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Abstract. N-terminal methionine excision (NME) is the
major proteolytic pathway responsible for the diversity of
N-terminal amino acids in proteins. Dedicated NME
components have been identified in all organisms, in all
compartments in which protein synthesis occurs: cyto-
plasm, plastids and mitochondria. Recent studies have re-
vealed that NME is regulated at various levels and plays
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an important role in controlling protein turnover. NME is
essential in Eubacteria and lower eukaryotes and is the
target of many natural and synthetic inhibitors. Such in-
hibitors have considerable potential for use in the treat-
ment of various human diseases, from cancer to bacterial
and parasitic infections.

Key words. Peptide deformylase; aminopeptidase; drug; metal cation; metalloprotease; human pathogenesis; thera-
peutics.

Introduction: what is NME and what does it do?

The translation of messenger RNAs (mRNAs) to gener-
ate proteins generally starts at an AUG codon. The trans-
lation machinery interprets AUG codons as ‘methionine’
(Met) in all genetic codes described to date. GUG, CUG
or even AUU (only one instance) codons may also be
used to initiate translation in Eubacteria and account for
~12% of all translation start sites in Escherichia coli.
Non-AUG translation initiation codons – although much
rarer – have been described in eukaryotes. Nevertheless,
it is generally believed that only the specialized transfer
RNA (tRNA) for translation initiation – tRNAfMet in Eu-
bacteria and tRNAiMet in other organisms – can be used
to start translation. Given the known rules of amino acid
identity for both tRNAs [1], the first residue incorpo-
rated in all newly synthesized proteins should be Met [2,
3]. However, recent data have suggested possible excep-
tions to this rule, in particular situations involving (i) vi-
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ral mRNA translation after infection and inhibition of
the usual translation initiation pathway or (ii) translation
of small open reading frames. The resulting proteins start
with Val, Leu or even Gln [4–6]. Similarly, although ar-
tificial, functional protein synthesis systems in which
translation is initiated with such residues or others have
already been described in bacteria [7, 8]. We need to in-
vestigate further these proteins that do not start with Met
in eukaryotes if we are to understand their physiological
relevance [9, 10]. 
Although Met is the first amino acid of newly synthe-
sized proteins, it is usually removed from mature pro-
teins to leave a nonbulky N-terminal residue such as Ala,
Cys, Gly, Pro, Ser, Thr or Val [11]. The process by which
Met is removed from proteins is called N-terminal Met
excision (NME). Between 55 and 70% of proteins are
subject to NME, depending on the organism and com-
partment considered. Plastid NME provides the
best-documented example to date of NME in a given
proteome (~80 proteins) as most (70%) of the natural
N-termini of proteins produced in the plastid have been



determined (table 1). NME appears to be conserved from
bacteria to eukaryotes, and the rules governing whether
Met is removed or retained are well known and are
thought to be similar in all organisms (reviewed in [2]).
Whether the Met is removed depends mostly on the na-
ture and bulkiness of the side chain of the second amino
acid. NME requires at least Met aminopeptidase (MAP;
EC 3.4.11.18) activity. This activity is the principal de-
terminant of Met excision or nonexcision, as shown in
various organisms (i) in vitro [12–14], (ii) in silico (table
1 and [15, 16]) and (iii) in vivo, based on analysis of
overexpressed reporter proteins [17–20]. Eubacterial
and organellar nascent proteins begin with an N-formy-
lated Met. Peptide deformylase (PDF; EC 3.5.1.88) ac-
tivity is required to unmask the first Met, facilitating the
action of MAP [21, 22]. 
NME is an irreversible cotranslational mechanism, com-
pleted before the nascent polypeptide chains are fully
synthesized [23]. It starts early in translation, as soon as
the first residues emerge from the ribosomal exit tunnel,
before the initiation of protein folding [24–26]. This
early start to this process has resulted in the use of small
polypeptides, often tripeptides, in in vitro assays of the
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enzyme activities associated with NME, these small
polypeptides being considered to model nascent protein
chains more accurately than longer peptides. In many
full-length proteins, the N-terminus is likely to be un-
available for NME due to (i) protein location [27] or fold-
ing and/or (ii) burying of the N-terminal residues within
the three-dimensional (3D) structure.
Pioneering work on NME began as early as the 1960s
[28–31]. The number of publications in this field began
to increase in the late 1980s (early reviewed in [2, 23,
32]), but has exploded in the last couple of years, pro-
bably because NME is now recognized to be an excel-
lent therapeutic target and recent genomics data have
provided further insight into this pathway. Topical re-
views have recently appeared on the potential use of
components of this pathway as therapeutic targets
[33–37]. This review summarizes recent data in the field
of NME, the huge effort made to develop specific in-
hibitors of this process and the therapeutic use of these
inhibitors, and integrates the latest evidence for NME
regulation in eukaryotes, not yet considered as a whole.
Finally, we discuss the role of NME in controlling pro-
tein half-life.

Table 1. N-terminal maturation of gene products synthesized in plastids.

N-terminal modifications  Protein number and (%) data available
and cleavagesa corresponding gene names

(i) N-formyl retaining 6 11
f-Met-Arg psaJ 2
f-Met-Asn atpH 2
f-Met-Glu psbM psbT 4
f-Met-Leu psbI 2
f-Met-Thr ycf9 2

(ii) N-formyl cleavages only 14 25
fflMet-Asn psbG 2
fflMet-Asp petN, rpl23 4
fflMet-Glu psaB 2
fflMet-Ile ndhA, petG, psaI, rpl14 7
fflMet-Leu rpl16, rpoB 4
fflMet-Lys rpl36, rps15 4
fflMet-Val rpoA, rps16 4

(iii) N-formylMet cleavages 30 55
fMetflAla atpA, psbH, psbJ, rpl2, rpl32, rpl33, rpoC2, rps11, rps14 16
fMetflGly petD, psbB, rpl22, rps3, rps8 9
fMetflPro clpP, rps12 4
fMetflSer atpB, atpE, petB, psaC, psbE, rps4, rps7 13
fMetflThr psbA, psbD, psbF, psbL, rpl20, rps2, rps19 13

(iv) Extensive cleavages 5 9
fMet-SerflPro rbcL 2
D(fMet1-Ser18)flGly atpI 2
D(fMet1-Ala35)flTyr petA 2
D(fMet1-Glu14)flThr psbC 2
D(fMet1-Gly22)flLys psbk 2

a fl is the location of the cleavage observed. The corresponding references are not given due to space constraints. References and more
complete data are available at http://www.isv.cnrs-gif.fr/tm/maturation/images/chloro.html [40]. If different N-termini have been identified
for the same protein, we chose those originating from spinach or pea, the two plants for which data are most abundant. f is N-formyl.



