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ABSTRACT: Aminoglycoside 2"-phosphotransferase IVa [APH(2')-IVa] is a member of a
family of bacterial enzymes responsible for medically relevant resistance to antibiotics.
APH(2")-IVa confers high-level resistance against several clinically used aminoglycoside
antibiotics in various pathogenic Enterococcus species by phosphorylating the drug, thereby
preventing it from binding to its ribosomal target and producing a bactericidal effect. We
describe here three crystal structures of APH(2'")-IVa, one in its apo form and two in complex
with a bound antibiotic, tobramycin and kanamycin A. The apo structure was refined to a
resolution of 2.0 A, and the APH(2")-IVa structures with tobramycin and kanamycin A
bound were refined to resolutions of 1.80 and 2.15 A, respectively. Comparison among the
structures provides insight concerning the substrate selectivity of this enzyme. In particular,

conformational changes upon substrate binding, involving rotational shifts of two distinct segments of the enzyme, are observed.
These substrate-induced shifts may also rationalize the altered substrate preference of APH(2")-IVa in comparison to those of other
members of the APH(2") subfamily, which are structurally closely related. Finally, analysis of the interactions between the enzyme
and aminoglycoside reveals a distinct binding mode as compared to the intended ribosomal target. The differences in the pattern of
interactions can be utilized as a structural basis for the development of improved aminoglycosides that are not susceptible to these

resistance factors.

Bacterial resistance to antibiotics persists as a global threat to
public health. Since the introduction of streptomycin against
pulmonary tuberculosis some 65 years ago, aminoglycosides have
remained an important class of bactericidal antibiotics.' > Often
used in combination with a 3-lactam, aminoglycosides exert their
effect by interacting with the A-site of bacterial 16S rRNA,
thereby impairing the fidelity of protein translation and leading
to the production of aberrant proteins.”> Because of their
extensive use both in clinical settings and on food-producing
farm animals, resistant isolates are continually being discovered,
including those of life-threatening species such as Pseudomonas
aeruginosa and various pathogenic enterococci strains.%”

Unlike streptomycin, the majority of aminoglycosides cur-
rently in clinical use are based on a 4,5- or 4,6-disubstituted
2-deoxystreptamine scaffold. By convention, the central 2-deox-
ystreptamine ring is termed ring B, with the 4-substituted
aminocyclitol ring called ring A and any substituent on the 5
or 6 position called ring C. Variation among the numerous
functional groups on rings A and C gives rise to the large
repertoire of natural and semisynthetic aminoglycosides. Because
the substituents on ring B are in equatorial positions, the
resulting molecule adopts a roughly crescent-shaped conforma-
tion, where a convex and a concave side can be differentiated.

The major resistance mechanism for aminoglycoside antibiotics
is the enzymatic modification of the drug, which leads to poor
ribosome binding and decreased eflicacy, by a series of proteins
collectively termed the aminoglycoside-modifying enzymes. Among
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this large and growing group of enzymes, aminoglycoside
O-phosphotransferases (APHs) catalyze the transfer of a phosphate
group to specific hydroxyl groups on a wide variety of aminoglyco-
sides, resulting in high-level resistance.® Within the APH family, those
members that detoxify atypical aminoglycosides, including APH(4),
APH(6), APH(9), APH(3""), and APH(7"), generally have a
substrate spectrum limited to one drug, whereas those members
that detoxify 4,5- or 4,6-disubstituted aminoglycosides, including
APH(3') and APH(2"), generally have a much broader substrate
spectrum.” The structural basis underlying this difference in substrate
specificity is presumably that the active site architectures of the first
group have evolved to specifically accommodate the unique features
of the respective atypical aminoglycoside. The second group, on the
other hand, has exploited structural properties common to many 4,5-
or 4,6-disubstituted aminoglycosides and thus evolved more pro-
miscuous substrate-binding sites that enhance the versatility of the
enzyme.

