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Abstract 

Three purified cytochrome P-450 (P-450) forms obtained from liver microsomes of marmoset monkeys induced with 
14C-2,3,7,8-tetrachlorodibenzo-p-dioxin (14C-TCDD) were characterized. Comparison of electrophoretic and spectral properties 
and reconstituted methoxy-and ethoxyresorufin O-dealkylase (MROD and EROD) activities with those of forms isolated from 
untreated marmosets indicated that one of these (form F) is likely constitutive. Another form (D) had MROD and EROD 
activities which were 100 and 15 times those observed for form F. A form having biophysical properties similar to those of form 
D was also found in untreated animals. A third form (C) had an appreciable capacity to bind its inducing agent and showed a 
TCDD-to-P-450 molar ratio for detergent-free solutions of 0.66 + 0.13 to 1. In immunoblot analyses of these forms with 
antibodies raised against specific peptide sequences derived from rat P-450 1A1 and 1A2, the only positive reactions seen were 
those for untreated and inducible forms D with anti-rat 1A2. This provides evidence that the main or sole P-450 1A form in 
marmoset liver microsomes is 1A2, as in humans, and that this is inducible by TCDD. 

Key words: Cytochrome/-450; P-450 1A2; Purification; Monkey; Dioxin 

Interest  in studying T C D D  has arisen from the fact 
that this substance, which is capable of inducing P-450 
enzymes of the P-450 gene subfamily 1A, represents 
one of the most long-lasting environmental hazards 
[1,2]. Evidence has been accumulating that ubiquitous, 
polycyclic aromatic hydrocarbons like T C D D  [3], pen- 
tachlorodibenzofuran [4], and coplanar polyhalo- 
genated biphenyls [5] not only can induce P-450 but 
also bind to it, thus raising the question as to whether 
any such P-450 form(s) may serve as a source of 
stabilization [5] or even possibly a 's torage site' [4] for 
these chemicals in vivo. These investigations have been 
carried out with the rat as a source of P-450 isozymes, 
and while both 1A1 and 1A2 are present  in rat livers, 
only 1A2 has been found in human liver [6]. We have 
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therefore used the marmoset  for our studies. This New 
World monkey is a typical and convenient non-human 
primate which, quite in contrast to humans, can be 
induced in a controlled manner.  We have previously 
described that in comparison to rats, both induced and 
untreated marmosets  display differing features regard- 
ing metabolic activities, notably towards otherwise spe- 
cific substrates such as ethoxy- and pentoxyresorufin 
[7,8]. The aim of this study was to characterize three 
purified hepatic microsomal P-450 forms derived from 
TCDD-induced marmosets  in order to compare their 
properties with P-450 forms of rats and humans. 

Untreated (UT) male marmosets  (Callithrix jacchus) 
and TCDD-induced marmosets  of both sexes were 
used. The animals were 9 to 10 months old, i.e. close to 
maturity. One single injection of 300-1000 ng 14C- 
T C D D  per kg body weight was given s.c. four days 
prior to sacrifice. Microsomes were prepared  as de- 
scribed [7] and solubilized in sodium cholate. The 
present  communication concerns three of seven P-450 
fractions isolated from TCDD-induced marmosets  as 
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described in detail elsewhere [9]. This involved 8- 
aminooctyl-Sepharose, Mono Q and Mono S columns 
in an FPLC system (Pharmacia, Uppsala), and residual 
non-ionic detergents were removed by using 'Hydroxyl- 
apatite HPLC Grade'  (Calbiochem, La Jolla). At this 
stage of purification, the specific contents of forms C, 
D and F were 13.7, 13.5 and 15.1 nmol P-450 per mg 
protein, and the SDS-PAGE apparent molecular 
weights as re-examined in the present work were 53 500, 
52 500 and 47 500 dalton. Forms UT-D and UT-F were 
obtained from untreated animals and eluted at the 
same positions as did TCDD-D and TCDD-F. For 
comparison with these, P-450 forms from TCDD- 
treated Wistar rats were purified using the same proce- 
dures [9]. NADPH-P-450-reductase was isolated from 
phenobarbital-treated rats [7] and used in reconstituted 
sytems involving P-450 forms from both species. 
TCDD-concentrations in fractions were ascertained by 
measuring the radioactivity with liquid scintillation 
counting. It had been shown previously that under 
these experimental conditions, radioactivity represents 
only the non-metabolized TCDD [10]. The specific 
activity of the 14C-TCDD used in this study was 3.96 
Bq/pmol .  Immunoblot analyses [11] and assays of cat- 
alytic, spectral and electrophoretic properties [7] were 
also carried out as described previously. 

