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Nitr ic  oxide (-NO) synth:~-~ ~ NOS) ~ctivity in suboell~:la; t racl ions from cul tured cndothclial  cells (EC) and  l ipopolysaccharide-activated J774.2 
monocyte /macrophage~ ~ ~_~ investigated by moni tor ing  the -NO-mediated increase in intraceilalar  cyclic G M P  in LLC-PK~ pig kidney epithelial 
cells. The const i tut ive NOS in EC (NOS,)  was largely membrane -bound ,  whereas the induc~.ble S O S  in $774.2 cells (NOS,) was equally distr ibuted 
a m o n g  cytosol  and membrane(s) .  Both the cytosolic NOS,  in EC and the m e m b r a n e - b o u n d  NOS, in J774.2 cells were strictly Ca2"-dependent,  
whereas  the m e m b r a n e - b o u n d  NOSe in EC and the cytosolic NOS, in J774.2 cells were not.  L-Homoarg in ine  and L-arginine-conlaining small 
peptides,  such as L-arginyI-L-phenylalanine,  replaced L-arginine as  a subst ra te  for the NOS,  in EC and the CaZ*-independent SOS,  in J774.2 cells, 
but  nol  the Ca2"-dependent  NOS,. Thus,  irrespective o f  their  intracellular Iocalisat~on, at lec.~, three isoforrr~s o f  NOS exist, which can be 

different ia ted by their substrate  specificity and  Ca2"-dependeney. 
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1. I N T R O D U C T I O N  

N i t r i c  o x i d e  ( , N ( ) )  is  a p o t e n t  v a s o d i l a t o r  a n d  a n t i -  
t h r o m b o t i c  a g e n t ,  a n d  p l a y s  a n  i m p o r t a n t  r o l e  in  t h e  
c y t o t o x i c i t y  o f  a c t i v a t e d  m a c r o p h a g e s  a n d  a s  a n e u r o -  
t r a n s m i t t e r  ( f o r  a r e c e n t  r e v i e w  s e e  [1]) .  I t s  f o r m a t i o n  
f r o m  L - a r g i n i n e  ( L - A r g )  is  c a t a l y z e d  b y  a n  N A D P H -  
d e p e n d e n t  d i o x y g e n a b e ,  r e f e r r e d  t o  a s  - N O  s y n t h a s e  
( N O S ) ,  w h i c h  c a n  e x i s t  i n  a t  l e a s t  t w o  d i s t i n c t  f o r m s  [21. 
O n e  e n z y m e ,  a c o n s t i t u t i v e  a g o n i s t - t r i g g e r e d  a n d  C a 2 + /  
c a l m o d u l i n - d e p e n d e n t  N O S ,  is m a i n l y  p r e s e n t  i n  n e u -  
r o n a l  c e l l s  [3] a n d  e n d o t h e l i a l  c e l l s  [4],  w h e r e a s  t h e  o t h e r  
e n z y m e ,  a C a 2 + - i n d e p e n d e P t  i n d u c i b l e  N O S ,  is  f o u n d  
p r e d o m i n a n t l y  i n  m a c r o p h a g e s  [5] a n d  s m o o t h  m u s c l e  
c e l l s  [6] a f t e r  a c t i v a t i o n  b y  c y t o k i n e s  o r  b a c t e r i a l  l i p o -  
p o l y s a o c h a r i d e  ( L P S ) .  F h e  r e a c t i o n  c a t a l y s e d  b y  b o t h  
t y p e s  o f  N O S  is  l i k e l y  t o  b e  i d e n t i c a l ,  a s  N G - h y d r o x y - L  - 
a r g i n i n e  ( L - H O A r g )  is  a s u b s t r a t e  f o r  b o t h  t h e  i n d u c i b l e  
[7] a n d  c o n s t i t u t i v e  N O S  [8]. A n  i m p o , - t a n t  w a y  o f  e l u -  
c i d a t i n g  t h e  c h e m i c a l  n a t u r e  o f  t h i s  m e c h a n i s m  is  t o  
c h a r a c t e r i s e  t h e  r e l a t i v e  s u b s t r a t e  s p e c i f i c i t y  o f  t h e s e  
e n z y m e s .  R e c e n t l y ,  w e  h a v e  p r o p o s e d  t h a t  L - a r g i n i n e -  
c o n t a i n i n g  d i p e p t i d e s  s e r v e  a s  a d d i t i o n a l  o r  a l t e r n a t i v e  
s u b s t r a t e s  f o r  t h e  b i o s y n t h e s i s  o f - N O  b y  c u l t u r e d  u n d o -  

