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ABSTRACT. The Gram-positive pathogdinterococcus faeciuis intrinsically resistant to aminoglycoside
antibiotics due to the presence of a chromosomally encoded aminoglyco$iekecétyltransferase [AAC-

(6)-1i]. This enzyme is a member of the GCN5-relatdehcetyltransferase (GNAT) superfamily and is
therefore structurally homologous to proteins that catalyze acetyl transfer to diverse acyl-accepting
substrates. This study reports the investigation of several potential catalytic residues that are present in
the AAC(6)-li active site and also conserved in many GNAT enzymes. Site-directed mutagenesis of
Glu72, His74, Leu76, and Tyrl47 with characterization of the purified site mutants gave valuable
information about the roles of these amino acids in acetyl transfer chemistry. More specifically, steady-
state kinetic analysis of protein activity, solvent viscosity effects, pH studies, and antibiotic resistance
profiles were all used to assess the roles of Glu72 and His74 as potential active site bases, Tyrl47 as a
general acid, and the importance of the amide NH group of Leu76 in transition-state stabilization. Taken
together, our results indicate that Glu72 is not involved in general base catalysis, but is instead critical for
the proper positioning and orientation of aminoglycoside substrates in the active site. Similarly, His74 is
also not acting as the active site base, with pH studies revealing that this residue must be protonated for
optimal AAC(8)-li activity. Mutation of Tyr147 was found not to affect the chemical step of catalysis,
and our results were not consistent with this residue acting as a general acid. Last, the amide NH group
of Leu76 is implicated in important interactions with acetyl-CoA and transition-state stabilization. In
summary, the work described here provides important information regarding the molecular mechanism of
AAC(6')-li catalysis that allows us to contrast our findings with those of other GNAT proteins and to
demonstrate that these enzymes use a variety of chemical mechanisms to accelerate acyl transfer.

Bacterial resistance to the aminoglycost@aninocyclitol other classes of drugs such as the glycopeptides, resulting
antibiotics is most commonly due to the action OFf in an additional clinical problem in the form of vancomycin
phosphotransferases (APHsY-nucleotidylyltransferases  resistant enterococci (VRE) and a disturbing trend of bacterial
(ANTSs), and N-acetyltransferases (AACs), which modify multidrug resistanceg( 7).

various hydroxyl or amino functionalities on the drug ( A prevalent form of modification conferring aminogly-
2). Antibiotic modification by these aminoglycoside-modify-  coside resistance in bacteria isM-acetylation, with two

ing enzymes (AMEs) decreases the affinity of the antibiotic g,ch enzymes responsible for antibiotic inactivation in Gram-
for its 30S ribosomal subunit targ&(resulting in microbial - hositive enterococci 8). In Enterococcus faecaliiigh-
resistance and complications in the clinical treatment of aye| aminoglycoside resistance is often due to the plasmid-
infections caused by both Gram-positive and Gram-negative yeadiated expression of the AAC[6-APH(2") bifunctional
bacteria. In Gram-positive enterococci in particular, high- enzyme, which both acetylates and phosphorylates various
level resistance to gentamicid)(as well as lower-level  gminaglycosidesq). In E. faecium intrinsic resistance is
resistance to several other aminoglycosid&y renders mediated by expression of the chromosomally encades
routine -lactam/aminoglycoside therapy ineffective. This (6)-li gene, conferring low-level resistance to the 4,5- and
failure of commonplace treatments increases the reliance ory g_gisypstituted deoxystreptamine classes of aminoglyco-

T This work was supported by Canadian Institutes of Health Research sides (0). .In vitro characterization o_f_p_urn‘led AAC.@“
Grant MT-13536 and a Canada Research Chair in Antibiotic Biochem- '€vealed its broad substrate specificity and defined the
istry to G.D.W. kinetics of acetyl transfer to be suboptimal for a detoxifi-

* To whom correspondence should be addressed. Telephone: (905)cation enzyme, with fairly low specificity constantg4/Km

525-9140, ext. 22454. Fax: (905) 522-9033. E-mail: wrightge@ 11 p
memaster.ca. values) on the order of 0~ s* and poor correlation of

L Abbreviations: APH, aminoglycoside phosphotransferase; ANT, this specificity with the minimum inhibitory concentration
aminoglycoside nucleotidylyltransferase; AME, aminoglycoside- (MIC) (11). More recent studies have shown that AAQ{(6

modifying enzyme; VRE, vancomycin resistant enterococci; GNAT, ; R ; : o
GCNS-relatecN-acetyltransferase; AANAT, arylalkylamiré-acetyl- li follows an ordered Bi-Bi reaction mechanism similar to

transferase; GNAL, glucosamine-6-phosphate acetyltransferase; HaT those of numerous otheN-acetyltransferases, in WhiCh
histone acetyltransferase. acetyl-CoA binds first to the enzyme followed by aminogly-
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Ficure 1: Structures of three representative classes of GNAT enzymes (left) and the diverse acetyltransferase reactions they catalyze
(right). (A) Typical kanamycin modification by a bacterial aminoglycosidbl@cetyltransferase, like AAC(Bli (shown) (L3). (B) Eukaryotic
arylalkylamineN-acetyltransferases (AANATS) catalyze the acetylation of small molecules such as serotonin. Shown is AANAT from
sheep 18). (C) The N-acetylation of histones at specific lysine residues is accomplished by HAT enzymes, like the tetrahymena GCN5

protein that is shown2@). Structures of each of the represented proteins were generated using MOLSGRIRN Raster3D38), with
GNAT sequence motifs AD colored blue, purple, green, and red, respectively.

