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ABSTRACT. The aminoglycoside 'éN-acetyltransferase AAC{BIli from Enterococcus faeciunis an
important microbial resistance determinant and a member of the GCN5-rilateetyltransferase (GNAT)
superfamily. We report here the further characterization of this enzyme in terms of the kinetic mechanism
of acetyl transfer and identification of rate-contributing step(s) in catalysis, as well as investigations into
the binding of both acetyl-CoA and aminoglycoside substrates to the ARG Bmer. Product and dead-

end inhibition studies revealed that AACY®i follows an ordered bi-bi ternary complex mechanism with
acetyl-CoA binding first followed by antibiotic. Solvent viscosity studies demonstrated that aminoglycoside
binding and product release govern the rate of acetyl transfer, as evidenced by changes inkygtkithe

for aminoglycoside anéa, respectively, with increasing solvent viscosity. Solvent isotope effects were
consistent with our viscosity studies that diffusion-controlled processes and not the chemical step were
rate-limiting in drug modification. The patterns of partial and mixed inhibition observed during our
mechanistic studies were followed up by investigating the possibility of subunit cooperativity in the AAC-
(6")-li dimer. Through the use of AAC-T#* — Ala, an active mutant which exists as a monomer in
solution, the partial nature of the competitive inhibition observed in wild-type dead-end inhibition studies
was alleviated. Isothermal titration calorimetry studies also indicated two nonequivalent antibiotic binding
sites for the AAC(6-li dimer but only one binding site for the TH# — Ala mutant. Taken together,
these results demonstrate subunit cooperativity in the AA@i@imer, with possible relevance to other
oligomeric members of the GNAT superfamily.

Aminocyclitol—aminoglycoside antibiotics are a class of faecium(5). The presence of these resistance determinants
bactericidal drugs used in the treatment of infections causedin enterococci complicates the useffactam/aminoglyco-
by various Gram-positive and Gram-negative bacteria. Clini- side combination therapy in clinical treatme&tQ) and thus
cally relevant resistance to the aminoglycosides is mediatedincreases the reliance on other antimicrobials such as
by the action of enzymes that modify the drugs and decreaseglycopeptides. As such, these proteins are worthy of study
their affinity for the 30S ribosomal subunit target, ). to both better understand the resistance they confer and apply
Aminoglycoside-inactivating enzymes include the phospho- this knowledge to the identification and/or design of enzyme
transferase (APH), nucleotidylyltransferase (ANT), and inhibitors. The focus of this report is the further kinetic
acetyltransferase (AAC) proteins, which are responsible for characterization of the aminoglycosideNgacetyltransferase,
O-phosphorylation, O-adenylation, and N- or O-acetylation AAC(6")-li.
of the drugs, respectively (reviewed in refsand 4). The aac(6)-li gene fromE. faeciumis chromosomal in

N-Acetylation at the Bposition of aminoglycosides is one  origin and has been shown to confer low-level aminogly-
of the most prevalent forms of modification in Gram-negative coside resistance in vivo6). Initial characterization of
bacteria §). To date, only two AAC(§ enzymes from Gram-  purified AAC(6)-li by Wright and Ladak %) revealed that
positive pathogens have been identified and characterizedithe protein is a homodimer in solution with a broad substrate
the bifunctional AAC(6)-APH(2") protein from enterococci  specificity for several aminoglycosides of the 4,5- and 4,6-
and staphylococci4) and AAC(8)-li from Enterococcus  disubstituted deoxystreptamine class (see Figure 1) and
specificity constantsk{,/Kr) on the order of 10M~1 s,
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Ficure 1: Regiospecific acetyl-transfer reaction catalyzed by AAEK6and structures of aminoglycosides used in this study.

factor/histone acetyltransferasd{16), arylaminéaryla- of coenzyme A product with 4,4-dithiodipyridine at 324 nm,
Ikylamine acetyltransferase$1—20), andN-myristoyltrans- as previously described,(32).
ferases 18, 21), as well as sugar2¢) and aminoglycoside Initial Velocity Experimentsinitial rate data for AAC-

acetyltransferasesl@, 23), reveal the striking structural  (g)-Ii acetylation of ribostamycin were collected at various
homology shared among the superfamily members (reviewedconcentrations of both acetyl-CoA and aminoglycoside. The
in ref 43). In addition to structural homology, AAC(BIi data were fit by nonlinear least-squares fit to global eq 1
has also been shown to be a functional homologue of histoneysing Grafit software33). The equation describes a sequen-
acetyltransferases, revealed by its capacity to modify histonestjal, ternary complex mechanism, where [A] and [B] are the

as well as other small basic proteiri. concentrations of substratel$, and Ky, are the respective
Several detailed kinetic analyses have been done to bettelichaelis-Menten constants, anH;, is the dissociation

characterize the mechanism of group transfer by many constant for A:

