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Peptide deformylase (PDF) is an essential bacterial metalloenzyme which deformylates the N-formylmethi-
onine of newly synthesized polypeptides and as such represents a novel target for antibacterial chemotherapy.
To identify novel PDF inhibitors, we screened a metalloenzyme inhibitor library and identified an N-formyl-
hydroxylamine derivative, BB-3497, and a related natural hydroxamic acid antibiotic, actinonin, as potent and
selective inhibitors of PDF. To elucidate the interactions that contribute to the binding affinity of these
inhibitors, we determined the crystal structures of BB-3497 and actinonin bound to Escherichia coli PDF at
resolutions of 2.1 and 1.75 Å, respectively. In both complexes, the active-site metal atom was pentacoordinated
by the side chains of Cys 90, His 132, and His 136 and the two oxygen atoms of N-formyl-hydroxylamine or
hydroxamate. BB-3497 had activity against gram-positive bacteria, including methicillin-resistant Staphylococ-
cus aureus and vancomycin-resistant Enterococcus faecalis, and activity against some gram-negative bacteria.
Time-kill analysis showed that the mode of action of BB-3497 was primarily bacteriostatic. The mechanism of
resistance was via mutations within the formyltransferase gene, as previously described for actinonin. While
actinonin and its derivatives have not been used clinically because of their poor pharmacokinetic properties,
BB-3497 was shown to be orally bioavailable. A single oral dose of BB-3497 given 1 h after intraperitoneal
injection of S. aureus Smith or methicillin-resistant S. aureus protected mice from infection with median
effective doses of 8 and 14 mg/kg of body weight, respectively. These data validate PDF as a novel target for the
design of a new generation of antibacterial agents.

Ribosome-mediated synthesis of proteins starts with a me-
thionine residue. In prokaryotes, the amino group of the me-
thionyl moiety carried by the initiator tRNAfMet is N formy-
lated by formyltransferase prior to its incorporation into a
polypeptide. Consequently, N-formylmethionine is always present
at the N terminus of a nascent bacterial polypeptide. However,
most mature proteins do not retain the N-formyl group or the
terminal methionine residue. Following translation, the formyl
group is hydrolyzed by peptide deformylase (PDF), which is nec-
essary for further processing at the N terminus by methionine
aminopeptidase (32). Deformylation is therefore a crucial step in
bacterial protein biosynthesis, and PDF is essential for bacterial
growth (23). The gene encoding PDF (def) is present in all se-
quenced pathogenic bacterial genomes and has no mammalian
counterpart, making it an attractive target for antibacterial che-
motherapy. Although the enzyme has been known for 30 years, it
has proved difficult to isolate and characterize due to its apparent
instability. Recently, two X-ray crystal structures and a solution
structure of PDF have been determined (5, 9, 12), identifying
PDF as a new class of metalloenzyme related in structure to the
metalloproteinase superfamily. PDF has been shown to utilize
iron as the catalytic metal. With iron as the active-site metal ion,

the enzyme is extremely unstable; iron, however, can be replaced
by nickel or cobalt to yield a stable enzyme that retains full activity
(4, 29, 30). In each case, the metal is coordinated by two histidines
of an active-site HEXXH motif, a conserved cysteine, and a water
molecule (4).

A number of PDF inhibitors have been reported, but most
do not possess antibacterial activity (13, 18, 24). However,
recently it has been shown that the natural antibiotic actinonin,
a hydroxamic acid pseudopeptide, is a potent inhibitor of PDF
(11). In addition, a series of b-sulfonyl and b-sulfinylhydrox-
amic acid derivatives have been shown to be potent PDF in-
hibitors with in vitro antibacterial activity (1). As a result of our
previous experience with mammalian matrix metalloprotein-
ases (6), we have accumulated an extensive library of potential
metalloenzyme inhibitors. Using this library, we have identified
a novel compound, BB-3497, which is a potent and selective
inhibitor of PDF and inhibits the growth of several clinically
relevant bacterial pathogens. BB-3497 is orally bioavailable
and is active in systemic models of Staphylococeus aureus in-
fection in the mouse. The X-ray crystal structures of both
actinonin and BB-3497 have been determined, and these data
should facilitate the design of novel inhibitors with improved
pharmacokinetic and antibacterial properties.