coside to form a productive ternary compled?). Solvent To date, crystal structures of three aminoglycosidte
viscosity and isotope effects also revealed that diffusion- acetyltransferases representing the 3;,&hd 6-regiospeci-
controlled processes and not the chemical step govern thdficities of drug modification have been determindd,(14,
rate of AAC(B)-li acetyl transfer 12). 17). A structure-based sequence alignment of these AACs
The crystal structure of AAC(Bi in complex with acetyl- yvith othgr homologues in the.GNAT superfamily provides
CoA (13) identified this resistance enzyme as a member of mformatl(_)n regard|r_lg the residues _c_onserved within struc-
the large GCN5-relateN-acetyltransferase (GNAT) super-  tural motifs A-D (Figure 2). In addition to the numerous
family, which includes a diverse group of enzymes from both nonpolar residues tha}t are important fo_r the GNAT structural
prokaryotes and eukaryotes. Originally based on primary fold (2§), several active site amino aC|d§ thgt could play a
sequence data which identified four sequence motifs commoncatalytic role are also structurally aligned in highly conserved
to N-acetyltransferases, early structural determinations of two Motifs A and B (Figure 2). In particular, AAC(Bli residues
GNAT members first revealed the remarkable structural Glu72, His74, Leu76, and Tyr147 align well with chemically
homology among superfamily members despite the lack of Similar residues from several GNATSs (Figure 2) and have
extensive primary sequence homology,(15). The subse- the pp}entlal to play a rolg in gene.ral ac!d/base catalysis or
quent structural determination of the AAC)8i -acetyl-CoA transmon-stat_e staplllzatlon that is typical for an acetyl
binary complex helped to further define the four conserved transfer reaction (Figure 3A).
structural motifs and their role in acetyl-CoA binding, as  This study concentrates on these potential catalytic residues
well as to characterize AAC(Bli as both a structural and that line the AAC(6)-li active site, represented in Figure
functional homologue of eukaryotic histone acetyltransferases3B. Amino acids Glu72, His74, and Leu76 are found on
(HATs) (13). Numerous GNAT crystal structures are now f-strand 4 (motif A), which contains the GNAT-conserved
available that exemplify both the structural similarities among S-bulge and makes the majority of contacts with acetyl-CoA
superfamily members and the diverse specificity of these (13, 26). Tyrl47 is part ofo-helix 5 (motif B), which also
enzymes for acyl-accepting substrates, such as aminoglycointeracts with the bound cofactor in the AAC(i crystal
sides and other sugars3 14, 16, 17), small molecules such  structure. More specifically, Glu72 is in the proximity of
as serotonini8, 19), and histones and other proteirih( the substrate acetyl moiety and may act as a general base
20—25) (Figure 1). by deprotonating the incoming’-@mino group of the
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FiGure 2: Structure-based sequence alignment of representative members of the GNAT superfamily. Included (from top) are primary
sequences of the aminoglycoside acetyltransferases ARL(@3), AAC(3)-la (14), and AAC(2)-Ic (17), as well as the sugar transferase
GNAL (16), AANAT (18), and tGCN5 23). The alignment was generated using the Vector Alignment Search Tool (VAST) algo8thm (

40). Nonpolar residues important for the GNAT structural fold are boxed in dark gray (conserved) or light gray (semi-conserved). Boxed
in blue with white font are potential catalytic residues that are conserved among some members, including-hA€xilues Glu72,

His74, Leu76, and Tyr147. GNAT structural motifsA are outlined with the same color-coding used in Figure 1. Secondary structural
elements for AAC(H-li are shown above the primary sequence.

aminoglycoside. His74 could behave as either a general acidtransfer. Additional studies on the pH dependence of wild-
or base in drug modification. The backbone NH group of type and His74Ala activity identified ionizable groups that
Leu76 may also be critical for AAC(Bli catalysis, as this  are important for catalysis and further defined the chemical
main chain element is in the proximity of the carbonyl mechanism of AAC(8-li. Finally, the impact of each amino
oxygen of acetyl-CoA (Figure 3B) and equivalent residues acid substitution on AAC(§-li drug acetylatiorin vivo was
have been repeatedly implicated in transition-state stabiliza-assessed by MIC determinations of select aminoglycoside
tion for several GNATs7, 18, 23, 24). Finally, the hydroxyl antibiotics. The goal of this work is to elucidate the molecular
group of Tyrl47 interacts with the sulfur atom of acetyl- mechanism of aminoglycoside inactivation by this enzyme,
CoA (Figure 3B) and thus has the potential to act as a generalwhich will no doubt be useful in the identification and/or
acid in acetyl transfer by reprotonating the CoA leaving design of AAC(6)-li specific inhibitors in the future. In
group. Interestingly, several amino acids from various addition, an understanding of the chemical mechanisms of
GNATSs that structurally align with the aforementioned AAC- GNAT enzymes and how they differ may shed light on the
(6)-li residues have already been shown to play critical roles broad specificities displayed for acyl-accepting substrates and
in reaction chemistry. These include Glu173 of yeast GCN5 on the evolution of thes-acyltransferases as a superfamily.
[aligns with Glu72 of AAC(6)-li], which has been shown
by mutagenesis and kinetic analysis to act as the general'\/l'A‘TERIALS AND METHODS
base in histone acetylatio27). Recent studies on AANAT General. Aminoglycosides and 44lithiodipyridine (DTDP)
have shown that His122 [aligns with His74 of AAQ@i were from Sigma Chemical Co. (St. Louis, MO). Neamine
(Figure 2)] acts as a remote general base in serotoninwas the kind gift of S. Mobashery at the Institute for Drug
acetylation, with Tyr168 [aligns with Tyr147 of AAC(Bli Design, Departments of Chemistry, Pharmacology, and
(Figure 2)] behaving as the general aci8)( Biochemistry and Molecular Biology, Wayne State Univer-
This report describes the characterization of AAG(B sity, Detroit, MI. Acetyl-CoA was from Amersham Phar-
site mutants Glu72Ala, His74Ala, Leu76Ala, Leu76Pro, macia, and [I¥Clacetyl-CoA (specific activity of 65 mCi/
Tyrl47Ala, and Tyrl47Phe. Kinetic analysis of mutant mmol) was from ICN Radiochemicals (Costa Mesa, CA).
enzyme activity was followed by solvent viscosity studies Mutagenic oligonucleotide primers were synthesized at the
to determine whether any of the amino acid substitutions Central Facility of the Institute for Molecular Biology and
resulted in a protein impaired at the chemical step of acetyl Biotechnology, McMaster University.
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Ficure 3: Proposed reaction pathway for AACK8i-catalyzed acetyl transfer and potential catalytic residues lining the active site. (A)
Probable mechanism of aminoglycoside acetylation by AAG{6showing nucleophilic attack of the carbonyl carbon of acetyl-CoA by

