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Abstract
Previous work from our laboratory has established that cellular signaling processes of endogenous morphine are mediated by cognate G protein coupled receptor (GPCR) proteins, designated μ3 and μ4 opiate receptors. μ3 and μ4 opiate receptors are structurally unique “short” 6
transmembrane helical (TMH) domain GPCRs that are selectively responsive to endogenous
morphine and not to families of endogenous opioid peptides. The goal of the present study was
to provide protein sequence and conformational analysis of a predicted novel “short” µ opioid
receptor mRNA in domestic chicken utilizing well established computer-assisted tools.
The nucleic acid sequence of the predicted mRNA was derived by Gnomon, an automated computational analysis algorithm provided by the NCBI and was translated into corresponding
amino acid sequences using the widely accepted proteomics server, ExPASy. Conformational
analysis of predicted amino acid sequences, as derived by ExPASy, was performed using the
TMHMM computer program. BLAST software was used to perform comparative amino acid
sequence analyses of the predicted μ opiate receptor protein in chicken to previously deposited
μ opiate receptor sequences from other species.
Based on high resolution predictive measures, it appears likely that poultry express a μ opiate
receptor mRNA encoding one or two novel “short” GPCRs with similar biochemical characteristics as described for μ3 and μ4 opiate receptors as well as traditional μ1 opioid receptors.
The expression of biologically unique, functional “short” μ opiate receptor proteins in chicken
not only reinforces the primacy of said receptor, but in doing so provides us with a window for
understanding evolutionary processes underlying GPCR diversity.

INTRODUCTION
Previous work from our laboratory has focused on the elucidation of biochemical, cellular, and molecular mechanisms underlying the regulatory roles of endogenously expressed, chemically authentic, morphine in animal cells and
organ systems. As a critical corollary, we have established that cellular signaling processes of endogenous morphine
are mediated by cognate G protein coupled receptor (GPCR) proteins, designated µ3 and µ4 opiate receptors. µ3 and
µ4 opiate receptors are structurally tailored to be selectively activated by morphine and morphine-related opiate alkaloids and not by related families of endogenous opioid peptides (Cadet et al 2003; Cadet et al 2007) and are functionally coupled to activation of constitutive nitric oxide (NO) production and release (Atmanene et al 2009; De Gennaro
Colonna et al 2009; Fricchione et al 2008; Pflueger et al 2009; Stefano et al 2009a,b; Tanii et al 2008).

The unique structural features of µ3 and µ4 opiate receptors are determined post-transcriptionally via selective
splicing of the primary transcript of the μ1 opioid receptor (MOR) gene. Mature µ3 and µ4 opiate receptor-encoding
mRNAs translate into receptor proteins lacking an amino acid sequence of approximately 90 amino acids that constitute the extracellular N-terminal and transmembrane helical (TMH)1 domains and part of the first intracellular loop of
the μ1 receptor, but retain the empirically defined ligand binding pocket distributed across conserved TMH2, TMH3,
and TMH7 domains of the μ1 sequence. In effect, µ3 and µ4 opiate receptors are “short” 6TMH domain GPCRs that
are selectively responsive to endogenous morphine. The evolutionary and biological significance of the μ3 opiate receptor is further enhanced by our recent finding that it is present on human stem cells as is its variant, the µ4 opiate
receptor, in the absence of the traditional 7 TMH domain µ opioid receptor (Cadet et al 2007). A schematic representation of 6 TMH μ opiate receptors is depicted in Fig. 1, below.
Our compelling demonstration of novel “short” 6 TMH domain μ3 and μ4 opiate receptors stimulated an exhaustive
search of existing databases to determine whether additional 6TMH domain μ opiate receptors were expressed in
various animal species. Interestingly, access of the National Center for Biotechnology Information (NCBI) database
yielded a predicted chicken µ opioid receptor mRNA sequence (Fig. 2) that provided putative evidence supporting the
existence of one or two novel “short” µ opiate receptors in the domestic chicken. Upon further analysis utilizing well
established computer-assisted prediction tools, it appears likely that poultry express novel “short” GPCRs with similar
biochemical characteristics as described for µ3 and µ4 opiate receptors as well as traditional MOR’s.

