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Biosynthesis of Nitric Oxide-Quantum Chemical Modelling 
of N"-Hydroxy-L-arginine Formation 
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Abstract: The electronic structure (charge 
distribution, bond indices, character of 
the frontier orbitals) and geometry (bond 
distances and angles) of L-arginine and 
N-methyl-L-arginine were determined by 
means of the INDO procedure. The 
method was also adopted to model the 
conversion of L-arginine into N-hydroxy- 
L-arginine in biological systems. This re- 
vcaled that the approach of diatomic 0 
species does not result in reaction, where- 
as the approach of either an 0 atom or an 
02- ion leads to insertion of oxygen and 

formation of hydroxy-L-arginine. The in- 
sertion of oxygen between the nitrogen 
and hydrogen atoms lcads to more stable 
products than insertion into the C-H 
bond. The same results were obtained for 
N-methyl-L-arginine, and are consistent 
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Introduction 

One of the most exciting findings in biological chemistry during 
last few years was the discovery that nitric oxide, a potentially 
toxic molecule, is responsible for an astonishing range of phys- 
iological processes in humans." -41 For cxample, it plays a role 
in vascular system regulation, nervous system mediation and 
immunological activity. 

The biological sources of nitric oxide are endogenous as well 
as exogenous. The conversion of L-arginine (L-Arg) to NO and 
~-citrulline (Cit), catalyzed by a family of homodimeric dioxy- 
genases called NO synthetases (NOS, EC 1.14.13.39),[439-'11 is 
a widely accepted hypothesis for the endogenous synthcsis of 
nitric oxide." -"I Compounds related to arginine (e.g. N -  
methyl-L-arginine, N-nitro-L-arginine, N-cyclopropyl-L-arginine) 
are effective inhibitors of NO synthetases. Four cofactors 
(heme, FMN, FAD and H,biopterin), two cosubstrates, an 
oxidant (0,) and a reducer (NADPH) participate in the biosyn- 
thesis of NO from L-arginine. Isotopic studies have shown that 
nitric oxide is derived from one of the two equivalent guanidine 
nitrogen atoms of ~-arginine['. 61 and that dioxygen is the source 
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with the hypothesis that the inhibitive 
effect of N-substitution in L-arginine is of 
no importance for the first step in the 
biosynthcsis of NO (hydroxylation pro- 
cess). The mechanistic considerations 
based on the charge distribution and fron- 
tier orbital characteristics led to the con- 
clusion that the most probable mecha- 
nism of L-arginine hydroxylation consists 
in electrophilic attack of [Fe0I3+ at the 
Nu-H bond, initiated by the reduction of 
L-arginine', followed by insertion of oxy- 
gen and product oxidation. 

of oxygen atoms incorporated into NO and ~-citrulline.[~I It has 
also been shown that thc first intermediate in the reaction is 
N-hydroxy-L-arginine (NOH-Arg) .['I Furthcrmore, when 
NOH-Arg is N-labelled on the NH-OH nitrogen, NO is exclu- 
sively derived from this nitrogen.r8s 'I1 NOS-catalyzed conver- 
sion of L-arginine to L-citrulline and NO is thus a 5-electron 
oxidation of one of the guanidine nitrogen atoms of L-arginine. 
Production of 1 mole of NO consumes 2 moles of 0, (8-electron 
oxidation) and 1.5 mole NADPH (3-electron reduction), which 
constitutes a 5-electron oxidation system [Eq. (l)], 

- 3  + 2  

3H + 20, + > C = N H  - H,O + N O  + >C=O (1) 

A generally accepted working hypothesis assumes that the 
reactive form of arginine in aqueous solution at pH 2 7 is a 
monovalent cation with an ionized amino acid group and that 
the NO synthesis proceeds in two steps (see Schemc 1) . I 2 .  ' ~ "I 

