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ABSTRACT: ArylamineN-acetyltransferases (NATs) catalyze an acetyl group transfer from acetyl coenzyme
A (AcCoA) to arylamines, hydrazines, and their N-hydroxylated arylamine metabolites. The recently
determined three-dimensional structures of prokaryotic NATs have revealed a cysteine protease-like Cys-
His-Asp catalytic triad, which resides in a deep and hydrophobic pocket. This catalytic triad is strictly
conserved across all known NATs, including hamster NAT2 (Cys-68, His-107, and Asp-122). Treatment
of NAT2 with either iodoacetamide (IAM) or bromoacetamide (BAM) at neutral pH rapidly inactivated
the enzyme with second-order rate constants of 802.7( 4.0 and 426.9( 21.0 M-1 s-1, respectively.
MALDI-TOF and ESI mass spectral analysis established that Cys-68 is the only site of alkylation by
IAM. Unlike the case for cysteine proteases, no significant inactivation was observed with either iodoacetic
acid (IAA) or bromoacetic acid (BAA). Pre-steady state and steady state kinetic analysis withp-nitrophenyl
acetate (PNPA) and NAT2 revealed a single-exponential curve for the acetylation step with a second-
order rate constant of (1.4( 0.05)× 105 M-1 s-1, followed by a slow linear rate of (7.85( 0.65)× 10-3

s-1 for the deacetylation step. Studies of the pH dependence of the rate of inactivation with IAM and the
rate of acetylation with PNPA revealed similar pKa1 values of 5.23( 0.09 and 5.16( 0.04, respectively,
and pKa2 values of 6.95( 0.27 and 6.79( 0.25, respectively. Both rates reached their maximum values
at pH 6.4 and decreased by only 30% at pH 9.0. Kinetic studies in the presence of D2O revealed a large
inverse solvent isotope effect on both inactivation and acetylation of NAT2 [kH

inact/kD
inact ) 0.65( 0.02

and (k2/Km
acetyl)H/(k2/Km

acetyl)D ) 0.60( 0.03], which were found to be identical to the fractionation factors
(Φ) derived from proton inventory studies of the rate of acetylation at pL 6.4 and 8.0. Substitution of the
catalytic triad Asp-122 with either alanine or asparagine resulted in the complete loss of protein structural
integrity and catalytic activity. From these results, it can be concluded that the catalytic mechanism of
NAT2 depends on the formation of a thiolate-imidazolium ion pair (Cys-S--His-ImH+). However, in
contrast to the case with cysteine proteases, a pH-dependent protein conformational change is likely
responsible for the second pKa, and not deprotonation of the thiolate-imidazolium ion. In addition,
substitutions of the triad aspartate are not tolerated. The enzyme appears, therefore, to be engineered to
rapidly form a stable acetylated species poised to react with an arylamine substrate.

ArylamineN-acetyltransferases (NATs,1 EC 2.3.1.5) cata-
lyze the AcCoA-dependent acetylation of a variety of
aromatic amines, hydrazines, and hydrazides. NATs are also
capable of catalyzing the formation of highly reactive
electrophiles by acetylating the hydroxyl group of arylhy-
droxylamines and by converting arylhydroxamic acids to
N-acyloxy esters (1-3). The NATs are a ubiquitous family
of enzymes and have been isolated and cloned from a variety
of bacterial, avian, and mammalian tissues. Because many
of the substrates for NATs are drugs and environmental
xenobiotics, there has been an extensive effort to quantify

the potential toxicological risks of exposure to these agents
by genetic and epidemiological studies of NAT polymor-
phisms (4). The reaction of NAT-generated electrophiles,
thus leading to DNA adduct formation, is believed to be a
predominant mechanism responsible for the mutagenic and
carcinogenic effects associated with exposure to arylamines
(2).
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Steady state kinetic studies have revealed that NATs
catalyze acetyl transfer by a classical ping-pong kinetic
mechanism (1, 3). Affinity labeling studies of hamster NAT
demonstrated that an essential cysteine was necessary for
catalytic activity and that inactivation of the enzyme could
be prevented by preincubation with AcCoA (5). Site-directed
mutagenesis studies of human NAT2 andSalmonella typhi-
murium NAT (StNAT) revealed that Cys-68 and Cys-69,
respectively, were likely the residues responsible for mediat-
ing acetyl group transfer (6, 7). Recently, the X-ray structures
of the apo and affinity-labeledStNAT and Mycobacterium
smegmatisNAT were determined and revealed a catalytic
triad consisting of Cys-69, His-107, and Asp-122, reminiscent
of cysteine proteases and factor XIII transglutaminase (Figure
1a) (8, 9). Three-dimensional homology modeling studies
of human NAT1 and NAT2, based on theStNAT structure,
have demonstrated that the enzymes contain identical
catalytic triads (10, 11). This result is consistent with the
strict conservation of these three residues across the NAT
superfamily (Figure 1b) (12, 13). Similar modeling studies
have been conducted with hamster NAT1 and NAT2 and
are fully consistent with the results obtained for the human
enzyme (G. Vath and C. R. Wagner, unpublished results).

The role of the active site histidine in cysteine-dependent
proteases has been extensively investigated by pH-dependent
alkylation and steady state experiments. In general, because
the pKa of the enzyme active site cysteine has been found to
be acidic, the histidine has been thought to be responsible
for activating the cysteinyl sulfhydryl moiety by formation
of a thiolate-imidazolium ion pair (14-18). Since the
catalytic triad of NATs also contains a histidine, it is likely
that formation of a thiolate-imidazolium ion pair is a
necessary prerequisite for catalysis. However, a rationale for
NAT catalysis that is based on cysteine protease catalysis is
not entirely apparent given the likely hydrophobic active site
environment, as well as the strictly conserved triad aspartate.
Because enzyme acetylation occurs prior to substrate acetyla-
tion, we have chosen to characterize the reactivity of hamster
NAT2 Cys-68 with thiol specific active site labels. Enzyme
acetylation was examined by single-turnover kinetics and
the importance of proton transfer during the catalysis
determined by solvent kinetic isotope effect studies. In
addition, the role of the conserved triad aspartate was probed
by site-directed mutagenesis.

EXPERIMENTAL PROCEDURES

Materials. Ammonium sulfamate, PABA,N-1-naphthyl-
ethylenediamine dihydrochloride, IAM, BAM, IAA, BAA,
ampicillin, pepsin, 3,3-dimethylglutaric acid, D2O, NaOD,
and DCl were purchased from Sigma-Aldrich (St. Louis,
MO). AcCoA and PD-10 desalting columns were purchased
from Amersham Biosciences (Piscataway, NJ). All other
reagents were purchased from Fisher Scientific, Inc.
(Chicago, IL). Spectrophotometric data were collected on a
Varian (Palo Alto, CA) Cary 50 UV-vis spectrophotometer.
Transient kinetic data were collected on a single-wavelength
stopped flow apparatus (Applied Photophysics, model
SX.18MV). rpHPLC was conducted with a Beckman/Coulter
Gold System and Karat 32 software. A QuickChange site-
directed mutagenesis kit was purchased from Stratagene (La
Jolla, CA). A protein refolding kit was purchased from
Novagen (Madison, WI).

