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ABSTRACT: A recently discovered bifunctional antibiotic-resistance enzyme named AAC(3)-Ib/AARC(6

Ib', from Pseudomonas aerugingsaatalyzes acetylation of aminoglycoside antibiotics. Since both domains
are acetyltransferases, each was cloned and purified for mechanistic studies. The AAC(3)-Ib domain appears
to be highly specific to fortimicin A and gentamicin as substrates, while the AA@§6domain exhibits

a broad substrate spectrum. Initial velocity patterns indicate that both domains follow a sequential kinetic
mechanism. The use of dead-end and product inhibition and solvent-isotope effect reveals that both domains
catalyze their reactions by a steady-state ordereeBBkinetic mechanism, in which acetyl-CoA is the

first substrate that binds to the active site, followed by binding of the aminoglycoside antibiotic. Subsequent
to the transfer of the acetyl group, acetylated aminoglycoside is released prior to coenzyme A. The merger
of two genes to create a bifunctional enzyme with expanded substrate profile would appear to be a recent
trend in evolution of resistance to aminoglycoside antibiotics, of which four examples have been documented
in the past few years.

Aminoglycoside-modifying enzymes are the predominant aeruginosain 1995 (1), except for the deletion of the last
causes of bacterial resistance to aminoglycoside antibiotics.15 nucleotides. This gene segment confers resistance to
These enzymes are grouped into three families, aminogly-gentamicin and fortimicin A. The nucleotide sequence of the
coside phosphotransferases (APHs), aminoglycoside acetyl-aac(8)-Ib’ portion of the gene is 99% identical to that of
transferases (AACs), and aminoglycoside nucleotidyltrans- the previously describeabc(8)-Ib' gene (1—13). Harboring
ferases (ANTS). The turnover products of these reactions lackof this gene manifests resistance to kanamycin and tobra-
antibacterial activity. Each class performs a specific reaction. mycin, reduced susceptibility to netilmicin and amikacin, and
Furthermore, several subtypes of each class have beerundiminished susceptibility to gentamicin. Taac(3)-lband
identified with distinct regioselectivities in substrate modi- aac(8)-1b’ genes each express as monofunctional enzymes.
fication. For example, AAC(3)-lIb is an aminoglycoside Only two AAC(3) enzymes, AAC(3)-114) and AAC(3)-IV
acetyltransferase that acetylates the antibiotics at the 3-aminq15), have been studied for their kinetic mechanisms, both
group, and the Ib designation indicates that gentamicin andof which follow a random sequential mechanism. This
fortimicin A serve as substrates. The AACs, and other general lack of information on the AAC(3)s is despite their
aminoglycoside-modifying enzymes, are typically mono- wide distribution among different bacterial genera. The
functional enzymesi(3). discovery of the bifunctional AAC(3)-Ib/AAC(%-Ib" now

Bifunctional enzymes are generally rare in bacteria. Four adds an intriguing new chapter in the evolution of AACs.
genes encoding bifunctional aminoglycoside-resistance en-We have undertaken a study of this newly discovered
zymes have now been discovered within the past few years.bifunctional aminoglycoside-modifying enzyme. We describe
These genes encode enzymes that have been designated Agrein the kinetic mechanisms of AAC(3)-Ib/AAC)8b’
AAC(6")/APH(2"), ANT(3")-li/AAC(6')-lid, AAC(3)-Ib/ using several analyses including initial velocity pattern,
AAC(6")-1b', and AAC(8)-30/AAC(6)-Ib'. The mechanism  substrate specificity, inhibition pattern, and solvent-isotope
of AAC(6')/APH(2') has been studied extensive§—8). effect.

We described the properties of ANT(3lI/AAC(6')-11d
recently ©). However, AAC(3)-Ib/AAC(6)-Ib’ and AAC- EXPERIMENTAL PROCEDURES

(6)-30/AAC(6)-Ib" have not been investigated in enzymo-  Construction of AAC(3)-Ib/AAC(BIb’-Expression Plas-

logical studies. mid. The plasmid pA3A6 with the fused gemac(3)-Ib/aac-
The gene for the new bifunctional aminoglycoside- (6')-Ib’ in the pGEM-T vector was a generous gift from Dr.
modifying enzyme fromPseudomonas aerugingsdesig- Véronique Dubois 10). The expression plasmid was con-

