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Abstract

The arthropod cuticle is a composite, bipartite system, made of chitin filaments embedded in a
proteinaceous matrix. The physical properties of cuticle are determined by the structure and the
interactions of its two major components, cuticular proteins (CPs) and chitin. The proteinaceous
matrix consists mainly of structural cuticular proteins. The majority of the structural proteins that
have been described to date belong to the CPR family, and they are identified by the conserved
R&R region (Rebers and Riddiford Consensus). Two major subfamilies of the CPR family RR-1
and RR-2, have also been identified from conservation at sequence level and some correlation
with the cuticle type. Recently, several novel families, also containing characteristic conserved
regions, have been described. The package HMMER v3.0 [http://hmmer.janelia.org/] was used to
build characteristic profile Hidden Markov Models based on the characteristic regions for 8 of
these families, (CPF, CPAP3, CPAP1, CPCFC, CPLCA, CPLCG, CPLCW, Tweedle). In brief,
these families can be described as having: CPF (a conserved region with 44 amino acids); CPAP1
and CPAP-3 (analogous to peritrophins, with 1 and 3 chitin-binding domains, respectively);
CPCFC (2 or 3 C-x(5)-C repeats); and four of five low complexity (LC) families, each with
characteristic domains. Using these models, as well as the models previously created for the two
major subfamilies of the CPR family, RR-1 and RR-2 (Karouzou et al., 2007), we developed
CutProtFam-Pred, an on-line tool (http://bioinformatics.biol.uoa.gr/CutProtFam-Pred) that allows
one to query sequences from proteomes or translated transcriptomes, for the accurate detection
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and classification of putative structural cuticular proteins. The tool has been applied successfully
to diverse arthropod proteomes including a crustacean (Daphnia pulex) and a chelicerate
(Tetranychus urticae), but at this taxonomic distance only CPRs and CPAPs were recovered.

Keywords

arthropod cuticle; cuticular proteins; profile Hidden Markov Models (pHMMSs); structural
cuticular protein families

1. Introduction

The arthropod cuticle is a composite, bipartite system, made of chitin filaments embedded in
a proteinaceous matrix, and acts as protection and as structural and mechanical support in
arthropods (Neville, 1975). The physical properties of cuticle are determined by the
structure and the interactions of its two major components, cuticular proteins (CPs) and
chitin (Neville, 1993).

The proteinaceous matrix consists mainly of structural cuticular proteins (Willis, 2010;
Willis et al., 2012). The majority of the structural cuticular proteins that have been
discovered to date belong to the CPR family, and they are identified by the conserved
Rebers and Riddiford (R&R) Consensus (Rebers and Riddiford, 1988). The original
consensus was G-X(8)-G-x(6)-Y-x(2)-A-x-E-x-G-Y-x(7)-P-x-P and the modified PROSITE
pattern (Sigrist et al., 2013) (PS00233) is G-x(7)-[DEN]-G-x(6)-[FY]-x-A-[DNG]-x(2,3)-G-
[FY]-x-[APV]. Two subfamilies of the CPR family RR-1 and RR-2, have also been
identified with further conservation at sequence level and some correlation with the cuticle
type(Andersen, 1998; Andersen et al., 1997). A third, far smaller subfamily, RR-3, is less
well defined, and no discriminating features could be identified (Andersen, 2000). Some
proteins containing the RR-1 motif were found in soft (flexible) cuticles, while the proteins
containing the RR-2 motif were found in hard (rigid) cuticles, but this distinction is not
firmly established (Andersen, 2000). The “chitin_bind_4" profile (PF00379), included in
Pfam database (Punta et al., 2012), identifies proteins that belong to the CPR family, but
since it was based on both RR-1 and RR-2 sequences, it matches none of them particularly
well. The cuticleDB webpage <http://bioinformatics.biol.uoa.gr/cuticleDB/
hmmfind_form.jsp> (Karouzou et al., 2007) offers two distinct pHMMs, one for each
subfamily (RR-1 and RR-2) of the CPR family proteins. These pHMMSs are more accurate
than the Pfam profile and are able to discriminate between RR-1 and RR-2 proteins,
therefore, making the annotation of structural cuticular proteins more specific (Karouzou et
al., 2007).

