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28 ABSTRACT

29  Endomorphins are neuropeptides which bind strongly to p-opioid receptors and are
30  considered to play important roles in pain modulation and other biological functions.
31 Two endomorphins have been identified to date, endomorphine-1 and -2; both are
32 tetrapeptides and differ by only a single amino acid difference at their third position. Both
33 peptides were isolated from bovine brains; however, their precursor genes have not been
34  identified. In this study, we found a nucleotide sequence corresponding to the
35 endomorphin-1 peptide in an expressed sequence tag (EST) database and cloned a
36  preproendomorphin-like precursor peptide from human brain ¢cDNAs. The cDNA
37  consists of nucleotide sequences of two already annotated predicted genes, and the
38  putative peptide differs by one amino acid difference from the isolated endomorphin
39  peptides. We propose here that the possibility that unknown short proteins or peptide
40  precursors may be missed by automated gene prediction programs based on similarities
41  of known protein sequences. We describe a novel concept of how to be produced
42 endomorphins from a similar peptide. The oxidatively modified base might provide a clue
43 for understanding discrepancies between nucleotide sequences on the genome and those
44 on cDNAs.

45

46  Keywords: 8-oxoguanine, endomorphin, opioid, peptide precursor

47
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48  Introduction

49  Narcotic analgesics, also known as opioids, accounted for 36% of the major
50  pharmaceutical markets of pain modulation!!). Opioid peptides are intrinsic neuropeptides
51  enzymatically processed from their precursor proteins. Three precursor proteins of
52 intrinsic opioid peptides have been reported: preproopiomelanocortin (prePOMC),
53  preproenkephalin, and preprodynorphin/®3l, These three precursors include B- and y-
54 lipotropins, PB-endorphin, adenocorticotropic hormone (ACTH), and a-, B-, and y-
55 melanocyte stimulating hormones (MSHs) in prePOMC; Met-enkephalin, Leu-
56  enkephalin, and their related peptides in preproenkephalin; and a.- and B-neoendorphins,
57  dynorphin A, dynorphin B, and related peptides in preprodynorphin®l. Endomorphin-1
58  (Tyr-Pro-Trp-Phe-NHz) and endomorphin-2 (Tyr-Pro-Phe-Phe-NHz) have been isolated
59  from bovine! and human brains® and exhibit high binding ability for the p-opioid
60  receptor, to which morphine binds strongly; however, their precursor genes have not been
61 cloned and the exact amino-acid sequences of the precursor proteins have not been
62  identified. Therefore, the biosynthesis of endomorphins attracts many researchers. A de
63  novo synthetic route of endomorphins involving reversal of peptidehydrolase catalytic
64  activities are proposed based on the experiments by injection of [°H]-Tyr-Pro into rat
65  brains!%l. It was suggested that enzymatic conjugation of smaller peptide fragments by a
66  comparable mechanism to the production of prokaryotic non-ribosomal peptide; however,
67 such a mechanism is not reported in ineukaryotic cells, and thus the proposed
68  endomorphin de novo biosynthetic mechanism still needs more robust experimental
69  confirmations. Endomorphins are now thought to be good candidates for pain
70  modulations because of their high biological activity, and improvements of their
71  metabolic stability and/or their ability to cross the blood-brain barrier are needed and well
72 studied-!%, All three of the previously reported precursor protein genes of opioid
73  peptides encode multiple neuropeptides; therefore, the preproendomorphin gene would

