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Although peptide deformylase (PDF, EC 3.5.1.27) was first described in 1968, the instability of
enzyme preparations prevented it from being seriously considered as a target until this
problem was finally solved in 1998. PDFs essentiality was first demonstrated in Escherichia
coli in 1994. Genomic analyses have shown this enzyme to be present in all eubacteria. PDF
homologs have also been found in eukaryotes including Homo sapiens. The function and
relevance of the human chromosomal homolog to the safety of PDF inhibitors as therapeutic
agentsisnotclear at this stage. Although there is considerable sequence variation between the
different bacterial PDFs, there are three strongly conserved motifs that together constitute a
critical metal bindingsite. The observation that PDF is a metalloenzyme hasled to the design of
inhibitors containing metal chelating pharmacophores. The most potent of these synthetic
inhibitors are active against a range of clinically relevant respiratory tract pathogens in vitro
andinvivo, including those resistant to current antibiotics. Mutants resistant to PDF inhibitors
have been obtained in the laboratory; these resulted from mutations in the genes for
transformylase (EC 2.1.2.9) or PDF. The mechanism involved and its frequency were patho-
gen-dependent. The two most advanced PDF inhibitor leads, which are both reverse hydro-
xamates, have progressed to phase 1 clinical trials and were well tolerated.

© 2005 Elsevier Inc. All rights reserved.

1. Discovery of PDF

The presence and role of these enzymes in cellular organelles,
such as mitochondria, will be discussed later. All this

In 1966 Capecchi [1] proposed that N-formyl methionine was a
universal initiator in bacterial protein synthesis. However, in
the vast majority of cases the formyl group is cleaved off and in
many cases the methionine is removed as well. Adams [2] was
the first to demonstrate the presence of PDF (EC 3.5.1.27)
activity in a bacterial extract; he noted the instability of the
enzyme and its inhibition by mercaptoethanol. Although we
now know that methionine plays a key role in the initiation of
protein synthesis in all cells, the formylation and subsequent
deformylation of methionine is peculiar to prokaryotes. It
plays no role in the cytosolic protein synthesis of eukaryotes.
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biochemical information already suggested by the late 1960s
the suitability of PDF as a potential target for antibacterial
agents. However, proof of essentiality was lacking, and the
instability of PDF was a serious obstacle.

2. PDF defined as an antibacterial target

Further progress on PDF had to wait more than 20 years and
depended on advances in bacterial genetics and molecular
biology. In 1993 the gene coding for PDF in Escherichia coli was
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Fig. 1 - Structure of PDF inhibitors. Actinonin is a natural product isolated in 1962 with an unknown mechanism of action
that was subsequently shown to be a PDF inhibitor in 2000. LBM415 and BB-83698 are synthetic PDF inhibitors that have

both progressed to phase 1 clinical trials in human volunteers.

shown to belong to a single operon with the related formyl
transferase (FMT; EC 2.1.2.9) gene [3]. When PDF was over-
expressed and purified it was found to contain a tightly bound
zinc atom (in agreement with the predicted presence of a zinc
binding motif in the protein). However, the enzyme obtained
had a very low specific activity. In 1994 further characteriza-
tion of the PDF- and FMT-encoding genes showed that PDF was
essential whereas knocking out FMT only resulted in impaired
growth [4]. PDF could for the first time legitimately described
as a potential target for antibacterials. Interestingly, although
it is essential in an otherwise normal background, the PDF
gene could be knocked out, provided that the FMT gene was
knocked out as well. Such double mutants, like the FMT single
mutants, were seriously growth impaired. In 1995 it was
shown that PDF activity was inhibited by phenanthroline [5], a
further indication of the importance of metal ions to enzyme
activity. These results were reinforced by Pei’s laboratory [6],
which reported that several divalent metal ion chelators were
potent inhibitors of PDF.