the deprotonated@mino group of an aminoglycoside (right) and formation of a tetrahedral-like transition state (middle). Possible general
acid/base catalysis and transition-state stabilization by the enzyme are also shown. (B))Alr&tbse site with bound acetyl-CoA and

nearby amino acids Glu72, His74, Leu76, and Tyr147. The potential roles of these residues are discussed throughout the text. The sulfur
atom of acetyl-CoA is colored yellow, and the amide N of Leu76 is represented as a blue sphere. Secondary structure that is part of a
conserved motif is colored blue (motif A), purple (motif B), green (motif C), or red (motif D).

(DE3) competent cells for subsequent enzyme overexpression

Table 1: Mutagenic Oligonucleotides Used in This Study L
and purification.

mutation oligonucleotide sequerice Purification of Site Mutantswild-type and mutant AAC-
g:ﬂ;gg‘ﬁ‘] g:gg:gi:ggggﬁggg;iﬁggzggggzg:g (6))-li proteins were overexpressed and purified by the three-
Glu72Asp 5 ggtatcacaggtigggatttgcatceattag-3 step column'chromatography procedure previously described
His74Ala B-ggttgggaattggctccattagtigtagaaade-3 (11). Exceptions were the Glu72GIn and Glu72Asp mutants,
Leu76Ala B-gggaattgcatccageagtigtagaaagetc-3 which were overexpressed following induction with IPTG
Leu76Pro 5gggaattgcatccaccagttgtagaaagete-3 at 16 °C overnight. This was done to obtain a reasonable
Tyrl47Ala B-ggacatccgtatgagticgctgaaaaattagg-3 guantity of soluble protein after initial attempts using wild-
Tyrl47Phe 5Sggacatccgtatgagtictitgaaaaattagg-3 type procedures were unsuccessful.

?Underlined bases denote the codon change used to generate the Ppartial Proteolysis of Mutant AAC(Bli Proteins. Incuba-
desired amino acid substitution. tion of wild-type AAC(6)-li with subtilisin results in a

Site-Directed Mutagenesis of AACKE . To investigate  reproducible pattern of proteolysis as visualized by sodium
the roles of Glu72, His74, Leu76, and Tyrl47 in acetyl dodecylsulfate-polyacrylamide gel electrophoresis (SBS
transfer, eight site mutants were generated with the PAGE). In addition, AAC(6-li is almost completely pro-
QuikChange site-directed mutagenesis protocol (Stratagenetected from proteolysis in the presence of acetyl-CoA, with
La Jolla, CA) using the appropriate mutagenic oligonucle- bound aminoglycoside offering less protection (see the
otide primer (Table 1) and its reverse complement. The wild- Supporting Information). The susceptibility of mutant AAC-
type aac(B)-li gene cloned into pET22k{ (Novagen, (6')-li proteins to subtilisin was therefore investigated for
Madison, WI) (L2) was used as template DNA in all PCR confirmation that the introduced mutations did not perturb
amplifications. The presence of the desired mutation in all the overall tertiary structure of the proteins, as assessed by
mutantaac(6)-li genes as well as the absence of adventitious Visual comparison with wild-type digestion patterns.
mutations was confirmed by complete gene sequencing at Steady-State Kinetic Analyssminoglycoside-dependent
the Central Facility of the Institute for Molecular Biology acetyltransferase activity was monitored during protein
and Biotechnology, McMaster University. All expression purification and steady-state kinetic studiegigitu titration
constructs were used to transfofscherichia coliBL21- of free coenzyme A with 4;4dithiodipyridine (DTDP) as
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described previously1¢, 29). Assay conditions for the
kinetic analysis of mutant AAC(%-li enzymes were similar

