
Kinetic Mechanism of Enterococcal Aminoglycoside Phosphotransferase 2′′-Ib†

Marta Toth,‡ Jaroslav Zajicek,‡ Choonkeun Kim,‡ Joseph W. Chow,§ Clyde Smith,| Shahriar Mobashery,‡ and
Sergei Vakulenko*,‡

Department of Chemistry and Biochemistry, UniVersity of Notre Dame, Notre Dame, Indiana 46556, Department of Infectious
Diseases Clinical Research, Merck Research Laboratories, North Wales, PennsylVania 19454-109, and Stanford Synchrotron

Radiation Laboratory, Menlo Park, California 94025

ReceiVed NoVember 28, 2006; ReVised Manuscript ReceiVed February 15, 2007

ABSTRACT: The major mechanism of resistance to aminoglycosides in clinical bacterial isolates is the
covalent modification of these antibiotics by enzymes produced by the bacteria. Aminoglycoside 2′′-Ib
phosphotransferase [APH(2′′)-Ib] produces resistance to several clinically important aminoglycosides in
both Gram-positive and Gram-negative bacteria. Nuclear magnetic resonance analysis of the product of
kanamycin A phosphorylation revealed that modification occurs at the 2′′-hydroxyl of the aminoglycoside.
APH(2′′)-Ib phosphorylates 4,6-disubstituted aminoglycosides withkcat/Km values of 105-107 M-1 s-1

,

while 4,5-disubstituted antibiotics are not substrates for the enzyme. Initial velocity studies demonstrate
that APH(2′′)-Ib operates by a sequential mechanism. Product and dead-end inhibition patterns indicate
that binding of aminoglycoside antibiotic and ATP occurs in a random manner. These data, together with
the results of solvent isotope and viscosity effect studies, demonstrate that APH(2′′)-Ib follows the random
Bi-Bi kinetic mechanism and substrate binding and/or product release could limit the rate of reaction.

Antibiotic-resistant enterococci are among the most com-
mon bacteria isolated in nosocomial infections in the United
States, and have emerged as a major therapeutic challenge
(1, 2). Optimal antimicrobial therapy for serious enterococcal
infections requires the use of synergistic combinations of a
cell wall active agent, such as ampicillin or vancomycin, with
an aminoglycoside, which results in bactericidal activity
against the enterococci. However, many enterococcal strains
have acquired aminoglycoside resistance genes that encode
aminoglycoside-modifying enzymes, which eliminate this
synergistic bactericidal effect. Thus, in many medical centers
high-level resistance to aminoglycosides has precluded
optimal therapy for the majority of enterococcal infections.

High-level resistance to the aminoglycoside gentamicin
in enterococci is mediated by APH(2′′)1 enzymes. The first
aminoglycoside 2′′-phosphotransferase discovered in entero-
cocci was mediated by a single gene,aac(6′)-Ie-aph(2′′)-Ia,
which encodes the bifunctional enzyme, AAC(6′)-Ie-APH-
(2′′)-Ia. This enzyme possesses both 6′-acetylating and 2′′-

phosphorylating activities (3, 4). Enterococcal strains har-
boring this gene exhibit high-level resistance to virtually all
clinically available aminoglycosides, including gentamicin,
amikacin, kanamycin A, tobramycin, netilmicin, and dibeka-
cin, but not to streptomycin (5, 6). The two enzymatic
domains of theaac(6′)-Ie-aph(2′′)-Ia gene have been sepa-
rately cloned and expressed. The APH(2′′)-Ia enzyme
demonstrates extremely broad substrate range as well as the
regiospecificity for phosphate transfer (7, 8). Phosphorylation
by this enzyme occurs at the 2′′-OH of 4,6-disubstituted
aminoglycosides (kanamycin A). The 4,5-disubstituted ami-
noglycoside neomycin was phosphorylated at 3′-OH (pri-
marily) and 3′′′-OH and another 4,5-disubstituted aminogly-
coside (lividomycin) at position 5′′-OH. The phosphotrans-
ferase reaction of the bifunctional enzyme AAC(6′)-Ie-APH-
(2′′)-Ia was proposed to operate by a random rapid equilib-
rium mechanism, where either one of the two substrates
(aminoglycoside antibiotic or ATP) can bind to the enzyme
first.

More recently three otheraph(2′′) aminoglycoside resis-
tance genes,aph(2′′)-Ib, -Ic, and -Id, were discovered in
enterococci (9-11). Regiospecificity of phosphate transfer
by these enzymes had been predicted to be at the 2′′-OH
position, based on the relatively low (24-33%) amino acid
identity with the APH(2′′)-Ia domain of the bifunctional
enzyme AAC(6′)-Ie-APH(2′′)-Ia. In this study we describe
cloning and purification of APH(2′′)-Ib, characterization of
its substrate specificity, and the nature of the regiospecificity
of phosphoryl transfer. We also employed initial velocity
patterns, inhibition studies, and solvent isotope, thio, and
solvent viscosity effects to evaluate the kinetic mechanism
of this aminoglycoside phosphotransferase.
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EXPERIMENTAL PROCEDURES

