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Peptide hormones are small, processed, and secreted peptides that signal via membrane receptors and play critical
roles in normal and pathological physiology. The search for novel peptide hormones has been hampered by their
small size, low or restricted expression, and lack of sequence similarity. To overcome these difficulties, we developed
a bioinformatics search tool based on the hidden Markov model formalism that uses several peptide hormone
sequence features to estimate the likelihood that a protein contains a processed and secreted peptide of this class.
Application of this tool to an alignment of mammalian proteomes ranked 0% of known peptide hormones among
the top 300 proteins. An analysis of the top scoring hypothetical and poorly annotated human proteins identified
two novel candidate peptide hormones. Biochemical analysis of the two candidates, which we called spexin and
augurin, showed that both were localized to secretory granules in a transfected pancreatic cell line and were
recovered from the cell supernatant. Spexin was expressed in the submucosal layer of the mouse esophagus and
stomach, and a predicted peptide from the spexin precursor induced muscle contraction in a rat stomach explant
assay. Augurin was specifically expressed in mouse endocrine tissues, including pituitary and adrenal gland, choroid
plexus, and the atrio-ventricular node of the heart. Our findings demonstrate the utility of a bioinformatics
approach to identify novel biologically active peptides. Peptide hormones and their receptors are important
diagnostic and therapeutic targets, and our results suggest that spexin and augurin are novel peptide hormones likely

to be involved in physiological homeostasis.

[Supplemental material is available online at www.genome.org and at http://bioinfo.embl.it/.]

The study of peptide hormones has received considerable atten-
tion because of their role in modulating a wide range of physi-
ological functions (Kastin 2006). A large group of peptide hor-
mones serve as both hormones and neurotransmitters, being se-
creted into the bloodstream by endocrine cells and released into
the synapse by neurons (Hokfelt 1991). Because of this dual func-
tion, peptide hormones often play important roles in the coor-
dination of behavioral and somatic responses to environmental
stimuli, and understanding their biology has helped advance our
understanding of interactions between brain and body.

Peptide hormones are short peptides (<100 amino acids)
produced by the proteolytic cleavage of pre-pro-hormone precur-
sors. Following signal peptide removal by the signal peptidase
complex, the pro-hormone undergoes cleavage at specific sites by
pro-hormone convertases (Steiner 1998) or furin (Thomas 2002).
In many cases, processed peptides undergo post-translational
modification, with >50% of peptide hormones becoming ami-
dated at their C terminus (Eipper et al. 1992). Mature peptides
pass through the secretory pathway and are released into the
extracellular space, where they can bind to specific cell surface
receptors and modulate cellular functions.

SCorresponding author.

E-mail gross@embl.it; fax 39-06-90091272.

Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.5755407.

Most peptide hormones are ligands for G-protein-coupled
receptors (GPCR), via which they modulate intracellular signal-
ing pathways and regulate cellular homeostasis. GPCRs belong to
the seven transmembrane receptor family and share a high de-
gree of sequence homology. As a result, in many organisms the
complete set of GPCRs has been identified and classified (Vassi-
latis et al. 2003). The fraction of human GPCRs with known
peptide ligands has been used to estimate that 27 orphan GPCRs
are expected to have endogenous peptide ligands (Vassilatis et al.
2003). Although some of these missing ligands may turn out to
be either previously characterized peptide hormones or novel
peptides produced by known genes (Shichiri et al. 2003), includ-
ing known peptide hormone genes (Zhang et al. 2005), some of
these are likely to be produced by as yet uncharacterized genes.

Several methods have been used to identify new peptide
hormones. Biochemical purification coupled with functional as-
says has been the predominant discovery method (for example,
see Braun-Menendez et al. 1939; Burgus et al. 1969; Schmidt et al.
1991; Katafuchi et al. 2003). More recently, with the advent of
genomic sequence, bioinformatics search strategies have been
developed. Bioinformatics search strategies have the advantage
over biochemical approaches that they are not biased against
proteins with low or highly restricted expression and can be
equally well applied to organisms in which biochemical purifi-
cation of sufficient peptides is prohibitive. Most of these bioin-
formatics strategies relied on searches for single sequence features
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common to peptide hormones, such as C-terminal RF-amide (Hi-
numa et al. 2000; Chartrel et al. 2003; Jiang et al. 2003), dibasic
cleavage sites (Duckert et al. 2004; Zhang et al. 2005), homology
with known peptide hormones (Hsu 1999; Park et al. 2002), and
other shared motifs (Baggerman et al. 2005). In at least one case,
a combination of features was used to identify candidate peptide
hormones (Shichiri et al. 2003). In this study, several indepen-
dent sequence requirements including presence of signal peptide
and pro-hormone cleavage sites, subcellular location, and precur-
sor length were applied to retrieve a novel peptide hormone pre-
cursor from human cDNA databases. These studies demonstrated
the success of sequence-based approaches to peptide hormone
discovery and inspired us to develop a more systematic bioinfor-
matics approach to address this problem.