MATERIALS AND METHODS

Antimicrobial agents. BB-3497, 2R-[(formyl-hydroxy-amino)-methyl]-hexano-
ic acid (1S-dimethylcarbamoyl-2,2-dimethylpropyl)amide, was prepared at Brit-
ish Biotech Pharmaceuticals Ltd. as described in patent application WO 99/
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39704. The purity was determined to be .97% by high-pressure liquid
chromatography. BB-3497 was freely soluble in water to at least 20 mg/ml.
Actinonin, ampicillin, chloramphenicol, carbenicillin, ofloxacin, and vancomycin
were obtained from Sigma (Poole, United Kingdom).

PDF purification. Escherichia coli def was cloned into the expression vector
pET24a(1) (Novagen, Inc., Madison, Wis.) by standard procedures (31) and was
used to transform BL21(DE3) cells. Cultures of BL21(DE3) cells harboring
pET24-PDF were induced with 1 mM isopropyl-b-D thiogalactopyranoside
(IPTG) for 3 h at 37°C. All steps were carried out at 0 to 4°C unless otherwise
indicated. Cells were disrupted by sonication in the presence of 50 mM HEPES
(pH 7.5)–5 mM NiCl2 (buffer A), and the resulting suspension was cleared by
centrifugation at 20,000 3 g for 15 min. The lysate was dialyzed against buffer A,
and the precipitate was removed by centrifugation at 20,000 3 g for 15 min. PDF
was then bound to Q-Sepharose and eluted with a 0 to 0.5 M KCl gradient.
Active fractions were pooled and then dialyzed against buffer A. PDF was further
purified by size exclusion chromatography using Superdex 75, and the active
fractions were pooled. Under these conditions, the native metal exchanges for
the stable Ni21 form. Determination of the metal content by inductively coupled
plasma mass spectrometry revealed 0.8 Ni21 ion per polypeptide (data not
shown).

Enzyme assays. PDF in vitro assays were performed with a final volume of 100
ml containing 8 ng of PDF, 80 mM HEPES (pH 7.4), 0.7 M KCl, 0.035% Brij, 1
mM NiCl2, and 4 mM f-Met-Ala-Ser; incubation was at 37°C for 30 min. The free
amino group of the product (Met-Ala-Ser) was detected using fluorescamine by
the addition of 50 ml of 0.2 M sodium borate (pH 9.5) followed by 50 ml of
fluorescamine (0.2 mg/ml in dry dioxane). Fluorescence was quantified with an
SLT Fluostar plate reader using an excitation wavelength of 390 nm and an
emission wavelength of 495 nm. Vehicle controls plus or minus enzyme provided
the 0 and 100% inhibition values, respectively. The data were analyzed by
conversion of the fluorescence units to percent inhibition, and the inhibitor
concentration was plotted against percent inhibition. The concentration (nano-
molar) of inhibitor required to decrease enzyme activity by 50% (IC50) was
determined. Matrix metalloproteinases were prepared as described previously
(10) and assayed using a coumarin-labeled peptide (19). Angiotensin I-convert-
ing enzyme and enkephalinase were assayed as described previously (8, 14).

In vitro microbiological analysis. MICs were determined by a broth microdi-
lution method (26) with a starting inoculum of 5 3 105 CFU/ml for all isolates.
Mueller-Hinton broth (Oxoid) adjusted with divalent cations to final concentra-
tions, per liter, of 20 mg of Ca21 and 10 mg of Mg21 (CSMHB) was used unless
otherwise indicated. Organisms were incubated at 35°C for 20 h, and the MIC
was defined as the lowest concentration of antimicrobial agent inhibiting visible
growth. For Streptococcus pneumoniae and Haemophilus influenzae, brain heart
infusion broth supplemented with 2% horse serum (Oxoid) and 20 mg of NAD
(Sigma) per liter was used, and the organisms were incubated for 24 h. Bacterial
strains were obtained from the American Type Culture Collection. Methicillin-
resistant S. aureus and vancomycin-resistant Enterococcus faecalis were clinical
isolates. E. coli DH5a [F9 D(lacZYA-argF)U169 deoR endA1 hsdR17 (rK

2 mK
1)

supE44 thi-1 recA1 gyrA96 relA1 (f80dlacZDM15)] was obtained from Life Tech-
nologies Ltd. BL21 (DE3) [B F2 dcm ompT hsdS (rB

2 mB
2) gal (lcIts857 ind1

Sam7 nin5 lacUV5-T7 gene 1)] was obtained from Novagen Inc., and TG1 [supE
hsdD5 thi D(lac-proAB) F9 (traD36 proAB1 lacIq lacZDM15)] was obtained from
New England Biolabs, Inc. E. coli TG1 DacrB was constructed using the pKO3-
based system (21) obtained from George Church, Harvard Medical School. E.
coli D22 [envA1 proA23 lac-28 tsk-81 trp-30 his-51 rpsL173 (strR) tufA1 ampCp-l]
was obtained from the E. coli Genetic Stock Center. E. coli DH5a Dfmt was
selected as a spontaneously occurring mutant and contains a four-base deletion
within the fmt coding sequence.