Cloning of the aph(2′′)-Ib Gene into Expression Vector.
Theaph(2′′)-Ib gene, previously cloned into the pBluescript
II KS(+) vector, was utilized as a template for cloning into
the expression vector (10). First, we abolished the singleNdeI
site within the aph(2′′)-Ib by site-directed mutagenesis
without changing the amino acid sequence of the encoded
APH(2′′)-Ib enzyme. The resulting gene was PCR-amplified
by high-fidelity Pfu Turbo polymerase (Stratagene), using
two synthesized oligonucleotide primers: 2′′IbNde (TAT-
CATATGGTTAACTTGGACGCTGAG; NdeI site under-
lined) and 2′′IbEcoR1 (TATGAATTCCTGCTAAAATATA-
AACATC; EcoRI site underlined). The amplified DNA
fragment was digested withNdeI andEcoRI and cloned into
the uniqueNdeI-EcoRI sites of the pET22b(+) vector
(Novagen) to produce pET:APH(2′′)-Ib. After transformation
into the recipient strainEscherichia coliJM83 and selection
on LB agar supplemented with 100µg/mL of ampicillin,
the nucleotide sequence of the clonedaph(2′′)-Ib gene was
verified by sequencing of both DNA strands. To achieve a
higher level of protein expression, the pET:APH(2′′)-Ib
construct was retransformed intoE. coli BL21(DE3) and
selection was performed on LB agar supplemented with 100
µg/mL of ampicillin.

Purification of APH(2′′)-Ib Phosphotransferase. First, a
small-scale pilot experiment was performed to determine the
optimal temperature for protein expression. Bacteria were
grown overnight in 5 mL of LB broth supplemented with
IPTG (0.4 mM) and ampicillin (200µg/mL) at three different
temperatures (5°C, 25 °C, and 37°C). One milliliter of
bacterial culture was sonicated for 1 min (Bronson Sonifier
450; VWR, West Chester, PA) to disrupt cells and centri-
fuged at 20000g for 5 min. A 25 µL portion of the
supernatant was subjected to a mini SDS-PAGE, and
relative levels of protein expression were evaluated. Based
on this experiment, for large-scale protein purification,
induction with IPTG was performed at 25°C overnight.
Bacteria were pelleted by centrifugation, and cells were
disrupted by sonication. After centrifugation at 20000g for
30 min, the APH(2′′)-Ib enzyme was purified from the
supernatant by affinity chromatography with gentamicin as
the bound ligand, according to a recent procedure (12).
Fractions were examined by SDS-PAGE, and those that
contained the APH(2′′)-Ib protein were pooled, concentrated
to the final volume of 20 mL, and dialyzed twice against 5
L of 25 mM sodium HEPES, pH 7.5.

Preparation and Purification of Phosphorylated Kana-
mycin. Kanamycin phosphate was prepared by incubating
40 mg of kanamycin A in 10 mL of reaction mixture
containing 100 mM sodium HEPES, pH 7.5, 20 mM KCl,
10 mM ATP, 20 mM MgCl2, 40 mM phosphoenolpyruvate
(PEP), 80 units of pyruvate kinase (PK), and 15µL of 32
µM solution of purified enzyme. The reaction proceeded at
room temperature, and the extent of kanamycin A phospho-
rylation was monitored by thin-layer chromatography (TLC)
using a mixture of ethanol, methanol, ammonium hydroxide,
and water at a 1:1:0.9:0.9 ratio and with nonmodified
kanamycin A as a control. The TLC plate was dried on a
thermo plate and developed with ninhydrin. The reaction
mixture was supplemented twice (after 2 and 4 h of
incubation) with additional amounts of enzyme (15µL of a

32µM solution) and PK (80 units) and left overnight at room
temperature. Upon complete phosphorylation of kanamycin
A the reaction mixture was filtered first through 30 kDa and
then through 10 kDa filters to remove the enzymes. This
mixture was then applied to a silica gel layer (20 g of silica
gel in 60 mL fritted glass filter) and drained under low
vacuum (water aspirator). The silica gel was washed with
200 mL of a methanol-water (1:1) mixture under vacuum,
and kanamycin phosphate was eluted with 50 mL of
methanol-water-ammonium hydroxide mixture (1:1:1)
under vacuum. The collected fraction was dried in a rotary
evaporator at room temperature and dissolved in 8 mL of
water. This solution then was centrifuged at 20000g for 20
min to remove insoluble impurities and was applied to an
Amberlite CG 50 ion exchange column (3× 12 cm; Bio-
Rad). The column was prepared by activating the Amberlite
CG 50 with 1% of NH4OH (by stirring the resin 3 times in
100 mL of 1% of NH4OH for 10 min each), followed by
washing with 400 mL of water. After application of the
sample, the column was washed with 300 mL of water and
kanamycin phosphate was eluted using a stepwise gradient
(0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, and 3%; 30 mL for
each concentration) of NH4OH. All fractions were analyzed
by TLC, and those containing kanamycin phosphate were
combined and driedin Vacuo. The pellet was dissolved in 1
mL of water and was applied to a G10 Sephadex (Sigma)
column (1 × 120 cm; Bio-Rad) and washed with water.
Fractions (0.5 mL each) were analyzed by TLC, and those
containing the modified kanamycin A were pooled and dried.

NMR Spectroscopy.Kanamycin phosphate, 6.5 mg, was
dissolved in 10 mL of D2O (2H 99.9%), supplemented with
0.001% of dimethylsilapentane-5 sulfonic acid sodium salt
(DSS) and lyophilized. The residue was dissolved in D2O
and was lyophilized again. Finally, the pellet was dissolved
in 700µL of deuterium oxide for the analysis (2H 99.96%).

