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SUMMARY: An enzyme in homogenates of porcine vascular endothelial cells 
forms L-c i t ru l l ine from L-arginine. This enzyme is soluble and 
Nt~..D PH-dependent. In addit ion, the enzyme is inhibited by 
N~-monomethyI-L-arginine, suggesting that i t  is involved in the formation of 
n i t r ic  oxide by vascular endothelial cells. © 1989 Aoad .. . .  P ..... Zno. 

Vascular endothelial cells synthesise n i t r ic  oxide (NO) from the terminal 

guanidino nitrogen atom(s) of L-arginine (1) in amounts suff ic ient to account 

for the biological ac t iv i ty  on vascular str ips (2) and platelets (3,4) 

at t r ibuted to endothelium-derived relaxing factor. The formation of NO by 

vascular endothelial cells and the endothelium-dependent vascular relaxation 
G are inhibited by N -monomethyI-L-arginine (L-NMMA; 5,6).  Cytotoxic 

macrophages form NO 2 and NO3 , the oxidation products of NO, from 

L-arginine with the concomitant formation of L-c i t ru l l ine (7,8) .  The 

generation by macrophages of both NO 2 and NO 3 and of L-c i t ru l l ine is also 

inhibited by L-NMMA (9). 

In view of this we have investigated the formation of L-c i t ru l l ine from 

L-arginine by homogenates of vascular endothelial cells and have par t ia l ly  

characterised the enzyme responsible for this reaction. 

MATERIALS AND METHODS 

Enzyme preparation: Fresh porcine thoracic aortae were obtained from a 
local abattoir and dissected free of adherent fat and connective tissue. The 
lumen was washed with ster i le phosphate buffered saline (pH 7.2) and the 
aorta opened longi tudinal ly .  The endothelium was removed and homogenised 
with the f lat of a ster i le scalpel blade and the homogenate t ransferred to ice 
cold 0.1 M Tr is buf fer ,  pH 7.2 (2 aortae/ml buf fe r ) .  The homogenate was 
then sonicated 3 times for 10 s and kept on ice. In some experiments the 
homogenate was centr i fuged at 105,000 g for 1 h and the supernatant used 
as a source of soluble enzyme. 

Porcine aortic endothelial cells were isolated and cultured on 
microcarriers as described previously (10). The cells were washed f ive 
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times in Krebs buf fer  before being removed from the microcarriers by 
vigorous shaking in ice-cold 0.1 M Tr is buf fer  pH 7.2. The supernatant 
was removed, sonicated as above and used as the source of enzyme. 

Ci t ru l l ine formation. The reactions were init iated by addiction of endothelial 
cell homogenate (0.2 ml) to a mixture containing 5 IJCi [~H]L-arg in ine (sp. 
act. 57 Ci/mmol; Amersham International) and the appropr iate compounds 
described below in a total volume Of 0.5 ml 0.1 M Tr is buf fer ,  pH 7.2. 
Af ter  incubation at 37°C for 10 rain, the reaction was stopped by addit ion of 
0.1 ml 2.5 M perchlor ic acid and the tubes kept at 4°C unti l  assayed. An 
aliquot (0.1 ml) was fract ionated by ion exchange high pressure l iquid 
chromatography on BTC 2710 with discontinuous gradient  elution on an amino 
acid analyser (Biotronik LC 6001). The radioact iv i ty present in 1 rain 
fractions of the ef f luent  was determined by l iquid scinti l lat ion counting and 
the retention times of L-arg in ine,  L-orn i th ine and L-c i t ru l l ine were 
determined with appropr iate standards. 

RESULTS AND DISCUSSION 

The formation of [3H]c i t ru l l ine was not observed when [3H]argin ine was 

incubated with NADPH (1.5 raM) alone and only minimal amounts were 

detectable when the endothelial homogenate was incubated with [3H]argin ine 

(Fig. la,  b) .  However, [3H]c i t ru l l ine formation from [3H]argin ine was 

enhanced when NADPH, but  not NADP, NADH or NAD (all at 1.5 raM), was 

incubated with the homogenate (Fig. l c ) .  The formation of [3H]orn i th ine or 

other [3H]amino acids was not detectable under these condit ions, indicating 

that the homogenates did not contain detectable arginase act iv i ty ,  and that 

[3H]c i t ru l l ine was only formed from [3H]argin ine by the NADPH-dependent 

enzyme. The enzyme was located in the 105,000 g supernatant of  the 

homogenate (n=3), with no detectable act iv i ty  in the washed pellet, showing 

that i t  is ei ther a soluble enzyme or that it is only loosely associated with 

membranes. This enzyme was also found in homogenates of porcine aortic 

endothelial cells in cul ture which had been shown, using a bioassay 

technique (2),  to release NO (n=3). 

The formation of [3H]c i t ru l l ine was inhibi ted by 71.5 + 8.9 % (mean + 

s .e .m. ,  n=3) by L-NMMA (3 HM; Fig. I d ) ,  but not by its D-enantiomer (30 

IJM). These results s t rongly  indicate that the enzyme is involved in the 

formation of NO from L-argin ine in vascular endothelial cells, for this 

process is also inhibi ted by L-NMMA (5,6) .  The fact that L-NMMA appears 

to be a more potent inhib i tor  of [3H]c i t ru l l ine formation than of endothelial 

NO formation (5) or endothel ium-dependent relaxation (6) ref lects the 

competitive nature of its action since only low concentrations of L-arg in ine 

were present in the homogenates of endothelial cells (< 12.5 pM by amino 

acid analysis).  In prel iminary experiments we failed to detect by 

chemiluminescence (2) the formation of NO or its oxidation product  NO2-. 