Molecular techniques and sequence analysis. Molecular techniques, including
cloning, PCR, and DNA purification, were performed by standard protocols (31).
DNA sequences of cloned or PCR-amplified fragments were determined on both
strands using an ABI PRISM dye terminator cycle sequencing ready reaction kit
with AmpliTaq DNA polymerase FS according to the manufacturer’s instruc-
tions. The products were analyzed using an ABI 377 PRISM sequence analysis
system (Perkin-Elmer Applied Biosystems).

Time-kill analysis. The test strains were grown overnight at 37°C in CSMHB
and diluted with fresh broth prewarmed to 37°C to yield a staring inoculum of
approximately 106 CFU/ml. BB-3497 and control antibiotics were added at final
concentrations four- and eightfold above their MICs and cultures were incubated
with agitation at 37°C. Parallel cultures containing no antibiotic served as con-
trols. Colony counts were determined at intervals by serial dilution and plating
techniques. Antibiotic carryover was eliminated by using a dilution factor of at
least 100.

Spontaneous mutation frequencies. Organisms were grown in CSMHB to the
exponential phase. Strains were concentrated by centrifugation, and approxi-
mately 109 CFU was spread over the surface of Mueller-Hinton agar (Oxoid)
containing BB-3497 at two or four times the appropriate agar dilution MIC.
Colonies were counted after 48 h of incubation at 37°C. Spontaneous mutation
frequencies were determined by dividing the number of colonies on antibiotic-
containing plates by the number of CFU originally plated.

Pharmacokinetics. BB-3497 and actinonin were formulated at 20 and 10 mg/
ml, respectively, in water. Three rats in each group were dosed orally (p.o.) with
BB-3497 at 100 mg/kg of body weight or actinonin at 50 mg/kg. Blood samples
(0.5 ml) were taken at 0.25, 0.5, 1, 2, 4, 6, and 24 h postdose. Plasma was
harvested and protein was precipitated before analysis by liquid chromatography
and mass spectrophotometry.

In vivo systemic infection model. Infection models were performed at MDS
Panlabs Pharmacology Services (Bothell, Wash.). Groups of 10 ICR-derived
male mice were inoculated intraperitoneally (i.p.) with S. aureus (Smith) ATCC
19636 at 1.6 3 106 CFU/0.5 ml/mouse or methicillin-resistant S. aureus ATCC
33591 at 5 3 107 CFU/0.5 ml/mouse; organisms were suspended in broth con-
taining 5% mucin (type II from porcine stomach, M 2378, lot 48H0596; Sigma).
BB-3497 (100, 60, 30, 10, 6, and 3 mg/kg), ofloxacin, and vehicle (sterile water or
saline) control were administered p.o. or intravenously (i.v.) to test animals 1 h
after bacterial challenge. Mortality was recorded after 7 days. In all experiments,
at least 9 of 10 animals died in the control group. The amount of antibiotic, in
milligrams per kilogram of body weight, required to cure 50% of the infected
animals (ED50) was determined.