Many studies of environmental chemical-induced 
1A1 and 1A2 monooxygenases derived from human 
and rat sources have concerned cigarette smoking, and 
TCDD (and related agents), respectively. It was there- 
fore considered to be of great importance to establish 
whether TCDD-treated marmosets would more closely 
reflect those inductions in smokers, or in TCDD- 
treated rats. The P-450 contents (mean + SD) found 
for TCDD-treated marmoset microsomes of 535 + 66 
pmol per mg protein represent one-third more than 
those found for untreated animals [8] and approxi- 
mately the same values found elsewhere for liver mi- 
crosomes obtained from wedge biopsy samples from 
human non-smokers (490 + 50) and smokers (550 + 30) 
[12]. Individual NADPH-P-450-reductase activities 
found here for untreated marmoset microsomes of 
141 + 87 pmol (cytochrome c reduced) (mg pro- 
tein) l min-1 also reflect basically the same values 
reported for non-smokers (149 + 11) or rats (110 + 3) 
[12]. Reductase activities were increased by only 16% 
in TCDD-induced marmosets, coinciding with 10% in 
smokers [12]. ER OD activities in non-smoker liver 
microsomes are lower than in the rat [13] but can 
nonetheless be significantly increased in the livers of 
smokers [14,15]. EROD activities in TCDD-induced 
marmoset microsomes of 1065 _+ 148 pmol resoruf in/  
mg p ro t e in /min  were about 10 times those found for 
untreated microsomes. Again, these values are practi- 
cally the same as those found for smokers (1045 + 980) 
and non-smokers (318 _+ 174) [14]. 
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Fig. 1. SDS-PAGE gel of P-450 forms C (30 ng of protein), D (50 ng) 
and F (20 ng) purified from TCDD-treated marmoset monkeys. M: 
marker proteins with molecular weights in kilodalton (kDa) as de- 
scribed in reference [9]. The 10-15% gradient gel was stained with 
silver. 

All in all, concerning this data, marmoset liver mi- 
crosomes appear to reveal monooxygenase contents 
and activities very similar to those obtained from hu- 
man sources. The same TCDD dose (300-1000 n g / k g  
body weight) in Wistar rats causes an EROD-induction 
of more than 200-fold [8]. Since we found that, in 
contrast to rats, at these doses an apparent plateau in 
inductive capacity of ERO D  activity in marmosets was 
reached, higher doses of TCDD were not used in our 
studies. No striking sex-based differences in marmoset 
total P-450 content or ERO D  activity were evident. 
TCDD induction was, however, found to suppress in 
male but not in female liver microsomes the aminopy- 
rine and ethylmorphine N-demethylation rates by 25 
and 50%, respectively as had been shown previously 
for TCDD-treated rats [16]. Sex differences concerning 
purified marmoset P-450 forms were not investigated 
here. 

An SDS-PAGE gel of the TCDD-induced fractions 
discussed here is illustrated in Fig. 1. The absolute 
spectra of oxidized solutions indicate that all three 
forms are present exclusively in the low-spin state. By 
contrast, in rats treated with polycyclic aromatic hydro- 
carbons, the two inducible P-450 forms are 1AI which 
is low-spin, and 1A2 which is high-spin [4,17,18]. Use of 
both EROD and MROD measurements was chosen 
here on the basis that these reactions have been shown 
to display some specificity towards rat 1A1 and 1A2, 
respectively [19]. In TCDD-induced marmoset livers, 
forms C, D and F were seen to exhibit middle, high, 
and low catalytic activities, respectively, and also differ- 
ent EROD-to-MROD ratios [9]. Form F was also iso- 
lated from untreated animals, suggesting that this en- 
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zyme is constitutive. A form having the same elec- 
trophoretic and spectral properties and chromato- 
graphic behaviour as form D was also found in un- 
treated animals but had a somewhat lower E R O D  
activity. In one study [17], 1A2 in 45 samples of human 
liver was found to exhibit varying phenacetin O-deeth- 
ylase specific activities, thus suggesting that differential 
levels of immunoreactive 1A2 can exist in livers. 
Whether  forms TCDD-D and UT-D described here 
also reflect a difference in their expression, or whether 
they are two completely different enzymes is at present 
unknown. 