Table 2: Steady-State Kinetic Parameters for Wild-Type and
Mutant AAC(6)-li Proteing

to those described for the wild-type proteitil), but scaled

KealKm

[ kcal/ Km(WT)]/

dqwn toa final volume of 25@L to monitor rgactions in substrate  Kp (uM) ka5 (M 15 [KeatKemguur]
microtiter plate format using a Molecular Devices Spectra- .
o . Wwild Type®
MAX _Pl_us sp_ectrophotometer._Inlt_lal rates were fitto eq 1 acetyl-CoA  235:37  0.40:0.02 1.7x 10¢
describing Michaelis Menten kinetics neamine 58-1.0 042+0.02 7.2x 10
kanamycin A 19.9+ 8.8 0.82+0.21 4.6x 10¢
— tobramycin 22.0:-5.6 1.14+0.20 5.1x 10¢
v = Koo SY(Ky +[S]) @ amikacin 13.4+2.1  0.11+0.01 8.1x 10°
neomycin 5.3t 0.6 0.20+0.00 3.9x 10¢*
oreq?2 ribostamycin  9.22.0 0.34+0.22 3.7x 10
Glu72Ala
v = Kk E[SV[(K,, + [SD(1 + [S)/K))] 2 acetyl-CoA  154:39  0.99+0.15 6.4x 10° 2.7
neamine 48249  0.44+0.01 9.1x 1¢? 79
T : . kanamycin A 349Gt 512  0.55+ 0.03 1.6x 1¢? 290
when substrate |rjh|b|t|on was detggtgd, using Grafit 4.0 tobramycin  1150- 304 114 0.20 9.6x 10° 53
software 80). Peptide acetylation activities of wild-type and  gmikacin 380+ 51  0.05+0.00 1.3x 1CP 62
Glu72Ala proteins were compared using the modified neomycin ~ 29.0t 4.2 1.1+ 0.07 3.8x 10* 1.0
phosphocellulose binding assay and the model peptidefibostamycin  30k43  0.35+0.02 1.2x 10° 31
substrate poly-Lys as described previousl§d). Reactions His74Ala
were allowed to proceed for 45 min, and mixtures contained ;’g:%'i}]%OA 473-% g-g 8&% 8-8(2’ ggx 1834 22-7
. . H 1 . . . . OX
varying concentrations of poly-Lys, 0.1 uCi of [;- iCl- kanamycinA 14.4£29 005+ 000 3.3x 10° 14
acetyl-CoA (16Q:M), and ca. 25 pmol of enzyme in25 MM topramycin ~ 36.9:3.6  0.30+0.01 8.2x 103 6.2
HEPES (pH 7.5) and 2 mM EDTA. amikacin 58.2t4.8  0.04+0.00 7.1x 1(? 11
Sucrose Viscosity Studies on AAG{6Mutants. The rate ”,EO”:YC'“ , :132'% gg 8-;% 8-81 é-gx ig; g-g
of acetyl transfer for wild-type AAC(§-i is largely governed ~ "'Postamycin - 36.k=2. : : X :
by CoA product release, as recently shown by solvent Leu76Ala
: : . . . . acetyl-CoA  3.3:0.6 0.23+0.01 6.9x 10¢ 0.3
viscosity effe_cts Qetermlned using the microviscosogen ;. ine 22456 038L00L 17x 10° 40
sucrose 12). Viscosity studies were employed here to assess kanamycin A 25.7:2.6  0.27£0.01 1.1x 10° 4.2
whether any of the amino acid substitutions under investiga- tobramycin 62£12  0.89+0.14 1.4x 10 3.6
tion affected the chemical step and therefore altered the ratef]‘?c')'r‘:;(':?n iég gé 8-(1)21 8-8(1’ g-ix ig i-é
limiting segment(s) _of the reaction from product release to ribostamycin 214t 1.0 0.15£ 000 7.0x 10° 53
acetyl transfer chemistry. In such a case, we would not expect LeU76PT0
change_s in enzymatic rates with increasing solvent viscosity. acety-CoA  48.9t9.9  0.06+000 1.2x 10° 14
Viscosity studies with Glu72Ala, His74Ala, Leu76Ala, neamine 68.2- 8.8 0.002+- 0.000 3.1x 10 2300
Leu76Pro, Tyrl47Ala, and Tyrl47Phe site mutants were kanamycin A no activity
carried out using the microviscosogen sucrose (from 0 to torﬁ{l?an;?/rfln n%)“gtaisﬁy 0.01+0.00 3.8x10 1300
30%) and rlbostamycm as the varied _substrate_ as descrlbeqa“aornycin 573154  004:000 6.5x 107 46
previously (2). Initial rate data were fit by nonlinear least ripostamycin 10216  0.01+0.00 7.7x 10 480
squares to eq 1 using Grafit 4.0 softwar@d)( Values Tyr147Ala
reported in Table 3 are the slopes of plots from eithg/ acetyl-CoA 47+0.8 0.01+0.00 1.6x 10° 11
Keat OF (Keal Km?)/(Keal Km) Versus the relative viscosity of the  neamine 16920 0.004+0.00 2.2x 10 3300
sucrose-containing solution for each mutant. kanamycin A 11Gt 41~ 0.01+£0.00 = 5.6x 10 820
Dependence of pH on AAC)8i Activity. pH studies on g)rﬁirf;g’rfm n?a&ctisi%y 0.004+0.001 2610 1960
the wild-type enzyme were performed to generate a profile neomycin 38.6-8.8 0.001+ 0.000 3.6x 10 1080
of enzyme activity as a function of pH. Acetyl transfer ribostamycin 10916  0.02+0.00 1.5x 1(? 250
activity was monitored from pH 5.5 to 9.0 every 0.5 pH unit Tyrl47Phe
using overlapping 50 mM buffers of MES (pH 5:3.0), acety-CoA  4.1:08 0.07£0.00 1.8x 1824 0.9
HEPES (pbH 7.6-8. r TAPS (pH 8.6:9.0). The resultin neamine 156-24  0.05+0.00 3.2x 1 2250
Kineti Sd(pt 68 Of)J,[C: th S (pl ? 99b(t)). tﬁ efsutt 9 d kanamycin A 340k 14  0.03+0.01 1.0x 1(? 460
inetic data were 1t to the €q 1 10 obtain he TIrst- and y,pamycin 136:19  0.10+£0.00  7.1x 102 72
second-order kinetic parameteks; andk../Km, respectively. amikacin 2190 600 0.003+ 0.000 1.2 6750
Profiles were generated by plotting légy or log KeafKm @s neomycin  55.3:20.8 0.07+0.01 1.3x 1C° 30
a function of pH and relevantipvalues identified by a fit ~ fbostamycin  306-89  0.124+0.01 4.0x 1¢? 93

