
Revisiting the Nucleotide and Aminoglycoside Substrate
Specificity of the Bifunctional Aminoglycoside
Acetyltransferase(6�)-Ie/Aminoglycoside
Phosphotransferase(2�)-Ia Enzyme*

Received for publication, September 4, 2012, and in revised form, October 18, 2012 Published, JBC Papers in Press, October 31, 2012, DOI 10.1074/jbc.M112.416453

Hilary Frase, Marta Toth, and Sergei B. Vakulenko1

From the Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556

Background:The bifunctional AAC(6�)-Ie/APH(2�)-Ia enzymewas reported to phosphorylate all classes of aminoglycoside
antibiotics using ATP.
Results:GTP, and not ATP, is the cosubstrate of the enzyme. 4,5-disubstituted and atypical aminoglycosides are not substrates.
Conclusion: The enzyme is a narrow spectrum GTP-dependent kinase that phosphorylates 4,6-disubstituted aminoglycosides
exclusively.
Significance:Knowledge of enzyme activity is essential for developing novel antibiotics and conducting effective antimicrobial
therapy.

The bifunctional aminoglycoside-modifying enzyme amino-
glycoside acetyltransferase(6�)-Ie/aminoglycoside phospho-
transferase(2�)-Ia, or AAC(6�)-Ie/APH(2�)-Ia, is the major
source of aminoglycoside resistance in Gram-positive bacterial
pathogens. In previous studies, using ATP as the cosubstrate, it
was reported that the APH(2�)-Ia domain of this enzyme is
unique among aminoglycoside phosphotransferases, having the
ability to inactivate an unusually broad spectrum of aminogly-
cosides, including 4,6- and 4,5-disubstituted and atypical. We
recently demonstrated that GTP, and not ATP, is the preferred
cosubstrate of this enzyme. We now show, using competition
assays between ATP and GTP, that GTP is the exclusive phos-
phate donor at intracellular nucleotide levels. In light of these
findings, we reevaluated the substrate profile of the phospho-
transferase domain of this clinically important enzyme. Steady-
state kinetic characterization using the phosphate donor GTP
demonstrates that AAC(6�)-Ie/APH(2�)-Ia phosphorylates 4,6-
disubstituted aminoglycosides with high efficiency (kcat/Km �

105-107 M�1 s�1). Despite this proficiency, no resistance is con-
ferred to some of these antibiotics by the enzyme in vivo. We
now show that phosphorylation of 4,5-disubstituted and atypi-
cal aminoglycosides are negligible and thus these antibiotics
are not substrates. Instead, these aminoglycosides tend to stim-
ulate an intrinsic GTPase activity of the enzyme. Taken
together, our data show that the bifunctional enzyme efficiently
phosphorylates only 4,6-disubstituted antibiotics; however,
phosphorylation does not necessarily result in bacterial resis-
tance. Hence, the APH(2�)-Ia domain of the bifunctional
AAC(6�)-Ie/APH(2�)-Ia enzyme is a bona fide GTP-dependent
kinasewith a narrow substrate profile, including only 4,6-disub-
stituted aminoglycosides.

Aminoglycosides are broad spectrum antibiotics used to
treat awide variety of bacterial infections caused by bothGram-
negative and Gram-positive pathogens (1). Based on their
structure, they are broadly classified into three major classes:
4,6-disubstituted, 4,5-disubstituted, and atypical (Fig. 1). The
most important mechanism of bacterial resistance to this class
of antibiotics is enzymatic modification, which greatly dimin-
ishes the affinity of aminoglycosides for the bacterial 30 S
ribosomal subunit, their target in vivo (2, 3). Three families of
aminoglycoside-modifying enzymes are known: aminoglyco-
side O-nucleotidyltransferases, aminoglycoside N-acetyltrans-
ferases, and aminoglycoside O-phosphotransferases. Most of
these enzymes aremonofunctional; however, a fewbifunctional
enzymes, thought to result from the fusion of two genes, are
known to exist (4).
The bifunctional AAC(6�)-Ie/APH(2�)-Ia2 enzyme is the

most clinically important aminoglycoside-modifying enzyme
in Gram-positive bacteria, responsible for high-level resistance
in both Enterococcus and Staphylococcus (3, 4). The gene for
this unique enzyme encodes an N-terminal AAC(6�) domain
and a C-terminal APH(2�) domain. Both domains can function
independently (5) and have been reported to inactivate,
through phosphorylation and/or acetylation, most aminogly-
coside antibiotics (6, 7) (Fig. 2).
Earlier enzymological studies of AAC(6�)-Ie/APH(2�)-Ia