GNAT superfamily member2¢—27), as well as a limited

number of studies on bacterial aminoglycoside acetyltrans- , = Vo JAIBY( KK, + K [A] + K [B] + [Al[B]) (1)
ferases28—31). Our level of understanding of the molecular

mechanism of AAC(8-li, however, is superficial, and we o ) -

therefore report here a series of mechanistic studies on this AAC(B)-li Inhibition StudiesAAC(6')-li acetyltransferase
enzyme to determine the kinetic mechanism of catalysis and2Ctivity was monitored in the presence of the dead-end
to identify the rate-determining steps of acetyl transfer. nhibitors desulfo-CoA and paromomycin or the product
Additional studies with a monomeric form of the enzyme Nhibitor 6-N-acetylated ribostamycin. Individual rate data
and isothermal titration calorimetry (ITC) experiments further 9€nerated at various concentrations of inhibitor were first
defined the mechanism of acetyl transfer by AAGH6and fit to eq 2 describing MichaelisMenten kinetics using Grafit
provide insight into the physiological homodimeric form of 4-0 Software §3):

AAC(6")-li. Our results allow us to compare the mechanism

of acetylation by this resistance determinant with other v = Vol SI(K;, + [S]) 2
bacterial AACs as well as with other members of the GNAT
superfamily. Reciprocal plots of each data set were then generated and

are presented in Figures-3. Kinetic constants included in
MATERIALS AND MET,HODS Table 1 are derived from the fit of the data to global
_General Aminoglycosides, desulfo-coenzyme A, and 4,4-  ¢quations of best fit describing either partially competitive
dlthI.OdeyrIdIne were from Sigma-Aldrich Chemical Co. (St.  innibition (eq 3), uncompetitive inhibition (eq 4), or non-
Louis, MO). Theaac(6)-li gene was subcloned from the o mpetitive/mixed inhibition (eq 5) by nonlinear least squares

pPLaac vectorg) into pET22bft) (Novagen, Madison, WI) using the enzyme kinetics module of Sigma P4)(
using the flankingNdd and Hindlll restriction sites. AAC-

(6")li was subsequently overexpressedHEacherichia coli =V ISVK((1 + /K1 + I/KY) + S 3
BL21(DE3) cells and purified to homogeneity following the v = Vnad SV (( i)l D G
procedures outlined previous|$)( v =V, ISI(K,, + [SI(1+ I/K;)) (4)

AAC(8)-li Kinetic AssaysProtein acetyltransferase activity
was monitored with a continuous assay by the in situ titration v = Vil SH(K(1 + 1K) + [S](1 + VKy)) — (5)
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Table 1: Summary of AAC(§-li Dead-End and Product Inhibition Studies

inhibitor varied substrate fixed substrate pattern of inhibition Kis (uM)2 Kii (uM)®
desulfo-CoA acetyl-CoA ribostamycin (200/) partially competitive 6.58t 2.18 24.3£ 8.9
desulfo-CoA ribostamycin acetyl-CoA (50M) noncompetitive/mixed 81.342.1 99.0+ 34
paromomycin acetyl-CoA ribostamycin (12M) uncompetitive 180t 13
AcRibo ribostamycin acetyl-CoA (100M) noncompetitive/mixed 459 14.1 363+ 190
AcRibo acetyl-CoA ribostamycin (20M) no inhibitior®

2 Kis, Kigsiope) = 0K, whereat is the factor by whictK, changes when | is bound to the ES compleKii, Kintercepy = Ki. ¢ See text for details.

Alternative Substrate Method.o verify the kinetic mech- Table 2: Solvent Viscosity Effects on AAC[8li Activity

anism of AAC(8)-li determined by our inhibitor studies, varied [(Kead Kir)/
alternative substrate studies described by Radika and Northropviscosogen substrate  fixed substrate  ke/Kea)”2  (KealKm)]”
(35) were performed. Briefly, initial rate data were collected peG 8000 AcCoA Kan A (20aM) 0.023 0012
at varying concentrations of acetyl-CoA{250uM) using Kan A AcCoA (100uM)  0.0044 —0.030
saturating concentrations (0K.,) of neomycin, ribostamy-  sucrose AcCoA  Ribo (100M) 0.787 —0.012
cin, butirosin, neamine, or amikacin. Data were fit to eq 2 EE”OA ﬁgggﬁ‘\ Eiggu“mg 8:22? é:g?g

and reciprocal plots of 2/vs 1/[acetyl-CoA] for each
alternate aminoglycoside used in the diagnostic. *The values reported are the slopes of plots Kaxf/kea or

. ) : . [(keal Km?)/(keal Km)] Versus the relative viscosity of the solution.
Enzymatic Synthesis of-Bl-Acetylated Ribostamycif'-

N-Acetylated ribostamycin (AcRibo) was enzymatically g
synthesized by AAC($-li using acetyl-CoA and ribosta-
mycin as aminoglycoside substrate. Synthesis of AcRibo was
conducted using a 1:5 molar ratio of ribostamycin to acetyl-
CoA and ca. umol of AAC(6)-li enzyme. Reactions were 454y McMaster University. Subsequent overexpression
carried out in w_ater and incubatedrfd h at room and purification of the AAC-Tr* — Ala mutant, as well
temperature. AcRibo was separated from other components,g e determination of kinetics of acetyl transfer to various

by applying the reaction mixture & 2 mLcolumn of Dowex amingglycosides for this mutant, were the same as those
analytical grade cation-exchanger resin AG 50W (Bio-Rad) yascribed for the WT enzyma)(

equilibrated with HO, followed by elution 82 M NH,OH
using a 1 M stepwise gradient from bt5 M NH,OH. The
progress of AcRibo formation and separation from other
reaction components was monitored by thin-layer chroma-

tography (TLC) using 25@m silica G plates and a5:2ratio ;o1 mn (Bio-Rad). A molecular mass calibration curve was
of MeOH:NH,OH as the solvent system. Distinct spots for generated using-lactalbumin (14.2 kDa), carbonic anhy-

