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Aminoglycosides are broad-spectrum antibacterials to which some bacteria have acquired resistance. The
most common mode of resistance to aminoglycosides is enzymatic modification of the drug by different
classes of enzymes including acetyltransferases (AACs). Thus, the modification of aminoglycosides by
AAC(20) from Mycobacterium tuberculosis and AAC(3) from Escherichia coli was studied using aminoglyc-
oside microarrays. Results show that both enzymes modify their substrates displayed on an array surface
in a manner that mimics their relative levels of modification in solution. Because aminoglycosides that
are modified by resistance-causing enzymes have reduced affinities for binding their therapeutic target,
the bacterial rRNA aminoacyl-tRNA site (A-site), arrays were probed for binding to a fluorescently labeled
oligonucleotide mimic of the A-site after modification. A decrease in binding was observed when amino-
glycosides were modified by AAC(3). In contrast, a decrease in binding of the A-site is not observed when
aminoglycosides are modified by AAC(20). Interestingly, these effects mirror the biological functions of
the enzymes: the AAC(3) used in this study is known to confer aminoglycoside resistance, while the
AAC(20) is chromosomally encoded and unlikely to play a role in resistance. These studies lay a direct
foundation for studying resistance to aminoglycosides and can also have more broad applications in iden-
tifying and studying non-aminoglycoside carbohydrates or proteins as substrates for acetyltransferase
enzymes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Aminoglycoside antibiotics are broad-spectrum antibiotics that
are used to treat both Gram-negative and Gram-positive bacterial
infections. Streptomycin was the first clinically used aminoglyc-
oside antibiotic. It was introduced in the 1940s and was one of
the first drugs to treat tuberculosis.1 Since that time, amino-
glycosides have been prescribed for infections, and as a result an
increase in resistant infections has been observed.2,3

The antibacterial activity of aminoglycosides is primarily due to
their ability to bind to the aminoacyl-tRNA site (A-site) in bacterial
ll rights reserved.
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ribosomes, resulting in alteration of A-site dynamics that leads to
recognition of non-cognate tRNAs.4–7 Alteration of A-site dynamics
caused by aminoglycoside binding has been observed in both crys-
tal structures and in solution with oligonucleotide mimics of the
bacterial rRNA A-site, and more closely correlates with antibacte-
rial activity than A-site affinity.8–10

Several modes of aminoglycoside resistance have been
observed. These include modification of bacterial rRNA targets
to disrupt hydrogen bonding that diminished affinity for aminogly-
cosides,11 altering the composition of the cell membrane to dimin-
ish the uptake of the drug, and enzymatic modification.12

Enzymatic modification is the most common cause of resistance
to aminoglycosides and results in a significant decrease in affinity
(greater than two orders of magnitude) for the bacterial rRNA
target.13 A suite of clinically relevant enzymes modify aminoglyc-
osides including members of the acetyltransferase (AAC) class
(Fig. 1).

In a previous study, aminoglycoside O-20 0 nucleotidyltransferase
(ANT(20 0)) and aminoglycoside O-30 phosphoryltransferase
(APH(30)) activities were assayed directly on a microarray surface
using site-specifically immobilized aminoglycosides.14 The same
array was then used to determine the effect of modification on
recognition of a fluorescently labeled oligonucleotide mimic of
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Figure 1. Modification of the aminoglycoside tobramycin by AAC(20) resistance-causing enzyme from M. tuberculosis or the AAC(3) resistance-causing enzyme from E. coli.
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the bacterial rRNA A-site. Herein, we describe studies of aminogly-
coside modification by two AACs and its effect on A-site binding.
Aminoglycoside arrays have previously been used to study binding
of AAC enzymes, but not enzymatic activity.15,16 Specifically, the
AAC(20) from Mycobacterium tuberculosis, an enzyme whose biolog-
ical activity is unknown but modifies aminoglycosides, and the
AAC(3) from Escherichia coli, an enzyme known to confer resistance
to aminoglycosides, were studied by monitoring aminoglycoside
modification by the transfer of a radioactive tag from 14C-acetyl
coenzyme A (AcCoA) onto the surface. These two enzymes were
chosen (1) because the effect of their modification on A-site bind-
ing has not been previously studied; (2) to determine if clinically
relevant enzymes can be distinguished from ones that are not.