of the data to global equations of best fit using the Enzyme
Kinetics Module of Sigma Plot softwar81). The wild-type
AAC(6")-li pH profile fit best to eq 3 describing a single
pK, value

a2 Reactions were carried out at 3¢ in 25 mM MES (pH 6.0) and
1 mM EDTA. bKinetic parameters for wild-type AAC(Bli are
reproduced from refl. ¢ No measurable activity observed for up to 3
nmol of protein added per reaction.

His74Ala mutant were performed as described above for the
wild-type enzyme.

wherev is either thekea: or keaf K rate constaniC represents MIC DeterminationsMICs of kanamycin A and neomycin
the pH-independent valu, is the acid equilibrium constant, were determined using the serial dilution method in liquid
and H is the proton concentration. Similar studies on the culture and microtiter plate format according to standard

log v = log[C/(1 + K/H)] 3)
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Table 3: Solvent Viscosity Effects on Wild-Type and Mutant
AAC(6')-li Activities?

protein Kealkea)” ® [(KealKp?)/(KeafKp)]”  catalytic mutarft
wild type? 0.52 0.72 no
Glu72Ala 0.04 0.02 yes
His74Ala 0.21 —0.03 yes
Leu76Ala 0.61 0.70 no
Leu76Pro 0.35 0.07 yes
Tyrl47Ala 0.28 0.45 no
Tyrl47Phe 0.54 0.60 no

@ Reported sucrose viscosity effects are kg and kea/Kp with
ribostamycin with varied aminoglycoside and saturating concentrations
of acetyl-CoA.P The reported values are the slopes of plotskigf/

Keat OF (Keal KeQ)/(keafKb) Vs the relative viscosity of the solution.

Biochemistry, Vol. 43, No. 2, 2004451

in Table 2 and solvent viscosity effects presented in Table
3.

Role of Glu72.The mutation of Glu72 to Ala caused a
notable reduction in affinity for both the 4,5- and 4,6-
disubstituted classes of aminoglycosides, with the largest
changes being an 83-fold decrease in the affinity for the
minimal substrate neamine and a 175-fold reductioiin
for kanamycin A (Table 2). Little change in the rate of
substrate turnover was observed for any of the aminogly-
cosides that were tested, with the exception of a 5-fold
increase inksy for neomycin acetylation. Reductions in
specificity constantsk{,/Kr) for this mutant were largely a
result of the decrease in protein affinity for aminoglycoside

¢ AAC(6")-li proteins with an amino acid substitution that caused the substrates, with the efficiency of neamine acetylation reduced

chemical step of acetyl transfer to become rate-limiting was considered

a catalytic mutantd Reproduced from ref2.

NCCLS guidelines32). The MIC was defined in this study
as the lowest concentration of an aminoglycoside antibiotic
to completely inhibit growth ofE. coli BL21(DE3) cells
expressing wild-type or mutant AAC(6li proteins.E. coli
BL21(DE3) cells containing pET221{) or no plasmid DNA
served as MIC controls. Western blot analysis of the AAC-
(6)-li protein from bacterial lysates confirmed that expression
levels of the wild type and the various site mutants were
comparable.

RESULTS AND DISCUSSION

Purification and Stability of AAC(§li Site Mutants.
AAC(6")-li mutants Glu72Ala, His74Ala, Leu76Ala, Leu76-
Pro, Tyrl47Ala, and Tyrl47Phe were successfully overex-
pressed and purified using wild-type procedures, indicating

by almost 80-fold and the specificity for kanamycin A
decreased by 290-fold (Table 2). Sucrose viscosity studies
revealed that this mutant was likely impaired at the chemical
step of acetyl transfer, as evidenced by the lack of an effect
on both ker and keafKy, in response to increasing solvent
viscosity (Table 3). Since AAC(EBli can also modify the
model substrate poly-lysine (13), kinetic parameters were
determined for the Glu72Ala mutant using this peptide and
revealed no significant change in this activity compared to
that of the wild type (1.25-fold change ha/Kn).