AcRibo (R = 0.30) and ribostamycin control&(= 0.12)  grase (29 kDa), chicken egg albumin (45 kDa), and BSA
were visualized by ninhydrin spray, and CoA produgit< (66 kDa monomer, 132 kDa dimer) as well as Blue Dextran

0.53) was visualized under UV light. The identity of the , getermine the column void volume. The molecular masses
isolated product as'8N-acetylated ribostamycin was con- ¢\ AAC(6')-li and the Trp® — Ala mutant were
firmed by electrospray mass spectrometry as well as protonggtimated using the formuks, = (Ve — Vo)/(Vi — Vo), where

and*C NMR. V. is the protein elution volume from the columv, is the
Viscosity StudiesAAC(6')-li kinetic assays were per-  total column volume, and/, is the column void volume.
formed with the macroviscosogen PEG 8000 (6.7%) and the From these analytical gel filtration experiments, the estimated
microviscosogen sucrose<80%). The viscosity of solutions  molecular mass of WT AAC(§li was ~45900 Da and
was determined in quadruplicate at 22 using an Ostwald  AAC-Trp!64— Ala ~22900 Da, confirming the monomeric
viscometer, relative to the standard AAQ(6 kinetic buffer form of this mutant in solution.
consisting of 25 mM MES, pH 6.0, and 1 mM EDTK; Isothermal Titration Calorimetry Experimentall ITC
determinations for the competitive inhibitor paromomycin  measurements were made using a MicroCal VP-ITC iso-
were made in the presence of 30% microviscosogen to ensureéhermal titration calorimeter from MicroCal, Inc. (Northamp-
that the reagents were not binding to the enzyme active site.ton, MA). A buffer solution of 25 mM HEPES, pH 7.5, and
Enzyme assays were performed in duplicate in a final volume 2 mM EDTA was used to dialyze purified AAC(8li WT
of 800uL. Initial rate data were fit by nonlinear least-squares or Trp'¢4— Ala enzyme and the resulting dialyzate used to
regression to eq 2 using Grafit 4.0 softwaB&)( The values  make aminoglycoside and/or CoA solutions. In general, a
reported in Table 2 are the slopes of plots from eithg?/ 100uM solution of AAC(6)-li in 25 mM HEPES, pH 7.5,
Keat OF (Keal Km%)/(kealKim) Versus the relative viscosity of the  and 2 mM EDTA was added to the sample cell (ca. 1.4 mL),
solution. and a 0.5-2.0 mM solution of neamine, kanamycin A, or
AAC-Trp%*— Ala Monomer MutantThe replacement of  ribostamycin as titrant was loaded into the injection syringe.
tryptophan at position 164 with alanine was performed using For each titration experiment, a 60 s delay at the start was
the QuikChange site-directed mutagenesis protocol (Strat-followed by 29 injections of 1QiL of the titrant solution,
agene) and the mutagenic oligonucleotide primér€b- spaced apart by 240 s. The sample cell was stirred at 300
CAATACGGTATCACAGGTGCGGAATTGCATCC 3and rpm throughout and maintained at a temperature ofG7
5 GGATGCAATTCCGCACCTGTGATACCGTATTGAG Additional experiments were performed as described above

The presence of the desired mutation in s (6)-li

gene as well as the absence of adventitious mutations was
confirmed by complete gene sequencing at the Central
Facility of the Institute for Molecular Biology and Biotech-

Analytical gel filtration experiments on AAC-THS — Ala
were used to confirm initial evidence that this mutant was a
monomer in solution. AAC-Tr§* — Ala at ~2.10 mg/mL
was analyzed on an analytical Superdex 200 HR 10/30
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5 —— RESULTS
Initial Velocity Studieslnitial velocity patterns obtained
4 when the ribostamycin concentration was varied at various
3 fixed concentrations of acetyl-CoA displayed intersecting
g 3 lines in the double reciprocal plot (Figure 2), indicative of a
E ternary complex, sequential mechanism.
z 2 Inhibition StudiesTo gain further insight into the mech-
- anism of AAC(6)-li acetyl transfer, desulfo-CoA and pa-
1 romomycin were used as dead-end inhibitors to investigate
the order of substrate binding and product release by the
0 enzyme. Desulfo-CoA was chosen as the dead-end inhibitor
-01 -0.05 0 0.05 01 as it does not interfere with the thiol titration assay, and the

