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Abstract: The structure of neamine bound to the A site of the bacterial ribosomal RNA was used in the
design of novel aminoglycosides. The design took into account stereo and electronic contributions to
interactions between RNA and aminoglycosides, as well as a random search of 273 000 compounds from
the Cambridge structural database and the National Cancer Institute 3-D database that would fit in the
ribosomal aminoglycoside-binding pocket. A total of seven compounds were designed and subsequently
synthesized, with the expectation that they would bind to the A-site RNA. Indeed, all synthetic compounds
were found to bind to the target RNA comparably to the parent antibiotic neamine, with dissociation constants
in the lower micromolar range. The synthetic compounds were evaluated for antibacterial activity against
a set of important pathogenic bacteria. These designer antibiotics showed considerably enhanced
antibacterial activities against these pathogens, including organisms that hyperexpressed resistance
enzymes to aminoglycosides. Furthermore, analyses of four of the synthetic compounds with two important
purified resistance enzymes for aminoglycosides indicated that the compounds were very poor substrates;
hence the activity of these synthetic antibiotics does not appear to be compromised by the existing resistance
mechanisms, as supported by both in vivo and in vitro experiments. The design principles disclosed herein
hold the promise of the generation of a large series of designer antibiotics uncompromised by the existing
mechanisms of resistance.

Aminoglycoside antibiotics bind to the bacterial RNA in function of aminoglycoside-modifying enzymes, such as has
manifestation of their activity.The structures of two aminogly-  already happened with kanamycihslence, it is desirable to
coside antibiotics, paromomycin and gentamici, Gound to keep the minimal structural motif in aminoglycosides for RNA
full length or a fragment of ribosomal RNA (rRNA), have been binding, but to try to deviate away from typical aminoglycoside
determined recently by NM& and by X-ray crystallograph§/® structures in arriving at new antibiotics. This strategy has the
These and other studies show that the neamine class ofpotential for discovery of novel RNA-binding molecules that
aminoglycosides binds specifically to the A-site region on the would conceivably not experience modification by the resistance
16S subunit of rRNA. Hence, neamine serves as a minimal enzymes. Such an exercise has been carried out successfully in
structural motif for such binding® Neamine () itself is a poor our laboratories and is disclosed herein.
antibiotic and is not clinically useful. Other clinically useful

aminoglycosides, such as gentamicin, amika2jndr neomycin, sz NHz
face the possibility of clinical obsolescence because of the HSJ Hﬁm NH
HoN ) NH, HO | 2 HHO H
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design. The paromamine portion'{@droxyl analogue of Syntheses.Neamine hydrochloridel was prepared from
neamine) of paromomycin, as a minimal motif for RNA binding, methanolysis of the commercially available neomycin sulfate,
was retained in the A-site template, and the remainder of the as reported earliéf. 12 Treatment of this compound with benzyl
paromomycin structure was removed. We defined this complex chloroformate in the presence of sodium carbonate afforded the
as the receptor template and performed a D@®&#arch using tetraN-Cbz-protected neamine derivati¥8.1® This compound
the Cambridge Structural Database (CSD) and the Nationalwas subjected to 1,1-dimethoxycyclohexane to provide the
Cancer Institute (NCI) 3-D database for molecules that would mono-cyclohexylidene-protected compouridalong with some
bind to this template. The two databases provided a sampling5,6:3,4'-di-cyclohexylidene-protected derivative, which was
of 273 000 compounds for the three-dimensional search protocol.fully converted toll in the presence gf-toluenesulfonic acid
The list of selected compounds that emerged from the searchand methanol in DMFP# Protection of the hydroxyl groups at
was reduced according to steric and energetic criteria. A subsetpositions 3and 4 was achieved by treatment of compoutid

of these structures that was predicted to bind near the positionswith chloromethyl methyl ether in the presence ofrtiyis base

N1 and O6 of paromamine was kept. In addition to this set of and tetrabutylammonium iodide to giv&2 in good yield.
compounds, we paid attention to the A-site rRNA-paromamine Cyclohexylidene deprotection of this compound with acetic acid
complex itself. We modified the core moiety of paromamine afforded intermediat&3, which was treated with sodium hydride
by attachment of ag)-4-amino-2-hydroxybutyryl group at in DMF to furnish the cyclic carbamaté4 in high vyield.
position N1. At position O6, various amine-containing aliphatic Protection of the hydroxyl group at position 5 &# with
substitutions were made by looking at the distance between O6triethylsilyl chloride gave the TES-protected derivatit®

and the phosphate backbone of the A site of rRNA, using (Scheme 1). Treatment db with di-tert-butyl dicarbonate in
molecular graphics. The outcome of these protocols was thethe presence of triethylamine and DMAP afforded compound
designed compound3-9. The rationale for selecting amino- 16 in high yield. Attempts at opening the oxazolidinone ring
hydroxybutyryl group at position N1 was that amikac®2) (  under mild basic conditions (0.5 N aqueous LiOH) gave an
possesses such a substitution in its structure, and this particulaisomeric mixture of products having the TES group either at
substitution is known to impart resistance to modification by a position 5 or at position 6 (due to TES migration from position
number of aminoglycoside-modifying enzynfes? Neamine, 5 to 6 in the ring-opened product). Several attempts to protect
the 8-amino analogue of paromamine, was used in synthesesthe C5-hydroxyl group with a variety of different types of
because of its ready availability from fragmentation of neomy- protective groups, prior tdN-Boc protection of the cyclic
cin. The terminal amine-containing substitutions at position O6 carbamate, failed to give any acceptable result. For instance,
on neamine were selected because of potential ion-pairingattempts at MOM protection resulted in formation of a
interactions between the amine and the phosphate backbone itompound having the MOM groups both at the C5 oxygen and

