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ABSTRACT: A recently discovered bifunctional antibiotic-resistance enzyme named AAC(3)-Ib/AAC(6′)-
Ib′, from Pseudomonas aeruginosa, catalyzes 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 AAC(6′)-Ib′ domain 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 ordered Bi-Bi kinetic 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
causes of bacterial resistance to aminoglycoside antibiotics.
These enzymes are grouped into three families, aminogly-
coside phosphotransferases (APHs), aminoglycoside acetyl-
transferases (AACs), and aminoglycoside nucleotidyltrans-
ferases (ANTs). The turnover products of these reactions lack
antibacterial activity. Each class performs a specific reaction.
Furthermore, several subtypes of each class have been
identified with distinct regioselectivities in substrate modi-
fication. For example, AAC(3)-Ib is an aminoglycoside
acetyltransferase that acetylates the antibiotics at the 3-amino
group, and the Ib designation indicates that gentamicin and
fortimicin A serve as substrates. The AACs, and other
aminoglycoside-modifying enzymes, are typically mono-
functional enzymes (1-3).

Bifunctional enzymes are generally rare in bacteria. Four
genes encoding bifunctional aminoglycoside-resistance en-
zymes have now been discovered within the past few years.
These genes encode enzymes that have been designated as
AAC(6′)/APH(2′′), ANT(3′′)-Ii/AAC(6 ′)-IId, AAC(3)-Ib/
AAC(6′)-Ib′, and AAC(6′)-30/AAC(6′)-Ib′. The mechanism
of AAC(6′)/APH(2′′) has been studied extensively (4-8).
We described the properties of ANT(3′′)-Ii/AAC(6 ′)-IId
recently (9). However, AAC(3)-Ib/AAC(6′)-Ib′ and AAC-
(6′)-30/AAC(6′)-Ib′ have not been investigated in enzymo-
logical studies.

The gene for the new bifunctional aminoglycoside-
modifying enzyme fromPseudomonas aeruginosa, desig-
natedaac(3)-Ib/aac(6′)-Ib′, was described recently (10). The
nucleotide sequence of theaac(3)-Ibportion of the gene is
identical to that of theaac(3)-Ib gene isolated fromP.

aeruginosain 1995 (1), except for the deletion of the last
15 nucleotides. This gene segment confers resistance to
gentamicin and fortimicin A. The nucleotide sequence of the
aac(6′)-Ib′ portion of the gene is 99% identical to that of
the previously describedaac(6′)-Ib′ gene (11-13). Harboring
of this gene manifests resistance to kanamycin and tobra-
mycin, reduced susceptibility to netilmicin and amikacin, and
undiminished susceptibility to gentamicin. Theaac(3)-Iband
aac(6′)-Ib′ genes each express as monofunctional enzymes.
Only two AAC(3) enzymes, AAC(3)-I (14) and AAC(3)-IV
(15), have been studied for their kinetic mechanisms, both
of which follow a random sequential mechanism. This
general lack of information on the AAC(3)s is despite their
wide distribution among different bacterial genera. The
discovery of the bifunctional AAC(3)-Ib/AAC(6′)-Ib′ now
adds an intriguing new chapter in the evolution of AACs.
We have undertaken a study of this newly discovered
bifunctional aminoglycoside-modifying enzyme. We describe
herein the kinetic mechanisms of AAC(3)-Ib/AAC(6′)-Ib′
using several analyses including initial velocity pattern,
substrate specificity, inhibition pattern, and solvent-isotope
effect.

EXPERIMENTAL PROCEDURES

Construction of AAC(3)-Ib/AAC(6′)-Ib′-Expression Plas-
mid. The plasmid pA3A6 with the fused geneaac(3)-Ib/aac-
(6′)-Ib′ in the pGEM-T vector was a generous gift from Dr.
Véronique Dubois (10). The expression plasmid was con-
structed similarly to what was described in a recent publica-
tion (9). In order to insert the gene into the expression vector
pET22b(+) restriction enzyme sites ofNdeI and EcoRI, it
was first amplified by PCR with two primers, PETAAC-S
(5′-GTTGTCATATGTTATGGAGCAGCAACGA-3′) and
PETAAC-E (5′-CGATGGAATTCTTAGGCATCACTGCGT-
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GTTCGCTC-3′). The recognition sequences forNdeI
(CATATG) and EcoRI (GAATTC) endonucleases are un-
derlined, and start codon (ATG) and stop codon (TTA;
antisense sequence of TAA) are in bold. The PCR product
was cleaned with MinElute PCR Purification Kit (QIAGEN
Inc., Valencia, CA), digested withNdeI and EcoRI, and
ligated into the corresponding sites of the pET22b(+) vector.
The ligated DNA was used to transformEscherichia coli
BL21 (DE3). The recombinant plasmids were isolated from
several transformants, and DNA sequencing was performed
by the CMMG Macromolecular Core Facility (Wayne State
University, Detroit, MI) on both strands to verify the
nucleotide sequences of theaac(3)-Ib/aac(6′)-Ib′ gene. The
recombinant plasmid was named pET-A3A6.

Construction of Plasmids Harboring the Genes aac(3)-Ib
or aac(6′)-Ib′. The plasmids pET-A3 and pET-A6, respec-
tively harboring theaac(3)-Ibandaac(6′)-Ib′ gene segments
from the pET22b(+) vector, were constructed by PCR and
ligation. For cloning of theaac(3)-Ib gene, the gene was
amplified by PCR from pET-A3A6 with the following
primers: PETA3-S 5′-GTTGTCATATGTTATGGAGCAG-
CAACGA-3′ and PETA3-E 5′-TTGCTGAATTCTTA TG-
GATCAATGTCGAAGTGCATGACG-3′ (recognition sites
for NdeI andEcoRI endonucleases are underlined, and start
codon (ATG) and stop codon (TTA) are in bold). The stop
codon was incorporated at the 3′-end of theaac(3)-Ibgene.
The aac(6′)-Ib′ gene segment was also amplified by PCR
from pET-A3A6 with the following primers: PETA6-S
5′-GACATTCATATGTTGACCAACAGCAACGATTCCG-
TCAC-3′ and PETA6-E 5′-CGATGGAATTCTTA GGCAT-
CACTGCGTGTTCGCTC-3′ (recognition sequences forNdeI
and EcoRI endonucleases are underlined, and start (ATG)
and stop (TTA) codons are in bold). One start codon was
additionally incorporated for the initiation of translation of
theaac(6′)-Ib′ gene, as shown in the nucleotide sequence of
the primer PETA6-S. The subsequent procedures for plasmid
isolation and sequencing were the same as described above.