NME, its main catalysts and their occurrence in 
living organisms

NME in proteomes
NME is generally not considered in most protein data li-
braries, but is nonetheless taken into account and well an-
notated at http://ca.expasy.org/ A bioinformatics tool for
including NME annotation in protein databanks is avail-
able [38]. This tool could be particularly useful for mass
spectrometry analysis coupled with Web-based proteome
searches. Proteomics methods are now beginning to take
the difficult issue of NME and N-terminal modifications
into account [39]. Plant organelles give the most com-
plete and ‘unbiased’ source of data on NME (table 1).
Significant data on plant mitochondrial NME were 
compiled [40], with regularly updated data available 
at http://www.isv.cnrs-gif.fr/tm/maturation/images/table
mito.html Both data sources are fully consistent with the
combined action of PDFs and MAPs in the organelles. In
Escherichia coli, more than 850 experimentally deter-
mined N-terminal sequences are available (http:// bmb.
med.miami.edu/EcoGene/EcoWeb/CESSPages/Veri-
fiedProts.htm), and these data are also consistent with
the combined action of PDFs and MAPs. Most of the
data for E. coli were obtained by overproducing proteins,
which frequently leads to partial saturation of the NME
machinery and somewhat biased results (see below). To
our knowledge, data on cytoplasmic NME in higher eu-
karyotes have not been updated since the work carried
out in von Heijne’s laboratory [16]. Yeast mitochondria
appear to be exceptional in that N-terminal sequencing
data for these organelles suggests the absence of NME
(see [35]).

Involvement of PDF in eubacteria and in the
organelles of eukaryotes
General features
Newly synthesized bacterial and organellar proteins are
tagged with a one-carbon unit called a formyl group.
This group is added by the N-formylation of Met-tR-
NAfMet by a specialized enzyme, Met-tRNAfMet trans-
formylase (FMT), N-blocking the Met already bound to
the tRNA as a result. This small modification of Met-tR-
NAfMet seems to increase the rate of protein synthesis, as
it plays an important role in the recognition of major
translation factors such as IF2 and EFTu [41]. The
formyl group is later cleaved from almost all nascent
peptides by peptide deformylase (PDF), a monomeric
protein with a relative molecular weight (Mr) of 22 ±
3 kDa. PDF activity was originally described in the late
1960s [29, 42, 43], but its unusually high level of insta-
bility rendered further studies impossible for 25 years.
Interest in this enzyme increased again following the
cloning and identification of the E. coli def (formerly

fms) gene as the gene encoding PDF [2, 44–46]. Thus,
studies of the biology of bacterial PDFs and their struc-
tural and chemical characterization have been carried out
over the last 10 years, greatly increasing our understand-
ing (for reviews see [35, 40, 47]). 

Organellar PDFs in most organisms
Large-scale in silico searches provided the first clues to
possible PDF sequences in eukaryotic genomes [48].
These findings suggested that PDFs may occur in the nu-
clear genomes of most eukaryotes, including diblastic
and triblastic metazoans. Plants have two PDFs (PDF1A
and PDF1B), whereas only one, PDF1A, has been found
in humans and other animals [40, 49]. All eukaryotic
PDFs have a cleavable N-terminal extension composed of
50–100 residues [50]. Both classes of PDF in plants have
been fully characterized [51, 52]. PDFs cleave most, but
not all, N-formyl groups from very small substrates,
dipeptides in some cases (see table 1 and discussion of
possible reasons in [40, 52]). 
PDF1As are targeted to the mitochondria [50, 51, 53]. In
plants, PDF1B is targeted to both mitochondria and plas-
tids. PDF1Bs have also been identified in several eukary-
otic protists, including Chlamydomonas reinhardtii and
apicomplexan parasites. Plasmodium falciparum PDF1B
has been characterized [54]. PDF1A and PDF1B are
thought to function to similar extents in plant mitochon-
dria. Although both PDF1A and PDF1B are targeted to
the plastid in vitro and in heterologous systems [40, 55],
PDF1B is by far the most prevalent PDF in this organelle.
This conclusion is supported by the sensitivities of the
two plant PDF1A and PDF1B KO mutant lines to the spe-
cific plastid PDF inhibitor actinonin [56]. As the catalytic
efficiency of PDF1B is only about one-seventh that of
PDF1A, any PDF1A entering the plastid is likely to con-
tribute only ~1% of the total deformylation potency of
the organelle. In plant PDF mutants devoid of PDF1B,
PDF1A is significantly induced, by a factor of 3–5, lead-
ing to incomplete but nonnegligible (~5% the wild-type
level) plastid deformylation [56]. 
Mitochondrial PDFs have been identified in many eu-
karyotic protists, including Dictyostelium discoideum,
but not in fungi (Ascomycota). This lack of PDF en-
zymes in fungi is probably due to the absence from fun-
gal mitochondria of the major components of complex I
proteins and of other important proteins encoded by the
mitochondrial genomes of higher eukaryotes. Finally, 
no PDF homolog has been identified in the genome of
the nematode Caenorhabditis elegans, whereas such
homologs have been identified in insect genomes. This 
is surprising, given the high similarity between mito-
chondrial genomes in animals and the near-identity of
the 13 mitochondrion-encoded proteins. We cannot yet
exclude the possibility that another protease can com-
pensate for PDF.
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MAP1s vs MAP2
Ubiquitous character of MAPs 
All organisms have MAPs. Two types of MAPs have been
described to date [57]: MAP2s occur in Archaea [58] and
in the cytoplasm of eukaryotes [59], whereas MAP1s
have been found in Eubacteria (MAP1Bs), and in the 
cytoplasm (MAP1A) and organelles of eukaryotes
(MAP1D) [49, 50]. A MAP2 gene has been identified in
the extremely small genome (encoding ~2000 proteins)
of the so-called ‘amitochondrial’ eukaryotic parasite En-
cephalitozoon cuniculi [60]. MAP1Ds are found in the
same set of organisms as organellar PDFs and have been
found in neither fungi nor nematodes [50]. 

N-terminal extensions of MAPs and the POEP
activity of animal MAP2s
All eukaryotic MAPs have 50–100 residue-long N-ter-
minal extensions, whereas no such extensions are present
on prokaryotic MAPs. Organellar MAP1s are thought to
have a cleavable N-terminal presequence, targeting the
catalytic domain to the correct cell compartment [50].
The processed enzymes probably resemble bacterial
MAP1s. Cytoplasmic MAP1As also have an extension,
including a conserved zinc finger motif. Although not in-
volved in catalytic activity, this additional domain is not
removed from the mature form and is essential for the cel-
lular function of MAP1As. It has been suggested that this
N-domain may facilitate interaction with ribosomes [61,
62]. The N-terminal extensions of eukaryotic MAP2s are
not required for aminopeptidase activity [63], and this do-
main was indeed found to be disorganized in the crystal
structure of human MAP2 [64]. This extension is thought
to be responsible for POEP activity – the protection of an-
imal eIF2a from stress-induced phosphorylation. This
protective activity is mediated by both an N-terminal ly-
sine-rich domain I and an O-glycosylation site in animal
MAP2s [65–67]. As at least one of these two domains is
absent from the MAP2s of plants and fungi, these en-
zymes are unlikely to display POEP activity. Finally, al-
though similar to MAP2s in terms of peptide chain length
and monomeric behavior (i.e. ~380 vs 450 residues), eu-
karyotic cytoplasmic MAP1s have very different elec-
trophoretic and chromatographic mobilities. MAP1As
have a Mr of 38 ± 5 kDa [68, 69], whereas MAP2s have a
Mr of 67 ± 5 kDa [70, 71]. This effect is not due to gly-
cosylation of MAP2.