natedaac(3)-Ib/aac(6-1b’, was described recentl{@). The structed similarly to what was described in a recent publica-
nucleotide sequence of tleac(3)-lbportion of the gene is  tion (9). In order to insert the gene into the expression vector
identical to that of theaac(3)-lb gene isolated fronP. PET22bft) restriction enzyme sites dfdd and EcoRl, it
was first amplified by PCR with two primers, PETAAC-S
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GTTCGCTC-3). The recognition sequences faYdd pooled and concentrated using an Amicon ultrafiltration
(CATATG) and EcaRI (GAATTC) endonucleases are un- system and dialyzed agairsL of buffer A (25 mMHEPES,
derlined, and start codon (ATG) and stop codon (TTA; pH 7.5 and 1 mM EDTA). The protein solution was loaded
antisense sequence of TAA) are in bold. The PCR productat a flow rate of 1.5 mL/min onto a kanamycin-affinity
was cleaned with MinElute PCR Purification Kit (QIAGEN  column [2.5x 10 cm; 50 mL of Affi-Gel 15 resin (Bio-
Inc., Valencia, CA), digested witiNdd and EcoRl, and Rad, Hercules, CA)], prepared as described previodgy (
ligated into the corresponding sites of the pET22p¢ector. The column was washed with 150 mL of buffer A, followed
The ligated DNA was used to transforBEscherichia coli by a linear gradient of ©1.0 M NaCl in buffer A (600 mL).
BL21 (DE3). The recombinant plasmids were isolated from The desired protein was finally eluted with buffer A
several transformants, and DNA sequencing was performedcontaining 1.5 M NaCl. Homogeneity of the purified protein
by the CMMG Macromolecular Core Facility (Wayne State was confirmed by SDSPAGE.
University, Detroit, MI) on both strands to verify the The AAC(3)-Ib domain was purified as follows. The cells
nucleotide sequences of thac(3)-Ib/aac(§-1b’ gene. The were grown similarly, except the induction was performed
recombinant plasmid was named pET-A3A6. by 2 g/L The Inducer (MoleculA, Columbia, MD; molarity
Construction of Plasmids Harboring the Genes aac(3)-Ib cannot be calculated as the structure of the molecule is
or aac(8)-1b'. The plasmids pET-A3 and pET-A6, respec- proprietary). Cells were harvested and disrupted as described
tively harboring theaac(3)-Ibandaac(8)-Ib' gene segments  above, followed by centrifugation at 2109for 1 h at 4°C.
from the pET22bt) vector, were constructed by PCR and The supernatant was applied to a DEAE anion-exchange
ligation. For cloning of theaac(3)-lb gene, the gene was chromatography. The column was washed with 200 mL of
amplified by PCR from pET-A3A6 with the following 10 mM Tris, pH 7.5, at 4 mL/min of a flow rate, and then
primers: PETA3-SB5GTTGTCATATGTTATGGAGCAG- the proteins were eluted by a linear gradient f100 M
CAACGA-3 and PETA3-E 5TTGCTGAATTCTTATG- NacCl (800 mL). Fractions containing the AAC(3)-1b domain
GATCAATGTCGAAGTGCATGACG-3 (recognition sites  of approximately 19 kDa (deduced from the nucleotide
for Ndd and EcaRl endonucleases are underlined, and start sequence) were analyzed by SEFFAGE, were concentrated
codon (ATG) and stop codon (TTA) are in bold). The stop with an Amicon untrafiltration system, and were dialyzed
codon was incorporated at theehd of theaac(3)-Ibgene. with 2 L of buffer A. The dialyzed solution was loaded onto
The aac(B)-1b’ gene segment was also amplified by PCR a gentamicin-affinity column at a flow rate of 1.5 mL/min.
from pET-A3A6 with the following primers: PETA6-S  The column was first washed with 150 mL of buffer A, and
5-GACATTCATATG TTGACCAACAGCAACGATTCCG- the proteins were eluted by a linear gradient ef100 M
TCAC-3 and PETAG-E 5CGATGGAATTCTTAGGCAT- NacCl in buffer A (600 mL). Fractions containing the AAC-
CACTGCGTGTTCGCTC-3(recognition sequences fbidd (3)-1b domain were checked by SB®AGE, were concen-
and Ecarl endonucleases are underlined, and start (ATG) trated to a small volume, and were dialyzed against 10 mM
and stop (TTA) codons are in bold). One start codon was sodium phosphate, pH 7.5. The protein was further purified
additionally incorporated for the initiation of translation of with a Sephacryl-200 size-exclusion column at a flow rate
theaac(8)-1b’ gene, as shown in the nucleotide sequence of of 0.3 mL/min.
the primer PETAG-S. The subsequent procedures for plasmid For the purification of the full-length AAC(3)-Ib/AAC-
isolation and sequencing were the same as described abovg6')-Ib’ enzyme a 5 mL overnight culture of. coli BL21
Expression and Purification of AAC(3)-1b, AACHL', (DE3) cells harboring the pET-A3A6 plasmid was inoculated
and AAC(3)-Ib/AAC(§-1b’. In order to purify the AAC(H- into 500 mL of Terrific Broth (TB) medium containing 100
Ib" domain a 5 mLovernight culture oE. coliBL21 (DE3) ug/mL of ampicillin and incubated at 37C with shaking at
harboring the plasmid pET-A6 was inoculated into 500 mL 150 rpm. The expression of the protein was induced by the
of Luria—Bertani (LB) medium containing 10@g/mL of addition of 0.4 mM IPTG once the Q) had reached 0.6.
ampicillin and incubated at 37TC with shaking at 150 rpm.  The cells were grown for an additional 24 h at(® Cells
The expression of the protein was induced by the addition were harvested and disrupted as described above, followed
of isopropyl 5-p-1-thiogalactopyranoside (IPTG) when the by centrifugation at 210@pfor 1 h at 4°C. The supernatant
ODgqo of the culture reached 0.6. The final IPTG concentra- was applied to a DEAE-anion exchange chromatography
tion was 0.2 mM, and the growth was allowed for a duration column. The column was washed with 300 mL of 10 mM
of 20 h at 20°C. Cells were harvested by centrifugation at Tris buffer, pH 7.5 &a 4 mL/min flow rate, and proteins
550Q for 30 min at 4°C, washed with 50 mL of 10 mM  were eluted with a linear gradient of@.0 M NaCl (900
Tris, pH 7.5, and resuspended in 30 mL of 10 mM Tris, pH mL). Fractions containing the full length enzyme were
7.5. Cells were disrupted during 15 min of sonication using identified by SDS-PAGE, pooled and concentrated to 5 mL,
a Branson Sonifier 450 (VWR, West Chester, PA). After and dialyzed again® L of buffer A. The dialyzed solution
centrifugation at 2100 for 1 h at 4°C, the supernatant  was applied to a gentamicin-affinity column and purified as
was loaded onto a DEAE anion-exchange column with a described above. Fractions containing the full-length protein
rigid methacrylate polymer as a matrix (2620 cm; Bio- were identified by SDSPAGE, pooled and concentrated
Rad, Hercules, CA). The column was washed at a flow rate by an Amicon Ultra-15 Centrifugal Filter device (with
of 4 mL/min with 300 mL of 10 mM Tris, pH 7.5, and the  molecular weight cutoff of 10 kDa), and dialyzed against 4
proteins were eluted by a linear gradient 6100 M NacCl L of buffer A. The sample was frozen at this point for future
(900 mL). Fractions containing proteins were analyzed by use.
sodium dodecyl sulfatepolyacrylamide gel electrophoresis Enzymic Synthesis and Purification of Acetylated Kana-
(SDS-PAGE), and those containing proteins of approxi- mycin A The synthesis and purification of the acetylated
mately 22 kDa (deduced from the nucleotide sequence) werekanamycin A were performed as described bef@®e for
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acetylation of kanamycin Alj) by AAC(6')-1b" the reaction was analyzed, and the structural nature of one of the two
mixture contained 50 mM HEPES, pH 7.5, 3 mM acetyl- products was elucidated.
CoA, 2 mM kanamycin A, and 0.5 mg of AAC(6Ib' in a Kinetic Assays of the AAC(3)-1b Domain, the AAG(B’
total volume of 50 mL. The mixture was incubated at room Domain, and the AAC(3)-Ib/AAC[elb’. The catalytic activ-
temperature fo6 h with gentle stirring. Additional portions ity of AAC(3)-Ib was measured spectrophotometrically by
of the enzyme (0.2 mg) were added into the mixture every coupling the production of the sulthydryl group of CoASH,
2 h. The reaction was monitored by thin-layer chromatog- generated by the AAC(3)-1b activity, to the chemical reaction
raphy (TLC) using a mixture of ethanemethanot-am- with 4,4 -dithiodipyridine (DTDP). The reaction progress was
monia—water (5:5:4.5:4.5) as the developing solvent and monitored continuously at 324 nmé = 19,800 M1 cm™*
ninhydrin as the visualization agert)( After the reaction  for free pyridine-4-thiolate)4, 24, 25). The assay mixture
reached completion, the enzyme was removed from thecontained 50 mM HEPES, pH 6.5, 1 mM EDTA, 1 mM
reaction mixture by filtration through an Amicon ultrafil-  DTDP, 70 nM AAC(3)-lb, and variable concentrations of
tration system (MWCO: 5000) and the filtrate was concen- aminoglycoside (220 uM) or acetyl-CoA (2-40uM) in a
trated by rotary evaporation. The residue was suspended intotal volume of 0.5 mL. For the assay of AAC(8b’ the
5 mL of water and loaded on silica gel packed in a 30 mL reaction mixture included 50 mM HEPES, pH 7.5, 1 mM
fritted glass filter (3x 4 cm). Silica gel was washed with  EDTA, 1 mM DTDP, varied aminoglycoside (G-3.0 uM)
150 mL of methanoetwater (1:1) to remove acetyl-CoA and or acetyl-CoA (16-80 uM), and 20 nM AAC(6)-1b’ in a
coenzyme A (CoASH). The product of the enzymic reaction total volume of 0.5 mL.
was eluted from silica gel with 50 mL of the metharnol The initial velocity pattern for the AAC(3)-lb domain was
water—ammonia (1:1:0.5). The eluent was then concentrated obtained at variable concentrations of gentamicin (from 2
and applied to a weak cation-exchange Amberlite CG-50 to 20uM) with three different concentrations of acetyl-CoA
column (NH* form, 1.5 x 12 cm, Sigma-Aldrich). The (2, 4, and 10uM). The pattern was observed at varied
column was washed with 100 mL of water, and a stepwise kanamycin A (+10 «M) and acetyl-CoA (10, 30, and 80
gradient of NHOH solution (0.25, 0.5, 0.75, 1.0, 1.5, 2.0, uM) for the AAC(6)-Ib’ domain.
and 5.0%; 20 mL for each step) was utilized to elute Inhibition Studies The acetyltransferase activity of the
acetylated kanamycin A. The desired product was eluted atAAC(3)-Ib domain was measured in the presence of the
1.0% NH,OH solution. It was concentrated to a small volume dead-end inhibitors, butyryl-CoA and dibekacin, or the
(2 mL) and was then lyophilized. product inhibitors, coenzyme A (CoASH) and acetylated
Enzymic Synthesis and Purification of Acetylated Fortimi- fortimicin (AcFOR). The inhibition experiments were per-
cin A. Acetylated fortimicin A was synthesized and purified formed by varying the concentrations of one substrate at
essentially by the same method as described above. Theseveral different fixed concentrations of the inhibitor, while
reaction mixture contained 25 mM HEPES, pH 6.5, 2 mM the other substrate was kept at a constant concentration. The
acetyl-CoA, 1.5 mM fortimicin A, and 0.7 mg of AAC(3)-  reaction progress was monitored at 324 nm as in the standard
Ib in a total volume of 50 mL. The mixture was incubated kinetic assay, except for the product inhibition experiment
at room temperature f@ h with gentle agitation. Additional by CoASH. The pattern of the product inhibition by CoASH
portions of the enzyme (0.2 mg) were added into the mixture was obtained by monitoring the decrease in absorbance at
every 3 h. During the weak cation-exchange chromatography232 nm Ae = 4500 M~* cm™1), due to the breakage of the