The first step, an overall two-electron oxidation, is a hydrox- 
ylation resulting in the formation of N-hydroxy-L-arginine as an 
enzyme-bound intermediate. The second step, an overall 3-elec- 
tron oxidation, involves electron removal, oxygen insertion and 
carbon-nitrogen bond scission to form L-citrulline and an NO 
free radical. Mechanistic speculations on the biosynthesis of 
nitric oxide have been based mainly on information of the pri- 
mary structure of NOS.['. ', ' ~ E ach NOS subunit is com- 
posed of reductase and oxygenase I 7 l  The reduc- 
tase domain contains binding sites for NADPH, FAD and 
FMN. The oxygenase domain is presumed to contain binding 
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Scheme 1 .  Proposed mechanism 0 1  NO biosynthesis 

sites for heme, H,biopterin and argininc. The amino acid se- 
quence of the reductase domain is similar to the sequences 
present in the mammalian protein cytochrome P-450 reduc- 
tase.". The similarity of the NOS reductase domain to cy- 
tochrome P-450 reductase suggests that the function of the 
tlavins is to store and transfer electrons from NADPH to a 
catalytic site in the oxygenase domain. As in cytochrome P-450, 
the NOS heme in its resting state contains a pentacoordinated 
ferric atom, which is bound to the protein through a thiolate 
anion of cysteine. Also by analogy to the cytochrome P-450 
enzyme, the iron centre, after its reduction to the ferrous 
form, is likely to bind and activate the dioxygen mole- 
cu]e,12. I2  - 1 7 ,  19.201 

For the mechanism of NO biosynthesis proposed to 

ates distinct oxidants to form and metabolize the intermediate 
NOH-Arg', namely, first an electrophilic species [Fe0I3+,  
which hydroxylates nitrogen of L-Arg' to form NOH- Arg' 
(Scheme 1 a), and then a nucleophilic oxygenating species 
[FeOO]', which attacks the electron-deficient carbon of the 
guanidine group of NOHArg' to  form ultimately NO and Cit 
(Scheme 1 b).[I4] 

In order to obtain a better insight into the 
molecular nature of the first step of nitric oxide 
biosynthesis, that is, formation of N - ~ Y ~ K O X Y - L -  
arginine from L-arginine and oxygen, we used 
quantum chemical modelling. This approach 
was also applied to the question of whether this 
step is responsible for the different behaviour of 
L-arginine and of its derivatives, which are 
known NOS inhibitors. The electronic properties 
of the systems studied were derived from calcula- 
tions performed with a semiempirical INDO- 
type method. 

date,12. 5 - 171 it ' has been suggested that it is heme which gener- 

(STO) is characterized by the choice of exponential constants. For hydrogen 
CI value of 1.2 is takcn, whereas for elements of the second and third rows the 
cxponcnts derived from Slater's rules are used. Onc-centre core integrals arc 
calculated from ionization processes. One-centre resonance intcgrals are set 
to Lero. whereas the two-centre one-electron integrals are calculated. The 
nuclear attraction integrals arc proportional to two-centre Coulomb integrals 
hetween thc appropriate atoms. The two-electron two-centrcd nonvanishing 
integrals are cvaluatcd over STO's as  are the one-centre integrals. 

The ZINDO program has two different semiempirical procedures: a method 
for calculating spectroscopic propertica and a method for calculating ge- 
ometries. In the present calculations, the latter method was used. The set of 
parameters defined in this method allow us to discuss the relative energies of 
ground-state molecules as wcll as to perform the geometry optimization. We 
looked for ground-state structurcs using Newton -Raphson and Hessian 
methods. Vacuum calculations were performed. N o  influence of a reaction 
ficld was taken into account. Thc ZINDO method was compared with ab  
initio H F  and D P T  methods for large systems containing main groups and 
transition elements.'2s~ I t  was found that it provides the same qualitstive 
results aa the ab  initio treatments. Since the INDO method has also been 
proved to be suitable to interpret the behaviour of biological systems,["-"1 
wc restrict ourselves 111 this paper to the semiempirical approach. 

