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Abstract

The ratio of S-acetylamino-6-amino-3-methyluracil (AAMU) to l-methylxanthine (1X) in urine samples
after caffeine ingestion can be used to indicate human N-acetyltransferase (NAT2) phenotypes. In previous
studies, this ratio has been determined by LC or capillary electrophoresis. The possibility that this ratio
could be determined by competitive antigen enzyme linked immunosorbent assays (ELISAs) has been
investigated. Polyclonal antibodies were raised in rabbits against synthetic derivatives of AAMU and X,
and competitive antigen ELISAs were developed after isolation of the IgGs by ion-exchange chromatogra-
phy. The competitive antigen ELISA correctly identified previously determined NAT2 phenotypes and gave
the expected distribution of slow and fast N-acetylators within a group of 48 individuals.
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1. Introduction

Individuals are genetically polymorphic in
their rate of enzymatic N-acetylation of drugs
via the N-acetyltransferase (NAT2) pathway
[1--3]. Two major metabolic phenotypes can be
distinguished: fast and slow N-acetylators.
Knowledge of this phenotype is useful because
of its association with adverse drug effects,
diverse toxicities and predisposition to disease.
For example, N-acetylation polymorphism has
been linked to a detoxification pathway of some
environmental carcinogenic arylamines and
their is a higher frequency of bladder cancers
among chemical dye workers who are slow
N-acetylators [4].

* Corresponding author. Present address: Montreal Gen-
eral Hospital, 1650 Cedar Ave., Montreal, Que.. Canada
H3G 1A4.

A number of probe drugs can be used to
determine the NAT2 phenotype [1 -3]. Of these,
caffeine is the most frequently utilized probe
because it 1s widely consumed and relatively
safe [5-7]. In studies involving this probe. the
phenotype has generally been determined from
ratios of the caffeine metabolites S-acetylamino-
6-amino-3-methyluracil (AAMU) or 3-acety-
lamino-6-for-mylamino-3-methyluracill AFMU)
and 1-methyl-xanthine (1X). In these studies.
the subjects are given an oral dose of a caffeine-
containing substance, and the urinary concen-
trations of the target metabolites determined by
LC [1.3.5-12] or capiliary electrophoresis (CE)
[13,14].

The number of clinical protocols requiring
the determination of NAT2 phenotypes is
rapidly increasing and this group has sought to
develop an enzyme linked immunosorbent as-
say (ELISA) for use in these studies. ELISAs
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Fig. 1. Synthetic route for the production of AAMU and 1X derivatives.

have been successfully applied in the deter-
mination of low amounts of drugs and other
antigenic components in plasma and urine
samples [15,16], involve no extraction steps
and are simple to carry out. This article reports
the development of an ELISA based on anti-
bodies against AAMU and 1X which can
be used to determine NAT2 human pheno-

types.

2. Materials and methods
2.1. Chemicals and reagents

Cyanomethylester, isochloroformate, dimeth-
ylsulfate, sodium methoxide, 95% pure, and
tributyl-amine were purchased from Aldrich,
(Milwaukee, WI, USA); horse radish peroxi-
dase was purchased from Boehringer Manheim
(Montreal, Que., Canada); corning easy wash
polystyrene microtiter plates were bought from
Carilab  (Montreal, Que., Canada); o-
methylisourea hydrochloride was obtained from
Lancaster Laboratories (Windham, NH, USA);
alkaline phosphatase conjugated to goat anti-
rabbit IgGs was from Pierce Chemical Co.

(Rockford, IL, USA); bovine serum albumin
fraction V initial fractionation by cold alcohol
precipitation (BSA), complete and incomplete
Freund’'s adjuvants, diethanolamine, p-nitro-
phenol phosphate disodium salt, o-phenylenedi-
amine hydrochloride; porcine skin gelatin, rab-
bit serum albumin (RSA). Tween 20 and ligands
used for testing the antibody cross reactivities
were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). Whatman DE52 diethy-
laminoethyl-cellulose was obtained from Chro-
matographic Specialities Inc. (Brockville, Ont.,
Canada). Dioxane was obtained from A & C
American Chemicals, Ltd. (Montreal, Que.,
Canada) and was refluxed over calcium hydride
for 4 h and distilled before use. Other reagents
used were of analytical grade.

