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Foreword

The discovery of opioid peptides in the mid-seventies came at an
opportune time, as all the technologies required for identification
and synthesis of opioid peptides were readily available. The
identification of opioid genes followed shortly, facilitated by
recent advances in recombinant technology. This in turn led to the
rapid identification of many more opioid peptides. Concurrently,
recognition of opioid receptor heterogeneity brought to the fore
questions about the role of the multiple receptors in analgesia and
abuse Tiability.

Another area of research which quickly developed following these
discoveries was the analysis of opioid peptides in Diofluids, a
difficult area which presents unique problems due to the Tow levels
present. Most analytical development has been based on
radioimmunoassays, which are quite sensitive but which suffer from
variable specificities. Development of chemical methods that are
both specific and sensitive has been urgently needed, particularly
in anticipation of the development of peptides for clinical trials
and the need to have adequate pharmacokinetic analyses of such
drugs.

This volume is primarily concerned with the molecular pharmacology,
biosynthesis, and analysis of the opioid peptides. It is the
companion volume to NIDA Research Monograph 69, Opioid Peptides:
Medicinal Chemistry.

We stand at an exciting point in this rapidly expanding field. It
is hoped that this volume and the preceding one will serve as useful
reference sources for researchers and will provide new incentives
for drug abuse research in the opioid peptide field.

Marvin Snyder, Ph.D., Director
Division of Preclinical Research
National Institute on Drug Abuse
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Introduction

Rao S. Rapaka, Ph.D.

In order to bring into focus the rapidly expanding areas of research
associated with the opioid peptides, the National Institute on Drug
Abuse sponsored a technical review in September 1984 on the
medicinal chemistry and molecular pharmacology of opioid peptides
and the opiates. As stated in the introduction to NIDA Research
Monograph 69, a companion volume to NIDA Research Monograph 70, this
is an area of major interest for both the short-term and Tong-term
goals of the Institute because of its potential usefulness in
further research and in treatment applications.

This monograph presents contributions both from the symposium
speakers and from other invited authors in the various aspects of
the molecular pharmacology, biosynthesis, and analysis of opioid
peptides. Highlights of these reviews are presented here.

Medicinal chemistry aspects are presented in NIDA Research Monograph
69.

Biosynthesis of neuroendocrine and opioid peptides and the
processing of precursors is not only dependent on their primary
sequence, but on their three-dimensional conformation. This subject
is reviewed by Chaiken et al. Civelli and colleagues discuss the
biosynthesis of opioid peptides with emphasis on opioid peptide
genes, transcriptional and posttranscriptional regulation of opioid
peptide gene expression, and translational and posttranslational
requlation of opioid peptide production. Dr. Howells discusses the
general biosynthetic aspects of opioid peptides and proenkephalin
biosynthesis in rats. A1l these metabolic processes involve a
number of specific enzymes. An account of their isolation, assay,
and specificity is presented by Marks et al. An account on the
synthesis of specific enzyme inhibitors of enkephalinase as new
analgesic drugs is given by Drs. Roques and Fournie-Zaluski, an area
yet to be more fully explored.

To follow the release of the processed precursors and to establish
their structures involves a number of chemical and biochemical
techniques. A discussion on isolation and identification of the
opioid peptides, along with a table of the known peptides and a



demonstration of these techniques with adrenorphin and neuromedins,
is presented by Dr. Matsuo. Similar isolation studies and synthesis
of B-endorphin analogs on naturally occurring B-endorphin peptides
have resulted in the hypothesis by Dr. Li that segments of the
hormone may act as inhibitors to the hormonal action.

An understanding of the types and structures of receptors is
critical in understanding mechanisms of action and also in aiding in
the design of new analogs. A review of this subject is presented by
Dr. Simon and on opioid receptors for dynorphin by Dr. James, while
a discussion of regulating factors of agonist binding is presented
by Dr. Cox and associates. As analysis of binding data is critical,
an account on computer analyses of ligand data is given by Dr.
Rodbard and colleagues. In the binding studies, receptor-specific
ligands have played a critical role; recent developments in bioassay
are described by Dr. Kosterlitz and colleagues. The role of
endorphin in memory regulation is discussed by Dr. Izquierdo and
colleaqgues.

Great progress in research on opioid peptides has been made possible
by simultaneous advances 1in the techniques of synthesis,
purification, and analysis of peptides. RP-HPLC purification and
analysis techniques are discussed by Drs. Kanmera and Sequeira, and
analysis of endogenous peptides using advanced techniques by Dr.
Desiderio and colleagues. Current status of RIA methods for the
analysis of enkephalins and endorphins is reviewed by Dr. Hendren.

The ultimate goal of the medicinal chemist and biologist is to
develop therapeutic drugs. Progress in this area with clinical data
on FK 330824 (Sandoz) and Ly 127623 (Metkephamid, Lilly) is
discussed by Dr. Frederickson. Other potential uses of the peptide
drugs, such as in the treatment of opiate addiction, are described
by Dr. Bhargava.

As more and more peptides are likely to be clinically evaluated in
the near future, it is appropriate to update information on
regulatory requirements for new drugs from the FDA perspective.
Hence, these requirements are presented in an introductory chapter
by Drs. Hoiberg and Rapaka, and in a chapter by Drs. Gueriguian and
Chiu which specifically addresses the regulation of neuropeptides.

Based on the presentations and discussions of scientists from
various disciplines and nations who participated in the conference
and others who submitted papers, an effort has been made in this
monograph and its companion volume to bring together a substantial
body of information and to summarize its potential applications in
future research and treatment.



Folding and Enzymatic Processing of
Precursors of Biologically Active Peptides
and Proteins

Irwin M. Chaiken, Ph.D.; Tatsuhiko Kanmera, Ph.D.; and
Reginald P. Sequeira, Ph.D.

INTRODUCTION: NEUROENDOCRINE PRECURSORS AS LINEAR AND THREE
DIMENSIONAL MACROMOLECULES

The molecular events which lead from protein precursors to active
peptides are governed both by a cascade of specific converting
enzymes for posttranslational processing and by precursor struc-
ture which encodes the action of these enzymes. A rapidly expand-
ing list of biologically active polypeptides which are derived
from precursors has been identified (Docherty and Steiner 1982;
Udenfriend and Kilpatrick 1983; Douglass et al. 1984). And,
though the biosynthesized proteins themselves often are difficult
to obtain in large amounts due to their transient existence in
vivo, amino acid sequences have been defined through genomic or
complementary DNA structure determination. Such sequence informa-
tion has been helpful to identify what peptides may be derived
from a particular precursor as well as to define and characterize
the types of posttranslational enzymatic conversions, including
limited proteolysis and such modifications as acetylation, phos-
phorylation, sulfation, and glycosylation, which must occur to
produce active peptides. Yet, because of nonavailability of pre-
cursors per se, the molecular understanding of these proteins
remains rudimentary.

The sequences of several neuroendocrine precursors are shown in
figure 1, including those for the opioid peptides as well as the
neurohypophysial hormones. What marks our current view of all such
precursors 1is that we typically draw them as linearly connected
blocks of sequence; each block or sequence domain represents ei-
ther an ultimately active polypeptide, an activity domain, or a
region of no or uncertain function bordering or between activity
domains. These precursor structures also reveal the repeated
occurrence of cleavage signals, such as dibasic pairs between se-
quence domains. In spite of this conceptual linearization, pro-
teins do fold and this should be true of precursor proteins as
well. While local sequence provides chemically defined sites for
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FIGURE 1

Schematic representation of the primary structures of pro-

AVP/NPII

(propressophysin),

pro-ACTH/ED

(proopiomelanocortin),

pro-ENK (proenkephalin), pro-DYN (prodynorphin), and pro-OT/NPI
(prooxyphysin) deduced by c-DNA sequencing. The positions are

shown of paired and single basic amino acid residues which
serve as processing sites for trypsinlike and carboxypeptidase

B-1ike enzymes.
"G",.

Enzymatic amidation sites are indicated by
the residue amino to G i1s amidated. Domains of sequence

which yield active peptides (activity domains) or other pep-
tides accumulated upon precursor processing are labeled as

follows: AVP,
neurophysin;
B-EDO,

GP,
beta endorphin;

neurophysin.
cine; K, lysine; R,

glycopeptide;

Amino acid residue abbreviations are:
arginine;

arginine vasopressin; NPII, AVP-associated
adrenocorticotropic hormone;

ACTH,

B-MSH, beta melanocyte stimulating hor-
mone; ENK, enkephalin; ME, methionine enkephalin; ME', methio-
nine enkephalin—Argﬁ—GU/—Leug; ME", methionine enkephalin—Arjﬁ
Phe7; DYN, dynorphin; BNEDO, beta neoendorphin; LE, leucine
enkephalin; RIM, rimorphin; OT, oxytocin; and NPI, OT-associated

G,
and H, histidine.

gly-
The scale at

the bottom denotes the length of the sequence, in residues from

the amino terminus.



processing, precursor folding is expected to provide overall guid-
ance and control. Understanding the biosynthetic origin of opioid
and other neuroendocrine peptides thus is both a three-dimensional
and a linear problem.

The interplay of sequence and conformation is reflected elegantly
in classical protein chemistry by such well-studied cases as pro-
tease zymogens. Perhaps the best example is the chymotrypsinogen-
chymotrypsin system, for which the activation pathway is known and
the crystal structures of both precursor and processed forms have
been solved (Blow 1971; Kraut 1971). Chymotrypsinogen is acti-
vated by limited proteolysis, with the critical step being tryptic
cleavage at the Arg 15-Ile 16 bond to liberate the Ile 16 a-amino
group which forms an essential component of active site organiza-
tion (Blow 1971). But neither trypsin nor the chymotrypsin gener-
ated during processing act significantly on chymotrypsinogen at a
large number of other peptide bonds which are possible as cleavage
sites baaed on sequence alone. Thus, while protease specificity
dictates cleavage based on linear sequence, precursor conformation
limits the availability of proteolysis sites. In addition, while
chymotrypsinogen can refold and form correct disulfide bonds from
an unfolded, disulfide disordered state, chymotrypsin cannot. This
suggests that the three-dimensional organization of the processed
form needed for activity depends on the prior attainment of cor-
rect conformation by precursor folding.

It is evident from the chymotrypsinogen example that folded pre-
cursor structure can play at least two major roles in the biosyn-
thesis of active polypeptides: (1) control of posttranslational
enzymatic reactions by steric access to scissile bonds and residue
side chains; and (2), at least for diaulfide-containing polypep-
tides, preformation of nativelike conformation of ultimate end-
products. Based on the above, two major and interrelated goals
may be addressed in considering neuroendocrine precursor struc-
ture. One is to define the primary sequence and to use this as a
guide to describe the linear pathway of processing reactions which
yield active neuroendocrine peptides. The second is to define the
higher order secondary, tertiary, and quaternary structure of
precursors and to understand hou such conformational features
reqgulate processing reactions and the nature of polypeptides pro-
duced.

THE PROCESSING PATHWAY OF NEUROHYPOPHYSIAL HORMONE/NEUROPHYSIN
PRECURSOR

In our own work, we have tried to correlate neuroendocrine precur-
sor processing and precursor structure in the neurohypophysial
hormone/neurophysin system. Figure 1 schematically shows the
linear sequences of composite precursors identified for orytocin
and vasopressin. These sequences were defined directly by cDNA and
genomic DNA cloning (Ivell et al. 1983). The DNA sequencing was a
culmination of prior studies by in vivo pulse labeling (Brown-



stein et al. 1980) and in vitro translation (Chaiken et al. 1982;
Ivell et al. 1983). Each neurohypophysial hormone precursor se-.
quence contains at least two activity domains, one for hormone and
a second for the associated binding protein, neurophysin. A tri-
peptide spacer links the hormone and neurophysin domains, while
the C-terminus is either a single His residue in the oxytocin case
or an arginyl linker followed by a glycopeptide of unknown func-
tional significance (but known to be an accumulated product of
processing) in the vasopressin case. Both pro-forms are trans-
lated with a leader (signal peptide) sequence, which is removed in
vivo by the time translation is complete. o

The sequences of neuroendocrine precursor proteins, such as those
for neurophysins and hormones, infer the presence of a small corps
of enzymes which must act to produce the final set of active pep-
tides (see review by Marks, this volume). The peptide cleavage
conversions in the hormone/neurophysln case can be inferred, as
shown in figure 2, to include three types of enzymatic reactions:
an endoprotease step in the tripeptide linker region and, in the
AVP case, an additional endoprotease step at the linker between
neurophysin and glycopeptide; carboxypeptidase B (CPase B) trim-
ming of basic residues from the linker vestiges on the C-termini
of the hormone and neurophysin domains; and amidation to generate
the active, C-terminal amidated form of hormone.

endoproteases CPase B
-GKH (H)
COOH amidation
*—~COOH
PRO-NP/H INTERMEDIATES MATURE COMPLEX
FIGURE 2

Schematic diagram depicting the steps 1in enzymatic processing
of neurophysin (NP)/hormone (H) biosynthetic precursor proteins
to produce, 1in each case, a mature neurophysin and either

oxytocin or vasopressin. The precursors are visualized to be
compact, folded macronmolecules in which processing sites are
accessible in external surface regions. The enzymatic steps

of endoproteolysis are expected to occur in the linkage region
between hormone and neurophysin domains and, in the case of

the vasopressin precursor, between the neurophysin and carboxyl
terminal glycopeptide domains. Exproteolytic trimming by
CPase B to produce mature neurophysin and hormone-Gly, and
amidation to convert the latter to mature amidated hormone, are
viewed as occurring sequentially after endoproteolysis.



Based on these inferences on processing, one tactic that ve are
using to study the enzymatic reactions is to chemically synthesize
local segments of the precursor sequence suspected to contain
processing sites or to be processing intermediates in conversion
of intact precursor, and then to use these segments as substrates
to identify, isolate, and characterize processing enzymes. A
family of such synthetic segments related to the oxytocin precur-
sor haz been made (Kanmera et al. 1983; Rapaka et al.. in press),
including orytocinyl-Gly-Lys-Arg (OT-GKR), Oxytocinyl-

Gly-Lys (OT-GK), and oxytocinyl-Gly (OT-G). The first of these was
obtained by solid phase peptide synthesis, the second by immobil-
ized trypsin cleavage of OT-GKR, and the third by pancreatic CPase
B digestion of OT-GKR. All peptides were purified by reverse
phase high performance liquid chromatography (HPLC).

Both OT-GKR and OT-GX have been used to detect and characterize
the CPase B of posterior pituitary neurosecretory granules, the
enzyme which is expected to act on hormone/neurophysin precursor
and intermediates in vivo. When OT-GKR vaz incubated vith whole
granule lysate, the sequential release of Arg and Lys was detected
(figure 3). The release of Lys Prom OT-GK occurred with the same
pH-dependence as that of Arg Prom OT-GKR. The rates of release
and nature of products detected suggest that no significant amount
0f “dipeptidase” cleavage occurred to produce OT-G and Lys-Arg in
a single step. The sequential CPase B activity had a pH optimum
of about 5.5 to 6, a value similar to the internal pH of posterior
pituitary neurosecretory granules (Gainer 1981). Of note, the
properties found for the CPase B activity at the crude (granule
lysate) level of isolation are similar in our own work (Kanmera et
al. 1983; Kanmera and Chaiken, in press and in that of Hook and
LOh (1984).

Partial purification of the crude CPase B, which is active against
the oxytocinyl peptides, was achieved by gel filtration on Sepha-
cryl S-300 (Kanmera et al. 1983). What has made this step par-
ticularly useful was that it allowed separation of two carboxy-
peptidase activities, the later-eluting of which is the CPase B
vith clear preference for basic residues and relatively little
tendency, for example, to cleave Gly Prom OT-G to give oxytocinoic
acid (0T acid). The earlier-eluting CPase has little preference
for exoproteolytic removal of Arg Prom OT-GKR verzus Gly Prom
OT-G. The later-eluting specific CPase B has several enzymatic
properties similar to those reported for a CPase B that can act on
enkephalinyl peptide (Supattapone et al. 1984).

Based on prior conversion studies vith model peptides by pituitary
amidating enzyme (Bradbury et al. 1982; Eipper et al. 1983), oxy-
tocin in Its active C-terminal amidated form is expected to be
derived from conversion of the CPase B product OT-G. This enzy-
matic conversion was detected using 1-0T-G (labeled at Tyr 2
using the lactoperoxidase-glucose oxidase method). By reverse
phase HPLC, 10T could be detected as a product of reaction



with lysates of granules obtained by differential centrifugation
(figure 4). However, with the latter as the source of enzyme, a
competing and presumably nonspecific (possibly lysozymal) proteo-
lytic degradation led to loss of product as well as substrate and
to the appearance of early-eluting iodinated species, presumably
degradation products. The amidating enzyme was found to be sub-
stantially enriched over the nonspecific proteolytic activity in
granule subfractions obtained by Percoll density gradient ultra-
centrifugation of posterior pituitary granules. Thus, subfrac-
tions migrating as the most dense in the Percoll gradient were
relatively more free of degrading activity and led to a more obvi-
ous accumulation of product (125I—0T) in RP-HPLC and little of the
early-eluting degradation peaks evident in figure 4 (Kanmera and
Chaiken, in press). The specific granule fractions obtained

a

b

Cc

¢ a

\ ] i ] | ] ! 1 I 1 | |

0 10 20 0 10 20 O 10 20 0 10 2
ELUTION TIME (min}

FIGURE 3
Reverse phase HPLC analysis of conversion of the oxytocinyl
precursor fragment GT-GKR by neurosecretory granule lysate.
OT-GKR (80 nmles, prepared by solid phase peptide synthesis)
Ms incubated with 10 upl of granule lysate (granules prepared
by differential centrifugation) in 200 upl of 0.1 M sodium phos-
phate buffer, pH 5.5. Aliquots of reaction mixture taken at
0, 0.7, 5, and 20 hours at 37°C were applied to a cyanopropyl
silyl RP-HPLC column (Zorbax CN, 0.46 x 25 cm, Dupont) using a
Varian LC 5000 system and eluted with a linear gradient, at 0.8
ml/min., from 93% triethylammonium phosphate (TEAP, 67 mM, pH 3)/7%
acetonitrile at 0 time to 70% TEAP/30% acetonitrile at 20 min.
Peaks, identified by amino acid analysis, are: (a) OT-GKR; (b)
OT-GK; and (c) 0T-G.



amidating enzyme

[Glyg] Oxytocinyl-Gly [Gly»amidegj Oxytocin

(posterior pituitary
NSG lysate)

I T T
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A: HPLC/135 min. Reaction
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FIGURE 4

Reverse phase HPLC analysis of conversion of [125

I]0T-G

(substrate peak, S) to C-terminal amidated [M5I]OT (product
peak, P) by neurosecretory granule lysate (see figure 3
legend). A: Reverse phase HPLC profile of aliquot of reaction
at 135 minutes after addition of granule lysate. The reaction
mixture consisted of 200 upl of lysate in 10 mM HEPES, pH 7.0,
and 100 pul of a solution of 0.03 mM CuSO, 1 mM sodium ascor-
bate, 0.3 mg catalase/ml, and 3 x 10° cpm [HGI]OT—G (<.1 nug)
in 50 mM TES, pH 7.0. Aliquot of 50 pl was mixed with 100 pl
of 50 mM ammonium acetate, pH 5.0, and injected onto an octa-
decyl silyl column (Zorbax ODS, Dupont, 0.46 x 25 cm) and
eluted with a linear gradient of 85% 50 mM ammonium acetate,
pH 5.0/15% acetonitrile at 0 time to 60% 50 mM ammonium acetate,
pH 5.0/40% acetonitrile at 30 min. S and P were identified by
comparison with elution of starting substrate and iodinated
authentic orytocin. Peaks centered at 4 min. (breakthrough
volume) and 15 min. increase with time of reaction and are
assumed to arise from nonspecific proteolytic degradation of
S, P, or both. B: Time course of decrease of Sand transient
increase followed by decrease of P. Conversion reactions car-
ried out with lysates of selected neurosecretory granules pre-
pared by Percoll density gradient centrifugation (Kanmera and
Chaiken. in press,; Rapaka et al., in press) show
a more obvious and prolonged increase in P with time and a re-
duced degradation to early-eluting forms.



by density gradient centrifugation provide a partially
purified amidation enzyme preparation suitable for further isola-
tion and study.

In terms of observable reactions, the enzymatic conversions ex-
pected from the oxytocinyl precursor sequence--CPase B trimming
followed by amidation — can occur with the precursor fragments
OT-GKR , OT-GK, and OT-G. Yet, several data argue that processing
reactions of the hormone/neurophysin precursors must involve over-
all precursor structure, and the neurophyzin domain in particular.
First, the initial endoproteolytic conversion of precursor to
yield precursor intermediates of the type OT-GKR would be expected
to occur with the full-sequence and, therefore, fully- folded precur-
sor as substrate. Data reviewed below show that such a precursor
has a well-defined folded conformation. Second, the putative
precursor intermediate OT-GKR was found, by analytical affinity
chromatography on Sepharoze-immobilized neurophyzin II, to bind
noncovalently to neurophyzin (Kanmera et al. 1983; Kanmera and
Chaiken, in press). Based on the degree of retardation

verzuz that for OT and Met-Tyr-Phe amide, OT-GKR binding to neuro-
physin is concluded to have a Ka value close to that of OT (a
greater value cannot be excluded by the data obtained so far). At
the high concentrations of neurophyzin and hormone expected to
exist in neurozecretory granules, OT-GKR likely remains bound to
neurophysin noncovalently after endoproteolytic cleavage. Thus,
the actual substrates for CPase B and amidating enzymes are likely
to be, not free peptides, but rather those folded into relatively
fixed conformations as parts of noncovalent peptide/neurophysin
complexes. The conformations of the peptide/protein complexes are
likely to mimic those of the precursors themselves. This conclu-
sion makes it important to define the conformation of precursors
and of the intermediate complexes that arise from them.

THE FOLDED NATURE OF NEUROENDOCRINE PRECURSORS

Describing the degree of ordered structure in neuroendocrine pre-
cursor proteins depends largely on obtaining sufficient amounts of
precursor for conformational characterization, including crystal-
lographic analysis where possible. This need contrasts with the
realization that such precursors are only transiently persistent
species in situ and obtainable in only very small (subfemtomole)
amounts by such procedures as in vitro translation or in vivo
pulse-labeling. The gap between avability and need is likely
to be reduced, but only partially, by using micromethods for char-
acterization.

In order to obtain workable amounts of hormone/neurophysin precur-
sor, we have used semisynthesis, an approach in which synthetic
and natural polypeptide components are reconstituted to rebuild a
larger protein (Chaiken 1981). As a first target, we have chosen
the oxytocin/neurophysin I precursor, which consists essentially
of a dodecapeptide hormone-linker domain (OT-GKR) attached to a
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neurophyzin I domain (see figure 1). The reaction scheme used for
the formation of this precursor (Kanmera and Chaiken 1985) em-
ployed coupling of an a-amino protected synthetic OT-GKR
HNalﬁll-diBoc]OT—GKR) as an active ester to a selectively &
amino-blocked native protein ([dl-acetimidyl] NPI). In our stud-
ies so far, the partially protected species [des His 106, dl-Acet
30,71]pro-0T/NPI has been prepared, with the product purified by
reverse phase HPLC. The acetimidyl groups on the two € amino
functions of NPI can be removed, but have been retained in studies
so far since they are useful for incorporation of radiolabel and
do not affect the functional and folding properties examined (see
below). The lack of C-terminal His in the semisynthetic precursor
is assumed, as a first order approximation, not to lead to a sig-
nificant aberration in the major conformational properties of
precursor protein. The semisynthesis scheme we have developed is
general and is being used at present to build vasopressin-contain-
ing, precursorlike molecules and, ultimately, a set of mutant
precursors.

[des His 106, di-c- acetimidyl 30,71]Pro-OT/NPI has been used to
Investigate the question of whether neurohypophyzial hormone pre-
cursors fold to form well-defined conformations that act as “blue-
prints” for the ultimate conformation-dependent interaction prop-
erties of the mature hormone/neurophyzin noncovalent complexes.
One aspect of this study has been to examine both the binding
properties of the semisynthetic precursor for hormone binding site
ligands and the self-association potential by analytical affinity
chromatography (Chaiken 1979; Angal and Chaiken 1982). [des His
106, di-Acet]Pro-OT/NPI was found (Kanmera and Chaiken 1985)

not to bind significantly to Met-Tyr-The-Affigel 102. The latter
Immobilized tripeptide acts as a mimic of hormone and binds to the
hormone binding site of neurophyzin (Angal and Chaiken 1982). The
tripeptide affinity matrix does bind to [di-Acet 18,59]NPI, with
an affinity essentially equal to that of native NPI (Kanmera and
Chaiken 1985). The blocking of the hormone binding site of the
neurophyzin domain of the precursor is concluded to be due to
intramolecular hormone domain-neurophysin domain interaction.
Interestingly, 1intramolecular domain-domain interaction such as
that considered likely in the precursor is increasingly considered
as a common feature of folded protein conformation in general
(Wetlaufer 1981; Fontana et al. 1983).

The obserevation of intramolecular domain-domain interaction In
[des His 106, di-Acet]pro-OT/NPI suggests that neurohypophysial
hormone precursors also can self-associate with relatively high
affinity. This prediction is based on the known self-association
of native neurophysin to dimers and the potentiatlon of the self-
association by ligand binding to the neurophyzin subunits (Cohen
et al. 1979; Angal and Chaiken 1982). Indeed, [des His 106, di-
Acet]pro-OT/NPI Is retarded on [NPII]Sepharose, with a net elution
volume (observed elutlon volume, V, minus unretarded elution vol-
ume V,) about an order of magnitude greater than that of

11



[diAcet]NPI (figure 5). The results show that precursor, with an
intramolecularly liganded neurophysin domain, associates with
unliganded immobilized neurophysin and that the association has a
hi her affinity (1.7 x lOgM{) than that of [di-Acet]NPI (1.3 x 6
IOSM&). Moreover, precursor retardation is increased by addition
of close to saturating amounts of hormone (Lys 8-vasopressin) to
the elution buffer. This shows that liganding of the immobilized
neurophysin potentiates precursor-protein association further. He
take the analytical affinity chromatographic data together to
argue that hormone/neurophysin precursor self-associates upon
storage in secretory granules after biosynthesis and that the
self-association is stabilized by intramolecular hormone domain
interactions which persist after proteolytic processing.