2. Experimental

2.1. General

The plasmids encoding the genes for M. tuberculosis AAC(20)-Ic
and E. coli AAC(3)-IV were generously provided by Professor John
Blanchard (Department of Biochemistry, Albert Einstein College
of Medicine). Nanopure water was used unless otherwise indi-
cated. All chemicals were of at least reagent grade and were pur-
chased from Acros or Fluka with the following exceptions:
Acetyl-CoA and propargylamine (MP Biochemicals); [14C]acetyl-
CoA (PerkinElmer); DNase I (Promega); SnakeSkinTM dialysis tubing
(Pierce Biotechnology); and agarose (Fisher Scientific).

2.2. Expression and isolation of AAC(20)-Ic from M. tuberculosis

AAC(20)-Ic was isolated using a modified version of the previ-
ously published procedure described by Hegde et al.17 A pET23a
plasmid harboring a gene for the AAC(20)-Ic was transformed into
BL21(DE3)pLysS cells and a 1 L culture was grown in LB containing
50 mg/L carbenicillin at 37 �C to an OD600 �1.0. The culture was
cooled at 20 �C for 15 min, and then was induced with 0.2 mM iso-
propyl b-D-1-thiogalactopyranoside (IPTG) and further grown for
8 h at 20 �C. Cells were pelleted by centrifugation (10,000 rpm,
20 min, 4 �C) and resuspended in 25 mL of buffer A (25 mM trieth-
anolamine, pH 7.8, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, 0.2 lg/mL lysozyme, and 1 lg/mL DNase I). The solution
was stirred at 4 �C for 20 min, and then lysed by sonication while
incubating on ice (20 � 5 s bursts with a 9-s wait time between
each burst; after a 4-min incubation on ice, the sonication cycle
was repeated). Cellular debris was pelleted by centrifugation.

AAC(20) was selectively precipitated using ammonium sulfate.
Solid ammonium sulfate was added to the supernatant to a final
concentration of 0.85 M and the solution was stirred for 1 h at
4 �C. The solution was centrifuged (14,000 rpm, 1 h, 4 �C) and the
pellet was discarded. Solid ammonium sulfate was added to a final
concentration of 1.6 M to the supernatant, and the solution was
stirred for 2 h at 4 �C. AAC(20) was pelleted by centrifugation
(14,000 rpm, 1 h, 4 �C). The supernatant was discarded and the
pellet was resuspended in a minimal amount of buffer B (25 mM
triethanolamine, pH 7.8, 1 mM DTT, 1 mM EDTA, 50 mM NaCl,
and 0.5 M (NH4)2SO4). The sample was then dialyzed against buffer
B overnight at 4 �C (3500 MWCO). The protein was concentrated
using Sartorius Vivaspin ultrafiltration tubes (10,000 MWCO,
polyethersulfone membrane), and stored at �20 �C after glycerol
was added to a final concentration of 50%.

The purity of the protein was assessed by SDS–PAGE and deter-
mined to be �30%. Total protein concentration was determined
using a Micro BCA Protein Assay Kit (Pierce Biotechnology).
Enzymatic activity was confirmed using a phosphocellulose assay
as described.18 Spectrophotometric assays were completed to
determine the KM and kcat of this enzyme preparation, and the
values were similar to those previously reported.17

2.3. Expression and isolation of AAC(3)-IV

AAC(3)-IV was isolated using a modified version of the proce-
dure described by Magalhaes and Blanchard19 as detailed below.
A pET23a plasmid harboring a gene for the AAC(3)-IV protein
was transformed into E. coli BL21(DE3)pLysS. A single colony was
used to inoculate 1 L of LB media containing 50 mg/L carbenicillin.
The culture was grown for 24 h at 37 �C. Cells were pelleted by cen-
trifugation (10,000 rpm, 20 min, 4 �C) and were resuspended in
25 mL of 20 mM triethanolamine�HCl, pH 7.8, containing 1 mM
PMSF. Cells were lysed by sonication as described above. After son-
ication, 50 units of DNase I were added and the mixture was stirred
on ice for 30 min. Cellular debris was pelleted by centrifugation
(8000 rpm, 1 h, 4 �C), and the supernatant was dialyzed (3500
MWCO) overnight at 4 �C into 20 mM triethanolamine�HCl, pH 7.8.