Evidence for various levels of control of NME activity

NME has long been considered a constitutive pathway.
Interestingly, recent data suggest that NME is tightly reg-
ulated throughout development, tumorigenesis and in re-
sponse to abiotic stress. Both transcriptional and post-
transcriptional mechanisms have been demonstrated to be

involved. We review here the current state of knowledge
concerning this subject.

Evidence for stress-induced NME regulation in
bacteria
In E. coli, neither PDF nor MAP1B was initially thought
to be controlled [unpublished data and 2, 72]. For in-
stance, the def-fmt operon is insensitive to metabolic
control, which couples the concentration of components
of the biosynthetic machinery to growth rate [2]. In other
words, the higher the rate of translation, the higher 
the rate of production of components of the translation
machinery. As the def-fmt operon is not subject to meta-
bolic control, when the NME system in bacteria is satu-
rated by protein overproduction or has to compete with
other cotranslational systems such as protein targeting,
NME is incomplete, resulting in the production of in-
correctly processed or unprocessed proteins [27, 73–
75]. The recurrent issue of incomplete NME induced by
the overproduction of an exogenous protein may have
major consequences in pharmaceutical applications in-
volving the production of human components in bacte-
ria, for example [76–80]. For such applications, the pro-
teins produced must be similar to those naturally pro-
duced in human cells. As NME is a cotranslational
process, it cannot be carried out after enzyme purifica-
tion. Partial NME can usually be overcome by increasing
both the expression of the gene concerned and the intra-
cellular concentration of the two NME pathway compo-
nents and/or by inhibiting the N-formylation of tRNAfMet

[81–83].
However, proteomic analysis recently showed that def
gene expression in Streptococcus pyogenes is decreased
by a factor of three in conditions of exposure to fluoride
stress [84]. A number of observations in other Strepto-
coccus strains indicate that the def promoter responds to
environmental stress [85, 86]. Transcription of def is in-
duced by a factor of 5 under iron starvation in Pseudo-
monas aeruginosa [87]. Similarly, upon iron depletion
during the stationary phase in Staphylococcus aureus, an
increase in the amount of formylated peptides was ob-
served [88].

Organellar NME regulation
The mouse PDF gene is strongly down- and then upregu-
lated during muscle regeneration after injury, a process
resembling myogenesis during embryogenic develop-
ment [89]. In plants, in which PDF1B is routed to both or-
ganelles, an epigenetic increase in PDF1A levels was ob-
served in a pdf1b genetic background. In contrast,
PDF1B fully compensates for the lack of PDF1A in a
pdf1a knockout (KO) mutant. Finally, promoter identifi-
cation by activation tagging revealed that PDF1A is a
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stress-responsive gene in the plant Arabidopsis thaliana.
This is fully consistent with data showing that the major
plant PDF, PDF1B, is inactivated by stress-induced reac-
tive oxygen species, whereas PDF1A is not [51]. Finally,
PDF1B and MAP1D expression is strongly induced in
developing flowers and leaves [49].

Cytoplasmic NME regulation
MAP2 seems to accumulate in a cell- and tissue-specific
manner. During embryonic development in Drosophila,
MAP2 transcription is strongly regulated and induced in
some tissues [90]. In mammalian cell cultures, MAP2 is
abundant in mammary and prostate epithelial cells but
present in only modest quantities in endothelial cells [91].
Moreover, MAP2 production appears to be strongly in-
duced in growth factor-treated [92], germinal [93] and
malignant [94] cells in mammals. Partners of MAP2 have
recently been identified: a prion-like protein and a DNA
replication factor in yeast (http://mips.gsf.de/genre/proj/
yeast/searchEntryAction.do?text=YBL091c, complex
number 532) and the calcium-binding protein S100A4 in
mammals [92]. Interestingly, S100A4 regulates cell pro-
liferation and tumor metastasis by interacting with vari-
ous proteins, including p53 [95], which is involved in cell
cycle control and apoptosis. Although the binding of
S100A4 to MAP2 does not affect the NME activity of
MAP2, it was suggested that S100A4 might be involved
in the regulation of MAP2 activity by modifying its in-
tracellular distribution [96]. In higher plants, it has also
been suggested that MAP2 is developmentally regulated,
with upregulation in the embryo [97]. A similar pattern of
MAP2 regulation has been observed during asexual de-
velopment of the eukaryotic parasite Toxoplasma gondii
[98]. 
Few data are available concerning MAP1A. During the
life cycle of Plasmodium falciparum, a cluster of genes
encoding MAP1 and various ubiquitination pathway
components have been shown to be coregulated [99].
Similarly, MAP1 is differentially expressed during the
cell cycle of dinoflagellates [100]. There is a lack of data
concerning MAP1A expression in the tissues of higher
eukaryotes, although some data are available for some
plant organs [49].

Structural and evolutionary data for the various
NME components

Although PDF and MAPs belong to different enzyme
families, they share several characteristics: (i) both bind
an essential but labile metal cation, the nature of which
may vary, (ii) both have well-defined 3D structures, (iii)
both can be subdivided into smaller groups and (iv) both
are closely related to larger protease families.

Essential role of metal cations in NME catalysis
Peptide deformylases
PDFs bind a metal cation, which is generally thought to
be Fe2+ [101, 102]. This cation is very unstable as it has a
low binding affinity – the dissociation constant (Kd) is in
the micromolar range [103] – and is highly sensitive to
oxidation by reactive oxygen species [102, 104]. For ex-
ample, if Fe2+ is oxidized to generate Fe3+, the protein is
inactivated and Fe3+ readily dissociates. Oxidation of the
cysteine side-chain ligand to generate cysteine-sulfinic
acid often occurs [104, 105]. The physiological relevance
of this conversion is unknown, but it has frequently been
observed and in some cases shown to have a functional
role in other enzyme systems [106]. Zinc – a natural con-
taminant of glassware – binds irreversibly to the enzyme
in the place of iron, and acts as an inhibitor. Zinc-coordi-
nated enzymes are usually less active than the corre-
sponding iron forms (by a factor of 100–1000) but dis-
play similar substrate specificity [107–110]. The high
level of instability of PDF makes it difficult to preserve
the activity of this enzyme, but several protocols aiming
to do this have been described (reviewed in [35]). Some
PDF enzymes have never been described in their most ac-
tive state, probably for this very reason. Ni2+, Co2+ and
Mn2+ ions have been described as possible replacements
for ferrous cations, making it possible to preserve full ac-
tivity [102, 108, 111]. Plant PDF1As present an excep-
tion to the iron-binding rule, as these enzymes seem to
bind zinc preferentially and are highly stable in vitro [51].
The bacterial Leptospira interrogans PDF1B enzyme
may be similar in this respect, as its catalytic performance
with zinc coordination is good [112]. 