3. Solving the problem of PDF instability

The enduring problem of PDF instability was finally solved in
1998 when it was shown that the natural metal is actually
ferrous ion and not zinc [7]. The ferrous ion-containing enzyme
ishighlyactivebutunstable. Excluding oxygen from purification
solutions stabilized enzyme activity by preventing the oxidation
of the active ferrous ion to the inactive ferric form. Over-
expression and purification using standard conditions results in
formation of a poorly active enzyme containing zinc, which is
assumed to be an artifact. Itis not clear if the zinc enzyme itself
possesses poor activity or whether the small amount of activity
observed is due to traces of other active divalent cations.
Fortunately, it was discovered that addition of other divalent
cations, such as cobalt or nickel, during purification made it
possible toisolate highly active, stable preparations of PDF [8,9].
These practical observations paved the way for a number of
groups to initiate the synthesis of PDF inhibitors.

Squibb. Their work on the human angiotensin converting
enzyme (ACE; EC 3.4.15.1) led to the synthesis of the selective
inhibitor Captopril®, which is used for the treatment of
hypertension [10]. ACE is a metalloenzyme; Captopril®
selectively chelates the metal ion present at the active site,
inhibiting enzyme activity. The chelating function in Capto-
pril™is a sulfhydryl group. This mechanism-based drug design
approach was subsequently applied to PDF. A moiety
resembling the enzyme substrate is coupled with an appro-
priate chelator. Researchers at Vicuron Pharmaceuticals
recognized that a molecule having such characteristics had
already been described: actinonin [11]. This natural product
(see Fig. 1) had been discovered in 1962 [12] by empirical
screening and, although it had antibacterial activity, its
mechanism of action was unknown. In 1999 in vitro tests
with purified PDF confirmed that actinonin was indeed a
potent inhibitor of the enzyme [11]. The chelating group
present in actinonin is a hydroxamate. A range of different
chelators has been tried in the quest to synthesize PDF
inhibitors including hydroxamates, reverse hydroxamates,
and carboxylates, as well as sulfhydryls. At this stage the most
potent and selective leads reported contain reverse hydro-
xamates. Many other important enzymes in human cells are
also dependent on metal ions for their function; thus there is a
risk that PDF inhibitors of this type would not provide
sufficient selectivity and therefore be toxic. The mammalian
matrix metalloproteases are a well-known group of enzymes
that are being pursued as potential anticancer targets [13]. The
availability of such enzymes, in addition to ACE, provided a
suitable panel to check the selectivity of PDF inhibitors at the
in vitro level. In addition, the pursuit of matrix metallopro-
tease inhibitors using the same mechanism-based drug design
approach provided relevant insight for the design of PDF
inhibitors. The first crystal structure for PDF from E. coli was
published in 1997 [14], and further reports with and without
inhibitors quickly followed [8,15,16]. The availability of this
structural information has undoubtedly provided additional
input on which to base inhibitor design. For a more thorough
discussion of PDF inhibitors see Jain et al. [17].

4. Application of mechanism-based design to
PDF inhibition

The fact that PDF is a metalloenzyme suggested use of an
approach to inhibitor design pioneered by researchers at

5. Activity against intact bacteria

Identification of a potent PDF inhibitor is no guarantee that it
will be active against intact bacterial cells. The ability of an
inhibitor to access the target (by penetrating the permeability
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Table 1 - Metalloenzyme selectivity and antibacterial

activity of the PDF inhibitor LBM-415

Selectivity [47]

PDE-Ni?* E. coli (ICsq, nM) 0.007
MMP-7 (ICso, uM) >250

Organisms (n): [19-22] MICgp (pg/ml)

S. aureus (258) 2

S. pneumoniae (170) 1
Streptococcus spp. (150) 1
Enterococcus spp. (104) 4
H. influenzae (300) 4-8
M. catarrhalis (103) 0.5
H. pylori (19) 0.5
Mycoplasma (5) 0.002-0.015
Legioniella pneumophila (50) 0.12
Anaerobes: Gram-positive and negative (31) 1
Enterobacteriaceae (112) >32
Nonfermentative bacilli (107) >32

Taken from Refs. [19-22].

