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Abstract--The N-hydroxylation of N-3-fluorenylacetamide (3-FAA), an isomer of the carcinogen, 
N-2-fluorenylacetamide (2-FAA), by hepatic microsomes of untreated and 3-methylcholanthrene 
(3-MC)-treated guinea pigs was found to be of a similar low order as that previously observed in the 
rat. Hepatic microsomes of the guinea pig and of the rat converted 3-FAA to N-(9-hydroxy)-3-FAA 
and to N49-oxo)-3-FAA. These new metabolites were separated and identified by high-pressure liquid 
chromatography (h.p.l.c.). N-(9-hydroxy)-3-FAA was the major product of the hydroxylation of 3-FAA 
by hepatic microsomes of the rat or guinea pig exceeding the formation of N-(7-hydroxy)-3-FAA, the 
principal phenolic metabolite of 3-FAA. The amounts of Nq9-oxo)-3-FAA formed were about 
one-third of the amounts of N-(9-hydroxy)-3-FAA produced. In contrast to the formation of phenolic 
metabolities, the hydroxylation of 3-FAA to N-(9-hydroxy)-3-FAA was not increased by pretreatment 
of guinea pigs or rats with 3-MC. Similarly, pretreatment of rats with PB did not enhance the yield 
of N-(9-hydroxy)-3-FAA. CO inhibited the formation of N49-hydroxy)-3-FAA by 80 per cent. These 
data lead us to conclude that the formation of Nq9-hydroxy)-3-FAA is catalyzed by a microsomal 
hemoprotein not identical with cytochrome Pt-450 or P-450. In contrast to 3-FAA, 2-FAA appeared 
to be a poor substrate for hydroxylation to the N-(9-hydroxy)-2-FAA. The susceptibility of 3-FAA 
to hydroxylation at carbon-atom 9 of the fluorene moiety may be rationalized by resonance structures 
in which carbon-atom 9 is positively charged and acts as a electrophilic center. Similar resonance 
structures cannot be written for 2-FAA. 

Previous investigations have shown that the car- 
cinogenic arylamide, 2-FAA,* is bound to cyto- 
chrome Pt-450 of rat liver microsornes, as indicated 
by a type I binding spectrum [ I ], and that the com- 
pound is metabolized by hepatic microsomes of 
3-MC-treated rats to the proximate carcinogen, 
N-hydroxy-2-FAA[l-3] .  In contrast, the non- 
carcinogenic isomer, 3-FAA, produces an identical 
type I binding spectrum with hepatic microsomes 
of 3-MC-treated rats or guinea pigs, but yields only 
trace amounts of N-hydroxy-3-FAA on incubation 
with hepatic microsomes of the 3-MC-stimulated 
rat [1]. In the current study, we have explored the 
N-hydroxylation and C-hydroxylation of 3-FAA by 
hepatic microsomes of the untreated and 3-MC- 
treated guinea pig. On the basis of structural con- 
siderations, we hypothesized that 3-FAA would be 
hydroxylated at C-9 of the fluorene moiety. Accord- 
ingly, we investigated the conversion of 3-FAA to 
N-(9-hydroxy)-3-FAA by hepatic microsomes of the 

* This work was supported in part by grant CA-02571 
awarded by the National Cancer Institute, DHEW. A 
preliminary report was presented at the meetings of 
the Federation of American Societies of Experimental 
Biology. Chicago, IL, Apr. 1977. 

* The following abbreviations are used in the text: 
2-FAA, N-2-Fluorenylacetamide; 3-MC, 3-methylchola- 
nthrene; PB, phenobarbital; DMSO, dimethyl sulfoxide; 
3-FAA, N-3-fluorenylacetamide; t.l.c., thin-layer chrom- 
atography; h.p.l.c., high-pressure liquid chromatography; 
and C-9, carbon-atom 9. 
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guinea pig and of the rat and compared the formation 
of the alcohol, N-(9-hydroxy)-3-FAA, with the 
microsomal formation of phenolic metabolites 
under various conditions. Some preliminary ob- 
servations were made concerning the microsomal 
enzyme(s) which catalyze the bydroxylation of 
3-FAA to N-(9-hydroxy)-3-FAA. The data obtained 
in these studies form the basis of this report. 

