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Acetylation of aromatic amines has been an area of active
investigation during the last 30 years. Initial studies were
focused on drug acetylaticn because it was observed that drugs
such as isoniazid (INH)} and dapsone {(DDS) are excreted in
urine in the N-acetylated form (1}. These studies led to the
discovery of acetyl CoA as the endogenous acetyl donor for
acetylation reactions, and also resulted in a detailed de-
scription of the N-acetylating system in the liver, including
its purification and characterization and the finding of ge-
netic polymorphism (2-4). Acetylation of aromatic amines in
the liver was initially considered to be primarily a detoxi-
fication mechanism. However, recent experimental evidence
indicates that it is also an essential step in the metabolic
activation process which converts aromatic amines to potent
carcinogens (5).
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Acetylation of aromatic amines has also been studied in
some detail in blood, brain, retina and the pineal gland. The
best understood is the acetylation of serotonin in the pineal
gland because of the role N-acetylation plays in the synthesis
and regulation of melatonin, a putative hormene (Fig. 1).
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Fig. 1. N-Acetylation of serotonin.

I. SEROTONIN ——» MELATONIN CONVERSION
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Interest in the N-acetylation of serctonin in the pineal
gland started when Aaron Lerner discovered that melatonin, the
skin lightening compound found in the pineal gland, is an
N-acetylated derivative of S5-methoxytryptamine (6). Subse-
quently, Weissbach and co-workers demonstrated that serotonin
was converted to melatonin in the pineal gland (7-8). The
pathway involves the N-acetylation of serotonin by serctonin
N-acetyltransferase  {serotonin NAT} to form N-acetylserotonin,
which is O-methylated by hydroxyindole-~O-methyltransferase
(HIOMT) to form melatonin. HIOMT received most attention at
that time because it was discovered that HIOMT activity and
melatonin content of the pineal gland are regulated by a photo-
neural mechanism (9-10). This influenced early investigators
to suspect that HIOMT was responsible for the regulation of
melatonin synthesis, and the concentration of melatonin in the
pineal gland and in the circulation.

Investigations of the serotonin N-acetylation in the pin-
eal gland received a major stimulus when Axelrod and his col-
leagues discovered that the synthesis‘gf+melatonin from
tryptophan was increased by adrenmergic drugs (11). This ob~
servation prompted Klein and co-workers to study HICMT under
this condition to understand the mechanism involved in the

1The term, arylalkylamine N—acetyltran%fe;ase, has also
been used in the text to denote the same enzyme.



Multipie Aromatic Amine N-Acetyltransferases 135

regulation of melatonin biosynthesis and the role of HIOMT.
It was soon discovered that HIOMT showed only a marginal in-
crease when melatonin synthesis from tryptophan was increased
several fold by adrenergic drugs (12). This was interpreted
by Klein and co-workers that perhaps another mechanism was
responsible for the increase in melatonin synthesis. They
analyzed the intermediates in the conversion of tryptophan to
melatonin and discovered that the increase in melatonin syn-
thesis caused by treatment with adrenergic drugs was associ-
ated with a large increase in the melatonin precurseor, N-
acetylserctonin (12). This led to interest in serotonin NAT
and the discovery that adrenergic agonists increase the activ-
ity of serotonin NAT 10- to 100-fold by a direct action on
pineal cells (13-15). Subsequently, they found that a large
.increase in the activity of serotonin NAT occurred at night,
and this appeared to be responsible for the concomitant de-
crease in serotonin as well as the increase in melatonin in
the pineal gland (16-17, Fig. 2). These observations brought
pineal serotonin NAT to the forefront of pineal research and
led to extensive investigations of the neural regulation of
this enzyme and the role it plays in the circadian regulation
of indole metabolism in the pineal gland.

II. NEURAL REGULATION OF SEROTONIN NAT IN THE PINEAL GLAND

It is now well established that pineal MAT in the rat
exhibits a circadian rhythm with 50 to 70-fold increase in
activity at night (18-19). This increase is caused by the
stimulation of the pineal gland by a circadian clock in the
suprachiasmatic nucleus (SCN); a neural circuit involving
both central and peripheral structures, including superior
cervical ganglia (SCG), links the SCN to the pineal gland
{20~-22). The neurotransmitter which stimulates pineal cells
physiologically is norepinephrine (23-24). It is released
from sympathetic nerve terminals whose cell bodies are located
in the sCG (23).

