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1. Introduction

Methylation of nitrogen atoms is one of the most
important chemical modifications to regulate biological
functions. N-methylation especially plays a crucial role in
epigenetics, which comprises all meiotically and mitotically
heritable changes in gene expression for a cellular phenotype
that are not coded in the Watson–Crick base pairing of DNA
itself.[1, 2] In this context, N-methylation of histones is deeply
involved in the structural changes of chromatin and thus
closely associated with its biological functions.[3] Among
others, N-methylation is the reason why an identical geno-
type, that is, having the same DNA sequence, gives rise to
many different phenotypes. Besides its central role in histone
modification, DNA methylation is another well-established
epigenetic marker which plays a critical role in the control of
gene activity and the architecture of the cell nucleus.[4] The
methylation of DNA occurs at the N6 position of adenine and
in the C5 position of cytosines in CpG sites, and is brought
about by various DNA methyltransferases.[2, 5] The global and
gene-specific hypomethylation and hypermethylation are the
main types of DNA methylation.[6] Besides its important
biological role, epigenetic methylation changes can cause
several major human diseases including cancer, various
syndromes, and mental retardation, which gave rise to the
interest in investigating the exact mechanisms causing these
phenomena.[2] In addition to its role in epigenetics, methyl-
ation is found in non-histone proteins in the nucleus, such as
p53, Hsp90, or NF-kB.[7,8] However, in all these protein
modifications the N-methylation occurs in side chains,
whereas Na-methylation at the N-terminus of proteins has
been observed only in a few bacterial and eukaryotic
proteins.[9] For this reason, very little is known about the
biological function of the Na-methylation; nevertheless it has
been shown to be critically involved in the normal progression
of the cell cycle playing a role in the accurate formation of the
bipolar spindles and chromosome segregation.[10,11] Recently
the first Na-methyltransferase in yeast as well as in humans
was discovered, which might be of importance for the further

understanding of Na-methylation.[9, 12] To date, no example of
N-methylation of a peptide bond in mammalian proteins has
been described. It is surprising that nature has not used this
modification for post-translational modification of proteins.

2. N-Methylation of Histones

The N-methylation of histones occurs in the lysine or
arginine side chains and is crucially important for gene
regulation.[13, 14] Lysine N-methylations are carried out by
a family of highly specific lysine methyltransferases and can
induce activation as well as repression of transcription,
depending on the methylation position.[15] Certain lysine
residues can be methylated up to three times and, thus, lead to
different methylated states for each lysine. The lysine
methylation is a reversible process, in which demethylation
is carried out by a family of lysine demethylases.[15] Like

N-Methylation is one of the simplest chemical modifications often occur-
ring in peptides and proteins of prokaryotes and higher eukaryotes. Over
years of evolution, nature has employed N-methylation of peptides as an
ingenious technique to modulate biological function, often as a mode of
survival through the production of antibiotics. This small structural change
can not only mobilize large protein complexes (as in the histone methyl-
ation), but also inhibits the action of enzymes by selective recognition of
protein–protein interaction surfaces. In recent years through the advance-
ment in synthetic approaches, the potential of N-methylation has begun to
be revealed, not only in modulating biological activity and selectivity as well
as pharmacokinetic properties of peptides, but also in delivering novel drugs.
Herein, we summarize the current knowledge of the versatility of N-meth-
ylation in modulating biological, structural, and pharmacokinetic properties
of peptides.
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lysines, the N-methylation of arginines can also lead to
different N-methylation states, which can be either activating
or repressive for transcription.[16] In 2007 the first arginine
demethylase was described.[17] Since there are many different
N-methylation patterns and histones may also be subject to
other posttranslational modifications, this enormous variation
yields a multiplicity of possible combinations of different
modifications.[2] This situation lead to the hypothesis that
there is as “histone code”, which can be read by enzymes and
proteins and thus translated into biological functions.[18] It has
been reported that patterns and levels of histone methylation
are closely associated with many biological processes, such as
stem-cell maintenance and differentiation or DNA damage
response, and are crucial for normal gene regulation.[13, 15]

Thus, N-methylation can dramatically alter the gene expres-
sion by turning the chromatin structure into an active form
and as a consequence affecting the recruitment of non-histone
proteins (Figure 1a).[14, 19] It has been shown that errors in
histone methylation can cause tumor initiation and are
involved in the development of different human cancer

types.[2, 14] Recently it has been reported that changes in the N-
methylation of histones can lead to drug resistance, driven by
dynamic chromatin modifications, and can be reversed by
chromatin-modifying drugs.[20] Thus it is interesting to note
that such a small modification of only 14 Daltons by N-
methylation remarkably alters the dynamic recognition
pattern of large protein complexes (Figure 1b).[21]

3. N-Methylated Peptides of Natural Origin

As pointed out above, N-methylation of the amide bonds
in proteins is not a posttranslational modification mark.
However there are many N-methylated linear or cyclic
peptides that have interesting biological functions. These
peptides are synthesized enzymatically in nature to induce
specific physical and biological properties. Several naturally
occurring N-methylated cyclic and linear peptides, owing to
their diverse origin, target affinity, and specificity, have
demonstrated enormous potential as modulators of biomo-
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Figure 1. a) Histone modifications and their consequences. DNA is wrapped around an octameric complex consisting of two copies of the four
core histones (H2A, H2B, H3, H4). Posttranslational modifications including single and multiple methylation (me, highlighted by red arrows),
acetylation (ac), phosphorylation (ph), ubiquitinylation, and SUMOylation of specific positions in the histones can induce binding of non-histone
proteins (Readers) and, thus, leading to either activation or suppression of gene transcription. Adapted with permission from Ref. [19], Copyright
2012 American Chemical Society. b) Crystal structure of Drosophila HP1 chromodomain (surface representation) and histone H3 tail peptide with
methyllysine at residue 9 (sticks). The increased hydrophobicity of the lysine by N-methylation favors hydrophobic interactions with nonpolar
groups and stabilizes the cation–p interaction of the methylammonium group with the aromatic cage formed by two tyrosines and
a tryptophan (cyan) (protein data bank (PDB) code: 1KNA).[21]
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lecular functions. Herein we summarize some of the N-
methylated natural peptides targeted towards various sub-
cellular components in mammalian cells that have either been
studied extensively or show intriguing phenotypes when
applied to cells. Nevertheless, it should be kept in mind that
the few natural products listed below under no circumstances
exemplify the diversity of the N-methylated peptidic natural
products obtained from nature.