Several additional families of structural cuticular proteins have been described. Some of
these families contain characteristic conserved regions. Willis (2010) and Willis et al. (2012)
offer insights for all thirteen families and describe extensively each family’s features
including the arthropod groups where family members have been identified. Members of all
of these families have been identified either in proteins extracted from manually cleaned
cuticles or from MS analyses of cuticles left behind after molting, thus confirming that
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family members are indeed authentic cuticular proteins (See Willis (2010) and Willis et al.
(2012) for references).

The CPF consensus was first recognized as having 51 aa by Andersen et al. (1997) but
examination of the sequence in additional species resulted in its reduction to 42-44 aa
(Togawa et al., 2007). It now is: (A-[LIV]-x-[SA]-[QS]-X-[SQ]-x-[IV]- [LV]-R-S-Xx-G-
[NG]-x(3)-V-S-x-Y-[ST]-K-[TA]-[VI]-D-[TS]-[PA]-[ YF]-S-S-V-X-K-x-D-x-R-[VI]-[TS]-
N-x-[GA]). Another feature of these CPF proteins is the similarity of their C-terminals
(Andersen et al., 1997; Togawa et al., 2007). The CPFL family (CPF-like) members share a
conserved C-terminal region similar to the one present in the CPF family, but lack the 44
amino acid residue defining region (Togawa et al., 2007).

The CPG family (Cuticular Proteins rich in Glycines) members have many repeats of
GGGG and GGXGG motifs along their sequence (Futahashi et al., 2008).

Five low complexity families of structural cuticular proteins have been recognized: the
Tweedle family, named after a mutant phenotype in Drosophila melanogaster that reminded
the authors of Tweedledee from “Alice through the Looking-glass”, has a conserved region
consisting of four conserved blocks in a continuous stretch of about 100 amino acid residues
(Guan et al., 2006); the CPLCA family (Cuticular Proteins of Low-Complexity with Alanine
residues) contains about 13-26 % alanine residues and has a conserved region that looks like
the retinin domain (Cornman and Willis, 2009); the CPLCG family (Cuticular Proteins of
Low-Complexity with conserved Glycine residues) has the conserved signature motif G-
X(2)-H-x-A-P-x(2)-G-H that extends in a longer stretch of 35 amino acids (Cornman and
Willis, 2009); the CPLCW family (Cuticular Proteins of Low-Complexity with invariant W
residue) has an invariant tryptophan in a longer stretch of 29 amino acids and seems to be
restricted to mosquitoes (Cornman and Willis, 2009). A final low complexity family,
CPLCP, (Cuticular Proteins of Low-Complexity with Proline residues) contains a high
density of PV and PY repeats (Cornman and Willis, 2009). While only a few of the 27
annotated have been detected in MS/MS analyses of Anopoheles cuticle (Cornman and
Willis, 2009), several have been identified in the cuticle of Tribolium castaneum (Dittmer et
al., 2012) and some, not yet named as such, in Bombyx mori (Fu et al., 2011).

The CPAP3 and the CPAP1 families (Cuticular Proteins Analogous to Peritrophins) contain
three and one chitin-binding domains, respectively. Each chitin-binding domain contains 6
cysteine residues, assumed to form three disulfide bridges, and, in its general form, can be
described by the Pfam Chitin-binding Peritrophin A domain (CBM_14 — PF01607,
previously known as ChtBD2). The chitin-binding domains of these two families, which
have been shown to be cuticular and not peritrophic membrane components, have distinct
spacing of the cysteines (C-x(11-24)-C-x(5)-C-x(9-14)-C-x(12-16)-C-x(6-8)-C) within
each chitin binding domain. For the CPAP3 members, the spacing between the three repeats
of the domain is also specific (Jasrapuria et al., 2010).

The CPCFC family (Cuticular Proteins with 2 or 3 C-x(5)-C repeats) is the third family with
conserved cysteines along the sequence and was first recognized in a protein from cuticle
from Blaberus craniifer BCNCP1 (Jensen et al., 1997). Members contain three repeats of
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the C-x(5)-C motif, except for the moths and beetles in which the middle repeat is missing
(Willis, 2010; Willis et al., 2012).

The Apidermin family is the last known family of structural cuticular proteins. Members of
this family were first found in Apis mellifera (Kucharski et al., 2007). No sequence
conservation was identified in this family and its members are recognized only by
chromosomal linkage (Willis, 2010; Willis et al., 2012).