The protein mixture was concentrated using a Sartorius
Vivaspin concentration device (10,000 MWCO, polyethersulfone
membrane). Glycerol was added to a final concentration of 50%,
and the protein was stored at �20 �C. The molecular weight of
�28 kDa was confirmed via SDS–PAGE, and its purity was esti-
mated to be >90%. Protein concentration was determined using a
Micro BCA Protein Assay Kit. Enzymatic activity was confirmed
using a phosphocellulose assay as described.18 Spectrophotometric
assays were also completed to determine the KM and kcat of this en-
zyme preparation, and the values were similar to those previously
reported.19
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2.4. Preparation of alkyne-displaying agarose slides

Silane prep glass microscope slides (Sigma–Aldrich) were pre-
pared as previously described20 with one modification—100 mg
of NaCNBH3 was used in the reduction step instead of 300 mg.

2.5. Immobilization of azido-aminoglycosides onto the slide
surface

Azido-aminoglycosides were synthesized as previously de-
scribed.14,20 Spotting solutions consisted of 10 mM Tris–HCl, pH
8.5, 100 lM TBTA21 dissolved in 4:1 butanol/DMSO, 1 mM CuSO4,
100 lM ascorbic acid, 10% glycerol, and serially diluted concentra-
tions of the azido-aminoglycoside.22 The concentrations of amino-
glycoside in the spotting solution for the AAC(20) microarrays were
5 mM, 1.67 mM, 0.556 mM, 0.185 mM, and 0 mM. For the AAC(3)
microarrays, the concentrations of aminoglycoside in the spotting
solutions were 5 mM, 1 mM, 0.2 mM, 0.04 mM, and 0 mM.

Slides were equipped with a silicon gasket that has two blocks
to allow separation of the AAC modification reaction and the blank
lysate that serves as a negative control. After the aminoglycosides
were spotted identically in the two blocks, the slides were incu-
bated at room temperature for 2 h in a humidity chamber. They
were then washed by pipetting 240 lL of assay buffer (for AAC(20):
100 mM KH2PO4, pH 7.0; for AAC(3): 50 mM HEPES, pH 7.5) into
each block and incubating for 5 min at room temperature; the
solution was pipetted out of the blocks. This wash step was
repeated three times.

2.6. Determination of the amount of aminoglycoside
immobilized on the slide surface

To determine the amount of aminoglycoside immobilized onto
the slide surface, a silicon gasket that created 50 microwells on
the slide surface was affixed to the microarray. Then, different con-
centrations of 1–4 were immobilized into each well. After incuba-
tion for 2 h at 100% humidity, the wells were washed three times
by incubating 12 lL of buffer in each well for 5 min (for AAC(20):
100 mM KH2PO4, pH 7.0; for AAC(3): 50 mM HEPES, pH 7.5). These
washes, which contained unreacted azido-aminoglycoside that
was not immobilized onto the array surface, were pooled and
placed into a well of a 96-well plate. To these solutions was added
100 lL of a 1 mM fluorescamine prepared in dry acetone. The fluo-
rescence signal in the plate was immediately measured using a
BioTek-HT fluorescence plate reader using a 360/40 nm excitation
filter and a 460/40 nm emission filter. Data were compared to
standard solutions of 1–4. Signals above background were only
observed for the two highest spot concentrations. For the AAC(20)
microarrays, this corresponds to spotting solutions containing
5 mM and 1.67 mM aminoglycoside; for the AAC(3) microarrays,
this corresponds to spotting solutions containing 5 mM and
1 mM aminoglycoside. In all cases, 400 nL of spotting solution is
delivered to the surface.