MAPs
Like PDFs, MAPs are metalloproteases that are strongly
activated in vitro by several divalent cations such as Fe2+,
Co2+, Mn2+ and Zn2+. However, the nature of the metal
cation present in physiological situations remains unclear
for MAP1s [113–115] and MAP2s [63]. Early attempts
at MAP purification and activity assays involved the sys-
tematic addition of millimolar amounts of cobalt salts to
preserve enzyme activity [13, 69, 116, 117]. Hence, the
crystal structures of both MAPs revealed the presence of
two cobalt cations per polypeptide [64, 118]. The first
cobalt-binding site in EcMAP1 has a Kd of 0.2 mM,
whereas the second has a much higher constant: 2.5 mM
[119]. However, prokaryotic MAPs (such as EcMAP1
and Pyrococcus furiosis MAP2) – like most PDFs – are
now thought to be mononuclear iron enzymes [120, 121].
In contrast, human MAP2 produced in E. coli seems to be
a manganese enzyme [122]. Thus, it is now thought that
the nature of the bound cation may vary: (i) there may be
a mixture of cations, depending on the metal ions avail-
able in a given set of physiological conditions or (ii) the
nature of the bound cation may depend on the MAP con-
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sidered (see discussion in [34]). The situation may be
complicated as many bacteria have several map genes
[123], and the enzymes they encode are unlikely to dis-
play similar metal preferences. PDFs are likely to display
similar behavior, as they can be activated by different
metal cations in vitro.

Structural data
MAP1 and MAP2 have a similar 3D folding pattern:
the ‘pita-bread’
MAPs belong to a large family of metalloenzymes, the
‘pita-bread’ family [34, 118, 124], also known as the
‘clan MG’ M24 protease family [125, 126]. The
pita-bread fold of the enzymes of this family features a
pseudo two-fold axis of symmetry, with the interface be-
tween the domains involved in catalysis and binding of
the metal ion. The 3D structures of the enzymes of this
family have overlapping 5-residue metal binding sites (1
His, 2 Asp and 2 Glu) and similar topology of the active
site, including additional conserved His and Glu residues.
This similarity of structure exists despite the low levels of
amino acid sequence between the various members of the
family [57, 64, 127]. The root mean square deviation
value for 227 a-carbon pairs of EcMAP1 and P. furiosis
MAP2 is only 1.4 Å, indicating similar folding [128]. The
main structural difference between MAP1s and MAP2s is
essentially an additional 60-residue a-helical domain
within the C-domain of MAP2s. 
The pita-bread family includes two other aminopepti-
dase subfamilies more closely related to MAPs: proli-
dase (peptidase D, imidodipeptidase or dipeptidase P;
DPP; EC 3.4.13.9) and E. coli aminopeptidase P (APP;
EC 3.4.11.9) 1 orthologs. Like human MAP2s, EcDPP
and EcAPP1 are manganese cation-dependent proteases.
DPP enzymes are ubiquitous, whereas no APP1 or-
thologs have been identified in Archaea. DPPs behave as
dimers and APP1s oligomerize as homotetramers, with
each monomer composed of 440–500 residues in both
cases. EcAPP1 consists of two domains. The first 175
residues are involved in tetramerization, whereas the
C-terminal 270 residues bear the catalytic domain fea-
turing the typical pita-bread fold [129]. Unlike DPPs,
which are very specific for dipeptides, both APP1s and
MAPs cleave oligopeptides consisting of at least two
amino acids [130–132]. Thus, APP1s and MAPs func-
tion similarly despite having different substrate speci-
ficities. APP1s preferentially interact with a number of
rather large N-terminal amino acids containing Met
[133], whereas MAP is restricted to Met only. Both
APP1s and DPPs specifically interact with peptide sub-
strates with a Pro in the second position, whereas MAPs
preferentially interact with a large number of small
amino acids containing Pro. Finally, both APP1s and
MAPs have higher catalytic efficiencies with substrates

that have large residues at position 3. This overlapping
substrate specificity of these two types of enzyme ac-
counts for the overproduction of human APP1 in E. coli
being able to extend MAP action in vivo in the case of
Met-Pro-polypeptides [134]. Nevertheless, it remains
unclear whether APP1s are involved in NME in physio-
logical conditions.

PDFs
Early investigations of PDFs showed poor conservation
of the full-length amino acid sequences of the protein
(~20–30%) [135, 136]. This low level of amino acid se-
quence conservation contrasts with the high degree of
conservation of the 3D structures. The first high-resolu-
tion 3D structure analysis revealed that PDFs belong to
the thermolysin-metzincin superfamily known as the
‘clan MA and MB’ metalloprotease family [125, 126].
All the enzymes belonging to this large family share a
common superstructure, featuring a three-stranded b
strand facing the catalytic metal cation and the HEXXH
motif-containing a helix [137–139]. The nature of the
third metal cation ligand of PDFs, the oxidation-sensitive
Cys, defined PDF as the first member of a new subfam-
ily, as thermolysins (clan MA) have a Glu and metzincins
(clan MB) have a His. The structure of PDF is more sim-
ilar to that of metzincins than to that of thermolysins, and
PDFs preferentially use ferrous ions as the metal cation
of the active site, whereas thermolysins-metzincins use
zinc. This new subfamily, including PDFs, probably also
includes the quorum-sensing protein S-ribosylhomocys-
teinase LuxS. This enzyme has a similar active site with
identical metal ligands, uses iron as the native metal
cation and has a glutamate side chain involved in water
molecule activation [140–142]. It has also been sug-
gested that the Cys residue undergoes side-chain oxida-
tion, similar to that occurring in PDF.
A number of 3D structures for PDFs are now available,
including four bacterial PDF1Bs and two PDF2s [105,
143, 144], and the PDF1B of the apicomplexan parasite
P. falciparum [145]. Further 3D structures are likely to be
released in the next few years (for instance, see [146]).
Two types of active PDF (types 1 and 2; fig. 1) have been
identified on the basis of structure and amino acid se-
quence [35, 147]. Only slight differences have been found
between these two types of PDF, and these differences are
not believed to have a significant impact on the active site
crevasse. This similarity accounts for the similar substrate
specificity of all PDFs. The main structural difference
concerns the C-terminal domain, which is either floppy or
folded as an a helix in type 1, and which is folded back
as a supplementary b strand in type 2. Three short
stretches of amino acids (motifs I, II, III or G, H, C ) are
perfectly conserved among all PDFs. These motifs build
the whole active site. The G motif (GFGFAAXQ) is part
of the first strand of the three-stranded b sheet, and this
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structure is important as it aligns the peptide backbone of
the substrate, creating an additional strand when the sub-
strate is located in the active site. The Gln side chain is
crucial for recognition of the formyl group. The C-motif
(EGCXS) bears one of the three ligands of the metal
cation, the Cys residue sensitive to oxidation. The Glu
side chain makes a salt bridge with the conserved Asp of
the H motif and a buried, conserved Arg. The H motif
(QHEXDHLXG) bears the last two metal ligands, the two
His residues. These two His residues are part of the
HEXXH motif also present in the clan MA and MB fam-
ilies. The glutamate of the H motif is crucial for water ac-
tivation. Note that in the enlarged family including LuxS,
both the relative position of the conserved glutamate with
respect to the two His residues and those of the G and C
motifs with respect to the H motif are inverted. In all
cases, the H motif is part of an a helix, whereas the C mo-
tif is located in a bend so that the catalytic metal is located
at one extremity of the protein. The G-like motif is also
involved in an antiparallel b sheet in LuxS.