barrier), and to maintain an effective concentration (in the face
of efflux pumps and inactivation) is also critical. Fortunately
many potent PDF inhibitors have also proved to be active
against bacteria. Typically these compounds have contained
hydroxamates or reverse hydroxamates as chelators. The
antibacterial spectrum of PDF inhibitors published to date
has been primarily gram positive, including staphylococci and
streptococci, and there is no cross-resistance with existing
antibiotic classes [18]. Table 1 gives the in vitro properties of the
two most advanced PDF leads [19-22]. There is some encoura-
ging activity against fastidious gram negatives such as Morexella
catarrhalis and Haemophilus influenzae. In addition there is
excellent activity against the respiratory pathogens Mycoplasma
pneumoniae and Chlamydophila pneumoniae [18,23,24]. The com-
bination of these activities suggests a potential utility in the
treatment of respiratory tractinfections (RTIs) [25,26]. Like most
other protein synthesis inhibitors, the antibacterial effect of
blocking PDF is primarily bacteriostatic [11], although in some
species such as S. pneumoniae the effect is bactericidal [27].
Examination of the bacterial proteome during inhibition of PDF
revealed the formation of a new series of protein spots on 2D
gels that are considered to be the N-formylated versions of the
normal proteins [26,28]. The precise mechanism of the growth
inhibition is not clear. Are N-formylated proteins non-func-
tional? Does one or more of the N-formylated proteins interfere
with the function of its normal counterpart? We do not yet
know. Surprisingly, ithas been found that even normal B. subtilis
cells contain significant amounts of the N-formylated versions
of certain proteins [28].

6. Mechanism of whole cell activity

Proof that the mechanism of growth inhibitioninintact bacteria
by a PDF inhibitor is mediated through PDF inhibition comes
from several sources. For example, if the PDF gene is put under
the control of an inducible promoter, it can be shown that the
sensitivity to inhibitor correlates with the amount of PDF being

expressed. Atlow levels of inducer, which result in low levels of
PDF, the susceptibility of the bacteria increases significantly. At
high levels of inducer, which result in over-expression of the
PDF gene, the bacteria become resistant to PDF inhibitors but
not to other inhibitors of protein synthesis [11,26]. In the case of
S. pneumoniae it was shown that mutations in the PDF gene
resulted in resistance to inhibitors [29]. Furthermore, bacterial
mutants that by-pass the formylation-deformylation cycle
(discussed later) are completely resistant to PDF inhibitors. All
this evidence suggests that growth inhibition by these
compounds is indeed due to inhibition of PDF.

7. Resistance

The first published studies on acquired resistance to PDF
inhibitors were carried out with Staphylococcus aureus [30].
Mutants resistant to actinonin were readily obtained in vitro at
therather high frequency of 1 x 10~°. Such mutants were highly
resistant to actinonin, but normally susceptible to the other
classes of antibiotics tested. There was, however, cross-
resistance with other synthetic PDF inhibitors. Further exam-
ination of the resistant mutants revealed that they were growth
impaired, with a growth rate about half that of the parent strain.
Similar results have been reported for resistance in E. coli [26]. In
the case of S. pneumoniae the resistance frequency was lower, in
therange of 1 x 1072 [29]. The reason for this difference became
apparent when the mechanism of resistance in each of these
bacteria was studied. In the case of S. aureus, resistant mutants
had an altered FMT gene, whereas that encoding for PDF was
unchanged. This recalled the earlier observation in E. coli that
PDF was essential, unless the FMT-encoding gene was knocked
out as well, and that such double mutants were growth
impaired [4]. The high frequency obtained with S. aureus was
presumably due to the fact that any mutation resultingin loss of
FMT activity would result in resistance, albeit growth impaired.
In the case of S. pneumoniae resistance resulted from mutations
in the PDF gene itself rather than in FMT (which is essential for
its growth). Such mutations must retain PDF function in
addition to preventing the binding of inhibitor. This will be a
less frequent event than simply inactivating an enzyme, as is
the case for FMT in S. aureus. The relevance of the high
frequency of resistance seen in the laboratory for some
pathogens to the eventual clinical utility has been a matter of
active debate. One published study on the virulence of a S.
aureus actinonin-resistant mutant indicated thatits growth was
attenuated by four orders of magnitude in an in vivo mouse
model of infection [30,31]. In another study with a mouse model
of pneumococcal pneumonia, animals were treated with sub-
optimal doses of a PDF inhibitor (BB-83698) and post treatment
isolates from blood were checked for their susceptibility to the
drug used [32]. All 14 isolates tested had the same susceptibility
as the parent strain; thus resistant mutants were not taking
over the population. Additional animal studies seem warranted
to further explore this issue. Survival of such resistant but
growth-impaired mutants, in the absence of a PDF inhibitor,
could depend on the occurrence of secondary ‘fitness’ muta-
tions [33]. Even relatively small differences in growth rate could
rapidly result in the replacement of one strain by another. The
diminished activity (intrinsic resistance) seen against E. coli and
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H. influenzae is likely due to efflux, since in vitro results have
shown that efflux defective mutants have a significantly
increased susceptibility to PDF inhibitors [34-36]. Efflux is
presumably playing a significant role in the intrinsic resistance
of other Gram negative bacteria as well.

