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Abstract

Hundreds of ribosomally synthesized cyclopeptides have been isolated from all domains of life,
the vast majority having been reported in the last 15 years. Studies of cyclic peptides have
highlighted their exceptional potential both as stable drug scaffolds and as biomedicines in their
own right. Despite this, computational techniques for cyclopeptide identification are still in their
infancy, with many such peptides remaining uncharacterized. Tandem mass spectrometry has
occupied a niche role in cyclopeptide identification, taking over from traditional techniques such
as nuclear magnetic resonance spectroscopy (NMR). MS/MS studies require only picogram
quantities of peptide (compared to milligrams for NMR studies) and are applicable to complex
samples, abolishing the requirement for time-consuming chromatographic purification. While
database search tools such as Sequest and Mascot have become standard tools for the MS/MS
identification of linear peptides, they are not applicable to cyclopeptides, due to the parent mass
shift resulting from cyclization, and different fragmentation pattern of cyclic peptides. In this
paper, we describe the development of a novel database search methodology to aid in the
identification of cyclopeptides by mass spectrometry, and evaluate its utility in identifying two
peptide rings from Helianthus annuus, a bacterial cannibalism factor from Bacillus subtilis, and a
0-defensin from Rhesus macaque.
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Introduction

A growing number of cyclic peptides (cyclopeptides) that are biosynthesized by a ribosomal
pathway have been discovered in recent years! (Figure 1 and Figure S1). The cyclic nature
of the backbone renders cyclopeptides impervious to the action of exopeptidases and
provides protection in some cases from endoproteases. The cyclic backbone also imparts
rigidity on these molecules, which may facilitate conformation-specific interactions with
other proteins. A large proportion of cyclopeptides represent biologically important agents,
such as antibiotics (e.g. subtilosin A from Bacillus subtilis,23 microcin J25 from
Escherichia coli# and Circulin A and B from Bacillus circulans®®), innate immune system
peptides (e.g. 6-defensins from Macaca mulatta’), bacteriocins (e.g. uberolysin from
Streptococcus uberis® and carnocyclin from Carnobacterium maltaromaticum®), toxins (e.g.
amatoxin and virotoxin from Amanita family2%-11), protease inhibitors (e.g. SFTI-1 from
Helianthus annuus'2), bacterial cannibalism agents (e.g. SKF from Bacillus subtilis13:14),
agents active in plant defence (e.g. Kalata B1 from Oldenlandia affinis,15:16
Cyclopsychotride A from Psychotria longipes!’ and Circulins from Chassalia parvifolial8)
and many others. It seems that the world of ribosomal cyclopeptides is much more diverse
than originally anticipated, and their structural diversities are only just beginning to be
appreciated.! The availability of genomes for many species and our incomplete knowledge
of the biosynthetic pathways employed by ribosomally synthesized cyclopeptides
encourages us to use genome mining approaches in combination with mass spectrometry to
discover novel cyclopeptides.

Sequencing cyclopeptides, once a heroic effort, remains a challenge today. Tandem mass
spectrometry (MS/MS) provides an attractive alternative to 2D nuclear magnetic resonance
(NMR) spectroscopy, as it can provide access to peptide sequence information from
picograms of non-purified material.2> However, the development of algorithms for the
interpretation of mass spectra of cyclopeptides is still in its infancy. Non-ribosomal
cyclopeptides are not encoded by nucleotide sequence in a genome through synthesize via
MRNA to peptide. Instead, they are biosynthesized by large enzyme modules (nonribosomal
peptide-synthetase), where each enzyme module is responsible for incorporating one amino
acid subunit. Therefore mass spectrometrists must often conduct de novo interpretation of
mass spectra.?:22 De novo peptide sequencing algorithms give promising results for short
(up to 10 amino acid) cyclopeptides,?? but often fail to correctly sequence longer peptides.

