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ABSTRACT: Kanamycin nucleotidyltransferase (KNTase) is a plasmid-coded enzyme responsible for some
types of bacterial resistance to aminoglycosides. The enzyme deactivates various antibiotics by transferring
a nucleoside monophosphate group from ATP to the 4’-hydroxyl group of the drug. Detailed knowledge
of the interactions between the protein and the substrates may lead to the design of aminoglycosides less
susceptible to bacterial deactivation. Here we describe the structure of KNTase complexed with both the
nonhydrolyzable nucleotide analog AMPCPP and kanamycin. Crystals employed in the investigation
were grown from poly(ethylene glycol) solutions and belonged to the space group P2,2,2, with unit cell
dimensions of @ = 57.3 A, b = 102.2 A, ¢ = 101.8 A, and one dimer in the asymmetric unit. Least-
squares refinement of the model at 2.5 A resolution reduced the crystallographic R factor to 16.8%. The
binding pockets for both the nucleotide and the antibiotic are extensively exposed to the solvent and are
composed of amino acid residues contributed by both subunits in the dimer. There are few specific
interactions between the protein and the adenine ring of the nucleotide; rather the AMPCPP molecule is
locked into position by extensive hydrogen bonding between the a-, 8-, and y-phosphates and protein
side chains. This, in part, may explain the observation that the enzyme can utilize other nucleotides such
as GTP and UTP. The 4’-hydroxyl group of the antibiotic is approximately 5 A from the a-phosphorus
of the nucleotide and is in the proper orientation for a.single in-line displacement attack at the phosphorus.
Glu 145, which lies within hydrogen-bonding distance of the 4’-hydroxy! group, is proposed to be the

active site base.

Aminoglycoside antibiotics consist of amino sugars linked
to an aminocyclitol moiety through glycosidic bonds as
shown in Figure 1. The bactericidal effect of these com-
pounds is believed to occur through their irreversible binding
to the bacterial ribosomes (Moellering, 1983). Although
there are newer, less toxic compounds on the market, the
aminoglycosides still play useful roles in the treatment of
serious infections caused by a broad range of microorganisms
(Edson & Terrel, 1991; Johnson & Hardin, 1992). Unfor-
tunately, due to past widespread usage of these antibiotics
in clinical settings, bacterial strains have emerged that render
these compounds ineffective. Resistance to aminoglycosides
is typically conferred by the enzymatic activity of plasmid-
coded acetyltransferases, phosphotransferases, and nucleoti-
dyltransferases [for a review, see Shaw et al. (1993)].
Kanamycin nucleotidyltransferase (KNTase) is one such
enzyme and catalyzes the transfer of a nucleoside mono-
phosphate group from a nucleotide to the 4’-hydroxyl group
of kanamycin. First isolated from Staphylococcus aureus,
the enzyme can utilize ATP, GTP, or UTP as the nucleoside
monophosphate donor and is capable of deactivating a
number of different aminoglycosides (Le Goffic et al.,
1976a,b; Davies & Smith, 1978).
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FIGURE 1: General structure of the antibiotic kanamycin. Kana-
mycins A and B differ only at the 2’-position as indicated. Both
the 4’- and the 4”-hydroxyl groups are susceptible to nucleotid-
ylation by KNTase.

The three-dimensional structure of KNTase was recently
determined by X-ray crystallographic techniques (Sakon et
al., 1993). From this structural study it was shown that the
enzyme was dimeric rather than monomeric as originally
believed (Sadaie et al., 1980). The individual subunits of
KNTase are remarkably extended as shown in Figure 2a and
can be described in terms of two structural domains. The
N-terminal domain, delineated by Met 1 to Glu 127, is
characterized by a five-stranded mixed S-pleated sheet
whereas the C-terminal motif, formed by Ala 128 to Phe
253, contains five a-helices, four of which form an up-and-
down o-helical bundle. As can be seen in Figure 2b, the
two subunits interact extensively by wrapping around one
another to form a rather large cavity which can easily
accommodate a variety of aminoglycosides. On the basis
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FIGURE 2: Ribbon representation of the apo form of KNTase. Models for the individual monomer and the dimer of KNTase are shown in
panels a (top) and b (bottom), respectively. The domains depicted in blue and yellow belong to subunit I: those in red and green represent
subunit 1. This figure was prepared with the software package MOLSCRIPT (Kraulis. 1991).

of this initial structural investigation, the two active sites
for the KNTase homodimer were tentatively located and
shown to be formed by both subunits (Sakon er al., 1993).
Here we describe the three-dimensional structure of
KNTase complexed with AMPCPP, a nonhydrolyzable
analog of ATP, and kanamyecin. This structural investigation
provides a4 more complete description of the active site of
this enzyme and reveals both important protein—nucleotide
and protein—antibiotic interactions. Detailed structural
information concerning the active site of KNTase may
ultimately lead to the design of new and more effective
aminoglycosides and possibly to the production of KNTase
mhibitors. This is especially important in light of both the
alarming and rapid increase in the emergence of antibiotic-
resistant bacterial strains and the lack of significant new
antibiotics appearing on the pharmaceutical market.