74  be expected to include novel bioactive peptides with potential utility for pain control. In
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75  the preceding years, we and many researchers have made efforts to find the
76  preproendomorphin genes. In the course of this effort, no one has reported the precursor
77  gene encoding the amino acid sequences of endomorphin-1 and -2, although several
78  groups, including ours, have identified nucleotide sequences that encodes similar peptide
79  sequences with endomorphins!'!l, The aim of this paper is to advocate a novel concept
80  for identifying the missing preproendomorphin gene and putative peptide precursors. We
81  suggest here the possibility of transcribing short peptides from putative protein genes
82  already annotated by gene prediction programs with some epigenetic modifications.
83
84  Endomorphins were first discovered in bovine brains
85  Endomorphin-1 and endomorphin-2 are the experimentally isolated opioid peptides that
86  show the highest affinity and selectivity for the p-opioid receptor among mammalian
87  endogenous opioid peptides. Both endomorphin-1 and endomorphin-2 were first
88  discovered in bovine brain and then later in human brain. In the case of bovine brains, it
89  was reported that ~200 ng of peptide including 75-80 % of endomorphin-1 and 15-20 %
90  of endomorphin-2, corresponding to 2.1 pmol/g, were isolated from of 157 g of bovine
91  frontal cortex!l. From the human brains, 70-fold higher contents of these peptides were
92  purified, and it was reported that the differences in concentration between the bovine and
93  human peptides were attributed to a variety of factors®l. After the isolation of the
94  endomorphin  peptides, a variety of biochemical, immunohistochemical,
95  pharmacological, and behavioral researches were performed using many different
96  approaches!'?"!4. Endomorphin-1 and endomorphin-2 activate both Ggii- and Goa-type
97  Gq proteins via the p-opioid receptor 31, The distributions of endomorphin-1 and
98  endomorphin-2 have been analyzed in detail using anti-endomorphins antibodies:!*).
99  Both peptides produce transient antihyperalgesic and analgesic effects associated with an
100  unresolved tolerance mechanism. Animal experiments using rodent models have

101 suggested that endomorphins may reduce anxiety and depression[!®!7],  Endomorphin
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102  analogs that reduce respiratory depression, tolerance, abuse liability, and motor
103 impairment have veen developed for use as new analgesic drugs®'®l. Many researches
104  using endomorphin peptides have indicated that these peptides may be endogenous
105 ligands for p-opioid receptors; however, their precursors genes have yet to be
106  identified .

107

108  Our database search identified a peptide highly similar to endomorphins

109  We have performed a database search to find the putative endomorphin precursor
110 peptides. The target nucleotide sequences were designed based on the following two
111  points. (1) C-terminal glycines in the precursors of amide peptides are essential as sources
112 for nitrogens of amide groups, because C-terminal amidation in natural peptide
113 biosynthesis in mammals is mediated by peptidylglycine a-amidating monooxygenase
114  [20-22] (2) As seen in the three known opioid prepropeptide, neuropeptides are liberated
115 by enzymes acting on their basic amino acids. The finally designed target sequences are
116  all nucleotide sequences corresponding to the peptide sequences of Lys-Tyr-Pro-Trp-Phe-
117  Gly-Lys, Lys-Tyr-Pro-Phe-Phe-Gly-Lys, Lys-Tyr-Pro-Trp-Phe-Gly-Arg, Lys-Tyr-Pro-
118  Phe-Phe-Gly-Arg, Arg-Tyr-Pro-Trp-Phe-Gly-Lys, Arg-Tyr-Pro-Phe-Phe-Gly-Lys, Arg-
119  Tyr-Pro-Trp-Phe-Gly-Arg, and Arg-Tyr-Pro-Phe-Phe-Gly-Arg. We searched the
120  mammalian expressed sequence tag (EST) database for all of nucleotide sequences
121 corresponding to these peptides. The finally identified EST had accession No.
122 AI352151.1 and was defined as qrO8h11.x1 soares total fetus Nb2HF8 9w Homo sapiens
123 ¢cDNA clone IMAGE:1940325 3', mRNA sequence. This sequence contained the
124 nucleotides corresponding to the amino acid sequence of Arg-Tyr-Pro-Trp-Phe-Gly-Arg.
125  The nucleotide sequence of accession No. AI352151.1 partially matched the genome
126  sequences of Homo sapiens chromosome 8; however, the amino acid sequence encoded
127 by this nucleotide region is Arg-Tyr-Pro-Gly-Phe-Gly-Arg.