Whether this is due to the generation of an intermediate which is not fu r the r  
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Elution profile from the HPLC of incubates of [3H]arginine with (a) 
NADPH, (b) endothelial homogenate alone, (c) endothelial 
homogenate and NADPH, (d) endothelial cell homogenate, NADPH 
and L-NMMA (3 pM) from the same representative experiment in 
which the protein concentration was 2.5 mg/ml. The retention 
times of L-citrul l ine, L-ornithine and ~-arginine were 22, 58 and 
69 rain respectively, indicates the [ H]arginine peak. 

conver ted to NO under these condit ions or is due to haemoglobin in the 

homogenate, which binds NO and would mask its presence, is not c lear .  

L -a rg in ine  (100 pM), but  not D-arg in ine  (100 IJM), inh ib i ted the 

formation of  [ 3H ]c i t r u l l i ne  from [3H]arg in ine  by 89.0 _+ 1.3 % (n=3). In 

cont rast ,  ne i ther  L -c i t ru l l i ne  (100 HM) nor L-canavanine (100 HM), which 

inh ib i ts  the synthes is  of c i t ru l l i ne  by macrophages (8) ,  af fected 

[3H ]c i t r u l l i ne  format ion. These resul ts  conf i rm our prev ious suggestion (1) 

that  [ 3H ]c i t r u l l i ne  is not a subst ra te  for  the NO-forming enzyme in 

endothel ial  cells and that  th is enzyme d i f fe rs  in th is respect from that  in the 

macrophage. 

High concentrat ions of L-canavanine have been repor ted to inh ib i t  

endothel ium-dependent re laxat ion in rat  aor t ic  r ings (11) and the synthes is  

of  NO from L-arg in ine  in bovine aort ic  endothel ial  cells (12).  The 

d iscrepancy between these resul ts  and our own may indicate species 

d i f fe rences,  for  we have observed that  L-canavanine does not af fect  the 
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formation of NO in the perfused rabbit  aorta (6).  The fact that 

L-canavanine is inactive against the soluble enzyme suggests that this, 

rather than a problem of uptake, is the explanation for the dif ferences 

observed. 

The c i t ru l l ine-forming enzyme in macrophages has been suggested to be 

a deiminase which generates ammonia that is then oxidised to NO 2 and NO 3- 

(7). Endothelial cells and cytotoxic macrophages do form ammonia (13,14), 

however, it is not clear whether a deiminase or another mechanism is 

involved in this process. Furthermore, deiminases have not been identi f ied 

in mammalian cells and it would be energetical ly wasteful to reduce the imino 

nitrogen atom of L-arg in ine pr ior  to oxidation to NO. In view of this,  

fu r the r  evidence is required to elucidate the precise nature of the enzyme(s) 

involved in the formation of NO by vascular endothelial cells. 

In the present experiments we did not observe pept idy l -c i t ru l l ine in the 

HPLC prof i le, indicating that [3H]argin ine is converted d i rect ly  to 

[3H]c i t ru l l ine by the soluble fraction of endothelial cell homogenates. This 

observation suggests that L-arg in ine is not incorporated into a peptide pr ior  

to conversion to NO. This excludes the involvement of pept idy l -arg in ine 

deiminase in [3H]c i t ru l l ine formation (15). 

The formation of [3H]c i t ru l l ine by endothelial cell homogenates was not 

affected by superoxide dismutase (15 U.ml-1; n=3) suggesting that the 

endothelial cell enzyme di f fers from that responsible for c i t ru l l ine formation 

in murine haemopoietic cells (16). The haemopoietic cell enzyme is dependent 

on oxygen radicals, is inactive in arg in ine- f ree medium and has been 

suggested to be a superoxide-dependent pept idy l -arg in ine deiminase (17). 

[3H]c i t ru l l ine formation was inhibited by methylene blue (59.4 _+ 5.7 % 

n=3) at 25 laM, but not by ascorbate (5 raM). This, together with the 

requirement for NADPH, s t rongly  implicates a redox mechanism in this 

process. The formation of [3H]c i t ru l l ine was marginally inhibited by high 

concentrations of cyanide (18.9 + 10.4 %, n=3) at I mM, but not by bubb l ing  

the enzyme with CO for 5 rain, suggesting that i t  is not a haem enzyme but 

that it does require a cation. 

The requirement for some divalent cations by the enzyme was examined 

by incubating the homogenate with Ca 2+ (2.5 raM), Mg 2+ (0.8 raM), Fe 2+ and 

Fe 3+ (both at 0.1 raM) in the presence of NADPH. None of these cations 

enhanced the formation of [3H]c i t ru l l ine fu r the r  (n=3). EDTA was also used 

to determine whether suf f ic ient  divalent cations were already present in the 

homogenate for maximum act iv i ty  of the enzyme. [3H]c i t ru l l ine formation was 

inhibi ted by 68.9 + 7.3 % (n=3) by 0.2 mM EDTA. This f inding suggests 

that there is a divalent cation requirement for enzyme act iv i ty  and fu r ther  

work is required to ident i fy  which one. Since the release of NO by 
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endothelial cells is Ca2+-dependent (18), it is possible that this cation is 

involved. Interestingly, the enzyme in the macrophage shows some 
2+ requirement for Mg (19). 

In summary, we have presented evidence for the existence of a novel 

NADPH-dependent enzyme in vascular endothelial cells, which may be 

involved in the formation of NO from L-arginine. In many respects this 

enzyme is similar to that in macrophages. The presence and biological 

relevance of this enzyme in tissues other than vascular endothelial cells and 

macrophages should be investigated. 
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