MATERIALS AND METHODS

Purification and Crystallization Procedures. The KNTase
mutant, DBOY, was expressed in the Escherichia coli
overproducing strain BL2I1(DE3) carrying the expression
plasmid pX(T7)TK1 (Studier & Moffatt, 1986; Liao, 1991).

These cells were stored at —70 °C prior to use. The enzyme
purification scheme employed was a modification of previ-
ously reported procedures and included an initial chromato-
graphic step with a DEAE-Sephadex-6503 column followed
by a TSK phenyl-5PW hydrophobic column and subsequent
use of an HPLC Mono-Q HR10/10 column (Liao er af., 1986;
Liao, 1991; Sadie er al., 1980; Sakon er al., 1993). The
purified protein was stored in 10 mM Tris-HCI, pH 7.5 at
—20 °C. Thus far it has not been possible to obtain X-ray
quality crystals for the wild-type enzyme.

Prior to crystallization. the protein, at 15 mg/ml, was
incubated with 10 mM kanamycin A for 1 h at 4 °C. X-ray
diffraction quality crystals were obtained by the hanging drop
method of vapor diffusion. For such experiments, 5 uL of
the protein—kanamycin solution was mixed on silanized
coverslips with 5 uL. of a solution containing 12.5% PEG
3350, 150 mM MgCl,. 5 mM NaNs, and 100 mM Hepes
(pH 7.7). These droplets were equilibrated against the 12.5%
PEG solution. Crystals generally appeared within | week
with some achieving maximum dimensions of 0.3 mm x
0.3 mm x 0.7 mm.
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Table 1: Intensity Statistics for the Native X-ray Data
resolution range (A)
native overall 100.00—-5.00 3.97 3.47 3.15 292 275 2.61 2.50
no. of measurements 51522 7655 7898 7331 6580 5992 5708 5299 5059
no. of independent reflections 20767 2513 2548 2590 2600 2611 2641 2626 2638
completeness of data (%) 81 84 89 90 88 83 76 70 65
av intensity 4571 9095 10 000 5980 3266 1673 976 666 487
avo 438 366 499 473 443 424 421 429 442
R factor (%) 5.0 35 34 4.5 6.8 11.1 17.0 21.9 29.1
4 R factor = (X1 — I/ED) x 100.
Prior to X-ray data collection, the crystals were transferred Table 2: Least-Squares Refinement Statistics
to a solution containing 14% PEG 3350, 150 mM MgCl,, 5 resolution limits (&) 30.0-2.5
mM NaNj3, 100 mM Hepes (pH 7.7), 20 mM kanamycin A, R factor® (%)? 16.8
and 5 mM adenosine 5'-o.,3-methylenetriphosphate (AMP- no. of reflections used 19 405
P . : no. of protein atoms 4187
CPP). To minimize crystal cracking, the concentration of
. ; no. of solvent atoms 46
AMPCPP was slowly increased to 10 mM and finally to 16 weighted rms deviations from ideality
mM over a period of 2 h. Crystals were soaked in this bond length (A) 0.014
kanamycin—AMPCPP solution for 24 h. On the basis of bfnd ’%ngl(e (deg)l) & (2).(5)06
: planarity (trigona . .
precession photography, the .crysta'ls Were.showp to belonf planarity (other planes) (&) 0.012
to the space group P2,2,2, with unit cell dimensions of a = torsional angle? (deg) 19.2

573 A, b =1022 A, ¢ = 101.8 A, and one dimer in the
asymmetric unit.

X-ray Data Collection and Processing. X-ray diffraction
data were collected to 2.5 A resolution at 4 °C with a
Siemens X1000D area detector system equipped with double-
focusing mirrors. The X-ray source was Cu Ka radiation
from a Rigaku RU200 rotating anode generator operated at
50 kV and 50 mA. These X-ray data were subsequently
processed and scaled with the software packages XDS and
XSCALIBRE, respectively (Kabsch, 1988a,b; Wesenberg
and Rayment, unpublished results). Relevant X-ray data
collection statistics may be found in Table 1.

