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Abstract: Thanks to advances in DNA sequencing and
bioinformatics methods, for many species we know their
genomic sequence as well as sequences of proteins pro-
duced by their cells. However, the exact function of those
proteins is often unknown. The goal of our work is to au-
tomatically recognize neuropeptides, special proteins in-
volved in communication between neurons. Neuropep-
tides are created in a cell from longer protein precursors,
and our goal is to determine, if a given protein is a likely
precursor and if yes, which of its parts will serve as neu-
ropeptides. Existing methods solve only partial aspects
of this problem. Our more comprehensive system uses a
combination of support vector machines and conditional
random fields.

1 Introduction

In this paper, we study the problem of neuropeptide anno-
tation. Recent advances in DNA sequencing allow us to
obtain DNA sequences of many species. We can then use
computational methods to find likely locations of genes
encoding proteins produced by the organism in question
(Yandell and Ence, 2012). The result is a list of puta-
tive proteins, each characterized by its sequence of amino
acids, which can be represented in a computer as a string
over 20-letter alphabet. However, the exact function of
these proteins is often unknown.

The goal of our work is to automatically recognize neu-
ropeptides, short proteins acting as neurotransmitters in
communication between neurons and as hormones in en-
docrine regulation (Hook et al., 2008). Neuropeptides are
created in cells from longer protein precursors, and our
goal is to determine, if a given protein is a likely precursor
and if yes, which of its parts will serve as neuropeptides.

Several similar methods were already developed, but
each considers only partial aspects of the problem
(Southey et al., 2006, 2008b; Ofer and Linial, 2014). We
will review them, together with further biological back-
ground related to the problem, in the next section.

Our system aims to solve the full problem including
recognition of precursors and identification of likely neu-
ropeptides. For this purpose, we use semi-Markov con-
ditional random fields (semi-CRF). This is a probabilistic
model for annotating sequences, which generalizes hidden
Markov models (HMMs). Both HMMs and semi-CRFs
were previously used for several other problems in bioin-

formatics (Burge and Karlin, 1997; Krogh et al., 2001; De-
Caprio et al., 2007).

2 Background and Related Work

As outlined above, a protein can be represented as a string
over a 20-letter alphabet, where each letter represents one
of the 20 amino acids commonly occurring in proteins pro-
duced by living cells. Shorter chains of amino acids are
often called peptides, rather than proteins.

The process of neuropeptide synthesis in a cell is illus-
trated in Figure 1. First, a full-length precursor is synthe-
sized by the standard gene expression machinery of the
cell. This precursor starts with a special short sequence
called a signal peptide, which targets the synthesized pro-
tein to the endoplasmic reticulum. In this organelle, the
signal peptide is cleaved away, resulting in a shorter pro-
tein, which is transported to the Golgi apparatus. Proteins
called convertases then cut the precursor to several shorter
peptides. Some of the peptides resulting from this cleav-
age serve as neuropeptides, and are often further modified
by removal of amino acids or attachment of other chemical
groups. The remaining peptides resulting from the cleav-
age are destroyed by the cell; these are called propeptides.
Convertases cleave the precursor at specific positions. For
example, furin convertase cleaves after a peptide sequence
of length 4 conforming to the consensus RX [KR]R, where
R stands for arginine amino acid, K for lysine, [KR] for
any these two, and X for any amino acid. However, not ev-
ery occurrence of this consensus sequence is cleaved and
the exact rule for recognizing cleavage sites is not known.
More details of this process can be found for example in
areview by Hook et al. (2008).