Expression and Purification of Wild-Type NAT2.NAT2
was expressed and purified as described previously (19) with
some modifications. An ion exchange column (50 mm
diameter) packed with Q-Sepharose fast flow beads (Phar-
macia, 60 mL) was used to separate the NAT2-dihydrofolate
reductase (DHFR) fusion protein from the supernatant. A
MonoQ column (HR 10/10, Pharmacia) was used to separate
NAT2 from DHFR after thrombin cleavage. Both columns
were attached to a Pharmacia FPLC system with an LCC
500 plus system controller, two P500 solvent delivery pumps,
a UV monitor (model 2151), and a P500 collector. The
columns were eluted with 80 mL of 20 mM potassium
phosphate (PE) buffer [with 1 mM EDTA and 1 mM DTT
(pH 7.4)], followed by 600 mL of a 0 to 0.4 M KClgradient
in PE buffer. Fractions (10 mL) were collected at a flow
rate of 1-2 mL/min at 4 °C. The NAT2-DHFR fusion
protein eluted from the Q-Sepharose column at 0.26 M KCl,
while NAT2 eluted from the MonoQ column at 0.08 M KCl.
The homogeneous recombinant protein was stored at-80
°C as a 10% glycerol/PE solution. Protein concentrations
were determined with the Bradford protein assay (20).

Site-Directed Mutagenesis.Site-directed mutagenesis of
NAT2 catalytic triad Asp-122 to Asn (D122N) or Ala
(D122A) was carried out with the pPH70D vector and
QuickChange site-directed mutagenesis kit (Stratagene). The
oligonucleotide primer used for D122N was 5′-GAT AGG

FIGURE 1: X-ray crystallographic structure of theStNAT active site (a) without bound 4′-bromoacetanilide or (b) with bound
4′-bromoacetanilide (8).
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AAC TAC ATT GTT AAT GCT GGG TTT GGA CGT
TCC-3′ and for D122A 5′-GAT AGG AAC TAC ATT GTT
GCT GCT GGG TTT GGA CGT TCC-3′. Mutant DNA was
fully sequenced by automated sequencing, thus ensuring that
no additional mutations had been incorporated. The mutated
plasmids were transformed into BL-21 Codon Plus (RIL)
Escherichia colicells according to the supplier’s instructions.

Expression and Purification of D122A and D122N Mutant
Proteins.The expression levels of D122N and D122A mutant
proteins were tested under different growth conditions.
Overnight cultures (100 mL) were grown from single
colonies, and 10 mL of the cultures was inoculated into 1 L
of LB medium containing ampicillin (final concentration of
100µg/mL) and chloramphenicol (final concentration of 50
µg/mL). Cultures were grown aerobically at 37 or 25°C to
an OD600 of 0.4 or 1.0, at which time IPTG was added to a
final concentration of 200µM. After incubation for an
additional 1-5 h, the cells were harvested by centrifugation
at 5000g for 15 min at 4 °C. The cells were lysed as
previously described (19). The mutant proteins in the
inclusion bodies were resolubilized with a protein refolding
kit (Novagen). More than 90% of the mutant proteins were
resolubilized after extensive dialysis in 20 mM Tris buffer
[with 1 mM DTT (pH 8.0)] and DEAE column purification.
Control experiments were conducted under the same condi-
tions with the insoluble protein generated during the expres-
sion of wild-type NAT2.

Mutant Protein Assays.The overexpression levels of the
mutants in soluble fractions and inclusion bodies were
checked by SDS-PAGE and immunoblots with goat anti-
FLAG M2 monoclonal antibody (VWR) (19).

NAT2 ActiVity Assay.AcCoA-dependent acetylation of
PABA was performed at 37°C as described previously (19).
NAT2 was preincubated with AcCoA in sodium pyro-
phosphate buffer (116.7µL, 50 mM, pH 7.0; 1 mM DTT)
for 1 min, and the reaction was initiated by addition of
PABA (50 µL). The final assay mixture contained NAT2
(0.5 µg/mL, 14.6 nM), AcCoA (0.6 mM), and PABA (0.1
mM). After the mixture had been incubated for 2 min, the
reaction was terminated by adding ice-cold TCA [5% (w/v)
in H2O, 333 µL]. The reaction rate was determined by
diazotization of the unacetylated PABA according to the
Bratton-Marshall procedure (19, 21). The absorbance was
read at 540 nm. Activity was expressed as the micromoles
of PABA acetylated per milligram of protein per minute.
The assays for the mutant proteins were carried out as
described above, except the concentration of protein extracts
was 50µg/mL and the incubation time was prolonged to 15
min.

InactiVation of NAT2 by Iodoacetamide (IAM) or Bromo-
acetamide (BAM).Incubation mixtures contained NAT2
(26.7 µg/mL, 0.78µM), IAM (or BAM, 20-80 µM), and
50 mM sodium pyrophosphate buffer [with 80 mM NaCl,
0.1 mM DTT, and 1% glycerol (pH 7.0)] in a total volume
of 200µL. Incubations were conducted at 25°C. The reaction
was initiated by addition of IAM (or BAM) dissolved in H2O
(10 µL). Aliquots (2.5µL) were withdrawn at 15 s intervals
(from 15 to 90 s) and added to the activity assay mixture
containing AcCoA dissolved in the reaction buffer (114.2
µL). After incubation for 1 min, the activity assay was
initiated by addition of PABA (50µL). The final assay
mixture contained NAT2 (0.4µg/mL, 11.7 nM), AcCoA (0.6

mM), PABA (0.1 mM), and diluted residual IAM (or BAM,
0.3-1.2 µM). The assay was carried out at 37°C as
described above. The percentage of activity remaining after
incubation with IAM (or BAM) was calculated with respect
to controls which contained DMSO, but not IAM (or BAM).
Inactivation data were plotted as ln % remaining activity ([E]/
[E]t) versus time (t) (Scheme 1, eq 1). The second-order rate
constant (kinact) was obtained by plotting (kinact)obs versus
inhibitor concentration (eq 2). The reaction order (n) was
obtained from the slope of eq 3.

InactiVation of NAT2 by Iodoacetic Acid (IAA) or Bromo-
acetic Acid (BAA).To NAT2 (5.34µg) in sodium pyrophos-
phate buffer [190µL, 50 mM; with 80 mM NaCl, 0.1 mM
DTT, and 1% glycerol (pH 7.0)] was added iodoacetic acid
(IAA) or bromoacetic acid (BAA) dissolved in H2O (10µL).
The final concentration of NAT2 was 26.7µg/mL (0.78µM)
and that of IAA 2 mM (or 3 mM for BAA). Incubations
were carried out for 80 min at 37°C. At 5-10 min intervals,
the remaining NAT2 activity was assayed as described in
IAM and BAM inactivation studies. The percentage of
activity remaining after incubation with IAA (or BAA) was
calculated with respect to controls that contained H2O, but
not IAA (or BAA).

