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Protein biosynthesis starts with methionine (Met) in all living
cells.[1–5] In the cytosol of eukaryotes[6] and archaebacteria,[7]

protein translation is initiated with Met whereas N-formylme-
thionine (fMet) is used in eubacteria,[8] the mitochondria[9] and
chloroplasts.[10] The formyl group is added to the free a-amino
group of Met-tRNAfMet by the methionyl-tRNAfMet formyltrans-
ferase (EC 2.1.2.9) and fMet-tRNAfMet participates in transla-
tion.[2] Met is always the first amino acid incorporated into the
N-terminal position of a protein, even if alternative start
codons, such as GUG and UUG are used for translation initia-
tion.[11] However, the amino acid sequence of mature proteins
seldom contains Met at the first position; the N termini of
most proteins are modified by a variety of co-, and post-trans-
lational processing events.

Peptide deformylase (EC 3.5.1.88) removes the N-formyl
group from proteins in prokaryotes and organelles. The un-
masked amino terminal Met can subsequently be cleaved from
prokaryotic as well as eukaryotic proteins by the Met amino-
peptidase (MetAP; EC 3.4.11.18). Additionally, novel N termini
are generated by the enzymatic cleavage of leader sequences,
or by proteolytic digest at one or more positions within the
polypeptide chain. The covalent attachment of diverse chemi-
cal functionalities, such as acetyl-, phosphate-, and myristoyl-
groups, or ubiquitin represents other N-terminal modifications
beyond proteolytic processing.[12, 13]

As most N-terminal Met residues are co- or post-translation-
ally removed, their function lies in translation initiation rather
than in structure.[14] Depending on the organism, between 55
and 70 % of the proteins are subject to N-terminal Met excision
(NME) by MetAP.[15] NME is an irreversible cotranslational pro-
cess that occurs as soon as the first N-terminal residues of the
nascent peptide protrude from the ribosomal exit tunnel,
before protein folding starts to occur.[12, 15, 16] In eukaryotic cells,
this enzymatic processing coincides with the intracellular local-
ization of MetAP close to the ribosome.[17] Although the locali-
zation of bacterial MetAP is still unclear (C. Klein, personal
communication), it is reasonable to suppose that it is ribosome
associated as well.

MetAP specifically cleaves Met in the first position of the
precursor protein.[15] Meinnel and coworkers showed that
model peptides with N-terminal Leu and Phe could be pro-
cessed by Escherichia coli MetAP (EcMAP1) in vitro but with
considerably lower catalytic efficiency than Met.[18] The cleav-
age efficiency of Met in the first position largely depends on
the bulkiness and nature of the side chain of the second
amino acid (Figure 1).[15] In vivo[13] and in vitro[18] data analyses

provided convincing evidence that NME is likely to occur if the
second residue of the precursor is Ala, Cys, Gly, Pro or Ser. Met
in the first position can also be excised if Thr or Val follows in
position 2, but with lower efficiency.[18] Excision of the N-termi-
nal Met with Ile and Asn at the second position is inefficient
but may occur if the sequence context (vide infra) supports
it.[12] NME is not observed with the other amino acids at the
second position.[12, 13, 18] Although the data were collected pre-
dominantly in in vitro studies with EcMAP1 or in vivo with pro-
teins from E. coli, MetAPs from diverse organisms all have the
same specificity.[13, 18] Taken together, smaller amino acids, espe-
cially Ala, at the second position optimally support N-terminal
Met excision,[18] whereas large side chains at the second posi-
tion block the action of MetAP (Figure 1).[13]

According to earlier studies, the third position in the precur-
sor protein does not influence NME.[13] However, recently it
was shown that not only the amino acid in position 2 but addi-
tional residues following the first Met have a major impact on
NME efficiency.[18] In vitro excision of the first Met from model
peptides with either Ala or Gly in the second position was op-
timal if Trp, Met, or Ser followed in the third position. In con-