Abbreviations: EC. endothel ial  cell(s); E G T A ,  ethylene glyeol-bird,~ff- 
amino ethyl ~.ther) N,N,N'-N'- tetraaoct ic acid; L -MeArg,  f - m o n o -  
methyl-L-arginine;  .NO, nitric oxide; L-NOzArg,  N<;-nitro-L=argi - 
nine; L-HOArg ,  ?*P3-hydroxy-L-arginine; D - H O A r g .  NG-hydrcxy-D - 
arginine; SOD,  supcroxide dismutas¢.  
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t h e l i a l  c e l l s  ( E C ) ,  a n d  t h a t  t h i s  c o u l d  a l s o  b e  i m p o r t a n t  
f o r  t h e  f l o w - i n d u c e d  r e l e a s e  o f  - N O  f r G ; ~  t h e  e n d o -  
t h e l i u m  in  v i v o  [9]. C o n s e q u e n t l y ,  w e  h a v e  i n v e s t i g a t e d  
w h e t h e r  t b e s e  d i p e p t i d e s  a r e  c o n v e r t e d  t o  . N O  b y  N O S  
p r e p a r a t i o n s  d e r i v e d  f r o m  c u l t u r e d  E C  a n d  m o n o c y t c /  
m a c r o p h a g e s .  

2.  M A T E R I A L S  A N D  M E T H O D S  

2. !. Materials 
D-Arg,  L-Arg. I~'statin. calmodulin (from bovine brain). L-homo-  

arginine, and  superoxide dismuta,~e (from bovine erythrocytes;  SOD) 
were obta ined f rom Sigma Chemical Co; L - M e A t s  aoetat¢ salt from 
Calbiochem,  L-NO2Arg acetate salt and the various peptides from 
Bachem Feinchemikal ien AG;  and (6R,S)-5,6,7,8-tetrahydro-L-biop- 
terin (THB)  from Dr. B. Schircks Laboratories. L -HOArg  and D- 
H O A r g  (pur i ty ~>98~)were synthesized by Dr. Paul L. Feldman [10]_ 
All o ther  reagents and solvents were o f  the highest commercial ly  
available quality f rom either  Sigma Chemical  Co. or  Merck Ltd. 

2.2. Cell culture 
Bovine aort ic  endothelial  cells w©r¢ harvested and grown to con-  

fluence on Cytodex-3 microcarrier  beads (Pharmac ia -LKB Ltd.) in 
Dulbecco ' s  modified Eagle 's  medium ( D M E M ;  Flow Laborator ies)  
supplemented  with 4 m M  L-glutamine and 10% (v/v) fetal calf  serum 
(FCS;  Gibco) .  J774.2 cells (routine monocyte /macrophage  cell line. 
E C A C C  85011428) and LLC-PK,  pig kidney epithelial ceils (ATCC 
CL 10l ) wei'~ ob ta ined  f rom the  European Colhmtion o f  Animal  Cell 
Cultures.  The J774.2 cells were grown to  a density o f  1-2xi0P cells/ml 
in stirrer bot t les  in 100-200 ml D M E M  supplemented with 4 r a m  
L-glutamine and  10~b FCS,  and  the LLC-PK,  cells were sccdcd into 
96-wcll plates and  grown to  confluence in medium 199 (Flow Labora-  
tories) supplemented  with 10~ FCS. 

2.3. Preparation o f  subcellular fractions 
All o f  the following procedures  were carried out at O 4°C. Approx-  

imately 109 bovine aort ic  EC on  be, ads  or  0.5 × I 0 ~ J774.2 cells, induced 
by mouse  interferon (500 U/ml; Sigma) for 6 h followed by LP~ 

Published by Elsevier Science laublishers B. $r 2:21 



V o l u m e  294,  n u m b e r  3 F E B S  L E T T E R S  D e c e m b e r  1991 

(scrotypc 0127:B8:1  /~g/rrsh Sigma) for  18 h or  non- induced ,  wcrc 
suspended in 50 m M  Tris-HC1 buffer,  pH 7.4, con t a in ing  10 m M  
EDTA.  5 m M  glucose. 1.15% (w/v) KCI, 0.1 m M  DL-di th io th re i to l  
(DTT).  200 U/rot SOD. 2 mg/I leupeptin.  2 mS/1 peps ta t in  A. 10 mg/t 
trypsin inhibi tor  and  44 mg/I phenylmcthylsu l fonyi  f luoride (PMSF) .  
The cell suspens ions  were bubb led  with hel ium for  15 rain,  sonicated 
(Sonic dg~ Mater ia ls  Inc., model  G E  375. 5 cycles o f  10 s du ra t i on  with 
in termit tent  50 s cool ing periods),  and  the  h o m o g e n a t e  centr i fuged in 
three subsequent  stq~s at  1000 x g for 10 rain, 10 000 × g for  20 rain 
and  200 000 x g for  30 rain0 The  200 000 x g - s u p c r n a t a n t  (cytosol)  was  
concen t ra t ed  by  using d isposable  Cent r icon-10  filters ( M W  cut -of f  
10 000; f rom Amicon) .  a n d  the  200 000 x g-pellet  (microsomes)  was  
resuspended in 50 m M  Tfis .HCI buffer.  DH 7.4. con ta in ing  0.1 m M  
EDTA,  0.1 m M  DIW,  2 mMI leupept in ,  2 mg/l  l>epstatin A,  10 mg/I 
t rypsin  inhibi tor ,  44 ms/!  P M S F  and  l(3~b (v/v) 81ycerol. Prote~n con-  
oemra t ions  were de te rmined  by using Pe te r son ' s  modif ica t ion  o f  the  
micro-Lowry m e t h o d  wi th  bovine  serum a l b u m i n  as a s t anda rd  [1 I]_ 