have led to the notion that APH(2�)-Ia is unique among amino-
glycoside phosphotransferases due to its extremely broad sub-
strate specificity (6). It was reported that both 4,6-disubstituted
and 4,5-disubstituted aminoglycosides and neamine, an atypi-
cal aminoglycoside, are substrates for APH(2�)-Ia when ATP is
used as the cosubstrate (6). This has led to the assumption
that aminoglycoside antibiotics cannot be used for the treat-
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ment of infections caused by bacteria producing AAC(6�)-
Ie/APH(2�)-Ia (1).
Since the discovery of AAC(6�)-Ie/APH(2�)-Ia, three addi-

tional APH(2�) enzymes (APH(2�)-IIa, -IIIa, and -IVa) have
been identified. These members of the aminoglycoside 2�
kinase subfamily share only 28–32% amino acid sequence iden-
tity among themselves and the APH(2�) domain of the bifunc-
tional enzyme (8). We and others have shown that APH(2�)-IIa
and -IVa have comparable relative affinities for both ATP and
GTP, whereas the two others preferentially bind GTP, an indi-
cation that GTP and not ATP is the physiological cosubstrate
for these enzymes (9, 10). Contrary to what has been reported
for the APH(2�)-Ia domain of the bifunctional enzyme, our

kinetic characterization of APH(2�)-IIa, -IIIa, and -IVa demon-
strated that 4,5-disubstituted antibiotics and the atypical ami-
noglycoside neamine are not substrates, but inhibitors of these
enzymes (11–13). In light of the substantial differences in the
reported substrate specificities of APH(2�)-Ia and the remain-
ing members of the APH(2�) subfamily of aminoglycoside
kinases and the discovery that GTP, and not ATP, is the pre-
ferred cosubstrate for APH(2�)-Ia, we sought to reevaluate the
nucleotide and aminoglycoside substrate profiles of the clini-
cally important AAC(6�)-Ie/APH(2�)-Ia enzyme.

EXPERIMENTAL PROCEDURES

Aminoglycoside Reagents—Amikacin was purchased from
the United States Pharmacopeial Convention (Rockville, MD).
Arbekacin, dibekacin, and kanamycin B were obtained from
Meiji Seika Kaisha, Ltd. (Tokyo, Japan). Neamine was a gift
from S. Mobashery (University of Notre Dame). Kanamycin
A, gentamicin C, sisomicin, tobramycin, butirosin A and B,
lividomycin A, paromomycin, and neomycin B were bought
from Sigma. Netilmicin was obtained from Schering-Plough
(Kenilworth, NJ).
MIC Determinations—The native gene for AAC(6�)-Ie/

APH(2�)-Ia was custom-synthesized (GenScript) and cloned
between the NdeI and HindIII restriction sites of pBluescript II
KS (�) under the control of the promoter for aph(2�)-IIIa
(pBluescript::AAC(6�)-Ie/APH(2�)-Ia) (10). The MICs of
selected aminoglycoside antibiotics were determined by the
broth microdilution method as recommended by the Clini-
cal and Laboratory Standards Institute (14). AAC(6�)-Ie/
APH(2�)-Ia was expressed in Escherichia coli JM83 using the
above plasmid. E. coli JM83 without the plasmid was used as a
control. The MICs were evaluated in Mueller-Hinton II broth
(Difco) using a bacterial inoculum of 5 � 105 cfu/ml. All plates
were incubated at 37 °C for 16–20 h before results were
interpreted.
Cloning, Expression, and Purification of AAC(6�)-

Ie/APH(2�)-Ia—The gene for AAC(6�)-Ie/APH(2�)-Ia, opti-
mized for expression in E. coli, was custom-synthesized
(GenScript) and cloned between the NdeI and HindIII restric-
tion sites of pET22b(�). The recombinant plasmid
(pET22::AAC(6�)-Ie/APH(2�)-Ia) was transformed into E. coli
BL21 (DE3), and transformants were selected on LB agar plates
supplemented with 100 �g/ml ampicillin. Selected cells were
grown in LB medium (300 ml) supplemented with 100 �g/ml
ampicillin at 37 °C untilA600 � 0.7. Isopropyl-�-D-thiogalacto-
side was added to a final concentration of 0.6 mM to induce
protein expression, and the cells were further grown at 22 °C for
an additional 20 h. The bacteria were harvested by centrifuga-
tion at 4000� g, 4 °C for 15min, resuspended in 30ml of 25mM