We present here the development of a hidden Markov
model (HMM) based search algorithm that integrates several pep-
tide hormone sequence features for the discovery of novel pep-
tide hormones. HMM techniques are well adapted to address se-
quence analysis problems because of their ability to handle vari-
able sequence length signals and to implicitly integrate
information from multiple dispersed signals in a sequence. As a

amino acids). We reasoned that these features could be used to
identify novel peptide hormone genes.

Our strategy was to build a hidden Markov model (HMM)
that would score proteins according to the likelihood that they
encode a peptide hormone. An HMM assigns states to each
amino acid in a protein sequence. Each state is associated with a
probability distribution over amino acids and a set of transition
probabilities to other states. Generally, these states correspond to
protein sequence motifs, and as a result HMMs can be used to
determine whether a protein contains a specific motif or series of
motifs. The two main advantages of HMMs are the ability to
handle variable length regions and the ability to integrate mul-
tiple signals in a biologically constrained manner.

In our case, two steps were involved in using HMM for pro-
tein analysis. First, the HMM was trained on a set of proteins with
well-characterized motifs in order to determine the amino acid
frequencies and transition probabilities for each state. Second,
the HMM was used to assign states to uncharacterized proteins
and calculate a score based on how well the protein fits the
HMM. The state architecture of our peptide hormone HMM is
shown in Figure 1A. The HMM was assembled from three com-

result, HMMs have been applied success-
fully to both gene prediction (Burge and
Karlin 1997; Birney et al. 2004) and pro-
tein domain finding, leading to domain
databases such as Pfam (Krogh et al.
1994; Finn et al. 2006). In this study, we
provide an HMM for all peptide hor-
mones, more akin to gene prediction
models that integrate biological process-
ing signals than protein domain models
that integrate homology signals. Appli-
cation of our peptide hormone HMM to
the human proteome allowed us to iden-
tify two novel candidate peptide hor-
mones. Biochemical characterization of
the candidates demonstrates that they
are processed and secreted as predicted,
and one of them has biological activity
in a stomach contractility assay. These
results demonstrate the power of a bio-
informatics approach to find novel bio-
logically active peptides.

Results

Development of peptide hormone
search algorithm

Peptide hormones contain several com-
mon sequence features that distinguish
them from other proteins. Peptide hor-
mones all carry a signal peptide se-
quence and cleavage site at their N ter-
minus, at least one pro-hormone cleav-
age site (generally occurring at a pair of
basic residues), and amino acid residues
that are typical for extracellular proteins
and frequently include aromatic amino
acids. Finally, peptide hormones do not
contain transmembrane domains, and
their processed products are short (<100
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Figure 1. Hidden Markov model (HMM) for the identification of peptide hormones. (A) State struc-
ture of the peptide hormone HMM with states indicated by letters and transitions between states
indicated by arrows. States with numerical subscripts are single amino acid states, while states with the
“n" subscript are multiple amino acid states whose length is determined by the transition probability
between that state and other permitted states. N,,, B,, H,, B,, C,, and S,_, are N terminus, border,
hydrophobic, C terminus, and cleavage site states, respectively, of the signal peptide feature. E,,, I, P,,,
and T, are extracellular, intracellular, peptide, and transmembrane states, respectively, while K, _4 and
F,_¢ are pro-hormone cleavage site states and G[K/R][K/R] is a simple sequence motif. START and STOP
mark entry and exit points of the HMM. (B) Protocol for building and running the peptide hormone
HMM. HMM states for individual sequence features were built by learning amino acid frequencies and
transition probabilities from sets of proteins or motifs with known features (N = size of training set).
Signal peptide states were built using a previously curated set of eukaryotic SWISS-PROT proteins;
extra/intra/peptide/transmembrane states were built using selected sets of human SWISS-PROT pro-
teins; and pro-hormone cleavage sites were built using a set of PC1/2 and furin sites from the MEROPS
database. The peptide hormone HMM was assembled with the state-to-state transition constraints
outlined in A. Finally, the HMM was used to assign states and scores to either a set of alignments of
human, mouse, rat, and dog proteins from Ensembl or a set of human proteins from SWISS-PROT/
TrEMBL.

