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ABSTRACT : Liver microsomes from rats pretreated with various inducers of P450
isoforms exhibit very different abilities to catalyze the oxidation of N®-hydroxy-L-arginine
(NOHA) by NADPH and Oy with formation of citrulline and nitrogen oxides. Treatment of
rats with dexamethasone, a classical inducer of P450 3A, leads to a spectacular 7-fold
increase of the activity found for untreated rats, while induction by phenobarbital causes
a much lower increase of this activity and induction by 3-methylcholanthrene or clofibrate
decreases it. Specific inhibitors of P450s3A as troleandomycin and dihydroergotamine
strongly inhibit NOHA oxidation whereas metyrapone, an inhibitor of other P450
subfamilies, was without effect. These data show the particular ability of P450s of the 3A
subfamily to catalyze the second step of the oxidation of L-arginine by NO synthases
(NOS). This analogy between NOSs and P450s3A is further substantiated by a protein
sequence comparison which shows that a 9-aminoacid segment present in all NOSs
exhibits a strong similarity with the sequence mainly responsible for heme binding in
P450s3A which is well conserved in all P450s. This segment contains all the structural
factors which are thought to be crucial for heme binding in P450s.  © 1993 acadenic press, 1nc.

The endogenous formation of nitric oxide, NO, has become recently a subject of
considerable interest because of its multiple biological functions (1). A class of enzymes
called NO synthases (NOS) catalyze the formation of NO from L-arginine in two steps.
The first one is an N-oxygenation of L-arginine with consumption of NADPH and O and
formation ot Nw-hydroxy-L-arginine (NOHA), and the second one an oxidative cleavage
of the C=N bond of NOHA which also consumes NADPH and O; and leads to citrulline
and nitrogen oxides including NO (2) (eq. 1). During these last few months, two kinds of
results establishing a strong relationship between NOSs and P450s have been

Abbreviations : P450s : the updated recommended nomenclature for P450s (10) is used;
P450cam is the trivial name for P450 101 ; NOS : nitric oxide synthase ; NOHA : N®-

hydroxy-L-arginine ; TAO : troleandomycin ; DEX : dexamethasone ; 3MC : 3-

methylcholanthrene ; PB : phenobarbital ; CLO : clofibrate ; SKF 525A : 2-

diethylaminoethyi-2,2-diphenylvalerate.
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published. The first ones showed that brain and macrophage NOS were P450-like
hemeproteins the iron(l1)-CO complexes of which exhibited a Soret peak around 450 nm
(3-6), whereas the second ones indicated that some liver microsomal P450s involved in
the metabolism of xenobiotics catalyzed the second step of the reaction catalyzed by
NOSs which is the monooxygenation of NOHA to citrulline and nitrogen oxides including
NO (eq. 1) (7). In a more general manner, liver microsomal P450s were found to catalyze
the oxidative cleavage of C=N bonds of compounds containing a -C(NH2)=NOH function
by NADPH and O2 with formation of the corresponding derivatives containing a -
C(NH2)=0 function and of nitrogen oxides (7,8). However, although the NOS carboxyl-
terminal domain which contains binding sites for NADPH, FAD, and FMN has been
found homologous to NADPH-P450 reductases (9), no sequence homology has been
reported to date between NOS isoforms and P450s (4).

O
W NADPH.0, N=O%H  NabPHO, (eq-1)
R——C——NHy —————p R—C—NHy —————> R—C—NH+ NQ
NOS NOS
L.Arginjnc NOHA Citulline NO2- N NO3-

in order to further precise the analogy between NOS and the various members of
the P450 superfamily, we have studied the abilities of different liver microsomal P450s to
catalyze the oxidation of NOHA to citrulline and nitrogen oxides, and compared the
protein sequences of the NOS isoforms with those reported for P450s. This
communication shows that the P450s of the 3A subfamily are particularly prone to
catalyze this oxidation of NOHA. It also indicates the existence of an aminoacid
sequence present in all NOS isoforms described so far which is very similar to that
involved in heme binding in P450s3A and other P450s. These very analogous
sequences of NOSs and P450s contain the structural components which are known to
play a key role in heme binding by P450s.

MATERIALS AND METHODS

Chemicals : No-hydroxy-L-arginine was synthesized according to a previously described
method (11) using N°-benzyloxycarbonyl-L-ornithine (Sigma) as starting material and
displayed physical and spectroscopic characteristics identical to those reported (11).
SKF 525A was a gift from Smith, Kline and French laboratories. All the other chemicals
used were of the highest purity commercially available.