All 1H and13C NMR experiments were performed at 25
°C using Varian UnityPlus and Bruker AVANCE spectrom-
eters operating at1H resonance frequency of 599.89 and
800.13 MHz, respectively. Various 1D and 2D homo- and
heteronuclear NMR techniques,1H, 1H{31P}, 13C{1H}, 1H-
1H DQF-COSY,1H-1H TOCSY,1H-13C gHMQC, and1H-
13C gHMBC, were employed to elucidate the structure of
the modified kanamycin A in deuterium oxide. Standard
pulse sequences were used in these experiments (13-18).
Time domain data (t2 and t1) for all 2D experiments were
recorded as 2k × 1k complex matrices with 4 or 8 scans per
t1 increment. The relaxation delay between individual scans
was 1.2 s. In homonuclear 2D experiments, zero filling was
used in botht2 and t1 domains to obtain final 4k × 2k
complex time domain data. In heteronuclear 2D experiments,
linear prediction to the 2048 complex data points was applied
in the t1 domain, which was zero filled to 4096 to obtain the
final 2k × 4k complex time domain data. Shifted sine bell
weighting functions were applied in both domains prior to
double Fourier transformation. Spectra measured with the
Varian and Bruker spectrometers were processed using
Varian VNMR 6.1C and Bruker TopSpin 1.3 softwares,
respectively. 1H spectra and the1H dimension in 2D
heteronuclear spectra were referenced relative to the signal
of DSS (internal standard,δ ) 0 ppm).13C spectra and the
13C dimension in the 2D heteronuclear spectra were refer-
enced indirectly (19).
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2′′-O-(Phosphoryl)kanamycin.1H NMR (800 MHz, D2O):
δ ppm 5.48 (1H, d,3JH-1′,H-2′ ) 3.9 Hz, H-1′), 5.24 (1H, d,
3JH-1′′,H-2′′ ) 3.7 Hz, H-1′′), 4.01 (1H, td,3JH-2′′,H-3′′ ) 10.2
Hz, 3JH-2′′,P ) 9.8 Hz, H-2′′), 3.97 (1H, mt,3JH-5′′,Ha-6′′ )
2.3 Hz,3JH-5′′,Hb-6′′ ) 4.7 Hz, H-5′′), 3.91 (1H, mt,3JH-5′,Ha-6′
) 8.9 Hz, 3JH-5′,Hb-6′ ) 2.8 Hz, H-5′), 3.81 (1H, dd,
gemJHa-6′′,Hb-6′′ ) 12.4 Hz, Ha-6′′), 3.77 (1H, dd, Hb-6′′), 3.76
(1H, t, 3JH-5,H-6 ) 9.2 Hz, H-5), 3.73 (1H, t,3JH-3′,H-4′ )
9.6 Hz, H-3′), 3.61 (1H, dd,3JH-2′,H-3′ ) 9.8 Hz, H-2′), 3.58
(1H, t, H-6), 3.57 (1H, t,3JH-4′′,H-5′′ ) 10.1 Hz, H-4′′), 3.45
(1H, t, 3JH-4,H-5 ) 9.5 Hz, H-4), 3.33 (1H, t,3JH-4′,H-5′ )
9.6 Hz, H-4′), 3.28 (1H, t,3JH-3′′,H-4′′ ) 10.5 Hz, H-3′′),
3.25 (1H, mt, 3JH-3,H-4 ) 9.6 Hz, H-3), 3.24 (1H, dd,
gemJHa-6′,Hb-6′ ) 13.5 Hz, Ha-6′), 3.00 (1H, mt,3JH-1,Ha-2 )
4.8 Hz,3JH-1,Hb-2 ) 12.4 Hz,3JH-1,H-6 ) 9.7 Hz, H-1), 2.99
(1H, dd, Hb-6′), 2.13 (1H, dt, gemJHa-2,Hb-2 ) 12.6 Hz,
3JHa-2,H-3 ) 5.0 Hz, Ha-2), 1.44 (1H, q,3JHb-2,H-3 ) 12.4
Hz, Hb-2).

13C NMR (201 MHz, D2O): δ ppm 98.23 (d,3JC-1′′,P )
2.3 Hz, C-1′′), 97.71 (C-1′), 84.72 (C-6), 83.81 (C-4), 73.65
(C-5), 72.04 (d,2JC-2′′,P ) 5.6 Hz, C-2′′), 71.97 (C-3′), 71.82
(C-5′′), 70.99 (C-2′), 70.55 (C-4′), 69.90 (C-5′), 67.29
(C-4′′), 59.58 (C-6′′), 53.73 (d,3JC-3′′,P ) 4.7 Hz, C-3′′),
49.54 (C-3), 47.98 (C-1), 40.39 (C-6′), 32.67 (C-2).

Enzyme Assay and Initial Velocity Patterns. We employed
the continuous spectrophotometric assay to monitor phos-
phorylation of aminoglycoside antibiotics by APH(2′′)-Ib.
In the continuous assay, the production of ADP during
phosphorylation of aminoglycoside is measured as a function
of NADH oxidation (decrease in the absorbance of NADH
at 340 nm) by coupling pyruvate kinase with lactic dehy-
drogenase (LD). This assay involves regeneration of ATP,
and thus avoids the possibility of inhibition by ADP or a
diminution of the ATP concentration in the course of
turnover. All kinetics assays were performed in a total
volume of 250µL containing 100 mM sodium HEPES, pH
7.5, 10 mM MgCl2, 20 mM KCl, 2 mM PEP, 100µM
NADH, 10 units/mL PK, 24 units/mL LD, 100µM ATP,
and varying the concentrations of the aminoglycoside
substrates. The reaction was initiated by adding enzyme (final
concentration of 4 nM). Kinetic parameters for ATP were
determined using the same reaction conditions, except by
fixing the kanamycin A concentration at 10µM and varying
the concentrations of ATP. TheKm and kcat values were
obtained by nonlinear regression using the Grafit 4.0
software.

