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ABSTRACT  An analog of human $-endorphin with omis-
sion of four residues at positions 11, 14, 20, and 22 has been
synthesized. This analog and other synthetic analogs with de-
letion of a single amino acid at position 2, 5, 6, 10, 11, 12, 13, 15,
or 22 have been assayed for analgesic potency, ileal opiate ac-
tivity, opiate receptor-binding activity, and immunoreactivity.
Results show that deletion of a single amino acid of the S-en-
dorphin molecule outside of the enkephalin segment to give
des-Glnll., des-Thr!2-, des-Pro!3-, des-Leu!4-, des-Vall5-, des-
Asn®-, or des-Ile22--endorphin markedly reduced or abolished
the immunoreactivity yet gave substantial retention of opiate
potencies. Deletion of a single amino acid of S-endorphin within
the enkephalin segment (des-Gly2- or des-Mets-B-enE:)rphin) did
not markedly affect the immunoactivity; however, the opiate
activities were abolished or markedly reduced. The data indi-
cate a clear dissociation of immunoactivity from analgesic,
ileal-opiate, and opiate receptor-binding activities.

B-Endorphin (5-EP) (ref. 1; see Fig. 1) is a naturally occurring
opioid peptide with potent opiate analgesic activity after
intracerebral (2) or intravenous injections (3, 4). Studies on
structure-activity relationships indicate that the entire 5-EP
molecule is necessary for full analgesic potency (5). In addition,
omission of a single amino acid residue at position 14 or 20
abolishes immunoreactivity yet gives retention of opiate po-
tency (6). We present herein biological activities of synthetic
analogs with deletion of a single amino acid at position 2, 5, 6,
10, 11, 12, 13, 15, or 22 as well as a synthetic analog with
omission of four residues at positions 11, 14, 20, and 22. The
analogs were assayed for analgesic activity by the tail-flick test,
ileal opiate activity by the guinea pig ileum method, opiate
receptor-binding activity by displacement of [3H]-5-EP binding
to membrane of rat brain, and immunoreactivity by radioim-
munoassay. Results show a clear dissociation of immunoreac-
tivity from other biological activities.

MATERIALS AND METHODS

Synthesis of single-deletion analogs of 3.-EP has been described
(6, 7). Des-GlIn!!,Leul4,Asn20,1le22-(},-EP was synthesized by
the solid-phase method (8). It was performed with Boc(Bzl)Glu
brominated polymer (0.34 mmol/g) (4) on a Beckman model
990 peptide synthesizer. A fully automated symmetrical an-
hydride program (5) was used except for the Asn residue, which
was incorporated by procedures described for the synthesis of
Bn-EP (4). The following amino acid residues in the Gy,-EP se-
quence were omitted in the synthesis: Gln!l, Leu!4, Asn20, and
Ile?2. From 295 mg (100 umol) starting resin there was ob-
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5 10
H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-

15 20
Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe~-Lys-Asn-

25 31
Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH
FIG. 1. Amino acid sequence of S,-EP (8.-EP: His-27, Gln-31).
Residues 1-5 correspond to [Met]enkephalin.

tained, after removal of the last Boc group, 768 mg of protected
peptide resin corresponding to des-Glnl!,Leu!4,Asn20 Ile22-
Bh-EP. Cleavage and deprotection in HF (9), gel filtration on
Sephadex G-10 (0.5 M acetic acid), and chromatography on
carboxymethylcellulose were performed as described (4). From
additivity rules for the hydrophobicities of amino acid residues
in B-EP (7) it could be predicted that partition chromatography
on Sephadex G-50 in the same solvent system used for 3,-EP
(4) would give an RF of 0.27 based on the reported Rr of 0.40
for By,-EP. The experimental value of Ry was found to be 0.26.
The overall yield of des-GIn!1,Leul4, Asn20 Ile22-G;,-EP based
on 50 umol of starting resin was 39.0 mg (26%). The product
(50-ug samples) was homogeneous on thin-layer chromatog-
raphy on silica gel in 1-butanol/pyridine/acetic acid/H0
(5:5:1:4, vol/vol), Rr 0.40 (ninhydrin and chlorine-tolidine
detection), and in paper electrophoresis on Whatman 3 MM at
pH 3.7 (Rr 0.58 relative to Lys) and pH 6.7 (Rr 0.45 relative
to Lys) at 400 V (5 hr, ninhydrin detection). Amino acid analysis
of a 24-hr HCI hydrolysate gave (theoretical values in paren-
theses): Lys, 4.91 (5); Asp, 1.06 (1); Thr, 3.12 (8); Ser, 1.92 (2);
Glu, 2.10 (2); Pro, 0.96 (1); Gly, 2.97 (8); Ala, 2.12 (2); Val, 1.02
(1); Met, 0.98 (1); Ile, 1.00 (1); Leu, 1.07 (1); Tyr, 1.96 (2); Phe,
1.96 (2). Amino acid analysis of an enzymic digest (trypsin and
chymotrypsin followed by leucine aminopeptidase) gave: Lys,
4.90 (5); Thr + Ser + Asn, 6.30 (6); Glu, 1.96 (2); Pro, 0.91 (1);
Gly, 2.84 (3); Ala, 2.14 (2); Val, 1.12 (1); Met, 0.98 (1); Ile, 1.06
(1); Leu, 1.10 (1); Tyr, 1.90 (2); Phe, 1.84 (2).

