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ABSTRACT. Arylamine N-acetyltransferases (NATSs) catalyze an acetyl group transfer from AcCoA to
primary arylamines, hydrazines, and hydrazides and play a very important role in the metabolism and
bioactivation of drugs, carcinogens, and other xenobiotics. The reaction follows a ping-pong bi-bi
mechanism. Structure analysis of bacterial NATs revealed a Cys-His-Asp catalytic triad that is strictly
conserved in all known NATSs. Previously, we have demonstrated by kinetic and isotope effect studies
that acetylation of the hamster NAT2 is dependent on a thielatédazolium ion pair (Cys-S—His-

ImH™) and not a general acitbase catalysis. In addition, we established that, after formation of the
acetylated enzyme intermediate, the active-site imidazole, His-107, is likely deprotonated at physiological
pH. In this paper, we report steady-state kinetic studies of NAT2 with two acetyl donors, acetyl coenzyme
A (AcCoA) and p-nitrophenyl acetate (PNPA), and four arylamine substrates. The pH dependence of
kealKaccoa €Xhibited two inflection points at 5.32 0.13 and 8.48k 0.24, respectively. Thely at 5.32

is virtually identical with the previously reporteKpof 5.2 for enzyme acetylation, reaffirming that the

first half of the reaction is catalyzed by a thiolaienidazolium ion pair in the active site. The inflection
point at 8.48 indicates that a pH-sensitive group on NAT2 is involved in AcCoA binding. A Brgnsted
plot constructed by the correlation of lég and logkn,o with the K, for each arylamine substrate and
water displays a linear free-energy relationship in tKg range from—1.7 (H:0) to 4.67 (PABA), with

a slope offnuc= 0.804 0.1. However, a further increase of thiédrom 4.67 (PABA) to 5.32 (anisidine)
resulted in a 2.5-fold decrease in thevalue. Analysis of the pHKk.a/Kpaga profile revealed a I§, of

5.52+ 0.14 and a solvent kinetic isotope effect (SKIE) of 2:810.04 onk:a/Kpasa. Normal solvent
isotope effects of 4.8 0.1, 3.1+ 0.1, and 3.2+ 0.1 on thek:s/Ky, for anisidine, pABglu, and PNA,
respectively, were also determined. These observations are consistent with a deacetylation mechanism
dominated by nucleophilic attack of the thiol ester for arylamines withyalues<5.5 to deprotonation

of a tetrahedral intermediate for arylamines witk,pvalues>5.5. The general base is likely His-107
because the His-107 to GIn and Asn mutants were found to be devoid of catalytic activity. In contrast, an
increase in pH-dependent hydrolysis of the acetylated enzyme was not observed over a pH range of 5.2
7.5. On the basis of these observations, a catalytic mechanism for the acetylation of arylamines by NAT2
is proposed.

Arylamine N-acetyltransferases (NATsEC 2.3.1.5) are  reaction leads to the detoxification of arylamine xenobiotics.
phase Il metabolism enzymes, which catalyze AcCoA- The latter two pathways, however, result in bioactivation of
dependent N-acetylation of arylamines, O-acetylation of arylamine carcinogens, such as 2-aminofluorene, 4-amino-
arylhydroxylamines, as well as AcCoA-independent N,O- biphenyl, and 2-amino-1-methyl-6-phenylimidazo(4,5-b)-
transacetylation of arylhydroxamic acids. The N-acetylation pyridine (PhIP), by the generation of arylamine acetoxy
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the imidazolium of His-107, is critical for structural integrity
and catalytic activity of the enzyme. In addition, the enzyme
thiol ester intermediate was found to be highly stable in
aqueous media, with a half-life of 88 s at 26 (20).

To further elucidate the catalytic mechanism of hamster
NAT2, we have investigated the acetylation and deacetylation
of hamster NAT2 by steady-state kinetic studies. The kinetic
parameters were determined for natural substrates as well

TYR 172 He as a number of alternative substrates, providing insights into
the substrate specificity of this enzyme. On the basis of
Brgnsted plot analysis, pH-dependence studies, and solvent
kinetic isotope effects (SKIES), we propose a catalytic

BVE 8 mechanism for the transacetylase reaction.
MATERIALS AND METHODS
ASP 122
Materials. AcCoA, anisidine, DMAB, MOPS, PNPA,

PNA, PABA, pABglu, dimethylglutaric acid, and pyrophos-
phoric acid were purchased from Sigmaldrich (St. Louis,
MO). TCA and DTT were purchased from Fisher Scientific,
Inc. (Pittsburgh, PA). BL21Codon Plus (RIL) competent

Ficure 1: X-ray crystallographic structure of the StNAT active ~ Escherichia colicells were purchased from Stratagene (La
site @1). Jolla, CA). Rosetta supercompetegt coli cells and the

to have endogenous roles in addition to the metabolism of Protein Refolding kit were purchased from Novagen (Madi-
xenobiotics 13). son, WI). DEAE Sepharose Fast Flow anion-exchange resin

The human NAT1-specific substrates inclug@mino- was purchased from Amersham Pharmacia (Ann Arbor, Ml).

benzoic acid (PABA) ang-aminosalicylic acid (PAS)). The protein concentration was determined with the Bradford
Unlike the N-acetyltransferases in the GNAT superfamily, 2SSay 24). Spectrophotometric data were collected with a
such as histondl-acetyltransferase and serotomiracetyl- ~ varian (Palo Alto, CA) Cary 50 U¥vis spectrophotometer.

transferase, which catalyze the acetylation of either alkyl- Kinetic data were analyzed with the JMP IN software suite

amines or arylakylamines, primary arylamines and hydrazines(SAS Institute, Inc.)
are the only known substrates for NAT$4{. The folate Expression and Purification of Hamster Recombinant
catabolism producp-aminobenzoylglutamic acid (pABglu), NAT2.Expression construct plasmid pPH70D, which con-
has recently been suggested as the potential endogenouins the hamster NAT2 cDNA, has been reporig).(The
substrate of human NAT116). N-Acetylated pABglu has ~ PPH70D vector was transformed into competent BL-21
been reported as a urinary catabolite of folate13, 16). Codon Plus RILE. coli cells according to the protocol of
The physiological significance of pABglu acetylation remains the manufacturer. Overnight cultures (10 mL) were grown
obscure, because a significant amount of nonacetylatedfrom single colonies and were diluted 100-foldart L of
pABglu is also observed. Thus, the role of human NAT1 as Terrific Broth (TB) containing ampicillin (10@g/mL) and
a folate metabolism enzyme is not clear. chloramphenicol (5@g/mL) in a 2 L flask. Cultures were

