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Abstract
Widespread bacterial resistance to antibiotics is a significant public health concern. To remain a
step ahead of evolving bacteria, new methods to study resistance to antibacterials and to uncover
novel antibiotics that evade resistance are urgently needed. Herein, microarray-based methods that
have been developed to study aminoglycoside modification by resistance-causing enzymes are
reviewed. These arrays can also be used to study the binding of aminoglycoside antibiotics to a
mimic of their therapeutic target, the rRNA aminoacyl site (A-site), and how modification by
resistance-causing enzymes affects their abilities to bind RNA.
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1 INTRODUCTION
The therapeutic target of aminoglycosides is the bacterial ribosome (1–5). Different sites
within the ribosome bind aminoglycosides, for example, streptomycin (6) binds the S12
protein and affects ribosomal assembly, while kanamycin A, neomycin B, and amikacin
target the aminoacyl site (A-site) and interfere with decoding (7–10). A variety of structural
and biochemical studies have investigated how aminoglycosides affect decoding and bind to
the ribosome. Early work to identify aminoglycoside binding sites in rRNA was completed
by Moazed and Noller (7). This work was extended by Purohit and Stern who showed that
aminoglycosides bind the A-site as part of the entire ribosomal and as a small rRNA
fragment similarly (11). High-resolution NMR structural analysis of the aminoglycoside–A-
site complex was completed by the Puglisi group (9, 12–14). These early structural studies
showed that local conformational changes within the RNA target occurred upon
aminoglycoside binding. These NMR studies served as a catalyst to understand the
molecular recognition of the codon–anticodon helix by the 16S rRNA using chemical
modification. The results of that study showed that the 30S ribosome is critical for the
decoding process by interacting with the codon–anticodon complex (15). Crystallographic
studies completed on ribosomal subunits or entire ribosomes in the presence of
aminoglycosides provided near atomic resolution information on codon–anticodon
interactions and the complex’s interaction with aminoglycosides (16–18). These studies
served as a springboard for the Pilch and Hermann groups to develop fluorescence-based
methods to study the effect that aminoglycosides have on A-site dynamics (19–22).
Subsequent crystallographic studies by the Cate group on whole intact Escherichia coli
ribosomes revealed that, in addition to the A-site, aminoglycosides bind helix 69 in 70S
ribosomes, helping to explain how aminoglycosides inhibit ribosomal recycling (8).
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Bacterial resistance to aminoglycosides is not as complex as the mechanism involved in
aminoglycoside inhibition of protein synthesis. The most common mechanism of resistance
is due to enzymatic modification of the aminoglycoside. Modifications introduced into
aminoglycosides that confer resistance include O-phosphorylation, O-nucleotidylation, and
N-acetylation. Enzymes that confer these modifications are called aminoglycoside
phosphotransferases (APH’s), aminoglycoside nucleotidyltransferase (ANT’s), and
aminoglycoside acetyltransferases (AAC’s), respectively (3, 4, 23–25). Enzymatic
modification is so extensive that many of the parent aminoglycoside antibacterials are no
longer effective in a clinical setting. Figure 1 depicts some of the positions in the
aminoglycoside ribostamycin that are modified by resistance-causing enzymes and the
functional groups that are added by resistance-causing enzymes.

Modified aminoglycosides have a greatly diminished affinity (>10-fold, Fig. 2) toward their
therapeutic RNA target (26). Investigation of the binding pockets of RNA–aminoglycoside
complexes shows that diminished binding can be due to removing functional groups from
forming direct contacts with RNA (e.g., acylation of amino groups) or introducing steric
bulk or charge–charge repulsion (e.g., a phosphate group lying near the negatively charged
backbone of RNA).

Based on these observations and the development of carbohydrate microarray technology
(27–33), our group has developed a microarray approach that monitors aminoglycoside
modification by resistance-causing enzymes and the effect of modification on rRNA A-site
binding using site-specifically immobilized aminoglycoside substrates (34, 35). These
studies, therefore, extend previous investigations that used nonspecifically immobilized
aminoglycosides to only probe their binding to RNA (29) or resistance-causing enzymes
(27). The methods outlined here focus on the use of radioactive labeling to detect enzymatic
modification and the impacts of modification on binding RNA. Most recently (mid-2010),
our group developed a fluorescence-based microarray approach that can be used to detect
modification of carbohydrates by acetyltransferases (36). Please see that manuscript for a
description of those studies.