Expression and Purification of AAC(3)-Ib, AAC(6′)-Ib′,
and AAC(3)-Ib/AAC(6′)-Ib′. In order to purify the AAC(6′)-
Ib′ domain, a 5 mLovernight culture ofE. coli BL21 (DE3)
harboring the plasmid pET-A6 was inoculated into 500 mL
of Luria-Bertani (LB) medium containing 100µg/mL of
ampicillin and incubated at 37°C with shaking at 150 rpm.
The expression of the protein was induced by the addition
of isopropylâ-D-1-thiogalactopyranoside (IPTG) when the
OD600 of the culture reached 0.6. The final IPTG concentra-
tion was 0.2 mM, and the growth was allowed for a duration
of 20 h at 20°C. Cells were harvested by centrifugation at
5500g for 30 min at 4°C, washed with 50 mL of 10 mM
Tris, pH 7.5, and resuspended in 30 mL of 10 mM Tris, pH
7.5. Cells were disrupted during 15 min of sonication using
a Branson Sonifier 450 (VWR, West Chester, PA). After
centrifugation at 21000g for 1 h at 4 °C, the supernatant
was loaded onto a DEAE anion-exchange column with a
rigid methacrylate polymer as a matrix (2.5× 20 cm; Bio-
Rad, Hercules, CA). The column was washed at a flow rate
of 4 mL/min with 300 mL of 10 mM Tris, pH 7.5, and the
proteins were eluted by a linear gradient of 0-1.0 M NaCl
(900 mL). Fractions containing proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and those containing proteins of approxi-
mately 22 kDa (deduced from the nucleotide sequence) were

pooled and concentrated using an Amicon ultrafiltration
system and dialyzed against 2 L of buffer A (25 mMHEPES,
pH 7.5 and 1 mM EDTA). The protein solution was loaded
at a flow rate of 1.5 mL/min onto a kanamycin-affinity
column [2.5× 10 cm; 50 mL of Affi-Gel 15 resin (Bio-
Rad, Hercules, CA)], prepared as described previously (16).
The column was washed with 150 mL of buffer A, followed
by a linear gradient of 0-1.0 M NaCl in buffer A (600 mL).
The desired protein was finally eluted with buffer A
containing 1.5 M NaCl. Homogeneity of the purified protein
was confirmed by SDS-PAGE.

The AAC(3)-Ib domain was purified as follows. The cells
were grown similarly, except the induction was performed
by 2 g/L The Inducer (MoleculA, Columbia, MD; molarity
cannot be calculated as the structure of the molecule is
proprietary). Cells were harvested and disrupted as described
above, followed by centrifugation at 21000g for 1 h at 4°C.
The supernatant was applied to a DEAE anion-exchange
chromatography. The column was washed with 200 mL of
10 mM Tris, pH 7.5, at 4 mL/min of a flow rate, and then
the proteins were eluted by a linear gradient of 0-1.0 M
NaCl (800 mL). Fractions containing the AAC(3)-Ib domain
of approximately 19 kDa (deduced from the nucleotide
sequence) were analyzed by SDS-PAGE, were concentrated
with an Amicon untrafiltration system, and were dialyzed
with 2 L of buffer A. The dialyzed solution was loaded onto
a gentamicin-affinity column at a flow rate of 1.5 mL/min.
The column was first washed with 150 mL of buffer A, and
the proteins were eluted by a linear gradient of 0-1.0 M
NaCl in buffer A (600 mL). Fractions containing the AAC-
(3)-Ib domain were checked by SDS-PAGE, were concen-
trated to a small volume, and were dialyzed against 10 mM
sodium phosphate, pH 7.5. The protein was further purified
with a Sephacryl-200 size-exclusion column at a flow rate
of 0.3 mL/min.

For the purification of the full-length AAC(3)-Ib/AAC-
(6′)-Ib′ enzyme, a 5 mL overnight culture ofE. coli BL21
(DE3) cells harboring the pET-A3A6 plasmid was inoculated
into 500 mL of Terrific Broth (TB) medium containing 100
µg/mL of ampicillin and incubated at 37°C with shaking at
150 rpm. The expression of the protein was induced by the
addition of 0.4 mM IPTG once the OD600 had reached 0.6.
The cells were grown for an additional 24 h at 15°C. Cells
were harvested and disrupted as described above, followed
by centrifugation at 21000g for 1 h at 4°C. The supernatant
was applied to a DEAE-anion exchange chromatography
column. The column was washed with 300 mL of 10 mM
Tris buffer, pH 7.5 at a 4 mL/min flow rate, and proteins
were eluted with a linear gradient of 0-1.0 M NaCl (900
mL). Fractions containing the full length enzyme were
identified by SDS-PAGE, pooled and concentrated to 5 mL,
and dialyzed against 2 L of buffer A. The dialyzed solution
was applied to a gentamicin-affinity column and purified as
described above. Fractions containing the full-length protein
were identified by SDS-PAGE, pooled and concentrated
by an Amicon Ultra-15 Centrifugal Filter device (with
molecular weight cutoff of 10 kDa), and dialyzed against 4
L of buffer A. The sample was frozen at this point for future
use.

Enzymic Synthesis and Purification of Acetylated Kana-
mycin A. The synthesis and purification of the acetylated
kanamycin A were performed as described before (9). For
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acetylation of kanamycin A (1) by AAC(6′)-Ib′ the reaction
mixture contained 50 mM HEPES, pH 7.5, 3 mM acetyl-
CoA, 2 mM kanamycin A, and 0.5 mg of AAC(6′)-Ib′ in a
total volume of 50 mL. The mixture was incubated at room
temperature for 6 h with gentle stirring. Additional portions
of the enzyme (0.2 mg) were added into the mixture every
2 h. The reaction was monitored by thin-layer chromatog-
raphy (TLC) using a mixture of ethanol-methanol-am-
monia-water (5:5:4.5:4.5) as the developing solvent and
ninhydrin as the visualization agent (4). After the reaction
reached completion, the enzyme was removed from the
reaction mixture by filtration through an Amicon ultrafil-
tration system (MWCO: 5000) and the filtrate was concen-
trated by rotary evaporation. The residue was suspended in
5 mL of water and loaded on silica gel packed in a 30 mL
fritted glass filter (3× 4 cm). Silica gel was washed with
150 mL of methanol-water (1:1) to remove acetyl-CoA and
coenzyme A (CoASH). The product of the enzymic reaction
was eluted from silica gel with 50 mL of the methanol-
water-ammonia (1:1:0.5). The eluent was then concentrated
and applied to a weak cation-exchange Amberlite CG-50
column (NH4

+ form, 1.5 × 12 cm, Sigma-Aldrich). The
column was washed with 100 mL of water, and a stepwise
gradient of NH4OH solution (0.25, 0.5, 0.75, 1.0, 1.5, 2.0,
and 5.0%; 20 mL for each step) was utilized to elute
acetylated kanamycin A. The desired product was eluted at
1.0% NH4OH solution. It was concentrated to a small volume
(2 mL) and was then lyophilized.