HEPES (pH 7.5) containing 1 mM EDTA and 0.2 mM DTT, and
disrupted by sonication at 4 °C. The insoluble material was
removed by centrifugation at 20,000 � g, 4 °C for 30 min, and
nucleic acids were precipitated from the soluble fraction using
1.5% (w/v) streptomycin sulfate. The precipitate was removed
by centrifugation, and the sample was dialyzed against 25 mM

HEPES (pH 7.5) at 4 °C. After clarifying the soluble proteins by
centrifugation at 20,000 � g, 4 °C for 30 min, the sample was
loaded onto an Affi-Gel 15-gentamicin affinity column equili-

FIGURE 1. The structures of several aminoglycoside antibiotics are
shown, representing the three structural classes: 4,6-disubstituted
(kanamycin A and arbekacin), atypical (neamine), and 4,5-disubstituted
(neomycin B). Numerals are employed to denote certain ring positions,
whereas letters (in gray) are used to indicate the rings.

FIGURE 2. 2�-O-phosphorylation and 6�-N-acetylation of tobramycin by
AAC(6�)-Ie/APH(2�)-Ia.
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brated with 25 mM HEPES (pH 7.5) (10). AAC(6�)-Ie/
APH(2�)-Ia was eluted using a linear NaCl gradient (200–800
mM) in 25 mM HEPES (pH 7.5), and fractions positive for ami-
noglycoside phosphotransferase activity were analyzed by 12%
SDS-PAGE. Fractions containing AAC(6�)-Ie/APH(2�)-Ia were
pooled, concentrated, and dialyzed against 25 mM HEPES (pH
7.5). The dialyzed sample was loaded onto a DEAE anion
exchange column equilibratedwith 25mMHEPES (pH7.5), and
AAC(6�)-Ie/APH(2�)-Ia was eluted in 25 mM HEPES (pH 7.5)
using a linear NaCl gradient (0–800mM). Purified AAC(6�)-Ie/
APH(2�)-Ia (�95% pure as judged by SDS-PAGE) was recov-
ered from fractions containing 400–450 mMNaCl. These frac-
tions were pooled, concentrated, and dialyzed against 25 mM

HEPES (pH 7.5) and stored in liquid N2. The protein concen-
tration was evaluated using the Pierce� BCA protein assay kit
(Thermo Scientific).
Coupled Phosphate Transfer Assay—Enzyme activity was

continuously monitored at room temperature by coupling the
production of GDP, from AAC(6�)-Ie/APH(2�)-Ia-catalyzed
phosphate transfer, to pyruvate kinase and lactate dehydrogen-
ase as described previously (10). Reaction mixtures containing
100 mM HEPES (pH 7.0), 10 mM MgCl2, 20 mM KCl, 2 mM

phosphoenolpyruvate, 100 �M NADH, 20 units/ml pyruvate
kinase, 25 units/ml lactate dehydrogenase, saturatingGTP (100
�M), and varying concentrations of aminoglycoside(s) were ini-
tiated by the addition of enzyme (5–200 nM final) and moni-
tored at 340 nm (��340 � �6200 cm�1 M�1) on a Cary 60 UV-
visible spectrophotometer (Agilent). The steady-state velocities
(v) were plotted versus the concentration of aminoglycoside
and fit nonlinearly with the Michaelis-Menten equation using
Prism 5 (GraphPad Software, Inc.) to determine the steady-
state kinetic parameters kcat and Km.

The inhibitor dissociation constants for butirosin A and B,
lividomycin A, and paromomycin were determined by the
method of Dixon (15) using two fixed concentrations of amika-
cin (40 and 60 �M) and varying concentrations of the inhibitor.
The inhibitor dissociation constants for neomycin B and neam-
ine were evaluated using a single fixed concentration of sub-
strate (amikacin, 40 �M, or sisomicin, 20 �M) and varying con-
centrations of the inhibitor and fitting the fractional activity
(vi/vo) with Equation 1 using Prism 5 (16).

