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Abstract

Cyclic proteins have evolved for millions of years across all kingdoms of life to confer structural stability over their acyclic
counterparts while maintaining intrinsic functional properties. Here, we show that cyclic miniproteins (or peptides) from
Momordica (Cucurbitaceae) seeds evolved in species that diverged from an African ancestor around 19 Ma. The ability to
achieve head-to-tail cyclization of Momordica cyclic peptides appears to have been acquired through a series of muta-
tions in their acyclic precursor coding sequences following recent and independent gene expansion event(s). Evolutionary
analysis of Momordica cyclic peptides reveals sites that are under selection, highlighting residues that are presumably
constrained for maintaining their function as potent trypsin inhibitors. Molecular dynamics of Momordica cyclic peptides
in complex with trypsin reveals site-specific residues involved in target binding. In a broader context, this study provides a
basis for selecting Momordica species to further investigate the biosynthesis of the cyclic peptides and for constructing
libraries that may be screened against evolutionarily related serine proteases implicated in human diseases.
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Introduction
Head-to-tail or backbone cyclization confers peptides with
resistance to proteolysis and peptides bearing this trait pre-
sumably evolved from ancestral acyclic peptides (Trabi and
Craik 2002). Backbone-cyclized peptides found in angio-
sperms are here categorized into three groups based on
their structures (fig. 1). Group 1 consists of cyclic peptides
with three disulfide bonds that form a knotted core, that is,
the cyclotides (Craik et al. 1999). Group 2 consists of cyclic
peptides with one disulfide bond, which includes SFTI-1 or
sunflower trypsin inhibitor-1 (Luckett et al. 1999), SFT-L1 or
SFTI-Like 1 (Mylne et al. 2011), and PDPs or PawS-derived
peptides (Elliott et al. 2014). Members of both groups belong
to the subclass homopolycyclopeptides type VIII of the plant
cyclopeptides (Tan and Zhou 2006). Group 3 consists of cyclic
peptides with no disulfide bonds referred to as orbitides
(Arnison et al. 2013). Members of this group belong to the
subclass homomonocyclopeptides type VI of the plant cyclo-
peptides (Tan and Zhou 2006).

All of the aforementioned cyclic peptides are gene-
encoded and occur in phylogenetically distant families of an-
giosperms. Group 1 has been found in Rubiaceae, Violaceae,
Cucurbitaceae, Fabaceae, and Solanaceae (Craik 2013); Group
2 in Asteraceae (Elliott et al. 2014); and Group 3 in Annona-
ceae, Caryophyllaceae, Euphorbiaceae, Lamiaceae, Linaceae,
Phytolaccaceae, Rutaceae, Schizandraceae, and Verbenaceae
(Arnison et al. 2013). Despite being phylogenetically distant,
the biosynthesis of the first two groups appears to have

evolved in parallel, being channeled through transpeptidation
by asparaginyl endopeptidase (AEP) that joins their ends
(Saska et al. 2007; Gillon et al. 2008; Mylne et al. 2011,
2012). This AEP-mediated cyclization requires a conserved
proto-N-terminal Gly, proto-C-terminal Asx (i.e., Asn or
Asp), small residue at P10, and Xle (i.e., Leu or Ile) at P20

(Mylne et al. 2011, 2012). On the other hand, cyclization of
the third group is mediated by peptide cyclase (PCY1), a
serine protease-like enzyme (Barber et al. 2013).

The seeds of Momordica cochinchinensis (Cucurbitaceae)
contain cyclic peptides that belong to the cyclotide group.
MCoTI-I and -II (Momordica cochinchinensis trypsin inhibitor-
I and -II) were the first members of Momordica cyclic peptides
to be discovered (Hernandez et al. 2000) and have been stud-
ied extensively, particularly for applications in the biomedical
field. Interest in these peptides stems from the proteolytic
stability conferred by their structural motif (Colgrave and
Craik 2004) and the amenability of the residues comprising
their intercysteine loops to mutation (Austin et al. 2009).
Thus, in principle Momordica cyclic peptides can be used as
highly stable grafting scaffolds. As both peptides have the
ability to enter cells (Greenwood et al. 2007; Cascales et al.
2011; Contreras et al. 2011; D’Souza et al. 2014), they have
been touted as potential vectors for the delivery of grafted
epitopes with desired activities to intracellular targets (Ji et al.
2013). Examples of grafting applications include engineering
of 1) MCoTI-I into an anti-HIV agent (Aboye et al. 2012) and
an antagonist of intracellular proteins Hdm2 and HdmX for
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suppressing tumor growth (Ji et al. 2013) and 2) MCoTI-II into
a �-tryptase inhibitor (Thongyoo et al. 2009; Sommerhoff
et al. 2010) and human leukocyte elastase inhibitor
(Thongyoo et al. 2009) for inflammatory disorders, and a
pro-angiogenic agent for wound healing (Chan et al. 2011).
Despite these remarkable successes, the introduction of new
activities onto the Momordica cyclic peptide scaffold remains
challenging because the limiting structural and functional
constraints are not yet fully understood. During the course
of evolution, negative selection purges mutations that have
deleterious effects to the structure of peptides, constraining
their ability to acquire new function, which would otherwise
be fixed under positive selection (Tokuriki and Tawfik 2009).
Thus, knowledge of residues under selection should provide
insights into the limitations of Momordica cyclic peptides to
be engineered as scaffolds.