To better understand the biology of human NAT1, it is grown aerobically with shaking at 250 rpm at 3C until
necessary to elucidate in detail its substrate specificity andthe ODyo nmWas 0.4, at which time IPTG was added to a
molecular mechanism. Hamster NATs have been proven tofinal concentration of 0.2 mM. After additional growth for
be useful models for human NAT47, 18), with human 8 h, the cells were harvested by centrifugation at 500
NAT1 and hamster NAT2 having 82% sequence identity and 15 min at 4°C. The cell pellets were quick-frozen in a dry
similar substrate selectivityl@). Recently, we reported ice—acetone bath and stored-ai80 °C. NAT2 was purified
kinetic studies on hamster NAT2 and demonstrated that the@s previously described except that DEAE Sepharose Fast
catalytic mechanism depends on the formation of a thielate Flow anion-exchange resin was use®)(
imidazolium ion pair 20). Although a cysteine protease- Site-Directed MutagenesiSite-directed mutagenesis of
like catalytic triad of Cys-68, His-107, and Asp-122 is the NAT2 catalytic triad His-107 to GIn (H107Q) and to
conserved in all NATs (Figure 1)2(—23), the catalytic Asn (H107N) was carried out with the pPH70D vector and
mechanisms of hamster NAT2 and cysteine proteases wereQuickChange site-directed mutagenesis kit (Stratagene, La
found to diverge. Studies of the inactivation of NAT2 with Jolla, CA). The oligonucleotide primer used for HL107Q was
neutral and anionic cysteine-specific alkylation agents re- 5-G TAC AGC AGT GGT ATG ATT CAA CTT CTA
vealed a nonpolar active-site environment. The formation GTA CAG GTG ACC-3, and the oligonucleotide primer
of a thiolate-imidazolium ion pair by Cys-68 and His-107 used for HI07N was'8G TAC AGC AGT GGT ATG ATT
with an apparent I, of 5.2 was found to be catalytically ~AAT CTT CTA GTA CAG GTG ACC-3. Mutant DNA was
essential. Consequently, acetylation of the enzyme by eitherfully sequenced by automated sequencing, thus ensuring that
AcCoA or an alternative acetylation substraigyitrophenyl no additional mutations had been incorporated. The mutated
acetate (PNPA), does not involve general acid catalysis. plasmids were transformed to Roseftacoli cells and BL-
Mutagenic studies suggested that Asp-122 of the catalytic21 Codon Plus (RILE. coli cells according to the instruc-
triad, which is presumably involved in ionic interaction with  tions of the supplier.



Steady-State Kinetic Studies of NAT2
Expression of H107Q and H107N Mutant Proteifitie
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tion. In a final volume of 1 mL, NAT2 (0.3.g/mL, 8.76

expression levels of HL07Q and H107N mutant proteins were nM) was incubated with PABA (0.630.24 mM) and AcCoA

examined in both BL21(RILE. coli cells and Rosett&.
coli cells and under various growth conditions. Overnight
cultures (100 mL) were grown from single colonies, and 10
mL of the cultures were inoculated tL L of LB media
containing ampicillin (final concentration of 13@/mL) and
chloramphenicol (final concentration of @/mL). Cultures
were grown aerobically at 37 or 2& to an ORQgo of 0.4 or

(0.5-8 mM) in dimethylglutaric acid buffer (50 mM at pH
7.0, 80 mM NacCl, and 0.1 mM DTT). The reactions were
initiated by addition of AcCoA dissolved in the same buffer
without DTT (100uL). Aliquots (20-60 ulL) were with-
drawn at 10 s intervals (8180 s) and transferred to an assay
mixture containing TCA (4%, w/v), DMAB (2.5%, w/v), and
acetonitrile (45%, v/v) (final volume of 30QL). The

1.0, at which time IPTG was added to a final concentration unreacted PABA was quantified by measuring the absorbance

of 200 uM. After incubation for an additional 15 h, the
cells were harvested by centrifugation at 59@0r 15 min
at 4°C. The cells were lysed as previously describ2@).(

The mutant proteins in the inclusion bodies were resolubi-

lized with a Protein Refolding kit (Novagen). More than 90%

at 450 nm é450 nm = 15900 M cm™?) (26).

The initial velocity of the reaction with AcCoA/pABglu
was measured as a linear decrease of the pABglu concentra-
tion. In a final volume of 1 mL, NAT2 (3.g/mL, 87.6 nM)
was incubated with pABglu (0-83 mM) and AcCoA (0.2-3

of the mutant proteins were resolubilized after extensive mM) in dimethylglutaric acid buffer (50 mM at pH 7.0, 80

dialysis in Tris buffer (20 mM at pH 8.0 and 1 mM DTT)
and DEAE column purification. Control experiments were

mM NaCl, and 0.1 mM DTT). The reactions were initiated
by addition of AcCoA dissolved in ¥ (20 uL). Aliquots

conducted under the same conditions with insoluble protein (25—40 uL) were withdrawn at 30 s intervals {800 s) and

generated during the expression of wild-type NAT2.
NAT2 Actiity Assay.The assay was carried out with

transferred to an assay mixture containing TCA (4%, w/v),
DMAB (2.5%, wi/v), and acetonitrile (45%, v/v) (final

PNPA as the acetyl donor and PABA as the acetyl acceptor.volume of 400uL). The remaining pABglu was quantified

The assay mixtures contained NAT2 (&§/mL, 14.6 nM),
PABA (0.5 mM), PNPA (2 mM), and MOPS buffer (100
mM at pH 7.0, 150 mM NacCl, and 0.1 mM DTT) in a final
volume of 500uL. Incubations were conducted at 26 in
1.5 mL acryl cuvettes with a Varian Cary 50 UWVis

spectrophotometer equipped with a circulating water bath.

The reaction was initiated by addition of PNPA dissolved
in DMSO (10uL). DMSO did not affect enzyme activity at

by measuring the absorbance at 495 ®apgs(,m= 5040 M*
cm™1) (26).

The initial velocity of the reaction with AcCCoA/PNA was
measured as a linear decrease in the absorbance at either
430 or 440 nm because of the acetylation of PNA(,m=
3040 Mt cmt andesq0 nm= 1600 M~ cm™). The reactions
were initiated by the addition of AcCoA (14L) to NAT2
and PNA in dimethylglutaric acid buffer (50 mM, 80 mM

concentrations less than 5%. The rate of the reaction wasNaCl, and 0.1 mM DTT at pH 7.0) (final volume of 300
determined by monitoring the linear increase in absorbanceul). Assay mixtures contained NAT2 (5@/mL, 1.46uM),

at 400 nm because of the formationmhitrophenol €400 nm
= 9400 Mt cm™Y). The results were corrected for non-
enzymatic hydrolysis of PNPA by conducting the reaction

AcCoA (0.04-0.8 mM), and PNA (0.52.5 mM). The
reactions were monitored over a maximum of 5 min.
Reversible Inhibition of NAT2 by AcPABAO determine

in the absence of enzyme. The specific activity was expressedhe inhibitory effect of AcCPABA on the free enzyme, NAT2

as micromoles of product formed per milligram of protein
per minute.

Steady-State KineticSThe assays were conducted with
PNPA or AcCoA as the acetyl donor and one of the follow-

ing primary arylamines as the acetyl acceptor: anisidine,

PABA, pABglu, or PNA. The kinetic assays were carried

activity was assayed with 2 mM PNA and various concentra-
tions of AcCoA (66-400 uM); similarly, to determine the
inhibitory effect on the acetylated enzyme, 20@ AcCoA

and various concentrations of PNA (6.8 mM) were used

in the assays. The assays were carried out as described for
steady-state kinetics with AcCoA/PNA as the substrate pair,

out at various concentrations of one substrate in the presencexcept ACPABA (G-3.33 mM) was included in the incuba-

of a fixed concentration of the other substrate. Initial

velocities were determined with six different concentrations

tion mixture.
pH Profiles of NAT2-Catalyzed Transacetylation Reactions

of each substrate. All of the kinetic assays were performed with AcCoA and PABAAt pH values ranging from 5 to 10.0,

in triplicate at 25°C.