2.4. Determination of  NOS activity, 
Aliquots  o f  the  cytoso! or  microsomes  (25/al  co r r e spond ing  to ca. 

SO /Jg o f  prote in)  were added  to  monolayers  o f  L L C - P K ,  cells in 
96-well plates (6.25 x 10" cells/welt) pre t rea ted  for  10 rain wi th  1 m M  
isobuty lmethy lxan th ine  a n d  S O D  (200 U / m l )  in 50/a l  o f  Du lbecco ' s  
p h o s p h a t e  buffered saline (1)PBS, with 0.9 m M  C a  2" a n d  0.5 m M  
M g  2". p H  7_4). T h e  var ious  subs t ra tes  (400 ~uM di luted in 25/J I  of  
D P B S  buf fe r  con ta in ing  400 /aM N A D P H ,  400 /aM DTT,  4 / a M  T H I )  
and  0.4 /aM ca lmod~l in )  or  25 /al D P B S  buffer  were a d d e d  ( to ta l  
vo lume o f  100/al) and  the incuba t ion  con t inued  for  10 rain a t  37°C. 
i n  some exper iments ,  co - incuba t ions  wi th  L-NO2Arg  o r  L - M e A t s  
(final concen t r a t ion  100--300/aM). E G T A  ( i - 3  r a M ) o r  bes ta t in  (50 
jug/m1) were carr ied out .  T h e  incuba t ions  {performed in t r ip l ica te  for  
each N O S  prepara t ion) ,  were t e rmina ted  by asp i ra t ing  the  supema-  
rant ,  add i t ion  o f  100/al 50 m M  sodium aceta te  ( pH  4.0) a n d  rapid  
freezing with l iquid ni t rogen.  Af te r  thawing,  cen t r i fuga t ion  at  10 000 
x g for  10 rain a n d  acetyla t ion  o f  the  supe rna t an t ,  cyclic G M P  levels 
were de terminod (in duplicate)  by r a d i o i m m u n o a s s a y  [8]. 

2.5. HPLC analyai$ 
The  proteolyt ic  metabolisn~ o f  the  var ious  L-Arg-con ta in ing  pep- 

t ides by suboellutar  f rac t ions  f rom e i ther  EC or  J774.2 ceils was deter-  
mined by  reveis.-~d-phase HPL(~/fluorescence detect ion analysis  as de- 
scribed [12]. 

2.6. Statistical anaiyMs 
Unless  otherwise  stated) all values  in Ihe figures and  text are  ex- 

pressed as mean  ± SEM of  n observat ions .  A one-way  analysis  o f  
var iance  ( A N O V A )  was used to  assess the  statistical significance o f  
results with  P<0.05  considered significant.  

3.  R E S U L T S  

I n c u b a t i o n s  o f  L - A r g ,  L - H O A r g ,  L - h o m o a r g i n i n ¢ ,  
t h e  v a r i o u s  p e p t i d e s ,  L - M e A r g ,  L - N O 2 A r g  o r  E G T A  
w i t h  L L C - P K t  c e l l s  a l o n e  h a d  n o  e f f e c t  o n  t h e i r  c y c l i c  
G M P  l e v e l ,  a n d  D - A r g  o r  D - H O A r g ,  w h e n  i n c u b a t e d  
w i t h  e i t h e r  E C ,  i n d u c e d  J 7 7 4 . 2  c y t o s o l  o r  m i c r o s o m e s  
a l s o  d i d  n o t  c a u s e  a n y  s i g n i f i c a n t  i n c r e a s e  i n  c y c l i c  
G M P  ( n = 3  f o r  e a c h  compound a n d  N O S  p r e p a r a t i o n ) .  
T h e  c o n t a m i n a t i o n  b y  f r e e  L - A r g  o f  t h e  v a r i o u s  p e p -  
t i d e s  w a s  c h e c k e d  b y  H P L C  a n a l y s i s  a n d  f o u n d  t o  b e  
~ - -0 .1%.  