the target rRNA region. at the N1 of the cyclic carbamate. Therefore, the TES group of
16 was removed by TBAF to giv&7, which was treated with
NH; chloromethyl methyl ether to afford the derivati¥8 in good
oS R ” yield. Treatment of compounti8 with 0.5 N aqueous lithium
HaN on/NH\Fﬂ hydroxide afforded the advanced intermedia_ﬁe having the
o C6 hydroxyl group free for further manipulation (Scheme 1).
</Ni Compound19 was allowed to undergo reaction with allyl
R R? R® R bromide in the presence of lithium bis(trimethylsilyl)Jamide and
HO H tetrabutylammonium iodide to give the allyl-protected derivative
3 e”WNHZ f\/\NHZ H 20, according to the procedure of Park etalzonolysis of
0o 20, followed by reductive amination of the aldehy#@# with
;”O g y ” the corresponding moni-Chz-protected diaminoalkanes, af-
¢ WNHZ T H forded the aminated producB2—24, according to a similar
,?O H reported methodology (Scheme2)Efficient deprotection of
5 S‘WM A i, H the Boc and MOM groups with 1.3 N methanolic HCI resulted
0 in the formation of derivative25—27, having the N1 group
6 H S~ NH2 H free for the preparation of the corresponding amides. Treatment
HO H HO H of these compounds with an activated esteNalbz-protected
7 §WNH2 A~ _NH, ;WNHZ (9-4-amino-2-hydroxybutanoic acid (Scheme 3) furnisBée¢
0 o 31in good yields. Finally, removal of the Cbz groups2¢—
£ 31 and 26 by catalytic transfer hydrogenati¥nwith 1,4-
’ mNHZ A " cyclohexadiene over PeC afforded the title compound®-6

NH
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J. R.; Carter, H. EJ. Am. Chem. Sod 955 77, 5311-5314.
(12) Grapsas, I.; Cho, Y. I.; Mobashery, &.0rg. Chem.1994 59, 1918-
1922.
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Structures and Mechanism of Action. Blycochemistry: Principles, 1996 118 10150-10155.
Synthesis, and Applicationg/ang, G., Bertozzi, C., Eds.; Marcel Dekker: (16) Felix, A. M.; Heimer, E. P.; Lambros, T. J.; Tzougraki, C.; Meienhofer, J.
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Scheme 1 @
NHC bz NHCbz HCbz
a HOZ b RQ” d MOMO
1 —— HOT ) NHChz — ChzHN | _\ Nk MOMO-70 N e
YN\ NHCb2 &/NHCM YN\ NHCbz
HO e} OH
10 11: R=H 13
12: R=MOM
NHCbz NHCbz
MOMO MOMO
MOMO- ChzHN L cte J. MOMO-~1 N NHCbz
—_— RO NR — MOCKAO NHBoc

14: R=R'=H Oﬁo oR
:R=R'= 19: R=H
fE: 15: R=H,R = TES k’:>20:R=A||y|
hl:. 16: R=Boc, R’ =TES

: R=Boc,R'=H
' E» 18: R =Boc, R =MOM
aReagents and conditions: (a) Ph&HD,CI, N&COs;, acetone-water, 95%; (b) 1,1-dimethoxycyclohexane, TsOH, DMF, 87%; (c) MOMCLNBu

(i-PreNEt, 32°C, 79%; (d) AcOH, dioxanewater, 60°C, 95%; (¢) NaH, DMF, 89%; (f) TESCI, imidazole, DMAP, 80%; (g) (Bg2) E&N, DMAP, 96%;
(h) TBAF, THF, 85%; (i) MOMCI, BuNI, (i-PrNEt, 32°C, 97%; (j) LiOH, dioxane, 88%; (K) CH=CHCH,Br, BusNI, (MesSi),NLi, 69%.

Scheme 2 @
NHCbz HCbz

MOMO MOMO

N b CbzHN c
MOMNH Boc MOMO%NHBOC

0

22: n=2

21 ) 23:n=3
sn= N

HC bz 0 HCbz 24:n=4 H(CH,),NHC bz
HO HO
o HO
CbzHN | NHCbZ CbzHN | HCbZ 3.5
H NHCbz
25: n= 29: n=2
26: n= 30: n=3
27:n= NH(CH,),NHCbz 31: n=4 NH(CH,),NHCbz
26 ° 6

aReagents and conditions: (a) (is,GCH:Cly, (ii) PhgP, 81%; (b) CbzHN(CHnNH2, NaBHCN, AcOH, MeOH, 55-67%; (c) 1.3 N HCI, MeOH-
CHCl, 73—87%; (d) NaHCQ, THF—water, 46-54%; (e) 1,4-cyclohexadiene, P&, AcOH, 51-68%.

Scheme 3 @ Scheme 4 @
(0] NHCbz
HoN COOH a, b CbzHN COuN Hﬁcmv
N — i ChzNH O%HH H
HO H HO H Ho N\”S\/\NHCbz
3 0. 32 . g

HQ H

0
/©/\COOH ¢.b D/\COzN;j CszNWN\/\/NHCbZ
HoN ChzHN J Hooe  ©
A
HO- Soont 5 %H
HZN\©/\COOH CbZHN\Ejﬂco2 ;j 27 . HO Nog 4. 89
330r34 H

8/N\/\/\NH(:bz

35 R= COCH,-CgH,p-NHCbz

a Reagents and conditions: (a) PhsGD.Cl, NagC03, acetone-water, 36 R=COCH.AC.H.-m-NHCbz
276 4