Computational Methods. The structure of the KNTase—
kanamycin—AMPCPP complex was solved by the technique
of molecular replacement with the software package AMORE
(Navaza, 1987). The structure of the double mutant D80Y
T130K, previously solved to 3.0 A resolution, served as the
search model (Sakon et al, 1993). The rotational and
translational searches were conducted with X-ray data
between 8.0 and 3.5 A. A solution corresponding to the
dimer in the asymmetric unit was obtained and was as
follows: o =8.69°, = 158.16°, y = 108.34°, a = 0.4535,
b = 0.0696, and ¢ = 0.0172. Following rigid body refine-
ment, the R factor was reduced to 33.9% for all measured
X-ray data between 20.0 and 3.5 A.

The three-dimensional model was subsequently refined by
multiple cycles of manual model building with the program
FRODO and least-squares refinement with the software
package TNT (Jones, 1985; Tronrud et al., 1987). Ideal
stereochemistry employed for the kanamycin substrate was
based on the small molecule structural determination of
Koyama et al. (1968). X-ray coordinates for AMPCPP were
derived from the crystal structure of ATP (Kennard e al.,
1971). In addition to the protein atoms, the model contained
44 water molecules, 2 magnesium ions, 2 AMPCPP mol-
ecules, and 2 kanamycin antibiotics. The average temper-
ature factors for the polypeptide chain backbone atoms were
29.9 and 34.8A2, respectively, for subunits I and II. Back-
bone atoms for the two subunits in the dimer superimpose
with a root-mean-square deviation of 0.44 A. Relevant
refinement statistics may be found in Table 2.

4R factor = Z|F, — F.|/Z|F,|, where F, is the observed structure
factor amplitude and F. is the calculated structure factor amplitude.
® The torsional angles were not restrained during the refinement.

RESULTS AND DISCUSSION

The original model of KNTase was derived from crystals
of a thermostable double mutant, D80Y and T130K (Sakon
et al., 1993). While these crystals allowed for the tracing
of the polypeptide chain, their limited resolution of ap-
proximately 3 A hindered further structural investigations.
The model of KNTase presented here is based on X-ray
diffraction data from crystals of the site-directed mutant
D80Y. These crystals diffract beyond 2.5 A. An a-carbon
trace of the new KNTase model is displayed in Figure 3.
The a-carbon positions for the original model and the
KNTase structure presented here superimpose with a root-
mean-square deviation of 0.75 A. Due to the increase in
resolution of the X-ray data, however, it is now possible to
define the secondary structure of KNTase in more detail.

The individual subunits of the dimer are divided into two
structural domains of approximately equal size. The main
structural motif of the N-terminal domain is a five-stranded,
predominantly antiparallel, 5-sheet formed by Val 31 to Tyr
37, Asp 50 to Met 57, Glu 63 to Thr 69, Trp 73 to Ser 81,
and Leu 107 to Asp 111. The two S-strands delineated by
Asp 50 to Met 57 and Trp 73 to Ser §1 run parallel to one
another. The N-terminal domain is also characterized by
five a-helices formed by Arg 9 to Lys 26, Ser 39 to Arg 42,
Glu 82 to Ala 89, Pro 97 to Gln 102, and Tyr 115 to Lys
124, In addition to these major secondary structural ele-
ments, the N-terminal domain contains four well-defined
reverse turns as follows: two type I (Gly 46 to Ser 49 and
Glu 93 to Trp 96), one type II (Thr 59 to Ala 62), and one
type II’ (Tyr 27 to Asp 30). The C-terminal domain contains
two long o-helices delineated by Ala 128 to Val 155 and
Leu 162 to His 180 and three smaller a-helices formed by
Val 191 to Ala 195, Asp 206 to Ser 214, and Ser 220 to His
241. The second and third a-helices in the C-terminal
domain are connected by a type I turn (Thr 187 to Ser 190).
A type II turn formed by Pro 202 to Tyr 205 serves as a
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FIGURE 3: «-Carbon trace of the KNTase dimer with bound substrates and nucleotide analogs. The quaternary structure of the enzyme is
such that approximately 6000 A? of surface area is buried upon dimerization as calculated according to the method of Lee and Richards
(1971) with a probe sphere of 1.4 A. The nucleotides and antibiotics are depicted in red and blue bonds, respectively. As can be seen, the
f3- and y-phosphates of the nucleotides are the most buried with the antibiotics sitting at the surface of the large cavity formed by the two
subunits. The positions of several amino acid residues are indicated to aid the reader in following the course of the polypeptide chain. The

primed numbers refer to the second subunit in the dimer.

link between the third and fourth a-helices. In the original
KNTase model, the surface loops defined by Tyr 27 to Asp
30, Arg 42 to Gly 46, and Glu 60 to Ala 62 were disordered
in the electron density map. These residues are clearly
defined in the present model.