7 he electronic structures were analyzed using Mulliken population analysis 
(atomic charges. atomic bond indices). The fdvourabk reaction with oxygen 
species was chosen by discussing the total energies of the oxygen-containing 
species in thcir optimal geometries. 
In order to model convcrsion of L-arginine into N-hydroxy-~-arginine we 
U,jed the isolated arginine and N-methyl-L-arginine in both cationic and an- 
ionic forms. To study the oxygen insertion we cxaniined the approach of 
oxygen to selected bonds in these molccules. 

Results 

Isolated molecules: The optimization INDO procedure per- 
formed for isolated L-arginine (L-Arg') and N-methyl-~- 
arginine (L-NMA') cations led to  the structural parameters 
presented in Figure 1. 

The results show that the lower energy forms of the isolated 
cations are those with a neutral amino-acid group 
C,N,H, ,-CH(COOH)(NH,), and not the ionized forms 

Method and Model 

.The electronic and molecular structures were obtained by 
the ZINDO method. The details of the method arc de- 
ccribed elsewhere (see, lor example, refs. [21 241 and refcr- 
ences therein). We give only a quick overview here. 
Thc ZINDO method is characterized by the inclusion o f  all 
the one-centre exchange terms necessary for rotational in- 
variance and accurate spectroscopic predictions. The 
method uses a basis sct of Slater-type orbitals (STO), which 
are then envisioned as being symmetrically orthogonalized 
LO one another. A haais sct of single Slater-type orbitals 

Figure 1. Geometrical structure of L-arginine (left) and N-methyl-L-argininc (right) obtained by thc 
INDO method (bond lengths in  A). 
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C,N,H, ,-CH(COO)-(NH:), which are expected to exist in 
aqueous solution at pH z 7. However, the difference in energy 
between the forms is only 0.27 eV and there are no real differ- 
ences in the electronic structure of their guanidine groups, which 
are of importance in the biosynthesis of nitric oxide. Moreover, 
the bond and angle parameters calculated for the lower energy 
form are in excellent agreement with those obtained by X-ray 
protein structure refinement[28J (Table 1).  

Bond lengths (Table 1 and Figure 1) and atomic bond indices 
(Table 2) consistently point to stronger bonding within the 
guanidine group (between C 1 and the N 1, N 2 and N 3 atoms) 
than between C 2 and N 3 or C 5 and N 4. Of particular interest is 
the somewhat stronger bond between C 1 and N 3 (bond index 
1.33) than between C 1 and N 1 or N 2 (bond index 1.27, Table 2). 

According to the net-charge calculations (Table 2), relatively 
high positive charges are found on two carbon atoms of the 
functional groups (C1 and C6) and nearly equal negative 
charges on all the nitrogen atoms except N3, which is ~ 2 5 %  
less negative than other N atoms. 

The frontier orbitals (Table 3) are dominatcd by the function- 
al group contributions: the HOMO of the cationic forms is 
mainly localized on the oxygen atoms of the carboxylic group 
(54 O h ) ,  whereas the contribution of the guanidine molecular 
orbitals is less than I YO. In contrast, the LUMO orbital consists 
of more than 90 o/o of the guanidine group orbitals. 

The atomic orbital (AO) contribution to either frontier or- 
bital is completely reversed in the anionic form of L-arginine 
(L-Arg-): here the HOMO orbital is mainly localized on the 
guanidine group, whereas the LUMO is localized on the car- 
boxylic group (Table 3). 

Table 1. Structural parameters of the guanidine group of L-arginine'. Comparison 
of the calculated bond lengths [A] and bond angles ["I with those obtained by X-ray 
protein structure refinement [30] (numbering of atoms as in Figure 1).  