step, acetylated fortimicin A was eluted at 0.5% JCHH
solution.

NMR analyses of the Structurally Modified Aminoglyco-
sides The lyophilized samples were dissolved i All
1H and3C NMR experiments were performed as previously
described 9) using Varian Unitylus and Inova spectrom-
eters operating atH resonance frequency of 599.89 and
499.87 MHz, respectively. Various 1D and 2D homo- and
heteronuclear NMR techniques includifgC['H], APT
(Attached Proton Test)H—'H COSY,'H—'H TOCSY,H—
IH ROESY,'H—C HETCOR,'H—*C gHMQC,'H—-C
gHMQCTOCSY, andH—'C gHMBC were utilized to

thioester bond of acetyl-CoAL). Inhibition of the acetyl-
transferase activity for the AAC{Bb’ domain was also
determined similarly in the presence of dead-end inhibitors
(butyryl-CoA and paromomycin) and product inhibitors
(CoASH and acetylated kanamycin).

Sobent-1sotope Effectd he solvent-isotope effects dgy
andk../Kn, of AAC(3)-Ib were determined not only at varied
concentrations of gentamicin{20 uM) and the saturating
concentration (10M) of acetyl-CoA but also at various
concentrations of acetyl-CoA {20 uM) with the fixed
concentration of gentamicin (1@M). The experiments were
performed at two different pD values of 6.5 and 7.5. The

elucidate the structures of the acetylated kanamycin A andsolvent-isotope effects of AAC(BIb' were determined at
the acetylated fortimicin A. Standard pulse sequences werevaried concentrations of kanamycin A<8 M) with a fixed

used in these experiments/(-22). The Varian VNMR 6.1C
software was used to process all spectrhspectra and the

concentration of acetyl-CoA (10&M) and at various
concentrations of acetyl-CoA (3100 uM) with a fixed

IH-dimension in 2D heteronuclear spectra were referencedconcentration of kanamycin (BM). The experiment was

relative to the signal ofl,-TMSP (internal standard) = 0
ppm). 3C spectra and th&C-dimension in the 2D hetero-
nuclear spectra were referenced indirec2$)( The chemical

only performed at pD 7.5 due to the limited pH window of
activity for the AAC(8)-1b’ domain (data not given). The
reaction mixtures contained approximately 97% deuterium

structure of the acetylated kanamycin A was successfully oxide. The value of pD was adjusted by adding 0.4 unit to

assigned by NMR experiments.

The same procedures in analysis of the product of

acetylation of fortimicin A revealed the existence of two
inseparable acetylated fortimicin A derivatives. The mixture

the pH value measured with a pH met&6,(27).

Data AnalysisData of steady-state kinetics were fitted to
eq 1 using Grafit 4.0 software (Erithacus Software, U.K.).
Equation 2 was used to fit the initial velocity patterns. All
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data of the inhibition studies were fitted to egs 3, 4, and 5
for competitive, uncompetitive, and noncompetitive/mixed
inhibition, respectively Z8, 29).

v =V [AI/(K,+ [A]) (eq 1)

v =V [AIBJ/(K[B] + K,A] + [A][B] + KiKp) (eq2)
v=Vu[AV([A] + K (1+[lKg)  (eq3)
v=V,[AI(K,+ [AIL + [IVK;)  (eq4)
v=V[AV(KL1+ [/ K +[AI(L +[IVK;) - (eg D)

In all equations,» is the initial velocity, Vi, is the
maximum velocity, [A] and [B] are the concentrations of
substrates, [I] is the concentration of inhibitdét; and K,
are the corresponding MichaetiMenten constantK, is
the dissociation constant for A, aikg; andK; are the slope
and intercept inhibition constants for inhibitors, respectively,
and are evaluated by replotting the slope and the intercep
from double-reciprocal plots, respectively, versus the con-

tFIGURE 1: SDS-PAGE for the purification of the AAC(§-Ib" and
AAC(3)-Ib domains. Lane 1, crude extract containing AAQ{6
Ib'; lane 2, the protein pool after the DEAE anion-exchange

centration of inhibitor. chromatography; lanes 3 and 4, pure AAG(®’ after the kana-
mycin-affinity chromatography; lane 5, crude extract containing
RESULTS AND DISCUSSION AAC(3)-Ib; lane 6, the protein pool after the DEAE anion-exchange

