 0.47 +0.06
Haemin + riboflavin (0.1 mM) 0.64 4 0.04 0.79+0.04 1.0940.11 0.35+0.02
Haemin + DAHP (10 mM) 0.91+0.08 0.40+0.08 0.46+0.12 0.059+0.002
treatment of the cells with the different drugs had no great effect
on subsequent enzyme purification, although we consistently g 0.5
observed a lower intensity of the 155 kDa band and an additional ERe
appearance of a few minor bands at 120-150 kDa upon ex- o8 0.44
pression in the presence of DAHP (lane 5). The minor bands 55
were recognized by a specific NOS antiserum (results not shown), & g 034
indicating that pteridine-deficient NOS may be more susceptible @~
to proteolysis than the enzyme obtained from control infections. wm 0.2
0.4 0.6 0.8 1.0

Cofactor content of the different NOS preparations

The various preparations of purified NOS were analysed for
enzyme-bound haem, FAD, FMN and H,biopterin (Table 1). If
expressed in the absence of added haemin, purified NOS con-
tained 0.37+0.08 equiv. haem per monomer. Preincubation of
this haem-deficient enzyme for 20 min at ambient temperature in
the presence of a 2-fold molar excess of haemin chloride (28 xM)
resulted in stoichiometrical incorporation of haem (1.05 equiv.
per monomer) as determined subsequent to removal of free haem
by gel-permeation chromatography, but did not restore the
enzymic activity of the protein (results not shown). The haem-
deficient enzyme contained equimolar amounts of FAD and
FMN (molar ratio ~0.40), but only 0.22 equiv. of H biopterin
per monomer. As expected, infection in the presence of haemin
chloride induced a marked increase in the haem content of the
enzyme to a molar ratio of 0.95 without significant effect on the
amount of bound flavins. Surprisingly, however, presence of
haemin resulted in a 2-fold increase of bound H,biopterin to a
molar ratio of 0.47. The pteridine content of the enzyme was not
further increased by supplementing the cell culture medium,
which contained 4 mM L-arginine, with H,biopterin or sepiap-
terin, a precursor of H,biopterin biosynthesis [43]. Moreover, the
stoichiometry of cofactor binding was not improved by including
the flavins or H,biopterin/L-arginine in the purification buffers
(results not shown).

To increase the flavin content of the isolated NOS, haemin was
added to the culture medium together with riboflavin (0.1 mM),
a precursor of flavin biosynthesis. Under these conditions, the
amount of enzyme-bound FAD and FMN was increased to 0.79
and 1.09 equiv. per monomer, respectively. However, for un-
known reasons the presence of riboflavin decreased the haem
content of the expressed enzyme to a molar ratio of 0.64. As
observed with NOS expressed under haem-deficient conditions,
the riboflavin-induced reduction in the haem content was ac-
companied by a significantly reduced amount of bound H,bio-
pterin (0.35 equiv. per monomer).

Finally, we attempted to express H,biopterin-free NOS in
order to enable more conclusive studies on the function of
pteridines in NO synthesis and to see whether H,biopterin-
deficiency affected haem binding. For this purpose, cells were

Haem content (molar ratio)

Figure 5 Correlation between haem and H,biopterin content of recombinant
rat brain NOS

Analysis of the data shown in Table 1 (control, haemin, riboflavin; mean &+ S.EM.; n = 4) with
a standard linear regression curve-fitting program (intercept = 0.066; slope = 0.43; r=
0.998).

pretreated with 10 mM DAHP, an inhibitor of GTP cyclo-
hydrolase I, the rate-limiting enzyme in pterin biosynthesis. The
pterin-deficient cells expressed a virtually H,biopterin-free NOS
(0.07 equiv. per monomer) whose haem and flavin content was
identical to that of the enzyme obtained from cells treated with
haemin only.