Genome Research 321
www.genome.org



Mirabeau et al.

ponents each of which contains one or more states: (1) signal
peptide, (2) extracellular/intracellular/peptide/transmembrane
region, and (3) pro-hormone cleavage site. Several constraints
were imposed on transitions between states so that, for example,
the states for the signal peptide cleavage site (5,S,S;) had to fol-
low the C-terminal signal peptide state (C,). The scheme for
building and running the peptide hormone HMM is shown in
Figure 1B.

For the signal peptide feature, our state architecture was
based on previous work (Nielsen and Krogh 1998; Zhang and
Wood 2002) and comprised N-terminal, hydrophobic, and C-
terminal states followed by a three-state cleavage site. To improve
predictive accuracy, we added two intermediate boundary states
(B, and B,) (Fig. 1A). Frequencies and transition probabilities for
each state were derived by training the HMM on a previously
curated set of 1011 signal peptide containing proteins from
SWISS-PROT downloaded from the Center for Biological Se-
quence Analysis (http://www.cbs.dtu.dk/ftp/signalp/euksig.red).

For the extracellular/intracellular/peptide/transmembrane
features, frequencies and transition probabilities were built from
sets of 5914, 7229, 448, and 15,730 sequences derived from hu-
man SWISS-PROT entries annotated as “extracellular,” “cytoplas-
mic,” “peptide,” and “transmembrane,” respectively. These fea-
tures were modeled by a single state of variable length where the
length distribution was encoded by the transition probability out
of the state. Because the first-order HMM formalism produces
length distributions that are geometric and that may not be best
suited to model actual protein feature lengths, we used a modi-
fied HMM formalism that retains the efficiency of first-order
HMM, while being able to model lengths more accurately
(Ramesh and Wilpon 1992).

Finally, states for the pro-hormone cleavage site feature used
three different cleavage site models. The first two included 6
states each (from — 6 to — 1 relative to the cleavage site) and were
built from a training set of 53 pro-hormone convertase 1/2 (PC1/
2) cleavage sites and 19 furin cleavage sites, respectively, derived
from known and predicted eukaryotic cleavage sites collected in
the MEROPS database (Rawlings et al. 2006). The third cleavage
site model simply required the presence of the amino acid se-
quence G[K/R][K/R] and was added to ensure that this common
cleavage site motif was not overlooked by the other two models.

Labeling by the peptide hormone HMM was achieved using
the Viterbi algorithm, and scoring was performed by the for-
ward-backward algorithm (Rabiner 1989). To ensure the exclu-
sion of transmembrane domain—containing proteins, a maximal
score was assigned to any protein containing a transmembrane
state. As a result, our algorithm was not expected to detect pep-
tides that are proteolytically released from transmembrane-
containing pro-peptides, such as occurs for tumor necrosis factor
(TNF) and CX3CL1.

Screening the human proteome for novel peptide hormones

The peptide hormone HMM was applied to an alignment of
nonredundant known and hypothetical proteins derived from
the Ensembl database (human, mouse, rat, dog; N, = 28,955),
and proteins were ranked according to HMM scores. For each
member of the set, multiple alignments of the human, rat,
mouse, and dog orthologs were built using the Clustal W pro-
gram with default settings (Thompson et al. 1994). An examina-
tion of the highest ranked sequences revealed that 90% of known
peptide hormone precursors (66/75 proteins) (see Supplemental

Material) were found in the top 300 proteins (Fig. 2A). An alter-
native HMM in which the PC1/2 and furin cleavage site models
included only four states (from —4 to —1 relative to the cleavage
site) performed slightly less well, returning 85% of known pep-
tide hormones among the top 300 proteins (data not shown).
Application of the peptide hormone HMM to human proteins
from the SWISS-PROT/TrEMBL database (N, = 38,310) was
somewhat less efficient at recovering known peptide hormones,
suggesting that screening the pre-aligned human proteome re-
sulted in the recovery of fewer false positives (Fig. 2A). These
findings demonstrate that our HMM successfully identified most
known peptide hormones and suggests that as yet uncharacter-
ized peptide hormones are likely to be found among the top
scoring proteins in our list. The HMM Java application and sup-
porting material are available at http://bioinfo.embl.it/.