128
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129  c¢DNA cloning of a putative preproendomorphin-1 gene and binding ability of an
130  endomorphine-1-like peptide

131  To confirm that the nucleotide sequence determined as described above was the actual
132 nucleotide sequence for this region, we performed cDNA cloning using human brain
133 cDNA, and determined the expressed mRNA sequence in the human brains. The putative
134 amino acid sequence of the encoded peptide was Arg-Tyr-Pro-Gly-Phe-Gly-Arg;
135  however, against our expectation, the identified nucleotide sequence was partly different
136  from EST accession No. AI352151.1. Alignment of the nucleotide sequences of our
137  identified full-length putative preproendomorphin-1 and the EST accession No.
138 AI352151.1 showed that these are transcriptional variants, because the nucleotide
139 sequence of EST lacks a 159 bp region in its middle part compared to that of the putative
140  preproendomorphin-1 (Figure 1A and 1B). The identified nucleotide sequence encodes
141 94 amino acids from the first methionine (Met) after the stop codon:. The identified
142 sequence has an adenosine (A) at the -3 position from the first Met, which fulfills a Kozak
143 rule and this is important for gene translation®***, We used the SignalP program to
144  predict whether the putative preproendomorphin-1 has a signal peptidel®>26l. The
145  precursor contains two other Mets in addition to the first one, and thus this nucleotide
146  sequence has three possibilities for the initiating Met. The results indicated that the N-
147  terminal 21 amino acids from the first Met are predicted to be a signal peptide that directs
148  the protein across the endoplasmic reticulum membrane in eukaryotes!?’?% (Figure 2).
149  The putative amino acid sequence encoded by this precursor would be Tyr-Pro-Gly-Phe-
150  NH: (Figure 3). Many structure-function activity studies of endomorphins have been
151  reported; however, there has been no report describing the binding ability of this peptide
152 sequence to p opioid receptors. In this study, we chemically synthesized Tyr-Pro-Gly-
153  Phe-NH», and confirmed that this peptide showed extremely weak binding ability
154  (>10,000 nM) to p opioid receptors and no binding ability to 6 and k opioid receptors

155 (data not shown).
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156 Figure 1
157 Figure 2
158 Figure 3

159  The putative preproendomorphin-1-like gene consists of the nucleotide sequences of
160  two adjacent predicted proteins
161  Using the obtained nucleotide sequence as a query, we searched the nucleotide collection

29301 and the obtained nucleotide

162  database using the nucleotide BLAST program!
163  sequence was a combination of the nucleotide sequences of two adjacent predicted
164  proteins, the predicted Homo sapiens DDHD domain containing 2 and predicted Pan
165  troglodytes nuclear receptor binding SET domain protein 3. The sequence was
166  coincident with a combination of the 3 annotated genes: (1) PREDICTED Homo sapiens
167  DDHD domain-containing 2, transcript variant X4, misc_ RNA, (2) Homo sapiens DDHD
168  domain containing 2, transcript variant 9, non-coding RNA, and (3) PREDICTED Pan
169  troglodytes nuclear receptor binding SET domain protein 3, transcript variant X6, mRNA
170  (Figure 4A and 4B). Because not only the nucleotide sequence found in the EST database
171  but also that of our obtained in human brain cDNAs is composed of these two adjacent
172 predicted genes, this putative preproendomorphin-1-like gene is transcribed in human
173 brains as a mRNA.

174 Figure 4

175

176  Oxidization of a guanine allows the delivery of peptides having the same amino acid
177  sequences as the isolated endomorphin

178  Nucleotides in the genome are naturally modified and/or damaged by genotoxic stresses
179  such as those caused by oxidative stress-related molecules, and cells have repair systems
180  to counteract the adverse effects of DNA damage in some cases causing cancers!!-33],
181  The oxidatively damaged base §-oxoguanine is caused by cellular oxidative stress due to