1/[Ribostamycin] pM ™! aminoglycoside paromomycin, which lacks'aaénino group,
FiGURE 2: AAC(6)-li initial velocity patterns. Double reciprocal ~ has already been shown to be a competitive inhibitor of
plot of initial rate data at varying ribostamycin concentrations and AAC(6')-li activity (1).
fixed concentrations of acetyl-CoA at/M (O), 10uM (@), 25 AAC(6')-li acetyl-transfer kinetics in the presence of

uM (O), and 50uM (W). The pattern of intersecting lines is : : _ ; ;
indicative of a sequential kinetic mechanism. The best fit of the increasing concentrations of desulfo-CoA resuilted in partial

data to eq 1 gave kinetic constantskaf= 8.3 + 1.4 uM, Ky = competitive inhibition of enzyme activity when acetyl-CoA
4.9+ 0.58uM, andKjy = 22 + 6.3 uM. was the varied substrate, witls = 6.6 uM and K; = 24

uM for the dead-end inhibitor (Figure 3A and Table 1).
in the presence of 2 mM coenzyme A in both the sample Noncompetitive/mixed-type inhibition was observed when
cell and injection syringe. Several control titrations were the aminoglycoside ribostamycin was the variable substrate
performed and included baseline titrations of buffer into in desulfo-CoA inhibition studies. In the presence of a fixed
enzyme, titrant solutions into buffer, and CoA titrated into subsaturating concentration of acetyl-CoA @), Kis =
an enzyme and CoA solution. Titration data were analyzed 81 uM and K = 99 uM (Table 1).
using Origin 5.0 software supplied by Microcal. Briefly, data ~ We used the '6hydroxy aminoglycoside paromomycin as
sets were corrected for baseline heats of dilutions from blanka dead-end inhibitor of AAC(§-li activity to further
or control runs as appropriate. Corrected data were then fitelucidate the kinetic mechanism. From the double reciprocal
to a theoretical titration curve describing two independent plot of 1/v versus 1/[acetyl-CoA] shown in Figure 4,
sets of binding sites for titrant. Calculatéd values with paromomycin exhibits uncompetitive inhibition of AAC)6

the smallest standard error gave an acceptablealue li activity versus acetyl-CoA (Table 1). This pattern of
between 1 and 100@6). Free energies of associatiohG) inhibition indicates that paromomycin can bind to either the
were calculated using the equation: AAC(6")-li-AcCoA binary complex or the AAC(§-li-CoA
product complex, with paromomycin binding to the latter
AG=—RTInK, (6) preventing the release of CoA and suggesting partial rate
limitation by the dissociation of CoA from the enzyme. Our
ITC experiments performed with the AAC-Tf— Ala results are therefore consistent with ordered substrate addition

monomer were as described for the WT enzyme and the dataand product release.
best fit to a theoretical titration curve describing one binding  6'-N-Acetylated ribostamycin (AcRibo) used in product
site for the aminoglycoside titrant. inhibition studies was found to be a nhoncompetitive/mixed-
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Ficure 3: Partial competitive inhibition of AAC(§-li activity through the use of desulfo-CoA as a dead-end inhibitor. The structure of
desulfo-CoA is shown at the left. Shown is a plot of Yérsus 1/[acetyl-CoA] at fixed concentrations ofll (@), 5uM (O), 10uM (v),
25uM (v), and 5uM (M) desulfo-CoA. Ribostamycin was present in the assays at a saturating concentratiombf.268et: Hyperbolic-
shaped replot for acetyl-CoA versus [desulfo-CoA], indicating partial inhibition.
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1/[acetyl-CoA] at fixed concentrations ofM (@), 25uM (O), 50uM (¥), and 10uM (V) paromomycin. Ribostamycin was present at
a saturating concentration of 100/. Inset: Intercept and replot for acetyl-CoA versus [paromomycin].
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Ficure 5: Mixed inhibition of AAC(6)-li through the use of '6N-acetylated ribostamycin (AcRibo) as a product inhibitor. Double reciprocal
plot of initial rate data at varying ribostamycin concentrations and fixed concentrations of AcRihdva(@), 50 uM (O), 100uM (¥),

150 uM (v), and 200uM (M). Acetyl-CoA was present at a saturating concentration of A0 Inset: Intercept and slope replots for
ribostamycin versus [AcRibo].

type inhibitor versus aminoglycoside substrate vithand Scheme 1: AAC(§-li Follows an Ordered Bi-Bi Kinetic
Ki values of 46 and 368M, respectively (Figure 5 and Table ~Mechanism

1), indicative of AcRibo binding to the AAC(Bli-CoA AcCoA AG AcAG  CoA
complex. In addition, AcRibo did not behave as an inhibitor l H H H
versus acetyl-CoA in the presence of either fixed subsatu-

rating (20uM) or fixed saturating (10@&M) concentrations E  EeAcCoA EeAcCoA*AG < EsCoAsAcAG EeCoA E

of aminoglycoside. This lack of inhibition was evident even . appyeviations: AcCoA, acetyl-CoA; AG, aminoglycoside substrate;
when AcRibo concentrations exceeded the fixed concentra-acaG, acetylated aminoglycoside product.