3 .1 .  Charac ter i sa t ion  o f  the  N O S  a c t i v i t y  preaen t  in cul- 
tured  E C  

T h e  N O S  a c t i v i t y  f r o m  c u l t u r e d  E C  w a s  l a r g e l y  r e -  
c o v e r e d  i n  t h e  m e m b r a n e  f r a c t i o n  ( 8 4 - 9 2 % ,  n = 4 ,  s e e  
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Fig, ]. D i s t r ibu t ion  and  charac te r i sa t ion  o f  the  N O S  act ivi ty in cul- 
lu red  EC. 2"he figure ( representa t ive  o f  n=5 indiv idual  p r e p a r a t i o n s  
o f  I£C cytosol  a n d  n =  12 individual  p r epa ra t i ons  o f  E C  m i c r o ~ m c s )  
shows  the  net  increase  in LLC-PK~ cell cyclic G M P  (mean  _+ S E M ,  
expressed as pmol  cyclic ( ~ M P / m g  o f  pro te in  a d d e d / r a i n ) o f  t r ip l icate  
i ncuba t ions  o f  L-Arg  (R),  L - H O A r g  (OH)  o r  L -Arg-L-Phe  ( R F ,  all  
at 100 N M )  w i th  the cytosol ic  o r  mic rosomal  pro te in  f r o m  one batch 
o fcu l tu rec l  EC (f i l led columns).  The averaBe increase in L L C - P K ,  cell  
cyclic G M P  with L-Arg was 0.99 +_ 0.2 pmol  c G M P / m g / m i n  for  the  
cytosol  (3.64 _+ 0.55 pmol  c G M P / m g / m i n  for  L - H O A r g )  and  10.82 + 
! .82 c G M P / m g / m i n  for  the  micr  ~ o m e s  ( I 8.75 4- 3.96 pmol  ¢ G M P / m g /  
min  for  L -HOArg) ,  rspectively.  T h e  figure a lso show~ the  s t r o n g  
inh ib i to ry  effect o f  ! m M  E G T A  ( - C a ,  emp ty  c o l u m n s )  and  3 0 0 / a M  
L-NO~Arg  (NO2) on  the  increase  in LLC-PiK, cell cyclic G M P  with 
L-Arg  (*P<0.05 ,  **P<0.01,  ***P<0.001 when  c o m p a r e d  to  L-Arg) .  

[4 ] ) .  W h e n  c o m p a r e d  t o  L - A r R ,  i n c u b a t i o n s  w i t h  L -  
H O A r g  c o n s i s t e n t l y  p r o d u c e d  a s t r o n g e r  i n c r e a s e  i n  
c y c l i c  G M P  w i t h  b o t h  t h e  c y t o s o l i c  ( 3 . 7  ± 0 . 6 - f o l d ,  n:-4,  
P < 0 . 0 5  b y  o n e  s a m p l e  t w o - t a i l e d  S t u d e n t ' s  t - t e s t )  a n d  
m i c r o s o m a l  f r a c t i o n  (3 .1  _+ 0 . 6 - f o l d ,  J r = l  l ,  P < 0 . 0 1 ) ,  
s u g g e s t i n g  a m o r e  r a p i d  c o n v e r s i o n  o f  L - H O A r g  t o  - N O  
t h a n  L - A r g .  T h e  f o r m a t i o n  o f - N O  f r o m  L - A r g  b y  b o t h  
c y t o s o l  a n d  m i c r o s o m e s  w a s  v i r t u a l l y  a b o l i s h e d  b y  c o -  
i n c u b a t i o n s  w i t h  l ( K ) - - 3 0 0  ~ M  L - N O 2 A r g  ( F i g .  i ) .  S i m i -  
l a r l y ,  t h e  c o n v e r s i o n  o f  L - H O A r g  t o  - N O  w a s  s u b s t a n -  
t i a l l y  i n h i b i t e d  b y  1 0 0  ~ M  L - N O 2 A r g  ( 8 0 % ,  n : - 3 )  o r  
L - M e A t s  ( 9 7 % ,  n=3) .  I n t e r e s t i n g l y ,  r e m o v a l  o f  C a  2+ b y  
c o  ; d c u b a t i o n s  w i t h  i m M  E G T A  a b o l i s h e d  t h e  f o r m a -  
t i o n  o f  - N O  f r o m  L - A r g  b y  t h e  c y t o s o l  ( F i g .  1),  b u t  n o t  
t h e  m i c r o s o m e s  ( 4 6  a n d  6 7 %  i n h i b i t i o n  f o r  L - A r g  a n d  
L - H O A r g ,  r e s p e c t i v e l y ,  n=3) .  I n c r e a s i n g  t h e  E G T A  
c o n c e n t r a t i o n  t o  3 m M  s t i l l  d i d  n o t  a b o l i s h  ( 8 5 %  i n h i b i -  
t i o n ,  n=3)  t h e  c o n v e r s i o n  o f  L - A r g  t o  - N O  b y  t h e  m i c r o -  
s o m a l  e n z y m e ,  s u g g e s t i n g  t h a t  E C  m e m b r a n e s  m a y  c o n -  
t a i n  b o t h  a C a ~ ÷ - d e p e n d e n t  a n d  C a 2 * - i n d e p e n d e n t  
N O S .  

3 . 2 .  Charac l e r i sa t i on  o f  the  N O S  a c t i v i t y  p r e s e n !  in 
J 7 7 4 . 2  cel?.~. 

