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ABSTRACT. Aminoglycoside nucleotidyltransferasé'j2a [ANT (2'")-la] was cloned fronPseudomonas
aeruginosaand purified from overexpressirigscherichia coliBL21(DE3) cells. The first enzyme-bound
conformation of an aminoglycoside antibiotic in the active site of an aminoglycoside nucleotidyltransferase
was determined using the purified aminoglycoside nucleotidyltransferd$da(2The conformation of

the aminoglycoside antibiotic isepamicin, a psuedo-trisaccharide, bound to aminoglycoside nucleotidyl-
transferase (9-la has been determined using NMR spectroscopy. Molecular modeling, employing
experimentally determined interproton distances, resulted in two different enzyme-bound conformations
(conformer 1 and conformer 2) of isepamicin. Conformer 1 was by far the major conformer defined by
the following average glycosidic dihedral anglebsc = —65.26+ 1.63 andWgc = —54.76+ 4.64°.
Conformer 1 was further subdivided into one major (conformer 1a) and two minor components (conformers
1b and 1c) based on the comparison of glycosidic dihedral anplgsand Wag. The arrangement of
substrates in the enzyrmetal-ATRisepamicin complex was determined on the basis of the measured
effect of the paramagnetic substrate analogue §JATP on the relaxation rates of substrate protons
which were used to determine relative distances of isepamicin protons to ¥heBoth conformers of
isepamicin yielded arrangements that satisfied the NOE restraints and the observed paramagnetic effects
of Cr(H0)/ATP. It has been suggested that aminoglycosides use both electrostatic interactions and hydrogen
bonds in binding to RNA and that the contacts made by the A and B rings to RNA are the most important
for binding [Fourmy, D., Recht, M. I., Blanchard, S. C., and Puglisi, J. D. (186¢nce 2741367

1371]. Comparisons based on the determined conformations of enzyme-bound aminoglycoside antibiotics
also suggested that interactions of rings A and B with enzymes may be the major determinant in
aminoglycoside binding to enzymes [Serpersu, E. H., Cox, J. R., DiGiammarino, E. L., Mohler, M. L.,
Ekman, D. R., Akal-Strader, A., and Owston, M. (2000gll Biochem. Biophys(in press)]. The
conformation of isepamicin bound to the aminoglycoside nucleotidyltransferd$ea(2determined in

this work, lent further support to this theory. Furthermore, comparison of enzyme-bound conformations
of isepamicin to the RNA-bound conformation of gentamycin &so showed remarkable similarities
between the enzyme-bound and RNA-bound aminoglycoside antibiotic conformations. These studies should
aid in the design of effective inhibitors possessing a broad range of aminoglycoside-modifying enzymes
as targets.

Bacterial resistance to the existing armamentarium of resistance mechanisms exist which can interfere with this
antibiotics has both the medical community and the scientific bactericidal interaction. Enzymatic modification of amino-
community in a state of alarm. One class of antibiotics, in glycosides represents the major mechanism of resistance to
particular, that has experienced extensive resistance is thehe aminoglycoside antibiotic8,(4). Three different types
aminoglycosides, which are primarily known for their of aminoglycoside-modifying enzymes have been de-
effectiveness in the treatment of serious Gram-negative scribed: theO-phosphotransferases (APHSs), tNeacetyl-
bacterial infections. The majority of aminoglycosides target transferases (AACs), and tienucleotidyltransferases (ANTS)
the prokaryotic 16S ribosomal RNA of the 30S subunit and (4, 5). More than 50 different enzymes encompassing all
inhibit the process of translatiod,(2). Using a mechanism  three classes have been identified. In addition, many
that is largely unknown, the extensive damage resulting from jndividual enzymes have the ability to modify a wide variety
this inhibition eventually leads to cell death. However, of different aminoglycoside antibiotics. It is clear that more
effective antibiotics and potential inhibitors of the modifica-
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Ficure 1: Structures of aminoglycoside antibiotics kanamycin A
and isepamicin. Both aminoglycosides contain a 4,6-disubstituted
2-DOS ring (ring B).

enzyme-bound antibiotics would be an important step toward
this goal.