The initial velocities of the reactions with PNPA/anisidine,
PNPA/PABA, and PNPA/pABglu were measured as de-
scribed for the NAT2 activity assay. In a final volume of
500 uL, NAT2 (0.3 ug/mL, 8.76 nM) was incubated with
either anisidine (0.0251 mM), PABA (0.025-1.2 mM),
or pABglu (0.5-10 mM) and PNPA (0.58 mM) in MOPS
buffer (100 mM at pH 7.0, 150 mM NacCl, and 0.1 mM
DTT). The reactions were initiated by addition of PNPA
dissolved in DMSO (2QuL). The final concentration of

the kinetic parameterstca/Kaccoas Kaccoa, and Kea, were
determined at saturating levels of PABA (40600 uM),
while varying the AcCoA concentrations{24 mM). Either
dimethylglutaric acid buffer (50 mM at pH 5.0, 0.1 mM
DTT, and 1% glycerol) or pyrophosphoric acid buffer (50
mM at pH 8.0-10.0, 0.1 mM DTT, and 1% glycerol) was
employed in the assay. The ionic strength was maintained
at 150 mM with NaCl. Assays were performed as described
for the steady-state kinetics.

pL Profile of NAT2-Catalyzed Transacetylation Reactions

DMSO was 4%. The reactions were monitored continuously with PNPA and PABAThe kinetic parametekea/Kpaga, Was
as a linear increase in absorbance at 400 nm. The resultgletermined at a fixed concentration of PNPA (2 mM) and
were corrected for the nonenzymatic PNPA hydrolysis by six concentrations of PABA (20240uM) over a pL range

conducting the reaction in the absence of enzyme.
The initial velocity of the reaction with AcCoA/PABA

of 5.2—9.0. Buffers were prepared in,8 and DO in
parallel. The values of pD for the,D buffers were corrected

was measured as a linear decrease of the PABA concentraaccording to the formula pB= meter readingt 0.4 and
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were adjusted with DCI and NaOL27). Final reaction Scheme 1

mixtures contained 98%J0. For the pL range of 5:27.0, K, ks ks
dimethylglutaric acid buffer (50 mM, 0.1 mM DTT, and 1% E + PNPA AcE + ArNH, === AcEsArNH, j» E
glycerol) was used; for the pL range of #89.0, Tris buffer ﬁ» "

(50 mM, 0.1 mM DTT, and 1% glycerol) was used. The p-nitrophenol AcNHAr
ionic strength was held constant at 150 mM with NacCl. V,..[A] [B]

Assays were performed as described in the steady-state V= (¢Y)

kinetics, except that the formation gknitrophenol was Ka[Bl+ K AT+ (AT [B)

monitored at the isosbestic point of 349 nen= 6700 M™?

Cm—l) (28) Kcat = Viax/[Et] = ks Q)

pH Profile of Acetyl-Enzyme HydrolysisThe rate of ks
acetyl-enzyme hydrolysis was determined with PNPA as K= @
the acetyl donor. At pH values ranging from 5.2 to 9.0, NAT2 Ky +k, . ’
(8 uM, 274 ug/mL) was incubated with PNPA (320M) in Ky = B “Kn @
either dimethylglutaric acid buffer (pH 5:07.0) or Tris ’
buffer (pH 7.5-9.0) in a final volume of 50@L. The buffers keat _ k‘b 5)
were prepared as described above, and the ionic strength was Koo Ky
held constant at 150 mM with NaCl. The reactions were keat _ %, ©®
initiated by adding PNPA dissolved in DMSO (ZQ). The Ka
rates of acetytenzyme hydrolysis were determined by
monitoring the increase in absorbance at 349 ams 6700 ~ Scheme 2
M~! cm™1) because of the formation @Fnitrophenol 28). Ky ke ks ks
The results were corrected for nonenzymatic hydrolysis of =~ &*AcceA == EsAcCor AR Al =75 Ack At =™ £
PNPA by measuring the rate of the reaction in the absence ) CoASH AcNHAr
of enzyme. _ o Viax [A] [B]

SKIE on the Deacetylation of AcetyEnzyme by Anisidine, V= o)
pABglu, and PNAThe SKIE on the decetylation reaction Ka BT+ Ky [AT+ A1 [B]
was examined at pL 7.0 in dimethylglutaric acid buffer (50 ko ky @
mM, 80 mM NacCl, and 0.1 mM DTT) prepared in.® and kear = Vmax/[Bd = 270
D,0 in parallel. The kinetic parametefga/Kpaggu andkea/ Katky ks ks
Kanisidine Were determined at a fixed concentration of PNPA T katke Km® Ko + ks @®)
(2 mM) and five different concentrations of anisidine
(0.025-0.8 mM) and pABglu (0.1252 mM), andkca/Kpna Koo F3tKe 2 k2
was determined at a fixed concentration of ACCoA (400 ks kptky ka + ks ®
and five different concentrations of PNA (5@00uM). The X X

. . . car _ 2

reactions were carried out as described for the steady-state - ke 10
kinetic analysis. The assays performed inCD buffer
contained 98% BD. %” = Kk"b ay

pKa of the Aniline Group of pABgluThe K. was

determined by monitoring the change in absorbance at 274p in the first half and second half of the reaction, respec-
nm as a function of pHZ9). The absorbance of pABglu  tjyely. The LineweaverBurk plots for the inhibition of
was measured over a pH range of 131 in KCI buffer NAT2 with AcCPABA revealed that ACPABA is an uncom-
(50 mM at pH 1.4-2.0), glycine buffer (SO mM atpH 2.25  petitive inhibitor of the free enzyme and a competitive
3.5), and dimethylglutaric acid buffer (50 mM at pH8.1). ~ nhibjtor of the acetyt-enzyme. Therefore, the inhibition data
Plotting the absorbance intensity versus pH revealed a singleyere fit to eq 13, which is the reciprocal form of eq 12. The
sigmodial curve. Thelg, value was calculated by fitting the (Ko/Vmadapp in eq 14 was obtained as the slope of eq 13 at
data to the formula, Abss nm= C/[1 + 10P""P%)], where  gach concentration of the inhibitor. Te was determined

Cis a pH-independent constant. N by plotting the concentration I{j versus Ky/Vma)app (eq
Kinetic Data Analysis. The initial velocities from 14)

steady-state kinetics were analyzed by LineweaBairk

plots and fit to eq 1 (Scheme 1) by a nonlinear regression _ Vol AlIB]

approach with JMP IN software suite (SAS Institute, Inc.). V= K[B] + Ky(1 + [1//K)[A] + [A][B] (12)
[A] and [B] in eq 1 represent the concentration of acetyl

donor and acceptoﬁga represents eitheiKpnpa Or Kaccoa; 1 KoL+ [IVK) K, 1

and Ky, represents eitheKpaga, Kanisigine Kpaggiu, OF Kpna. == + (13)
When PNPA was used as the acetyl donor, the reaction v Vinal B VinadAl  Vinax
pathway is shown in Scheme 1. The steady-state rate

expressions foK,, Ky, andkeare shown in eqs-24. When Ky  Ke(l+[IVK) (14)
AcCoA was used as the acetyl donor, the reaction path- V,, app_ Vnax

way is shown in Scheme 2. The expressions Kgr Ky,
and k., are shown in egs 79, whereK,,? and K.,° rep- pH profile data were analyzed by nonlinear regression with
resent the MichaelisMenten constants for substrates A and the JMP IN software suite (SAS Institute, Inc.). The pH-
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dependenk.,; values were fit to eq 15, wher&()im is the
pH-independent plateau value. Thepka/Kpasa Curve was
fit to eq 16 according to a mechanism involving one pH-

sensitive group. Deprotonation of the group causes an

increase okca/Kpaga from (KealKpaga)im' t0 (Keal Kpaga)iim-
The reciprocal of the fold of increase is represented as
(r < 1). The pH-keafKaccoa Was fit to eq 17 according to a
mechanism involving two pH-sensitive groups. Tke/
Kaccoa reaches KeafKaccoa)im When only one group is
deprotonated and becomés,{Kaccoa)im' When both groups
are deprotonated. The value &f4Kaccon)im' equalsr (Keal
Kaccoa)im With r < 1. The pH-Kaccoa Was fit to eq 18, which
is mechanistically similar to eq 16