To understand the evolution of Momordica cyclic pep-
tides, it is imperative that their distribution and diversity be
traced and mapped. Momordica is a clade of approximately
60 tropical and subtropical climbers and creepers that
diverged from a common ancestor around 35 Ma (Schaefer
and Renner 2010) and underwent long-distance dispersal
across Africa, Asia, and Australia (Schaefer et al. 2009).
Being a crucial agent for plant dispersal, seeds play a key
role in the speciation of plants, carrying within them genetic
information for the establishment of new plants under

spatiotemporally disparate environmental pressures. Tracing
the distribution of cyclic peptides and their acyclic counter-
parts in Momordica species will allow us to determine when,
where, and how the genes for their biosynthesis evolved. In
turn, this knowledge may serve as a basis for selecting
Momordica species to further investigate how the cyclic pep-
tides arise, for example, through comparative transcriptome
analysis to identify gene sequences and enzymes essential for
their processing. Furthermore, mapping the diversity of cyclic
peptides in Momordica seeds will allow us to identify
site-specific residues that are evolving under selection, that
is, negative selection to maintain the existing structure
whereas positive selection to adopt new function. This infor-
mation may be particularly useful in the context of designing
inhibitors of evolutionarily related serine proteases implicated
in human diseases using the Momordica cyclic peptide
scaffold.

In this study, we describe the distribution and diversity of
cyclic peptides and their acyclic counterparts in the seeds of
24 Momordica species and an outgroup species Siraitia gros-
venorii (fig. 2). We discover new TIPTOP (Two Inhibitor
Peptide TOPologies) genes, which encode multiple cyclic pep-
tide domains and terminate with an acyclic peptide domain
(Mylne et al. 2012), and partial gene sequences, which we refer
to as TIPRE (Tandem Inhibitor Peptide REpeats), that encode
multiple acyclic peptide domains. We assemble transcripts

FIG. 1. Proposed classification for currently known backbone cyclized peptides in angiosperms. The cyclic peptide domains (colored letters) with
neighboring residues are given below the structures. Group 1: Cyclic peptides with three disulfide bonds that form a knot, that is, Cys III–VI threading a
ring formed by Cys I–IV, Cys II–V, and their interconnecting backbone. This structural motif is known as a cyclic cystine knot or CCK. The intercysteine
residues that form the loops are labeled Loops 1–6. An example member of the group, that is, MCoTI-II, is shown. Group 2: Cyclic peptides with one
disulfide bond, for example, SFTI-1 (PDB#1JBL). Cysteine connectivities are shown as yellow lines. AEP target residues, that is, Asp/Asn, are shown with
arrows. Neighboring residues (P10 and P20 sites) important for transpeptidation by AEP are shown with asterisks. Group 3: Cyclic peptides with no
disulfide bond, that is, the orbitides, for example, segetalin A. Cleavage sites are shown with triangles. The peptide cyclization points are shown with
black dots. (For interpretation of the references to color, please refer to the web version of this article.).
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that encode a single acyclic peptide domain like the previ-
ously reported TGTI-II (towel gourd trypsin inhibitor-II)
cDNA (Ling et al. 1993; Mylne et al. 2012). In addition, we
identify diagnostic peptides that correspond to the cyclic
peptides and their acyclic counterparts.

Despite having undergone long-distance dispersal events
during the speciation of Momordica (Schaefer et al. 2009;
Schaefer and Renner 2010), we found the sequence diversity
of Momordica cyclic peptides to be low compared with other
members of the cyclotide group (Kaas and Craik 2010). This
conservation could be explained by the recentness of the
event(s) that created the cyclic peptides or by the selection

operating on the cyclic peptide domain repeats for maintain-
ing their structure, and thus their documented function as
potent trypsin inhibitors (Avrutina et al. 2005). As hydrogen
bond networks are known to play an important role in pro-
tein recognition (Lu et al. 1997), constraining mutations that
could compromise the functional fold conferred by the hy-
drogen bond networks is vital. Molecular dynamics of
Momordica cyclic peptides in complex with trypsin reveal
alterations in the intermolecular hydrogen bond network
upon single amino acid substitutions, highlighting sites that
have the potential to be engineered for selective target
binding.

FIG. 2. Momordica seeds used in this study. The seeds are arranged from left to right, top to bottom, based on their phylogenetic relationship. Siraitia
grosvenorii was included as a closely related outgroup species.

394

Mahatmanto et al. . doi:10.1093/molbev/msu307 MBE
 at U

B
 der T

U
 M

uenchen on O
ctober 14, 2016

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

to 
http://mbe.oxfordjournals.org/


Results
In this study, we traced the occurrence of cyclic peptides
in the seeds of 24 Momordica species and an outgroup species
S. grosvenorii, mapped the residues under selection, and ex-
amined the effect of single amino acid substitutions to the
intermolecular hydrogen bond network of selected naturally
occurring Momordica cyclic peptides in complex with trypsin.

Precursors of Momordica Cyclic and Acyclic Peptides

Polymerase chain reaction (PCR) of Momordica genomic
DNA using the primers that amplified TIPTOP genes from
Momordica cochinchinensis and M. sphaeroidea (Mylne et al.
2012) resulted in new TIPTOP genes from two Asian
Momordica, that is, one from M. subangulata (TIPTOP4)
and two from M. macrophylla (TIPTOP5 and TIPTOP6).
TIPTOP4–6, respectively, encode six, four, and five cyclic
peptides, each terminating with an acyclic peptide (the list
of the encoded peptides is given in supplementary table S1,
Supplementary Material online, and a representation of the
precursors is given in fig. 3A). Two of the encoded cyclic
peptides, that is, MCoTI-II and MCoTI-IV (hereafter, we
remove the MCo prefix because some of the peptides are
also present in other Momordica species and use an Arabic
numeral for simplicity, e.g., MCoTI-II becomes TI-2), have
been reported (Hernandez et al. 2000; Mylne et al. 2012)
whereas the others are new but have similar sequences that
share the Asp–Gly cyclization point. Similarly, two of the
encoded acyclic peptides, that is, TI-5 and TI-6, have been
reported (Mylne et al. 2012). The other acyclic peptide, that is,
TI-19, differs from TI-5 in that it has an additional N-terminal
Gln. An alignment of Momordica cyclic peptides and their
acyclic counterparts is given in figure 3B.