Currently, peptide sequence tag?3 (PST)-based searches of genomes are the method of
choice for sequencing longer ribosomally-synthesized peptides from mass spectrometry
data. For example, using imaging mass spectrometry in conjunction with a five amino acid
PST (LPHPA\) search, Liu et al.14 identified an active metabolites from the Bacillus subtilis
cannibalism system. This metabolite was identified as a 26 amino acid peptide named
sporulation killing factor (SKF). The success of the PST approach was critically dependent
on the existence of a long series of consecutive ions with standard amino acid mass
differences. The sequence tag is used to search against a database comprising proteins from
the organism of interest. In the reported example, the sequence tag (LPHPA) yielded a
single match when searched against the Bacillus subtilis proteome, however, the same tag
could have many more matches if searched against larger proteomes. When a human
proteome is queried with the same (LPHPA) for instance, 12 putative peptide matches
results. For many species, the complete genome and hence proteome are not known and it is
necessary to search against closely related species or larger databases to identify novel
peptides. This implies a need for database search tools that can identify cyclopeptides,
analogous to Sequest?* and Mascot2® for linear peptides. Recently, Colgrave et al.2
proposed a method for the identification of known and novel cyclotides, a class of three-
disulfide knotted plant cyclopeptides of 28-37 amino acids, by searching spectra of their
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linear derivatives against a database of all linearized products for all cyclotides from the
Cybase database.1® However, to date, no such database search method exists for the
interrogation of genomes and proteomes.

Although most ribosomal cyclopeptides are formed via a head-to-tail ligation of a single
peptide, the 6-defensins are generated by concatenation and cyclization of a pair of peptides
from different proteins’ (Figure 2). In contrast with linear peptide identification tools such
as Sequest and Mascot, a cyclopeptide database search tool must also address concatenation
events in addition to the more commonly observed head-to-tail ligation events.

In this paper we present Cycloquest, the first database search algorithm for cyclopeptides.
The search strategy is validated using sunflower trypsin inhibitor-1 (SFTI-1) and SFTI-like
1 (SFT-L1) from Helianthus annuus, sporulation killing factor (SKF) from Bacillus subtilis,
and Rhesus 8-defensin (RTD-1) from Rhesus macaque. Our Cycloquest software for
identifying cyclic peptides from their mass spectra is open source and available at
http://proteomics.ucsd.edu.

Materials and Methods

Spectral datasets

Preparation of MALDI matrix (SFTI-1 and SFT-L1)—A saturated solution of a-
cyano-4-hydroxycinnamic acid (CHCA; Sigma Aldrich) was prepared by dissolving the
matrix in 50% acetonitrile, 0:1% trifluoroacetic acid (TFA) with 5 mM ammonium
phosphate to a final concentration of 5 mg/mL. The solution was vortexed thoroughly,
sonicated in a water bath for several minutes, and centrifuged at 18,000 x g for 10 minutes at
room temperature. The supernatant was used in the preparation of samples for MALDI-TOF
MS.

Matrix assisted laser desorption/ionisation time-of-flight mass spectrometry
(SFTI-1 and SFT-L1)—Stock solutions (~1 mg/mL) of sunflower trypsin inhibitor-1
(SFTI-1) or the peptide SFT-L1 were prepared in water and 1 xL mixed directly with the
matrix (1:1, v/v). Aliquots (0.6 xL) of the mixtures were spotted on a 192 well plate
(Applied Biosystems) and air dried. Mass analysis was carried out in positive ion reflector
mode on a 4700 Proteomics Analyzer (Applied Biosystems) using a 200 Hz frequency
tripled Nd:YAG laser operating at 355 nm. Fifty spectra at each of twenty randomly selected
positions were accumulated per spot between 800 and 5000 Da using an MS positive ion
reflectron mode acquisition method. MS/MS spectra were acquired at seven different laser
energy settings from 4000-7000 (in increments of 500) and the spectra with optimum
fragmentation was used for cyclopeptide sequencing. Calibration of the instrument was
carried out using the MSCall peptide standard (Sigma Aldrich). Data were analyzed on the
accompanying 4000 series Explorer Software.