, . ) . chromatography; lane 7, the protein pool after the gentamicin-
The aac(3)-Ib/aac(§-Ib" gene encoding the bifunctional  affinity chromatography; and lanes 8 and 9, AAC(3)-Ib after the
enzyme was amplified by PCR from plasmid pA3A6, and size-exclusion chromatography. M indicates the molecular size

|ts nucleotlde Sequence was determ|ned (three |nd|v|dua| marker, with the fO”OWlng molecular Welghts for each band from
experiments). We found one diference, from nucieotide 52,7, 1% boTe 200, 1165, 874 66, 8514, 365 51.0,
G589 to C (corresponding to a Vabk Leu amino acid
substitution; in theac(B)-Ib’ gene segment) in the sequence inclusion bodies even though its expression level was
from our experiments compared to that reported earlier somewhat lower than that of AAC{elb’ with either inducer
(GenBank accession number AF35518d))( Subsequently,  (data not shown). Homogeneous AAQ{' and AAC(3)-
nucleotide sequencing with ttaac(3)-1b/aac(§-1b’ gene in Ib were obtained by a two-step and a three-step purification
the plasmid pA3A6 was performed in order to see if the procedure, respectively (60 and 12 mg per liter of cell culture,
discrepancy was also present in the original gene, which respectively; Figure 1).
turned out to be the case. Since independent sequencing of The analyses of the nucleotide and the deduced protein
each PCR product and the original plasmid were performed sequences by Dubois et al. had suggested that the enzyme
three times each in our lab, the original sequence reportshould have two aminoglycoside acetyltransferase (AAC)
appeared to contain an inadvertent error. The PCR productsactivities (L0). The types of the enzymic reactions could be
for the independently cloneshc(3)-Ibandaac(6)-1b’ gene deduced from the protein sequence comparisons with those
segments from pET-A3A6 possessed the identical nucleotideof the other known members of a class; however, such
sequences to the parental sequence of the bifunctional geneanalyses should be followed up by actual determination of
We prepared the plasmid pET-A3A6 for overexpression the chemical structures of the products. We undertook this
of AAC(3)-Ib/AAC(6')-1b’. The expression of AAC(3)-Ib/  effort.
AAC(6")-1b" in E. coliBL21 (DE3) was tested with different The minimum inhibitory concentration (MIC) investiga-
concentrations of IPTG (0.05, 0.1, 0.2, and 0.4 mM) and tions of Dubois et al. 10) indicated that the bacteria
The Inducer (a commercial alternative to IPTG; 0.5, 1, 2, harboring the gene for the bifunctional enzyme exhibited
and 4 g/L) at 20°C to determine appropriate concentration resistance to several aminoglycoside antibiotics, of which
of the inducing agents that result in the soluble protein. All we chose fortimicin A and kanamycin A for characterization
attempts at expression of the full-length AAC(3)-Ib/AAC- of the reactions of the two domains (Figure 2). The two
(6)-Ib" with IPTG resulted in precipitated protein with high enzymic reactions were allowed to progress to completion,
levels of expression, while The Inducer produced modestand then the products were purified by chromatographic
amounts of the soluble AAC(3)-Ib/AAC(BIb’, with the best procedures, followed by structural assignments of the
result at 2 g/L (data not shown). products, as described in the Experimental Procedures. The
Since both domains of AAC(3)-Ib/AAC(BIb’ possess  structures of the products were determined by analysis of
acetyltransferase activities, it was necessary to separate thdD and 2D'H and**C NMR spectroscopy. Proton connec-
protein in its two domains to investigate the mechanism of tivities were derived by examination of the COSY and
each independently. We constructed expression vectors forTOCSY spectra. Signals of all carbons with direct proton
each domain. The expression level of each domain wasattachments were assigned using HETCOR and gHMQC
determined with 0.2 mM IPTG and 2 g/L of The Inducer at spectra. Finally, the gHMBC and gHMQC-TOCSY spectra
20°C. Both IPTG and The Inducer produced large quantities were used to assign quaternary carbons and to check the
of soluble AAC(6)-1b’, while AAC(3)-lb precipitated as  correctness of the connectivities established by the interpreta-
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1 R2
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HO&Q@I{’Q
2" NHRg
Ry
Antibiotic R, R, R; Ry Rs Rg R, Rg Ry Ry
Kanamycin A H NH, OH OH OH H H H OH CH,OH
Tobramycin H NH, OHH NH, H H H OH CHOH
Dibekacin H NH, H H NH, H H H OH CHOH
GentamicinCl CH; NHCH; H H NH, H CH; OH CH; H
GentamicinCla H NH, H H NH, H CH; OH CH; H
GentamicinC2 CH; NHb, H H NH, H CH; OH CH; H
O
Amikacin H NH, OH OH OH )H/VNHZ H H OH CHOH
OH
O
Isepamicin H NH, OH OH OH )H/\/NHZ CH; OH CH; H
OH
Netilmicin® H NH, H H NH, CH,CH; CH; OH CH; H

¢ Unsaturation in the 6-aminoglucose ring (A5">4")

NH,

HsCr.. NH, HsCr..
(o] (o]
0 H2N 4 O HzN
. :
NH: HOXAXOH % N, o LA OH

2 N \ 2 \
~CH4CH3 Q N~cH.CH
H2N/\\g 3 »H/\\g 3~ 13

Fortimicin A Acetylated Fortimicin A 6'-N-acetylkanamycin A
Ficure 2: Structures of aminoglycoside antibiotics and that 'eNécetylkanamycin A.

tion of the other spectrdH and®C spectra of the modified Regardless of the absence of regiospecificity, the reaction
kanamycin A were identical to those of-B-acetyl-kana- progress with fortimicin A was monophasic, suggesting that
mycin A, as described previously in connection with the the two amines were acetylated with similar rate constants
studies of another enzyme (Figure 2).(This AAC activity by the domain designated as AAC(3)-lb. The possibility of

transfers the acetyl group from acetyl-CoA to tHeafine modification of the substrate at more than one site is not
of kanamycin A; therefore, it was correctly designated as unprecedented for aminoglycoside-modifying enzymes. This
an AAC(6). domain also takes gentamicin as its substrate. However, the

Analyses of the turnover product(s) of fortimicin A proved structural assignment for the acetylat'e'd gentamicin was not
problematic. The product mixture was made up of two attempted, as the commercial gentamicin is a mixture of three

compounds that could not be separated; hence we could nof!0Sely refated aminoglycosides, gentamicins C1, Cla, and

carry out unequivocal structure assignments because of thec2. Furthermore, netilmicin, the other substrate for this

complexities of the spectra for the mixture (product isolation QOma|n, IS a very poor _substrat_e » and it was not practical to
was performed twice). Nonetheless, the full assignment of IS0laté the product for its reaction.

the H and3C NMR spectra for fortimicin was made, and ~ This domain had been assigned as AAC(3)-Ib by the
it was helpful in identifying one of the sites of acetylation Dubois group from analysis of the sequence of the domain
as the glycyl amine o to the amide carbonyl). This (10). Since we were not able to identify the second site of
assignment was made based on the observation of theacetylation in fortimicin A, we do not have any basis to
complete loss of the resonance atl63.9 for the amide  challenge the enzyme designation and we will continue to
carbonyl of fortimicin A, which indicated that the electron refer to the domain as AAC(3)-Ib.