3.1. N-Methylated Peptides Targeting the Cell Membrane

Enniatins are a group of N-methylated cyclic depsipep-
tides[22] composed of trimeric esters of a dipeptidole monomer
consisting of an N-methyl amino acid (Leu, Val, Ile) and a d-
2-hydroxycarboxylic acid derived from these branched-chain
amino acids (Figure 2).[23] Enniatins easily incorporate into

the cell membrane where they form vertically stacked
sandwich complexes with mono- and divalent cations. In
this way they act as an ionophore and disrupt membrane
potential.[24] It was demonstrated recently that enniatins exert
profound p53-dependent cytostatic and p53-independent
cytotoxic activities especially against human cancer cells,
suggesting their potential as an anticancer drug.[25, 26] Addi-
tionally it was also found that enniatin B strongly inhibits
Pdr5p, which is one of the major multidrug efflux pumps
whose overexpression confers multidrug resistance (MDR) in
Saccharomyces cerevisiae. Enniatins specifically inhibit the
function of Pdr5p in a manner similar to that of the common
immunosuppressive drug FK506 (Tacrolimus).[27] Moreover,
it was speculated that while FK506 acts as an inhibitor of P-
glycoprotein and Pdr5p,[28, 29] enniatins and their analogues

could potentially bind to human multidrug resistance pro-
tein 1 (MDR 1) and inhibit the multidrug resistance in cancer
cells.

3.2. N-Methylated Peptides Targeting Microtubules

Hemiasterlins comprises a small family of naturally
occurring N-methylated tripeptides containing three highly
modified amino acids, tert-leucine, 4-amino-2,5-dimethylhex-
2-enoic acid, and N,N,b,b-tetramethyltryptophan
(Figure 2).[30–32] Hemiasterlin is a potent cytotoxic peptide
exerting its antiproliferative effects by binding to tubulin,
preventing tubulin polymerization, and inducing mitotic
arrest of cells in the G2-M phase of cell cycle, similar to
vinblastine (an antitumor drug used to treat several kinds of
cancer). As the anticancer therapeutic efficacy of hemi-
asterlin was associated with toxicity, this has fostered
extensive research leading to the synthesis of several potent
analogues of hemiasterlin.[33] One of the hemiasterlin ana-
logues, HTI-286 (Figure 2) was a potent inhibitor of prolif-
eration (mean IC50 of 1 nm in 18 human tumor cell lines) and
had substantially less interaction with multidrug resistance
protein 1 (MDR 1, “P-glycoprotein 1) than currently used
antimicrotubule agents, including paclitaxel, docetaxel, vinor-
elbine, or vinblastine. Moreover, HTI-286 inhibited the
growth of human tumor xenografts where paclitaxel and
vincristine were ineffective because of inherent or acquired
resistance associated with MDR 1.[34] E7974 (Figure 2) is yet
another analogue of hemiasterlin that is currently being
evaluated in clinical phase I against cancer.[35] E7974 inhibits
polymerization of tubulin with an IC50 value similar to that of
the tubulin polymerization inhibitor vinblastine. For the
proper segregation of chromosomes during mitosis, attach-
ment to microtubules is absolutely critical.[36] Thus, interfer-
ence with tubulin polymerization by E7974 results in the
inability of cells to complete mitosis. Immunofluorescence
analyses of cells treated with E7974 show marked increases in
the numbers of cells positive for phospho-histone H3,
a marker for mitosis, as well as profoundly abnormal mitotic
spindles (Figure 3) proving it to be an attractive candidate
towards its development into a cancer chemotherapeutic.[33]

At this point we would like to stress that the structures of
E7974 and vinblastine, barely show any structural resem-
blance yet display remarkable similarity in bioactivity and
potency to treat cancer.

3.3. N-Methylated Peptides Targeting DNA

A handful of naturally occurring N-methylated peptides
have been identified as potent DNA intercalators, their
potential has been exploited in the study of important
signaling pathways and to develop novel anticancer drugs.
Echinomycin is a partially C2 symmetric N-methylated cyclic
depsipeptide (Figure 4) displaying an unusual disulfide bridge
between cysteine residues. It consists of two quinoxaline-2-
carboxylic acid moieties. Echinomycin was originally discov-
ered as an antibiotic present in cultured filtrates of Strepto-
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Figure 2. Some naturally occurring N-methylated peptides which target
the cell membrane (Enniatin B) and microtubules (hemiasterlin and
analogues).
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myces echinatus.[37] It belongs to the class of compounds
known as DNA bisintercalators,[38] where the compound binds
to the minor groove of DNA in a sequence-specific fashion
with a central two base-pair (bp) sequence 5’-CG-3’ and
inserting its quinoxaline chromophores between the bases of
the DNA by forming a two-base-pair sandwich (Figure 5).
Echinomycin initiates apoptosis in cancer cells following the
formation of the complex with DNA and subsequently
inhibiting the transcription by blocking RNA polymerase.[39]