Figure 1. N-terminal Met excision (NME) is an irreversible cotranslational
modification that is completed before the nascent polypeptide chain is fully
synthesized. The basic rule is that small amino acid residues in the second
position after the N-terminal Met facilitate NME, whereas bulky residues in-
hibit the process. MetAP, Met aminopeptidase.
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trast, Asp, Ile, Thr, Pro, and Glu in the third position had a neg-
ative influence on Met cleavage in vitro as well as in vivo.
Meinnel and co-workers were able to show that even the
amino acid residues in positions 4 and 5 exert certain effects
on NME.[18]

Although NME is a rapid and efficient process, the N-termi-
nal Met may erroneously be retained on some proteins that
are recombinantly overproduced in E. coli, especially when
strong promoters like T7 or T5 are used. This phenomenon is
most probably due to the saturation of the peptide deformy-
lase and MetAP capacities or targeting of the nascent protein,
for example, into inclusion bodies.[13, 15]

The nature of the N-terminal residue and the half-life of a
protein are directly correlated (N-end rule).[19–22] Apart from
rare exceptions,[23] small N-terminal residues stabilize the pro-
tein, whereas bulky residues destabilize it. Met occupies a spe-
cial position since it appears to have a stabilizing effect.[21]

Since NME generates new N termini, it determines the meta-
bolic fate of a protein, such as its turnover or its further matu-
ration through other N-terminal modifications. Only recently
has NME been recognized as a promising therapeutic target
and specific inhibitors for this process are being developed.[15]

Noncanonical Met analogues that are chemically and/or ster-
ically similar to Met have long been used as antagonists to
study cellular Met metabolism.[24] Very early it was recognized
that the Met analogues norleucine (Nle; Figure 2) and ethio-
nine (Eth; contains an ethyl-thioether instead of the methyl-
thioether) can be translated into proteins in E. coli in place of
Met, though they inhibit bacterial growth.[24] Growth inhibition
occurs due to the inability of the analogues to replace Met as

the precursor of S-adenosyl Met.[25] Nle and Eth are charged
equally onto initiator tRNAfMet and elongator tRNAMet by me-
thionyl-tRNA synthetase, though less efficiently than Met.[26]

Norleucyl-tRNAfMet and ethionyl-tRNAfMet are formylated similar-
ly to Met[25–27] and the formylated species efficiently initiate
translation.[25, 27] Likewise, N-formylnorleucine or N-formylethio-
nine appear to be substrates for the peptide deformylase,[28]

and for MetAP.[25, 28] This indicates that due to the catalytic pro-
miscuity of the involved enzymes such as the methionyl-tRNA
synthetase, methionyl-tRNAfMet formyltransferase, the ribosome,
the peptide deformylase, and MetAP, the noncanonical Met an-
alogues can participate in protein translation and subsequent
N-terminal modifications.

Recently, Tirrell and co-workers demonstrated nearly quanti-
tative substitution of the Met residues in dihydrofolate reduc-
tase by homopropargylglycine (Hpg; Figure 2). The initiator
Met was also substituted, but the Hpg in the first position was
not excised.[29, 30] Similarly, by global replacement of Met with
trifluoromethionine in green fluorescent protein, we serendipi-
tously discovered an efficient blockage of the N-terminal exci-
sion of trifluoromethionine even though Ser was the second
amino acid.[31] In order to study N-terminal excision of Met ana-
logues in more detail, we heterologously expressed human ep-
idermal growth factor (hEGF) in E. coli in the presence of Hpg,
and azidohomoalanine (Aha; Figure 2). Both Met analogues
were incorporated at the N terminus of hEGF and their cleav-
age rates provided new insights into the rules for N-terminal
residue excision (NRE). According to the established NME rules
(see above), neither Met nor Aha or Hpg were cleaved from
the N terminus of hEGF when Arg was the second amino

