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ACTIVATION BY RECOMBINANT HUMAN NAT2s

which both contain the substitution, were tested for acetyltransferase
activities and compared to NAT2 4. As shown in Table 2, AF
N-acetyltransferase, N-OH-ABP and N-OH-AF O-acetyltransferase,
and N-OH-AAF N,O-acetyltransferase activities were each uniformly
and significantly (P < 0.01) lower when catalyzed by the recombinant
NAT?2 allozymes containing the G>*°A (Arg'®’— GIn) substitution.
The AF N-acetyltransferase, N-OH-ABP and N-OH-AF O-acetyl-
transferase, and N-OH-AAF N,O-acetyltransferase activities were
reduced, on average, 76, 81, and 58% from NAT?2 4, respectively.

Effect of the G*’A (Gly?3*— Glu) Substitution on Recombinant
NAT2. To assess the effect of the G37A (Gly***— Glu) substitution
on acetyltransferase activities, human recombinant NAT2 7A and 7B,
which both contain the substitution were tested for acetyltransferase
activities and compared to NAT2 4. As shown in Table 2, AF
N-acetyltransferase, N-OH-ABP and N-OH-AF O-acetyltransferase,
and N-OH-AAF N,O-acetyltransferase activities were each uniformly
and significantly lower when catalyzed by the recombinant NAT2
allozymes containing the G®*’A (Gly***— Glu) substitution. The AF
N-acetyltransferase, N-OH-ABP and N-OH-AF O-acetyltransferase,
and N-OH-AAF N,O-acetyltransferase activities were reduced, on
average, 30, 61, and 55% from NAT2 4, respectively.

Effect of A®®G (Lys?*®*— Arg) Substitution on Recombinant
Human NAT2. To assess the effect of A**>G (Lys®*®*— Arg) substi-
tution on acetyltransferase activities, human recombinant NAT2 12A
and 12B, as well as a recombinant NAT2 from a NAT2 chimeric
construct containing the A5G (Lys®*®*— Arg), together with the
silent substitution C*3'T (NAT2*3'/8%%), were tested for acetyltrans-
ferase activities and compared to NAT2 4. As shown in Table 2, there
were not uniformly significant reductions in either AF N-acetyltrans-
ferase, N-OH-ABP and N-OH-AF O-acetyltransferase, or N-OH-AAF
N,O-acetyltransferase activities when catalyzed by the recombinant
NAT2 allozymes containing the A%%*G (Lys?**— Arg) substitution.
The relative level of AF N-acetyltransferase, N-OH-ABP and N-
OH-AF O-acetyltransferase, and N-OH-AAF N,O-acetyltransferase
activities of these recombinant NAT2 allozymes were 108, 101, and
118% of NAT2 4, respectively.

Effect of G'”'A (Arg®*—GIn) Substitution on Recombinant
NAT?2. To assess the effect of G'*'A (Arg®— Gln) substitution on
acetyltransferase activities, human recombinant NAT2 14A and 14B,
which both contain the substitution, were tested for acetyltransferase
activities and compared to NAT2 4. As shown in Table 2, AF
N-acetyltransferase and N-OH-ABP and N-OH-AF O-acetyltrans-
ferase activities were uniformly and significantly lower when cata-
lyzed by the recombinant NAT2 allozymes containing the G'°'A
(Arg®— Gln) substitution. These NAT2 allozymes also had reduced
capacity to catalyze N-OH-AAF N,O-acetyltransferase (Table 2). The
AF N-acetyltransferase, N-OH-ABP and N-OH-AF O-acetyltrans-
ferase, and N-OH-AAF N,O-acetyltransferase activities were reduced,
on average, 77, 92, and 64% from NAT2 4, respectively.

Effect of C?*2T and C*'T Substitutions on Recombinant
NAT2. To assess the effect of the C**2T and C**'T substitutions on
acetyltransferase activities, human recombinant NAT2 13 (which
contains the C**T substitution) and two recombinant NAT? allo-
zymes from chimeric NAT2 constructs containing the C*8'T substi-
tution alone (NAT2*®") or in combination with A°*G (NAT2*4!/80%)
were tested for acetyltransferase activities and compared to NAT2 4.
As shown in Table 2, there were no significant (P > 0.05) reductions
in any of the acetyltransferase activities when catalyzed by the re-
combinant NAT2 allozymes containing the C**?T or the C**'T sub-
stitutions. The relative level of AF N-acetyltransferase, N-OH-ABP
and N-OH-AF O-acetyltransferase, and N-OH-AAF N,O-acetyltrans-
ferase activities of these recombinant NAT?2 allozymes were 103, 101,
and 131% of NAT?2 4, respectively.