Taken together, these kinetic results support a role for
Glu72 in aminoglycoside recognition and are not consistent
with this residue acting as a general base in antibiotic or
peptide acetylation. Our results instead suggest that the
carboxylate moiety of Glu72 may be interacting, either
directly or indirectly, with a common aminoglycoside
functional group on the 6-aminohexose or the aminocyclitol
ring. The fact that the apparent affinity of AAC)di for

that these proteins maintained the general properties of thethe peptide substrate polyktys was not affected by this

native protein. In addition, partial proteolysis patterns for
these mutants were identical to that of native AAQHG

providing good evidence that the site mutations did not
perturb the overall fold of the enzymes. The Glu72GIn and
Glu72Asp mutants, which required lower overexpression
temperatures for us to obtain soluble protein, were found to

mutation provides additional support that this residue inter-
acts specifically with aminoglycoside. Our sucrose viscosity
results also imply that Glu72, in addition to its role in
aminoglycoside recognition, may be critical for the proper
positioning and orientation of this substrate in the AAG{6

li active site for efficient acetyl transfer to occur. To date,

have an increased protease susceptibility and differentwe have mutated and characterized several other acidic

proteolytic pattern compared to those of wild type, revealing

residues lining the AAC(§-li active site, including Glu28,

that these proteins did not have the same structural stabilityGlu39, Asp112, and Asp168, with no implication of any of

as the native enzyme. As a result, only the substitution of
Glu72 with Ala was characterized in this study.
Steady-State Kinetic Analysis of AAQ{b Site Mutants.
Recent work on wild-type AAC(§-li has shown that the
apparent affinity Ky, of both acetyl-CoA and aminoglyco-

these amino acids acting in a general base capacity (results
not shown). The possibility remains that an amino acid
distant from the active site may serve as a remote general
base or, alternatively, that the environment of the AAE(6

li active site may be such that the aminoglycoside amine is

side for the enzyme approximates the dissociation constantonly partially protonated and a general base is therefore not

(Kg) for these substrates (Supporting Information and gf
This allows us to directly correlate changes in substkate
values for the site mutants as changes in binding affinity.
Since we also know that the rate of acetyl transfer by AAC-
(6)-li is largely governed by product (CoA) release and is
reflected inkca values, changes in catalytic efficiends4/

required.

Dependence of the pH of AACQ(®i Activity and the Role
of His74.pH studies on the wild-type enzyme were per-
formed to identify enzyme ionizable groups that are relevant
to the acetyl transfer mechanism. As we now know through
viscosity studies and solvent isotope effects that substrate

Km) as well as solvent viscosity effects were used to assessturnover, oik.y, is largely governed by a diffusion-controlled
changes in the chemical steps for the various site mutants.process and not the chemical st&ég)( we have concentrated

The sucrose viscosity studies in particular were found to

on catalytic efficiency, ok../Km values, in our analysis. In

complement our steady-state kinetic analysis of each siteaddition, since AAC(H-li follows an ordered Bi-Bi kinetic
mutant, as we could now assess whether each protein wasnechanism with aminoglycoside being the second substrate

catalytically impaired at the chemical steps as a result of

added in the formation of a productive ternary complex,

the introduced mutation. Our results are discussed below forchanges irk../K, were analyzed to identify ionizable groups
each site mutant with steady-state kinetic results included and protonation states relevant to both substrate binding and
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le+5 — A change in the apparent affinity (Table 2). Similarly, rates of
acetyl transfer to the aminoglycosides that were tested were
almost identical to those obtained for the wild-type protein.
kealKm values were only slightly lower than that of the
wild type, ranging from a 6-fold reduction in tobramycin
acetylation efficiency to a 20-fold decrease observed for
le+d — neamine (Table 2). Surprisingly, solvent viscosity effects
indicated that this substitution altered the rate-determining
step of acetyl transfer from a diffusion-controlled process
to the chemical step. As can be seen from Table 3, no
viscosity effect was observed flg/K, when aminoglycoside
was the varied substrate, in contrast to the significant effect
observed for the wild-type enzyme. Also supporting the
importance of this residue are the results from pH studies
5 6 7 8 9 with the His74Ala site mutant. Figure 4B clearly shows that
pH the pH profile of His74Ala activity lacks the descending limb
evident in the wild-type plot (Figure 4A), revealing that the
B ionizable group of this residue was identified from the wild-
le+5 type pH profile. Most importantly, these findings support
the identification of the ionization of the His74 imidazole,
with a pK, of 6.9 and in its protonated form, as being
i I - essential for optimal AAC(§-li activity, which effectively
I = f I e rules out the possibility that this residue functions as an active
I site base. The relative proximity of the His74 NE2 group to
le+4 — i the carbonyl oxygen of acetyl-CoA~6 A) in the crystal
structure (Figure 3B) raises an interesting possibility that it
may serve to polarize this oxygen for greater electrophilicity
at the carbonyl carbon and also stabilize the negative charge
which forms on the carbonyl oxygen in the transition state.
His74 may therefore contribute to the formation of an
oxyanion hole in the AAC(§-li active site.
Mutation of Leu76The potential role of the main chain
NH group of Leu76 in catalysis was investigated by mutating
pH this residue to Ala or Pro, with the latter substitution

FiGURe 4: pH profiles of wild-type AAC(6)-li (A) and His74Ala eliminating the hydrogen bonding capacity of the ba_ckbone
(B) activity as a function of pH. Shown are plots of lag{K) vs NH group. The Leu76Ala mutant demonstrated virtually
pH, which ranged from 5.5 to 9.0 using 50 mM MES, HEPES, Wwild-type activity as expected, with the biggest changes being
and TAPS buffers as described in Materials and Methods. Enzymea 3.6-fold reduction in the apparent affinity for neomycin

activity was measured with ribostamycin aminoglycoside as the gnd 3 3.7-fold decrease lg., for amikacin (Table 2). Sucrose

variable substrate and saturating concentrations of acetyl-CoA. A . . : : :
single (K. of 6.9+ 0.1 was identified for the wild-type protein on viscosity effects for this mutant were identical to those of

the basis of the best fit of the generated data to eq 3. No relevantthe wild-type enzyme, indicating that diffusion-controlled
pK value was determined from the His74Ala pH profile based on processes still governed the rate of acetyl transfer (Table 3).