Crystal structures of several aminoglycoside-modifying
enzymes have been determined, but these structures did n
reveal conformations of enzyme-bound antibiotiés 10).
Enzyme-bound conformations of several aminoglycoside
antibiotics have been determined by NMRL{-17). How-
ever, there are no data available on the conformation of an
aminoglycoside bound to an enzyme in the aminoglycoside

nucleotidyltransferase group. This paper describes the clon-

ing, overexpression, and purification of aminoglycoside
nucleotidyltransferase (2-la [ANT (2"')-la]* as well as the
determination of an enzyme-bound aminoglycoside confor-
mation.

ANT (2'")-la has been recognized as being widespread
among all Gram-negative bacteria and is the most common
enzyme responsible for the aminoglycoside resistance in
North America B, 18). It confers resistance through a
mechanism involving regiospecific transfer of a nucleoside
monophosphate to the 2C (df)zhydroxyl of the aminogly-
coside substrates in its resistance profile as shown below.

MgATP + 2"-hydroxyaminoglycoside~
MgPPR + AMP-2"-aminoglycoside

Although kinetic and crystallographic studies were per-
formed with two different nucleotidyltransferaseg (8—
22), the conformation of a bound aminoglycoside in the
active site of a nucleotidyltransferase is not known. In this
paper, we report cloning, overexpression, and purification
of ANT (2")-la, as well as the first nucleotidyltransferase-
bound conformation of an aminoglycoside antibiotic.

EXPERIMENTAL PROCEDURES

Materials Kanamycin A (Figure 1) was from Sigma
Chemical Co. Isepamicin (Figure 1) was a gift from K. Shaw
and G. Miller of Schering Plough, and deuterated ethylene
glycol, glycerol, DTT, and Tris were from Isotec, Inc.

Cloning The gene for ANT (2)-la was obtained from a
Pseudomonas aeruginosknical isolate using standard PCR
procedures. The clinical isolate of this organism was kindly

1 Abbreviations: ANT (2)-la, aminoglycoside nucleotidyltransferase
(2")-la; 2-DOS, 2-deoxystreptamine; AAC 'fdi, aminoglycoside
acetyltransferase (6li; APH (3')-Illa, aminoglycoside phosphotrans-
ferase (3-llla.
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provided by K. Shaw of Schering Plough. The ANT'(2a
gene was inserted into the pET-22f)(vector and trans-
formed intoEscherichia colistrain BL21(DE3) which then
showed the expected resistance pattern to the aminoglycoside
antibiotics consistent with the expression of ANT')2a.
DNA sequencing also confirmed the insertion of the ANT
(2")-la gene into the pET-228{() vector. High expression
levels of ANT (2')-la were observed in the form of inclusion
bodies. Expression of the enzyme in soluble form was sought
by using several other expression systems. Although some
success was obtained in increasing the amount of soluble
enzyme, in all cases the major portiongd0%) of the enzyme
was still expressed in the form of inclusion bodies. Therefore,
a procedure was devised to recover the active enzyme from
inclusion bodies.

Isolation of ANT (2)-la. Cells were lysed by passing them
through a French press, and the inclusion bodies were
pelleted by centrifugation at 300680The pellet was then
washed using a solution of 5 mM Tris-HCI (pH 8.0) and

ot% Triton X-100. The enzyme was resolubilized from the

washed inclusion bodies 8 M urea at 37C with shaking.
Any insoluble material was pelleted, and the recovery from
the denaturant was performed by carefully pipetting the
solubilized protein into a stirred solution of 10 mM HEPES,
0.125 mM EDTA, 10 mM DTT, 1% glycerol, 0.5% ethylene
glycol, 1 mM magnesium acetate, and 50 mM KCI at pH
8.0. The enzyme concentration was 0.25 mg/mL in the
recovery medium. The solution, containing the recovered
enzyme, was then concentrated using ultrafiltration. The
molecular weight of the purified ANT (2-la was determined

to be 25590 from the amino acid sequence of the protein
which was also confirmed by mass spectrometry.