A new set of primers for conserved sequences within the
endoplasmic reticulum (ER) signal and the acyclic peptide
domain was designed because the first primer set could not
amplify TIPTOP genes from the remaining Momordica geno-
mic DNA. PCR with this new set of primers resulted in five
partial gene sequences that appear to have undergone expan-
sion similar to TIPTOP and thus were named TIPRE, for
Tandem Inhibitor Peptide REpeats. Four of the partial gene
sequences were found in the African M. anigosantha
(TIPRE1–4) and one was found in the African M. friesiorum
(TIPRE5). The list of the encoded peptides is given in supple-
mentary table S1, Supplementary Material online. The TIPRE
peptides, that is, TI-24–27, have similar sequences to the
TIPTOP acyclic peptides but with an additional four C-termi-
nal residues like the TIPTOP cyclic peptides (fig. 3B). This
finding suggests that the acyclic peptides acquired features
for cyclization following extension of their tail, which provided
the target residues for AEP to then perform transpeptidation
that ligates their C-terminus to their N-terminus.

Analysis of a previously reported African M. charantia seed
transcriptome (Yang et al. 2010) revealed five transcripts (the
translation of the transcripts is given in supplementary table
S2, Supplementary Material online), each encoding a single
acyclic peptide domain. Two of the transcripts encode the
acyclic peptides MCTI-I (Momordica charantia trypsin

inhibitor-I) and MCTI-III (Hara et al. 1989; Hamato et al.
1995). One transcript encodes an acyclic peptide, which we
refer to as TI-28, that is similar to MCTI-II (Hara et al. 1989)
but with an extended N-terminus. Another transcript en-
codes an acyclic peptide, which we refer to as EI-1 (elastase
inhibitor-1), that is similar to MCEI-IV (Momordica charantia
elastase inhibitor-IV [Hamato et al. 1995]) but differs in one
residue following the N-terminal Glu. The absence of a ded-
icated precursor for MCTI-II and MCEI-I–III (supplementary
table S2, Supplementary Material online), which, respectively,
are shorter than TI-28 and EI-1 in their N-terminus (fig. 3B),
suggests that they are products of posttranslational N-termi-
nal trimming, a process that has been proposed to give rise to
the acyclic peptides hedyotide B2–4 from the Rubiaceae
Hedyotis biflora (Nguyen et al. 2011). On the other hand,
the other transcript potentially encodes a new peptide,
which we refer to as TI-23, as judged by the sequence simi-
larity to the other Momordica cyclic peptides. Given the lack
of features for AEP processing in its precursor (supplementary
table S2, Supplementary Material online), it would be inter-
esting to confirm the presence of TI-23.

Identification of Peptides Using a Targeted Proteomics
Approach

A targeted search for Momordica cyclic peptides and their
acyclic counterparts was aided by the observation of tandem
mass spectrometry (MS/MS) for diagnostic peptides, which
results from the digestion of reduced and alkylated peptides.
For cyclic peptides, the diagnostic peptides are chymotrypsin
digests harboring sequence tags that extend over their cycli-
zation points, that is, Cys29 to Leu8 (for residue numbering,
please refer to fig. 3B). For acyclic peptides, the diagnostic
peptides result from trypsin, chymotrypsin, or endoprotei-
nase Glu-C digestion. A list of the sequences of representative
diagnostic peptides found is given in supplementary table S3,
Supplementary Material online. The distribution of
Momordica cyclic peptides and their acyclic counterparts is
presented in figure 4.

MS/MS evidence for cyclic peptides was only found in the
Asian M. cochinchinensis, M. macrophylla, M. denticulata, M.
subangulata, and M. clarkeana and in a close relative African
M. gilgiana (a representative MS/MS spectrum is given in
supplementary fig. S1A, Supplementary Material online). No
evidence was found for TI-23 in the African M. charantia. For
the African M. anigosantha TIPRE peptides, evidence was only
found to support acyclic peptides, as would be expected
judging from the lack of a proto-N-terminal Gly. Observed
MS/MS spectra were consistent with a chymotrypsin and an
endoproteinase Glu-C digest product that correspond to
acyclic peptides having an N-terminal pyrolated glutamine
(supplementary fig. S1B, Supplementary Material online)
and a four C-terminal residue extension (supplementary fig.
S1C, Supplementary Material online). Evidence for acyclic
trypsin inhibitors was found in all of the species analyzed
(supplementary table S3, Supplementary Material online,
representative MS/MS spectra are given in supplementary
fig. S1D and E, Supplementary Material online). For acyclic
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elastase inhibitors, evidence was only found in the African
M. leiocarpa, M. foetida, M. balsamina, and M. charantia (rep-
resentative MS/MS spectra are given in supplementary fig. S1F
and G, Supplementary Material online).

Mapping of Sites under Selection

To map the sites that are evolving under selection, we ana-
lyzed the number of synonymous substitution per site (dS)
and the number of nonsynonymous substitution per site
(dN) of the cyclic peptides. The value of the dN� dS indicates
whether a particular site is evolving under negative (if the
value is negative) or positive (if the value is positive) selection.
The dN–dS analysis of the cyclic peptides (supplementary
table S4, Supplementary Material online) revealed that 2
cysteines and 11 intercysteine residues are evolving under
negative selection, which include four of five residues in
Loop 2, one of three residues in Loop 3, one of five residues
in Loop 5, and five of eight residues in Loop 6. On the other
hand, eight intercysteine residues are evolving under positive
selection, which include three of six residues in Loop 1, one of

three residues in Loop 3, one of one residue in Loop 4, two of
five residues in Loop 5, and one of eight residues in Loop 6.
The remaining 13 residues (four cysteines, three residues in
Loop 1, one residue in Loop 2, one residue in Loop 3, two
residues in Loop 5, and two residues in Loop 6) are neutral.
This finding highlights the types of selection operating on the
sites of the Momordica cyclic peptide scaffold (fig. 5A).