Opiate activities were assessed both in vitro and in vivo. The
ileal opiate activity in vitro was measured by the inhibition of
electrically stimulated contraction of guinea pig ileum prepa-
ration (10), and the opiate receptor-binding assay was per-
formed according to the procedure recently described (11, 12),
using [3H-Tyr?"]-04-EP (13) as the primary ligand and synthetic

Abbreviations: 8-EP, 3-endorphin (subscripts h and c indicate 3-EP
from human and camel pituitaries); ICso, 50% inhibitory concentra-
tion.
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Table 1. Ileal opiate activities of omission analogs of 3-EP

ICs0,* Relative

Synthetic peptide nM potency
B.-EP 91 100
Des-Gly2-G.-EP 9100 1
Des-Leul4-.-EP 65 140
B.-EP 58 100
Des-Thré-8.-EP 60 97
Des-Ser!0-3.-EP 49 118
Des-Thr!2-3.-EP 50 116
B.-EP 132 100
Des-Met5-G.-EP 2000 7
Des-Val15-3.-EP 107 123
Des-Ile22-8.-EP 67 197
Bn-EP 22 100
B.-EP 22 100
Des-GlIn!1-G.-EP 22 100
Des-Pro'3-3.-EP 20 110
Des-Asn?-G.-EP 20 110
Des-Gln!!,Leu!4,Asn?0,Ile22-63,-EP 16 138

* Guinea pig ileum assay; ICsg is the concentration that gives 50%
inhibition of contraction.

B-EP (14) or Bp-EP (4) as standard competing ligand. The
analgesic activity in vivo was assessed in mice by the tail-flick
method (15) as described (5). Radioimmunoassay was carried
out by the procedure described (16, 17).

RESULTS

The opiate activities in vitro of various omission analogs as as-
sayed by the guinea pig ileum preparation are summarized in
Table 1. Deletion of Gly2 or Met® in the [Met]enkephalin seg-
ment of 3-EP causes a marked decrease of opiate potency. On
the other hand, deletion of a single amino acid residue outside
the [Met]enkephalin segment does not alter the opiate potency
and in some cases even enhances it. For example, des-Ile?2- and
des-Leul4-5.-EP are 1.4 and 1.97 times as potent as the intact
peptide, respectively. Omission of four residues in positions 11,
I134, 20, and 22 increases the potency to 138% compared with
h-EP.

Table 2. Analgesic potencies of omission analogs of 5-EP

ADso*, Relative
Synthetic peptide nmol/mouse potency
B.-EP 0.026 (0.020-0.032) 100
Des-Gly2-8.-EP >25 <0.1
Des-GInll-8.-EP 0.033 (0.021-0.048) 79
Des-Pro'3.8,-EP 0.113 (0.089-0.149) 23
Des-Asn?.8.-EP 0.057 (0.042-0.075) 46
B.-EP 0.043 (0.035-0.075) 100
Des-Met5-8.-EP 0.219 (0.099-0.487) 20
Des-Thré-8.-EP 0.059 (0.048-0.077) 73
Des-Ser!0-3.-EP 0.047 (0.027-0.092) 92
Des-Thr!2-8.-EP 0.045 (0.024-0.095) 96
Des-Leul4-8.-EP 0.057 (0.033—0.093) 75
Des-Vall5-8.-EP 0.179 (0.131-0.241) 24
Des-Ile?2-G.-EP 0.075 (0.045-0.117) 57
Bun-EP 0.064 (0.026-0.17) 100
Des-Gln!!,Leu!4,Asn20,
1le22-8,-EP 0.99 (0.45-2.19) 7

* Median antinociceptive dose (95% confidence limit).