89%; (b) N-hydroxysuccinimide, DCC, THF; (c) PhGBO,CI, NaOH,
acetone-water, 91%. aReagents and conditions: (a) pyridine, 42%; (b) 1,4-cyclohexadiene,
Pd—C, AcOH, 52%; (c) NaHC@ THF—water, 92%; (d) condition b, 56
in good yields (Scheme 2). Compoud® was prepared by 63%.
treatment o0 with 28in pyridine, which after removal of the
Cbz groups gave compound(Scheme 4). (33). Deprotection of this derivative under the same conditions
Compound35was prepared by treatment2? with 1.0 equiv as described earlier afforded compo@id good yield (Scheme

of an active ester dfl-Cbz-protected 4-aminophenylacetic acid 4). Similarly, compound6 was synthesized by treatment of
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Figure 1. Sequence of the F-AS RNA, representing the A site ofEhe —@— neamine °
coli ribosomal RNA. The boxed region shows the highly conserved sequence —— compound 4
that is homologous to the A site on 16S rRNA, that was used to elucidate ) 17 —— compound 5
the interactions with paromomycfiThe sequence numbering of the nucleic- —
acid template is according to that f&r coli 16S rRNA. g, 0
Jaa)
. . . 0
27 with 34, which after removal of the Cbz groups furnish&d 2 4
(Scheme 4).

One of the major difficulties in the synthesis was the 2 ‘ ‘ ‘ ‘ ‘ ‘
preparation of the intermediated from its precursor, cyclic 68 -64 -6 -56 -52 -48 -44 -4
carbamatd 4 (Scheme 1). When compouiid was treated with log(L )

i

di-tert-butydicarbonate in the presence ofNeand DMAP, the

product of the reaction was a compound with Boc groups both Figure 2. Representations of relative fluorescence (Fr) at 519 nm as a
function of ligand concentration (A) and the Hill plots (B) for neamine,

at C5 oxygen and at _Nl nitr_OQen' /_—\_ttempts to depFOteCt the compound4, and compound. Curves in panel A were fit using eqs 1
O-Boc group under mild basic conditions 30z or LiOH) (compoundst and5) and 4 (neamine), respectively. Hill plots in panel B
resulted in the opening of the oxazolidinone ring. were fit with eq 3 (Supporting Information).

Another difficulty, encountered in the final step of the

synthesis, was deprotection of the Cbz groups, which proved the attached fluorescein dye at 519 nm. A cooperative binding
to be difficult under typical conditions. Hydrogenolysis of the  eyent at low concentration of ligand was observed (Figure 2),
Cbz-protected compounds over-Pd at atmospheric hydrogen  in which fitting of the relative fluorescence (Fr) versus the free
pressure required long reaction times and afforded very low yield neamine concentration by Scatchard and Hill equations (egs 2,
of the desired compounds. This problem was solved by the 3 and 4 in Supporting Information) gaveka of 19 + 1 uM
application of the catalytic transfer hydrogenation, using 1,4- and a Hill constant of 1.7. This result is in good agreement
cyclohexadiene in the presence of activated palladium on carbonyith the previously reportely values for neamine binding by
and acetic acid as solvetft. other method®-20-21that were performed under similar condi-
Binding of Antibiotics to a Model for the A-Site Region tions, suggesting that the fluorescein tag does not adversely
of the E. coli 16S Ribosomal RNA.RNA molecules often influence drug binding. A second cooperative binding event for
undergo conformational changes in the presence of specific neamine occurs at higher concentrations witty@f 3.94 0.1
ligands!’ Several studies have shown that these ligand-induced mm and a Hill constant of 2.0. A similar fluorescence-quenching
changes can be monitored in solution by the use of attachedpehavior of F-AS was observed upon titration with neomycin
dye moleculed? In the present study, we report that a and paromomycin to givi values (5 and 87 nM, respectively)
fluorescein molecule attached to theefid of a decoding-region  that are consistent with previously reported values determined
A-site analogue can act as a reporter for binding of antibiotics by other methods (data not show##r-20-22
to RNA. The target RNA, referred to as F-AS (Figure 1),is @ 7o examine whether the neamine-derived compounds could
tagged version of a small 27-nucleotide fragment offheoli bind to the A-site RNA, as predicted to be so by design, titrations
16S ribosomal RNA that has been shown previously to bind to \yere carried out with compound3—9. In all cases, the
aminoglycosides in vitr8:° This RNA serves as a convenient  f,orescence signal of F-AS decreased upon drug binding, and
tool in quantitative analyses of aminoglycoside antibiotics that satyration was reached at relatively low antibiotic concentrations
bind to the decoding site of the bacterial ribosomal RNA.
Binding of the parent compound neamir (o F-AS RNA (20) (a) Wong, C.-H.; Hendrix, M.; Priestley, E. S.; Greenberg, WChem.

i i i i Biol. 1998 5, 397-406. (b) Griffey, R. H.; Hofstadler, S. A.; Sannes-
was monitored by a decrease in the fluorescence mtenSIty of Lowery, K. A.; Ecker, D. J.; Crooke, S. Proc. Natl. Acad. Sci. U.S.A.

1999 96, 10129-10133.

(17) (a) Chow, C. S.; Bogdan, F. MChem. Re. 1997 97, 1489-1513. (b) (21) In similar buffer conditions, it has been shown that neamine binds as a 2:1
Walter, F.; Vicens, Q.; Westhof, Eurr. Opin. Chem. Biol1999 3, 694~ complex to a biotinylated AS-WT RNA with &4 of 10 uM for each
704. (c) Hermann, T.; Patel, D. Bcience200Q 287, 820-825. (d) binding site, see: Sucheck, S. J.; Wong, A. L.; Koeller, K. M.; Boehr, D.
Hermann, TAngew. Chem., Int. E200Q 39, 1890-1905. D.; Draker, K.-A.; Sear, P.; Wright, G. D.; Wong, C.-d. Am. Chem.