PreVention of Iodoacetamide InactiVation of NAT2 by
AcCoA.NAT2 (44.5 µg/mL, 1.3 µM) was incubated with
AcCoA (0-20 µM) for 1 min in 50 mM sodium pyrophos-
phate buffer [with 0.1 mM DTT (pH 7.0)] at 37°C. IAM
(final concentration of 2µM) was added, and incubation was
continued for an additional 10 min. Reactions were termi-
nated by transferring the mixture to a Sephadex G-25 PD-
10 gel filtration column, followed by the addition of
incubation buffer (2.4 mL). The protein was eluted with 2
mL of the buffer, and the NAT2 activity was determined as
described above. Percent residual activity for each experiment
was calculated on the basis of the control experiment in
which IAM was omitted from the incubation mixture.

Ionic Strength Dependence of Iodoacetamide InactiVation
of NAT2.Incubation of NAT2 (44.5µg/mL, 1.3µM) with
IAM (20 µM) was carried out at 37°C in 3,3-dimethylglu-
taric acid [200µL, 50 mM, with 0.1 mM DTT and 1 mM
EDTA (pH 7.0)]. The ionic strength of the buffer was
adjusted to a range of 0.6-0.98 M with NaCl. After
incubation for 1 min, the reaction mixture was loaded onto
a PD-10 gel filtration column. The NAT2 activity was
determined as described above.

pH Profile of Iodoacetamide InactiVation.NAT2 (26.7µg/
mL, 0.78µM) was incubated with IAM (25µM) in either
50 mM 3,3-dimethylglutaric acid buffer [with 0.1 mM DTT
and 1% glycerol (pH 5.0-7.2)] or 50 mM Tris buffer [with
0.1 mM DTT and 1% glycerol (pH 7.5-9.0)] at 25°C. The
ionic strength was maintained at 150 mM with NaCl.
Aliquots (6µL) were withdrawn at 15 s intervals (15-90 s)

Scheme 1
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and transferred to an assay tube containing AcCoA and
PABA in 3,3-dimethylglutaric acid buffer [194µL, 50 mM;
with 80 mM NaCl and 1 mM DTT (pH 7.0)]. The final assay
mixture contained AcCoA (500µM), PABA (40 µM), NAT2
(1.6 µg/mL), and remaining IAM (0.75µM). After the
mixture had been incubated for 100 s, the reaction was
terminated by the addition of TCA [40% (w/v), 50µL],
followed by dimethylaminobenzaldehyde (DMAB) dissolved
in 90% acetonitrile [250µL, 5% (w/v)]. The remaining
PABA concentration was quantified by reaction with
DMAB (22), which gave a maximum absorbance at 450 nm
(ε450 ) 15 900 M-1 cm-1). The control activity ranged from
22 to 27µmol mg-1 min-1 over the pH range. The results
represent the average of duplicate experiments. The theoreti-
cal line (Figure 5) was created by fitting the data to eq 4a,
according to a mechanism involving three protonic states,
only two (EH and E) of which can undergo the reaction
(Scheme 2A). The inactivation rate constants for EH and E
were represented as (kinact)lim and (kinact)lim′, respectively,
where (kinact)lim′ ) r(kinact)lim when r < 1. The JMP IN
software suite (SAS Institute, Inc.) was used for nonlinear
regression curve fitting.

SolVent Kinetic Isotope Effects.Solvent kinetic isotope
effects on iodoacetamide inactivation (kinact) were determined
at pL 6.4 and 9.0. The inactivation reactions were conducted
essentially as described for the pH-dependent studies. For
pL 6.4, 3,3-dimethylglutaric acid buffer was used, and for
pL 9.0, Tris buffer was used. The inactivation reaction
mixtures in D2O contained 95% D2O. The pD was measured
using the empiric relation pD) pH meter reading+ 0.4
(23) and adjusted with DCl or NaOD. The results represent
the average of two experiments. Solvent kinetic isotope
effects were calculated as the ratio ofkinact values obtained
from H2O and from 95% D2O.

Pre-Steady State Kinetics.Single-turnover reactions of
NAT2 acetylation were performed at 25°C using a single-
wavelength stopped flow apparatus (Applied Photophysics,
model SX.18MV) equipped with a constant-temperature
circulating water bath. NAT2 (276µg/mL, 8µM) in MOPS

buffer [1 mL, 100 mM; with NaCl 150 mM (pH 7.0)] was
transferred to one stopped flow syringe. PNPA (160-3000
µM) in MOPS buffer [1 mL, 100 mM; with 150 mM NaCl
and 3% DMSO (pH 7.0)] was added to the second stopped
flow syringe. Equal volumes (50µL) of the enzyme solution
and substrate were mixed rapidly. The release ofp-nitro-
phenol [P(t)] was monitored at 400 nm. Single-turnover
progress curves were fitted with eq 5 using JMP software,
whereA is the amplitude andkobs is the pseudo-first-order
rate constant for the acetylation step (Scheme 3). The results
represent the average of three experiments. The kinetic
parameterk2/Km

acetyl was obtained by plottingkobs versus
PNPA concentration (eq 8).

pL Profiles of NAT2 Single TurnoVer with PNPA.Stopped
flow kinetic experiments were performed with NAT2 (final
concentration of 4µM) and PNPA (final concentration of
320 µM) in a pL range of 5.2-9.0. Buffers were prepared
in H2O and D2O in parallel, and the pD values for the D2O
buffers were corrected according to the formula pD) pH
meter reading+ 0.4 (23). The pD values of the buffers were
adjusted with DCl and NaOD. For the pL range from 5 to
7.2, 3,3-dimethylglutaric acid (50 mM) was used; for the
pL range from 7.5 to 9.0, Tris buffer (50 mM) was used.
The ionic strength was maintained at 150 mM with NaCl.
Reaction mixtures in D2O buffer contained 95% D2O. For
pL values ranging from 6.4 to 9, the reaction was monitored

Scheme 2 Scheme 3
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at 400 nm, and for pL values from 5.0 to 6.0, reactions were
monitored at 340 nm. The results represent the average of
triplicate experiments. The theoretical lines (Figure 9) were
created by fitting the data to eq 4b, which shares the same
mechanism as eq 4a (Scheme 2B).

Proton InVentory Studies of NAT2 Acetylation with PNPA.
Buffer solutions with different deuterium atom fractionsn
were prepared gravimetrically by mixing appropriate quanti-
ties of dimethylglutaric acid buffers made in H2O and D2O.
The experiments were performed under two pL conditions,
6.4 and 8.0, with essentially the same methodology as
described for the pre-steady state kinetic studies. The results
represent the average of three experiments. The experimental
data were fitted to eq 14 (23), wherek0 is the pseudo-first-
order rate constant in H2O, kn is the pseudo-first-order rate
constant in then mole fraction of D2O, φi

T andφj
R are the

isotopic fractionation factors of theith transition state proton
and jth reactant state proton, respectively.