withdrawing inductive effect of the acetylation at the Since both domains carry out acetyltransferase reactions,
aminomethyl moiety shifted the carbonyl resonance to a new it was necessary for mechanistic studies to characterize each
position. The product mixture showed a minimum of four separately. Hence, the two domains were cloned separately
carbonyl resonances in the rangel74.3 and 173.2, two  and purified to homogeneity. Table 1 presents the steady-
due to the amide carbonyls and the additional two due to state kinetic parameters for the reactions catalyzed by the
the acetyl groups that were incorporated into the products. AAC(3)-1b and AAC(8)-Ib" domains. The AAC(3)-Ib do-
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Table 1: Steady-State Kinetic Parameters for the AAC(3)-Ib and AAEIHE Domaing

AAC(3)-Ib AAC(6')-Ib’

substrate Keat (571 Km (uM) KealKm (M™1s71) Keat (571 Km (uM) KealKm (M1 s7h)
fortimicin A 0.184+0.01 3.3 0.9 (5.44 1.5) x 10 ng ns ns
gentamicifi 0.28+0.01 3.5+ 0.2 (7.9£ 0.6) x 10 2.0+0.2 8.3+ 2.1 (2.0+£0.1)x 1®
netilmicin 0.05+ 0.01 140+ 30 (3.4+£0.7) x 17 1.3+0.1 1.0+ 0.2 (2.0+0.5) x 1°
amikacin ns ns ns 350.2 1.0£0.2 (4.0£0.7)x 1¢°
dibekacin ns ns ns 1801 3.0+ 0.5 (5.0+£1.0)x 1C®
isepamicin ns ns ns 240.1 0.3+ 0.1 (8.0 1.1)x 1¢®
kanamycin A ns ns ns 240.1 1.0+ 0.1 (2.4+0.3) x 1C°
neomycin ns ns ns 6804 1.2+ 0.3 (5.0 1.2) x 1¢°
acetyl-CoA 0.28+ 0.02 3.0+ 0.6 (9.4 2.1) x 104 1.0£0.1 9.0+ 4.0 (1.0+£ 0.5) x 1C°

aThe following kinetic parameters were measured for the purified full-length bifunctional enzyme: fortimi&ig #,0.134+ 0.03 s, K, =
3.7+ 0.2uM, andkeafKm = (3.5 + 0.2) x 10* M~* s7%; and kanamycin Akear = 3.0+ 0.3 5%, Kpy = 9.1+ 1.5uM, andkeafKn = (3.3 & 0.6)
x 10°P M~1 s7L. P Not substrate¢ The commercially available gentamicin is a mixture of gentamicin €35%), Cla £35%), and C2 £ 30%).
dKinetic parameters for acetyl-CoA were determined at the fixed concentration of gentamiciaM)®6r AAC(3)-Ib and kanamycin A (1@M)
for AAC(6')-1b’, as described in the Experimental Procedures.

main carried out acetylation of gentamicin and fortimicin A = (4.04 0.7) x 10° M~1 s1] more readily than other AAC-
with kea/Km values of (7.9 0.6) x 10* M 1stand (5.4+ (6") enzymes, including the AAC(BII family members §,

1.5) x 10* M1 s71, respectively. As stated earlier, the 9, 24), even though the nucleotide sequence for this domain
kinetics were monophasic and linear for both gentamicin and exhibited 99% identity to that foaac(6)-Ib’ gene. Acety-
fortimicin A, even though gentamicin is a mixture of three lation of gentamicin by an AAC(%| was reported by Wright
closely related components and fortimicin A was acetylated and Ladak with AAC(6-li (24) and Daigle et al. with the

at two amines. Netilmicin was a poor substrate for AAC- bifunctional AAC(8)-le/APH(2) (). Therefore a closer
(3)-1b with keafKm value of (3.4+ 0.7) x 10 M~ s1, with structural investigation of the active site of the AAQ{f’

both attenuated.,: and elevated,,, compared to the other domain is required to elucidate divergence of the substrate
two substrates. This domain exhibited high specificity for spectrum among AAC(§| enzymes.

gentamicin and fortimicin A, that is, it did not acetylate With the reactions for each domain defined, we also
spectinomycin (a representative atypical aminoglycoside), all purified the bifunctional enzyme for comparison to the results
other 4,6-disubstituted 2-deoxystreptamine aminoglycosidesof the individual domains for turnover of two substrates,
tested (amikacin, dibekacin, isepamicin, kanamycin A, and fortimicin A and kanamycin A (Table 1). The AAC(3)-Ib
tobramycin), and 4,5-disubstituted antibiotics such as neo-domain in the bifunctional enzyme exhibited a simikay/
mycin and paromomycin. This finding is consistent with K, value of (3.54 0.2) x 10* M~1 s71 compared to (5.4:
microbiological aminoglycoside resistance patterns reported1.5) x 10* M~1 s71 of the free-standing AAC(3)-1b domain.
earlier (L0). We also discovered that none of the aminogly- However, the AAC(§-Ib’ domain exhibited an approxi-
cosides inhibited the AAC(3)-Ib activity except for dibekacin. mately 10-fold diminished./K, value from (2.44 0.3) x

The structural difference between dibekacin and kanamycin10° M1 s'to (3.4+ 0.6) x 10° M1 s 1 due to increase in

A or tobramycin is only the presence of a hydroxyl group at the K, value for the full-length enzyme. Hence, fusion of
C-3 (R4) or C-4 (R3), as depicted in Figure 2. In spite of the two domains actually attenuates the activity of one
this small difference, only dibekacin inhibits the reaction domain somewhat, but does not affect the other.
catalyzed by AAC(3)-lb, but kanamycin A and tobramycin We subsequently investigated the kinetic mechanisms of
do not. Acetyl-CoA is the second substrate, the donor of the the AAC(3)-Ib and AAC(6)-lb’ domains. For preliminary
acetyl group. It exhibited &, of 3.0 + 0.6 uM for AAC- determination of the kinetic mechanism, initial velocity
(3)-Ib, a rather low value compared to other AAC enzymes patterns of catalysis by each domain were examined using
(15, 24, 30, 31). Butyryl-CoA, used for the inhibition studies, various concentrations of gentamicin (2, 4, 10, and:¥0)

was not a substrate for this domain. There was no evidenceat different fixed concentrations of acetyl-CoA (2, 4, 10, and
of substrate inhibition with either aminoglycosides or acetyl- 20 u«M) for the AAC(3)-Ib domain and using kanamycin A
CoA. (3, 5, 7, and 1Q«M) and acetyl-CoA (10, 30, and 80V)