M A T E R I A L S  AND M E T H O D S  

Labeled and unlabeled compounds. N[14C- 
acetyl]3-FAA was prepared by treating 3-fluoren- 
amine (73 mg, 0.40 m-mole) in benzene (4 ml) and 
triethylamine (0.01 rnl) with [l*C-carbonyl]acetic 
anhydride (2.5 mCi, 0.50 m-mole) (New England 
Nuclear Corp., Boston, MA). The material was 
collected, washed with n-hexane and recrystallized 
from ethanol-water.  The specific radioactivity of 
the recrystallized compound (65 rag), m.p. 192-194 °, 
was 2.2 mCi/m-mole. Thin-layer chromatography of 
the compound on Silica gel GF25+ with chloroform- 
methanol (95:5) and a radioscan of the chromato- 
gram with a thin-layer scanner (model LB 2721, 
Berthold Laboratories, Wildbad, West Germany) 
showed a single radioactive peak, RI=0.53 .  
N[14C-acetyl]2-FAA, m.p. 196 ° (specific radio- 
activity = 3.55 mCi/m-mole) was obtained as de- 
scribed above for N[t+C-acetyl]3-FAA. High- 
pressure liquid chromatography of the compound on 
Corasil II with diethyl e ther -n-hexane  (9: I) gave a" 
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single peak ( re ten t ion  t ime = 23 min). N-hydroxy-  
3 -FAA,  m.p.  132-134°14], 3 -FAA,  m.p.  191-193 ° 
[5l, N-(9-hydroxy) -3 -FAA,  m.p.  210-211°[6] ,  N- 
(9-oxo)-3-FAA,  m.p.  219-221°[6] ,  N-(2-hydroxy)-  
3 -FAA,  m.p.  230-231°[7],  N- (9 -hydroxy) -2 -FAA,  
m.p. 249-250'~[6, 8], and  N-19-oxo)-2-FAA, m.p.  
233-236 ° [6, 8], were  syn thes i zed  by pub l i shed  
me thods .  N- (7 -hydroxy) -3 -FAA,  m.p.  269-272 °, 
m/e : 239 IMP), was  p repa red  by a modif ica t ion  of 
the l i tera ture  p r o c e d u r e  [9[. Anal.  Calc.  for  
C~:,H~:,NO.,: C, 75.30: H, 5.48: N, 5.60. Found :  C, 
75.19; H, 5.57: N, 5.79. All c o m p o u n d s  gave  single 
f l uo re scence - quench i ng  spots  on  t. l .c.  (Silica gel 
GF2:,0 with c h l o r o f o r m - m e t h a n o l  (95:5)  as a sol- 
vent  or single peaks  by h .p . l .c ,  on  Corasi l  II wi th  
die thyl  e t h e r - n - h e x a n e  (9: 1) as a so lven t  [6]. 3-MC, 
m.p.  181-182 °, and  PB were  ob ta ined  f rom Distil- 
lat ion Produc t s  Indus t r i e s  (Divis ion of E a s t m a n  
K ~ t a k  Co.)  Roches t e r ,  NY,  and  f rom W i n t h r o p  
l , abo ra to r i e s ,  N ew  York,  NY respec t ive ly .  
N A D P H  and N A D H  were  ob ta ined  f rom CalBio-  
chem,  La Jol la ,  CA.  Crys ta l l ine  s e rum a lbumin  
was p u r c h a s e d  f rom Sigma Chemica l  Co. ,  St. Louis ,  
MO. 

Preparations of microsomes. M i c r o s o m e s  were  
p repa red  f rom the poo led  l ivers of male  S p r a g u e -  
Dawley rats  ( 175-200 g) or male  gu inea  pigs ( 175-200 
g) of the  D u n c a n - H a r t l e y  s t rain.  The  an imal s  were  
pu rchased  f rom Bio-Lab ,  Whi te  Bear  Lake ,  MN,  
and  ma in t a ined  on Pur ina  C h o w  pel le ts  and  wa te r  
ad lib. The an imal s  were  in jec ted  with 3-MC or PB 
accord ing  to the  s chedu le  indica ted  in Tab le  1 
~footnote  +) or  Table  4 ( foo tno te  +). Food  was with-  
d r awn  24 hr  pr ior  to sacrif ice by decap i t a t ion .  The  
l ivers were  pe r fu sed  with cold 0.9% NaCI,  exc ised ,  
weighed  and  f rozen  to a thin  shee t  b e t w e e n  two 
b locks  of dry  ice. The  f rozen  t issue was p o w d e r e d  
unde r  liquid N~ and  the  p o w d e r  was h o m o g e n i z e d  
in 0.25 M sucrose=0.05 M KH2PO~, pH 7.4, wi th  a 
Poly t ron  h o m o g e n i z e r  ( type PT 10, K i n e m a t i c a  
G M B H ,  Luze r n ,  Swi tze r land) ,  for  30-60 sec at 
the h ighes t  speed.  M i c r o s o m e s  were  ob t a ined  
f rom the 20% h o m o g e n a t e  lw/v)  by different ia l  
cen t r i fuga t ion [10] .  The  mic rosoma l  pellet  was  
w a s h e d  once  wi th  the  0.05 M KH2PO4-0.025 M KCI 
buffer ,  pH 7.4, and  was  then  h o m o g e n i z e d  manua l ly  
in a h o m o g e n i z e r  equ ipped  with a Teflon pest le .  
Al iquots  (0.05 ml) of this  s u s p e n s i o n  were  di lu ted 
100-fold with de ion ized  wa te r  and  the  p ro te in  con-  
tent  of  this  so lu t ion  was d e t e r m i n e d  co lor (met r ica l ly  
with  the  use  of c rys ta l l ine  b o v i n e  s e r u m  a lbumin  as 
the  s t anda rd  [ 11 ]. 

Assay for cytochrome P-450, conditions of incu- 
bation and determination of metabolites. Cyto-  
c h r o m e  P-450 in hepa t ic  m i c r o s o m e s  was  m e a s u r e d  
spec t ropho tome t r i ca l [y  as the  r educed  C O : h e m o -  
prote in  c o m p l e x  in a B e c k m a n  Ac ta  VI s p e c t r o p h o -  
t o m e t e r  wi th  the  use  of an  ex t inc t ion  coefficient  of 
91 m M - ' c m  ~[12]. Each  incuba t ion  mix tu re  con-  
ta ined  N[ '4C-ace ty l ]3 -FAA or Nl~4C-acetyl]2-FAA 
(0 .5 /zmole  in 0.05 ml D M S O ) ,  N A D P H  ( 12 / ,moles )  
unless  s ta ted  o the rwise ,  and  m i c r o s o m e s  equ iva len t  
to 10-12 mg p ro t e in [ J ] .  The  re la t ionsh ip  b e t w e e n  
pro te in  c o n c e n t r a t i o n  and  oxida t ion  at C-9 of 3 -FAA 
was d e t e r m i n e d  wi th in  a range  of  0.5 to 2.0 mg 
pro te in /ml .  The  ex t en t  of  the  reac t ion  was  a non-  

