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ABSTRACT. NMR spectroscopy, combined with molecular modeling, was used to determine the conforma-
tions of isepamicin and butirosin A in the active site of aminoglycosidi-&cetyltranferase-li [AAC-

(6)-1i]. The results suggest two enzyme-bound conformers for isepamicin and one for butirosin A. The
dihedral angles that describe the glycosidic linkage between the A and B rings for the two conformers of
AAC(6")-li-bound isepamicin wereag = —7.9 £ 2.0° andyag = —46.2 + 0.6° for conformer 1 and

¢as = —69.4+ 2.0° andypag = —57.7 £ 0.5° for conformer 2. Unrestrained molecular dynamics
calculations showed that these distinct conformers are capable of interconversion at 300 K. When
superimposed at the 2-deoxystreptamine ring, one enzyme-bound conformer of isepamicin (conformer 1)
places the reactive' @itrogen in a similar position as that of butirosin A. Conformer 2 of AAG(B

bound isepamicin may represent an unproductive binding mode. Unproductive binding modes (to
aminoglycoside modifying enzymes) could provide one reason isepamicin remains one of the more effective
aminoglycoside antibiotics. The enzyme-bound conformation of butirosin A yielded an orthogonal
arrangement of the 2,6-diamino-2,6-didemegiucose and-xylose rings, as opposed to the parallel
arrangement which was observed for this aminoglycoside in the active site of an aminoglyceSide 3
phosphotransferase [Cox, J. R., and Serpersu, E. H. (B8Zhemistry 362353-2359]. The complete

proton and carbon NMR assignments of the aminoglycoside antibiotic isepamicin at pH 6.8 as well as the
pKa values for it's amino groups are also reported.

Aminoglycosides are a class of antibiotics used for provide valuable insight into important structural and con-
treatment against staphylococci, a variety of Gram-negative formational characteristics that give rise to broad substrate
bacteria and Gram-positive bacilf), Their primary target  specificity.
is the 16S rRNA of the 30S ribosomal subunit, binding to  Two major families of aminoglycosides are disubstituted
which results in disruption of normal protein biosynthesis, at positions 4 and 5 or 4 and 6 at the 2-deoxystreptamine
eventually leading to cell death. However, as with most ring. Isepamicin, a semisynthetic derivative of the gentami-
antibiotics, bacterial resistance to aminoglycosides hascin B, and butirosin A were used in this study as representa-
become increasingly problemati2)( While there are several  tives of the two major families of aminoglycosides (Figure
mechanisms by which resistance can arise, the most clinicallyl)_ The Arings (or primed rings) in isepamicin and butirosin
relevant resistance mechanism is enzymatic inactivation of A are 6-amino-6-deoxyp-glucose and 2,6-diamino-2,6-
aminoglycosides byN-acetyltransferases (AACE-nucle- dideoxyo-glucose, respectively. The B rings (or unprimed
otidyltransferases (ANT), an@-phosphotransferases (APH)  rings) are 2-deoxystreptamine modified at posithn- 1
(3,4). Over 50 different aminoglycoside modifying enzymes  with an (§)-3-amino-2-hydroxypropionyl group in isepamicin
among the three classes have been identifdd Many and an §-4-amino-2-hydroxybutyryl group in butirosin A,
individual enzymes within each class can modify a broad which are denoted with the letter D (or triple-prime). The

range of aminoglycosides. Investigations of the modes by C ring (or double-primed ring) in isepamicinigsgarosamine
which aminoglycosides bind to their modifying enzymes may and in butirosin A iso-xylose.

