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The pathogenesis of anthrax is determined by three plasmid- A >
encoded proteins of the Gram positBacillus anthracis protective He;:me, N f
antigen (PA), edema factor (EF), and lethal factor (LA)hese
proteins are individually nontoxic. Their toxic effects during anthrax ,{ EForLF
infection require cooperation: self-assembly of PA into a heptamer
mediates entry of EF and LF into mammalian cells (Figure 1A).
Once inside the cell, EF causes edema vigt€almodulin- EF
dependent adenylate cyclase activity. LF, a Zn-dependent endo- }
peptidase, specifically cleaves the N-terminus of the D-domain of 7 Ty
mitogen-activated protein kinase kinases (MAPKK), thereby ab- ATP cAMP MAPKK

rogating an essential signal transduction pathway of the host
macrophagé-* Strains of B. anthracisdeficient in EF remain B oy
pathogenic, while those lacking LF become attenuated. LF is

therefore considered the dominant virulence factor of anthfax, M P im . Ej:u
and some synthetic aromatic and peptide-like cationic small- v
molecule inhibitors have been reported.

Quenched Substrate Fluorescenca

We have begun a search for novel LF inhibitors using an in vitro p) -° 7 ° “
fluorescent assay (Figure 1B library of approximately 3000 Lm, — Ty H i"zH@ ’
. . - N-KKVYPYPME. M.\ e
compounds was screened in a 96-well assay foPniNgomycin T N

Q a NO2
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B, a commonly utilized antibiotic of the aminoglycoside family,
emerged as the most potent inhibitor of LF (Table 1, Figure 2).
Other common aminglycosidé%,as well as novel synthetic
aminoglycosides, were tested in a secondary round of screening.Table 1. Inhibition Constants of Aminoglycosides for LF and Their
Table 1 lists theK; values of the aminoglycosides that show the Corresponding Dissociation Constants for RNA

Figure 1. (A) PA assisted entry of EF and LF. (B) Fluorescent substrate
for the screening of LF inhibitors.

highest inhibitory activities against LF. These aminoglycosides were lethal factor 16S rRNA A-Site
observed to be competitive inhibitors of LF. Preliminary investiga- aminoglycosides Ki (nM)* Ka (M)
tion of the binding mechanism of these aminoglycosides showed neomycin B 7.0£2.1 200+ 36
that their inhibitory activity is pH dependent and most potent in 8:;;% ﬁ-i i-g 4114'251 3-2
the physiological pH range. The binding affinity of the amino- OP463 2855 8.8 1664 20

glycosides is also dependent on the ionic strength of the assay.
environment: the higher the salt concentration (e.g., KCI), the lower  a10 mm KHEPES pH7.4, 0.1 mg/mL BSA, 33 nM LF, fluorescent
the affinity. substrate, and inhibitors.

Examination of the recently determined X-ray crystal structure
of LF shows that the active site of the protease consists of a broad
deep, 40 A groove with a highly negative electrostatic potential
containing clusters of Glu/Asp as well as GIn/Asn residtigs.

vicinity of the catalytic Zn(Il) (Figures 3 and 4). Negatively charged
‘residues (Asp328, Glu374, Asp394, Glu651, Glu662, Glu687,
" Asp706, Glu733, and Glu735) surround the aminoglycosides, with
many making direct contacts via electrostatic and H-bonding

ﬁcid:;%?resAidugg‘lAsAf)SZgz? G|(|;|33;351 Ggf’z%z G(Isl 223 ilus?z% interactions. Interestingly, the neomycin B/LF complex indicates
GTp733’ ZpGI %SSSp I’ tud t’ u'th' ’th uoo it Sfth' ' that the hydroxyl group on C-4 of ring | is within coordination
usss, an u are located at or within the vicinity oT S ;g0 (2.0 A) from the catalytic Zn(ll).

active site. Computational docking experiments with neomycin B
and OP71 support the experimental results that the active site of
LF has the propensity to bind to these molecdfeshe lowest-
energy docked conformations of the neomycin B/LF and OP71/LF
complexes show that neomycin B and OP71 reside within the

The inhibition of LF by aminoglycosides is an unexpected finding
as they are more commonly known as RNA binders and not as
enzyme inhibitors. LF appears to be the first example of a protease
that is inhibited by aminoglycosides. Aminoglycoside antibiotics
such as neomycin B exert their antibacterial activities by binding
selectively to the major groove of the bacterial A-site decoding-

T Department of Chemistry. ; ; ; ; ; ;
* Department of Molecular and Experimental Medicine. region of '163 ribosomal RNA, causing deleterious Tnlsrez;d{qg of
§ Optimer Pharmaceuticals, Inc. the genetic cod& Table 1 also lists the corresponding affinities

4774 m J. AM. CHEM. SOC. 2004, 126, 4774—4775 10.1021/ja0495359 CCC: $27.50 © 2004 American Chemical Society



COMMUNICATIONS

NHg* )
HO X = OH Neamine
Xm0 X =H Nebramine
_ o+
O = THsN G HN
5-Linked =

NH*
HO
Ho&
“HaN oHaN

o. O

HO NH* NH3*
n OH OH
+ O OH Linker
el Q. Q
N
o : o NH3+ O/\/\'?‘ N/\K\O
OH R R OH
HO
Neomycin B Linker X R
OP71 (CHz)s OH  CHs
OP76 (CHz)s OH H
OP463 (CHp)s H H

Figure 2. Structures of neomycin B and synthetic aminoglycoside dimers.
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Figure 3. Lowest-energy docked conformation of neomycin B/LF complex.
Neomycin B resides near the catalytic Zn(ll) in the active site.
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Figure 4. Lowest-enery docked conformation of OP71/LF complex. OP71
resides near the catalytic Zn(ll) in the active site.
of neomycin B, as well as OP71, OP76, and OP463, for the bacterial
16S rRNA A-Site!* In addition, these aminoglycosides have also
been shown to be effective antibiotics, with MIC (minimum
inhibitor constant) values in the single digit micromolar rafe.
The shape and directionality of the hydroxyl and ammonium
groups on the aminoglycosides may contribute to the observed

specificity of these molecules as good inhibitors of LF. Further
study of these molecules against fulra serine protease with a
negative electrostatic potential active site on the macrophage cell
surface that activates PA to mediate LF entry into the cell, showed
no inhibition activity.

In summary, this study showed that the antibiotic neomycin B
also targets the LF dB. anthracis The dual function of this drug
may provide a new strategy for the protection against anthrax. The
other synthetic aminoglycosides with better antibiotic activity could
be further improved to increase their potency against LF. Work is
in progress to evaluate the efficacy of neomycin B and synthetic
aminoglycosides in a macrophage assay.
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