MATERIALS AND METHODS
The NCBI database provided access to a predicted mRNA sequence with a shortened open reading frame, accession
number XR_026927, corresponding to a potentially novel µ opiate receptor in chicken. The nucleic acid sequence
(Fig. 2) was derived by Gnomon, an automated computational analysis algorithm provided by the NCBI. The algorithm accesses the Reference Sequence Collection (McEntyre & Ostell 2002; Pruitt et al 2007), a computer database
that aims to provide a comprehensive and integrated well annotated set of sequences for taxonomically diverse eukaryotes. Because the 5’ end of predicted mRNA sequence was observed to contain three potential ATG start codons,
consensus sequence analysis of Translation Initiation Sites (TIS) was performed as previously described (Cavener &
Ray 1991; Kochetov 2005; Kochetov 2008; Kozak 2002; Kozak 2005a,b).
Nucleic acid sequence information contained within the predicted mRNA was translated into a corresponding
amino acid sequence using the widely accepted proteomics server, ExPASy (Expert Protein Analysis System) provided by the Swiss Institute of Bioinformatics. Conformational analysis of predicted amino acid sequences, as derived
by ExPASy, was performed with the aid of the computer program TMHMM Server v. 2.0 provided by the Center for
Biological Sequence Analysis at the Technical University of Denmark. TMHMM is a membrane protein topology
prediction method based on a hidden Markov model (Churchill 1992; Durbin et al 1998; Krogh et al 1993; Krogh et al
2001) and is designed to predict the placement of TMH domain regions within 97–98% accuracy (Krogh et al 2001).
The model consists of a set of states, each one corresponding to a different region of the total protein sequence to be
modeled. Each state has an associated probability distribution over the 20 amino acids (emission frequency) characterizing the compositional bias (e.g., hydrophobicity and charge) of amino acids in the corresponding region. The architecture of the model specifies how these states are connected to one another, so the transitions from state to state
reflect how biologically the different regions are assembled to form the entire protein (Kahsay et al 2004).
Finally, the bioinformatics software BLAST (Basic Local Alignment Tool) (Altschul et al 1997) was used to perform comparative amino acid sequence analyses of the predicted µ opiate receptor protein in chicken to previously
deposited µ opiate receptor sequences from other species contained within the NCBI’s database (Altschul et al 1997).
A “global alignment” was utilized in the comparisons below. This type of alignment attempts to align two sequences
over their entire length.

RESULTS
1. A predicted mRNA sequence corresponding to a novel “short” µ opiate receptor in domestic chicken
An in depth search of the NCBI’s database yielded a predicted mRNA sequence corresponding to a novel “short” µ
opiate receptor in domestic chicken, accession number XR_026927 (Fig. 2). The predicted mRNA sequence was derived by Gnomon from the annotated genomic sequence (NW_001471669.1) found on Gallus gallus chromosome 3
and is schematically depicted in Fig. 3 along with a comparison depiction of the maturation of human 1 opioid receptor mRNA from the MOR gene. The TIS for the human MOR is contained within the first Exon. The chicken receptor
has multiple potential in frame TISs. The first and second are contained within Exon 1 and the third within Exon 2.

These bioinformatics data indicate that in the domestic chicken, mature µ opiate receptor mRNA contains 4 contiguous spliced exons of approximately 1.1 kb derived via post-transcriptional processing of a 21.5 kb primary transcript, as enumerated in Tab. 1 and illustrated in Fig. 3. Interestingly, mature µ1 opioid receptor mRNA also contains
4 contiguous spliced exons of approximately 2.2 kb, but is derived via post-transcriptional processing of an approximate 80 kb primary transcript. From a comparative perspective, it is apparent that the relative proportion of intronic
DNA found in the human MOR genomic sequence far exceeds that found in the corresponding chicken MOR genomic sequence. Comparative maps of Exon and Intron domains found in human and chicken MOR genomic sequences are schematically depicted in Fig. 3.