We will distinguish three problems related to finding
neuropeptides among all proteins synthesized by the cells
of a given species.

e Neuropeptide precursor recognition. This is a clas-
sification problem, which gets a protein sequence as
an input and the goal is to decide if this protein will
serve as a likely precursor for neuropeptides.

e Prediction of precursor cleavage sites. Here the input
is a neuropeptide precursor, and the goal is to deter-
mine positions where the convertase will cleave the
protein. It can also be formulated as a decision prob-
lem, where we want to decide for each position in
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precursor

l removal of signal peptide

l cleavage by convertases

l post-translational modifications

Figure 1: The synthesis and processing of neuropeptides in a cell. In the precursor, the black area represents the signal
peptide, gray rectangles represent neuropeptides and white areas are propeptides discarded by the cell.

the precursor, if it is a likely cleavage site based on
a sequence window surrounding this position.

e Neuropeptide annotation. This is the most general
problem. The input might be a neuropeptide precur-
sor or a different type of protein. The goal is to de-
cide, if it is a likely neuropeptide precursor, and if
yes, find which portions are likely to serve as individ-
ual neuropeptides. This problem encompasses both
previous problems, and adds additional information,
because neither of the two previous problems clas-
sifies individual products of cleavage as propeptides
and neuropeptides.

Prediction of precursor cleavage sites is traditionally ad-
dressed by a web-based tool called NeuroPred (Southey
et al., 2006, 2008a). NeuroPred uses both handcrafted
consensus motifs as well as methods of machine learn-
ing. These methods (including logistic regression, neu-
ral networks, and the k-nearest neighbors algorithm) were
trained on a set containing both positive and negative ex-
amples from well-studied proteins. Each classification
method considers a short region of the sequence and de-
cides if it is a likely cleavage site or not.

Authors of NeuroPred also developed a pipeline for
identification of likely precursors (Southey et al., 2008b).
However, this pipeline can only find precursors which
have similar sequence as one of the already known pre-
cursors from related species, and thus it is not useful for
finding completely overlooked precursors or for precur-
sors from species that do not have a closely related species
where neuropeptides were already identified.

Recently, Ofer and Linial (2014) have created a tool
called NeuroPID which identifies likely neuropeptide pre-
cursors based solely on statistical information about the
protein sequence, such as distribution of amino acids in
short sequence windows, sequence entropy and others.
They define a large number of such features and use known
precursors as well as negative examples to train several

well-known classification methods, such as support vector
machines and random forests.

In our work, we focus on the general neuropeptide an-
notation problem, which was not addressed by existing ap-
proaches. We attempt to recognize neuropeptides and their
precursors based solely on sequence features, without re-
quiring sequence similarity to known neuropeptides.

3 Overview of Our System

The goal of our system is to assign to each amino acid
of the input protein a label characterizing its role. We
will use the following labels in neuropeptide precursors:
S for signal peptides, N for neuropeptides, P for discarded
propeptides, and C for cleavage positions. In negative ex-
amples (proteins, which are not neuropeptide precursors),
we use label P, but if these proteins also undergo cleav-
age into smaller peptides, we mark the cleavage sites by
C and the resulting peptides by X. The result of anno-
tation is thus a string over the alphabet of possible la-
bels £ = {S,N,P,C,X,C,X} of the same length as the in-
put protein, where each label describes a putative role of
one amino acid. Neuropeptide precursors are marked by
the presence of regions labeled N, and these regions are
exactly the peptides predicted to serve as neuropeptides.
Individual neuropeptides are separated by an amino acid
marked C, or even by longer regions marked P. The out-
put sequence of labels is called an annotation of the input
protein.

The main component of our system is a semi-Markov
conditional random field. It uses several features based on
the input sequence, which are computed directly or using
external programs. One of these external programs, Sig-
nalP, is an existing and frequently used software for recog-
nizing signal peptides based on artificial neural networks
(Bendtsen et al., 2004). The second external program is
a classifier based on support vector machines (SVM) for
recognizing cleavage sites, which we built ourselves. Its
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input sequence

Figure 2: Architecture of our system. The input sequence
is processed using SignalP and our SVM for cleavage
sites recognition. The results are complemented by var-
ious simple statistics and form an input for the semi-CRF,
which outputs the final annotation.

goal is to replace NeuroPred in our analysis, because Neu-
roPred is available only as a web-based service and as such
is harder to integrate to a stand-alone tool. The overall ar-
chitecture of our system is illustrated in Figure 2.