2.7. Enzymatic modification of immobilized aminoglycosides
by AAC enzymes using 14C-labeled AcCoA

Reactions were completed in 240 lL total volume. Each reaction
consisted of: assay buffer (for AAC(20): 100 mM KH2PO4, pH 7.0; for
AAC(3): 50 mM HEPES, pH 7.5), 0.13 nmol of 14C-labeled AcCoA,
5 nmol cold AcCoA, and resistance-causing enzyme (0.9 lg for
AAC(20) or 0.3 lg total protein for AAC(3)) or blank BL21(DE3)
pLysS control lysate (0.9 lg for AAC(20) experiments or 0.3 lg for
AAC(3) experiments). Reactions were carried out for 20 h at 37 �C
at 100% humidity to prevent evaporation. After reaction, the slides
were submersed in 0.2% SDS and the silicon gasket was removed.
They were then washed with 0.2% SDS for an additional 30 min
at 37 �C followed by H2O for 10 min at 37 �C. Slides were air dried,
exposed in a phosphorimager cassette, and scanned using a Bio-
Rad FX phosphorimager. Data were quantified using QUANTITYONE

software.

2.8. Determination of the amount of aminoglycoside modified
by resistance-causing enzymes on the surface

The amount of radioactivity deposited onto the surface was
determined using the counts of the 14C immobilized relative to
the total radioactive counts added to each reaction. Using this
information and the moles of aminoglycoside immobilized on the
slide surface (determined from the fluorescamine assay described
above), the moles and percentage of modified aminoglycoside on
the surface were determined.

2.9. Probing modified slides with a fluorescently labeled
ribosomal A-site mimic

Prior to hybridization of the labeled A-site mimic (5), slides
were pre-equilibrated with 600 lL of hybridization buffer
(8 mM Na2HPO4, pH 7.1, 1 mM EDTA, and 185 mM NaCl) contain-
ing 200 lg/mL BSA, and the solution was evenly spread over the
surface with a piece of parafilm. After 10 min at room tempera-
ture, the parafilm and excess buffer were removed. A 600 lL solu-
tion of 1 lM 5 (purchased from Dharmacon) in hybridization
buffer was refolded by incubating for 4 min at 95 �C followed
by slow cooling to room temperature. Then, bovine serum albu-
min (BSA) was added to a final concentration of 100 lg/mL to
prevent non-specific binding, and the solution was applied to
the slide surface. The array was incubated for 40 min at room
temperature in the dark. Unbound RNA was washed off the sur-
face by delivering 10 � 1 mL hybridization buffer containing
200 lg/mL of BSA to the array surface followed by 5 � 1 mL
H2O. Slides were air dried and scanned at 532 nm with an Axon
GenePix 4000A microarray scanner, and data were quantified
using QUANTITYONE software.

2.10. Synthesis of kanamycin A-triazole

Please see the Supplementary data for details of the synthesis of
kanamycin A-triazole.
3. Results