Enzymic Synthesis and Purification of Acetylated Fortimi-
cin A. Acetylated fortimicin A was synthesized and purified
essentially by the same method as described above. The
reaction mixture contained 25 mM HEPES, pH 6.5, 2 mM
acetyl-CoA, 1.5 mM fortimicin A, and 0.7 mg of AAC(3)-
Ib in a total volume of 50 mL. The mixture was incubated
at room temperature for 8 h with gentle agitation. Additional
portions of the enzyme (0.2 mg) were added into the mixture
every 3 h. During the weak cation-exchange chromatography
step, acetylated fortimicin A was eluted at 0.5% NH4OH
solution.

NMR analyses of the Structurally Modified Aminoglyco-
sides. The lyophilized samples were dissolved in D2O. All
1H and13C NMR experiments were performed as previously
described (9) using Varian UnityPlus and Inova spectrom-
eters operating at1H resonance frequency of 599.89 and
499.87 MHz, respectively. Various 1D and 2D homo- and
heteronuclear NMR techniques including13C[1H], APT
(Attached Proton Test),1H-1H COSY,1H-1H TOCSY,1H-
1H ROESY,1H-13C HETCOR,1H-13C gHMQC, 1H-13C
gHMQCTOCSY, and1H-13C gHMBC were utilized to
elucidate the structures of the acetylated kanamycin A and
the acetylated fortimicin A. Standard pulse sequences were
used in these experiments (17-22). The Varian VNMR 6.1C
software was used to process all spectra.1H spectra and the
1H-dimension in 2D heteronuclear spectra were referenced
relative to the signal ofd4-TMSP (internal standard,δ ) 0
ppm). 13C spectra and the13C-dimension in the 2D hetero-
nuclear spectra were referenced indirectly (23). The chemical
structure of the acetylated kanamycin A was successfully
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

was analyzed, and the structural nature of one of the two
products was elucidated.

Kinetic Assays of the AAC(3)-Ib Domain, the AAC(6′)-Ib′
Domain, and the AAC(3)-Ib/AAC(6′)-Ib′. The catalytic activ-
ity of AAC(3)-Ib was measured spectrophotometrically by
coupling the production of the sulfhydryl group of CoASH,
generated by the AAC(3)-Ib activity, to the chemical reaction
with 4,4′-dithiodipyridine (DTDP). The reaction progress was
monitored continuously at 324 nm (∆ε ) 19,800 M-1 cm-1

for free pyridine-4-thiolate) (14, 24, 25). The assay mixture
contained 50 mM HEPES, pH 6.5, 1 mM EDTA, 1 mM
DTDP, 70 nM AAC(3)-Ib, and variable concentrations of
aminoglycoside (2-20 µM) or acetyl-CoA (2-40 µM) in a
total volume of 0.5 mL. For the assay of AAC(6′)-Ib′ the
reaction mixture included 50 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTDP, varied aminoglycoside (0.5-10 µM)
or acetyl-CoA (10-80 µM), and 20 nM AAC(6′)-Ib′ in a
total volume of 0.5 mL.

The initial velocity pattern for the AAC(3)-Ib domain was
obtained at variable concentrations of gentamicin (from 2
to 20µM) with three different concentrations of acetyl-CoA
(2, 4, and 10µM). The pattern was observed at varied
kanamycin A (1-10 µM) and acetyl-CoA (10, 30, and 80
µM) for the AAC(6′)-Ib′ domain.

Inhibition Studies. The acetyltransferase activity of the
AAC(3)-Ib domain was measured in the presence of the
dead-end inhibitors, butyryl-CoA and dibekacin, or the
product inhibitors, coenzyme A (CoASH) and acetylated
fortimicin (AcFOR). The inhibition experiments were per-
formed by varying the concentrations of one substrate at
several different fixed concentrations of the inhibitor, while
the other substrate was kept at a constant concentration. The
reaction progress was monitored at 324 nm as in the standard
kinetic assay, except for the product inhibition experiment
by CoASH. The pattern of the product inhibition by CoASH
was obtained by monitoring the decrease in absorbance at
232 nm (∆ε ) 4500 M-1 cm-1), due to the breakage of the
thioester bond of acetyl-CoA (14). Inhibition of the acetyl-
transferase activity for the AAC(6′)Ib′ domain was also
determined similarly in the presence of dead-end inhibitors
(butyryl-CoA and paromomycin) and product inhibitors
(CoASH and acetylated kanamycin).

SolVent-Isotope Effects. The solvent-isotope effects onkcat

andkcat/Km of AAC(3)-Ib were determined not only at varied
concentrations of gentamicin (2-20 µM) and the saturating
concentration (100µM) of acetyl-CoA but also at various
concentrations of acetyl-CoA (2-20 µM) with the fixed
concentration of gentamicin (100µM). The experiments were
performed at two different pD values of 6.5 and 7.5. The
solvent-isotope effects of AAC(6′)-Ib′ were determined at
varied concentrations of kanamycin A (1-8 µM) with a fixed
concentration of acetyl-CoA (100µM) and at various
concentrations of acetyl-CoA (10-100 µM) with a fixed
concentration of kanamycin (5µM). The experiment was
only performed at pD 7.5 due to the limited pH window of
activity for the AAC(6′)-Ib′ domain (data not given). The
reaction mixtures contained approximately 97% deuterium
oxide. The value of pD was adjusted by adding 0.4 unit to
the pH value measured with a pH meter (26, 27).

Data Analysis. Data 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 eqs 3, 4, and 5
for competitive, uncompetitive, and noncompetitive/mixed
inhibition, respectively (28, 29).

In all equations,V is the initial velocity, Vm is the
maximum velocity, [A] and [B] are the concentrations of
substrates, [I] is the concentration of inhibitor,Ka and Kb

are the corresponding Michaelis-Menten constants,Kia is
the dissociation constant for A, andKis andKii are the slope
and intercept inhibition constants for inhibitors, respectively,
and are evaluated by replotting the slope and the intercept
from double-reciprocal plots, respectively, versus the con-
centration of inhibitor.