Norepinephrine acts through a mechanism involving both £
and p-adrenergic receptors to increase cAMP, which in turn
increases serotonin NAT activity 50 to 70-fold {(25-27). CAMP
acts to increase serotonin NAT activity at least in two ways.
First, it increases the synthesis of new proteins by a mechan-
ism inveolving both transcriptional and translational processes
{28-30). Second, it stabilizes serotonin NAT, probably by a
cAMP dependent phosphorylation mechanism {31). The stabiliz-
ing effect of cAMP is apparent when the cAMP concentration in
cultured pineal cells is decreased. This leads to a rapid
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Fig. 2. Rhythms in indole metabolism in the rat pineal
gland. The shaded portion indicates the dark period of the
lighting cycle. The data have been abgtfacted from reports in
the literature. 5-HT, 5-hydroxytryptamine, serotonin; NAct,
N-acetyltransferase; NAc S5-HT, N-acetyl S5-hydroxytryptamine:
HICMT, hydroxyindole-O-methyltransferase; NAc 5-MT, N-acetyl
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decrease in NAT activity (31). This decrease also occurs in
intact rats when they are exposed to light at night; light ap-
pears to act by a gating mechanism at the level of the SCN to
inhibit the neural stimulation of the pineal gland (32). These
large and rapid changes in serotonin NAT activity generate the
rhythm in melatonin concentration in the pineal gland and in
the circulation (33).

Regulation of pineal serotonin NAT has been studied in
several species other than the rat, including chicken, sheep
and hamster. These studies show that all exhibit a ¢ircadian
rhythm in serotonin NAT activity. However, notable differ-
ences in the mechanism of its regulation exist among these
species. Thus, in chicken the serotonin NAT rhythm is not
controlled entirely by the SCN, but toc a large degree by a.bio-
logical clock located within the pineal gland (34). Also, the
mechanism of the noctural increase in serotonin NAT does not
always seem to involve norepinephrine (34). There appear to
be two notable differences in sheep. They are the rapid noc-
turnal increase in serotonin NAT activity (maximum reached in
about 30 min.) and the small magnitude (3-5-fold). of the rhythm
{35). 1In addition, pineal serotonin NAT in sheep appears to
be only partly responsible for the requlation of melatonin
synthesis {36). The hamster pineal serotonin NAT rhythm has
characteristics of that in both the rat and sheep; the appar-
ent amplitude of the rhythm is small, as in sheep, while the
nocturnal response exhibits a lag as in the rat (37).

The molecular mechanisms involved in the regulation of the
serotonin NAT rhythm are only beginning to be understood. BAs
noted above, the increase in activity at night appears to in-
volve transcripticnal and translational processes. However,
it is not clear whether new molecules of serotonin NAT are
produced or some regulatory proteins are synthesized under
this condition. The rapid decrease in the enzyme activity,
which occurs on exposure to light, still remains a mystery.
While a protein thiol:disulfide exchange mechanism has been
proposed to be involved in this process, direct experimental
support for this hypothesis is lacking (38-39). Progress
toward understanding the molecular mechanisms of serotonin HNAT
regulation has been rather slow because of the lack of avail-
ability of the enzyme in the purified form. Purification of
serotonin NAT has been difficult because of the unstable na-
ture of the enzyme and the scarcity of adequate amounts of tis-
sue containing the active enzyme (40-41). Recently, however,
we have succeeded in purifying the enzyme from rat and sheep
pineal glands using disulfide exchange, size exclusion and
affinity chromatography (42-43). Accordingly, more informa-
tion on the molecular mechanisms of serotonin NAT regulation
is expected to become available in the near future.
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III. REGULATION OF SEROTONIN NAT IN THE EYE