To study aminoglycoside modification by the acetyltransferase
class of resistance-causing enzymes and the effect of modification
on binding an oligonucleotide mimic of the bacterial A-site, we
synthesized20,23 and immobilized four azido-aminoglycosides onto
alkyne-functionalized agarose arrays14,24 via a Huisgen cycloaddi-
tion reaction21 (Fig. 2). The positions where the azido-groups were
installed into each aminoglycoside were governed by the ease of
functionalization of a primary hydroxyl group.14,23,25 For the kana-
mycin A (1) and the tobramycin (2) derivatives, the 600OH group
was functionalized. In crystal structures of these aminoglycosides
complexed with the bacterial rRNA A-site, there are no contacts
between the 600OH group and RNA.26,27 Therefore, immobilization
through the 600OH group should not significantly affect A-site bind-
ing. Structures of AAC(20) complexed with both tobramycin and
kanamycin A are also available.28 In these structures, the 600OH
groups of both kanamycin A and tobramycin do not form critical
direct contacts with the enzyme and are exposed to solvent. In
these structures there is sufficient space for triazole functionaliza-
tion and surface immobilization at the 600OH.29 There are no known
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Figure 2. (A) The structures of the azido-aminoglycosides used to construct the array: (1) kanamycin A mimic, (2) tobramycin mimic, (3) neamine mimic, (4) neomycin B
mimic. (B) The structure of the 50-end DY547-labeled oligonucleotide mimic of the bacterial rRNA A-site. (C) The Huisgen dipolar cycloaddition reaction used to anchor 1–4
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structures of AAC(3)-aminoglycoside complexes. The neamine (3)
and the neomycin B (4) derivatives were functionalized at similar
positions—the 5 and 500OH groups, respectively. Both hydroxyl
groups form an intramolecular hydrogen bond with the 20NH2.
The 5OH group of neamine does not form stabilizing interactions
with the rRNA A-site mimic; thus immobilization at this site is
unlikely to significantly affect RNA binding. The 500OH group of
neomycin does hydrogen bond with the N7 of G1491.26

Aminoglycosides were spotted in duplicate sets inside two
blocks of a silicon gasket that was placed over the array. This al-
lowed two hybridizations to be completed simultaneously on the
same surface—one containing the resistance-causing enzyme of
interest and the other containing a cell lysate without the resis-
tance-causing enzyme. Each block also contained cold AcCoA and
trace 14C-labeled AcCoA. Therefore, if modification occurs on the
surface, then 14C is deposited at the corresponding positions. The
relative signal allows for readout of the amount of aminoglycoside
that was modified. Indeed, signal was only observed when the AAC
enzymes were added to the array; no signal was observed when a
lysate that does not contain the resistance-causing enzyme was
added (Figs. 3 and 4).

3.1. Modification of aminoglycosides by AAC(20) and the effect
on binding 5

The aminoglycoside arrays were first probed for modification by
the AAC(20) from M. tuberculosis. This enzyme is not known to
confer resistance to aminoglycoside antibiotics. Modification of
arrayed aminoglycosides by AAC(20) was observed for aminoglyc-
osides that contain a 20NH2 group (2–4). The trends in modification
of the compounds on the array show that the neamine (3) and
neomycin (4) derivatives are modified to the highest and similar
extents. Tobramycin (2) was modified at about 60% of the extent
of 3 and 4 at the highest loading, and approximately maintains this
relative level throughout the loading range (Fig. 3). In contrast, the
aminoglycoside with a 20OH group, the kanamycin A derivative (1),
did not give measurable signal. Previously it has been shown that
AAC(20) can acetylate kanamycin A, however, the kcat/KM is small
compared to modification of aminoglycosides that contain a
20NH2 group. For example, in the presence of fixed and saturating
concentrations of AcCoA, kanamycin A and tobramycin have
kcat/KM’s of 4.75 � 104 and 3.64 � 107 M�1 s�1, respectively.17 The
difference in the extent of modification therefore depends on the
structure of the aminoglycosides and the functional groups
that they present, not the manner in which the compounds
are displayed on the surface because 1 and 2 are displayed simi-
larly and only differ by the functional groups at the 20 and 30

positions.
After modification, the arrays were washed to remove protein

that was bound to the surface and were probed with a fluores-
cently labeled (50-DY547) mimic of the bacterial A-site (5) to deter-
mine if the modified aminoglycosides on the array have a
diminished affinity toward their therapeutic target.5,14,30 For the
unmodified aminoglycoside, the relative signal observed at each
loading on the array for binding to the A-site is 4 > 2 > 3 > 1 (Figs.
3 and 4). This trend correlates with the trends in affinities for the
parent (un-functionalized, unmodified) aminoglycosides that were
determined by surface plasmon resonance spectroscopy.30 A signif-
icant decrease in binding of the A-site to aminoglycosides modified
by AAC(20) was not observed. Only neomycin B at the highest
ligand loading (5 mM aminoglycoside in the spotting solution)
showed diminished binding upon modification that is not within
error.