The most common aminoglycoside modifying enzymes
* To whom correspondence should be addressed. Phone: 423-9744n pathogenic Gram-negative bacteria are th&-@cetyl-
* University of Tennessee. . -
s McMaster University. noglycoside GN—.acetyItransferase [AAC(®BIli] from En-
1 Abbreviations: AAC, aminoglycoside acetyltransferase; ANT, terococcus faeciunhas been cloned, overexpressed, and
aminoglycoside nucleotidyltransferase; APH, aminoglycoside phos- characterizedd). This enzyme catalyzes the regiospecific

photransferase; COSY, correlated spectroscopy; HOHAH, Ahomo- ;
nuclear HartmanrHahn spectroscopy; NOESY, nuclear Overhauser acetyl transfer from acetylCoA to tha gor 6) nitrogen of

effect spectroscopy; rmsd, root-mean-square deviation; TRNOESY, am!npg!yCQSides W_ith freeabamine groups renderir_lg these
transferred nuclear Overhauser effect spectroscopy. antibiotics inoffensive. The enzyme confers resistance to
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HO CH» Ficure 2: 1D 'H NMR spectrum of isepamicin at pH 6.8. The
' anomeric proton resonances (Hhand Hk), H2s axial and
3 [¢) equatorial resonances, anglahd 4 methyl proton resonances are
2 i~
1 indicated.
HO
® nuclear HartmannHahn spectroscopyY9) experiments.
Q v Data sets were collected in the phase sensitive mode using
HO H HO 0 ® the time-proportional phase increment methd@d) ( A total
® /\%1 HN NH3 of 207—256 FIDs of 2K data were collected. The spectral
H3N 4 2 lC/ B width was 4032.26 Hz and 32 scans per FID were acquired.
D (I) Mixing times of 37, 76, and 123 ms were employed in

Ficure 1: The structures of isepamicin and butirosin A. The ring/ ,HOHAHA eXpe“mentS' A m|X|ng_ time Of, 3,00 m§ \(vas gsed
chain designations A, B, C, and D are also referred to as primed, N NOESY experiments with free isepamicin. Mixing times
unprimed, double primed, and triple primed, respectively. The bonds of 60, 90, 120, and 150 ms were used in NOESY experiments
about which rotation describes the glycosidic angles of $hatd with enzyme-bound isepamicin. The data were zero filled
Psi () are indicated. to 0.5K or 1K points int; and were multiplied by sine

. N ) _ (COSY) or siné (HOHAHA, NOESY) window functions
low levels (minimal inhibitory concentrations) of aminogly- i poth"dimensions before Fourier transformation. A data

cosides irkE. faeciumand is known to modify a wide range matrix of 2K x 256 was acquired foRC-'H COSY
of aminoglycoside substrates, among which are butirosin A experiments{1—13). Proton decoupling was achieved with
(6) and isepamicin (this work). In this manuscript, we report o \WALTZ 16 sequencelf), and 32 transients were
AAC(6")-li-bound conformations of isepamicin and butirosin - jpi~ined for each value ®f. The data were zero filled to

A determined by transferred nuclear Overhauser effect 515 ngints int; and Gaussian multiplication was used in both
spectroscopy (TRNOESY) and molecular modeling. dimensions.
MATERIALS AND METHODS _ The 1-D proton NMR spectrum of isepamicin is _shown
in Figure 2, and proton and carbon resonance assignments
Materials. Isepamicin (sulfate salt) was a gift from Drs. of isepamicin are given in Table 1.
K. Shaw and G. Miller of Schering Plough. Butirosin A Using previously published assignmenis)( °N reso-
(sulfate salt) was a gift from Dr. D. C. Baker of The nances were monitored as a function of pH to determine the
University of Tennessee, Knoxville. Coenzyme A was pK,values of the amine groups (Table 2). The amide proton
purchased from Sigma. Sulfate was removed from ami- at N1z did not titrate over the pH values used in this study
noglycosides by precipitation with equimolar BaOH. AAC- (pH 4.8-12.4). The K, values were determined by fitting
(6)-1i was purified as described previouslg)( D,O was the data to a modified Hill equatiorif) using the program
from Cambridge Isotope Laboratories and deuterated Tris P-Fit (Biosoft), and all Hill coefficients were less than one.
(Tris-d11), deuterium chloride, and sodium deuterioxide were The proton NMR spectral assignments for butirosin A and
from Isotec. the solution structure at pH 6.5 have been previously reported
Kinetics Kinetic parameters of isepamicin acetylation by (17).