Initial velocity patterns for APH(2′′)-Ib were obtained by
measuring the rates of reaction at three different fixed
concentrations of ATP (8, 16, and 32µM) and variable
concentrations of amikacin (from 20 to160µM). Enzyme
was used at a final concentration of 10 nM.

Inhibition Studies. To investigate the order of substrate
binding, inhibition studies with dead-end inhibitors neamine
and AMP-PCP were conducted. Measurements were per-
formed at several fixed concentrations of inhibitor. When
neamine or AMP-PCP was tested as the inhibitor against
isepamicin, the concentration of isepamicin was varied
between 10 and 80µM, while ATP was used at a constant
concentration of 16 or 20µM. When neamine or AMP-PCP
was tested as the inhibitor versus ATP, the concentration of
ATP was varied between 10 and 80µM and the concentration
of isepamicin was kept at 15µM. To investigate the order

of product release, kanamycin phosphate was used as the
inhibitor against ATP and isepamicin. As with the dead-end
inhibitors, kanamycin phosphate was used at several fixed
concentrations, while concentration of one of the substrates
was varied, and the other substrate was used at a constant
concentration around itsKm value (16µM for ATP and 15
µM for isepamicin).

SolVent Isotope Effects. To elucidate the solvent isotope
effects, we carried out reactions in water and in deuterium
oxide at fixed saturating concentration of ATP (100µM) or
kanamycin A (40 µM) and variable concentrations of
kanamycin A (2.5, 3.5, 5, 10, and 20µM) or ATPγS (20,
40, 60, and 80µM). When kanamycin A was used as variable
substrate, experiments in water were performed at pH values
6.5 and 7.5. When we used deuterium oxide, we adjusted
pH to 6.1 and 7.1 so corresponding pD values (pH meter
reading plus 0.4) were also 6.5 and 7.5. When ATPγS was
used as variable substrate, experiments were performed at
pH and pD value of 7.0.

Viscosity Effects. The effect of solvent viscosity was
determined in the presence of glycerol and PEG 8000.
Glycerol was used at four concentrations, 8, 16, 24, and 32%,
that corresponds to relative viscosities (η) of 1.2, 1.5, 2.0,
and 2.6 (20). PEG 8000 was used at a concentration of 6.7%
(η ) 3.6). Assays were performed at a fixed concentration
of either kanamycin A (20µM) or ATP (100 µM) and
variable concentrations of ATP (10-80 µM), kanamycin A
(2-20 µM), amikacin (20-160 µM), or ATPγS (20-80
µM).

Thio Effects. For elucidation of thio effects we uncoupled
the assay by omitting PEP from the reaction mixture. We
used kanamycin A at a fixed concentration (100µM) and
adenosine 5′-(3-thiotriphosphate) (ATPγS) instead of ATP
at four concentrations (25, 50, 100, and 200µM). APH(2′′)-
Ib was used at 200 nM.

Data Analysis. Data for steady-state kinetics were fit to
eq 1 using Grafit 4.0 software (Erithacus Software, Staines,
U.K.). Initial velocity data were fit to eq 2 while data for
competitive, uncompetitive, and noncompetitive inhibition
were fit to eqs 3-5, respectively (21). V is the initial velocity,

Vm is the maximum velocity, [I] is the concentration of
inhibitor, [A] and [B] are the concentrations of substrates,
Ka and Kb are the corresponding Michaelis-Menten con-
stants, andKia is the dissociation constant for A.Kis andKii

are the slope and intercept inhibition constants obtained by
replotting the values for the slope and intercept from double-
reciprocal plots versus inhibitor concentration.

RESULTS AND DISCUSSION

Enzyme Isolation and Storage. Using a one-step affinity
purification procedure we obtained 20 mg of homogeneously

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

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

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

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

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

5572 Biochemistry, Vol. 46, No. 18, 2007 Toth et al.



pure APH(2′′)-Ib enzyme from 400 mL of an overnight
bacterial culture. The enzyme was stored in liquid nitrogen
at a concentration of 32µM in 33% of glycerol. Under these
conditions it was stable for at least 1 year. When stock
enzyme solution was diluted for kinetic assays, it was
stabilized by supplementing the solution with 0.2 mg/mL of
acetylated BSA.

NMR Analysis. Kanamycin A was phosphorylated in the
presence of the enzyme and ATP. The product of the reaction
was purified, and its structure was determined by analysis
of 1D and 2D1H and13C NMR spectra. Proton connectivities
were derived by examination of the DQF-COSY and TOCSY
spectra. Signals of all carbons with directly attached protons
were assigned using the gHMQC spectrum. Finally, the
gHMBC spectrum was used to assign quaternary carbons
and to check the correctness of the connectivities established
by the interpretation of the other spectra.

The1H spectrum of this compound (Figure 1) showed two
one proton doublets atδ 5.24 and 5.48, which were assigned
to the anomeric protons of 3-amino-3-deoxyglucose and
6-amino-6-deoxyglucose, respectively. Signals of the remain-
ing protons of these moieties were assigned by analyzing
the DQF-COSY and TOCSY spectra. The C2 methylene
proton signals of the 2-deoxystreptamine moiety were
identified in the COSY spectrum atδ 1.44 and 2.13. They
showed a mutual cross-peak, and both exhibited cross-peaks
to the C1 and C3 methine proton signals atδ 3.00 and 3.25,
respectively. Following the interpretation of the TOCSY
spectrum, the C4, C5, and C6 methine proton signals of this
moiety were assigned. By analyzing the gHMQC spectrum,
the signals of all carbons with directly attached protons were
unambiguously assigned. In the gHMBC spectrum, the
resonance of the anomeric proton of the 6-amino-6-deoxy-
glucose moiety showed a cross-peak with the carbon signal
at δ 84.2 corresponding to the C4 carbon of the 2-deox-

ystreptamine moiety. Simultaneously, the signal (δ 85.1) of
the C6 carbon of this moiety exhibited a cross-peak with
the anomeric proton signal of the 3-amino-3-deoxyglucose
(δ 5.24).