Assay of ~4C-TCDD radioactivity indicated that af- 
ter use as an inducer, TCDD is also bound to P-450, 
and is associated preferentially with P-450 form C. 
Detergent-free fraction C was found to bind 0.66 + 0.13 
nmol TCDD per nmol of isolated cytochrome (mean 
values + SD for three purifications), whereas for deter- 
gent-free fractions D and F, these values were less 
than 0.07 + 0.01 and 0.06 + 0.01, respectively. Those 
ratios for fraction C are similar to the values ranging 
between 0.5 and 0.9 nmol substrate per nmol P-450 
reported for detergent-free purified rat 1A2 after 
treatment with TCDD [3], pentachlorodibenzofuran [4], 
hexabromobiphenyl [5] and isosafrole [20], and for the 
corresponding rabbit form isolated after induction with 
3-methylcholanthrene [21]. 

Interestingly, the TCDD-binding marmoset P-450 
form (C) in the presence of non-ionic detergent always 
bound to, and was eluted from, Mono Q (anion-ex- 
change) columns, whereas similar purifications of rat 
P-450 [4,18,20] consistently yielded the inducer-binding 
form (1A2) in gradient elutions from cation-ex- 
changers. Prior to hydroxyapatite column chromatog- 
raphy, detergent-containing fractions of marmoset form 
C bind as much as 5.1 + 1.6 nmol T C D D / n m o l  P-450. 
This was not the case with the other two forms dis- 
cussed here: in detergent-containing fractions of D and 
F, the TCDD binding was as little as in detergent-free 
solutions (see above). 

In such P-450 fractions isolated from detergent-con- 
taining solutions, this P-450 has been assumed else- 
where to be located in a lipid environment which 
would also enhance the binding of TCDD to the cy- 
tochrome [3]. Such a situation could thereby also be 
hypothetically envisageable in vivo, where phospho- 
lipids in place of detergent are present, indicating that 
inducer-binding may possibly serve as a source of stor- 
age for such agents in the liver as hypothesized by 
Kuroki et al. [4]. On the other hand, Edwards [22] has 
provided evidence that most of the P-450 protein is in 
the cytosol and that only the N-terminus is in the 
membrane. Indeed, reference [9] showed that the highly 
lipophilic TCDD can be separated off, along with the 
detergent in which it is dissolved. Thus, most of the 
TCDD appears to be associated more with the non- 
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Fig. 2. Immunoblots of microsomes and purified TCDD-marmoset 
P-450 fractions with polyclonal antibodies specific for peptide se- 
quences [11] derived from rat P-450 1A1 and 1A2. Left: with 
anti-lA1; right: with anti-lA2. Lanes 1:25 #g of TCDD-induced rat 
liver microsomal protein. Lanes 2, 3 and 4:10 pmol each of TCDD- 
marmoset P-450 fractions C, D and F. Lane 5:10 pmol of untreated 
marmoset P-450 fraction D. Lanes 6 and 7:25/xg each of TCDD-in- 
duced and untreated, marmoset liver microsomal protein. The ap- 
propriate molecular weight regions are given in kilodalton (kDa). 

ionic detergent than with P-450, so that the signifi- 
cance of P-450 as a 'storage site' must remain ques- 
tionable. 