vi

vo

� 1 �

E � I � Ki�1 �
S

Km
� � ��E � I � Ki�1 �

S

Km
��2

� 4EI

2E

(Eq. 1)

where vi is the steady-state velocity in the presence of inhibitor,
vo is the steady-state velocity in the absence of inhibitor, E is the
concentration of enzyme, I is the concentration of inhibitor, Ki
is the inhibitor dissociation constant, S is the concentration of
substrate, and Km is the Michaelis-Menten constant for the
substrate.
Radiolabeled Phosphate Transfer Assay—Enzyme activity

was monitored discontinuously at room temperature using a

modified version of a previously described assay (17). Reaction
mixtures containing 100 mM HEPES (pH 7.0), 10 mM MgCl2,
and varying concentrations of GTP, ATP, and aminoglycoside
were initiated by the addition of enzyme (0.25–3 �M final). The
GTP stock contained 5–10% (v/v) [�-32P]GTP (PerkinElmer
Life Sciences). At various time points, aliquots were quenched
in an equal volume of 0.5 N formic acid and spotted on a PEI-
cellulose TLC plate (10 cm � 20 cm). The plates were devel-
oped in 0.3 M potassium Pi (pH 3.4) for 7min followed by quan-
tification of the radiolabeled substrate, [�-32P]GTP, and
products, [32P]Pi and 32P-labeled aminoglycoside, using a
Storm 840 PhosphorImager and the ImageQuant 5.2 software
(Amersham Biosciences). The concentration of substrate or
product was calculated using Equations 2–4.

GTP � � GTPdlu

Pdlu � Adlu � GTPdlu
�GTPi (Eq. 2)

P � � Pdlu

Pdlu � Adlu � GTPdlu
�GTPi (Eq. 3)

A � � Adlu

Pdlu � Adlu � GTPdlu
�GTPi (Eq. 4)

where GTP is the concentration of GTP, Pdlu is the amount of
[32P]Pi in DLU, Adlu is the amount of 32P-labeled aminoglyco-
side inDLU,GTPdlu is the amount of [�-32P]GTP inDLU,GTPi
is the initial concentration of GTP, P is the concentration of Pi,
and A is the concentration of phosphorylated aminoglycoside.

RESULTS AND DISCUSSION

Aminoglycoside Resistance Profile—Comparison of the
resistance profiles conferred by various aminoglycoside-modi-
fying enzymes is complicated by the fact that the genes for these
enzymes are expressed in different strains, under different pro-
moters, and from different locations (chromosomal or plas-
mid), which can all significantly affect their levels of expression.
We earlier reported the aminoglycoside resistance profile of the
monofunctional APH(2�)-Ia (10) but were unable to evaluate
the contribution of this domain to the resistance conferred by
the bifunctional AAC(6�)-Ie/APH(2�)-Ia using the available
MIC data due to these issues (5, 18, 19). As such, we cloned the
gene forAAC(6�)-Ie/APH(2�)-Ia into the plasmid pBluescript II
KS (�) under the promoter for aph(2�)-IIIawe previously used
for the monofunctional enzyme (10), transformed into the
same host strain, E. coli JM83, and evaluated theMIC of several
aminoglycosides (Table 1). With the exception of tobramycin,
the bifunctional enzyme conferred a level of resistance equiva-
lent (within 2-fold) to the monofunctional enzyme. Thus, in
vivo it would appear that the level of aminoglycoside resistance
observed with E. coli JM83 harboring the bifunctional enzyme
is mostly due to the activity of the APH(2�)-Ia domain. This
agrees with studies that could only detect phosphorylated
kanamycin A in vivo using a strain expressing AAC(6�)-Ie/
APH(2�)-Ia (7).
GTP as the Phosphate Donor—Steady-state kinetic studies of

the bifunctional AAC(6�)-Ie/APH(2�)-Ia and the monofunc-
tional APH(2�)-Ia enzymes have demonstrated a selectivity for
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GTP (Km � 3 and 3.5 �M, respectively) over ATP (Km � 3600
and 870 �M, respectively) as the phosphate donor (9, 10).
Whether this preference manifests itself in vivo has yet to be
explored. The concentrations of ATP and GTP in the bacterial
cell have been measured in various microorganisms, with esti-
mates ranging from 1 to 10 mM for ATP and from 0.5 to 5 mM

for GTP (20–23). At these concentrations, GTP is saturating
andATP is at least atKm level for AAC(6�)-Ie/APH(2�)-Ia; thus,
there is the potential for both to be used as substrates in vivo.
To test whether GTP, ATP, or both could serve as the phos-