Proc. Natl. Acad. Sci. USA 77 (1980)

Table 3. Opiate receptor-binding activities of omission

analogs of 3-EP
1Cso, Relative
Synthetic peptide pM potency
B.-EP 250 100
Des-Gly?-3.-EP 50,000 0.5
Des-Met?-8.-EP 12,000 2
Des-Thré-8,-EP 550 45
Des-Ser0-G.-EP 280 90
Des-GIn!!-8.-EP 210 120
Des-Thr!2-8.-EP 270 93
Des-Pro!3-3.-EP 860 29
Des-Leul4-8.-EP 430 58
Des-Val!5-8.-EP 390 64
Des-Asn20-3.-EP 530 47
Des-Ile?2-G.-EP 180 139
Bn-EP 560 100
B.-EP 250 224*
Des-GIn!!,Leu!4 Asn20,Ile22-Gy,-EP 610 92% 41t

* Relative to B,-EP.
t Relative to B.-EP.

Table 2 presents the analgesic potencies in vivo of the syn-
thetic analogs. Des-Gly2-B.-EP is less than 0.1% as potent as
B.-EP, and des-Met5-(.-EP exhibits only 20% potency relative
to that of B-EP. The majority of analogs with deletion of a
single amino acid residue outside the [Met]enkephalin segment
retain substantial analgesic potency. However, deletion of four
residues (positions 11, 14, 20, and 22) drops potency to 7% of
that of the intact molecule.

As in the ileal opiate activity assay, the deletion of a single
amino acid residue at position 2 or 5 markedly reduced the
potency in the opiate receptor assay using membranes of rat
brain. Deletion of a single amino acid residue outside the en-
kephalin segment, however, did not markedly alter the opiate
receptor-binding potency (Table 3). Even deletion of four
residues simultaneously had no drastic effects.

Table 4 summarizes the immunoreactivity of omission ana-
logs by the B,-EP radicimmunoassay system. Deletion of a
single amino acid residue at position 11, 12, 13, 14, 15, or 20
abolished or markedly reduced the abilities of these peptides

Table 4. Immunoactivity of omission analogs of 3-EP

ICs0,* Relative

Synthetic peptide pM activity
B.-EP 72 100
Des-GlIn!l-8.-EP 800 9
Des-Pro!3-G.-EP 1,029 7
Des-Leul4-8.-EP >10,000 <1
Des-Val!5-8.-EP >10,000 <1
Des-Asn?0-G3.-EP >10,000 <1
Des-Ile?2-8.-EP 248 29
B.-EP 56 100
Des-Gly2-8.-EP 68 82
Bn-EP 51 100
B.-EP 51 100
Des-Met5-8.-EP 67 76
Des-Thré-3.-EP 48 106
Des-Ser0-6.-EP 70 73
Des-Thr!2-3.-EP 1,300 3
Des-GlIn!!,Leul4,Asn?0,Ile22-8,-EP  >10,000 <1

* Radioimmunoassay.
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to bind to the antibodies of 3-EP. On the other hand, omission
of Gly2 or Met® in the [Met]enkephalin segment of 3.-EP as well
as Thr® or Ser!? resulted in retention of high immunoreactive

potency.
DISCUSSION

Previous studies indicated the importance of the Tyr!, Phe?,
and Met® residues for the production of opiate analgesic activity
(18-20). In this study, we found that deletion of Gly2 or Met>
in the [Met]enkephalin segment of 3-EP drastically lowers
opiate analgesic, ileal opiate, and receptor-binding potency,
whereas nearly full immunoreactivity is retained. Of these two
residues, Gly2 appears to be more important for the production
of opiate activities. Omission of a single residue outside of this
segment does not cause considerable loss of biological activities,
but immunoreactivity is markedly affected. Omission of a single
amino acid at position 14, 15, or 20 abolishes immunoreactivity
yet retains significant amounts of other biological activities. This
indicates that the active sites in the 8-EP molecule for binding
to the B-EP antibodies resides in positions 11 to 22. Thus we
have discovered an instance in which deletion of a single amino
acid residue in a biologically active peptide abolishes immu-
noreactivity.