The APH(2") subfamily currently consists of five structurally
related phosphotransferases, which share limited sequence homol-
ogy (~30%) and possess differences in substrate preferences.'®” >
Among them, APH(2")-IVa has been found in approximately
16% of §entamicin—resistant enterococci isolates around the
world.">"™3 Kinetic studies have shown that APH(2")-IVa is
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also efficient at deactivating a number of other 4,6-disubstituted
aminoglycosides, including tobramycin and kanamycin A, but is
unable to modify any 4,5-disubstituted aminoglycosides.'® The
structure of the apo state has recentlgr been reported, but data for
substrate-bound states are lacking.1 However, structural details
have been reported for APH(2”)-Ila in its binary and ternary
complexes.'” In addition, various structures of four other members
of the APH family, APH(4)-Ia, APH(9)-Ia, APH(3')-Ila, and
APH(3')-IIIa, have been determined.'® ** Combined, structural
studies of APH enzymes reveal that despite a very low level of
sequence identity [e.g, APH(2")-IVa is 30 and 9% identical in
sequence to APH(2")-Ila and APH(3')-Illa, respectively] and
diverse resistance profiles, they nevertheless display a remarkably
similar three-dimensional fold. However, the similarity in structure
and partially overlapping resistance profiles does not imply that
these enzymes bind their antibiotic substrates similarly. For
example, APH(2')-Ila has been shown to bind aminoglycosides
in a completely different orientation compared to APH(3')
enzymes.'” Even within the APH(2") enzymes, disparate sub-
strate profiles and preferences suggest unique structural properties
for each member of the family. For instance, APH(2")-Ia is unique
in that it can detoxify both 4,5- and 4,6-disubstituted aminoglyco-
sides; APH(2")-Illa prefers tobramycin as a substrate, while
APH(2')-IVa is best able to phosphorylate gentamicin. Addition-
ally, APH(2")-IVa is the only member within its family that can
utilize both ATP and GTP as a phosphate donor at comparable
efficiencies.”® Such differences impact the development of novel
aminoglycosides and underline the necessity of understanding the
structure of individual enzymes on an atomic level.

Here we report three crystal structures of APH(2")-IVa, one
substrate-free structure that is distinct from that previously
reported and two in complex with either tobramycin or kana-
mycin A. These structures shed light on the substrate specificity
of APH(2')-IVa and reveal a degree of protein flexibility not
commonly seen in APH enzymes. These results inform potential
strategies for the design of next-generation aminoglycoside
antibiotics that are less susceptible to drug resistance.

B EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification. The gene of
native aph(2"')-IVa, kindly provided by J. Chow,"* was cloned
into expression vector pET22b(+) between the Ndel and
HindIII restriction sites and transformed into competent Escher-
ichia coli BL21(DE3) cells. A 20 mL starter culture was used to
inoculate 1 L of LB medium supplemented with 100 zg/mL
ampicillin. The culture was incubated at 37 °C with vigorous
agitation until the optical density measured at 600 nm reached
~0.6, at which time expression of APH(2")-IVa was induced by
the addition of 0.1 mM isopropyl 3-p-thiogalactopyranoside and
allowed to proceed at 15 °C overnight. Cells were harvested by
centrifugation (6000g for 20 min at 4 °C), resuspended in 40 mL
of a buffer consisting of S0 mM Tris-HCI (pH 8.5), 300 mM
NaCl, and one EDTA-free protease inhibitor tablet, and lysed by
sonication. The lysate was centrifuged (50000g for 30 min at
4 °C) and purified by Ni-NTA affinity chromatography in
50 mM Tris-HCI (pH 8.5) and 300 mM NaCl. After elution
with a continuous imidazole gradient (0 to SO0 mM), fractions
were analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE), and those containing the target
protein were further purified by size-exclusion chromatography
using a Superdex S-75 column equilibrated with 50 mM Tris-HCI

(pH 8.5) and 300 mM NaCl. The purity and activity of the
product were verified by SDS—PAGE and a previously estab-
lished enzyme activity assay.”*

Crystallization and Data Collection. Crystals of apo APH-
(2")-IVa were grown at 4 °C using the hanging drop vapor
diffusion method by equilibrating a 4 L solution consisting of a
2 uL protein solution at 8 mg/mL and a 2 uL buffer solution of
200 mM NaCl and 15% (w/v) polyethylene glycol 2000 in
50 mM Tris-HCI (pH 8.5) against a reservoir containing 700 #L
of the buffer solution. Crystals reach a maximal size of 0.5 mm X
0.1 mm X 0.1 mm within 2 weeks. Crystals were soaked in a
buffer solution supplemented with 10% glycerol before data were
collected under cryogenic conditions (—180 °C) on a Rigaku
rotating copper anode X-ray generator. A total of 360 images
with an oscillation angle of 1° were measured.