To determine why a decrease in binding was not observed, the
amount of aminoglycoside that was modified on the array was
estimated. First, the amount of aminoglycoside immobilized on
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the surface was determined using fluorescamine, as previously
described.14,31 Comparison of these values to the amount of AcCoA
deposited onto the array using the radioactive signals allowed
determination of the fraction of aminoglycosides that was modi-
fied on the array. Results show only a small percentage of the
arrayed aminoglycosides is modified by AAC(20) (Table 1). For
example, at the highest compound loading, only 3%, 5%, and 2%
of array-immobilized compounds 2–4, respectively, were modified
while at the second highest compound loading only 8%, 19%, and
7% of array immobilized 2–4, respectively, were modified. The
detection limit of fluorescamine precluded measurement of the
amount of aminoglycoside immobilized at lower ligand loadings.
Attempts to increase the amount of aminoglycoside modified onto
the array surface by increasing the concentration of enzyme, the
amount of AcCoA, and the incubation time did not increase the per-
cent of aminoglycoside modified on the surface, so that a signifi-
cant difference in the binding of 5 to modified aminoglycosides
could be observed.

3.2. Modification of aminoglycosides by AAC(3) and the effect
on binding 5

Modification by another acetyltransferase, the AAC(3) from E.
coli, was also studied. The AAC(3) resistance-causing enzyme is
most interesting because it can specifically modify a wide variety
of aminoglycosides including gentamycin, tobramycin, neomycin,
and apramycin,19,32 and confers resistance to aminoglycoside anti-
biotics. Because it has a wide specificity for clinically used amino-
glycosides, the identification of features in substrates that allow for
modification is very important.
The same series of experiments that were completed with
AAC(20) were also completed with AAC(3). The order of the amount
of modification on the surface is 4 � 3 � 2 > 1. In solution, experi-
ments have shown that neomycin B (4-like) and tobramycin (2-
like) have similar kcat/KM’s of 1.6 � 108 and 1.1 � 108, respectively,
while kanamycin A (1-like) has a lower kcat/KM of 3.4 � 105.17 Thus,
the relative values obtained from the array correlate well with
solution measurements.

The amount of aminoglycoside modified on the array surface
was also determined using the fluorescamine assay described
above, and the amount of radioactivity deposited at aminoglyco-
side-functionalized positions. Much more of the aminoglycoside
on the array is modified by AAC(3) than by AAC(20) (Table 1). For
the highest ligand loading (5 mM aminoglycoside in the spotting
solution), 7%, 17%, 24%, and 16% of the immobilized aminoglyco-
sides are modified for 1–4, respectively. At the second highest
ligand loading (1 mM aminoglycoside in the spotting solution),
42%, 58%, 42%, and 53% of the immobilized aminoglycosides are
modified for 1–4, respectively.

After modification, the arrays were washed to remove bound
protein and probed for binding to 5. Results show that aminoglyc-
osides modified by AAC(3) have reduced affinities for binding to 5
(Fig. 4). The largest reduction in affinity is observed for 4 followed
by 2. Interestingly, modification by 3 did not reduce binding of 5 as
much as 2 or 4 despite similar extents of modification. This sug-
gests that 3 binds differently to the A-site. Indeed, in a crystal
structure of the A-site complexed with neamine, the RNA folds into
a significantly different conformation than when bound to kana-
mycin, tobramycin, or neomycin, and forms different contacts with
the aminoglycoside.26,33
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Figure 4. Modification of aminoglycosides by AAC(3) on a microarray and the subsequent effect on binding to an oligonucleotide mimic of the bacterial A-site, 5. (A) A
representative image of modification of aminoglycosides 1–4 (Fig. 2) by AAC(3). The two halves of the microarray were spotted in the same manner. The left side was
incubated with a cell lysate that does not contain AAC(3), but does contain [14C]acetyl-CoA. As expected, there is no transfer of the radioactive tag to the aminoglycosides
immobilized on the surface. The right-side labeled ‘+AAC(3)’ was incubated with AAC(3) and [14C]acetyl-CoA. (B) Plots of the data from two microarray experiments
represented in panel A. 1+ is the data for compound 1 when incubated with a cell lysate containing AAC(3); 1� is the data for compound 1 when incubated with a cell lysate
that does not contain AAC(3); 2+ is the data for compound 2 when incubated with AAC(3) while 2� is the data for compound 2 when not incubated with AAC(3), etc. (C) The
microarray in panel A was probed for binding 5 after 1–4 were modified by AAC(3). The left side of the microarray was incubated without AAC(3) while the right side was
incubated with AAC(3). (D) Plots of data for two microarray experiments represented in panel C.