AAC(6")-li were determined by CoASH titration as previ- AAC(6")-li was dialyzed against 1 mM Tridr;, pH 6.8,
ously described§). and the enzyme was then cycled through lyophilization
NMR SpectroscopyAll NMR spectra were obtained with  followed by redissolving in BO three times. Isepamicin,

a wide-bore Bruker AMX 400 MHz spectrophotometer at butirosin A, and coenzyme A were also cycled through
27 °C. All proton chemical shifts were referenced to 2,2- lyophilization followed by redissolving in BD three times.
dimethyl-2-silapentane-5-sulfonate (DSS), carbon chemical Samples for TRNOESY experiments contained 0.30 mM
shifts were referenced against TMS, dfid chemical shifts AAC(6')-li, 3—10 mM isepamicin or butirosin A,16 mM
were referenced again$tNH,CI. coenzyme A, and 2 mM Tridy; buffer (pH 6.8). Several
Proton resonance assignments of isepamicin were madeexperiments were performed. The NMR data was analyzed
using homonuclear COSY, NOESY, and HOHAHA (homo- by FELIX 95 software package (BIOSYM/Molecular Simu-
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Table 1: 'H NMR Chemical Shifts (ppm) an#C NMR Chemical structures taken every 1.0 ps. The NOE derived distance
Shifts (ppm) for Isepamicin restraints were imposed upon the random structures which

were then taken through restrained simulated annealing in
vacuo. Restrained simulated annealing consisted of a series

proton  chemical shift (ppm) carbon  chemical shift (ppm)
1A 5.53 1A 92.93

oA 363 oA 67.85 of restrained conjugate gradient minimizations (500 itera-
3A 3.74 3A 69.13 tions) followed by restrained molecular dynamics (1.0 ps)
4A 3.34 4A 67.85 at 400, 350, and finally 300 K, with a final restrained
22 g-ig gﬁ g?-% conjugate gradient minimization until the rmsd was less than
6A 316 : 0.001 kcal/A. The resulting structures were subjected to
1B 410 1B 45.65 restrained molecular dynamics (1.0 ps) at 300 K with water
2Bax 1.76 2B 27.59 and restrained conjugate gradient minimization with water
2Beq 2.16 3B 45.07 (500 iterations). These structures were then taken through
jg g'gg gg gg'% unrestrained dynamics (1.0 ps) at 100 K with water and a
5B 3.82 6B 77.05 fingl unrestrained conjugate gradient minimizatior_1 with water
6B 3.74 until the rmsd was less than 0.001 kcal/A. Inclusion of water
1C 5.10 1C 95.19 was performed by enclosing the solute molecule in a box
gg gg? %g gi'gg 20 A x 20 A x 20 A and then soaking the volume of the
3CMe 285 3CMe 3228 box with solvent water molecules. Periodic boundary
4CMe 1.28 4C 66.95 conditions were imposed with a nonbonded cutoff distance
5Ceq 4.14 4CMe 18.10 of 10.0 A. All molecular modeling calculations of solution
ggax 43-2’?? fg L gg-gg structures were carried out with a dielectric constant of 80.0.
3D 3.31 2D 64.72 All force constants for the distance restraints were 50 kcal/
3D 3.23 3D 38.85 mol A2,
Enzyme-Bound Structure DeterminatioRandom struc-
Table 2: (K, Valueg of the Amino Groups of Isepamicin tures of the aminoglycosides were generated by subjecting
, , - them to unrestrained dynamics at 600 K for 10.0 ps, with
amine group most downfield  most upfield | K h derived
nitrogen Ka 5 (ppm) 8 (ppm) zamp e structures taken every 1d.0 ps. 'rl; e TRdNOE erive
NGA 3.6+ 00F  16.05% O.LF 9.29+ 0.21 ﬁcar?ce reeramtslz/ver?mpohse uppn(t]| e rar; org structtIJ.res
N3B 763+ 0.07 1052f 013  —1.17+ 018 which were then taken through restrained simulated annealing
N3C 8.934 0.02 4.35+ 0.18 —7.32+0.17 (as described above) followed by unrestrained dynamics at
N3D 9.00+ 0.05 4.04+0.10 —7.81+0.11 100 K (1.0 ps) and a final unrestrained conjugate gradient
a Midpoints of the titration curves ofN chemical shifts vs pH. minimization until the rmsd was less than 0.001 kcal/A.
b Errors calculated by curve fitting procedufeErrors are'/, peak Molecular modeling calculations of enzyme bound structures
widths at base. were carried out in vacuo with a dielectric constants of 4.0