The retina is another tissue in which serotonin NAT exhib-
its a true circadian rhythm. This rhythm has been detected in
a variety of species, although it has been studied in some de-
tail only in chicken and frog (44-45). In both chicken and
frog the rhythm is of small magnitude (5-10-fold), persists in
constant darkness, and is suppressed by light (45-47). It HKas
been possible to demonstrate the above characteristics of the
rhythm in cultured frog eye cups, indicating that the rhythm
is controlled by a biological clock located inside the eye
(48). cAMP appears to be invelved in the increase in the en-
zyme activity at night, although the mechanism generating the
cAMP is not known (45). In addition, catecholamines appear to
exert an inhibitory influence on the avian retinal serotonin
NAT rhythm, opposite to théir stimulatory effects in the rat
pineal gland (46,49). The rhythm in retinal serotonin NAT
seems to regulate a similar rhythm in melatonin, which is be-
lieved to be 'involved in the control of rhythmlc retlnal func-
tlons, including disk shedding (49).

\

IV. ARYLAMINE AND ARYLALKYLAMINE NATS IN THE PINEAL GLAND

In the early stages of the investigations of biosynthesis
of melatonin in the pineal gland, it was assumed that pineal
serotonin NAT was the same as the relatively nonspecific aro-
matic amine NAT in the liver. The discovery of the adrenergic
regulation of pineal serotonin NAT, however, began to change
this view. It seemed possible that adrenergic regulation of
pineal NAT could involve a different molecular species of NAT.
In pursuit of this, Klein and Weber found in unpublished stu-
dies that the increase in pineal NAT caused by isoproterencl,
an adrenergic agonist, was detectable only if serotonin or
tryptamine was used as the amine substrate, not when INH, a
knownt substrate for the liver enzyme, was used.

This possibility was further pursued and it was discovered
that both the rat and sheep pineal gland contain two distinct
types of NATs which can act on aromatic amines (50). One type
acetylates arylamines such as aniline and p-phenetidine pre-
ferentially, whereas the other acts on arylalkylamines such as
serotonin, tryptamine and phenylethylamine with high specific-
ity. Both enzymes are located in pineal cells. The Km of
acetyl CoA for arylamine NAT is unusually-high (2 te 4 mm),
about 20-fold higher than that of arylalkylamine NAT; this sug-
gects that perhaps the endogenous acetyl donor for this enzyme
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may not be acetyl CoA. As described below, these two enzymes
can be distinguished further by their (1) regulaticn, (2} sta-
bility, and (3) molecular size.

A. Regulation

Regulation of pineal NATs has been studied under three dif-
ferent conditions: 1) isoproterenol treatment, 2) exposure to
darkness at night and 3} cycloheximide treatment (50). Treat-
ment of rats with iscoproterencl during the day increased
arylalkylamine NAT about 100-fold, without affecting arylamine
NAT to any significant extent (Table 1). This indicates
that the nocturnal increase in NAT activity in the rat pineal
gland is specific for arylakylamine NAT. Another instance in
which the differential regulation of the two enzymes is evi-
dent is in their rapid response to darkness at the onset of
night in the sheep pineal gland. The arylalkylamine NAT in-
creased about 5-fold 30 min. after the exposure to darkness at
night; arylamine NAT remained unchanged under this condition
(Table 2). Further, treatment of sheep with cycloheximide 30
min. before exposure to darkness caused a 90% reduction in
arylalkylamine NAT measured 30 min. after exposure to darkness,
but did not have any effect on arylamine NAT (Table 3). These
observations show that pineal arylamine and arylalkylamine
NATs are differentially regulated.

TABLE 1. Effect of isoproterenol treatment on arylamine and
arylalkylamine NAT activities in rat pineal gland

NAT activity
(nmol/min./mg protein)

Substrate

control isoproterenol
day time
Tryptamine 0.011 + 0.007 1.5 + 0.25
Phenylethylamine 0.019 + 0.005 1.5 + 0.15
p-Phenetidine 0.20 + 0.036 0.13 + 0.006
Aniline 0.14 + 0.007 0.08 + 0.018

Rats received isoproterendl (10 mg/kg} or saline and were
killed during the daytime. Enzyme activity was measured with
0.5 mM AcCoA and 10 mM amine substrate. Results are expressed
as the mean + S.E. of triplicate determinations (from Ref. 30}.
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TABLE II. Ovine pineal arylalkylamine and arylamine NAT ac-
tivities 30 min. before and after lights off at night