2.2. Synthetic procedures

The synthetic route for the production of
AAMU-hemisuccinate (VIII) and 1-methylxan-
thine-8-propionic acid (IX) is presented in Fig.
1. Compounds I11-VI were synthesized accord-
ing to the procedure of Pfleiderer [17] and
compound VII was synthesized following the
procedure described by Lespagnol et al. [18].
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Svuthesis of AAMU-hemisuccinate (VIII)

VIl (0.30 g) was dissolved in water (5ml)
and succinic anhydride (0.33 g) was added to
the resulting solution. The mixture was stirred
until the succinic anhydride dissolved. During
this process. the pH of the solution was main-
tained between 8 and 9 with a 3 N NaOH
solution. The reaction was completed when all
the succinic anhydride had dissolved and the
pH remained above 8. The hemisuccinate was
precipitated by acidification to pH 0.5 with a
12 N HCI solution. The precipitate was col-
fected by filtration on Whatman No. | paper,
washed with water and dried.

Svnthesis of the 1-methvixanthine-8-propionic
acid (1X)

This product was synthesized according to a
modified procedure of Lespagnol et al. [18].
VIII (0.2 g) was dissolved mn 2--3ml of a 15%
NaOH solution. The resulting solution was
stirred at 100 °C until all of the solvent had
evaporated and then maintained at this temper-
ature for an additional 5min. The resulting
solid was allowed to cool to room temperature,
dissolved in 10 ml water and IX precipitated by
acidification to pH 2.8 with 12 N HCL. After
cooling at 4°C for 2.5 h, the precipitate was
collected by filtration on a Whatman No. |
paper and dried. It was recrystallized from
water cthanol (20:80, v/v), using charcoal to
decolorize the solution.

Other syatheses

AAMU was synthesized from compound VII
according to the procedure of Fink et al. [19].
5-Accetylamino-6-aminouracil and 5-acetamino-
6-amino-1,3-dimethyluracil were synthesized by
the same procedure as that of compound VII,
using acetic anhydride.

2.3. NMR spectroscopy

'H and ""C NMR spectra of compounds
VIII and IX were obtained using a 500 mHz
spectrometer (Varian XL 500 mHz, Varian An-
alytical Instruments, San Fernando, CA, USA)
using deuterated dimethyl sulfoxide as solvent.

2.4. Conjugation of the haptens to bovine serum
albumin (BSA) and rabbit serum albumin (RSA)

The AAMU-hemisuccinate (VIII) and the
I-methylxanthine derivative (IX) were conju-
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gated to BSA and RSA according to the mixed
anhydride method of Erlanger et al. [20]. After
conjugation, the free hapten was separated
from the conjugate by dialyzing against [1
water for 3 days at room temperature; water
was changed twice a day. The conjugates were
stored as I-ml aliquots at —20 °C.

2.5 Coupling of haptens to horse radish
peroxidase

The AAMU and [X derivatives (VIIT and
IX) were conjugated to horse radish peroxidase
by the procedure of Fickling ct al. [I5]. After
conjugation, the free derivatives were separated
from the conjugate by gel filtration on a
20 x 1.6 cm Sephuadex G25 fine column equili-
brated with ua sodium phosphate buffer
(100 mM. pH 7.0). The conjugate was stored at
4°C in a 0.02% thiomersal solution.

2.6. Antibody production

Four mature female New Zecaland White
rabbits (Charles River Canada, St. Constant,
Que., Canada) were used for antibody produc-
tion. The protocol employed in this study was
approved by the McGill University Animal
Care Committee in accordance with the guide-
lines from the Canadian Council on Animal
Care.

An isotonic saline solution (0.6 ml) contain-
ing 240 pg of BSA-conjugated antigen was
emulsified with 0.6 ml of a complete Freund's
adjuvant. 0.5ml of the emulsion (100 pg of
antigen) was injected per rabbit intramuscu-
larly or subcutancously. Rabbits were subse-
quently boosted at intervals of three wecks
with 50 ng of antigen emulsified in incomplete
Freund’s adjuvant. Blood was collected by
venipuncture of the ear 1014 days after boost-
ing. Antisera were stored at 4 °C in the pres-
ence of 0.01% sodium azide.