At least 61% of the top 300 proteins belonged to several
families of well-characterized secreted proteins, including pep-
tide hormones, growth factors, cytokines, defensins, and antimi-
crobial peptides (Fig. 2B). A further 19% of the proteins were
well-characterized membrane, mitochondrial, cytoplasmic,
nuclear, or other nonsecreted proteins. The remaining 20%
were hypothetical or poorly annotated proteins. In addition, we
found four proteins (KISS1, TIP39, QRFP, OSTN) that had been
recently reported to encode peptide hormones (Usdin et al. 1999;
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S 2 80 P
= 3
B
» 604
€ £ 50
2 E 407
=< G 30 ; )
XL = mammalian alignment (Ensembl)
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Figure 2. HMM successfully identified known peptide hormones. (A)
Plot showing cumulative fraction of known peptide hormones
(Niotar = 77) (see Supplemental Table 1) identified among the top scoring
500 proteins; (solid line) aligned mammalian proteome as substrate;
(gray line) human proteome as substrate. For the aligned proteome, 90%
of known peptide hormones were found among the top 300 proteins. (B)
Pie chart indicating percent composition of the top 300 proteins. Known
peptide hormones, cytokines, growth factors, defensins, and other se-
creted proteins make up 61% of the proteins. Hypothetical and poorly
annotated proteins make up 20% of the proteins and were submitted to
further analysis to identify candidate novel peptide hormones.
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Ohtaki et al. 2001; Chartrel et al. 2003; Thomas et al. 2003) de-
spite lacking annotations as processed and secreted proteins in
SWISS-PROT at the time of our search (March 2004).

Next, we applied three additional criteria to the 61 hypo-
thetical and poorly annotated proteins to determine whether
novel peptide hormones might be included among this group.
First, proteins in which at least one of the amino acids at each
putative pro-hormone cleavage site was not conserved among
orthologs were removed from the list. Second, proteins in which
labeled cleavage sites formed part of a longer stretch of basic
residues were removed. These regions were likely to be nuclear
localization signals or other basic amino acid domains rather
than pro-hormone cleavage sites. Finally, we required a signifi-
cant change in amino acid homology surrounding at least one
putative cleavage site. In known peptide hormones, pro-
hormone cleavage sites typically separate highly from poorly
conserved regions. For this calculation, a significant change was
defined as >30% change in average homology index (Livingstone
and Barton 1993) for the five amino acids preceding and follow-
ing the putative cleavage site. Two out of 61 proteins satisfied all
three criteria. These candidate peptide hormones ranked 41 and
276 in our list and were called spexin (Ensembl: ENSPO0000256969)
and augurin (Ensembl: ENSPO0000238044), respectively. Spexin
carries a SWISS-PROT annotation as containing a putative ami-
dated peptide (http://www.expasy.org/uniprot/Q9BT56), and au-
gurin was previously identified as a gene expressed in esophageal
cancer cell lines (Su et al. 1998). However, to the best of our
knowledge, our study is the first to argue that augurin encodes a
peptide hormone.

Characterization of candidate peptide hormones

The primary structure of human spexin and augurin precursors is
shown in Figure 3. Both proteins contain obvious signal peptide
sequences and cleavage sites as well as at least one putative di-
basic residue pro-hormone cleavage site. Spexin contains a small,
15 amino acid region flanked by putative dibasic pro-hormone
cleavage sites that is highly conserved in mammals, birds, and

N-FLAG

>

(7]

TOP

fish (for a full alignment of spexin and augurin orthologs, see
Supplemental Fig. S1). The presence of a glycine residue at the
end of this putative peptide suggests that it is processed and
amidated, a common feature of peptide hormones (Eipper et al.
1992). Augurin, on the other hand, contains a single putative
pro-hormone cleavage site followed by a single, long putative
peptide that is highly conserved in mammals and fish. Both
spexin and augurin peptides contain many aromatic amino acids, a
feature typical of peptide hormones. Finally, there is a signifi-
cant increase in sequence conservation that coincides with the
N-terminal putative pro-hormone cleavage site in both spexin
and augurin, further supporting a biological role for these features.

To study intracellular trafficking of spexin and augurin, the
eight amino acid Flag antigen sequence (DYKDDDDK) was in-
serted just upstream and downstream of the putative spexin and
augurin peptides (Fig. 3). As a control, Flag antigen was also in-
serted just upstream of neuropeptide K (NPK) in the human beta-
preprotachykinin (TAC1I) gene. Previous studies have shown that
Flag sequences are compatible with proteolytic cleavage just N-
terminal to the Flag sequence (Duguay et al. 1995). Immunocy-
tochemistry with Flag antibodies following transfection of Flag-
NPK, Flag-spexin, and Flag-augurin into a rat pancreatic cell line
demonstrated colocalization of Flag antigen with endogenous
insulin in punctate intracellular bodies (Fig. 4). This colocaliza-
tion suggested that spexin and augurin, like neuropeptide K, un-
derwent trafficking into dense core granules of the secretory
pathway, a hallmark of peptide hormones.