Assay for Actiity of ANT (2')-la. The activity of ANT
(2")-la was determined using an assay based on the deter-
mination of the amount of inorganic phosphag3)( The
enzyme was incubated in a solution containing 20 mM Tris-
HCI (pH 8.4), 2.5 mM ATP, 5 mM MgGl isepamicin, 50
mM KCI, and 10 mM DTT. Inorganic pyrophosphatase (2.5
units) was also included in assays to ensure the complete
conversion of the reaction product pyrophosphate to the
inorganic phosphate. After incubation at 3Z, the reaction
was stopped by the addition of HGJ@t a final concentration
of 4%. The level of inorganic phosphate was determined
using an aliquot of the supernata¥it,.x values of 5.&mol
min~! mg* with kanamycin A and 0.3@mol min~* mg*
with isepamicin were determined. Thg, values for kana-
mycin A and isepamicin were 180 and 318, respectively.
Km-mgatp Was determined to be 1.2 mM. These values are
similar to those reported for different nucleotidyltransferases,
and the enzyme turnover rate—<3 s') is in excellent
agreement with the rates of other aminoglycoside-modifying
enzymes.

Purification of Modified KanamycinTo confirm the
identity of the reaction product, a large-scale enzymatic
reaction was performed using kanamycin A as the aminogly-
coside substrate. Adenylated kanamycin A was isolated using
a similar procedure described for the adenylated tobramycin
(24) from a reaction mixture that contained 5 mg of ANT
(2")-la, 10 mM ATP, 12 mM MgCl, and 10QuM kanamycin
A in 50 mM Tris-HCI (pH 8.0) containing 1 mM DTT in a
total volume of 100 mL. The solution was incubated at 37
°C overnight. The next morning, 2 mg of ANT'(Rla was
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added to the solution, and the incubation was continued for at 600 K for 10.0 ps. The distance restraints obtained through
an additional 4 h. The adenylated product was isolated usingTRNOESY were then imposed upon the randomized struc-
a procedure similar to that reported by Van Pelt et 24) ( tures, and they were carried through a restrained simulated
for the isolation of adenylated tobramycin. The reaction annealing scheme using restrained conjugate gradient mini-
product was identified by one- and two-dimensional NMR mizations (500 iterations) followed by restrained molecular
spectroscopy. dynamics (10.0 ps) at 450 K. This was then repeated at

NMR SpectroscopyProtonated solutes in the enzyme temperatures of 400, 350, and finally 300 K followed by a
solution as well as water were replaced by deuterated final restrained conjugate gradient minimization until the rms
counterparts using a series of dilutions and concentrationsderivative was less than 0.001 kcal/A. The restraints were
in an ultrafiltration unit. Samples for NOESY experiments then removed, and the structure was subjected to molecular
contained 0.£0.2 mM enzyme and appropriate concentra- dynamics at 100 K (10.0 ps) followed by a final conjugate
tions (up to 2 mM each) of substrates ATP, CaGind gradient minimization until the rms derivative was less than
isepamicin to achieve isepamicin-to-enzyme ratios ranging 0.001 kcal/A. All simulations were carried out using a
from 6 to 12. Solutions also contained-2 mM d,;-Tris- dielectric constant of 4.0 in vacuo which was prescribed by
DCI (pH* 8.0, uncorrected pH meter reading), 5 b the Discover module for structure calculations of carbo-
DTT, 1% ds-glycerol, and 0.5%gds-ethylene glycol. CaG) hydrates with the AMBER force field. An energetic penalty
instead of MgGlJ, was used to prevent catalysis. The enzyme of 50 kcal mot* A~2was used for violation of the distance
activity was checked after NMR experiments and found to restraints.
be greater than 90% of the initial activity. No degradation
of the substrates or any other spectral changes were observeBESULTS AND DISCUSSION
during the NOE experiments. , _ _ .