Evolutionary boundaries
PDFs
PDF homologs have been detected in Archaea and pro-
tists such as Trypanosomatida [40, 148]. These homologs
have been classified as a new group, type 3 PDFs (fig. 1),
based on changes in conserved motifs. These changes
suggest that type 3 PDFs are inactive in deformylation.
However, animal PDF1As with substitutions in motifs G
and C have been found to display PDF activity [50, 53,
149]. Plant PDF1Bs are related to bacterial type 1 PDFs,
which are now also known as PDF1Bs (model EcPDF).
Eukaryotic PDF1Bs are thought to result from the ancient
endosymbiosis between a heterotrophic eukaryote and a
photosynthetic cyanobacterium (fig. 1). Like most of the
other genes encoding plastid proteins, the genes encoding
PDF1B were probably transferred from the plastid to the
nuclear genome [150]. PDF1As (animal type 1 PDFs) are
encoded exclusively by genes in eukaryotic nuclear
genomes and are transported to the mitochondria [49,
50]. PDF1As closely resemble the PDFs of actinobacte-
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Figure 1. An updated phylogenic tree for PDFs. 50 PDF sequences were selected as representative of sequence diversity. These sequences
were aligned, and the tree was constructed. The phylogenic tree was constructed with N-J Tree [246] and drawn with TreeView1.65
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html see [247]). The sequences were extracted from completely sequenced genomes or
from genomes for which sequencing is almost complete. The three PDF types and classes are clustered.



ria, a group of bacteria that naturally produce antibiotics,
including Streptomyces roseopallidus, which produces
actinonin (fig. 1). Thus, PDF1As may have arisen by hor-
izontal transfer of genes between a Streptomyces sp. and
a primitive eukaryote rather than by gene transfer from
the mitochondrial genome [50].

MAP1s, MAP2s and their resemblance to
aminopeptidase P
The significant sequence similarity between full-length
EcMAP1 and the C-terminal domain of EcAPP1 (~23%)
rapidly became evident (for an alignment, see fig. 4 in
[2]), consistent with more recent 3D data [129]. In terms
of amino acid sequence, DPPs and APP1s are more sim-
ilar to each other than to MAPs (fig. 2). DPPs share sig-
nificant similarity (~30%) with the C-terminal domain

of APP1s, consistent with the occurrence in DPPs of a
C-terminal pita-bread fold and an original fold of the
N-terminal domain ensuring dimerization. APP1s are
more similar to MAP1s than to MAP2s, whereas DPPs
are more closely related to MAP2s than to MAP1s.
MAP1s, MAP2s and APPs-DPPs are located on three dif-
ferent branches of the phylogenic tree (fig. 2). This sug-
gests that the pita-bread family aminopeptidases were
probably derived from a common ancestor but that they
have since evolved separately. 
MAP1Cs are found in mycoplasmas (mollicutes).
MAP1As were clearly derived from MAP1Ds in eukary-
otes, and MAP1Ds from MAP1Bs (fig. 2). Eukaryotic
MAP1D, like PDF1As, strongly resembles an actinobac-
terial enzyme. We therefore cannot exclude the possibil-
ity that both PDF1As and MAP1Ds were derived from
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Figure 2. A phylogenic tree for MAPs, APPs and DPPs. 114 MAP, 23 APP1 and 34 DPP sequences were selected as representative of se-
quence diversity. These sequences were aligned, and the tree was constructed as in figure 1. N.B.: In constructing this tree, we deliberately
excluded another class of ubiquitous APPs – APP2s – which belong to the APP-DPP subgroup but are only very distantly related to MAPs,
with no significant similarity except for the five metal ligands. The subunits of APP2s are larger (600–800 amino acids), display signifi-
cant similarity to DPPs and APP1s, and are also members of the M24 protease family.



an ancient horizontal transfer rather than from the mi-
gration of a mitochondria gene. Alternatively, the
genome of an ancient actinobacterium may have cap-
tured part of the genome of an eukaryote, including both
PDF and MAP1 genes. Eukaryotic MAP2s were clearly
derived from archaeal MAPs (fig. 2). Amitochondrial
protists such as E. cuniculi have no MAP1. Instead, they
have only a MAP2, the sequence of which is intermedi-
ate between archaeal MAP2 and other eukaryotic MAP2
sequences (fig. 2). The nature and position of MAPs in
the phylogenic tree (fig. 2) suggest that amitochondrial
protists are ancient eukaryotes, originating before the in-
tegration of the bacterial precursor of mitochondria into
a primitive eukaryotic cell. However, amitochondrial
parasites such as Giardia are now thought to have
evolved from a mitochondrion-containing organism
[151, 152]. The lack of MAP1s in these organisms may
therefore be due to gene deletion and genome com-
paction. 

NME as a crucial pathway: therapeutic implications

NME is clearly essential for the following reasons: (i)
PDF and MAP genes are both part of the minimal
genome required for the viability of Eubacteria [153–
155], and (ii) NME even occurs in organelles, even
though organelle-encoded proteomes include fewer than
100 protein substrates [49]. The essential nature of NME
and the fact that components of this pathway belong to
diverse families of proteins that are the specific targets
of natural, specific drugs (see also below) identify this
process as a good candidate target for therapeutics.

PDFs
The def (formerly fms) gene encoding PDF is essential in
Eubacteria [44, 156–160]. This may simply be because
PDF unmasks the N-terminal Met, enabling MAP to act
[21]. Strong evidence to support this hypothesis has been
obtained for chloroplasts, in which PDF is also essential
[40, 51, 55, 56]. 
As it has never been used as a target for antibiotics in hu-
man therapeutics and has therefore never been subject 
to selection pressure and the development of resistance,
PDF has been proposed as a most attractive target for
new antibiotics [35]. The identification of genes encod-
ing PDFs resembling bacterial PDFs in the genomes 
of several pathogenic eukaryotic microorganisms such
as apicomplexan (e.g. P. falciparum, the agent of ma-
laria) and other similar agents (Trypanosoma and Leish-
mania) suggested that PDF inhibitors could be used 
for prophylaxis of the diseases caused by these agents
[148, 161].