Dynamics of the Hydrogen Bond Network of Selected
Cyclic Peptides with Trypsin

Mutations provide an essential raw material for evolution and
serve as a basis for acquiring new functions (Tokuriki and
Tawfik 2009). As hydrogen bonds play a role in the recogni-
tion of inhibitors against their target proteins (Lu et al. 1997),
examining the effect of mutations on the interaction of
inhibitors against their target proteins is fundamental to
understanding the mechanistic of their biological function.
Here, we examined the effect of single amino acid substitu-
tions to the intermolecular hydrogen bonds of the
Momordica cyclic peptides TI-1 and TI-2 in complex with

FIG. 3. Precursors and sequences of Momordica cyclic peptides and their acyclic counterparts. (A) Schematic representation of the precursors for
TIPTOP1 and TIPTOP5 is shown along with a typical precursor of an acyclic peptide from Momordica charantia. ER, endoplasmic reticulum signal; LP,
leader peptide domain—this naming follows the recommended nomenclature for ribosomally synthesized and posttranslationally modified peptides
(Arnison et al. 2013); aa, amino acids. (B) Sequence alignment of Momordica cyclic peptides and their acyclic counterparts. Peptides deduced from
coding sequences with mass support found in this study (asterisks) are aligned with previously reported peptides (Joubert 1984; Hara et al. 1989;
Hamato et al. 1995; Hernandez et al. 2000; Mylne et al. 2012). Residues flanking the cyclization points are shown with black dots. The six conserved
cysteine residues are shown with yellow dots. Residues are numbered from the N-terminus to the C-terminus. (For interpretation of the references to
color, please refer to the web version of this article.).
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trypsin using molecular dynamics. The mutations made to TI-
1 were based on the sequence of TI-8, TI-18 and TI-21,
whereas those in TI-2 were based on the sequence of TI-10,
TI-20, and TI-22.

Analysis of the dynamics of the cyclic peptides in complex
with trypsin revealed site-specific residues that play a role in
forming the intermolecular hydrogen bond network (fig. 5B;
list of donors, acceptors, and frequency of occupancy of the
hydrogen bonds is given in supplementary table S5,
Supplementary Material online). One of the prominent fea-
tures of Momordica cyclic peptides is that their main chains,
that is, of Loops 1 and 6, form the majority of the hydrogen
bond network with trypsin. For TI-1, the residues involved in
main chain hydrogen bonding with trypsin are Gly1,2,32,
Cys4,29, Pro5, Lys6, Ile7, Leu8, and Asp34 whereas the residues
involved in side chain hydrogen bonding are Lys6, Gln9, Arg24,
Asn26, and Ser31. For TI-2, the residues involved in main chain
and side chain hydrogen bonding with trypsin are similar to
TI-1, with the exception of Lys10 instead of Gly32 for the main

chain and Tyr28 instead of Gln9 for the side chain. Single
amino acid substitutions in both cyclic peptides altered
their hydrogen bond network with trypsin, notably are the
introduction or abolishment of and the increase or decrease
in frequency of occupancy of a number of the main chain and
side chain hydrogen bonds (fig. 5B). This result highlights the
dynamics of the hydrogen bond network of Momordica cyclic
peptides in complex with trypsin, providing insights into the
potential role of site-specific residues for target binding.

Discussion

Momordica Cyclic Peptides Occur in Species that
Diverged from an African Ancestor around 19 Ma

TIPTOP genes were found following the report of the cyclic
peptides MCoTI-I and MCoTI-II from M. cochinchinensis
seeds (Hernandez et al. 2000). The unusual nature of how
the genes are organized, that is, having multiple repeats of
cyclic peptide domains that terminate with an acyclic peptide

FIG. 4. Distribution of Momordica cyclic peptides and their acyclic counterparts mapped on a maximum-likelihood phylogeny estimate of the genus.
Species analyzed in this study are shown with bold letters. Species previously studied are shown with red letters. Species containing cyclic peptides and
their acyclic counterparts are shown with colored dots, that is, green for cyclic trypsin inhibitors, orange for acyclic trypsin inhibitors, and red for acyclic
elastase inhibitors. Superscript letters following the species names denote currently known information at the nucleotide (n) or peptide (p) level. (For
interpretation of the references to color, please refer to the web version of this article.).
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domain, led to the hypothesis that they might have expanded
from an ancestral gene through internal duplication event(s)
(Mylne et al. 2012). Tracing the distribution of TIPTOP cyclic
peptides has provided insights into when and where they
emerged.

A targeted search revealed the occurrence of cyclic pep-
tides in the Asian M. cochinchinensis, M. macrophylla, M.
denticulata, M. subangulata, and M. clarkeana and in a
close relative African M. gilgiana (fig. 4). The lack of evidence
for cyclic peptides in other representative African taxa sug-
gests that the cyclic peptides have arisen within species that
descended from a common ancestor to the Asian and a close
relative African species. The Asian Momordica are a result of a
long-distance dispersal of an African ancestor that came back
to Asia around 19 Ma—an event that marks the divergence of
the Asian species from their close relative African M. gilgiana
(Schaefer and Renner 2010). Thus, the ancestral gene of
TIPTOP presumably has been inherited from this African an-
cestor. Interestingly, the expansion that created TIPTOP genes
appears to have occurred recently and independently, as sug-
gested by the highly conserved signal peptides (fig. 6A), which
are known to evolve rapidly (Li et al. 2009), and the distinct
number of domain repeats and sequence of the encoded
peptides. This scenario would require specific selective pres-
sures operating on both the Asian species and the close rel-
ative African M. gilgiana.

