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ABSTRACT. Aminoglycoside 3-acetyltransferase-lllb (AAC3), which acetylateailine of aminoglycoside
antibiotics, was cloned frorR. Aeruginosaand purified from overexpressirig. coli BL21 (DE3) cells.

Bound conformations of kanamycin A and ribostamycin, in the active site of the enzyme that modifies
the essential B of aminoglycoside antibiotics, were determined by NMR spectroscopy. Experimentally
determined interproton distances were used in a simulated annealing protocol to determine enzyme-bound
conformations of both antibiotics. Two conformations, consistent with the NOE restraints, were determined
for ribostamycin. The only difference between the two conformers was the orientation of the A ring with
respect to the rest of the molecule. The average glycosidic dihedral anglesbwere —22° + 3 and

Wip = —42° £ 1 (conformer 1) andP14 = —67 °+ 0.7 and®;p, = —59° £+ 0.8 (conformer 2). Three
conformers were determined for the enzyme-bound kanamycin A. Two conformers of kanamycin A were
matched well with the two conformers of ribostamycin when the A and the B rings of the antibiotics
were superimposed. Conformations of kanamycin A and ribostamycin were compared to those of other
aminoglycosides that are bound to different enzymes and RNA. The results lend further support to our
earlier hypothesis that the A and B rings of aminoglycosides adopt a conformation that is recognized not
only by the aminoglycoside-modifying enzymes but also by RNA (Serpersu, E. H., Cox, J. R,,
Digiammarino, E. L., Mohler, M. L., Akal, A., Ekman, D. R., and Owston, M. (20@all Biochem.
Biophys 33, 309-321). These results may be useful in designing new antibiotics to combat the antibiotic
resistance against infectious diseases.

Aminoglycoside antibiotics are broad-spectrum antibiotics by a glycosidic linkage to the 4-position of the DOS ring, is
used for treating various bacterial infections. They were labeled as the prime)(ring or ring A. The sugar ring,
among the earliest antibiotics to reach clinical usatje (  attached by a glycosidic linkage to the 5- or 6-position of
Aminoglycoside antibiotics bind to the bacterial 30 S the DOS ring, is labeled as the double printg (ing or
ribosomal subunit, specifically to 16s RNA, and interfere ring C.
with the normal protein biosynthesis, which eventually leads
to cell death 2,3). They are used for the treatment of serious
infections caused mostly staphylococcandenterococci
The clinical effectiveness of these antibiotics is significantly
reduced by the emergence of strains resistant to their action. o .
The covalent modification of aminoglycoside antibiotics, by can be qu|f|ed by many d_|ffer§ nt enzymes.at the same or
enzymes expressed in pathogenic bacteria, leads to theidifferent site(s) on the antibiotic. Thus, aminoglycoside
detoxification @, 5). Today, there are more than 50 ami- €nzyme mteractlons not_only prlowde excellent oppprtunlty
noglycoside antibiotic-modifying enzymes known to be to study I!gand-enzyme interactions, _but these studles_ may
expressed in pathogenic bacter@. ( also provide useful leads for drug design to combat antibiotic
is where the aglycone is 2-deoxystreptamine (2-DOS). of enzyme-bound conformations of aminoglycosides in the
Generally, these aminoglycosides are 4,5- or 4,6-substitutedactive sites of different aminoglycoside-modifying enzymes
at the DOS ring and can be pseudotri-, tetra-, or pentasac-using NMR spectroscopy7{-13). These studies revealed
charides (Figure 1). The substituents on the DOS ring are conformational similarities between different antibiotics that
numbered %6, and this ring is labeled as the unprimed ring are bound to the same or different enzymes. Crystal structures
or ring B. Aminoglycosides with a 4,5- or 4,6-substituted of several aminoglycoside-modifying enzymes were deter-
DOS ring can also be classified as neomycin- and kanamy-mined by X-ray crystallographyl@d—18). However, these
cin-type antibiotics, respectively. The sugar ring, attached studies did not reveal a detailed conformation of any enzyme-
bound aminoglycoside antibiotic. Only recently was the
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Aminoglycoside-modifying enzymes are promiscuous with
respect to the aminoglycoside substrates, and the same
enzyme can modify several structurally different aminogly-
coside antibiotics4—6). Furthermore, any given antibiotic
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Ficure 1: Substituents on the DOS ring are numbered land this ring is labeled as the unprimed ring or ring B. The sugar ring, attached
by a glycosidic linkage to the 4-position of the DOS ring, is labeled as the pf)miad or ring A. The sugar ring, attached by a glycosidic
linkage to the 5- or 6-position of the DOS ring, is labeled as the double ptijneng or ring C.