To determine whether spexin and augurin were processed and
secreted, cell supernatants were collected from rat pancreatic cells
transfected with Flag-NPK, N-Flag-spexin, C-Flag-spexin, and Flag-
augurin. Western blotting of supernatant from N-Flag-spexin trans-
fected cells, revealed three Flag-immunoreactive bands (13, 12, and
6 kDa), consistent with secretion of processed spexin products
(Fig. SA,B). Western blotting of supernatant from Flag-NPK trans-
fected cells revealed processing and secretion of neuropeptide K,
consistent with previous studies (Fig. SA; Conlon et al. 1988). To
determine whether the 6-kDa band could represent completely
processed spexin peptide, we transfected cells with a truncated

spexin protein, called N-Flag-Aspexin, in
which a stop codon had been engineered

f 10 20 30 40 Spexin 60 to replace the C-terminal putative pro-
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Figure 3. Primary structure of spexin and augurin. Sequence of spexin and augurin with the signal
peptide underlined, pro-hormone cleavage sites boxed, and predicted processed peptide indicated in
gray. Arrows indicate where the Flag antigen sequence (DYKDDDDK) was inserted to facilitate immu-
nochemical detection of peptide products. Conservation among orthologs is shown below: (*) identity,
(:) high homology; (-) low homology. The C-terminal glycine residue of the predicted spexin peptide
is likely to be removed and the peptide amidated, a feature common to known peptide hormones.
Both spexin and augurin peptides are enriched in aromatic amino acids.
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C-Flag-spexin transfected cells that re-
i vealed bands at 12 kDa and 8 kDa (Fig.
5C). The 12-kDa band corresponds to
the 12-kDa band seen for N-Flag-spexin
(Fig. 5C), while the 8-kDa band repre-
sents C-terminally cleaved spexin. The
absence of the 13-kDa band for C-Flag-
spexin supports the argument that pro-
cessing N-terminal of spexin peptide oc-
curred in both N-Flag- and C-Flag-spexin
and that this appears to proceed more
efficiently for C-Flag-spexin.
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LW NPK

FLAG

Figure 4. Colocalization of spexin and augurin with insulin in endo-
crine cells. Flag-tagged NPK, spexin, and augurin were transfected into
rat pancreatic cells and fixed cells subjected to double immunofluores-
cence with Flag and insulin antibodies. (A) Neuropeptide K, (B) spexin,
and (C) augurin show colocalization with insulin in small, cytoplasmic
punctate structures. In all cases the majority of Flag immunoreactive
puncta are also positive for insulin.

Western blotting of supernatant from Flag-augurin trans-
fected cells revealed a pair of Flag-immunoreactive bands consis-
tent with secretion of the pro-peptide and a processed variant (10
and 8 kDa) (Fig. 5D). Recognition of the Flag-augurin products by
a Flag antibody that binds only N-terminal Flag antigen (M1)
suggests that cleavage occurred at the predicted dibasic cleavage
site just upstream of the Flag tag and supports the argument that
the 8-kDa band reflects cleavage at a site near the C terminus of
augurin. We speculate that this cleavage may occur at the non-
canonical cleavage motif surrounding Arg132 (Fig. 3A). As ex-
pected, immunoblotting of the same supernatant with a Flag
antibody that recognizes both N-terminal and embedded Flag
epitopes (M2) revealed a high-molecular-weight product not rec-
ognized by the M1 antibody and corresponding to the full-length
pro-peptide (Fig. 5D). Secretion and processing of Flag-augurin
was confirmed in a second rat pancreatic cell line, RINmS5f, that
expresses high levels of insulin and forms distinct B-islet-like cell
clusters (data not shown). These findings demonstrate that both
spexin and augurin are processed and secreted when expressed in
endocrine cells.

In situ hybridization localized spexin mRNA to the submu-
cosal layer of esophagus and stomach fundus (Fig. 6A), a tissue
containing the submucous plexus of the enteric nervous system
and known to express several peptide hormones (e.g., gastrin-
releasing peptide, vasoactive intestinal peptide) involved in the
control of smooth muscle contractility (Costa et al. 2000). To
examine whether the predicted peptide product of spexin could
moderate smooth muscle contractility, a synthetic amidated
spexin peptide, NWTPQAMLYLKGAQ-amide (Fig. 3A), was tested
in a stomach explant contractility assay (Severini et al. 2000). The
spexin peptide dose-dependently induced contraction of stom-
ach muscle with an ECg, of 0.75 pM (Fig. 7). These findings

demonstrate a biological activity for spexin and strongly support
our hypothesis that spexin is a novel peptide hormone.