N o  N O S  a c t i v i t y  w a s  d e t e c t e d  i n  t h e  c y t c ~ o l  p r e p a r e d  
f r o m  n o n - i n d u c e d  J 7 7 4 . 2  c e l l s ,  w h e r e a s  t r a c e s  o f  a c t i v -  
i t y  w e r e  p r e s e n t  i n  t h e  m e m b r a n e  f r a c t i o n  ( 2 - 6 %  o f  t h e  
N O S  a c t i v i t y  f o u n d  i n  m i c r o s o m e s  f r o m  i n d u t = e d  J 7 7 4 . 2  
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ce l l s  ( s e e  b e l o w ) ,  n = 3 ) ,  s u g g e s t i n g  t h a t  a s m a l l  p o r u o n  
o f  t h e  N O S  a c t i v i t y  in  t h e s e  ce l l s  is c o n s t i t u t i v e l y  a c t i v e .  
A f t e r  t r e a t m e n t  w i t h  i n t e r f e r o n  a n d  L P S  f o r  24 h ,  N O S  
a c t i v i t y  i n c r e a s e d  s u b s t a n t i a l l y  in b o t h  f r a c t i o n s ,  a n d  
w a s  e q u a l l y  d i s t r i b u t e d  a m o n g  t h e m  w i t h  51 6 0 %  o f  t h e  
t o t a l  a c t i v i t y  p r e s e n t  in t h e  c y t o s o l  ( n = 4 ) .  A g a i n  L -  
H O A r g  w a s  c o n v e r t e d  t o  . N O  f a s t e r  t h a n  L - A r g  ( c y t o -  
so l :  2 ,0  +- 0 . 3 - f o l d ,  n=7, / ' < 0 . 0 5  b y  o n e  s a m p l e  t w o -  
t a i l e d  S t u d e n t ' s  t - t e s t ;  m i c r o s o m e s :  1.9 _ 0 . 3 - f o l d ,  n : 4 ,  
P<0.06) a n d  t h e  m e t a b o l i s m  o f  b o t h  c o m p o u n d s  w a s  
e i t h e r  a b o l i s h e d  ( m i e r o s o m e s )  o r  s u b s t a n t i a l l y  i m p a i r e d  
( c y t o s o l )  b y  c o - i n c u b a t i o n s  w i t h  L - M e A r g  ( 1 0 0 - 3 0 0  
~uM, F i g .  2, 7 5 - 1 0 0 %  i n h i b i t i o n ,  n = 3 )  o r  L - N O 2 A r g  
( 1 0 0 - 3 0 0 / ~ M ,  4 0 - 8 3 %  i n h i b i t i o n ,  n = 3 ) .  I m p o r t a n t l y ,  
r e m o v a l  o f  C a  2+ d i d  n o t  a f f e c t  t h e  N O S  a c t i v i t y  in  t h e  
c y t o s o l ,  b u t  a l m o s t  c o m p l e t e l y  b l o c k e d  t h a t  in  t h e  m i -  
c r o s o m e s  ( F i g .  2),  s u g g e s t i n g  t h a t  i n t e r f e r o n / L P S  i n d u e -  
e s  a m e m b r a n e - b o u n d  N O S  in  J 7 7 4 . 2  c e l l s  w h i c h  is  
s t r i c t l y  C a 2 + - d e p e n d e n t .  

3 .3.  Subs t ra t e  specif ici ty  o f  the N O S  i s o e n : y m e s  presen t  
in cu l tured  E C  

L - H o m o a r g i n i n e  ( T a b l e  I )  a n d  L - A r g - L - P h e  w e r e  
b o t h  g o o d  s u b s t i t u t e s  f o r  L - A r g  w h e n  i n c u b a t e d  w i t h  
t h e  c y t o s o l i e  N O S .  T h e  s u b s t r a t e  s p e c i f i c i t y  o f  t h e  m e m -  
b r a n e - b o u n d  e n z y m e  f r o m  E C  is d e p i c t e d  in  F i g .  3. 
L - H o m o a r g i n i n e  a n d  L - A r g - L - A r g - L - A r g  w e r e  r e l a -  
t i v e l y  p o o r  s u b s t r a t e s  w i t h  a p p r o x i m a t e l y  2 5 %  o f  t h e  
a c t i v i t y  o f  L - A r g ,  w h e r e a s  L - A r g - L - P h e ,  L - A I a - L - A r g  
o r  L - A r g - L - A r g  r e p l a c e d  L - A r g  w i t h o u t  a m a j o r  l o s s  in  
a c t i v i t y  ( T a b l e  I) .  A s  w i t h  L - A r c ,  t h e  f o r m a t i o n  o f - N O  
f r o m  L - A r g - L - P h e  w a s  a b o l i s h e d  b y  c o - i n c u b a t i o n s  
w i t h  3 0 0 / ~ M  L - N O 2 A r g  ( f r o m  12.41 _+ 0 . 8 6  t o  0 . 0 7  + 
0 .01 p m o l  c G M P / m g / m i n ,  n = 3 ,  P < 0 . 0 0 1 ) .  