Crystallization and structural determination. Crystals of the PDF-actinonin
and PDF–BB-3497 complexes grew in a monoclinic form under the following
conditions. Hanging drops were formed by mixing 5 ml of complex solution (10
mg of PDF per ml, 20 mM inhibitor, 50 mM HEPES [pH 7.5]) with 5 ml of
reservoir solution (25 to 32% polyethylene glycol 4000, 0.1 M sodium citrate [pH
5.6], 0.2 M ammonium acetate) at room temperature. The crystals were similar
to those reported previously (9) and belonged to space group C2, with three
independent polypeptide chains in the asymmetric unit, and the following cell
dimensions: for the PDF-actinonin complex—a 5 138.6 Å, b 5 63.1 Å, c 5 85.6
Å, and b 5 121.4; and for the PDF–BB-3497 complex—a 5 143.2Å, b 5 64.5Å,
c 5 85.2Å, and b 5 123.1°. Data were collected to 1.75 and 2.1 Å from single
crystals of the actinonin and BB-3497 complexes, respectively, at 100 K; samples
were transferred, prior to freezing, to a solution containing 33% polythylene
glycol 4000, 15% glycerol, 0.1 M sodium citrate (pH 5.6), and 0.2 M ammonium
acetate using Ni-filtered, double-mirror-focused Cu Ka X-rays; and data were
collected on a MAR345 image plate system. Data were processed using the HKL
suite of programs (28) and then the CCP4 suite of programs (3). Both complex
structures were solved by molecular replacement using the program AMORE
with the E. coli PDF structure 1DFF (9) as the trial model. Three copies of the
PDF polypeptide were placed at the positions indicated by the molecular re-
placement solutions and refined as separate rigid bodies using the TNT package
(33). Subsequent positional and isotropic temperature factor refinement was
done with the maximum-likelihood option of REFMAC (25); solvent molecules
were added automatically using ARP (20) with an acceptance criterion of a B
factor of ,60. The electron density for residues 165 to 168 in both complexes was
indistinct, and these residues were omitted from the refinement. See Tables 2
and 3 for the data collection and refinement statistics, respectively.

Nucleotide sequence accession numbers. The coordinates of the PDF-acti-
nonin and PDF–BB-3497 structures have been deposited in the Protein Data
Bank under accession numbers 1G2A and 1G27 respectively.

RESULTS

Identification of PDF inhibitors. A library of compounds
featuring metal-chelating groups was screened for agents that
specifically inhibited PDF activity and had antibacterial activ-
ity. Several compounds were identified from this screen, in-
cluding the natural hydroxamic acid antibiotic actinonin, a
recently described PDF inhibitor (11). Also identified was a
related N-formyl-hydroxylamine derivative, BB-3497, whose
metal binding group closely mimics the N-formyl substrate of
PDF and showed a strong structural resemblance to the known
PDF substrate fMet-Ala-Ser. Actinonin and BB-3497 were
both potent inhibitors of E. coli PDF.Ni in an in vitro assay,
with IC50s of 10 and 7 nM, respectively, and were highly se-
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lective for PDF over other mammalian metalloenzymes (Table
1 and Fig. 1).

Structural determination of actinonin and BB-347 bound to
PDF. To elucidate the interactions that contribute to the bind-
ing affinity of actinonin and BB-3497 for PDF, we purified the
PDF.Ni enzyme, cocrystallized it with actinonin and BB-3497,
and determined the resulting structures using molecular re-
placement (Tables 2 and 3 and Fig. 2). In both the PDF-
actinonin and the PDF–BB-3497 structures, the three mole-
cules in the asymmetric unit were very closely related, except
for small deviations in regions 64 to 69 and the C-terminal
helix at regions 147 to 164. The root mean square (rms) for
deviations between the remaining 140 Ca atoms for both struc-
tures was approximately 0.25 Å. The inhibitors bound in a
similar fashion in each complex, lying in a cleft on the enzyme
surface and approximately within the active site, confirming
the locations of the S19, S29, and S39 binding pockets in PDF.

In both complexes, the Ni atom is pentacoordinated by the
two O atoms of the hydroxamate group of actinonin or those of
the N-formyl-hydroxylamine of BB-3497, the N-ε2 atoms of the

side chains of His 132 and His 136, and the Sg atom of Cys 90
(Fig. 2). The average oxygen nickel binding distances are 2.1 Å
(to the carbonyl oxygen atom of the N-formyl-hydroxylamine
or the nitrogen-bound oxygen atom of the hydroxamate) and
2.3 Å (to the nitrogen-bound oxygen atom of the N-formyl-
hydroxylamine or the carbonyl oxygen atom of the hydroxam-
ate), which are within the normal range of oxygen zinc binding
distances observed for hydroxamate inhibitors bound to matrix
metalloproteinases (2) and thermolysin (17). Hydrogen bonds
are also made to the hydroxamate or the N-formyl-hydroxyl-
amine by the side chains of Glu 133 and Gln 50 and the
main-chain NH of Leu 91. In both inhibitor complexes, hydro-
gen bonds are made between the main-chain NH of Ile 44 and
the P19 carbonyl and also between the main-chain carbonyl
oxygen and NH groups of Gly 89 and the P29 NH and carbonyl
groups, respectively. The hydrophobic S19 pocket is delineated
by the residues Ile 44, Ile 86, Glu 88, Leu 125, Ile 129, and His
132 and is occupied by the n-pentyl or n-butyl side chain of
actinonin or BB-3497, respectively. In the P29 position, the side
chain (isopropyl in actinonin and tert-butyl in BB-3497) is

FIG. 1. Structures of BB-3497 and actinonin and effects on the activity of E. coli PDF.Ni. Error bar, standard deviation.