4 An SVM for Cleavage Site Prediction

To recognize cleavage sites in a protein sequence, we use
one of the standard machine learning methods for clas-
sification, support vector machines (Cortes and Vapnik,
1995). We use a similar approach as NeuroPred (Southey
et al., 2006). The input to the SVM is a binary vector
representing a window of size 2k + 1 selected from the
protein sequence. Each amino acid in the sequence win-
dow is encoded as a binary vector of length 20 in which
one position is set to 1 and others to 0. The position of
the value 1 within the vector indicates the identity of the
amino acid. The whole window of length 2k 4 1 thus re-
quires 20(2k+ 1) binary variables. The goal of the SVM is
to decide if the protein will be cleaved after the amino acid
located in the middle of the window. We only consider
windows that have amino acids lysine or arginine before
the cleavage site, because cleavage sites seem to obey this
minimal requirement.

To train the SVM on a set of examples extracted from
proteins with known cleavage positions, we have used Lib-
SVM library (Chang and Lin, 2011). We have used win-
dow of size 11 (k = 5). This window size performed
well in NeuroPred as well as in our preliminary exper-
iments on various sequences. As a kernel function, we
have chosen the radial basis function. This kernel has a
small number of parameters, good precision and fast con-
vergence to optimum during training. The use of soft mar-
gin classification and radial basis function requires setting
two hyper-parameters y and C. We have set these param-
eters by cross-validation: we have split the training data

into five groups. We have used four groups to train the
model with different values of hyper-parameters and used
the fifth group for evaluating the prediction accuracy of the
result. This was repeated five times for each choice of the
validation set, and the parameters were chosen based on
averaged performance.

To evaluate the accuracy of our model, we have trained
it on 16 known neuropeptide precursors from the honey
bee Apis mellifera with total 70 cleavage sites used pre-
viously to train NeuroPred (Southey et al., 2008a). As
testing data, we have used 21 precursors from the fruit-
fly Drosophila melanogaster with 87 cleavage sites. This
data was described in the same paper. Our model classi-
fied correctly 91.1% of testing examples, whereas Neuro-
Pred classified correctly 90.8%. Given this negligible dif-
ference, we conclude that our SVM classifier can be used
instead of NeuroPred to predict cleavage sites in putative
neuropeptide precursors.

5 Semi-Markov Support Vector Machine
for Neuropeptide Annotation

In this section, we describe our system for neuropeptide
annotation based on a semi-CRF.

Introduction to semi-CRFs. A conditional random field
(CRF) is a probabilistic model for annotating sequences
(Lafferty et al., 2001). Let X = (xy,...,x,) be the input
sequence and Y = (yy,...,y,) its annotation. A CRF de-
fines a conditional distribution over possible annotations
Y given sequence X, i.e., Pr(Y|X). To define this distri-
bution, it uses K local features gi,...,gx which can be
tailored specifically for the studied problem.

We will use semi-CRF, which are a slight generalization
of CRFs and differ in the exact definition of a local feature
(Sarawagi and Cohen, 2005). In a semi-CRF, the annota-
tion Y is expressed as a series of p segments (si,...,5,),
each segment using the same label. Segment s; is given by
atriple (b;,e;,a;), where b; is the start of the segment, e; is
its end and q; is the annotation label. These values have to
satisfy the following constraints:

bi=1, e>bi; e1+1=b;

ep=n; a1 #a,

)’h,- :yhi-‘rl :yh,'-‘rz = :yei = a;.