During the events leading from precursors to neurohypophysial
hormones, the well-defined folded structures of precursors may

T
Vo = 0.70 ml
300 4
[MC Acet)BNP}
Ve =20 ml
P4
Q 200+ B
[
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[des His 106, di-MC-Acet]pro OT BNP |
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1 1 1

10 20 30
ELUTION VOLUME (mll

FIGURE 5
Analytical affinity chromatography assay of protein-association
property of semisynthetic oxytocin/neurophysin I precursor and,
for comparison, neurophysin I. Zones containing 1500-3000 cpm
(<10.5 pg) of [di-'‘C-Acet 18,59]NPI and [des His 106, di-'‘C-Acet
30,71]pro-oT/NPI were eluted on bovine NPII-Sepharose (70 nmole
BNPII/ml of bed volume, 198 pl bed volume) with 0.4 M ammonium
acetate/0.5% bovine serum albumin, pH 5.7. Fraction size was 4
drops (157 ul) for NPI and 10 drops (391 pl/for semisynthetic
precursor. Flow rate was 5 ml/min.; chromatography was at am-
bient temperature.
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well help control the subsequent enzymatic processing reactions
leading to active neuroendocrine peptides. This hypothesis is
shown schematically in figure 6. One prediction of this scheme is
that hormone/neurophysin precursors should be able to fold sponta-
neously from a disordered state, in a manner expected for intact
biosynthetic precursors but not observed for native neurophysin
itself (Chaiken et al. 1975). This feature now has been examined
with the semisynthetic precursor by testing whether the precursor
is stable to disulfide shuffling: nonbiosynthetically intact
proteins such as neurophysin are not stable, but biosynthetically
intact proteins as a rule are (Givol et al. 1965). We have ob-
served that, in the presence of dithioerythritol, [des His 106,
di-Acet]pro-OT/NPI exhibits such disulfide stability but [di-
Acet]NPI does not. Neurohypophysial hormone precursors (pro-
forms) of the sequence type shown in figure 1 thus are vieued as
having sufficient sequence information to code for stabilization
of the correct disulfide pairing. It is concluded that the pre-
cursors fold spontaneously to a defined native conformation upon
completion of translation and before packaging and enzymatic pro-
cessing.

T . Hormone-mediated
Seff-association Seff-association — + 6
Folding Processing Digsociation

|

gi:kdﬁbmmﬂmm 1 NP H
oo @@6

Pro-H/NP H/NP

Biosynthesis-Packaging Transport-Storage Exocytosis

FIGURE 6
Schematic model depicting relationship of biosynthetic precursor
structure to molecular events occurring in neurohypophysial
hormone/neurophysin biosynthesis. The filled and open lines
denote hormone and neurophysin sequence domains, respectively.
The cross-hatched line represents the C-terminal glycopeptide
occurring 1in pro-Arg 8 vasopressin/neurophysin. Folding of
the precursor leads to establishment of self-association through
the NP domains of the precursors. The NP-NP and H-NP interaction
surfaces are retained after enzymatic processing, which leads to
formation of noncovalent complex between Hand NP and its dimer
in secretory granules until released exocytotically.
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FIGURE 7
Analysis of bovine ovary extract by reverse phase HPLC for
immmoreactive (ir) OT and bovine NPI. Pooled acetic acid
extracts of bovine ovaries were fractionated on Sep—PakR;
the eluate was dissolved in 0.2 ml triethylammonium phosphate
buffer (67 mM TEAP; pH 3.0) and injected onto an octylsilyl
column (Zorbax C8, Dupont, 0.46 x 25 cm). One minute fractions
were collected, dried in a speed vac, reconstituted in 0.99 ml
of radioimmunoassay buffer (50 mM phosphate-150 mM NaCl, pH 7.61
containing 0.5% bovine serum albumin and 0.1% sodium aside, and
the pH adjusted to 7.6 with 10 pl of 5 M NaOH. Duplicate ali-
quots of 0.1 ml of the fractions were analyzed by radioimmuno-
assay for 1ir-OT and -bNPI. Note the ir-peaks at or close to
those of neurohypophysial OT and bNPI. An additional 1ir-O0OT
peak having a longer retention time 1s also observed. Upon
re-examination using gradients allowing more refined separation
in the neurophysin elution regions, it was found that most of
the ir-bNPI species (about 80%) have a retention time signifi-
cantly shorter than that of neurohypophysial bNPI.

While the scheme of figure 6 denotes a single molecular pathway
for the biosynthesis of the neurohypophysial hormone/neurophysin
system, it is oversimplified in at least one important way. It is
becoming more evident that there are sites of occurrence of the
hormone/neurophysin system besides the classically defined hypo-
thamo-neurohypophysial tract. It is 1likely that some of these
other sites represent independent anatomical pathways of de novo
biosynthesis. We have been examining one such site, namely the
ovary. Data obtained by reverse phase HPLC mapping of bovine
ovary extracts show the presence of both ir-neurophysin and ir-
hormones (Sequeira and Chaiken 1984; Chaiken et al. 1984a). The
data for oxytocin and NPI are shown in figure 7. The co-occur-
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rence of HP with oxytocln and a growing body of other data argue
that the ovary is likely to be a site of Independent hormone syn-

thesla (Rodgers et al. 1983; Suann et al. 1984). Indeed, there is
a significant peak of ovarian OT which essentially co-eluted with
pituitary OT (figure 7). However, the ovarian NPI identified in

the ovary, which elutes close to pituitary NPI in figure 7, has
been found to be a different molecular form than the pituitary
form (R.P. Sequeira and T. Kanmera, unpublished data) when exam-
ined both by RP-HPLC using a flattened gradient more suitable for
separation of neurophysin isoforms (Chaiken et al. 1984b) and by
HPLC peptide mapping (Chaiken and Hough 1980). This analysis
suggests that products of processing of the pro-OT/NPI precursor
synthesized in the ovary apparently are different than those pro-
duced in the hypothalamo-neurohypophysial tract. This view is
supported by the observation of a second, prominent ovarian ir-OT

Paptidergic Col
———
.
——a

Translation

Peptide 2
Folding/Packaging

Peptido 1 ‘

Processing/Transport

!
‘ Storage

Exocytosis

——— 1
+

b=

R2 R1

Recognition/Function

Post-gynaptic (neurotransmittor) Receptor
o
Petipherat (endocrine) Receptor

FIGURE 8
Schematic diagram of neuroendocrine peptide/protein pathways.
Depicted are the biosynthesis, folding, and granule packaging
of precursors containing multiple activity domains; enzymatic
processing of precursors to produce mature, active polypeptides;
axonal transport and storage of matured granules; exocytotic
release of neuroendocrine polypeptides; and ultimate action of
active peptides at postsynaptic or peripheral target receptors.
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form with a much greater retention time than that of pituitary OT.
this later-eluting form has immunoreactivity and neurophysin-bind-
ing properties consistent with it containing the oxytocln se-
quence, but it is not biologically active in the rat uterus (R.P.
Sequelra, R. Medway,and W.H. Sawyer, unpublished data). Such a
species was not observed in pituitary extracts. That this form
may be an alternatively processed, stable oxytocinyl precursor
intermediate, containing OT with a C-terminal extension of inde-
terminate length, is an intriguing possibility currently being
examined. Taken together, the data indicate that some species of
ovarian ir-OT and ir-NPI are not fully identical with the molecu-
lar species stored in pituitary. This suggests that, if there is
a local synthesis in the ovary by a precursor akin to that identi-
fled for pituitary OT, it may well occur by a different process-
ing pathuay than that of the hypothalami-neurohypophysial tract.
These results suggest that, if we wish to define how precursors
fold and are processed, as in figure 7, the mechanisms we examine
may be different at different sites of synthesis.

OPIOID PEPTIDES, NEUROHYPOPHYSIAL HORMONES, AND COMMONALITY IN
NEUROENWCRINE BIOSYNTHETIC PATHWAYS

Both molecular similarities and co-occurrence mark the emerging
view of the relationship of neuroendocrine pathways for classical
neurohypophysial hormones and oplold peptides. A common view has
evolved of the origin and fate of neuroendocrine peptides by path-
ways 1n which precursors are posttranslationally processed enzy-
matically to produce a aet (most often more than one) of biologi-
cally active peptides that can function as neurotransmitters,
neuromodulators, or endocrine hormones (figure 8). Met- and Leu-
enkephalins, dynorphin, B-endorphln, oxytocln, vasopressin, and
neurophysins among other neuroendocrlne peptides all are produced
by such a pathway. Several of the features described in this
chapter for precursor structure and processing in the hor-
mone/neurophysin system also are repeated themes for oplold pep-
tides. These include multidomain precursors (figure 1), types of
endo-and exo-proteases and nonproteolytic-converting enzymes
(e.g., amidatlng enzymes) to process precursors (Loh et al. 1984),
and tissue-specific processing (Watson and Akil 1982; Weber et al.
1982). More than similarity, opioid and hormone/neurophysin path-
ways apparently are co-localized in some anatomical sites. This
has been observed in magnocellular neurons of the hypothalamus for
Met-enkephalin and oxytocin (Rossier 1982; Vanderhaeghen et al.
1983) and in neurohypophysial nerve terminals for dynorphin and
vasopressin Whitnall et al. 1983) and for [Met]-enkephalin and
oxytocin (Martin and Volgt 1981).

While apparent similarities exist, our understanding of the de-
tailed mechanistic relatedness between oplold and hormone/neuro-
physin pathways is not well developed. Future studies need to
address at least two sets of questions. First, to what extent is
conformation a controlling feature? are all precursors conforma-
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tionally defined structures (as with the hormone/neurophyzin
cases)? 1s the conversion to intermediates and products marked by
transition to less or more conformational order? do most mature
neuroendocrine peptides assume more disordered structures (at
least when dissociated from other interactive components in stor-
age granules) which make them amenable to productive recognition
(in a sense, capture) of a particular conformation by receptors?
Second, do pathways for different neuroendocrine peptides have
common enzymatic processing machinery? for example, are carboxy-
peptidases B, dibasic endoproteases, or amidating enzymes similar
or even the same for producing different peptides from different
precursors or are there instead sequence-specific enzymes for each
type of precursor system? Describing the molecular mechanisms
controlling the biosynthetic origin for any single neuroendocrine
peptide pathway is certainly a far-from-simple task. How closely
similar these molecular mechanisms are for a family of neuroendo-
crine pathways, including those for hormoneineurophyzin and opioid
peptides, remains an even more provocative challenge for future
investigation.

REFERENCES

Angal, S., and Chaiken, I.M. Interdependence of neurophysin self-
association and neuropeptide hormone binding as expressed by
quantitative affinity chromatography. Biochemistry 21:1574-
1580, 1982.

Blow, D.M. The structure of chymotrypsin. In: Boyer, P.D., ed.
The Enzymes. The Vol. III., 3d ed., New York: Academic Press,

1971. pp. 185-205.

Bradbury, A.F.; Finnie, M.D.A.; and Smyth, D.G. Mechanism of
C-terminal amide formation by pituitary enzymes. Nature
295:686-688, 1982.

Brownstein, M.J.; Russell, J.T.; and Gainer, H. Synthesis, trans-
port, and release of posterior pituitary hormones. Science
207:373-378, 1980.

Chaiken, I.M. Quantitative uses of affinity chromatography - a
review. Anal Biochem 97:1-10, 1979.

Chaiken, I.M. Semisynthetic peptides and proteins. CRC Crit
Rev Biochem 11:255-301, 1981.

Chaiken, and Hough, C.J. Mapping and isolation of large
peptide fragments from bovine neurophysins and biosynthetic
neurophysin-containing species by high-performance liquid chro-
matography. Anal Biochem 107:11-16, 1980.

Chaiken, I.M.; Randolph, R.E.; and Taylor, H. Conformational
effects associated with the interactions of polypeptide ligands
with neurophysins. Ann NY Acad Sci 248:442-450, 1975.

Chaiken, I.M.; Fischer, E.A.; Giudice, L.C.; and Hough, C.J. In
vitro synthesis of hypothalamic neurophysin precursors. In:
McKerns, K.W., and Pandic, V., edz. Hormonally Active Brain Pep-
tides: Structure and Function. New York: Plenum, 1982. pp.
327-347.

17



Chaiken, I.M.; Kanmera, T.; Sequeira, R.P.; and Swaisgood, H.E.
HPLC and studies of neurophysin-neurohypophysial hormone path-
ways. J Chromatogr 336:63-71, 1984a.

Chaiken, I.M.; Miller, T.; Sequeira, R.P.; and Kanmera, T. HPLC
mapping and structural characterization of neurophysin isoforms.
Anal Biochem 143:215-225, 1984b.

Cohen, P.; Nicolas, P.; and Camier, P. Biochemal aspects of
neurosecretion: Neurophysin-neurohypophysial hormone complexes.
Curr Top Cell Requl 15:163-318, 1979.

Docherty, K., and Steiner, D.F. Post-translational proteolysis in
polypeptide hormone biosynthesis. Annu Rev Physiol 44:625:638,
1982.

Douglass, J.; Civelli, O.; and Herbert, E. Polyprotein gene ex-
pression: Generation of diversity of neuroendocrine peptides.
Annu Rev Biochem 53:665-715, 1984.

Eipper, B.A.; Mains, R.E.; and Cilembotski, C.C. Identification in
pituitary tissue of a peptide a-amidation activity that acts on
glycine-extended peptides and requires molecular oxygen, copper,
and ascorbic acid. Proc Natl Acad Sci USA 80:5144-5148,

1983.

Fontana, A.; Vita, C.; and Chaiken, I.M. Domain characteristics
of the carboxyl-terminal fragment 206-316 of thermolysin. Bio-
polymers 22:69-78, 1983.

Gainer, H. The biology of neurosecretory neurons. In: Martin,
J.B.; Reichlin, S.; and Bick, K.L., eds. Neurosecretion and
Brain Peptides. New York: Raven Press, 1981 . pp. 5-20.

Givol, D.; De Lorenzo, F.; Goldberger, R.F.; and Anfinsen, C.B.
Disulphide interchange and the three-dimensional structure of
proteins. Proc Natl Acad Sci USA 53:676-684, 1965.

Hook, V.Y.H., and Loh, Y.P. Carboxypeptldase B-like converting
enzyme activity in secretory granules of rat pituitary. Proc
Natl Acad Sci USA 81:2776-2780, 1984.

Ivell, R.; Schmale, H.; and Richter, D. Vazopressin and oxytocin
precursors as model prohormones. Neuroendocrinology 37:235-
239, 1983.

Kanmera, T., and Chaiken, I.M. Semisynthesis and the molecular
properties of the oxytocin/neurophysin biosynthetic precursor.
In: Ragnarsson, U., ed. Peptides - 1984. Stockholm: Almgvist
and Wiksell International 1984. pp. 213-216.

Kanmera, T., and Chaiken, I.M. Pituitary enzyme conversion of
putative synthetic oxytocin precursor intermediates. J Biol
Chem, in press (1985a).

Kanmera, T., and Chaiken, I.M. Molecular properties of the
oxytocin/neurophysin biosynthetic precursor: Studies using a
semisynthetic precursor. J Biol Chem 255:8474-8481, 1985b.

Kanmera, T.; Feinstein, G.; and Chaiken, I.M. Study of proteo-
lytic processing of neurophysin/neurohypophysial hormone biosyn-
thetic precursors using a synthetic precursor fragment. In:
Hruby, V.J., and Rich, D.H., eds. Peptides - Structure and Func-
tion. Rockford: Pierce Chemical Company, 1983. pp.
261-264.

18



Kraut, J. Chymotrypsinogen: X-ray structure. In: Boyer, P.D.,
ed. The Enzymes. Vol. III., 3d ed. ©New York: Academic
Press, 1971. pp. 165-169.

Loh, Y.P.; Brownstein, M.J. ; and Gainer, H. Proteolysis in neuro-
peptide processing and other neural functions. Annu Rev Neuro-
Sci 7:189-222, 1984. T

Martin, M., and Voigt, K.H. Enkephalins co-exist with oxytocin
and vasopressin in nerve terminals of rat neurohypophysis.
Nature 289:502-504, 1981.

Rapaka, R.S.; Ando, S.; Kanmera, T.; Miller, T.H.; and Chaiken,
I.M. Use of synthetic fragments to study enzymatic processing
and molecular organization of neuropeptide biosynthetic
precursors. In: Deber, C.M., and Hruby, V.J., eds. Proc 9th
Amer Pept Symp. Rockford: Pierce Chemical ‘Company, 1985, in
press.

Rodgers, R.J.; 0’Shea, J.D.; Findlay, J.K.; Flint, A.P.F.; and
Sheldrick, E.L. Large luteal cells are the source of luteal
oxytocin in the sheep. Endocrinology 113:2302-2304, 1983.

Rossier, J. Opioid peptides in the hypothalamo-neurohypophysial
system., In: Baertschii, A.J., and Dreifuss, J.J., eds. Neuro-
endocrinology of Vasopressin, Corticoliberin and Opiomelanocor-
tin. New York: Academic Press, 1982. pp. 87-93.

Sequeira, R.P., and Chaiken, I.M. Molecular characterization of
oxytocin, AVP and neurophysins in the ovary. Fed Proc 43:913,
1984.

Supattapone, S.; Fricker, L.D.; and Snyder, S.H. Purification and
characterization of a membrane-bound enkephalin-forming carboxy-

peptidase, “enkephalin-convertase.” J Neurochem 42:1017-1023,
1984.

Swann, R.W.; O’Shaughnessy, P.J.; Birkett, S.D.; Wathes, D.C.;
Porter, D.G.; and Pickering, B.T. Biosynthesis of oxytocin in

the corpus luteum. FEBS Lett 174:262-266, 1984.

Udenfriend, S., and Kilpatrick, D.L. Biochemistry of the enkepha-
lins and enkephalin-containing peptides. Arch Biochem Biophys
221:307-323, 1983.

Vanderhaeghen, J.J.; Lotstra, F.; Liston, D.A.; and Rossier, J.
Proenkephalin, [Met]enkephalin, and oxytocin immunoreactivities
are co-localized in bovine hypothalamic magnocellular neurons.
Proc Natl Acad Sci USA 80:5139-5143, 1983.

Watson, S.J., and Akil, H. Recent studies on dynorphin and en-
kephalin precursor fragments in central nervous system. Adv
Biochem Psychopharmacol 33:35-42, 1982.

Weber; E.; Evans, C.J.; Cheng, J.K.; and Barchas, J.D. Brain
distributions of a-neo-endorphin and R-neo-endorphin: Evidence
for regional processing differences. Biochem Biophys Res Com-
mun 108:81-88, 1982.

Wetlaufer, D.B. Folding of protein fragments. Adv Protein Chem
34:61-92, 1981.

Whitnall, M.H.; Gainer, H.; Cox, B.M.; and Mollineaux, C.J. Dy-
norphin-A-(1-8) is contained within vasopressin neurosecretory
vesicles in rat pituitary. Science 222:1137-1139, 1983.

19



AUTHORS

Irvin M. Chaiken, Ph.D.
Tatsuhiko Kanmera, Ph.D.
Reginald P. Sequeira, Ph.D.

Molecular, Cellular, and Nutritional Endocrinology Branch

National Institute of Arthritis, Diabetes, and Digestive and
Kidney Diseases,

National Institutes of Health

Bethesda, Maryland 20205 USA

20



Biosynthesis of Opioid Peptides

Olivier Civelli, Ph.D; Jim Douglass, Ph.D.;
Haim Rosen, Ph.D.; Gerard Martens, Ph.D.; and
Edward Herbert, Ph.D.

INTRODUCTION

In the last decade, a number of peptides have been described
which have opioid activity. Although these peptides induce
diverse reactions in animals, they share two important physical
features: they have an enkephalin sequence at their amino-
terminus which confers upon then their biolgical activity and
they have a small size ranging from 5 to 40 amino acids (figure
1) . While many researchers have concentrated on the implication
of the opioid peptides in behavior, others have concerned
themelves with the mode of biosynthesis of the opioid peptides,
with the goal of understanding regulation of synthesis in the
animal.

In this review, we summarize the results obtained on the
biosynthesis of the opioid peptides. By applying recombinant
DNA technology, it has been possible to show that all of the
opioid peptides are derived from three precursors:
proopiomelanocortin (POMC), proenkephalin, and prodynorphin.

The complete sequence of these precursors has been determined in
different species, as well as the sequences of their
corresponding genes. These studies have provided researchers
with the DNA probes necessary to analyze the regulation of
opioid gene expression under different physiological conditions.
Although only a few physiological changes have been analyzed
thus far, they reveal a great diversity in regulatory mechanisms
and in the opioid gene sequences. Finally, we review the
experiments which deal with the generation of the bioactive
opioid peptides from the polypeptide precursors. Probably the
most intriguing results are those which show that important
regulatory steps occur after the translation of the precursors.
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While these discoveries open the way for looking at specific
processing factors, they add another level to the diversity in
the production of opioid peptides.

THE OPIOID POLYPEPTIDE PRECURSORS

Because of the small size of the opioid peptides (5 to 40 amino
acids) (figure 1), 1t was thought initially that their synthesis
might not involve the ribosome-dependent protein synthesizing
machinery of the cell. However, numerous neuropeptides and
peptide hormones share this size characteristic. The studies
carried out on the biosynthesis of adrenocorticotropin (ACTH)
finally revealed the key of the enigma It was shown that ACTH
is synthesized in the form of a large polypeptide precursor and
that this precursor also contains the sequence of an opioid
peptide B-endorphin. This discovery ignited numerous studies on
the biosynthesis of other small biocactive peptides, which
confirmed that all of these peptides are synthesized in the form
of large polypeptides precursors and that in the majority of the
cases, these precursors code for more than one bioactive
peptide. This gave rise to the concept of polyproteins for
polyfunctional precursors (Douglass et al. 1984).

The first opioid precursor protein to be characterized by
recombinant DNA methods was POMC, which gives rise to the opioid
B-endorphin and a variety of other peptides, including ACTH and
a, B, and O melanocyte stimulating hormones (MSH) (Nakanishi et
al. 1979). The second precursor protein to be characterized was
proenkephal in, which contains six copies of Met-enkephalin and
one copy of Leu-enkephalin (Comb et al. 1982; Gubler et al.

1982; Noda et al. 1982a). In the adrenal medulla, this
precursor produces a number of different opioid peptides that
include Met- and Leu-enkephalins: peptide E, which contains one
copy of Met-enkephalin and one copy of Leu-enkephalin; and
peptide F, which contains two copies of Met-enkephalin and Met-
enk-Arg-Gly-Leu. The third precursor to be sequenced was
prodynorphin, which contains three copies of Leu-enkephalin and
gives rise to the opioids dynorphin, B-neo-endorphin, and
rimophin (dynorphin B) (Kakidani et al. 1982) (figure 2). Some
remarkable similarities in the structure of the opioid peptide
precursors are revealed in figure 2. First, the precursors are
almost all the same length and the sequences of the biologically
active peptides are confined almost exclusively to the C-
terminal half of the precursors. Then, the N-terminal region of
each precursor is rich in cysteine residues and the distribution
of these residues is similar in each case, indicating that
formation of disulfide bridges may be essential for stabilizing
the protein in conformations required for correct processing.
Finally, almost all of the biologically active domains in each
precursor are flanked on both sides by pairs of basic amino acid
residues, a feature not specific to precursors of opioid
peptides but common to all the polyproteins, which implies that
trypsinlike cleavages are involved in the maturation of the
active peptides.
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The similarities in structure between these different precursors
suggest that they arose by similar evolutionary mechanisms.

This suggestion is supported by similarities in the structures
of the opioid peptide genes.

THE OPIOID PEPTIDE GENES

The three peptide genes share the characteristics common to the
majority of the eukaryotic genes; their coding regions (exons)
are separated by noncoding intervening sequences (introns). In
the opioid genes, however, the introns do not separate
functional regions of the polypeptide precursors as is the case
for some other polyprotein (Douglass et al. 1984).

Opioid Peptide Gene Structure

The proopiamelanccortin gene structure has been determined for
human (Cochet et al. 1982), bovine (Nakanishi et al. 1981), rat
(Drouin and Goodman 1980), and mouse (Notake et al. 1983; Uhler
et al. 1983). The overall structure of the POMC gene is highly
conserve among these different species. The human, rat, and
amphibian proenkephalin (Noda et al. 1982b; Comb et al. 1983;
Rosen et al. 1984; Martens and Herbert 1984) and human
prodynorphin genes (Horikawa et al. 1983) have also been
isolated. The general organization of the proenkephalin and
prodynorphin genes is remarkably similar to that of the human
POMC gene and is schematically diagramed in figure 3. All three
genes have large 3'exons which contain the nucleotides coding
for all of the biologically active peptides and the majority of
the N-terminal portions of the precursors. Note that the 3'
untranslated region of the prodynorphin gene is much larger than
that of the other two genes. Some 3 kb upstream (5') is a
smaller exon which contains sequences coding for the remainder
of the amino-terminal portion of the precursor molecule, the
initiator methionine, and a few bases of the 5' untranslated
region of the mRNA. The remaining sequences coding for the 5'
untranslated region of the mRNA are found further upstream on
either one (POMC) or two (proenkephalin and prodynorphin) exons.
The prodynorphin gene differs from the other two genes in that
its 5' untranslated region is large.

The structural similarities between these two genes in the human
suggest that they may have arisen via a common evolutionary
mechanism. The human POMC and proenkephalin genes are not,
however, closely linked in the genome. POMC has been localized
to chromosome 2, while the proenkephalin gene is located on
chromosome 12. The location of the prodynorphin gene is not
known.

The 3' exons of all the opioid genes contain regions of intra-

sequence homology. In POMC, three repetitive nucleotide regions
are present (approximately 50 nucleotides in length) which code
for a-, B-, O MHS. In human proenkephalin, there are seven
regions of internal nucleotide sequence homology (approximately
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25 base pairs in length) which code for the biologically active
enkephalin moieties. This observation has led to the suggestion
that the POMC and proenkephalin genes have evolved via a series
of duplication and rearrangement events of ancestral MSH-like
sequences and enkephalinlike sequences, respectively (Noda et
al. 1982Db).

Southern blotting experiments and the isolation of genanic
clones fran genomic libraries have implied that only one
proenkephalin and POMC gene is present in the human genome. The
same holds true for the number of POMC genes in the bovine and
rat gene. In contrast, two groups (Notake et al. 1983; Uhler
et al. 1983) have reported the presence of two POMC genes in the
mouse gene, one of which is a pseudogene. The pseudogene
exhibits 92% homology with 533 base pairs of the functional POMC
gene, including the coding regions for ACTH and B-LPH. However,
the presence of a premature translation termination codon and a
mutation in a codoon for a dibasic amino acid cleavage site
within the protein predicts that B-endorphin would not be
present in the translation product, and ACTH would not be
cleaved from the precursor by a trypsinlike cleavage enzyme.
Thus, the POMC pseudogene in mouse cannot encode a functional
precursor protein similar to the POMC precursor. Finally, the
mouse POMC pseudogene sequence is flanked on both sides by
direct repeats 10 basepairs in length. This observation raises
the interesting possibility that the pseudogene may have arisen
via the formation of an aberrant transcript of the functional
gene, followed by the insertion of its cDNA copy into the mouse
genome uptake et al. 1983).