All experiments were performed on a 600 MHz Varian Cloning, Querexpression, and Isolatlon of ANT_()ZIa.
Inova spectrometer equipped with a single-gradient axis angonce cloned and transformed into genetically engineEred

a triple-resonance probe for the observation of proton, carbon,con’ large qu_antities (26_30 mg/ .L) of p“'fiﬁec' .ANT (2)-
and nitrogen nuclei. A total of 22856 FIDs of 1408 la could easily be obtained using the isolation procedure

complex data points were collected. The spectral width was described above. The recqvergd enzym@g pure, JUdgfd
5479 Hz, and 86128 scans per FID were acquired. Mixing by.SDS gel eIe(;trophoreSIS) displaylkeg values of 2-3 s~

times of 30, 60, and 90 ms were used in TRNOESY UYSing kanamycmAand MgATP as substra;es. Th(_ase values
experiments with enzyme-bound isepamicin. The data wered® well W'th'n the range of values obtained W'th_ other
multiplied by a sine-squared window function in both @minoglycoside-modifying enzymes. Both the quantity and
dimensions before Fourier transformation. Similar parametersPUrty Of this enzyme now permit more structurally based
were used in the ROESY and QUIET-NOESY experiments, Studies to be conducted.

A Gaussian Cascade Q3 pulse was used in the middle of Although the antibiotic resistance patterntofcolias well

the mixing period, for the selective inversion of different as the DNA sequence of the cloned enzyme matched the
substrate protons, in the QUIET-NOESY experimeis ( expected profile of ANT (2)-la, the point of chemical
26). QUIET-NOESY experiments were repeated with the modification on an aminoglycoside was determined by using
systematic inversion of different parts of the isepamicin kanamycin A as the substrate. One- and two-dimensional
proton spectrum, which Suggested that there was no S|gn|f|_ NMR experiments showed that the purified reaction product
cant spin diffusion. was adenylated kanamycin A at thé-QH.

Distance Calculations The intensities of the TRNOE ANT (2')-la-Bound Conformations of Isepamicif total
cross-peaks were used to assign interproton distance restraintef 25 TRNOESs were observed for isepamicin bound to ANT
as follows: 2.6-2.7 A for strong, 2.6-3.6 A for medium,  (2")-la. Of these 25 NOEs, 21 were intraring and served to
and 2.0-4.5 A for weak. These distances were assigned on define the conformations of the individual rings, while the
the basis of the intensity of a known interproton distance remaining four TRNOEs were inter-ring and thus provided
(H1a—H2a, 2.38 A). information about the relative orientation of rings with

Molecular Dynamics and Minimizatiorisepamicin was  respect to each other. Particularly important for defining the
constructed with Insight Il (BIOSYM/Molecular Simulations) conformation of the rings with respect to one another were
operating on a Silicon Graphics Indigo-2 workstation. All the inter-ring TRNOEs that were observed across the
calculations were carried out using the AMBER force field glycosidic bonds. Figure 2 shows the region of a TRNOESY
(27) interfaced with the molecular mechanics software spectrum where inter-ring TRNOEs were observed. The
DISCOVER (BIOSYM/Molecular Simulations) on the same intensities of the observed NOE cross-peaks were sorted as
workstation. The atom potential types and charges were setstrong, medium, and weak on the basis of the determined
according to Homan'’s potential types for carbohydra28s (  volumes, and assigned to distance ranges 0f 2.0, 2.0~
in the AMBER force field. The amine groups of isepamicin 3.6, and 2.6-4.5 A, respectively. The intensities of TRNOE
were given a formal charge of1.00, consistent with the  cross-peaks were mostly unchanged (within error) in QUIET-
pKa values reported previousiip). NOESY experiments with the exception of the cross-peak