Plausible Selective Advantage and Pressure Underlying
the Expansion that Created TIPTOP Genes

The selective advantage conferred by the expansion that cre-
ated TIPTOP genes might be related to tight regulatory con-
trol for expression of the encoded peptides. The repetitive
nature of TIPTOP genes would allow the expression of mul-
tiple peptides from one transcript. On the other hand, the
expansion would alter the RNA secondary structure, which is
known to be one of the key determinants to posttranscrip-
tional regulation in plants (Silverman et al. 2013). A recent
study using the model plant Arabidopsis thaliana showed
that LOW MOLECULAR WEIGHT CYSTEINE-RICH-encoding
mRNA is among the highly structured mRNA that tends to
be degraded more frequently than less structured mRNA (Li
et al. 2012). Calculation of the folding energy of TIPTOP tran-
scripts using Mfold (Zuker 2003) suggests that the expansion
decreases the free energy for folding of TIPTOP transcripts
into their secondary structures (fig. 6B). Taken together, the
expansion might have allowed the encoded peptides to be
produced efficiently but not excessively—a trait that fits well
with a defense response and storage function.

Resistance to invaders is among the most ancient traits
that evolved through discriminating self from nonself (Staal
and Dixelius 2007). Having a biological activity as potent in-
hibitors of trypsin (Avrutina et al. 2005), one of the main
digestive enzymes of invaders, TIPTOP peptides may be re-
garded as antinutritive agents. Given that many of the known
seed-derived inhibitors are only active against digestive en-
zymes of insects but not against endogenous enzymes
(Shewry and Casey 1999), it is tempting to speculate that
the expansion that created TIPTOP genes might have been
triggered by predatory cues. On the other hand, the high
cysteine content of TIPTOP peptides suggests that they
might also serve a dual function for storage purposes, provid-
ing sulfur along with nitrogen and carbon for germination

FIG. 5. Site selection and intermolecular hydrogen bond network map-
ping of Momordica cyclic peptides. (A) Sites under selection: Negative
(purple), neutral (white), and positive (cyan). The sequence of TI-2 is
used as a reference. The intercysteine residues that form the loops are
labeled Loops 1–6. Sites are numbered from the proto-N-terminal Gly
to the proto-C-terminal Asp. P1 and P10, respectively, denote residues
on the acyl and leaving group side of the peptide bond that would be
hydrolyzed by trypsin. (B) Sites involved in hydrogen bonding with
trypsin. TI-1 and TI-2 were used as references for single amino acid
substitutions (shown with asterisks) based on the sequences of TI-8,
TI-18 and TI-21 for TI-1; and TI-10, TI-20 and TI-22 for TI-2.
Intermolecular main chain and side chain hydrogen bonds are shown
with colored circles and triangles, respectively. The range of hydrogen
bond frequency of occupancy is color-coded as per legend. (For inter-
pretation of the references to color, please refer to the web version of
this article.).
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FIG. 6. Sequence analysis for Momordica peptides. (A) Alignment of the signal peptide sequence of TIPTOP precursors. (B) Free folding energy of
TIPTOP transcripts calculated using Mfold (Zuker 2003). (C) Alignment of domain repeats. Used as an example here is the leader and mature peptide
domains of TIPTOP4 from the Asian Momordica subangulata and TIPRE4 from the African M. anigosantha. The cyclic peptide domains (shown in green,
TIPTOP4A–F) appear to be the result of insertion of a four-residue segment trailing the C-terminal and deletion of a segment within the N-terminal of
the acyclic peptide domain (shown in orange, TIPTOP4G). TIPRE acyclic peptides acquired an extension of the C-terminal like the TIPTOP cyclic
peptides, thus link the evolution of cyclic peptides from their acyclic counterparts. Residues flanking the cyclization points are shown with black dots.
The six conserved cysteine residues are shown with yellow dots. Cleavage sites are shown with triangles. (D) Unrooted phylogram for TIPTOP genes,
TIPRE sequences, and the transcripts from the African M. charantia seeds. (E) Mutations at P1 site of the African M. charantia peptides that led to the
change from Arg to Leu. (For interpretation of the references to color, please refer to the web version of this article.).
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and seedling growth. The exceptional stability of the cyclic
cystine knot class of peptides (Colgrave and Craik 2004)
might be related to their function as long-term storage pro-
teins, supporting extended periods of dormancy as most
Cucurbitaceae have orthodox seeds—they can tolerate con-
siderable desiccation and thus have greater longevity com-
pared with recalcitrant seeds (Ellis 1991). Further studies
would be needed to test this dual function hypothesis.

Mutations in the Acyclic Peptide Precursors: The Link
to Cyclization

The emergence of backbone cyclized peptides of Groups 1
and 2 (fig. 1) has been shown to be mediated by AEP (Saska
et al. 2007; Gillon et al. 2008; Mylne et al. 2011, 2012), a vac-
uolar processing enzyme that cleaves Asn and Asp (Hara-
Nishimura et al. 1991; Hiraiwa et al. 1999), which, respectively,
precedes and ends the TIPTOP cyclic peptide domains (fig.
6C). The residues trailing the proto-C-terminal are usually a
small residue at P10 and Xle at P20. Cyclization of the peptide
backbone occurs through a transpeptidation that critically
requires the presence of a proto-N-terminal Gly, which is
thought to lack the steric hindrance of other side chains
thus enabling transpeptidation to occur (Mylne et al. 2011).
The absence of these features in the precursors of the acyclic
peptides means that transpeptidation by AEP will not occur,
thus AEP acts as the constraining evolutionary channel for
cyclization (Mylne et al. 2012).