Crystals of binary complexes were grown at 4 °C using the
sitting drop vapor diffusion method by combining 1.5 uL of a
solution comprised of 6 mg/mL protein and 1.6 mM aminogly-
coside antibiotic with 1.5 uL of 17% (w/v) polyethylene glycol
4000, 10% glycerol, and 5% 2-propanol in S0 mM HEPES (pH
7.5) and equilibrated against 40 uL of the latter in an MRC
crystallization plate (ProGENE). Crystals reached a maximal size
0f 020 mm x 0.15 mm x 0.1 mm within 3 weeks. All data sets
were collected under cryogenic conditions. Diffraction data for
the APH(2")-TVa—kanamycin A complex were collected on a
Rigaku rotating copper anode X-ray generator. A total of 360
images with an oscillation angle of 1° were measured. Diffraction
data for the APH(2")-IVa—tobramycin complex were collected
at CMCF beamline 08ID-1 at the Canadian Light Source. A total
0f 240 images with an oscillation angle of 0.75° were measured at
0.9795 A. All data sets were processed using the HKL2000
program suite,” resulting in the statistics listed in Table 1.

Structure Determination and Refinement. The apo struc-
ture of APH(2"")-IVa was determined by molecular replacement
with the APH(2")-Ila—gentamicin complex (PDB entry 3HAM)
as the search model using Phaser from the CCP#4 suite.” A single
solution was found and refined with REFMAC®’ when the
N- and C-terminal lobes were searched for as separate ensembles.
Successive cycles of maximum likelihood refinement, incorpor-
ating isotropic temperature-factor and torsion-libration-screw
refinement, were alternated with manual adjustments to the
model in Coot.”® TLS refinement was computed with seven
subsegments per protein molecule, with all subsegments manu-
ally chosen on the basis of secondary structural features. Solvent
molecules were subsequently added until no significant improve-
ment in model statistics could be observed. The structure of
APH(2")-IVa bound to tobramycin was determined by molec-
ular replacement with the apo APH(2")-IVa structure. A single
solution was found and refined with REFMAC. A partially
refined structure of the APH(2")-IVa—tobramycin complex
was used to determine the binary structure with kanamycin A.
The aminoglycoside molecules were added to the model based
on difference electron density maps (F, — F. and 2F, — F,) and
refined on the basis of stereochemical constraints obtained from
the PRODRG?2 server.”” Final refinement statistics are listed in
Table 1.

B RESULTS

Apo Structure. The crystal structure of apo APH(2"')-IVa was
determined with one protein molecule per asymmetric unit and
has been refined to 2.05 A resolution, with an Rg,co, 0of 0.219 and
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Table 1. Data Collection and Refinement Statistics

resolution range (A)*

APH(2")-IVa

23.8—2.05 (2.10—2.05)

APH(2")-IVa—tobramycin

34.0—1.80 (1.85—1.80)

APH(2")-IVa—kanamycin A

50.0—2.15 (2.21-2.15)

space group P2,2:2, P2, P2,

a(A) 50.9 433 42.9

b (A) 61.7 101.5 101.4
c(A) 102.9 73.5 73.4

B (deg) 100.8 100.6

no. of reflections 18692 54440 32322
completeness (%) 93.97 (97.2) 99.4 (99.7) 99.7 (98.9)
redundancy 10.9 (7.0) 5.1(5.1) 7.0 (5.8)
mean I/o(I) 37.1 (4.1) 27.4 (4.1) 22.6 (4.6)
Ry 0.057 (0.32) 0.059 (0.35) 0.095 (0.32)
Reryse/Recee” 0.219/0.262 0.188/0.242 0.198/0.251
no. of non-hydrogen atoms