Comparative Aspects of Proenkephalin Genes in the Human,
and Amphibian

Analysis of protein sequences in different species in order to
determine conserved regions constitutes an approach to
understanding which sequences may be functionally significant
The proenkephalin amino acid sequences are known in the human,
bovine, and rat as well as the toad Xenopus laevis and,
therefore, can serve such a comparison. The toad proenkephalin
contains five copies of Met-enkephalin and one copy of Met-
enkephalin-Arg-Gly-Tyr and one Met-enkephalin-Arg-Phe (Martens
and Herbert 1984). Met-enkephalin-Arg-Gly-Leu and Leu-
enkephalin, two enkephalin sequences present in human, bovine,
and rat proenkephalin, are not found in the Xenopus sequence.
Thus, amphibian proenkephalin contains no Leu-enkephalin
sequences, suggesting that a switch from a Met-enkephalin to a
Leu-enkephalin sequence in the mammalian proenkephalins occurred
less than 350 million years ago (time of divergence between the
Xenopus line and the main vertebrate line).

The distribution of enkephalin sequences appeared to be very
similar among human, bovine, rat, and Xenopus proenkephalin.
Some of the spacer regions between the enkephalin sequences have
a high degree of amino acid homology, while others have diverged
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to a considerable extent It is interesting to note that the
highly conserved regions between enkephalin units 2 and 3, 5 and
6, and 6 and 7 (figure 4) correspond to enkephalin-containing
peptides isolated from bovine adrenal medulla (peptides F, E,
and B, respectively). The high degree of conservation of these
peptides (especially of the highly potent opioid peptide E)
might point to an important physiological role for then, both in
mammals and lower vertebrates. The enkephalin sequenoes in both
mammalian and amphibian precursors are flanked by pairs of basic
amino acids, suggesting that similar processing mechanisms are
used in both mammals and amphibians In mammals, the cysteine
residues in three opioid precursor proteins are located in
almost identical positions in the N-terminal region It has
been suggested that this region is important for proper folding
of the precursor molecule in order to ensure correct processing.
The conservation of the cysteine residues in the proenkephalin
sequences of the four species reinforces this concept. Thus,
the high conservation of proenkephalin sequences in mammals and
amphibians suggests that the enkephalins and enkephalin-
containing peptides have an important physiological function(s)
in a wide range of vertebrates (Martens and Herbert 1984).

TRANSCRIPTIONAL AND POSTTRANSCRIPTIONAL REGULATION OF OPIOID
PEPTIDE GENE EXPRESSION

The tissue levels of opioid peptides can be altered by a variety
of synthetic as well as naturally occurring substances. In this
section, we will dccument sane examples in which various
reqgulators are altering opioid peptide levels as the result of
changes in the level of mRNA that codes for these peptides. The
following questions will be addressed: (1) Which tissues are
actively transcribing polyprotein genes? (2) What are some of
the characteristics of these genes that make them
transcriptionally active? (3) How are transcriptionally active
opioid genes requlated in vivo?

Detection of mRNA Coding for Various Polyproteins

An opioid cDNA clone or genomic clone can be used as a
hybridization probe for detecting and quantifying the
corresponding mRNA. Study of the distribution of POMC mRNA in
various rat brain tissues shows that the hypothalamus, amygdala,
and cerebral cortex contain POMC transcripts (mRNA) while the
cerebellum and midbrain do not (Civelli et al. 1982). In
addition, POMC transcripts in the amygdala and cortex appear to
be slightly smaller in size than POMC transcripts isolated from
the hypothalamus. The distribution of proenkephalin mRNA in
these same tissues has been measured (Tang et al. 1983) and
proenkephalin transcripts were detected (in order of abundance)
in the striatum, hypothalamus, cerebellum, midbrain,
hippocampus, and cortex.

These data provide two important pieces of information. First,
the distribution of POMC mRNA in the rat brain is different from
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that of proenkephalin mRNA. For example, the rat cerebellum
contains relatively high levels of proenkephalin transcripts but
no detectable POMC mRNA. Since opioid peptides are derived from
both precursor molecules, proenkephalin-derived peptides may
play an important role in this region of the brain while B-
endorphin (from POMC) does not. Second, the levels of mRNA can
be correlated with the levels of the biocactive peptides derived
from POMC or proenkephalin. In most cases, a direct correlation
is observed, confirming that the opioid peptides previously
detected in these tissues by radioimmunoassay are present as a
result of direct synthesis in those tissues, and not transport
to those tissues from a secondary site of synthesis. Rec'ently,
this has been demonstrated to be also true for POMC mRNA and
POMC-derived peptides in the testis (Pintar et al. 1984).

Several groups (Hudson et al. 1981; Gee and Roberts 1982) have
used POMC cDNA as a hybridization probe to study the
differential expression of the POMC gene in the various lobes of
the rat pituitary. Using these probes, approximately 3% to 5%
of anterior lobe cells appear to contain POMC transcripts, while
greater than 903 of the intermediate lobe cells show cytoplasmic
localization of POMC mRNA. By combining immunohistochemical
methods with in situ hybridization histochemistry, it has also
been shown that the same cells contain both POMC peptides and
POMC mRNA (Gee and Roberts 1982). These data suggest that the
presence of the POMC peptides in these cells is due to their
local synthesis and is not the result of uptake from the plasma.

Characteristics of Transcriptionally Active Opioid Genes

Gene expression in eukaryotic cells is influenced by a wide
variety of factors. Of particular importance are the DNA
sequences situated upstream to the transcription start, since
they can potentially change the level of transcription. Gene
transfer experiments have been applied in order to localize
these DNA sequences.

A cloned human POMC gene has been ligated to SV40 DNA,
introduced into CDS monkey cells, and transcribed from its own
promoter (Mishina et al. 1982). Deletion mutants in the 5'
region of the gene were generated to determine the effects of
these sequences on transcription of the gene in vivo, If
nucleotide +1 is the first be of the primary transcript,
deletion of sequences from -20 to -40 (containing the TATA box
start of transcription) completely abolished accurate
transcription from the POMC promoter. This result suggests that
the TATA box region is a distinct promoter element of the human
POMC gene.

A unique feature of the human POMC promoter region is that the
deletion of sequences from -53 to -59 results in a threefold
enhancement of the transcriptional efficiency. This region
overlaps with a continuous stretch of G-C pairs present -48 to
-56 bp upstream from the cap site. The G-C stretch itself, or
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its specific pattern of methylation, may depress transcription
of the gene; and its partial removal may therefore increase the
transcriptional efficiency of the human POMC gene.

Regulation of Expression of Cpioid Peptide Genes

Many compounds alter the levels of biocactive peptides. Some of
these substances change the rate of processing of the precursor
molecules. Others regulate the rate of transport or secretion
of the bioactive peptides following their release from the
precursor molecule.

Regulation of POMC Gene Expression The secretion of POMC-
derived peptides is reqgulated differently in the anterior lobe
(AL) and neurointermediate lobr (NIL) of the rat pituitary. In
the AL, the secretion of POMC-derived peptides is positively
regulated by corticotropin-releasing factor (CRF and negatively
requlated by endogenous glucocorticoids released from the
adrenal cortex. Glucocorticoids also inhibit POMC production in
AL corticotrophs but have no effect on NIL cells that produce
POMC.

In the NIL, dopaminergic neurons from the hypothalamus impinge
on POMC-containing cells and inhibit the release of POMC-derived
peptides. As expected, the administration of dopamine
antagonists, such as haloperidol, stimulates the release of POMC
peptides from the NIL and increases the levels of POMC peptides
within the NIL. These agents have no effect on the release of
POMC peptides from AL corticotrophs (Douglass et al. 1984).

POMC cDNA clones have been used as hybridization probes to
accurately determine the effects of adrenalectomy and subsequent
dexamethasone (DM) administration on POMC mRNA levels in the
rat AL (Birnberg et al. 1983). Eight hours after adrenalectomy
the levels of POMC mRNA levels increased markedly, reaching
fifteenfold to twentyfold the control level at 18 days
postoperation When DEX was administered to rats 8 days after
adrenalectomy, the above events were reversed (Bimberg et al.
1983), and after 5 daily injections of DEX, POMC mRNA had
returned to control levels (figure 5). These results confirmed
previous experiments which used POMC mRNA translational activity
as a measure of POMC mRNA content.

The large changes in POMC mRNA levels in anterior pituitary
after adrenalectomy raised the question of whether
glucocorticoids regulate POMC gene expression at the level of
transcription. To test this possibility, POMC transcription
rates were assayed by the nuclear transcription method which
measures the number of RNA polymerase molecules transcribing
POMC genes in a given time period (1 and 4 hours after
adrenalectomy). The results show that the rate of transcription
increases by twentyfold in the anterior pituitary within 1 hour
of adrenalectomy. The observed increase in transcription rate
was completely suppressed by administration of DEX to animals
immediately after adrenalectomy.
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The above effects are specific to POMC gene expression in the
AL; POMC mRNA levels and the rate of transcription of the POMC
gene in the NIL are not altered by adrenalectomy or DEX
administration (Birnberg et al. 1983).

In situ hybridization has been used to determine that the
Increase in POMC mRNA levels in the AL following adrenalectomy
is due to a number of factors, including enlarged cell volume
and an increase in the number of POMC-prducing cells (Gee and
Roberts 1982). This technique clearly allows for a more refined
analysis of the factors involved when a heterogeneous tissue 1is
being studied.

Cell-free translation studies and RNA dot blotting (Chen et al.
1983) have been used to study the effects of dopamine agonists
and antagonists on POMC mRNA levels in the rat NIL.
Administration of the dopamine antagonist haloperidol results in
a fourfold to sixfold (time-and-dose-dependent) increase in the
level of NIL POMC mRNA. This stimulatory effect is observed as
early as six hours after administration 1In contrast,
ergocryptine, a dopamine agonist, decreases twofold to threefold
the level of POMC mRNA in the rat NIL (Chen et al. 1983). The
time-dependent changes in POMC mRNA levels and the magnitude of
these changes suggest that dopaminergic compounds modulate POMC
mRNA levels in the NIL in the same fashion as they regulate POMC
peptide secretion. The mechanisms underlying dopminergic
modulation of POMC mRNA levels in the NIL remain to be
elucidated.

It is also worthwhile to note that dopminergic compounds have
no effect on POMC mRNA levels in the AL (Chen et al. 1983).

Proenkephalin Gene Regulation. Daily injections in rats for 2
to 3 weeks with haloperidol, a dopamine receptor antagonist,
increases twofold the level of Met-enkephalin in the striatum.
From these data, it was suggested that the prolonged blockage of
dopamine receptors by haloperidol accelerates the synthesis of
the enkephalin precursor molecule.

To investigate the possibility that haloperidol was modulating
the level of proenkephalin mRNA in the striatum, cell-free
translation and immunoprecipitation (Sabol et al. 1983) and
Northern blotting techniques (Tang et al. 1983) were employed.
Following chronic haloperidol treatment for 3 weeks, the levels
of proenkephalin mRNA in the striatum were increased twofold
(Sabol et al. 1983) to fourfold (Tang et al. 1983), consistent
with the concomitant elevation of striatal Met-enkephalin
content Thus, haloperidol elevates the Met-enkephalin content
in the striatum primarily by increasing the proenkephalin in
mRNA content in that tissue. This effect was specific to the
striatum since haloperidol had no effect on maintaining
proenkephalin mRNA levels in the rat hypothalamus, cortex, or
hippocampus (Tang et al. 1983).
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TRANSLATIONAL AND POSTTRANSLATIONAL REGULATION OF OPIOID PEPTIDE
PRODUCTION

Opioid peptides become active only after they are cleaved out of
their precursor molecules. In some cases, other modifications
such as glycosylation, phosphorylation, amidation, or
acetylation must also occur in order to activate these peptides.
Amino acid sequences specify the enzymatic processes that lead
to activation of the opioid peptides. These processes usually
occur in a well-defined order as the proteins and peptides move
through compartments in the secretion pathway.

Most of the domains of the opioid peptides in the precursors are
flanked by pairs of basic amino acid residues (either Lys-Arg,
Lys-Lys, or Arg-Arg), suggesting that trypsinlike enzymes are
involved in the cleavage reaction. A carboxypeptidaselike
enzyme 1is thought to remove the C-terminal basic amino acid to
produce the bioactive peptide. However, other types of cleavage
recognition sites are also used, including a single Arg site in
proenkephalin and prodynorphin.

Carboxyterminal amidation has been observed in the formation of
a-MSH from POMC and a Met-enkephalin octapeptide from
proenkephalin. The C-terminal amino acid of peptides that
undergo amidation is followed by a glycine residue in the
precursors which is involved in transfer of the amino group and
is cleaved from the peptide during the amidation reaction.

Glycosylation of a protein at asparagine (Asp) residues requires
the sequence asparagine-x-threonine or -x-serine. Glycosylation
can also occur at serine or threonine (Thr) residues, POMC is
known to be glycosylated. Human and bovine proenkephalin also
have Asp-x-Thr sequences. However, as not all such sequences
are glycosylated in a protein, it is not possible to predict
which precursors will contain these oligosaccharides. In order
to demonstrate the existence of oligosaccharides, one must
isolate the protein and analyze its carbohydrate content or
carry out pulse label studies with radioactive sugars.

Other posttranslational modifications have been detected in the
processing of POMC, including phosphorylation, acetylation,
sulfation, and methylation (Herbert et al. 1984).

Tissue-Specific Processing of POMC, Proenkephalin, and
Prodynorphin

Processing of POMC in Anterior and Neurointermediate Lobes of

the Rodent Pituitary. Cultures of AL and NIL of rat pituitary
provide viable and convenient systems for studying expression of
POMC-derived peptides. In addition to the tissue-specific
differences in regulation of hormone release described earlier,

there are marked differences in the types of peptides derived
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from the ACTH-R-LPH portion of the precursor in the two lobes of
the pituitary. The AL contains predominantly the steroidogenic
hormone, ACTH1-39, while the intermediate lobe of the pituitary
contains high levels of a-MSH (ACTH1-13 with an acetylated N-
terminus and an amidated C-terminus) and corticotropinlike
intermediate lobe peptide (CLIP) (ACTH18-39) as shown in figure
5 (Scott et al. 1974; Roberts et al. 1978; Mains and Eipper
1979; Eipper and Mains 1980). Thus, ACTH]-39 is further
pressed in the neurointermediate lobe to yield a-MSH and CLIP
(Scott et al. 1973). The lobes of the rodent pituitary also
differ in the amounts of B-LPH, R-endorphin, and acetylated
derivatives of B-endorphin that they contain. While the AL
contains mainly B-LPH, the neurointermediate lobe has
predominantly B-endorphin and derivatives of B-endorphin
(Herbert et al. 1984) (see figure 5). Despite the differences
in the ACTH/endorphin peptides in the two lobes of the
pituitary, the forms of POMC that they contain are very similar
(Roberts et al. 1978).

Pulse-label and pulse-chase studies with rodent pituitary cells
show that the initial cleavages and glycosylation steps in the
processing of POMC are the same in the two lobes of the
pituitary (Roberts et al. 1978; Hinman and Herbert 1980). As
shown in figure 5, glycosylation of the N-terminal portion of
POMC occurs first in the @-MSH region of the molecule. About
half of the POMC molecules are also glycosylated at Asn residue
29 in the ACTH portion of the molecule. After core
glycosylation is complete, cleavage occurs between ACTH and B-
LPH, resulting in the formation of glycosylated ACTH
intermediates and B-LPH as in AtT-20-Dl6v cells. Another
cleavage then occurs to release glycosylated and unglycosylated
forms of ACTH (Roberts et al. 1978; Mains and Eipper 1979;
Eipper and Mains 1980; Hinman and Herbert 1980) and an N-
terminal fragment. In the rodent anterior pituitary processing
essentially ceases at this point; but in the NIL ACTH is
processed to a-MSH and CLIP by cleavage in the middle of the
molecule. The N-terminus ACTH is then trimmed back to 13
residues (ACTH1-13) presumably by carboxypeptidases, amidated at
the C-terminus and acetylated at the N-terminus (Scott et al.
1973). The B-LPH portion of POMC is cleaved in the NIL to form
0-LPH and R-endorphin. R-Endorphin is then acetylated at its N-
terminus and shortened by removal of four C-terminal amino
acids. Acetylation of B-endorphin at its N-terminus destroys
its analgesic activity. Hence, this modification might be a way
of regulating the amount of active endorphin available in the
NIL.

Recent evidence suggests that the N-terminal portion of POMC is
also cleaved extensively in the pituitary. In the rodent NIL,
proteolytic cleavages occur at both pairs of basic amino acids
in the N-terminal portion of POMC. These cleavages give rise to
0-MSH, which has been shown to be present in its glycosylated
form, and to an acidic peptide called a joining peptide (J)
(Seidah et al. 1981). Formation of these peptides is
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essentially confined to the NIL since ¢-MSH peptides are not
detected in the anterior pituitary. Hence, the N-terminal of
POMC is more correctly processed in the NIL of the pituitary
than in the anterior pituitary (Herbert et al. 1984; Douglass et
al. 1984), as already demonstrated for the ACTH and R-LPH
domains.

These results show that cleavage occurs at all of the pairs of
basic amino acid residues contained in POMC (figure 5).

Almost all of the POMC-derived products shown in figure 5 arise
by proteolytic cleavages at Lys-Arg sites. It appears that in
mammals this sequence is preferred as a cleavage site over Arg-
Arg or Lys-Lys (as in the case of conversion of proinsulin to
insulin).

Processing of Proenkephalin and Prodynorpin. Detection of
imnunoreactive enkephalin peptides in the bovine adrenal medulla
provided impetus for using this tissue to study biosynthesis of
enkephalins. Since these subjects have been reviewed in depth
recently (Udenfriend and Kilpatrick 1983; Lewis and Stem 1983),
we will present only a brief summary emphasizing tissue-specific
differences in processing of proenkephalin.

A variety of enkephalin-containing peptides (ECPs), in addition
to the pentapeptides Met- and Leu-enkephalin, are present in
adrenal medulla and brain. Figure 6 shows the biosynthetic
relationship of these peptides in the adrenal medulla and brain.
The arrangement of the six Met- and one Leu-enkehalin units in
preproenkephalin is presented first. Met-enkephalin-Arg-Phe is
present at the C-terminal part of the precursor and the
octapeptide product, Met-enkephalin-Arg-Gly-Leu, comprises the
amino acid sequence 186 to 193 in the precursor. Larger ECPs
containing more than one enkephalin sequence are also observed,
including peptide E which has a Met-enkephalin at its N-terminus
and a Leu-enkephalin at its C-terminus,and peptide F which has
a Met-enkephalin sequence at each end. These smaller ECPs are
derived from larger peptides. For example, peptide E arises
from peptide I by cleavage at a Lys-Arg site and peptide F comes
from still larger fragments which have also been characterized
(figure 6). It is still not clear which of these peptides are
and products of processing and which are intermediates.
Bioassays indicate that peptide E, Met-enkephalin-Arg-Phe and
Met-enkephalin-Arg-Gly-Leu are very potent opioids. However,
peptide F and larger ECPs are not very active in assays of
opioid activity. The bioactivity assays suggest that peptide E
and the smaller ECPs are the true end products of biosynthesis,
whereas the larger fragments are intermediates in processing.

The proenkephalin peptide sequences flanked by Lys-Arg or Lys-
Lys sites are cleaved out of the precursor, whereas, the Met-
enkephalin sequence in peptide E that has an Arg-Arg on its C-
terminus is not released from the precursor.
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An amidated octapeptide, ECP, has recently been isolated from
bovine brain and human pheochromocytoma (a tumor of the adrenal
medulla). This peptide, which results from cleavage at a single
Arg residue in peptide E, is the first amidated opioid peptide
that has been isolated Cleavage at a single Arg residue also
occurs in the processing of several other precursors, including
ProAVP (producing a glycopeptide), prodynorphin,
procholecystokinin, and progrowth-hormone-releasing-factor
(Douglass et al. 1984).

As in the case of POMC, the processing of proenkephalin is
tissue-specific. The major products of processing in the
adrenal medulla are the higher molecular weight ECPs, whereas in
the brain, one finds mainly the enkephalins and other small ECPs
(Udenfriend and Kilpatrick 1983; Weber et al. 1983; Liston et
al. 1983). Indeed, it has been shown recently that three of the
proenkephalin-derived peptides, synenkephalin, Met-enkephalin-
Arg-Phe, and the octapeptide Met-enkephalin-Arg-Gly-Leu, are
present in different processing intermediates in the brain as
compared to the intermediates in the adrenal medulla (Liston et
Although the processing of prodynorphin has been
less studied, its proteolytic cleavages appear also to be
tissue-specific in the two lobes of the rat pituitary (Seizinger
et al. 1984). Dynorphin(1l-17) and rimorphin, two of the opioid
peptides present in this precursor, exist in these forms in the
NIL but are only detected as part of 6000 MW polypeptide in the
AL Also, dynorphin(l-8) which is present in the NIL, 1is
undetectable in the AL, The peptides containing neoendorphin
sequences also differ in the two lobes of pituitary. While both
lobes contain a- and B-neoendorphin, an 8000 MW polypeptide
immunoreactivity against neo-endorphin antibodies is detected in
the AL and not in the NIL. These data are summarized in figure
6 and show that, as for the two other opioid polypeptide
precursors, the pressing pathways of prodynorphin are tissue-
specific.

Several mechanisms can be proposed to explain tissue-specific
processing of neuroendocrine peptide precursora One is the
existence of a different set of processing enzymes in different
tissues. The environment at the sites of processing could also
differ in different tissues. Another possibility is a
difference in the structures of the precursor molecules in
different tissues. In the latter case, a sequence difference in
the precursor molecule would dictate how the precursor is
processed in each tissue. Different translational modifications
of the precursor might also account for tissue differences in
processing. Different precursors could arise by selective
expression of one or more of a family of genes in each tissue or
from a single gene by alternate modes of splicing. Most of the
evidence to date suggests that differential processing of POMC
occurs at the level of processing enzymes in the pituitary.
First, there is only one POMC gene in the mouse (Uhler et al.
1983) and rat (J. Drouin, personal communication, 1984); second,
an extensive search for different forms of mRNA that might code
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for different POMC forms in the two lobes of the pituitary has
been negative (Herbert et al. 1984); and third,

posttranslational modifications of POMC appear to be the saame in
the two lobes of the pituitary.

Thus, different sets of processing enzymes appear to be
responsible for tissue-specific expression of neuroendocrine
peptides. Posttranslational processing comprises the last steps
in the numerous events leading to expression of the opioid genes
and appears to be a major mechanism for generating diverse sets
of peptides in the opioid peptide system

In conclusion, we have tried at the generation of the opioid
peptides as the products of a complex cascade of events. All
the steps involved in the expression of a gene are used to
generate the greatest diversity of biocactive peptides. The
synthesis of the opioid peptides from only three precursors
provides a means of coordinating the synthesis of functionally
related peptides which could act together to mediate distinct
behavioral responses. Future experiments will provide
information about the role of opioid peptides in behavior. On
the other hand, the transfer of opioid genes from one cell to
another will reveal the basic mechanisms directing the genetic
express ion of the opioid peptides. We will then be in the
position of being able to control the production of the opioid
peptides and, therefore, to test specifically their actions in
the organism
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Proenkephalin Biosynthesis in the Rat
Richard D. Howells, Ph.D.

The discovery of opiate receptors in mammalian brain (Pert and
Snyder 1973; Simon et al. 1973; Terenius 1973) naturally stimu-
lated speculation on the purpose of these sites. Surely they did
not survive eons of evolution for the chance consumption of
opiate alkaloids. Since none of the many substances which had
been proposed as neurotransmitters or neuromodulators had an
appreciable affinity for opiate receptors, the search began for
an endogenous ligand. Shortly thereafter, two substances were
isolated from porcine brain which could interact with opiate
receptors and mimic the pharmacological activity of morphine in
the guinea pig ileum biocassay (Hughes et al. 1975). These
substances were pentapeptides with the structures Tyr-Gly-Gly-
Phe-Met and Tyr-Gly-Gly-Phe-Leu and were named methionine
enkephalin and leucine enkephalin, respectively. It was for-
tuitously noticed that the sequence of [Met]enkephalin was
contained within B-lipotropin (R-LPH), a protein that was first
isolated from porcine pituitary glands (Li 1965). At about the
same time, several groups isolated and determined the structure
of other peptides with opiate activity that were derived from
B-LPH which had C-terminal extensions of the [Met]enkephalin
sequence. These peptides became known as a-endorphin, @ endorphin
(Ling et al. 1976), C'-fragment (Bradbury et al. 1976a), and
B-endorphin (Cox et al. 1976; Li and Chung 1976; Bradbury et al.
1976b; Graf et al. 1976). B-LPH and adrenocorticotrophic hormone
(ACTH) were shown to be derived from a common 31 kilodalton
precursor, proopiomelanocortin (Mains et al. 1977; Roberts and
Herbert 1977; Rubinstein et al. 1978; Kimura et al. 1979). The
entire primary structure of bovine preproopiomelanocortin
(prePOMC) was determined using molecular cloning and cDNA
sequencing (Nakanishi et al. 1979). PrePOMC contains 265 amino
acids with a molecular weight of 29,259. The precursor contains
the sequences of ACTH, R-LPH, and another melanocyte stimulating
hormone-related peptide, O-MSH. These peptides are bounded by
two basic amino acids (Lys or Arg), which presumably serve
as signals for a processing enzyme (Steiner et al. 1980)
to selectively release the active peptide. POMC is processed
differently in the anterior and intermediate lobes of the
pituitary (Mains and Eipper 1980). Although B-endorphin was
originally thought to be the precursor of [Met]enkephalin, it
became apparent rather quickly that the opioid pentapeptides were
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derived from a different precursor (Rossier et al. 1977;
Watson et al. 1978; Bloom et al. 1978; Lewis et al. 1978;
Nakanishi et al. 1979). It was clear from these studies that the
enkephalins and BR-endorphin were contained within discrete,
separate neuronal systems in the brain. Also, the sequence of
[Leu]enkephalin did not occur in prePOMC. Work then began anew
for the precursor to the enkephalins.