Although echinomycin was brought to clinical trials as

a cancer chemotherapeutic by the NCI several
years ago, minimal or no antitumor activity was
found in phase II clinical trials and it caused severe
side effects, such as nausea, vomiting, reversible
liver enzyme abnormalities.[40] However, rather
recently in a screening of a 140 000 small-molecule
library, echinomycin was found to be one of the most
potent compounds in inhibiting the binding of
hypoxia-inducible factor-1 (HIF-1) to DNA.[41]

HIF-1 is a transcription factor that controls genes
involved in glycolysis, angiogenesis, migration, and
invasion, all of which are important for tumor
progression and metastasis. Thus, a selective inhib-
itor of HIF-1 would now serve as ideal tool to probe
the HIF-1 pathway and establish the therapeutic
potential of HIF-1 inhibition, where several other
tools, such as antisense or small interfering RNA
strategies have failed.[42, 43] It is interesting to note
here that such medium-sized peptides like echino-
mycin are now also considered as “small-molecules”
and are being employed in phenotype-based
screens; although the molecular size is far beyond
the 500 Da borderline of the Lipinski rules,[44] which
is commonly used as selection criterion for drug
development.

A structurally similar analogue of echinomycin
is thiocoraline (Figure 4),[45] which contains thio-
ester linkages instead of ester linkages in typical
depsipeptide antibiotics. Thiocoraline shows a wide

spectrum of anti-proliferative activity against various cancer
cell lines in vitro[46] and in vivo.[47] Thiocoraline exerts its anti-
proliferative activity by arresting cells in the G1 phase of the
cell cycle and decreasing the rate of S phase progression
towards G2/M phases by inhibiting DNA polymerase a

activity by the formation of an enzyme–thiocoraline–DNA
ternary complex.[46] It is worth noting that thiocoraline is
highly unstable and requires the aid of delivery systems for its
administration.[48] To avert this disadvantage, Albericio et al.
envisioned the replacement of the thioester linkages with N-

Figure 3. Vinblastine and E7974 block mitotic spindle formation and decrease microtubule
density in DU 145 human prostate cancer cells. DU 145 human prostate cancer cells were
treated for 18 h: a) control (DMSO); b) 8.4 nmolL�1 and d) 28 nmolL�1 of vinblastine;
c) 19.5 nmolL�1 and e) 65 nmolL�1 of E7974. Cells were then fixed and stained with
DAPI (blue), anti-b-tubulin (green), and anti-phospho-histone H3 (red; top row) or
DAPI (blue) and anti-b-tubulin (green; bottom row). Adapted with permission from
Ref. [33], Copyright: the American Association for Cancer Research.

Figure 4. Naturally occurring N-methylated peptides targeting DNA.
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methylated amide linkages in thioacoraline, which enhanced
the half-life of NMe-azathiocoraline by a factor of two in
human serum without affecting its bioactivity.[49]

Korkormicin A (Figure 4),[51] is yet another structurally
similar DNA bisintercalator but with the absence of a disul-
fide bridge. It induces apoptosis in cancer cells by a novel
mechanism, the induction of p53 phosphorylation, leading to
inhibition of p53 degradation and activation of p53-depen-
dent transcription, suggesting its promising potential as an
antitumor drug.[52] Again, at this point we would like point out
the chemical structures of these bisintercalators, which in
spite of showing a comparable pattern of N-methylation,
displays a subtle variation in the side-chain functionalities and
the size of the macrocycle, dramatically altering their
antitumor potencies. The structural diversity of these com-
pounds points towards the possibility in modulating the
bioactivity and pharmacology of peptide-based natural prod-
ucts by minor chemical changes. Additionally, it is surprising
that although these compounds display a similar biological
activity, there is a clear distinction between the biological
pathways they affect, which can be harnessed towards the
discovery of mechanism based therapeutics.

3.4. N-Methylated Peptides Targeting Ribosomes

Bouvardin is an N-methylated cyclic hexapeptide
(Figure 6) isolated from the plant Bouvardia ternifolia
(Rubiaceae), which was used by ancient Mexican Indians as
a general medicine against dysentery and other diseases.[53]

Bouvardin is structurally composed of two l-alanines, one d-
alanine, and three modified N-methyl-l-tyrosines. The inter-
esting feature is the constrained 14-membered ring structure
formed by oxidative coupling of the phenolic hydroxy group

of one tyrosine to the adjacent tyrosine. Bouvardin and its
closely related analogue RA-VII, show potent antitumor
activity by arresting cell progression uniformly throughout
the cell cycle. They block protein synthesis[54] by interacting
with eukaryotic 80S ribosome[55] and inhibit aminoacyl-tRNA
binding and peptidyl-tRNA translocation. Studies of the
properties of RA-VII have not only revealed efficacious
antitumor activity but also demonstrated complete cures of
solid tumor in colon adenocarcinoma.[56] In a recent con-
formation-activity study involving the N-methylation of d-
Ala-1 and Ala-4 of RA-VII, the importance of the turn
structures in mediating the cytotoxicity of RA-VII was
demonstrated, pointing towards the importance and the
requirement of conformational studies of peptides for
a better understanding of their biological activity.[57]