Alignment of the leader and mature peptide repeats of
TIPTOP4 from the Asian M. subangulata and TIPRE4 from
the African M. anigosantha (fig. 6C) suggests that a series of
mutations following internal gene duplication provided the
features for AEP to perform transpeptidation. We hypothesize
that the acyclic peptides first acquired an extension of their C-
terminal (by insertion of the SXXD segment) followed by
deletion of their N-terminal region (GVYXXXQR segment)
and mutation of their P10 proto-C-terminal trailing residue
(Met to a small residue, in this case Ala), which would then
lead to the predisposition of the precursors to cyclization by
AEP. With an N-terminal Gln like the TIPTOP acyclic peptides
and an extended C-terminus like the TIPTOP cyclic peptides,
the TIPRE peptides may be regarded as “intermediates” in the
evolution of TIPTOP cyclic peptides from their acyclic coun-
terparts. This hypothesis is consistent with the phylogenetic
analysis that places the African M. anigosantha close to the
species in which TIPTOP cyclic peptides occur (fig. 4; Schaefer
and Renner 2010).

The absence of evidence for the putative cyclic peptide TI-
23 in the African M. charantia might be due to the lack of
common features for AEP processing in its precursor, which
only harbors a single peptide domain and does not have
residues trailing the proto-C-terminal Asn and Asx preceding
the proto-N-terminal Gly (supplementary table S2,
Supplementary Material online). Thus, internal gene duplica-
tion may be considered as a steppingstone to the acquisition
of features for transpeptidation by AEP, which the TIPTOP
genes then acquired through a series of mutations during
their course of evolution. Molecular phylogenetic analysis

reveals that the transcript encoding TI-23 is distantly related
to the other coding sequences (fig. 6D), suggesting that it
might be an ancestral vestige of a kindred evolutionary pro-
cess that, in the Asian and a close relative African species,
created the cyclic peptides.

Neofunctionalization of an Acyclic Peptide in the
African Momordica Species

Gene duplication has been considered to be the main source
of material for the emergence of new functions. The rate at
which a gene duplication event occurs is considered high,
with the duplicates being silenced within a few million
years and the survivors being selected under strong negative
pressure (Lynch and Conery 2000). The high sequence simi-
larity of the transcripts encoding MCTI-I and MCTI-III and the
transcripts encoding TI-28 and EI-1 (supplementary table S2,
Supplementary Material online) suggests that they have
arisen through gene duplication. In the case of the transcripts
encoding TI-28 and EI-1, the acyclic peptides have different
biochemical activities, that is, the former a trypsin inhibitor
whereas the latter an elastase inhibitor. Because both of the
acyclic peptides are expressed within the seeds of the African
M. charantia, the duplicated gene may be considered to have
undergone neofunctionalization, that is, it acquired a new
function that is preserved by natural selection.

Sequence analysis reveals that the new function emerged
from a point mutation at the second codon base of the P1
site—the site that interacts with the S1 pocket (or active site)
of the target enzyme. The G of the CGA that encodes Arg,
which is the preferred P1 residue for trypsin (Krieger et al.
1974), is replaced by T and thus changing it into Leu (fig. 6E),
which is preferred for elastase (Hara et al. 1989), if assuming
that elastase inhibitor is the new function. Interestingly, the
acyclic elastase inhibitors were only found in the African M.
charantia and three closely related African species, that is, M.
balsamina, M. leiocarpa, and M. foetida, which diverged
around 21 Ma (Schaefer and Renner 2010). This finding sug-
gests that neofunctionalization is a rare evolutionary fate for
this class of peptides.

The Role of Site-Specific Residues of Momordica
Cyclic Peptides

A range of studies have shown remarkable success in the use
of Momordica cyclic peptides as scaffolds for developing novel
therapeutics (Poth et al. 2013). To better exploit Momordica
cyclic peptides for biomedical applications, it is imperative
that their evolvability, that is, the ability to acquire new func-
tion through structural changes (Tokuriki and Tawfik 2009), is
understood. Given the function of Momordica cyclic peptides
as potent trypsin inhibitors, knowledge of their evolvability is
particularly useful for developing novel inhibitors of other
evolutionarily related serine proteases—many of which play
crucial roles in pathophysiological processes, such as
inflammation and blood clotting (Bachovchin and Cravatt
2012).

One of the approaches that can be used to understand the
evolvability of Momordica cyclic peptides is by mapping their
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sequence diversity, which has been shaped by natural selec-
tion. Evolutionary analysis reveals the type of selection oper-
ating on the sites of Momordica cyclic peptides. As shown in
figure 5A, the majority of the sites are either neutral (no
substitution) or under negative selection (substitutions
were synonymous). Residues that occupy these sites are pre-
sumably preserved for maintaining the cyclic cystine knot
structure. Indeed, four of the six cysteines that form the cys-
tine knot core are neutral and two are under negative selec-
tion. The N-terminal Gly and C-terminal Asp that have been
shown to be vital for cyclization by AEP (Mylne et al. 2011) are
also under negative selection. The significance of preserving
site-specific residues in Loop 6 might be related to the effect
that cyclization has on the folding pathway of the peptides,
facilitating the formation of the correct cysteine connectivi-
ties, thus presumably reducing the entropic losses upon fold-
ing compared with their acyclic counterparts (Daly et al.
1999).

Residues that occupy sites under positive selection are
presumably paving the way to adopting a new function.
The P1 site that defines the selectivity of Momordica cyclic
peptides is evolving under positive selection (fig. 5A) but the
amino acid change has not introduced a new function, that
is, Lys and Arg are both preferred in the S1 pocket of trypsin
(Krieger et al. 1974). The neutral selection operating on P10

site, which is occupied by Ile—a hydrophobic residue thus
preferred by trypsin (Kurth et al. 1997), suggests that
Momordica cyclic peptides are coevolving with trypsin,
which has strictly conserved residues associated with its
specificity in both prokaryotes and eukaryotes (Rypniewski
et al. 1994). Because the three-dimensional structure of
serine proteases is highly conserved and their active sites
are virtually the same, that is, having the catalytic triad
composed of Asp–His–Ser (Higaki et al. 1987), molecular
dynamics of Momordica cyclic peptides with trypsin may
serve as a model for studying the role of site-specific residues
for target binding, particularly that imparted by hydrogen
bonding.