Table 1
Summary of the percentages of aminoglycosides modified at the two highest
aminoglycoside concentrations in the spotting buffer and the subsequent effect on
binding to 5, an oligonucleotide mimic of the bacterial A-site

a For AAC(20) and AAC(3), this concentration is 5 mM.
b For AAC(20), this concentration is 1.67 mM while for AAC(3) this concentration is
1 mM.
c The fluorescence intensity for binding to 5 for the aminoglycoside incubated with
a cell lysate without the resistance-causing enzyme and with the resistance-causing
enzyme is within error.
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4. Discussion

Aminoglycosides are a class of antibacterials that bind to the
bacterial rRNA A-site and cause perturbation of A-site dynamics.8
Enzymatic modification of aminoglycosides by resistance-causing
enzymes leads to bacterial resistance by causing a decrease in
binding affinity. There are three main types of aminoglycoside
modifications – phosphorylation, nucleotidylation, and acetylation,
which is the most common. We studied modification by two acet-
yltransferases, M. tuberculosis AAC(20) and E. coli AAC(3). Insights
into how acetylation of these two positions affects A-site binding
can be gained from crystal structures and minimum inhibitory
concentration (MIC) data.

4.1. The importance of aminoglycoside 20NH2 and 3NH2 in
binding of the bacterial A-site

Crystal structures of an oligonucleotide mimic of the bacterial
A-site complexed with all four parent aminoglycosides used in this
study have been reported.26,27 Interestingly, the 20 position does
not form direct contacts with the A-site in any of the complexes.
The 20 position in tobramycin and neomycin B makes water-
mediated contacts with the phosphodiester backbone of A1493;
tobramycin makes additional water-mediated contacts to the
phosphodiester backbone of A1492 and the N7 of G1491. The 20

position of all four parent aminoglycosides makes intramolecular
hydrogen bonds, some of which are water mediated. This may sug-
gest that modification of the 20 position may not affect A-site bind-
ing as much as modification at other positions such as the 1, 20 0, 3,
or 60, which all make direct contacts to the RNA.

In contrast, analysis of crystal structures of all four parent
aminoglycosides used in this study complexed with the bacterial
rRNA A-site show that the 3NH2 forms the same series of
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important, direct contacts: it participates in hydrogen bonds with
the N7 of G1464 and the phosphates in A1493 and G1494.26,27

Therefore, disruption of this series of critical contacts would signif-
icantly diminish binding to the A-site. These interactions appear to
be more important for maintaining the RNA-aminoglycoside com-
plex than the interactions formed by the 20 position most of which
are water mediated and intramolecular.

The more critical nature of the contacts made by the 3NH2 than
the 20NH2 is also supported by the MIC of tobramycin and 20-Ac
and 3-Ac tobramycin.34 In E. coli strains that lack resistance-caus-
ing enzymes, tobramycin has an MIC of 0.5 lg/mL, whereas the
MICs for 20-Ac tobramycin and 3-Ac tobramycin are 32 and
256 lg/mL, respectively. Therefore the 20-acetylated derivative is
8-fold more potent than the 3-acetylated derivative, suggesting
that the 3-Ac tobramycin cannot interact with the A-site as
strongly as 20-Ac tobramycin. The 20NH2 is also not in as close
proximity to portions of the A-site that could affect binding to
the A-site via steric effects.26,27
4.2. Comparison of M. tuberculosis AAC(20) and E. coli AAC(3):
can the biological function of acetyltransferases be
distinguished using microarrays?