NAT activity
{(nmol/min./mg protein}

Substrate . Day Night
Tryptamine 0.18 + 0.04 0.71 +-0.07”
Fhenylethylamine 0.13 + 0.05 0.66 + 0.07
p-Phenetidine 0.38 + 0.11 0.42 + 0.10
Aniltine 0.12 + 0.04 0.12 + 0.05

Groups of five sheep were killed 30 minutes before lights off
and 30 minutes after lights off (1800 hours). NAT activities
were measured with 0.5 mM.AcCoA and 10 mM amine substrate.
Results are expressed as the mean + S.E. of triplicate deter-
minations {(from Ref. 36).

v

TABLE III. Effect of cycloheximide treatment on arylamine and
arylalkylamine NAT activities in the ovine pineal gland at
night

NAT activity
{nmol/min./mg protein)

Substrate

Control Cycloheximide
Night
Tryptamine 0.71 + 0.07 0.06 + 0.02
Phenylethylamine 0.66 + 0.07 0.075 + 0.08
p-Phenetidine 0.42 + 0.11 0.35 + 0.11
Aniline 0.12 + 0.05 0.10 + 0.03

Sheep received cycloheximide (4 mg/kg) or saline 30 minutes
before lights off (1800 hours) and were killed in the dark 30
minutes after lights off. NAT activjities were measured with
0.5 mM AcCoA and 10 mM amine substritg+ Results are expressed
as the mean + S.FE. of triplicate determinations {from Ref. 50).
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B. Stability

During the early stages of these investigations we found
that arylamine NAT activity in the rat pineal homogenate was
almost completely lost on storage overnight in the cold. This
prompted us tc compare the inactivation of arylamine and
arylalkylamine NAT in the broken cell preparations in the cold.
We found that the activity of arylamine NAT from both rat and
sheep pineal glands decreased more quickly at 4°C than arylal-
kylamine NAT. Complete loss of arylamine NAT activity oc-
curred after 24 hours in the rat and over 95% of the activity
disappeared after 48 hours in sheep (Fig. 3). The correspond-
ing inactivation of arylalkylamine NAT was 50% in the rat and
25% in sheep (Fig. 3).

Arylalkylamine NAT is more unstable at 37°C in broken cell
preparations; about 90% of the activity is irreversibly lost
in about 30 min. (40). It is not known if arylamine NAT also
undergoes a similar inactivation at 37%. Acetyl CoA and
pelyanions protect arylalkylamine NAT from this inactivation
whereas disulfides such as cystamine and insulin, accelerate
it (38-41). The rate of inactivation is reduced ‘considerably
in partially purified preparations cof the enzyme suggesting
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Fig. 3. Time course of inactivation (4%c) of pineal aryla-
mine and arylalkylamine NATs. Samples of pineal supernatant
preparations (10,000 xg) were stored at 4°c for -the indicated
time and assayed with 0.5 mM AcCoA and 10 mM amine substrate
{from Ref. 50).
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that some soluble factors, perhaps disulfides, present in the
pineal supernatant are involved in the inactivation. However,
our attempts to prevent the inactivation by treating the pre-
paration with thiols has not been successful. Thus, the
mechanism of this inactivation remains unclear.

v

C. Molecular size

Proof that the pineal gland contains separate arylamine
and arylalkylamine NATs has come from the demonstration that
these enzymes can be resolved using size exclusion HPLC.
Chromatography of the 100,000 xg supernatant from isoproterenol
treated rat pineal glands reveals that arylalkylamine NAT
activity is present in two peaks (Fig. 4A). One contained
molecules with an apparent molecular weight of about 100,000
and accounted for 75% of the recovered activity, The second
peak contained molecules with an apparent molecular weight in
the 10,000 to 20,000 range. Arylamine NAT activity was detect-
ed in a single peak of intermediate molﬁcular size (Mr =
35,000). Recovery of activity was about 75% in both cases.