The preparation of the agarose microarray surfaces is critical for these studies, as agarose
provides a porous layer that allows for high ligand loading and supports high-density
modification of sugars displayed on the array surface (as much as 80% of the total amount
of immobilized aminoglycoside) (34, 35). Agarose array surfaces are also quite versatile in
the number of chemically reactive handles that can be introduced onto the surface as
reactions with amines, alkynes, and azides have all been reported (Fig. 3) (29, 36–41).

Portions of this document have been adapted from Aminova and Disney (42), primarily the
construction of appropriately functionalized agarose microarray surfaces. Microarray
fabrication is included such that two stand alone chapters would be available. That methods
paper reviews our group’s work on the development of two-dimensional combinatorial
screening (2DCS) (37, 38) and people interested in those methods should refer to that
manuscript.

2 MATERIALS
2.1 Array Preparation and Spotting

This section is based on ref. 42, which describes the protocol for 2DCS.

1. 31.8 mM solution of NaCNBH3: Dissolve 0.2 g of sodium cyanoborohydride in
100 mL of 4:1 1× PBS:ethanol. Prior to applying this solution to the array surface,
ensure that all of the NaCNBH3 is dissolved by stirring the solution for 2–3 min. It
is important to prepare a fresh solution each time.
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2. 10× Phosphate-buffered saline (PBS): Dissolve 14.2 g of Na2HPO4, 2.45 g of
KH2PO4, 81.8 g of NaCl, 1.86 g of KCl in 900 mL of nanopure water. Adjust the
pH to 7.5 using 1 M NaOH or 1 M H3PO4. Add nanopure water to bring volume to
1 L. Store the solution at room temperature.

3. 0.2% Sodium dodecyl sulfate (SDS): Dissolve 2 g of SDS in 900 mL of nanopure
water; add water to make 1 L of solution. Store the solution at room temperature.

4. 10× Phosphate buffer: Prepare the following solutions:

1 M K2HPO4 (dissolve 1.74 g of K2HPO4 in 10 mL of nanopure water)

1 M KH2PO4 (dissolve 1.36 g of KH2PO4 in 10 mL of nanopure water)

1 M Na2HPO4 (dissolve 1.42 g of Na2HPO4 in 10 mL of nanopure water)

1 M NaH2PO4 (dissolve 1.2 g of NaH2PO4 in 10 mL of nanopure water)

Prepare a 100 mM potassium phosphate solution by mixing 940 μL of 1 M
K2HPO4 60 μL of 1 M KH2PO4 and 9 mL of nanopure water.

Prepare a 100 mM sodium phosphate solution by mixing 932 μL of 1 M Na2HPO4,
68 μL of 1 M NaH2PO4, and 9 mL of nanopure water.

Finally, mix equal volumes of the two 100 mM solutions together; this solution
should have a pH of ~8. Store the solution at room temperature.

5. 1% Agarose solution: Dissolve 1 g of high melting agarose in nanopure water by
heating the solution in a microwave or on a stir plate. Only use this solution once as
repeated heating cycles will create a fragile microarray surface.

6. 0.02 M NaIO4 solution. Dissolve 2.14 g of NaIO4 in 500 mL of nanopure water.

7. 10% Ethylene glycol solution: Mix 20 mL of ethylene glycol with 180 mL of
nanopure water.

8. 0.1 M NaHCO3: Dissolve 4.2 g of NaHCO3 in 500 mL of nanopure water. Adjust
the pH to 8.5 using NaOH.

9. 10 mM 3-azidopropylamine: Prepare 3-azidopropylamine as previously described
(37). Dissolve 0.1 g of 3-azidopropylamine in 100 mL of nanopure water.