As shown in figure 5B, the hydrogen bond network at the
interface of Momordica cyclic peptides with trypsin is primar-
ily formed by the main chain of the cyclic peptides, with P1,
P2, P3, P5, and P20 sites having a high frequency of occupancy
of hydrogen bond. Although this hydrogen bond network is
common in serine protease–inhibitor complexes where the
inhibitory loops are locked in an extended antiparallel�-sheet
conformation (Hedstrom 2002), this canonical conformation
is not adopted by the inhibitory loop of the Momordica cyclic
peptide scaffold (Daly et al. 2013). The occupancy of Pro at P2
and Cys at P3, which do not contribute to side chain inter-
actions with trypsin, suggests that the selectivity of
Momordica cyclic peptides is mediated by other sites, for
example, their prime sites. This characteristic is unique be-
cause S2 and S3 are known to determine the specificity of
serine proteases, for example, a hydrophobic residue at P2 is
preferred by chymotrypsin (Brady and Abeles 1990) whereas
at P3 by elastase (Thompson and Blout 1973). The P30 site,
which is under positive selection, might be important for
target binding. Unlike Lys, the occupancy of Gln at P30

introduces a side chain hydrogen bond and thus may explain
the higher trypsin inhibitory activity of TI-1 compared with
TI-2 (Avrutina et al. 2005).

As the basis of evolution, mutations play a major role in
forming the hydrogen bond network of protease–inhibitor
interaction sites. Mutations that introduce new hydrogen
bonds at these sites or increase the frequency of occupancy
of existing ones are highly desirable. However, mutations can
also lead to the contrary and thus examining the effect of
mutations to the hydrogen bond network at these interfaces
is important. As shown in figure 5B, single amino acid sub-
stitutions altered the intermolecular main chain and side
chain hydrogen bond network of Momordica cyclic peptides
with trypsin. These alterations may serve as a basis for the
identification of sites that have target binding potential, that
is, sites 9 in Loop 1; 24, 26, 28 in Loop 5; and 30, 31, 33 in Loop
6. This prediction agrees with a study that showed that the
aforementioned sites in Loops 1 and 5 play a role in binding
with trypsin (Austin et al. 2009). In the context of drug
design, this knowledge may translate into the design of
site-specific libraries using the Momordica cyclic peptide
scaffold. This design approach was successful for engineering
kalata B1, the prototypic cyclotide found in Rubiaceae and
Violaceae, into an antagonist of neuropilin-1 and -2, which
are known to be regulators of vascular and lymphatic devel-
opment (Getz et al. 2013).

In summary, this study presents evidence to suggest that
Momordica cyclic peptides evolved in species that diverged
from an African ancestor around 19 Ma. The findings provide
a basis for selecting species to further investigate the biosyn-
thetic origin of Momordica cyclic peptides. Knowledge of the
genes that encode cyclic peptides and enzymes involved in
their maturation could potentially be used for their produc-
tion in suitable host plants. In addition, this study showcases
an interesting biological example of how natural selection—as
imparted by mutations—is presumably operating to acquire
features essential for cyclization of the acyclic peptides by AEP
and to fine-tune the selectivity of cyclic peptides while main-
taining their structure. This knowledge may find useful appli-
cation in medicine for designing inhibitors of evolutionarily
related serine proteases implicated in human diseases using
the Momordica cyclic peptide scaffold or in agriculture for
designing improved pesticidal agents based on cyclotides
(Poth et al. 2011). In the long run, knowledge of the biosyn-
thesis and evolvability of Momordica cyclic peptides could
translate into the production of “designer” peptide therapeu-
tics in plant seeds.

Materials and Methods

Seed Material

Seeds of M. anigosantha Hook.f., M. boivinii Baill., M. cabrae
(Cogn.) C. Jeffrey, M. calantha Gilg, M. camerounensis
Keraudren, M. cissoides Planch. ex Benth., M. clarkeana
King, M. cymbalaria Frenzl ex. Naudin, M. denticulata Miq.,
M. foetida Schumach., M. friesiorum (Harms) C. Jeffrey,
M. gilgiana Cogn., M. humilis (Cogn.) C. Jeffrey, M. jeffreyana
Keraudren, M. leiocarpa Gilg, M. macrophylla Gage,
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M. parvifolia Cogn., M. rostrata Zimm., M. silvatica Jongkind,
M. subangulata Blume, M. trifoliolata Hook.f., and S. grosve-
norii (Swingle) C. Jeffrey ex. A.M. Lu & Zhi Y. Zhang were
provided by Hanno Schaefer of the Technische Universit€at
M€unchen. Seeds of M. balsamina L. (reference number:
406803), M. charantia L. (reference number: 51359), and
M. cochinchinensis (Lour.) Spreng. (reference number:
69291) were purchased from B & T World Seeds sarl
(Paguignan, Aigues Vives, France).

Genomic DNA Extraction, Gene Cloning, and
Sequencing

Momordica seeds were dehusked and finely ground in liquid
nitrogen using a mortar and pestle. Genomic DNA was ex-
tracted using Qiagen DNEasy Plant Mini Kit following the
protocol suggested by the company. TIPTOP genes were am-
plified using primers JM482 (50-CGT CTT GCT AGA GAA
AGG GAG T-30) and JM483 (50-TCA GAA ACA GCA TAG
CTT TCA C- 30) (Mylne et al. 2012). TIPRE sequences were
amplified using primers TM P1 (50- GAA ATG GAG AGC
AAG AAG ATT CT-30) and TM P5 (50-AAG ATT CTA GGA
CAG GCT CTT TG-30). PCR products were purified using
QIAquick PCR Purification Kit (for single band) and
QIAquick Gel Extraction Kit (for multiple bands). The purified
PCR products were cloned into pGEM-T Easy (Promega) and
sequenced at the Australian Genome Research Facility.
A minimum of three independent clones was used to assem-
ble the sequence using MacVector 12.7 software. SignalP 4.1
was used to predict the ER recognition site in the sequence
(Petersen et al. 2011). Peptide cleavage sites were
predicted based on the common features for processing
and homology to previously reported peptides (Mylne et al.
2011, 2012).