Determination of the Enzyme-Bound Conformation of between protons Hland H3 which exhibited slightly lower
Isepamicin Restrained simulated annealing was used to intensity in the QUIET-NOESY spectra. However, this did
obtain conformations of isepamicin in a manner similar to not affect the category of the distance restraint for this pair
that described previouslyl8—16). Prior to simulated an-  because the Ht-H3g NOE was already set as a weak NOE.
nealing, a set of random structures was generated byThis observation suggests that the intensities of the observed
subjecting an isepamicin molecule to unrestrained dynamicsNOE cross-peaks were not affected significantly by spin
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Ficure 2: Part of the TRNOE (A) and QUIETNOESY (B) spectra for enzyme-bound isepamicin. Both spectra were acquired with a

mixing time of 60 ms on a 600 MHz Varian spectrometer. The top and bottom rows represent TRNOESs that were observeglamith H1
H1a, respectively. Some important cross-peaks are marke@d—H&g (a), Hla—H4g (b), and HL—H3; (c). The NMR sample contained
0.15 mM ANT (2')-la, 1 mM isepamicin, 1 mM ATP, 1 mM Cag;l1% ds-glycerol, 0.5%ds-ethylene glycol, and 5 mM;¢-DTT in 4 mM

dq;-Tris buffer (pH 8.0). A total of 256 FIDS of 1408 complex data points were collected. The spectral width was 5479 Hz, and 128 scans
per FID were acquired. The data were multiplied by a sine-squared window function in both dimensions before Fourier transformation. All

the NMR data were processed with Varian software.

Table 1: NMR Data and Structures
o &
no. of distance restraints
total 25 50 7
inter-ring 4
strong (2.6-2.7 A) 5
medium (2.6-3.6 A) 5
weak (2.6-4.5 A) 15 -
pairwise rmsd (A) among the final structures &0
ring B and C heavy atoms
all structures 0.246- 0.419
conformer 1 0.06475 0.051
conformer 2 0.04& 0.0127
ring A and B heavy atoms only .
- t 12
all structures 0.37@- 0.383 -50 -, ¢
conformer 1 0.32% 0.3925 . *
conformer la 0.0488 0.0283 | r | | . |
conformer 1b 0.066- 0.0828 65 &0 55 500 45 40 .35
conformer 1c 0.016: 0.0026 Phi
conformer 2 0.03% 0.013 f
isepamicin bound to three different enzymes 0.086%.025 FIGURE 3: ®pc vs Wge plot for conformer 1 and conformer 2 of
glycosidic (BC) angles for both conformers isepamicin.
Dgc (degs)
conformer 1 —65.26+ 1.63 the structures is clearly visible in a plot dfzc versusWgc
IPBCO(’(‘jfgg)“erz S 4L05=0.66 as shown in Figure 3. Conformer 1 was determined to be
gonfo,merl 5476+ 4.64 the major conformer containing 20 structures, while con-
conformer 2 61.15- 0.616 former 2 was considered to be the minor conformer contain-

ing only three structures (Figure 4).
diffusion due to the presence of nearby protein protons It is known that the aminoglycosides make the most
(unless they exactly overlap with the resonances of interest).important contacts with RNA through the A and B rin@9,(