INDO X-ray INDO X-ray 

C l - N l  1.36 1.33 N I - C l - N 3  119 120 
C l - N 2  1.36 1.33 N2-Cl-N3 121 120 
C l - N 3  1.36 1.33 N1-Cl-N2 120 120 
C2-N3 1.44 1.46 Cl -N3-C2 122 124 
C2-C3 1.48 1.52 N 3-C2-C 3 112 112 

Table 3. Characteristics of the frontier orbitals in L-arginine and N-methyl-L- 
arginine calculated by the INDO method (numbering of atoms as in Figure 1). 

L-Arg' L-N MA + L-Arg- 

E(HOMO)(au) 
A 0  contrib. to HOMO (%) 
c 1  
N 1  
N 2  
N 3  
0 1  
0 2  
C 3  
c 5  
C6  

E(LUM0) (au) 
A 0  contrib to LUMO (%) 
c1 
N1 
N 2  
N 3  
0 1  
0 2  
C3  
c5 
C 6  

-0.36 

44 

14 
7 
4 

+0.08 

in  

57 
12 
12 
12 

-0.36 

44 
10 
12 

5 
4 

+ 0.08 

58 
11 
11 
13 

-0.15 

39 
10 
10 
12 

+ 0  44 

26 
6 
1 
1 

45 

Substitution of the hydrogen atom at N 1 (or N 2)  by a methyl 
group has no real influence on bond lengths and angles, atomic 
bond indices, net charges or characteristics of the fronticr or- 
bitals (Table 2, Table 3 and Figure 1). Only the charge on the 
nitrogen atom bonded to the methyl group, becomes less nega- 
tive, as expected. 

Reaction with oxygen species: To model conversion of L-arginine 
into N-hydroxy-L-arginine, the insertion of oxygen from a 
species approaching a particular site on the arginine cation 
(L-Arg') was first analyzed. Since the form of oxygen involved 
in the reaction (Scheme 1 a) is not well defined, we investigated 
the effect of all possible forms, starting with molecular O1 and 
ending with anionic 02-.  The monoatomic species, 0 and 02-,  
were found to lead to oxygen insertion, whereas dioxygen spe- 
cies, such as O,, 0,- or Oi- ,  appeared to be ineffective in the 
process (the reactions with these species resulted in the forma- 
tion of peroxo-type adducts). 

Table 2. Net charges of atoms and atomic bond indexes in L-arginine' (L-Arg') and N-methyl-L-arginine+ (L-NMA+) obtained by INDO method (numbering of atoms as 
in Figure 1)  

Net charge Atomic bond index 
Atom L-Arg+ L-NMA' Atom L-Arg' L-NMA+ Bond L-Arg' L-NMA+ Bond 1 -Arg+ L-NMA+ 

C1 0.54 0.50 H 5  0.25 0.25 C1-N1 1.27 1.29 C2-H6 0.96 0.95 
c 2  -0.01 -0.03 H 6  0.07 0.07 C l L N 2  1.27 1.26 C2-H7 0.96 0.96 
C 3  -0.25 -0.25 H 7  0.11 0.11 C I G N 3  1.33 1.32 C 3 - H 8  0.96 0.96 
C4  -0.12 -0.12 €I8 0.22 0.22 C 2  - N 3  0.95 0.9s C 3 - H 9  0.85 0.85 
C 5  -0.02 -0.02 H 9  0 0 7  0.07 c 2 - c 3  1.03 1.03 C 4 - H I 0  0.96 0.96 
C 6  0.47 0.47 H I O  0.09 0.09 c3-c4 1.01 1.02 C 4 - H l l  0.96 0.96 
N 1  -0.44 -0.30 H11 0.08 0.08 C4-C5 0.97 0.97 C 5 - H l 2  0.94 0.94 