Transcriptome Analysis

Transcriptome sequencing data of the African M. charantia
seeds (Yang et al. 2010) were accessed through the National
Center for Biotechnology Information website (http://www.
ncbi.nlm.nih.gov, last accessed November 11, 2014). Short
Read Archive (SRA) under the accession numbers
SRX030203 (normalized sequence data) and SRX030204
(nonnormalized sequence data) was used to assemble tran-
scripts containing plant-derived cystine knot peptide se-
quences (Gracy et al. 2008) with MIRA 3.4 (Chevreux 2005).
A minimum of three overlapping contigs was used to assem-
ble the transcripts.

Peptide Extraction and Fractionation

Peptides were extracted from Momordica seeds using a
method based on acetonitrile/water/formic acid (25:24:1) as
previously described (Mahatmanto et al. 2014). Targeted pep-
tides were fractionated using a 3 cc cartridge, 200 mg sorbent,
Waters Sep-Pak C18 55–105mm. Peptides were eluted with
1.5 ml of solvent B (90% v/v acetonitrile, 0.1% v/v formic acid)
in a 10% gradient. Fractions containing the majority of
the targeted peptides (supplementary figs. S2 and S3,
Supplementary Material online) were collected. Samples

were lyophilized, redissolved in 1% v/v formic acid, and
stored at 4 �C until further analysis.

Ultra High Performance Liquid Chromatography–MS/
MS

Samples were reduced with dithiothreitol (final concentra-
tion 10 mM; incubated at 60 �C for 30 min under nitrogen),
alkylated with iodoacetamide (final concentration 25 mM;
incubated at 37 �C for 30 min in the dark), and split for
overnight digestion with trypsin (approximately 1mg per
100mg lyophilized sample in 100 mM ammonium bicarbon-
ate, pH 8.0; incubated at 37 �C), chymotrypsin (approximately
2mg per 100mg lyophilized sample in 100 mM Tris–HCl,
10 mM calcium chloride, pH 8.0; incubated at 30 �C), and
endoproteinase Glu-C (approximately 3mg per 100mg lyoph-
ilized sample in 1) 100 mM ammonium bicarbonate, pH 8.0
and 2) 100 mM sodium phosphate, pH 7.8; both incubated at
37 �C). Following reduction, alkylation, and digestion, samples
were analyzed on a Nexera Ultra High Performance Liquid
Chromatography (Shimadzu) coupled to a TripleTOF 5600
mass spectrometer (AB SCIEX) equipped with a duo electro-
spray ion source. Data were processed using Analyst TF 1.6
software (AB SCIEX). MS/MS spectra were searched against a
custom-built database of plant-derived cystine knot peptides
using ProteinPilot 4.0 software (AB SCIEX).

Phylogenetic Analysis

The phylogeny of Momordica is based on a slightly simplified
version of the sequence data set of Schaefer and Renner
(2010) with addition of sequences for S. grosvenorii from
Kocyan et al. (2007) (supplementary data S1,
Supplementary Material online). For details on DNA sequenc-
ing, alignment, and phylogeny estimation, see Schaefer and
Renner (2010).

The evolutionary relationship between TIPTOP genes,
TIPRE sequences, and the transcripts from the African M.
charantia seeds was inferred under Maximum Likelihood
(ML) using the General Time Reversible model (Nei and
Kumar 2000). The initial tree for heuristic search using
Nearest-Neighbor-Interchange method was generated auto-
matically by applying Neighbor-Join and BioNJ algorithms.
The analysis was conducted in MEGA5 (Tamura et al.
2011). Nucleotide sequences used for this analysis are given
in supplementary data S2, Supplementary Material online.

Mapping of Sites under Selection

Nucleotide sequences that encode the cyclic peptides were
used to map sites that are under selection using MEGA5
(Tamura et al. 2011). The numbers of synonymous (s) and
nonsynonymous (n) substitutions and the synonymous (S)
and nonsynonymous (N) sites were estimated using joint ML
reconstructions of ancestral states under the Muse–Gaut
(Muse and Gaut 1994) and General Time Reversible (Nei
and Kumar 2000) models. ML of codon undergoing selection
was estimated through HyPhy (Kosakovsky Pond et al. 2005)
using an automatically generated neighbor-joining tree.
The probability of rejecting the null hypothesis of neutral
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evolution (P value) was calculated as previously described
(Suzuki and Gojobori 1999; Kosakovsky Pond and Frost
2005). Nucleotide sequences used for this analysis are
given in supplementary data S3, Supplementary Material
online.

Molecular Dynamics

To calculate the average structure of selected cyclic peptides
against trypsin, the ordinate of the crystal structure of
native MCoTI-II bound to trypsin (PDB#4GUX) was used
as reference (Daly et al. 2013). Simulation of the complexes
was performed as previously described (Swedberg et al. 2011).

RNA Secondary Structure Calculation

The folding energy of TIPTOP transcripts was calculated using
Mfold (Zuker 2003) with default settings.

Accession Numbers

Sequence data from this work can be found in the GenBank
database under the accession numbers KM408418 for
M. subangulata TIPTOP4, KM408419 for M. macrophylla
TIPTOP5, KM408420 for M. macrophylla TIPTOP6,
KM408421 for M. anigosantha TIPRE1, KM408422 for M. ani-
gosantha TIPRE2, KM408423 for M. anigosantha TIPRE3,
KM408424 for M. anigosantha TIPRE4, and KM408425 for
M. friesiorum TIPRE5.

Supplementary Material
Supplementary data S1–S3, tables S1–S5, and figures S1–S3
are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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