Correlation between haem content and H biopterin binding

Figure 5 shows that there was a linear relationship between the
amount of enzyme-bound haem and the H,biopterin content of
the different NOS preparations (control, haemin and riboflavin
data were taken from Table 1). Linear regression analysis revealed
an intercept of 0.066 and a slope of 0.430 (r = 0.998). Binding
studies with *H-labelled H,biopterin further confirmed the es-
sential role of haem for pteridine binding. Figure 6 shows that
the haem-deficient NOS bound considerably smaller amounts of
H,biopterin than the enzyme expressed in the presence of haemin
chloride, albeit both preparations exhibited similar affinities for
the pteridine, as evident from the virtually identical slopes of the
Scatchard plots shown in Figure 6(B). From individual curves we
have calculated B,  values of 0.129+0.004 and 0.052+0.011
(mean+S.E.M.; n = 3) equiv. H,biopterin bound per monomer
of haem-containing and haem-deficient NOS, respectively. The
B, .. value obtained with the haem-containing enzyme is similar
to that reported previously for pig brain NOS [25], and the
reduction of B, to 40 9%, of controls upon haem-deficiency is in
good accordance with the 37 9, of haem-containing NOS present
in these preparations (see Table 1). The H biopterin binding
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Figure 6 [*H]H,biopterin binding to recombinant rat brain NOS

Purified NOS (3 pg) obtained from Sf9 cells infected with recombinant baculovirus in the
absence (unfilled) or presence (filled) of haemin chloride (4 pg/ml) was assayed for
[*H]H, biopterin binding in the presence of increasing concentrations of the unlabelled ligand.
(A) Saturation of [3H]H4biopterin binding expressed as mean values +S.EM. of three
independent assays performed in duplicates. (B) Scatchard plot of the mean values.

activity of haem-deficient NOS was not restored when binding
was done in the presence of a 2-fold molar excess of haemin
chloride (results not shown). The K, values calculated from
individual experiments were 0.26+0.013 and 0.22+0.042 xM
(mean+ S.E.M.; n = 3) for haem-containing and haem-deficient
NOS, respectively.

Specific activities of the different NOS preparations and effects of
added cofactors

Enzyme activities of the different NOS preparations were de-
termined as formation of [*H]citrulline from [*H]arginine. The
specific NOS activities shown in Table 2 correlated well with the
amount of bound cofactors. The haem-deficient enzyme obtained
by expression in the absence of added haemin chloride, containing
haem in a molar ratio of 0.37, had a specific activity of

0.35 ymol-mg ' min~' in the presence of exogenously added
FAD, FMN and H,biopterin. Omission of these compounds led
to a reduction of enzyme activity that was in good accordance
with the amount of the endogenously present cofactors. Thus,
cofactor-deficiency of NOS was overcome by including the
respective compounds in the enzyme assays, showing that the
expressed enzyme was functionally intact. The haem-saturated
NOS prepared from cells infected in the presence of haemin
chloride had a specific activity of about 1 gmol-mg™ -min™*
when reconstituted with added flavins and H,biopterin. Omission
of H,biopterin resulted in about 509, reduction of citrulline
formation, and about 409, of maximal enzyme activity was
observed in the absence of added flavins.

Additional supplementation of the haemin-containing culture
medium with 0.1 mM riboflavin resulted in expression of a NOS
which exhibited 70 9, of maximal activity in the absence of added
flavins. This enzyme contained FMN in a 1:1 stoichiometry but
only 0.8 equiv. of FAD per monomer, suggesting that lack of the
latter flavin limits NOS activity. It is interesting that maximal
activities of these enzyme preparations were only slightly lower
than those of NOS obtained from cells infected in the absence of
riboflavin, even though the haem content of the enzyme was
reduced to 0.64 equiv. per monomer when the cells had been
treated with riboflavin.

The pteridine-deficient NOS obtained from DAHP-treated Sf9
cells had a very low specific activity of 0.07 gmol-mg ™" -min" if
incubated in the absence of added H,biopterin. In the presence
of 10 uM exogenous H,biopterin, the maximal activity was
0.7 umol-mg'-min~'. This value is lower than that of the
H,biopterin-containing enzyme (1.1 gmol-mg"-min?),
presumably reflecting proteolytic degradation of the H,biopterin-
deficient NOS as evident from the SDS/PAGE analysis shown in
Figure 3 (lane 5). Reduction of NOS activity to 40 9%, of that of
controls upon omission of FAD and FMN was in accordance
with the flavin content of these preparations (molar ratios of 0.44
and 0.46 for FAD and FMN, respectively).