tion of ribostamycin substrate by up to 50-fold. We hypoth-

esize that AcRibo could behave as a noncompetitive inhibitor Taken together, the results of product and dead-end
of acetyl-CoA at significantly higher concentrations that we inhibition studies (summarized in Table 1) indicate that
could not achieve experimentally, which would be consistent AAC(6")-li follows an ordered bi-bi reaction mechanism, as
with our dead-end inhibition. Our AcRibo inhibition results outlined in Scheme 1.

as a whole, however, support the kinetic mechanism and are Alternative Substrate Diagnostid?arallel patterns were
consistent with the release of acetylated aminoglycoside first, obtained from double reciprocal plots ofvlversus 1/[Ac-
followed by the slower release of the CoA product. CoA] at saturating concentrations of numerous alternative
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FiGURe 6: Alternate substrate diagnostic with acetyl-CoA as the
variable substrate and fixed concentrations of aminoglycoside.
Shown is a double reciprocal plot ofilyersus 1/[acetyl-CoA] at
fixed, saturating concentrations of neomyo®),(isepamicin ©),
ribostamycin ¥), and butirosin ¥). Parallel lines are diagnostic
of an ordered bi-bi kinetic mechanism.

aminoglycoside substrates (Figure 6). Thikg/K, values
determined for acetyl-CoA are independent of the aminogly-

Draker et al.

Table 3: Steady-State Kinetic Parameters for Wild-Type and
AAC-Trpt6* — Ala Proteing

KealKm
substrate Km («M) Keat (573 M~1s)
wild Type®
neamine 5.82:1.02 0.419+ 0.020 7.2x 104
kanamycin A 19.9+ 8.84 0.816+ 0.207 4.6x 10
ribostamycin 9.08: 1.95 0.338+ 0.220 3.7x 10
neomycin C 5.3% 0.57 0.205+ 0.0006  3.9x 10*
acetyl-CoA 23.5:3.7 0.403+ 0.025 1.7x 10
AAC-Trpt*— Ala

neamine 206t 32 0.048+ 0.002 2.3x 1?7
kanamycin A 280t 26 0.080+ 0.0003 2.8x 107
ribostamycin 214 22 0.046+ 0.001 2.1x 17
neomycin C 23 A 3.1 0.135+ 0.001 5.7x 1C¢°
acetyl-CoA 20.6+ 2.3 0.173+ 0.001 8.4x 1¢°

a Reactions were carried out at 3 in 25 mM MES (pH 6.0) and
1 mM EDTA."Kinetic parameters for wild-type AAC(Bli are
reproduced from reb.

coside substrate, consistent with an ordered bi-bi mechanisni® Hz20 (40), supporting our argument for a diffusion-

(35) and our product and dead-end inhibition results.
Sokent Viscosity EffectsWe also explored the rate-
determining step(s) in AAC(Bli acetyl transfer using

controlled process limiting AAC(§-li reaction rates.
Studies on Monomeric AAC-Tf3 — Ala. Mutation of
Trp™* to Ala resulted in an active enzyme with the

several approaches. Solvent viscosity effects on enzymecharacteristics of a monomer rather than a dimer, which is

activity were first investigated to assess whether diffusion-

the native state of the enzyme. Tipis located in the

controlled events such as product release may be rate-C-terminal region of AAC(H-li and is relatively solvent

limiting. Using the microviscosogen sucrose, it was shown
that there were significant solvent viscosity effects on AAC-
(6")-li activity (Table 2). As a control, the macroviscosogen

PEG 8000 was shown to have no effect on enzyme activity,

exposed in the published crystal structut€)( Given that
mutation of this residue blocks homodimer formation, we
propose that this residue is involved in critical monomer
monomer interactions that are essential for dimer formation.

revealing that the rate changes observed in the presence of Activity of AAC-Trg® — Ala. Steady-state kinetic analysis
sucrose are effects on diffusion-controlled phenomenon andrevealed that the AAC-T#§* — Ala monomer retained the

not the result of changes in global viscosi7(38). In
general, solvent viscosity effects describikg: changes
ranged from 0.52 to 0.79 (Table 2), consistent with the

capacity to modify various aminoglycosides, including the
minimal substrate neamin&)(as well as both the 4,5- and
4,6-classes of antibiotics acetylated by the WT enzyme

suggestion that product release contributes significantly to (Table 3). Specificity constants ranged fremi(? to 16¢ M~

the rate-determining step(s). In turn, the productive formation
of the AAC-acetyl-CoA complex does not appear to be rate-

s 1 for this mutant due to botk,, andk.,:changes, compared
to kel Km Values on the order of 201 s% for WT AAC-