As observed in the rat, size exclusion HPLC of the night sheep
pineal gland supernatant also showed clear separation between
arylamine and arylalkylamine NAT activities (Fig. 4B). How-
eyer, the elution pattern of ovine arylalkylamine NAT activity
was slightly different from that of the rat pineal preparation;
the higher molecular weight peak contained 90% of the recov-
ered activity; a distinct lower molecular weight peak was not
apparent. As in the case of the rat pineal preparation, the
arylamine NAT was detected in a single molecular form with an
apparent molecular. weight of about 35,000.

V. MULTIPLE FORMS OF ARYLALKYLAMINE NAT

An interesting characteristic of arylalkylamine NAT is
that it can exist in different molecular forms depending on
the ionic environment {42, 43, 50, 51).‘ Three distinct forms
of arylalkyamine NAT are detected duriﬁ% size exclusion chrom-
atography using Sephacryl S5-200 {low pressure) as well as
using TSK 3000 columns (high pressure). In the presence of
ammonium acetate (0.1 M, pH 6.5), DTT (10mM) and BSA (0.1 mg/
ml), the enzyme is separated into two molecular forms as de-
scribed above. However, in presence of sodium citrate (0.1 M,
PH 6.5) containing DTT {10 mM) and BSA (041 mg/ml), it is de-
tected in a single molecular form of intermediate molecular
size (Mr = 30,000). :
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Ancther interesting observation is that the ratio of the
two forms of the enzyme obtained on chromatography in the pre-
sence of ammonium acetate is changed after purification of
the enzyme (42,50}. The small molecular weight form becomes
the predominant species after purification of the enzyme
using chromatography based on disulfide exchange principles
(42,51}. 1In an earlier report Morrissey et al. have reported
that rat pineal NAT in the 100,000 xg supernatant can be sepa-
rated into two forms (Mr = 39,000 and Mr = 10,000) on Sepha-
dex G100 chromatography in the presence of potassium phosphate
(50 mM, pH 6.5} containing 4 mm mercaptoethylamine (52). Our
results indicate that the multiple forms of the enzyme depend
on the ionic environment whereas the results of Morrissey et
al, seem to indicate that interaction between sulfhydryl
grovps is involved in this process.

The important variable in the ieonic environment is not
ionic strength. B&An increase in the concentration of ammonium
acetate from 50 mM to 400 mM does not convert the Mr = 100,000
and Mr = 10,000 forms of the enzyme to the Mr = 30,000 form,
whereas treatment with sodium citrate does (Fig. 5)}. Indepen-
dent of these effects on molecular size are effects on activ—
ity. Increasing the ionic strength of ‘buffers by adaing
sodium chloride, sodium citrate, sodium phosphate, ammonium
acetate, potassium chleoride or ATP causes as much as a 5-fold
increase in enzyme activity (41). Thus, we believe there are
thvo independent effects of ions on NAT. All salts appear to
activate the enzyme in a dose-dependent manner, perhaps
through a mechanism altering the physical characteristics of
the active site environment. In contrast, it appears that
certain salts which stabilize the enzyme, including sodium
citrate, can convert the enzyme from the Mr = 100,000 and
Mr = 10,000 forms to the Mr = 30,000 form; other salts includ-
ing ammonium acetate can convert the Mr = 30,000 form to the
Mr = 100,000 and Mr = 10,000 forms. One obvious difference
between these salts is that one is monoionic and the other is
polyionic. Perhaps this is the critical difference which de-
termines the molecular form of arylalkylamine NAT. It is also
possible that the apparent sensitivity of NAT to differences
in salt composition may influence the intracellular form,
activity and stability of this enzyme.