3.5. N-Methylated Peptides Targeting Protein Phosphatases

The classic example of an N-methylated cyclic peptide
drug with extensive use in medicine is cyclosporin A (CsA)
(Figure 6). CsA is a cyclic undecapeptide with seven of its
eleven amide bonds N-methylated, and was initially identified
by screening of antibiotic materials produced by fungi.[58] It is
used as an immunosuppressive drug to prevent graft rejection
following organ transplantation. CsA exerts its therapeutic
effect by inhibiting T-cell activation.[59] Inside cells, CsA forms
a complex with the intracellular protein cyclophilin A
(immunophilin), and this cyclophilin A-CsA complex even-
tually targets and inhibits the protein phosphatase calci-
neurin. The inhibition of calcineurin by the cyclophilin A-
CsA complex fails to unmask the nuclear localization signal of
the cytoplasmically located transcription factor NFAT, pre-
venting its nuclear transport and subsequently blocking
activation of IL-2 and related cytokines.[60] It is worth
mentioning that NMR spectroscopy and X-ray crystallogra-
phy played a crucial role in understanding not only the
structure of CsA,[61–65] but also its mechanism of action
through the formation of a transition-state mimic termed the
“twisted amide surrogate” with cyclophilin, which is a cis–

Figure 5. Stereoimage of the co-crystal structure of echinomycin
(sticks) bound to a DNA d(ACGTACGT) duplex (lines), showing the
stacking interactions (PDB code: 3GO3).[50]

Figure 6. Naturally occurring N-methylated peptides targeting ribo-
somes (bouvardin and analogues) and protein–phosphatase (cyclo-
sporine A).
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trans peptidyl–prolyl isomerase.[66–72] The story of CsA is
a striking evidence of the ability of N-methylated cyclic
peptides to modulate protein–protein interactions.

3.6. N-Methylated Peptides and Their Potential as Future Drugs

To end this Section we mention a few N-methylated
peptides that are currently being evaluated in clinical trials,
displaying the promise of N-methylation in delivering next
generation drugs (Figure 7).

The integrin antagonist Cilengitide, a cyclic RGD penta-
peptide [c(RGDfNMeV)] identified by spatial screening, is
currently in clinical phase III trials for the treatment of
glioblastoma and in phase II for several other tumors.[73] The
closely related cyclic peptide c(RGDfV) was the first super-
active avb3 integrin inhibitor with high selectivity against the
platelet integrin aIIbb3.[74] It is important to note that the
incorporation of one d-amino acid next to the RGD sequence
in the cycle is essential for the correct conformation. The
phenyl ring of the Phe residue interacts with an aromatic
residue in the b-subunit of the integrin receptor.[75,76] An N-
methyl scan of this lead structure yielded Cilengitide,[73,77]

which showed an even increased affinity for avb3, but also
affinity in the low nanomolar range for the integrins avb5 and
a5b1.[77] This highly active and selective cyclic pentapeptide
was chosen by Merck KGaA for drug development and later
named Cilengitide. It is important to mention that three
parameters are responsible for its stability against enzymatic
degradation: the cyclization, the d-amino acid in the ring, and
the N-methylation.

Aplidine, a marine cyclodepsipetide isolated from Apli-
dum albicans, is another N-methylated peptide, that showed
antitumor activity against a variety of human cancer cell lines
such as breast, melanoma, and lung cancers.[78–80] It has been
discovered that Aplidine induces apoptosis by inhibition of
protein synthesis and might act as antiangiogenic drug

through blocking VEGF secretion.[78,81] Aplidine showed
antitumor activity in clinical phase I and has already been
tested in clinical phase II for the treatment of non-small cell
lung cancer, multiple myeloma, and several other cancer
types.[82–87] Recently, it has entered clinical phase III trials for
the treatment of relapsed/refractory multiple myeloma in
combination with dexamethasone.[88]

Dolastatine 10 is a linear N-methylated pentapeptide
isolated from the marine organism Dolabella Auricularia.
The cytotoxic peptide showed antiproliferative activity
against cancer cells and has been evaluated in clinical phase II

trials for different cancer types.[89–94] Like
Dolastatine, TZT-1027, a synthetic Dolasta-
tine 10 derivative, acts as an inhibitor of micro-
tubule assembly and tubulin polymerization. It
was evaluated in clinical phase I trials and
showed reduced cytotoxicity in patients with
solid tumors compared to Dolastatine 10.[95]

However, TZT-1027 showed no activity in
treatment of patients with advanced or meta-
static soft-tissue sarcomas as well as no
response in treatment of patients with previ-
ously treated non-small cell lung cancer.[96,97]

N-methylation of the hexapeptidic
sequence NFGAIL derived from the 37-residue
islet amyloid polypeptide (IAPP) showed
inhibition of amyloid formation and fibrillo-
genesis.[98, 99] This is of interest since aggregation
of IAPP leads to the cytotoxic pancreatic
amyloid in type II diabetes patients.[98] Another
derivative, the double N-methylated [NMeG24,
NMeI26]-IAPP (IAPP-GI) full-length IAPP
analogue, is highly soluble, non-amyloidogenic,

non-cytotoxic, and blocks the IAPP self-assembly with
activity in the low nanomolar range.[100] Furthermore it has
been reported that IAPP-GI inhibits the cytotoxic oligome-
rization of the b-amyloid peptide, the major component of the
Alzheimer�s disease brain amyloid,[101] and can inhibit insulin
aggregation with nanomolar affinity.[102] This result might
suggest a molecular link between Alzheimer�s disease and
type II diabetes.[101] It is worth mentioning that the N-
methylation was designed to successfully break the associa-
tion of the b-sheet forming peptides by removing their ability
to form hydrogen-bond bridged fibrillar structures. In other
work, N-methylation of the b-sheet-breaking peptide Ac-
LPFFD has been shown to increase its in vitro stability and
in vivo half-life while maintaining its activity.[103]

4. Biosynthesis of N-Methylated Peptides

The naturally occurring N-methylated peptides are not
released from the ribosome as proteins, but produced by large
multifunctional enzymes in the so-called non-ribosomal
peptide synthetases (NRPSs).[104, 105] In contrast to the riboso-
mal machinery, NRPSs can insert hundreds of different
building blocks into the peptidic chain leading to a huge
variety of peptides or peptidomimetics with a broad spectrum
of structural and biological activity.[105] The NRPS is a multi-