Some of the families are restricted to specific orders or even smaller groups, others like the
CPRs appear in all arthropods, and as more genomes are sequenced, it will be of interest to
learn more about their distribution. There are, of course, other non-enzymatic proteins that
have been verified to be in arthropod cuticle that do not belong to any of these families. But
the vast majority can be assigned to these families and identifying them in proteomes will
facilitate annotation. Hence, a new, more complete, tool for their detection would be
valuable. This paper describes the development of CutProtFam-Pred <http://
bioinformatics.biol.uoa.gr/CutProtFam-Pred/>, a tool which allows the accurate detection
and classification of putative structural cuticular proteins from sequence alone.

2. Methods

2.1 Data collection

In order to collect sequences belonging to one of the new families, an extensive literature
search was conducted. In the case of the CPCFC family, unpublished data were also used.
The protein sequences for all CPR family members were retrieved from CuticleDB <http://
bioinformatics.biol.uoa.gr/cuticleDB/> (update: 20 Oct 2009) (Magkrioti et al., 2004). The
full dataset of structural cuticular proteins consists of 1796 protein sequences; the
distribution of sequences in their respective family and the source of data are listed in Table
1.

2.2 Selection and Preparation of Training Sets

The preferable sequences of each training set came from one species in order to avoid
redundancy. When more than one species had more than three sequences available, all the
possible training sets were tested. If this was either not possible, or the model did not
perform well, sequences from various species were used, always, based on a published
characteristic alignment of the family.

For CPAPL, CPAP3, CPCFC, CPF, CPFL, CPLCA, CPLCG, CPLCW and Tweedle only
the conserved part of the protein that characterizes the family was used in the training set,
and not the whole sequence. For CPAP3, CPCFC and Tweedle, a continuous stretch that
contained all the repeats that corresponded to each family, was used in each training set. The
conserved regions were chosen based on manually curated published alignments (Table 2).
For Apidermin, CPG and CPLCP, there were no characteristic conserved domains, since
these families are mostly characterized by repeats, so the whole sequence was used as a
training set.
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Profile Hidden Markov Models (pHMMs) are statistical models, describing a multiple
sequence alignment by capturing position-specific information (Eddy, 1998; Krogh et al.,
1994). Compared to the classic tool BLAST (Altschul et al., 1990; Altschul et al., 1997),
profile HMMs can be more accurate and more able to detect remote homologs. Instead of a
single sequence, they include more information, using a statistical representation of a
multiple sequence alignment.

For each family of structural cuticular proteins, a multiple sequence alignment of the
training set was created using ClustalW2 (Larkin et al., 2007) with default settings. Each
alignment was then used as an input to the hmmbuild program of HMMER v3.0 <http://
hmmer.janelia.org/> (Eddy, 1998) and, using default settings, a profile Hidden Markov
Model was created for each family. The conversion of the alignment file from Clustal to
Stockholm format, which is the default input format for HMMER v3.0, was performed with
a homemade Perl script.

2.3 Selection of Test Sets

In order to evaluate the constructed pHMMs, test sets were created. For each family, all its
members, as described in Table 1, were used as the positive training set, while the members
of the remaining twelve families were used as negative test set. In the cases of CPAP1 and
CPAP3, an extra negative test set was used. Since these families are analogous to
peritrophins and contain common chitin binding domains, the additional negative set
consisted of peritrophic matrix proteins and chitin metabolic enzymes, in order to check
whether the pHMMSs erroneously identify as positive results such non-cuticular proteins, due
to their similarity. All the peritrophic matrix proteins and chitin metabolic enzymes used,
came from Tribolium castaneum, where a precise identification and discrimination between
those protein families has been done (Jasrapuria et al., 2010).

2.4 Evaluation Method for Models

The probability parameters in a profile HMM are converted to additive log—odds scores
before aligning and scoring a query sequence (Barrett et al., 1997). The scores for aligning a
residue to a profile match state are, therefore, comparable to the derivation of BLAST or
FASTA scores (Eddy, 1998).