(18) (a) Llano-Sotelo, B.; Chow, C. Bioorg. Med. Chem. Letl.999 9, 213~ So0c.200Q 122 5230-5231. Possible differences in the temperature of the
216. (b) Fang, X.; Pan, T.; Sosnick, T. Biochemistryl999 38, 16840~ experiment may explain the slight deviations from our results.
16846. (c) Jhaveri, S. D.; Kirby, R.; Conrad, R.; Maglott, E. J.; Bowser, (22) No fluorescence quenching of F-AS was observed upon addition of glucose
M.; Kennedy, R. T.; Glick, G.; Ellington, A. DJ. Am. Chem. So000 or spermine up to millimolar concentrations (data not shown), demonstrating
122, 2469-2473. that the quenching effect is not due to nonspecific interactions with

(19) Puronhit, P.; Stern, Nature 1994 370, 659-662. carbohydrate or cationic compounds.
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Table 1. Dissociation Constants for Aminoglycoside Antibiotics
and Neamine Derivatives Binding to the Decoding-Region A-Site
RNA

compound Ka (uM)? compound Ka (uM)?
neamine {) 194 1be 5 3.9+0.1
39004 5104 6 1.6+0.3

3 2.240.1°¢ 7 11+ 2

1200+ 2 8 24+ 8

4 59+13 9 24+6

a Average of two measurementsCooperative bindingt The average
number of interacting sites), is 1.7.9n = 2.0.en = 1.5.

(10—100 uM). Dissociation constants and binding modes are
reported in Table 1 for the series of neamine derivatives.
Compounds4—9 all exhibited simple behaviors with a single
binding site in each case and no cooperativity. For these
compounds, the binding curves were fit assuming 1:1 binding
(Hill constants= 1; Figure 2, panels A and B, shows the data
for 4 and5). The binding of derivativ® was cooperative, similar

to the behavior of the parent neamine. In these cases, the

Scatchard plots were nonlinear, and the Hill constants were
nonunity (Figure 2, panel B, shows the data IprCompound
3 was also unusual in the fact that it did not exhibit saturation
behavior at higher drug concentrations. A second nonspecific
binding event was observed for compowwith a Ky value of
1.2 mM.

The nonlinear Scatchard plots for two of the compourids (

and 3) examined suggested cooperative-binding modes. The Figure 3. (A) Stereoview of the A-site region of the 16S ribosomal RNA

nonunity Hill constants for these compounds can be explained
by several different models. The binding event may not occur
in an “all-or-none” fashior#? which is typical of planar and

rigid drugs. Cooperativity may occur such that initial contacts
(perhaps with a single ring or functional group) make subsequen
contacts with the RNA more favorable for entropic reasons.
Such a binding event is possible due to the flexible nature of
the aminoglycoside structures. Alternatively, we may be observ-

ing conformers of drug-RNA complexes. It has been suggested

by Fourmy et al32 on the basis of NMR and dimethyl sulfate
probing studies, that neamine may be sampling multiple binding
sites within the A-site major groove. A third possibility, as
suggested by Sucheck et &lis that neamine is binding as a
2:1 complex to the A-site RNA. Further experiments are
necessary to determine which model is more appropriate.
Previous studies have shown that rings | and Il (2-deoxy-
streptamine and '&leoxy-6-aminoglucose, respectively) of
paromomycin are critical for specific recognition within the
A-site RNA binding pocket:'82Further work by Alper et at*
and Greenberg et &.revealed that aminoglycoside derivatives
with neamine cores were able to bind to the A-site RNA, but
with reduced specificity for the wild-type sequence. Interest-
ingly, however, some of their neamine derivatives with lower
affinities for the A-site RNA had nearly identical antibiotic
activities as the parent neomycin. In the present study, com-
parison of binding affinities for the neamine derivatives reveals
that the presence of amino groups is important for A-site

(23) Cantor, C. R.; Schimmel, P..RBiophysical Chemistry Part Ill: The
Behavior of Biological MacromoleculesW. H. Freeman and Co.: New
York, 1980; p 866.

(24) Alper, P. B.; Hendrix, M.; Sears, P.; Wong, C.<HAm. Chem. So4998
120, 1965-1978.

(25) Greenberg, W. A.; Priestly, E. S.; Sears, P. S.; Alper, P. B.; Rosenbohm,
C.; Hendrix, M.; Hung, S.-C.; Wong, C.-H. Am. Chem. S0d999 121,
6527-6541.

template occupied by compouddHydrogen-bonding interactions between
compound4 and the nucleic-acid residues are shown as broken lines. The
nucleic-acid residues are shown in capped stick representation in violet,
and compound4 is shown in ball-and-stick representation, color-coded
according to atom types (C, gray; N, cyan; O, red). (B) Stereoview of the

tclose up of the binding site depicted in panel A.

recognition. Addition of a diaminoalkane group at the O6
position improves binding by 3- to 12-fold relative to the high-
affinity binding by neamine (compare compouridand 3—6
in Table 1), indicating that the length of the alkyl linker is
important. We note that th&y of 6 is 1.6 £ 0.3 uM, as
compared to 5.9+ 1.3 uM for that of 4, indicating an
approximate 4-fold decrease in binding affinity upon addition
of the aminohydroxylbutyryl group at position 1. Similarly,
addition of the aminophenylacetyl functional groups at position
1 increases somewhat the dissociation constant for the A-site
RNA binding in the two cases examined. A 6-fold increase in
dissociation constant is observed for b8tAnd9 relative to5.
Modification of the secondary amine #hto give 7 reduces
binding by a mere 2-fold. What is important to note is tinetse
molecules all clearly bind to the target RNA, and they do so
comparably to the parent aminoglycoside neamithevould
appear that all of these synthetic aminoglycosides bind the target
RNA site within less than 2 kcal/mol of each other. In addition,
the sequence of the A-site RNA used in this study is highly
conserved among bacteria. An inspection of the bacterial A-site
RNA sequences revealed that they are identical in the bacterial
strains employed for activity studies (following section).
Computational Modeling. Figure 3 shows the energy-
minimized structure of compoundlbound in the A site of the
rRNA template. This compound occupies the pocket that is
formed by A1492, similar to the case of the other neamine class
of compounds, and interacts with the phosphate backbone of
the nucleic acid via ion-pairing and hydrogen-bonding interac-

J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002 3233
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Table 2. Minimum Inhibitory Concentrations (MICs) of Antibiotics against Various Bacterial Strains?