= o (15)
%1 4 1gPKaPH)

K _ (kealKpaga)im(1 + r10PKa"PH) .

falloren = 1+ 10QPKaPH
KealK = (Keaf K acconim(1 + rLOPHPK) )

TR (@ 200 g agee)
K - (Kaccoa)im(1 + rlo(pKa*PH)) .
AcCoA 1t 1dJKa—pH
RESULTS

Determination of Steady-State Kinetic Paramet&Steady-
state kinetic studies of NAT2 were carried out with two
acetyl donors, PNPA and AcCoA, and four acetyl acceptors,
anisidine, PABA, pABglu, and PNA (Figure 2). Initial
velocities were determined at pH 7.0 and six different
substrate concentrations. LineweavBurk analysis of the
initial velocities as a function of substrate concentrations
revealed parallel lines, consistent with a ping-pong bi-bi
kinetic mechanism. The data were fit with eq 1 using
nonlinear regression analysis, and the kinetic parameédgrs,
Ky, andk.a, were determined (Table 1).

Previous stopped-flow kinetics of NAT2 with PNPA

Biochemistry, Vol. 44, No. 33, 20091299

Acetyl Donors:

o

N N
07 “CH, ¢ |\)N
SO 5 AU SN U
hoP s AN o B oo
o o o o
NO, O OH
0=p-0°
PNPA AcCoA o
Arylamines:

NH,

o
HN— 4 COH
¢ HN—,

i "“CH,CH,COH

07OH
Anisidine PABA PNA

Ficure 2: Chemcial structures of acetyl donors (A) and acetyl
acceptors (B).

O,

NO
“CHs 2

pABglu

kinetic analysis with three arylamines are indeed very similar
and lie in the range of 62100 mM s 1. These results are
close approximations of the second-order rate constant, 140
mM~! s71, determined previously by stopped-flow kinetic
studies of enzyme acetylation by PNP20).

The transacetylation reactions with AcCoA as the acetyl
donor employ a typical ping-pong bi-bi mechanism that
involves two reversible substrate-binding steps along with
two chemical reactions as outlined in Scheme 2. Although
Scheme 2 exhibits an identical steady-state rate equation (eq
1) as Scheme 1, the expressions for the kinetic parameters
(Ka, Kb, andke,y) differ for AcCoA-mediated acetylation (eqs
7—9). In Scheme 2, thk., is determined by the individual
rate constants for both the acetylatidg) @nd deacetylation
(ks) steps (eq 7). Because the valuesgdndK..° for PABA
can be inferred from the previous studies of PNPA acetyl-
ation, the value ok; for AcCoA is predicted to be in the
range of 298-651 s* (egs 7 and 9), with an average of 475
s L. As a result, thek, for AcCoA is comparable to thi,
for anisidine, PABA, and pABglu, indicating that both the
acetylation and deacetylation steps are patrtially rate-limiting.
Nevertheless, thé&, for AcCoA is nearly 800-fold higher
than the overall steady-state rakg,(of 0.60+ 0.02 s!) at
saturating concentrations of PNA, suggesting that the de-

suggested that the acetylation reaction presumably followsacetylation step is rate-limiting. THe, of 0.60+ 0.02 st

a bimolecular reaction pathway without the formation of a
stable MichaelisMenten complex (BEPNPA) 0). The

is, therefore, a close approximation of the for PNA.
Different K, values for AcCoA were obtained from the

transacetylation reactions with PNPA and various arylaminesreactions with various acetyl acceptors, suggesting Khat

are shown in Scheme 1, where AcE is the acetylzyme
intermediate. Application of the steady-state approximation
to the concentration of the AcBErNH, complex yields eq

1. Because the rate of acetylatidg[PNPA]) is proportional

to the concentration of PNPA, the maximum rate constant
for the overall reactionky) is dependent on the deacetylation
rate constantq) (eq 2). Therefore, thke, values for anisidine,
PABA, and pABglu are equivalent to they values, which
are 260+ 20, 6204 40, and 126Gt 3 s, respectively (Table
1). In eq 4,Ky represents the MichaelidMenten constant
(Kn?) for the acetyl acceptor. The ratio kf./K, revealed a
second-order rate constakg)(for PNPA acetylation (eq 6).

is dependent upon the MichaetiMenten constant for
AcCoA (K.P) as well as the factokd/(k. + ki) (eq 8)
Incorporating the values d§ andk, in eq 8 yielded &K@
of 5.94 mM for AcCoA, indicating that AcCoA has low
affinity for NAT2. Similar to the expression for thi€, (eq
8), theKy for PNA is dependent on the Michaelidenten
constant for PNA K, and the factok/(k: + ki) (eq 9).
Because thé, for AcCoA is much greater than the for
PNA, the value ofk)/(k, + ki) is close to unity. Thus,
assumingk_z andks > ky, the K,,? is nearly identical to the
Kp (0.77 + 0.06 mM), subsequentlyKn® for PNA will
approximate the dissociation constant for PNA (0.77 mM).

On the basis of the ping-pong mechanism, the first substrateFurther, because of the very small valu&kgfa significantly
can undergo the acetylation reaction without the presencesmaller value folK, was determined for PNA, compared to

of a second substrate. Therefore, ithéor PNPA is expected

the other substrates; th&, calculated for AcCoA is also

to be independent of the various arylamine acetyl acceptors.smaller, while theék.,/K, value for PNA remained similar to

The k.o{K, values for PNPA produced from the steady-state

that observed for PABA or pABglu. In contrast, for the other
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Table 1: Steady-State Kinetic Parameters for Acetyl Donors and Acceptors

acetyl donor acetyl acceptor Ka (MM) Ky (MM) Keat (S71) keal K2 (ST mMM™Y) KealKp? (ST mM™Y)
PNPA anisidine 2.80.4 0.344 0.04 2604+ 20° 100+ 20 790+ 120
PNPA PABA 10+ 1 0.23+ 0.02 620+ 40° 62+9 27004+ 400
PNPA pABglu 1.5+ 0.1 1.7+ 0. 120+ 3P 80+6 70+ 5
AcCoA PNA 0.037+ 0.003 0.7+ 0.06¢ 0.60+ 0.0Z 16+ 2 0.780+ 0.08
AcCoA PABA 3.4+0.3 0.12+0.01 200+ 1 60+ 6 17004+ 200
AcCoA pABglu 1.2+ 0.2 244+ 0.3 76+ 6 604+ 10 32+ 6

2 keaf Ka andkea/Ky, values were calculated frokga, Ka andKy. P Ky = Ki? (€q 4), andk.a = ks (€q 2).€ The deacetylation step is rate-limiting
(k2 > kq). Kp = Ki? (g 9), andkear = ks (eq 7). Details are described in the Results.

arylamine substrates, the valuelafis considerably larger A 0,065 -
and similar tok,. Therefore, the value foK.? will not be )
equivalent to the substrate dissociation constant. Neverthe- 0,055 4
less, regardless of the acetyl donors, substrate specificities )
can be represented by the valuekgf/Kp, which, in both 0.045 4
cases, is equivalent ta/K.\° (egs 5 and 11) Clearly, PABA =
is the preferred substrate wikia./Ky, that is 2180-, 39-53-, 0,035

and 3.4-fold greater than the value for PNA, pABglu, and
anisidine, respectively.