Steady State Kinetics of Acetyl-Enzyme Hydrolysis.The
incubation mixture contained NAT2 (final concentrations of
4 and 8µM), PNPA (final concentration of 320µM), and
MOPS buffer [100 mM; with 150 mM NaCl (pH 7.0) and
0.1 mM DTT] in a total volume of 500µL. The reaction
was initiated by addition of PNPA dissolved in DMSO (5
µL). The reaction was carried out at 25°C. Reaction rates
were determined by measuring the increase in absorbance
at 400 nm. Control experiments were performed without the
enzyme. The results represent the average of three experi-
ments. The slope of the line (Figure 8) is the acetyl-enzyme
hydrolysis velocity (V). Equation 9 was transformed to eq
12 by substitutingkcat andKm with k2, k3, andKm

acetyl (eqs
10 and 11). The acetyl-enzyme hydrolysis rate constant,k3,
was determined by fitting the data to eq 12, where [E]total is
the total enzyme concentration in the experiments andkobs

is the pseudo-first-order rate constant for the acetylation step
(eq 8). The half-life of the acylenzyme (t1/2) was calculated
from eq 13.

ESI-Mass Spectrometry of NAT2 Treated with Iodoaceta-
mide.NAT2 (2 mg/mL, 58µM) was incubated with IAM
(final concentration of 120µM) in 20 mM potassium
phosphate buffer [with 10% glycerol, 1 mM EDTA, and 0.1
mM DTT (pH 7.4)] in a final volume of 100µL. After
incubation for 5 min at 25°C, which resulted in a greater
than 90% loss of activity, the reaction was terminated by
adding 10% acetic acid (25µL) and 1% TFA (1.25µL).
The sample was centrifuged at 16000g for 5 min and was
subjected to rpHPLC on a Vydac C4 MS column (model
214MS, 4.6 mm× 250 mm and guard column). A stepwise
isocratic elution with a flow rate of 1 mL/min was used.
Solvent A was 2.5% (v/v) acetonitrile in 0.01% (v/v)
trifluoroacetic acid, and solvent B was 90% acetonitrile in
0.01% trifluoroacetic acid. The column was eluted with 0%
B (2 min), 35% B (4 min), 65% B (5 min), and 100% B (10
min). A sample of NAT2 that had not been treated with IAM
was prepared by the same protocol. NAT2 eluted at ap-
proximately 10.0 min. The protein-containing fractions were
stored at-80 °C.

Protein masses were obtained with a Thermo-Finnigan
LCQ Classic electrospray ion trap mass spectrometer by
direct infusion. Instrument settings were as follows: heated
capillary temperature of 200°C, spray voltage of 4.5 kV,
sample flow rate of 5µL/min, and nitrogen sheath gas of 60
units. Centroid data were collected in the positive ion mode.
The multiply charged ion envelope (m/z 700-2000) was
analyzed with the deconvolution tools in the XCALIBUR
software suite. The addition of one acetamido group was
expected to increase the mass by 57 Da.

Pepsin Digestion of NAT2 Modified with IAM and MS
Sequencing of the IAM-Modified Peptide.The inactivation
conditions were identical with those described above. After
incubation for 5 min, the reaction mixture was loaded onto
a Sephadex G-25 PD-10 column that had been equilibrated
with sodium pyrophosphate buffer (5 mM, pH 7.0), and the
protein was eluted with the same buffer. The pH of the eluate
was adjusted to 1.3 with 6 N HCl, and pepsin (2µg)
dissolved in 2µL of aqueous HCl (pH 1.3) was added. The
ratio of pepsin to NAT2 was approximately 1:100 (w/w).
After incubation for 2 h at 25°C, the peptides were separated
by rpHPLC as described above and screened by MALDI-
TOF MS. MALDI-TOF data were collected on a Bruker
(Billerica, MA) Biflex III instrument, equipped with an N2
laser (337 nm, pulse length of 3 ns) and a microchannel plate
detector. Data were collected in reflectron mode, with
positive polarity, with an accelerating potential of 19 kV.
Samples were prepared by mixing (1:1) them with a methanol
stock solution ofR-cyano-4-hydroxycinnamic acid (Hewlett-
Packard), which was diluted 1:1 with 50% acetonitrile and
0.01% trifluoroacetic acid before being used. Fractions
containing peptides of interest were directly infused into the
ESI-MS instrument as described above. A tandem mass
spectrum was obtained for a doubly charged species with a
molecular mass of 1104 Da with the sequence DQIVRKKG-
GWCLQVNHL by using a 30% collision energy and a 3
Da mass tolerance.

RESULTS

Kinetics of InactiVation of NAT2 by Thiol Specific Modi-
fiers. IAA and IAM are two thiol specific modifiers
commonly used to probe the reactivity of cysteine residues
in proteins. The reactive sulfhydryl group must, however,
be sufficiently nucleophilic to react rapidly in solution. NAT2
exhibited a pseudo-first-order, concentration-dependent, and
time-dependent loss of activity when incubated with IAM
or BAM (see the Supporting Information). The reaction of
NAT2 with IAM and BAM is markedly faster than with
either IAA or BAA. NAT2 retained more than 60% of its
original activity after incubation with either 2 mM IAA or 3
mM BAA for 60 min. The reaction of IAM with NAT2 was
also independent of ionic strength, as addition of nearly 0.98
M NaCl did not affect the rate of inactivation (see the
Supporting Information).

The second-order rate constants (kinact) for the NAT2
reaction with BAM and IAM are 426.9( 21.0 and 802.7(
4.0 M-1 s-1, respectively (Table 1). The 2-fold difference
in the reactivity of the inhibitors is expected and consistent
with the electronic properties of the leaving groups (Br or I)
(24). Thekinact of 802.7( 4.0 M-1 s-1 is comparable with
the maximumkinact of either IAM or IAA with papain (Table

kn

k0
)

∏(1 - n + nφi
T)

∏(1 - n + nφj
R)

(14)
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1), thus indicating the involvement of a highly reactive
thiolate nucleophile in both NAT2 and papain. The reaction
order for BAM and IAM (1.2 and 1.1, respectively) suggests
that inactivation follows a 1:1 stoichiometric relationship and
that a single modification is associated with each inactivation
event. Furthermore, incubation of NAT2 with AcCoA
prevents inactivation by IAM in a concentration-dependent
manner, providing additional evidence that the site of
alkylation is within the active site of the enzyme (Figure 2).

Identification of the ReactiVe Residue in NAT2.To verify
that a single modified site is present on NAT2 that had been
treated with IAM, ESI-MS of the protein was obtained with
and without the addition of the inhibitor (Figure 3). A
molecular mass of 34 230 Da was obtained for the native
(untreated) protein, in agreement with the theoretical mass
of 34 233 Da.2 Incubation of the enzyme with a 2:1 molar
ratio of IAM to NAT2 for 5 min at 25°C results in two
prominent peaks in the mass spectrum. The first peak
corresponded to the native protein, while the larger second
peak of 34 286 Da was consistent with the native protein
with a single covalent addition of an acetamido group
(theoretical addition of 57 Da).