RESULTS AND DISCUSSION

The aac(3)-Ib/aac(6′)-Ib′ gene encoding the bifunctional
enzyme was amplified by PCR from plasmid pA3A6, and
its nucleotide sequence was determined (three individual
experiments). We found one difference, from nucleotide
G589 to C (corresponding to a Valf Leu amino acid
substitution; in theaac(6′)-Ib′ gene segment) in the sequence
from our experiments compared to that reported earlier
(GenBank accession number AF355189) (10). Subsequently,
nucleotide sequencing with theaac(3)-Ib/aac(6′)-Ib′ gene in
the plasmid pA3A6 was performed in order to see if the
discrepancy was also present in the original gene, which
turned out to be the case. Since independent sequencing of
each PCR product and the original plasmid were performed
three times each in our lab, the original sequence report
appeared to contain an inadvertent error. The PCR products
for the independently clonedaac(3)-Ibandaac(6′)-Ib′ gene
segments from pET-A3A6 possessed the identical nucleotide
sequences to the parental sequence of the bifunctional gene.

We prepared the plasmid pET-A3A6 for overexpression
of AAC(3)-Ib/AAC(6′)-Ib′. The expression of AAC(3)-Ib/
AAC(6′)-Ib′ in E. coli BL21 (DE3) was tested with different
concentrations of IPTG (0.05, 0.1, 0.2, and 0.4 mM) and
The Inducer (a commercial alternative to IPTG; 0.5, 1, 2,
and 4 g/L) at 20°C to determine appropriate concentration
of the inducing agents that result in the soluble protein. All
attempts at expression of the full-length AAC(3)-Ib/AAC-
(6′)-Ib′ with IPTG resulted in precipitated protein with high
levels of expression, while The Inducer produced modest
amounts of the soluble AAC(3)-Ib/AAC(6′)-Ib′, with the best
result at 2 g/L (data not shown).

Since both domains of AAC(3)-Ib/AAC(6′)-Ib′ possess
acetyltransferase activities, it was necessary to separate the
protein in its two domains to investigate the mechanism of
each independently. We constructed expression vectors for
each domain. The expression level of each domain was
determined with 0.2 mM IPTG and 2 g/L of The Inducer at
20 °C. Both IPTG and The Inducer produced large quantities
of soluble AAC(6′)-Ib′, while AAC(3)-Ib precipitated as

inclusion bodies even though its expression level was
somewhat lower than that of AAC(6′)-Ib′ with either inducer
(data not shown). Homogeneous AAC(6′)-Ib′ and AAC(3)-
Ib were obtained by a two-step and a three-step purification
procedure, respectively (60 and 12 mg per liter of cell culture,
respectively; Figure 1).

The analyses of the nucleotide and the deduced protein
sequences by Dubois et al. had suggested that the enzyme
should have two aminoglycoside acetyltransferase (AAC)
activities (10). The types of the enzymic reactions could be
deduced from the protein sequence comparisons with those
of the other known members of a class; however, such
analyses should be followed up by actual determination of
the chemical structures of the products. We undertook this
effort.

The minimum inhibitory concentration (MIC) investiga-
tions of Dubois et al. (10) indicated that the bacteria
harboring the gene for the bifunctional enzyme exhibited
resistance to several aminoglycoside antibiotics, of which
we chose fortimicin A and kanamycin A for characterization
of the reactions of the two domains (Figure 2). The two
enzymic reactions were allowed to progress to completion,
and then the products were purified by chromatographic
procedures, followed by structural assignments of the
products, as described in the Experimental Procedures. The
structures of the products were determined by analysis of
1D and 2D1H and13C NMR spectroscopy. Proton connec-
tivities were derived by examination of the COSY and
TOCSY spectra. Signals of all carbons with direct proton
attachments were assigned using HETCOR and gHMQC
spectra. Finally, the gHMBC and gHMQC-TOCSY spectra
were used to assign quaternary carbons and to check the
correctness of the connectivities established by the interpreta-

V ) Vm[A]/( Ka + [A]) (eq 1)

V ) Vm[A][B]/( Ka[B] + Kb[A] + [A][B] + KiaKb) (eq 2)

V ) Vm[A]/([A] + Ka(1 + [I]/ Kis)) (eq 3)

V ) Vm[A]/( Ka + [A](1 + [I]/ Kii )) (eq 4)

V ) Vm[A]/( Ka(1 + [I]/ Kis) + [A](1 + [I]/ Kii )) (eq 5)

FIGURE 1: SDS-PAGE for the purification of the AAC(6′)-Ib′ and
AAC(3)-Ib domains. Lane 1, crude extract containing AAC(6′)-
Ib′; lane 2, the protein pool after the DEAE anion-exchange
chromatography; lanes 3 and 4, pure AAC(6′)-Ib′ after the kana-
mycin-affinity chromatography; lane 5, crude extract containing
AAC(3)-Ib; lane 6, the protein pool after the DEAE anion-exchange
chromatography; lane 7, the protein pool after the gentamicin-
affinity chromatography; and lanes 8 and 9, AAC(3)-Ib after the
size-exclusion chromatography. M indicates the molecular size
marker, with the following molecular weights for each band from
the top to the bottom: 200, 116.3, 97.4, 66.3, 55.4, 36.5, 31.0,
21.5, 14.4, 6.0, and 3.5 kDa. The arrow indicates 21.5 kDa.
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tion of the other spectra.1H and13C spectra of the modified
kanamycin A were identical to those of 6′-N-acetyl-kana-
mycin A, as described previously in connection with the
studies of another enzyme (Figure 2) (9). This AAC activity
transfers the acetyl group from acetyl-CoA to the 6′-amine
of kanamycin A; therefore, it was correctly designated as
an AAC(6′).

Analyses of the turnover product(s) of fortimicin A proved
problematic. The product mixture was made up of two
compounds that could not be separated; hence we could not
carry out unequivocal structure assignments because of the
complexities of the spectra for the mixture (product isolation
was performed twice). Nonetheless, the full assignment of
the 1H and13C NMR spectra for fortimicin was made, and
it was helpful in identifying one of the sites of acetylation
as the glycyl amine (R to the amide carbonyl). This
assignment was made based on the observation of the
complete loss of the resonance atδ 163.9 for the amide
carbonyl of fortimicin A, which indicated that the electron
withdrawing inductive effect of the acetylation at the
aminomethyl moiety shifted the carbonyl resonance to a new
position. The product mixture showed a minimum of four
carbonyl resonances in the rangeδ 174.3 and 173.2, two
due to the amide carbonyls and the additional two due to
the acetyl groups that were incorporated into the products.

Regardless of the absence of regiospecificity, the reaction
progress with fortimicin A was monophasic, suggesting that
the two amines were acetylated with similar rate constants
by the domain designated as AAC(3)-Ib. The possibility of
modification of the substrate at more than one site is not
unprecedented for aminoglycoside-modifying enzymes. This
domain also takes gentamicin as its substrate. However, the
structural assignment for the acetylated gentamicin was not
attempted, as the commercial gentamicin is a mixture of three
closely related aminoglycosides, gentamicins C1, C1a, and
C2. Furthermore, netilmicin, the other substrate for this
domain, is a very poor substrate, and it was not practical to
isolate the product for its reaction.