l inear  func t ion  of  pro te in  c o n c e n t r a t i o n  within that  
range  and  t e n d e d  to r each  a pla teau near  2.0 tug 
p ro te in /ml ,  the  c o n c e n t r a t i o n  used t h r o u g h o u t  this  
s tudy.  The  total  vo lume  was ad ju s t ed  to 6.0 ml with 
0.05 M KH2PO4-0.025 M KC1 buffer ,  pH 7.4. 
I ncuba t i ons  were  car r ied  out  for  0.5 hr  in a ro tary  
shake r  at 37 ° and  in an a t m o s p h e r e  of air. The  
i ncuba t ions  were  t e r m i n a t e d  by  addi t ion  of I N HCI 
(0.5 ml). The  me tabo l i t e s  were  e x t r a c t e d  f rom the  
m e d i u m  with die thyl  e the r  and  par t i t ioned  into neu- 
tral and  phenol ic  f r ac t ions  [ 13]. The  e the r  was evap-  
o ra ted  and  the  res idues  were  d i sso lved  in 1.0 ml 
M e O H .  The  me thano l  so lu t ions  were  a s sayed  for  
rad ioac t iv i ty .  Al iquots  con ta in ing  10,000-20,(X)0 
d i s . /min  were  dr ied  unde r  N., and  the  res idue was 
d i sso lved  in 0.05 ml e thyl  ace ta te .  Approp r i a t e  mar-  
kers  (0.2 to 0.5 ,ug) were  added  and  a l iquots  of the 
e thyl  ace ta t e  solut ion con ta in ing  2000-4000 d i s d m i n  
were  sub j ec t ed  to h .p , l .c ,  wi th  Corasi l  I1 as the 
a d s o r b e n t  and  wi th  d ie thyl  e t h e r - n - h e x a n e  (9 : I ) as 
the  so lven t  [6]. The  effluent c o r r e s p o n d i n g  to the 
marke r s  as well as to  severa l  as yet unident i f ied  
peaks  in the  e lut ion profile (see Figs. I and  2) was 
co l lec ted  and  a s sayed  for  radioac t iv i ty .  The  solvent  
was  e v a p o r a t e d  and  the  res idue  was d i s so lved  in 
Scint isol  C o m p l e t e  ( 1 0 m l )  ( l so lab ,  Inc. ,  Akron ,  
OH).  Rad ioac t iv i ty  was m e a s u r e d  in a Packard  
liquid sc int i l la t ion s p e c t r o m e t e r ,  model  3375. 
C o u n t s  were  co r r ec t ed  for  q u e n c h i n g  by means  of 
a ca l ib ra t ion  c u r v e  e s t ab l i shed  with ex te rna l  s tan-  
dards .  The  coun t ing  efficiency was 83-90 per  cent .  
All samples  were  c o u n t e d  wi th  an e r ror  not ex- 
ceed ing  5 per  cent .  Samples  con ta in ing  less radio- 
ac t iv i ty  than  twice  b a c k g r o u n d  were  d i s regarded .  
The  rad ioac t iv i ty  of the  me tabo l i t e s  in the neut ra l  
or phenol ic  f r ac t ion  was ca lcu la ted  f rom the  radio- 
ac t iv i ty  a s soc ia t ed  with the  r e spec t ive  peaks  in the 
e lu t ion  profile and  the  ra t io  of the  vo lume  of the 
f r ac t ion  c h r o m a t o g r a p h e d  to the  total  vo lume  of the 
f rac t ion .  T h e s e  va lues  were  used to d e t e r m i n e  the 
ex ten t  of c o n v e r s i o n  of the  subs t r a t e  to a par t icu lar  
metabol i t e .  As s h o w n  in Figs.  I and  2A, the radio- 
act ivi ty  a s soc ia t ed  wi th  the  var ious  peaks  was 
c lear ly  sepa ra t ed  p rov ided  that  the  total  radio- 
ac t iv i ty  appl ied to the  c o l u m n  did not exceed  
4000 cpm.  

RESULTS AND DISCUSSION 

We have  r epo r t ed  p rev ious ly  tha t  3 -FAA and 
2 -FAA b ind  to c y t o c h r o m e  P1-450 of  hepa t ic  micro-  
somes  of the  gu inea  pig and  r a t [ l ,  14]. Judged  by 
the  a p p e a r a n c e  of  the  b ind ing  s p e c t r a [ l ]  and  by 
d e t e r m i n a t i o n s  of  the  b ind ing  c o n s t a n t s  [14], the 
b inding  of 3 - F A A  to c y t o c h r o m e  P~-450 a p p e a r e d  to 
be of  a magn i tude  s imilar  to tha t  of 2 -FAA.  Binding  
of an  a ry lamide  to c y t o c h r o m e  P~-450 p re sumab ly  
p recedes  its m ic rosoma l  ox ida t ion  [15]. Conse -  
quen t ly ,  we d e t e r m i n e d  the  N-hydroxy la t i on  of 
3 -FAA by hepa t ic  m i c r o s o m e s  of u n t r e a t e d  and  of  3- 
M C - t r e a t e d  gu inea  pigs (Table  1). A l though  hepa t ic  
m i c r o s o m e s  f r o m  the  gu inea  pig con ta in  an ac t ive  
deace ty l a se [17 ] ,  a deace ty l a se  inhib i tor ,  such  as 
NaF ,  was  not  added  to the  incuba t ion  mix tures  
because  N a F  inh ib i ted  the  m i c r o s o m a l  e n z y m a t i c  
s y s t e m  invo lved  in the  N-hydroxy la t i on  of 
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Table I. N-hydroxylation of N[HC-acetyl]3-FAA by hepatic micro- 
somes of untreated and 3-MC-treated guinea pigs* 

Cytochrome N-hydroxy- 
P-450~: [~4C-acetyll- 

3-MC (nmoles/mg 3-FAA found§ N-hydroxy- 
Expt. No. treatment+ protein) (nmoles) lation (%) 

la - 1.82 NDI ND 
Ib + 2.58 0.46 _+ 0.20 0.09 
2a - 1.42 0.86 + 0.48 0.17 
2b + 2.45 1.56 ± 0.81~ 0.31 

* Microsomes were prepared by Ca~+-aggregation[I, 16] from the 
pooled livers of two animals in Expts. la and lb and from the pooled 
livers of three animals in Expts. 2a and 2b. The incubation system 
contained microsomes (12 mg protein), NADPH (I 2 ,umoles) and NI '4C- 
acetyl]3-FAA (0.5/zmole in 0.05 ml DMSO, sp. act. - 2.18 mCi/m-mole) 
in Tris buffer (0.03 M, pH 7.5). The final volume of the incubation system 
was 6.0 ml. Incubations were carried out for 0.5 hr in air at 37 ° in a rotary 
shaker. At the end of the incubation period, carrier compound (N- 
hydroxy-3-FAA, 2/tmoles) was added. The N-hydroxy metabolite was 
isolated by solvent extraction, purified by t.l.c, and its radioactivity was 
assayed as described previously [1]. 