To identify the specific amino acid residue in NAT2 that
was modified by IAM, the alkylated NAT2 was digested
with pepsin. The peptides were fractionated by rpHPLC. The
composition of each fraction was screened by MALDI-TOF
mass spectrometry. A modified peptide with a monoisotopic
mass of 2207.0 Da was identified, which corresponded to
the peptide sequence DQIVRKKRGGWCLQVNHL3 (Asp-

57-Leu-74), with a theoretical mass of 2207.2 Da. No other
peak was found in the MALDI-TOF spectra of any fraction
that was consistent with another modified residue. The
rpHPLC fraction containing the peptide with a mass of
2207.0 Da was infused directly into an ESI-MS instrument.
A doubly charged peak [(M+ 2H)2+] with a monoisotopic
mass of 1104.0 Da was found, and the daughter MS/MS
spectrum was collected (Figure 4). Most of the b and y ions
were identified and closely matched the theoretical ions (see
the Supporting Information and Table 1). The b11 ion (1324.6
m/z), the b13-NH3 ion (1580.6 m/z), and the y6 ion (723.3
m/z) unambiguously identified the active site Cys-68 as the
carbamidomethylated residue.

Effect of pH and D2O on Iodoacetamide InactiVation of
NAT2.Results of the inactivation of NAT2 with IAM suggest
that the active site Cys-68 is highly reactive. Presumably,
the thiolate of Cys-68 acts as the nucleophile in this reaction,
implying a significant shift in the pKa of the thiol group. To
determine the pKa of Cys-68, the pH dependence of inactiva-
tion by IAM was evaluated (Figure 5). The observedkinact

was determined over a pH range of 5.0-9.0. In this pH range,
the control activity (activity in the absence of IAM) remained
constant. Below pH 5.0, the enzyme control activity was
greatly reduced. For example, at pH 4.5, less than 30% of
the control activity was recovered, possibly due to protein
instability.

Thekinact for NAT2 inactivation with IAM increased as a
function of pH to a maximum at pH 6.4, and then decreased
slightly until a plateau, 63% of the maximumkinact, was
reached above pH 8.0. The pH profile indicates NAT2 has
two ionization states (E and EH) that can both undergo the
alkylation reaction with IAM (Scheme 2A). The acid limb

2 The theoretical mass includes four additional residues (Gly, Thr,
Leu, and Glu) at the N-terminus of NAT2 from cleavage of the fusion
protein.

3 C is the active site cysteine (Cys-68) modified by carbamido-
methylation.

Table 1: Comparison of Inactivation Rate Constants (kinact) of
Cysteine Specific Affinity Labels for NAT2 and Papain

kinact (M-1 s-1)

NAT2 papaina

pH 7.0 pH 6.0 pH 10.0

iodoacetic acid not determinedb 1100 20
bromoacetic acid not determinedc - -
iodoacetamide 802.7( 4.0 14.5 976
bromoacetamide 426.9( 21.0 - -
a Data from ref35. b More than 60% of the original activity remained

after a 60 min incubation with 2 mM iodoacetic acid.c More than 60%
of the original activity remained after a 60 min incubation with 3 mM
bromoacetic acid.

FIGURE 2: Effect of AcCoA on NAT2 inactivation by iodoaceta-
mide. Inactivation reactions were conducted at pH 7.0 and 37°C
with 2 µM iodoacetamide. The results represent the means of two
experiments, each of which was carried out in triplicate.

FIGURE 3: Deconvoluted ESI mass spectrum of NAT2 with (b)
and without (a) the addition of iodoacetamide (120µM) at 25 °C.

Catalytic Mechanism of Hamster NAT2 Biochemistry, Vol. 43, No. 25, 20048239



exhibited one log unit of change in the value ofkinact over a
single pH unit, consistent with the titration of a single
ionizable group in the inactivation reaction. Fitting of the
pH data to eq 4a yielded (kinact)lim at 571.43( 31.75 M-1

s-1, a ratio (r) of kinact values at two ionization states (E vs
EH) of 0.63, an apparent pKa1 of 5.23 ( 0.09, and an
apparent pKa2 of 6.95 ( 0.27.

Solvent kinetic isotope effects on iodoacetamide inactiva-
tion were determined by measuring inactivation rate constants
in both H2O and 95% D2O at two different pLs, 6.4 and 9.0
(Figure 6). The inactivation occurred at a faster rate in D2O

than in H2O at both pLs. In 95% D2O, kH
inact/kD

inact ) 0.65
( 0.02 at pL 6.4 and 0.61( 0.06 at pL 9.0. Because of its
unusual inverse fractionation factor (Φ ) 0.4-0.5) (23), at
first glance, the inverse SKIE could be assigned to the active
site cysteine thiol group (25-28). However, the pKa1 value
of 5.23 is likely to depend on contributions of both side
chains of the thiolate-imidazolium ion pair (Cys-SH-His-
ImH+, Scheme 4). As the pH increases, the Cys-SH-His-
ImH+ pair will be deprotonated to form either a neutral pair
(Cys-SH-His-Im) or an ionic pair (Cys-S--His-ImH+).
Consequently, the equilibrium between these tautomeric
forms of the thiolate-imidazolium pair would furnish the
necessary inverse isotopic effect, if the ionic pair is the only
reactive form of NAT2 (29, 30).

Single-TurnoVer Kinetic Analysis for NATs.A ping-pong
kinetic mechanism predicts that an acetyl-enzyme intermedi-
ate is formed in the reaction of NAT2 and AcCoA, and that
the acetyl group is subsequently transferred to the arylamine
in the second half-reaction. If enzyme deacetylation by
solvent is slow relative to acetylation, single-turnover kinetics
should allow the formation of the acetyl-enzyme intermediate
to be monitored. By using excess PNPA (80-1500µM) as
an acetyl donor, the rate of formation of the acetyl-enzyme
intermediate in the first half-reaction was determined by
single-turnover experiments with stopped flow techniques.
The progress curves, recorded by the increase in absorbance
at 400 nm due to formation ofp-nitrophenol, displayed
substrate concentration-dependent burst kinetics (Figure 7a).

FIGURE 4: ESI tandem mass spectrum of pepsin-digested peptide (Asp-57-Leu-74 in the NAT2 sequence) DQIVRKKRGGWCLQVNHL.
The active site Cys-68 was modified by iodoacetamide. 2b(y)-n indicates a doubly charged species, and an asterisk denotes an ion minus
NH3.