Bovine striatum was used originally as the starting point for
the extraction and purification of enkephalin precursors;
however, it became apparent that bovine adrenal medulla would be
more suitable for these studies. In 1978, Hokfelt and col-
leagues (Shultzberg et al. 1978) reported the presence of
enkephalin immunofluorescence in adrenal medulla. It was noted
that rat adrenal glands contained significantly less enkephalin
immunofluorescence compared with guinea pig adrenals. The
difference in enkephalin content was found to be even greater
between the adrenals of rats and that of dogs and cattle
(Viveros et al. 1979; Hexum et al. 1980). The bovine adrenal
gland was found to have several advantages over brain tissue as a
starting point for the isolation of enkephalin precursors (Lewis
et al. 1979). The total amount of enkephalin was greater and,
more importantly, the bulk of the enkephalin activity (90%) was
found to be contained within higher molecular weight (1-18 kD)
peptides which were presumably intermediates in the biosynthetic
pathway of the enkephalins. These larger peptides did not
crossreact with enkephalin antibodies or bind to opiate receptors
unless they were treated with trypsin; subsequent treatment with
carboxypeptidase B (CPB) increased the activity even more.
Digestion with these enzymes would liberate enkephalin sequences
if they were bounded by dibasic amino acids. Another advantage of
the bovine adrenal medulla was that the enkephalin-containing
(EC) peptides could be greatly enriched by purifying the se-
cretory granules which contained almost all of the opioid
activity in the chromaffin cells. Udenfriend's group began the
systematic isolation and sequencing of these peptides. A totally
unexpected finding which arose from this work was that some of
the purified EC peptides contained more than one copy of the
enkephalin sequence. The first such peptide that was discovered
was named peptide F (Kimura et al. 1980), which has the Try-Gly-
Gly-Phe-Met sequence at its N- and C-termini. Peptide I (Kimura
et al. 1980) was the first EC peptide shown to contain the
[Leu]enkephalin sequence; it also contained [Met]enkephalin. A
total of 16 different EC peptides (figure 1) were sequenced (see
Udenfriend and Kilpatrick 1983); the largest of these, an 18.2 kD
polypeptide, was shown to contain four copies of [Met]enkephalin
(Kilpatrick et al. 1982a). Although the putative enkephalin
precursor, proenkephalin (Lewis et al. 1980), had not been
isolated, there was considerable evidence to support a bio-
synthetic pathway beginning with proenkephalin which was pro-
cessed subsequently by specific trypsin- and CPB-like enzymes to
yield smaller active opioid peptides. Ultimately, the entire
coding regions of bovine and human preproenkephalin were obtained
via recombinant DNA technology (Gubler al al. 1982; Noda et al.
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FIGURE 1

Structure of Endogenous EC Peptides IsolatedFrom Bovine Adrenal
Medulla.

Adrenal medulla tissue was used to prepare partially purified
chromaffin granules. The granules were extracted in acid and
chromatographed on Sephadex G-75. The chromatogram was divided
arbitrarily into five peaks; some of the EC peptides contained in
these peaks were purified using HPLC. Regions for which the amino
acid sequence was not determined are in parentheses. The
sequences of [Met]enkephalin, [Leu]enkephalin, [Met]enkepha-
lin-Arg-Gly-Leu and [Met]enkephalin-Arg-Phe are underlined.
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1982; Comb et al. 1982). Preproenkephalin was shown to have
within its primary structure four copies of [Met]enkephalin and
one each of [Leu]enkephalin, [Met]enkephalin-Arg-Gly-Leu, and
[Met]enkephalin-Arg-Phe. All of these sequences are bound by two
basic amino acids, except for the heptapeptide, which is followed
by a chain termination codon. It had been predicted earlier that
the heptapeptide was at the C-terminus of proenkephalin (Lewis et
al. 1980). Both the octapeptide and heptapeptide have been shown
to bind to opiate receptors (Kilpatrick et al. 198la; Stern et
al. 1979). In addition, [Met]enkephalin-Arg-Phe was found to be
eight times more effective than [Met]enkephalin on a molar basis
for eliciting antinociception in mice (Inturrisi et al. 1980).

Elucidation of the primary structures of prePOMC and prepro-
enkephalin did not account for two other peptides which contained
[Leu]enkephalin, a-neo-endorphin (Kangawa et al. 1981) and
dynorphin (Goldstein et al. 1981). Evidently there was still
another precursor which contained these peptides. Investigations
into their origin led to the discovery of a third [Leu]EC peptide
(Kilpatrick et al. 1982b), rimorphin (figure 2), and a 32 amino
acid peptide which contained dynorphin at its N-terminus and
rimorphin at its C-terminus, the two being linked by a Lys-Arg
sequence (Fischli et al. 1982). It was shown by Kakidani et al.
(1982) that all of these [Leu]EC peptides were derived from a
single precursor named proenkephalin B (also known as pro-
dynorphin and pronorphin). The cloned cDNA from pig hypothalamus
contained one copy each of a-neo-endorphin, dynorphin, and
rimorphin. Like the other opioid peptide precursor proteins, the
active peptide sequences have two basic amino acids at the NH,-
and COOH-termini.

All of the opioid peptides that have been isolated are derived
from one of the three precursors: POMC, proenkephalin, or
proenkephalin B ([Leujenkephalin can arise from proenkephalin or
proenkephalin B). Several structural similarities exist between
the three gene products besides the presence of enkephalin
sequences flanked by paired basic residues (figure 3). They are
all approximately the same size. All three contain a cysteine-
rich amino terminal region that is devoid of typical processing
recognition sites and is preceded by a signal peptide sequence.
The presence of an even number of cysteine residues in each
precursor suggests that disulfide linkages are likely present in
the mature proteins. These similarities suggest an evolutionary
relationship among the three different precursors.

Having elucidated the biosynthetic origin and details of the
pathway whereby [Met]- and [Leu]enkephalin are produced, we
began experiments to understand the regulation of proenkephalin
biosynthesis. The previously mentioned paper by Schultzberg
et al. (1978) was important not only for establishing the
presence of opioid peptides in adrenal medulla, but also for
discovering the influence of the splanchnic nerve on the en-
kephalin content of the rat adrenal medulla. The authors observed
that the rat adrenal ordinarily contained very little enkepha-

46



1 5 10 15 20 25

X-NeEo-ENDORPHIN:  TYR-GLY-6LY-PHE-LEU-ARG-LYS-TyR-PRo-LYs

DYNORPHIN + TYR-GLY-GLY-PHE-LEU-ARG-ARG- ILE-ARG-PRO-LYS-LEU-LYS-TRP-ASP-ASN-GLN

RIMORPHIN : TYR-GLY-6LY-PHE-LEU-ARG~ARG-GLN-PHE-LYS~VAL-VAL-THR

DyNORPHIN-32 :+ TYR-GLy-GLY-PHE-LEU-ARG-ARG- | LE-ARG-PRO-LYS-LEU-LYS-TRP-ASP-ASN-GLN-LY5-ARG-TYR~GLY~GLY-PHE-LEU-ARG-
30

ARG~GLN-PHE-Lys-VaL-VAL-THR

FIGURE 2

Structures of [Leu]EC Peptides Isolated From Posterior Pituitary
Glands.
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FIGURE 3

Schematic Representation of the Three EC Peptide Gene Products.
The positions of cysteine residues and paired and single basic

amino acids serving as processing sites are indicated. Charac-
terized products of processing are also shown.
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lin like immunoreactivity; however, when the splanchnic nerve
which inners the gland was severed, there was a marked
increase in enkephalin immunoreactivity. Our group followed up
this interesting phenomenon on a quantitative basis (Lewis et al.
1981; Fleminger et al. 1984a). After denervation, there was a lag
period of 12 hours before EC peptides levels began to rise
() figure 4). The levels peaked 72 to 96 hours following surgery,

then declined slowly over several weeks. The observed changes in
EC peptiodes following denervation were in marked constrast to

those seen with catecholamines. While the EC peptide content of
the denervated glands was increasing, the catecholamine content
of the same glands was decreasing, reaching levels that were 30%
to 40% of the innervated glands after 24 hours. Thus, despite
evidence that enkephalins and catecholamines are stored and

concomitantly secreted from the same secreoty vesicles (Viveros
et al. 1979), they appear to be under seperate control.

We found that the increase in EC peptides at all time points was
due almost entirely to a polypeptide which was 20-30 kD (figure
5). This material is believed to be intact proenkephalin, based
on the following criteria (Fleminger et al. 1984b): it migrates
with an apparent molecular weight of 25,000, as estimated by gel
filtration chromatography; on high performance liquid chroma-
tography, it eluted at much higher propanol concentrations than
the largest previously characterized EC peptide which is 18.2 kD;
treatment of the polypeptide with Lys-C endoproteinase yielded
[Met]enkephalin, [Leu]enkephalin, [Met]enkephalin—Arq6—Pheu and
[Met]enkephalin-Arg-Gly-Leu (figure 6) in the same ratios that
are found in rat proenkephalin as deduced from sequencing rat
preproenkephalin  cDNA (see Dbelow.)

Some processing of the "proenkephalin" was observed with time in
the denervated adrenals. As shown in figure 7, a peak of 3-6 kD
slowly increased with time. This peak reacted with [Met]en-
kephalin antisera, but not [Leu]enkephalin antisera, following
digestion with trypsin and CPB; and it crossreacted with
[Met]enkephalin-Arg-Phe antibodies without digestion. Based on
these results, we assume that this peptide is probably peptide B
(Stern et al. 1981).

Having characterized the increase in EC peptides following
denervation of the rat adrenal gland, we wanted to learn more
about the mechanisms underlying the effect. Were the increases
due, for instance, to increased transcription of the proen-
kephalin gene, increased translation of a fixed amount of
proenkephalin mRNA, decreased release, or decreased degradation
of the EC peptides? We found that after splanchnicectomy, there
was a several-fold increase in the steady-state levels of
preproenkephalin mRNA (figure 8) which became maximal (>tenfold)
after 24 to 48 hours (Kilpatrick et al. 1984). These results
indicated that the increased EC peptide levels following de-
nervation were due to pretranslational mechanisms. It is in-
teresting to note that the increase in preproenkephalin mRNA was
accompanied by a twofold to fourfold decrease in total poly(R)
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FIGURE 4

Changes in [Met]EC Peptides And Catecholamines in Rat Adrenal
Glands After Denervation.

Aliquots of the tissue extracts of innervated (0) and denervated
(®)glands (10-200 pl) were lyophilized, redissolved in 100 nl
of 0.2 M N-ethylmorpholine acetate buffer (pH 8.0), and treated
with trypsin and carboxypeptidase B. [Met]enkephalin released
was assayed by a specific radioimmunoassay. Aliquots of tissue
extracts in 5% trichloroacetic acid/100 mM HC1 (20 pl) of the
innervated (0) and denervated ( B )gland were assayed for
catecholamines.
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FIGURE 5

Size Distribution of [Met]EC Peptides in Tissue Extracts at
Various Time Intervals After Denervation on a Sephadex G-75

Column.

Aliquots (20-200 pl) from each fraction were lyophilized, treated
with trypsin and carboxypeptidase B, and assayed for [Met]en-
kephalin, as described in figure 4. All panels, except for the
first two, show [Met]EC peptides in denervated rat adrenal
glands. The column was calibrated with markers showing the
elution position of hemocyanin (HC), RNase, and tyrosine (Tyr),
respectively.
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FIGURE 6
Mapping of EC Peptides Derived From Proenkephalin.

An aliquot (1 ml, equivalent to 8 pmol of proenkephalin) of the
pooled fractions from RP-8 chromatography was evaporated to
dryness and redissolved in 200 pl of 0.2 M N-ethylmorpholine
acetate buffer, pH 7.4. Lys-C endoproteinase (40 pl, 1 mg/ml)
was added and the solution was incubated at 37 °C for 16 hrs. The
solution was then heated to 100 °C and, after cooling, purified
carboxypeptidase B (40 pl, 5 upg/ml) was added. The solution was
again incubated at 37 °C for 4 hrs. 2-Mercaptoethanol was then
added (0.5% final concentration) and the solution was heated to
100 °C for 30 mins. After cooling, 125I—[Met]enkephalin was
added and the solution was applied to an RP-18 column (0.46 x 10
cm) and developed with a gradient of I-propanol. Each fraction
(1 ml) was dried down and redissolved in 200 upl of 0.2 M N-ethyl-
morpholine buffer, pH 8.0. [Met]lenkephalin(BEZ) and [Leu]-
enkephalin (BN) immunoreactvities were assayed after treatment
with trypsin and carboxypeptidase B. Octapeptide (@) and hepta-
peptide (M))immunoreactivities were assayed directly without any
further enzymatic treatment. "Peptide E Derivative" refers to the
peptide Arqo—Des(Arq6[Leu]enkephalin) peptide E (rat proenkepha-
in (187-206).
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FIGURE 7
Processing of Proenkephalin in Denervated Rat Adrenal Glands.

(Lower) Aliquots (200 pl) of the fractions of a Sephadex G-75
column (see figure 5) were lyophilized and assayed with specific
antibodies to the heptapeptide [Met]enkephalin—Arg6—Phe7. (Upper)
Enlargement of the corresponding panels in figure 5. Numbers
represent the amounts of [Met]enkephalin that are higher than 1
pmol/mg of protein.
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FIGURE 8

Time Course For The Effect of Unilateral Denervation on Rat
Adrenal Preproenkephalin mRNA.

Poly(A) mRNA (12 ug)from innervated (I) and denervated (D) rat
adrenal glands, rat liver (RL) and rat brain (RB) were denatured
by heating to 60 °C for 15 mins in the presence of 7.4% for-
maldehyde/0.9 M NaCl/0.09 M Na citrate (denaturing buffer).
Threefold serial dilutions of each sample were made up in
denaturing buffer and applied in a volume of 0.5 ml to nitro-
cellulose filters (8.0, 2.7, and 0.9 nug of adrenal samples and
8.0 to 0.1 pg of liver and brain samples, from left to right).
Wells were rinsed with 0.5 ml denaturing buffer, and the filter
was then baked, prehybridized, and hybridized with nick-
translated human proenkephalin cDNA (107 cpm) at 42 °C, as
outlined in the legend to figure 9. Numbers refer to the hours
following denervation after which adrenal glands were removed.
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mRNA. This indicated that neuronal activity exerts an influence
on proenkephalin gene expression and RNA metabolism in rat
adrenals. A drawback of the studies involving assay of pre-
proenkephalin mRNA was that neither synthetic oligodeoxy-
ribonucleotides nor human and bovine preproenkephalin cDNAs were
sensitive enough to detect preproenkephalin mRNA in control or
innervated adrenal glands (figure 9). We hoped that rat
preproenkephalin cDNA would provide a more sensitive probe for
these types of studies involving very low levels of the message,
so the molecular cloning of rat cDNA was undertaken.

Preproenkephalin mRNA was enriched by sucrose gradient centri-
fugation of poly(A)-containing mRNA from rat brain and was used
as a template for double-stranded cDNA synthesis. The cDNA was
inserted into the Eco RV site of the plasmid pBR322 using the
GC-tailing method and the resulting recombinant plasmids were
used to transform E. coli RR1 cells. A 30-base-long synthetic
oligodeoxyribonucleotide with a sequence that had been shown to
be identical in bovine and human preproenkephalin cDNA (Gubler et
al. 1982; Noda et al. 1982; Comb et al. 1982) was prepared to
screen the clone bank. The sequence of this probe is shown in
figure 10. Approximately 28,000 bacteria were screened from
which 10 positive clones were obtained. The plasmid (referred to
as pRPE-1) with the longest cDNA insert (about 1,200 bases) was
selected for sequencing, which was accomplished using the Maxam
and Gilbert (1980) technique. It was found that pRRE-1 cDNA
contained the entire protein coding region of preproenkephalin
(Howells et al. 1984; figure 11). Like the bovine and human gene
products, rat preproenkephalin has four [Met]enkephalin se-
quences and a single copy each of [Leul]enkephalin, [Met]en-
kephalin-Arg-Gly-Leu, and [Met]enkephalin-Arg-Phe. Each of these
sequences is bracketed by two basic amino acids, except the
heptapeptide which is followed by the termination codon UGA. It
should be noted that the sequence of the highly active peptide E
(Kilpatrick et al. 1981b) is entirely conserved in all three
species, even though there are a significant number of single
base changes.

The initiation site for translation has been tentatively assigned
to the methionine codon at positions 1 to 3, based on the amino
acid sequences of bovine and human preproenkephalin (figure 12).
Rat preproenkephalin would consist then of 269 amino acids with a
molecular weight of 30,936. This compares to 267 residues for
human and 263 residues for bovine preproenkephalin. The amino
terminus of rat preproenkephalin is most likely the Asp (coded
for by GAC) at position 24 of the amino acid sequence by analogy
to the bovine and human proteins. In those species, the N-
terminal amino acid is Glu, which is coded for by GAA. The
signal peptide would then contain 24 largely hydrophobic amino
acids and terminate in Ala. This is typical of signal peptides
(Steiner et al. 1980). The rat signal peptide contains two
cysteine residues at positions 8 and 17, whereas the human and
bovine forms contain only a single Cys at position 8. All three
species contain six additional Cys residues (excluding those in
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HYBRIDIZATION OF PROENKEPHALIN DNA PROBE TO

RAT POLY A" mRNAs
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FIGURE 9
Effect of Splanchnicectomy on Rat Adrenal Preproenkephalin mRNA.

Innervated and denervated adrenal glands (0.3-0.4 gm) were
obtained from rats that had been unilaterally denervated for 24
hrs. Poly(A) mRNA was prepared and the entire sample from each
group of glands (30 pg from innervated adrenals and 6 pg from
denervated adrenals) was subjected to electrophoresis on 1%
agarose gels containing 10 mM methymercury hydroxide. Sixteen pg
of rat brain poly(A) mRNA were included as a standard. After
transfer onto nitrocellulose, the filters were baked and then
prehybridized for 4-12 hrs at 30 °C in 0.7 M NaCl/0.07 M sodium
citrate/0.05 M sodium phosphate (pH 7)/0.02% BSA/0.02%
Ficoll/0.02% polyvinylpyrrolidone/0.1 mg/ml salmon sperm DNA and
50% formamide. Hybridization with *p_labeled synthetic oligo-
deoxyribonucleotide (2 x 10’ cpm) was carried out at 30 °C for
12-18 hrs in prehybridization buffer containing 10% dextran
sulfate. The filter was washed four times in 0.3 M NaCl/0.03 M
sodium citrate/0.1% SDS at room temperature for 10 mins each,
followed by four washes at 50 °C in 15 mM NaCl/1.5 mM sodium
citrate/0.1% SDS for 30 mins. An autoradiogram was exposed after
an overnight incubation at -70 °C.
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Peptide E NHy~~-~Gly Arg Pro Glu Trp Trp Met Asp Tyr Gln Lys----COOH
mRNA 5'=-—--GGU CGU CCA GAG UGG UGG AUG GAC UAC CAG AAA----3'
Probe 3'-CA GCA GGT CTC ACC ACC TAC CTG ATG GTIC T-5'

FIGURE 10

Sequence of The Synthetic Oligodeoxyribonucleotide Used For
Probing Cloned cDNA For Preproenkephalin.

The partial amino acid sequence of peptide E and the corres-
ponding codons that were shown to be present in both bovine and
human preproenkephalin mRNA are shown on top. Below is the
complementary sequence of the 30-base-long oligodeoxyribo-
nucleotide probe that was synthesized for use as a probe. Numbers
above the amino acids refer to their positions within the
sequence of peptide E, which contains 25 amino acids.
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Partial Nucleotide Sequence of Rat Preproenkephalin Messenger
RNA.

Nucleotides are numbered in the 5' to 3' direction beginning with
the first residue of the initiator codon AUG; nucleotides
preceding the AUG codon are given negative numbers. The sequence
is incomplete at both the 5'- and 3'-termini of the mRNA. The
predicted amino acid sequence. is displayed below the mRNA. Amino
acids are numbered beginning with the methionine residue coded
for by nucleotides 1-3. The sequences of [Met]enkephalin,
[Leu]enkephalin, [Met] enkephalin-Arg-Gly-Leu and [Met]enkepha-
lin-Arg-Phe are boxed.
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FIGURE 12

Comparative Amino Acid Sequences of Rat, Human, and Bovine
Preproenkephalin.

Rat preproenkephalin is displayed on top in each row, human
preproenkephalin in the middle, and bovine preproenkephalin on
the bottom. The human and bovine proteins are compared with rat
preproenkephalin; regions of homology with the rat sequence are
boxed. Deletions in the human and bovine sequences are denoted
with a line under the corresponding rat amino acid. Numbering is
as in figure 11. The sequences of [Met]enkephalin, [Leu]enkepha-
lin, [Met]enkephalin-Arg-Gly-Leu and [Met]enkephalln-Arg-Phe are
shaded.
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FIGURE 13

Comparative Hybridization of Different Preproenkephalin cDNAs
to Rat Brain Poly(A) mRNA.

Rat, human and bovine cDNAs (250 ng each) were labeled by nick
translation to a specific activity of approximately 10° cpm/ug.
Rat brain poly(A) mRNA was blotted onto nitrocellulose in
threefold serial dilutions (left, 6 pg; middle, 2 ng; right, 0.67
ug) in triplicate and each replicate was hybridized with one of
the preproenkephalin cDNAs (3 x 10° cpm) . Autoradiograms of the
washed filters were developed after overnight exposure at -70 °C
and relative band intensities were measured by scanning laser
densitometry.
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the signal peptide) which are located in the amino-terminal
region of proenkephalin; all occur at exactly the same positions
(amino acid residues 26, 30, 33, 48, 52, and 65). The amino acid
sequence of rat preproenkephalin is 82% homologous to both bovine
and human preproenkephalin, allowing for the additional amino
acids at positions 170 and 182 in the rat molecule relative to
the human and bovine molecules and at positions 85-87 and 183
relative to the bovine form. Rat preproenkephalin cDNA is 80% and
83% homologous to the bovine and human cDNAs, respectively, at
the nucleotide level.

As mentioned earlier, it was hoped that rat proenkephalin cDNA
would be a more sensitive probe than bovine or human cDNA. A 435
base pair (bp) PvuIl fragment of pRPE-1 cDNA, extending from
nucleotides 165 to 600, was chosen as the probe, which was
compared with a 1000 bp bovine cDNA and a 918 bp human cDNA
fragment to hybridize to preproenkephalin mRNA in extracts of rat
brain (figure 13). When the band intensities were quantified
using scanning laser densitometry, the rat cDNA was shown to be
four times more sensitive as a probe for the detection of rat
preproenkephalin mRNA than the heterologous c¢cDNAs. Moreover,
only rat cDNA was able to detect consistently the message in
normal rat adrenal glands. This probe is currently being used to
monitor changes in preproenkephalin mRNA following denervation of
the rat adrenal gland and to study proenkephalin metabolism in
other tissues.
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Enzymes in the Metabolism of Opioid
Peptides: Isolation, Assay, and Specificity

Neville Marks; Myron Benuck; and Martin J. Berg

This chapter provides an overview of opioid peptide metabolism
with emphasis placed on inactivation (as illustrated by some work
from this laboratory) rather than conversion. This limitation is
necessary since processing covers a wide field, including the
genome itself, translation and translocation of the growing pep-
tide chain, sorting and posttranslational modifications within the
rough endoplasmic reticulum or Golgi apparatus, and transport and
packaging to the extracellular compartments (see figure 1). Since
inactivation cannot always be differentiated from activation
(biodegradation may result in generation of a new active species
as, for example, conversion of a kappa to a delta agonist), I have
included a brief section on recent aspects of conversion (or
transformation) and its implications to regulation of opioid
peptide activity.

Despite rapid progress in the cloning and sequence of preprohor-
mones (see Civelli and Howells, this volume), very little is known
about the enzymes associated with processing. Since it is
difficult to reconstitute in vitro a full processing system (other
than through the use of whole cell preparations), the strategy for
many investigators has been to use prohormonal intermediates in
order to identify processing or inactivating enzymes (see Chaiken,
this volume). Some common enkephalins are listed in figure 2,
along with enzymes identified as cleaving at one or more sites.

In sane cases, more than one category of enzyme can cleave the
same site; for convenience, enzymes acting at the same site are
compared in this chapter in tabular form. Much of the older
literature has been reviewed (see Marks 1977; Marks et al. 1982a)
amd only recent citations are given. Enzymes acting at sites 1,

2, and 3 result in complete loss of opioid properties for all
forms shown (figure 2). Action at the other sites can result in
inactivation or conversion to smaller active opioid peptides.

The existence of multiple pathways for the degradation of a neuro-
peptide poses questions on the significance of each enzyme.
Several strategies have been used to evaluate the importance of
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FIGURE 1

Co- and Frost-translational events associated with maturation of
gene product (P,). Convertases can act at sites adjacent to pairs
of basic residues as depicted, or at other linkages (renin acts at
Leu-Leu). Those acting at pairs of basic residues yielding C-
terminal extensions, such as Arg-Lys, require further trimming by
carboxypeptidases.

individual. enzymes. These include localization with respect to
opioid receptors and substrate, and inferences that can be drawn
from the biological effects of biostable analogs or specific
inhibitors of the enzyme. Among factors that have to be con-
sidered in extrapolating from in vitro to in vivo are: environ-
mental influences (pH, ion, cofactors, inhibitors) and the physio-
logical status of the tissue (addictive states, physical depen-
dency, stress, etc). There is also a question on whether there
are specific hormonal degrading peptidases or ones with broad
specificity which recognize peptide domains having the correct
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FIGURE 2

Abbreviations: ME, Met-enkephalin; MEA, Met-enkephalin-Arg; MEAP,
Met-enkephalin-Arg-Phe; MEAGL, Met-enkephalin-Arg-Gly-Leu.
Dynorphin 1-8 and 1-13 are derived from dynorphin A.

Exopeptidases: §J, aminopeptidase(ayrlamidase, LAP); ,
diaminopeptidase I or III (cathepsin C, DAP-III); [} ,angiotensin
converting enzyme (PD-A, ACE); ([ lysosomal carboxypeptidase A
(cathepsin A); carboxypeptidase B; neutral
carboxypeptidase.

Endopeptidases: @ , metalloendopeptidase (E.C.3.4.24.11); e ,
soluble (phosphoramidon insensitive) metalloendopeptidase; s
synaptic endopeptidase; (:)' cysteine endopeptidase (cathepsin B).
For citations, see text.

conformational and structural requirements. The discovery of
enkephalins and other neuropeptides has spurred the enzymologist
to reinvestigate a number of enzymes in the contact of their
physiological roles. In some cases, enzymes have been redis-
covered and, in others, there is evidence for presence of new
enzymes hitherto unsuspected. The characterization of such
enzymes provides a basis for the rational design of potent analogs
or specific inhibitors having clinical potential.