2. ExPASy translation of predicted mRNA open reading frames into corresponding amino acid sequences
Consensus sequence analysis of probable TIS (Fig. 2, bolded initiation codons) was performed as according to guidelines, as previously described (Cavener & Ray 1991; Kochetov 2005; Kochetov 2008; Kozak 2002; Kozak 2005a,b).
Accordingly, predicted nucleotide sequences utilizing the first and the third initiation codons (Fig. 4) as likely TIS
candidates were translated into two probable protein sequences of 327 and 300 amino acids (Fig. 5), respectively, using the Translation Web Tool provided by EXPASY (Expert Protein Analysis System). The two predicted protein
sequences are schematically represented in Fig. 5.
3. TMHMM-mediated conformational analysis of probable µ opiate receptor protein sequences
TMHMM software was employed to provide theoretical topological mapping of TMH domains within the predicted
327 and 300 amino acid opiate receptor protein species. Fig. 6 presents a theoretical map of the TMH domains in the
300 amino acid protein species in its native, membrane-associated, conformation. Schematic depictions of the predicted 300 and 327 amino acid µ opiate receptor protein species are depicted in Figs. 7 and 8, respectively. Computational analysis of the smaller 300 amino acid µ opiate receptor protein species indicates a 6TMH domain GPCR with
an identical membrane topology to native μ3 and μ4 opiate receptors. Interestingly, computational analysis of the larger 327 amino acid µ opiate receptor protein species indicates a novel 7TMH domain GPCR lacking a typical extracellular domain containing consensus N-linked glycosylation sites. In both cases, predictive measures indicate that
the domestic chicken expresses one or two novel “short” GPCRs with similar biochemical characteristics as previously described for µ3 and µ4 opiate receptors as well as traditional MOR’s.
4. BLAST (Basic Local Alignment Tool)-mediated comparative amino acid sequence analyses
BLAST analysis yielded an N-terminal sequence homology of 96% for an alignment containing amino acid residues
1–290 of the predicted 300 amino acid chicken µ opiate receptor in comparison to amino acid residues 1–290 of the
292 amino acid µ4 opiate receptor (MOR1W [Homo sapiens]Accession Number AAR11568).
BLAST analysis yielded a C-terminal sequence homology of 96% for an alignment containing amino acid residues
1–300 of the predicted 300 amino acid chicken µ opiate receptor in comparison to amino acid residues 101 to 400 of
the 400 amino acid µ1 opiate receptor (MOR-1 [Homo sapiens] Accession Number NP_000905).

DISCUSSION
1. Principal predictions
A predicted mRNA sequence corresponding to a novel “short” µ opiate receptor in domestic chicken was derived by
Gnomon from the annotated genomic sequence (NW_001471669.1) found on Gallus gallus chromosome 3 (Fig. 3).
Consensus sequence analysis of probable TIS was performed as according to Kozak sequence guidelines, as previously described (Cavener & Ray 1991; Kochetov 2005; Kochetov 2008; Kozak 2002; 2005a,b). Accordingly, predicted nucleotide sequences utilizing the first and the third initiation codons (Fig. 4) as likely TIS candidates were
translated into two probable protein sequences of 327 and 300 amino acids (Fig. 5). Computational/conformational
analysis of the smaller 300 amino acid opiate receptor protein species indicates a 6TMH domain GPCR with an identical membrane topology to native μ3 and μ4 opiate receptors, whereas a similar analysis of the larger 327 amino acid
µ opiate receptor protein species indicates a novel 7TMH domain GPCR lacking a typical extracellular domain containing consensus N-linked glycosylation sites (Figs. 7 and 8, respectively). In both cases, predictive measures indicate that the domestic chicken expresses one or two novel “short” GPCRs with similar biochemical characteristics as
previously described for µ3 and µ4 opiate receptors as well as traditional MOR’s.