Comparison of the 1D1H and 1H{31P} spectra revealed
that a triplet of doublet (3JH-1′′,H-2′′ ) 3.7 Hz,3JH-2′′,H-3′′ )
10.2 Hz,3JH-2′′,P ) 9.8 Hz) corresponding to the H2′′ proton
collapses into a doublet of doublet (3JH-1′′,H-2′′ ) 3.7 Hz,
3JH-2′′,H-3′′ ) 10.2 Hz) when the proton spectrum is measured
with broadband phosphorus decoupling (Figure 1). Moreover,
the C1′′, C2′′, and C3′′ carbon signals showed as doublets
in the 13C{1H} spectrum with3JC-1′′,P ) 2.3 Hz,2JC-2′′,P )
5.6 Hz, and3JC-3′′,P ) 4.7 Hz, respectively, due to spin-
spin interaction between31P and the corresponding13C nuclei.
These facts unambiguously revealed that the phospho group
is attached to the C2′′ carbon of the 3-amino-3-deoxyglucose
moiety (Figure 2).

It is important to state that, despite the fact that the product
of kanamycin A phosphorylation was pure, we noted some
satellite peaks in the spectrum. For example, the quartet at
δ 1.44 has a minor partner in the quartet atδ 1.52. There
are other examples such as this for the remaining resonances.
A change in temperature (up to 65°C) did not merge the
two sets of signals, indicating that these were not merely
due to conformational states of the rings in the structure.
However, an increase of the pD of the solution to the value
of 12.4 merged the two sets of resonances. We conclude
that phosphorylated kanamycin in the deuterium oxide
solution at pD values lower than the above value exists in a
major and a minor form. The minor form is likely a form
where the phosphate ester exists as an ion pair with one of
the amines of the antibiotic itself, fixing the amine in this
complex as an ammonium species. The increase in pH
abrogates this interaction, hence simplifying the spectrum.

FIGURE 1: (a) Full 1H (bottom) and1H{31P} (top) NMR spectra of phosphorylated kanamycin A. (b) The inset is an expanded region
showing the H-2′′ proton signal atδ 4.01 ppm;1H spectrum (bottom),1H{31P} spectrum (top).
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The observed vicinal couplings3JH-2′′,P ) 9.8 Hz,3JC-1′′,P
) 2.3 Hz, and3JC-3′′,P ) 4.7 Hz can be interpreted in terms
of preferred orientation of the phosphoryl group in the above
moiety. Karplus equations for the corresponding P-O-C-H
and P-O-C-C fragments

indicate that the dihedral angle between the P-O and C2′′-
H2′′ bonds is approximately 124° and dihedral angles
between the P-O and C2′′-C1′′ and C2′′-C3′′ bonds are
about 109° and 0°, respectively (22, 23). In such an
orientation, the phosphoryl group might form salt bridges
with the kanamycin amines.

Prior to our work, regiospecificity of phosphoryl transfer
had unambiguously been assigned by characterization of the
products of the enzymic reaction only for two aminoglyco-
side phosphotransferases, APH(2′′)-Ia and APH(3′)-IIIa
(7, 8, 24). It was shown that the APH(2′′)-Ia enzyme
demonstrates extremely broad regiospecificity for phosphate
transfer that reflects on the ability of the enzyme to modify
at least four different hydroxyl groups of various aminogly-
cosides. Phosphorylation by this enzyme occurs at the 2′′-
OH of 4,6-disubstituted aminoglycosides (kanamycin A),
while 4,5-disubstituted aminoglycosides are phosphorylated
at position 5′′ (lividomycin) or positions 3′ and 3′′′ (neo-
mycin). The APH(3′)-IIIa enzyme is also able to modify both
the 4,6- and 4,5-disubstituted aminoglycosides. Phosphory-
lation of the 4,6-disubstituted aminoglycosides such as
kanamycin A, gentamicin, and amikacin proceeds exclusively
at the 3′-hydroxyl, while the 4,5-disubstituted aminoglycoside
lividomycin, which lacks the 3′-hydroxyl, is modified at the
5′′ hydroxyl (25, 26). Regiospecificity of phosphate transfer
by the APH(2′′)-Ib enzyme had been predicted to be at the
2′′-OH position, based only on the amino acid homology of
this enzyme with the APH(2′′)-Ia domain of the bifunctional
enzyme AAC(6′)-Ie-APH(2′′)-Ia. Our NMR studies of phos-
phorylated kanamycin unambiguously prove that the 2′′-
hydroxyl of this antibiotic is indeed the only group that is
modified by the APH(2′′)-Ib enzyme.