8. The contribution of genomics

The definition of PDF as a potential target in E. coli was based
on biochemical and genetic evidence and just preceded the
beginning of the microbial genomics era in 1995 [37]. However,
the search for PDF inhibitors only began in earnest once the
problem of enzyme stability was solved in 1998. At that stage a
rapidly increasing number of microbial genomes was already
accessible on public databases. This allowed work on
characterizing the PDF gene across a wide variety of bacteria.
As with any target in the post-genomic era, it was possible to
answer an important series of questions: How widespread was
its occurrence? How conserved was the sequence? Was there
more than one copy present? Was it always paired with the
FMT gene in a single operon? The genomic data confirmed the
presence of a PDF gene in all eubacteria examined, and in
some instances two PDF related ORFs were found. In the case
of S. pneumoniae it was shown that only one of these was a
functional PDF [29]. On the other hand, studies with B. subtilis
revealed that both PDF-related ORFs present produced func-
tional PDF [38]. The universal presence of PDF in clinically
relevant bacterial pathogens defined PDF as a potential broad-
spectrum target. Genomic studies show that although there
are three highly conserved motifs (together constituting the
so-called PDF signature motif), there is quite a lot of sequence
variation elsewhere [39]. A comparison of the crystal structure
of PDFs from different bacterial species revealed that they
shared a common overall structure in spite of these
differences in sequence. Although the N-terminus of PDF
appears to be essential, a significant part of the C-terminal
sequence is dispensable [40]. In the crystal structure the three
conserved motifs are located close to each other, at the active
site crevice where the metal ion is bound. In many, but not all,
eubacteria the PDF gene forms part of a single operon with the
FMT gene as originally shown for E. coli [41]. Sequence
alignments for the various PDFs and phylogenetic trees
indicated the presence of two sub-families [42]. One of them
contains the E. coli enzyme and many other gram negatives;
the other is composed of mostly gram positives, including S.
aureus. However, there is no difference in sensitivity to PDF
inhibitors correlating to this grouping.

Had PDF not already been identified by classical biochemical
and genetic techniques, would it have been discovered by a
purely genomic approach? If whole genomes had been searched
for essential genes by techniques such as transposon mutagen-
esis [43], the essentiality of the PDF genes observed would have
depended on the species studied. In B. subtilis, for example, the
ability to individually knock out either of the two PDF genes
present would have indicated non-essentiality [38]. On the
other hand PDF would have turned up as an essential gene inE.
colior S. pneumoniae, where thereis only a single functional copy.