METHODS

This chapter on brain neuropeptidases is illustrated with work
from this laboratory. Purification schemes have appeared for
aminopeptidase (Marks et al. 1968; Berg and Marks 1984), metallo-
endopeptidase (Benuck et al. 1981), cysteine proteinase (Suhar and
Marks 1979; Suhar et al. 1981), and lysosomal carboxypeptidases
(cathepsin A) (Grynbaum and Marks 1976; Marks et al. 1976, 1981).
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Measurements with chromogenic or fluorogenic substrates were
undertaken as previously described in the publications. For
studies with opioid peptides, the products were separated by
hydrophobic chromatography;or by high pressure liquid chromatog-
raphy (HPLC) using isocratic or gradient procedures (Eenuck et
al. 1982a, 1982b, 1984). In some instances, peaks separated by
HPLC were identified further by amino acid or end-group analysis
using dansyl or other procedures as described. The C-terminal
residues were examined by use of carboxypeptidase Y followed by
prederivatization and HPLC separations. The potency of various
enkephalin analogs was evaluated by the hot-plate or tail-flick
assays (Jacquet and Marks 1976).

SITE ONE CLEAVAGES
Soluble Aminopeptidases

Several groups have isolated soluble site 1 cleaving enzymes as
summarized in tabular form in table 1. The term “soluble” is
operational since since groups used hypotonic buffer or even water
(see Schnebli et al. 1979; Hersh and McKelvy 1981) and thus may
have included loosely bound (membrane) or vesicle forms.
Different methods of extraction and, in some cases, assay probably
account for the wide divergence in M, and other properties,
although species differences also may be a factor. Enzyme has
been purified 50-to 2,000-fold from man, monkey, rat, mouse, and
bovine brain, and consist of two groups: puromycin sensitive
(column 1, the maiority of enzymes purified) and puromycin insen-
sitive (mouse brain leucine aninopeptidase is the only example
available).

Aminopeptidases in table 1 are nonspecific and degrade a variety
of polypeptides with N-terminal free groups, such as enkephalins,
angiotensins, melanostatin, and adrenocorticotropic hormone
(ACTH) . Within the group of puromycin-sensitive enzymes, separate
categories exist based on preferential specificity toward basic
(-B) or neutral (-N or -M) naphthylamide substrates. There was
some evidence in earlier studies for presence in brain of enzymes
hydrolyzing Arg- preferentially to Leu- or Ala-2NA (Marks et al.
1968) . These enzymes, termed “arylamidases,” were shown active
toward a large number of peptide substrates (Marks 1977).

Hayashi (1978) showed that monkey brain arylamidase purified with
the aid of Arg-2NA sequentially degraded enkephalin to release all
substituents, and this was confirmed for enzyme purified from rat
(Schnebli et al. 1979) and bovine brain (Hersh and McKelvy 1981)
with the aid of Tyr-2NA. Traficante et al. (1980) observed the
presence of an aminopeptidase in soluble extracts of human stria-
tum having a restricted specificity and purified with the aid of
labeled enkephalin. Arylamidases purified from different species

are inhbited by metal chelating reagents and can be reactivated
with zn®", Coz+, or Mn®"
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TABLE 1

Aminopeptidases Degrading Enkephalin at
(Tyr-Gly or Gly-Gly)

Sites 1 and 2

Aminopeptidase Leucineamino- Diamino-
peptidase peptidase III
(E.C.3.4.11) (E.C.3.4.11.1) (E.C.3.4.14)
pH optima 6.5-7.5 8.5 8.5-9.0
M, (Ky) 62-192 > 350 80-110
Specificity Arylamides Leu.NH, Arg-Arg-2NA
di, tripeptides di, tripeptides Tetrapeptides
Enkephalins Enkephalins Enkephalins
Angiotensins MIF Angiotensin-II
MIF Proteins B-endorphin
Kinins
Dynorphins
Endorphins
Inhibitors Chelators Chelators Chelators
-SH agents - -SH agents
Puromycin
Bestatin Bestatin
Asbtin
DFP
Comments Known also as Known also as Properties of a

arylamidases.
Consists of
more than one

cytosolic amino- serine protease.
peptidase-I, but Largely
particulate forms cytosolic.

group in observed in brain.
cytosol and

membranes.

purified 70-2,000 x Purified 2,000 x purified 50-1,500 x

Data taken from the following sources with species in paren-
theses. Puromycin sensitive aminopeptidases (column 1): Marks et
al. 1968 (rat); Suszkiv and Brecher 1970 (bovine); Hayashi and
Oshino 1977 (monkey); Traficante et al. 1980 (human striatun);
Schnebli et al. 1979 (rat); Wagner et al. 1981 (rat); Hersh and
McKelvy 1981 (bovine); Shimmura et al. 1984 (monkey membranes);
Hersh 1981 (rat membranes); Hui et al. 1983 (rat membranes). The
second column lists puromycin sensitive leucine aminopeptidase
purified from mouse brain by Neidle (1981). The third column
lists DAP-III purified from brain or pituitary (McDonald and
Schwabe 1977; Lee and Snyder 1982; Marks and Sachs 1983) and
unpublished findings.

Hydrolysis of peptides at the N-terminal is related to peptide
size and conformation as shown for a series of dynorphin-related
peptides (table 2); values for peptide are 50 to 100 times
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those with 13 and 17 residues. Rapid inactivation of pentapep-
tides is in keeping with the notion that they act as putative
neurotransmitters. Given the high concentration of aminopepti-
dases and the low concentrations of peptide in the range of ng per
g wet weight, along with a K, of about 20 pM plus a high turnover
rate, it is understandable that enkephalins have a relatively
short half-life in vivo (Jaquet and Marks 1976). Analogs with
D-Ala or other residues blocking the action of aminopeptidases
have longer duration of action in vitro and sometimes in vivo (see
Marks et al. 1982a).

TABLE 2

Degradation of Dynorphins by Purified Aminopeptidase

Peptide Relative activity
YG 1.0

YGG 0.8

YGGF 0.8

YGGFL 14.3
TGGFL-NH, 15.2

YGGFLR 6.1
YGGFLRRI 4.4
YGGFLRRIRPKLK 0.3
YGGFLRRIRPKLKWDBQ 0.14

Aminopeptidase activity (cleavage of Tyrl—Gly2 bcmd) was assayed
by ultra violet detection of tyrosine by HPLC on a Spherisorb Cyg
column with particle size of 5 u. Activities expressed relative
to Tyr-Gly degradation (4.4 nmol mg ' min™'). Values are the
means of three or four determinations agreeing within 5%. The
single letter code used for amino acids was: Y-Tyr, G-Gly , F-Phe,
L-Leu, R-Arg, I-Ile, P-Pro, K-Lys, W-Trp, D-Asn, B-Asp, Q-Gln,
M-Net, Reprinted from Berg and Marks (1984) by permission of Alan
R. Liss, NY. Copyright 1984, Alan R. Liss, Inc.

Another strategy to enhance action of injected enkephalins is to
use aminopeptidase inhibitors. Surprisingly, there have been few
studies on puromycin with respect to its action on degradative
enzymes, albeit it has been subject to studies concerning its role
in elongation of the growing polypeptide chain. In an early
study, we found that substituting the amino acid moiety (methoxy-
Phe) for other residues (Tyr, Leu, beta -alanine, methoxy Tyr-Gly ,
Tyr methoxy Gly) led to loss of potency (Marks and Lajtha 1970)
with even lower activity for the aminonucleotide (see also Hersh
1982). Aminopeptidases are inhibited by bestatin and amastatin
(Barclay and Phillipps 1980) : analogs of bestatin (replacing Leu
with Lys) were observed by Wagner and Dixon (1981) to be more
potent toward rat brain "soluble" enzyme (compare to membrane-
bound forms below). Aminopeptidases are inhibited also by various
metal chelating reagents or hydroxamates (Blumberg et al. 1981).
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Formation of des-Tyr Enkephalins

Sane studies have been directed to the formation of des-Tyr
derivatives and their metabolism. Many of these derivatives
appear to have nonopioid properties when injected centrally
(Burbach et al. 1980; Walker et al. 1982). Action by soluble or
membrane-bound aminopeptidases can provide a pathway for their
formation. Some aminopeptidase preparations sequentially release
all five amino acids of enkephalin while others preferentially
release only Tyr. The Gly-Gly is believed to retard the action of
aminopeptidases and this may account for the accumulation of Gly-
Gly subunits in digests of enkephalin made with brain homogenates
(Marks 1977; Stem and Marks 1979).

Des-Tyr enkephalin serves as a substrate for angiotensin con-
verting enzyme, yielding two dipeptides (see Marks et al. 1982a),
and for a peptide dipeptidase recently purified fron brain to
homogeneity by Neidle and Kelly (1984). The latter acts preferen-
tially on tetrapeptides with an aromatic residue in the third
position (e.g., des-Tyr enkephalin, ACTH 7-10).

Morphiceptin

The synthetic mu agonist Tyr-Pro-Phe-Pro.NH, illustrates the
potential for characterizing novel enzymes using biologically
active materials. Morphiceptin was not a substrate for purified
site 1 enzymes described in the preceding paragraphs, yet was
degraded by brain homogenates (Marks et al. 1984). Further
studies revealed the presence of an aminopeptidase P-like enzyme
active toward X-Pro peptides, such as morphiceptin itself, Tyr-
MIF, substance P, and kinin-9 (Neidle et al. 1984). This enzyme
demonstrates that proline (Pro) in the second position can affect
significantly the specificity of an aminopeptidase. Pro in the
first position is recognized by arylamidases, e.g., MIF (Pro-Leu-
Gly.NH,) (Marks 1977). Another class of enzyme with restricted
specificity is aminopeptidase A. Recently, Kelly et al. (1983)
described an enzyme purified with Asp-Phe-MeE (aspartame) that
cleaved aspartyl peptides or ACTH 5-10 (Glu- ) but was inactive
toward enkephalin.

Menbrane-Bound Aminopeptidases

Early studies with brain membranes pointed to the presence of a
site 1 enzyme in brain membranes having a significantly lower
affinity than other enkephalin degrading enzymes (see Schwartz et
al. 1981). In our studies, illustrated in figures 3 and 4, Tyr
was found to be released in higher amounts than Tyr-Gly-Gly at all
substrate concentrations, although at 50 uM the ratio was smaller
than at 450 uM. Membranes may contain more than one site 1
cleaving enzyme responsible for the changes seen with alteration
in substrate concentration. As in the case of soluble enzyme,
there was a relationship between peptide size and rates; rates for
the pentapeptide were 27-to 40-fold higher than for dynorphin 1-10
or 1-13 (table 4).
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Enzyme cleaving site 1 has been purified from membranes of rat and
monkey brain (Hersh 1981; Hui et al. 1983; Shimamura et al.

1984). For the most part, these resemble arylamidases of the
“soluble” fractions. Hersh (1981) separated two kinetically dif-
ferent forms, with one more active toward Arg than Ala 2NA; the
type that was active against the neutral substrate had the highest
affinity for enkephalin (K, 20 uM) and was inhibited by low con-
centrations of puromycin (K; 10™°M). The membrane-bound enzyme of
Hui et al. (1983) was inhibited by bestatin and anastatin. In a
comparison of bestatin analogs, Shimamura et al. (1984) observed
highest inhibition by those with Leu or Met and some activity for
analogs with dipeptide Leu-Arg, Leu-Asp. The use of bestatin ana-
logs with differently charged amino acids provides potential
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FIGURE 3

Comparison of Leu-enkephalin (E;) and Met—enkephalin—ArgG—Phe7

(E;) breakdown by time of incubation with rat striatal membranes.
Results were plotted as nmol of product recovered from 100 ul of
incubation mixture containing 45 nmol E; 14 ug protein as compared
to 14.5 nmol E; and 0.7 ug protein. Note major products for E;
were Tyr and Gly-Gly-Phe-Leu and for E; were Arg-Phe and
Met-enkephalin. Benuck et al. 1982b. Copyright 1982, Pergamon

Press.

73



ased

1l e

r e

nmol

Tyr~Gly-6G1ly

1 T | 1 | T
0.05 0.25 0.45

Leu enkephalin [m¥]

FIGURE 4

Effect of E; concentration on rate of Tyr vs Tyr-Gly-Gly release
incubated in presence of whole brain SPM. Benuck et al. 1982b.
Copyright 1982, Pergamon Press.

probes to separate aminopeptidase N and B. Amastatin, a microbial
peptide with the structure amino-2-hydroxyl-5-methyl hexanoyl-
Val-Val-Asp, is an inhibitor of aminopeptidase A and LAP. Analogs
prepared with C-terminal peptides of varying length wer shown by
Tobe et al. (1982) to be specific inhibitors of aminopeptidase A.
In our studies, amastatin was equipotent to bestatin and puromycin
for the inhibition of purified brain aminopeptidase from cytosol
(Berg and Marks 1984).

SITE 2 CLEAVAGE (GLY-GLY)

Since the yield of Tyr-Gly from opioids is low, less attention has
been paid to the role of diaminopeptidases (IMP-enzymes). Such
enzymes are widely distributed in tissues and can be grouped ac-
cording to their chromogenic substrate, pH, localization, and -SH
or Cl  requirements (Marks 1968; McDonald and Schwabe 1977).

Those implicated in enkephalin metabolism include DAP-1 (cathepsin
C, a lysosomal enzyme active at pH 5.5 in presence of -SH and Cl°)
and DAP-III (largely cytosolic, pH 9.0 optimum for hydrolysis of
Arg-Arg-2NA or cogeners) (Lee and Snyder 1982; Marks and Sachs
1983) .
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Incubation of purified brain P, or SPM membranes at pH 5.5 with
enkephalin led to release of Tyr-Gly by a pathway stimulated by
-SH and Cl-, leading to our conclusion that DAP-I is a potential
enkephalin degrading enzyme (Marks and Sachs 1983). This enzyme
has been purified from pituitary and other tissues and has been
extensively studied; it is regarded as nonspecific and can be used
to sequentially degrade peptides such as glucagon. Hazato et al.
(1982) isolated a DAP enzyme from monkey particulates and observed
release of Tyr-Gly at pH 7.6; they indicated that their DAP enzyme
required metals for activity. Lee and Snyder (1982) purified a M,
86,000 protein from rat brain cytosol and observed cleavage of
enkephalin and angiotensin-II or its related peptides; 15% of the
activity was observed at pH 6.5 and 60% at pH 7.4, indicating
actions within the physiological range. Enzyme was high in pitui-
tary when soluble extracts were compared but lower in pituitary
particulates compared to other brain areas. Enzyme was unaffected
by 107'M puromycin and could be differentiated from other amino-
peptidases. Specific inhibitors are not available, but W-III
was shown to be inhibited by tyrosyl dipeptides among others. In
our studies on purified preparations of DAP-II and DAP-III
obtained from brain, we showed that the former acted only on tri-
peptides (as a carboxytripeptidase) and the latter degraded larger
opioids except dynorphin 1-13; the action of cytosolic and mem-—
brane-bound forms decreased with peptide size (table 3).

TABLE 3

Substrate Specificity of Rat Brain DP-III

Substrate Cytosolic Membrane bound
Leu-enkephalin 100* 100
Met-enkephalin 184 11
Met-enkephalin-Arg-Phe 43 11
Dynorphin 1-13. 0 0
H-beta endorphin 12 11

100 ul contained 4-12 ug purified enzyme protein incubated with 40
nmol peptide for 75 min and analyzed for Tyr-Gly by HPLC.
*Represented release of 7-8 nmol of Tyr-Gly. From Marks and Sachs
(1983) and unpublished findings.

SITES 6 AND 7 CLEAVAGES

The specificity of the enzymes shown in figure 2 indicate that
they convert MEA or MEAP to shorter active forms but do not
inactivate the pentapeptide (HE). Rat brain P, membranes contain
carboxypeptidases active at pH 7.6 in the metabolism of MEAGL
(cleavage of Gly-Leu) and dynorphin 1-13 (cleavage of Leu-Lys)
(Benuck et al. 1984; Leslie and Goldstein 1982) (table 4).
Cleavage at the C-terminal of MEAGL to form MEA equaled in rate
that of aminopeptidase at site 1; that of the dynorphin 1-13
exceeded rates for sites 1 and 3 cleavages. Previously, Grynbaum
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and Marks (1976) found activity toward carboxypeptidase A
(Z-Phe-Leu) and B (Z-Ala-Arg) substrates in purified rat brain P,
fractions and in subfractions. Brain carboxypeptidases active at
physiological pH have neither been purified nor have their actions
toward neuropeptides been established.

Rat brain homogenates and P, subfractions contain a carboxypepti-
dase-degrading Z-Glu-Tyr and other N-protected tyrosyl dipeptides
which are active at pH 5.5 and capable of metabolizing angio-
tensin-II, myelin basic protein peptides, and MEAP with removal of
Phe (rapidly) and Arg (slowly) (Grynbaum and Marks 1976; Marks et
al. 1976, 1981, 1982a, 1982b). Enzyme can be purified several
hundredfold from detergent extracts of particulates and this
allows 1its properties to be examined. Results indicated that it
resembled cathepsin A or lysosomal carboxypeptidase A. Hook et
al. (1982) and Hook and Loh (1984) showed that secretory granules
of rat pituitary lobes contained a carboxypeptidase B-like enzyme
converting iodinated Met-enkephalin-Arg to Met-enkephalin, or ACTH
1-17 (Gly-Lys-Arg) to ACTH 1-15 (Gly). An enzyme with similar
Properties (inhibited by metal chelating agents and activated by
Co%) was purified from adrenal chromaffin granules and the pitui-
tary lobe that also converted MEA (see table 5) (Fricker and
Snyder 1982; Supattopone et al. 1984). This enzyme was assayed
with synthetic substrates such as Dns-Phe-Ala-Arg or "H-benzoyl on
the N-terminal (Stack et al. 1984); activity was highest in pitui-
tary compared to other regions. Carboxypeptidase B-like enzymes,

TABLE 4

Degradation of Dynorphin Fragments and of Met-Enkephalin-
Arg-Gly-Leu by Whole Brain SPM

Rate (nmol/mg protein/min)

Substrate Tyr Tyr-Gly-Gly+ C-terminal C-terminal
dipeptide amino
acid

Dynorphin sequence

1-5 (Leu-enkephalin) 8.2

1-6 4.0

1-8 1.9

1-13 0.3
0.2
6.0

Ot
~J B

1-17
Met-enkephalin-Arg-Gly-Leu

cocooco oo
. R
o = o

=]
[oN)
—

" Measured in the presence of MK 421 and bestatin.

™ Based on formation of dynorphin 1-6 or 1-4.

Based on release of Tyr-Gly-Gly in the absence of inhibitor.

nd: not determined.

Sequences are based on the structure of dynorphin 1-17: Tyr-Gly-
Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln. SPM
containing 50-100 ug of protein was incubated with 10 nmol of pep-
tide in 0.1 ml at 37°C in 20 mM Tris buffer, pH 7.6. Products
were assayed by HPLC as described in the Methods.
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TABLE 5

Acidic Carboxypeptidases Mediating Conversion or Transformation

Carboxypeptidase A
E.C. 3.4.12A.1

Carboxypeptidase B

pH 5.5 5.4-5.8
M (Kg) 100-650 52
(isoforms)
Specificity Angiotensin-1
MEAP ACTH 1-17 (Gly-Lys-Arg)
MEA MEA (-Lys)
2-Glu-Tyr DNS-Phe-X-Arg
Z-Phe-Tyr X = Ala, Leu, Gly
3H-benzoyl-Phe-Ala-Arg
Inhibitors DFP p-chloromercuriophenyl
sulfonate
PQB chelators (GPSA, GEMSA)
Comments Membrane bound Activated by CoZt

High concentration
in Py fraction

Inactive toward
pentapeptide
enkephalins

Particulate and soluble
form. Secretory granules
of bovine pituitary, and
adrenal (chromaffin cells)

Inactive toward penta-
peptide enkephalins

Data compiled from Grynbaum and Marks
1982a, 1982b) (carboxypeptidase A); Hook and Loh

(1976, 1981

(1984), Supattopone et al. (1984),
(carboxypeptidase B). GEMSA, gquanidoethylmercaptosuccinic acid;
GPSA, guanidopropylsuccinic acid.

(1976) and Marks et al.

and Stack et al. (1984)

active at acid pH having a thiol requirement, have been purified
from spleen and shown to have a broad specificity (McDonald and
Schwabe 1977). Brain enzymes could be involved in trimming of
prohormonal intermediates formed by cleavage at sites adjacent to
basic residues (figure 1).

SITE 3 CLEAVAGE (-Gly-Phe)

Angiotensin Converting Enzyme (ACE, PD-3)

ACE has been the subject of extensive studies largely as a result
of its pivotal role in the renin-angiotensin system and its
vasoactive properties (Soffer 1981). Studies conducted on brain

SPM using enkephalins exclude ACE as a key enzyme for inactiva-
tion, but do point to a possible role for conversion of larger
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forms (Marks et al. 1982a; Benuck et al. 1982b). Brain enzyme
cross-reacts with antibody generated to ACE of peripheral organs,
and is widely distributed in the brain as shown by immunohisto-
chemical work or binding by inhibitors in circumventricular
organs, substantia nigra, and the striatum (Strittmatter et al.
1984; Chevillard and Saavedra 1982). In subcellular fractions,
ACE is particulate bound and found in cellular debris, and in the
P, fraction and microsomes (Benuck and Marks 1978).

Brain enzyme has been purified from detergent extracts of brain
particulates by ion-exchange, and by affinity procedures using
ricin-Sepharose (Yokosawa et al. 1983a), immunoaffinity to prepare
an immobilized form (Benuck et al. 1981), or the lysyl analog of
MK-421 (MK-521) linked via the epsilon grouping to Sepharose
(E1-Dorry et al. 1982; Benuck and Marks, unpublished findings).
Purified enzyme acted on a variety of enkephalins, including ME or
LE, MEAP, and dynorphin 1-8, but not on dynorphin 1-13 and 1-17

(see legend-table 6). The K, for enkephalins was 50 to 100 uM,
yet SPM fractions enriched in ACE from striatun or whole brain at
these concentrations did not act rapidly at site 3 (as confirmed
by use of specific inhibitors). Activity, however, was observed
at higher concentrations of substrate (table 4). The action of
membranes at these concentrations correspond with the specificity
of the purified enzyme (see relative rates, table 6). Reasons for
the discrepancies between the rates for the purified enzyme
(active at lower substrate concentration) and SRI are unclear but
might be related to altered affinities of membrane-bound forms.

ACE has served as a useful model for the design, on a rational
basis, of specific inhibitors (see Cushman and Ondetti 1980; Marks
et al. 1982a; Roques, this volume). Modifications of succinyl
proline to enhance interactions with the metallo- and other sub-
sites led to the synthesis of captopril, which is active at about
K; 10 nM range. Presence of a free carboxyl group is not manda-
tory since affinity purified ACE from brain or lung can recognize
the P,-P; residues of substance P with release of the C-terminal
tripeptidyl amide (Yokosawa et al. 1983b; Cascieri et al. 1984).
The model proposed for the catalytic center will require modifica-
tion to accommodate the “endopeptidase”-like function of ACE.

This may explain the action of centrally applied ACE inhibitors on
increased levels of iR-substance P in rat brain (Hanson and
Lovenberg 1982) or following intravenous injection on the enhance-
ment of substance P stimulation of rat salivary gland (Cascieri et
al. 1984).

The properties of purified brain ACE as compared to other site 3
enzyme are shown in table 6, which includes activity toward
enkephalin substrates. Conversion of angiotensin-I to -II is
enhanced by high (100 to 150 mM), and inactivation of kinins by
low, anion (Cl") concentrations; anion levels intracellularly have
been invoked as one mode of regulation. A very large number of
inhibitors have been synthesized and their effects in vivo have
been summarized recently (see Symposium 1984). In view of the
central actions of enkephalin on blood pressure, there is scope
also to examine interaction of ACE inhibitors on enkephalinergic
systems (see Summy-Long et al. 1981; Marks and Benuck 1983).
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Metalloendopeptidase

Several different lines of evidence showed that the non-ACE path-
way acting on site 3 of pentapeptides was a metalloendopeptidase
similar in properties to one purified earlier by Kerr and Kenny
(1974) from kidney brush border. This enzyme has "thermolysin"-
like specificity, although it differs from the bacterial enzyme in
several respects. Clues concerning its presence in SPM were pro-
vided in studies conducted with SPM and enkephalin; at low sub-
strate concentrations, cleavage occur-red at Gly-Phe with release
of Tyr-Gly-Gly, and at the C-terminal dipeptide (incubation condi-
tions adjusted to reduce inopeptidase action by addition of
bestatin, or use of D-Ala’ analogs) . Initially, this enzyme was
termed a dipeptidyl carboxypeptidase or Tyr-Gly-Gly generating
enzyme (see Schwartz et al. 1981; Marks et al. 1982a). Almenoff
et al. (1981) noted that purified bovine pituitary or brain
metalloendopeptidase (assayed with synthetic substrates, see table
6) also cleaved pentapeptide enkephalins at site 3. Fulcher et
al. (1982), using purified kidney enzyme or SPM, observed that
site 3 cleavage was inhibited by phosphoramidon or Thiorphan.
These data established that site 3 enzyme of SPM was a metallo-
endopeptidase of the thermolysin type and has received the
designation E.C.3.4.24.11 (Matsas et al. 1983). This enzyme has
been purified fran kidney brush border, intestine, pituitary, and
brain (Fulcher et al. 1983; Almenoff and Orlowski 1983, 1984) and
has been observed in dog pancreatic membranes (Mumford et al.

1980, 1981). It can be purified from detergent extracts by a
number of techniques that include ion-exchange and immunoabsorbent
chromatography using polyvalent or monovalent antibodies (Fulcher
et al. 1983) and affinity chromatography on lentil-lectin columns
(Benuck et al. 1982a). Metalloendopeptidases have a M, of about
90,000, are glycosylated, and are characterized by phosphoramidon
inhibition.

Purified enzymes are nonspecific, degrade insulin B chain or a
variety of synthetic substrates, and also degrade a number of
neuropeptides at one or more sites. Many of the sites amtain
hydrophobic residues on the amino side of the vulnerable bond,
although there are exceptions. Cleavage at sites adjacent to one
or more basic residues, e.g., dynorphin 1-13 (figure 2), imply a
role in processing for this widely distributed membrane-bound
enzyme.

Aside from phosphoramidon (a microbial sugar-dipeptide), several
groups have synthesized new peptide derivatives active as inhibi-
tors and interacting with the metallosubsite of the enzyme.
Inhibition by metabolic products of enkephalin provided clues that
led to the synthesis of Thiorphan (see Roques, this volume).
Inhibitors provide probes to examine the nature of the active cen-
ter. Understanding the mechanisms of action of inhibitors is an
important goal and applies equally to other materials acting at
sites 1 or 3.