Electrospray ionization ion trap mass spectrometry (SKF and RTD-1)—SKF and
RTD-1 were prepared to a concentration of 20 xg/mL in 50:50 methanol:water with 1%
acetic acid and were then subjected to electrospray ionization on a Biversa Nanomate
(Advion Biosystems, Ithaca, NY) nano-spray source (pressure: 0.3 psi, spray voltage:
1.4-1.8 kV). MS spectra were acquired on a 6.42 T Finnigan LTQ-FTICR MS or a Finnigan
LTQ-MS (Thermo-Electron Corporation, San Jose, CA) running Tune Plus software version
1.0 and Xcalibur software version 1.4 SR1. For MS/MS experiment, the instrument was first
autotuned on the m/z value of the ion to be fragmented. Then, the ions were isolated by the
linear ion trap and fragmented by collision induced dissociation (CID) (isolation window: 3
m/z; collision energy: 30). Hundreds of MS/MS scans were acquired in centroid mode and
averaged using QualBrowser software version 1.4 SR1 (Thermo). The Thermo-Finnigan
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RAW files containing the average spectra were then converted to mzXML file format using
the program ReAdW (tools.proteomecenter.org).

Sodium Borohydride treatment of SKF—Dethiolated SKF was prepared by dissolving
1 ug of SKF with 1.5 ug NaBH,4 and 1.5 ug NiCl; in 6.25 ul of 60% MeOH. This reaction
was incubated at 50°C, and an additional 1.5 g of NaBH,4 and NiCl, were added into the
reaction 5 and 10 minutes after initiation of the reaction to ensure complete conversion of
SKF into dethiolated SKF. The mixture was then centrifuged for 1 min at 14,500 rpm to
remove the insoluble particles and then purified by HPLC using an Agilent Eclipse XDB-
C18 column running MeCN gradients or by C18 ZipTip (Millipore) following the
manufacturers protocol prior to MS analysis.

PFA treatment of RTD-1

The PFA treatment was performed using a four step process: (1) Peptide sample 0.1-10 g
(equivalent to 50-2000 pmol) was vacuum dried; (2) 19 volumes of 97% formic acid were
mixed with 1 volume of hydrogen peroxide and allowed to stand on ice for 60 min; (3) 10uL
of this reagent was added to the dried sample and incubated for 30 min at room temperature;
and (4) the resulting solution was vacuum dried and washed three times with 50 ul of ice
cold water.

Cycloquest algorithm

Similar to the MS/MS database search algorithms employed by Sequest and Mascot, our
database search consist of four steps: filtering the database (e.g. by parent mass as in Sequest
or Mascot, by PST as in InsPecT, etc), constructing the theoretical spectra for candidate
peptides, scoring the theoretical spectra against the experimental spectra, and finally, listing
the top scoring peptide spectrum matches (PSMs). While the first and the last steps of our
method are very similar to Sequest and Mascot, construction of the theoretical spectra and
their scoring needed to be redefined for cyclopeptides. Fortunately, we could use the scoring
defined in?1:22 with slight modifications in the second and third steps of the algorithm.
Another difference between Cycloquest and major database search algorithms is that
Cycloquest uses a non-enzyme search strategy. The reason for this is two-fold. Many cyclic
peptides are resistant to enzymatic digestion because of their compact and often disulfide-
bonded nature. Additionally, digestion of cyclic peptides may result in formation of peptide
fragments too small to analyze and too difficult to confidently identify. An additional step in
cyclopeptide identification is to decide whether the spectrum is generated by a cyclic or a
linear peptide. We address this additional complication in the Results section.

We defined a (linear) subpeptide of a cyclopeptide Peptide = AjA,---Ay as a (continuous)
linear substring Aj---A; of the peptide (we assume A;--Aj = Aj--AcAp-+Aj in the case j < ).
There are k(k — 1) subpeptides of a peptide of length k. The mass of a subpeptide is the sum
of masses of all its amino acids. We define the theoretical spectrum of a peptide, A(Peptide),
as the multiset of k(k — 1) subpeptide masses. For example, the theoretical spectrum of a
cyclopeptide AGPT = (71.037 Da, 57.021 Da, 97.052 Da, 101.047 Da) consists of 12 masses
(57.021 Da, 71.037 Da, 97.052 Da, 101.047 Da, 128.058 Da, 154.073 Da, 172.084 Da,
198.099 Da, 225.110 Da, 229.105 Da, 255.120 Da, and 269.136 Da). We represented the
experimental spectrum as a set of top t high intensity masses from the spectra, where tis a
parameter. CyclicScored; (Peptide, S), the number of elements (masses) shared between
theoretical spectrum of Peptide and S within tolerance § was defined (Text S1).