2.7, Antiserum titerys

The wells of a microtiter plate were coated
with 10 ugml ' of rabbit serum albumin-
AAMU (or 1X) conjugate in carbonate buffer
(100 mM, pH 9.6) for 1 h at 37°C (100 ul per
well). They were then washed three times with
100 ul TPBS (phosphate buffer saline contain-
ing 0.05% Tween 20) and unoccupied sites were
blocked by an incubation with 100 pul of TPBS
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containing 0.05% gelatin for 1 h at 37 °C. The
wells were washed three times with 100 pl
TPBS and 100 ul of antiserum diluted in TPBS
was added. After 1 h at 37 °C, the wells were
washed three times with TPBS, and 100 pl of
goat anti-rabbit IgGs-alkaline phosphatase
conjugate diluted with PBS containing 1% BSA
was added. After 1 h at 37 °C, the wells were
washed three times with TPBS and three times
with water. To the wells were added 100 pl of a
solution containing MgCl, (0.5 mM) and p-ni-
trophenol  phosphate (3.85mM) in di-
ethanolamine buffer (10 mM, pH 9.8). After
30 min at room temperature, the absorbency
was read at 405 nm with a microtiter plate
reader. The antibody titer is defined as the
dilution required to change the absorbance by
one unit (1 au).

2.8. Isolation of rabbit IgGs

The DES2-cellulose resin was washed three
times with sodium phosphate buffer (500 mM,
pH 7.50), the fines were removed and the resin
was equilibrated with a sodium phosphate
buffer (10 mM, pH 7.50). The resin was packed
in 1.6+ 50cm column and eluted with the
200-300 m] equilibrating buffer before use. To
antiserum obtained from 50 ml of blood (30—
32ml) was added dropwise 25-27ml 100%
saturated ammonium sulfate solution with a
pasteur pipette. The suspension was left at
room temperature for 3 h and centrifuged for
30 min at 2560g at 20 °C. The pellet was dis-
solved with 15ml sodium phosphate buffer
(10 mM, pH 7.50) and dialyzed against 11 of
the buffer for two days at room temperature
with the buffer changed twice per day. The
dialyzed solution was centrifuged at 2560g for
10 min at 20 °C to remove precipitate formed
during dialysis. The supernatant was applied to
the ion-exchange column. Fractions of 7 ml
were collected. After application, the column
was eluted with the equilibrating buffer until
the absorbance at 280 nm became less than
0.05 au. It was then eluted with the equilibrat-
ing buffer containing 50 mM NaCl, Fractions
having absorbances greater than 0.2 at 280 nm
were saved and stored at 4 °C.

2.9. Double immunodiffusion in agar plate
An 0.8% agar gel in PBS was prepared in a

60 x 15 mm petri dish. Rabbit serum albumin
(100 ul of 1mgml~") conjugated either to

P. Wong et al. | J. Pharm. Biomed. Anal. 13 (1995) 1079- 1086

AAMU or 1X was pipetted in the center well,
and 100 pl of rabbit antiserum was pipetted in
peripheral wells. The immunodiffusion was car-
ried out in a humidified chamber at 37°C
overnight and the gel was inspected visually.

2.10. Competitive antigen ELISA

Buffers and water without additives were
filtered through millipore filters, kept for 1
week, and BSA. antibodies, Tween 20 and horse
radish conjugates were added to these buffers
and water just prior to use. Urine samples were
usually collected 4 h after drinking a cup of
coffee (instant or brewed with approximately
100 mg of caffeine per cup) and stored at
—80°C. They were diluted 10 times with
sodium phosphate buffer (620 mosm, pH 7.50)
and were subsequently diluted with water to
give concentrations of AAMU and 1X no
higher than 3 x 107°M in the ELISA. All the
pipettings were done with an eight-channel
pipette, except those of the antibody and sample
solutions. Starting with the last well or last row,
100 pl of a carbonate butfer (100 mM, pH 9.6)
containing 2.5 pg ml~ ! antibodies was pipetted.
After 90 min at room temperature, the wells
were washed three times with 100 pl of TPB:
isotonic sodium phosphate buffer (310 mosm,
pH 7.50) containing 0.5% Tween 20.