For each family, the respective pHMM was applied against both the positive and the
negative test sets, using the hmmsearch program of HMMER v3.0 <http://
hmmer.janelia.org/> (Eddy, 1998). Subsequently, the standard statistical measures for the
performance of binary (a protein either belongs to a family or not) classification tests,
specificity and sensitivity, were calculated for a range of 5 units of score cutoff for each
model: Specificity = TN / (TN + FP) and Sensitivity = TP / (TP + FN), where TP is the
number of True Positive predictive values, TN the number of True Negatives, FP the
number of False Positives and FN the number of False Negatives. To estimate the cutoff for
each family, a plot of specificity and sensitivity against the different scores was designed for
each pHMM. As cutoff, we selected the score where sensitivity and specificity were at a
balance. As an extra step for specificity control, all models, with the cutoff calculated above,
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were applied against UniProt/SwissProt (UniProt, 2013) to check if there are any non-
specific hits.

2.5 Modification of Evaluation Method for CPAP3 and CPAP1 Families

The two families that are analogous to peritrophins, CPAP3 and CPAPL1, contain three and
one chitin-binding domains, respectively. This specific domain CBM_14 (Chitin binding
Peritrophin-A domain — PF01607 in Pfam (Punta et al., 2012)) is also found in other families
that bind chitin, such as peritrophic matrix proteins of insects and animal chitinases. We
found single instances of three repeats in proteins that clearly were not cuticular. In order to
discriminate CPAP3 and CPAP1, the distinct spacing between their conserved cysteines was
valuable. As mentioned in section 2.2, in the case of CPAP3, all 3 repeats were treated as
one continuous domain instead of 3 repeats of the same domain, to take advantage of the
distinct spacing between the domain repeats.

Instead of using the “full sequence” score, which takes into account the whole query
sequence, for those two families, the “best 1 domain” score was used. The “best 1 domain”
score takes into account only the part of the sequence that matches better with the model
<http://hmmer.janelia.org/> (Eddy, 1998). A non-cuticular protein with many repeats of the
chitin-binding domain could match the model multiple times and therefore have a very high
“full sequence” score.

The “best 1 domain” score, however, is expected to be high only for cuticular proteins
because of the conservation of spacing.

2.6 Application of the pHMMs on arthropod proteomes

In order to test the performance of successful models in real-world data, the models were
applied to twelve insect proteomes and two from non-insect arthropods.

The following proteomes were used:

the fruit fly Drosophila melanogaster (FlyBase, http://flybase.org/, Drosophila
melanogaster, Dmel_r5.56) (St Pierre et al., 2014), which had 30307 peptides,

the tsetse fly Glossina morsitans (VectorBase, http://www.vectorbase.org/,
Glossina morsitans Yale annotation, GmorY1.3) (Megy et al., 2012), which had
12449 peptides,

the southern house mosquito Culex quinquefasciatus (VectorBase, http://
www.vectorbase.org/, Culex quinquefasciatus Johannesburg JHB annotation,
CpipJ1.4) (Arensburger et al., 2010; Megy et al., 2012), which had 19019 peptides,

the yellow fever mosquito Aedes aegypti (VectorBase, http://www.vectorbase.org/,
Aedes aegypti Liverpool LVP annotation, AaegL2.2) (Megy et al., 2012; Nene et
al., 2007), which had 17143 peptides,

the African malaria mosquito Anopheles gambiae (VectorBase, http://
www.vectorbase.org/, Anopheles gambiae PEST annotation, AgamP3.8) (Megy et
al., 2012), which had 14667 peptides,
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the domesticated silkmoth Bombyx mori (SilkDB, http://
silkworm.genomics.org.cn/, Bombyx mori) (Wang et al., 2005; Xia et al., 2004),
which had 14623 peptides,

the monarch butterfly Danaus plexippus (MonarchBase, http://
monarchbase.umassmed.edu/, Dp_0GS2.0) (Zhan and Reppert, 2013), which had
15130 peptides,

the red flour beetle Tribolium castaneum (BeetleBase, http://beetlebase.org/,
Tribolium castaneum, Tcas3.0 OGS) (Kim et al., 2010; Richards et al., 2008; Wang
et al., 2007), which had 16645 peptides,

the honey bee Apis mellifera (BeeBase, http://hymenopteragenome.org/beebase/,
Apis mellifera, Amel_4.5 OGSv3.2) (Elsik et al., 2014; The Honeybee Genome
Sequencing Consortium, 2006), which had 15314 peptides,

the jewel wasp Nasonia vitripennis (NasoniaBase, http://
www.hymenopteragenome.org/nasonia/, Nasonia vitripennis, Nvit_ OGSv1.2)
(Werren et al., 2010), which had 18822 peptides,