and 80.0 which yielded similar results. All force constants
lations) operating on a Silicon Graphics Indigo-2 workstation. for the distance restraints were 50 kcal/moi2A The
Distance Calculations.The volume of TRNOE cross-  dihedral angles for specified groups of structures were
peaks (60 and 90 ms mixing times for butirosin A and averaged to obtain reported values and the standard deviation
isepamicin, respectively) were measured. The observedfor the set of dihedral angles was reported.
intensities were classified into three groups based on
comparison to the intensity of the TRNOE cross-peak RESULTS
between two protons of known distance @Hind H2, 2.38
R). Strong, medium, and weak TRNOEs were assigned Kinetic Parameters.lsepamicin is a substrate for AAC-
distance limits of 2.62.7 A, 2.0-3.6 A, and 2.6-4.5 A, (6)-li with Ky = 27.8+ 4.6 MM, kea = 0.31 s, andkea/
respectively. Km = 1.1 x 10* M~? s71. Substrate inhibition was not
Molecular Dynamics and MinimizationThe aminogly- ~ observed. The MIC for isepamicin B. faeciumC238 was
cosides were constructed with Insight 1l (1995 version) found to be 44 mg/mL, similar to that of kanamycié).(
(BIOSYM/Molecular Simulations) operating on a Silicon The kinetic parameters of butirosin A for this enzyme were
Graphics Indigo-2 workstation. All calculations were carried reported to be&Kn = 14.0+ 2.6 mM, kea = 0.47 s, and
out using the AMBER force field1g) interfaced with the ~ Kea/Km = 3.3 x 10* M~* s7* (6). The aminoglycosides
molecular mechanics package DISCOVER (BIOSYM/Mo- shown to be substrates for this enzyme hiyéK, values
lecular Simulations) on the same workstation. The atom ranging from 0.81x 10 to 7.2 x 10* M~* s™* (6). These
potential types and charges of isepamicin and butirosin A [0W kea/Km values have be attributed to the possibility that
were set according to Homans's potentia] types for carbo- this enzyme has evolved for the Optlmal acetylation of other
hydrates 19) in the AMBER force field. On the basis of ~Substrates@), although it confers resistance to many ami-
the determined amino grougKpvalues for isepamicin (Table ~ noglycosides.

2) and the reported nitrogertKpvalues for butirosin AZ0), Solution Structure of IsepamicirA total of 30 NOEs were
these groups were protonated and given a formal charge ofobserved for isepamicin in solution, 23 of which were intra-
+1.00. ring and served to define the conformations of individual

Solution Structure DeterminationRandom structures of  rings. Four of the observed NOEs were inter-ring and served
the aminoglycosides were generated by subjecting them toto define the orientation of the rings with respect to each
unrestrained dynamics at 600 K for 10.0 ps, with sample other. The observed inter-ring NOEs werea-H13g, H1a-
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Table 3: Statistics of NMR Data and Structures