FIGURE 5: pH dependence of NAT2 inactivation by iodoacetamide.
Experimental conditions are described in Experimental Procedures.
The line was fit to the experimental data according to eq 4a, and
the best fit parameters were as follows: pKa1 ) 5.23 ( 0.09 and
pKa2 ) 6.95 ( 0.27.
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Since only one exponential decay curve was observed and
no acetyl-enzyme hydrolysis could be detected during the
100 ms time period of these experiments, the data were fit
to a single exponential and the rates were extracted. The
amplitude was found to be independent of PNPA concentra-
tion and equal to 0.94( 0.02 enzyme equivalent. We
attempted to determine aKm

acetyl for PNPA, but were unable
to observe saturation within the substrate concentration range
(80-1500 µM). Figure 7b is a plot of the substrate
concentration versus the observed first-order rate constant
(kobs). It indicatesKm

acetyl . [PNPA] (eq 7). The slope of
the line in Figure 7b represents a second-order rate constant
k2/Km

acetyl of (1.4 ( 0.05) × 105 M-1 s-1 (eq 8), which is
more than 100 times faster than the inactivation rate constant
(kinact) observed for IAM. The values ofKm

acetyl andk2 were
estimated to be 9( 5.7 mM and 1301( 716 s-1,
respectively. Ifk-1 is assumed to be diffusion-limited, then
k-1 . k2 andKm

acetyl ≈ KS, suggesting that PNPA is a low-
affinity substrate for NAT2.

Steady State Kinetics of Acetyl-Enzyme Hydrolysis.Single-
turnover kinetics demonstrated that NAT2 acetylation was
characterized by rapid enzyme acetylation, followed by rate-
limiting deacetylation (k3, eq 12). To measure the rate of
acetyl-enzyme hydrolysis (k3), NAT2 was incubated with 320
µM PNPA and the absorbance recorded at 400 nm continu-
ously for 12 min (Figure 8). After the initial burst, the
formation ofp-nitrophenol proceeded linearly. The rates of
hydrolysis at enzyme concentrations of 4 and 8µM were
found to be 31.2( 0.5 and 67.1( 0.45 nM/s, respectively.
Since the second-order rate constant of acetylation (k2/Km

acetyl)

is 1.4 × 105 M-1 s-1, the kobs for enzyme acetylation at a
substrate concentration of 320µM was calculated to be 44.8
s-1. Consequently, the rate of acetyl-enzyme hydrolysis (k3)
is equal to (7.85( 0.65)× 10-3 s-1, which corresponds to
an acetyl-enzyme half-life (t1/2, eq 13) of 88.3( 8.3 s. The
stability of the acetyl-enzyme intermediate may be enzyme-

FIGURE 6: Solvent kinetic isotope effects for iodoacetamide
inactivation at pL 6.4 (a) and pL 9.0 (b). Experiments were
performed as described in Experimental Procedures. The values of
kinact were obtained by fitting the data to eq 2. (a)kH

inact ) 662 (
14.14 M-1 s-1, andkD

inact ) 1024( 22.63 M-1 s-1. (b) kH
inact )

508 ( 35.59 M-1 s-1, andkD
inact ) 830 ( 25.45 M-1 s-1.

FIGURE 7: Pre-steady state kinetics of formation of the acetyl-
enzyme intermediate. (a) Single-turnover time course of formation
of p-nitrophenol. The experimental data are fit to eq 5 at PNPA
concentrations of 80, 160, 320, 480, 640, 1000, and 1500µM (from
bottom to top). (b) Plot of the determined rate constants as a function
of the PNPA concentration. The data were fit to eq 8, which gave
a kcat/Km

acetyl of (1.4 ( 0.05)× 105 M-1 s-1.

FIGURE 8: Steady state rate of NAT2-catalyzed PNPA hydrolysis.
The PNPA concentration was 320µM, and the NAT2 concentration
was 0, 4, or 8µM. Reactions were performed in duplicate at pH
7.0 and 25°C as described in Experimental Procedures. The rate
of nonenzymatic hydrolysis (0µM NAT2), 1.95( 0.0 nM/s, was
subtracted from that of enzymatic reactions, which gave values of
31.2( 0.5 nM/s for 4µM NAT2 and 67.1( 0.45 nM/s for 8µM
NAT2. Data were fit to eq 12 which gave ak3 of (7.85( 0.65)×
10-3 s-1.
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dependent, since a half-life of<1 min was observed for the
pigeon NAT (31).

Effect of pH and D2O on Single-TurnoVer Kinetics.The
ability of NAT2 to be rapidly acetylated by PNPA and
alkylated by IAM suggests that the active site cysteine
thiolate is highly nucleophilic. In addition, the pKa1 of 5.23
( 0.09 is consistent with a mechanism relying on a
preformed active site thiolate-imidazolium ion and not
general base catalysis. Therefore, the pH dependence of
enzyme acetylation under single-turnover conditions with 320
µM PNPA was determined for NAT2 over a pH range from
5.0 to 9.0. Since theKm

acetyl is at least 10 times greater than
the substrate concentration, the observed rate constant (kobs)
for a single turnover equals (k2/Km

acetyl)[PNPA]0 (eq 8).
Values ofk2/Km

acetylwere plotted as a function of pH (Figure
9). From the plot, the values of 5.16( 0.04 and 6.79(
0.25 were calculated for pKa1 and pKa2, respectively (eq 4b).
A value of (1.6( 0.02) × 105 M-1 s-1 for (k2/Km

acetyl)lim

was observed, and the ratio,r, of the values fork2/Km
acetyl

for the two ionization states, E and EH, was found to be

0.76 ( 0.02. These results are consistent with the pH
dependence studies of NAT2 inactivation by IAM, yielding
nearly identical pKa values. The pL dependence of SKIE on
enzyme acetylation was examined over the pL range of 5.0-
9.0 with a reaction buffer composed of 95% D2O. From the
pL versus rate plot, values of 5.26( 0.07 and 6.59( 0.16
were calculated for pKa1 and pKa2, respectively, in deuterated
buffer. In contrast to the results observed in nondeuterated
buffer, NAT acetylation was not observed below a pD of
5.6. The ratio ofk2/Km

acetyl in H2O versus D2O across the
pH plot corresponded to an inverse solvent isotope effect of
0.6 ( 0.03 at pL 6.4 and 0.65( 0.02 at pL 9.0.

To assess the protonation state of the reactive side chains
along the reaction coordinate for NAT2 acetylation, a proton
inventory analysis was carried out by determining the effect
of variable D2O buffer composition onk2/Km

acetyl (Figure 10).
The linear plots under both pL conditions indicate that
deprotonation of the thiolate-imidazolium ion does not occur
in the transition state. A linear relationship ofk0/kn with the
mole fraction of D2O (n) was observed with a negative slope

Scheme 4

8242 Biochemistry, Vol. 43, No. 25, 2004 Wang et al.



of 0.42 for pL 6.4 (Figure 10a). The solvent isotope effect
was extrapolated to 0.58 (pL 6.4) in 100% D2O. At pL 8.0,
a similar linear plot was observed with a negative slope of
0.35, corresponding to the solvent isotope effect of 0.65 at
100% D2O (Figure 10b). Thus, a similar reaction mechanism
is employed by the enzyme under both basic and acidic
conditions.