the collected data. In contrast, the Leu76Pro mutant was found to be dramati-
cally impaired in both aminoglycoside recognition and
catalysis 83). The results of our pH studies with wild-type  catalysis. Specificity constants in particular revealed a large
AAC(6')-li indicate that an ionizable group with aKpof decrease in AAC(8-li catalytic efficiency, including a 2300-
6.9+ 0.1 is important for optimal acetyltransferase activity, fold decrease irk./K, for neamine modification, a 1300-
determined from the best fit of the data to eq 3. As can be fold reduction inkea/Kp for tobramycin, and no detectable
seen from the plateau-shaped pH profile in Figure 4A, the acetyl transfer activity toward several aminoglycosides (Table
descending nature of the plot indicates that the ionizable 2). Consistent with the kinetic analysis is the lack of a solvent
group identified must be protonated for optimal catalytic viscosity effect onk.{K, (Table 3), revealing that the
efficiency. Since the determine&value of 6.9 is consistent  sybstitution of Leu76 with Pro generates a catalytic mutant
with the ionizable group of a histidine imidazole, pH studies impaired at the chemical step. These results and the obvious
were repeated with the His74Ala site mutant to investigate differences in Leu76Ala and Leu76Pro protein activities lend
whether this residue was responsible for the observed pHsupport to a role for the backbone NH group of Leu76 in
dependence of wild-type AAC{BIi, the results of which catalysis.
are discussed below. As Leu76 is adjacent to the GNAT-conserygdulge in
Steady-state kinetic parameters determined for the His74AlaAAC(6')-li, mutation of this residue to Pro would result in
mutant revealed only a small effect on enzyme activiy. two adjacent prolines along-strand 4. We are confident,
values for acetyl-CoA and the 4,5- and 4,6-disubstituted however, that the kinetic changes for this mutant are a result
aminoglycosides only differed by a range of 2.5-fold of functional alterations in AAC(¢-li chemistry, as opposed
compared to that of the wild type, indicating no significant to structural changes in the active site as a consequence of

log koot/ Ky

let3 T T T T T T T T 1

log kot Ky

le+3 T T T T T T T T 1
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the introduced mutation. First, wild-type p_rote_oly_sis patterns T pie 4: MICs of Select Aminoglycosides for AAC8i Site
were observed for the Leu76Pro mutant, indicating no gross mutants

changes in AAC(8-li tertiary structure. Also, the mutation

to Pro is not expected to alter the hydrogen bonding patterns _MIC (ugmL) :
betweeng-strands 3 and 4, since the amide NH group of kanamycin A neomycin
Leu76 does not participate in these interactions. Finally, the ~ BL21(DE3} 4 1
Leu76Pro site mutant displays only a marginal decrease (2- g'ﬂggg& 1?2 2

fold) in its affinity for acetyl-CoA, suggesting that this His74Ala 32 4
mutation does not affect the enzyme’s interactions with this Leu76Ala 32 8
substrate. Taken together, the evidence presented here does Leu76Pro 8 1
implicate the amide NH group of Leu76 in transition-state %&2;@"& 88 ‘Z

or intermediate stabilization and reveals that this backbone - - - -
interaction is a requirement for efficient AACJ6i catalysis. pEaT';gg‘?:')VG control using. coli BL21(DES3) anE. coli BL21(DE3)/

Role of Tyrl47Replacement of Tyr147 with Ala caused
significant reductions in the affinity of AAC(%li for all )
the aminoglycosides that were tested in addition to reductions TYr147Ala, and Tyr147Phe proteins, revealed by a 16-fold
in keat (Table 2). As a result, specificity constantga{Kn) change in the MIC (Table 4). Similarly, thg substltutlon.of
were dramatically lower than for the wild-type protein, with Glu72 with Ala caused an 8-fold change in the MIC with
changes ranging from 250-fold for ribostamycin acetylation kanamycin A, likely due to the large decreases in protein
to a greater than 3000-fold reduction for neamine modifica- affinity for aminoglycoside substrates as determined from
tion. Characterization of the Tyrl47Phe mutant was more Our kinetic st_udles. In contrast to that observed for_ kanamycin
informative, as the substitution with Phe maintains the A, changes in MICs in the presence of neomycin were for
aromatic ring of the side chain but removes the hydrogen the most part small, with no change observed for the
bonding potential and general acid capabilities of the Tyr Leu76Ala mutant and only a 2-fold decrease in the MIC due
phenolic hydroxyl. As can be seen from Table 2, this mutant t0 Glu72Ala, His74Ala, Tyrl47Ala, and Tyrl47Phe activi-
also demonstrated significant reductions in both the apparentties. The Leu76Pro protein, on the other hand, conferred no
affinity (Km) and catalytic turnover ki), resulting in resistance to neomycin, witR. coli ce!ls expre;smg_ths
specificity constants lower than that of the wild-type enzyme. Mutant becoming completely susceptible to this aminogly-
In particular, decreases in aminoglycoside affinity ranged coside (Table 4). Overall, the increase in drug susceptibility
from a 6-fold decrease for tobramycin to a large 170-fold Observed with a decrease in the MIC f& coli cells
change inK,, for amikacin (Table 2). In general, the €Xpressing the mutant enzymes cqrrelated well with changes
significant reductions in catalytic efficiency observed for the in protein activity demonstrateit vitro.