Conformations of enzyme- and RNA-bound aminoglyco- allowing the gene to subsequently be put in correct orienta-
sides were determined by NMR spectroscop@<22). On tion into the plasmid pET-22b (which was cut with the
the basis of these NMR studies, we suggested that theresame enzymes), and T4 DNA ligase was used to ligate the
might be a common structural motif that is recognized not fragment into the vector. The presence and orientation of
only by the aminoglycoside-modifying enzymes but also by the gene was confirmed by sequence anal{i&isherichia
RNA (11—-13). However, to date, data from an enzyme that coli strain BL21 (DE3) was transformed with the pET22b-
can modify the central 2-deoxystreptamine (2-DOS) ring AAC3 plasmid, and the bacteria containing the plasmid was
have not been available. Therefore, this work was undertakenselected for on media containing kanamycin A and ampicillin
to determine conformations of aminoglycoside antibiotics in (25 mg/L each).
the active site of the aminoglycosid8-acetyltransferase- Isolation of AAC 3 The transformed cells were grown in
lllb (AAC3), which acetylates the essential 3-Nidf the LB media (37°C) containing ampicillin and kanamycin A
2-DOS Ring. This manuscript describes enzyme-bound (25 mg/L each). The culture was induced with 1 mM IPTG.
conformations of kanamycin A and ribostamycin and their Cells were grown overnight and were then pelleted and
comparison to earlier work, and the results support our earlierwashed with STE buffer (NaCl 50 mM, TrisHCI 50 mM,
findings that the A and the B rings of aminoglycosides adopt EDTA 5mM, pH 7.5), and then lysed using a French Press.
a very similar conformation in the active site of different The cell lysate was centrifuged at 28 @)&nd the pellet
enzymes. A preliminary account of this work was presented was saved. The pellet contained AAC3 in inclusion bodies

earlier @3). in relatively large amounts compared to other proteins as
visualized on SDSPAGE.
EXPERIMENTAL PROCEDURES Inclusion bodies were homogenized and washed with 1%

Triton X-100 (v/v) in 10 mL of 50 mM sodium phosphate
buffer (pH 7.5) three times and then washed three times in
10 mL of 50 mM Tris-HCI (pH 7.5). A 0.1 g sample of the
pellet was then solubilized in 1 mL of 8M urea solution (pH
8.0), centrifuged to remove insoluble material, and dialyzed
for 4 h against 200 mL solution of 5 mM Tris buffer (pH
7.5) containing 1 mM MgGland 5 mM NaCl. After the
first dialysis step, DNase and RNase were added, and the
solution was incubated at room temperature for 15 min. The
enzyme solution was then dialyzed three more times against
the same buffer and lyophilized. The enzyme was resolubi-
lized in small amount of 5mM sodium phosphate buffer and
purity, was visualized by SDSPAGE, which was greater
than 90% based on densitometry measurements.

Assay for actiity of AAC3.A protocol used to determine

! Abbreviations: AAC3, aminoglycoside3-acetyltransferase-llib; N : P
ANT2", aminoglycoside-2"-nucleotidyltransferase-la; 2-DOS, 2-deox- activity of other acetyltransferases, with modifications

ystreptamine; AACBIi, aminoglycoside-6-acetyltransferase-li; APH3 described belo_w, was used to de_termine AAC3 acti\L_Ml, (
llla, aminoglycoside-3'-phosphotransferase-llla. 25). The reaction mixture contained 0.75 mM ‘4giithio-

Materials Kanamycin A and ribostamycin (Figure 1) were
obtained from Sigma Chemical Co. Growth media (Yeast
extract, tryptone) was from Difco. The plasmid pET-22b
Deep Vent DNA polymerase was from New England
Biolaboratories. Restriction enzymes, T4 DNA ligase, and
Plasmid extraction kits were purchased from Promega.