-t 3-MC (20 mg/kg of body weight) in corn oil (8 mg/ml) was injected 
intraperitoneally at 48 and 24 hr prior to preparation of the microsomes. 
The untreated animals were injected with corn oil only. 

$ Cytochrome P-450 was determined by the standard procedure I I 2]. 
§ The values are the means _+ S.E. of three to four separate incubation 

mixtures. 
II Not detected. 

This value is not significantly different from that found in Expt. 2a 
(P > 0.05). 

2 - F A A  [I]. S ince  the  N - h y d r o x y l a t i o n  of 2 -FAA by 
gu inea  pig-l iver  m i c r o s o m e s  was  lower ,  by severa l  
o rde r s  of  magn i tude ,  than  the  N - hyd r oxy l a t i on  of 
the  c a r c i n o g e n  by  ra t - l iver  m i c r o s o m e s ,  we fel t  tha t  
the  low capac i ty  of  gu inea  pig l iver  for  mic rosomal  
N-hyd roxy l a t i on  would  be e v e n  f u r t he r  d e p r e s s e d  
by  add i t ion  of  N a F .  Quan t i t a t i ve ly ,  m ic rosoma l  N- 
h y d r o x y l a t i o n  of 3 -FAA was of  the  same  low orde r  
as tha t  p rev ious ly  r epo r t ed  for  2 -FAA [I ]. The  low 
capac i ty  of  the  gu inea  pig for  N-hydroxy la t i on  re- 
por t ed  p rev ious ly  for  2 -FAA 11-31 and  s h o w n  in this  
s tudy  for  3-FAA expla ins  the r e s i s t ance  of this  
spec ies  to  the  ca rc inogen ic i ty  of  2 -FAA and re la ted  
a ry l amides  1181. 

The  da ta  on  the  spec t ra l  b inding of 3 -FAA to 
mic rosomal  c y t o c h r o m e  Pt-450 of the  gu inea  pig. 
a long with the  a b s e n c e  of N - hyd r oxy l a t i on  of 
3-FAA, sugges ted  that  the  c o m p o u n d  might  be meta-  
bol ized to o the r  ox ida t ion  p roduc t s .  In the case  of 
2 -FAA,  hepa t ic  m i c r o s o m e s  of  un t r ea t ed  and  3- 
MC- t rea t ed  gu inea  pigs p roduced  large a m o u n t s  of 
the  p h e n o l a m i d e s .  N- (7 -hydroxy) -2 -FAA and N- 
15-hydroxy) -2-FAAI2] .  Accord ing ly ,  we invest i -  
ga ted  the f o r m a t i o n  of  C -hyd roxy la t ed  me tabo l i t e s  
of 3 -FAA.  

High p re s su re  liquid c h r o m a t o g r a p h y  of the  phen-  
olic f r ac t ion  ob t a ined  by ex t r ac t i on  of incuba t ion  
mix tu res  of  hepa t ic  m i c r o s o m e s  with N[~ ~C-acetyl]3- 
F A A  in the p r e s e n c e  of  N A D P H  indica ted  that  the 
effluent rad ioac t iv i ty  was largely a s soc ia t ed  with 
N- (7 -hydroxy) -3 -FAA (peak IV) and  two o the r  un- 
identified me tabo l i t e s  (peaks  VI and  Vl l .  Fig. IA). 
N- (7 -hydroxy) -3 -FAA was a ma jo r  phenol ic  meta-  
boli te p roduced  by mic rosoma l  ox ida t ion  in un- 

t r ea ted  as well as in 3 -MC-t rea ted  gu inea  pig (Table  
2). The  unident i f ied  c o m p o u n d ,  des igna ted  peak 
VII,  was a ma jo r  mic rosomal  metabo l i t e  only 
w h e n  an imals  had  been  t r ea ted  with 3-MC. N- 
(2 -hydroxy) -3 -FAA,  which  in addi t ion  to N-(7- 
h y d r o x y ) - 3 - F A A  is a ma jo r  ur inary  metabo l i t e  of 
3 -FAA in the  rat  [7], was  not  f o r m e d  by hepat ic  
m i c r o s o m e s  of  the  un t r ea t ed  gu inea  pig. Only t race  
a m o u n t s  of  this  c o m p o u n d  were  de t ec t ab le  in 
mic rosomal  s u s p e n s i o n s  ob ta ined  f rom 3-MC- 
t rea ted  gu inea  pigs. The  addi t ion  of  N A D P H  was 
a r e q u i r e m e n t  for  the fo rma t ion  of any  phenol ic  
me tabo l i t e  by hepa t ic  m i c r o s o m e s  of the  gu inea  pig. 
This  is in a g r e e m e n t  with f indings that  mic rosomal  
C-hydroxy la t ion  requi red  N A D P H  [ 19, 20], is s t imu- 
lated by 3-MC[21]  and is car r ied  out  by one  of 
the mult iple  fo rms  of c y t o c h r o m e  P-450121,22F. 