In situ hybridization revealed prominent augurin expres-
sion in mouse endocrine tissues, including the intermediate lobe
of the pituitary, glomerular layer of the adrenal cortex, choroid
plexus, and atrio-ventricular node of the heart (Fig. 6B). The in-
termediate lobe of the pituitary contains melanotrophs that pro-
duce alpha-melanocyte-stimulating hormone and beta-endor-
phin and whose role in mammalian physiology remains poorly
understood (Mains and Eipper 1979; Saland 2001), while the glo-
merular layer of the adrenal cortex produces aldosterone and is
involved in the regulation of salt homoeostasis (Connell and
Davies 2005). In the heart, augurin mRNA localizes to a distinct
set of cells that lie on either side of the ventricular valve and are
likely to contribute to the cardiac conduction system. In situ
hybridization on embryonic day 18.5 (E18.5) mouse revealed au-
gurin mRNA in adrenal cortex, choroid plexus, and bone (data
not shown). The expression pattern of augurin suggests that it is
likely to express a secreted protein with a role in the modulation
of salt and energy homeostasis, cardiovascular function, and ce-
rebral spinal fluid composition.

Discussion

We have used a sequence-based approach to identify two candi-
date novel peptide hormones, which we called spexin and au-
gurin. Both spexin and augurin were colocalized with insulin in
the secretory pathway and were processed and secreted following
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Figure 5. Identification of spexin and augurin in cell supernatants.

Vector control and Flag-tagged NPK, spexin, and augurin were trans-
fected into rat pancreatic cells in culture, and cell supernatants were
harvested and submitted to immunoblotting with a Flag antibody. (A)
Supernatants from Flag-NPK and N-Flag-spexin transfected cells con-
tained high (solid arrow) and low (open arrow) mobility bands that re-
flected processing of Flag-tagged products from these constructs. (B)
Supernatant from N-Flag-Aspexin transfected cells contained a 4-kDa
band, suggesting that the 6-kDa product seen for N-Flag-spexin was the
result of cleavage significantly C-terminal to the spexin peptide. (C) Su-
pernatant from C-Flag-spexin contained two bands (12 and 8 kDa), con-
firming C-terminal cleavage of spexin pro-peptide. A 12-kDa product is
seen for both N-Flag and C-Flag spexin (open arrow), while a 13-kDa
product is seen only in N-Flag-spexin and corresponds to incompletely
N-terminally processed spexin (closed arrow). (D) The presence of two
bands (10 and 8 kDa, solid arrows) in supernatant from Flag-augurin
transfected cells probed with M1 Flag antibody demonstrated cleavage of
augurin at the putative pro-hormone cleavage site as well as close to the
C terminus of the pro-peptide. The same immunoblot probed with M2
Flag antibody revealed an additional low-mobility product, confirming
cleavage at the predicted dibasic cleavage site immediately adjacent to
the Flag tag (open arrow).
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transfection in endocrine cells. Furthermore, both spexin and
augurin mRNA were expressed in endocrine tissues, and a pre-
dicted spexin peptide induced smooth muscle contractility in a
stomach explant assay. Our findings confirm that most previ-
ously identified peptide hormones in the human proteome can
be identified using a sequence-based screening approach. Our
discovery of two novel peptide hormones suggests that our
method is useful for the systematic screening of proteomes for
biologically active peptides.

Several factors are likely to have prevented us from identi-
fying additional candidate peptide hormones. First, we based our
search on annotated protein databases that depend heavily on
ESTs and full-length cDNAs for gene prediction. Given the poor
expression level and restricted expression pattern of many
known peptide hormones, it is possible that some peptide hor-
mone genes are not present in these databases. Second, we de-
cided to focus on hypothetical or poorly annotated proteins and
did not apply our HMM to search for novel peptides produced by
previously characterized, well-known genes. Recently, the pep-
tide hormones obestatin and salusin were discovered to be pro-
duced by the ghrelin (Zhang et al. 2005) and Torsin 2A (Shichiri
et al. 2003) genes, respectively, and further examples of such
peptide hormone symbiosis are likely to exist. Finally, we used
stringent criteria based on sequence conservation to identify
spexin and augurin from among 61 high scoring candidates.
Many proteins in this group failed the criterion requiring a shift
in conservation across at least one cleavage site simply because
they lacked distant orthologs and thus sufficient information to