C u l t u r e d  E C  r a p i d l y  c l e a v e  L - A r g - c o n t a i n i n g  d i p e p -  
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Fig. 2. Distribution and characterisation of the NOS activity in activat- 
ed J774.2 cells. Details and abbreviations are as in Fig. !. The figure 
is representative of  n= 12 individual preparations ofJ774.2 cell cytosol 
and n=7 individual preparations of  J774.2 cell micro,crees with aver 
age increases in LLC-PKt o:11 cyclic GMP with L-Arg of 112 ± 2.1 
pmol cGMP/mg/min for the cytosol (19.6 _+ 5.4 pmol cGMP/mg/min 
for L-HOArg) and "/.32 + 0.'/8 cGMP/mg/min for the microsomes 
(14.43 _+ 3.28 pmolcGMP/mg/min for L-HOAr8), respectively. Unlike 
Fig. 1, the figu~ ~ shows the effects of  300pM L-MeArg (MeR, hatched 
columns) ingt¢,ld of  L-MO2Arg (*P<0.05, **P<0.01 when compared 

to L-Arg). 

t i d e s  t o  L - A r g  [9,12] w h i c h  m a y  s u b s e q u c i ~ t I y  s e r v e  as  
a s u b s t r a t e  f o r  N O S .  T o  s t u d y  t h i s  p o s s i b i l i t y ,  w e  q u a n -  
t i t a t e d  t h e  m e t a b o l i s m  b y  b o t h  c y t o s o l  a n d  m i c r o s o m e s  
o f  L - A l a - L - A r g ,  t h e  d i p e p t i d e  m o s t  e x t e n s i v e l y  m e t a b o -  
l i z ed  by  E C  [9]. H P L C  a n a l y s i s  revea l~c l  t h a t  t h e  c y t o s o l  
p r o d u c e d  3 3 %  (i .e,  33 ~uM) L - A r g  f r o m  L - A l a - L - A r g  
o v e r  10 r a i n ,  w h e r e a s  t h e  m i c r o s o m e s  w e r e  less  a c t i v e  

4 O  

E 

NOS source Relative activity (%) 

R OH CH2 RF  AR RR RRR 
- -~10  O 

EC ¢ytosol 100 370 80 186 ND ND N D  
{5) (4) (t)  (2) 

EC micro- 100 310 25 77 108(41") 165 26 0 
somes (12) (! 1) (2) (4) (2) (2) (2) 
J774.2 tyro- 100 200 28 60 108 122(74"*) N D  
sol (induced) (12) (8) (1) (3) (2) (2) 
J774.2 mi- 100 190 5 3 3 252 N D  
crosomes (in- (8) (4) (1) (2) (3) (3) 
duced) 

(R, L-Ars; OH, L-HOArg- CH2, L-homoarginine; RF, L-Arg-L-Phe; 
AR, L-Ala-L-Arg; RR, L-Arc-L-Arc; RRR,  L-Arg-L-Arg-L-Arg; 
ND, not determined; numbers in parentheses indicate the number of  

individual NOS preparations tested from either source. 

*Corrected for a 62% inhibition (P<0.05) in the presence of  bestatin. 
**Corrected for a 39~o inhibition (P<0.05) in th': presence of  bestatin. 

lag 

Fig. 3. Substrate specificity o f  the membrane-bound NOS, from cul- 
tured EC. Details are as in Fig. 1. The figure is representative of  at 
least n=2 individual preparations of  EC micro,crees and is different 
from the preparation depicted in Fig. 1. It shows the increase in 
LLC-PK= cell cyclic G M P  after incubations of the microsomal protein 
with L-Arc (R), L-HOArg (OH) or L-homoarginine ( C H  2. filled 
columns) or L-Arg-L-Phe (RF), L-Ala-L-Arg (AR), L-Arc-L-Arc 
( R R )  or L-Ars-L-Arg-L-Ar 8 (RRR, all at 100/uM) in the presence 
(hatched columns) or  absence (empty columns) of  50 ~ugrml bestatin 
(*/<0.05, **P<0.01 when compared to L-Arc. "'P<0.01 when com- 