This domain had been assigned as AAC(3)-Ib by the
Dubois group from analysis of the sequence of the domain
(10). Since we were not able to identify the second site of
acetylation in fortimicin A, we do not have any basis to
challenge the enzyme designation and we will continue to
refer to the domain as AAC(3)-Ib.

Since both domains carry out acetyltransferase reactions,
it was necessary for mechanistic studies to characterize each
separately. Hence, the two domains were cloned separately
and purified to homogeneity. Table 1 presents the steady-
state kinetic parameters for the reactions catalyzed by the
AAC(3)-Ib and AAC(6′)-Ib′ domains. The AAC(3)-Ib do-

FIGURE 2: Structures of aminoglycoside antibiotics and that of 6′-N-acetylkanamycin A.
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main carried out acetylation of gentamicin and fortimicin A
with kcat/Km values of (7.9( 0.6)× 104 M-1 s-1 and (5.4(
1.5) × 104 M-1 s-1, respectively. As stated earlier, the
kinetics were monophasic and linear for both gentamicin and
fortimicin A, even though gentamicin is a mixture of three
closely related components and fortimicin A was acetylated
at two amines. Netilmicin was a poor substrate for AAC-
(3)-Ib with kcat/Km value of (3.4( 0.7)× 102 M-1 s-1, with
both attenuatedkcat and elevatedKm, compared to the other
two substrates. This domain exhibited high specificity for
gentamicin and fortimicin A, that is, it did not acetylate
spectinomycin (a representative atypical aminoglycoside), all
other 4,6-disubstituted 2-deoxystreptamine aminoglycosides
tested (amikacin, dibekacin, isepamicin, kanamycin A, and
tobramycin), and 4,5-disubstituted antibiotics such as neo-
mycin and paromomycin. This finding is consistent with
microbiological aminoglycoside resistance patterns reported
earlier (10). We also discovered that none of the aminogly-
cosides inhibited the AAC(3)-Ib activity except for dibekacin.
The structural difference between dibekacin and kanamycin
A or tobramycin is only the presence of a hydroxyl group at
C-3′ (R4) or C-4′ (R3), as depicted in Figure 2. In spite of
this small difference, only dibekacin inhibits the reaction
catalyzed by AAC(3)-Ib, but kanamycin A and tobramycin
do not. Acetyl-CoA is the second substrate, the donor of the
acetyl group. It exhibited aKm of 3.0 ( 0.6 µM for AAC-
(3)-Ib, a rather low value compared to other AAC enzymes
(15, 24, 30, 31). Butyryl-CoA, used for the inhibition studies,
was not a substrate for this domain. There was no evidence
of substrate inhibition with either aminoglycosides or acetyl-
CoA.

In contrast to the AAC(3)-Ib domain, AAC(6′)-Ib′ domain
exhibited a broad substrate preference, including many 4,6-
disubstituted aminoglycosides (amikacin, dibekacin, gen-
tamicin, isepamicin, and kanamycin A) and one 4,5-
disubstituted aminoglycoside, neomycin (Table 1). Another
4,5-disubstituted aminoglycoside, paromomycin, was not a
substrate, hence we used it as a dead-end inhibitor. The AAC-
(6′)-Ib′ domain utilized only acetyl-CoA as the acetyl donor,
with Km of 9.0( 4.0µM. Butyryl-CoA was used as a dead-
end inhibitors for AAC(6′)-Ib′, since it was not a substrate.
It has been proposed that the AAC(6′)-I family would not
acetylate gentamicin, but would amikacin (32-34). Surpris-
ingly the AAC(6′)-Ib′ domain acetylates both gentamicin
[kcat/Km ) (2.0( 0.1)× 105 M-1 s-1] and amikacin [kcat/Km

) (4.0( 0.7)× 106 M-1 s-1] more readily than other AAC-
(6′) enzymes, including the AAC(6′)-II family members (5,
9, 24), even though the nucleotide sequence for this domain
exhibited 99% identity to that foraac(6′)-Ib′ gene. Acety-
lation of gentamicin by an AAC(6′)-I was reported by Wright
and Ladak with AAC(6′)-Ii (24) and Daigle et al. with the
bifunctional AAC(6′)-Ie/APH(2) (5). Therefore a closer
structural investigation of the active site of the AAC(6′)-Ib′
domain is required to elucidate divergence of the substrate
spectrum among AAC(6′)-I enzymes.

With the reactions for each domain defined, we also
purified the bifunctional enzyme for comparison to the results
of the individual domains for turnover of two substrates,
fortimicin A and kanamycin A (Table 1). The AAC(3)-Ib
domain in the bifunctional enzyme exhibited a similarkcat/
Km value of (3.5( 0.2)× 104 M-1 s-1 compared to (5.4(
1.5)× 104 M-1 s-1 of the free-standing AAC(3)-Ib domain.
However, the AAC(6′)-Ib′ domain exhibited an approxi-
mately 10-fold diminishedkcat/Km value from (2.4( 0.3)×
106 M-1 s-1 to (3.4( 0.6)× 105 M-1 s-1 due to increase in
the Km value for the full-length enzyme. Hence, fusion of
the two domains actually attenuates the activity of one
domain somewhat, but does not affect the other.

We subsequently investigated the kinetic mechanisms of
the AAC(3)-Ib and AAC(6′)-Ib′ domains. For preliminary
determination of the kinetic mechanism, initial velocity
patterns of catalysis by each domain were examined using
various concentrations of gentamicin (2, 4, 10, and 40µM)
at different fixed concentrations of acetyl-CoA (2, 4, 10, and
20 µM) for the AAC(3)-Ib domain and using kanamycin A
(3, 5, 7, and 10µM) and acetyl-CoA (10, 30, and 80µM)
for the AAC(6′)-Ib′ domain. The double-reciprocal plots
exhibited intersecting lines for the enzymic reactions, indica-
tive of a sequential kinetic mechanism, either random or
ordered (Figure 3). Both substrates, acetyl-CoA and ami-
noglycoside, would be bound to the enzyme before the
formation and release of the two products. The sequential
kinetic mechanism (random or ordered) appears to hold true
for all classes of aminoglycoside-modifying enzymes (9, 14,
25, 28, 30, 35-43).