In studies on structure-activity for different dynorphins, a
relationship was noted between peptide size and rates of breakdown
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by membrane (table 4) or purified metalloendopeptidase (see table
7). Highest activity was found for the pentapeptide (K,, 20 uM)
and was significantly lower for peptides with 8-17 residues. In
the case of dynorphins 1-13 and 1-17, incubation with purified
enzyme led to cleavage at two sites, at Gly-Phe and Arg-Ile; incu-
bation with SPM, however, resulted in formation of dynorphin 1-8
as one of products. The metabolism of dynorphin 1-8 (a peptide
with preferential affinity to k-receptors) is complex since it can
serve as a substrate for membrane ACE and metalloendopeptidase.

In studies on the appearance of products with time, SPM degraded
dynorphin 1-8 to release 1-6 and 1-4 by release of C-terminal
dipeptides (Benuck et al. 1984).

Cysteine Proteinase (cathepsin B)

Fusion of primary or secondary lysosomes with synthesizing par-
ticles within the RER has focused attention on cathepsin B
(Bienkowski 1983; Docherty et al. 1984). Purified cathepsin B has
exo- and endo-peptidase actions towards polypeptides such as
glucagon and insulin. In recent studies, we showed that it dis-
played a dipeptidyl carboxypeptidase action toward some enkepha-
lins with C-terminal extensions (table 7). In other cases, it
acted on peptidyl amides C-terminally with removal of the amino
acid amide and may be a factor, therefore, in the metabolism of
neuropeptides having -CONH, (Marks et al. 1984). The K, for MEAP
was 24 uM, and for MEAGL was 117 uM (C-terminal dipeptide
removal); purified brain cathepsin B acted also on pentapeptides,
but the K, was higher with a value of 470 uM. The low turnover of
enkephalin (kcat 0.89 secd) would tend to exclude a role for
cathepsin B in inactivation per se, but the higher values for
hepta-or octa-peptides (25-39) point to a role in processing.
Removal of C-terminal dipeptides can generate smaller active
opioids from precursor forms.

Cathepsin B has been purified from rat brain, utilizing synthetic
substrates (BANA); it was shown to be dependent on -SH and to be
potently inhibited by leupeptin or by an endogenous protein with
M, 12,500 present in brain in high concentration (Suhar and Marks
1979; Kopitar et al. 1983). Intracellular levels of -SH or en-
dogenous inhibitor thus could provide a mechanism for regulating
peptide processing by cysteine proteinases.

GENERAL COMMENTS ON PROCESSING

Co- or post-translational events are rate limiting, yet little 1is
known about these processes in the brain. The secretory pathway
for hormones is comparmentalized within the endoplasmic reticulum
(ER) and Golgi complex (Bienkowski 1983). It is established that
most secretory proteins are formed with a hydrophobic leader se-
quence that becomes detached during translocation of the growing
peptide chain. Recent studies show the presence of a signal
recognition particle on the outer ER surface consisting of a 7s
RNA and several proteins, two of which bind to the Alu transcripts
of the RNA: the leader sequence can engage with a "docking
protein" on the cytoplasmic surface of the ER, forming a pore for
translocation of the polypeptide (Walter and Blobel 1983). Very
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TABLE 6

Enzymes Cleaving -Gly-Phe (Site -3) of
Pentapeptide Enkephalins

Peptidyl Dipeptidase Metalloendopeptidase Cysteine Proteinase

(E.C. 3.4.15.1) (E.C. 3.4.24.11) (E.C. 3.4.22.1)
X
.0 7.5-8.0 6.5
M. (Ky)
98-100 24-28
Specificity
-51 -Rz— -Ry-Ro- Can act as dipep-
where Pro is not Ry Ry, hydrophobic tidyl carboxypepti-
dase removes C-
terminal R-R
Angiotensin-1 Angiotensin-11 -
Substance P Subgtance P Substance P
Dynorphin 1-8 Dynorphin 1-8 MEAP
Hipp-His-Leu Succ-Alas-Phe-NMec Bz-Arg-2NA

Bz-Alaj-Phe-4MeONA Z-Phe-Arg-N-Mec
Bz-Gly-Argy-Leu-2NA

Inhibitors

Chelators Chelators Leupeptin

Dipeptide analogs Dipeptide analogs Cystatins

Snake venam nonapeptide Cerebrocystatin

Captopril Thiorphan

MK-421 Phosphoramidon

Cammnents

Activated by Cl- Membrane bound Menbrane(lysosomes)

Membrane bound Synaptic enzyme has Present in P

Synaptic enzyme has high affinity for fraction

low affinity for enkephalin Low affinity for

enkephalin Thiorphan i.v.t. enkephalin

Inhibitors are anti- has antinociceptive Dependent on

hypertensive agents properties cysteine
Suppressed by
endogenous
inhibitors

Has exo- and endo-
peptidase actions

Data derived from Benuck et al. (1982a); Cascieri et al. (1984);
Yokosawa et al. (1983a, 1983b) for ACE. Relative rates for ACE
degradation of enkephalins were Dyn 1-8 (100)) MEAGL, (31)) Dyn 1-6
(27), Dyn 1-5 (18), Dyn 1-13 or 1-17 (0). Metalloendopeptide
data derived from Mumford et al. (1980); Orlowski and Wilk (1981);
Almenoff and Orlowski (1984); Fulcher et al. (1982, 1983). Rela-
tive rates found in our studies for enkephalins were Dyn 1-5
(100), 1-6 (71), 1-8 and larger (14), MEAGL (86). (See table 4
for comparison with SPM). Data for cysteine proteinase compiled
from Suhar and Marks (1979); Kopitar et al. (683); Marks et al.,
in press).
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TABLE 7

Cleavage of Different Enkephalins by Purified Rat
Brain Cathepsin B

Substrate and Point of Cleavage Relative Rate

1. Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu 100

2. Tyr-Gly-Gly—Phe—Net—ArgiPhe.NH2 92

3. Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile 42

4. Tyr-Gly-Gly-Phe-Met-ArgAPhe 32

5. Tyr-Gly-Gly-Phe-Metéhrg-Arg 2

6. Tyr-Gly-Gly-Phe-Leu®arg 1

7. Tyr-Gly-Gly-Phe®Leu 0.5

8. Iyr-cly-clyiphe-uet 0.5

Values are expressed relative to substrate 1 (rate was 1.6 umol
per mg protein per min). The substrate concentration used was 0.1
mM and the incubation mixture contained 0.047-0.094 ug of purified
rat brain cathepsin B. Incubations were for 30 min, or in the
case of substrates 5-8, for 240 min. Points of cleavage (A).

little information is available on the nature and specificity of
the signal peptidase other than the fact that some membranes
(pancreatic, pituitary, and liver) contain a detergent extractable
enzyme Which converts some preproproteins (Jackson and Blobel
1980; Mumford et al. 1980). The enzyme cleaves bonds linking the
leader sequence to the prohormone and includes Gly-Lys (PTH),
Ala-Leu (rat GH), Ala-Phe (rat insulin), and Gly-Tyr (porcine
POMC) among others. The rapid action of ER signal peptidase
generally prevents isolation of the preproprotein. Most of the
data on the presequence can be deduced from cloning the appropri-
ate mRNA (Chretien and Seidah 1985).

Proproteins can be processed differently within a given tissue,
dependent on the anatomical regions. One explanation is the
sorting or guiding of prohormones along the ER and Golgi complex
to secretory or storage vesicles, or fusion with primary or
secondary lysosomes (Bienkowski 1983). This might explain the
diversity of products obtainable from POMC in pituitary regions or
proenkephalins in adrenal and various brain areas (Marks 1977;
Seizinger et al. 1984).

A large number of membrane-bound or soluble enzymes are available
for processing at sites adjacent to basic residues (trypticlike
enzymes) or other bonds (reninlike). The strategy of using
secretory vesicles or storage granules as a source of enzyme, com-
bined with RIA for detection of enkephalins, has provided new
information. Enzyme can be extracted from adrenal medullary
chromaffin granules and has been shown to convert ECP’s (enkepha-
lin containing peptides) at pH 8.0 (Lindberg et al. 1982; Mizuno
et al. 1982) or at acidic pH (Troy and Musacchio 1982; Evangelista
et al. 1982). In brain, Devi and Goldstein (1984) observed con-
version at pH 7.6 of Dyn-B-29 to form 1-13 by cleavage of the
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Thr-Arg bond. In pituitary, Loh and Gainer (1982) observed an
acidic enzyme in processing POMC. Wallace et al. (1984) reported
that atrial extracts of Aplysia converted dynorphin 1-13 to 1-8 at
pH 7.6 by cleavage of the Ile-Arg bond. The latter enzyme may be
analogous in specificity to one observed in rat brain SPM con-
verting Dyn 1-13 (Benuck et al. 1984).

Metalloendopeptidase present in membranes and soluble extracts of
brain or pituitary also convert a number of neuropeptides by
cleaving bonds adjacent to one or more basic residues (Chu and
Orlowski 1984; Benuck et al. 1984; see table 8 and figure 2).
Neutral endopeptidases from brain membrane or soluble fractions
have been purified and shown to convert R-endorphin or smaller
fragments to ME (Koida et al. 1979; Orlowki et al. 1980). Knight
et al. (1982) also purified an enzyme from rat membranes that con-
verted ECP’'s (extracted from striatum) to smaller iR-enkephalins.
More recently, brain cathepsin B was shown to convert small
enkephalins with C-terminal extensions to yield ME or MEA (table
7). There is some data suggesting that kallikreins, a group of
serine proteases, play diverse roles in processing. The mRNA of
salivary gland after cloning (mouse) contains sequences that are
homologous with the mouse genome, implying a wide distribution in
tissues of kallikreins (Mason et al. 1983).

A coherent scheme for processing of prohormones cannot be advanced
on the basis of available data. A fully integrated scheme must
take into account any variables (several were cited in

the introduction), not least of which are anatomical factors and
the role of posttranslational modifications, such as glycosyla-
tions, N-acetylation, methylation, phosphorylation, sulfation,
formation of pyroGlu on the N-terminal, and CONH, on the C-
terminal. Mechanisms exist for addition of such groups, many of
which are catalyzed by cellular enzymes; but removal of groups
such as N-acetyl or C-terminal amide (rather the removal of the
amino acid itself) is an unresolved area. These groupies modify
neuropeptide actions--in some cases, activating (a-MSH); in
others, inactivating (endorphins). Since tissues contain a number
of inactive N-acetylated endorphins and other opioid peptides, we
surveyed brain for the presence of enzyme(s), removing specifi-
cally the N°-acetyl grouping. Such enzyme(s) were absent in
brain, although the latter contained an enzyme removing N-acetyl-
Met or Ala from di- or tri-peptides,and “acylases” which deacety-
lated single amino acids (Marks et al. 1983b). N-acetyl endor-
phins may be inactive forms of opioid peptides or serve as precur-
sors for as yet unidentified peptides with novel properties. The
covalent modifications that affect biological activity of neuro-
peptides may occur in the processing pathway, or extracellularly.

Despite evidence that insulin exists as a pro- and prepro- form
and the latter were isolated, there has been very little progress
in understanding the manner in which they are processed.
Pituitary AtT-20 cells grown in culture can be induced to process
and secrete insulin after transfection with the proinsulin gene,
demonstrating that they contain the requisite enzymes for pro-
cessing more than one type of precursor (Moore et al. 1983).
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Of interest is the finding of Docherty et al. (1984) that insulin
secretory cells contain a cysteine proteinase involved in
conversion of proinsulin. These experimental models together with
availability of opioid peptide intermediates present opportunities

to unravel some of the pathways associated with processing in the
central nervous system.
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Isolation and ldentification of Opioid
Peptides

Hisayuki Matsuo, Ph.D.

INTRODUCTION

It is well known that a variety of peptides participate in a
complex network of neural and hormonal communications. In order to
clarify the subtle mechanism of peptidergic communication, it is
essential that yet unidentified peptides be discovered.
Identification of the key peptide leads us to further discoveries
of 1its related peptides or precursor, with the aid of
immunochemical methods and recombinant DNA techniques.
Radioimmunoassay and immunohistochemical data, as well as
pharmacological findings, will provide further information on the
newly identified peptide.

Within a few years of the discovery of the two enkephalins in
brain (Hughes et al. 1975), an explosive series of related
discoveries have revealed the existence of a vast network of
enkephalin-containing peptides that are produced in many tissues by
the processing of at least three genetically distinct precursors.

Soon after discovery of the Met- and Leu-enkephalins, Met-
enkephalin sequence was fortunately found in B-lipotropin(Hughes et
al. 1975) and B-endorphin(Bradbury et al. 1976; Li et al. 1976).

These facts led to identification of pro-opiomelanocortin

(POMC) (Nakanishi et al. 1979) as a common precursor of BR-endorphin
and adrenocorticotropic hormone (ACTH). To many it seemed obvious
that Met-enkephalin was derived from, POMC via processing through
B-lipotropin and BR-endorphin. However, POMC does not contain a
Leu-enkephalin unit. Furthermore, although the R-endorphin sequence
is preceded by a Lys-Arg sequence, a typical processing signal, the
Met-enkephalin sequence is not followed by a recognized signal for
proteolytic processing. This would indicate that the B-endorphin
sequence is not programed to be a precursor of Met-enkephalin.
Moreover, it had been shown that the tissue distribution of the
enkephalins did not parallel that of B-endorphin. In order to
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answer the question as to the nature of the precursors of Met- and
Leu-enkephalins, we carried out a systematic survey for possible
precursors of the two enkephalins in hypothalamic tissue and in
adrenal medulla.

STRATEGY OF OUR SURVEY FOR THE UNIDENTIFIED PEPTIDES

As previously mentioned, it 1is essential for understanding the
mechanism of peptidergic communication if unidentified peptides are
to be discovered. However, there have been two major obstacles in
the search for the novel peptides in the tissues. One arises from
the unfavorable proteolytic decomposition of the objective peptide
and fragmentation of other higher molecular proteins, which
seriously interfere with the separation and lower the yield of the
peptide. Therefore, tremendous amounts of the tissue must be
collected for the isolation. It is well known that Schally
collected 165,000 pig hypothalami to obtain only 200 pg of the
purified LH-RH(Matsuo et al. 1971). However, about 20,000
hypothalami are sufficient to obtain 200 pg of LH-RH, according to
the actual content of LH-RH determined by radioimmunoassay (RIA).
Such a big difference mainly 1is a result of proteolytic
decomposition of LH-RH during the extraction. Therefore, methods
should be developed to inactivate the intrinsic protease activity.
After numerous trials, we found that boiling of the tissues for 10
minutes before homogenization is most effective for inactivation of
proteases to minimize the decomposition of the peptide (Kangawa et
al. 1984). Moreover, recent progress in the sequencing techniques
makes it possible to determine the complete structure at the
sacrifice of the sample of at most 10 nanomoles. Thus, now we are
able to carry out the search for the peptides in the brain of small
laboratory animals. For instance, we successfully purified two
distinct LH-RH-1like peptides (Gn-RH I and II), eliciting
gonadotropin (Gn)-releasing activity, from only 2,000 chicken
hypothalami and sequenced them, as shown in figure 1 (Miyamoto et
al. 1983; Miyamoto et al. 1984). In this study, the sensitive assay
using cultured pituitary cell system was effectively used for
detecting Gn-releasing activity. However, such a specific assay
relevant for monitoring the new peptides is not always available.
Thus, the second but most serious obstacle is difficulty in
discovering the appropriate tools for finding undiscovered species
in the tissues. Most of neuropeptides so far identified elicit a
variety of biological and pharmacological actions according to the
method used. For instance, substance P exhibits a wide spectrum of
diverse activities, such as smooth-muscle stimulation, and
hypotensive and sialogogic effects. These facts suggest that
sensitive assay system for the effects on muscle contraction or
blood pressure, even though they are not specific, would be well
suited for detecting unknown bioactive peptides. In this context,
we have been conducting the systematic survey for the unidentified
peptides by utilizing our "nonspecific assay method" for the
effects on contractility of smooth-muscle preparations or blood
pressure.
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chicken Gn-RH I: pGlu-His-Trp-Ser-Tyr-Gly-Leu-Gln-Pro-Gly-NH2

chicken Gn-RH II: p-Glu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly--NH2

mammalian LH-RH: pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

FIGURE 1
Amino Acid Sequences of Chicken Gonadotropin-releasing Hormone

Group I: ,B-endarpbin-ﬂ LPH;proopiomelanocorlin series
p-endorphin T)r Gly- Gly-PhesMet -Thr-Ser-Glu-Lys- Scr Gln-
pas]
Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-lle-
25 30
lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Gin
15

a-endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser————Val-Thr
15
r-endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser———Val-Thr-Leu
25

é-endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser————Asn-Ala-Tyr

Group Il:  a-neo-endorphin, dynorphin series

1 10

a-neo-endorhin® Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys
3-neo-endorphin® Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro
[Arg*)-Leu-enkephalin® Tyr-Gly-Gly-Phe-Leu-Arg
dynorphin Tyr-Gly- Gl) Phc Leu-Arg-Arg-lIle-Arg- Pro-L\s Leu-

Lys- Trp-Asp-Asn Gln
PH-8P (dynorphin[1-8))* Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle

Leu-enkephalin Tyr-Gly-Gly-Phe-Leu
rimorphin Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-
Val-Thr
Group III: adrenomedullary * big ” ‘enkephalin series
i S
Met-enkephalin Tyr-Gly-Gly-Phe-Met
Leu-enkephalin Tyr-Gly-Gly-Phe-Leu
[Arg*}-Met-enkephalin Tyr-Gly-Gly-Phe-Met-Arg
{Arg*, Phe']-Met-enkephalin Tyr-Gly-Gly-Phe-Met-Arg-Phe
{Arg*, Gly', Leu*]-Met-enkephalin  Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu .
1
BAM-12P* Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-
Pro-Glu o
. 1
BADM-20P* Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-
15
Pro-Glu-Trp-Trp-Met-Asp-Tyr-Gln-Lys-
20
Arg
BAM.-22P* Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-

Arg-Pro-Glu-Trp-Trp-Met-Asp-Tyr-Gln-
Lys-Arg-Tyr-Gly
BAM-25P (pepude E)* Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-
Arg-Pro-Glu-Trp-Trp-Met- Asp Tyr-Gin-
Lys-Arg-Tyr-Gly-Gly-Phe- Leu
Tyr-Gly-Gly-Phe-Met-Lys-Lys-Met-Asp-
Glu-Leu-Tyr-Pro-Leu-Glu-Val-Glu-Glu-
Glu-Ala-Asn-Gly-Gly-Glu-Val-Leu--Gly-
Lys-Arg-Tyr-Gly-Gly-Phe-Met
FIGURE 2
Sequences of Endogenous Opioid Peptides
(* indicates the peptides identified by our group)

peptide F

94



As a matter of fact, a-neo-endorphin was originally discovered in
the fraction exhibiting hypotensive effect of hypothalamic extracts
(Kangawa et al. 1979). The result reveals that our assay method,
even though not specific, is a useful tool for detecting still
undiscovered peptides. Furthermore, our nonspecific assay led us to
the identification of neuromedins K (Kangawa et al. 1983), L
(Minamino et al. 1984) [kassinin-like), B (Minamino et al. 1984),
C (Minamino et al. 1984) [bombesin-like), and N (Minamino et al.
1984) (neurotensin-like) in porcine spinal cord. They were isolated
as the peptides eliciting smooth-muscle stimulant activity.

DISCOVERY OF a-NEO-ENDORPHIN AND "BIG" LEU-ENKEPHALINS RELATED TO
PROENKEPHALIN B

From the earlier stage of our survey, we have utilized a very
simple in vitro assay to determine the effect on the contractility
of various smooth-muscle preparations or on the blood pressure (rat
and rabbit), even though they are not so specific. By the aid of
such a nonspecific assay, a-neo-endorphin was originally isolated
from the fraction eliciting hypotensive activity of porcine
hypothalamic extracts. Even at the time when the peptide was
obtained in a pure state, it was not known that the peptide is the
first form of the long-sought "big" Leu-enkephalin, having a potent
morphinomimetic activity. During the sequencing, we first realized
that the peptide has a Leu-enkephalin unit at its N-terminal
portion, which is followed by a paired basic signal of Arg-Lys.
Then, the peptide was named "neo-endorphin" (Kangawa et al. 1979;
Kangawa et al. 1981). A little later on, dynorphin, which retained
opioid activity even after cyanogen bromide treatment, was purified
as the second form of the "big" Leu-enkephalin by Goldstein and
co-workers (Goldstein et al. 1979; Tachibana et al. 1982). The
discovery of a-neo-endorphin and dynorphin initiated a search for
the unknown Leu-enkephalin precursor. In the attempted survey for
the still wunknown "big" enkephalin or proenkephalin,
pharmacological assay for opiate activity or radioreceptor assay
was usually used. However, such methods are not able to
discriminate the objective "big" Leu-enkephalins from the known
opioid peptides, but identification of the key peptides led us to
further discoveries of its related peptides or precursor. When a-
neo-endorphin and dynorphin were identified, it was not so hard to
find their related peptides, indicating a product-precursor
relationship. Since a-neo-endorphin and dynorphin have (ArqB)—Leu—
enkephalin moiety in common at their N-terminus, which is easily
released by trypsinization, we raised the antiserum specific for
(Arg’) -Leu-enkephalin and established sensitive radioimmunoassay
for this tryptic fragment (Kangawa et al. 1980). With the aid of the
RIA coupled with trypsinization, two novel "big" Leu-enkephalins
named B-neo-endorphin (Minamino et al. 1981) and PH-8P (dynor-
phin (1-8)) (Minamino et al. 1980) were identified (figure 2). Based
on these findings, Numa and co-workers (Kakidani et al. 1982)
elucidated the base sequence of cDNA encoding their common
precursor, named preproenkephalin B, which also contains the third
Leu-enkephalin unit, named Leu-morphin or rimorphin (figure 3).
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FIGURE 3
Schematic Structures of the Precursors and the Processed Opioid
Peptides. Black and hatched boxes represent Met- and Leu-
enkephalin wunits, respectively.

Radioimmnunoassay for (Arg6)—Leu—Enkephalin

The antiserum against (Arq6)—Leu—enkephalin was raised in rabbits
to synthetic (Arg6)—Leu—enkephalin coupled with carbodiimide to
bovine serum albumin. The antiserum was usable at a final dilution
of 1:0,000 for the radioimmunoassay for (Arg%—Leu—enkephalin,
utilizing "°I-labeled ligand under conditions where 30% to 40% of
ligands were bound to the antiserum. As seen from figure 4,
(Arg%—{eu—enkephalin is measurable by this method with the
sensitivity of less than 1 pg/tube and the measurable range of the
inhibition curve is 1 pg to 10° pg. The specificity of the
antiserum was evaluated by determining its cross-reactivity with
several peptides. B-Endorphin does not cross-react with the
antiserum at all in the entire region of concentrations tested and
Met- and Leu-enkephalins do not cross-react appreciably with the
antiserum. This fact verifies that arginyl residue at the carboxyl
terminus of the ligand is necessary for the sensitive recognition
by the antiserum. Thus, the present radioimmunocassay, if used after
trypsinization of sample, makes it possible to detect with good
sensitivity the "big" Leu-enkephalins, such as a-neo-endor hin or
dynorphin in the tissues, which easily releases an (Arg6)—Leu—
enkephalin from the molecule by trypsinization. The antiserum also
shows some cross-reactivity with (Arg6)—Met—enkephalin containing
peptides, although sensitivity is of course not so high as in the
case of (Arq6)—Leu—enkephalin (Kangawa et al. 1980).
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FIGURE 4
Inhibition of binding of '*’I-labeled (Arg’)-Leu-enkephalin to the
antiserum raised against (Arg%—Leu—enkephalin by serial dilution
of unlabeled ligands: (Arg%—Leu—enkephalin(.—._.h (Arg6)—Met—
enkephalin  ( —0— ), (Arg®, Lys’)-Leu-enkephalin ( —*—), Leu-
enkephalin (—a—), Met-enkephalin (—=— ), and Bh-endorphin
( —O— ). Antiserum used at 1:70,000 dilution.

1

Porcine hypothalawi (30,000 fragments)
| defatted and extracted with 2M CH3C02H.
| Sephadex G-25
Small peptide fraction (150 g)
| SP-Sephadex C-25, batch-wise treatment
Basic peptide fraction (13 g)
| SP-Sephadex C-25, gradient elution

Fracgaon G (503 mg) Fracsion I (555 mg)
| Sephadex G-25 k Sephadex G-25
l CM-cellulose (CM-52) | SP-Sephadex C-25
| CH-Sephadex C-25 a-Neo-endorphin (50 ug)
| HPLC, uy-Bondapak C-18 } HPLC, u-Bondapak C-18
PeaL (23 Pe;k #7
¥ HPLC, u-Bondapak C-18 } HPLC, u-Bondapak C-18
} HPLC, p-Bondapak C-18 | HPLC, u-Bondapak C-18

B-Neo-endorphin (30 nmol) PH-8P (20 nmol)

FIGURE 5
Purification Procedures of "Big" Leu-Enkephalins

from Porcine Hypothalamus
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FIGURE 6
Separation of B-Neo-Endorphin(#4) and PH-8P(#7) on Reverse-Phase
HPLC by the Aid of RIA for (Argg)—Leu—Enkephalin

Hatched bars represent (Arg6)—Leu—enkephalin immunoreactive
peaks (#4 and #7). Column: p-Bondapak C-18 (Waters). Solvent system:
A linear gradient from (A) to (B). (A) : 0.05M phosphate
buffer(pH2.0): CH;CN = 90:10; (B) : 0.05M phosphate buffer (pH2.0):
CH4CN = 50:50

Purification

On every purification step, pro-Leu-enkephalin containing fractions
were monitored by the use of RIA for (Argg)—Leu—enkephalin, coupled
with trypsinization. The outline of the purification procedures is
summarized in figure 5. A low-molecular-weight and basic peptide
fraction, obtained from the acid extracts of porcine hypothalami
(30,000 fragments), was chromatographed on SP-Sephadex C-25. In
this chromatographic separation, there were two major
irrununoreactive fractions, designated as fraction G (tubes 115-129)
and fraction I (tubes 149-160), when the latter a-neo-endorphin was
purified. Fraction G yielded a single immunoreactive peak after
the successive chromatographies, as listed in fig. 5. This
immunoreactive material was separated into two immunoreactive peaks
(peaks 4 and 7), as shown in figure 6. Peaks 4 and 7 were further
purified by repeated HPLC. Finally, B-neo-endorphin (30 nmol) from
peak 4 and PH-8P (20 nmol) from peak 7 were purified, respectively,
to homogeneity (Minamino et al. 1980, 1981)

Structural Analyses

All of the structural analyses were carried out in a nanomole
scale. Control experiments were made in every case under exactly
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the same conditions except that only the sample peptide was
omitted.