182  the oxidation guanine heterocycle, and this mutation leads to G—T transversion**
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183  (Figure 5A). The nucleotide sequence of cloned endomorphin-1-like peptide is TAC
184  (corresponding to a codon of Tyr)-CCT(Pro)- GGG(Gly)-TTT(Phe). When the first
185 nucleotide of the codon of Gly is T, the resulting peptide is TAC(Tyr)-CCT(Pro)-
186  TGG(Trp)-TTT(Phe) (Figure 5B), precisely the same amino acid sequence of the
187  isolated endomorphin-1. If a special condition could be established such that the guanine
188  of endomorphin-1-like gene would be oxidized and not repaired, the neuropeptide
189  possessing the same amino acid sequence as the isolated endomorphine-1 should be
190  delivered naturally. Even this region might contain positions highly sensitive to oxidation,
191 and the peptide TAC(Tyr)-CCT(Pro)-TTT(Phe)-TTT(Phe) corresponding to
192  endomorphin-2 might be produced from the identical precursor gene. Typical analysis
193  algorithms of next generation sequencing (NGS) technologies use consensus nucleotide
194  sequences to deal with sequencing errors, and thus might overlook the minor forms of
195  expressed mRNA. Neuropeptides generally bind strongly to their receptors, and therefore
196 only a small number of peptides is usually sufficient to display their bioactivity.
197  Endomorphins have strong binding ability to p-opioid receptors, more potent than that of
198  exogenous ligand morphinel!*!?1, If endomorphins are delivered only under certain lethal
199  conditions, and are not produced normally, this might explain why, historically,
200  endomorphins have been isolated from a large amount of bovine brains, although no
201  genes encoding the same amino acid sequences have yet been identified.

202

203 EXPERIMENTAL SECTION

204  Insilico cloning

205  All of the 21 mer nucleotide sequences corresponding to the amino acid sequences of
206  endomorphin-1 and endomorphin-2 with basic amino acids (Arg or Lys) in the N-
207  terminus and amidation sites (Gly-Arg or Gly-Lys) in the C-terminus were searched as
208  queries from an EST database using the blastn program under a word size setting of 8.

209
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210  c¢DNA cloning

211 Human brain, whole, QUICK-Clone cDNA was purchased from TAKARA Bio Inc.
212 (Shiga, Japan). Firstly, PCR was performed using gene-specific primers designed based
213  on ESR accession no. AI352151.1 (5°-TGCAGGCAGAAGCAGTTGGT-3" and 5°-
214 TGAAGATACAGTATTGCTCGT-3’). Furthermore, nested PCR was conducted using
215  gene-specific primers (8’-TTTTATTGTGCTTCAGTGCCA-3’ and 5’-
216 TGAAGATACAGTATTGCTCGT-3’). The obtained PCR products for an endomorphin-
217  like peptide precursor were subcloned into T-vector pMD20 (TAKARA) and nucleotide
218  sequences were analyzed (GenBank accession No. LC481596).

219

220  Peptide synthesis and receptor-binding assay

221  The endomorphin-1-like peptide H-Tyr-Pro-Gly-Phe-NH> was synthesized by the manual
222 solid phase peptide synthesis method by the Fmoc-chemistry strategy as previously
223 reported™®]. The binding ability of this peptide was analyzed by a competitive binding
224 assay using [H*]DAMGO against p-opioid receptors provided as membrane preparation
225  obtained from COS-7 cells that transiently expressed p-opioid receptors*¢. MALDI-TOF
226  m/z calcd for C2sH3NsOs+H™ (ave): 482.56; found: 482.74.

227

228 FIGURE LEGENDS

229  Figure 1. Comparison between the nucleotide sequences of the cloned putative
230  endomorphin-1-like precursor and those of EST accession No. AI352151.1. A) The
231  results of the alignment of these two sequences by the NCBI blastn program
232 (https://blast.ncbi.nlm.nih.gov/Blast.cgi) indicated that the cloned cDNA contains the
233 same nucleotide sequences with the insertion of 159 bps in its middle region. B) Dot
234 matrix view of the results of the pairwise alignment showed that the nucleotide sequences
235  of'the cloned cDNA and EST accession No. AI352151.1 were almost identical, and EST

236  accession No. AI352151.1 was divided by the inserted sequence of the cloned cDNAs.
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237

238  Figure 2. Prediction of a signal peptide of the putative endomorphin-1-like
239  precursor peptide. The first 21 amino acids from the initial Met are predicted to be a
240  secretion signal peptide from Eukarya with a high likelihood score of 0.9197. The
241  probability scores of a cleavage site between amino acid positions 22/23 and 24/25 are
242 0.4909 and 0.3616, respectively. The probability scores at each amino acid position are
243  indicated as a secretion signal peptide (red line), cleavage site (green line), and other

244 (yellow line).
245

246  Figure 3. The nucleotide sequence of the cloned putative endomorphin-1-like
247  precursor and its translated amino acid sequence. The cloned cDNA encodes a 94
248  amino acid precursor peptide. This precursor has two putative amidation sites Gly-Arg.
249  The amino acid sequence of the encoded peptide appears to be Tyr-Pro-Gly-Phe-NHa, in
250  which the third amino acid residue is different from that in endomorphin-1: Tyr-Pro-Trp-
251  Phe-NHoa.