MIC (ug/mL)

bacterial strains 1 KAN GEN TOB 2 AMP CAZ IMI 3 4 5 6
Escherichia coliiM83 64 4 <1 <1 1 4 0.03 0.06 8 2 1 32
E. coliJM83 (APH(3)-1) 8000 2000 <1 1 1 16 000 0.5 0.25 32 8 8 >512
E. coliJM83 (AACB/APH2") 2000 500 64 128 8 8000 0.5 2 32 8 8 >512
Serratia marcescen8TCC13880 16 8 4 16 8 32 0.25 0.5 32 8 4 64
Enterobacter cloaca@TCC 3047 64 8 2 4 4 1000 2 0.5 8 2 2 16
Pseudomonas aeruginoéé 500 32 >128 2 4 >500 64 0.25 8 2 2 >512
P. aeruginosaC43 4000 1000 16 4 32  >500 128 32 64 4 2 >512
Staphylococcus aures 64 4 <1 <1 <1 4 2 <0.03 2 0.5 0.5 4
Enterococcus faeciuhl9 1000 64 8 32 64 1 >128 0.5 256 32 32 >512

a1, neamine; KAN, kanamycin A; GEN, gentamicin; TOB, tobramy@namikacin; AMP, ampicillin; CAZ, ceftazidime; IMI, imipenem. Structures are

given below:
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ampicillin cephtazidime imipenem
tions. In addition, the aminohydroxybutyryl moiety forms two the most common aminoglycoside phosphotransferase in gram-
hydrogen bonds and one ion-pair interaction with the rRNA negative bacteriak. coli IM83 (AACB/APH2') contains a
template. The O6 side chain has one hydrogen bond with theplasmid with the gene for the bifunctional aminoglycoside-
nucleic acid base (G1405 in Figure 1) and one ion-pairing modifying enzyme AAC(§/APH(2"), which is produced by
interaction with the phosphate backbone. This model suggestsmany cocci. The enzyme is able to phosphorylate at the 2
that the side chains at O6 may be longer than the propylamine position and/or acetylate at théosition of various aminogly-
(R? in compound4) due to the presence of more functional coside antibiotics to manifest resistance for the organisms that
groups on the A site and space to accommodate such side chainexpress it.Serratia marcescenATCC 13880, Enterobacter
in this area. These homologous side chains will have similar cloacaeATCC 3047, and°>seudomonas aeruginoéé and C43
interactions, such as ionic and hydrogen-bonding interactions are representative important gram-negative pathogens. Amino-
as was seen in the case of compodndnd indeed compound  glycosides by themselves or in combination with other antibiot-
5 showed comparable binding affinity to F-AS (vide infra). ics are often used to combat these microorganisms, especially
Antibiotic Activities of Synthetic Aminoglycosides. The P. aeruginosdhat is often very difficult to treatStaphylococcus
antibiotic activities of the synthetic molecules are shown in aureus3 andEnterococcus faeciurhl9 are representatives of
Table 2. For the purpose of comparison of activities and the Gram-positive cocci. Most of these microorganisms are
demonstration of the properties of the bacterial strains used inintrinsically resistant to aminoglycosides (poor permeability),
this study, we have also performed susceptibility studies with but in combination with3-lactam antibiotics are often used to
several aminoglycosides (neamine, kanamycin A, gentamicin, treat infections caused by these microorganisms.
tobramycin, and amikacin) argtlactam [ampicillin (a penicil- Our results demonstrate that compouddmd5 show good
lin), ceftazidime (an expanded-spectrum cephalosporin), and activity against arE. coli strain hyperexpressing either APH-
imipenem (a carbapenem)] antibiotics. Neamibjeg a suitable (3)-1 or AAC(6')/APH(2") aminoglycoside-modifying enzymes
control, since our antibiotics use its structure as the template. (Table 2). These activities are superior to those of kanamycin
Kanamycin A has become clinically obsolete, since it is an A and neamine (250- to 1000-fold higher activities) agafst
excellent substrate for the ubiquitous resistance enzymes aminocoli hyper-expressing APH{RI, and merely 8-fold lower than
glycoside phosphotransferases (APHKB and it serves as  activities of tobramycin and amikacin. The results indicate that
another control. Gentamicin, tobramycin, and amikacin are 4 and5 are poorly turned over by APH(BI (supported by
widely used presently in clinic, either by themselves or in enzymology with purified enzyme; vide infra). The activity for

synergistic combinations witfi-lactam antibiotics. the synthetic compounds agaifstcoli hyperexpressing AAC-
Escherichia coliJM83 is an antibiotic-sensitive laboratory (6')/APH(2") is even more impressive. These compounds either
strain. E. coli IM83 (APH(3)-I) contains high copies (500 equal the activity of clinical aminoglycosides, such as amikacin,

700 copies per cell) of plasmid pUC19 with the cloned or are clearly superior (by 8- to 250-fold) to them (as compared
kanamycin resistance gene from transposon Tn903 that producesvith kanamycin A, gentamicin, or tobramycin). Compourds
the type | aminoglycoside'®hosphotransferase. APH)3 is and 5 demonstrate excellent activities against enterobacteria,
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Table 3. Kinetic Parameters for Turnover of Compounds 4, 5, 8, 9, Neamine, Amikacin, and Kanamycin A by APH(3')-la and the
Bifunctional Enzyme AAC(6')/APH(2"")2