The detailed kinetic mechanisms of an enzymic reaction
can be elucidated by the determination of the order of
substrate binding or product release, as well as the deter-
mination of the rate-limiting step in catalysis. Investigations
with dead-end and product inhibitors are useful methods to

Table 1: Steady-State Kinetic Parameters for the AAC(3)-Ib and AAC (6′)-Ib′ Domainsa

AAC(3)-Ib AAC(6′)-Ib′
substrate kcat (s-1) Km (µM) kcat/Km (M-1 s-1) kcat (s-1) Km (µM) kcat/Km (M-1 s-1)

fortimicin A 0.18( 0.01 3.3( 0.9 (5.4( 1.5)× 104 nsb ns ns
gentamicinc 0.28( 0.01 3.5( 0.2 (7.9( 0.6)× 104 2.0( 0.2 8.3( 2.1 (2.0( 0.1)× 105

netilmicin 0.05( 0.01 140( 30 (3.4( 0.7)× 102 1.3( 0.1 1.0( 0.2 (2.0( 0.5)× 106

amikacin ns ns ns 3.5( 0.2 1.0( 0.2 (4.0( 0.7)× 106

dibekacin ns ns ns 1.3( 0.1 3.0( 0.5 (5.0( 1.0)× 105

isepamicin ns ns ns 2.4( 0.1 0.3( 0.1 (8.0( 1.1)× 106

kanamycin A ns ns ns 2.4( 0.1 1.0( 0.1 (2.4( 0.3)× 106

neomycin ns ns ns 6.0( 0.4 1.2( 0.3 (5.0( 1.2)× 106

acetyl-CoAd 0.28( 0.02 3.0( 0.6 (9.4( 2.1)× 104 1.0( 0.1 9.0( 4.0 (1.0( 0.5)× 105

a The following kinetic parameters were measured for the purified full-length bifunctional enzyme: fortimicin A,kcat ) 0.13( 0.03 s-1, Km )
3.7 ( 0.2 µM, andkcat/Km ) (3.5 ( 0.2) × 104 M-1 s-1; and kanamycin A,kcat ) 3.0 ( 0.3 s-1, Km ) 9.1 ( 1.5 µM, andkcat/Km ) (3.3 ( 0.6)
× 105 M-1 s-1. b Not substrate.c The commercially available gentamicin is a mixture of gentamicin C1 (∼35%), C1a (∼35%), and C2 (∼ 30%).
d Kinetic parameters for acetyl-CoA were determined at the fixed concentration of gentamicin (100µM) for AAC(3)-Ib and kanamycin A (10µM)
for AAC(6′)-Ib′, as described in the Experimental Procedures.
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elucidate whether the kinetic mechanism is ordered or
random for the enzymic modifications of aminoglycosides
by each of the AAC(3)-Ib and AAC(6′)-Ib′ domains, as well
as the binding order of substrates and the releasing order of
the products. In order to distinguish between the random and
the ordered additions of the two substrates (gentamicin and
acetyl-CoA) for AAC(3)-Ib, dead-end inhibition studies were
carried out. The results of the inhibition studies are sum-
marized in Table 2. As stated earlier, dibekacin was chosen
as one of the dead-end inhibitors, since this compound alone
among aminoglycosides inhibited AAC(3)-Ib. Dibekacin
exhibited competitive (Kis ) 120( 10 µM) and uncompeti-
tive inhibitions (Kii ) 270 ( 80 µM) with respect to
gentamicin (Figure 4A) and acetyl-CoA (Figure 4B), re-
spectively. No inhibition by dibekacin with respect to acetyl-
CoA was observed when gentamicin was used as a fixed
substrate at the saturating concentration of 100µM, while
uncompetitive inhibition by this compound versus acetyl-
CoA was demonstrated under fixed unsaturating concentra-
tion of gentamicin (4µM). This inhibition pattern is seen
when acetyl-CoA binds to the enzyme prior to gentamicin.
A noncompetitive/mixed inhibition pattern (Kis ) 30 ( 2
µM andKii ) 40 ( 2 µM) was observed with butyryl-CoA

as the inhibitor versus gentamicin as the variable-concentra-
tion substrate with fixed unsaturating concentration for
acetyl-CoA (4µM) (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 gentamicin (29). 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 studies (44).
Product-inhibition studies were performed with AcFOR and
coenzyme A (CoASH). AcFOR exhibited noncompetitive/
mixed inhibition (Kis ) 30 ( 2 µM and Kii ) 30 ( 2 µM)
versus gentamicin and uncompetitive inhibition (Kii ) 50 (
9 µM) with respect to acetyl-CoA (Figure 5A and Figure
5B, respectively). CoASH inhibited the enzymic activity
noncompetitively (Kis ) 110( 40 µM andKii ) 380( 120
µM; Figure 5C) and competitively (Kis ) 20( 4 µM; Figure
5D) with respect to gentamicin and acetyl-CoA, respectively.
These results indicate that AcFOR would be released from
the active site prior to CoASH (44). The orders of substrate
binding and product release for the AAC(3)-Ib domain are
consistent with those of AAC(6′)-Ii from Enterococcus
faecium (41), which follows an ordered Bi-Bi kinetic
mechanism. Furthermore, uncompetitive inhibition by Ac-
FOR (the first product to be released) with respect to acetyl-
CoA (the first substrate) at the saturating concentration of
gentamicin indicates that the catalytic reaction of the AAC-
(3)-Ib domain follows a steady-state ordered Bi-Bi kinetic
mechanism (44). This proposed mechanism is further sup-
ported by the result of the solvent-isotope effect analyses,
as will be discussed later.

The dead-end and product inhibition studies for AAC(6′)-
Ib′ domain were performed using paromomycin and butyryl-
CoA as dead-end inhibitors and 6′-N-acetylkanamycin A
(AcKAN) and CoASH as product inhibitors. The results of
this study are presented in Table 3. Paromomycin, an
aminoglycoside containing a 6′-hydroxyl group instead of
an amino group, exhibited competitive inhibition (Kis ) 1.2
( 0.2 µM) versus kanamycin A (Figure 6A) and uncom-

FIGURE 3: The initial velocity patterns for the AAC(3)-Ib and AAC-
(6′)-Ib′-catalyzed reactions. (A) the initial velocity pattern for AAC-
(3)-Ib was obtained at varied concentrations of gentamicin (from
2 to 40µM) with several fixed concentrations of acetyl-CoA of 2
µM (b), 4 µM (O), 10 µM (1), and 20µM (9). (B) The initial
velocity pattern for AAC(6′)-Ib′ measured at varied kanamycin A
(from 1 to 10µM) with three constant concentrations of acetyl-
CoA at 10µM (b), 30 µM (O), and 80µM (1). The patterns for
the analyses with both domains are intersecting, indicative of
sequential kinetic mechanisms for both domains. Each data point
was determined in triplicate, and the error bars indicate the data
spread in each case.