limiting at all since virtually no viscosity effect was observed (6')-li (Table 3). Our kinetic results suggest that although
on kea/Ka values for acetyl-CoA (Table 2). The largg/Ky AAC-Trp'%4— Ala is somewhat impaired in the recognition
changes observed when aminoglycoside is the varied sub-and acetylation of aminoglycosides, its catalytic ability
strate, however, do suggest that the productive formation of nonetheless indicates that there is one functional active site
an enzyme complex with aminoglycoside may contribute to per monomer subunit, as initially evidenced by the well-
the rate-determining step(s). These results as a wholedefined acetyl-CoA binding pocket in the AAC)8i binary
therefore indicate that diffusion-controlled events and not complex structure10). We therefore proceeded to dead-
chemistry contribute to the rate-limiting step(s) in AAQ(  end inhibition studies with AAC-T5*— Ala to investigate
li acetyl transfer. whether the same partial inhibition observed for the AAC-
Sobent Isotope Effectso confirm our solvent viscosity ~ (6')li homodimer would be evident for this monomeric
effects that chemistry is not rate-limiting in AAC}8i acetyl mutant.
transfer, we performed f® solvent isotope experiments to Desulfo-CoA Inhibition Studies with AAC-Tfp— Ala.
investigate the dependence lgf: on proton abstraction at  Desulfo-CoA was found to be a full competitive inhibitor
the B8-amino group of an aminoglycoside substrate. Kinetic of the AAC(8)-li reaction versus acetyl-CoA, in contrast to
assays were performed in either 100%40Hor ~94% D,O the partial competitive inhibition observed for the WT
and a solvent isotope effeck4P or kea/Kn7P) was homodimer (Figure 3A, Table 1). As can be seen from the
determined No significant solvent isotope effect was ob- slope replot comparisons in Figure 7, the hyberbolic nature
served for ribostamycin or kanamycin, wikipf'® ranging of the WT replot is completely alleviated when monomeric
from 1.1 to 1.3 andka/Kn'P from 1.1 to 1.4. In contrast, AAC-Trp'® — Ala is used in the inhibition studies. Kis
Benke-Marti 89) observed a solvent isotope effect kyy/ value of 39+ 11 uM for desulfo-CoA inhibition of AAC-
K, of 10 for the acetylation of tobramycin by AAC(3)-I, an  Trp'*— Ala was determined, revealing an ca. 6-fold increase
enzyme that also follows an ordered bi-bi kinetic mechanism. in theKjs as compared to that determined for the WT enzyme
The small effect that was observed for AAQ(E may be (Table 1). Desulfo-CoA is therefore a more potent inhibitor
attributed to the higher relative viscosity ob® compared of acetyltransferase activity when AACJ4i is in dimeric
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Table 4: Thermodynamic Parameters of the Binding of Aminoglycosides to AMI{6

no. of Ka Kaz AG®, AG®, AH; AH, TAS, TAS
site® (uM) (uM) (kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol)
Wild-Type AAC(6)-li
neamine 2 13.6:0.34 0.03+ 0.017 -6.9 —-10.7 —38.3+0.8 —33.5+0.1 —-313 —22.8
kanamycin 2 3.4-0.14 0.20+ 0.012 —-7.8 —-9.5 —30.1+ 0.5 —93.6+2.0 —22.3 —84.0
ribostamycin 2 1.3:0.07 0.06+ 0.008 -8.4 —-10.2 —448+05 —-81.1+20 -36.4 —70.9
neaminet CoA 2 0.104+ 0.013 5.8+ 0.47 —-9.9 —7.4 —21.0+£0.1 —11.8+0.6 —11.1 —4.34
kanamycint CoA 2 0.62+0.40 65+ 15 -8.8 —-59 -—-158+02 NF -7.0 NR
ribostamycint CoA 2 0.87+0.14 0.02+ 0.003 -8.6 —10.9 -9.1+04 —-248+04 —36.3 -71.0
AAC-Trpt*— Ala
neamine 1 486 38 —-4.7 —725+ 3.7 —67.8
kanamycin 1 833t 17 —4.4 —-25.3+0.3 —20.9
ribostamycin 1 25 5.4 51 —-17.3+0.2 —-12.1

a Al titrations were determined at 3T (310 K). Refers to the number of independent binding sites for titrant as determined by the theoretical
curve of best fit° NR, not reported due to large error associated with the value obtained.
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FiGure 7: Slope replot comparisons of desulfo-CoA inhibition of - ' | - | ' |
wild-type and mutant AAC(8-li activity. The partial competitive D—_ ...-.—-. ]

inhibition revealed by the hyberbolic shape of the replot for WT
enzyme @) is not evident when the monomeric form of AAC-
Trp!%*— Ala (O) is used in dead-end inhibition studies.

form, perhaps through perturbation of acetyl-CoA binding
to one monomer subunit when the second monomer subunit
contains bound desulfo-CoA. This idea is also consistent with
one possible explanation for the partial competitive inhibition
observed for the WT dimer, which is that desulfo-CoA can ] u ]
bind to different sites on the homodimer (i.e., either acetyl- -80- i
CoA binding site per monomer), with acetyl-CoA having a 0'0 ' 0'5 1'0 ' 1'5
decreased affinity for enzyme if inhibitor is bound to one ' ' : '
subunit. The result is that both free and desulfo-CoA-bound Molar Ratio

enzymes retain the ability to turnover product, if one looks FiGure 8: ITC profile of wild-type AAC(8)-Ii with ribostamycin

at the homodimer as an “enzyme form” with two functional aS the aminoglycoside titrant. Top: Raw experimental data from
active sites per dimer. 29 automatic injections of 1L each of 0.7 mM ribostamycin.

o . . Bottom: Integrated titration curve showing data poiili$ §nd the
Isothermal Titration Calorimetry Studie®Ve employed  jine of best fit () to a model describing two independent