High p ressu re  liquid c h r o m a t o g r a p h y  of the neu- 
tral f rac t ion  ob ta ined  by ex t rac t ion  of the  incuba t ion  
mix tures  of  hepa t ic  m i c r o s o m e s  f rom gu inea  pigs 
d i sc losed ,  in addi t ion  to the labeled subs t ra t e .  
NI~*C-acety[]3-FAA. rad ioac t iv i ty  assoc ia ted  with 
N- (9 -hydroxy) -3 -FAA and N-(9-oxo)-3-FAA (Fig. 
IB). The  figure shows  that  the  labeled me tabo l i t e s  
were  clear ly sepa ra ted  f rom each  o the r  as well as 
f rom remain ing  subs t ra te .  The  ma jo r  metabo l i t e  of 
Nl~4C-acetyl]3-FAA produced  by m i c r o s o m e s  of 
un t r ea t ed  guinea  pigs was N- (9 -hydroxy) [~C - 
ace ty l ]3 -FAA.  C o n v e r s i o n  of the a ry lamide  to this  
metabo l i t e  a c c o u n t e d  for  19 per  cen t  of the  subs t r a t e  
(Table  3). This  value  may r ep re sen t  a lower  limit. 
s ince  no a t t empt  was made  to inhibi t  the deace ty l a se  
p resen t  in gu inea  pig-liver m i c r o s o m e s [  17]. Never -  
theless ,  the magni tude  of the va lue  clear ly indica tes  
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Fig. I. Identification by h.p.l.c, of the phenolic and neutral metabolites of N['4C-acetyl]3-FAA formed 
by hepatic microsomes of the untreated and 3-MC-treated guinea pig. The microsomes were prepared 
from the pooled livers of two to three animals by differential centrifugation in 0.25 M sucrose-0.05 
M KH2PO4 buffer, pH 7.4, containing 0.025 M KCI [ 10]. Each incubation system contained microsomes 
(10-12 mg protein), N[~4C-acetyl]3-FAA (0.5 #mole in 0.05 ml DMSO, sp. act. = 1.0 mCi/m-mole), in 
0.05 M KHzPO4-0.025 M KCI buffer, pH 7.4, and NADPH (12 #moles). The total volume of the 
incubation system was 6.0 ml and the incubations were carried out in air for 0.5 hr at 37 ° in a rotary 
shaker. The incubations were terminated by addition of I N HCI (0.5 ml). The metabolites were 
isolated from the microsomal incubation system by solvent extraction [13] and the compounds (0.2 
to 0.5 #g) corresponding to peaks I, lI and IV of A were added to the phenolic fractions as markers. 
The compounds (0.2 to 0.5 ug) corresponding to peaks I, II and III of B were added to the neutral 
fraction as markers. The solid line represents the absorbance of the compounds in the effluent at 280 
nm. The columns indicated by the dotted line represent the radioactivity eluted simultaneously with 
the respective markers and with unidentified metabolites. (A) elution of the radioactivity associated 
with the phenolic metabolites produced by the hepatic microsomes of the 3-MC-treated guinea pig; 
(B) elution of the radioactivity associated with the neutral metabolites produced by hepatic microsomes 

of the untreated or 3-MC-treated guinea pig. 

that  hydroxyla t ion  of  3 -FAA at C-9 is a major  reac-  
tion by hepat ic  mic rosomes  of  this species .  This 
hydroxyla t ion  was  d e p e n d e n t  on the p re sence  of  
N A D P H  and appeared  to be inhibited by pre t reat -  
ment  of  guinea pigs with 3-MC. N A D P H  could not 
be rep laced  by N A D H .  The yield of  N-(9-oxo)- 

3 -FAA was one- th i rd  of that  of  N-(9-hydroxy)-  
3-FAA.  Oxidat ion of  3 -FAA to the ke tone  also 
appeared  to require  N A D P H  and was  inhibited by 
p re t r ea tmen t  of  the animals  with 3-MC. Since 
nei ther  hydroxyla t ion  nor ke tone  fo rmat ion  was  in- 
ducible  by 3-MC, we conc luded  tenta t ively  that  the 
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Table 2. Formation of phenolic metabolites of Nl'~C-acetyl]3-FAA by hepatic microsomes of untreated and 3-MC- 
treated guinea pigs* 

NADPH Cytochrome 
Pretreatment present in P-4505 

of guinea incubation (nmoles/mg N-(2-hydroxy)- N-(7-hydroxy)- 
pigs* system protein) 3-FAA 3-FAA 

Amount of metabolite found§ (nmoles) 

Peak VI Peak Vll 

3-MC 

- 0.98 NDql ND ND ND 
+ 0.98 ND 7.7+3.7 2.9±1.4 ND 
+ 1.38 0.5¶ 19.9~2.2 8 .3±1.4 31.2±14.5 

* The preparation of the microsomes and the composition of the incubation system were those described in Fig. 1. 
The metabolites were isolated and identified by h.p.l.c. [6]. 

+ Pretreatment of animals with 3-MC was that described in Table I (footnote ft. 
:~ Cytochrome P-450 was determined by the standard procedure[12]. 
§ The values are the means ± S.E. of two to three separate experiments each consisting of one to two incubation 

mixtures. 
II Not detected. 
¶ This value is derived from one experiment consisting of one incubation mixture. In another experiment this 

metabolite was not detected. 

Table 3. Oxidation of N['4C-acetyl]3-FAA at C-atom 9 by hepatic microsomes of untreated 
and 3-MC-treated guinea pigs* 

NADPH Cytochrome Amount of metabolite found§ lnmoles) 
Pretreatment present in P-450~: 

of guinea incubation (nmoles/mg N-(9-hydroxy)- N-~9-oxo)- 
pigs* system protein) 3-FAA 3-FAA 

3-MC 

- 0.98 1.9±0.9 1.7±0.5 
+ 0.98 93.3±15.2 32.6±4.7 
+ 1.38 20.9±3.3 8 .8±2.6 

* The preparation of the microsomes and the composition of the incubation systems are 
those described in Fig. 1. The metabolites were isolated and identified by h.p.l.c. [6]. 