DISCUSSION

The baculovirus/Sf9 cell expression system allows the convenient
and reproducible preparation of purified nNOS. We have recently
described a large-scale purification method yielding about 100 mg
of the highly active recombinant enzyme [44]. Although the
amount of pure protein obtained with this method is certainly
sufficient for further biochemical and biophysical protein charac-
terization, deficiency in bound flavins and H,biopterin indicated
that the NOS preparations were not sufficiently homogeneous

Table 2 Effects of added cofactors on the activity of rat brain NOS expressed in Sf9 cells under different conditions of infection

NOS activity was determined as formation of [*H]citrulline from [*H]arginine. Purified NOS (0.1—0.3 xg) was incubated at 37 °C for 10 min at pH 7.0 in the presence of 0.1 mM [*H]arginine
(50000100000 ¢.p.m.), 0.2 mM NADPH, 10 xM H,biopterin (H,B), 5 «M FAD, 5 xM FMN, 0.5 mM CaCl,, 10 zg/ml calmodulin and 0.1 mM CHAPS. H,Biopterin and/or flavins were omitted
where indicated (w/0). Data are mean values & S.E.M. of four different preparations, each assayed twice.

Full system w/o Flavins w/o H,B w/o H,B +flavins
Additions (uemol of citrulling - mg=" - min~")
None 0.3540.02 0.1740.02 0.1940.02 0.1040.01
Haemin (4 xg/ml) 1.0940.07 0.4240.02 0.56 4 0.04 0.1940.02
Haemin + riboflavin (0.1 mM) 0.91+0.07 0.65+0.05 0.5240.03 0.324-0.02
Haemin + DAHP (10 mM) 0.6940.04 0.284-0.06 0.07 £ 0.01 0.03 4 0.01
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for X-ray crystallography or other biophysical techniques which
could resolve the tertiary structure of the protein. Therefore, we
attempted to express and purify a holoenzyme containing the
various prosthetic groups in close to 1:1 stoichiometry by
manipulation of cofactor biosynthesis in Sf9 insect cells during
infection with the NOS recombinant baculovirus.

As expected and described previously for expression of neuro-
nal [28,30,32] and endothelial NOS [31], supplementing the cell
culture medium with haemin chloride was essential to obtain a
functionally intact enzyme. These findings confirm that haematin
(FeOH protoporphyrin IX), the active form of dissolved haemin
chloride, is taken up by Sf9 cells and utilized for the biosynthesis
of haem proteins. If expressed in haemin-treated cells, NOS
contained haem at a molar ratio approaching the theoretical
value of 1.0 and exhibited a normal haem spectrum with a Soret
band at 396 nm (results not shown). We failed, however, to
express and purify nNOS saturated with its other prosthetic
groups, the flavins and H,biopterin. Addition of riboflavin (or
FAD plus FMN, results not shown) resulted in a pronounced
increase in the amount of bound flavins, but FAD was still
present in substoichiometric amounts, and, moreover, the haem
content of the expressed enzyme was significantly reduced under
these conditions of cell infection (Table 1). Since pteridine
supplementation of the cells or purification buffers did not
increase the H,biopterin content of the isolated enzyme, it
appears that more sophisticated techniques, e.g. folding of the
insoluble enzyme in the presence of cofactors, will be necessary
to obtain homogenous NOS preparations.

In line with a recent study on overexpression of nNOS in
baculovirus-infected insect cells [32], haemin supplementation
increased the amount of the expressed enzyme in soluble frac-
tions. These findings suggest that haem availability regulates the
post- or co-translational processing of the expressed enzyme. A
few previous reports hint at similar effects of haem on solubi-
lization of other haem proteins. It has been described that
inhibition of haem biosynthesis in human myeloid leukaemic
cells resulted in the accumulation of inactive haem-deficient
myeloperoxidase in the endoplasmic reticulum of the cells [45].
Similarly, supplementing the growth medium of E. coli with
precursors of haem biosynthesis was found to be essential for
solubilization of recombinant Vitreoscilla haemoglobin [46], and
the haem-deficient apoform of horseradish peroxidase C was
shown to accumulate as an inactive protein in inclusion bodies of
E. coli, with haemin being essential for in vitro folding and
activation of the enzyme [47].