Distinguishing cyclopeptide spectra from linear peptide spectra

One of the challenges in identification of cyclopeptides is being able to distinguish between
the spectra of linear and cyclic peptides. In this section we describe a method that given a
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spectrum and a protein database, enables the determination of whether the spectrum was
derived from a cyclic or a linear peptide.

In addition to the CyclicScored;s (Peptide, S) defined above, given a linear experimental
spectrum S and a peptide Peptide, we define the LinearScored,s (Peptide, S) as the number of
masses shared between S and the linear theoretical spectrum of Peptide within the accuracy
d, where the linear theoretical spectrum is the set of k — 1 b-ions and k — 1 y-ions of Peptide
of length k (for CID spectra).

By using the cyclic and linear scores defined above, cyclopeptides can be distinguished from
linear peptides based on the normalized score. Normalization is required due to different
statistics of linear and cyclic scores (Figure S2). Moreover, peptides with different length
have different statistics. Therefore, we normalize the score based on structure type (cyclic or
linear) and peptide length. The normalized score of a match is equal to the difference of
score of that match and average score of all the matches with the same length and peptides
mass within 0.5 Da tolerance, over the standard deviation of all such matches.

MS/MS database search for concatenated peptides

The 6-defensin peptides are more difficult to identify than other cyclopeptides, because they
are generated by concatenation and cyclization of peptides from two different protein
precursors. It is computationally difficult to score the concatenation of each peptide pair
over the entire macaque proteome (with 36,424 proteins totalling to 16,143,647 amino
acids).

A similar problem arises for linear peptides known as the fusion peptide identification
problem. While Ng and Pevzner?” proposed a method for identification of the fusion
peptides, their approach is not applicable to cyclopeptides. To address the quadratic growth
of the number of generated concatenates, one needs a more efficient filter than the sole
parent ion mass.

Many database search methods for linear peptides are hybrid, meaning that they attempt to
use filters constructed by de novo searches for PSTs in order to speed up the database search
by filtration using the found PSTs.28-31 The following subsection explains our approach for
making the database search of concatenated peptides computationally feasible.

While fast implementations of linear peptide database search methods are based on PSTs,
we used cycloPSTs (cyclo-Peptide Sequence Tags) to speed up our database search
algorithm. Given a cycloPST CycloPST = A1A, Ay and a parent mass ParentMass, we
define an artificial peptide Peptide(CycloPST) = A1A, ---AxAx+1, Where Ag4q is an artificial
amino acid satisfying

mass (Ary1) =ParentMass — mass (Ay) — - -+ — mass (Ay) .

For example, for cycloPST [156.10,57.02,99.06] corresponding to RGV and ParentMass =
2086:24, Peptide(CycloPST) = [156:10;57:02;99:06;1774:04]. For a cycloPST cycloPST and
an experimental spectrum S, we define

CyclicScores (CycloPST, S) =CyclicScores (Peptide (CycloPST), S)

For example, for cycloPST [RGV] from #-defensin with parent ion mass 2086.24:
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CyclicScores ([RGV], S ) =CyclicScores ([ 156.10,57.02,99.06, 1774.04], S)

Given an experimental spectrum S and a parent mass ParentMass, the first step of the
algorithm consists of finding high scoring CycloPSTs. However, it is computationally
difficult to try all 20X length k cycloPSTs when k gets large. The strategy used in this study
is the application of a branch and bound approach, in which all length three cycloPSTs are
extended in each step by one of the 20 possible amino acids, and then a fixed number of
high scoring cycloPSTs are selected for the next step. For §-defensins, we use this approach
to retain 1000 high scoring length nine cycloPSTs at each iteration. In this case, the list of
1000 high scoring cycloPSTs contained the correct cycloPST [RC*IC*RRGVC*R], where
C* stands for cysteic acid, and all leucines are converted to isoleucines.