protein 2432 4988 4941
substrate . 64 66

solvent 102 341 175
root-mean-square deviation

bond lengths (A) 0.022 0.023 0.021
bond angles (deg) 1.838 1.899 1.871
average thermal factor (A%)

protein 20.99 244 23.1
substrate - 36.1 442
solvent 22.36 29.0 22.0
Ramachandran statistics (%)°

most favored regions 89.9 90.0 91.8
additionally allowed regions 9.7 10.0 7.5
generously allowed regions 0.4 0.0 0.7
disallowed regions 0.0 0.0 0.0

“Values in parentheses refer to reflections in the highest-resolution shell. ? Ry = ZpiaZi|I; (hkl) — CI(hKD)|/ Z (hkl), where (I(hkl)) is the average
intensity of equivalent reflections and the sum is extended over all measured observatlons for all unique reflections. “ Reryse = Zpia(|Fo| — |Fe|)/Znial Fols
where |F,| is the observed and |F. | the calculated structure factor amplitude of a reflection. ¢ Rfree was calculated by randomly omitting 5% of the observed
reflections from the refinement. © According to the Ramachandran plot in PROCHECK.*

Figure 1. Crystal structures of APH(2")-IVa. (A) Crystal structure of apo APH(2")-IVa in schematic representation. The N-terminal lobe of the
enzyme is colored green, the core region yellow, and the thumb region blue. (B) Structural alignment of the apo and tobramycin-bound structures of
APH(2")-IVa in ribbon representation. The apo structure (green) is superimposed on the binary structure (blue) using residues of the core region. The
tobramycin molecule is shown in stick representation and colored cyan. (C) Each black line re gresents the relative shift between corresponding C,,
atoms in the apo and tobramycin-bound structures. Figures 1—3 were prepared with PyMOL.>

an Ry of 0.262 (Figure 1A). The apo structure of APH(2")-IVa
has been recently reported in three crystal forms with resolutions

ranging from 2.2 to 2.4 A,'® superposition of which revealed that
these three forms are essentially identical. The N-terminal lobe
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Figure 2. Aminoglycoside-binding site. (A) APH(2"')-IVa—tobramycin
complex, showing the 2F, — F_ electron density (gray, 1.00) for the
tobramycin substrate (cyan stick representation). Hydrogen bonding
interactions are represented as black dashed lines. Residues that
interact directly with the ligand are shown in stick representation and
colored yellow. Ordered water molecules are highlighted as red
spheres. Residues that interact indirectly with the ligand via the
hydrogen bonding network are shown in stick representation and
colored green. (B) APH(2")-IVa—kanamycin A complex, showing
the 2F, — F, electron density (gray, 1.00) for the kanamycin A
substrate (green stick representation). (C) Structural superposition
of the APH(2")-IVa—tobramycin complex (blue) onto the APH-
(2")-IVa—kanamycin A complex (gray). Residues that form hydro-
gen bonds with the antibiotic (highlighted in blue for the tobramycin-
bound complex and green for the kanamycin A-bound complex)
show minimal conformational variation between the two substrate-
bound complexes. Tobramycin (cyan) and kanamycin A (green) bind
to the protein in very similar conformations, with the only difference
being at ring C, which forms a greater angle with respect to ring B in
the APH(2")-IVa—kanamycin A complex.

and the core subdomain are well conserved across all three
structures, while several parts of the helical subdomain of one
form showed small reorientations compared to the others.
Comparisons of our apo structure with the three forms pre-
viously published show that it is essentially isomorphous with
form I (PDB entry 3N4T). However, while the core subdomain
overlaps very well with the previous structures, both the N-term-
inal lobe and the helical subdomain show relative reorientations.
The five-stranded f3-sheet in the N-terminal lobe is rotated away
from the substrate-binding site, corresponding to a translation of
up to 3.0 A of the loop between 31 and 2 and up to 4 A of the
loop between 34 and f35. In the helical subdomain, traditionally
termed the “thumb” region, the largest structural difference is
that the long helix 09 bends at a less acute angle, thereby shifting
helix 010 and the C-terminal portion of helix a9 away from the
aminoglycoside-binding pocket by up to 3.0 A.