If NOS was expressed in the absence of added haemin, the
purified preparations consisted of 60-709%, of the haem-free
enzyme (Table 1), but contained virtually the same amount of
flavins as controls, showing that haem-deficiency does not affect
binding of FAD or FMN. These results further confirm the
bidomain structure of NOS, with a flavin-containing reductase
domain being both sterically and functionally separated from the
oxygenase domain [17-19,24,48]. Surprisingly, haem-deficient
NOS contained less H,biopterin than the native form of the
enzyme. This H biopterin-deficiency appears to be a consequence
of the reduced haem content and not vice versa, because the
virtually H,biopterin-free enzyme still contained close to stoi-
chiometric amounts of haem (0.91 equiv. per monomer). A
comparison of haem-containing and haem-deficient enzyme
preparations with respect to [PH]JH,biopterin binding (Figure 5)
has provided convincing evidence that haem-free NOS does not
exhibit a specific pteridine-binding site, and preliminary experi-
ments from our laboratory indicate that haem-deficient NOS
does not bind the substrate analogue N®-nitro-L-arginine (P.
Klatt and B. Mayer, unpublished work). Together with previous

results showing that the affinity of pig brain NOS for H,biopterin
was markedly increased in the presence of L-arginine [25], these
results indicate that pteridine binding is tightly regulated by an
allosteric interaction of the substrate site and the prosthetic haem
group of the enzyme. Similarly, the simultaneous presence of
haem, L-arginine and H,biopterin was found to be essential for
association of haem- and pteridine-deficient macrophage NOS
monomers [23], suggesting that the synergism between L-arginine
and haem to create a high-affinity pteridine-binding site is not
confined to the neuronal isoenzyme.

Extrapolation of the linear correlation between the amount of
haem and H,biopterin bound to NOS (intercept close to zero; see
Figure 4) also indicates that the haem-free enzyme does not bind
H,biopterin. Interestingly, the slope of this linear correlation was
close to 0.5, suggesting that haem and H,biopterin are present in
a ratio of 2:1. Since the haem-containing enzyme binds one
haem per subunit, these results suggest that each NOS dimer
contains two haem moieties but only one tightly bound H,bio-
pterin. However, NOS activity was increased ~ 2-fold by added
H,biopterin (Table 2), confirming a number of previous studies
which have unambigously demonstrated that the degree of NOS
stimulation by exogenous H,biopterin is inversely proportional
to the pteridine content of the respective preparations (for review
see [22]). Thus, each dimer is apparently able to bind two
molecules of H,biopterin, but for unknown reasons contains
only one as a tightly bound prosthetic group. This is further
supported by our findings that increased pteridine availability
during cell infection and the presence of H,biopterin during
enzyme purification did not increase the amount of NOS-bound
H,biopterin (results not shown). Moreover, radioligand binding
studies have shown that compounds which antagonize the
association of exogenous H,biopterin to pig brain NOS do not
displace the endogenous cofactor [25]. Taken together, these
rather intriguing results suggest that NOS dimers contain two
different pteridine-binding sites, a high-affinity site involved in
tight binding of the cofactor and a low-affinity site from which
H,biopterin readily dissociates. Since the dimers are composed
of identical subunits, the two affinity states of the pteridine-
binding domain could only result from negative cooperativity
occurring upon association of NOS monomers. With respect to
this peculiar stoichiometry of H,biopterin binding, nNOS ap-
pears to differ from the inducible macrophage isoform, which
was reported to contain one equiv. of H,biopterin per monomer
if reconstituted with the exogenous cofactor [49].

In summary, we have shown that the baculovirus/Sf9 cell
expression system is a useful and highly reproducible tool to
obtain pure and enzymically active recombinant NOS. Bio-
synthetic manipulation of NOS cofactors during cell infection
enabled us to modulate the amount of tightly bound prosthetic
groups, and these experiments revealed a novel role of haem for
the co- or post-translational processing of NOS. Haem turned
out to be essential for both enzyme solubilization and H,biopterin
binding, suggesting that the prosthetic haem group has an
important allosteric function in regulating the correct folding of
the expressed protein.
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