ITC studies to further investigate the binding of aminogly- aminoglycoside binding sites per AAC)8i dimer. ITC experi-
cosides to both WT AAC(§-li and the Trg® — Ala mental conditions are described in Materials and Methods.
monomer. These experiments were initiated to better under-

stand the noncompetitive/mixed inhibition that was observed for the aminoglycoside titrant (Table 4 and Figure 8), a
with acetylated ribostamycin, since a possible explanation phenomenon which was consistent for all three representative
was, similar to the desulfo-CoA inhibitor results, that there antibiotics tested. Although a complete titration curve for
were unequivalent binding sites for aminoglycoside substrate WT enzyme was difficult to obtain due to the titration of
per dimer. The results of our ITC experiments are sum- multiple binding sites (see Figure 8), thg values with the
marized in Table 4, and representative ITC profiles for lowest standard error (Table 4) were in the low micromolar
ribostamycin binding to WT and AAC-T#*— Ala proteins range, in relative agreement wiky, values reported previ-
are included in Figures 8 and 9, respectively. It was ously for AAC(6)-li (5; Table 3). As expected from the
immediately apparent that our titration data using WT AAC- nature of the antibiotic binding site in AAC(6li and other
(6)-1i and various aminoglycoside substrates fit best to a aminoglycoside-modifying enzymed( 23, 41, 42), our
theoretical model describing two independent binding sites results also indicate that free enzyme can bind aminoglyco-

kcal/mole of injectant
A
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FiIGURE 9: ITC profile of AAC-Trp'6*— Ala monomer with 2 mM
ribostamycin as the titrant. Experimental conditions were the same
as that described in Figure 8 and in Materials and Methods. Top:
Raw experimental data. Bottom: Integrated titration curve showing
data points M) and the line of best fit{) to a model describing
one binding site for the aminoglycoside titrant.
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Taken together, the ITC data for aminoglycoside binding to
both WT and mutant proteins are consistent with our
inhibition results and our hypothesis that the monomer
subunits of the AAC(§-1i dimer may “cooperate” with one
another. We speculate, on the basis of the results presented
here, that substrate(s) bound to one monomer subunit may
affect the binding and perhaps activity of the adjacent
monomer in the AAC(§-li dimer.

DISCUSSION

The inhibition and alternative substrate diagnostic studies
detailed here have shown that AAQ follows an ordered
bi-bi ternary complex mechanism. As represented in Scheme
1, acetyl-CoA binds first followed by the aminoglycoside
substrate to form a productive ternary complex. Acetylated
aminoglycoside is then the first product to be released after
acetyl transfer, followed by coenzyme A. The sequential
ternary complex mechanism described for this acetyltrans-
ferase appears to be common for all GNAT members studied
to date (6, 17, 26, 27, 29, 30, 32, 39, 43) and thus appears
to be a universal property of this superfamily. The fact that
all GCN5-relatedN-acetyltransferases share the striking
structural homology centered on critical interactions with an
acyl-CoA molecule suggests that these enzymes serve as
catalytic scaffolds in their capacity to bind acyl-CoAs and a
diverse array of other substrates to form a productive ternary
complex. The ordered binding of acyl-CoA as a first substrate
for many enzymes, including serotonin acetyltransferagg (
and histone acetyltransferase$,(16), has been comple-
mented by observations of a protein conformational change
in response to the binding of acetyl-CoA. We have also noted
such changes for AAC(Bli through proteolysis studies and

side in the absence of acetyl-CoA, generating an unproduc-intrinsic protein fluorescence (results not shown), with the

tive complex. Consistent with the numerous electrostatic
interactions hypothesized to occur between protein and
antibiotic based on our knowledge of the 3D structure,
binding enthalpies ranged fromAH values of~30 kcal

mol ~* to ~94 kcal mot*? for aminoglycoside binding to
free AAC(6)-li (Table 4), indicating that this process is
largely enthalpy driven. The aminoglycoside binding sites

solvent viscosity and alternate substrate data presented here
indicating that this change is a requirement for catalysis.

Product release appears to be partially rate-limiting in
AAC(6')-li catalysis, as evidenced bl changes from
solvent viscosity studies and solvent isotope effects. The
release of the final CoA product in particular appears to
account for the rate limitation in this regard, as evidenced

present per monomer are therefore not thermodynamicallyby our inhibition studies and previous observations of

equivalent in the WT AAC(8-li dimer. Additional ami-
noglycoside titrations were performed in the presence of CoA
to investigate whether the binary AAC)8i-CoA complex
would impact the thermodynamics of antibiotic binding.
Again, the titration of two independent aminoglycoside sites
(Table 4) made any interpretation as to whether aminogly-
coside has a higher affinity for the AAC{@i binary
complex difficult.