* Pretreatment of animal with 3-MC was that described in Table I (footnote *). 
$ Cytochrome P-450 was determined by the standard procedure[12]. 
§ The values are the means _+ S.E. of two to three separate experiments each consisting 

of one to two incubation mixtures. 

microsomal  enzyme(s )  ca ta lyzing these  reac t ions  
were  dis t inct  f rom c y t o c h r o m e  Pr450.  Prel iminary 
expe r imen t s  using N-(9-hydroxy)[14C-acetyl]3-FAA 
as subs t ra te  sugges ted  that  the alcohol is the im- 
media te  p recur so r  of  the ketone .  

To our  knowledge ,  this is the first ins tance  that  

microsomal  oxidat ion  of a f luorenylace tamide  at C-9 
has been  o b s e rv ed  to p roduce  major  amoun t s  of  the 
respec t ive  alcohol and ke tone .  Because  of  the nov- 
elty of  the reac t ions  with regard to 3 -FAA,  the 
ques t ion  a rose  as to w h e t h e r  mic rosomes  of  o ther  
spec ies  known to metabol ize  f luorenylamides  also 

Table 4. Oxidation of N[l~C-acetyl]3-FAA at C-atom 9 by hepatic microsomes of untreated 
rats and of rats treated with PB or 3-MC* 

NADPH Cytochrome Amount of metabolite found§ (nmoles) 
present in P-4505 

Pretreatment incubation (nmoles/mg N-(9-hydroxy)- N-(9-oxo)- 
of rats* system protein) 3-FAA 3-FAA 

- 1.16 2.5 1.2 
+ 1 . 1 6  1~ .6±25 .6  21.0±5.3 

PB + 2 . ~  97.3±16.7 36.5±3.7 
3-MC + 1.47 % .1 ±2 .7  24.4±2.4 

* The preparation of the microsomes and the compo' ;on of the incubation system were 
those described in Fig. 1. The metabolites were isolatea and identified by h.p.l.c. [6]. 

+ PB (80 mg/kg of body weight) in saline (40 mg/ml) was injected intraperitoneally 72, 48 
and 24 hr prior to the preparation of the microsomes. The untreated animals were injected 
with saline only. 3-MC was administered as described in Table 1 (footnote *). 

$ Cytochrome P-450 was determined by the standard procedure [12]. 
§ The values are the means ± S.E. of one to two separate experiments each consisting 

of two incubation mixtures. 
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hydroxyla te  3-FAA at C-9. Accordingly ,  we exam-  
ined the 9-hydroxyla t ion  of  3 -FAA and the for-  
mation of  N-(9-oxo)-3-FAA by hepat ic  mic rosomes  
of unt rea ted ,  PB-t rea ted  and 3 - M e - t r e a t e d  rats. As 
in the guinea pig, 3-FAA was metabo l ized  to major  
amoun t s  of N-(9-hydroxy)-3-FAA and to N-(9-oxo)- 
3-FAA by hepat ic  mic rosomes  of the rat (Table 4). 
The react ion also required the p re sence  of N A D P H .  
T w e n t y - t w o  and 4.2'74 of the subs t ra te  were  con-  
ver ted to N-(9-hydroxy) -3-FAA and to N-(9-oxo)- 
3-FAA respec t ive ly  (Table 4). The hydroxyla t ion  
and oxidat ion of  3-FAA at C-9 were  not af fec ted  by 

p re t r ea tmen t  of the rats with 3-MC (Table 4). The 
lack of  s t imulat ion by 3-MC conf i rmed the view that 
c y t o c h r o m e  P,-450 was not involved in the for- 
marion of  N-(9-hydroxy)-3-FAA or of N-(9 oxo) 
3-FAA from 3-FAA. 

To de te rmine  whe the r  c y t o c h r o m e  P-450 rather 
than c y t o c h r o m e  P~-450 ca ta lyzed thesc react ions ,  
the format ion  of N-(9-hydroxy)-3-FAA and of N- 
(9-oxo)-3-FAA by hepatic mic rosomes  of Pl3-trealcd 
rats was measured  (Table 4). The data showed  thai 
PB, a known inducer  of c y t o c h r o m e  P-450123], did 
not increase the yield of N-(9-hydroxy F3-FAA o,~c~ 
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Fig. 2. Identification by h.p.l.c, of phenolic metabolites of NI"C-aceIylI-3-FAA by hepatic microsonlc,, 
of untreated and 3-MC-treated rats. The preparation of the microsomes and the composition of lhe 
incubation systems were those described in Fig. I. The phenolic metabolites were isolated from the 
incubation mixtures as previously described [131 and the compounds (0.2 to 0.4/,g) corresponding Io 
peaks 1. I1 and IV were added to the phenolic fraction as markers. One-fifth of the total radioacti,,il} 
of the phenolic fraction was subjected to h.p.l.c. The radioactivity of the phenolic fraction obtained 
from the microsomal incubation systems of untreated rats 16000 dis./min) was 38 per cent of the 
radioactivity of the phenolic fraction extracted from the incubation systems of 3-MC-treated rats 
( 16,000 dis./min). The solid line represents the absorbance of the compounds in the cfltuent at 281) nm. 
The columns shown by the dotted line represent the radioactivity eluted simultaneously with the 
respective markers (peaks, I, !I and IV) or unknown metabolites (peaks 1II, V. VI and Vll). (.~\~ 
identification of phenolic metabolites from hepatic microsomes of the untreated r a t  t B) identification 

of phenolic metabolites from the hepatic microsomes of the 3-MC-treated rat. 
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that of the mic rosomes  of  un t rea ted  rats. These  data  
sugges ted  that  c y t o c h r o m e  P-450 is not involved in 
the hydroxyla t ion  of 3 -FAA at C-9. 