Tyrl47Phe mutant suggest that the side chain hydroxyl plays Implications for the GNAT SuperfamilZharacterization

a critical role in AAC(68)-li catalysis. Solvent viscosity  of the AAC(6)-li site mutants described here has convinc-
studies on both Tyr147Ala and Tyrl47Ala proteins, however, ingly shown the importance of Glu72, His74, Tyrl47, and
demonstrated that rate-limiting segments in catalysis re-the amide NH group of Leu76 in catalysis. Since the
mained diffusion-controlled, with only slightly smaller effects  structural fold and active site geometry of GNAT enzymes
observed for the Tyrl47Ala mutant compared to the wild- are very similar, our results also allow us to compare the
type enzyme (Table 3). As well, pH studies did not identify functions of these residues with equivalent amino acids from
an ionizable group consistent with a Tyr as being important other GNAT enzymes. Our finding that Glu72 is not
for protein activity, suggesting that Tyr147 is not acting as behaving as the active site base in AAQ{6 catalysis

an active site acid. The results presented here are consistentontrasts what was shown for Glul73 from tGCNS5, an
with the hydroxyl group of Tyrl47 acting in some capacity equivalent residue acting as the general base in histone
to orient the acetyl moiety of acetyl-CoA for optimal maodification @4). Similarly, His122 from AANAT @8) and
interaction with aminoglycoside. It is possible that without Asp99 from AAC(8)-le (35) are geometrically equivalent
this interaction the position of the acetyl group may be altered to His74 from AAC(6)-li, and have both been shown to
slightly and actually perturb the productive binding of function as an active site base. Our results indicate that His74
aminoglycoside, likely explaining the reductions in Tyr147Phe is instead critical for optimal enzyme activity in its protonated
affinity noted for this second substrate. Our results therefore form, and may contribute to the formation of an oxyanion
suggest that Tyrl47 does not act as the general acid inhole in the active site. Additional differences were also
catalysis, but instead plays a major role in orienting the acetyl observed for the role of the GNAT-conserved Tyr in acetyl
group for efficient transfer to theé-@mino group of amino-  transfer. Tyr168 from AANAT has been characterized as the
glycosides. general acid in serotonin acetylation by AANAZS), with

MIC DeterminationsTo complement ouin vitro analysis, a similar function for AAC(6)-li Tyr147 not supported by
we investigated the effects of each amino acid substitution our results. Interestingly, mutation of an equivalent Tyr in
on protein activityin vivo by determining the MIC values  AAC(6')-Ib (Tyrl66) andn vivo analysis of protein activity
of kanamycin and neomycin fde. coli BL21(DE3) cells implicated this residue in the recognition of aminoglycoside
expressing either wild-type AAC(Bli or one of the site substrates 36), which is consistent with the changes in
mutants. As can be seen from Table 4, all of the mutants aminoglycoside affinity that we observed with the mutation
conferred a lower level of resistance to kanamycin A of Tyrl47 in AAC(6)-li. Last, we have shown the impor-
compared to the wild-type protein. Increased susceptibility tance of the amide NH group of Leu76 in AAC(@i activity,
to this aminoglycoside was most notable with Leu76Pro, a finding that supports its involvement in transition-state or
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intermediate stabilization and confirms previous speculation
that this main chain element is critical for catalysis.

Our results, and the growing body of information available
on the catalytic mechanisms of several other GNAT enzymes,
clearly reveal differences in catalysis among these proteins,
particularly in the function of geometrically equivalent, active
site residues. As members of this superfamily are structural
homologues and hind acetyl-CoA in a similar manner, we

propose that the observed differences are a consequence ofl3:

the acyl-accepting substrate. Since all GNAT enzymes to
our knowledge follow a ternary complex mechanism, the
requirement to bind both substrates in the active site would
generate obvious differences in acetyl transfer chemistry,
especially given the diverse group of acyl-accepting sub-
strates. The unique ability of AAC(Bli to acetylate both
aminoglycosides and basic proteins, for example, could be
attributed to the different roles of active site residues as
discussed, compared to other AACs and HAT enzymes.
Furthermore, with the exception of the Leu76Pro mutation,
mutagenesis of amino acid residues, while impeding optimal
catalysis, did not result in catastrophic loss of activity either
in vivo orin vitro. This parallels several studies with other
GNAT family members. The primary role of the GNAT
protein scaffold may then simply be to bind and orient acyl-
CoAs and their cognate substrates in a geometry that is
appropriate to acyl group transfer, rather than to provide a
framework for setting an arrangement of amino acid residues
that are essential for group transfer chemistry.
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SUPPORTING INFORMATION AVAILABLE

Partial proteolysis of AAC(§-li by subtilisin to assess
the structural integrity of the mutant proteins relative to wild-
type AAC(8)-li and equilibrium dialysis and fluorescence
anisotropy experiments performed to determine the dissocia-
tion constantKy) for acetyl-CoA and to investigate whether
this value could be equated to the kinetic paramgtgfor
this substrate. This material is available free of charge via
the Internet at http://pubs.acs.org.
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