10. 10 mM propargylamine: Mix 64 μL of propargylamine in 100 mL of nanopure
water.

11. Tris [(1-benzyl-1H-1,2,3-triazol-4-yl) methyl] amine (TBTA) solution (43): Stock
solutions of TBTA are to be made in a 4:1 mixture of 2-butanol:dimethylsulfoxide
and should be stored at 4°C. TBTA is now commercially available from Sigma-
Aldrich (Milwaukee, WI), however, the synthesis is straightforward, high-yielding,
and inexpensive (43).

12. 5 mM (Tris (2-Carboxyethy) phosphine hydrochloride (TCEP) (10×): Dissolve
0.14 g of TCEP in 10 mL of nanopure water.

13. 10× Spotting Solution A: Mix 121 mg of Tris–HCl, 25 mg of CuSO4·5H2O, 1.8 mg
of ascorbic acid, 1 mL of glycerol, add nanopure water to 10 mL of total volume,
add enough of the above TBTA solution to bring the concentration of TBTA to 1
mM, and pH to 8.5.

14. 10× Spotting Solution B: Mix 1 mL of 10× phosphate buffer, 25 mg of
CuSO4·5H2O, 1 mL of 5 mM TCEP, 1 mL of 1 mM TBTA, 1 mL of glycerol, and
6 mL of nanopure water.
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15. Azide or Alkyne ligands: Prepare 1:5 serial dilutions of alkyne/azide-displaying
ligands from 5 mM to 1 μM in 1× Spotting Solution A or B, respectively.

2.2 Preparation of Cellular Lysates
1. E. coli strains: JM109(DE3) and BL21(DE3) pLysS.

2. Plasmids encoding resistance-causing enzymes: pETSACG1 (encodes APH(3′)-
IIIa); pET22b(+) (encodes ANT(2″)-Ia); pET22a (encodes AAC-(3)-IV); or
plasmid containing a resistance-causing enzyme of interest.

3. LB medium: Dissolve 10 g of bacto tryptone, 5 g of bacto yeast extract, 10 g of
NaCl, 1 mL of 1 M NaOH in 900 mL of deionized water. Adjust the pH to 7.0 with
1 M NaOH. Sterilize by autoclaving on the liquid cycle at 121°C for 20 min. Store
the solution at room temperature.

4. 1,000× Ampicilin solution: Dissolve 50 mg of ampicillin in 1 mL of water.

5. 1,000× Kanamycin A solution: Dissolve 10 mg of kanamycin A in 1 mL of water.

6. 1,000× Carbenicllin: Dissolve 50 mg of carbenicillin in 1 mL of water.

7. 1 M (500 or 1,000×) isopropyl-β-D-1-thiogalactopyranoside (IPTG): Dissolve 2.83
g of IPTG in a total volume of 10 mL by the addition of nanopure water.

8. APH(3′)-IIIa (44) lysis buffer: Dissolve 606 mg of Tris–HCl, 1.1 g of NaCl, 1.6 mg
of dithiolthreitol (DTT) to 100 mL. Adjust the pH to 8.0 and then add 17.4 mg of
phenylmethylsulfonyl fluoride (PMSF; dissolved in ethanol).

9. APH(3′)-IIIa (44) dialysis buffer: Dissolve 24.2 g of Tris–HCl, 11.9 g of KCl, 8.13
g of MgCl2·6H2O to 4 L of nanopure water; adjust the pH to 7.5.

10. ANT(2″)-Ia (45) lysis buffer: Add 600 mg Tris–HCl, 101 mg of MgCl2·6H2O, and
35 μL of 2-mercaptoethanol, and nanaopure water to afford a solution with a total
volume of 100 mL. Adjust the pH to 8.0.

11. ANT(2″)-Ia (45) dialysis buffer: Add 29 g of Tris–HCl, 32.5 g of MgCl2·6H2O,
85.6 g of NH4Cl, and 99 mg of DTT to 4 L of nanopure water and adjust the pH to
7.1.

12. AAC-(3)-IV (46) lysis buffer: Add 300 mg of triethanolamine and 17 mg of PMSF
(dissolved in ethanol) to 100 mL of nanopure water. Adjust the pH of the solution
to 7.8.