AAC(6')-1i  AAC(6')-li
bound bound free
butirosin A isepamicin isepamicin
distance constraints

total constraints 19 20 30
interring 3 3 4
very strong (1.8 A) 2 3 4
strong (2.6-2.7 A) 6 4 7
medium (2.6-3.6 A) 7 6 12
weak (2.0-4.5 A) 4 7 7

pairwise rmsd among
final structures (A)
rings A, B, and C heavy
all structures

0.1& 0.17 0.65-0.59 0.18+0.05

conformer 1 1.33:0.33
conformer 2 0.44+ 0.57
rings A and B heavy
all structures 0.0 0.01 0.26+£0.30 0.12+0.04
conformer 1 0.06t 0.02
conformer 2 0.05: 0.04
pairwise rmsd among
random structures (A)
rings A, B, and C heavy 1.0& 0.20 1.36+ 0.38
rings A and B heavy 0.58 0.12 0.50+0.11

H4g, H1c-H5g, and HX-H6g. The remaining three NOEs

¢ .
o €0 | -~
a

ppm

Ficure 3: Aregion of the 90 ms TRNOESY spectrum of the AAC-
(6')-li-CoA-isepamicin ternary complex where AACY8i was 0.30
mM, CoA was 6.0 mM, and isepamicin was 6.0 mM at pH 6.8 in
2 mM Tris-d;;. The NOEs indicated are as follows: a, dHi6g;

b, H1a-H4g; ¢, H1a-H2,; d, H1a-H3g.

as quantitative evaluation of the rmsd for all the final
structures and the groups, respectively (Table 3). lItis clear
from the data in Table 3 that the A and B ring heavy atom
pairwise rmsd values within a conformer group are signifi-
cantly lower than the value determined for all structures. The
dihedral angles that describe the glycosidic linkage between
the A and B rings for the two conformers wefgs = —7.9

+ 2.0° andyas = —46.2+ 0.6° for conformer 1 andpas

= —69.44+ 2.0° andyag = —57.7+ 0.5 for conformer 2.

were observed between protons in the D chain. No inter- 1€ grouping of these structures can be seen in Figure 4.
ring NOEs were observed between rings A and C. From a Unrestrained molecular dynamics simulations (300 K for 100
starting set of 10 random structures, distance restraintsPS) demonstrate that conformer 1 and conformer 2 are
derived from NOEs were used in restrained simulated Preferred conformers and are capable of interconverting when
annealing, followed by unrestrained dynamics and energy Monitored at theg,s glycosidic angle (Figure 5), and
minimization to arrive at a final set structures. In the set of iSépamicin does not significantly populate intermediate
final structures, all 10 closely resembled each other. Sta-Values of F. The Y glycosidic angle between rings A and B
tistics of NMR data and modeled structures are given in Was observed to stay within a single narrow range during
Table 3. The glycosidic dihedral angles of isepamicin can thiS dynamics calculation (data not shown).  Although
be described adas (H1a-C1a-Ox-Cds), Yae (H4g-Clg-Oxr rotational flexibility exists about the G5-C6a bond, the &-

Cla), ¢ec (H1e-Cle-OxChs) andec'(HGB—CGB—Oa—Clc). amine group of isepamicin seems to occupy significantly
The set of final structures were characterizegshy= —67.1  different positions in conformer 1 and conformer 2.

+ 3.5, Pas = —58.04 3.5, dac = —41.6+ 2.0° andysc AAC(8)-li-Bound Structure of Butirosin AWe observed

= 60.0+ 3.6>. However, unrestrained molecular dynamics 19 TRNOEs for butirosin protons in several AAG --
(100 ps at 300 K with inclusion of water) revealed that the COA-butirosin ternary complexes that contained different

solution structure can adopt a rangejaf values from 18.4  ratios of substrate to enzyme, 13 were intra-ring and three
to —95.8 with an apparent preferred valuegyfs = —29.7 were between protons in the D chain. Three of the observed