acid.[32] When the NME supporting amino acid Gly
was at the second position, Met>Aha>Hpg were
excised in that order.[32] This was the first indication
that the excision efficiency depends on the chemical
nature of the N-terminal amino acid, even if the
second amino acid is small and therefore would fa-
cilitate NRE (Figure 2). Similarly, by exploiting NRE,
Wang and co-workers sought to preserve Aha or
Hpg at the N terminus of recombinantly expressed
human b-interferon (IFNb) for subsequent bioor-
thogonal modification. They also found that replac-
ing Met in the first position at the N terminus with
Aha or Hpg decreased the activity of both the defor-
mylase and MetAP to some extent.[33] These authors
were able to detect minor amounts of formylated
Hpg,[33] a fact that we did not observe in our protein
preparations.[32] Met in the first position of IFNb was
completely cleaved, independent of whether the
second amino acid was Ala, Ser, or Gly. Ala in the
second position promoted Aha and Hpg excision to
nearly completion. However, excision efficiencies of
both Met analogues were reduced with either Ser or
Gly in the second position. Only when Gln, Glu, or
His occupied position 2, was excision of Met as well
as Aha and Hpg completely blocked.[33] This observa-
tion is in agreement with our findings that NRE is
blocked with bulky amino acids in the second posi-

Figure 2. Tuning the N-terminal residue excision from complete cleavage to complete
blockage. The chemical nature of the N-terminal amino acid determines its excision effi-
ciency from a recombinant protein with a small amino acid in the second position.
Among the tested noncanonical Met analogues, Nle showed excision almost as efficient
as Met. Aha was less efficiently excised, whereas Hpg and Cpa were bad substrates for
MetAP, and their in vivo cleavage efficiency was dramatically reduced. Note that a bulky
residue at position 2 efficiently blocks excision of the N-terminal residue, regardless of its
chemical nature. Although Cpa is chemically and structurally not a Met analogue, it is a
substrate for methionyl-tRNA synthetase (unpublished results).
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tion. However, the excision of Aha and Hpg was found to be
less efficient even with Gly occupying this position in hEGF or
IFNb precursor proteins.

In order to further sort out the NRE rules with Met ana-
logues, we conducted in vitro studies with EcMAP1 and model
peptides containing the Met analogues Nle, Aha, Hpg and b-
cyclopropylalanine (Cpa; Figure 2) in the first and different can-
onical amino acids in the second and third positions. Cleavage
of all Met analogues was efficiently blocked when the second
position in the model peptide was occupied by the bulky
amino acid arginine.[32] In contrast, Ala at position 2 facilitated
the excision of the N-terminal Met analogues except Cpa
(cleavage efficiency: Met, Nle, Aha @ Cpa; Figure 3 A). Thus, the
chemical and/or structural nature of the first amino acid influ-
ences NRE even if the second amino acid is small and facili-

tates NRE, such as Ala. Frottin and associates observed a simi-
lar trend with the Met analogues, Met sulfoxide (Met(O)), and
norvaline (Nva): Met and Nle were more efficiently excised
from tripeptides with Ala in the second position than Met(O)
and Nva (cleavage efficiency: Met, Nle>Met(O), Nva).[18] We
found an altered in vitro cleavage efficiency of Met, Nle, Aha,
Hpg and Cpa when Ala (in the second position) was ex-
changed for Gly (Figures 3 B, 3 C). In this case, the similarity of
the Met analogy became a more important determinant for ex-
cision, since the cleavage efficiency declined in the order Met,
Nle>Aha @ Cpa (unpublished results; Figure 3 B) or Met>
Aha>Hpg[32] (Figure 3 C). The cleavage pattern of Met and its
analogues remained unchanged with Ser (unpublished obser-
vation) or Gln at the third position (Figures 3 A, 3 B).

Our findings agree with those reported by Frottin and co-
workers. Similar to their in vitro study,[18] we observed that
peptides with a noncanonical Met analogue in the first and Ala
in the second position were cleaved most efficiently. However,
peptides with Gly at position 2 were less efficiently cleaved
and the nature of the first amino acid residue became more
important. This reflects very well the in vivo situation in the
Aha and Hpg variants of hEGF[32] and IFNb.[33] As for NME,
MetAP activity appears to be the limiting factor for NRE. The ri-
bosomal translation of amino acids into polypeptides is a rapid
(approximately 10–20 residues per second in E. coli)[34] and
highly accurate process. Being a cotranslational event, NME
must occur with optimal specificity at high rates, as well. Al-
though we did not assess the kinetic parameters for the cleav-
age of structurally and/or chemically distinct Met analogues by
MetAP, it is reasonable to expect that in comparison to Met
they are less efficient substrates. This might explain the mark-
edly reduced excision rate of chemically and/or sterically differ-
ent Met analogues such as Cpa.