Figure 7. Structures of four N-methylated peptides that are currently undergoing clinical trials for
treatment of various cancer types.
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enzyme complex and simultaneously acts as template and
biosynthetic machinery.[105, 106] It consists of distinct sections
defined as modules that are responsible for the insertion of
amino acids and derivatives into the growing polypeptidic
chain.[104] These modules are subdivided into different
domains representing enzymatic units, which are responsible
for substrate recognition, activation, binding, modification,
elongation, and release (Figure 8).[105]

The adenylation domain (A domain) initiates the non-
ribosomal peptide synthesis by activation of the substrate and
controls its primary sequence through selection (Figure 8a).
After building the aminoacyl adenylate, the intermediate is
transferred onto a free thiol group of a cofactor (ppan),
leading to an activated thioester (Figure 8b).[105] At exactly
that stage, different modifications, such as N-methylation can
occur. The N-methylation is carried out by an N-methylation
domain, which is inserted into the A domain. The methyl
group is transferred from S-adenosyl-l-methionine to the
thioesterified amino acid, thereby releasing S-adenosyl-l-
homocysteine.[105,107] After several peptide bond formations
(Figure 8c) through interactions of two carrier domains with
an elongation domain (elongation), the release at the final
domain leads to linear or cyclic peptides (termination).

Besides N-methylation, NRPSs are also able to introduce d-
amino acids, heterocycles, and several other moieties that
generate the gigantic pool of peptides produced by the non-
ribosomal machinery.[107]

5. Chemical Synthesis of N-Methylated Peptides

Upon recognizing the potential of backbone N-methyl-
ation of peptides by nature in producing newer therapeutic
agents with novel molecular architecture, there was an urgent
need for robust and inexpensive synthetic strategies to
efficiently synthesize N-methylated peptides.[108]

N-methyl amino acids were initially observed to undergo
racemization under acidic and basic conditions,[109] which
prompted the attention of organic chemists to develop
racemization-free methods for their synthesis. Although
several efficient methods were available for the synthesis of
N-methylated amino acids,[110, 111] the most commonly used
conventional method was the one developed by Freidinger
et al. , involving the reductive cleavage of 5-oxazolidinones to
obtain the enantiomerically pure N-methyl amino acids.[112]

However, this method is not applicable for some side-chain
functionalized amino acids, such as Trp, His, or Cys.
It turned out that the base-catalyzed N-alkylation
of o-nitrobenzenesulfonamide (o-NBS) protected
a amino groups using dimethylsulfate as the meth-
ylating agent is a better alternative.[113] A further
modification of this method employs a Mitsunobu
reaction, which was optimized to obtain all possi-
ble N-methylated amino acids in solution[114] or on
solid support.[115, 116]

Furthermore, to obtain N-methylated ana-
logues of a given lead peptide or bioactive
sequence with the desired pharmacological proper-
ties, two approaches can be envisioned 1) a library
approach: in which all the possible N-methylated
congeners of the active sequence are synthesized,
or 2) a structure-based design approach to N-
methylate selected peptide bonds, in which the
structural information regarding the bioactive
conformation is available. Nevertheless, in either
case to expedite the screening of the N-methylated
analogues, a fast and efficient N-methylation
procedure is desirable. Although, the above-men-
tioned strategies successfully yield the N-methy-
lated amino acids in satisfactory amounts, the
biggest challenge remains in their assembly into
peptides. The subsequent coupling onto the steri-
cally hindered N-methyl amino acids is cumber-
some and often unsuccessful. The couplings mostly
result in epimerization, formation of diketopiper-
azine during subsequent Fmoc deprotection,[117]

and loss of peptide segments during final cleavage
from the resin,[118] resulting in notoriously poor
yields of the final peptide. Therefore, double or
triple couplings are performed using either tri-
phosgene,[119] 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo-[4,5-b]pyridinium hexafluoro-

Figure 8. a) Activation of the amino acid through the A domain. b) Formation of
thioester by transfer of activated amino acid to the cofactor ppan. At this stage N-
methylation and other modifications can occur. c) Peptide bond formation and
elongation. Reprinted with permission from Ref. [105]; Copyright 2005 American
Chemical Society.
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phosphate 3-oxide (HATU)/1-hydroxy-7-azabenzotriazole
(HOAt), (7-azabenzotriazol-1-yloxy) tris(pyrrolidino)phos-
phonium hexafluorophosphate (PyAOP), or PyBOP using
a large excess of the amino acids on solid support.[117]

Recently, Albericio et al. reported the utility of two additional
comparatively inexpensive reagents (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy) dimethylamino morpholino carbe-
nium hexafluorophosphate (COMU) and ethyl (hydroxyi-
mino) cyanoacetate (oxyma) that showed a better efficiency
of coupling N-methylated amino acids than HATU and
HOAt. It should be noted here that COMU and oxyma have
also been tested to be non-explosive in comparison to HOAt.
The efficiency of these reagents is demonstrated by their
ability to form a highly N-methylated cyclic peptide by the
cyclization at sterically hindered N-methylated amino side
chain (Figure 9a).[120] It is worth mentioning that the cycliza-
tion yields of peptides with N-methylated peptide bonds are
often higher than for non-methylated peptides, as N-methyl-
ation induces a certain amount of cis-peptide bonds (turn-
induction, see below) that brings the N- and C-termini close
together facilitating the ring closure.