the pea aphid Acyrthosiphon pisum (AphidBase, http://www.aphidbase.com/,
Acyrthosiphon pisum, ACYPI v2.1b)2010, which had 36195 peptides,

the human body louse Pediculus humanus (VectorBase, http://
www.vectorbase.org/, Pediculus humanus USDA annotation, PhumU1.3) (Megy et
al., 2012), which had 10775 peptides,

the water flea Daphnia pulex (wFleaBase, http://wfleabase.org/, Daphnia pulex,
Gene Set 2.0 beta3) (These sequence data were produced by the US Department of
Energy Joint Genome Institute http://www:.jgi.doe.gov/ in collaboration with the
Daphnia Genomics Consortium http://daphnia.cgb.indiana.edu/.), which had 47712
peptides, and

the two-spotted spider mite Tetranychus urticae (UniProtkKB Complete Proteome,
http://www.uniprot.org/) (Grbic et al., 2011; UniProt, 2013), which had 18082
peptides.

2.7 Website implementation

The web page was implemented using the following technologies: the HTML markup
language and the CSS style sheet language for the page layout and design, the PHP scripting
language for server side functions and the pre-processing of the results, the JavaScript
programming language (using jQuery and AJAX) for dynamic effects to the web page, and
finally the HMMER v3.0 suite <http://hmmer.janelia.org/> (Eddy, 1998) which runs the
searches on the server.

3. Results and Discussion

3.1 Selection of Models

Out of all the models built, one — the most characteristic — was selected for each family. The
design of models that perform well was possible for only eight (CPAP1, CPAP3, CPCFC,
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CPF, CPLCA, CPLCG, CPLCW and Tweedle) of the twelve CP families, since the other
four families (Apidermin, CPFL, CPG, CPLCP) did not have enough conservation in
sequence level and none of the models that were tested passed the evaluation steps. The
number of sequences used in each set for the successful models, are listed in Table 3.

The training sets that were finally selected for each family came from all the available
sequences from only one species, except for CPLCG and CPCFC, where a mixed training
set with sequences from various organisms was used. For Tweedle, CPLCA and CPAP3 the
training sets were created with sequences from Drosophila melanogaster, for CPF and
CPLCW from Anopheles gambiae, and for CPAP1 from Tribolium castaneum. For CPLCG
the training set was created using sequences from various species, and, specifically the
sequences used to create the characteristic alignment and logo by Willis (2010). This was
necessary since the construction of a characteristic model from sequences that came from
one species only was not possible, indicating a possible higher degree of variation in
sequence between proteins of different species than in other families. For CPCFC, the
training set was also created using sequences from various species, specifically, those used
to create the characteristic alignment and logo by Willis et al. (2012), since there were not
enough sequences available from one species only (1 or 2 sequences available from each
species). For the alignments used as training sets see Supplementary Data File 1.

3.2 Estimation of Cutoffs

The cutoff score for each model was estimated as the middle value of the range where
specificity meets sensitivity. This was preferred based on the hypothesis that with larger
separation between protein sequences that belong to the family type described by the model
and protein sequences that don’t, we are more likely to avoid misclassifications. We noticed
that the scores of true positives and false negatives of each pHMM did not overlap. Thus, in
all cases both specificity and sensitivity were equal to 1, in the score that was assigned as a
cutoff, as shown in Fig. 1. All cutoffs, in addition to the lowest score for the proteins of the
same type as the one described by the model, and the highest score for the proteins of
different type are listed in Table 4. The models with their corresponding cutoffs were
applied in UniProt/SwissProt (UniProt, 2013) and none of them found unspecific hits, either
in arthropods or in other species.

For RR-1 and RR-2 subfamilies, the cutoffs were calculated by Karouzou et al. (2007). But
if one wants to retrieve all of the proteins belonging to the CPR family, we recommend
setting the cutoff for both RR-2 and RR-1 at 0, as was also suggested in the cuticleDB’s RR-
Find tool (Karouzou et al., 2007). This way, all proteins that contain the R&R Consensus,
including RR-3, should be retrieved. Since discrimination between the two classes of CPRs
is lost when 0 is used as a score cutoff, we characterized all proteins below the two assigned
cutoffs as “unclassified”. Also, because the RR-1 and RR-2 domain are very similar, it will
be necessary to identify duplicates and save the one with the best score and assign it to the
proper class using the highest score. Selection of the best score occurs automatically if one
searches for “all profiles.”
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3.3 Application in Proteomes