Binary Structures. The APH(2")-IVa—tobramycin complex
has been refined to 1.8 A with an R, of 0.188 and an Rgee of
0.242, while the APH(2")-IVa—kanamycin A complex has been
refined to 2.1 A with an Rg,o, of 0.198 and an Ry, of 0.251. Both
binary structures were determined in a monoclinic space group
with two protein molecules per asymmetric unit, affording a total of
four crystallographically independent APH(2')-IVa—aminoglyco-
side structures. These represent the first crystal structures of
APH(2")-IVa in complex with a bound antibiotic substrate. The
thermal factors for the aminoglycosides, especially for kanamycin A,
are higher than those for the protein molecules. Given the inherent
structural flexibility of aminoglycosides, ring C may be able to
interact with the protein in slightly varying conformations, thereby
causing the incomplete occupancy of some atoms of the ligands.

Consistent with other APH structures, the aminoglycoside
binds in a cleft formed between the helical and core subdomains
of the C-terminal lobe of the protein (Figure 2). Given the
abundance of positive charges on this class of antibiotics, it is not
surprising that a large number of residues located in the
aminoglycoside-binding pocket are acidic in nature. The APH-
(2"")-IVa—tobramycin complex shows that the antibiotic mole-
cule is positioned in its binding pocket such that the 2"-hydroxyl
group of the C ring is 2.8 A from the Oy, atom of the putative
catalytic base, Asp197. This residue is part of the catalytic loop
widely seen in protein kinases and is conserved among all
members of the APH family.”® Besides Asp197, ring C interacts
with only one other side chain, Asp220.

The majority of interactions between the protein and ligand
are formed with rings A and B of the aminoglycoside. The
2-deoxystreptamine ring (ring B) is nestled against the core
subdomain and interacts with Asp197, Ser199, and three gluta-
mates from the loop between helices a7 and a8 (Glu23s,
Glu238, and Glu239). Ring A, which is oriented nearly perpen-
dicularly to ring B, is stabilized by Glu238 and Glu239. In
addition, ring A is stabilized by a nonpolar stacking interaction
with the indole ring of Trp271. It is intriguing to note that, with
the exception of the nonpolar interaction with Trp271, all other
interactions between the protein and ligand occur at the side of
the ligand that faces the core subdomain, or the convex side of the
molecule. Although direct interactions on the concave side with
the helical subdomain are absent, two well-defined water mol-
ecules, as evidenced by below-average temperature factors,
bridge the gaps between ring C and Tyr278 and Tyr282. Two
other well-defined water molecules interacting with the amino-
glycoside are also stabilized by residues Asn32 and Asp33 from
the loop between 1 and 32 of the N-terminal lobe.
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Comparison between the APH(2' )-IVa—tobramycin (Figure 2A)
and APH(2")-IVa—kanamycin A (Figure 2B) complexes reveals
that the aminoglycoside is bound in an almost identical con-
formation, the only difference being a more pronounced twist in
ring C in the APH(2")-IVa—kanamycin A complex, bringing
it nearly perpendicular to ring B and coplanar with ring A
(Figure 2C). This twist presents the 3" -amino group in sufficient
proximity of the helical subdomain to allow a direct hydrogen
bond with Tyr278 without the need for water molecules to
bridge the gap. The only structural differences between tobra-
mycin and kanamycin A lie in two functional groups on ring A.
Tobramycin has an additional amino group in the 2'-position,
and the electrostatic interactions afforded by this group with
nearby glutamate residues could explain the 2-fold discrepancy in
binding affinity between the two aminoglycosides.'®