252

253  Figure 4. The nucleotide sequence of the cloned putative endomorphin-1-like
254  precursor consists of two already annotated adjacent genes predicted to be proteins.
255 A) The nucleotide sequence consists of predicted Pan troglodytes nuclear receptor
256  binding SET domain protein 3 (NSD3) and predicted Homo sapiens DDHD domain-
257  containing 2 (DDHD) located on human chromosome 8. Green bars indicate the gene
258  locations and purple bars show the transcribed regions in each variant. Gray lines indicate
259  possible introns. B) Structures of the nucleotide sequences of (a) the cloned putative
260  endomorphin-1-like precursor, (b) EST accession No. AI352151.1, and (c) the results
261  obtained from a NCBI BLAST search by the blastn program.

262

10
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263  Figure 5. Hypothesized pathway for delivery of the endomorphin-1 peptide from the
264  identified cDNA. Because 8-Oxoguanines cause G—T transversions, under certain
265  specific conditions this mutation might produce the amino acid sequence of the isolated
266  endomorphin-1 as a functional neuropeptide from the cloned endomorphin-1-like
267  precursor gene.

268
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Figure 1

Comparison between the nucleotide sequences of the cloned putative

347  endomorphin-1-like precursor and those of EST accession No. AI352151.1. A) The
348 results of the alignment of these two sequences by the NCBI blastn program
349  (https://blast.ncbi.nlm.nih.gov/Blast.cgi) indicated that the cloned cDNA contains the
350  same nucleotide sequences with the insertion of 159 bps in its middle region. B) Dot
351  matrix view of the results of the pairwise alignment showed that the nucleotide sequences
352  of'the cloned cDNA and EST accession No. AI352151.1 were almost identical, and EST
353  accession No. AI352151.1 was divided by the inserted sequence of the cloned cDNAs.
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356

357  Figure 2. Prediction of a signal peptide of the putative endomorphin-1-like
358  precursor peptide. The first 21 amino acids from the initial Met are predicted to be a
359  secretion signal peptide from Eukarya with a high likelihood score of 0.9197. The
360 probability scores of a cleavage site between amino acid positions 22/23 and 24/25 are
361  0.4909 and 0.3616, respectively. The probability scores at each amino acid position are
362 indicated as a secretion signal peptide (red line), cleavage site (green line), and other
363  (yellow line).
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Figure 3

366 Figure 3. The nucleotide sequence of the cloned putative endomorphin-1-like
367  precursor and its translated amino acid sequence. The cloned cDNA encodes a 94
368  amino acid precursor peptide. This precursor has two putative amidation sites Gly-Arg.
369  The amino acid sequence of the encoded peptide appears to be Tyr-Pro-Gly-Phe-NHa, in
370  which the third amino acid residue is different from that in endomorphin-1: Tyr-Pro-Trp-
371  Phe-NHoa.
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Figure 4. The nucleotide sequence of the cloned putative endomorphin-1-like
precursor consists of two already annotated adjacent genes predicted to be proteins.
A) The nucleotide sequence consists of predicted Pan troglodytes nuclear receptor
binding SET domain protein 3 (NSD3) and predicted Homo sapiens DDHD domain-
containing 2 (DDHD) located on human chromosome 8. Green bars indicate the gene
locations and purple bars show the transcribed regions in each variant. Gray lines indicate
possible introns. B) Structures of the nucleotide sequences of (a) the cloned putative
endomorphin-1-like precursor, (b) EST accession No. AI352151.1, and (c) the results
obtained from a NCBI BLAST search by the blastn program.
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388  Figure 5. Hypothesized pathway for delivery of the endomorphin-1 peptide from the
389 identified cDNA. Because 8-Oxoguanines cause G—T transversions, under certain
390  specific conditions this mutation might produce the amino acid sequence of the isolated
391 endomorphin-1 as a functional neuropeptide from the cloned endomorphin-1-like
392  precursor gene.
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