Given a high scoring cycloPST CycloPST = AjAy---A of length k, we can generally divide it
into two parts in k — 1 possible ways, i.e. {A1 |Ax A}, {A1A2|Az At -, {ArAx=1Ak}-
For each of these divisions, we search both fragments in the genome and select the pairs of
hits that can be extended to a pair of peptides with a total mass close to ParentMass.
Assuming peptide concatenation is N-terminal to C-terminal (excluding infeasible N-
terminal to N-terminal or C-terminal to C-terminal concatenations), we only accept pairs of
peptides with matching directions. By concatenating each pair of peptides, we derive a set of
candidate peptides which is much smaller than the original set. The final step is scoring all
the candidate peptides using the cyclic score defined. Figure 3 shows the steps of algorithm.

Trypsin Inhibitor and Trypsin Inhibitor-Like peptides

The cyclopeptide SFTI-1 is a potent trypsin inhibitory peptide isolated from sunflower
(Helianthus annuus) seeds. The peptide is 14 amino acids in length, and features a single
disulfide bond and a head-to-tail cyclicized backbone.1? The cyclic and braced nature of
SFTI-1 makes the peptide more resistant to degradation than linear peptides of the same size
and for this reason SFTI-1 has been extensively studied in the last decade as a potentially
stable peptide-based drug template.32 In addition to potent trypsin inhibition, SFTI-1 is
shown to inhibit matriptase, a serine protease overexpressed in prostate and ovarian tumors,
highlighting the importance of fast-tracking cyclic peptide discovery.3334 Recently, Mylne
et al.35 reported the identification of a 12 amino acid peptide also isolated from sunflower
seeds named SFT-L1 that shares some structural elements with SFTI-1 but lacks the trypsin
inhibitory activity. SFTI-1 and SFT-L1 both emerge through proteolytic processing of much
larger and functionally unrelated precursor proteins. SFT-L1 was identified through
similarity of its precursor PawS2 to PawS1, the precursor of SFTI-1. SFT-L1 was manually
sequenced by MS/MS, and its structure was obtained by NMR.3% In this study, we
determined the sequences of these cyclopeptides by searching the six frame translation of
the sunflower nucleotide database using MS/MS spectra generated by MALDI-TOF/TOF
mass spectrometry.

The lack of a complete sunflower genome required that we use the Expressed Sequence Tag
(EST) library of seven Helianthus species available at the UC Davis Compositae Genome
Project website, consisting of 136,935 cDNAs (totalling 96,493,071 nucleotides). Rather
than covering the whole genome, ESTs only cover the RNA coding region of genome. With
our interest in ribosomally synthesized cyclopeptides, searching ESTSs is entirely suitable.

Both SFTI-1 and SFT-L1 contain a single disulfide bond that interferes with collision-
induced dissociation during tandem mass spectrometric analysis. The disulfide bonds were
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removed by reduction during sample preparationl. The theoretical mass to charge ratio (m/z)
of SFTI-1 and SFT-L1 in the native form are 1513.73 and 1203.48 respectively. The
theoretical m/z of reduced SFTI-1 and SFT-L1 are 1515.74 (observed 1515.72 Da) and
1205.49 Da (observed 1205.46 Da) respectively. The TOF spectra of SFTI-1 and SFT-L1
were collected with laser energy settings of 4500, yielding optimum fragmentation in each
case to allow de novo sequencing and database searching. We also analyzed a synthetic
linear version of SFTI-1 called SFTI-1[K,S], which corresponds to the peptide
SIPPICFPDGRCTK, with reduced mass of 1533.67 Da.