13. AAC-(3)-IV (46) dialysis buffer: Add 11.2 g of triethanolamine to 4 L of nanopure
water and adjust the pH to 7.8.

14. BCA Protein Assay Kit (Pierce Biotechnologies/Thermo Fisher; catalog number
23227).

15. 4× SDS-PAGE Stacking Buffer: Dissolve 30.4 g of Tris–HCl base and 2.0 g of
SDS in 500 mL of nanopure water. Adjust the pH to 6.8 with 1 M HCl.

16. 4× SDS-PAGE Resolving Buffer: Dissolve 91.0 g of Tris–HCl base and 2.0 g of
SDS 500 mL of nanopure water. Adjust the pH to 8.8 with 1 M HCl.

17. 5× SDS-PAGE Electrophoresis Buffer: Dissolve 15.1 g of Tris–HCl base, 72.0 g of
Glycine, and 5.0 g of SDS in 1 L of nanopure water.

18. 30% (w/v) Acrylamide/bis-acrylamide (19:1): Acrylamide solutions can be
purchased from Sigma-Aldrich or prepared as follows: dissolve 28.5 g of
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acrylamide and 1.5 g of bis-acrylamide in 100 mL of nanopure water. (Caution:
acrylamide is a known neurotoxin).

19. 4× Protein gel sample loading buffer: Mix 2.0 mL of 1 M Tris–HCl, 0.8 g of SDS,
4.0 mL of 10% glycerol, 0.4 mL of 14.7 M β-mercaptoethanol, 1.0 mL of 0.5 M
EDTA, and 8 mg of bromophenol blue.

2.3 Modification and Hybridization of Microarrays
1. 1× ANT and APH assay buffer: Add 479 mg of HEPES, 22.3 mg of MgCl2·6H2O,

and 16.4 mg of KCl to 10 mL of nanopure water. Adjust the pH to 7.5.

2. 1× AAC-(3)-IV assay buffer: Add 1.916 g of HEPES to 40 mL of nanopure water
and pH the solution to 7.5.

3. 1× RNA hybridization buffer: Add 45 mg of Na2HPO4, 2 mg of EDTA, and 407
mg of NaCl to 40 mL of nanopure water. Adjust the pH of the solution to 7.1.

4. Fluorescently labeled A-site oligonucleotide mimic: A fluorescently labeled
oligonucleotide mimic of the bacterial A-site can be purchased from Dharmacon or
Integrated DNA Technologies, Inc.

5. Phosphorimager.

6. Microarray scanner.

3 METHODS
Although the microarrays are generally robust, we prefer to use them within approximately
1 month of their construction. This is due to surface cracking that can occur if the array dries
out, producing sub-optimal images. When spotting microarrays, we suggest using a freshly
prepared spotting solution. For the majority of our array work, dialyzed cellular lysates were
applied to the array surface to monitor modification. Partially or totally purified proteins can
also be used, however, their preparation can be time-consuming.

3.1 Preparation of Agarose Slides (42)
1. Prepare a 1% agarose solution (w/v) using nanopure water. Melt in a microwave on

high for 2–3 min, swirling the solution every 20–30 s.

2. While the solution is hot, apply ~1.5 mL to the surface of a glass slide using a
P-1000 pipette. Ensure that the solution is spread evenly over the slide surface. The
solution can be spread over the surface by simply tracing the outside of the array
with the pipette tip during application to the array surface. Allow the agarose to dry
to a thin film overnight.

3.2 Functionalization of Agarose Slides (42)
1. Submerge the slides in 0.02 M NaIO4 for 30 min at room temperature, and then

wash them with nanopure water for 30 min.

2. Submerge the slides in 10% (v/v) ethylene glycol for 1 h at room temperature to
quench residual NaIO4. Wash with water for 1.5 h, changing the water every 20
min. Subheading 3.2, step 1 and 2 afford slides that display aldehydes.