Preparation of rat liver microsomes : Male Sprague-Dawieyrats (200-2509)
were provided laboratory chow and water ad /libitum. After 10 days of adaptation,
animals were treated either with 3MC (20 mg/kg, in corn oil, i.p. for 3 days), PB (80
mg/kg, in 0.9% saline, i.p. for 4 days), DEX (100 mg/kg, in corn oil, i.p. for 3 days), CLO
(500 mg/kg, in corn oul i.p. for 3 days) or TAQ (500 mg/kg, in corn oil, i.p. for 3 days).
Control animals were treated with corn oil (0.5 ml). Microsomes were prepared as
reported (12) and stored at -80°C until use. Protein concentrations were determined by
the method of Lowry (13) with bovine serum albumin as standard. Cytochrome P450
contents were determined as described by Omura and Sato (14).

Incubation procedures ; Standard incubations (total volume:0.5 ml) were performed at
37°C in phosphate buffer (0.1M, pH 7.4, 0.1 mM EDTA) containing NOHA (100 uM) and
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rat liver microsomes (0.5 nmol P450). After preincubation for 1 min at 37°C, the reaction
was started by addition of 500 nmol NADPH. Incubations were stopped by adding 0.5 ml
cold acetonitrile and cooling at 0°C before centrifugation at 3000 rpm for 20 min at 4°C.
Formation of nitrite ions (15) and citrulline (16) were routinely measured by previously
described spectrophotometric methods.

RESULTS AND DISCUSSION

Oxidation of NOHA by liver microsomes fromrats treated with classical P450 inducers

It was previously reported that the oxidation of NOHA by NADPH, O, and rat liver
microsomes with formation of citrulline and NO2- (one of the products of oxidation of NO
in situ) was not catalyzed by any NOS which could have been present in these
microsomes as N®-methyl- and N®-nitro-arginine, two good inhibitors of NOS, were
unable to inhibit the reaction (7). This result is in agreement with previous literature data
which showed the existence of an NOS activity in rat liver only after treatment of rats by
immunostimulating agents like lipopolysaccharides (17). Moreover, this microsomal
oxidation of NOHA was almost completely suppressed by classical inhibitors of P450s
like CO and miconazole (7). In order to determine which liver microsomal P450s were
involved in this oxidation of NOHA, the activities of liver microsomes from rats pretreated
with classical inducers of the main xenobiotic-metabolizing P450 subfamilies (3MC, PB,
DEX, and CLO as inducers mainly for the 1A, 2B, 3A, and 4A subfamily respectively(18})
were studied. As shown in Fig. 1, treatment of rats with 3MC or CLO led to NOHA
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Fig.1. Effect of treatment of rats with several inducers on the NADPH-dependent
microsomal oxidation of NOHA to citrulline and nitrogen oxides.

Activities in nmol NO2 formed per nmol P450 per 30 min ; mean values + SD from
3 to 6 experiments (P450 contents of the different liver microsomes : 1.1,2.0, 1.8, 2.4, 1.7
and 2.1 nmol P450 per mg protein respectively for control rats and rats treated with DEX,
3MC, PB, CLO and TAQ). An aimost identical variation of the activities as a function of rat
induction was found upon measurement of citrulline.

The resuits obtained from TAO-treated rats correspond to the activity measured
either directly on liver microsomes, where P450s3A are mostly present under an
inactivated form due to a TAO-derived metabolite bound to P450 iron (TAO), or on the
same microsomes but after their treatment with 2.5 eq. of ferricyanide (10 min at 0°C) in
order to regenerate P450s3A under their catalytically active form (according to ref.21)
(TAO + K3).
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oxidation activities slightly or markedly lower than that found for untreated rats.
Treatment with PB led to a marked increase(2-fold) of this activity. However, the most
spectacular increase (7-fold by comparison with untreated rats) was observed after
treatment of rats with DEX. In fact, the level of microsomal activity towards NOHA
appears related, at least from a qualitative point of view, to the previously reported
amount of P450s3A in the different microsomes (18,19), which is relatively low in
microsomes of untreated or 3MC-treated or CLO-treated rats, and increases either
slightly or dramatically after treatment with PB or DEX respectively. Troleandomycin
(TAO) is another strong inducer of P450s 3A in rats although these P450s are recovered
in that case under an inactivated form with a TAO-derived metabolite strongly bound to
P450 iron (20). This explains the relatively low activity observed with microsomes from
rats treated with TAO (Fig. 1). As previously reported (20), it is possible to regenerate, at
least in part, P450s3A under their catalytically active form after dissociation of the P450-
iron-metabolite complex upon treatment of TAO-treated rat microsomes with ferricyanide.
Accordingly, Fig. 1 shows that the activity of TAO-treated rat microsomes towards NOHA
dramatically increased after preincubation of the microsomes with ferricyanide.