Hence, the utility of N-methyl peptides has recently
spurred considerable interest[123] for the development of
newer approaches towards the synthesis of N-methylated
peptides. Towards this goal Danishefsky et al. recently
reported an elegant epimerization-free isonitrile-mediated
coupling (Figure 9b) to obtain N-methylated peptides. They
synthesized cyclosporine A in moderate yield of 54 % but
with a clear demonstration of the robustness of their
approach.[121]

6. Ribosomal Synthesis of N-methylated Peptides

As an alternative to the still troublesome synthesis of N-
methylated peptides, Szostak et al. proposed an in vitro

translation system consisting of purified recombinant factors
derived from Escherichia coli with the aim of obtaining
combinatorial libraries of N-methylated peptides. Using this
simple and elegant method in which the E. coli translation
system is supplemented with chemically synthesized N-
methylated aminoacyl tRNA (Figure 9c and Figure 10),
they could synthesize a triply N-methylated peptide.[124]

However, one of the best examples is shown by Suga et al.
who used a similar approach to Szostak et al. but employing in
their system a ribozyme dubbed flexizyme,[125] to prepare the
non-standard aminoacyl-tRNA. Recently they also reported
the significant advantage of their in vitro translation machi-
nery by coupling it to an in vitro display technique for
selecting potent macrocyclic N-methylated peptides against
ubiquitin ligase from a de novo library.[126] This example
provided strong evidence for the possibility to generate
macrocyclic N-methylated combinatorial libraries to analyze
the potential of N-methylated peptides in interfering with
novel protein–protein interactions. However, these ribosomal
peptide syntheses are currently not applicable for all amino
acids (e.g. with charged and b-branched side chains) and the
yields are low compared to those obtained by chemically
synthesis. Nonetheless, they allow for the exploration of
structures that might then be synthesized in larger amounts by
other methods if needed.

7. Proline as a “Mimic for N-Methylation” in
Proteins

Proline is unique in its cyclic structure among the
ribosomally encoded amino acids and is often found in turn
structures of proteins.[127] The ability of tertiary amide bonds
to adopt the cis conformer (see next Section) is exploited in
proteins by the incorporation of a proline (not by N-
methylated amino acids). Many peptide bonds on the N-

Figure 9. a) Cyclization of a highly N-methylated peptide at sterically hindered N-methyl side chain.[120] b) Isonitrile-mediated coupling reaction to
obtain an N-methylated dipeptide by the formation of N-thioformyl amide.[121] c) Biocompatible N-methylation to obtain N-methyl aminoacyl
tRNA.[122]
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terminal site of proline in proteins are in the cis conformation
and cis–trans isomerization may be used as a way to regulate
functions.[128, 129] Furthermore, the conformational influence
exerted by proline in peptides can be very similar to that of N-
methylated amino acids (see below).[130] Vice versa, proline-
containing bioactive peptides may be modified by the
synthetic incorporation of N-methylated amino acids.

8. Impact of N-methylation on Peptides

8.1. Conformational Modulation

Peptides in general are highly flexible because of the low
rotational barriers about the two bonds adjacent to the amide
bond (the bond between N and Ca, determined by the f
dihedral angle, and the bond between Ca and CO, given by
the y dihedral angle). Steric effects and conformational
restrictions due to secondary structure formation or cycliza-
tion restrict the conformational manifold, but small linear
peptides usually do not prefer a single conformation. In that
respect peptides differ from their “small molecule” drug-like
counterparts which have less-rotatable bonds.[131] Conforma-
tional flexibility is usually an undesired property of a ligand,
as ensembles of conformations due to entropic effects often
result in lower affinity and selectivity towards receptor
subtypes, such as the subtypes of G-protein coupled receptors

(GPCRs). On the other hand, flexibility allows different
shapes to be adopted, and there is thus a higher probability of
detecting (low affinity) ligands, which can then be optimized
to give rigid and selective ligands of higher binding affinities.

Despite the far-reaching consequences of peptide bond N-
methylation in drug development, far-less attention has been
paid towards the conformational investigation of N-methy-
lated peptides. First of all, N-methylation increases the steric
hindrance about the N-methylated peptide bond, which
influences the cis–trans equilibrium of the N-methylated
amide bond.[132] Additionally, the steric interactions between
the N-methyl group and the amino acid side chains also
strongly dictate the peptide conformation. Thus, N-methyl-
ation affects not only the conformation of the modified amino
acid but also of the adjacent residues,[133] and thus has a long-
range impact on the backbone of cyclic peptides. Secondly,
the removal of the hydrogen-bonding capability by N-
methylation disrupts the stabilizing secondary structural
elements, that is, intermolecular hydrogen bonds. This effect
is particularly pronounced in larger peptides; however, for
smaller cyclic peptides, in which intramolecular hydrogen
bonds do not play a major role in dictating the peptide
conformation, N-methylation modulates their conformation
mainly by steric effects. It is difficult to generalize the
importance of these effects as they also depend on the specific
sequence and chirality.

Figure 10. Schematic illustration of the ribosomal incorporation of N-methyl amino acids into peptides. Total tRNA is loaded with the desired
amino acid, that has been chemically N-methylated, and then added to the in vitro translation system instead of the corresponding natural amino
acid (AA) and aminoacyl–tRNA synthetase (AARS). The amino acids and AARS required for the other constituent amino acids of the desired N-
methylated peptide are also present in the translation system. Reprinted with permission from Ref. [124]; Copyright 2008 American Chemical
Society.