N 3  -0.32 -0.32 H I 3  0.19 0.19 t 5  N 4  1.00 1.00 N 4 - H I 4  0.96 0.9h 
N 4  -0.43 -0.43  HI^ 0.19 0.19 t h - n i  1.70 1.70 O 2 - H l 5  0.86 0.86 
0 1  -0.40 -0.40 H15 0.30 0.30 C6-02 1.15 1.14 N I - C 7  - 1 .OO 
0 2  -0.37 -0.37 C7  - -0.17 N 1 - H  1 0.94 0.94 C 7 - H l 6  - 0.97 
H 1  0.28 0.28 H I 6  - 0.14 N1-H2 0.94 - C I - H l 7  - 0.97 

C 7 - H l 8  - 0.97 H 2  0.2R 0.24 H17 - 0.12 N 2 - H 3  0.94 0 9 3  
H 3  0.28 0.28 H I 8  - 0.12 N 2 - H 4  0.94 0.94 
H 4  0.28 0.28 N3-H5 0.93 0.92 

N 2  -0.44 -0.44 H 12 0.09 0.09 CS C 6  0.99 0.99 N 4 - H l 3  0 97 0.97 
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Although the reaction pathways and their encrgies werc not 
investigated, the energy of the hydroxy isomers produced by 
directing the 0-species to different N-H and C-H bonds was 
used to find the most probable site of insertion of oxygen. The 
procedurc led to the conclusion that insertion is possible in all 
the cases; however, more stable products (by 1.35eV) are 
formed when N-H rather than C-H bonds arc attacked. 

The modelling of thc insertion of oxygen, illustrated by a few 
snapshots of the geometry optimization in Figure 2 (top), re- 

@ 

+2.50& 

H4 

(4) 

Figure 2. Insertion of atomic oxygen into the N - H  bond --snapshots of the 
changes in the geometry (1 ~ 4 )  in L-arginiiie (top) and N-methyl-L-arginine (bottom) 
obtained by the INDO method (bond lengths in A).  

,veals that the approach of oxygen towards the N atom results in 
t.he formation of N - 0  and 0 - H  bonds via intermediate trian- 
gular forms in which the N-H bond becomes increasingly 
weaker whilst the N - 0  and 0 - H  bonds become increasingly 
stronger. The results also showed that the energy of the product 
is not affected by the direction of approach of the oxygen, that 
is, it is the same for the insertion of oxygen between N 2 and H 3 
or N 2 and H4. Insertion of O2 followed by thc removal of two 
electrons, or insertion of an 0 atom into thc anionic form of 
12-Arg- leads to the same energy effect as insertion of the 0 
atom. 

Modelling of the oxygen insertion process for N-methyl- 
argininc, produced results close to those of L-arginine (Figure 2, 
bottom). N o  real difference in energy between the guanidine 
nitrogen atoms was found here either. On the other hand, inser- 
tion of oxygen into the C-H bond of the methyl group appeared 
to be energetically less favourable than insertion into the N-H 
bond (by 1.42 eV) . 

Discussion 

INDO modelling supports thc proposed mechanism of conver- 
sion of L-arginine into hydroxyarginine proceeding through 
oxygen insertion. The results of this study show that the N-H 
bond, rather than the C-H bond, is preferred as the site of the 
insertion of oxygen. N-H bond cleavage is precedcd by an 
increase in the coordination number of N from 3 to 4. The 
rnechanisin is similar to that of hydrocarbon hydroxylation re- 
cently reported to proceed via pentacoordinated carbon species, 
catalyzed among others by the [Fe0I3+ active centre of cy- 
t'ochrome P-450.'31' 321 