phate donor(s) for AAC(6�)-Ie/APH(2�)-Ia in the presence of
both NTPs, we devised an assay to determine the rate of phos-
phate transfer from GTP in the presence and absence of ATP
under conditions where the relative ratios of the two nucleo-
tides are as measured in vivo. Four ratios of ATP and GTPwere
evaluated; one was determined in Staphylococcus aureus (24),
two were determined in E. coli (21, 22), and a condition using
the lowest concentration of GTP (500 �M) and highest concen-
tration of ATP (10 mM) reported (23). We followed phos-
phorylation of tobramycin by AAC(6�)-Ie/APH(2�)-Ia using
[�-32P]GTP as the radiolabeled phosphate donor, thus detect-
ing onlyGTP-dependent phosphorylation, even in the presence
of ATP. Using PEI-cellulose TLC plates, we were able to sepa-
rate the [�-32P]GTP and 32P-labeled tobramycin, and then the
amount of tobramycin phosphorylated by GTP was quantified
by phosphorimaging (Fig. 3).
If AAC(6�)-Ie/APH(2�)-Ia was using both ATP and GTP as

the phosphate donor, we would expect to see a decrease in the
rate of GTP-dependent phosphorylation when ATP was pres-
ent in the reaction. Comparison of the rate of GTP-dependent
phosphorylation of tobramycin in the absence and presence of
ATP showed no differences when the three ratios of NTPs
mimicking in vivo levels were used (Fig. 4, A–C). More impor-
tantly, even under conditions in which ATP was in 20-fold
excess over GTP and 3-fold above the Km level, we still saw no
difference in the rate of GTP-dependent phosphorylation of
tobramycin (Fig. 4D). This argues that only GTP is used by
AAC(6�)-Ie/APH(2�)-Ia as a source of phosphate.

Recent kinetic and x-ray crystallographic studies of three
APH(2�) phosphotransferases, APH(2�)-IIa, -IIIa, and -IVa,
revealed that these enzymes possess structural templates for
the binding of both ATP and GTP (13, 25, 26). The availability
of both structural templates accounts for the ability ofAPH(2�)-
IIa and -IVa to use both ATP and GTP as cosubstrates. On the
other hand, the structure of APH(2�)-IIIa, an enzyme that has a
400-fold higher relative affinity for GTP when compared with
ATP (4 and 1600�M, respectively), revealed that theATP-bind-
ing template in this enzyme is obstructed by the presence of a
bulky tyrosine residue, whereas the GTP-binding template is
fully accessible (10). Although the structure of AAC(6�)-Ie/
APH(2�)-Ia has not yet been solved, amino acid alignment of
the phosphotransferase domain of the bifunctional enzyme and
APH(2�)-IIIa shows that a tyrosine is also conserved in the
NTP-binding site of APH(2�)-Ia, an indication that tyrosine
also blocks the ATP-binding template of this enzyme and pro-
vides the structural basis for GTP specificity in vivo.
Phosphorylation of 4,6-Disubstituted Aminoglycosides—The

earlier reported substrate profiles of AAC(6�)-Ie/APH(2�)-Ia
were determined using ATP as the cosubstrate (6, 7). Our com-
petition experiments highlight the fact thatwhen bothATP and
GTP are present at intracellular levels, only GTP is used as the
phosphate donor. With this in mind, we evaluated the steady-
state kinetic parameters for phosphorylation of 4,6-disubsti-
tuted aminoglycosides using GTP. Phosphotransferase activity
of AAC(6�)-Ie/APH(2�)-Ia is known to follow a random

TABLE 1
MIC data, steady-state kinetic parameters, and dissociation constants for AAC(6�)-Ie/APH(2�)-Ia

Aminoglycoside MICa kcat Km kcat/Km Ki
b

�g/ml s�1 �M M�1 s�1 �M

4,6-Disubstituted
Kanamycin A 512/4 0.57 	 0.02 
1 �5.7 � 105
Kanamycin B 64/1 0.12 	 0.01 
1 �1.2 � 105
Tobramycin 64/0.5 0.11 	 0.01 
1 �1.1 � 105
Dibekacin 32/0.5 0.15 	 0.01 0.3 	 0.2 (5 	 4) � 105
Arbekacin 0.5/0.25 2.3 	 0.1 0.8 	 0.2 (2.9 	 0.7) � 106
Amikacin 4/2 3.7 	 0.1 33 	 4 (1.1 	 0.1) � 105
Gentamicin C 32/0.25 3.0 	 0.1 0.6 	 0.3 (5 	 2) � 106
Sisomicin 16/0.25 8.1 	 0.2 0.8 	 0.2 (1.0 	 0.2) � 107
Netilmicin 2/0.25 6.5 	 0.1 0.41 	 0.05 (1.6 	 0.2) � 107

4,5-Disubstituted
Neomycin B 1/0.5 0.26 	 0.02
Paromomycin 4/4 5.3 	 0.3
Lividomycin A 8/4 11 	 1
Butirosin A and B 140 	 10

Atypical
Neamine 16/8 0.10 	 0.01

a Ratio of the MICs with E. coli JM83 harboring pBluescript::AAC(6�)-Ie/APH(2�)-Ia to the E. coli JM83 host strain.
b Dissociation constant for the binary enzyme�GTP complex.