In contrast to the AAC(3)-1b domain, AAC(BIb' domain for the AAC(6)-1b’ domain. The double-reciprocal plots
exhibited a broad substrate preference, including many 4,6-exhibited intersecting lines for the enzymic reactions, indica-
disubstituted aminoglycosides (amikacin, dibekacin, gen- tive of a sequential kinetic mechanism, either random or
tamicin, isepamicin, and kanamycin A) and one 4,5- ordered (Figure 3). Both substrates, acetyl-CoA and ami-
disubstituted aminoglycoside, neomycin (Table 1). Another noglycoside, would be bound to the enzyme before the
4,5-disubstituted aminoglycoside, paromomycin, was not a formation and release of the two products. The sequential
substrate, hence we used it as a dead-end inhibitor. The AAC-kinetic mechanism (random or ordered) appears to hold true
(6")-1b" domain utilized only acetyl-CoA as the acetyl donor, for all classes of aminoglycoside-modifying enzym@slé,
with Ky, of 9.0+ 4.0uM. Butyryl-CoA was used as a dead- 25, 28, 30, 35—43).

end inhibitors for AAC(6)-1b’, since it was not a substrate. The detailed kinetic mechanisms of an enzymic reaction
It has been proposed that the AAQ(6 family would not can be elucidated by the determination of the order of
acetylate gentamicin, but would amikacB(-34). Surpris- substrate binding or product release, as well as the deter-

ingly the AAC(B)-Ib’ domain acetylates both gentamicin mination of the rate-limiting step in catalysis. Investigations
[KeafKm = (2.04 0.1) x 10° M~ s71] and amikacin KeafKnm with dead-end and product inhibitors are useful methods to



5276 Biochemistry, Vol. 46, No. 17, 2007

8
A
6
=
1
=
3.
c 4
E
2
T2
0 T + v
-0.4 -0.2 0.0 0.2 04 0.6
1/[Gentamicin] (uM-1)
80
B
60
\n
=
c 40
E
2
20
0
-0.1 0.0 0.1 0.2 0.3 04

1/[Kanamycin A] (uM-1)

Ficure 3: The initial velocity patterns for the AAC(3)-Ib and AAC-
(6')-Ib'-catalyzed reactions. (A) the initial velocity pattern for AAC-
(3)-1b was obtained at varied concentrations of gentamicin (from
2 to 40uM) with several fixed concentrations of acetyl-CoA of 2
uM (@), 4 uM (O), 10 uM (v), and 20uM (m). (B) The initial
velocity pattern for AAC(6-1b’ measured at varied kanamycin A
(from 1 to 10uM) with three constant concentrations of acetyl-
CoA at 10uM (@), 30uM (O), and 80uM (¥). The patterns for

the analyses with both domains are intersecting, indicative of
sequential kinetic mechanisms for both domains. Each data poin

Kim et al.

Table 2: Patterns of Dead-End and Product Inhibitions for the
AAC(3)-Ib Domain

variable pattern of

substrateé  inhibitor? inhibition Kis M) K (uM)°©

gentamicin dibekacin competitive 12010

gentamicin  butyryl-CoA  no inhibition

gentamicin  butyryl-CoA noncompetitive/ 304 2 40+ 2
mixed

acetyl-CoA dibekacin no inhibition

acetyl-CoA dibekacih uncompetitive 276t 80

acetyl-CoA butyryl-CoA competitive 284

gentamicin  AcCFOR noncompetitive/ 30 & 2 30+ 2
mixed

gentamicin  CoASH noncompetitive/110+ 40 380+ 120
mixed

acetyl-CoA AcFOR uncompetitive 589

acetyl-CoA CoASH competitive 28 4

aThese substrates were also used as the fixed substrates 1100
b ACFOR, acetylated fortimicin A, and CoASH, coenzyme°A;s and
Kii were evaluated by replotting the slope and the intercept, respectively,
from double reciprocal plots versus concentration of inhibit@en-
tamicin or acetyl-CoA was used as the fixed substrate @14

as the inhibitor versus gentamicin as the variable-concentra-
tion substrate with fixed unsaturating concentration for
acetyl-CoA (4uM) (Figure 4C). Uncompetitive inhibition
of dibekacin and noncompetitive/mixed inhibition of butyryl-
CoA with respect to acetyl-CoA and gentamicin, respectively,
suggest that acetyl-CoA is the first substrate binding to the
AAC(3)-Ib domain, followed by gentamicin2@). This
conclusion is supported by the inhibition pattern of acetylated
fortimicin A (AcFOR) versus acetyl-CoA, in which uncom-
petitive inhibition was observed, as described below.
Product-inhibition patterns complement these studids (
Product-inhibition studies were performed with AcFOR and
coenzyme A (CoASH). AcFOR exhibited noncompetitive/
mixed inhibition Kis = 30 £ 2 uM andK; = 30 & 2 uM)

tversus gentamicin and uncompetitive inhibiti¢ & 50 +

was determined in triplicate, and the error bars indicate the data9 #M) with respect to acetyl-CoA (Figure 5A and Figure

spread in each case.

5B, respectively). CoASH inhibited the enzymic activity
noncompetitively Kis = 110+ 40 uM andK; = 380+ 120

elucidate whether the kinetic mechanism is ordered or uM; Figure 5C) and competitively(s = 20+ 4 uM; Figure

random for the enzymic modifications of aminoglycosides
by each of the AAC(3)-1b and AAC(B1b’ domains, as well

5D) with respect to gentamicin and acetyl-CoA, respectively.
These results indicate that AcCFOR would be released from

as the binding order of substrates and the releasing order ofthe active site prior to CoASH4@). The orders of substrate
the products. In order to distinguish between the random andbinding and product release for the AAC(3)-Ib domain are
the ordered additions of the two substrates (gentamicin andconsistent with those of AAC(Bli from Enterococcus

acetyl-CoA) for AAC(3)-lb, dead-end inhibition studies were

faecium (41), which follows an ordered BiBi kinetic

carried out. The results of the inhibition studies are sum- mechanism. Furthermore, uncompetitive inhibition by Ac-
marized in Table 2. As stated earlier, dibekacin was chosenFOR (the first product to be released) with respect to acetyl-
as one of the dead-end inhibitors, since this compound aloneCoA (the first substrate) at the saturating concentration of

among aminoglycosides inhibited AAC(3)-Ib. Dibekacin
exhibited competitivel{;s = 120+ 10 «M) and uncompeti-
tive inhibitions K; = 270 + 80 uM) with respect to
gentamicin (Figure 4A) and acetyl-CoA (Figure 4B), re-
spectively. No inhibition by dibekacin with respect to acetyl-

gentamicin indicates that the catalytic reaction of the AAC-
(3)-Ib domain follows a steady-state ordered-Bi kinetic
mechanism44). This proposed mechanism is further sup-
ported by the result of the solvent-isotope effect analyses,
as will be discussed later.