All these results indicate that P450s3A are particularly active for NOHA oxidation and
could be mainly responsible for this reaction in rat liver microsomes. This is confirmed by
results observed with various P450 inhibitors on NOHA oxidation by DEX-treated rat liver
microsomes (Table 1). Metyrapone, a classical inhibitor of P450s 2B, was found inactive
even when used at relatively high concentrations (100 pM) whereas two specific
inhibitors of P450s3A, TAO and dihydroergotamine (21), were found to inhibit strongly
NOHA oxidation (90 and 60% inhibition) at relatively low concentrations (20 uM). SKF

Table 1. Effects of various P450 inhibitors on the oxidation of NOHA by rat liver
microsomes

Conditions Activityb (%)
Complete systema@ 16.0x2 100
+CO (CO:02=1:3}) 1.5+0.2 9
+ metyrapone (10uM) 156412 96

" (100uM) 16.3+2 102
+ TAOC(10uM) 3.0x06 19
* (20uM) 1.3+0.3 8

+ dihydroergotamine
(20uM) 66+1.2 41
(50uM) 42+0.8 26
+ SKF 525A (10uM) 16.3+2 102
(100puM) 22+04 14

a) DEX-pretreated rat liver microsomes (1uM P450) + 100uM NOHA + 1mM NADPH in
aerobic pH7.4 phosphate buffer ; b) nmol NOZ (nmol P450)-1.(30 min)-1 ; c) TAO was
preincubated with the complete system without NOHA for 5 min before the addition of
NOHA to start the reaction. We have checked that this preincubation of microsomes with
NADPH alone for 5 min before NOHA addition did not change the activity.
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525A, which is able to inactivate P450s3A by P450-iron-metabolite complex formation
but less efficiently than TAO (M. Delaforge and D. Mansuy, in preparation), was not

catalyze the second step of the NOS-dependent oxidation of arginine. it was thus
tempting to compare the aminoacid sequences of P450s3A (as well as of the other
reported P450s) with those described so far for NOSs in order to find common sites
either for the binding of NOHA or for the binding of the heme. In fact, the segments
involved in the binding of substrates in the different P450s are generally ill-defined
whereas the peptide responsible for heme binding is widely admitted (22). The peptide
surrounding the proximal cysteinate in P450cam and the corresponding segment in rat
P450 3A1 are shown in Figure 2. The structural factors which are important for heme
binding by this proximal domain have been determined on the basis of the
crystallographic structure of P450cam (23) and of the aminoacids that are conserved
throughout the P450 superfamily (22). They include the presence of (i) an absolutely
conserved cysteinate (Cys 357 in P450cam), bound to the heme iron (at position 8 of the
sequence alignment in Figure 2), followed by a hydrophobic aliphatic aminoacid at
position 9 and a glycine at position 10 which is also found in all P450s known to date

Role in heme cysteinate hairpin ingcrzic(i()xl proximal close
l ) ' ' l

P450 cam F. 6 H G s H L, L \ ;%
P450 {consensus) F. G/S X G x | R ‘ X ’C\ hy ’ G ‘
P450 3A1 F G N G PIR N Clay 1 G
mm NOS W : ‘ ' ‘ \ ‘\ \ “ \

