
An Antibiotic Cloaked by Its Own Resistance
Enzyme

Jalal Haddad, Sergei Vakulenko, and Shahriar Mobashery*

Department of Chemistry, Wayne State UniVersity
Detroit, Michigan 48202-3489

ReceiVed September 23, 1999

Discoveries of known bacterial pathogens that have become
resistant to multiple antibiotics have been alarming in recent
years,1-11 stimulating renewed interest in development of novel
antibiotics.12-14 Microorganisms have evolved multiple mecha-
nisms for resistance to antibiotics.2,5,11,15 The most common
mechanism for resistance to antibacterial agents is their structural
modifications by resistance enzymes in the target organisms to
inactive products. Three families of resistance enzymes for
aminoglycoside antibiotics are known.16 These are aminoglycoside
phosphotransferases (APHs), aminoglycoside nucleotidyltrans-
ferases (ANTs), and aminoglycoside acetyltransferases (AAT).16

Aminoglycoside 3′-phosphotransferases [APH(3′)s] are the most
common and the best studied of these enzymes. The versatile
aminoglycoside kanamycin A (1) was made clinically obsolete
by the widespread expression of APH(3′)s in pathogens. These
enzymes transfer theγ-phosphoryl group of ATP to the 3′-
hydroxyl of aminoglycosides. The reaction of APH(3′)s with
kanamycin A is depicted below (1 f 2).

It occurred to us that we could design a self-regenerating
aminoglycoside that undergoes the enzymic phosphorylation at
the 3′-hydroxyl, but chemically the structure of the phosphorylated
molecule would be inherentlyunstable, leading to the elimination
of phosphate and regeneration of the original antibiotic. We
envisioned preparing an analogue of kanamycin A, compound3,
for this purpose. Compound3 would be in equilibrium with it
hydrated variant4. We expected that compound4 would

experience phosphorylation by APH(3′)s, as these enzymes accept
a broad range of molecules as substrates. The product of
phosphorylation (5) would undergo the facile and spontaneous
elimination of the phosphate moietynonenzymically. Elimination
of phosphate leads to the regeneration of3, which then recycles
through the process.17 If compound3 were to have antibacterial
activity, we would have designed/devised an aminoglycoside
antibiotic that retains antibacterial property in the face of the APH-
(3′) activity, rendering these bacterial enzymes obsolete for the
resistant bacterium. The phosphorylated antibiotic would be an
intracellular reservoir for the active form of the drug, which is
merely cloaked by the function of the resistance enzyme itself.

Scheme 1 shows the synthesis for compound3 (details in the
Supporting Information). The compound was obtained in 11 steps
with an overall yield of 9%. The equilibrium for3 and4 favors
the hydrated compound (1:4 mixture in aqueous solution), as
assessed from the1H NMR of the sample in D2O.

Compound4 is indeed a substrate for both APH(3′)-Ia and
APH(3′)-IIa (types Ia and IIa, respectively). The two enzymes
transferred phosphate to4 with the following kinetic parameters:
Km ) 5.7 ( 0.7 µM, kcat ) 0.42 ( 0.01 s-1, kcat/Km ) (7.0 (
1.0) × 104 M-1 s-1 andKm ) 3.8 ( 0.9 µM, kcat ) 0.11( 0.01
s-1, kcat/Km ) (3.0 ( 1.0) × 104 M-1 s-1, respectively.18 Once
the antibiotic is phosphorylated, the product of the reaction
releases the phosphate moiety. A spectrophotometric coupled
assay was employed to link the consumption of ATP (due to
phosphorylation of4) to oxidation of NADH by lactate dehy-
drogenase (Figure 1).19 Compound4 experienced phosphorylation
and elimination of phosphate in the presence of APH(3′)-Ia, a
process that repeated itself for at least eight times for each
molecule of3/4 in solution in 20 min of incubation, uninterrupted
for as long as there was sufficient phosphoenolpyruvate (PEP)
to facilitate recycling of ATP.20 Upon depletion of NADH,
additional amounts of the reagent would allow continuous
monitoring of this ongoing process (again, until the ultimate
depletion of PEP; Figure 1B).
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We also attempted to correlate consumption of ATP with the
release of inorganic phosphate from the antibiotic. Within 3 min
of incubation of the recycling mixture, we measured 12.5( 1.2
µM of ATP consumed (concentration of the antibiotic in the assay
mixture was 10µM). The Malachite Green assay for inorganic

phosphate21 after 3 min of incubation gave 11.03( 0.09µM of
inorganic phosphate. Hence, consumption of ATP and release of
inorganic phosphate appear to proceed one after another (the
measured concentration of inorganic phosphate after 20 min of
incubation was about 80µM for the 10 µM of antibiotic in
solution). The same mixture in the absence of compound3 gave
a negligible value for the content of free inorganic phosphate.

Table 1 summarizes the biological activities of kanamycin A
and compound3 against a set of isogenic laboratory strains.
Escherichia coliJM83, used in these experiments, is a laboratory
variant of the strain K-12. Compound3 is not as active as
kanamycin A against this laboratory microorganism. However,
we opted to use this strain since its aminoglycoside resistant
variants have been engineered in our laboratory. The following
analysis demonstrates that compound3, as the prototype molecule
of its kind, performs in vivo as was intended that it should. The
gene for APH(3′)-Ia was engineered into a low-copy plasmid in
E. coli JM83 pACYC177 and in a high-copy plasmid in strainE.
coli JM83 pUC19::Km. The high-copy and low-copy bacterial
strains increased the minimum inhibitory concentration (MIC) for
kanamycin A by 1000- and 500-fold, respectively. The same two
strains increased the MIC for compound3 by a mere 4-fold.

Hence, this type of antibiotic does not attempt to circumvent
the resistance enzymes,22 but it is simply not affected appreciably
by their catalytic function. Not only would this antibiotic make
the presence of the resistance enzymes obsolete in the clinical
strains, the potential future use of this type of antibiotic in the
clinic might be an impetus for the organisms that harbor the
plasmid-borne genes for these enzymes to lose them (i.e., reverse
selection).
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Scheme 1

Figure 1. (A) The coupled spectrophotometric assay of pyruvate kinase
and lactate dehydrogenase recycles ATP, which is consumed by the APH-
(3′)-mediated phosphorylation of4. (B) The gradual disappearance of
the chromophore for NADH, as a function of phosphorylation of4, was
monitored by the decline in absorbance at 340 nm. The process is
continuous until PEP (180-fold excess) is entirely depleted (details in
ref 20). Each run was initiated/reinitiated by the addition of the given
quantity of NADH to the recycling mixture.

Table 1. Minimum Inhibitory Concentrations (MICs) for
Compound3 and Kanamycin A againstE. Coli JM83 and Its
Engineered Isogenic Variants

MIC (µg/mL)

strainsa kanamycin A compound3

E. coli JM83 pACYC177 4000 1000
E. coli JM83 pUC19::Km 8000 1000
E. coli JM83 8 250

a Preparation of the strains are described in the Supporting Informa-
tion.
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