s

VI. MULTIPLE AROMATIC AMINE NATS IN OTHER TISSUES

There is now convincing evidence indicating that multiple
NATs having narrow specificity exist in - different tissues.
These have been studied extensively in liver in relation to
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Fig. 5. Size exclusion chromatography of NATs using
sephacryl 5-200 under different ionic conditions. Four 5-200
columns were equilibrated with four different buffers namely,
ammonium acetate buffer, pH 6.5, 50 mM (1.5 x 100cm), 200 mM
(1.5 x 95cnm)} and 400 mM (1.5 x 110cm}), and sodium citrate buf-
fer, pH 6.5, 100 mM (1.5 x 110cm), all containing DTT (10 mM}
and BSA (0.1 mg/ml). A 2.5 ml enzyme sample containing BSA
{1 mg/ml) was applied to each column, the fractions were col~
lected (flow rate 5 ml/h), and assayed for enzyme activity.
The columns were calibra}ﬁd using three proteins, namely \f—
globulin (Mr =_150,000, C-methylated), carbonic anhydrase
(Mr = 30,000, 14C—methy1ated), and cytochrome C (Mr = 12,400}.
Samples containing the three proteins (2.5 ml, 5 mg/ml} were
applied to the columns and the fractions were collected. Cy-
tochrome C was detected by absorption (400 nM) and the other
twe by radioactivity (from Ref. 42).
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genetic polymorphism in drug acetylation. 1In rabbit liver,
the most extensively studied system to date, two types of NAT
activity can be distinguished. One type acetylates drugs
such as DDS and INH, whereas the other acts on p-aminobenzoic
acid (PABA) with high specificity; only the former exhibits
genetic polymorphlsm with the rapid and slow acetylator pheno-
types (5). Receént experimental evidence indicates that both
these activities are located on the same protein (53). A .°
similar pattern exists in mouse liver (54). However, in ham-
ster liver the pattern appears to be exactly opposite; the
PABA NAT activity exhibits polymorphism while the INH NAT
activity remains unchanged in the various individuals (55}.
Recently, it has been possible to separate these two activi-
ties by ion exchange chromatography, showing that they repre-
sent distinct molecular forms (56). Preliminary studies in
the rat indicate that its NAT pattern in the liver may be
similar to that in the hamster (5).

Blood and brain NAT have also been studied in some detail.
The blood enzyme is unusual because it acetylates PABA with
very high specificity (57). The blood enzyme exhibitsg genetic
polymorphism in mouse and hamster but f~ils to do so in rab-
bit, although the general properties of the enzyme are com-
parable in all the three species (5). The brain enzyme has
been studied in some detail only in the rat. Substrate speci-
ficity and inhibition studies suggest that it is similar to
the liver enzyme rather than to the pineal enzyme (58-59).

It is not clear if it exhibits genetic polymorphism.

Genetic regulation of aromatic amine NATs has been studied
primarily in mice and hamster using inbred strains. The re-
sults of genetic analysis of liver and blood NAT activities
are consistent with simple autosomal Mendelian inheritance of
two co-dominant alleles at a single locus (60-61}). These
studies have alsoc demonstrated the existence of minor modify-
ing genes that segregate independently of the major NAT gene
(60). Based on these results, it is tempting to speculate
that the multiple NATs in different tissues are expressed from
a single gene. It is possible that post transcriptional and/
or post translational modifications play important roles in
the formation of the multiple NATs. Thus, post translational
modification, perhaps controlled by tﬁe_modlfylng genes, may
be involved in the slow and rapid acetylator phenotypes in the
rabbit and mouse liver. The qualltatlve differences between
the NAT activities of slow and rapid acetylator phenctypic
rabbits combined with the lack of quantitative changes between
them in the amount of the enzyme protein, determined using
immunclogical methods, support this view (62-63). Post tran-—
scriptional modifications, perhaps inveluvinhg differential
splicing, may explain the different molecular forms of NAT in
the pineal gland and hamster liver. Finally, it is also



Muitiple Aromatic Amine N-Acetyltransferases 147

possible that the multiple separable NATs in the pineal gland
and hamster liver are altogether different gene products.
These possibilities can be tested when appropriate monoclonal
antibodies and cDNA probes become available.

VII. CONCLUSION

The pineal gland contains at least two types of NATs which
can act on aromatic amines. COne type acetylates arylalkyla-
mines, such as serotonin, tryptamine and phenylethylamine,
while the other acts on arylamines, such as aniline and pheni-
tidine. The presence of these two enzyme activities in the
pineal gland can be considered an evolutionary adaptation to
generate the circadian rhythm in melatonin, without affecting
the "house keeping"™ metabolism of arylamines. Therefore, one
would predict that a similar enzyme system is present in other
tissues exhibiting melatonin rhythm, such as the retina. Un-
derstanding the molecular mechanisms involved in the tissue
specific expression of NATs in general and pineal NATs in
particular is the next important step in this line of investi-
gation.
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