Sequence analyses were performed mainly by the manual dansyl-Edman
procedure. Special caution was exercised to avoid loss of the
peptide on the extraction step by aqueous butyl acetate. Results
thus obtained are summarized in figure 3. Sequence analyses of a-
and B-neo-endorphin were successfully performed up to the carboxyl
ends. C-Terminal Lys of a-neo-endorphin was also identified by the
3H—labeling method. In the case of PH-8P, its sequence analysis,
combined with C-terminal analysis by carboxypeptidase A, revealed
the complete structure. Furthermore, tryptic peptides of PH-8P and
B-neo-endorphin were isolated by HPLC and the amino acid sequence
was determined to corroborate their structures elucidated above.
Consequently, the complete amino acid sequences of PH-8P and B- and
a-neo-endorphin have been established, as shown in figure 2.

According to the proposed structures, PH-8P, B- and a-neo-
endorphin, and their tryptic peptides were newly synthesized. The
structures of a- and B-neo-endorphin and PH-8P (determined above)

were confirmed in the following way. Upon trypsinization, each
peptide was found to be cleaved specifically at the linkage (6-7)

to yield only two tryptic fragments, which were well separated on
HPLC. The chemical structures of the tryptic peptides separated
above were confirmed by the chromatographical comparison on HPLC
with synthetic peptides. In the case of a-neo-endorphin,

chymotryptic peptides were also compared on HPLC with authentic
specimens. Confirmation of the proposed structures of PH-8P, B-
and a-neo-endorphin was provided by comparing natural peptides with
synthetic ones on HPLC.

Thus, a-neo-endorphin was shown to be C-terminally extended peptide
of B-neo-endorphin. On the other hand, PH-8P was found to be the
N-terminal octapeptide of dynorphin and previously only the
partial sequence (1-13) was known (Minamino et al. 1980, 1981).

"BIG" ENKEPHALINS IN BOVINE ADRENOMEDULLARY GLAND

On the other hand, Udenfriend and his co-workers (Udenfriend et al.
1983) and our group (Mizuno et al. 1980a; Mizuno et al. 1980b;
Mizuno et al. 1981) have identified a variety of enkephalin-
containing peptides in adrenomedullary gland, all of which are
known to be processed from the third precursor named
preproenkephalin A. Thus, all the endogenous opioid peptides so far
identified are derived from either of three genetically distinct
precursors: pre-POMC and preproenkephalin A and B.

Slnce the antiserum used above shows 5% cross-reactivity with
[Arg ) -Met-enkephalin, the radioimmunoassay mentloned above has
proven its cagablllty to detect not only (Arg ) -Leu-enkephalin,
but also (Arg )-Met-enkephalin with an appreciable sensitivity.
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Using radioimmunoassay coupled with trypsinization, we sucessfully
purified a dodecapeptide (BAM-12P) as a novel "big" Met-
enkephalin (Mizuno et al.1980). Furthermore, two novel "big" Met-
enkephalins, a docosapeptide (BAM-22P) and eicosapeptide (BAM-
20P), both of which yield immunoreactive (Arg6)—Met—enkephalin by
the action of trypsin, were also purified (Mizuno et al. 1980a) from
the side-fractions that were obtained in the purification of BAM-
12P. Sequence analyses have shown that both peptides contain a
common BAM-12P sequence at their N-terminals with progressive C-
terminal extension. The identification of a series of BAM-22P, -20P,
and -12P in the adrenomedullary gland introduces a new family of
"big" Met-enkephalins into the opioid field, which may be
indicative of the unknown feature of enkephalin biosynthesis. In a
similar manner, BAM-18P (Matsuo et al. 1983) --- which corresponds
to the N-terminal peptide of BAM-20P and BAM-22P --- and other
types of enkephalin-containing peptide have been identified.

BAM-30P and BAM-77P were found to have a Met-enkephalin unit at
their C-terminal part (Mizuno et al. 1981). On the other hand,

Udenfriend and his associates (Udenfriend et al. 1983) identified a
new series of enkephalin-containing peptides, such as peptides B,

E, F, and I, Dby the combined treatments of trypsin and
carboxypeptidase B, coupled with a radioreceptor assay for the
released Met-enkephalin. In particular, peptide E, whose N-terminal
part corresponds to BAM-12P, -18P, and -22P, was revealed to
contain Met- and Leu-enkephalin units, implying a possibility that
Met- and Leu-enkephalin may be derived from a common precursor.

Combined results obtained by both groups strongly indicated the
presence of the third enkephalin precursor (proenkephalin A),

containing six Met-enkephalin units and one Leu-enkephalin unit.

These findings afforded the basis for the base sequence analysis of
cDNA (Noda et al. 1982) encoding preproenkephalin A.

Thus, all the endogenous enkephalin-containing peptides so far
identified are known to be derived from either of three distinct
precursors: POMC and preproenkephalin A and B. The recent progress
in recombinant DNA analyses provided precise structure of the
precursors. Most of the enkephalin units are flanked by paired
basic residues composed of Lys and Arg, which are now thought to be
typical processing signals. However, our knowledge of the
processing event intervening from the precursor to the mature
peptides is still very limited (Mizuno et al. 1982). In this
context, the discovery of PH-8P in brain raised a quite
interesting pattern of processing that occurred before Arg-Pro
signal. As clearly seen in the sequence of dynorphin, PH-8P
(dynorphin (1-8)) was located at the N-terminal part of dynorphin,
and followed by Arg-Pro sequence. Since PH-8P is the predominant
opioid in posterior pituitary, it is obvious that PH-8P is
processed out of preproenkephalin B precursor by the specific
cleavage before Arg-Pro linkage, which so far has not been
accepted as the processing site (Mizuno et al. 1984). A similar
processing pattern was also observed 1in the <case of
preproenkephalin A, as shown in the following section.
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ADRENORPHIN: A C-TERMINALLY AMIDATED OPIOID PEPTIDE

As observed in various peptide hormones, the carboxy terminal amide
structure is a unique feature of peptides exhibiting physiological
activities. Although a variety of opioid peptides have been
identified, such a C-terminally amidated species has never before
been discovered in mammals. Adrenorphin isolated from human
pheochromocytoma tumor derived from adrenal medulla is the first
identification of a peptide with a C-terminal amide structure
(Matsuo et al. 1983). The complete amino acid sequence of
adrenorphin, as determined by microsequencing, is Tyr-Gly-Gly-Phe-
Met-Arg-Arg-Val-NH, and corresponds to the sequence of the first
eight amino acids of peptide E, which is derived from proenkephalin
A. Adrenorphin exhibits a potent opioid activity in guinea pig
ileum (GPI) assay. Using an antiserum raised against synthetic
adrenorphin, a highly sensitive and specific radioimmunoassay was
developed. The peptide has also been identified in normal human
and bovine adrenal medulla on reverse-phase HPLC, using the RIA for
adrenorphin. The distribution of adrenorphin in rat brain has also
been determined (Miyata et al. 1984).

Adrenorphin was purified as follows. A portion corresponding to the
lower molecular weight (Mr ca. 2,000) that was separated from acid
extracts of tumor tissue by gel filtration on Sephadex G-50 was
treated batchwise with CM-cellulose in a buffer of 10 mM ammonium
formate (pH 6.6). After washing the resin with the same buffer, the
basic peptides adsorbed on the column were eluted with 1M formic
acid and the eluates were then pooled. As shown in figure 7, the
basic peptide pool obtained above was subjected to reverse-phase
HPLC. An aliquot of fractions was trypsinized and then generation
of (Arg%—enkephalin was analyzed by RIA utilizing anti—(Arg%—
Leu-enkephalin antiserum, having 5% cross-reactivity with (Arg%—
Met-enkephalin. As seen in figure 7, five immunoreactive peaks (A
to E) were obtained.

Finally, adrenorphin was purified from the portion of peak B by
successive reverse-phase HPLC (figure 8). Only a tyrosine residue
was identified by dansylation as the amino terminal residue of the
peptide thus purified, confirming its homogeneity. On hydrolysis
with 6N HCl, adrenorphin afforded the following amino acid
composition: Gly 2, Val 1, Met 1, Tyr 1, Phe 1, Arg 2, suggesting
its octapeptide structure. The yield of the peptide was 20 nmol
from 42.6 g of pheochromocytoma tumor. C-Terminal analysis of
adrenorphin by carboxypeptidase method revealed that the C-terminal
is blocked. By the stepwise Edman degradation of the native
peptide, the complete amino acid sequence thus ascertained is Tyr-
Gly-Gly-Phe-Met-Arg-Arg-Val-NH,. The presence of C-terminal Val-NH,
was verified as dansyl-valineamide by thermolytic digestion,
followed by dansylation in a manner similar to that described by
Tatemoto and Mutt (1978). For structural confirmation, the
octapeptide amide, according to the adrenorphin sequence determined
above, was synthesized by solid-phase techniques, conducted on a
p-methyl-benzhydrylamineresin. Des-amido-adrenorphin (adrenorphin-
OH), having a free carboxy terminus, was also synthesized.
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FIGURE 7

Reverse-phase HPLC of the fraction containing the low-molecular-
weight and basic peptides obtained from human pheochromocytoma
tumor. A: (Arg6)—Met—enkephalin, B: BAM-12P, Met-enkephalin-
Arg6—Gly7—Leua D:Met—Enkephalin—Arg6—Phen E:BAM-18P.

Column: TSK LS-410 ODS SIL(Toyosoda). Solvent system: A linear
gradient from (A) to (B). (80 min): (A) 0.05M phosphate
buffer (pH2.0): CH3CN = 90:10 (v/v); (B) 0.05M phosphate
buffer (pH2.0): CHyCN = 50:50 (v/v)

Natural adrenorphin comigrates with synthetic adrenorphin on
cation-exchange HPLC, and it 1is well separated from synthetic
adrenorphin-OH. This confirmed that adrenorphin was isolated in an
amide form.

Adrenorphin sequence has a significant feature 1in its own
biosynthesis. The sequence corresponding to adrenorphin was found
to be present in human (and bovine) preproenkephalin A at positions
210-217, suggesting that adrenorphin is derived from this
precursor. As shown in figure 9, adrenorphin sequence in the
precursor is followed by a glycine residue, serving as a nitrogen
donor to amidate the preceding valine residue (Bradbury et al.
1982) . This conversion is thought to be carried out by a specific
amidating enzyme. The glycine residue attached to adrenorphin
sequence connects to the sequence of -Arg-Pro-, which so far has
not been regarded as a typical processing signal. However, a
similar cleavage before Arg-Pro was also observed in the formation
of PH-8P from dynorphin molecule in preproenkephalin B, implying
that the linkage of Arg-Pro is likely a processing signal.
Accordingly, adrenorphin is thought to be programed to be processed
out of the precursor as a C-terminally amidated opioid.
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FIGURE 8
HPLC of the Purified Adrenorphin Compared With the Synthetic
Adrenorphin and Deamido-adrenorphin (adrenorphin-OH)

a) Final purification of adrenorphin by reverse-phase HPLC (Arrows
indicate the elution positions of synthetic adrenorphin (a) and
BAM-12P (b))

b) Cation-exchange HPLC of natural adrenorphin

c) Cation-exchange HPLC of natural adrenorphin (2) compared with
synthetic adrenorphin-OH(1)

proenkephalin A

210 215 220
------ Lys-Arg{Tyr~Gly—Gly-Phe-Het-Arg-Arg-Va1-GT;}Arg-Pro-Glu------
Tyr~Gly-G]y—Phe-Het-Arg-Arg—Val-NH2 {adrenorphin)
proenkephalin B
210 ' 218

------ Lys-Arg{Tyr-Gly-Gly-Phe-Ley-Arg-Arg-lle}Arg-Pro-Lys------

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-1lle ( PH-8P )

FIGURE 9
Location of Adrenorphin and PH-8P in Their Respective Precursors

Residue numbers are taken from the sequences of human
preproenkephalin A and porcine preproenkephalin B. The sequences
corresponding to adrenorphin and PH-8P are boxed and the flanking
residues are underlined. Natural occurrence of adrenorphin and PH-8P
indicates that a sequence of -Arg-Pro- is likely a processing
signal.
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It should be noted that Weber et al. (1983) also isolated the iden-
tical peptide, named metorphamide, in brain. And they recently
reported the presence of a peptidase activity cleaving dynorphin A
into PH-8P in the atria of Aplysia californica (Weber et al. 1982).

PURIFICATION AND IDENTIFICATION OF "NEUROMEDINS"

In this section, an outline of our refined purification procedure
will be briefly summarized, by which a series of new smooth-muscle
stimulant peptides, named neuromedins have recently been
purified (Kangawa et al. 1983; Minamino et al. 1983; Minamino et
al. 1984a; Kinamino et al. 1984b; Minamino et al. 1984c). As shown
in figure 10, peptides of Mr 700 to 5,000 daltons, prepared from
acid extract of porcine spinal cords (ca. 20 kg), were absorbed on
SP-Sephadex in the presence of 1IN AcOH, and then eluted with the
same solution (SP-I), 2M pyridine (SP-II), and 2M pyridine-AcOH (pH
5.0) (SP-III), successively. Fractions SP-II and SP-III thus ob-
tained were the starting materials. After repeated gel-filtrations
of each fraction, remarkable stimulant activity was observed in the
various chromatographic regions. SP-II-D and SP-III-C showed a
potent ileum activity, while SP-III-E and SP-III-F elicited a
uterus activity. These four bioactive fractions were each subjected
to further purification by repeated reverse-phase HPLC or a
combination with ion-exchange HPLC. In this manner, neuromedin K
and L with prominent ileum activity and neuromedin B and C with a
uterus activity were each purified in a homogeneous state. The
structures of four neuromedins were each determined by
microsequencing in a subnanomole level and confirmed by
chromatographic comparison with synthetic specimens that were

Porcine Spinal Cord (ca 20 kg)
Lheucd 95°C, 10 min
Lextrlctod with 1M CH COOM-20mM HC1
Lultr:(lltrltlon (Amicon UNM-2)
anotono—prcclpitztlou (75%)

|SF-Snphldox C-25, batch-wise treatoent

4 }
SP-11 SP-I11
LSephldex G-%0 lSephndex G-50
Sephadex G-25 Sephadex G-25
1T 11 | Pl 7 ! 1 ¥ b
A B C D E F G A B C D E F G
LHPLC (RP C-18) LHPLC (1EX OH) Lupu; (1EX CW) L}[PLC (TEX CM)
LHPUZ (RP C-18) LHPLC (RP C-18) anu: (RP C-18) Lupu: (RP C-18)
LHPLC (RP C-18) L HPLC (RP C-18) LHPLC (RP C-18)
Neuromedin X
(10 nmol) Neuromedin L Neuromedin C Neuromedin B
(60 nool) (2.6 nmol) (12.% nmol)
FIGURE 10

Purification Scheme of Neuromedins from Porcine Spinal Cord
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prepared by solid- phase techniques. The complete amino acid
sequences thus determined are listed in figure 11. Neuromedin K
and L have a remarkable sequence homology to the known amphibian
tachykinins, which in common have a C-terminal structure
represented as Phe-X-Gly-Leu-Met-NH,. Such a structural resemblance
of the first peptide to kassinin is a basis for naming it as
neuromedin K, while the second one is designated as neuromedin L--
the next letter in alphabetical sequence. Substance P has hitherto
been thought to be the only tachykinin identified in mammals. Now,
neuromedin K and L are filed as new members of this family. These
two neuromedins, as well as substance P, have been found to share a
common spectrum of tachykinin activity, such as a quick stimulant
action on smooth-muscle and a prompt hypotensive effect. To date,
substance P is well known as a neurotransmitter in the primary
sensory neuron of mammalian spinal cords. The resemblance in
structure as well as in biological actions of neuromedin K and L to
substance P strongly suggests that these new peptides may also
function as a neuromediator in the mammalian neural network.
Another surprising sequence homology was observed between
neuromedin B and C and amphibian bombesin, as shown in figure 11.
Furthermore, neuromedin B and C elicit biological activities
similar to those of bombesin in the contractile reaction of rat
uterus and guinea pig ileum, distinct from those of tachykinins.
Since amphibian bombesin elicits a variety of pharmacological
effects in mammalian central nervous system, neuromedin B and C are
both expected to function in brain as an endogenous bombesin.
Incidentally, it should be noted that neuromedin C is identical to
a C-terminal decapeptide of gastrin-releasing peptide (GRP(18-27)),
which has recently been isolated from canine intestine.

These results revealed that even a nonspecific assay as used in
these works provided an effective tool for finding hidden
neuropeptides.

Tachykinin family
Asp-Met-His-Asp-Phe-Phe-Val~Gly-Leu-Met=-NH2 : Neuromedin K
His-Lys-Thr-Asp-Ser-Phe-Val~Gly-Leu-Met-NH2 : Neuromedin L
Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe~Gly-Leu-Met-NH2 : Substance P
AsSp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2 : Kassinin

Bombesin family
Gly-Asn-Leu-Trp-Ala-Thr-Gly~His~Phe-Met-NH2 : Neuromedin B
Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2 : Neuromedin C
===Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His~Leu-Met-NH2 : GRP
-==-Arg-Leu-Gly-Asn=-Gln-Trp-Ala-Val-Gly-His~Leu-Met-NH2 : Bombesin

Neurotensin family
Lys-Ile-Pro-Tyr-Ile-Leu
pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg=-Arg-Pro-Tyr-Ile-Leu

Reuromedin N
Neurotensin

-

FIGURE 11
Sequences of Neuromedins Identified in Porcine Spinal Cord
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B-Endorphin: Naturally Occurring or Synthetic
Agonists and Antagonists

Choh Hao Li, Ph.D.

INTRODUCTION

B-Endorphin (R-EP) 1is derived from B-lipotropin

(B-LPH) which in turn comes from a large precursor
molecule proopiomelanocortin (POMC) (Eipper and Mains
1980; Chrétien and Seidah 1984). It has been isolated
and sequenced from pituitary glands of wvarious species
(Li 1982), except turkey R-EP which was deduced from the

structure of R-LPH (Chang et al. 1980). They all
consist of 31 amino acids, with the Met-enkephalin
sequence at the NH,-terminus. As noted in figure 1,

only the human hormone has glutamic acid at the COOH-
terminus, while R-EP from other species has glutamine.
The sequential structure of human B-EP 1is remarkably

similar to that of other species. Other than the
position 31, the camel sequence differs only in one
position: His-25 (Tyr); and the ostrich sequence
differs 1in seven positions: Ser-6 (Thr), Arg-9 (Lys),
Gly-10 (Ser), Arg-11 (Gln), Ala-12 (Thr), Val-23 (Ile),
and Ser-25 (Asn). These differences are comparatively

minor 1in terms of base pair in the genetic code.
During evolution, the amino acid sequence of B-EP is
highly conserved.

Synthesis of B-EP and Analogs

The protocol for solid-phase synthesis of R-EP and its
analogs was established in an earlier synthesis of
sheep RB-LPH-(42-91), which contained the sequences of
camel R-EP (Yamashiro and Li 1974). The important
features of the protocol included the wuse of
symmetrical anhydrides for this coupling amino acid
residues and the use of an appropriate set of side-
chain protected groups (see table 1) stable to
trifluorocacetic acid (TFA) and easily removable at the
end of the synthesis by HF. B-EP and analogs can be
prepared in good yield (10% to 30%) and high purity.

109



5 10
Human: H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lysg-Ser-
Horse: Ser
Ostrich: Ser Arg-Gly-
Turkey: His

15 20
Human: Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-
Horse:
Ostrich: Arg-Ala
Turkey: Met Leu

25 30
Human: Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH
Horse: His Gln
Ostrich: val Ser Gln
Turkey: vVal Ser Gln
Porcine: val His Gln
Camel,Bovine,

Ovine,Whale: His Gln
Rat: Val-Bis Gln
Mouse: Ris Gln

FIGURE 1

Amino Acid Sequence of R-EP from Various Species

One of the R-EP analogs was synthesized by a new

segment coupling method (Blake 1981; Blake and Li
1981) . This involves the use of thiol acids for

coupling segments in aqueous solution:

R,CO-S™+2 Ag +H,N-R, + R,CONHR,+Ag,S+H"

where Rl and R2 are peptide segments which may be
synthesized by the solid-phase method. The scheme for
the synthesis of [Gly '1-Bh-EP by this new method is
shown in figure 2.

TABLE 1

Protecting Groups for Amino Acid Side-Chain
Functions in Solid-Phase Peptide Synthesis

Amino Acid Protecting Group®
Asp Bzl, cyclopentyl
Thr Bzl
Ser Bzl
Glu Bz1l, cyclopentyl
Cys 3,4-dimethylbenzyl
Met none or sulfoxide
Tyr Z, 2-BrZz, cyclopentyl
His VA
Lys 2-Brz, 2-Cl%
Arg tosyl
Trp formyl

°7Z = benzyloxycarbonyl; Bzl = benzyl
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Boc-Gly-S-resin ' Boc-Glu(OBzl)-resin

1. sppPs 1, SPPS

2. HF ' 2. HF
17
(Gly -8, ~EP-(1-17)-SH Fmoc-g, ~EP- (18-31)
Citraconic anhydride ] 1. Citraconic anhydride

2. Piperidine

19,24,28,29

cit-[Lys(cit)®, 61yl 1-g ~EP- (1-17)-8H + [Lys(Cit) ]-eh-Ep(ls—gi)
1. AgNO,/HOSu
2. AcOH
[e1y'’y - ¢, -EP
FIGURE 2

Synthesis [GlyN]—8h—EP by Segment Coupling:
SPPS, Solid-Phase Peptide Synthesis; Cit, Citraconyl; HOSu, N-Hydroxysuccinimide



The purity of the synthetic product should be examined
by both high performance 1liquid chromatography (HPLC)

and partition chromatography on gels (Yamashiro 1980).
For peptides synthesized by the solid-phase method,
single-deletion peptides are 1likely to Dbe generated and
extremely difficult to separate from the desired product.
It has been shown that HPLC 1is inadequate for effecting
these separations (Yamashiro and Li 1981).

Bioassay

The opiate-receptor binding assay with rat brain
membranes was carried out as described by Ferrara et
al. (1979) and Nicolas et al. (1982), wusing [’H,-Tyr’]-
Bh-EP (Houghten and Li 1978) as the primary ligand and
synthetic Bh-EP (Li et al. 1977b) as the standard
competing 1ligand. The analgesic potency was estimated
by the mouse tail-flick method (Loh et al. 1976).

Naturally Occurring Agonists

B-EPs 1isolated from pituitary glands of various species
are naturally occurring analogs of the opioid peptide.
Human (Li et al. 1977b), camel (Li et al. 1976), equine
(Li et al. 1981b), turkey (Yamashiro et al. 1980), and
ostrich (Yamashiro et al. 1982a) R-EPs have been

synthesized for Dbiological characterization. Table 2
presents potencies of these B-EPs in the binding and
analgesic assays (Hammonds et al. 1982). Parallelism

of the dose-response curves 1in both assays indicate
that BRB-EPs from different species bind to the same brain

opioid receptors. However, the ratio of binding
activity to analgesic potency varies from 164 to 555
relative to By,-EP as 100 (see table 2). No correlation
between these two activities exists. It was suggested

that, once bound to the receptor, these naturally
occurring agonists do not possess equal ability or
efficacy to produce analgesia.

TABLE 2

Biological Activities of Human, Camel, Equine,
Turkey, and Ostrich R-Endorphin

Analgesic Opioid-receptor B/A X 100

B-EP potency binding activity (Potency
(B) (B) ratio)

Human 100 100 100
Camel 165 270 164
Equine 153 330 216
Turkey 45 96 213
Ostrich 110 610 555
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Synthetic Agonists

For the last 8 years, over 90 B-EP analogs have been
synthesized and characterized (Li 1981; Yamashiro and

Li 1984). Some analogs are purer agonists than the
parent peptide as they exhibit higher biological
activities. Five of these analogs are: [G1n®] -R,-EP

(Li et al. 198la), [Trp ]1-B,-EP (Li et al. 1982),
[G1n*°']-R,-EP (Yamashiro et al. 1982b), (Arg®,Gln’']-
B,~EP (Yamashiro et al. 1982b), and [Demlq]—BC—EP
(Yamashiro et al. 1983). Their binding activity and
analgesic potency are summarized in table 3. Among
these analogs, [Trp27]—ff>h—EP exhibits the lowest
binding/analgesia ratio, indicating that it 1is a very
efficacious molecule for producing analgesia when it is
bound to the receptor. Residue position 27 in R-EPs
(see figure 1) 1is occupied by either His or Tyr. This
represents a marked difference 1in hydrophobicity when
this property 1is measured 1in a two-phase solvent system
(Yamashiro 1980). On the same scale, Trp is the most
hydrophobic amino acid. It is of interest that
[Trp27]—fsh—EP is one of the most potent synthetic
analogs as an analgesic agent (Li et al. 1982).

TABLE 3

Biological Activities of Some Synthetic
B-EP Agonists

Synthetic Analgesic Opioid-receptor B/A X 100
peptides potency binding activity (Potency
(R) (B) ratio)
B3,-EP 100 100 100
[Gln®]-B,-EP 220 170 77
[Trp’']1-B,-EP 371 68 18
[G1ln®°'1-R,-EP 236 200 93
[Arg®,Gln '] -R,-EP 254 150 59
[Dem' '] -B,-EP* 440 301 68
*Dem = Dermorphin: H-Tyr-DAla-Phe-Gly-Tyr-Pro-Ser-NH,

There are two Glu residues in the R,-EP structure at

positions 8 and 31 (see figure 1). Replacement of
Glu™ by Gly does not alter the analgesic potency (Li
et al. 1979) or Tyr (Yamashiro et al. 1982b). However,

replacement of Glu® by Gln enhances Dboth analgesic

potency and opioid-receptor binding activity. This 1is
also true for the replacement of G1u® by Arg (Yamashiro
et al. 1982b). Since alterations of the Met-enkephalin
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sequence in RB-EP have led to loss of analgesic potency
(Li 1981), it was surprising that the hybrid [Demlq]—
B.~EP 1is a potent analgesic (Yamashiro et al. 1983).
Dermorphin (Dem) 1is isolated from the frog skin with
very potent opiatelike activity (Montecucchi et al.

1981) . When Dermorphin, the hybrid, and R,-EP are
assa ed for analgesia (see table 4), Dermorphin and
[Dem' "] -B.~EP exhibit nearly identical potency. This

suggests that the 8-31 segment of the hybrid has no
apparent influence on the analgesic actions of the
Dermorphin segment and 1is 1in contrast to the analgesic
potency of R-EP which 1is dependent on chain length (Li
1981) .