3. a. To construct microarrays of amine-displaying ligands, complete the
following:

• Allow the slides to dry.
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• Prepare spotting solutions as follows: small molecule at
desired concentration (typically serially diluted from 5 mM
to 1 μM), 0.1 M NaHCO3, and 10% glycerol. Spot 0.4 μL of
the solutions onto aldehyde-agarose slides in duplicate.

• Incubate for 3 h at room temperature in a humidity chamber
(box containing a saturated solution of NaCl). Wash the
slides 3 × 10 min with 1× RNA hybridization buffer,
followed by water, 2 × 10 min. Continue to Subheading 3.2,
step 6.

b. For microarrays of alkyne-displaying ligands, submerge the slides in a
solution of 0.1 M NaHCO3 and 10 mM 3-azidopropylamine for 3 h at
room temperature. Continue to Subheading 3.2, step 6.

c. For microarrays of azide-displaying ligands, submerge the slides in a
solution of 0.1 M NaHCO3 and 10 mM propargylamine. Continue to
Subheading 3.2, step 6. For the series of aminoglycosides that we have
tested in modification assays, all have been functionalized with an azide
tag for surface immobilization (34, 36, 39).

4. Submerge slides in a solution of 31.8 mM NaCNBH3 for 3 min to reduce the imine
formed on the microarray surface.

5. Wash the slides with 0.2% SDS, 3 × 15 min, and then with water, 2 × 15 min.

6. Dry the slides under a stream of air.

3.3 Immobilization of Azido- or Alkyne-Aminoglycosides on the Slide Surface (42)
In this section, spotting the aminoglycoside microarrays manually by delivering fixed
volumes of solutions from a pipette is described. This method is feasible to produce
microarrays with ≤100 features. The use of replicators or robotic arrayers can be used, if
more features are desired. It should be noted that spot sizes should be ~500–1,000 μm in
diameter and each spot should be separated by at least 2,000 μm for them to be observable
using a phosphorimager. Therefore, ensure that the pin and spotting buffer combination
produce features that are large enough to be observed.

1. Prepare spotting solutions as follows:

a. For azide-displaying small molecules: add the small molecule at the
desired concentration (typically serially diluted from 5 mM to 1 μM) in 1×
Spotting Solution A. Spot 0.4 μL of the solutions in duplicate onto alkyne-
agarose slides.

b. For alkyne-displaying small molecules: add the small molecule at the
desired concentration (typically serially diluted from 5 mM to 1 μM) in 1×
Spotting Solution B. Spot 0.4 μL of the solutions in duplicate onto azide-
agarose slides.

2. Incubate the slides for 3 h at room temperature in a humidity chamber (box
containing a saturated solution of NaCl). Wash the slides 3 × 10 min with 1× RNA
hybridization buffer, followed by water (2 × 10 min).
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3.4 Preparation of Cellular Lysates
3.4.1 Preparation of APH(3′)-IIIa Lysate

1. Transform E. coli JM109(DE3) with the pETSACG1 plasmid containing the
APH(3′)-IIIa resistance-causing gene (46) using standard protocols.

2. Grow a 1 L culture at 37°C in LB medium containing 100 mg/L of ampicillin (final
concentration is 1× per Subheading 2.2, item 2). (As a negative control, grow a 1 L
culture of JM109(DE3) cells that have not been transformed. Do not use ampicillin
in the LB medium. Follow steps 3–7 and 9 in Subheading 3.4.1).

3. Once the culture reaches an OD600 of around 0.5, add IPTG to a final concentration
of 1 mM (final concentration is 1× for 1,000× stock in Subheading 2.2, item 5).
Incubate the culture for an additional 3 h at 37°C.

4. Pellet the cell suspension by centrifugation (10 min at 5,000 × g) and wash with ice
cold lysis buffer (see Subheading 2.2, item 6).

5. Resuspended the pellet in a minimal volume of lysis buffer and lyse the cells by
sonication.

6. Pellet cellular debris by centrifugation (20 min at 10,000 × g) and then dialyze the
supernatant against 4 L of APH(3′) dialysis buffer (Subheading 2.2, item 7) for 24
h at 4°C.