APH(3')-la BF [APH(2")] BF [AAC(6')]
compound Kn (M) Kea(s7Y KealKn (M71S7Y Ky (uM) Kea (57) KealK (M1 579) Kn@M)  Ka(s)  kealKn(M71s7Y)
4 5144  3.0+01 (5.9£0.7)x 10* 209432 (2.5+1.2)x 103 12.0+0.5 563+ 120 2.1+ 0.4 (3.7+0.3)x 10
5 4043 28402 (7.240.9)x 10* 108+20 (1.6+0.8)x 103 14.0+05 627+ 138 4.2+ 1.7 (6.7+0.5)x 10°
8 161+ 19 (1.3£0.6)x 103 8.1+0.5 489+ 95 4.0+ 1.2 (8.2+0.4)x 10°
9 108+ 18 (1.6+0.2)x 103 14.0+0.2 520437 3.7+£0.9 (7.1+0.2)x 10
neamine{) 2.3+0.4 141+35 1.2x 108 36+2 (6.8+0.8)x 103 189.0+0.1 10+3  4.3+0.7 (4.3+0.3)x 10F
amikacin @) 84+ 44 165+46 2.0x 10° 29941 105+ 9 (35+0.1)x 106 477+14 4.1+£02 (8.6+0.6)x 10°
kanamycin A 1.2£ 0.2 102+ 14 85x 107 24+2 177419 (74+£0.9)x 10° 45+£0.1 0.4+0.4 (8.9+2.2)x 10*

aThe turnover data for amikacin, kanamycin A, and neamine with ABHEZS those with the bifunctional enzyrfehave been reported.

such asS. marcescen£. cloacae and alsd?. aeruginosathat substrate for the acetyltransferase activity of the bifunctional
are sensitive or moderately resistant to aminoglycoside antibiot- enzyme Keo/Km of 4.3 x 10° M1 s71).27 Despite the fact that
ics, including strains also highly resistantidactam antibiotics neamine does not have thé-Bydroxyl, it would appear that it
(ampicillin, ceftazidime, imipenem). In these cases, activities accepts phosphate in a reaction catalyzed by the bifunctional
of compoundst and5 are always either equal or superior to  enzyme K.o/Km of 189 M1 s71), but the process is so inefficient
those of the most active aminoglycoside(s) used in this study. that it is irrelevant for manifestation of resistance. On the other
Compoundst and 5 also show good activities against strains hand, the semisynthetic amikacin was included in the present
of S. aureus3 andE. faeciuml19 that are moderately resistant study because of its well-known weak interactions with many
to aminoglycosides. Compour{Table 2) showed a spectrum  resistance enzymé&:32 Amikacin is certainly turned over by
of antimicrobial activity similar to those of compoundsand these enzymes, but the kinetics of turnover are usually suf-
5, except that its MICs values were approximately 4-fold higher. ficiently inefficient that the antibiotic is active against organisms
Compound6 (Table 2) gave lower activity than compouBd  that harbor these enzymes, with a few exceptions. As shown in
It is not active againsE. coli strains producing either APH-  Table 3, amikacin is turned over by APH)3a with akeafKm
(3)-1 or AAC(6')/APH(2") enzymes, although it demonstrates of 2.0 x 106 M~* s~L. Similarly, kea/Km Of 8.6 x 10% and 3.5
activity against some of the tested organissdoli JIM83, S. x 106 M1 s1 are measured for the AAC{(6and APH(2)
marcescenfATCC 13880,E. cloacaeATCC 3047,S. aureus  gactivities, respectively, of the bifunctional enzyme for amikacin.
3) that are sensitive or moderately resistant to aminoglycoside |t jg important to note that the synthetic compoundss, 8,
antibiotics in general. Compound (data not shown) shows and9) are turned over by these enzymes at or beloNO!
moderate activity againgt. coli strains producing either APH- -1 At pest, they are turned over by APH)3a with akealKm
(3)-1 or AAC(6')/APH(2") enzymes (MICs 64 and 32g/mL, of 7.2 x 10* M1 s7L. TheK, for these substrates is substantially
respectively) and also against strains of enterobacterigPand  gleyated above that for the good substrate neamine (i.e., 2.3
aeruginosa Finally, compounds8 and 9 do not show any ;) so enzymic catalysis would not reach saturation until a
appreciable activity against any of the microorganisms tested g pstantially higher concentration of the antibiotic is reached
(MICs > 1000ug/mL), despite the fact that they do bind to the  ithin the bacterial cytoplasm. The same is true for both
RNA. These molecules may have difficulty being transported ,.ivities of the bifunctional enzyme with, 5, 8, and9. The
into the cytoplasm. _ _ _ . Km values for these activities were consistently above a0
Kinetics of Turnover with Aminoglycoside-Modifying  often substantially so, such that within the organism these
Enzymes. A number of enzymes are known that modify ~ concentrations cannot be reached for effective turnover of these
aminoglycoside$ but a mere handful are known to be prevalent antipiotics by the resistance enzymes. Therefore, we conclude
among pathogens. Compourdlss, 8, and9 were studied with  h5these antibiotics are not affected by the resistance enzymes
two of the most important aminoglycoside-modifying enzymes, i, any significant way, consistent with the findings of the

an aminoglycoside'@hosphotransferase type la (APH{B)%® biological actiity discussed earlier
and the bifunctional (“BF”) aminoglycoside-modifying enzyme

(AAC(6")/APH(2")).2728 The latter possesses both phospho-
transferase (APH(3) and acetyltransferase (AAC]pactivities.