Site-Directed Mutagenesis of D122N and D122A.Accord-
ing to SDS-PAGE and quantitative Western blot analysis

of cell lysates, the overexpression level of wild-type, D122N,
and D122A NAT2 is similar (data not shown). However,
the mutant enzymes were found only in the insoluble fraction
of the cell lysate. No activity was observed in the soluble
fraction for either mutant. The refolded and soluble mutant
protein was found to be devoid of transacetylase activity. In
contrast, at least 25-50% of the fusion protein activity could
be recovered from insoluble wild-type NAT2 after refolding
under identical conditions (data not shown).

DISCUSSION

Arylamine N-acetyltransferases constitute a ubiquitous
enzyme class that has been shown to be important for drug
metabolism and the bioactivation of carcinogenic arylamines.
NATs catalyze the AcCoA-dependent acetylation of a variety
of arylamines (1, 3, 8). NATs employ a bi-bi ping-pong
mechanism in which an active site cysteine is first acetylated,
followed by the transfer of the acetyl group to an arylamine.
Recently, X-ray structural studies of theS. typhimuriumNAT
revealed that activation of the active site cysteine may be
facilitated by a proximal histidine and aspartic acid, thus
forming a putative catalytic triad (8). It was suggested that
this arrangement of catalytic functional groups is reminiscent
of cysteine proteases, such as papain (8). Sequence analysis
studies have demonstrated that the residues of the triad are
strictly conserved across all known prokaryote and eukaryote
NATs. Model building studies based on the bacterial structure
have also suggested that the general structural features of
the catalytic domain and positions of the side chains of the
triads for bacterial and mammalian NATs are likely to be
highly similar (10, 11). However, except for studies of the
reaction order and deletion mutagenesis experiments with
the bacterial enzyme, little is known about the catalytic
mechanism for NATs (32-34). Since the sequences of
mammalian NATs are>60% identical, and the hamster
enzyme is the only eukaryote NAT that can presently be
readily overexpressed and purified to homogeneity, we have
chosen to begin examining the catalytic mechanism of
mammalian NAT catalysis with amino acid modification,
kinetic, SKIE, and site-directed mutagenesis experiments.

ActiVe Site EnVironment and ReactiVity. The alkylating
agents IAA and IAM have been used successfully to
investigate the chemical properties of active site cysteine-
containing enzymes, such as papain (15, 35), chalcone
synthase (36), and protein tyrosine phosphatases (26, 37).
In general, at neutral pH, IAM reacts approximately 10-fold
faster with sulfur nucleophiles than IAA (35). Nevertheless,
the rate of inactivation of papain by IAA has been shown to
be at least 15-fold higher than by IAM at neutral pH, while
at high pH, IAM is able to inactivate the enzyme at a faster
rate than IAA (Table 1) (35). The enhanced reactivity of
IAA at neutral pH was explained by the electrostatic
interactions of the carboxylate of IAA with a solvent
accessible histidine imidazolium (35, 37). In contrast, an ion
pair interaction between the triad histidine of NAT2 and the
alkylation reagents is unlikely, since the rate of alkylation
by IAM or BAM was at least 800- or 400-fold greater than
the rate of alkylation by IAA or BAA, respectively.

The approximately 2-fold difference in the rate of NAT2
inactivation by IAM and BAM is similar to that observed
for the reaction of glutathione with IAM and BAM, indicat-

FIGURE 9: pL dependence of the NAT2 single-turnover kinetic
reaction with PNPA in H2O (b) and D2O (O). Experiments were
performed as described in Experimental Procedures. The curves
were drawn through the experimental points by fitting to eq 4b.
The calculated pKa values in H2O were 5.16( 0.04 and 6.79(
0.25, whereas those in D2O were 5.26( 0.07 and 6.59( 0.16.

FIGURE 10: Proton inventory studies of NAT2 single turnover with
PNPA at pL 6.4 (a) and 8.0 (b). Experiments were performed as
described in Experimental Procedures. Pseudo-first-order rate
constants (kobs) were obtained by fitting the data to eq 5.ko
represents thekobs in 0 mole fraction D2O, andkn represents the
kobs in n mole fraction D2O. The experimental data were fit to a
line with an R2 of 0.99 (a) or 0.98 (b). According to eq 14, the
reactant state fractionation factor (Φ) was determined to be 0.58
at pL 6.4 and 0.65 at pL 8.0.
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ing that the active site is able to fully accommodate either
halide (24). In addition, as expected from the relative order
of reactivity of IAM and BAM, in both cases, a slope of
unity was observed, thus indicating that alkylation of one
reactive group is necessary for inactivation of the enzyme.
The identity of the active site reactive nucleophile as Cys-
68 was initially inferred by demonstrating that preincubation
of NAT2 with AcCoA could effectively block enzyme
inactivation by IAM. Mass spectral analysis of IAM-
inactivated NAT2 confirmed this conclusion by identifying
Cys-68 as the only site of NAT2 alkylation.

In contrast to the case with papain, the ability of both IAM
and BAM, but not IAA and BAA, to efficiently alkylate
NAT2, and the independence of the rate of IAM alkylation
on ionic strength, indicate a relatively nonpolar active site
in which the catalytic triad histidine is inaccessible to the
carboxylate of IAA. This conclusion is supported by
modeling studies of mammalian NATs based on the X-ray
structure of the bacterial enzyme (10, 38). Consequently,
like that of bacterial NATs, the active site of mammalian
NATs is likely characterized by a deep hydrophobic pocket
in which the accessibility of the histidine to solvent has been
restricted (10, 11). The results reported by Andres on the
alkylation of rapid acetylator rabbit NAT provide further
evidence of a nonpolar, hydrophobic active site (33). IAA
(5 mM) caused 30-40% inactivation of rabbit NAT in 5
min, and a 30 min incubation was required for the complete
loss of activity. Bromoacetanilide, which is an un-ionized,
lipophilic alkylating agent, was a significantly more effective
inactivator, causing complete and irreversible inhibition
within 30 s at 25°C (33). Similarly, we have found that
lipophilic nonpolar reagents are highly effective, active site-
directed, alkylating agents for NATs (39).

Having established that the catalytically essential Cys-68
was the site of alkylation by IAM, we determined the effect
of varying pH on the rate of alkylation. As can be seen from
Figure 5, the rate of alkylation was attenuated only under
acidic conditions. Typically, for enzymes that require nu-
cleophilic attack by a cysteine thiol, such as cysteine
proteases, the pKa for the active site cysteine lies in the range
of 3.3-5.5, which is 3.0-5.0 pKa units lower than the pKa

normally observed for a cysteine thiol group. This has been
interpreted as evidence for the direct interaction of the
histidine imidazole with the cysteine thiol group, resulting
in formation of a thiolate-imidazolium ion at neutral pH
(15). Homology modeling, based on the crystal structure of
bacterial NAT, has suggested that the spatial arrangement
of the active site side chains is maintained for human as well
as other mammalian NATs (10, 11). Therefore, our observa-
tion of a pKa of 5.23 ( 0.03 for Cys-68 is consistent with
an interaction with an imidazole, presumably His-107. This
conclusion was supported by the finding of an inverse SKIE
on NAT2 inactivation by IAM, signifying that the thiolate
is largely deprotonated before inactivation.