In order  to d e m o n s t r a t e  that  3-MC which did not 
increase  the microsomal  fo rmat ion  of the alcohol ,  
N-(9-hydroxy)-3-FAA,  was effect ive  in s t imulat ing 
the produc t ion  of pheno lamides  by rat-l iver micro- 
somes ,  we examined  the effect  of 3-MC on the 
conver s ion  of Nl '4C-acety l ]3-FAA to phenol ic  meta-  
bolites.  Microsomal  C-hydroxyla t ion  of  a ry lamides  
to pheno lamides  has been  shown  to be s t imulated 
by p re t r ea tmen t  of  the rat with 3-MC [ 1,2,  20]. The 
results  of these  expe r imen t s  are r ep re sen ted  by the 
elution profiles of Fig. 2. The upper  part of  the figure 
shows  that  the major  port ion of the eluted 
radioact ivi ty  was assoc ia ted  with N-(7-hydroxy)-  
3-FAA (peak IV). This pheno lamide  has been  iden- 
tified as a major  ur inary metabol i te  of  3 -FAA in 
the rat [9]. N- (2-hydroxy) -3-FAA,  ano ther  urinary 
metabol i te  of 3 -FAA of the rat [7], was also de tec ted  
in the eluate (peak I). In addi t ion,  there  was an 
unknown  metabol i te  des igna ted  peak VI. The elu- 
tion profile dep ic ted  in Fig. 2B shows  the st imu- 
latory effect  of 3-MC by an increase  in the 

radioact ivi ty assoc ia ted  with N-(7-hydroxy)-3-FAA 
and N-(2-hydroxy)-3-FAA.  Fur the rmore ,  there  
were  three new metabol i tes  (peaks III, V and VII) 
which ,  though unidentif ied,  were  presumably  phen-  
olamides .  The amoun t s  of  the phenolic  metabol i tes  
were  not a s s e s s ed  quant i ta t ively because  there  was  
incomple te  separa t ion of the two  major  peaks ,  N- 
(7-hydroxy)-3-FAA and peak III. The fact  that  a 
s t imulatory effect  of  3-MC on phenol  fo rmat ion ,  a 
c y t o c h r o m e  P,-450-catalyzed react ion [21,22],  was 
clearly d e m o n s t r a t e d  sugges ted  that hydroxyla t ion  
at C-9 should also have been  increased  if the reac-  
tion were  ca ta lyzed by c y t o c h r o m e  P~-450. The 
data  s t r eng thened  the conclus ion  that c y t o c h r o m e  
P,-450 is involved in the format ion  of  the phenol ic  
metabol i tes  of  3-FAA,  but not in the format ion  of 
N-(9-hydroxy)-3-FAA or N-(9-oxo)-3-FAA. 

The format ion  of  N-(9-hydroxy)-3-FAA from 
3-FAA by hepat ic  mic rosomes  is an oxidat ive  reac-  
tion. Microsomal  oxida t ions  are carr ied out  by the 
hepat ic  mixed- func t ion  oxidase  which conta ins  
multiple fo rms  of  the hemopro te in ,  c y t o c h r o m e  
P-450 [24, 25]. Since hydroxyla t ion  reac t ions  cata- 
lyzed by microsomal  hemoprote in(s )  are inhibited 

"Fable 5. Effect of CO on hydroxylation at C-atoms 9 and 7 of N[~4C-acetyl]3-FAA 
by hepatic microsomes of the untreated rat* 

Exposure of Amount of Amount of 
incubation N-(9-hydroxy)- Inhibition of N-(7-hydroxy)- Inhibition of 
system to 3-FAA found hydroxylation 3-FAA found hydroxylation 

gas mixturet (nmoles) {%) (nmoles) (%) 

A 1 0 1 . 6  + 5 . 0  16 .0  + 7 . 9  

B 22.7 + 1.5 77.7 3.9 + 2.2 76.7 

Table 6. 

* The preparation of microsomes and the composition of the incubation system were 
those described in Fig. I. The values listed in columns 2 and 4 are the means + S.E. 
of two separate experiments each consisting of two incubation mixtures. The content 
of cytochrome P-450 was 1.06nmoles/mg of protein. 

+ A = 909;- N~: 10q40~: B = 90c~ CO: I1)% O2. Gas mixture A and B were made with 
a gas-mixing pump, type SA 18-2a (W6sthoff, 463 Bochum, West Germany). The buffer 
was equilibrated for 20rain. After addition of N['4C-acetyl]3-FAA, NADPH and 
microsomes, the incubation flasks were closed with a stopper through which a needle 
(gauge 181 was inserted in such a way that the tip of the needle was above the level 
of the liquid. A positive gas pressure was maintained throughout the incubation (0.5 hr~ 
in a rotary shaker at 37 . 

C-hydroxylation and oxidation at C-atom 9 of Nl~4C-acetyll2-FAA by hepatic microsome,¢ of 
untreated and 3-MC-treated rats ~ 

Amount of metabolite found.+_ (nmoles) 

3-MC N-(9-hydroxy)- N-19-oxo)- N-t7-hydroxy)- N-(5-hydroxyD- N-<3-hydroxy)- 
treatment+ 2-FAA 2-FAA 2-FAA 2-FAA 2-FAA 

10.0 ND~ 7.5 2.9 l.I 
- 6.0 4. I 67.5 26.8 41,6 

+ Microsomes were prepared as described in Fig. I. The incubation system 16.0 ml) contained microsomes 
112 mg protein), N['~C-acetyl]2-FAA 10.5 ,umole in 0.05 ml DMSO, sp. act. 0. I mCi/m-mole) in a 0.05 M 
KH~PO+-O.025 M KCI buffer, pH 7.4. NADPH I 12 j~moles) was added to initiate the reaction. The conditions 
of incubation and the extraction of the metabolites were those described in Fig. 1. The metabolites were 
separated and identified by h.p.l.c. [6]. 