Des-Gln!! Leu!4 Asn20 Ile?2-8p-EP has virtually no immu-
noreactivity and exhibits somewhat higher ileal opiate and
significant receptor-binding activity in comparison to B,-EP.
Analgesic potency of this analog is only 7% when compared
with the activity for the intact molecule. In an earlier report
(16), a lack of correlation between immunoreactivity and opiate
activity as assayed by the guinea pig ileum preparation has been
noted.

When the relative ileal opiate activities for des-GIn1l-, des-
Leul4-, des-Asn20-, and des-Ile?2-(.-EP are averaged, a value
of 137 is obtained. It is interesting that the observed opiate ac-
tivity of des-GIn!!,Leul4,Asn20 Ile22-Gp-EP is 138. On the other
hand, the similarly calculated values for the other activities of
des-GIn!!,Leu!4, Asn?0,lle22-(3},-EP (receptor-binding activity,
124; analgesic potency, 64, and immunoreactivity, 10) diverge
increasingly from the experimental data in the order given.
These results illustrate the insensitivity of the ileal assay to such
structural alterations, while the other assays show sensitivity in
the order immunoreactivity > analgesic activity > receptor-
binding activity.

Proc. Natl. Acad. Sci. USA 77 (1980) 3213
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F1G. 2. Proposed binding sites in the primary structure of 3-EP.
Predicted secondary structure of S,-EP was taken from ref. 23.

The data, summarized in Table 5, clearly show the disso-
ciation of immunoreactivity from analgesic, ileal opiate, and
receptor-binding activities. Moreover, there is a fair correlation
between analgesic potency and receptor-binding activity if
des-GIn!!,Leu!4 Asn20 Ile22-B,-EP is excluded. This omission
analog possesses significant receptor-binding activity and low
analgesic potency. The lack of correlation between opiate re-
ceptor-binding activity and analgesic potency has recently been
observed with synthetic analogs with extension at the COOH
terminus (21). These data emphasize again the importance of
not relying on a single assay procedure for the characterization
of biologically active peptides.

There are at least two receptors for opioid peptides in the
brain (22): the u receptors for morphine and the d receptors for
the enkephalins. The data presented herein, together with the
recent findings that 8.-EP-(6-31) and 3.-EP-(20-31) segments
inhibit morphine-induced analgesia (unpublished), suggest the
presence of three binding sites in the 5-EP molecule as shown
in Fig. 2. The first site resides in the [Met]enkephalin segment
[enkephalin-binding site (“d-receptor”)] and the second consists

Table 5. Relative biological activities of omission analogs of 8-EP

Receptor-

Analgesic Opiate binding Immuno-

Synthetic peptide potency activity activity reactivity
B.-EP 100 100 100 100
Des-Gly2-8.-EP <0.01 1 0.5 82
Des-Met5-3.-EP 20 7 2 76
Des-Thré-3.-EP 73 97 45 106
Des-Ser10-3.-EP 92 118 90 73
Des-Gln!!-G.-EP 79 100 120 9
Des-Thr!2-6.-EP 96 116 93 3
Des-Pro!3-3.-EP 23 110 29 7
Des-Leul4-3.-EP 75 140 58 <1
Des-Vall5-G.-EP 24 123 64 <1
Des-Asn20-3.-EP 46 110 47 <1
Des-Ile22-3.-EP 57 197 139 29
Bn-EP 100 100 100 100
B.-EP 100 100 224* 100
Des-GIn'l,Leu'4,Asn20,Ile22-3,-EP 7 138 92* 41t <1

* Relative to Gy-EP.
t Relative to G.-EP.
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of the COOH-terminal segment [3-EP-(21-31)] [morphine-
binding site (“u-receptor”)]. The middle segment [B-EP-
(11-20)] is the antibody-binding site. Studies on the in vivo and
in vitro biological profiles of synthetic -EP analogs may pos-
sibly clarify the role of these binding sites.
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