Comparison between Apo and Binary Structures of
APH(2")-IVa. Comparison between the apo and binary protein
structures shows conformational changes in both the N-terminal
lobe and the thumb region (Figure 1B). The N-terminal lobe
twists toward the aminoglycoside-binding pocket, thereby pre-
senting the loop between strands 51 and 32 in a position to
interact with the bound aminoglycoside. This twist corresponds
to a translation of 4.7 A for Asn32, bringing it into the proximity
of ring C. The helices in the thumb region also show reorienta-
tions in the two substrate-bound structures when compared with
the substrate-free structure: conformational differences for helix
0.5 are likely a consequence of crystal packing interactions. In the
binary structures, the two protein molecules forming each
asymmetric unit come into the proximity of each other. In
particular, the side chain hydroxyl group of each Ser140 forms
ahydrogen bond with the amide backbone of the same residue in
the other molecule, leading to a distortion of the 3;o-helix (at4')
and the beginning of 0.5. Helix a6 is parallel to helix a5 and
shows a similar displacement. This observation lends further
support to an earlier reported finding that although helices 0.5
and a6 move as a rigid unit, they form an inherently flexible
region of the protein.'” The conformational variation of residues
277285 is likely linked to the presence of the substrate in its
binding pocket, because the difference in the binary structure
sharpens the kink in helix 09, thereby bringing the C-terminal
end of this helix into a position to stabilize the 2''-ring of the
aminoglycoside antibiotic. In addition to the shift of the helix, the
side chain of Tyr278 is also repositioned to point toward the
ligand, involving a total displacement of the terminal hydroxyl
group of >7 A and brining it close enough to form hydrogen
bonds with Asn32 and Asp33 of the N-terminal lobe. In effect,
the conformational changes described above result in a more
compact aminoglycoside-binding pocket.

B DISCUSSION

Aminoglycoside Preference of APH(2")-IVa. The crystal
structures of the APH(2")-IVa—tobramycin and APH(2")-
IVa—kanamycin A complexes represent the first binary struc-
tures for this enzyme. Together with the APH(3') subfamily, the
APH(2"") enzymes form the only two subfamilies of APHs that
are capable of deactivating a wide range of aminoglycoside
antibiotics. The substrate specificity of APH(2'")-IVa can be
explained by examining its aminoglycoside-binding site architec-
ture, which can also serve as a point of departure for the design of
next-generation aminoglycosides.

The large number of interactions and the relative rigidity of the
neamine core of the aminoglycoside suggest that large-scale
alterations in this portion of the ligand may be poorly tolerated
by the enzyme. Amikacin, which is kanamycin A derivatized at
the N1 position by a bulky 4-amino-2-hydroxybutyrate function-
ality, would fit poorly into the binding pocket because of
potential steric clashes with nearby side chains of residues from
the core subdomain, in particular Asp201, which rationalizes the
30-fold decrease in binding affinity for amikacin compared to that
for kanamycin A.'® The observation that amikacin is nevertheless
a weak substrate of APH(2")-IVa suggests that side chains of
Asp201 and His202 are capable of being displaced upon anti-
biotic binding. The displacement may be facilitated electrostati-
cally because of the abundance of negatively charged residues
around the aminoglycoside. Because Asp201 is not otherwise
directly involved in any interactions with substrate stabilization
in APH(2"")-IVa, it is conceivable that mutants featuring a less
bulky residue may exhibit more elevated resistance levels to
amikacin. This potential of increasing the substrate promiscuity
of APH(2")-IVa is of clinical concern because amikacin and
isepamicin are alternatives currently considered in cases where
drug resistance precludes the use of gentamicin against enter-
ococci infections.®® Kinetic studies have also shown that 4,
S-disubstituted aminoglycosides such as neomycin B are not
substrates for APH(2'”)-IVa but instead are able to act as dead-
end inhibitors."® Structurally, this can be explained by noting that
in 4,5-disubstituted aminoglycosides, A—B—C rings form a
much more acute angle, thereby shifting ring C toward the
helical subdomain and away from the site of catalysis if rings A
and B are bound in the same manner. The demand on space
imposed by ring C and an additional ring D may be accommo-
dated given the flexibility of the helical subdomain, and in
particular helix a9.