TABLE 1. Metalloenzyme inhibition profiles for actinonin and BB-3497

Compound
IC50 (nM)a for:

PDF.Ni MMP-1 MMP-2 MMP-3 MMP-7 Enkephalinase ACE

BB-3497 7 2,000 15,000 .100,000 .100,000 50,000 .100,000
Actinonin 10 1,000 3,000 6,000 60%b 7,000 .100,000

a
MMP, matrix metalloproteinases; ACE, angiotensin I-converting enzyme.

b Percent inhibition at 100 mM.
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mainly exposed to solvent but does make van der Waals inter-
actions with the side chain of Arg 97, which adopts a slightly
different conformation in each complex. Similarly, most of the
inhibitor atoms at the P39 position are solvent accessible, with
one face of the pyrrolidine ring in actinonin or the tertiary
amine in BB-3497 packing against the side chains of Ile 44 and
Leu 125. In the PDF-actinonin complex, a final hydrogen bond
is made between the terminal alcohol group and the main-
chain carbonyl oxygen of Glu 87 (Fig. 2).

In vitro microbiological properties of BB-3497 and acti-
nonin. BB-3497 showed superior in vitro antibacterial activity
relative to actinonin, particularly against gram-negative bacte-
ria (Table 4). To determine if the antibacterial activity of these
compounds was due to their inhibition of PDF, we measured
the MICs of actinonin and BB-3497 for an E. coli strain with a
null deletion mutation of the formyltransferase gene (fmt).
Strains which lack transformylase activity use methionine-
tRNAi

Met to initiate protein synthesis, albeit inefficiently, and
thus have no requirement for deformylase activity. Such mu-
tations are known to severely inhibit the growth of E. coli (15).
In accordance with the prediction for an antibiotic whose mode
of action is inhibition of PDF, the E. coli fmt mutant was totally
resistant to actinonin and BB-3497 (Table 5). In addition,
when def was introduced into E. coli on a plasmid and expres-
sion was induced from a strong promoter, the MICs of acti-
nonin and BB-3497 increased significantly compared to those
of control antibiotics (Table 5). Taken together, these experi-
ments confirm the mode of action of actinonin and BB-3497.

The bacteriostatic or bactericidal effects of BB-3497 against
S. aureus ATTC 29213 and E. coli ATCC 25922 were assessed
with a 24-h time-kill analysis. At four and eight times the MIC,
both strains showed ,1-log-unit decreases in viable counts.

The control antibiotic ampicillin or vancomycin showed bacte-
ricidal activity, with a decrease of more than 3-log units in
viable counts for E. coli or S. aureus, respectively. Thus, as
reported previously for actinonin (11), BB-3497 has a bacteri-
ostatic mode of action.

Mechanism of resistance to BB-3497. The spontaneous mu-
tation frequencies of S. aureus ATTC 29213 and E. coli 25922
were determined with BB-3497. Bacteria were plated on anti-
biotic-containing plates at two and four times the agar MIC for
each organism. BB-3497-resistant mutants arose at frequencies
of 1 3 1027 for E. coli and 2 3 1027 for S. aureus. For S.
aureus, all the resistant strains were highly resistant to BB-3497
(Table 6). The DNA sequence of the defA-fmt operon and the
defB gene of the S. aureus strains was determined. All the
resistant strains had mutations within the fmt gene that would
result in the expression of a truncated and presumably non-
functional formyltransferase. These results were similar to
those previously reported for actinonin-resistant mutants (22).
For E. coli, two phenotypes were evident: first, strains with
two- to fourfold increases in the MIC but with normal growth
properties, and second, very resistant strains that grew slowly.
The sequence of the def-fmt operon was determined for se-
lected strains. For the highly resistant, slowly growing class of
mutant, one strain had a missense mutation in the fmt gene,
and the others had mutations that would result in the expres-
sion of a truncated formyltransferase (Table 6). DNA se-
quence analysis of a mutant with only a two- to fourfold in-
crease in the MIC showed that the def-fmt operon was identical
to that in the wild-type strain (Table 6).

The doubling times of the resistant strains grown in rich
media with agitation were determined (Table 6). The E. coli
fmt mutants had doubling times in the exponential phase of

FIG. 2. Actinonin and BB-3497 bound to the active site of E. coli PDF.