pared to L-AIa-L-Arg without bestatin). 
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w i t h  2 %  L - A r g  t ' r c m  L - A I a - L - A r g ,  a n d  1 a n d  7 %  f r o m  
L - A r g - L - P h e  a n d  L - A r g - L - A r g ,  r e s p e c t i v e l y  ( n : 3 ) ,  i n -  
t e r e s t i n g l y ,  t h e  a m i n o p e p t i d a s e  i n h i b i t o r  b e s t a t i n  (50  
/ J g / m l  c o r r e s p o n d i n g  t o  ca .  1 0 0 / d M )  s t r o n g l y  i n h i b i t e d  
(83c~,  n : ~ )  t h e  c l e a v a g e  o f  L - A l a - L - A r g  b y  t h e  c y t o s o l  
a n d  w a s ,  t h e r e f o r e ,  i n c l u d e d  in  t h e  N O S  a s s a y .  B e s t a t i n  
h a d  n o  s i g n i f i c a n t  e f f ec t  o n  t h e  c o n v e r s i o n  o f  L - A r g - L -  
P h e  t o  - N O  b y  t h e  c y t o s o l i c  N O S  ( n = 3 ) .  T h e  f o r m a t i o n  
b y  t h e  m e m b r a n e - b o u n d  e n z y m e  o f  - N O  f r o m  L - A r g - L -  
P h e ,  L - A r g - L - A r g  o r  L - A r g - L - A r g - L - A r g  w a s  a l s o  n o t  
a f f e c t e d  b y  b e s t a t i n  ( F i g .  3) .  w h e r e a s  t h a t  f r o m  L - A l a -  
L - A r g  d e c r e a s e d  b y  6 2 % ,  i n d i c a t i n g  t h a t  t h i s  p e p t i d e  
o n l y  o w e d  a m a j o r  p a r t  o f  i t s  a c t i v i t y  t o  t h e  l i b e r a t i o n  
o f  L - A r g  ( T a b l e  I) .  

3.4.  Substraae specificiO, o f  lhe N O S  i soen :ymes  presen t  
in J774 .2  cells 

T h e  s u b s t r a t e  s p e c i f i c i t y  o f  t h e  c y t o s o l i c  a n d  m e m -  
b r a n e - b o u n d  N O S  f r o m  i n d u c e d  J 7 7 4 . 2  c e l l s  is s u m m a r -  
i s e d  in  T a b l e  I. A s  w i t h  t h e  m i c r o s o m a i  E C  e n z y m e ,  
L - h o m o a r g i n i n e  w a s  a w e a k  s u b s t r a t e  f o r  t h e  c y t o s o ] i c  
N O S  f r o m  t h e s e  ce l l s ,  w h e r e a s  a l l  t h r e e  L - A r g - c o n t a i n -  
i n g  d i p e p t i d e s  w e r e  g o o d  s u b s t i t u t e s  f o r  L - A r g .  B e s t a t i n  
d i d  n o t  a f f e c t  t h e  f o r m a t i o n  o f  . N O  f r o m  L - A r g - L - P h e ,  
b u t  s i g n i f i c a n t l y  ( P < 0 . 0 5 )  d e c r e a s e d  t h a t  o f  L - A r g - L -  
A r g  b y  3 9 %  ( n = 3 ) ,  s u g g e s t i n g  t h a t  p a r t  o f  i t s  a c t i v i t y  
w a s  d u e  t o  t h e  l i b e r a t i o n  o f  L - A r g .  I n t e r e s t i n g l y ,  L -  
h o m o a r g i n i n e ,  L - A r g - L - P h e  o r  L - A l a - L - A r g  w e r e  n o t  
s u b s t r a t e s  f o r  t h e  m i c r o s o m a l  N O S  f r o m  J 7 7 4 . 2  ce l l s ,  
w h e r e a s  L - A r g - L - A r g  w a s  a n  e x c e l l e n t  s u b s t i t u t e  f o r  
L - A r g  ( T a b l e  I )  a n d  w a s  n o t  a f f e c t e d  b y  b e s t a t i n .  A s  
w i t h  L - A r g ,  c o - i n c u b a t i o n s  o f  L - A r g - L - A r g  w i t h  1 m M  
E G T A  s u b s t a n t i a l l y  i m p a i r e d  t h e  f o r m a t i o n  o f  . N O  
( 7 7 %  i n h i b i t i o n ,  n--3). 

4, D I S C U S S I O N  

T h i s  s t u d y  d e m o n s t r a t e s  t h a t  L - A r g - c o n t a i n i n g  d i -  
p e p t i d e s  a r e  e x c e l l e n t  s u b s t r a t e s  f o r  t h e  v a r i o u s  i s o -  
f o r m s  o f  N O S ,  a n d  c o n f i r m s  e a r l i e r  r e p o r t s  s h o w i n g  
t h a t  L - h o m o a r g i n i n e  a n d  a n  L - A r g - c o n t a i n i n g  d i -  
p e p t i d e ,  L - A r g - L - A s p ,  c a n  r e p l a c e  L - A r g  a s  a s u b s t r a t e  
f o r  t h e  b i o s y n t h e s i s  o f  - N O  b y  c y t o k i n e - a c t i v a t e d  R A W  
264 .7  m o n o c y t e / m a c r o p h a g e s  [13]. T h u s ,  t h e  a c t i v e  s i t e  
o f  N O S  s e e m s  t o  b e  f l e x i b l e  e n o u g h  t o  a c c o m m o d a t e  
m o l e c u l e s  d i f f e r e n t  f r o m  L - A r g  in  s i ze ,  c h a r g e  a n d  h y -  
d r o p h o b i o i t y .  T h i s  s h o u l d  b e  c o n s i d e r e d  w h e n  p r o p o s -  
i n g  a c h e m i c a l  m e c h a n i s n t  f o r  t h e  b i o s y n t h e s i s  o f  - N O  
f r o m  L - A r g  o r  w h e n  d e s i g n i n g  m o r e  s e l e c t i v e  i n h i b i t o r s  
o f  N O S .  M o r e o v , : r ,  t h e s e  f i n d i n g s  s u b s t a n t i a t e  o u r  
e a r l i e r  s u g g e s t i o n  t h a t  t h e  a v a i l a b i l i t y  o f  L - A r g - c o n t a i n -  
i n g  s m a l l  p e p t i d e s  m a y  r e p r e s e n t  a n  i m p o r t a n t  r e g u -  
l a t o r y  f a c t o r  f o r  t h e  b i o s y n t h e s i s  o f  . N O  b y  t h e  e n d o -  
t h e l i u m  in v i v a  [8]. 