7. Concentrate the lysate to 500 μL in using a centrifugal concentrator at 4°C.

8. Confirm the isolation of the resistance-causing enzyme by SDS-PAGE (47) and
activity using a phosphocellulose capture assay (48).

9. Total protein content of the lysate can then be determined using a BCA Protein
Assay Kit.

3.4.2 Preparation of ANT(2″)-Ia Lysate
1. Transform E. coli JM109(DE3) with pET 22b(+) plasmid containing the ANT(2″)-

Ia resistance gene using standard protocols.

2. Grow a 1 L culture at 37°C in LB medium containing 50 mg/L of amplicillin (final
concentration is 0.5× per Subheading 2.2, item 2) and 10 mg/L of kanamaycin A
(final concentration is 1× per Subheading 2.2, item 3). (As a negative control, grow
a 1 L culture of JM109(DE3) cells that have not been transformed. Do not use
ampicillin or kanamycin A in the LB medium. Follow steps 3–7 and 9 in
Subheading 3.4.2).

3. Once the culture reaches an OD600 of ~0.5, add IPTG to a final concentration of 0.5
mM (final concentration is 0.5× for 1,000× stock in Subheading 2.2, item 5).
Incubate the culture for an additional 3 h at 37°C.

4. Pellet the cells by centrifugation (10 min at 5,000 × g) and wash with ice cold lysis
buffer (see Subheading 2.2, item 8).

5. Resuspended the pellet in a minimal volume of lysis buffer and lyse the cells by
sonication.

6. Pellet cellular debris by centrifugation (20 min at 10,000 × g) and dialyze the
supernatant 4 L of ANT(2″) dialysis buffer (Subheading 2.2, item 9) for 24 h at
4°C.

7. Concentrate the lysate to 500 μL using a centrifugal concentrator.
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8. Confirm the isolation of the resistance-causing enzyme by SDS-PAGE (47) and
activity using a phosphocellulose capture assay (48).

9. Total protein content of the lysate can then be determined using a BCA Protein
Assay Kit.

3.4.3 Preparation of AAC-(3)-IV Lysate
1. Transform E. coli BL21(DE3) pLysS with pET 22a plasmid containing the AAC-

(3)-IV resistance-causing gene using standard protocols.

2. Grow a 1 L culture at 37°C in LB medium containing 50 mg/L of carbenicillin
(final concentration is 1× per Subheading 2.2, item 4) for 24 h. (As a negative
control, grow a 1 L culture of JM109(DE3) cells that have not been transformed.
Do not use carbenicillin in the LB medium. Follow steps 3–7 and 9 in Subheading
3.4.3).

3. Pellet the cells by centrifugation (10 min at 5,000 × g).

4. Resuspend the pellet in 25 mL of AAC-(3)-IV lysis buffer (Subheading 2.2, item
10).

5. Lyse the cells by sonication. Add 50 U of DNase I and then stir the solution on ice
for 30 min.

6. Pellet cellular debris by centrifugation (20 min at 10,000 × g) and dialyze the
supernatant against 4 L of AAC-(3)-IV dialysis buffer (Subheading 2.2, items 9
and 11).

7. Concentrate the lysate to 500 μL using a centrifugal concentrator.

8. Confirm the isolation of the resistance-causing enzyme by SDS-PAGE (47) and
activity using a phosphocellulose capture assay (48). Activity can also be
confirmed by using a spectrophotometric assay as previously described (46).

9. Total protein content of the lysate can then be determined using a BCA Protein
Assay Kit.

3.5 Modification of Array-Displayed Aminoglycosides by Resistance-Causing Enzymes
This section describes the mechanics of completing a modification experiment on an array
surface. There are two ways in which these experiments can be completed: using a silicon
gasket that produces microwells or hybridizing the entire microarray surface. Gaskets that
afford 50 microwells are available from Grace Bio Labs (Bend, OR). Each well can hold
approximately 12 μL of solvent. When hybridizing the entire slide surface with a solution
containing the resistance-causing enzyme, a hybridization chamber or a hydrophobic marker
can be used. It is important that hybridization chambers cover the entire array surface. [A
variety of chambers can be purchased from Sigma-Aldrich (Milwaukee, WI).] A
hydrophobic marker, or a PAP pen, can be used to draw a rectangle on the diameter of an
array and can be purchased from Abchem (San Francisco, CA). PAP pens are much less
expensive than hybridization chambers and allow customization of the array into various
segments.