A total of 23 acceptable structures were obtained from 30). It has also been suggested that binding to aminoglyco-
the restrained simulated annealing performed by using theside-modifying enzymes may also be primarily determined
NOE distance restraints. These structures were first evaluatedy the A and B ringsX7). However, it is not clear whether
on the basis of the orientation of the C ring with respect to this is still true for enzymes such as ANT"(2la which
the 2-DOS ring since the C ring is the site of modification modifies the C ring of aminoglycosides. Therefore, we made
by ANT (2")-la. Two conformers (conformer 1 and con- comparisons on the basis of the conformations of the A and
former 2) emerged from this comparison. The conformers B rings using the conformation of isepamicin determined in
could be distinguished from each other by comparing the this work. To aid in comparison, we evaluated conformer 1
pairwise rmsd values from the superimposition of the B and on the basis of the orientation of ring A with respect to the
C rings (Table 1), and by measurement of the glycosidic 2-DOS ring. Although, as seen in Figure 4, the A ring of
dihedral ®gc (H1lc—C1lc—0,—C6g) and Wec (H6g—C6s— isepamicin appears not to be well defined and can adopt
0,—C1) angles (Table 1 and Figure 3). The clustering of different orientations with respect to the 2-DOS ring, further
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C A

FiGure 4: ANT (2")-la-bound conformations of isepamicin.
Comparisons were based on superpositioning of ring B and ring C
to yield the minimum rmsd. Conformer 1 is shown at the top.

subdivision of conformer 1 into three different conformers
[conformer 1a (12 structures), conformer 1b (five structures),
and conformer 1c (three structures)] was possible on the basis
of the orientations of the A ring relative to the B ring (Figure
5). As shown in Table 1, the average rmsd values dropped
significantly from those seen for all the structures in
Confor.m(.er 1. Itis interesting to note that _conforme!r 2 IOOk.S Ficure 5: Three subconformers of conformer 1 based on the
very similar to conformer 1a based on this comparison. It is comparison of rings A and B. From top to bottom: conformer 1a,
also possible that the subconformers of conformer 1 were conformer 1b, and conformer 1c.
observed due to the lack of a large number of inter-ring NOE
restraints (two in this case), and some of them may simply similar fashion with respect to their A and B rings, the
represent conformations that satisfy the restraints but notorientation of the C ring in one of them may not be suitably
necessarily occur in solution. Lack of inter-ring NOE positioned for catalysis. This may cause isepamicin to bind
restraints has been a frequent problem observed withto the enzyme in an unproductive manner, and it may be
carbohydrates. one of the key factors for its clinical efficacy. If the antibiotic

If one assumes that the A and B rings of isepamicin play binds in a manner unsuitable for catalysis, it may decrease
a major role in binding, then the superimposition of the enzyme’s efficiency by spending a greater amount of
conformers 1 and 2 through these rings would position the time occupying its active site and allowing other unmodified
reactive hydroxyl group about 2.1 A shifted within the active drugs to move into the cell unaffected.
site of ANT (2')-la. Upon searching for sites of potential Unrestrained molecular dynamics at 300 K was performed
hydrogen bonding within the molecule, we found conformer for 1 ns starting from one of the final structures representing
la displayed a potential hydrogen bond between the 2-OHeach conformer. Trajectories of thkgc and Wgc angles
of the A ring and the 5-OH of the B ring. Conformer 1b defining the orientation of the B and C rings were obtained
also displayed a possible hydrogen bond between the A andover this time period to determine whether the two conform-
B rings but from the 6-NHK of the A ring to the 3-NH of ers could interconvertPsc of conformer 2 quickly converted
the B ring. No hydrogen bonds were observed for conformer into the value recognized for conformer 1a and then did not
1c. If the conformations involving the A and B rings are the convert back. On the other hand, when we started from
major determinants in binding, then the superimposition of conformer 1laWgc did not convert to that of conformer 2
conformer 1a and conformer 2 about these rings would place(the @ angle differences between conformer 1a and con-
the C ring of each conformer into a different position. Thus, former 2 were small compared to the differences inthe
although both conformers may bind to ANT"j2la in a angles). This is consistent with the observation that con-