After the initial wash, unoccupied sites were
blocked by incubation for 90 min at room tem-
perature with 100 ul TPB containing 3% BSA.
The wells were washed four times with 100 pl
TPB. This was followed by additions of 50 pul
of 12 pygml~" AAMU-HRP or 1X-HRP conju-
gate in 2x TPB containing 2% BSA, and 50 ul
of either water, standard (13 standards;
AAMU or 1X. 2 x 107%-2 x 10~ * M) or sam-
ple in duplicate. The microplate was gently
shaken with an orbital shaker at room temper-
ature for 3—4 h. The wells were washed three
times with 100 ul with TPB containing 1% BSA
and three times with 100 ul water containing
0.05% Tween 20. To the washed plate was
added 150 pl of a substrate buffer composed of
citric acid (38 mM) and sodium phosphate
dibasic buffer (67 mM, pH 5.0) containing
0.06% hydrogen peroxide and 0.04% o-
phenylenediamine hydrochloride. After 20—
25 min at room temperature with shaking, the
reaction was stopped with 50 ul of 2.5 M HCL
After shaking the plate for 3 min, the ab-
sorbances were read with a microtiter plate
reader at 490 nm.
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Fig. 2. Absorbance competitive antigen ELISA curves of AAMU-Ab and 1X-Ab. Each curve represents triplicate
determinations in a single run. The error bars represent standard deviations, For data points with no error bars. the error

bars are less than the size of the symbol.

2.11. Protein determination

Protein determination was done by the pro-
cedure of Lowry et al. [21].

3. Results and discussion

For antibody production against AAMU
and 1X, derivatives of these compounds were
synthesized according to Fig. 1 (VIII and IX),
and structures were confirmed by 'H and '*C
NMR spectral analyses (data not shown). The
AAMU and 1X derivatives were then conju-
gated to BSA by the mixed anhydride method,
and the conjugates injected into four rabbits.
Each rabbit produced antibody titers of
30 G00—-100 000 as determined by ELISA. This
was also indicated by strong precipitin lines
after double immunodiffusion in agar plates of
antisera and derivatives conjugated to RSA.

On this basis, a competitive antigen ELISA
was developed using a procedure similar to
that developed by Fickling et al. for caffeine
[15].

The competitive antigen ELISA curves of
AAMU-ADb and 1X-Ab obtained by duplicate
determinations are presented in Fig. 2. The
experimental conditions were: background
was less than 0.10au; the practical limits
of detection of AAMU and 1X were
2x 107" M and 2 x 10 “® M, respectively, con-
centrations 500 and 50 times lower than those
in urine samples from previous phenotyping
studies [8]; the intra-assay and inter-assay co-
efficients of variation of AAMU and 1X were
15-20% over the concentration range of 0.01-
0.05 mM.

A variety of conditions for the ELISA were
tested and a number of noteworthy observa-
tions were made: gelatin, which was used in the
competitive antigen ELISA determination of
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Table 1
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Cross reactivity of AAMU-Ab and 1X-Ab towards different caffeine metabolites and structural analogs

Compound "o Cross-reaction *
AAMU-ADb 1X-Ab

Xanthine 0 0
Hypoxanthine 0 0
Methylxanthine (1X) 0 100
3-Methylxanthine 0 0
7-Methylxanthine 0 0
8-methylxanthine 0 0
1,3-Dimethylxanthine (theophylline) 0 0.2
1,7-Dimethylxanthine (paraxanthine) 0 0.5
3,7-Dimethylxanthine (theobromine) 0 0
1,3,7-Trimethylxanthine (caffeine) 0 0
Uric acid 0 0
1-Methyluric acid 0 11
1,7-Dimethyluric acid 0 0
Guanine 0 0
Uracil 0 0
5-Acetamino-6-amino-uracil 0.6 0
5-Acetamino-6-amino-3-methyluracil (AAMU) 100 0
5-Acetamino-6-amino-1,3-dimethyluracit 0 0

a¢0" indicates either an absence of inhibition or an inhibition no higher than 40% at the highest compound concentration
tested in the ELISA (5 x 10~ * M); concentrations of 5-acetamino-6-amino-1-methyluracil (AAMU) and 1-methylxanthine
(1X) required for 50% inhibition in the competitive antigen ELISA were 1.5 x 107 M and 10 ° M, respectively.