In the original structure determination of KNTase. there
were two large peaks of electron density that were symmetry-
related to one another and were positioned between Glu 76
(subunit I) and Glu 145 (subunit II) and between Glu 76
(subunit II) and Glu 145 (subunit I), respectively. Prelimi-
nary atomic absorption experiments indicated that KNTase
binds Zn’" ions, and as such these peaks were modeled as
cations (Sakon et al, 1993). In the electron density map
employed for this structural investigation, however. these
peaks of high electron density are not present, thereby
suggesting that the binding of the cations to KNTase may
have been simply the result of the original crystallization
conditions which included 3 mM CoCl,. One final difference
between the two models involves Pro 158. The new electron
density map calculated to 2.5 A resolution clearly shows that
this residue adopts a cis conformation in both subunits,

Difference electron density corresponding to the nucle-
otides and the antibiotics is displayed in Figure 4. As can
be seen, the electron densities for the AMPCPP molecules
are well ordered. Given the fact that KNTase can deactivate
a variety of aminoglycosides and can modify both the 4’-
and the 4”-hydroxyl groups of kanamycin (Schwotzer et al.,
1978), it is not surprising that the electron densities corre-
sponding to the antibiotics are less clear as can be seen in
Figure 4. For the present study. the antibiotics have been
fitted into the electron density map such that their 4’-hydroxyl
groups are close to the AMPCPP moieties.

A close-up stereoview of the active site for KNTase is
given in Figure 5a, and a schematic of the protein—substrate
interactions is shown in Figure 5b. In the KNTase dimer
the two nucleotides are approximately 17 A apart while the
closest approach between the two kanamycin molecules is
3.5 A. The nucleotide binding pocket is exposed to the
solvent and composed of amino acid residues contributed

by both subunits. Those residues located within approxi-
mately 5.0 A of the nucleotide include Tyr 37 to Ser 39,
Arg 42, Thr 44 to Gly 46, Ser 49, Asp 50, Glu 52, Tyr 88,
Asp 95, Leu 98 to GIn 102, and Tyr 185 to Ser 188 from
subunit I and Glu 145, Lys 149, and Asn 152 from subunit
[I. The adenine portion of the nucleotide is involved in few
specific interactions with the protein and thus may explain
why ATP. GTP. and UTP are all substrates for the enzyme.
Likewise, only one of the hydroxyl groups of the ribose,
namely, O3R, lies within 3.0 A of N* of Arg 42 (subunit
I). The majority of the nucleotide—protein interactions
involve the phosphoryl oxygens and various side-chain
moieties. Specifically, the a-phosphoryl oxygens are within
3.2 A of Asp 50 and Glu 52 from subunit I, Glu 145 and
Lys 149 from subunit I, and a well-ordered water molecule,
the /3-phosphoryl oxygens lie within 3.0 A of Arg 42 and
Thr 187 from subunit I. and the y-phosphoryl oxygens
interact with Ser 39 and Ser 49 from subunit I. In addition,
the backbone amide nitrogen of Ser 39 is in the proper
orientation for hydrogen bonding to one of the 3-phosphoryl
oxygens. There is a magnesium ion coordinated by the -
and y-phosphates of the AMPCPP and the carboxylate group
of Glu 52. The Mg>~—AMPCPP complex is in the A-screw
sense configuration.