As already mentioned above, the MetAPs from different or-
ganisms have the same specificity with respect to Met in the
first and small or bulky residues in the second position of aACHTUNGTRENNUNGpolypeptide.[13, 18] Interestingly, model peptides with Aha in the
first position are processed more efficiently by the E. coli
MetAP than variant peptides with Hpg. The opposite is true for
the MetAP from Pyrococcus furiosus ; this enzyme cleaves Hpg
more efficiently than Aha if Gly is at position 2 (unpublished
results). Based on these preliminary findings, one might specu-
late that the specificities of prokaryotic and archaeal MetAPs
towards Met analogues differ.

In vitro and in vivo, Ala promotes NRE, whereas Gly exerts a
slightly inhibitory effect. The reason for this inhibitory effect of
Gly is unclear but it might be related to the chirality of this res-
idue. Gly is the smallest of all canonical amino acids and it is
the only achiral one. Frottin and co-workers observed that
both the geometry and the hydrogen environment around the
a-C of the second amino acid are critical for EcMAP1 activity.[18]

Further in vivo experiments with more model proteins contain-
ing noncanonical Met analogues at their N termini may help to
gain more insight into this emerging new research area.

From the above-described in vitro and in vivo studies, it is
clear that the established NME rules are valid even for process-
ing of noncanonical Met analogues (or in other words, bulky

Figure 3. Substrate specificity of E. coli MetAP. In vitro excision of N-terminal
Met, Nle, Aha and Cpa from the model peptides A) H-Xaa-Ala-Gln-Val-Lys-
Tyr-NH2 and B) H-Xaa-Gly-Gln-Val-Lys-Tyr-NH2 by EcMAP1 (our unpublished
observations). C) NRE of Met, Aha and Hpg from the model peptide H-Xaa-
Gly-Asn-Leu-Phe-NH2.[32] Xaa denotes Met or one of the analogues and the
amino acid in position 2 is printed in bold. MetAPs act cotranslationally;
their substrates are unstructured, short N-terminal peptides that protrude
from the ribosome tunnel. While EcMAP1 cleaves dipeptides extremely inef-
ficiently, tripeptides and larger peptides are suitable substrates for in vitro
cleavage assays. In vivo and in vitro data analyses have shown that the ki-
netics of in vitro excision is directly related to the efficiency of in vivo NRE
(unpublished observation).[18, 32]
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amino acids in the second position block their excision as they
do with Met). Ala in the second position is the best residue for
excision (Figure 2). However, N-terminal residue excision by
MetAP can be markedly affected by substitution of the natural
Met residue with noncanonical analogues. If Gly occupies posi-
tion 2 in a polypeptide, the chemical and/or structural nature
of the Met analogue in the first position becomes critical ; the
more similar it is to Met, the more likely it is to be excised. Fur-
ther in vitro and in vivo experiments with peptides and pro-
teins containing noncanonical Met analogues at the N termi-
nus in a defined sequence context will be necessary to fully
complete the essential rules of NRE.

Met analogues that more or less efficiently block NRE, such
as trifluoromethionine, Aha, Hpg or Cpa, appear to be the
paradigm of a new class of MetAP inhibitors that are an inte-
gral part of the protein N terminus. Met analogues carryingACHTUNGTRENNUNGbioorthogonal groups such as Aha or Hpg, block MetAP and
are therefore retained for chemical modification of the protein
N terminus. In addition, since NME plays an important role in
cancer development,[35, 36] structurally and chemically distinct
Met analogues that block NRE may well represent an interest-
ing approach in anti-cancer drug design. Therefore, tuning
NRE with Met analogues may find useful applications in the
future.
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