Cloning of AAC3.The R-plasmid containing the AAC3
gene was isolated from the clinical isolateRgeudomonas
aeruginosausing a standard kit (Promega) with no modifica-
tions in protocol. The clinical isolate of this organism was
kindly provided by Drs. George Miller and Karen Shaw of
Schering Plough. The AAC3 gene was amplified by PCR
and was cut with restriction endonucleasisld and Notl)
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dipyridine, 0.0x-0.5 mM kanamycin A, 0.010.25 mM and a triple resonance probe for the observation of proton,
acetyl CoA, 25 mM TrisHCI (pH 7.5), and 0.5 mM EDTA, carbon, and nitrogen nuclei.

in a final volume of 1 mL. The reaction was started by the  pata Analysis and Structure DeterminatioNMR data
addition of the enzyme. The amount of CoA formation was was processed with Felix 2000 software Operating on a
monitored continuously by measuring the absorbance at 324sijjicon Graphics Indigo 2 workstation. The data were
nm using an extinction coefficient of 19 800 fm™ for multiplied by a sine bell-squared window function in both
the product pyridine-4-thiolate. Appropriate range of sub- dimensions before Fourier transformation. The assignments
strate concentration was used to determine kinetic parametersef the peaks of kanamycin A and ribostamycin were from
Specific activity of the enzyme was Amol/min/mg with previous studiesi(l, 28). Cross-peak intensities observed
kanamycin A as substrate, which yieldedsa of ~2 s™. in NOE experiments were divided into three categories as
This value is well within the range observed for aminogly- strong, medium, and weak. These intensities were converted
coside-modifying enzymes (0-1100 s). Kinetic studies  into distance restraints based upon the comparison to the
also yieIdedKM values of 14+ 2.8 and 26+ 3.5 pLM for Cross_peak volume of f to Hsa, which has a known
Kanamycin A and Ribostamycin, respectively. These values distance of 2.38 0.1 A. Interproton distance restraints used
are similar toky values observed for these antibiotics with were as follows: strong, 2-€2.7 A; medium, 2.6-3.6 A;
other aminoglycoside-modifying enzymes. weak, 2.0-4.5 A. All calculations were carried out using
Product Verification A small amount of AAC3 was added  the AMBER force field interfaced with DISCOVER (Mo-
to a solution containing 2 mM acetyl-CoA and 2 mM lecular Simulations) on the same workstation. The atom
kanamycin A in 50 mM sodium phosphate buffer and 5 mM potential types and charges were set according to Homan’s
MgCl,. The reaction was allowed to proceed to completion, potential types for carbohydrate2dj in the AMBER force
which was followed by NMR spectroscopy. Several 1D and field. NMR derived restraints were applied to the aminogly-
2D NMR spectra were acquired to verify that the kanamycin cosides, and a series of dynamics and minimization steps
A was modified at the correct position. A very large were performed. Random structures were created by unre-
downfield shift of the hydrogen at position 3 on the center Strained molecular dynamics at 600 K. Then the NMR
ring from 3.06 to 3.8 ppm, consistent with the presence of derived distance restraints were applied and a series of
a carbonyl group at the {Nwas observed. TOCSY experi- dynamics used decreasing temperatures 400, 350, 300, and
ments confirmed the assignment of this resonance to lpe H3 200 K for 500 ps, each followed by a minimization (until
thus confirming that the product is acetylated at thg.N  RMSD < 0.01 kcal/A), were used in a simulated annealing
Other chemical shift changes expected as a result of thisProtocol. The final structures were then subjected to unre-
reaction were also observed. Any other product that might strained molecular dynamics simulation at 300 K to eliminate

be present would represent less than 5% of the main product\/irtual conformations. The force constant for the distance
under these conditions. restraints was 50 kcal/molZ&. The dielectric constant used

in the above experiments was 4.0. Using this simulated
annealing protocol, a set of 20 or more structures that are
consistent with the NOE restraints were obtained and
analyzed to determine the AAC3-bound structures of the
aminoglycosides kanamycin A and ribostamycin (Table 1).