Product Inhibition Studiesin Schemes 1 and 2, it is
assumed that, once the product is formed, it diffuses out of
the enzyme active site without the formation of a stable
enzyme-product complex. This assumption is supported by 1
the results from the product inhibition studies carried out 1/[AcCoA] (mM™)
with AcCPABA and CoASH. AcPABA exhibited uncompeti- B 008

tive inhibition with respect to the acetyl donor (AcCoA) 0167 o0 g
(Figure 3A) and competitive inhibition versus the acceptor g o 5
amine (PNA) (Figure 3B). A of 1.94 mM was calculated 30

from the LineweaverBurk plot (inset of Figure 3B). This 0124 °®
type of inhibition and the resulting, value suggest that oo
AcPABA has modest affinity with the acetyknzyme
intermediate at the enzyme active site but no significant
affinity with the free enzyme. No inhibition of NAT2 was
observed within the CoOASH concentration range 8ImM)
(data not shown). Therefore, it is very unlikely that the
acetylation and deacetylation rate constakisafdk,) are
influenced by the product-release steps, implying that the
values ofk, and k, reflect the chemical reactivity of the %
reactants.

Brgnsted Plot for the Deacetylation Reactidihe deacetyl- P
ation rate constank() for PNA is significantly lower (1000-, 1/[PNA] (mM~)
430-, and 200-fold) than that for PABA, anisidine, and FiGURe3: Lineweaver-Burk plots of the uncompetitive inhibition
pABglu. This is not unexpected because the nitro moiety at of NAT2 (A) and the competitive inhibition of the acetylated

the para position of aniline is a stronger electron-withdrawing ggéygiég’l) Q%y(ggqéfﬁngéﬁsp?;v;)t’hi Qgﬁ)e(:%f%hrgwné;)iyn B

group when compared to a methoxy or a carboxylic acid ggainst the corresponding ACPABA concentratidfis= 1.94 +
moiety. Therefore, the nucleophilicity of the acceptor amine 0.1 mM is derived from the slope of the line (eq 14).

may contribute to the rate of the deacetylation reaction.

Further evidence is provided by the previous kinetic studies other acetyl acceptors3Q), was plotted versus the corre-
of the acetyt-enzyme hydrolysis, which demonstrated that sponding logks) [or log(ku,0)] values (Figure 4). The
the acetyt-enzyme intermediate is relatively stable in the Brgnsted plot features a linear increase of kag(or
absence of arylamine substrat@8)( The ku,0, referred to log(ku,0)] for the pKyn,t (or pKuot) range from—1.7 to

as the rate constant of hydrolysis of the acetthzyme, was  4.67, with a large positive slopg{,o of 0.8 £ 0.1. This
determined to be 7.8% 103 s ! at pH 7.0, approximately  SBn.c value suggests that the deacetylation step is initiated
80-fold lower than thek, for PNA. Apparently, the slow  through the nucleophilic attack at the thiolester, generating
hydrolysis rate is at least in part due to the poor nucleophi- a positive charge on the attacking nucleophile in the
licity of H,0, where the y,0 of —1.7 is lower than the  tetrahedral transition state. However, as tKg+ increases
pKnnm Of 1.0 for PNA. The Knust of pABglu was for an additional 0.67 unit from 4.67 to 5.34, the lkg(
determined to be 2.93 by measuring the pH-dependentdecreases slightly, corresponding to a 2.5-fold decrease in
absorbance change at 274 nm because of the protonation state. These data suggest that a further increase in the
of the aniline group Z9). This determined Kn,+ value, nucleophilicity of the substrate results in a change in the
along with the reported Kw,- and [Ky,o+ values for the reaction mechanism during deacetylation.
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Bouc = 0.8 + 0.1
4 .
"." pABglu
o 2 )/ anisidine
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4 " " r r . T T
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pK,m* (or pKyzo*)
Ficure 4: Brgnsted plot of the deacetylation rate constants for the
acetyl-enzyme with various arylamine substratég) @nd HO
(kn,0). Linear regression of the data resulted in the line with the
slopefinuc = 0.8 £ 0.1.

5§ 6 7

Effect of pH on Steady-State Kinetic¥he catalytic
mechanism for the acetylation reaction has been reported
(20). The reaction was found to be dependent on the highly
reactive Cys-68 residue at the active site. Under both neutral
and basic conditions, the Cys-68 is presumably activated by
the active-site His-107 through the formation of a thiotate
imidazolium ion pair. The apparenKp for the thiolate-
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Ficure 5: pH dependencies of the steady-state kinetic data for the

imidazolium ion pair was determined to be 5.2. To delineate transacetylation reaction of NAT2 with AcCoA and PABA.

the catalytic mechanism for the overall reaction pathway,
particularly the deacetylation step, pH-dependent steady-stat
kinetics was carried out with both AcCoA/PABA and PNPA/
PABA substrate pairs.

The pH dependence of the transacetylation reaction with
AcCoA and PABA was determined over a pH range of5.5
10.0. The kinetics were determined with AcCoA as the
variable substrate at a fixed, saturating concentration of
PABA. As shown in Figure 5A, the value &, increases
as a function of pH, until a plateau is reached above pH 7.0.
The data were best fit to a single curve, yielding kg, pf
5.6+ 0.1 and akaim Of 164+ 5 s (eq 15). Because the
keat depends on bottk, and ks (eq 7), the K, of 5.6 is
considered as an apparer€ dor the ionization of groups
involved in either or both chemical reaction steps. The pH
versus lodkalKaccoa) profile revealed a bell-shape-like curve
with two inflection points (Figure 5B). The value of ldg{/
Kaccoa) iNncreased as a function of pH to a maximum at pH

7.0 and decreased until a plateau was reached above pH 8.5.

The data were fit with eq 15 to yield &p, of 5.3+ 0.1
and a Ky, of 8.5+ 0.2, respectively. A value of 43 3
mM~1 s for (keafKa)im Was observed, and the ratig,for
the two protonation states was found to be 0233.06.
Generally, the pH dependence kfy/K, reports the K,
values for the ionization of groups on the free enzyme or
free ligand involved in binding or catalysis in the first half
of the reaction §1). Because there are no ionizable groups
on AcCoA with K, values in the range of 5:38.5, both
ionizable groups likely reside on NAT2. The value dfp
is in good agreement with a previously reported apparent
pK, of 5.2 for the active-site thiolateimidazolium ion pair
(20). Because thé.,:is pH-independent at pH values above
7.0 (Figure 5A), the ionizable group with th&pof 8.5 is
likely involved in AcCoA binding rather than in the chemical
reaction.