FIGURE 3. Phosphor image of GTP-dependent phosphorylation of tobra-
mycin and water by AAC(6�)-Ie/APH(2�)-Ia after separation of the reac-
tion mixture on a PEI-cellulose TLC plate.
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sequential Bi Bi mechanism (9), meaning that under physiolog-
ical conditions, in which the concentration of GTP is over 100-
fold above the Km level, the enzyme will exist in a binary com-
plex with GTP. As such, all kinetic parameters were evaluated
under conditions in which GTP was saturating. As expected,
the enzyme phosphorylated all 4,6-disubstituted aminoglyco-
sides tested and did so with catalytic efficiencies ranging from
105 to 107 M�1 s�1 (Table 1).

An analysis of the turnover numbers for 4,6-disubstituted
aminoglycosides reveals that garosamine-type aminoglycosides
(gentamicin C, sisomicin, and netilmicin) have kcat values rang-
ing from 2.9 to 8.1 s�1, whereas most glucosamine-type antibi-
otics (kanamycin, tobramycin, and dibekacin) have noticeably
lower kcat values (0.11–0.57 s�1). Thus, the former are better
substrates for phosphorylation by AAC(6�)-Ie/APH(2�)-Ia.
Arbekacin and amikacin seem to be exceptions; their turnover
numbers elevated to the level of garosamine-type antibiotics
(kcat� 2.3 and 3.7 s�1, respectively). Structurally, dibekacin and
arbekacin differ only in the N1 position, the latter having an
additional 4-amino-2-hydroxybutyric acid moiety (Fig. 1). This
addition results in a 15-fold increase in kcat for arbekacin,
whereas theKm remains unchanged. Thismoiety is also present
at the N1 position of amikacin. Amikacin, however, has a much
higherKm (33 �M) than arbekacin (0.8 �M). These aminoglyco-
sides differ only in the substituents on the A-ring (2�-NH2,
3�-H, and 4�-H in arbekacin versus 2�-, 3�-, and 4�-OH in ami-
kacin), which presumably accounts for the differences in their
relative affinity.
The Km values of 4,6-disubstituted aminoglycosides for the

APH(2�)-Ia domain of the bifunctional enzyme, with the excep-
tion of amikacin, are less than 1 �M (Table 1). Thus, the relative

affinity of all 4,6-disubstituted antibiotics determined in the
presence ofGTP is higher than that evaluated in the presence of
ATP (6).
Onewould expect that AAC(6�)-Ie/APH(2�)-Ia would confer

resistance to those aminoglycosides that it proficiently modi-
fies. As anticipated, the high catalytic efficiency of the enzyme
against most 4,6-disubstituted aminoglycosides translates into
a 64–128-fold increase in the MICs of these antibiotics over
background levels (Table 1); however, there are exceptions.
Although the catalytic efficiencies of AAC(6�)-Ie/APH(2�)-Ia
for amikacin and arbekacin are 105 and 106 M�1 s�1, respec-
tively, the enzyme does not confer resistance to these antibiot-
ics. Previous studies have demonstrated that arbekacin acety-
lated at the 3-, 2�-, or 6�-positions retains antibiotic activity
against Gram-positive and Gram-negative bacteria, despite
modification (27, 28). Our data suggest that the product of
arbekacin phosphorylation may also retain antibacterial activ-
ity. This can be seen with netilmicin as well, which has a low
MIC value despite the high catalytic efficiency (107 M�1 s�1) of
the enzyme against this antibiotic. Poor correlation between
MIC values and catalytic efficiency of the enzyme can also be
found with APH(2�)-IIa, which does not confer resistance to
amikacin or arbekacin despite kcat/Km values of 105-106M�1 s�1

(12). These findings are encouraging as they indicate that some
aminoglycoside antibiotics retain efficacy even upon modifica-
tion by aminoglycoside resistance enzymes.
Phosphorylation of 4,5-Disubstituted and Atypical Amino-

glycosides—An interesting feature reported for theAAC(6�)-Ie/
APH(2�)-Ia enzyme is its ability to use ATP to phosphorylate
4,5-disubstituted aminoglycosides, most with catalytic effi-
ciencies comparable with 4,6-disubstituted antibiotics (6).