3.5.1 Modification of an Array Surface with 32P by Using ANT(2″)-Ia and
APH(3′)-IIIa. Results Are Illustrated in Fig. 4

1. Pre-hybridize an air-dried microarray with 1× ANT and APH assay buffer. It is
important to pre-hybridize arrays as application of a radioactive solution to a dry
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array leads to nonspecific deposition of radioactivity that is very difficult to
remove.

a. For arrays with microwells, add 12 μL to each well, incubate for 5 min,
and remove the buffer. Repeat four times.

b. For arrays that are affixed with a hybridization chamber or that use a PAP
pen, add 1.5–2.0 mL of 1× ANT and APH assay buffer to the array surface
and incubate for at least 5 min. Just prior to the addition of the resistance-
causing enzyme solution, tip the array on its side to remove the buffer
from the surface.

2. To assay aminoglycoside modification, add 2.3 nmol of phosphoenolpyruvate,
0.018 U of pyruvate kinase, 11.4 nmol of ATP to 12 μL of 1× ANT, or APH assay
buffer. For APH modification, add 0.2 OD260 of cell lysate and 500,000 CPM of
(γ-32P]ATP; for ANT modification, add 0.8 OD260 of ANT and 500,000 CPM of
(α-32P]ATP. For control experiments, substitute the cell lysate with one that does
not contain a resistance-causing enzyme.

3. Incubate the arrays for 12 h at 37°C and 100% humidity to prevent evaporation.

4. Remove the gasket from the surface and wash the slide by submerging it in a
solution of 0.2% SDS (2× 15 min) and then in water for 30 min at 37°C.

5. Air dry the array surface, cover with plastic wrap, and expose in a phosphorimager
cassette.

3.5.2 Modification of an Array Surface with 14C by Using AAC-(3)-IV
1. Pre-hybridize an air-dried microarray with 1× AAC-(3)-IV assay buffer for at least

5 min at room temperature. (These experiments were only completed using arrays
constructed with a PAP pen.) Just prior to the addition of the resistance-causing
enzyme solution, tip the array on its side to remove the buffer from the surface.

2. To assay aminoglycoside modification, prepare 0.13 nmol 14C-Acetyl coenzyme A
(AcCoA), 5 nmol of unlabelled AcCoA, and 0.3 μg of total protein lysate in 240 μL
of AAC-(3)-IV assay buffer. For control experiments, add 0.3 μg of total cell lysate
that does not contain a resistance-causing enzyme.

3. Incubate the arrays for 20 h at 37°C and 100% humidity to prevent evaporation.

4. Remove the gasket from the surface. Wash the slide by submerging it in a solution
of 0.2% SDS (2× 15 min) and then in water for 30 min at 37°C.

5. Air dry the array surface, cover with plastic wrap, and expose in a phosphorimager
cassette for at least 48 h. If signal is low or background is high, see Notes 1 & 2.

3.6 Hybridization of the Arrays with a Fluorescently Labeled Mimic of the Bacterial rRNA A-
Site. Results Are Illustrated in Fig. 5

The activity of a variety of aminoglycoside resistance-causing enzymes has been probed on
a microarray surface via these routes. In all but one case, the extent of array modification
was high enough to observe a decrease in binding to an oligonucleotide mimic of the rRNA
A-site. Interestingly, in the case in which decreased binding to the A-site was not observed,
the aminoglycoside modifying enzyme used was not known to confer resistance to
aminoglycosides in vivo (34). Thus, the extent of modification of arrayed ligands is critical
to observe a decrease in ligand binding to biomolecules.
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1. Pre-equilibrate the modified slide from Subheading 3.5.1 or 3.5.2 with 600 μL of
1× RNA hybridization buffer containing 200 μg/mL of BSA for at least 5 min at
room temperature.