As confirmed by BLAST analysis, the 300 amino acid 6 TMH domain chicken μ opiate receptor may be operationally defined as an N-terminally truncated “short” homolog of the μ1 opioid receptor (Fig. 9). Furthermore, the selectively tailored chicken μ opiate receptor is predicted to retain the obligate morphine binding pocket conserved throughout the 2, 3, and 7 helical domains of the µ1 receptor. We have previously hypothesized that conformational stabilization provided by conformational interaction of glycosylated extracellular N-terminal protein domains and the extracellular loops is required for binding of endogenous opioid peptides as well as synthetic flexible opiate alkaloids. Accordingly, the absence of the glycosylated extracellular N-terminal domains in the primary sequences of both µ3 and µ4 opiate receptors is hypothesized to confer high selectivity for morphine and related rigid morphinan alkaloids due to the
absence of secondary stabilization. Due to the novel 6 TMH domain configuration and sequence identity to μ3 and μ4
opiate receptors at its N-terminus, we predict that the 300 amino acid chicken μ opiate receptor functions as a “hybrid”
signaling GPCR with selective preference for morphine and related morphinan alkaloids with the exclusion of endogenous opioid peptides (Cadet et al 2003; Cadet et al 2007). Similar criteria relating to ligand selectivity will most certainly apply to the predicted novel “short” 7TMH domain 327 amino acid chicken μ opiate receptor due to the genetic
deletion of the glycosylated extracellular N-terminal domain.
2. Biological ramifications of the predictions
Based on guidelines established by Kozak and coworkers (Kochetov 2005; Kozak 2005b) it appears that mature
chicken μ opiate receptor-encoding mRNA contains two probable TISs with the potential for translation of two distinct 300 and 327 amino acid µ opiate receptor proteins. Prior literature indicates that many mRNAs are capable of
producing functionally distinct proteins using different in frame start codons within the same mature fully spliced
mRNA (Gray & Wickens 1998; Kochetov 2008). Furthermore, the effects of upstream start codons can vary with cell
type during differentiation (Descombes & Schibler 1991; Imataka et al 1994; Lin et al 1993; Zimmer et al 1994). Accordingly, mature chicken μ opiate receptor-encoding mRNA may be similarly translated into one or two functional
receptor proteins that are sorted or expressed according to tissue or cell type. Morphine and other chemically related
opiate alkaloids represent classical and reliable analgesic principles for management of severe pain associated with
disease (Merlin 1984; Stefano et al 2005). Paradoxical morphine-mediated hyperalgesia in the presence of typical
morphine-mediated respiratory depression has been observed in the domestic chicken (Hughes et al 2009; Hughes &
Sufka 1991; Sufka et al 1991). It is a reasonable, therefore, to speculate that these markedly different physiological
responses to administered morphine may be due differential expression of the 300 vs. the 327 amino acid μ opiate
receptor in spinal cord and brain stem loci.
From a comparative perspective, it is apparent that the relative proportion of intronic DNA found in the human
MOR genomic sequence far exceeds that found in the corresponding chicken MOR genomic sequence (Table 1). The
link between genome size and metabolic rate was first made in 1970 by Henryk Szarski (Szarski 1970; Szarski 1976;
Szarski 1983). Birds have the smallest genome when compared to other vertebrates including humans (Gregory
2002). Avian species require a high metabolic rate to carry out basic physiological functions. The metabolic advantage of a smaller, relatively streamlined genome within all cells allows cells not only to be smaller but operationally
expands cellular surface area to volume ratios. Smaller genomes do not necessarily mean fewer genes, but rather a
more succinct use of space on the chromosomes. In effect, smaller cells are more energy efficient that larger ones,
resulting in an increased metabolic advantage. These complementary data may also contribute to understanding the
physiological role of nucleated red blood cells in birds. It is possible that avian species due to their relatively streamlined genome and smaller size do not require expulsion of the nucleus from the red blood cells before its entry into the
blood stream. In effect, the high surface to volume ratio of nucleated red cells in avian species facilitates markedly
efficient gas exchange with surrounding tissues.