+21.9. butirosin TRNOESs were inter-ring HiH4g, H1c-H5g, and
AAC(6)-li-Bound Structure of IsepamicinThere were a H2c-H5s. No inter-ring NOEs were observed between rings

total of 20 TRNOES observed for isepamicin in several AAC- A and C. S|mulat¢d a””ea"F‘g' using these. r.es'tra|lnts,
(6))-li-CoA-isepamicin ternary complexes which contained followed by unrestrained dynamics and energy minimization

different ratios of substrate-to-enzyme. Of the observed yie_lded at a set of conf(_)r_mati_onally similar final structures
TRNOES, 15 were intra-ring and served to define the (Figure 6). 'I_'he glycosidic dihedral angles of butirosin A
conformations of individual rings. Three of the observed ¢&" be described g5 (H1a-Cla-OaCe), yas (HAs-Cle-
isepamicin TRNOEs were inter-ring: RH3g, H1a-Hdg, Oa'CIA)’h¢BC (Hllc—Clc-Ob-CSB), and thC (HSB.'CSB'Ob_'

and H%-H6g (Figure 3). The remaining two TRNOES were Clo). T oe mode_ed structureis Were_c aracterizegfy=
observed between protons in the D chain. No inter-ring 0'01_0'4 » Ve = 047'1i 0.4, ¢gc = =10.7+ 1.7, and
NOEs were observed between rings A and C. Simulated ¥2¢~ —42.3+ 0.4°. CoA did not yield long-range NOEs,
annealing, utilizing the TRNOESY derived distance restrains, anq thgre were no m_te_rmolecular NOEs between CoA and
followed by unrestrained dynamics and energy minimization butirosin A or isepamicin. Therefore, no structural analysis
was used to arrive at final structures from a set of random of CoA was performed.

structures. While the C ring was found to adopt a range of

orientations ¢ggc = —31.24+ 33.4 andygc = 31.7+ 45.9), DISCUSSION

the structures could be categorized into two groups (con- Amine Group pK of Isepamicin Earlier studies have
former 1 and conformer 2) based on the relative positions shown that some amine groups of aminoglycosides may have
of the A and B rings with respect to each other. This unusually low K, values. Therefore, theka values for the
grouping was based on a qualitative evaluatiog-af plots amine groups of isepamicin have been determined. Amine
for the A to B glycosidic linkage (data not shown) as well groups at the @position of butirosin A 20) and isepamicin
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C A

z B

Conformer 1 Conformer 2

Ficure 4: Two sets of calculated AAC(Bli-bound isepamicin structures. The groups are designated conformer 1 (three structures) and
conformer 2 (seven structures) as indicated, rings A, B, and C are labeled. These structures were superimposed about the 2-deoxystreptamine
ring and the hydrogens have been omitted for simplicity.

180 charge interactions were a driving force in our modeling
135 studies of enzyme-bound aminoglycosides, we performed
00 these calculations with dielectric constants of 4.0 (data not
0 45 - shown) and 80.0. The resulting structures were virtually
g identical. Thus, these calculations were not dominated by
s 07 i { c Coulombic interactions.
e? -45 o Modeling Strategy.A situation commonly encountered
90 - in the conformational analysis of carbohydrate and carbo-
135 - hydrate-like molecules by NMR is a low number of measur-
able NOEs across glycosidic linkagezb). The observed
180 - : T ‘ ' ' ‘ NOEs reflect average values for interactions between nuclei
0 20 40 60 80 100 120