Each local feature g; has five inputs: the whole input
sequence X, triple (b;,e;,a;) describing a potential seg-
ment in the annotation, and the label g;_; of the previous
segment. The resulting number g (a;—1,b;, e;,a;,X) repre-
sents a score how well the potential labels a;_1, a; fit the
information from sequence X at positions specified by b;
and e;. A global feature Gy, for a given annotation Y can be
obtained as a sum of local features for all segments in Y:

p

Gk<X7Y) :ng(aiflvbiaeivahx)a (1)
i=1
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The conditional probability of annotation Y in a semi-CRF
depends on a weighted combination of global features

K
Pr(Y|X,w) = ZwiX) exp (;; kak(X,Y)> . @

Here, w represents weights of global attributes and Z (X)
is the normalization constant defined as

Zw(X) = Zexp (f kak(X,Y)> : 3)

Y k=1

The summation runs through all possible annotations Y
of sequence X. The values of individual feature functions
can be arbitrary real numbers, because the normalization
constant Zy, (X) ensures that we obtain a proper probability
distribution over all annotations of a given sequence.

To create a semi-CRF, we manually choose a set of lo-
cal features, and then use training data to find an opti-
mal set of weights to maximize the conditional probability
Pr(Y|X,w). For inference, we are given the model, in-
cluding the weights, and a sequence X, and our goal is to
find the optimal annotation argmaxy Pr(Y|X,w). This can
be done by a dynamic programming algorithm similar to
the standard Viterbi algorithm for hidden Markov models
(Sarawagi and Cohen, 2005). We have used an existing
implementation of semi-CRFs (Sarawagi et al., 2014) for
both training and inference in our model.

Topology of our model. Our model uses the set of annota-
tion labels X described above. However, there are restric-
tions on possible sequences of labels in a permissible an-
notation, which are depicted in the state diagram shown in
Figure 3. Every sequence starts with a signal peptide (we
exclude proteins not containing this peptide from our anal-
ysis, as the presence of the peptide can be detected using
the SignalP software). The model has then two branches,
the bottom one corresponding to neuropeptide precursors
and the top one to other proteins, which may or may not be
cleaved. The cleavage sites C and C are always segments
of length 1; other segments can be longer.

Feature functions of the model. Our model uses several
groups of feature functions described below. While de-
signing these feature functions we took into account a rel-
atively small size of the available training sets as well as
limitations of the used semi-CRF implementation.

e Model topology. Model topology described above is
enforced only indirectly, by using the following set
of feature functions. For each pair of labels u and v
we create a feature function which indicates, if this
pair occurs in two adjacent segments of a potential
segmentation.

1 ifd =uha=v
/ y— ’
gedge(w,) (Cl 7b’€’a’X) T { 0 otherwise.

)

Figure 3: A state diagram describing admissible annota-
tions in our model. Each state corresponds to one segment
with a particular label. Transitions connect labels that can
follow each other in an annotation. Each annotation starts
with a segment labeled S. States corresponding to possible
final segments are indicated by double circles.

Such feature function is created for all pairs of la-
bels, even those that should not follow each other in
our state diagram. However, such forbidden pairs are
never used in our training data, and as a result, their
weight should be negative (in theory —eo). In con-
trast, pairs of labels that follow each other frequently
in our training set should get a positive weight by the
training procedure.

To control initial and final labels of a sequence, we
also create the following two feature functions for
each label v:

o [ 1 ifa=vAb=1,
8begin, (a 7bv€7a7X) T { 0 otherwise, (5)
) [ 1 ifa=vre=[X|,
8end, (a ’b’e’a’X> T { 0 otherwise.
(6)

e Signal peptide information. During preprocessing,
we run SignalP on our input sequence, obtaining for
each position a probability that this position is the end
of the signal peptide. Let us denote this sequence of
SignalP scores oy, ...,0,. Ideally, we would have a
high value of this signal at the last position of the
initial segment labeled S. This is captured by the fol-
lowing feature function.

o, ifb=1Aa=s,

’ —
8signal (@.b,e,a,X):= { 0  otherwise. ™

e Cleavage site prediction. Similarly, we run our SVM
model to obtain a probability at each position of the
sequence, that this position will be cleaved. Let us de-
note the sequence of these scores o, ... o,. Cleaved
positions should be annotated by labels C or C. To
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capture this information, we use the following two
feature functions:

, ) o ifa=vAb=e,
8l (@, b,e,a,X) = { 0  otherwise.