NMR SpectroscopyProtonated solutes in the enzyme
solution as well as water were replaced by deuterated
counterparts using a series of dilutions and concentrations
in an ultrafiltration unit. Coenzyme A and the aminoglycoside
substrate were titrated into an NMR tube that contained 250
uM AAC3 in 5 mM phosphate buffer pH 7.5. Coenzyme A RESULTS AND DISCUSSION
instead of acetyl-CoA was used to prevent acetylation of the
antibiotics. The final concentrations of CoA and aminogly-  We initially attempted to use the antibiotic isepamicin in
coside were equal to one another and in 10 times excess Obur studies since the conformation of this antibiotic was
the protein. Kanamycin A and ribostamycin were used as already determined in several enzyme-antibiotic complexes
substrates in separate experiments. A series of 2D TRNOESY(10, 11, 13). However, observation of only a limited number
experiments were performed using 30, 60, 90, and 120 msof NOEs and the weakness of them precluded a meaningful
mixing times. NOE build-up curves were linear for the structure determination with this antibiotic in the AAE3
mixing times used, and NOE intensities were determined CoASH-Isepamicin complex. This is not surprising since
from the spectra obtained with 90 ms mixing time. QUIET- the Ky, of isepamicin was determined to be 0.5 mM, which
NOESY (26, 27) experiments were also performed by is significantly higher than they values of the other
systematically inverting the different regions of the spectrum. aminoglycosides. Therefore, kanamycin A and ribostamycin,
A Gaussian Cascade Q3 pulse was used in the middle ofwhich yielded acceptable NOE data, were used instead.
the mixing period to invert selected regions of the spectrum  ~gnformation of Ribostamycin in the agtisite of AAC3.
in the QUIET-NOESY experiments. A total of 22256 A total of 22 structures, consistent with the NOE restraints,
FIDs of 1408 complex data points were collected. The yere determined for the enzyme-bound ribostamycin. Even
spectral width was 5479 Hz, and 8028 scans per FID were 3 yjisyal inspection of the structures (Figure 2) clearly shows
acquired. In all NOESY spectra, the data were multiplied that these structures are divided into two major conformers
by a sirf window function in both dimensions before Fourier conformer 1 and conformer 2). Data analysis using the
transformation. Enzymatic activity was tested before and after g}y cosidic anglesbis (H1'—C1'—0a-C4), @14 (H4—Cd—
the experiments, and no significant loss was observed duringog-C17), @,c (H1'-C1"-04-C5), and®;c (H5—C5—0p-
the NMR experiments. C1") shows a much better fit (i.e., significantly smaller

All NMR experiments were performed on a 600 MHz RMSD values) if the structures are divided into two
Varian Inova instrument equipped with a single gradient axis conformers as shown in Table 1. It is clear from these data
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Table 1: Statistics of NMR Data and Structures

kanamycin A ribostamycin
Distance Restraints
total restraints 38 18
inter-ring restraints 2 2
strong (2.6-2.7 A) 10 4
\ i \ medium (2.6-3.6 &) 11 7
/\w"l”\ Pava weak (2.0-4.5 8) 17 7

. . . Pairwise rmsd (A) for the Final Structures
FIGURE 2: AAC3-bound ribostamycin structures as determined by  rings A and B heavy atom

restrained simulated annealing. All 22 structures are shown in stereo 3l structures 0.72% 0.467 0.300t 0.285
as superimposed at the B ring. conformer 1 0.013 0.007 0.026+ 0.011
) ) ) ) conformer 2 0.044 0.032 0.034£ 0.020
that the A ring of ribostamycin can have two different conformer 3 0.016- 0.006
orientations with respect to the B ring. The average angles Glycosidic Angles for Conformers (deg)
for conformer 1 of ribostamycin were as followsb; = Y ﬁg’nformer 1 108425 92 1i28
—22 £3,Win= 42+ 1, Oi1c=—9 £ 4, andWic = conformer 2 ~8.0+36 —67.4+0.7
51° + 1. For conformer 2, they are as follow;, = —67 conformer 3 —725+0.6 -
"£0.7,Wia= 59"+ 0.8, &yc = 9" 13, andWyc = 4" Y onformer 1 ~45.0+ 3.1 ~42.141.2
+ 1. The orientation of the B and C rings was the same in (005 480k 1.7 5904108
both conformers, yielding an overall RMSD of 0.102 for conformer 3 —56.74+ 0.2