Comparison with Substrate-Bound Structures of Other
APHs. Although enzymes of the APH family share structural and
topological resemblances, comparison of known binary struc-
tures reveals radically different modes of aminoglycoside binding,
which can account for the diverse substrate profiles observed.
Because APH(2")-IVa has its unique substrate preference, it
would not be a surprise to see key differences in its interactions
with the ligand compared to those of even its closest relative,
APH(2")-1la. Given the large number of interactions between
the core subdomain and the aminoglycoside for the latter, it has
been posited that the helical subdomain plays an only minor role
in substrate binding.'” The observed conformational changes in
APH(2")-IVa stand in contrast thereof and suggest that the
helical subdomain has a more active role in substrate binding.

The importance of the helical subdomain as a determinant of
substrate specificity is supported by another member of the APH
family, spectinomycin phosphotransferase or APH(9)-Ia. This
enzyme confers resistance against one specific antibiotic, and a
detailed study of the protein—ligand interactions reveals that
most contacts occur with the helical subdomain.'” A remarkable
feature of APH(9)-Ia is a conformational change in the N-term-
inal lobe and, to a smaller extent, the thumb region upon
substrate binding, thereby forming a compact binding pocket.
Although domain movements at the scale of APH(9)-Ia are not
observed for APH(2")-IVa, the smaller conformational changes
in the N-terminal lobe and the thumb region upon substrate
binding (Figure 1C) nevertheless represent a departure from
APH(2")-11a and APH(3’) enzymes, which rely on a less
restrictive binding pocket to accommodate a wide range of
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Figure 3. Aminoglycoside-binding site comparisons with APH(2")-Ila and the ribosomal A-site. (A) Structural superposition of the APH(2")-
IVa—tobramycin complex (colored blue with the substrate in cyan stick representation) onto the APH(2'")-Ila—gentamicin C complex (PDB entry
3HAM, colored purple with substrate in orange representation) using residues of the core region, showing the displacement of the aminoglycoside. (B)
Surface representation of the tobramycin-binding site in APH(2")-IVa with the tobramycin molecule colored cyan. The gentamicin C molecule as
bound in APH(2")-Ila is indicated in transparent orange stick representation. (C) Surface representation of the gentamicin-binding site in APH(2")-IIa
with the gentamicin C molecule colored orange, showing a less compact binding pocket on the concave side of the molecule, in particular around ring C.
The tobramycin molecule as bound in APH(2")-IVa is indicated in transparent cyan stick representation. (D) Superposition of the tobramycin
molecules in the conformations in which they bind to APH(2")-IVa (cyan) and the ribosomal A-site (magenta; PDB entry 1LC4). (E) Transparent
surface representation of the aminoglycoside-binding site of APH(2'")-IVa, with the tobramycin molecule in stick representation and colored cyan.
Residues that form direct interactions with the ligand (orange) mainly interact with the aminoglycoside from the convex side of the molecule, which
corresponds to the core region of the protein. (F) Crystal structure of tobramycin bound to the eubacterial 16S rRNA A-site (PDB entry 1LC4), with the
tobramycin molecule in the same orientation as in Figure 3E and colored cyan. Residues that form direct interactions with the ligand (orange) mainly

interact with the aminoglycoside from the top face of the molecule.

substrates as opposed to the flexibility of the enzyme itself.*"**
The interactions observed among Tyr278, Asn32, and Asp33 and
their stabilizing effect on the aminoglycoside are absent in the
substrate-bound structure of APH(2")-Ila because of the greater
distance between the N-terminal lobe and the aminoglycoside-
binding pocket, as well as the less acute angle in helix 0.9, which
pushes residues at the end of the helix farther from the
aminoglycoside-binding site. In addition, superposition of sub-
strate-bound forms of APH(2')-Ila and APH(2")-IVa shows
that the ligand is shifted by approximately 2 A in the direction of
residues from the helical subdomain and the N-terminal lobe in
the latter protein—ligand complex, thus facilitating interactions
with these regions (Figure 3A). This shift is likely because the
shorter side chains of aspartate residues stabilizing rings A and B
are replaced with glutamate residues in APH(2")-IVa. Taken
together, these variations result in a more compact binding
pocket for APH(2")-IVa, especially around ring C (Figure 3B,
C). In contrast to these two APH(2"") enzymes, APH(2")-Ia is
able to deactivate 4,5-disubstituted aminoglycosides, suggesting
that it interacts with its substrate via a yet different method
compared to other APH(2") enzymes characterized thus far.
Although detailed analysis of the structural differences between
APH(2")-IVa and APH(2"")-Ia must await the elucidation of the

structure of the latter enzyme, our findings thus far show that
significant variability in the active site not only is present among
APHs that target hydroxyl groups at different positions but also
can exist among members of the same subfamily with over-
lapping substrate profiles. Such variations significantly increase
the difficulty in designing generic inhibitors that are potent
against a large number of APHs.