The pH dependence of the transacetylation reaction with
PNPA and PABA was monitored over a pH range of-5.2
9.0. The kinetic values were determined at a fixed PNPA

Reactions were conducted as described in the Materials and
ethods. (A) Plot of logk.at versus pH. The data were fit to eq 15,
nd the best-fit parameters arkp= 5.60 £ 0.08 and Keapim =

160+ 5 sL (B) Plot of logkeafKaccoa) Versus pH. The data were

fit to eq 17, and the best fit parameters akg,p= 5.3+ 0.1, K,
=8.54 0.2, KeafKaccoa)im = 43+ 3 mM~1st andr = 0.33+

3.5 1

3.3 |

3.1

2.9

o H20
o D20

2.7 1

log (Keat/Km pasa) (mM™'s™)

25

7
pL
FiIGURE6: pL dependences of ldgt/Kpaga) for the transacetylation
reaction of NAT2 with PNPA and PABA. Experiments were
performed in HO (®) and 98% RO (O) as described in the
Materials and Methods. The data were fit to eq 16, and the best-fit
parameters areifg = 5.5+ 0.1,r = 0.13+ 0.04, and KzafKpaga)im
= 30004 50 mMtstin H,O and K, = 5.8+ 0.1,r = 0.12+
0.02, and KeafKpaga)im = 14604+ 10 mM~1s71in 98% D,O. The
SKIE onk.a/Kpaga Was calculated as the ratio dé4{Kpaga)im™/
(kca{KpABA)”mD, which is 2.01+ 0.04.

concentration of 2 mM, while varying the PABA concentra-
tion. The pH versu../K, data were plotted and fit to eq
16 to yield a K, of 5.5+ 0.1 and a Kca/Ky)im of 3000 +

50 mM s7! (Figure 6). The ratior, was calculated to be
0.13+ 0.04, indicating an approximate 8-fold increase of
keafKp When the ionizable group is in its deprotonated form.
Consistent with arr value approaching 0, however, no
difference was observed between fits of the data to eqs 15
and 16 (see the Supporting Information). Consequently, the
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FiIGURE 7: Plot of the SKIES orke/Kp versus the Kyn,+ of the
arylamines. Experiments were performed isgCHand 98% RO as
described in the Material and Methods. Tke/K, is determined

to be H(kca!KanisidinQ = 1190+ 30 mm1 S_l, D(kca{Kanisiding =
250+ 10 mM1 573, H(kealKpaggi) = 95+ 1 mM~1 s71, D(keof
Kpaggi) = 31+ 1 mM1 572, H(kealKpna) = 0.814 0.02 mMt
s71, andP(k.afKpna) = 0.25+ 0.01 mM s71. The SKIE onkga/

Ky, was calculated to be 448 0.1, 3.1+ 0.03, and 3.2 0.05 for
anisidine, pABglu, and PNA, respectively. Plotting the SKIE versus
the correspondingkai,+ of the arylamines, except anisidine, yields
a slope of—0.32 and the squared correlation coefficient of 0.81.

8-fold increase ok:./Kj is likely only a lower limit of the
effect of the deprotonated active-site groupkgyiKy. Similar
to the pH versu&../K, profile, the pH versug&../Ky, profile
reflects the K, of the ionization of groups on the acetyl
enzyme and/or PABA involved in substrate binding or
catalysis in the second half of the reacti@1) Because
the reported K, for the amine and carboxylate groups of
PABA were found to be 4.67 and 2.5, respective@)( the
pKa of 5.5 in the pH versuk.a/K, profile is assigned to
ionization of a group on the acetyknzyme, which may
function as a general base in the deacetylation step.
SKIEs.To assess the possibility of general base catalysis
during the deacetylation reaction, the kinetic paramégef,
Ky for PABA, was determined in reaction buffers composed
of 98% D,O over a pL range of 5:29.0. Reactions were
carried out under the same experimental conditions as
described above. The./K, value was greater in # than
in D20 at all pL values tested. Plotting the pD ver&ugKy,
revealed a similar single curve (Figure 6). The inflection
point of the curve was shifted by 0.32 units to 580.1,
consistent with a 0-40.6 unit shift toward basic pH generally
observed in RO (27). Furthermore, because thie 4Kp)im
is independent of pH, the ratio ok/Kp)im in H2O (3000
+ 50 mM? s1) versus in RO (14604 10 mM s
corresponds to a normal solvent isotope effe®{(ksa/Kp)im]
of 2.014 0.04, which supports a mechanism dependent on
general base catalysis.
The solvent isotope effect on the deacetylation rate was
also examined at pL 7.0 with anisidine, pABglu, and PNA

Wang et al.

pH Effects on AcetylEnzyme Hydrolysislo investigate
the possible general base catalysis during the acetytyme
hydrolysis, the pH dependence of the aceghzyme hy-
drolysis reaction was determined at a fixed PNPA concentra-
tion of 320uM and over a pH range of 5:29.0. Because
previous stopped-flow kinetics demonstrated that the rate of
acetylation ko [PNPA]) in the presence of 32¢M of PNPA
is much faster than the rate of acet@nzyme hydrolysis
(kn,0), the steady-state initial velocity representskhg (20).
Theku,o is independent of pH within the pH range of 5.2
7.5, while a 3-fold increase in the,,o is observed at pH 9.0
(see the Supporting Information). The hydroxide group,
acting as a more reactive nucleophile thai®©His likely to
be responsible for the increase in the hydrolysis rate under
the basic conditions. The data suggest that, unlike the
deacetylation of acetylenzyme with arylamine substrates,
no kinetically observable general base catalysis is involved
in acetyl-enzyme hydrolysis at neutral pH.

Site-Directed Mutagenesis of H107Q and H107A¢-
cording to SDS-PAGE and Western blots of cell lysates,
only the H107Q mutant was overexpressed in the Rosetta
cell line. However, neither H107N nor H107Q NAT2 was
found to be expressed in the BL21(RIL) cell line. The
overexpressed H107Q mutant was found predominantly in
the insoluble fraction of the cell lysate, and no transacetylase
activity was observed in the soluble fraction. Because the
wild-type NAT2 from the insoluble protein can be success-
fully refolded, with an activity of at least 2550% of the
fusion protein activity 20), the same refolding procedure
was applied to the H107Q mutant. The refolded and soluble
mutant protein, however, was found to be devoid of
transacetylase activity at pH 7.0 and 8.5 (data not shown).

DISCUSSION

Despite their discovery by Lippman and co-workers over
50 years ago and their later identification as important
mediators of drug and xenobiotic metabolism, a full under-
standing of the catalytic mechanism and natural function of
NATs has remained elusive3%). Nevertheless, crystal-
lographic, kinetic, and molecular biological studies are
beginning to clarify the biochemical and biological role of
NATs (20, 21, 33, 34).

Catalysis by NATs has been shown to rely on a bi-bi ping-
pong mechanism characterized by acetylation with AcCoA
or an acetylated phenol of a strictly conserved active-site
cysteine, followed by transfer of an acetyl group to an
arylamine acceptor. On the basis of substrate specificity
studies with acetylated phenols and aniline donors and
acceptors, Jencks and co-workers suggested that the acetyl
transfer reaction is likely facilitated by general aciohse
catalysis in which a partial positive charge develops on the
nitrogen of the arylamine2Q, 35). In addition, depending

as the acetyl acceptors. Reactions were performed at a fixed®n the basicity of the arylamine, the rate-determining step

concentration of either PNPA (2 mM) or AcCoA (400/)
while varying the arylamine concentration. The second-order
rate constant value&£/Ky) for anisidine, pABglu, and PNA
were calculated from the LineweaveBurk plots. The ratio

of the keafKp in H,O versus in 98% BD yielded a normal
solvent isotope effect of"[P(k.afKy)] of 4.8 & 0.1 for
anisidine, 3.1+ 0.03 for pABglu, and 3.2t 0.05 for PNA
(Figure 7).

for the reaction could be shifted from enzyme acetylation to
deacetylation. Subsequent substrate specificity studies with
AcCoA by Weber and co-workers confirmed this conclusion
for rabbit NAT (36).