Steady-State Parameters. Different regiospecificity of
phosphate transfer by APH(2′′)-Ia, APH(3′)-IIIa, and APH-
(2′′)-Ib enzymes reflects differences in their substrate profiles;
while APH(2′′)-Ia and APH(3′)-IIIa phosphorylate both the
4,6- and 4,5-disubstituted aminoglycosides, the latter are not
substrates for the APH(2′′)-Ib phosphotransferase (Table 1).
Not unexpectedly, neamine, the 4,6-disubstituted aminogly-
coside, composed of only two rings and devoid of the 2′′-
hydroxyl, is also not a substrate for the APH(2′′)-Ib enzyme,
but serves as a potent inhibitor (Ki value of 260( 20 nM;
Table 1, Figure 2). Among all aminoglycosides tested,
kanamycin A, tobramycin, netilmicin, and dibekacin are the
best substrates. The APH(2′′)-Ib catalyzed phosphorylation
of these antibiotics with catalytic efficiencies (kcat/Km) of 1-2
× 107 M-1 s-1 (Table 1). These values indicate that the
enzyme is extremely efficient at its function and might
actually be operating at or near the diffusion limit. The
catalytic efficiencies of the enzyme for three other 4,6-
disubstituted aminoglycosides, arbekacin, isepamicin, and
amikacin, are 7-, 50-, and 170-fold lower that that of
kanamycin A. It is noteworthy that all three are the only
4,6-disubstituted aminoglycosides that have their N1 of the
2-deoxystreptamine ring acylated by theS-4-amino-2-hy-
droxybutyryl group. TheKm values for 4,6-disubstituted
2-deoxystreptamines, with the exception of isepamicin and
amikacin, are in the 1-3 µM range. Of the four 4,5-
disubstituted aminoglycosides tested (paromomycin, livido-
mycin A, spectinomycin, and hygromycin B), none is a
substrate for APH(2′′)-Ib, but two of them (paromomycin
and lividomycin A) are competitive inhibitors (Ki values 0.16
( 0.09 and 8.7( 1.5 µM respectively; Table 1). We also
studied the interaction of the APH(2′′)-Ib enzyme with four
atypical aminoglycosides (streptomycin, spectinomycin, apra-
mycin, and hygromycin B) whose structures are different
from both the 4,6- and 4,5-disubstituted aminoglycosides.
Only one of those, apramycin, is a substrate for APH(2′′)-
Ib and one of them, streptomycin, is a poor inhibitor of the
enzyme (Table 1). None of the inhibitors, apramycin,
neamine, paromomycin, lividomycin A, and streptomycin,
are slow-binding, but rather they are competitive linear
inhibitors. Of the two other studied phosphotransferases from
Gram-positive bacteria, APH(2′′)-Ia and APH(3′)-IIIa, both
exhibit a broader substrate profile but lower catalytic
efficiency (kcat/Km values of 103-104 M-1 s-1 and 106 M-1

s-1, respectively) than the APH(2′′)-Ib enzyme.
Catalytic Mechanism. We started to investigate the kinetic

mechanism of APH(2”)-Ib by analyzing the initial velocity

FIGURE 2: Structures of three aminoglycoside antibiotics and 2′′-
phosphoryl kanamycin A.

3JPOCH) 15.3 cos2 θ - 6.1 cosθ + 1.6

3JPOCC) 6.9 cos2 θ - 3.4 cosθ + 0.7

Table 1: Steady-State Kinetic Parameters for Catalysis by
APH(2′′)-Ib

substrate Km (µM) kcat(s-1) kcat/Km (M-1 s-1) Ki (µM)

kanamycin A 2.1( 0.1 45.0( 0.4 (2.2( 0.3)× 107

tobramycin 1.5( 0.2 26.0( 0.5 (1.7( 0.4)× 107

netilmicin 1.1( 0.1 19.1( 0.4 (1.7( 0.2)× 107

dibekacin 1.2( 0.1 17.1( 0.1 (1.4( 0.3)× 107

isepamicin 13.5( 1.1 5.7( 0.1 (4.4( 0.6)× 105

amikacin 62.9( 8.3 8.3( 0.5 (1.3( 0.3)× 105

arbekacin 3.1( 0.2 9.4( 0.1 (3.0( 0.5)× 106

apramycin 29.6( 3.3 5.6( 0.1 (1.9( 0.2)× 105

ATP 16.3( 1.6 43.3( 1.5 (2.7( 0.4)× 106

neamine 0.26( 0.02
paromomycin 0.16( 0.09
lividomycin A 8.7( 1.5
streptomycin 169.5( 52
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pattern. The velocity of reaction with aminoglycoside ami-
kacin was determined at three fixed concentrations of ATP.
Both substrates were used at concentrations that flanked their
respectiveKm values. All lines intersect to the left of the
y-axis in the double-reciprocal plots of 1/V versus 1/[ami-
kacin] (Figure 3). The observed pattern of intersecting lines
in the double-reciprocal plots of 1/V versus 1/[amikacin] is
indicative of a sequential mechanism (Figure 3). The data
were also fit to both the sequential and the ping-pong
mechanistic model with the Scientist software, using thekcat

and Km parameters determined independently, which were
allowed to vary up to 20% of their values. The mean sum
of squared deviations was 50-fold larger for the ping-pong
mechanism, which, unlike the sequential model, showed a
systematic nonrandom trend in the residuals. The statistics
of this fit indicate that the sequential model fits better the
experimental data and excludes the possibility of the ping-
pong mechanism (27). Sequential mechanism implies that
both substrates (the aminoglycoside and ATP) have to be
bound to the enzyme before the transfer of the phosphoryl
group from ATP to aminoglycoside occurs. In fact, all
aminoglycoside-modifying enzymes studied to date operate
via a sequential mechanism (4, 28-34). To distinguish
between random and ordered binding of substrates, we
carried out inhibition studies with the dead-end inhibitors
neamine (aminoglycoside lacking 2′′ hydroxyl) and AMP-
PCP (nonhydrolyzable analogue of ATP). The dead-end
inhibitor neamine behaved as a competitive inhibitor of