As a parting note, we hasten to add that after the completion
of the research presented herein, two reports on X-ray structures
It is conceivable that one or more enzymes may already exist of amlnogl_yc05|de_s bound fo the A s't.e Of. bacterial ribosome

appeared in the literatuf® These publications revealed that

that turn over our synthetic antibiotics well. However, it is h dif betw the NMR struct q
interesting to note that these compounds are exceedingly poor, ere are some difierences between the structures (use

substrates for these common resistance enzymes under in vitrcfor computational studies in this work) and X-ray structures. .
conditions (Table 3). Nonetheless, we were able to generate molecules, on the basis

- . of the NMR structure, that were shown to bind the ribosomal
The kinetic parameters for turnover of two known aminogly-

. . o model in solution, and some showed antibacterial activity.
cosides are of interest here. Neamine is an excellent substrate

for APH(3)-1a (KealKm of 1.2 x 108 M1 s71) and a midrange

(29) King, J. W.; White, M. C.; Todd, J. R.; Conrad, S. @lin. Infect. Dis.
1992 14, 908-915.

(26) Siregar, J. J.; Miroshnikov, K.; Mobashery, EBBochemistry1l995 34, 4, (30) Kucers, A.; Bennett, N. McK. Iithe Use of AntibioticKucers, A., Bennett,
12681. N. McK., Eds.; William Heinemann Medical Books: London, U.K., 1987.

(27) Azucena, E.; Grapsas, |.; Mobashery,JSAm. Chem. Sod 997, 119, (31) Schmitz, F. J.; Verhoef, J.; Fluit, A. €ur. J. Clin. Microbiol. Infect. Dis.
2317. 1999 18, 414-421.

(28) Daigle, D. M.; Hughes, D. W.; Wright, G. BChem. Biol.1999 6, 99— (32) Doern, G. V,; Jones, R. N.; Pfaller, M. A.; Kugler, K. C.; Beach, M. L.
110. Diagn. Microbiol. Infect. Dis.1999 34, 65—72.
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Methods bacteria were diluted 100 times in LB broth and subgrown for several
hours, and 1@L of diluted cultures was transferred into the antibiotic-
containing microtiter plates to bring final inoculums to®XDFU/mL
(CFU stands for colony forming units). Cultures were incubated
overnight at 35°C, and microtiter plates were checked from below
with a reflective viewer. MICs were defined as the lowest concentrations
of the drug at which the microorganism did not demonstrate visible
growth.

Proton {H) and carbon C) nuclear magnetic resonance spectra
were recorded on either a Varian 400 or a Varian unity-500 MHz
spectrometer. Chemical shifts are recorded in parts per milbion (
relative to tetramethylsilan@ (0.00). Infrared (IR) spectra were recorded
on a Nicolet 680 DSP FTIR spectrometer. Low-resolution mass spectra
(MS) were recorded on a Kratos MS 80RFA spectrometer. High-
resolution mass spectra were performed by the Michigan State
University Mass Spectrometry Facility. Melting points were obtained Kinetic Determinations with Resistance EnzymesKinetic studies
on an Electrothermal melting point apparatus and are uncorrected. Thin-were performed for phosphotransferase activities of the bifunctional
layer chromatography (TLC) was performed with Whatman precoated enzyme AAC(E/APH(2') and APH(3)-la, as well as the acetyltrans-
K6F silica gel 60A (0.25 mm thickness plates). The plates were ferase activity of AAC(6/APH(2"), using the methods described by
visualized by either ninhydrin spray or inmersion ip-anisaldehyde ~ Azucena et at’ The assay mixture consisted of 66 mM PIPES, pH
solution and warming on a hot plate. All chromatography solvents were 7.5, 11 mM magnesium acetate, 22 mM potassium acetate, 1.76 mM
reagent grade. Tetrahydrofuran (THF) was distilled from sodium phosphoenol pyruvate, 0.1 mM NADH, 6.1 units of pyruvate kinase,
benzophenone ketyl, and dichloromethane was distilled from calcium 21 units of lactate dehydrogenase, 100 nM enzyme, the aminoglycoside
hydride. 1,1-Dimethoxycyclohexane was purchased from the TCI substrate (at various concentrations), and ABOATP in 500xL total
America Co.N-Cbhz-protected diaminoalkanes were either pregdred volume. The components of the assay mixture were mixed in a cuvette
or purchased from the Fluka chemical co. as hydrochloride salt. The in the absence of ATP and enzyme. The solution was allowed to
amine free bases were prepared by treatment of the HCI salts with equilibrate at room temperature for 2 min. The reaction was started by
Amberlite IRA-400 (OH) ion-exchange resin. 3-Amino and 4-amino  the addition of ATP and enzyme. The progress of the reaction was
phenylacetic acids were purchased from Fluka chemical co. and monitored spectrophotometrically at 340 nm. LineweaxBurk plots
converted to theN-Chz-protected derivatives prior to use. Pyruvate were obtained to determine th&, and ke values.
kinase (PK), lactic dehydrogenase (LD), phospho(enol)pyruvate (PEP),  For the acetyltransferase activity assay, the method of Haas and
ATP, and NADH were purchased from the Sigma Chemical Co. All powding was employed The reaction mixture was composed of 58
other reagents were purchased from the Aldrich Chemical Co. Spec- M citric acid, 124 mM tripotassium citrate, 18 mM magnesium
trophotometric studies were performed on a Hewlett-Packard 8453 diodeacetate, 6 mM dithiothreitol, the aminoglycoside substrate (at various
array instrument. All calculations were performed by the MS Excel concentrations), and 128V acetylcoenzyme A (specific activity, 21
program. mCi/mmol) in a total volume of 3@L. The reaction was started by

,Preparation of F-AS RNA. A 5’-ﬂuorescein-labe!ed A-site model  the addition of 5uL of enzyme (final concentration of 100 nM) and
(5-F-GGCGUCACACCUUCGGGUGAAGUCGCC'B (F-AS) was was stopped at 1, 2, 3, and 4 min by the addition of 10% tricholoroacetic

obtained from Xeragon Oligoribonucleotides (Zurich, Switzerland)) or  4.id. Kinetic constants were determined from Lineweagrk plots.