Recently, structural and mechanistic studies have begun
to provide the first detailed explanation of the catalytic
mechanism of NATs. X-ray crystallographic studies of the
Salmonella typhimuriunNAT revealed that the previously
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identified active-site cysteine was part of a catalytic cysteine- be 5.5, which, as predicted, is similar to th€,mf 5.16 for
histidine-aspatrtic triad21). Sequence alignment studies of the nonacetylated enzyme.
both prokaryote and eukaryote NATs suggest that the triad When we turn now to the transferase reaction, khe
is an essential part of the catalytic machinery of the enzyme.values for each of the three arylamines, when determined
Kinetic, alkylation, and mutagenic studies of the acetylation with PNPA, are equivalent to the rate of enzyme deacetyl-
of hamster NAT2 by our laboratory have demonstrated that ation (s, eq 2). Clearly, the rate of deacetylation by PABA
(1) catalysis is governed by a thiolate imidazolium ion pair is >5- and 3-fold greater than the rate observed for pABglu
with a pKa of 5.16, (2) the triad His-107 is solvent- and anisidine, respectively. Because the enzyme is able to
inaccessible with an apparenKp> 9.0, (3) the enzyme  form a Michaelis-Menten complex with AcCoA, théy
protects the active-site thiol ester intermediate from hydroly- values determined with the cofactor are composed of both
sis, (4) the K, of His-107 in the acetylated enzyme must the rate of enzyme acetylatioky( eq 7) and deacetylation
be well below pH 7, (5) a pH-dependent conformational (ks eq 7). However, when the reaction is carried out with
change is responsible for the secorith pnd not His-107, PNA, enzyme deacetylation becomes almost entirely rate-
and (6) Asp-122 is necessary for optimal enzymatic activity limiting. Therefore k.o for PNA is the true enzyme deacetyl-
and structural stability 20). Although these results are ation rate k4) for this substrate, and th€, is the trueK,".
informative, a complete understanding of NAT catalysis In principle, one could calculate the acetylation rate constant
requires that the deacylation step be fully described. Con-for AcCoA based on knowing thdy value for PNA.
sequently, we have chosen to investigate the second half ofHowever, because thHey value is small, a unique value for
the transferase reaction by steady-state kinetics, SKIE studiesthe rate of enzyme acetylation cannot be determined.
and site-directed mutagenesis. Nevertheless, when PNPA is the substrate, the rate of PABA
Steady-State Kinetic Analysi¥o delineate the factors deacetylation Kj) is equivalent toks: and the value ok;
governing the arylamine N-acetylation by hamster NAT-2, (300 s?) for AcCoA can be calculated (eq 7). In addition,
we determined the steady-state parameters for the acetylatiowhen we know theK, for PABA, obtained with AcCoA,
with both PNPA and AcCoA. As can be seen in Table 1, theK,P value for PABA obtained with PNPA, and the rate
the ke.ofKa values are relatively close and similar to the of deacetylation K;) for PABA, a value for the rate of
second-order rate constant of (1£®) mM~* s previously enzyme acetylation by AcCoA (650§ can be calculated
observed by transient kinetic analys®0). In contrast to (eq 9). Consequently, we have determined that the rate of
the results reported for avian NAT, PNPA behaves like an enzyme acetylation falls within a range of 366850 s'%, with
acetylation reagen®(, 35). With AcCoA, however, satura- an average value of 480% Substitution of the value for
tion is observable; thuk:./Kaccon is dependent on AcCoA  the rate of enzyme acetylation by AcCoA and the value for
binding. This is clearly evident from the pH verdus/Kaccoa the rate of enzyme deacetylation by PABA into eq 8 allows
profile, in which two g, values were revealed (Figure 5B). for the K2 for AcCoA (5.90 mM) to be ascertained. The
The K, values for enzyme acetylation with either PNPA validity of these assumptions appears justified because
or AcCoA are in good agreement (5.16 versus 5.2%).( utilizing the k, value of 480 s! and the correcte#l, value
On the basis of an observed inverse SKIE for both enzyme of 160 s* for pABglu results in a predictek., value (94
alkylation and acetylation, Ky, has been assigned to a s?) that is similar to the experimental value (76')sfor
catalytically necessary active-site thiolaienidazolium ion acetylation of the enzyme by AcCoA.
pair, while a pH-dependent conformational change is likely  Although thek, values for the arylamine substrates indicate
responsible for Ka, (6.79) @0). In contrast, for ACCOA, Ka, that PABA is the preferred substrate, a comparison of the
(8.48) is nearly 2 pH units greater than the value observed specificities typically relies ohy/K? data. When PNPA is
for PNPA. This discrepancy is not the result of a shift in the used as a substrat€, becomes equivalent to th&.” (eq 4)
pH dependence of a protein conformational change but isfor the arylamine acceptor; thuig./Ky, is equivalent to the
due to the pH dependence observed for the cofactor apparensubstrate specificity constamt/K.? (eq 5) On the basis of
Km (Kaccon) (data not shown). Because we have previously this analysis, PABA is preferred over pABglu, by nearly 40-
established that thekp for the histidine of the thiolate fold. Similar to results obtained with PNPA, PABA again
immidazole ion pair is>9 and a secondia, is not observed  emerges as the preferred substrate over pABglu and PNA
for the overall rate K.o) of PABA acetylation, it is likely by a factor of at least 50 and 2200, respectively, when the
that [K,, reflects the g, of a residue involved in AcCCoA  reaction is carried out with AcCoA. Consequently, regardless
binding. of the acetylation substrate, the enzyme specificity is
On the basis of our previous pre-steady-state kinetic dependent upon changes in both the and K, for the
analysis, the i, for His-107 after thiolate acetylation, must arylamine.
be shifted from a value 9 to a value similar to that observed Linear Free-Energy Relationships (LFER#Jhile steady-
for the thiolate-imidazolium ion pair (K, = 5.16) @0). state analysis has delineated the sequence of events and likely
Examination of the pH versuga/Kpapsa profile for PNPA participation of enzyme acetylation and deacetylation in the
and PABA (Figure 6) revealed a dependence on a singleoverall rate of hamster NAT2 catalysis, the use of LFERs
nearly identical [, value (5.5). Because only the effect on coupled to SKIE studies can provide a detailed picture of
deacetylation is considered under these conditions, thethe catalytic mechanisn87). Brgnsted plots, in particular,
observation of a normal SKIE across the entire pH range can provide valuable insights into the nature of the chemical
for the pH versuk../Kpasa profile for PNPA and PABA step @5). Previously, Jencks and co-workers demonstrated
demonstrates that arylamine enzyme deacetylation is de-a positivesn, parameter of 0.6 for the acetylation of a subset
pendent on general base catalysis. Consequently, we havef arylamines by pigeon liver arylamind¢-acetyltransferase
assigned the i, for His-107 for the acetylated enzyme to (35). This was interpreted as evidence of the build up of
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Scheme 3: Proposed Mechanism of the NAT2 Catalyzed Transacetylation Reaction
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positive charge on the nucleophilic nitrogen, which is reduced linear relationship is observed for a plot of the SKIE versus
by significant proton abstraction by an active-site base. If pK, for PNA, PABA, and pABglu with a negative and
the values for anisidine are excluded, a plot of the log of shallow slope {0.32). This result is consistent with the
the rate of enzyme deacetylation versus arylamiikg p conclusion from the Brgnsted plot analysis that the transition
revealed a similar positivBn,c parameter of 0.8t 0.1 for state must be characterized by the build up of partial positive
hamster NAT2. The fact that the value approaches unity charge on the nucleophilic nitrogen, before proceeding
indicates that the rate of enzyme deacetylation and thethrough an enzyme-bound tetrahedral intermediate.
protonation equilibrium constant of the nucleophile are nearly ~ This correlation that we observed for PNA, PABA, and
equally sensitive to substrate substituent effects. In contrastpABglu does not apply to the most nucleophilic and least
to the pigeon enzyme, a substantial amount of bond formationacidic arylamine, anisidine. The observed SKIE of 4.47 for
between the nitrogen and the carbonyl is found in the anisidine differs significantly from the predicted SKIE of
transition state for hamster NAT2, while proton removal 1.97. In fact, the observed deacetylation r&ie= 260 s?)
remains less significant. Th#&,c value is similar, however, is nearly 13-fold greater than the raté,(= 3.3 x 10°5s™?)
to the value ... = 0.9) found for the nonenzymatic predicted for the observed SKIE of 4.5. This finding can be
aminolysis of model thiol ester8®). Thus, the enzymatic  easily rationalized, however, if enzyme deacetylation by
reaction does not attempt to reduce the charge build up onanisidine is a stepwise process (path B in Scheme 3). Rapid
the nitrogen in the transition state but to maximize utilization formation of a tetrahedral intermediate, followed by rate-
of substrate nucleophilicity (path A in Scheme 3). limiting proton transfer to the active-site base, is consistent
Although the rate of deacetylation by anisidine is only 43% with the divergence between the observed and predicted
of that found for PABA, given thelf, of anisidine, the rate ~ SKIE (Figure 7). Not surprisingly, this mechanistic change
would have been predicted to be at least an order of occurs almost precisely at th&Kpof the active-site base.
magnitude greater. Deviation from linearity for the Brensted Thus, relative to PNA, pABglu, and anisidine, PABA appears
plot was also observed for pigeon NA3Y). Because &n, to be the best substrate in part because of its optimal
could be observed for PNPA with pigeon NAT, this nucleophilicity and K. Studies of structurally different
phenomenon was found to result from a change, with arylamines with [, values similar to PABA will delineate
increasing arylamine nucleophilicity, in the rate-limiting step the potential importance of active-site binding on catalysis.
from enzyme deacetylation to acetylation. This is not the
case for hamster NAT2, because PNPA behaves as arpUMMARY AND CONCLUSIONS
acetylation reagent and not a substrate. On the basis of our earlier evaluation of the acetylation
To address the nature of the discrepancy between anisidineand alkylation of NAT2, we concluded that the active site
and the other substrates, we decided to probe the structureontains a highly reactive thiolatémidazolium with a (K,
of the transition states for enzyme deacetylation by determin-of 5.2 (20). In contrast to cysteine proteases, the proton
ing the SKIE for each arylamine. The reactions were carried shared by the thiolate and imidazoliunkKg> 9.0) is difficult
out at the plateau region of the pH rate profile, ensuring to remove, even under basic conditions. This is likely a
complete enzyme and substrate deuteration. One couldreflection of the location of the triad at the bottom of a deep
envision three possible scenarios for a SKIE verstggiot. nonpolar pocket and the positioning of the imidazole between
First, if a slope ASKIE/ApK,) of zero is observed, then the Asp-122 and Cys-68. The inability of the enzyme to
rate-limiting step would be dependent on arylamine nucleo- accommodate even a sterically and electronically similar
philicity and not proton removal by an active-site base. mutation at this position supports this hypothesis. Once the
Second, if a negative slope of 1 is observed, then the rate-thiolate is acetylated, however, half of the ion pair is lost,
limiting step would be dependent on proton removal by an with a concomitant shift in the Ky, of His-107 to 5.5.
active-site base and not substrate nucleophilicity. Third, if Consequently, under physiological conditions, the imidazole
the slope is> —1 but <0, then the rate-limiting step must is poised to facilitate proton transfer from the developing
be dependent on some degree of arylamine nucleophilicity deacetylation transition state if the arylamine is a sufficiently
and active-site-assisted proton removal. In the latter case, aveak nucleophile with aky, < 5.5. Strong nucleophiles with
value closer to—1 would be more influenced by proton pK,values>5.5 result in a mechanistic shift from a process
removal, while a value closer to zero will be more dependent dominated by nucleophilic attack of the thiol ester (path A
on substrate nucleophilicity. As can be seen in Figure 7, ain Scheme 3), to deprotonation of a tetrahedral intermediate
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(path B in Scheme 3). While both a concerted and stepwise 7.