TABLE 2. Data collection statisticsa for structural determination

Drug Resolution (Å) Rsymm I/sI Completeness (%) No. of independent
reflections Multiplicity

Actinonin 14.0–1.75 0.044 (0.19) 13.6 (3.9) 85.9 (86.8) 54,729 (3,634) 1.95
BB-3497 20–2.1 0.04 (0.24) 16.2 (3.9) 94.7 (92.7) 36,273 (2,368) 1.95

a Data in parentheses are for the highest-resolution shell (1.79 to 1.75 Å for the actinonin complex and 2.15 to 2.10 Å for the BB-3497 complex).
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growth that were at least twice that of the wild type but were
not as disabled as previously reported for laboratory-adapted
E. coli K-12 strains with fmt disruptions (15, 27). The S. aureus
fmt mutants grew 30 to 40% more slowly than the parental
strain, similar to previously reported results (22).

In vivo activity of BB-3497. Actinonin and its derivatives
were never developed for the treatment of infections due to
their poor bioavailability and consequent lack of in vivo effi-
cacy (7). This information was confirmed in our own studies
with rats, for which we were unable to detect actinonin in the
blood following a 50-mg/kg p.o. dose. In contrast, BB-3497 was
rapidly and well absorbed following p.o. administration to rats
at a dose of 100 mg/kg (maximum concentration of drug in
serum, 24 mg/liter; area under the concentration-time curve
from 0 to 24 h, 34 mg z h/liter). In light of its favorable phar-
macokinetic properties, BB-3497 was tested in a murine sys-
temic S. aureus infection model. A single i.v. or p.o. dose of
BB-3497, given 1 h after an i.p. injection of S. aureus Smith,
rescued mice from infection with an ED50 of 7 and 8 mg/kg,
respectively (Table 7). When tested against a methicillin-resis-
tant strain of S. aureus, BB-3497 administered p.o. had an
ED50 of 14 mg/kg, which compared favorably to that of ofloxa-
cin, which had an ED50 of 10 mg/kg. These results demonstrate
the potential of this new class of antibiotic for the treatment of
bacterial infections.

DISCUSSION

Inhibition of deformylase activity is an attractive target for
antibiotic therapy, as it is an essential function that is ubiqui-
tous in pathogenic bacteria and as it has no mammalian coun-
terpart. Recently, a number of inhibitors of PDF have been
described to have antibacterial activity (1, 11); however, to date
none has been shown to have activity in animal models of
infection. In this study, by screening a library of metalloenzyme
inhibitors for inhibitors of PDF with antibacterial activity, we
have identified the previously described hydroxamic acid de-
rivative actinonin and a novel N-formyl-hydroxylamine deriv-
ative, BB-3497. BB-3497 and actinonin are potent inhibitors of
E. coli PDF and were highly selective for PDF over the other
mammalian metalloenzymes tested. Both also show a strong
structural resemblance to the known PDF substrate fMet-Ala-
Ser. To understand how these inhibitors bind to PDF, X-ray
crystal structures of BB-3497 and actinonin bound to PDF
were determined.

In both complexes, the active-site Ni atom is pentacoordi-
nated by the two O atoms of the hydroxamate group of acti-
nonin or those of the N-formyl-hydroxylamine of BB-3497 and
by the side chains of Cys 90, His 132, and His 136. The alkyl
chains which mimic the methonine side chain of the natural
substrate lie along the hydrophobic S19 pocket. The P29 and
P39 side chains are largely exposed to solvent and are therefore

attractive sites for modification to improve the properties of
the molecules. From the structures it is apparent that the two
oxygen atoms of the N-formyl-hydroxylamine of BB-3497 or
those of the hydroxamate moiety of actinonin occupy approx-
imately the same positions as the two Ni-bound water mole-
cules seen in the structure of E. coli PDF. Ni complexed with
Met-Ala-Ser (4) (Fig. 3). The position of the nitrogen-bound
oxygen of the N-formyl-hydroxylamine of BB-3497 (or the car-
bonyl oxygen of the hydroxamate of actinonin) corresponds to
that of the formyl group of the substrate, which is presumed to
bind to an oxyanion hole created by interactions with the
main-chain amide of Leu 91, the side-chain amide of Gln 50,
and the Ni atom. The position of the carbonyl oxygen of the
N-formyl-hydroxylamine (or the nitrogen-bound oxygen of the
hydroxamate of actinonin) is close to that of the water mole-
cule that is presumed to act as the attacking hydroxide nucleo-
phile in the hydrolytic cycle of the enzyme. This information
would suggest that the tight binding of BB-3497 or actinonin to
PDF is derived in part by mimicking of the structure of critical
elements of the active site chemistry. Since the structure that
we observed is not that of the true transition state, it is difficult
to be certain of the implications of these findings for the
enzyme’s mechanism. Nevertheless, the pentacoordinated
nickel is consistent with the structure of the product complex
of PDF and with a pentacoordinated transition state, as pro-
posed by Becker et al. (4). However, analysis of the crystal
structure of a substantially weaker H-phosphonate inhibitor
bound to PDF revealed that the metal center is tetrahedrally
coordinated in this transition state mimic and that the metal
hydrogen bonding network is less complex than that in BB-
3497 and actinonin (16). These factors probably contribute to