The first step of the database search consisted of filtering the database by parent mass. Table
1-3 show the top scoring hits for singly charged MALDI-TOF spectra of the sunflower
peptides to the six frame translation of the EST library (assuming 0.5 Da mass accuracy for
the parent ion mass). After scoring MS/MS fragments, normalizing scores, and sorting, both
SFTI-1[K,S] and SFT-L1 are listed as the best match, while SFTI-1 is the third top match to
its spectrum. In addition to the correct peptide sequence, there are some other high scoring
hits from each spectrum to the database. These hits are usually computational artifacts. An
additional validation step is usually required in order to distinguish the correct sequence
from the shortlisted top scoring hits, e.g. by checking if the peptide is within known protein
domains, in an ER signal sequence or a non-transcribed region of genomic DNA. For large
proteomics datasets, false discovery rate (FDR) of the peptide sequence matches (PSMs) can
be estimated to rule out false positives, similar to what occurs in the database matching of
MS data to linear peptide.

Sporulation Killing Factor

When bacteria become cannibalistic, a differentiated subpopulation harvests nutrients from
their genetically identical siblings to allow continued growth in nutrient-limited
conditions.® One of the active metabolites in Bacillus subtilis cannibalism is sporulation
killing factor (SKF), a 26 amino acid cyclopeptide that is post-translationally modified with
one disulfide and one cysteine thioether bridged to the a-position of a methionine.14 After
breaking the disulfide and thioether bridges, we were able to search for, and identify SKF in
the proteome database of Bacillus subtilis.

The theoretical mass of SKF (with disulfide and thioether bridges) is 2781.30 Da (a triply
charged ion of m/z 928.11 measured by FT-ICR14 corresponds to a mass of 2781.30 Da, 1.5
ppm error). By sodium borohydride reduction, all the cysteines are reduced to alanine and

all the methionines are reduced to homoalanines.3” Sodium borohydride has no effect on any
other standard amino acid. The theoretical mass of sodium borohydride reduced SKF is
2551.45 Da (a triply charged ion at m/z 851.49 measured by FT-ICR14 was observed, which
corresponds to a mass of 2551.44 Da, 2.2 ppm).

We use the proteome database of Bacillus subtilis available from UniProt with 4,188
proteins, totalling 1,230,503 amino acids.

Table 4 shows the top scoring hits for the electrospray ionization ion trap-generated spectra
of the sodium borohydride reduced SKF to the Bacillus subtilis proteome database
(assuming a 0.01 Da accuracy for the parent ion mass). The correct peptide is listed as the
top scoring match.

Another active metabolites in Bacillus subtilis cannibalism is the killing factor (SDP), a 42
amino acid linear peptide that is post-translationally modified with a disulfide bond. We

Lafter reduction, the peptides can be alkylated to prevent reoxidation of the cysteines. The results for reduced and alkylated peptides
are shown in Table S2.
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analyzed a triply charged native version of SDP, with triply charged parent mass ion at 1438
Da. Cycloquest identified SDP correctly, as the top hit to the Bacillus subtilis proteomic
database (Table 5).

The first cyclopeptide discovered in animals was #-defensin, an antimicrobial
octadecapeptide that is expressed in the leukocytes of the Macaca mulatta. Like the
previously characterized a- and B-defensin families, 6-defensins possess broad spectrum
antimicrobial activities against bacteria, fungi, and protect mononuclear cells from infection
by HIV-1.38

We were able to identify the §-defensin peptide using a doubly charged ion-trap (I1T)-
generated tandem mass spectrum. The theoretical mass of 6-defensin is 2079.90 Da (a
doubly charged ion at m/z 1040.50 was observed, which corresponds to a mass of 2080.00
Da), and after performic acid treatment it increases to 2373.70 Da (a doubly charged ion at
m/z 1188.50 was observed using ion-trap, which corresponds to a mass of 2374.00 Da),
indicating the presence of three disulfide bonds.

Under PFA treatment, cysteine residues are modified to cysteic acid with a residue mass of
150.99 Da. According to Williams et. al.3? only cysteine residues are affected by the
treatment, and the on-target oxidation is not complicated by reactions with H, M, W or Y
amino acid containing peptides.

Table 6 shows highest scoring hits to the triply charged IT spectra (assuming 0.5 Da mass
accuracy for the parent ion mass).