caffeine in plasma [15], could not be used in
our ELISA owing to excessive background ab-
sorbency which varied between 0.5 and 1.0 au;
in the absence of Tween 20, absorbency
changes per 15 min decreased by a factor of at
least 3, and calibration curves were generally
erratic; absorbency coefficients of variation of
samples increased by a factor of 3-4 when the
conjugates and haptens were added to the wells
as a mixture instead of individually.

The cross reactivities of AAMU-Ab and 1X-
Ab were tested using a wide variety of caffeine
metabolites and structural analogs, and the
results are presented in Table 1. AAMU-ADb
appeared highly specific for binding AAMU,
while 1X-Ab appeared relatively specific for
binding 1X. However, a 11% cross reactivity
was observed with I-methyluric acid (1U), a
major caffeine metabolite.

The relatively high level of cross reactivity of
1U is, however, unlikely to interfere signifi-
cantly in the determination of 1X and the
assignment of NAT2 phenotypes, since the ratio
of 1U:1X is no greater than 2.5:1 in 97% of the
population [3,7]. This is confirmed by measure-
ments of apparent concentrations 1X when the
ratio 1U:1X was varied between 0 and 8.0 at the
fixed 1X concentration of 3 x 1076 M (Table 2).
The maximum effect on the determination of

1X concentration occurred at a 1U:1X ratio of

6.0, where an apparent 50% increase in 1X
concentration was observed. At 1U:1X ratios of

2.5 and 3.0, the apparent increases were 22%
and 32%, respectively.

The ability of this ELISA to accurately de-
termine NAT2 phenotypes was assessed by
cross-validating the method using urine sam-
ples from 30 subjects previously studied using a
CE method [13]. The NAT2 phenotypes agreed
in 29 of the 30 individuals. In the CE method,

Table 2

Effect of the ratio 1U:1X on the determination of 1X
concentration by ELISA at the fixed 1X concentration of
3Ix107°M

1U:1X [1X] x 10°
ratio (M)
0.0 3.00
0.50 2.75
1.00 3.25
1.50 3.25
2.00 3.60
2.50 3.65
3.00 3.95
4.00 4.20
5.00 4.30
6.00 4.50
8.00 4.30
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Fig. 3. Histogram of molar ratio of AAMU/1X. This histogram was obtained with a group of 48 individuals. Assuming
an antimode of 1.80. 60.4%% and 39.6% of the individuals were slow and fast acetylators. respectively. values similar to

those previously reported [3].

the phenotype was determined using AFMU;/
1X peak height ratios rather than the AAMU/
1X molar ratios used in the ELISA. When the
molar ratios determined by ELISA and the
peak height ratios determined by CE were cor-
related by regression analysis, the calculated
regression equation was y=048+
0.87x, with a correlation coefficient (r) of 0.84.
Taking into account that these two ratios are
not exactly equal and that Kalow and Tang
have pointed out that using AFMU rather
than AAMU can lead to a misclassification of
NAT2 phenoptyes [1], there is a remarkable
agreement between the two methods.

4. Conclusions

The ELISA described in this report has been
used to determine NAT2 phenotypes (the fre-
quencies of distribution of slow and fast acety-

lators, for a group of 48 individuals) using
caffieine as the test drug. The method is rela-
tively simple to carry out and can be applied
for analyzing multiple urine samples. Assuming
that the molar AMMU/IX ratio antimode is
1.80 [5.8], the test population contained 60.4%
slow acetylators and 39.6% fast acetylators
(Fig. 3). This is consistent with previously re-
ported distributions [1-3.7.8].
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