The eight new profiles, plus the two old ones for the CPRs RR-1 and RR-2 families, were
applied to fourteen available arthropod proteomes: ten from holometabolous species, two
from hemimetabolous, plus two from non-insect arthropods. Protein sequences, which either
had not been annotated at all (proteins with unknown function) or annotated simply as
cuticle proteins without indication of their family type, were found by the models. The
results are summarized in Table 5, and the accession codes for each CP family member in
each tested species are provided in Supplementary Data File 2. A comparison of Table 5
versus Table 1 shows some inconsistency in some numbers. This is easily explained by the
fact that the initial dataset, as described in section 2.1, was collected mainly from papers
published by experts in this field, since they were considered the most accurate source, but
not all of these protein sequences have been incorporated in the proteomes we used even
though they were the most up-to-date versions.

We also attempted to compare our results to those from manual annotations of the genomes
of the same species. Most of the published annotations were carried out on searches of
genomic data and some identified sequences are not present in the proteomes we used and
new proteins have been added. Nonetheless, we thought it useful to provide what
comparative data exist, to indicate that our tool appears to be effective in quickly identifying
cuticular proteins. We have thus compared data from Table 3 (Willis et al., 2012) to the data
in Table 5, and present the results in Supplementary Data File 3. For this purpose, we
counted all splice variants as a single gene. The results confirm our conclusion that the tool
is an efficient first step in manual annotation of proteomes, across a broad spectrum of
insects.

In addition to the twelve insect species, we obtained data for both the crustacean, Daphnia
pulex, and the chelicerate Tetranychus urticae. Analyses of cuticular proteins had been
carried out for each of these two species (Colbourne et al., 2007; Grbic et al., 2011) (<http://
server?7.wfleabase.org/prerelease4/gene-predictions/>). We only identified CPRs and CPAP1
and CPAP3 family members. While Daphnia had good representation of both RR-1 and
RR-2 proteins, Tetranychus had only RR-2 or non-classified CPRs.

As a final check, since we used a score of zero to distinguish between RR-1 and RR-2, we
checked whether the proteins identified by these two models actually had the PF00379
(chitin_bind_4) domain. Very few hits, even with 0 as the cutoff score, were for proteins
lacking PF00379. They are highlighted in red in Supplementary Data File 2.

It is worth noting that sequences belonging to the CPR family constitute, in each case, the
larger proportion of the structural cuticular proteins. This could indicate a more general role
for this family, in comparison to the rest, which may have more specific functions. Also, as
was expected, since chitin is a basic component of the arthropod cuticle, families that have
been demonstrated experimentally to bind chitin [CPR (Rebers and Willis, 2001); CPAP1,
CPAP3 (Arakane et al., 2003; Nisole et al., 2010) and Tweedle (Tang et al., 2010)] seem to
have more members and a wider taxonomic distribution in insects than the rest.
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A quantification analysis, which was performed in order to estimate the percentage of
structural cuticular proteins in proteomes, is presented in Table 6. It was found that
structural cuticular protein sequences can comprise about 0.32% — 1.94% (with a mean
value of 0.94% and a standard deviation of 0.55%) of an insect’s proteome. Of course the
results present only a minimum estimate of the number of cuticular proteins in a species.
Few proteomes have received thorough manual curation. They were rather created using
automatic prediction programs. So it is certain, that not all genes/peptides have been found
or they are not correctly predicted, and there are certain to be errors in the predictions. Also,
these data represent a lower limit as sequences belonging to 4 known families (CPFL, CPG,
CPLCP and Apidermins) are not included in our analysis, nor are the cuticular proteins that
have not yet been assigned to families. Some of the proteomes we used report more than one
protein from a gene, i.e. splice variants, PA, PB. Many splice variants only differ in their
5’UTRs, so they may not be indicating protein diversity. In Supplementary Data File 2, we
have provided a tab that gives the total number of proteins assigned to each class (Total
number including splice variants) and the percent of CPs in the proteome (% Total
Proteome). We have also calculated the number of CP genes in each class obtained by
removing all the splice variants (Total minus Splice Variants) and their fraction of the
proteome reduced to one entry per gene (% Reduced Proteome).