isepamicin (Kis of 0.18 ( 0.04 µM) and noncompetitive/
mixed inhibitor of ATP (Kis of 0.23 ( 0.06 µM and Kii of
0.75 ( 0.07 µM; Table 3). In another set of experiments
nonhydrolyzable nucleotide analogue AMP-PCP exhibited
competitive inhibition versus ATP (Kis of 35 ( 4.6µM) and
noncompetitive/mixed inhibition versus isepamicin (Kis of
40 ( 5.9µM andKii of 187( 8 µM). An inhibition pattern
where the dead-end competitive inhibitor for either substrate
is a noncompetitive/mixed inhibitor for the other substrate
is indicative of the random Bi Bi mechanism (35). This
mechanism implies that binding of substrates, aminoglyco-
side or ATP, to enzyme is random (Figure 4). In another set
of experiments, kanamycin 2′′-phosphate was used as a
product inhibitor. Another product, ADP, could not be used
in the coupled spectrophotometric assay because it is
regenerated back to ATP during the reaction. We demon-
strated that kanamycin 2′′-phosphate is a competitive inhibi-
tor for both the isepamicin (Kis of 60.9( 1.5µM) and ATP
(Kis of 39.4( 9.3µM; Table 2) at unsaturated concentrations
of fixed substrates, which is also in agreement with the
random Bi Bi mechanism (36).

Chemical Mechanism. High kcat/Km values (1-2 × 107

M-1 s-1) obtained with the best aminoglycoside substrates
could indicate that APH(2′′)-Ib might actually be operating
at or near the diffusion limit, where not a chemical step but
rather the rate of diffusion of substrates or products limits
the rate of phosphorylation. To investigate such a possibility,
and to determine steps that are controlled by diffusion, we
studied the effect of viscogens PEG 8000 (macroviscogen)
and glycerol (microviscogen) on the APH(2′′)-catalyzed
phosphorylation of kanamycin A. Because viscogens can also
influence the rate of the enzymatic reactions due to unpre-
dictable perturbations of other parameters of the system, apart
from just slowing down the diffusion rate, it is important to
have proper controls when interpreting kinetic data measured
in their presence (37). One way to account for such a
possibility is to measure the reaction rates in the presence
and absence of viscogens utilizing poor substrates, for which
the chemical step is rate-limiting and change of diffusion
rate is not expected to affect the overall rate of reaction (38,
39). ATPγS could be such poor substrate because its sulfur-
substituted phosphorus is less electrophilic than oxygen-

Table 2: Dead-End and Product Inhibition of APH(2′′)-Ib

variable substrate inhibitor inhibition pattern Kis (µM) Kii (µM)

isepamicin neamine competitive 0.18( 0.04
ATP neamine noncompetitive/mixed 0.23( 0.06 0.75( 0.07
isepamicin AMP-PCP noncompetitive/mixed 40( 5.9 187( 8
ATP AMP-PCP competitive 35( 4.6
isepamicin kanamycin phosphate competitive 60.9( 1.5
ATP kanamycin phosphate competitive 39.4( 9.3

FIGURE 3: Initial velocity patterns for catalysis by APH(2′′)-Ib.
Initial velocity patterns for APH(2′′)-Ib were obtained by measuring
the rates of reaction at three different fixed concentrations of ATP,
8 µM (9), 16µM (2), and 32µM ([), and variable concentrations
of amikacin (from 20 to 160µM).

FIGURE 4: Schematic presentations of the proposed kinetic mech-
anisms of APH(2′′)-Ib. A, aminoglycoside; B, ATP; P, aminogly-
coside phosphate; Q, ADP.
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substituted phosphorus of ATP and this could result in a
slower rate of catalysis. Thio effect is the ratio of the rate
for the reaction with the phosphoryl group to the rate of the
reaction with its thio analogue. We obtained the following
parameters when ATP was used as a substrate in an
uncoupled reaction:Km ) 40.0( 5.1 µM, kcat ) 7.6 ( 0.6
s-1. When we used ATPγS as a substrate, corresponding
parameters wereKm ) 45.8 ( 5.8 µM, kcat ) 0.1 ( 0.01
s-1. Thus, kcat was attenuated 76-fold andkcat/Km 90-fold
when ATPγS was used instead of ATP. These data indicate
that ATPγS is a much worse substrate for APH(2′′)-Ib than
ATP and that the chemistry for ATPγS is at least partially
rate-limiting. As anticipated, macroviscogen PEG had a
negligible effect on the first (kcat) and second order (kcat/Km)
constants, when either kanamycin A or ATP was used as a
variable substrate (Table 3). The values ofkcat andkcat/Km in
the presence of microviscosogen glycerol were not changed
when ATPγS was used as the variable substrate (kcat°/kcat

η

) -0.01 ( 0.02; (kcat/Km)°/(kcat/Km)η ) -0.07 ( 0.2). On
the other hand, in the presence of glycerol the slopes of the
plots of kcat°/kcat

η of kanamycin A and ATP versus relative
viscosity are 1.15( 0.21 and 1.03( 0.16, respectively, while
the slopes of the plots of (kcat/Km)°/(kcat/Km)η of kanamycin
A and ATP versus relative viscosity are 0.73( 0.06 and
1.11( 0.14, respectively (Table 3). Significant changes in
bothkcat andkcat/Km values in the presence of glycerol, when
either kanamycin A or ATP concentrations were varied,
indicate that product release and/or substrate binding are rate-
limiting steps for APH(2′′)-Ib-mediated catalysis.