DISCUSSION

A hereditary polymorphism in N-acetylation capacity has been asso-
ciated with predisposition to cancer from arylamines (3, 6). An associa-
tion between rapid acetylator phenotype and colorectal cancer (7-11) has
suggested an activation role for acetyltransferases subject to the acetyla-
tion polymorphism (5, 6, 12). NAT2 is the locus of the “classical”
acetylation polymorphism, which segregates individuals into rapid, inter-
mediate, and slow acetylator phenotypes (3, 6). In addition to the so
called “wild-type” or NAT2*4 allele, other NAT2 alleles have been
identified in human populations that have a combination of 1-3 nucleic
acid substitutions at 7 specific sites in NAT2 (13). Five of the specific
nucleotide substitutions (G'**A, T>*!C, G>A, A%%*G, and G®5"A) result
in amino acid changes, whereas two (C**T and C**'T) do not (see Table
1). To more fully understand the possible role of rapid acetylator pheno-
type in predisposition to arylamine cancers, it is important to assess the
ability of allozymes encoded by variant NAT2 alleles to activate N-
hydroxyarylamine and N-hydroxyarylamide carcinogens to metabolites
capable of binding and mutating DNA.

In the present study, we sought to explore the effects of these
nucleotide substitutions on the metabolic activation of N-hydroxy-
arylamine and N-hydroxyarylamide carcinogens by O- and N,O-acety-
lation, respectively. Arylamine N-acetyltransferase activities were
also measured to enable direct comparisons between the rates of the
three catalytic activities. To test various combinations of these 7
nucleic acid substitutions, 16 different NAT2 allozymes as listed in
Table 1 were tested. Thirteen of these allozymes are encoded by NAT2
alleles identified previously in human populations with official names
based on consensus rules for N-acetyltransferase nomenclature (13).
Three of the NAT2 allozymes are encoded by genetically engineered
NAT?2 alleles constructed to determine the effect of a single or a
combination of the seven specific nucleotide substitutions.

Two factors that could affect the catalytic activity measurements
include possible differences in translation efficiency and protein stability.
In a previous study (14), we assessed the role of the 7 specific NAT2
nucleotide substitutions on recombinant NAT2 protein expression by
heterologous expression of 15 recombinant NAT2 alleles in E. coli
JM105. These results showed that none of the seven NAT2 nucleotide
substitutions significantly altered the levels of protein expressed. This
finding is consistent with a recent report by Dupret et al. (23), who found
similar levels of protein after expression of 18 NATI/NAT2 hybrid gene
vectors in an E. coli XA90 expression system. However, dramatic
changes in NAT? intrinsic protein stabilities have been reported with
certain amino acid substitutions (14, 23). Highly unstable NAT2 allo-
zymes contained the G'*'A (Arg®*— Gln) and G*7A (Gly***— Arg)
substitutions (14), which, in our present study, includes NAT2 7A, 7B,
14A, and 14B. We limited all acetyltransferase reactions to a maximum
of 20 min for each of the recombinant NAT?2 allozymes, including NAT2
7A, 7B, 14A, and 14B. This decision was made to maximize the like-
lihood of detecting N,O-acetyltransferase activities, which were very
low, particularly with the NAT2 allozymes containing the T3*!'C
(le"*— Thr) substitution, but yet to minimize possible contributions of
differential intrinsic stability to the catalytic activation rates of the NAT2
allozymes. Recently, Dupret et al. (23) reported that NAT2 substitutions
in the 210-250 amino acid region of the 290 amino acid protein were
associated with the greatest reductions in NAT? intrinsic stability. None
of the NAT?2 allozymes in the present study has any amino acid substi-
tutions in this region.

Microsomal esterases also have been shown to catalyze O- and
N,O-acetyltransferase reactions (24), and it is important to differenti-
ate their possible contribution to the metabolic activation of N-hy-
droxyarylamines and N-hydroxyarylamides. Microsomal esterases
contain a catalytically essential serine hydroxy group and, therefore,
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are inhibited by organophosphates such as paraoxon (25). We in-
cluded paraoxon in our O- and N,O-acetyltransferase assays to inhibit
esterase activity and to ensure that catalysis occurred only by the
NAT?2 allozymes that are not sensitive to paraoxon. We did not find
any significant inhibition by 100 uM paraoxon, suggesting that ester-
ases did not contribute to the catalytic activation.