The maximal rate of 802 M-1 s-1 observed for inactivation
of NAT2 with IAM is very similar to the value of 976 M-1

s-1 observed for papain, but unlike papain, for which the
maximal rate of inactivation by IAM is only realized at pH
g9, the maximal value for NAT2 is observed over a pH
range of 6.0-9.0. Indeed, the rate of inactivation of papain
by IAM is approximately 70-fold greater at pH 9.0 than at
pH 6.0. The increase in the rate of inactivation at higher pH

was believed to be due to the deprotonation of histidine
imidazolium, which leads to the free thiolate anion, instead
of the thiolate-imidazolium ion pair, acting as the reactive
species. The pKa data for NAT2 can be interpreted in terms
of a pKa (>9.5) for the active site histidine substantially
greater than that observed for cysteine proteases (pKa ≈
8-9). This seems plausible given the position of His-107
between the thiolate of Cys-68 and, as observed for the
bacterial enzyme, a solvent inaccessible Asp-122 carboxylate.
Therefore, pKa2 is likely the result of a pH-dependent
conformation change rather than deprotonation of the His-
107 imidazolium in NAT2. This is further supported by the
similar inverse isotope effect observed at pL 6.4 as well as
pL 9.0, indicating that the thiolate-imidazolium ion pair is
the reactive species even at high pH.

Enzyme Acetylation.Although the active site inactivation
experiments provide insights into the reactivity of the active
site, they do not necessarily address the significance of these
characteristics to enzyme catalysis. Our finding that PNPA
was a substrate for hamster NAT2 allowed us to directly
compare enzyme acetylation and alkylation. Since the rate
of enzyme deacetylation was shown to be several orders
of magnitude lower than that of acetylation, the transient
state kinetic curve was best fit by a single-exponential
curve (Figure 7a) with an amplitude corresponding to the
acetylation of nearly 1 equiv of enzyme. As in the alkylation
experiments, enzyme acetylation with PNPA is fast and
nonsaturable, with a second-order rate constant (k2/Km

acetyl)
100-fold greater than the second-order rate constant for IAM
inactivation. Subsequent steady state analysis revealed that
the rate of enzyme acetylation was at least 24000-fold greater
than the rate of enzyme deacetylation; thus,k2 . k3, andkcat

≈ k3. To account for the facilitation of arylamine acetylation
in an aqueous environment, this conclusion seems to be
reasonable, if not a necessity. Consequently, the active site
functions not only to accelerate enzyme acetylation but also
to reduce the rate of thioester hydrolysis.

Examination of the pH versus rate profile indicates that
catalysis is governed by the pKa values of 5.16( 0.04 and
6.79( 0.25, which are nearly identical to the values obtained
from IAM inactivation. The pH versus rate profile, therefore,
is entirely dependent on the reactivity of the active site
thiolate-imidazolium ion pair. An apparent pKa of 5.2 is
generally assigned to the catalytic cysteine (26, 36, 37).
However, Menard and Storer have proposed a more com-
plicated model for thiolate-imidazolium facilitated catalysis
in which the apparent pKa represents an overall pKa of both
the imidazolium and cysteine sulfhydryl; i.e., pKa ) p(K1 +
K2) (Scheme 4) (40). On the basis of the apparent pKa values
for the wild type, and the Asn-175 to Gln or Ala mutant,
the intrinsic pKa values for the cysteine sulfhydryl and the
histidine imidazolium of papain were approximately 4.43 and
5.08, respectively (40). In our case, however, the intrinsic
pKa values for NAT2 were not able to be determined, since
neither the Asn-122 mutant nor the Ala-122 mutant was
active.

Two explanations could be envisioned to justify the similar
inverse isotope effect and proton inventory results under both
neutral and basic conditions (pH 8.0) (Scheme 4). First, a
pH-dependent protein conformational change that modestly
reduces the rate of acetylation could be responsible for the
second pKa value of 6.79. Further deprotonation of the
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thiolate-imidazolium ion pair (IV) to the thiolate imidazole
(V) would occur under only basic conditions (pKa > 9.0).
Consequently, at neutral pH, two pathways for NAT2
acetylation are possible (Scheme 5A,B) Although we are
unable to determine from our experimental results whether
deprotonation of the thiolate-imidazolium pair occurs in a
step before or after formation of the transition state, on the
basis of previous studies of enzyme-catalyzed acetyl transfer
reactions with PNPA, the process likely proceeds through a
concerted process and not by formation of a tetrahedral
intermediate (41, 42). An alternative explanation, based on
deprotonation of the thiolate-imidazolium pair (III) to form
the thiolate imidazole (VI), is also possible, but dependent
on an active site preference for an imidazole tautomer capable
of forming a strong hydrogen bond with the thiolate and Asp-
122 (Scheme 5C). The inability of the Asp-122 to asparagine
mutation to support catalysis and a pH-rate profile that
reflects a decrease and not an increase in the rate of
acetylation argues against this mechanistic proposal.

MECHANISTIC CONCLUSIONS

Although a structure of neither hamster nor other eukaryote
NAT is available at present, and the sequences of bacterial
and mammalian NATs are less than 30% identical, the
alkylation results are consistent with the placement, as
observed for the bacterial enzyme, of the Cys-His-Asp
catalytic triad deep within the interior of the protein. Site-
directed mutagenesis studies support this conclusion, since
Asp-122 appears to be both structurally and catalytically
essential.

Consistent with the alkylation experimental results, NAT2
kinetic and isotope effect experiments strongly support an
enzyme acetylation mechanism that relies on a thiolate-
imidazolium ion pair, but not general acid base catalysis.
The pH dependence of the reaction appears to be governed
by the pKa of the thiolate-imidazolium pair and a probable
protein conformational change (Scheme 4). Although Asp-
122 could be responsible for the conformational change, it
seems doubtful given the importance of this residue to
catalysis and, based on homology modeling, its likely
inaccessibility to solvent. Nevertheless, at physiological pH,

acetylated NAT2 stands poised, with deprotonated His-107
in its proximity, to facilitate subsequent transacetylation by
arylamine substrates (Scheme 5). Whether the stability of
the acetylated enzyme is a function of the ability of the active
site to facilitate nucleophilic attack by the incoming aryl-
amine substrate at the expense of hydrolysis and/or solvent
sequestration remains to be determined. Ongoing analysis
of the acetyl transfer to appropriate arylamine substrates will
address these fundamental NAT mechanistic questions.
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Time- and concentration-dependent inactivation of NAT2
by IAM (Figure 1), effect of ionic strength on NAT2
inactivation by IAM (Figure 2), observed inactivation rate
constant plotted as a function of BAM or IAM concentration
(Figure 3), and identification of b and y ions obtained by
MS/MS analysis (Table 1). This material is available free
of charge via the Internet at http://pubs.acs.org.
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