Comparison of Aminoglycoside Binding Modes between
APH(2"")-IV and the Ribosome. Because APH(2")-IVa deacti-
vates aminoglycosides that are originally meant to interact with
the A-site of the bacterial ribosome, it is instructive to compare
the mode of binding of the drug between the intended target and
the resistance enzyme. Crystal structures of the entire 30S
ribosome in complex with several aminoglycosides were deter-
mined in 2000,°> and subsequently, the crystal structures of
tobramycin and kanamycin A in complex with an oligonucleotide
containing the A-site have also been determined.**** These
structures show similarities as well as striking differences between
the mode of binding of the aminoglycoside with the ribosome
and that of the resistance enzyme. The stereochemical confor-
mations of the antibiotic molecules in the rRNA binding pocket
are similar to those observed for APH(2')-IVa (Figure 3D), and
the majority of interactions between the aminoglycoside and the
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Assite also occur with the neamine core portion of the drug. For
instance, ring A of tobramycin intercalates in the RNA helix, thus
forming a nonpolar stacking interaction with base G'*** and a
pseudo-base pair with A'***** These interactions are well-mimicked
in APH(2")-IVa, involving the indole ring of Trp271 and the side
chain of Glu238, as noted above.

While the majority of functional groups utilized by the aminogly-
coside to bind to the ribosome are the same groups that interact with
the resistance enzyme, the relative orientations between the drug and
its interaction partners exhibit wide differences. In the A-site, the
RNA wraps around the antibiotic and most interacting groups extend
toward the top face of ring B (Figure 3F). In contrast, key residues
from APH(2")-IVa are mainly situated to the convex side of the
molecule and interact with functional groups at the 1, 3-, 5'-, 2", and
3"'-positions from a roughly coplanar orientation, which represents a
nearly 90° offset from the orientation of the RNA nucleotides
(Figure 3E). Binary structures of other members of the APH family,
most notably APH(3')-Ila, have revealed target mimicry as an
effective method of drug inactivation by resistance factors.> In the
case of APH(3')-I1Ia, target mimicry is achieved by the perpendicular
orientation of the face of the aminoglycoside’s ring structure relative
to its key interacting partners, though the opposite face is used
compared to interactions with the A-site. This type of target mimicry
is not shown by APH(2')-IVa, where the enzyme residues project
toward the convex edge of the aminoglycoside rings. A necessary
consequence of this difference in orientation is that the aminoglyco-
side is positioned deeper within the enzyme in APH(2")-IVa. While
the antibiotic binding site resembles a relatively shallow pocket in
APH(3')-IIa, it is a deeper cleft in the APH(2") enzymes, which
may explain the more limited resistance profile of the latter enzymes.
The differences in aminoglycoside binding between APH(2")-IVa
and the A-site harbor opportunities for the development of variant
aminoglycoside antibiotics that can bind the ribosomal target yet are
unable to be inactivated by the resistance protein.

In summary, our structural analysis of the binary complexes of
APH(2")-IVa has highlighted the importance of the helical
subdomain in substrate specificity and shown important differ-
ences in the mode of aminoglycoside binding between the
ribosomal A-site and the resistance factor. Together, these
contributions to our general understanding of aminoglycoside
phosphotransferases can help in the progress of the rational
design of novel next-generation aminoglycoside antibiotics with
reduced susceptibility to these resistance factors.

Accession Codes

Atomic coordinates for the apo form of APH(2")-IVa and its
binary complexes with tobramycin and kanamycin A have been
deposited in the Protein Data Bank as entries 3SGC, 3SG8, and
38GY, respectively.
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