The O- and N,O-acetylation capacity in vivo of individuals is
unknown. Each of the 16 recombinant NAT2 allozymes, regardless of
NAT?2 nucleic acid substitution, catalyzed the metabolic activation of
the N-hydroxyarylamines (N-OH-ABP and N-OH-AF) by O-acetyla-
tion and the N-hydroxyarylamide (N-OH-AAF) by N,O-acetylation.
Catalytic activities were in the relative order N-acetylation > O-
acetylation > N,O-acetylation for each NAT2 allozyme, which is
consistent with relative acetyltransferase activities of recombinant
wild-type NAT2 expressed in E. coli XA90 (5) and mouse kidney
COS-1 cells (12). Each of these acetyltransferase reactions, by defi-
nition, catalyzes transfer of acetyl groups, suggesting that NAT2
allozymes with reduced capacity for N-acetylation might also have
reduced capacity for O- and N,O-acetylation. In support of this hy-
pothesis, we observed very high correlations between the capacity of
the 16 recombinant NAT2 allozymes to catalyze the 3 acetyltrans-
ferase activities. Recent site-directed mutagenesis studies showed that
the sulfhydral group of Cys®® is directly involved in acetyl transfer
from AcCoA to acceptor substrates (26). None of the NAT2 alloz-
ymes in this study had an amino acid substitution at this site.

The NAT2 nucleic acid substitution that caused the greatest
reduction in N-, O-, and N,O-acetyltransferase activity was
T3#C(Ile' *— Thr). This substitution is common to NAT2*5A, *5B,
and *5C, and the catalytic activation rates of recombinant NAT2 5A,
5B, and SC were each less than 10% of NAT2 4 (Table 2). As shown
in Table 3, this result is consistent with what has been reported
regarding the N-acetylation capacity in vivo of individuals with
NAT2*5B alleles. Although the N-acetylation capacity in vivo of
NAT2*5A and *5C have not been reported, the very low activity of
their recombinant NAT2 allozymes in the present study strongly
suggests that individuals with NAT2*5A, *5B, and *5C alleles should
have highly reduced capacity to catalyze metabolic activation of
N-hydroxyarylamines by O-acetylation and of N-hydroxyarylamides
by N,O-acetylation compared to rapid acetylators. Differentiation of
NAT2*5A, *5B, and *5C by comprehensive RFLP analysis and allele
specific amplification has shown NAT2*5B to be the most common
allele in several ethnic groups (27, 28).

NAT? alleles with nucleic acid substitutions G'*'A(Arg®*— Gln)
and G*>*°A(Arg'*’— GIn) caused moderate reductions in N-, O-, and
N,O-acetyltransferase activities. NAT2 alleles with these two substi-
tutions include the NAT2* 14A and *14B cluster and the NAT2*6A and

*6B cluster, respectively. Recombinant NAT2 6A and 6B allozymes
catalyzed N-, O-, and N,O-acetyltransferase activities at rates that
were reduced, on average, 76, 81, and 58% from NAT2 4, respec-
tively. This is consistent with the decreased N-acetylation capacity in
vivo of individuals with NAT2*6A (27-30). O-acetylation and N,0-
acetylation capacity of individuals with NAT2*6A or *6B is unknown,
but the low activity of the recombinant NAT2 6A and 6B allozymes
to catalyze these reactions strongly suggests that individuals with
these alleles would have reduced capacity for metabolic activation by
O- and N,O-acetylation in vivo. Individuals with NAT2*I4A or *14B
have decreased N-acetylation capacity in vivo (31, 32). Recombinant
NAT?2 14A and 14B allozymes catalyzed N-, O-, and N,O-acetyltrans-
ferase activities that were reduced, on average, 77, 92, and 64% from
NAT? 4, respectively. These results suggest that individuals with the
NAT2*14A and *I4B alleles also would have reduced capacity to
activate N-hydroxyarylamines and N-hydroxyarylamides by O- and
N,O-acetylation, respectively.

The G®57A(Gly?%®— Arg) substitution is present in the NAT2*7A
and *7B alleles, which have been associated with decreased N-
acetylation capacity in vivo (27-29). The recombinant NAT2 7A
and 7B allozymes catalyzed N-, O-, and N,O-acetyltransferase
activities at rates that were reduced, on average, 30, 61, and 55%
from NAT2 4, respectively. These results likewise suggest that
individuals with the NAT2*7A and *7B alleles should have reduced
capacity to activate N-hydroxyarylamines and N-hydroxyarylam-
ides by O- and N,O-acetylation, respectively.

The A®°G(Lys?*®*— Arg) substitution is present in the NAT2*12A
and *I2B alleles. As shown in Table 3, the N-acetylation capacity in
vivo of individuals with these alleles has not been reported. The
recombinant NAT2 12A and 12B allozymes catalyzed N-, O-, and
N,O-acetyltransferase activities at rates that were comparable to re-
combinant NAT2 4, suggesting that these are alleles associated with
rapid acetylators. By implication, individuals with the NAT2*12A or
*12B alleles should have full capacity to metabolically activate N-
hydroxyarylamines and N-hydroxyarylamides by O- and N,O-acetyl-
transferase, respectively. It would be of interest to assess whether
these alleles are overrepresented in individuals with colorectal cancer,
and such studies are planned.