In the apoenzyme structure there was a ring of seven
negatively charged amino acid residues, Glu 52, Glu 67, Glu
76, and Asp 50 from subunit I and Glu 141, Glu 142, and
Glu 145 from subunit II, that were postulated to form a
portion of the antibiotic binding site (Sakon et al., 1993).
Indeed, many of these residues interact with the positively
charged antibiotic. The amino sugar labeled A in Figure 1
interacts most extensively with the enzyme and is wedged
against the adenine ring of the AMPCPP. This portion of
the aminoglycoside participates in hydrogen-bonding interac-
tions with the side chains of Glu 67, Glu 76, and Lys 74
from subunit I and Glu 141 and Glu 145 from subunit II.
The aminocyclitol moiety, labeled B in Figure 1, lies near
the side chains of Ser 94 and Glu 141 from subunit II. The
third sugar has few specific interactions with the protein.
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FiGure 4: Difference electron density observed for the nucleotide and kanamycin. The map sections shown were calculated with coefficients
of the form (F, — F.), where F, was the native structure factor amplitude and F, was the calculated structure factor amplitude from the
model lacking the coordinates for the antibiotics, the nucleotides, and the magnesium ions. The electron density map was calculated to 2.5
A resolution and contoured at 2.50. Map sections shown in (a, top) and (b, bottom) correspond to subunits I and II, respectively. The
magnesium ions, coordinated by the 8- and y-phosphates, are indicated by crosses in (a) and (b). In addition to the magnesiums, there are
water molecules, also depicted as crosses, lying within hydrogen-bonding distances of the a-phosphoryl oxygens.

Due to the internal symmetry that exists within the kana-
mycin molecule itself, the difference electron density does
not rule out the possibility that the 4”-hydroxyl group may
be pointing toward the a-phosphorus.

A model for the enzymatic mechanism of KNTase has
not been biochemically investigated thus far. The enzyme,
aminoglycoside nucleotidyltransferase 2”-I, however, has
been extensively studied (Gates & Northrop, 1988a). Like
KNTase, this enzyme transfers a nucleoside monophosphate
group from a nucleotide to a hydroxyl group of an ami-
noglycoside. From the research of Gates and Northrop
(1988b,c), it has been established that aminoglycoside
nucleotidyltransferase 2”-1 obeys the Theorell-Chance kinetic
mechanism in which nucleotide binding to the enzyme is
followed by aminoglycoside binding. In addition, it has been
demonstrated that pyrophosphate is released followed by the

nucleotidyl aminoglycoside and that the rate-limiting step
is product release. Further studies by Van Pelt er al. (1986)
have indicated that the nucleoside monophosphate is directly
transferred to the hydroxyl group of the antibiotic without
an intermediate step and that the reaction proceeds through
inversion of the stereochemistry about the a-phosphorus.
Based on the structure of the KNTase—AMPCPP—
antibiotic complex described here, it is possible to propose
a catalytic mechanism for the enzyme. As can be seen in
Figure 6, the 4’-hydroxyl group of the antibiotic is situated
approximately 5.0 A from the a-phosphate of the nucleotide.
In turn, the carboxylate group of Glu 145 from subunit 11 is
located within hydrogen-bonding distance to this hydroxyl
group. According to the proposed mechanism, Glu 145 acts
as the general base that abstracts the proton from the 4'-
hydroxyl group, thereby activating the kanamycin for the
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FIGURE 5: KNTase active site. (a, left) Those amino acid residues contributed by subunits I and 11 are labeled according to the one-letter
and three-letter codes, respectively. For the sake of clarity. only those amino acid residues that lie within approximately 3.5 A of the
substrates and that can participate in hydrogen bonding are displayed. (b. right) Possible interactions between the protein and the subsirates,

within 3.2 A, are indicated by dashed lines.

FIGURE 6: Stereoview of the amino acid residues thought to be important in catalysis. The figure is centered around the 4’-hydroxyl group
of kanamycin that is nucleotidylated by KNTase. Only a portion of the antibiotic is shown. Glu 145 is thought 1o be the active site base.
The magnesium ion, coordinated by the /3- and y-phosphates, is depicted as an open sphere.

subsequent attack at the a-phosphorus of the nucleotide. Both
the nucleotide and the antibiotic are in the proper orientation
for a single in-line displacement reaction. The Mg*~

pyrophosphate moiety would serve as an excellent leaving
group. In addition, the close proximity of Lys 149 to one
of the a-phosphoryl oxygens could increase the electrophilic
character of the phosphorus center, thus making it more
susceptible to nucleophilic attack. While the distance
between the 4”-hydroxyl group and the a-phosphorus is 5.0

A. the enzyme may undergo a conformational change during
catalysis 1o decrease this distance. Furthermore, the structure
described here is that complexed with a nucleotide analog.
Slight conformational differences due to the replacement of
a methylene group for a bridging oxygen could also account
for this longer than expected distance between the nucleotide
and the antibiotic. Attempts to grow crystals in the presence
of Lu*"ATP, an inhibitory analog of Mg> " ATP, are in
progress (Morrison & Cleland. 1983). The putative reaction
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mechanism of KNTase presented here may possibly serve
as a model for the more complex polymerases that catalyze
nucleotidyl phosphate transfer. Experiments to confirm the
proposed mechanism are presently underway.
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