In contrast to the results obtained for the AAQ{b6dimer,
binding of aminoglycoside substrates to the AAC-fp~
Ala monomer fit best to theoretical titration curves describing

substrate inhibition with numerous aminoglycosidgs Of
note are the significant changeskig/K;, for aminoglycosides
with increasing solvent viscosity. These results imply that
the productive formation of an enzyme complex with
aminoglycoside is partly limited by diffusion, in which case
one would expect significantly higher specificity constants
on the order of 10M~! s™%. Since aminoglycosides have
several possible conformations in solution with only one
conformer optimal as a substrate, a much lower diffusion-
controlled k../Ky is possible and has been shown for an
alternate aminoglycoside acetyltransferéd®.(In contrast,

only one binding site (Table 4), also seen by the representa-solvent viscosity appeared to have no effect on the productive

tive ITC profile in Figure 9. The singl&y values reported
for neamine, kanamycin, and ribostamycin for AAC-1fp
— Ala were comparable to thK, values determined for

formation of the AACacetyl-CoA complex, reflected in the
lack of k.afKa changes for acetyl-CoA. A slow conforma-
tional change in the enzyme after acetyl-CoA binding is

this mutant (see Tables 3 and 5), the largest discrepancyconsistent with our mechanism and may also explain why

being only a 3-fold difference for kanamycin. The binding
enthalpies varied from-17.3 to—72.5 kcal mot?, compa-
rable to the range observed for the WT AAQ(B dimer,
with only slightly higher AG values reported (Table 4).

no viscosity effects were observed in this case. Last, the lack
of an observable solvent isotope effect confirms our viscosity
results that diffusion-controlled events, and not the chemical
step, largely goveria:
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The partial and mixed forms of inhibition observed during
our investigation of the AAC(-li kinetic mechanism
complicated initial interpretations of our dead-end and
product inhibition results. In general, the hyberbolic partial
competitive inhibition observed for desulfo-CoA versus

Biochemistry, Vol. 42, No. 21, 20035573

can be partially attributed to this phenomenon if the
reversible binding of ligands to each subunit effectively
decreases the acetylation activity of the dimer as a whole.
Second, the possibility of subunit cooperativity in other
oligomeric members of the GNAT superfamily may implicate

acetyl-CoA could be the result of randomness in substratethis phenomenon in the function and regulation of several

binding or could indicate that this inhibitor has more than
one binding site on AAC(§-li, resulting in a catalytically

enzymes, although this remains to be determined.

active ESI complex. This latter hypothesis can also be applied ACKNOWLEDGMENT

to the observed mixed-type inhibition by-B-acetylribos-
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tamycin versus aminoglycoside. We have definitively ruled o synthesis of acetylated aminoglycoside and Dr. Raquel

out the former hypothesis of randomness in the enzyme
mechanism through the alternative substrate diagnostic
approach, which clearly shows that AAQM follows an
ordered bi-bi kinetic mechanism. The implication of our
observations of partial and mixed inhibitions is that multiple
binding sites exist on the enzyme for both acetyl-CoA and

aminoglycoside substrates. Several pieces of evidence suggest

that the physiological dimer form of AAC(Bli may act as

a “functional unit” and account for the multiple binding sites
hypothesized. First, the crystal structure of the AAG(E
acetyl-CoA binary complex1()) and recent structural de-
termination for the homodimer with bound coenzyme4a)(
reveal that there is one distinct cofactor binding site per
monomer and two distinct sites per dimer. Kinetic analysis
of the AAC-Trpt%* — Ala monomer described here also

indicates that each monomer subunit appears to be functional

on its own, signifying single binding sites for the aminogly-

coside substrate per monomer. We therefore hypothesized 9.

that the binding of substrates to one subunit may affect the
binding and activity of the other subunit in the dimer,
resulting in a form of cooperation between monomers and
attributing to the inhibition kinetics we observed.

Consistent with our proposal of subunit cooperation in the
AAC(6')-li dimer, the partial nature of the competitive
inhibition observed for desulfo-CoA versus acetyl-CoA was
completely alleviated when the AAC-Tf{3— Ala monomer
was used. The binding of desulfo-CoA to one active site may
therefore change the affinity of the second active site for
acetyl-CoA substrate, a phenomenom which may occur
through a slight conformational or structural change in the
dimer upon ligand binding. In addition, subsequent ITC
analysis of antibiotic binding to WT AAC(Bli revealed that
two nonequivalent aminoglycoside binding sites exist for the
homodimer, in contrast to the one binding site characterized
for the AAC-Trp'®4 — Ala monomer. Again, these results
are consistent with subunit cooperation in the physiological
dimer. Our ITC data also rule out the possibility of half-site
reactivity of the AAC(6)-li homodimer, in contrast to that
observed for the aminoglycoside acetyltransferase ASE(6
ly from Salmonella entericé30, 31). As well, previous NMR
spectroscopy evidence which identified two enzyme-bound
conformers for the same aminoglycoside substrate on AAC-
(6)-li (45) is not inconsistent with our results. The likelihood
of certain antibiotics having multiple binding modes per
monomer active site, however, cannot be dismissed, given
the multiple conformations possible for aminoglycoside
substrates in solution.

The implications of our observations of subunit cooper-
ativity for the AAC(6)-li physiological dimer are severalfold.
First, the fairly low specificity constants observed for
aminoglycoside modification by AAC(Bli (~104M~1s™%)

Epand for useful discussions concerning ITC.
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