MAPs
The gene encoding MAP (map, formerly pepM) is essen-
tial in Eubacteria [154, 162, 163]. In yeast, these two
genes are dispensable individually, but the disruption of
both is lethal, indicating that cytoplasmic NME is essen-
tial in lower eukaryotes. In yeast, MAP1 seems to be the
dominant isoform. Deletion of the map1 gene results in a
slow growth phenotype, whereas loss of the map2 gene
decreases the growth rate only slightly [164, 165]. These
data suggest that MAP2 is redundant activity in fungi in
contrast to MAP1. Recent studies have suggested that
MAP1s and MAP2s may have different substrate effi-
ciencies [166, 167]. In yeast, MAP1 was found to be the
most efficient, whereas MAP2 increased its efficiency
for some substrates only if overproduced. However, both
MAPs were less efficient if the second residue in the sub-
strate was Val, and MAP2 was less efficient than MAP1
if the second residue was Gly, Cys or Thr. 
Nothing is yet known about whether cytoplasmic NME is
essential in higher eukaryotes or about the relative contri-
butions of the various enzymes. However, the few data
available suggest that MAP2 plays a more important role
in higher eukaryotes than in yeast. In Drosophila, MAP2
gene disruption causes severe abnormal development phe-
notypes [90].  In malignant human cells, a reverse genet-
ics strategy based on the use of MAP2 antisense oligonu-
cleotides revealed that MAP2 inhibition induced apopto-
sis [94]. Moreover, blocking MAP2 activity with the
specific drug fumagillin (see below) and its derivatives re-
sults in the selective inhibition of endothelial cell prolifer-
ation by arresting the cells in G1 phase. This effect seems
to be mediated by a pathway depending on the pre-apop-
totic transcription factors p53 and p21WAF1 [168, 169]. At-
tempts have been made to explain the apparent discrep-
ancy between fungi and animals in terms of the relative
importance of MAP2. It has, for example, been suggested
that MAP1 and MAP2, despite their common enzymatic
functions, respond differently to metabolic conditions,
such as Met concentration [165]. The rescue of the map1
phenotype by MAP2 gene overexpression is prevented by
adding Met to the culture medium. The addition of low
millimolar amounts of Met has been shown to inhibit the
activity of MAP2 [IC50 (concentration giving 50% inhibi-
tion) = 0.15 mM], but not MAP1A in vitro. Given the in-
tracellular concentrations of Met in yeast (0.1–1 mM) and
endothelial cells (5–30 mM), it has been suggested that
MAP2 activity is fully inhibited in yeast when Met is not
limiting, whereas this is not the case for MAP2 in animals.
As yeast has an anabolic pathway for the synthesis of Met
whereas animals do not, a coupling between NME and
Met anabolism could be physiologically relevant. A link
between MAP with Met salvage and metabolism has in-
deed been established in yeast [165]. Such a link may also
exist in bacteria. We can speculate that, in conditions in
which Met is limiting in yeast, MAP2 activity may in-
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crease and Met may be recovered from the most fastidious
substrates. MAP2 may also act posttranslationally, recov-
ering Met from all polypeptide substrates with an N-Met
in a favorable context – those generated by protein degra-
dation – for example. 

NME inhibitors and their therapeutic use

MAP inhibition by natural and synthetic drugs and
its use in anticancer therapy
A diversity of MAP inhibitors
Fumagillin – a sesquiterpene diepoxide compound pro-
duced by the fungus Aspergillus fumigatus – and its nu-
merous derivatives (compounds 1–5 in fig. 3) such as
TNP-470 (AGM-1470) [170], ovalicin [171], cis-fumag-
illin [172] and fumagalone [173], potently, specifically
and covalently bind and inactivate MAP2s [174, 175]. Co-
valent binding involves an active site His involved in co-
ordination of the catalytic metal cation [64, 176]. Fumag-
illin has no physiological effect on EcMAP1, although it
also binds covalently to the enzyme with low affinity
[177]. The structural basis of the selectivity of fumagillin

for MAP has been analyzed in depth [178, 179]. Fumag-
illin acts specifically on MAP2 NME and does not impair
the interaction of MAP2 with eIF2a binding or POEP ac-
tivity (see also above and [176]). Fumagillin has a number
of deleterious effects on angiogenic cells in animals and
amoeba (Entamoeba sp.) [64, 174, 175, 180–182]. Sev-
eral other antiproliferative effects have been also observed
in animal liver [183]. Consistent with the fact that the min-
imal genome of the microsporidian parasite E. cuniculi
contains a gene for MAP2, but not for MAP1 (see above
and [60, 184]), fumagillin is active against the class of ob-
ligate human intracellular protists that includes Enterocy-
tozoon and Encephalitozoon spp. These parasites are re-
sponsible for various clinical syndromes in immunocom-
promised patients, and fumagillin is one of the few drugs
active against such diseases. Finally, fumagillin also
seems to inhibit the growth of other major human para-
sites responsible for malaria and leishmaniasis [181].
However, these organisms do have an expressed MAP1A
gene [50]. This suggests either that fumagillin inhibits the
MAP1 of these parasites more strongly or that, as for
map1 disruption in Saccharomyces cerevisiae [164, 185],
fumagillin-induced MAP2 inactivation significantly re-
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Figure 3. Chemical structures of drugs specifically targeting MAPs. The chemical structures of some compounds that inhibit MAPs are shown.



duces the growth rate of the protist, decreasing patho-
genicity by generating an overall deficiency in MAP (i.e.,
MAP1 + MAP2) activity (see above). 
Until recently, only weak inhibitors of MAP1s, such as
fumagillin [177], phosphorus-based Met analogs [186]
and bestatin-derived peptide inhibitors [187], had been
described (compounds 6–13 in fig. 3). These inhibitors
have Kd values > 5 mM and therefore cannot be used in
therapeutics. New, more potent compounds have recently
been discovered (14–22 in fig. 3). They include tria-
zole-based inhibitors (17–19 in fig. 3), which bind well
to S. aureus MAP1 [188] and Met mimetic compounds
(12–16 in fig. 3) [189]. In any case, drug potency appears
to depend on the nature of the metal cation bound to the
enzyme. This situation strongly resembles that for MAP2
inhibition by a similar series of inhibitors [122]. Finally,
very potent inhibitors of both E. coli and S. cerevisiae
MAP1 have also been described [190]: pyridine-2-car-
boxyl derivatives (16 in fig. 3). The efficiency of these
molecules for MAP2 inhibition is unknown. If they
should prove to be inefficient inhibitors of MAP2, they
could be used as the starting point for the design of new
antibiotics as bacteria have only MAP1.
Bengamides are compounds (20 in fig. 3) isolated from
marine sponges that inhibit the growth of human tumors
at concentrations in the low nanomolar range [191]. Syn-
thetic, more soluble analogs of bengamides, such as
21–22 (fig. 3), have been produced [192, 193]. Recent
proteomics analysis revealed that bengamides specifi-
cally bind and inhibit both MAP1 and MAP2 from hu-
mans, with similar Kd values for both enzymes [194].
They mimic a tripeptide substrate (Leu-Val-Asp), and the
central hydroxyl groups coordinate the metal cation.
However, although not specific for MAP2, bengamides
have similar effects to fumagillin in vivo, with pro-
nounced activity in endothelial cells. Bengamides are
very promising molecules and could be used as the start-
ing point for the design of improved drugs.
It is becoming clear that new inhibitors specific for one or
other MAP will soon be discovered. Compound A-35700 –
a new MAP2-specific, potent, reversible inhibitor with in
vivo antitumor efficacy – is interesting as its chemical
structure (23 in fig. 3) was designed rationally based on
that of bestatin [195]. Peptidyl hydroxamic acids were also
described most recently as MAP inhibitors [196].

Toxicity and side effects of MAP2 inhibitors
Angiogenesis is the process by which new blood vessels
are formed. It is essential for the growth of tumors and is
important in many diseases, such as arthritis and psori-
aris. The pharmacological inhibition of angiogenesis is
now a major field in anticancer research [197, 198] fol-
lowing Judah Folkman’s pioneering work [199]. Deriva-
tives of fumagillin inhibit angiogenesis and tumor growth
[182]; they are now undergoing clinical trials as promis-

ing anticancer drugs [200]. No resistance to TNP-470
was detected in trials of the use of this drug to inhibit an-
giogenesis [201], making TNP-470 a good candidate
drug for use in future chemotherapy [202]. Phase II clin-
ical trials have been performed, testing the effects of
TNP470 against cancers, including Kaposi’s sarcoma,
retinoblastomas, hemangiomas, renal carcinoma, breast,
brain and prostate cancers [200, 203]. TNP-470 has a
short half-life in the serum and appears to be well toler-
ated by patients. Some side effects concerning wound
healing and the female reproductive system have been re-
ported. However, it should be borne in mind that fumag-
illin and derivatives have a long history of use in human
therapeutics, over the last fifty years or so, in the treat-
ment of parasitic diseases [204].