Immunoblot analyses of these TCDD forms (C, D 
and F) and UT forms (D and F) were performed with 
antibodies raised against specific peptide sequences 
derived from rat P-450 1A1 and 1A2 according to the 
technique of Edwards et al. [11]. Four further TCDD 
and three UT fractions as isolated in reference [9] were 
also screened. With anti-lA1, which bound to rat, 
mouse and rabbit antigens [23], no reactions were seen 
for any TCDD- or UT-P-450 forms (Fig. 2). An anti- 
body which recognized 1A2 in rat, mouse, rabbit, ham- 
ster, and human liver microsomes (Dr. R. Edwards, 
personal communication) gave a very strong reaction 
with TCDD-D and reacted to a similar degree with 
UT-D (Fig. 2). With anti-lA2, TCDD-D and UT-D 
also gave a reaction with an additional antigen (Fig. 2, 
lanes 3 and 5). Since this protein is not a P-450 form 
but a protein of much lower molecular weight (28 000 
dalton), the cross-reactivity with anti-lA2 seen here 
may have resulted from a proteolytic fragment present 
in the purified fractions. Evidence for this is indeed 
lent upon closer examination of the lane for the 
TCDD-induced microsomal sample (Fig. 2, lane 6), 
whereby a very faint band does appear to exist. 

It is of interest that this P-450 form (TCDD-D) is 
not the same form which is capable of binding TCDD 
or other such agents as is however the case with rat or 
rabbit P-450 (1A2) [3,4,20,21]. With the same anti-lA2, 
P-450 TCDD-C and F did not indicate any binding. 
Thus, the main or sole P-450 1A form in untreated or 
TCDD-induced marmoset liver appears to be 1A2. The 
lack of binding of anti-lA1 to these purified fractions, 
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however,  does  not  mean  tha t  1A1 is absen t  in mar-  
mose t  liver; it may well be tha t  this an t ibody  does  not  
b ind  to m a r m o s e t  1A1 simply because  of  sequence  
differences .  I m m u n o b l o t  p r o c e d u r e s  have been  used  
previously to d e m o n s t r a t e  i n t e r - r e l a t edness  of  var ious  
ra t  and  h u m a n  P-450 isozymes [13,17,24]. Par t icu lar i ly  
Sesard ic  et al. [6] have shown that ,  concern ing  the gene  
subfamily  1A in h u m a n  liver mic rosomal  fract ions,  
pract ica l ly  only 1A2 is p resen t ,  and  this appea r s  to 
hold t rue  as well for h u m a n  fetal  liver pur i f ied  P-450 
forms [25]. A l t h o u g h  our  da t a  suggest  the  absence  of  
1A1 in m a r m o s e t  l iver as well,  final p r o o f  of  this would  
have to await  fu r the r  s tudies  with specific an t ibod ies  
against  m a r m o s e t  1A1. Such a pro te in ,  however ,  has 
yet  to be i so la ted  or  de t ec t ed ,  and this may likely 
necess i ta te  invest igat ion of  ex t r ahepa t i c  m a r m o s e t  tis- 
sue. 

Maure l  and  co l leagues  [26] have meanwhi l e  shown 
that  in p r imary  h u m a n  hepa tocy tes ,  gene  p roduc t s  
CYP1A1 are  i ndeed  highly inducib le  by T C D D ,  /3- 
naph thof lavone ,  and  o the r  substances .  The  s t rong het-  
e rogene i ty  in the  express ion  of  1A1 and its capaci ty  for 
induct ion,  as well  as pha rmacok ine t i c s ,  however ,  may 
be the  reason  why o thers  have not  d e t e c t e d  this gene  
p roduc t  in a l imi ted  n u m b e r  of  smoker  and  non - smoke r  
autopsy  samples  [27]. 

Recent ly ,  a monoc lona l  an t ibody  recogniz ing  ra t  
1A1 - but  not  1A2 - has been  p r o d u c e d  by Burke  and  
co-workers ,  which also r ecogn ized  a s imilar  p ro t e in  
band in immunob lo t s  of  h u m a n  liver mic rosomes  [28]. 
In this case, a he t e rogene i ty  of  the  d is t r ibu t ion  of  such 
enzymes  among  var ious  liver zones  was observed.  
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