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

variable
substratea inhibitorb

pattern of
inhibition Kis (µM)c Kii (µM)c

gentamicin dibekacin competitive 120( 10
gentamicin butyryl-CoA no inhibition
gentamicin butyryl-CoAd noncompetitive/

mixed
30 ( 2 40( 2

acetyl-CoA dibekacin no inhibition
acetyl-CoA dibekacind uncompetitive 270( 80
acetyl-CoA butyryl-CoA competitive 20( 4
gentamicin AcFOR noncompetitive/

mixed
30 ( 2 30( 2

gentamicin CoASH noncompetitive/
mixed

110( 40 380( 120

acetyl-CoA AcFOR uncompetitive 50( 9
acetyl-CoA CoASH competitive 20( 4

a These substrates were also used as the fixed substrates at 100µM.
b AcFOR, acetylated fortimicin A, and CoASH, coenzyme A.c Kis and
Kii were evaluated by replotting the slope and the intercept, respectively,
from double reciprocal plots versus concentration of inhibitor.d Gen-
tamicin or acetyl-CoA was used as the fixed substrate at 4µM.
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petitive inhibition (Kii ) 40 ( 6 µM) with respect to acetyl-
CoA, respectively (Figure 6B). Butyryl-CoA showed non-
competitive/mixed (Kis ) 150( 50 µM andKii ) 570( 50
µM) and competitive (Kis ) 110( 20 µM) 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 AAC(6′)-Ib′
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 (Kis ) 50 ( 10 µM andKii )
550 ( 170 µM; Figure 7A) and acetyl-CoA (Kis ) 40 ( 5
µM andKii ) 380( 90 µM; Figure 7B). The other product
CoASH exhibited noncompetitive/mixed (Kis ) 20 ( 6 µM
and Kii ) 200 ( 7 µM) and competitive (Kis ) 30 ( 10
µM) 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
when CoASH competes with the first substrate acetyl-CoA
in order to bind to the free form of AAC(6′)-Ib′. This pattern
therefore indicates that CoASH is the last product to be
released from the active site of AAC(6′)-Ib′. Moreover the
noncompetitive/mixed inhibition pattern of AcKAN with

respect to kanamycin A eliminates the possibility of a
Theorell-Chance Bi-Bi 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 mechanism (44). The
results of inhibition studies suggest that, similar to the case
of AAC(3)-Ib, AAC(6′)-Ib′ follows the steady-state ordered
Bi-Bi kinetic mechanism, where acetyl-CoA binds first to
the AAC(6′)-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 because pKa values of potential
catalytic residues may be perturbed by deuterium oxide (39).
The solvent-isotope effect on catalysis by the AAC(3)-Ib
domain was determined at pD values of 6.5 and 7.5 for
gentamicin. The assays were carried out at fixed, saturating
concentrations of acetyl-CoA with variable concentrations
of gentamicin. The effects onkcat for gentamicin at both pD
values were identical and rather significant with akcat

H/kcat
D

value of 2.2( 0.2 (Table 4). The solvent-isotope effect on

FIGURE 4: The inhibition patterns of dead-end inhibitors for the AAC(3)-Ib domain. (A) Competitive inhibition by dibekacin (b, 100µM;
1, 400µM; 9, 800µM) with respect to gentamicin (2-20 µM). (B) Uncompetitive inhibition by dibekacin (b, 100µM; 1, 200µM; 9,
400µM) with respect to acetyl-CoA (2-20 µM). (C) Noncompetitive/mixed inhibition by butyryl-CoA (b, 10 µM; 1, 20 µM; 9, 40 µM)
with respect to gentamicin (2-20 µM). (D) Competitive inhibition by butyryl-CoA (b, 10 µM; 1, 20 µM; 9, 40 µM) with respect to
acetyl-CoA (2-20 µM). Each data point was determined in triplicate, and the error bars indicate the data spread for each.
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kcat for acetyl-CoA was measured at a pD of 6.5, resulting
in a kcat

H/kcat
D value of 2.6( 0.3 The solvent-isotope effects

of AAC(6′)-Ib′ domain for kanamycin A and acetyl-CoA
were determined at pD 7.5 since this domain has a narrow
pH range for the maximal activity and the variations in the

activity by pH change are smallest in this region (data not
shown). The effects onkcat of AAC(6′)-Ib′ for kanamycin A
and acetyl-CoA were also considerable withkcat

H/kcat
D values

of 2.7 ( 0.3 and 2.0( 0.4, respectively (Table 4). These
results indicate that proton transfer may at least partially
contribute to the overall rate in the reactions of both AAC-
(3)-Ib and AAC(6′)-Ib′. As all of our results consistently
suggest, both AAC(3)-Ib and AAC(6′)-Ib′ domains appear
to follow an ordered Bi-Bi kinetic mechanism, where acetyl-
CoA is the first substrate to bind the domains and coenzyme
A is the final product to be released.

Over 50 unique aminoglycoside acetyltransferases have
been identified so far (34, 43). Only a few AACs, including
AAC(3)-I (14), AAC(3)-IV (15), AAC(2′)-Ic (25), AAC-
(6′)/APH(2′′) (35), AAC(6′)-Iy (30), AAC(6′)-Ii (41), and
ANT(3′′)-Ii/AAC(6 ′)-IId (9), have been investigated for their
kinetic mechanisms. All AAC enzymes studied follow the
random sequential kinetic mechanism, except AAC(6′)-Ii and
ANT(3′′)-Ii/AAC(6 ′)-IId, which follow the ordered Bi-Bi
kinetic mechanism. These two AACs have different orders
of substrate binding and product releasing. AAC(6′)-Ii
follows an ordered Bi-Bi ternary complex mechanism,
where acetyl-CoA binds first to the enzyme followed by the
aminoglycoside. This is followed by the release of the

FIGURE 5: The inhibition patterns of the products for the AAC(3)-Ib domain. (A) Noncompetitive inhibition by acetylated fortimicin A
(AcFOR;b, 4 µM; 1, 10 µM; 9, 20 µM) with respect to gentamicin (2-20 µM). (B) Uncompetitive inhibition by AcFOR (b, 10 µM; 1,
40 µM; 9, 100µM) with respect to acetyl-CoA (2-20 µM). (C) Noncompetitive/mixed inhibition by CoASH (b, 20 µM; 1, 40 µM; 9,
80 µM) with respect to gentamicin (2-20 µM). (D) Competitive inhibition by CoASH (b, 20 µM; 1, 40 µM; 9, 80 µM) with respect to
acetyl-CoA (2-20 µM). 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
(6′)-Ib′ Domain

variable
substratea inhibitorb

pattern of
inhibition Kis (µM)c Kii (µM)c

kanamycin A paromomycin competitive 1.2( 0.1
kanamycin A butyryl-CoA noncompetitive/