N-Methylation
Angewandte

Chemie

263Angew. Chem. Int. Ed. 2013, 52, 254 – 269 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Besides steric hindrance, an additional important factor,
which controls peptide conformations, is the preferred
parallel orientation of the CO (i) and the CH (i + 1) bond
vectors.[134] These factors also eventually contribute to the
deviation of the standard torsion angles of b-turns in N-
methylated peptides. It should be kept in mind that in small
N-methylated or non-N-methylated cyclic peptides the turn
patterns are mainly governed by the chirality of the constit-
uent amino acids and steric interactions (Figure 11) rather

than by the possibilities in the formation of intramolecular
hydrogen bonds.[135]

Model studies on cyclic alanine penta- and hexapeptides
carried out in our laboratory not only helped us in under-
standing the behavior of peptide backbone conformation on
N-methylation, but also in the search for novel template
structures,[136, 137] which could be used for “spatial screening”
of bioactive peptides.[138] In this approach the important
functional groups of the amino acids (pharmacophores) are
consecutively shifted in each position of a given conforma-
tional template and by subsequent assessment of the biolog-
ical activity, the optimal conformation of the ligand can be
identified. The major outcome of this study was the stabiliza-
tion effect of the N-methylated d-residue that induces
conformational homogenity in the N-methylated cyclic pep-
tide. This was later confirmed by McAlpine et al. ,[139] dem-
onstrating its utility towards the rational design of N-
methylated sansalvamide A analogues of higher potency
than the currently marketed drugs used to treat drug resistant
colon cancer.[140]

The importance of steric effects in determining the
conformation and the cis–trans equilibrium is clearly exhib-
ited by comparing the conformation of the three peptides c(-
RGDfK-), c(-RGDfNMeK-) and c(-RGDfNMeV-) = Cilen-
gitide. As expected, the non-N-methylated parent peptide
exhibits only the all-trans conformation. The introduction of
the N-methylation at the lysine residue introduces a 15%
occurrence of the N-methylated cis peptide bond conforma-
tion, whereas in case of cilengitide with NMeVal, a sterically
more demanding b-branched amino acid, no cis peptide bond

was observed.[141] It was also shown that the conformational
impact which N-methylated residues have on the cyclic
peptide backbone is similar to that of proline when used at
certain sites but also can differ in other positions.[130]

8.2. Prevention of Hydrogen Bonds

We have already pointed out above that N-methylation
can be used to avoid aggregation of peptides into b-sheets
(fibril formation) through the substitution of NH groups,
which are involved in hydrogen bridges, by NCH3

groups.[98–102] This effect was also exploited by Ghadiri et al.
to inhibit the formation of nanotubes in cyclic d,l-peptides.
The consecutive upward and downward orientations of the
amide bonds induce stacking, which can be prevented by N-
methylation of every second amide bond (Figure 12).[142–144]

8.3. Receptor Subtype Selectivity

Differentiation in receptors into subtypes by natural
selection of mutants during evolution often results in the
recognition of different ligand conformations. Flexible
(linear) peptides can usually adapt to all these receptors,
often resulting in only slightly different binding affinities.
These differences in binding affinities to different receptor
subtypes are usually explained by postulating additional
binding sites (exosites). However, often these subtypes bind
the ligands in different conformations. Accessibility of those
conformations by different ligands may also determine
subtype preferences. Suitable conformational restrictions by
cyclizations, incorporation of rigid non-peptidic fragments
(peptidomimetics),[145] or by N-methylation (Figure 13) can
result in super-activity as well as selectivity for distinct
receptor subtypes.[146–148] The cell adhesion sequence RGD[149]

is a representative example: the glycine residue in the middle
is a typical residue which can play a role as substitute for a d

or an l amino acid and is used in nature as an element of
flexibility. Restriction of the conformation of this peptide
sequence in cyclic peptides resulted in high selectivity
between integrin subtypes avb3, avb5, or a5b1 and the

Figure 11. a) A cut-out of the conformation of cyclo(-NMe-d-Ala1-Ala2-
Ala3-Ala4-Ala5-) showing allowed (blue sphere) and disallowed (red
sphere) sites where a N-methyl group can be incorporated without
inducing a cis-peptide bond formation. b) Overlay of differentially N-
methylated analogues of cyclo(-d-Ala-l-Ala4-) showing the similar
structural elements. Note the flip in the Ala4–Ala5 peptide bond (ar-
row), owing to N-methylation, to allow the N-methyl group to fit
sterically.

Figure 12. Schematic illustration of the selective assembly of dimeric
N-methylated cyclic peptides. N-methylation prevents the association
of further cyclic peptides on either face of the dimer by blocking the
hydrogen-bond formation. The olefinic side chains were introduced to
allow further chemical modification.[144]
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platelet integrin aIIbb3.[74, 150] In this case the incorporation of
a d- amino acid was also used to induce a specific conforma-
tional preference of the backbone. Finally N-methylation
resulted in the drug candidate Cilengitide.[73, 77]

Thus, N-methylation has successfully resulted in receptor
subtype selectivities being induced,[146–148] which is a critical
factor in determining the efficacy of a drug and for precise
study of signal-transduction networks.

8.4. Oral Bioavailability and Cell Permeability

The successful transfer of the biological response of an N-
methylated peptide from in vitro studies to an in vivo or in
living cell context requires the availability of the peptide at its
target site in sufficient amounts. Therefore, the N-methylated
peptides not only have to cross the biological membranes
sequestering the protein/nucleic acid targets but also have to
be sufficiently stable against the metabolic enzymes.
Although N-methylation together with cyclization and/or
incorporation of d-amino acids often conveys robust meta-
bolic stability to peptides against enzymatic degradation, its
influence on cellular and intestinal permeability of the
peptides is not fully understood. Two different mechanisms,
the paracellular[151] and transcellular[152] (passive, carrier-
mediated, and vesicular), act synergistically in the transport
of the peptides across the intestinal epithelium. On the other
hand, the presence of efflux pumps,[153] for example, MDR 1
mediated efflux pumps, reduces the intracellular accumula-
tion or the transcellular flux of a wide variety of drugs
including peptides, making it difficult to accurately predict the
modulation of the cellular permeability by N-methylation.
Nevertheless, recent studies performed on N-methylated