False discovery rate of Cycloquest

In order to calculate false discovery rate, we tested the method on the previously published
Shewanella oneidensis MR-1 spectral data set containing 14.5 million spectra. The spectra
were acquired on an ion trap MS instrument (LCQ, ThermoFinnigan, San Jose, CA) using
ESI. The protocol for acquiring the spectra and identifications from this data set is described
in Gupta et al.40 28,377 peptides were reliably identified with false discovery rate 5% using
InsPecT28 (spectrum-level false discovery rate (FDR) is 1%). We selected 21,087 tryptic
peptides with a net charge of 2, obtained one representative spectra for each of these
peptides (most peptides were identified from multiple spectra), and grouped these by the
length of their peptide identifications to form a test data set for each length. We will refer to
the length of the InsPecT identification of a spectrum as the spectrum length.

Our test set is a set of 1,663 spectra with spectrum length 12. We searched this dataset
against the Shewanella database, and the corresponding decoy database. The classic reverse
databases are not good candidates for decoy databases, because the theoretical spectrum of a
cyclic peptide PEPTIDE, is exactly equal to the theoretical spectrum of the reverse cyclic
peptide EDITPEP. Therefore, instead of using reverse sequences, the decoy is generated by
shuffling the odd amino acids a?*1 with the even amino acids ay;, for a protein sequence
ay,ay, ** ,an. For example, the protein sequence PEPTIDE is shuffled to EPTPDIE. After
testing the method in this dataset using a parent ion mass accuracy of 0.5 Da and fragment
ion mass accuracy of 0.5 Da, out of 1,663 spectra, the method classified 1595 of them as
linear target hits, 25 as cyclic targets, 26 as linear decoys, and 17 as cyclic decoys. Figure 4
shows the number of cyclic targets, linear decoys and cyclic decoys for different number of
identifications. It takes about 35 minutes for Cycloquest to search 1663 Shewanella spectra
against Shewanella proteome (about 1 spectrum/second) on a 3.00 GHz Core 2 Duo CPU.
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While this experiment indicates a small false positive rate for Cycloquest, we are unable to
estimate false negative rate due to the unavailability of suitable spectral data sets for
cyclopeptides.

Discussion

While the rate of the cyclopeptide identification has increased in recent years, computational
approaches for the identification of cyclopeptides are still in their infancy. As a result,
papers reporting new cyclopeptides typically discuss a single family of cyclopeptides per
paper. In this study we have analyzed cyclopeptides from three different kingdoms.

We propose Cycloquest as a database search method for the identification of cyclopeptides
from mass spectrometric data. The general steps of Cycloquest are similar to Sequest and
Mascot. However, the scoring scheme used in Cycloquest is designed specifically for
cyclopeptides. We demonstrated the utility of Cycloquest through its application to the
sequencing of SFTI-1, a trypsin inhibitor from Helianthus annuus and a related peptide.
Additionally, Cycloquest sequenced SKF, a bacterial cannibalism factor from Bacillus
subtilis, and RTD-1, the #-defensin from Rhesus macaque. Thus, Cycloquest is capable of
correctly identifying all four of these cyclopeptides, opening a possibility of sequencing of
novel cyclopeptides in future studies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ribosomal cyclopeptides appear in all domains of life. The number of cyclopeptides
sequenced in 1965-2010. The majority of known cyclopeptides have been found in plants.
The data on cyclopeptides prior to 2008 have been imported from Uniprot, and the data for
2009 and 2010 have been imported from Cybase.19 The detail of cyclopeptides found before
1997 is shown in Table S1.
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Figure 2.

Head-to-tail cyclization versus concatenated cyclization. (A) Head to tail cyclization of
SFTI-1 from within PawS1. (B) Concatenated cyclization of #-defensin. Nine amino acid
segments of two different proteins (RTD1a and RTD1b) are concatenated.
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Figure 3.

Steps of Cycloquest (for concatenated cyclopeptides such as RTD-1).
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The number of decoy hits plotted against the number of identification. The number of cyclic

target hits is shown in black, the number of linear decoy hits is shown in red, and the

number of cyclic decoy hits is shown in blue.
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