T h e  s m a l l  N O S e  a c t i v i t y  in  n o n - i n d u c e d  J 7 7 4 . 2  ce l l s ,  
l i k e  t h e  N O S e  in  c u l t u r e d  E C ,  is  l a r g e l y  m e m b r a n e -  
b o u n d  ( s e e  [4]),  w h e r e a s  t h e  N O S I  in  J 7 7 4 . 2  c e l l s  is 

e q u a l l y  d i s t r i b u t e d  a m o n g  m e m b r a n e ( s )  a n d  c y t o s o l .  
I n t e r e s t i n g l y ,  t h e  c a p a c i t y  o f  t h e s e  i s o f o r m s  o f  N O S  t o  
p r o d u c e  N O  is v e r y  s i m i l a r  o n  t h e  b a s i s  o f  t h e  a m o u n t  
o f  p r o t e i n  i n c l u d e d  in  t h e  a s s a y ,  s u g g e s t i n g  t h a t  t h e  
b u r s t - l i k e  b i o s y n t h e s i s  o f  . N O  b y  E C ,  in  c o n t r a s t  t o  t h e  
c o n t i n u o u s  p r o d u c t i o n  o f  - N O  b y  c y t o k i n e - a c t i v a t e d  
m a c r o p h a g e s ,  is  t i g h t l y  c o n t r o l l e d  b y  i n t r a c e l l u l a r  s i g -  
n a l s .  T h e  c y t o s o l i c  N O S ~  a n d  t h e  m e m b r a n e - b o u n d  
NOS~ a r e  b o t h  s t r i c t l y  C a 2 + - d e p e n d e n t ,  w h e r e a s  t h e  c y -  
t o s o l i c  N O S  i is  n o t .  T h e  p a r t i a l  r e s i s t a n c e  t o  r e m o v a l  o f  
C a  2~ o f  t h e  m e m b r a n e - b o u n d  N O S  a c t i v i t y  in  E C  m a y  
i n d i c a t e  t h e  p r e s e n c e  o f  a n o t h e r  C a 2 ÷ - i n d e p e n d e n t  
N O S .  T h i s  a c t i v i t y  is  l i k e l y  t o  b e  c o n s t i t u t i v e  a l t h o u g h  
i t  p o s s i b l y  c o u l d  b e  i n d u c e d  b y  t r a c e s  o f  e n d o t o x i n  in  
t h e  c u l t u r e  m e d i u m .  I n t e r e s t i n g l y ,  t h e  m e m b r a n e -  
b o u n d  N O S ,  in  J 7 7 4 . 2  c e l l s  i s  s t r i c t l y  C a 2 + - d e p e n d e n t  
a n d  h a s  a d i f f e r e n t  s u b s t r a t e  s p e c i f i c i t y  f r o m  t h e  C a  2÷- 
i n d e p e n d e n t  N O S i  in  t h e  c y t o s o l .  A s i m i l a r  m e m b r a n e -  
b o u n d  a n d  C a 2 * - i n d e p e n d e n t  N O S ~  a c t i v i t y  w a s  a l s o  
r e p o r t e d  in  r a t  p e r i t o n e a l  m a c r o p h a g e s  a c t i v a t e d  b y  
Bacillus Ca lme t t e -Gudr in  [ 14]. T h u s ,  i r r e s p e c t i v e  o f  t h e i r  
i n t r a g e l l u l a r  I o c a l i s a t i o n ,  a t  l e a s t  t h r e e  i s o f o r m s  o f  N O S  
e x i s t ,  a l l  o f  w h i c h  h a v e  a h i g h e r  a p p a r e n t  vmax f o r  L -  
H O A r g  w h e n  c o m p a r e d  t o  L - A r g  c o n s i s t e n t  w i t h  t h e  
h y p o t h e s i s  t h a t  L - H O A r g  is a n  i n t e r m e d i a t e  in  t h e  b i o -  
s y n t h e s i s  o f  "NO.  
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