7022 Biochemistry, Vol. 40, No. 24, 2001 Ekman et al.

former la emerged as the major conformer from the
restrained simulated annealing. The vast majority of values
for the structures in conformer 1a did in fact display lower
energy values when compared to those that were measured
for conformer 2. If one assumes that conformer 1 represents 4
the conformation of the antibiotic in the productive enzyme
antibiotic complex, then conformer 2 represents either a “»
structure which satisfies the TRNOE restraints but does not
necessarily represent a bound conformation or anothert
enzyme-bound conformation that quickly converts to con- ;14
former 1. It should be mentioned that the time required for

a single catalytic turn for ANT (2-la (~0.4 s with 1
kanamycin A) is much longer than the duration of the "Sr v

molecular dynamics simulation. Thus, the interconversion , . , ’ , r
of conformer 2 to conformer 1 is plausible during catalysis. 00 25 50 75 100 125
Alternatively, if the interconversion in the active site may [CAATP] g 1M

be prevented by steric hindrance, then conformer 2 may Ficure 6: Paramagnetic affects of CrATP on the relaxation rates
represent the formation of an unproductive enzyisigbstrate of isepamicin protons in the ternary enzy@eATP-isepamicin

26—

complex. complex. The data are presented after correction to remove
. . contributions due to the presence of a small amount of a binary
Arrangement of Substrates in the AetiSite of ANT (2)- CrATP-isepamicin complex. Curves represent the paramagnetic

la. Measurement of the paramagnetic relaxation rates (1/effects of CrATP on the longitudinal relaxation of HZ0O), H3''-
T1p) of substrate magnetic nuclei (protons), in the presence (Me) @), H1 (4), and HI', H2x, and H24(<). Due to similarity,
of a paramagnetic probe, allows for the calculation of H1'» H2a and HZ,were all represented by one curve which was
. . shifted down for HZ, and H2,for a more convenient presentation.
distances from théH nuclei of an enzyme-bound molecule
in solution to a paramagnetic cent&1( 32). Information
about the conformation and arrangement of enzyme-bound
substrates can be derived from distances determined in this
manner. To provide an independent test for the conformations
determined by NOE distance restraints, we used paramag-
netic 3,y-bidentate Cr(HO),ATP (CrATP) to determine
distances between several protons of isepamicin afd Cr
CrATP is a stable exchange-inert metal-ATP analogue, which
has been used as a paramagnetic probe for intersubstrate
distance measurements2( 33—35).

The paramagnetic effect of CrATP on the relaxation rates
of several antibiotic protons was measured to determine
Cr*—1H distances in the ternary ANT '(Xla-CrATP:
isepamicin complex. Titration of CrATP into a solution
containing isepamicin and ANT (2-la resulted in an
increase in the T4 values of the antibiotic protons. Similar
titrations were carried out in the absence of ANT)¢Ea, to
correct for the effects of free CrATP and the binary CrATP I(ZZI%JFlzaE ?h gxgagaegg?snetpcg r:ilé?nsgga;%% Vi\;ln tgg :(r:éi(\j/eb :Iiltew%fi é“r\]l\ll;'
isepamicin complex. Comparison of the paramagnetic effects\< /' y '
of CIATP on the 1T, values of the antibiofic protons n the (g, oot 1o (he-phosphorus of CraTF, Al e other
binary CrATPantibiotic and ternary enzyr@rATP-antibiotic order of relative distances: M1HZ2u, H2eq > H1' > H3"(Me) >
complexes shows that the presence of ANT){& causes H2"".
an enhancement of the paramagnetic effects. The corrected
and normalized paramagnetic effectdT4J) were then used  is the most likely mechanism for the nucleotidyl transfer
to determine the relative proximity of several isepamicin reaction 86).

protons to Ct* (Figure 6). These results showed relative  The arrangement shown in Figure 7 is constructed with

distances from Cr are in the following order: H1, H2, conformer 1a of isepamicin. During the docking process,
H2eq > H1' > H3"(Me) > H2™ (side chain at N1). These  conformer 1a was treated as a rigid molecule and no changes
distances are depicted in Figure 7. in its conformation were made (except the APH side chain