CONCLUSION
The presence of this biologically unique, functional “short” membrane bound receptor protein in the chicken not only
reinforces the primacy of said receptor but in doing that it also gives us a view into a window of learning and understanding the history of evolution. The chicken is evolutionarily placed to bridge the gap between mammals and nonamniote vertebrates, and is therefore the best studied representative of all avian species, thus providing a valuable resource for understanding comparative genomics (Antin 2009). It has already been demonstrated that animal cells have
the ability to synthesize chemically authentic morphine via multienzyme mediated processes restricted by numerous
feedback inhibitory steps. Further understanding of “morphinergic” signaling mechanisms via activation of novel
“short” μ opiate receptors in poultry will provide a window of high resolution for better understanding basic physiological processes underlying human health.

REFERENCES

McEntyre J & Ostell J, editors (2002). NCBI Handbook [Internet] (The Reference Sequence (RefSeq) Project). Bethesda (MD): National Library of
Medicine (US), National Center for Biotechnology Information. http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=handbook
Antin PB, editor (2009). Model Organisms for Biomedical Research (Trans-NIH Gallus Initiative). Bethesda, MD: National Institutes of Health.
http://www.nih.gov/science/models/gallus/
Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W et al (1997). Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25: 3389–3402.
Atmanene C, Laux A, Glattard E, Muller A, Schoentgen F, Metz-Boutigue MH et al (2009). Characterization of human and bovine phosphatidylethanolamine-binding protein (PEBP/RKIP) interactions with morphine and morphine-glucuronides determined by noncovalent mass spectrometry. Med Sci Monit. 15: BR178–BR187.
Cadet P, Mantione KJ, Zhu W, Kream RM, Sheehan M, Stefano GB (2007). A functionally coupled mu3-like opiate receptor/nitric oxide regulatory pathway in human multi-lineage progenitor cells. J Immunol. 179: 5839–5844.
Cavener DR & Ray SC (1991). Eukaryotic start and stop translation sites. Nucleic Acids Res. 19: 3185–3192.
Churchill GA (1992). Hidden Markov chains and the analysis of genome structure. Computers & Chemistry. 16(2): 107–115.
De Gennaro Colonna V, Bianchi M, Pascale V, Ferrario P, Morelli F, Pascale W et al (2009). Asymmetric dimethylarginine (ADMA): an endogenous inhibitor of nitric oxide synthase and a novel cardiovascular risk molecule. Med Sci Monit. 15: RA91–101.
Descombes P & Schibler U (1991). A liver-enriched transcriptional activator protein, LAP, and a transcriptional inhibitory protein, LIP, are translated from the same mRNA. Cell. 67: 569–579.
Durbin R, Eddy S, Krogh A, Mitchison G (1998). Biological sequence analysis: probabilistic models of proteins and nucleic acids. Cambridge
University Press, ISBN 9780521629713, 386 p.
Fricchione G, Zhu W, Cadet P, Mantione KJ, Bromfield E, Madsen J et al (2008). Identification of endogenous morphine and a mu3-like opiate
alkaloid receptor in human brain tissue taken from a patient with intractable complex partial epilepsy. Med Sci Monit. 14: CS45–CS49.
Gray NK & Wickens M (1998). Control of translation initiation in animals. Annu Rev Cell Dev Biol. 14: 399–458.
Gregory TR (2002). A bird’s-eye view of the C-value enigma: genome size, cell size, and metabolic rate in the class aves. Evolution. 56: 121–130.
Hughes RA, Bowes M, Sufka KJ (2009). Morphine hyperalgesic effects on developmental changes in thermal nociception and respiration in domestic fowl (Gallus gallus). Pharmacol Biochem Behav. 42: 535–539.
Hughes RA & Sufka KJ (1991). Morphine hyperalgesic effects on the formalin test in domestic fowl (Gallus gallus). Pharmacol Biochem Behav.
38: 247–251.
Imataka H, Nakayama K, Yasumoto K, Mizuno A, Fujii-Kuriyama Y, Hayami M (1994). Cell-specific translational control of transcription factor
BTEB expression. The role of an upstream AUG in the 5’-untranslated region. J Biol Chem. 269: 20668–20673.