FIGURE 4. GTP-dependent phosphorylation of tobramycin by AAC(6�)-Ie/APH(2�)-Ia in the absence and presence of various concentrations of ATP. The
relative concentrations of each nucleotide were 1.2 mM GTP and 3.6 mM ATP (24) (A), 1.8 mM GTP and 3.6 mM ATP (21) (B), 5 mM GTP and 10 mM ATP (22) (C), and
500 �M GTP and 10 mM ATP (D) (adapted from Refs. 22 and 23). In each panel are time courses for the formation of 2�-O-phosphotobramycin in the absence (blue
circle) and presence (red circle) of ATP. Error bars in all panels indicate S.E.
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These antibiotics differ in the C-ring, 4,5-disubstituted ami-
noglycosides having a pentose sugar versus a hexose sugar in
4,6-disubstituted aminoglycosides. The three other mem-
bers of the APH(2�) subfamily, APH(2�)-IIa, -IIa, and -IVa,
have recently been characterized by our laboratory, and we
have shown that 4,5-disubstituted aminoglycosides are not
substrates, but inhibitors of these enzymes (11–13). As ATP
is not the phosphate donor for AAC(6�)-Ie/APH(2�)-Ia, we
wanted to investigate whether the enzyme would phosphor-
ylate 4,5-disubstiuted aminoglycosides using GTP as the
cosubstrate. Employing the coupled assay, we could detect a
change in absorbance (due to the formation of GDP) in the
presence of 4,5-disubstuted aminoglycosides and neamine;
however, this signal did not correlate with the concentration
of aminoglycoside in the reaction. The amount of GDP gen-
erated in the reaction was always in excess of the concentra-
tion of aminoglycoside used. If the aminoglycoside was
phosphorylated at one specific position (i.e. the 2�-OH), we
would expect to see GDP generated in an equimolar quantity
to the aminoglycoside, as we observed with 4,6-disubstituted
antibiotic substrates. This implies either that multiple sites
on the 4,5-disubstituted aminoglycoside are being phos-
phorylated, as has been observed for neomycin B (6), or that
there is an alternate phosphate acceptor in the reaction. The
coupled assay does not provide any information as to where
the phosphate from GTP was transferred as it simply mea-
sures the amount of GDP generated.
We hypothesized that in addition to the aminoglycoside,

water could act as a secondary phosphate acceptor. This is
not unprecedented for APH enzymes as APH(3�)-Ia and -IIa
are known to possess significant ATPase activity (29). To test
whether AAC(6�)-Ie/APH(2�)-Ia exhibited GTPase activity,
we used [�-32P]GTP to detect phosphate transfer to water in
both the presence and the absence of various 4,5-disubsti-
tuted aminoglycosides and neamine (an atypical aminogly-
coside lacking a C-ring possessing a 2�-OH) (Fig. 1) under
conditions where both the aminoglycoside and the GTP
were saturating. PEI-cellulose TLC plates were used to sep-
arate the [�-32P]GTP, [�-32P]Pi, and �-32P-labeled aminogly-
cosides, and the amount of each was quantified by phospho-
rimaging. These experiments have demonstrated that
AAC(6�)-Ie/APH(2�)-Ia has intrinsic GTPase activity (i.e. in
the absence of aminoglycoside) (kobs � 0.012 s�1, Fig. 5A).
AAC(6�)-Ie/APH(2�)-Ia, like most aminoglycoside-modify-
ing enzymes, is expressed constitutively in vivo (19, 30). As
such, its intrinsic GTPase activity results in the continuous
depletion of GTP within the bacterial cell, regardless of the
presence or absence of aminoglycoside antibiotic. An intrin-
sic ATPase activity was earlier reported for APH(3�)-Ia
(kcat � 0.020 s�1) (29). Moreover, it was shown that contin-
uous turnover of ATP by APH(3�)-Ia resulted in a metabolic
burden on the bacteria such that there was selective pressure
in the absence of aminoglycoside antibiotic resulting in the
loss of the plasmid harboring the aph(3�)-Ia gene. We also
detected GTPase activity in the presence of all 4,5-disubsti-
tuted aminoglycosides tested, as well as with the atypical
aminoglycoside, neamine. In fact, neamine and the 4,5-dis-
ubstituted antibiotics neomycin B and paromomycin all

enhanced the GTPase activity of the enzyme above the
intrinsic level (kobs � 0.082, 0.040, and 0.032 s�1, respec-
tively). This implies that the binding of these aminoglyco-
sides causes a conformational change in the active site of the
enzyme that facilitates hydrolysis of GTP. Moreover, neam-
ine, which is not even a substrate for phosphorylation (Fig.
5A), has the highest propensity to stimulate the GTPase
activity of the enzyme. Further structural studies of
AAC(6�)-Ie/APH(2�)-Ia in complex with these 4,5-disubsti-
tuted and atypical aminoglycosides are warranted to eluci-
date how they alter the arrangement of active site residues.
Previous studies, using ATP as the phosphate donor, showed