+ Pretreatment of animals with 3-MC was that described in Table I {footnote +). 
~: Each value represents single determinations from one incubation system containing hepatic microsomes 

of untreated rats and from one incubation system containing hepatic microsomes of 3-MC-treated rats. 
Not detected. 
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by C O  [26, 27], the  ef fec t  of  CO on the  f o r m a t i o n  
of  N- (9 -hydroxy) -3 -FAA was tes ted .  E x p o s u r e  of  
m i c r o s o m e s  to a mix tu re  of  90% CO: 10% O~ 
inh ib i t ed  the  f o r m a t i o n  of  N- (9 -hydroxy) -3 -FAA as 
well as tha t  of  N- (7 -hyd roxy ) -3 -FAA by a b o u t  75 
per  cen t  (Table  5). T h e s e  da ta ,  in c o n j u n c t i o n  with 
the  non- induc ib i l i ty  of the  9 -hydroxy la t i on  of  3 - F A A  
by 3-MC or PB,  led us to c o n c l u d e  tha t  the  e n z y m e  
ca ta lyz ing  the  9 - hyd r oxy l a t i on  of  3 - F A A  is a micro-  
somal  h e m o p r o t e i n  not  ident ica l  wi th  c y t o c h r o m e  
P~-450 or  P-450. 

The  9 -hydroxy la t i on  of  a f l uo reny lace t amide  on 
a ma jo r  scale  has  not  been  r epo r t ed  he re to fo re .  
H o w e v e r ,  da ta  h a v e  recen t ly  been  pub l i shed  indi- 
ca t ing  that  the  ca rc inogen ic  i somer ,  2 -FAA,  under -  
goes  m i c r o s o m a l  h y d r o x y l a t i o n  at  C-9128, 29]. 
H o w e v e r ,  the  me tabo l i t e s ,  N- (9 -hydroxy) -2 -FAA 
and  N- (9 -oxo) -2 -FAA,  were  p roduced  only  in t race  
a m o u n t s [ 2 8 ] .  S ince  the  m e t h o d  of  h .p . l .c ,  devel -  
oped  in this  l abo ra to ry  pe rmi t s  the  r eady  identifi- 
ca t ion  of N- (9 -hyd roxy ) -2 -FAA [6], we d e t e r m i n e d  
the  f o r m a t i o n  of N- (9 -hyd roxy ) -2 -FAA f rom 2 - F A A  
by hepa t ic  m i c r o s o m e s  of  the  rat  (Table  6). The  
resu l t s  conf i rmed  those  of  Benke r t  et al. [28] in tha t  
only  t r ace  a m o u n t s  (1-2 per  cent )  of  the  subs t r a t e ,  
2 - F A A ,  were  c o n v e r t e d  to N- (9 -hyd roxy ) -3 -FAA 
(Table  6). Fe l le r  et al. [29] r epo r t ed  no  quan t i t a t i ve  
da t a  on  the  a m o u n t s  of  N- (9 -hydroxy) -2 -FAA 
f o r m e d  f rom 2 -FAA.  In con t r a s t  to the  f o r m a t i o n  
of  p h e n o l a m i d e s ,  3-MC had  no  s t imula to ry  effect  
on  the  f o r m a t i o n  of  N- (9 -hydroxy) -2 -FAA.  

The  ques t ion  m ay  be ra ised  as to w hy  3 -FAA,  but  
not  2 -FAA,  is h y d r o x y l a t e d  in ma jo r  a m o u n t s  at C-9. 
The  ionic m e c h a n i s m  dep ic t ed  in Fig. 3 ra t iona l izes  
the  9 -hydroxy la t ion  of  3 -FAA.  S t ruc tu r e  A is in 
equ i l ib r ium wi th  s t ruc tu re  B, in which  the  e l ec t ron  
shift  leads to d i s p l a c e m e n t  of  a hydr ide  ion f rom C-9. 
S t ruc tu r e  B is in r e s o n a n c e  with C, wh ich  c rea tes  

0 • ~' 0 +2H 

A B 

I 
H-O-cH3 

~-  C -~ 

I OH- 

H OH 

.NH-C-CH 5 

D 
Fig. 3. Hypothetical mechanism for microsomal hydroxy- 

lation of 3-FAA at carbon-atom 9. 

an  e lec t rophi l ic  c e n t e r  at C-9 suscep t ib le  to nucleo-  
philic a t t ack  by hydroxy l  ions.  The  oxygen  may  
c o m e  f rom the  mic rosomal  h e m o p r o t e i n  s h o w n  to 
ca ta lyze  the  9 -hydroxy la t ion  of  3 -FAA.  In the case  
of 2 -FAA,  a r e s o n a n c e  fo rm invo lv ing  C-9 c a n n o t  
be wr i t t en .  Ins tead ,  a s imilar  e l ec t ron  shif t  would  
lead to e x t e n d e d  con juga t ion  involv ing  bo th  phenyl  
r ings and  would  c rea te  an  e lec t rophi l ic  cen te r  at 
c a r b o n - a t o m  7. 

in s u m m a r y ,  the  da ta  p r e sen t ed  in this  s tudy  
indica te  tha t  there  are  m i c r o s o m a l  hyd roxy la t i ons  of  
a ry lamides ,  exempl i f ied  by the  9 -hydroxy la t ion  of 
3 -FAA by hepa t i c  m i c r o s o m e s  of  the  rat  and  gu inea  
pig, wh ich  a p p e a r  to be ca ta lyzed  by a CO-sens i t i ve  
hemopro t e in ( s )  not  ident ical  wi th  c y t o c h r o m e  P-450 
or P,-450. F u r t h e r  s tudies  c o n c e r n e d  with the iso- 
lat ion and  pur i f icat ion of this  enzyme( s )  are  requi red  
to a sce r t a in  w h e t h e r  or  not  it is a va r ian t  of cyto-  
c h r o m e  P-450. 
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