mixed
150( 50 570( 50

acetyl-CoA paromomycin uncompetitive 40( 6
acetyl-CoA butyryl-CoA competitive 110( 20
kanamycin A AcKAN noncompetitive/

mixed
50 ( 10 550( 170

kanamycin A CoASH noncompetitive/
mixed

20 ( 6 200( 7

acetyl-CoA AcKAN noncompetitive/
mixed

40 ( 5 380( 90

acetyl-CoA CoASH competitive 30( 10

a These substrates were also used as the fixed substrates (100µM
of acetyl-CoA and 10µM of kanamycin A).b AcKAN, 6′-N-acetylated
kanamycin A, and CoASH, coenzyme A.c Kis andKii were evaluated
by replotting the slope and the intercept, respectively, from double
reciprocal plots versus concentration of inhibitor.
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acetylated aminoglycoside and CoASH, in that order. On
the other hand, ANT(3′′)-Ii/AAC(6 ′)-IId has an ordered
sequential Bi-Bi mechanism with aminoglycoside binding
first followed by acetyl-CoA. Subsequent to the reaction,
CoASH is released before the acetylated antibiotic. In
contrast to the diversity of the kinetic mechanisms for APHs
and ANTs, which include random ordered, ordered Bi-Bi,
and Theorell-Chance mechanisms, AACs appear generally
to have a random mechanism for their catalysis. The AAC-
(3)-Ib domain of AAC(3)-Ib/AAC(6′)-Ib′, following a steady-
state ordered Bi-Bi mechanism, gives added diversity to
this class of enzymes.

The list of the over 50 known AAC enzymes testifies to
their versatility as antibiotic resistance enzymes. The dis-
coveries of the four bifunctional aminoglycoside-resistance
enzymes represent a new twist in evolution of these enzymes.
As antibiotics are used clinically, there are ample opportuni-
ties for the emergence of various mechanisms of resistance
(45, 46). Once an antibiotic-resistance gene comes into
existence, it undergoes mutation and selection to afford an
enzyme that meets the survival needs of the organism. We
have witnessed this evolutionary process in mutational

alterations of the genes that broaden the substrate profiles
of these enzymes (for example, the cases of class A
â-lactamases), or critical enzymes that maintain their physi-
ological roles with less predisposition to inhibition by
antibiotics (the cases of Gram-positive penicillin-binding
proteins). The emergence of these bifunctional aminoglyco-
side-resistance enzymes is yet another level of sophistication.
All three examples that have been studiedsAAC(6′)/APH-
(2′′) (4-8), ANT(3)-Ii/AAC(6 ′)-IId (9), AAC(3)-Ib/AAC-
(6′)-Ib′ (the present study)sreveal that the merger of the two
genes results in bifunctional enzymes whose substrate profile
was broadened. The cases of AAC(6′)/APH(2′′) and ANT-
(3′′)-Ii/AAC(6 ′)-IId are somewhat intuitive, as two domains
that catalyze distinct reactions merged to result in the large
enzymes. The diversity of the reaction types gave rise to
modification of aminoglycosides of diverse structural classes.
Interestingly, this is also true for the subject of the present
study, AAC(3)-Ib/AAC(6′)-Ib′. One might intuit that the
advantage for the merger of the two AAC domains might
be marginal, but the results of Table 1 argue to the contrary.
Both domains turn over gentamicin and netilmicin, though
with different catalytic parameters, hence there is some

FIGURE 6: The inhibition patterns of dead-end inhibitors for the AAC(6′)-Ib′ domain. (A) Competitive inhibition by paromomycin (b,
2 µM; 1, 5 µM; 9, 10 µM) with respect to kanamycin A (1-10 µM). (B) Uncompetitive inhibition by paromomycin (b, 25 µM; 1,
50 µM; 9, 75 µM) with respect to acetyl-CoA (10-100 µM). (C) Noncompetitive/mixed inhibition by butyryl-CoA (b, 200 µM; 1,
400 µM; 9, 800 µM) with respect to kanamycin A (1-7 µM). (D) Competitive inhibition by butyryl-CoA (b, 100 µM; 1, 400 µM; 9,
1000 µM) with respect to acetyl-CoA (10-100 µM). Each data point was determined in triplicate, and the error bars indicate the data
spread for each.
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overlap in their functions. Yet, the activity of the domain of
broader substrate preference, AAC(6′)-Ib′, has been supple-
mented by turnover of fortimicin A by the AAC(3)-Ib
domain. Fortimicin A has an atypical structure for an
aminoglycoside, hence, considering the varieties of ami-
noglycoside structures that can serve as substrates for the
bifunctional AAC(3)-Ib/AAC(6′)-Ib′, indeed the breadth of

substrate preference has been broadened, to the advantage
of the organism that harbors this enzyme.
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FIGURE 7: The inhibition patterns of the products for the AAC(6′)-Ib′ domain. (A) Noncompetitive/mixed inhibition by acetylated kanamycin
A (AcKAN; b, 5 µM; 1, 10 µM; 9, 15 µM) with respect to kanamycin A (1-8 µM). (B) Noncompetitive/mixed inhibition by AcKAN
(b, 50µM; 1, 70µM; 9, 100µM) with respect to acetyl-CoA (20-160µM). (C) Noncompetitive/mixed inhibition by CoASH (b, 25µM;
1, 50µM; 9, 100µM) with respect to kanamycin A (1-8 µM). (D) Competitive inhibition by CoASH (b, 10µM; 1, 50µM; 9, 200µM)
with respect to acetyl-CoA (30-200 µM).

Table 4: Solvent-Isotope Effects for the AAC(3)-Ib and AAC(6′)-Ib′ Domains

AAC(3)-Ib AAC(6′)-Ib′
Km (µM) kcat(s-1) kcat

H/kcat
D (kcat/Km)H/(kcat/Km)D Km (µM) kcat(s-1) kcat

H/kcat
D (kcat/Km)H/(kcat/Km)D

Gentamicina Kanamycin Aa

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 2.4( 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-CoAc Acetyl-CoAc

pH 6.5 3.0( 0.6 0.3( 0.02 nd nd
pD 6.5 2.2( 0.4 0.1( 0.01 3.0( 0.2 2.2( 0.4 nd nd nd nd
pH 7.5 nd nd 9.0( 4.0 1.0( 0.1
pD 7.5 nd nd nd nd 3.7( 0.5 0.5( 0.1 2.0( 0.4 0.8( 0.4

a Gentamicin and kanamycin A were used as variable substrates at a fixed concentration of acetyl-CoA (100µM). b Not determined.c Solvent
isotope effects were determined with varied concentrations of acetyl-CoA at the fixed gentamicin (100µM) for AAC(3)-Ib and kanamycin A (5
µM) for AAC(6′)-Ib′.
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