CoA was observed when gentamicin was used as a fixed The dead-end and product inhibition studies for AAG(6

substrate at the saturating concentration of A8 while
uncompetitive inhibition by this compound versus acetyl-

Ib" domain were performed using paromomycin and butyryl-
CoA as dead-end inhibitors and-M-acetylkanamycin A

CoA was demonstrated under fixed unsaturating concentra-(AcKAN) and CoASH as product inhibitors. The results of

tion of gentamicin (4uM). This inhibition pattern is seen
when acetyl-CoA binds to the enzyme prior to gentamicin.
A noncompetitive/mixed inhibition patterrKg = 30 + 2
uM andK; = 40 4+ 2 uM) was observed with butyryl-CoA

this study are presented in Table 3. Paromomycin, an
aminoglycoside containing a-8ydroxyl group instead of
an amino group, exhibited competitive inhibitiokid= 1.2

+ 0.2 uM) versus kanamycin A (Figure 6A) and uncom-
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FiGure 4: The inhibition patterns of dead-end inhibitors for the AAC(3)-1b domain. (A) Competitive inhibition by dibel@ct0QuM;
v, 400uM; W, 800uM) with respect to gentamicin (20 uM). (B) Uncompetitive inhibition by dibekacin®, 100uM; v, 200uM; W,
400uM) with respect to acetyl-CoA 220 uM). (C) Noncompetitive/mixed inhibition by butyryl-Co/®( 10uM; v, 20 uM; B, 40 uM)
with respect to gentamicin {220 uM). (D) Competitive inhibition by butyryl-CoA @, 10 uM; v, 20 uM; W, 40 uM) with respect to
acetyl-CoA (2-20 uM). Each data point was determined in triplicate, and the error bars indicate the data spread for each.

petitive inhibition ;i = 40 + 6 uM) with respect to acetyl-
CoA, respectively (Figure 6B). Butyryl-CoA showed non-
competitive/mixed Kis = 150+ 50 uM andK; = 5704 50
uM) and competitive Kis = 110+ 20 M) inhibitions with

respect to kanamycin A and acetyl-CoA, respectively (Figure
6C and Figure 6D). As documented earlier, uncompetitive

inhibition of paromomycin versus acetyl-CoA indicates that
acetyl-CoA is the first substrate binding to the AAQ{&’
domain. The order of substrate binding for this domain is
the same as that for the AAC(3)-Ib domain. In addition to
dead-end inhibition, noncompetitive/mixed inhibitions were
observed by one of two enzymic products, AcKAN, with
respect to both kanamycin A = 50 £ 10 uM andK;
550+ 170uM; Figure 7A) and acetyl-CoAK;s = 40+ 5
uM andK; = 380+ 90 uM; Figure 7B). The other product
CoASH exhibited noncompetitive/mixe& = 20 + 6 uM
andK; = 200 + 7 uM) and competitive Kis = 30 £+ 10
uM) inhibitions with respect to kanamycin A (Figure 7C)
and acetyl-CoA (Figure 7D), respectively. The competitive
inhibition pattern of CoASH versus acetyl-CoA may occur

respect to kanamycin A eliminates the possibility of a

Theorell-Chance BiBi kinetic mechanism for the AAC-

(6)-Ib'-catalyzed reaction, because the first product (Ac-
KAN) should exhibit competitive inhibition versus the second
substrate kanamycin A in that kinetic mechanigi)( The
results of inhibition studies suggest that, similar to the case
of AAC(3)-1b, AAC(6')-1b’" follows the steady-state ordered
Bi—Bi kinetic mechanism, where acetyl-CoA binds first to
the AAC(8)-Ib’ domain followed by kanamycin A, and then
the first product AcKAN is released from the enzyme prior
to CoASH.

Analysis of solvent-isotope effects can be a powerful tool
to identify which steps in the enzymic reaction would limit
the overall rate of the reaction. The contribution of proton-
transfer events to catalysis could be elucidated by solvent
kinetic isotope effect. The measurement of solvent-isotope
effects at two pD is necessary becaukgyalues of potential
catalytic residues may be perturbed by deuterium 0x3& (
The solvent-isotope effect on catalysis by the AAC(3)-lb
domain was determined at pD values of 6.5 and 7.5 for

when CoASH competes with the first substrate acetyl-CoA gentamicin. The assays were carried out at fixed, saturating

in order to bind to the free form of AAC(BIb'. This pattern

concentrations of acetyl-CoA with variable concentrations

therefore indicates that CoASH is the last product to be of gentamicin. The effects da, for gentamicin at both pD

released from the active site of AACJ@b’. Moreover the
noncompetitive/mixed inhibition pattern of AcKAN with

values were identical and rather significant witkeg'/kca
value of 2.2+ 0.2 (Table 4). The solvent-isotope effect on
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Ficure 5: The inhibition patterns of the products for the AAC(3)-Ib domain. (A) Noncompetitive inhibition by acetylated fortimicin A
(AcFOR;@, 4 uM; v, 10uM; W, 20 uM) with respect to gentamicin (220 uM). (B) Uncompetitive inhibition by AcCFOR®, 10 uM; v,

40 uM; W, 100uM) with respect to acetyl-CoA (220 uM). (C) Noncompetitive/mixed inhibition by CoASHS, 20 uM; v, 40 uM; A,

80 uM) with respect to gentamicin (220 uM). (D) Competitive inhibition by COASH®, 20 uM; v, 40 uM; B, 80 uM) with respect to
acetyl-CoA (2-20 uM). Each data point was determined in triplicate, and the error bars indicate the data spread for each.

Table 3: Patterns of Dead-End and Product Inhibitions for the AAC activity by pH change are smallest in this region (data not

(6)-Ib' Domain shown). The effects ok, 0f AAC(6')-1b" for kanamycin A
variable pattern of and acetyl-CoA were also considerable with'/k.o" values
substrat@ inhibitor® inhibiton ~ Kis (uM)¢  Kii (uM)© of 2.7 + 0.3 and 2.0+ 0.4, respectively (Table 4). These

kanamycin A paromomycin competitive 12201 results indicate that proton transfer may at least partially
kanamycin A butyryl-CoA  noncompetitive/l50+ 50 570+ 50 contribute to the overall rate in the reactions of both AAC-

- mixed (3)-1b and AAC(8)-Ib’. As all of our results consistently
acetyl-CoA  paromomycin uncompetitive 406 .
acetyl-CoA  butyryl-CoA  competitive 114 20 suggest, both AAC(3)-Ib and AAC(BIb’ domains appear
kanamycin A AcKAN noncompetitive/ 50+ 10 550+ 170 to follow an ordered Bt Bi kinetic mechanism, where acetyl-
kanamycin A CoASH m’)‘;‘éggqpemive/ 2046 20047 CoA s the first substrate to bind the domains and coenzyme

mixed A is the final product to be released.

acetyl-CoA  ACKAN noncompetitive/ 40+£5 - 380+ 90 Over 50 unique aminoglycoside acetyltransferases have
acetyl-CoA  CoASH competitive 3% 10 been identified so far34, 43). Only a few AACs, including

aThese substrates were also used as the fixed substrategN100 AAC(3)-1 (14), AAC(3)-IV (19), AAC(2))-Ic (25) AAC-
of acetyl-CoA and 1M of kanamycin A).? AcKAN, 6'-N-acetylated  (6')/APH(2") (35), AAC(6')-ly (30), AAC(6')-li (41), and
kanamycin A, and CoASH, coenzyme AK;s andK;; were evaluated ~ ANT(3")-li/AAC(6")-1ld (9), have been investigated for their
by _replotting the slope and the intercep_t, r_e_spectively, from double Kinetic mechanisms. All AAC enzymes studied follow the
reciprocal plots versus concentration of inhibitor. random sequential kinetic mechanism, except AAGS(&nd