PDF inhibitors
PDFI as new antiinfection agents
The similarity between PDF and metalloproteases of the
thermolysin-metzincin family led to the rational design
and synthesis of the first PDFI. Analyses led to the pre-
diction of the ideal structure for a potent PDFI: a di- or
tripeptide with the formyl group replaced by a metal-
chelating group, a hydroxamate for example [109,
205–209]. Actinonin, the most potent known natural
PDFI, matches these requirements perfectly. Actinonin is
a natural antibiotic produced by the Gram-positive 
actinobacterium Streptomyces roseopallidus. This pseu-
dotripeptide hydroxamate is, however, not bioavailable
and has therefore never been used as an antibiotic in clin-
ical practice [157]. Two other natural molecules produced
by Streptomyces sp. and targeting PDF activity have been
described [210]. Actinonin has also been shown to block
P. falciparum infection [211]. The crystal structures of the
complex between actinonin and various representative
members of eubacterial PDF (PDF1B and PDF2) were
solved [147]. Such data now form the starting point for
the structure-based design of PDFI.
Bioavailable derivatives of actinonin were recently de-
scribed and shown to be active against S. aureus sep-
ticemia in mouse [212]. In the last 2 years, several com-
panies have reported impressive progress on PDFI, with
two molecules in particular – BB-83698 and VRC-4887
(also called NVP-PDF386) – showing great promise (see
data reviewed in [213]). Research and preclinical studies
on PDF inhibitors have shown them to be highly potent
against bacteria responsible for serious upper tract respi-
ratory diseases, including Streptococcus pneumonia,
Moraxella catarrhalis, Enterococcus species and
Haemophilus influenzae, and against strains resistant to
current antibiotics. PDFI clearly constitute a new family
of antibiotics. Vernalis has started human trials for
BB-83698, and Vicuron recently began clinical trials in
collaboration with Novartis for VRC-4887. Used at doses
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toxic to bacteria, PDFI have not been found to be toxic to
mammals in the short term. However, actinonin inhibits
the proliferation of human cells if used at higher concen-
trations [214]. These data suggest that PDF is crucial for
mitochondrial function but that the well-known low per-
meability of the mitochondrial membranes to antibiotics
protects the organelle. This low permeability has made it
possible to use several antibiotics with mitochondrial tar-
gets (macrolides and so on) successfully in human thera-
peutics. However, the fact that PDF can be inhibited in
humans without any serious deleterious effects in the
short term raises questions concerning the exact role of
NME in the mitochondrion and its actual targets.

The issue of resistance to PDFI
At a recent meeting focusing on PDFI as a new class of
antiinfection agents (see [215]), the possible emergence
of resistance was identified as the major concern for
PDFI use in human therapeutics. The rate of resistance
development depends on the bacterium considered (for a
review, see [47]). Resistance may involve mutations in
the genes encoding PDF (def) or FMT (fmt), which adds
the formyl group to the initiator Met-tRNA. Unlike def,
fmt is not truly essential in some bacteria, such as E. coli.
The inactivation of fmt drastically decreases the growth
rate of the bacterium but circumvents the need for PDF,
resulting in resistance [44, 46, 158, 216]. Indeed, fmt-,
PDFI-resistant bacteria have such limited growth that
they are not infectious [212, 216]. Thus, such bacteria are
not thought to present a major problem. Mutations occur
less frequently in def (10–8–10–9), than in fmt (10–6–10–7),
so very few data are available concerning the molecular
basis of resistance caused by def mutations, although
such mutations appear to be the major concern with re-
spect to PDFI resistance. In bacteria such as S. pneumo-
niae, in which fmt is an essential gene [158], a small num-
ber of substitutions in the product of the type 2 defB gene
were recently reported [158, 217, 218]. These substitu-
tions are restricted to amino acids outside the active site,
in some cases at some distance from it, and the structural
and biochemical bases of such resistance are not yet un-
derstood. Finally, it is unknown whether PDFI use can re-
sult in the induction of multi-drug resistance genes, al-
though efflux from acrAB-tolC [219] is a natural cause of
resistance to PDF inhibitors in Gram-negative bacteria.
The minimal inhibitory concentration in vivo for acti-
nonin is ~0.2 mg/ml in a tolC context and >400 mg/ml for
the wild type [157].

N-terminal Met maintenance/removal as a signal
controlling protein half-life

Until very recently, the physiological function of NME was
unknown. It was first suggested some time ago that NME

might be involved in controlling protein half-life [23]. Re-
cent data have provided strong support for this hypothesis.

Bridging the gap between NME and protein half-life
The plastid has been used as a model system for investi-
gating the role of NME, because the N-terminal modifi-
cations within plastids are diverse enough that this system
can be used to mimic a bacterium, and almost a whole eu-
karyotic organism (table 1 and [40]). An integrated ap-
proach involving simplified proteome analysis of the
higher plant A. thaliana as a model system has been used
to elucidate the role of NME within the plant [40, 56].
This study dealt with the role of NME in the plant as a
whole, and no assumptions were made concerning the
role of NME. NME was inhibited by (i) disrupting the
PDF gene and/or (ii) drug-specific PDF inactivation.
Only one protein – the core photosystem II protein D2 –
behaved abnormally, with a much shorter half-life, but no
change in function. The decrease in steady-state level of
this only protein induced further cascade mechanisms in-
volving (i) destabilization of the major large protein com-
plex to which it belongs, and (ii) further disorganization
of the biogenesis of the whole compartment – the plastid
– in which this protein is active. This effect was fully re-
produced by site-directed mutations resulting in
amino-acid substitutions altering the N-Met cleavage of
the corresponding plastid target, provided that the N-Met
was retained. Thus, (i) only very few proteins of a pro-
teome are directly sensitive to NME inhibition and (ii)
blocking NME destabilizes a normally stable key core
protein of the major protein complex of the compartment. 