Acetyltransferases are common enzymes that modify a variety
of substrates including proteins, carbohydrates, lipids, metabolites,
arylamine drugs, and carcinogens. Clearly, not all AACs play roles
in bacterial resistance. To determine if our microarray platform
could distinguish between AACs that are clinically relevant to bac-
terial resistance from ones that are not, we studied the ability of M.
tuberculosis AAC(20) and E. coli AAC(3) to modify four aminoglyco-
sides. The former is chromosomally encoded and not known to
confer aminoglycoside resistance; its biological substrate may be
mycothiol.28 The latter is encoded in plasmids and known to confer
aminoglycoside resistance.

Both the AAC(20) and the AAC(3) modify the aminoglycoside
derivatives that have an amino group in the corresponding posi-
tion; 2–4 and 1–4, respectively. The kanamycin derivative, 1, con-
tains an OH group in the 20 position; previous studies have shown
that the kcat/Km of M. tuberculosis AAC(20) for hydroxyl groups is
three orders of magnitude lower than amino groups (comparison
of kanamycin and tobramycin at fixed, saturating concentrations
of AcCoA).17 This could explain, at least in part, why modifica-
tion of 1 was not observed. Though both enzymes can modify the
aminoglycosides when displayed on an array surface, the extent
of modification is different. AAC(3) modifies �5-fold more of the
arrayed substrate at the highest ligand loading (5 mM aminoglyc-
oside in the spotting solution) than AAC(20) (Table 1). This
correlates with the differences in kcat/Km’s of the two enzymes in
the presence of saturating concentrations of AcCoA: the kcat/Km

for kanamycin is 7-fold greater for AAC(3) than AAC(20); for
tobramycin, 3-fold; and for neomycin B, 25-fold.17,19 Previously
reported experiments with arrays of 2 and 3 that were modified
by ANT(20 0) and APH(30) show that both of these enzymes can
modify as much as 80% of the arrayed aminoglycoside.14 Evidently,
the extent of modification on the surface is correlated with the
biological function of the enzyme.

Moreover, the extent of modification influences the decrease in
A-site binding. A decrease in binding was only observed when 4 at
the highest ligand loading (5 mM) was modified by M. tuberculosis
AAC(20). In contrast, a decrease in A-site binding was observed
when 2 and 4 were modified by AAC(3). Less significant decreases
were observed for 1 and 3. These results are in contrast to our pre-
vious experiments with an aminoglycoside nucleotidyltransferase
(ANT(20 0)) and an aminoglycoside phosphoryltransferase (APH(30))
resistance-causing enzymes, which significant reductions in the
binding of modified aminoglycosides to the bacterial A-site were
observed.14

5. Implications

Microarray technologies are finding a niche in furthering the
understanding of a wide variety of cellular processes. They are
most commonly used to probe gene expression on a genome-wide
scale.35 Protein microarrays have also been used extensively to
study protein–protein interactions and protein modification.36,37

Small molecule microarrays have been developed to identify
chemical probes for protein,38–42 and carbohydrate microarrays
are becoming an important enabling technology to understand
the roles of sugars in biological processes.43–50 Perhaps our inves-
tigations into developing arrays to study sugar modification will
go beyond studying antibiotic resistance. One potential application
is to identify the physiological substrates of AAC(20). This enzyme
is chromosomally encoded; therefore it is not likely that its phys-
iological function is to confer aminoglycoside resistance. Crystal
structures of AAC(20) bound to substrate have led to the hypothesis
that it could modify an intermediate of mycothiol, which is the ma-
jor reducing agent in bacteria.28 Such hypotheses, and others,
about the substrates for glycan modifying enzymes could be tested
by profiling arrays of sugars for modification by AAC(20) and other
enzymes.
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