cyclic peptides, clearly suggest that N-methylation enhances
the intestinal permeability of peptides,[154–156] thus resulting in
better oral bioavailability. The increase in permeability of N-
methylated peptides has shown to be affected by their overall
hydrogen-bonding potential, conformation, charge, and
size.[157–159] Lokey et al. identified orally bioavailable cyclic
peptide templates, which contain almost exclusively very
lipophilic amino acids, displaying, clearly defined turn struc-
tures with internal hydrogen bonds and externally oriented
(solvent exposed) N-methylated peptide bonds. This obser-
vation further confirms that these factors are key determi-
nants in enhancing bioavailability of peptides by rigidifying
the cyclic peptide backbone conformation.[160] These results
corroborated our earlier studies, in which we also observed
similar template structures although with altered physico-
chemical properties, that displayed acceptable oral availabil-
ity with enhanced intestinal permeability.[161] In that study we
successfully converted a biologically active peptide into its tri-
N-methylated variant that retained almost full activity
towards two somatostatin receptor subtypes and was stable
against proteolytic degradation in serum and gut. Addition-
ally the N-methylated analogue showed an oral availability of
10% in rats, note that several marketed drugs display an oral
availability in this range.

Recently in a model study involving a library of N-
methylated cyclic alanine peptides, we elucidated the impor-
tance of preferred backbone conformations introduced by N-
methylation in enhancing the intestinal permeability of the
cyclic peptides.[156] Although the precise transport mode of the
highly permeable N-methylated peptides could not be
characterized, we could identify two crucial turn structures
that were responsible for the rapid transport of the peptides
across the Caco-2 membrane (Figure 14). Additionally, the
effect of reducing the polarity of a peptide by N-methylation
seems to be overestimated, as we failed to observe any
correlation between decreasing polarity with the increasing

Figure 13. Schematic representation of the influence of N-methylation
of cyclic peptides to achieve receptor subtype selectivity. A, B, C, and
D represent receptor subtypes. Restricting the conformational freedom
of cyclic peptides by sterically blocking their conformational intercon-
version allows then to fit only into receptor subtype A.

Figure 14. a) Conformation of the orally bioavailable somatostatin
analogue cyclo(-NMe-d-Trp-NMeLys-Thr-NMePhe-Pro-Phe-). b) Confor-
mation of a highly Caco-2 permeable N-methylated cyclic alanine
hexapeptide cyclo(-NMe-d-Ala-NMeAla-Ala-NMeAla-NMeAla-Ala-).
c) Conformation of cyclosporine A. Note the structural similarity in the
turns at the terminals of all the three N-methylated cyclic peptides.
The hydrogen atoms are omitted for clarity. The two crucial representa-
tive turn elements are highlighted.
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number or position of N-methylations.[156] It is interesting to
note that the cyclic peptide cyclosporine A described above
which is about 19 % orally available, displays a clearly defined
turn structure with its externally oriented/solvent-exposed
amide bonds N-methylated, a pattern observed in several of
the alanine peptides that are Caco-2 membrane permea-
ble.[156] These studies identified for the first time the
importance of distinct backbone conformations for Caco-2
permeability. Nevertheless, to validate this hypothesis, exten-
sive efforts should be devoted not only towards the synthesis
of cyclic peptide libraries of diverse size, N-methylation, and
side-chain functionalities but also to assess their oral avail-
ability in animal models.

9. Future perspectives

To date most peptidic drugs target receptors that are
embedded in cellular membranes (e.g. GPCRs, integrins). In
those cases “only” the intestinal barrier and the metabolic
stability during the passage through the liver and in the blood
serum need to be overcome by the peptide. But currently
there is a significant interest in the development of small-
molecules as tools to disrupt protein–protein interactions[162]

or for the identification of novel interaction partners of
proteins by phenotype-based cellular screens.[163] Although
these molecules have proved to be great tools to perturb
biological system and to study in depth the protein functions,
most small molecules are not devoid of off-target bindings,
they can interact with other biomolecules as a result of their
lipophilicity.[164] Peptides, however, show remarkable target
selectivity with their increased size. But, the utility of peptides
in forward chemical genetic screens[165] has been limited
because of their inherent lack of cell-permeability. Although,
peptides are known to poorly permeate into cells, several N-
methylated natural product peptides (as described above)
elicit a phenotype only after penetrating the cell membrane
and showing a cytoplasmic and/or nucleoplasmic distribution,
which is yet another critical issue in tracking down intra-
cellular targets with peptides.[166] However, much more data is
required before it is possible to speculate about the mecha-
nism of uptake and the influence of N-methylation on cellular
permeability. It is an open question that needs to be addressed
before the potential of N-methylated peptides can be fully
exploited. Furthermore, peptides have long been recognized
as attractive candidates for the design of ligands that bind to
extracellular receptors, however, their utility as drugs have
always been limited owing to their unfavorable pharmacoki-
netic properties. However, a simple modification of peptide
backbones by N-methylation clearly conveyed favorable
pharmacokinetic properties to natural peptides, holding
great promise for the future drug-discovery programs.
Although the advancement in the state of art technologies
in “omics” science has afforded the study of a multitude of
protein–protein, protein–DNA, and protein–RNA interac-
tions, there has been a sharp decline in the development of
new chemical entities as drugs, necessitating the development
of novel molecules to expand the existing chemical space.
Thus, peptides with their unique conformational features and

functional diversity, which can even be enhanced by incorpo-
rating unnatural amino acids, N-methylation, and cyclization,
offer the chance to expand the pool of bioactive and drug-like
compounds.
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