Protein degradation and the role of the N-terminus
in development
Regulated protein degradation is known to play a crucial
role during development [220] and aging, often through
programmed cell death in higher organisms, including
higher plants [221, 222]. The ubiquitin-proteasome path-
way is one of the major mechanisms of proteolysis in eu-
karyotes. Proteins destined for degradation are modified
by a multi-ubiquitin chain anchored to the e-NH2 group of
one or more lysine residues. However, various studies
have shown that protein aN-termini may themselves also
serve as ubiquitination signals [223]. The transcription
factor MyoD, a DNA-binding protein required for muscle
differentiation, and p21, a regulator of the cell division
cycle, are degraded via this pathway, known as the N-ter-
minus-dependent ubiquitination pathway [224, 225]. Re-
cent data strongly suggest that the N-terminus-dependent
ubiquitination pathway is used for the degradation of
short-lived nuclear proteins [223]. The numerous protein
substrates of this pathway are recognized by specific E3
ligases and degraded. 
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Motifs for protein degradation, the N-end rule and
NME: is N-Met a destabilization signal?
The recognition of a protein substrate for degradation in-
volves the recognition of specific structural motifs within
the protein that do not necessary lead to the constitutive
degradation of the protein. Such motifs may be unmasked
by other, secondary mechanisms, such as DNA binding
for the N-terminus of MyoD. The primary signal for
degradation studied in most detail is the N-terminal
residue itself. If the side chain of this residue is bulky, as
for Arg or Leu for example, the protein is short lived. This
rule of thumb is known as the N-end rule, and relates the
in vivo half-life of a protein to the identity of its N-residue
[226]. Unlike ubiquitination, this rule is universally con-
served. Surprisingly, although Met is a bulky, and there-
fore theoretically destabilizing residue, studies with a sin-
gle reporter protein have suggested that Met is a stabiliz-
ing residue in yeast, animals and plants [226–228].
However, further studies with other reporter proteins,
such as GST in yeast [167], b-galactosidase in E. coli
[19], b-glucuronidase [229] and the D2 component of
photosystem II [56] in plants, have shown that the main-
tenance of the N-terminal Met residue destabilizes the
protein. Thus, an N-terminal Met may act as a signal, tar-
geting a protein for degradation. However, an N-terminal
Met is not enough in itself to confer a short half-life on a
given protein. Instead, other features of the protein close
to the N-Met residue, such as phosphorylation of serine 2
of the protooncogene protein c-mos [230], may partici-
pate in fine-tuning protein degradation. In addition, re-
curring N-terminal motifs such as M-K-F-F-X-F are in-
volved in cleavage by the bacterial ClpXP protease, an
enzyme with orthologs in organelles [231]. 

Hypothetical targets and physiological mechanism
for NME-sensitive regulation
The data obtained for plastid NME suggest that downreg-
ulation of the process may be involved in the degradation
of key subsets of proteins, not only in the plastid but also
in the other two NME-sensitive proteomes: those en-
coded by the mitochondrial and nuclear genomes. Other
data suggest that regulation of cytoplasmic and mito-
chondrial NME is an important mechanism in the life of
the cell. As in the plastid, identification of the most sen-
sitive, destabilized targets in both the mitochondrion and
cytoplasm should provide important insight into the
physiology of development and aging. 

Mitochondrial targets
Mitochondrial protein production is a major factor in
apoptosis, which involves cytochrome c release and pro-
tein degradation [232]. Several signals may induce the
process, including development, oxidative, abiotic or bi-
otic stress [233, 234]. Mitochondrial NME is likely to be

one such signal. A comprehensive study of the predicted
N-termini of mitochondrial proteins from several animal
genomes in which NME occurs has been carried out [50].
This study indicated that 7 of the 13 proteins of the ani-
mal mitochondrial proteome would be expected to un-
dergo systematic NME. These proteins include two sub-
units of cytochrome c oxidase (COX2 and COX3) – a 
major complex involved in cytochrome c recycling. Cyto-
chrome c release is known to be the primary signal for
apoptosis in mammals. In plants, which have a mitochon-
drial proteome twice the size of that in animals, seven ri-
bosomal proteins and six other proteins – the nad7, nad9
and cob products, and three of the four cytochrome c
chaperones (the ccb gene products) – are predicted to be
substrates for NME. Blocking mitochondrial NME would
probably render one or several of these proteins unstable.
For instance, rapid degradation of one of its specific
chaperones could lead to incomplete maturation of cy-
tochrome c, resulting in its release into the cytoplasm and
the induction of cell death. 

Cytoplasmic NME and nuclear targets
As about two-thirds of the proteins of the proteome un-
dergo NME, it is currently difficult to make reliable pre-
dictions concerning cytoplasmic NME targets. However,
given the effects of MAP2 inhibition, developmentally
regulated major nuclear transcription factors such as ets-1
[235] might be expected to be sensitive to NME-regulated
degradation. This regulation might involve the free amino
group of a retained Met being unmasked in conditions of
NME inhibition, whereas that of the penultimate amino
acid is unmasked if Met is removed. This regulation may
be direct or indirect, involving specific N-acylation. It
should be noted that (i) several transcription factors in
plants and mammals that undergo N-myristoylation (a
modification entirely dependent on NME, [236]) were re-
cently identified and (ii) the N-myristoylated a subunit of
the major heterotrimeric G protein that regulates cell dif-
ferentiation in yeast and plants [237] is degraded accord-
ing to the N-end rule [238]. N-acetylation may provide a
means of altering the accessibility of the N-terminus to
nuclear ubiquitination. The impairment of NME might
also be expected to result in the production of new ubiqui-
tin-conjugating machinery components (E2 or E3) spe-
cific for N-termini. These components may form part of
the so-called nuclear signalosome.

Conclusion: future prospects

Specific inhibitors of the various components of the
NME pathway (MAP1, MAP2 and PDF), such as fumag-
illin and actinonin, have been described in the last few
years. Much remains to be done before NME inhibitors
enter the human health market, but NME is clearly a
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highly promising target for future therapeutic interven-
tion. Gene knockout experiments in higher eukaryotic or-
ganisms and cells are required (i) to increase our under-
standing of the basic physiology of the process and (ii) to
evaluate the consequences or side effects due to
long-term inhibition or exposure to inhibitors. The nature
of the metal cation present in enzymes of the NME path-
way also requires investigation, as this issue appears to be
of particular importance in the design and activity of new
drugs. This approach was recently followed for MAP
[122, 189]. NME seems to be regulated in both prokary-
otes and eukaryotes. Bridging the gap between protein
half-life and NME is clearly of key importance, as NME
appears to be involved in many crucial cell events, in-
cluding development and programmed cell death.
This review has dealt with few data concerning the con-
sequences of Met removal except as relates to protein
half-life. However, the posttranslational modifications
induced by NME must be taken into account. Few post-
translational modifications involving the N-terminus
have been described in bacteria, whereas such modifica-
tions occur frequently in eukaryotes. Bacterial elonga-
tion factor EFTu [239] and some ribosomal proteins (S5,
S18, L7 and L12) have been shown to be N-acetylated
following NME, by the products of the rimI, rimJ and
rimL genes (see data in [240]), none of which is essential
for cell growth. Our genetic and biochemical under-
standing of N-acetylating enzymes is currently very
good for fungi [240] but only partial for higher eukary-
otes [241]. A large proportion of proteins appear to un-
dergo N-acetylation – up to 90% in higher eukaryotes –
but this modification does not necessarily depend on
Met removal [57, 241]. For eukaryotic proteins trans-
lated in the cytoplasm, a cotranslational modification af-
fecting a very small fraction of proteins, all beginning
with a glycine unmasked by NME – N-myristoylation –
is known to occur [236, 242]. This modification appears
to be essential in yeast [243] and Drosophila [244]. In
plant organelles, N-acetylation and N-methylation fre-
quently occur, but the catalysts involved have yet to be
identified [40, 241]. The O-phosphorylation of N-termi-
nal Ser or Thr residues has also been reported to occur in
plastids (table 1 and [40]).
The production of proteins or peptides of medical interest
in plant plastids is emerging as a valuable tool in biotech-
nology [245]. Mastering NME in this organelle will en-
able us to control protein production in plastids, making
it possible to produce drugs with the most active N-ter-
minal configurations possible.
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