that AAC(6�)-Ie/APH(2�)-Ia has an unusual substrate profile,
extending to 4,5-disubstituted aminoglycosides and the atypi-
cal aminoglycoside neamine (6). Using GTP, we were also able
to detect some phosphorylation of 4,5-disubstituted antibiot-
ics, but not neamine (Fig. 5A, inset). The phosphorylation of
neomycin B was the fastest of all the 4,5-disubstituted amino-
glycosides tested (kobs � 0.0025 s�1). This was still 55-fold
slower than phosphorylation of tobramycin (kcat � 0.11 s�1),
the slowest kcat we evaluated for a 4,6-disubstituted aminogly-
coside. Furthermore, the rates of phosphate transfer to 4,5-
disubstituted aminoglycosides were 16–61-fold slower than
the rate of phosphate transfer to water (Fig. 5A). As a result,
94–100% of all observed enzymatic transfer of the �-phosphate
was to water and not to the aminoglycosides. Taken together,
these results clearly demonstrate that neither neamine nor 4,5-
disubstituted aminoglycosides are substrates of phosphoryla-
tion by theAPH(2�)-Ia domain of the bifunctional enzyme. This
is corroborated by the fact that theMICs for these aminoglyco-

FIGURE 5. GTP-dependent phosphotransferase and GTPase activities of
AAC(6�)-Ie/APH(2�)-Ia in the presence of atypical and 4,5-disubstituted
aminoglycosides. A, the rate constants for GTP-dependent phosphate trans-
fer by AAC(6�)-Ie/APH(2�)-Ia to water (gray) and aminoglycosides (white). The
rate constants for phosphotransferase activity are also presented separately
(inset) to show their magnitude. B, time courses for the GTPase (F) and phos-
photransferase (E) activity of AAC(6�)-Ie/APH(2�)-Ia in the presence of neo-
mycin B. Error bars in both panels indicate S.E.
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sides are at background levels (Table 1). This experiment also
indicates that the majority of activity we observed using 4,5-
disubstituted aminoglycosides in the coupled assay was not due
to phosphotransferase activity, but rather the GTPase activity
of the enzyme.
As atypical and 4,5-disubstituted aminoglycosides are, at

most, extremely poor substrates for phosphorylation by
AAC(6�)-Ie/APH(2�)-Ia, we evaluated their dissociation con-
stants from the binary AAC(6�)-Ie/APH(2�)-Ia�GTP complex
(Table 1). The range of affinities is quite broad, ranging from
highmicromolar (butirosin A and B) tomid nanomolar (neam-
ine), similar to what has been measured for APH(2�)-IIa, -IIIa,
and -IVa (11–13). The dissociation constants for APH(2�)-Ia
are comparable with the relative affinities (Km values) of 4,6-
disustituted substrates, implying that binding is not the reason
for their poor phosphorylation, but likely the position of the
2�-OH.
Conclusion—The bifunctional enzyme AAC(6�)-Ie/APH-

(2�)-Ia is an important determinant of aminoglycoside resis-
tance due to its widespread occurrence in nature (4). The
current literature considers the APH(2�)-Ia domain of this
enzyme unique due to its reported promiscuous nature with
respect to both its NTP and its aminoglycoside substrate
usage. The in vitro studies have shown it to utilize both ATP
and GTP as the phosphate donor (9, 10). Our studies have
demonstrated that GTP, and not ATP, is the exclusive
cosubstrate for APH(2�)-Ia. Earlier in vitro studies have also
demonstrated ATP-dependent phosphorylation of 4,5-dis-
ubstituted, 4,6-disubstituted, and atypical aminoglycosides
(6). We have shown that in the presence of the GTP, most
4,6-disubstituted aminoglycosides are phosphorylated with
high catalytic efficiency, whereas 4,5-disubstituted and atyp-
ical antibiotics are not substrates. We have also demon-
strated that APH(2�)-Ia has a weak intrinsic GTPase activity,
which may be stimulated by aminoglycoside antibiotics.
Taken together, these studies have shown that APH(2�)-Ia is
a bona fideGTP-dependent kinase with the narrow substrate
profile characteristic of other members of the APH(2�) sub-
family of aminoglycoside-modifying enzymes.
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