stomach

A esophagus

Figure 6. Expression of spexin and augurin mRNA in mouse tissues. (A)
In situ hybridization with antisense (as) and sense (s) probes detected
spexin mRNA in the submucosal layer (SML) of the esophagus and stom-
ach fundus. (B) In situ hybridization with antisense (as) and sense (s)
probes detected augurin mRNA in the intermediate lobe (I) of the pitu-
itary (A, anterior; P, posterior), glomerular layer (GL) of the adrenal cortex
(Ctx, cortex; Med, medulla), choroid plexus (CP), and atrio-ventricular
node of the heart (AVN) (A, aorta; V, ventricle).
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Figure 7. Spexin is a biologically active peptide hormone. (A) Repre-
sentative muscle contractile response to 10 pM acetylcholine (ACh) and
1 puM spexin peptide (NWTPQAMLYLKGAQ-amide) in a rat stomach ex-
plant assay. Repeated administration of spexin peptide produced similar
contactile responses. (B) Cumulative dose-response curve for contractile
activity of spexin peptide on rat stomach explants (EC;,=0.75 uM,
N = 6). Error bars indicate standard error.

draw conclusions based on sequence conservation. Thus, it is
possible that additional peptide hormones were overlooked
among the top 61 high scoring proteins.

We believe that the HMM approach presented here could be
extended to provide better sensitivity and specificity. First, the
peptide hormone HMM could be combined with a DNA se-
quence HMM to create a peptide hormone-specific gene predic-
tion method. Second, our use of orthology information was
somewhat ad hoc, and integrating protein homology data inter-
nally into each state in the manner of phylogenetic HMMs in
DNA sequence (Pedersen and Hein 2003; Siepel et al. 2005) could
be envisioned. Third, it is clear that our background model (in
this case, a simple one-state distribution of average amino acid
content) is not rich enough to capture other features in real pro-
tein sequences, which may mislead the HMM. Nevertheless, this
initial HMM, coupled with some downstream computational
screens, has already provided several candidates for further bio-
chemical screens and compares favorably to other experimental
screening approaches.

Although there is considerable scope for improvement of
the HMM, our initial results suggest that there is a low number
(<15) of undiscovered peptide hormone precursors in the exist-
ing set of cDNA- and EST-supported genes (26% of 61 hypotheti-
cal or poorly annotated top scoring proteins) (see Fig. 2B). A more
sophisticated HMM with less reliance on cDNA/EST based pre-
dictions will allow us to more confidently establish whether we
have captured most peptide hormones with this biological
model. The combination of computational screens and targeted
biochemical verification will be a main route for further discov-
eries of peptide hormones.

Methods

Bioinformatics

Protein sequence data sets for the training of HMM states were
retrieved from public databases using SRS (Sequence Retrieval
System, http://www.expasy.org/srs5/) and Perl scripts—signal
peptide: a previously curated set of 1011 nonredundant eukary-
otic signal peptide-containing proteins (http://www.cbs.dtu.dk/
ftp/signalp/euksig.red); extracellular: 5914 human SWISS-PROT
entries with FtDescription = “extracellular”; intracellular: 7229
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human SWISS-PROT entries with FtDescription = “cytoplasmic”;
peptide: 448 human SWISS-PROT entries with FtKey = “peptide”;
transmembrane: 15,730 human SWISS-PROT entries with
FtKey = “transmem.” Signal peptides were aligned using their hy-
drophobic and predicted cleavage sites features using a custom
Perl script. The hydrophobic region was defined as the stretch
of amino acids where the number of hydrophobic residues
(AILFVMWY)/length was maximal. Amino acid frequencies and
lengths for the signal peptide states were derived from this align-
ment. For pro-hormone convertase 1/2 and furin cleavage sites,
data sets were retrieved from the MEROPS database and aligned
at the cleavage site using a custom Perl script. Amino acid fre-
quencies and lengths for the other feature states were directly
derived from the relevant protein sets. This information was used
to build the observation and transition matrices. Labeling and
scoring were performed using Viterbi and forward-backward al-
gorithms (Rabiner 1989), respectively, in Java. For the I, E,, P,,
and T, states, we modified the Viterbi algorithm to allow transi-
tion probabilities to depend on current state duration. This modi-
fication enabled us to model nongeometric transition probabili-
ties (Ramesh and Wilpon 1992). Selection of candidate peptide
hormones from the top 300 proteins was carried out by hand
with the aid of a custom Java tool that displayed the score and
assigned states of each protein. All custom scripts are available at
http://bioinfo.embl.it/.