John SJ (2010). TOPO2, Transmembrane protein display software. http://www.sacs.ucsf.edu/TOPO2/
Kahsay RY, Liao L, Gao G (2004). An improved hidden Markov model for transmembrane topology prediction. In: (ICTAI’04) Proceedings of the
16th IEEE International Conference on Tools with Artificial Intelligence; Nov 15, 2004; Washington, DC, USA: IEEE Computer Society, p.
634–639. http://dx.doi.org/10.1109/ICTAI.2004.30
Kochetov AV (2005). AUG codons at the beginning of protein coding sequences are frequent in eukaryotic mRNAs with a suboptimal start codon
context. Bioinformatics. 21: 837–840.
Kochetov AV (2008). Alternative translation start sites and hidden coding potential of eukaryotic mRNAs. Bioessays. 30: 683–691.
Kozak M (2002). Pushing the limits of the scanning mechanism for initiation of translation. Gene. 299: 1–34.
Kozak M (2005a). A second look at cellular mRNA sequences said to function as internal ribosome entry sites. Nucleic Acids Res. 33: 6593–6602.
Kozak M (2005b). Regulation of translation via mRNA structure in prokaryotes and eukaryotes. Gene. 361: 13–37.
Krogh A, Brown M, Mian I, Sjolander K (1993). Hidden Markov models in computational biology: Applications to protein modeling. J Mol Biol.
235: 1501–1531.
Krogh A, Larsson B, von Heijne G, Sonnhammer EL (2001). Predicting transmembrane protein topology with a hidden Markov model: application
to complete genomes. J Mol Biol. 305: 567–580.
Lin FT, MacDougald OA, Diehl AM, Lane MD (1993). A 30-kDa alternative translation product of the CCAAT/enhancer binding protein alpha
message: transcriptional activator lacking antimitotic activity. Proc Natl Acad Sci U S A. 90: 9606–9610.
Merlin MD (1984). On The Trail of Ancient Opium Poppy. London: Associated University Press, ISBN 0838630979, 324 p.
Pflueger A, Abramowitz D, Calvin AD (2009). Role of oxidative stress in contrast-induced acute kidney injury in diabetes mellitus. Med Sci Monit.
15: RA125–RA136.
Pruitt KD, Tatusova T, Maglott DR (2007). NCBI reference sequences (RefSeq): a curated non-redundant sequence database of genomes, transcripts and proteins. Nucleic Acids Res. 35: D61–D65.
Stefano GB, Esch T, Kream RM (2009a). Xenobiotic perturbation of endogenous morphine signaling: paradoxical opiate hyperalgesia. Med Sci
Monit. 15: RA107–RA110.
Stefano GB, Fricchione GL, Goumon Y, Esch T (2005). Pain, immunity, opiate and opioid compounds and health. Med Sci Monit. 11: MS47–
MS53.
Stefano GB, Kream RM, Esch T (2009b). Revisiting tolerance from the endogenous morphine perspective. Med Sci Monit. 15: RA189–RA198.
Sufka KJ, Hughes RA, Giordano J (1991). Effects of selective opiate antagonists on morphine-induced hyperalgesia in domestic fowl. Pharmacol
Biochem Behav. 38: 49–55.
Szarski H (1970). Changes in the amount of DNA in cell nuclei during vertebrate evolution. Nature. 226: 651–652.
Szarski H (1976). Cell size and nuclear DNA content in vertebrates. Int Rev Cytol. 44: 93–111.
Szarski H (1983). Cell size and the concept of wasteful and frugal evolutionary strategies. J Theor Biol. 105: 201–209.
Tanii H, Higashi T, Nishimura F, Higuchi Y, Saijoh K (2008). Effects of cruciferous allyl nitrile on phase 2 antioxidant and detoxification enzymes. Med Sci Monit. 14: BR189–BR192.
Zimmer A, Zimmer AM, Reynolds K (1994). Tissue specific expression of the retinoic acid receptor-beta 2: regulation by short open reading
frames in the 5‘-noncoding region. J Cell Biol. 127: 1111–1119.