and therefore may not accurately represent torsional vari-

E 5 Th _  theb i b _ ability across the glycosidic linkage. NOE-derived restraints
e o Ml lopy o 12 hcosiic anole etueen "%, can be used as a guide in molecular modeling calculatons
100 ps unrestrained molecular dynamics at 300 K. Fhalues to bring the structure to an area of conformational space that
for conformer 1 and conformer 2 are indicated as lines labeled C1 agrees with the data. However, the inclusion of restraints
and C2, respectively. in all modeling calculations may cause the structure to be
restricted from a local energy minimum forming what can
be referred to as a “virtual structure2g). This can be
avoided by omitting the restraints in the latter stages of the
modeling calculations. Although two different conformations
of isepamicin were obtained in simulated annealing, unre-
strained dynamics were performed to confirm that these two
conformers represent truly distinct structures (Figure 5).
AAC(8)-li-Bound Isepamicin. TRNOE derived distance
restraints were used to model the conformation of isepamicin
when bound to AAC(8-li, and two major conformers were
observed in the set of final structures (Figure 4). A wide
range of orientations were observed for the C ring with
respect to the B ring, suggesting that ring C could be flexible
when isepamicin is bound to the enzyme. This suggestion
is supported by the observation that neamine, which lacks
ring C, is a good substrate for this enzynt. ( Therefore,
FIGURE 6: The set of 10 calculated AAC{6li-bound butirosin A ring C of isepamicin may not to be necessary for productive
structures. These structures were superimposed about the 2-deoxenzyme-substrate complex formation. However, when the
ystreptamine ring and the hydrogens have been omitted for grientations of ring A with respect to ring B are examined,
simplicity, rings A, B, and C are labeled. two groups of distinct structures emerge. The grouping of
(this work) have lower Ks (~7.5) than the expected 85 these structures were based on the set of F and Y angles
10 range, but not to the extent that was seen with tobramycinobserved as well as evaluation of various pairwise rmsd
(21) and neomycin BZ2). The amine groups of butirosin  values calculated for the set as a whole and the individual
A and isepamicin were therefore assigned chargeislof0 groups (Table 3). Of the 10 modeled structures, three
based on their ;s and our experimental conditions for adopted a conformation referred to as conformer 1 and seven
modeling studies. It has been suggested that aminoglyco-adopted a conformation referred to as conformer 2. During
side-enzyme interactions may be largely electrostatic in unrestrained molecular dynamics simulations (300 K for 100
nature 23, 24). In this case, those charges may be ps), starting from either a representative of AAg{&bound
neutralized upon binding to the enzyme. To assess whethelisepamicin conformer 1 (Figure 5) or conformer 2 (data not

Time (ps)

C A
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FiGURE 8: Representative structures of AACH-bound isepa-
micin conformer 1 (cyan) and conformer 2 (blue) and AAQ{6
li-bound butirosin A (yellow) from two different perspectives. These
FIGURE 7: Representative AAC(Bli-bound butirosin A (yellow)  Structures were superimposed about the 2-deoxystreptamine ring.
and APH(3)-llla-bound butirosin A (red;20) ring structures,  For simplicity, the rings (labeled A, B, and C as indicated) and
superimposed at the 2-deoxystreptamine ring, from two different have been stripped of their substituents except for the reactive
perspectives. For simplicity, the rings have been stripped of their Nitrogen at position £ which is indicated with a ball in each
substituents and labeled A, B, and C as indicated. structure.

shown), the two conformers were observed to interconvert Comparison between the set of modeled AAE(Bbound

by monitoring thepag glycosidic angle. These studies also butirosin A structures and the set of enzyme bound isepa-
showed that conformer 1 and conformer 2 represent preferredmicin structures revealed an interesting relationship, the
conformations, and isepamicin does not adopt intermediatereactive amine can adopt similar positions in isepamicin
values ofpag. Thew glycosidic angle between rings A and conformer 1 and butirosin A. Figure 8 shows both conform-
B was observed to stay within a single narrow range during ers of enzyme-bound isepamicin and enzyme-bound butirosin
this dynamics calculation (data not shown). The above A superimposed about the 2-deoxystreptamine ring. The
results suggest that two conformations of isepamicin may 2-deoxystreptamine ring is superimposed because it is
be populated at the active site, and both may be reactivecommon to all aminoglycosides and there is a protonated
and reflect different binding arrangements. Alternatively, amine group at position 3 which is common to both
the & amine of isepamicin may be in a reactive position in isepamicin and butirosin A. It has been suggested that
only one of the conformers and the other represents anprotonated amine groups of aminoglycosides participate in
unproductive binding mode. A similar situation has been ion-pairing interactions that stabilize the enzyme substrate
observed for amikacin when bound to APH(Bla (20) complex for some aminoglycoside modifying enzym23, (
where two sets of enzyme-bound structures were observed24). When one considers the rotational freedom about the
One of the binding modes of AAC(Bli-bound isepamicin C5.—C6, bond for both aminoglycosides, it is observed that