It is also worth noting that the models seem to perform well in the well-studied flies,
mosquitoes, moths and beetles. As more proteomes that belong to other species become
available, it will be necessary to re-test the tool’s performance and make possible
modifications. This is especially true for the two non-insect species where the fraction of
unclassified CPRs was quite high. It is likely that other CP sequences and families exist in
various groups, but this can only be established with protein sequences obtained from
manually cleaned cuticles, cast skins, or other methods, such as immunolocalization that can
verify that a particular protein actually reside within the cuticle. Recognition of cuticular
proteins began with this way and has been reviewed by Andersen et al. (1995). More recent
studies are by He et al. (2007); Fu et al. (2011); Dittmer et al. (2012). Work of this type on
non-insect arthropods has been even more limited and produced few sequences (Andersen
and Roepstorff, 2005; Ditzel et al., 2003; Norup et al., 1996; Otte et al., 2014).

3.4 CutProtFam-Pred Website Development

The eight new profiles created in this work, in addition to the two old ones from cuticleDB
(Karouzou et al., 2007) were used in the development of CutProtFam-Pred <http://
bioinformatics.biol.uoa.gr/CutProtFam-Pred/>, an on-line freely available tool for the
detection and classification of structural cuticular proteins from sequence alone.

The CutProtFam-Pred website has the following menu options in tab form: Home, Search,
Manual and Contact.

The “Search” tab contains the form in which the user can either paste the query sequence or
sequences in the textbox area or upload a file that contains them, in both cases the sequences
must be in fasta format. Next, the user can either search against the library of the available
models and get a prediction for each sequence based on the assigned default cutoffs, that
were calculated as described in section 2.5, or search against a specific profile, where either
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the score or the e-value cutoff can be changed (the assigned cutoff appears when the user
selects this option as a default value). In the results page, the user can see the predictions for
each sequence, along with the corresponding e-value and score, and can also download one
file in fasta format for each searched family, containing all the protein sequences that were
predicted to belong to it. If the user searches against all the families, the fasta files are
combined in one file. Also available are the raw HMMER output and/or the results in tab-
delimited format.

The tool aims to be user-friendly, making the whole prediction process easy, even for
someone without extensive knowledge in the field. Apart from the predictions given using
the assigned cutoff, it also provides the option of changing it, for more experienced users.

3.5 Limitations of the Tool

The tool queries proteomes that have been produced by automated annotation. These
programs sometimes combine closely linked genes into a single protein and many cuticular
proteins are tightly clustered on chromosomes. Hence, the data produced using the tool must
be considered preliminary. Indeed, we regard this tool as an aid to annotation, and not a
substitute for manual annotation. HMMER produces scores based on the number of hits as
well as their quality <http://hmmer.janelia.org/> (Eddy, 1998). Since only rarely does a CPR
protein have more than a single R&R Consensus region, high ranking proteins are apt to
have been incorrectly annotated due to combining adjacent genes. We found that by setting
the score to 0 for RR-1 and RR-2 searches, more CPRs were identified, including some that
had been classified as RR-3, but of course, there will be considerable overlap between RR-1
and RR-2 because the discriminating score was not used. So, in case the RR-1 or RR-2
profiles are run separately, we recommend using the score of 0, and then sorting out the
duplicate hits to identify those which score best as RR-1 or RR-2. When a search against all
families is selected, if a protein matches with both profiles, it will be, by default, indicate
that the protein belongs in the family against which it has a higher score. Less than 1% of
the sequences we recovered with this low setting appear on inspection to be something other
than a CPR (Supplementary Data File 2).

4. Conclusions

In this paper we introduce CutProtFam-Pred, an on-line tool for the identification of putative
structural cuticular proteins and their classification into the respective families, from
sequence alone. We hope that implementation of these pHMMs via CutProtFam-Pred, for
nine of the thirteen families of structural cuticular proteins identified to date, will be useful
in the functional annotation of arthropod proteomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix. Supplementary data