these rings. Both conformers show no violation of NOE v BC

restraints; however, these data cannot exclude the possibility ggﬂ;gmg;% :?fgi g’:g :g:g’i g:g
that only one of the conformers may represent the actual  conformer 3 —14.0+ 0.5 -
enzyme-bound ribostamycin and the other may be simply a % BC

conformation that satisfies the NOE restraints. An unre- ggﬂ;g:mg;% B 4‘393% %g fé'gi
strained dynamics simulation study showed that the con-  conformer 3 515t 0.2 =
formers interconvert; however, such conversion may be
sterically hindered in the active site of AAC3. Observation observed two conformations for ribostamycin in the active
of multiple conformations may be due to the lack of large site of the aminoglycoside3'-phosphotransferase-lila, de-
number of inter-ring NOE restraints, which is common with spite the presence of several inter-ring NOE restraints

carbohydrate molecules. However, in an earlier study we including a couple between the rings A and 10)(

Ficure 3: Structures determined for kanamycin A bound to AAC3. Structures are shown as stereopairs, and each conformer is represented
with a single structure for simplicity: conformer 1 (red), conformer 2 (green), and conformer 3 (yellow). Two different views are shown.
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Ficure 4: Comparison of the AAC-bound conformations of kanamycin A and ribostamycin. (top) A stereoview of the conformer 1 of
ribostamycin vs the conformer 1 of kanamycin A and (bottom) stereoview of the conformer 2 of ribostamycin vs the conformer 3 of
kanamycin A. The rings A and B were superimposed in both comparisons.

Conformation of Kanamycin A in the Agti Site of AAC3. represent the main conformational unit of aminoglycosides
Kanamycin A also yielded multiple conformations that thatis recognized by the aminoglycoside-modifying enzymes
satisfied the NOE restraints. The structures were divided into (12, 13). Thus, these conformers may represent the enzyme-
three conformers based on the analysis of the glycosidic bound conformations of both antibiotics.
dihedral angles (Table 1). The average dihedral angles were Figure 4 also shows a similar comparison made between

as follows: conformer 1 (nine structure®;a = —11+ 3, the conformer 2 of ribostamycin and the conformer 3 of
Wia = =45+ 3, &1c = —9 £ 4, andWic = 49 £ 2; kanamycin A. Again, the similarity of the structures are

conformer 2 (six structuresip;n = —8 £ 3, W14 = 48+ clearly visible, and an RMSD of 0.028 was determined for
2,Wic= —18= 2, andW¥;c = —42 £ 2; and conformer 3 the super positioning of the A and the B rings between the
(five structures)®ip = =73+ 0.6, Wipo = —574+ 0.2, @y two conformers. Since the conformer 3 of kanamycin A is

= —14 + 0.5, andW,c = 51 £ 0.2. Figure 3 shows an  a minor conformer, these conformations may either represent
overlay of the three different conformers. None of the the minor enzyme-bound conformations, or they may be
conformers showed any violation of the NOE restraints; simply consistent with NOE restraints but does not exist in
however, as mentioned earlier, some of the conformationsthe active site of AAC3. However, one should keep in mind
may be just consistent with the NOE restraints but may not that the aminoglycoside-modifying enzymes are capable of
represent the enzyme-bound kanamycin A. Inspection of theaccepting several structurally different aminoglycosides as
data suggests that the conformer 2 is significantly different substrates. This suggests that the active sites of these enzymes
from the others. Conformers 1 and 3 are very similar to each may show some flexibility to accommodate several substrates
other with respect to the orientation of the B and C rings, or multiple conformations of the same substrate. A recent
and in fact, an RMSD value of 0.031 was determined when crystallographic study suggests that the basis of the substrate
these rings are superimposed. promiscuity is the presence of alternative sites in the
Comparisons between ribostamycin and kanamycin con- antibiotic binding site of the aminoglycosigi&'-phospho-
formations.Despite the differences in their structures, the transferase-lllaX9), which is consistent with our observa-
enzyme-bound kanamycin A and ribostamycin show sig- tions. These comparisons also suggest that the conformer 2
nificant conformational similarities. For example, when the of kanamycin A is unlikely to represent the enzyme-bound
conformer 1 of ribostamycin and the conformer 1 of kanamycin A since it is significantly different from the other
kanamycin A were overlaid at the A and B rings, an RMSD conformers of kanamycin A and ribostamycin.
value of 0.15 was observed. Figure 4 shows this comparison. Comparisons to other enzyme bound aminoglycosides
This observation is consistent with our earlier data and lendsearlier studies, using several different aminoglycoside anti-
further support to our hypothesis that the A and the B rings biotics and different aminoglycoside-modifying enzymes,
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Ficure 5: Stereoview of enzyme-bound conformations of isepamicin and ribostamycin (red, bound té) APHi3isepamicin (blue,
bound to AAC6) (10), isepamicin (green, bound to ANTR(13), and kanamycin A and ribostamycin (yellow, bound to AAC3) (this
work). All structures are overlaid at the A and B rings.