Cell culture and secretion assays

Unless otherwise noted, all cell culture was carried out in rat
pancreatic B-TC3 cells (Efrat et al. 1988) in growing media
(DMEM, 15% horse serum, 2.5% FBS). Forty-eight hours after
transfection, cells were switched to serum-free RPMI media, and
supernatant was collected for 24 h. In the case of Figure SA,
growing media was replaced immediately following transfec-
tion, and supernatant was collected for 48 h and immuno-
precipitated with Flag antibodies. RINmSf cells (Gazdar et al.
1980) were grown in RPMI, 10% FBS. Supernatants were precipi-
tated with acetone prior to immunoblotting. Transfection was
carried out using Lipofectamine 2000 (Invitrogen) with transfec-
tion efficiency controlled by spiking 1:20 with a GFP expression
plasmid (pLP-EGFP-C1 plasmid; Clontech). Human spexin
(IMAGP958N21321), mouse augurin (IRAVp968F095D6), and
human TACI (IRATp970E0722D6) cDNA were obtained from
RZPD. Flag-tagged expression constructs were designed with the
Flag sequence (DYKDDDDK) inserted precisely at the beginning
or end of the putative processed peptide. For neuropeptide K,
Flag was inserted at residue 72 just before the first amino acid of
neuropeptide K. For Flag-Aspexin, a stop codon was engineered
just following the glycine residue of the putative spexin peptide.
M2, and where indicated M1, Flag antibody was used (Sigma).

Immunocytochemistry

Rat pancreatic RINmSf cells were cultured in serum-containing
RPMI medium, transfected with Flag-tagged NPK, spexin, and
augurin, and grown for 48 h before fixation. Double fluorescent
immunolabelling was performed with M2 Flag (Sigma) and insu-
lin antibodies (Dako) following established protocols and visual-
ized by confocal microscopy. Goat anti-mouse Alexa-488 and
Goat anti-guinea pig Alexa-568 (Invitrogen) secondary antibod-
ies were used.

In situ hybridization

Tissues and E18.5 embryos were dissected, fixed overnight in 4%
paraformaldehyde, and embedded in paraffin. In situ hybridiza-
tion using digoxigenin-labeled or *°S-CTP-labeled probes on

8-um paraffin sections was performed according to procedures
previously described (Neubuser et al. 1995; Niederreither and
Dolle 1998). Briefly, sections were dewaxed, rehydrated, digested
with proteinase K, and hybridized with probe at 65°C. Post-
hybridization washes in 20% formamide, 0.5 X SSC were done at
60°C. The spexin probe was a 0.3-kb cDNA fragment cloned from
mouse brain RNA (primers: 5'-ACAGGGTCGGAACATGAAGGG,
3"-AAGAGTCTGTCTTCCAAGAGTTCGC). The augurin probe
was a 0.4-kb fragment amplified from mouse adrenal RNA (prim-
ers: 5'-CACCATGAGCACCTCGTCTGCG, 3'-TCTGTGGGCACC
TCAGGG).

Explant assay

Albino Wistar female rats (250-350 g; Charles River) were sacri-
ficed by inspiration of 75% CO,, and stomach fundus muscles
strips were isolated, washed in fresh Tyrode’s solution (137 mM
NaCl, 5.4 mM KCl, 0.5 mM MgCl,, 1.8 mM CaCl,, 10 mM glu-
cose, 11.9 mM NaHCO3;, 0.4 mM NaH,PO, at pH 7.4), mounted
vertically in a 5-mL organ bath in oxygenated (95% O,, 5% CO,)
Tyrode’s solution, and maintained at 37°C. The segments were
stretched to a tension of 2.0 g and allowed to equilibrate for
30-60 min, with the superfusion buffer changed every 15-20
min. At the beginning of each experiment, acetylcholine chlo-
ride (ACh 10~ M) was applied to achieve a maximal control
contraction. The potency of contractions was recorded isometri-
cally by a strain gauge transducer (DY 1; Ugo Basile) and dis-
played on a recording microdynamometer (Unirecord; Ugo Ba-
sile). When reproducible responses to ACh were obtained, in-
creasing concentrations (from 10~ ° to 10~ ° M) of synthetic
amidated spexin peptide (NWTPQAMLYLKGAQ-amide; Primm)
were applied every 2 min to establish a cumulative dose-response
curve followed by washing and recovery for minimum 20 min.
The ECs, was calculated by interpolation from the cumula-
tive dose-response curve. Consecutively, single doses of spexin
10~ ° M were applied until reproducible responses were obtained.
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