®)
where v € {C,C}. The weight of the feature as-
signed by training corresponds to the importance of
the cleavage site prediction for predicting the correct
annotation.

For every other label type, we want small values of
the cleavage probability in the entire segment, be-
cause a high probability of cleavage may represent
a cleavage site missed by the predicted annotation.
Therefore for each label type v ¢ {C,C} we add a
feature function which considers the average squared
value of a cleavage signal inside a segment with this
label.

e-b+1/5
ifa=v,
0 otherwise.

g_‘du (a/7b7eaa7x) = (9)

Ideally, this feature should get a negative weight in
training, because we want cleavage signals inside
segments to be weak.

Segment length. Feature functions in a semi-CRF al-
low us to score segment lengths. Ideally, we would
use training data to estimate length distribution of dif-
ferent segment types and use probabilities from these
distributions as feature values. Due to limited train-
ing data, we have decided to use simple features that
classify each length as short, normal or long as fol-
lows.

. o 1 ifa=vAe—b+1 < min,
8shors, (@', b, ¢,a,X) := { 0 otherwise,
(10)

1 ifa=vA
min, <e—b+1 < max,
0 otherwise,

&norm, (a/,b,e.,a,X) =

an

, L 1 ifa=vAe—b+1>max,
8long, (@, b,e,a,X) := { 0 otherwise.
(12)

We have set thresholds min, a max, manually. Ac-
cording to Clynen et al. (2010), 98% of known neu-
ropeptides have length between 3 and 60. We use a
stricter thresholds miny = 5 a maxy = 60. Shorter or
longer neuropeptides are also permissible, but may
incur a penalty, depending on weights assigned by
training t0 gguory and giong, features. The same
threshold values were also used for other segment

types.

6

e Statistical properties of the sequence. Finally, we use

a set of attributes describing typical frequencies of
amino acids in different segment types. In particu-
lar, Ofer and Linial (2014) observe that neuropeptides
are characterized by increased frequency of aromatic
amino acids (F, W, and Y). We capture this informa-
tion in the following feature function.

‘l e
TThrl ,-;',[Xi is aromatic]
ifa=v,
0 otherwise.

! —
guromav (a 7b,e7a,X) A

13)
These features turned out to be useful, because the
weight of function guromey Was always a relatively
high positive number.

To consider frequencies of other amino acids and
their groups, we have included also features of the
following form:

e
Z logPr(x;|v) ifa=v,
i=b

0 otherwise.

(14)
Here, Pr(x|v) is the frequency of amino acid x in fea-
tures labeled as v in the training data. This feature
function corresponds to a log-likelihood of a given
segment in an i.i.d. model in which each amino acid
is drawn from distribution Pr(x|v).

gemitv (a/7 ba e,a,X) =

We also use a similar feature function, where we
group together amino acids with similar biochemical
properties (aromatic, basic, acidic etc.). This leads to
the following attributes.

ilog Pr(gr(x;)|v)

! - =
gemitgv(a ,b,e,a,X) O i=b ifa—=v

0 otherwise,

15)
where gr(x) represents the biochemical group of
amino acid x, and Pr(gr(x)|v) is the probability that
one of the amino acids from this group appears in a
segment annotated as v. These probabilities are also
estimated from the training data.