To investigate the chemical mechanism of APH(2′′)-Ib we
evaluated solvent isotope on enzyme kinetics. Phosphory-
lation of aminoglycoside antibiotics by APH(2′′)-Ib occurs
by the attack of the 2′′-hydroxyl of antibiotics on the
γ-phosphate of ATP. In order to determine if proton transfer
occurs in the transition state, we determined thekcat values
of kanamycin A in D2O buffer. This results in exchange of
the hydrogen on the substrate hydroxyl with deuterium. One
would expect a significant solvent isotope effect onkcat if
deprotonation of the 2′′-hydroxyl of an antibiotic is a rate-
limiting step. Since the pKa values of potentially important
catalytic residues of enzymes are perturbed by D2O, experi-
ments had to be performed at two different pH values in
H2O buffer and two corresponding values in D2O buffer (the
pD values). To evaluate the solvent isotope effect on kinetics,
we determinedkcat values for kanamycin A in deuterated
buffer at pD 6.5 and pD 7.5 and compared them with the
data obtained in nondeuterated buffer. We obtainedkcat

H/ kcat
D

values of 1.0( 0.1 and 1.2( 0.1 at pH 6.5 and pH 7.5
correspondingly (Table 4). We also determined solvent
deuterium isotope effect for ATPγS, for which the chemical
step is rate-limiting. We first determined rates of APH(2′′)-
Ib-catalyzed phosphorylation of kanamycin at pH values
between 6.5 and 7.5 and demonstrated thatkcat andKm values
for antibiotic are not changing significantly within this pH
range (kcat ) 48 ( 5; Km ) 2.0 ( 0.3). Then measurements
were performed at optimal pH/pD values (pH and pD) 7.0),
and results demonstrated that substitution of deuterium for
hydrogen had no effect on thekcat value (kcat

H/ kcat
D values

of 1.0( 0.1). Thus, solvent isotope effect data do not suggest
that proton transfer occurs in the rate-limiting transition state.

Concluding Remarks.Aminoglycoside antibiotics remain
valuable and are sometimes indispensable for the treatment

of various infections. Numerous representatives are classified
into two major groups depending on whether they contain a
2-deoxystreptamine ring or not (the latter are often referred
to as atypical aminoglycosides). Aminoglycosides belonging
to the first group are further subdivided into 4,5- and 4,6-
disubstituted compounds depending on the attachment of
sugars to the 2-deoxystreptamine (Figure 2). Enzymatic
modification of aminoglycoside antibiotics is the prevailing
mechanism of bacterial resistance to this class of antimicro-
bial agents (40-42). Three distinct groups of enzymes,
aminoglycoside phospho-, acetyl-, and nucleotidyltrans-
ferases, perform modification of the hydroxyl or amino
groups of aminoglycosides important for efficient binding
of the drug to its ribosomal target.

Seven distinct classes of aminoglycoside phosphotrans-
ferases that utilize ATP as the second substrate and are able
to phosphorylate hydroxyl groups of various aminoglycoside
antibiotics have been identified in clinical isolates and
aminoglycoside-producing microorganisms (5). Two of the
three aminoglycoside phosphotransferases whose kinetics
have been studied, namely, APH(2′′)-Ia and APH(3′)-Ia,
follow the rapid-equilibrium random bi-bi mechanism (4,
33), while another well-characterized phosphotransferase,
(APH3′)-IIIa, was shown to operate via an ordered Theorell-
Chance kinetic mechanism (32, 43). Aminoglycoside phos-
photransferase APH(2′′)-Ib confers resistance to the clinically
important aminoglycoside antibiotics gentamicin, tobramycin,
netilmicin, isepamicin, and amikacin. Our studies with
purified APH(2′′)-Ib enzyme demonstrated that it phospho-
rylates the 4,6-disubstituted aminoglycosides, while 4,5-
disubstituted antibiotics are not substrates for the enzyme.
While the substrate profile of the APH(2′′)-Ib is narrower
than that of APH(2′′)-Ia, its catalytic efficiency is 2 to 3
orders of magnitude higher. Results of our kinetics studies
demonstrate that APH(2′′)-Ib operates by the random
Bi-Bi mechanism and diffusion-controlled substrate binding
and/or product release is a rate-limiting step in the APH-
(2′′)-Ib-mediated catalytic reaction.

SUPPORTING INFORMATION AVAILABLE

TOCSY NMR spectra of phosphorylated kanamycin A and
the graphs of inhibition patterns for APH(2”)-Ib. This

Table 3: Viscosity Effects on Catalysis by APH(2′′)-Ib

viscogen
varied

substrate fixed substratekcat°/kcat
η a

(kcat/Km)°/
(kcat/Km)η a

glycerol kanamycin A ATP 1.15( 0.21 0.73( 0.06
glycerol ATP kanamycin A 1.03( 0.16 1.11( 0.14
PEG 8000 kanamycin A ATP 0.01( 0.01 0.02( 0.01
PEG 8000 ATP kanamycin A 0.03( 0.02 0.02( 0.02
glycerol ATPγS kanamycin A -0.01( 0.02 -0.07( 0.2

a kcat° and (kcat/Km)° are the rate constants with no viscogen added,
andkcat

η and (kcat/Km)η are the rate constants in the presence of viscogen.

Table 4: Solvent Isotope Effects in Catalysis by APH(2′′)-Ib

Km (µM) kcat (s-1) kcat
H/kcat

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

pH 6.5 1.9( 0.2 51.0( 6.1
pD 6.5 12.9( 2.1 50.2( 6.2 1.0( 0.1 6.7( 0.9
pH 7.5 2.1( 0.3 38.3( 3.8
pD 7.5 1.7( 0.2 31.3( 4.0 1.2( 0.1 1.0( 0.2
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material is available free of charge via the Internet at http://
pubs.acs.org.
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