mechanism are consistent with path A for arylamines with
pKa values less than 5.5, formation of an unstable tetrahedral

intermediate is consistent with path B and does not neces-

sitate a more distinct process. Efficient deacetylation,

therefore, depends on an optimal balance between the free

energy of the equilibrium for proton transfer and amide bond
formation. PABA apparently fulfills this requirement, while
pABglu, PNA, and anisidine do not.

The prominent role played by the NATSs in the metabolism
of xenobiotic arylamines is well-established. Certain funda-
mental questions, however, arise from our mechanistic

conclusions for hamster NAT2. First, because an endogenous

cellular function for NATs has not been definitively eluci-
dated and only a fraction of excreted pABglu is acetylated,

the

remarkable preference of hamster NAT2 and human

NATL1 for PABA as a substrate suggests that, in addition to
folate catabolism, a novel biochemical role may exist for
PABA and acetylated PABA. Second, on the basis of
sequence analysis studies, hamster NAT1 and NAT2 rely

on the same catalytically necessary triad. Nevertheless,

anisidine and not PABA is the preferred substrate for NAT1.
How these highly homologous isoenzymes accommodate this 15
change in substrate specificity is not apparent. Clearly, this
variability must be the result of differing nucleophilic and
pKa requirements for catalysis. Key interactions between the
substrate and the enzyme active site are also likely to play
a role in substrate specificity, but the exact nature of these
interactions and the extent of their contribution remains to
be determined34). In addition, our recent observation that
the lifetime for acetylated hamster NATZ2 is 9-fold greater
than the lifetime for acetylated hamster NAT1 probably
reflects a certain degree of mechanistic diversity for NATs
(39). Ongoing comparative enzymological studies of NATs

should address these questions, thus enhancing our under-19.

standing of their cellular function.

SUPPORTING INFORMATION AVAILABLE

Fits to pL dependences of |dg{/Kpasa) for the trans-
acetylation reaction of NAT2 with PNPA and PABA based
on eqgs 15 and 16 (Figure S1). pH dependence of acetyl
enzyme hydrolysis by water (Figure S2). This material is

available free of charge via the Internet at http://pubs.acs.org.
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