The initial excitement over PDF as a target was fueled by
the prevailing thought that the enzyme was unique to

bacteria. As a wider net was cast using the genomics approach
it became apparent that this was not true: PDF-like genes were
also found in Homo sapiens, eukaryotic parasites, and plants [44].
The presence of PDF homologs in the organelles of eukaryotes,
such as mitochondria and chloroplasts, is in agreement with
their proposed evolutionary origin from prokaryotes. It has
been proposed that PDF represents a suitable target for
antiparisitic drugs [45]. In the case of animal cells it had been
observed that mitochondrial proteins are usually N-formylated
(discussed in Ref. [46]). Thus there appeared to be an FMT
activity, but by implication no functional PDF. Expression of the
human homolog showed that it shared many properties with
the bacterial enzyme and was inhibited by the same com-
pounds [47]. However, it was much less active than its bacterial
counterpart, probably due to a variation in a residue that is
highly conserved in bacteria. Human PDF is coded for by a
chromosomal gene but has a signal sequence that targets it to
mitochondria. Subsequent work published by another group
[48] proposed this same human PDF as a potential anticancer
target, and reported that the PDF inhibitor actinonin inhibited
the growth of 16 different cancer cell lines in vitro. Surprisingly
there was little effect on three normal cell lines. The basis for
such selectivity is not understood. Additional data reported that
actinonin was well tolerated in vivo, and was active against two
animal xenograft models (human prostate and lung cancers).
The implication of all these results to the safety of PDF inhibitors
as antibacterials in humans is not clear at this juncture. Do
eukaryotic PDFs represent non-functional vestigial remnants of
prokaryotic genes, or do they have some as yet unrecognized
function in human cells [47]?

9. Activity in animal models of infection

The excellent in vitro activity of PDF inhibitors has been shown
to translate into in vivo efficacy using animal models of
infection. Models used include systemic septicemias and
localized tissue infections. Many of the inhibitors are active
by the oral and parenteral routes against septicemias caused by
S. aureus, S. pneumoniae and H. influenzae [34-36,49]. Given that
the proposed indication for the most advanced leads in this
class is RTIs, perhaps the more relevant models are these same
infections in rodents. Several of the advanced PDF inhibitor
leads have been shown to be quite active in a murine
pneumococcal pneumonia model after oral or subcutaneous
administration [32,35]. Tissue penetration of these compounds
into the lung was generally good, giving higher levels than those
in serum. In the case of BB-83698, efficacy was retained against
penicillin-, quinolone-, and macrolide-resistant strains, as
would be predicted by the absence of cross-resistance in vitro
[32]. Area under the curve (AUC) over minimal inhibitory
concentration (MIC) for the drug has been shown to be the best
predictor of efficacy for PDF inhibitors in animal models [50,51].

10. Clinical results

The ultimate validation of PDF as a target will depend on the
results of clinical trials. Two PDF inhibitors have been
advanced to phase 1 clinical studies: BB-83698 (Oscient
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Pharmaceuticals) and LBM415 (Novartis Pharmaceuticals).
Detailed results for an intravenous phase 1 study on BB-
83698 have been published [52]. Systemic exposure had a
mostly linear relationship to dose administered. The pharma-
cokinetic results were consistent and predictable, and a good
allometric scaling was evident when data from several animal
species and man were compared. Drug exposure based on
AUC estimates, coupled with knowledge of the MICs for
relevant RTI pathogens, predicted that efficacious levels of
drug were present and the potential for once daily dosing.
Novartis has announced that they are replacing the develop-
ment candidate LBM415 with an improved analog that is
projected to enter phase 1 studies by the end of 2005. No
clinically significant adverse effects were noted in either
study. This is important since in addition to the concern about
the role of human ‘PDF’ mentioned earlier, the chemical
nature of the inhibitors themselves (reverse hydroxamates)
could result in non-specific effects impinging on safety. These
two drugs that have progressed to clinical trials have under-
gone all the required regulatory preclinical testing, including
sub acute toxicology in two animal species. For the moment
there do not appear to be any safety issues precluding the
development of PDF inhibitors. The future plans for the
development of PDF inhibitors have not been made public, as
is often the case in the highly competitive arena of
pharmaceutical and biotechnology R&D. The key issues
concerning efficacy and resistance will only be resolved when
the results to phases 2 and 3 become available.

Note: The references cited are representative and are not
intended to be comprehensive. Further information on PDF as
a target can be obtained from other published review articles
[17,46,53-57].
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