Three files of supplementary data associated with this article can be found in the online
version at doi:().
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Fig. 1.
Plots of sensitivity and specificity against different cutoff scores in order to find the

threshold for each profile HMM. The scores for each sequence were generated by
hmmsearch <http://hmmer.janelia.org/> (Eddy, 1998). The analysis was performed
repeatedly, by setting a different cutoff score, in a range of 5 units of score, each time, and
calculating the specificity and sensitivity values. As mentioned in section 2.3, the cutoff
score for each model was estimated as the middle value of the range where specificity meets
sensitivity, which in all cases was where both were equal to 1. Intuitively, this was chosen so
that the cutoff score will represent the largest separation between protein sequences that
belong to the family described by the model, and protein sequences that do not. The larger
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the margin, the lower the errors of the classification will be. In order to capture how
specificity and sensitivity change, the range of cutoff scores between the families differs
and, consequently, the number of repeats of the procedure, also, differs.
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Table 1
Dataset summary
Family Type  Sequences Source
CPR 1099 1099 cuticleDB - Magkrioti et al., 2004
Apidermin 8 8 Kucharski et al., 2007
CPAP1 10 10 Jasrapuria et al., 2010
CPAP3 58 58 Jasrapuria et al., 2010
11 Willis, 2010
CPCFC 33
22 unpublished data
29 Togawa et al., 2007
CPF 48 18 Cornman, 2009
1 Futahashi et al., 2008
35 Togawa et al., 2007
CPFL 39
4 Futahashi et al., 2008
CPG 18 18 Futahashi et al., 2008
20 Cornman and Willis, 2009
CPLCA 21
1 Willis et al., 2012
86 Cornman and Willis, 2009
CPLCG 104
18 Cornman, 2009
CPLCP 93 93 Cornman and Willis, 2009
CPLCW 27 27 Cornman and Willis, 2009
68 Cornman and Willis, 2009
Tweedle 234 162 Cornman, 2009
4 Willis, 2010
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Table 2

References for conserved regions, for each family

Family Type Source of Conserved Region

CPAP1 Jasrapuria et al.,, 2010  Fig. 2C
CPAP3 Jasrapuria et al., 2010  Fig. 2B
CPCFC Willis et al., 2012 Fig. 3B
CPF Togawaetal.,, 2007  Fig. 1A
CPFL Togawa et al., 2007 Fig. 3

CPLCA Willis, 2010 Fig. 4A
CPLCG Willis, 2010 Fig. 3B
CPLCW Willis, 2010 Fig. 3C
Tweedle Willis, 2010 Fig. 3A
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Number of sequences in the training and test set for each family

Table 3

Family  Training Set Test Set Positive Test Set  Negative Test Set
CPAP1 10 1816 10 1806
CPAP3 62 1816 58 1758
CPCFC 102 1792 33 1759

CPF 4 1792 48 1744
CPLCA 11 1792 21 1771
CPLCG 86 1792 104 1688
CPLCW 9 1792 27 1765
Tweedle 272 1792 234 1558

a . . . -
A continuous stretch that contained all repeats was used in the training set.
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Table 4

Family Cutoff  Lowest True Positive  Highest False Negative
CPR_RR-12 35 45.9 21.2
CPR_RR-22 375 51.0 22.8

CPAP1 50 66.7 31

CPAP3 775 97.2 59.3

CPCFC 275 42.7 133

CPF 20 34.3 7.3
CPLCA 22.5 31.9 14.6
CPLCG 15 21 5.8
CPLCW 12.5 23.7 35
Tweedle 30 52.1 7

a - .
Cutoffs and scores calculated by Karouzou et al. (2007). We have set scores to 0 to allow all CPRs to be identified. It is necessary to use the cutoff
scores, shown above, for the correct assignment of the CPR subfamily.
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Percentage of cuticular proteins found in arthropod proteomes combining results from all families

Table 6

Species Cuticular Proteins®  Peptides® %

Drosophila melanogaster 228 30307 0.75
Glossina morsitans 118 12449 0.95
Culex quinquefasciatus 253 19019 1.33
Aedes aegypti 305 17143 1.78
Anopheles gambiae 245 14667 1.67
Bombyx mori 171 14623 1.17
Danaus plexippus 157 15130 1.04
Tribolium castaneum 142 16645 0.85
Apismellifera 66 15314 0.43
Nasonia vitripennis 98 18822 0.52
Acyrthosiphon pisum 137 36195 0.38
Pediculus humanus corporis 63 10775 0.58
Daphnia pulex 321 47712 0.67
Tetranychus urticae 57 18082 0.32

a . . . . .
Numbers include all splice variants. See Supplementary File 2 and Supplementary File 3 for values based on gene numbers.
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