The C?2T and C**'T nucleic acid substitutions are both silent on
the amino acid level. C?*2T is the sole substitution in the NAT2*13
allele (28), and the N-acetylation capacity in vivo of individuals with
this allele is unknown (Table 3). The N-, O-, and N,O-acetyltrans-
ferase activities catalyzed by recombinant NAT2 13 were comparable
to recombinant NAT2 4, suggesting that NAT2* /3 should be associ-
ated with rapid acetylators with full capacity to catalyze metabolic
activation of N-hydroxyarylamines and N-hydroxyarylamides by O-

Table 3 Relative acetyltransferase activities of human NAT2 allozymes

Relative N-acetylation” capacity

Relative activity of recombinant NAT2 allozyme”

NAT?2 allozyme in vivo in vitro N-acetylation O-acetylation N,O-acetylation
NAT2 4 Normal Normal ++++ ++++ +++4
NAT2 5A Unknown Decreased + + +
NAT2 5B Decreased Decreased + + +
NAT2 5C Unknown Unknown + + +
NAT2 6A Decreased Decreased ++ + ++
NAT2 6B Unknown Unknown + + ++
NAT2 7A Decreased Decreased +++ ++ ++
NAT2 7B Decreased Decreased +++ ++ ++
NAT2 12A Unknown Unknown +++4+ +++4 +H+4+
NAT2 12B Unknown Unknown ++++ +++4 ++++
NAT2 13 Unknown Unknown ++4++ +++4 +++4+
NAT2 14A Decreased Unknown ++ + ++
NAT2 14B Decreased Unknown + + +

“ From Vatsis et al. (13).

b Activity levels relative to NAT2 4. +, 0-25%; ++, 26-50%; +++, 51-75%; ++++, greater than 75%.
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and N,O-acetylation, respectively. The NAT2*13 allele also should be
examined for an overrepresentation in individuals with colorectal
cancer. The C*®!T substitution is found in NAT2*5A and *5B. These
alleles encoded recombinant NAT2 allozymes with markedly reduced
acetyltransferase catalytic activities due to the presence of the
T3*!C(Ile!**— Thr) substitution. We examined the specific effect of
the C*!T substitution by testing the acetyltransferase activities of
recombinant NAT2%¥! allozyme expressed from a chimeric NAT2
allele with only the C**!T substitution. The recombinant NAT2*8
allozyme catalyzed N-, O-, and N,O-acetyltransferase activities at
rates comparable to recombinant NAT?2 4, strongly indicating that the
C*8IT substitution has no effect on these activities.

In summary, recombinant human NAT2 allozymes catalyze the
metabolic activation of N-hydroxyarylamines and N-hydroxyaryl-
amides, and differential catalytic activities related to the rapid and
slow acetylator polymorphism could be a contributing factor in
risk to certain cancers related to arylamine carcinogen exposures.
Of the seven specific NAT2 substitutions we examined, the
T>*'C(lle**~ Thr), G**°A(Arg'¥’— Gln), G®’A(Gly***- Glu), and
the G'' A(Arg®*— GIn) substitutions resulted in recombinant NAT2
allozymes with reduced capacity not only to N-acetylate arylamines
but also to metabolically activate N-hydroxyarylamines and N-hy-
droxyarylamides by O- and N,O-acetylation, respectively. Each of
these reactions can, however, be catalyzed by NAT1 (5, 12), which is
regulated independently of the NAT2 polymorphism. Furthermore,
N-hydroxyarylamines and N-hydroxyarylamides also can be activated
by human sulfotransferases, which may be subject to other genetic
polymorphisms (33). Thus, the contribution of the NAT2 polymor-
phism in the metabolic activation of hydroxylated arylamine and
arylamide carcinogens is only one factor in determination of relative
cancer risk. Human epidemiological studies that examine relation-
ships between NAT2 phenotype and cancer incidence need to consider
that NAT2 phenotype regulates not only N-acetylation of arylamines,
which is generally a detoxication mechanism, but also O-acetylation
and N,O-acetylation, which are activation pathways. The differential
capacity for metabolic activation of N-hydroxyarylamines and N-
hydroxyarylamides by recombinant human NAT2 allozymes encoded
by polymorphic NAT2 alleles supports the hypothesis that acetylator
phenotype contributes to cancer risk related to further activation of
N-hydroxyarylamine and N-hydroxyarylamide carcinogens.
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