Experiments

Training and testing data. To train and test our model,
we have created a data set of neuropeptide precursors
and other proteins representing negative examples. To do
so, we have selected curated proteins from the UniProt
database (UniProt Consortium, 2008; Uniprot, 2014). This
database contains annotated protein sequences created ei-
ther manually based on results from scientific literature or
by automated methods. We have created two data sets.
The first contains only sequences from Arthropoda and the
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A: keyword:"Neuropeptide [KW-0527]"
AND taxonomy:"Arthropoda [6656]"
NOT keyword:"Receptor [KW-0675]"

B: keyword:"Neuropeptide [KW-0527]"
AND taxonomy:"Metazoa [33208]"
NOT keyword:"Receptor [KW-0675]"

C: NOT keyword:"Neuropeptide [KW-0527]"
AND taxonomy:"Arthropoda [6656]"
AND keyword:"Reference proteome [1185]"
AND reviewed:yes

D: NOT keyword:"Neuropeptide [KW-0527]"
AND taxonomy:"Metazoa [33208"
AND keyword:"Reference proteome [1185]"
AND reviewed:yes

Figure 4: Queries used to obtain sequences from the
UniProt database. Queries A and B were used for posi-
tive examples, queries C and D for negative examples.

second from all animals (Metazoa). Proteins were selected
using queries shown in Figure 4.

All obtained proteins were clustered based on sequence
similarity using CD-HIT tool (Huang et al., 2010), where
each cluster contains proteins with 90% identity. We have
then selected a best annotated representative from each
cluster. We have further filtered out sequences with in-
complete or ambiguous annotations. This clustering and
filtering process reduced the size of the Arthropoda data
set from 1340 original proteins to 76 positive examples
and for Metazoa from 2029 to 175 positive examples. A
similar process for negative examples yielded only 35 se-
quences in Arthropoda and 255 in Metazoa.

To run our experiments, we have used five-fold cross
validation. We have divided the set into five parts. One of
these parts was used for testing and the remaining four for
training. This process was repeated five times and the re-
sults were averaged. The SVM for cleavage site prediction
was trained on the same training data as the CRF.

Annotation accuracy. Table 1 shows the annotation accu-
racy of different labels in four versions of our model. Two
versions used only Arthropoda sequences for training and
testing and two used a larger but more heterogeneous set
of Metazoa proteins. For each set, we have also consid-
ered two models. One, denoted by subscript p, used only
positive examples, and restricted the model to labels S, C,
N, and P. The second one used the full model and both
positive and negative examples.

To evaluate prediction accuracy, we consider each label
separately and count the number amino acids that were
correctly or incorrectly labeled by this label, obtaining the
counts of true positives (TP), false positives (FP), and false
negatives (FN). We then calculate the F; measure, which

is a combination of precision and recall

F—2 precision - recall
~ “precision +recall

Here, precision (also known as positive predictive value) is
the fraction of predicted occurrences of the label that are
indeed correct, i.e. TP/(TP+ FP). Recall (also known as
sensitivity) is the fraction of real occurrences of the label
that were correctly predicted, i.e. TP/(TP+FN).

In addition, we also compute the overall accuracy of the
prediction as the fraction of correctly labeled amino acids,
considering all labels together.

In most measures, the models restricted to Arthropoda
are more accurate than the Metazoa models. This suggests
that the statistical properties of neuropeptide precursors in
vertebrates and invertebrates are sufficiently different to
offset the advantage of using a larger combined training
set.

We achieve a higher overall accuracy on the simpler
problem without negative examples, which is expected,
because it is an easier problem. In the general problem
with negative examples, the prediction accuracy for label C
is greater than for label C. This might be caused by the fact
that the cleavage site prediction model was trained only on
neuropeptide precursors. Thus, we could potentially im-
prove the prediction accuracy by training SVM models for
neuropeptide precursors and other proteins separately.

To further quantify the effect of incorrect predictions by
the SVM and SignalP on the accuracy, we have created a
version of the Arthropoda model which replaces the scores
from these two predictors by the correct values (value 1 for
cleavage sites, value O for other sites). These values were
then used for both training and testing. This modification
increased the overall accuracy from 70.4% to 79.1%. This
represents an upper bound of improvements achievable by
changes in the SignalP and SVM predictors.

7 Conclusion

We have designed and implemented a system for annota-
tion of neuropeptides. In future, we hope to use this sys-
tem to seek novel neuropeptides in various organisms and
to evaluate such predictions in collaboration with life sci-
entists.
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