synthesized by using standard silyl phosphoramidite chemistry with Docking and Molecular Modeling. The NMR structure of paro-

reagents from Glen Research (Sterling, Virginia). The RNA was purified . o -

by electrophoresis on denaturing (8 M urea) 15% polyacrylamide gels, momycin bound to the rRNA A Sltef was used as the stgrtmg template.
Rings | and Il (2-deoxystreptamine and-dioxy-6-aminoglucose,

followed by electroelution with 1X TBE (90 mM Tris-HCI, 90 mM . . . .

boric acid, 2.5 mM NgEDTA, pH 8.3) in an Amicon centrilutor and respectlv_ely) in the NMR structure of paromomycin were _retamed, e}nd

Centricon 3's (Amicon). The F-AS RNA was stored-a20 °C in 10 the remamder of'the structure was removed. Thesg tyvo rings constitute

mM HEPES, pH 7.4. RNA concentrations were determined spectro- the ar_nlnogly_cosme paromamine _(a structurally S|m_|lar comp'ound to

photometrically using a molar extinction coefficient of 253 300'M neamine having a hydroxyl group in place of the amine at posn’l))n_G

o With this structure at hand, the Connolly surface of the complex (i.e.,
A-site RNA template bound by paromamine) was computed, which

Fluorescence Measurementszluorescence experiments were per- : ’ Dot _
formed on a Spex Fluoromax luminescence spectrometer. To renature d€fin€s the “receptor site”. Two ligand databases, the NCI-3D database

the F-AS RNA (~150 M) was placed in a heating block at 2@ and Cambridge Structural Database, collectively containing a total of
heated to 83C for 2 min, then slowly cooled back to 2 over a 2 273 000 compounds, were used to dock the individual compounds into
h period. The RNA solutions contained 10 mM HEPES, pH 7.4, 150 the ‘receptor site” using the program DOCK version 4.0. The
mM NaCl, 3 mM NaEDTA, and 1uM F-AS. Fluorescence emission electrostatic and steric counterparts on the receptor site were matched
spectra were obtained with an excitation wavelength of 490 nm with a With the docked compounds. This data set was reduced to 40 compounds
band-pass of 2.9 nm (0.7 mm slit width) over the rangé.gf= 500— on the basis of their best fit into the “receptor site”. Each compound in
600 nm. All measurements were taken af@7 Samples were incubated  the set of 40 was considered in the receptor site individually. These 40
in a temperature-controlled cuvette holder in the Fluoromax for 2 min compounds fit in the space near the aminoglycoside-binding site and

before fluorescence intensities were measured. Aliquots of the antibiotic Were scored by the program favorably for their ability to bind to the
were added sequentially, allowing 2 min of equilibration time before depressions and niches of the surface of the rRNA structure. We then

each fluorescence measurement. envisioned neamine analogues that would be covalently tethered to these
Fluorescence intensities were corrected for volume changes usingentities individually. Many of these compounds were predicted to bind

the following equation:F; cor = Fiobd Vi/Vo, WhereF; oo is the corrected the surface such that they were amenable to attachment to neamine at

intensity for pointi of the titration,F; os is the measured intensity at ~ position N1 and O6 (marked in the structutp The tethers were

pointi, V is the volume after thé" addition, andv, is the initial volume designed such that they themselves would have potential favorable
(typically 350uL). electrostatic interactions with the rRNA A-site. The visualization and
Determination of Minimum Inhibitory Concentration (MICs). structure editing were performed using the Sybyl molecular modeling

The MICs of all antibiotics, including our synthetic aminoglycosides, program3® This complex was energy-minimized using the Amber 5.0
were determined by microdilution broth procedure. We performed package® The point charges on compouddvere obtained from ESP
sequential 2-fold dilutions of antibiotics in 1Q@_ of Luria-Bertani charges calculated by MOPAC package (PM3 Hamiltonian), and the
(LB) broth in sterile 96-well microtiter plates. Overnight cultures of

(34) Haas, M.; Dowding, J. EMethods Enzymoll972 72, 248.
(33) Atwell, G. J.; Denny, W. ASynthesisl984 1032-1033. (35) Sybyl version 6.5, Tripos Inc., St. Louis, MO.
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parameters for the carbohydrate rings were according to Wood$’etal. were obtained at the Michigan State University Mass Spec-
Sodium ions were added to the complex to neutralize the system usingtrometry Facility, which is supported, in part, by a grant (DRR-
xleap routine as implemented in Amber 5.0, and the complete molecular 00480) from the Biotechnology Research Technology Program,
assembly was solvated with TIP3 waters at least 10 A from the surface National Center for Research Resources, and National Institutes

g;rgieorfiveimb;yhoi%irgge??Jgﬁ?;ofzV/\:'\as carried out for 10 000 of Health. We thank Leonard Lamsen for technical assistance.

Acknowledgment. This work was supported by two NIH

» i Supporting Information Available: Synthetic methods and
grants (to C.S.C. and to S.M.). High-resolution mass spectra

characterizations for all synthetic compounds and procedures

(36) Case, D. A; Pearlman, D. A,; Caldwell, J. W.; Cheatham, T. E., IIl; Ross, for determination of the dissociation constants (PDF). This
\évﬁesnéysﬁ"'_nme{}'iﬂ%é& 5 ﬁacrfgxie;; ,f\,,'_’; “é'g{ghg;n“,"blsh;?{“g;‘g,,ﬁé,\y’h material is available free of charge via the Internet at
J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P. A. AMBER 5. http://pubs.acs.org.
1997, University of California, San Francisco, CA.

(37) Woods, R. J.; Dwek, R. A.; Edge, C. J.; Fraser-ReidJ.BPhys. Chem.
1995 99, 3832-3846. JA011695M

J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002 3237