When considering the possible mechanism of insertion of oxy- 
gen originating from the [Fe0I3+ of the NO synthetase, the 
electrophilic character of the reactive centre must be taken into 
account.tt41 A mechanism involving electrophilic attack of 
[IFe0l3+ at L-argininc is supported by the fact that N1 and N 2  
have high negative charges (Table 2) and by the fact that 
nionoatomic and not diatomic oxygen species effectively lead to 
insertion. However, in this type of mechanistic pathway the 
highest occupied orbitals must be involved, and the INDO cal- 
culations showed that not only the HOMO, but also other occu- 
pied orbitals of similar energy are localized mainly at  the car- 
boxylic group (Table 3). The LUMO orbitals are almost 
c,ompletely localized at  the guanidine centre. In view of the 
above, and excluding the hypothesis of hydroxylation by nucle- 
ophilic attack, two possibilities have to be considered: 1 )  The 
isolated arginine molecule is not an adequate model of the real 
system, or 2) electrophilic [Fe-0I3+ attack is preceded by the 
reduction of L-arginine. 

To check the first of these hypotheses, the effect of bond 
formation on the characteristics and energy of the frontier or- 
bitals was investigated. No particular effect was observed as a 
rcsult of protonation or dimerization involving the amino-acid 
g.roup. In all cases the contribution of the guanidine group to the 
HOMO orbital of the product was negligible. Therefore, it was 
concluded that either the real environment interacts with 
airginine much more strongly than assumed here, or bonding by 
the amino-acid group has no real effect on  the frontier orbital 



Biosynthesis of Nitric Oxide 609-61 3 

scheme, that is, the model based on the isolated molecule is 
adequate to interpret the mechanism of NO biosynthesis. 

Wc now turn to the second hypothesis. It is highly unlikely 
that electrophilic attack on the carboxylic group of the L-Arg' 
cation would result in the insertion of oxygen into the guanidine 
group. Moreover, for such an electrophilic attack, an agent 
would be required to mediate the interactions bctween the two 
positive centres. A more likely hypothesis is that the hydroxyla- 
tion accompanied by overall nitrogen oxidation (Scheme 1 a) is 
initiated by the reduction of L-arginine. In the reduction product 
L-Arg-, the HOMO orbitals are localized at the guanidine 
group (Table 3) and are thus set up for electrophilic attack by 
the [Fe0I3+ centre. This hypothesis is supported by the fact that 
reducing and electron-transfcrring cofactors are present and co- 
operate with NO synthetase. The conversion of arginine to N -  
hydroxyarginine (Figure 3) should then start with reduction of 

(r.nz)L-Arg' (E&-Ari (Enz)NOH-Arg + H,O 

Figure 3. Scheme of the conversion of L-arginine (L-Arg') to N-hydroxy-L-arginine 
(NOH-Arg') in the biological system investigated. 

(Enz)Arg+ followed by electrophilic attack by the (Enz)[Fe0I3+ 
group of cytochrome resulting in insertion of oxygen and pro- 
duction of N-hydroxyarginine. Thc actual electronic structure 
of the attacking oxygen atom bound to the Fe centre has not 
been precisely determined; i t  should, however, be within the two 
limiting cases calculated here, namely, that of the ncutral oxy- 
gen atom and the O2 - anion, which were both shown to under- 
go insertion. The (Enz)Fe3+ species formed may be a source 
of the (Enz)Fe03+ electrophilic centre[", 1y,201 or may take 
part in the second stage of the nitric oxide biosynthesis 
(Scheme 1 b).[2,12,141 These stages are not the subject of this 
paper and arc assumed to proceed according 10 the mechanisms 
suggested earlier.['41 

Conclusions 

The mechanism of L-arginine hydroxylation dcrived from 1N- 
DO calculations (Figure 3) substantiates many experimental 
findings, such as, the electrophilic attack by the heme [Fe-OI3 + 

group, the insertion of oxygcn into the guanidine N - H bonds, 
the activity of the diineric form of the NO synthetaser"' and the 
role of rcducing agents and electron transmitters in endo- 
geneous nitric oxide production. 

The fact that similar results were obtained for N-methyl- 
arginine indicatcs that the N-substitution at L-arginine is of no 
importance for the first step of the NO biosynthesis. 
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