ANT(3")-li/AAC(6")-11d, which follow the ordered BiBi

ket for acetyl-CoA was measured at a pD of 6.5, resulting kinetic mechanism. These two AACs have different orders
in akeaf'/keal value of 2.6+ 0.3 The solvent-isotope effects  of substrate binding and product releasing. AAQG(B
of AAC(6')-Ib' domain for kanamycin A and acetyl-CoA follows an ordered BiBi ternary complex mechanism,
were determined at pD 7.5 since this domain has a narrowwhere acetyl-CoA binds first to the enzyme followed by the
pH range for the maximal activity and the variations in the aminoglycoside. This is followed by the release of the
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Ficure 6: The inhibition patterns of dead-end inhibitors for the AAG{®' domain. (A) Competitive inhibition by paromomyci®@(

2 uM; v, 5 uM; B, 10 uM) with respect to kanamycin A (210 uM). (B) Uncompetitive inhibition by paromomycir® 25 uM; v,

50 uM; W, 75 uM) with respect to acetyl-CoA (10100 uM). (C) Noncompetitive/mixed inhibition by butyryl-CoA® 200 uM; v,

400 uM; m, 800 uM) with respect to kanamycin A (17 uM). (D) Competitive inhibition by butyryl-CoA @, 100 uM; v, 400uM; W,

1000 uM) with respect to acetyl-CoA (10100 uM). Each data point was determined in triplicate, and the error bars indicate the data
spread for each.

acetylated aminoglycoside and CoASH, in that order. On alterations of the genes that broaden the substrate profiles
the other hand, ANT(3-li/AAC(6')-1ld has an ordered of these enzymes (for example, the cases of class A
sequential B-Bi mechanism with aminoglycoside binding j-lactamases), or critical enzymes that maintain their physi-
first followed by acetyl-CoA. Subsequent to the reaction, ological roles with less predisposition to inhibition by
CoASH is released before the acetylated antibiotic. In antibiotics (the cases of Gram-positive penicillin-binding
contrast to the diversity of the kinetic mechanisms for APHs proteins). The emergence of these bifunctional aminoglyco-
and ANTs, which include random ordered, orderee-Bi, side-resistance enzymes is yet another level of sophistication.
and Theorel-Chance mechanisms, AACs appear generally All three examples that have been studigdAC(6')/APH-

to have a random mechanism for their catalysis. The AAC- (2'") (4—8), ANT(3)-li/AAC(6")-11d (9), AAC(3)-Ib/AAC-
(3)-Ib domain of AAC(3)-Ib/AAC(6)-Ib’, following a steady-  (6')-Ib’ (the present study)reveal that the merger of the two
state ordered BiBi mechanism, gives added diversity to genes results in bifunctional enzymes whose substrate profile
this class of enzymes. was broadened. The cases of AAG{BPH(2') and ANT-

The list of the over 50 known AAC enzymes testifies to (3")-I/AAC(6')-Ild are somewhat intuitive, as two domains
their versatility as antibiotic resistance enzymes. The dis- that catalyze distinct reactions merged to result in the large
coveries of the four bifunctional aminoglycoside-resistance enzymes. The diversity of the reaction types gave rise to
enzymes represent a new twist in evolution of these enzymesmodification of aminoglycosides of diverse structural classes.
As antibiotics are used clinically, there are ample opportuni- Interestingly, this is also true for the subject of the present
ties for the emergence of various mechanisms of resistancestudy, AAC(3)-Ib/AAC(8)-Ib’. One might intuit that the
(45, 46). Once an antibiotic-resistance gene comes into advantage for the merger of the two AAC domains might
existence, it undergoes mutation and selection to afford anbe marginal, but the results of Table 1 argue to the contrary.
enzyme that meets the survival needs of the organism. WeBoth domains turn over gentamicin and netilmicin, though
have witnessed this evolutionary process in mutational with different catalytic parameters, hence there is some
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Ficure 7: The inhibition patterns of the products for the AAQ{f' domain. (A) Noncompetitive/mixed inhibition by acetylated kanamycin
A (AcKAN; @, 5uM; v, 10 uM; B, 15 uM) with respect to kanamycin A (28 uM). (B) Noncompetitive/mixed inhibition by AcKAN
(@, 50uM; v, 70uM; B, 100uM) with respect to acetyl-CoA (20160uM). (C) Noncompetitive/mixed inhibition by CoASHS 25 uM;

v, 50uM; B, 100uM) with respect to kanamycin A (28 uM). (D) Competitive inhibition by CoOASH®, 10uM; v, 50uM; B, 200u:M)
with respect to acetyl-CoA (36200 uM).

Table 4: Solvent-Isotope Effects for the AAC(3)-Ib and AAQ{l' Domains

AAC(3)-lb AAC(6')-Ib’
Km (uM) Keat(s™) Keaf'fkeaP (Keal Km)"/ (Keal Km)® Km (uM) kear(s™) Keaf"fkeaP (Keal Km)"/ (Keal Km)®

Gentamicift Kanamycin &

pH 6.5 3.1+ 0.2 0.3+ 0.01 nd nd

pD 6.5 2.3+0.2 0.1+ 0.01 3.0+ 0.1 2.3+0.3 nd nd nd nd

pH 7.5 5.0+ 0.8 0.3+ 0.02 1.0+ 0.1 24+0.1

pD 7.5 3.1+ 0.2 0.1+ 0.01 3.0+£0.2 1.9+ 0.5 0.3+ 0.1 0.9+ 0.1 2.7+ 0.3 0.8+ 0.3
Acetyl-CoA° Acetyl-CoA°

pH 6.5 3.0+ 0.6 0.3+ 0.02 nd nd

pD 6.5 22+ 04 0.1+ 0.01 3.0+ 0.2 22+04 nd nd nd nd

pH 7.5 nd nd 9.6+ 4.0 1.0+0.1

pD 7.5 nd nd nd nd 3.£0.5 0.5+0.1 2.0+ 04 0.8+ 0.4

2 Gentamicin and kanamycin A were used as variable substrates at a fixed concentration of acetyl-Col)(108ot determined¢ Solvent
isotope effects were determined with varied concentrations of acetyl-CoA at the fixed gentamiciML8&r AAC(3)-Ib and kanamycin A (5

4M) for AAC(6')-1b'.

overlap in their functions. Yet, the activity of the domain of substrate preference has been broadened, to the advantage
broader substrate preference, AAQ{’, has been supple-  of the organism that harbors this enzyme.

mented by turnover of fortimicin A by the AAC(3)-Ib

domain. Fortimicin A has an atypical structure for an ACKNOWLEDGMENT

aminoglycoside, hence, considering the varieties of ami-

noglycoside structures that can serve as substrates for the We acknowledge the generous gift of the strain harboring
bifunctional AAC(3)-Ib/AAC(8)-Ib’, indeed the breadth of  the plasmid pA3A6 from Dr. Vi@nique Dubois. Fortimicin
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A was a generous gift from Kyowa Hakko Kogyo Co., Ltd.,
Japan.
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