2. During the pre-hybridization, prepare a 600 μL solution of 1 μM of a fluorescently
labeled RNA in 1× RNA hybridization buffer. Fold the RNA by heating at 95°C for
4 min and then cooling to room temperature. After cooling, add BSA to the sample
to a final concentration of 100 μg/mL.

3. Pipette the solution containing the folded RNA onto the array surface and spread
evenly using a custom-cut sheet of parafilm (same dimensions as the array surface).

4. Incubate the array for 40 min at room temperature in the dark.

5. Remove unbound RNA by delivering 10 × 1 mL aliquots of 1× RNA hybridization
buffer containing 200 μg/mL of BSA to the surface. Remove any salt stuck to the
surface by delivering 5 × 1 mL aliquots of water.

6. Image the slide using a microarray scanner. If signal is low or background is high,
see Notes 1 & 2.
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1If microarray features are faint or missing after incubation with resistance-causing enzymes, attempt one of the following:

a. Check that the spotting solution was prepared properly.

b. Check that the assay buffer was prepared properly.

c. Use a new stock of radioactively labeled substrate ([α-] or [γ-32P] ATP or 14C-acetyl Coenzyme A).

d. Ensure that the total concentration of substrate added is greater than the Km.

e. Ensure that the resistance-causing enzyme was overexpressed and is active.

• Compare the protein content of cellular lysates in which the resistance-causing enzyme was and was not
expressed by SDS-PAGE. The resistance-causing enzyme should be a significant percentage of total protein
(>30%). If this is not the case, ensure that the IPTG solution was prepared correctly. If so, either induce the cells
with a higher concentration of IPTG (2 mM) or increase the induction time. Optimization of induction can be
assessed by SDS-PAGE.

• Test the activity of the cellular lysates using a phosphocellulose assay (48) or a spectrophotometric assay (46).

• Increase the amount of cellular lysate incubated with the slide surface. The amount of control cellular lysate
should be increased to the same extent.

f. If testing acetyltransferases, add a deacetylase inhibitor such as butyric acid.

2If the slides have high background after incubating with resistance-causing enzymes or fluorescently labeled RNA, check the
following:

a. Reactive groups were not quenched after the immobilization of aminoglycosides. NaBH3CN is hygroscopic; obtain a new
stock if clumps are present.

b. Ensure that the slides were pre-hybridized prior to incubation with resistance-causing enzymes or fluorescently labeled
RNA. Addition of 1% BSA may reduce the background.

c. Wash the slides in 0.2% SDS for 5 min with gentle agitation.
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Fig. 1.
Types of enzymatic modification of aminoglycosides that confer resistance.
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Fig. 2.
The structures of the aminoglycosides kanamycin A and tobramycin, their measured affinity
to a mimic of the bacterial rRNA A-site (26) and the product of their modification by
APH(3′)-IIIa. Note that kanamycin A is modified by APH(3′) because it contains a reactive
hydroxyl group at the 3′ position, whereas tobramycin contains a hydrogen atom and is thus
not susceptible to APH(3′) modification.
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Fig. 3.
Using the Huisgen dipolar cycloaddition reaction to immobilize azide-functionalized
kanamycin A onto an alkyne-functionalized microarray surface.
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Fig. 4.
A microarray that is used to probe modification of array immobilized kanamaycin A and
tobramycin by APH(3′)-IIIa. Radioactivity is only deposited where the reactive kanamcyin
A is deposited on the array surface.
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Fig. 5.
Overall approach to using microarrays to study antibacterial resistance that is conferred by
aminoglycoside modification. The image illustrates results of binding of array-immobilized
substrates that have been modified by APH(3′)-IIIa to a mimic of the bacterial rRNA A-site.
The plot below the array image illustrates the decrease in affinity of the arrayed
aminoglycoside upon modification by APH(3′)-IIIa; the orange bar shows the decreased
signal due to the modification of kanamaycin A by APH(3′)-IIIa.
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