TABLE 3. Refinement statistics for structural determination

Drug Rfactor
(all reflections)

Rfree
(5% of reflections)

rms for deviation
bonds (Å)

rms for deviation
angles (°)

No. of
non-H atoms

No. of
solvent atoms

Actinonin 0.19 0.25 0.013 2.437 4,767 726
BB-3497 0.21 0.27 0.014 1.043 4,097 79

TABLE 4. In vitro activities of actinonin and BB-3497

Bacterial straina
MIC (mg/ml) of:

Actinonin BB-3497

Staphylococcus aureus ATCC 29213 (MSSA) 32 16
Staphylococcus aureus ATCC 6538 (MSSA) 32 4
Staphylococcus aureus (MRSA) 32 16
Staphylococcus epidermidis ATCC 27626 2 4
Enterococcus faecalis ATCC 29212 64 32
Enterococcus faecalis (Vanr) 128 8
Streptococcus pneumoniae ATCC 49619 32 8
Haemophilus influenzae ATCC 49247 2 0.25
Escherichia coli ATCC 25922 64 8
Escherichia coli TG1 (parent) 128 8
Escherichia coli TG1 (DacrB) 1 0.125
Escherichia coli D21 (parent) 128 8
Escherichia coli D22 (envA1) 8 0.25
Klebsiella pneumoniae ATCC 13883 128 8
Enterobacter cloacae ATCC 13047 .128 8
Pseudomonas aeruginosa ATCC 27853 128 128

a MSSA, methicillin-sensitive S. aureus; MRSA, methicillin-resistant S. aureus.
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the difference in activity between these inhibitors. Further
studies are required to resolve these differences.

BB-3497 and actinonin show activity predominantly against
gram-positive pathogens, although BB-3497 does have activity
against E. coli, Enterobacter cloacae, and Klebsiella pneu-
moniae. The potential to obtain significant potencies with the
PDF inhibitor class of antibiotics against gram-negative bacte-
ria, however, was evidenced by the potencies of actinonin and
BB-3497 against an E. coli strain in which the gene encoding
the AcrB multidrug efflux pump had been deleted or against a
“leaky” E. coli envA1 strain, in which the outer membrane was
compromised (Table 4). Similar improvements in potency have
been obtained with BB-3497 for an oprM efflux pump mutant
of Pseudomonas aeruginosa (S. Salama, personal communica-
tion). For gram-negative bacteria, it is well known that a com-
bination of the negatively charged outer membrane and mem-
brane-bound multidrug efflux pumps can act synergistically to
reduce the activities of many antibiotics.

The mechanism of resistance of BB-3497 and other PDF
inhibitors via mutations in the formyltranferase gene fmt was
predicted from earlier genetic analysis of the formylation-de-
formylation cycle (23) and as previously reported for actinonin
(22). For both E. coli and S. aureus, resistant mutants were
readily isolated in vitro. The viability of the E. coli fmt mutants
was clearly compromised, with low growth rates, as previously
reported (15, 27). In contrast, the S. aureus strains were only
modestly compromised in vitro; however, the growth of S.
aureus fmt mutants has been shown to be significantly attenu-

ated in a mouse abscess model (22). Similarly, BB-3497-resis-
tant S. aureus strains require a 25- to 100-fold higher inoculum
to establish infection in a mouse systemic infection model
(British Biotech Pharmaceuticals Ltd., unpublished data).
Thus, bypass of the normal methionine formylation-deformya-
tion cycle places S. aureus at a considerable disadvantage in
vivo. An important question for the PDF class of antibiotic will
be to determine how quickly fmt mutants are selected during
therapy.