and APH(3)-Illa-bound amikacin may represent the antibiot-
ics in unproductive enzymesubstrate complexes. Isepa-
micin and amikacin remain as two of the more effective
aminoglycosides due largely to inefficient inactivation by
aminoglycoside modifying enzyme26, 27). The efficacy

of these two antibiotics may, in part, be due to the formation
of unproductive enzymesubstrate complexes. However, for
AAC(6")-li, there is no kinetic evidence for two binding
modes.

AAC(8)-li-Bound Butirosin A. When TRNOE-derived
distance restraints were used to model the AAElEound
conformation of butirosin A, a set of closely related structures
were observed for this antibiotic (Figure 6). Unrestrained

the reactive amine can adopt similar positions in isepamicin
conformer 1 and butirosin A. However, the orientations of
the A rings are different for conformer 1 of isepamicin and
butirosin A. This supports the suggestion by Wright and
Ladak @) that 4,5- and 4,6-disubstituted aminoglycosides
may bind to AAC(6)-li in different fashions, but the reactive
amine is observed to adopt similar spatial orientations in
isepamicin and butirosin A when bound to the enzyme. The
observed orientation of thex@mine group of AAC(H-li-
bound isepamicin conformer 1, when compared to that of
enzyme bound butirosin A, lends support to the notion that
one of the modeled enzyme bound conformers of isepamicin
may represent an unproductive enzyrseibstrate complex.

molecular dynamics calculations (100 ps at 300 K) revealed Moreover, isepamicin shows a 3-fold loweg/Ky, value than

that the values of all glycosidic angles fluctuated over single

narrow ranges (data not shown). The orientations of the A conformer of isepamicin.

butirosin A which is consistent with an unproductive bound
On the basis of the relative

and C rings, with respect to each other, were found to be positioning of the reactive amine group, it is reasonable to

orthogonal (Figure 7). A parallel orientation of the A and
C rings of butirosin A has been observed in solution

suggest that AAC(§-li-bound isepamicin conformer 1 may
represent the productive enzymsubstrate complex.

structures based on the presence of NOEs between protons In conclusion, our results suggest that in the AAG(6 -

of these two ringsX7). The parallel orientation of rings A

CoA-isepamicin ternary complex, isepamicin adopts two

and C were also observed for an aminoglycoside phospho-different conformations. On the other hand, butirosin A

transferase-bound structure of butirosin A (Figure 7 2@f

It is known that APH(3-Illa phosphorylates 3and &
hydoxyl groups of 4,5-disubstituted aminoglycosides such
as butirosin A. Thus, both rings need to be properly aligned
for phosphorylation in the active site of APH)3lla. This
may not be necessary for AAC}di-bound butirosin A,
since G is the only reactive group. This may explain the
difference between the APH{3lla-bound and the AAC-
(6")-li-bound conformations of butirosin A.

adopts a single conformation in the AACKSI-CoA--
butirosin A ternary complex. Additionally, our observations
show that aminoglycosides with 4,6- and 4,5-disubstituted
2-deoxystreptamine rings bind to AAC)48i with different
conformations. This is similar to what was observed with
APH(3)-llla (an aminoglycoside phosphotransferase), and
amikacin and butirosin A adopt different conformations in
the active site of this enzym@8& 20). Thus, the active sites
of aminoglycoside modifying enzymes may have evolved
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to accommodate conformationally different substrates and 11.

still achieve regiospecific modification of these substrates. 12. Ru
13. Wilde, J. A., and Bolton, P. H. (1984) Magn. Reson. 59
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