: R N A P |R -C, I \(,}
hacc NOS W R N A P |R - lcm vV |G
huvec NOS W R N A PR - Co V) ;}
b NOS W R N A S IR, - Ch V |G
Relupe position 1 2 3 4 s fs 7 % Y 10

i the segment

Fig.2. Comparison of the 10-aminoacid sequence responsible for heme binding in
P450s with a highly-conserved cysteine-containing peptide in NO synthases.
Aminoacid sequences were drawn from the following references : P450cam (23),
P450 3A1 (29 ), mouse macrophage (mm) NOS (24, 25), rat brain (rb) NOS (9), bovine
aortic endothelial cell {(baec) NOS (26, 27) and human vein endothelial cell (huvec) NOS
(28). The segment called P450 (consensus) is drawn from the compilation of a great
number of P450 sequences (22). The one-letter code for aminoacids is used ; aminoacid
positions with low consensus are indicated by x ; hy means a hydrophobic aliphatic
aminoacid (L, I, V or A). For the alignment between P450 3A1 and macrophage NOS,

sequence identity is denoted by ":" and conservative aminoacid substitution by ".
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and is in close contact to the heme, (ii) an aminoacid at position 6 which interacts with a
heme propionate (His 355 in P450cam which is replaced by an arginine in all
microsomal P450s), and (iii} a phenylalanine at position 1, which is conserved in all
P450s and which probably protects the proximal cysteinate from protonation and/or
oxidation by creating a hydrophobic pocket (23).
By looking for segments containing a cysteine and highly conserved among the NOSs
from macrophages (24,25), brain (9) or endothelial cells (26-28) described so far, we
found a segment of 9 aminoacids which exhibits most of the characteristics of the 10-
aminoacid, heme-binding consensus peptide of P450s (Fig. 2). Its terminal Ci(or V)G
region is almost identical to that of P450s, CI(V, L or A)G. As in most P450s, the
aminoacid at position 6 in all NOSs is an arginine which could be involved in the binding
of a heme propionate. The first aminoacid of the NOS segment is always a tryptophan
which could piay a role equivalent to that of the conserved phenyialanine in P450s.
Finatly, the NAP intermediate segment in NOSs is highly similar to the corresponding
segment (NGP) in P450 3A1 (and 3A2) but not in other P450s. Only the central glycine
of this segment (position 4) is strongly conserved among P450s, probably because it
favors the initiation of the hairpin turn allowing the phenylalanine to lie in close proximity
of the proximal cysteine (23). In NOSs, an alanine is found in the place of the conserved
glycine. This alanine could still play the role of the glycine with the help of the following
proline. Anyhow, this specific similarity further highlights the peculiar analogy between
NOSs and P450s from the 3A subfamily (see the high sequence analogy between P450
3A1 and mmNOS in fig.2). The main difference between the putative heme-binding
peptides in NOSs and in P450s is the absence of one aminoacid (position 7 in Fig. 2)
between the arginine and the cysteine in NOSs. Molecular graphic modeling
experiments (Insight Il and Discover programs from Biosym Biotechnologies), however,
suggest that this one-aminoacid deletion still allows the key interactions between the
heme and the proximal region {(J.P. Renaud and D. Mansuy, to be published). Brietfly,
starting from the crystallographic structure of P450cam, the 10 aminoacids of the
proximal segment (FGHGSHLCLG) were replaced by the 9 corresponding aminoacids of
NOSs (WRNAPRCIG), keeping constant the position of the cysteinate and of the
following glycine and superimposing the aryl group of the N-terminal tryptophan to that of
the corresponding phenylalanine of P450cam, and then subjecting the new structure to
energy minimization. Interestingly, in this model, the arginine at position 2 in NOSs was
found suitably located to create a salt bridge with the second heme propionate.
Naturally, many experiments using for instance site-directed mutagenesis on
NQOSs remain to be carried out to confirm the importance of this 9-aminoacid segment for
heme binding. However, the occurrence of this short sequence in all NOSs described to
date! and its high analogy with the heme-binding region in P450s make it a good
candidate for heme-binding in NOSs.

1 During the preparation of this manuscript, a sequence of 14 aminoacids comprising the
9 aminoacids shown in Fig. 2 was found conserved in 3 NOSs and proposed to contain
the proximal cysteine but without comparison with any P450 proximal region (6).
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CONCLUSION

Rat P450s3A are particularly prone to catalyze the second step of the NOS-

dependent oxidation of arginine, the oxidative cleavage of the C=N bond of NOHA by
NADPH and O with formation of citruiline and nitrogen oxides. This greater activity of
P450s3A in liver microsomes could be related to the ability of these P450s to oxidize
positively charged compounds like amines at their cationic sites (30), as the guanidinium
function of NOHA is also cationic at pH 7.4. Moreover, a 9-aminoacid segment present in
all NOSs described so far exhibits a striking similarity with the heme-binding region of
P450s 3A. It contains the structural components which were found crucial for the binding
of the heme in P450 cam.
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