Actinonin has been known as an antibiotic for nearly 40
years; however, early attempts to develop a series of hydrox-
amic acid analogues of actinonin never reached clinical devel-
opment due to poor in vivo activity (7). By screening our
metalloenzyme inhibitor library, which is enriched with more
“drug-like” compounds, we isolated a compound with good
pharmacokinetic properties. The reasons for these improved
pharmacokinetic properties of BB-3497 relative to actinonin
are unclear but may be related to stability within the gastroin-
testinal tract and transport across the gastrointestinal tract
wall. We have previously hypothesized for matrix metallopro-
teinase inhibitors that feature a P29 tert-leucine that the tert-
butyl moiety shields the neighboring amide groups, thereby
reducing hydrogen bonding to bulk solvent and improving ab-
sorption (6). The tert-butyl group may also prevent undesirable
proteolytic attack on the amides. In contrast, the correspond-
ing substituent in actinonin is isopropyl, which has a markedly
weaker steric shielding effect.

To validate PDF as a target for antibacterial chemotherapy,
we investigated BB-3497 in models of systemic S. aureus infec-
tion. BB-3497 showed significant antibacterial activity when
given as a single dose 1 h after the start of infection. As
predicted, this activity was independent of the bacterial resis-

TABLE 5. MICs of actinonin and BB-3497 against an E. coli formyltransferase (fmt) mutant and E. coli BL21(DE3) strains
harboring a control plasmid (pET24) or pET24-PDFa

Strain
MIC (mg/ml)a of:

Actinonin BB-3497 Chloramphenicol Carbenicillin

DH5a (parent) 64 4 8 8
DH5a Dfmt .512 .128 4 4
BL21(DE3)(pET24) 100 8 2 1
BL21(DES)(pET24-PDF) 400 32 2 1
BL21(DE3)(pET24-PDF) 1 IPTG .800 128 1 1

a MICs were determined using a standard microdilution method with Trypticase soy broth. For induction of PDF expression, 0.1 mM IPTG was added to the growth
medium.

TABLE 6. Genotypic characterization and doubling times of
BB-3497-resistant S. aureus and E. coli mutantsa

Strain fmt genotype Doubling time
(min)

MIC
(mg/ml)

S. aureus
ATCC 29213 Wild type 27 32
SA 2 Frameshift at Ile 155 39 .256
SA 6 Glu 197.Stop 37 .256
SA 11 Frameshift at Ile 183 35 .256
SA 13 Frameshift at Ser 68 35 .256

E. coli
ATCC 25922 Wild type 30 8
EC 23 Wild type 32 32
EC 34 Gln 65.Stop 72 .256
EC 37 Ala 10.Pro 71 .256
EC 55 Frameshift at Lys 45 60 .256

a All strains were wild type for def.

TABLE 7. Protection of mice by the PDF inhibitor BB-3497
in a model of systemic S. aureus infection

S. aureus Compound Route ED50 (mg/kg)

Smitha BB-3497 i.v. 7
Smithb Ofloxacin i.v. 2
Smith BB-3497 p.o. 8
Smith Ofloxacin p.o. 10
Methicillin resistantc BB-3497 p.o. 14
Methicillin resistantd Ofloxacin p.o. 10

a BB-3497 MIC, 1 mg/ml.
b Ofloxacin MIC, 0.3 mg/ml.
c BB-3497 MIC, 3 mg/ml.
d Ofloxacin MIC, 0.3 mg/ml.
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tance of the strain and was noted for both methicillin-sensitive
and methicillin-resistant S. aureus. The activities of BB-3497
were similar via the i.v. or p.o. route, reflecting the good oral
bioavailability of this compound. The activity also compared
favorably with that of the control antibiotic ofloxacin (Table 7).

In conclusion, we have identified BB-3497 as a potent PDF
inhibitor with good selectivity for mammalian metalloenzymes
and activity against gram-negative and gram-positive patho-
gens, including multidrug-resistant strains. BB-3497 is well ab-
sorbed following p.o. administration and is effective in animal
models of infection, validating the potential of PDF as an
antibacterial target. Knowledge of the mode of binding of PDF
inhibitors will greatly facilitate the design of further synthetic
PDF inhibitors with improved antibacterial potency and in vivo
efficacy. A key aspect of this design will be a detailed under-
standing of bacterial cell wall penetration and the processes
that regulate the cytosolic concentration of the drug in bacte-
ria. Details of the observed structure-activity relationship of
BB-3497 and optimization of antibacterial activity will be de-
scribed elsewhere.
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