Ficure 6: Stereoview of enzyme/RNA-bound conformations of aminoglycoside antibiotics. All enzyme-bound structures (yellow) are
from Figure 7 (NMR). Blue structures are RNA-bound gentamy@if) @nd paromomycin (only three rings shown for simplicit@2pPX

(NMR). Red structures are APHBound kanamycin A and neomycin B (X-ray crystallographyg) (All structures are overlaid at the A

and B rings.

which included aminoglycoside3'-phosphotransferase-llla  and the comparison shown in Figure 5, we feel that the
(APH3), aminoglycoside-6'-acetyltransferase-1b (AACRH similarity of the conformations about the A and the B rings
and aminoglycoside2'-nucleotidyltransferase (ANTZ, sug- may apply to all or most of the aminoglycosidenzyme
gested that there might be a shared conformational motif complexes, which may have significant implications in drug
among the enzyme-bound antibiotics that is recognized by design against infectious diseases.

different enzymesaA—13). This was based on the observation
of the superimposed A and B rings of several enzyme-bound
aminoglycosides. Conformers 1 of ribostamycin and kana-
mycin A, determined in this work, are also consistent with
this idea. Figure 5 shows the super positioned conformations

of several enzyme-bound aminoglycoside antibiotics deter- bound f i f i B and k i A
mined by NMR spectroscopy in our laboratory. These ound conformations of neomycin b and kanamycin A were

structures were overlaid at the A and B rings, and several su_perimposed with the conformations determined_by NMR
significant points need to be emphasized in this comparison. (Figure 6), an excellent agreement was observed with respect
The first point is to realize that several structurally different (© the orientation of the A and the B rings, yielding RMSD
aminoglycosides are compared, and yet their conformation V&/ues of 0.109 and 0.175 for neomycin B and kanamycin
about the A and the B rings are virtually superimposable. A réspectively. In addition, conformations of gentamycin
Another important aspect of this comparison is the fact that C1a and paromomycin that was determined by NMR in
all three types of aminoglycoside modification (& RNA—aminoglycoside complexes also showed a remarkable
phosphotransfer, aB-nucleotidyltransfer, and two different similarity to the enzyme-bound conformations of different
N-acetyltransfer reactions) are also represented in this@minoglycosides at the A and the B rings. Similarly, the
comparison. Finally, the modification of the all three major Ccrystal structure of paromomycin in ribozyme-paromomycin
rings, including the ring C, of the aminoglycosides is also complex @0) yields an RMSD of 0.15 when compared to
represented. As shown in Figure 5, the target atoms arethe enzyme-bound aminoglycosides. These comparisons are
located in different parts of the antibiotics; therefore, access shown in Figure 6, which clearly demonstrates that while
to these sites must occur by the proper orientation of both the A and B rings are superimposable, the C rings can occupy
substrates in the active site. On the basis of these observationa wide range of space.

Comparison to RNA Bound Aminoglycosides and Crystal-
lographic StudiesAll of the conformations shown in Figure
5 were determined by NMR. Recently, the crystal structure
of the aminoglycoside3'-phosphotransferase-Illa with bound
aminoglycosides became availabl®). When the enzyme-
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These observations suggest that the conformational simi-
larity of the bound aminoglycosides are not only valid for
enzyme-aminoglycoside complexes but also include RNA
aminoglycoside complexes. It is clear that the aminoglyco-
side-modifying enzymes and RNA can provide appropriately
positioned complementary groups to bind the aminoglycoside
antibiotics in the same conformation using the same structural
motif, which may have further implications for drug design
to overcome the antibiotic resistance.
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