The relative distances used to construct the enzyme-bounddt N1 which rotates freely). Therefore, the arrangement and
arrangement, presented in Figure 7, allowed the phosphorudsepamicin conformation shown in this figure satisfy all the
atom of the a-phosphoryl group of ATP to be placed distance restraints obtained from two independent experi-
approximatef 4 A from the oxygen atom of the''20H ments. Similar arrangements were also possible with the other
group. Therefore, direct transfer of the nucleotidyl group conformers with minor violations of one or two restraints.
from ATP to isepamicin is feasible. This restraint was  Comparisons of Enzyme-Bound Conformations of Isepa-
imposed on the basis of the results of an earlier study which micin. Conformer 1a was the major conformer that emerged
showed that a direct nucleophilic attack on thphosphorus  from restrained simulated annealing. Comparison of this
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Ficure 8: Major conformations of isepamicin, determined in the

active sites of three different aminoglycoside-modifying enzymes:

APH (3)-llla (orange), AAC (6)-li (green), and ANT (2)-la (blue).

All structures were superimposed to yield the minimum rmsd for FIGURe 9: Comparison of aminoglycoside-modifying enzyme-

the heavy atoms of rings A and B. Balls represent the sites of bound and RNA aptamer-bound conformations of aminoglycosides.

modification by the enzymes. ANT (2")-la-bound isepamicin conformer 1a (purple) and con-
former 2 (blue) (this work), AAC (§-li-bound isepamicin (green)

conformation to the conformations of isepamicin in the active (15), APH (3)-Illa-bound isepamicin (yellow)16), APH (3)-lla-

sites of an aminoglycoside acetyltransferasé-fAAC (6 ')- bound ribostamycin (orange)), RNA aptamer-bound gentamycin

li] (15) and an aminoglycoside phosphotransferasii3 Cia(red) 35), and RNA aptamer-bound paromomycin (gragg)(

] S S . In the enzyme-bound structures, balls represent the sites of
[APH (3)-llla] (16) revealed distinct similarities in the modificationyby the enzymes. Rings A and Bpwere superimposed
orientation of the A and B rings. Superimposition of these tg yield a minimum rmsd value.
rings produces striking agreement in their conformations with
an rmsd value of 0.0865 0.025 (Table 1 and Figure 8).  C,, (4,6-substituted 2-DOS ring) and paromomycin (4,5-
These results support the idea that the A and B rings may supstituted 2-DOS ring). It is clear from this comparison that
contribute to binding to all aminoglycoside-modifying en- all of these aminoglycosides show remarkably similar
zymes by providing important intermolecular contacts. The conformations about the A and B rings regardless of the
orientations of the A and B rings probably allow specific - substitution pattern of ring B (2-DOS ring). It has already
positioning of the potential hydrogen bond donors and peen shown that rings A and B make the most important
acceptors that may often be required for binding to amino- contacts with RNA 29, 30). If this is also true for the
glycoside-modifying enzymes. There are hydroxyl groups enzyme-bound aminoglycosides, then it appears as though
at positions 2-4 on the A ring of isepamicin and an amine  the aminoglycoside-modifying enzymes may have evolved
group at position 6. These all most likely present necessarytheir active site to emulate the chemical environment of the
binding contacts (possibly electrostatic in the case of the aminoglycoside-binding site on the 16S rRNA target. There-
amines) to the enzymes, and thus, they must orient correctly.fore, it seems possible that the similar contacts for amino-
In addition, the amine at position 3 of ring B, common to glycoside binding to RNA are utilized in aminoglycoside
many of the aminoglycosides, is also probably utilized in enzyme interactions. This information should aid in the

binding and so must be presented in a manner similar to design of new drugs against infectious diseases.
that of the three different enzymes.
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