TABLE 4

Biological Activities of Dermorphin and
1,7

[Dem ]-B.-Endorphin
Analgesic Opioid-receptor B/A X 100

Peptide potency binding activity (Potency

() (B) ratio)
B,-EP 100 100 100
B,-EP 164 311 190
Dermorphin 450 30 1
[Dem'-"]-B.-EP 440 301 68

Naturally Occurring Antagonist

B-EP-(1-27) has been isolated and characterized from
pig (Smyth et al. 1978), rat (Zakarian and Smyth 1979),
and horse (Ng et al. 1981) pituitary glands. It is
also shown to occur in rat (Zakarian and Smyth 1979)
and bovine (Ng et al. 1982) brains as well as in human
ectopic ACTH-producing lung cancers (Suda et al. 1982).
Figure 3 presents the protocol for the isolation of
B-EP-(1-27) from horse pituitary (Ng et al. 1981). The
final steps involved paper electrophoresis and HPLC.
From 300 g of fresh horse glands, 1.2 mg R.-EP-(1-27)
and 3 mg B.-EP were isolated. As shown in figure 4,
only 0.018 mg B.~EP-(1-27) and 0.026 mg R.-EP were
obtained from 16 kg of bovine brains (Ng et al. 1982).
B,-EP-(1-27) was subsequently synthesized (Zaoral et
al. 1981) for Dbiological investigations.
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Horse pituitaries, 300 g

+
Acid-acetone powder, 11 g
+
NaCl fractionation: Fraction D, 790 mg
¥
CM;cellulose chromatography: Component C, 120 mg
v
Sephadex G-25: retarded peak, 37 mg
’ +
Paper electrophoresis at pH 6.7: fasting band, 1.5 mg
+
HPLC: 1.2 mg [B -EP-(1-27)]

(B ~EP, 3 mg)
FIGURE 3

Protocol for the Isolation of R-EP-(1-27)
from Horse Pituitary

Bovine brainsg, 16 kg
+

Acid-acetone powder, 160 g

+ pH 4.6 soluble fraction

CM-Cellulose chromatography

un-retarded materjal, 80 g
+
Sephadex G-100 in pH 4.6, 0.1 M NH4OAC buffer: 12 g
+
Sephadex G-50 in 0.1 M HOAc: 0.9 g
+
Sephadex G-25 in 0.1 M HOAc: 530 mg
+
CM-Cellulose chromatography: 17 mg
. .
HPLC: peak 3
‘ +
\Paper electrophoresis: 2 bands
+
Band with R.=0.36:0.018 mg [Bp-EP-(1-27)]

(8,-EP,0.026 mg)
FIGURE 4

Protocol for the Isolation of R-EP-(1-27)
from Bovine Brain
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Figure 5 presents inhibition of [3H—Tyr27]—6h—EP

binding to rat brain membranes by B,-EP-(1-27) or

naloxone. Thus, B,-EP-(1-27) retained 30% of the B,-EP
potency in displacing tritiated R,-EP, whereas naloxone
was one-tenth as potent. In the mouse tail-flick
assay, By-EP-(1-27) exhibited 1less than 2% of the R,-EP
potency 1in producing analgesia (figure 6). Results are
summarized in table 5. The high ratio of opioid-

receptor binding activity to analgesic potency (potency
ratio) predicts B,-EP-(1-27) as an antagonist to R,-EP-
induced analgesia. This turns out to be the case
(Hammonds et al. 1984).

Specific Binding (%)

—o- B,-ep
20—@- Br-€p-(1-21)
Oy Nokmone

ol
J | | | 1 |
1/25% 1/ i 16 256

Ligand (nM)
FIGURE 5
27

Inhibition of [3H—Tyr ]-R,-EP Binding to Rat Brain
Membrane by R,-EP-(1-27) or Naloxone

TABLE 5

Biological Activities of B,-EP-(1-27) and Naloxone

Analgesic Opioid-receptor B/A
Preparation potency binding activity (Potency
(A) (B) ratio)

AD,, Relative Ic,, Relative

pmol/ potency nM potency

mouse
B,-EP 217 100 0.33 100 1
B,-EP-(1-27) 1500 1.8 1.10 30 17
Naloxone 12.00 2.8

As shown in figure 6, intracerebroventrical (i.c.v.)
injection of wvarious doses of B,-EP together with a
fixed dose of B,-EP-(1-27) produced a parallel shift of
the dose-response curve (Hammonds et al. 1984).
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Similar results were obtained with naloxone. Analyses
of the data are clearly evident that the antagonistic
effect of By-EP-(1-27) 1is competitive in nature and
that the analog 1is at least 4 times more potent than
naloxone 1in antagonizing analgesia.

T T -e- A-EP-(1-27) (MiP)
SEIP -e- A€

—A- AP ¢ &3 pmei SLIP

o A0 ¢ 163 peei BTIP

L) 1 -~ A0 ¢ 37 el pUIP

y 74

6 2 50 100 250 500 1000 200 5000
Peptice (pmol /mouse )

g 8
Ancigesio (%)

FIGURE 6

Analgesic Effect of B,-EP and B,-EP-(1-27)
Synthetic Antagonists

The first synthetic analog of B-EP shown to be an

antagonist 1is R.-EP-(6-31). This analog does not con-
tain the Met-enkephalin segment and appears to possess
measurable analgesic activity (Li et al. 1978). At

high doses, RB.-EP-(6-31) produces analgesia in 4 out of
11 mice, and in some mice, inhibition of the tail-flick
response was not blocked by naloxone (Li et al. 1978).
In guinea pig ileum assay, it had about 4% opiate
activity 1in comparison with B.-EP (Li et al. 1977a).

At 40 pg but not at 25 ng, R.-EP-(6-31) was analgesic,
although the main tail-flick latency was not as high as
that with morphine (6 ng) or B,-EP (6 ug). When 40 pug
B.~EP-(6-31) was 1injected 1i.c.v. together with either
morphine or B,-EP, 1t inhibited morphine-induced
analgesia measured 10 minutes later but not 30 minutes
later (Lee et al. 1980). However, the analog appeared
to inhibit significantly R,-EP-induced analgesia at all
time intervals. When the effect of R,-EP (6 pg) was at
its peak in 30 minutes, the analog was capable of
antagonizing By-EP-induced analgesia 1in a dose-related
manner with some inhibition at a B_-EP-(6-31)/B,-EP
ratio as low as 2.5 (Lee et al. 1980).
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We subsequently discovered three synthetic analogs of
B,-EP with high potency ratio (the ratio of potency in
displacing [3H—Tyrﬂ]—6h—EP to analgesic ©potency) to Dbe
good inhibitors to B,-EP-induced analgesia (Nicolas

et al. 1984). These synthetic analogs with their
biological activities are 1listed in table 6. Lack of
correlation Dbetween the opioid-receptor binding
activity and analgesic potency 1is evident and the
potency ratio is high, indicating that these analogs
may act as antagonists.

Dose-response curves for the analgesic effect produced
by i.c.v. injection of B,-EP, [TrpN]—Bh—EP, synthetic
analogs, and their combinations are shown in figures 7
and 8. The duration of analgesia for the analogs and
the parent peptide was identical. Dose-response curves
were parallel, suggesting that they produced analgesia
by acting through similar opiate receptors. 1In
addition, the time for the peak analgesic effect of
B,~EP and [Trp 27]—Bh—EP either alone or in the presence
of wvarious doses of analogs was the same. There was a
marked decrease in the analgesic response to R,-EP or
[TrpN]—Bh—EP when small doses of the analogs were co-
injected. For each combination of agonist/antagonist
investigated, a parallel shift of the dose-response
curve of the agonist to the right with increasing doses
of antagonist was observed. This parallel shift
indicates competitive inhibition as also shown by
straight lines in the Schild plots. Figure 9 presents
Schild plots for B,-EP and [TrpN]—Bh—EP as agonists
with wvarious doses of antagonists. From these data,
the apparent antagonist potencies, assuming the potency
of B,-EP-(1-27 to be 1, were estimated as follows:
[Cysn'26,Phe27,Gly31]—Bb—EP 6; [Arg9,19,24,28,29]_

B,-EP, 17; and Gln®,Gly’"']-R,-EP-Gly-Gly-NH,, 48.
Thus, [Glng,Glyﬂ]—Bh—EP—Gly—Gly—NH2 is more than 200
times as potent than naloxone in inhibiting B,-EP-
induced analgesia.

Concluding Remarks

Since 1976, B,-EP has been isolated and identified from
pituitary glands of camel, porcine, human, horse,
ostrich, turkey, Dbovine, ovine, whale, rat, and mouse.
Camel, human, equine, turkey, and ostrich B-EP were
synthesized by improved procedure of the solid-phase

method. In the mouse tail-flick assay, analgesic
potency was found in the following order: camel >
equine > ostrich > human > turkey. The opioid-receptor
binding activity order was: ostrich > equine > camel
human > turkey. They are naturally occurring agonists.
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TABLE 6

Analgesic Potency and Binding Affinity of Synthetic

B,~EP Analogs with

Inhibiting Activity

Analgesic Receptor-binding B/A
potency activity (Potency
Synthetic Peptide + (A) * (B) ratio)
ADgq Relative IC50 Relative
pmol/ potency nM potency
mouse
Bh-EP 27 100 0.33 100 1
(18-36) (0.1-0.4)
[Gln8,G1y31]—eh—EP-Gly—Gly—NHz 150 18 0.094 350 19
(110-210) (0.087-0.10)
[Arq9’19'24'28'29]-6h—EP 190 14 0.180 180 13
(130-270) (0.160-0.19)
[Cysll’26,Phe27,G1y31]—Bh-EP 470 6 0.18 180 30
(400-560) (0.160-0.19)

*
95% Confidence limit in parentheses.
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FIGURE 7

(A) Log-probit dose-response curves for antinociceptive
effect produced by i.c.v. injection of [Trp27]—fsh—EP
alone (o-o) and in the presence of 0.01 ug ‘(A),_0.025

(A)y 0.04 pg (W), or 0.1 pg (@) of [GIn®, Gly’']1-
B,-EP-Gly-Gly-NH,. (B) As in figure 7(A), but for
3,-EP alone (0) or in combination with 0.0045 nug (A4),
0.009 pg (B) or 0.02 pg (M) of [Gln®,Gly’'1-B,-EP-Gly-
Gly-NH,. The dose-res onse curve for analgesia
produced by [Glng,Glyﬂ]—Bh—EP—Gly—Gly—NH2 alone is
shown (@) in both cases.
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FIGURE 8

(A) As in figure 74, [Trp27]—1'5h—EP alone (0) or in
combination with 0.010 Hg (&) 0.025 ng (&), or
0.075 pg (W) of [Arg’ri?:2%28:297_p _gpp  (O)., apti-
nociceptive effect produced by [Arg9 19,24, 28, 29]—I5h—EP
alone. (B) As 1in figure 74, [Trp27]—1'5h—EP alope (0-0)
or in combination with 0.05 ug (‘)'r 0.075 ng )r or
0.300 pg (@) of [Cys'l,Cys®® Phe?’,Gly’]-Bh-EP. (®)
Antinociceptive effect ellc1ted by [Cysn,Cys%,PheN)—
Gly’']1-B,-EP.
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FIGURE 9

(A) Relationship between dose ratio for analgesia
with  [Trp’ ]-B,-EP (e-@) or B,-EP (0-0) and
corresponding doses of™" [Gln,GlyBl]—Bh—EP—Gly—Gly—
NH, . Abscissa: negative logarithm of the molar
dose of antagonist injected per 25 upg of body
weight. Ordinate: log (x-1), where x 1is the dose
ratio. (B) As 1in figure 8A, Dbut for [Trp27]—Bh—EP
and corresponding doses of either [CysnéC;/s%,
Phe?’,Gly '] -B,-EP (A-A) or [Arg @'’ 7% 2%y

3,-EP (- .
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Among more than 90 synthetic analogs of B-EP, at least
5 are potent agonists, namely [GLN&%%—EP, [Trpm]—ﬁh——
EP, [Gln*'1-B,-EP, [Arg®,Gln®*’'1-R,-EP, and [Dem' ']-
B.-EP

The naturally occurring antagonist R-EP-(1-27) 1is at
least 4 times more potent than naloxone 1in antagonizing

analgesia. It was named R-EP-inhibiting peptide (REIP).
Three synthetic analogs of R,-EP were shown to possess
inhibiting activity to B-EP-induced analgesia. One of

them, ([Gln8 ,Glyﬂ]—Bh—EP—Gly—Gly—NHﬂ, was estimated to
be more than 200 times more potent than naloxone 1in the
mouse tail-flick assay.

In most naturally occurring R-EP agonists and synthetic
analogs, the opiate-receptor binding activity and
analgesic potency do not correlate. This may be
explained by differences in efficacy of the agonist or
analog once it 1is bound to the receptor. The ratio of
binding affinity to analgesic potency (potency ratio)

is a measure of the degree of efficacy. Thus, a
naturally occurring or synthetic B-EP analog with high
potency ratio 1is expected to be an antagonist to
B-EP-induced analgesia.

As pointed out earlier, B-EP-(1-27) with a potency ratio
of 17 is shown to be present in the brain and pituitary

gland. It acts as an inhibitor to R-EP-induced analgesia
and 1is 4.5 times more potent than naloxone. This 1is
highly significant. Inhibition of a peptide hormone by

a naturally occurring segment of the same hormone may
be a general phenomenon 1in biologically active peptides.
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Enkephalin Degrading Enzyme Inhibitors: A
Physiological Way to New Analgesics and
Psychoactive Agents

Bernard P. Roques and Marie-Claude Fournie-Zaluski

It is now well accepted that the pain suppression effect of mor-
phine is related to the interaction of this alcaloid with bind-
ing sites located in the central nervous system (CNS) and more
precisely within structures (e.g., spinal cord, periaqueductal
gray matter, and thalamus) known for their involvement in the
requlation of nociceptive stimuli. Moreover, the wide distri-
bution of opioid receptors in brain probably accounts for the
multiplicity of pharmacological responses (including euphoria)
elicited by administration of morphine (Martin et al. 1976).

In addition to its strong analgesic potency, it must also be
observed that morphine was shown to display anxiolytic and
disinhibitory properties. According to these features, psychic
dependence and respiratory depression-- which are among the
major side effects of narcotics--could be related to overstim-
ulation of brain receptors involved, respectively, in behaviour-
al and bulbar respiratory control (Morin-Surun et al. 1984).
Several thousand compounds were synthesized with the aim to
discard or at least to minimize these major side effects, but
at this time no potent analgesic proved completely devoid of
these serious drawbacks. However, the discovery in the CNS of
the endogenous morphinelike peptides, enkephalins (Hughes et

al. 1975), which interact with multiple opioid receptors (Lord
et al. 1977) and are degraded by recently well-defined metabol-
ic pathways, could allow resolution of the challenging

problem of addiction. In this chapter, we have summarized the
results that we have obtained both in the characterization of
enkephalin degrading enzymes and in the rational design of inhib-
itors of these various peptidases. These compounds, being able
to prolong the duration of action of the endogenously released
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enkephalins following nociceptive stimuli, behave as completely
new analgesics acting through a more physiological mechanism.
Owing to the probable role of enkephalins in emotional and
behavioural controls, enkephalin degrading enzyme inhibitors
could occur also as new psychoactive agents.

ENZYMATIC INACTIVATION OF ENKEPHALINS

A weak and transient analgesia was obtained only for high doses
(= 100 pg per mouse) of intracerebroventricularly administered
MetS—enkephalin (Tyr-Gly-Cly-Phe-Met) or LeuS—enkephalin (Tyr-
Gly-Gly-Phe-Leu) (Belluzi et al. 1976). These features suggest-
ed that, according to their neurotransmitter role, these pep-
tides were quickly removed from the synaptic Cleft. In vitro
incubation of enkephalins with brain tissue has shown that
several peptidases are able to cleave the endogenous pentapep-
tides into inactive fragments. So, the Tyr-Gly bond can be
hydrolyzed by several membrane-bound aminopeptidases (Hambrook
et al. 1976; Vogel and Altstein 1977; Guyon et al. 1979). As
discussed further, one of these brain enzymes, resembling amino-
peptidase M from rabbit kidney (Kerr and Kenny 1974), could be
more specific (Hersch 1981; Shimamura et al. 1983; Fournié-
Zaluski et al., in press [1985a]). Furthermore, a dipeptidyl-
aminopeptidase activity releasing the Tyr-Gly fragment is also
involved in enkephalin degradation (Gorenstein and Snyder 1979)
The putative physiological role of this enzyme will be discussed
in this paper. Finally, the enkephalins are easily metabolized
by cleavage of the GlyS—Phe bond under the action of two
enzymes present in brain: the angiotensin converting enzyme
(ace) (Erdos et al. 1978) and a distinct peptidase, originally
designated enkephalinase (Malfroy et al. 1978). It is now

well established that the brain membrane-bound enkephalinase

is identical (Almenoff and Orlowski 1983; Fulcher et al. 1982)
to the neutral metalloendopeptidase originally isolated by Kerr
and Kenny (1974) from rabbit kidney. The in vitro metabolic
pathways of enkephalins are schematized in figure 1. It is of
major interest to notice that all the enkephalin inactivating
enzymes belong to the group of metallopeptidases offering,
therefore, the possibility to design mixed inhibitors.
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FIGURE 1
In Vitro Inactivation of the Enkephalins
by Various Enzymes of Brain Tissue

ENKEPHALINASE, DIPEPTIDYLAMINOPEPTIDASE, AND AMINOPEPTIDASB
SOURCES AND ASSAYS OF ENZYME ACTIVITY

Enkephallnase from rat brain and rabbit kidney being identical
(Fulcher et al. 1982; Almenoff and Orlowskl 1983), we obtained
the purified enzyme from the latter. Membrane-bound dipeptidyl-
aminopeptidase activity was purified from rat brain by slight
modification (Bouboutou et al. 1984) of the reported method
(Gorenstein and Snyder 1979). Two membrane-bound amlnopeptldase
activities releasing Tyr from enkephalins were separated from

a particulate fraction (P,) of rat brain using a linear gradient
of NaCl. One peptldase was more sensitive to kelatorphan and
was found to be identical to the amlnopeptldase M from rabbit
kidney. As this enzyme is very likely to be specifically in-
volved in the synaptic degradation of enkephallns, aminopeptidase
M isolated from rabbit kidney was commonly used as the enzyme
source (Fournié-Zaluskl et al., In press [1985a]).

The enkephallnase activity and its inhibition were determined

using either [3H] Leu-enkephalln or [3H] D—AlaQ—Leu—enkephalin

as substrates (Fournié-Zaluskl et al. 1983). The formed fH]
Tyr-Gly-Gly metabolite was separated as described (Vogel and

Altstein 1977). Moreover, a fluorimetrlc determination of
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FIGURE 2
Schematic Representation of the Binding of Substrates
or Inhibitors to Thermolysin

enkephalinase activity was also used (Florentin et al. 1984).
The formation of [3H] Tyr or [3H] Tyr-Cly by aminopeptidase or
dipeptidylaminopeptidase, activities, respectively, and the
inhibition of these peptidases were evaluated using [3H] Leu-
enkephalin, as reported by Bouboutou et al. (1984). Determina-
tions of inhibition constants, and kinetic experiments were
computed from regression analysis using a Hewlett Packard
calculator. The biological relevance of the results obtained
with purified enzymes was established by comparison with those
evaluated using membrane preparations of rat brain tissue.

STRUCTURAL AND FUNCTIONAL CHARACTERISTICS OF METALLOPEPTIDASES

As nicely shown from the crystallographic analysis of two metal-
lopeptidases--the carboxypeptidase A (Lipscomb 1980) and the
bacterial endopeptidase thermolysin (Holmes and Matthews 1981;
Monzingo and Matthews 1982), all the zinc metalloproteases have
similarities in their active sites and in their respective
mechanisms of action (Kester and Matthews 1977). As shown in
figure 2, the hydrolysis of a peptide bond could involve: 1) the
coordination of the oxygen of the fragile bond to the Zn atom;

2) the Glu-143 promoted nucleophilic attack of a water molecule
on the carbonyl carbon polarized by the Zn ion; and 3) the
protonation of the nitrogen of the peptide bond to be cleaved

by His-231. In the final step, the bond between the tetrahedral
carbon and nitrogen atoms breaks to yield the two peptide pro-
ducts. Therecent crystallographic study of hydroxamate-thermo-
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lysin complexes have suggested that the hydrolysis process

could occur through the initial formation of a pentacoordinate
complex of the metal without displacement of the water molecule
bound to the Zn atom by the oxygen of the fragile bond (Monzingo
and Matthews 1982). On the other hand, a careful analysis of
several complexes between thermolysin and substrates or inhibi-
tors have shown that the specificity of the metallopeptidase

is ensured by: 1) Van der Waals interactions between S;, S;',
and S,' subsites of the enzyme and the lateral chains of the
corresponding P; , P;', and P,' moieties of the substrate or the
inhibitor; and 2) several well-positioned hydrogen bonds between
donor and acceptor groups of the bound molecule and polar resi-
dues of the peptidase, such as Asn-112, Arg-203, etc. Owing

to the great similarities in the active site of all metallopep-
tidases (Kester and Matthews 1977), the knowledge of the

binding mode of inhibitors to thermolysin at the molecular

level allowed us to design potent inhibitors of enkephalin
degrading enzymes in a rational way.

CHARACTERIZATION OF ENKEPHALINASE ACTIVE SITES

Among the various peptidases able to cleave the enkephalins,

in vitro, enkephalinase was the first for which a crucial role
In the biological inactivation of the opioid peptides has been
demonstrated (Roques et al. 1980). This feature is supported
by the strong analgesic potency of enkephalin analogs protected
from enkephalinase degrading activity (Fournié-Zaluski et al.
1979) and by changes in enzymatic activity following chronic
morphine treatment (Roques et al. 1980). Therefore, our first
studies were directed toward the synthesis of enkephallnase
inhibitors. However, the carboxydipeptidase, ACE, also displays
some ability to split the Gly3—Phe4 bond of enkephalins (Erdos
et al. 1978), suggesting the presence of similarities in the
active sites of enkephallnase and ACE. Therefore, given the
involvement of this latter enzyme in blood pressure regulation,
it was very important to develop enkephalinase inhibitors exhib-
iting both a strong potency and a selectivity as high as possi-
ble in anticipation of their eventual clinical use.

PRELIMINARY INVESTIGATIONS OF S;' AND S,' SUBSITES OF
ENKEPHALINASE

A careful analysis of a large series of dipeptides with the
sequences X-Ala and Phe-X (X, corresponding to various amino
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acids) has shown that the specificity of enkephalinase is
essentially ensured by 1) an S,' subsite which interacts prefer-
entially with aromatic or hydrophobic moiety (Fournié-Zaluski

et al. 1981; Llorens et al. 1980); 2) a moderate but significant
preference of the S,' subsite for short side chains; and 3) an
enhanced affinity for substrates bearing a free COOH-terminal
group (Fournié-Zaluski et al. 1979). Therefore, according to
its specificity toward bonds of the amino side of aromatic or
hydrophobic amino acids, enkephalinase is able to cleave a large
variety of peptides, such as substance P, neurotensin, cholecys-
tokinin, etc. Regarding the differences with ACE, it is of great
importance to notice that the S,' subsite of enkephalinase dis-
plays a large aversion for proline (Fournié-Zaluski et al. 1979,
Fournié-Zaluski et al. 1981). To illustrate, compounds bearing
a C-terminal proline such as captopril (Cushman et al. 1977) are
well recognized by the S,' subsite of ACE; whereas, in contrast
to enkephalinase, the S;' subsite of ACE does not exhibit a
significant preference for aromatic or hydrophobic side chains
(Cushman et al. 1977). So, as shown In table 1, In contrast

to Phe-Pro, the dipeptides Phe-Leu and Phe-Ala behave as rela-
tively good enkephalinase inhibitors but are badly recognized by
ACE. Moreover, several interesting binding properties of enkeph-
alinase are reported in table 1. As expected, the replacement
of the natural amino acid L-Phe by its stereoisomer D-Phe leads
to a large loss of inhibitory potency. A similar effect was
obtained by N-methylation of the amide bond of Phe-Ala; whereas,
surprisingly, retroinversion of this bond (change from -CONH-

to -NHCO-) led only to a tenfold decrease in activity. This
result was interpreted by a topological analogy between the
crucial components (benzyl and methyl chains, NH;, and COO"
groups) In the R,R isomer of retro-Phe-Ala and the natural
dipeptide L-Phe-L-Ala (Roques et al. 1983). This was confirmed
by the synthesis of the two enantiomers of retro Phe-Gly (table
1).

This very interesting result indicates that, despite the amide
bond reversal, the oxygen and hydrogen atoms fill similar spatial
positions in both retro and natural amide bonds (Roques et al.
1983). This probably allows the crucially required hydrogen
bond formation of the -NHCO- group within the enkephalinase
active site.
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TABLE 1

Inhibitory Potency of Natural and Modified Dipeptides on

a

Enkephalinase and Angiotensin Converting Enzymes (ACE)

COMPOUNDS ICs50 (UM)
ENKASE ACE
L-Phe-L-Leu 20 700
L-Phe-L.Ala 1 >1000
D.Phe-L.Ala 100 >1000
L-Phe-(N-Me)L.Ala > 100 > 1000
retro-Phe-Ala (R,S + R,R) 10 NT
retro-Phe-Gly  (R) 15 NT
retro-Phe-Gly (S) 100 NT
L.Phe-L-Pro >100 NT

® The IC;, values (means from five independent experiments with

SEM < 10%) were computed using [3H] -Leu-Enk (20 nM) as substrate
on enkephallnase from mouse striata and ACE from Calbiochem.

RATIONAL DESIGN OF CARBOXY AND THIOL INHIBITORS OF ENKEPHALINASE

According to their selectivity and relatively good potency

against enkephallnase activity, the dipeptides Phe-Ala and Phe-Leu
were selected as starting models. to design highly potent enkeph -
alinase inhibitors by introduction of a Zn-chelating group. As
nicely shown by Cushman et al. (1977) in the synthesis of ACE inhib-
itors, carboxyl and mercapto groups appeared among the most potent
metal coordinating agents. For the first time, new carboxyalkyl
compounds derived from Phe-Leu were selected as enkephalinase inhi-
bitors (Fournié-Zaluski et al. 1982, Fournié-Zaluski et al. 1983).
The general formula of these molecules is: R-CH(CH,f)-CONH-CH-
[CH,CH(CH;),]COOH with R = COOH, 1; R = CH,COOH, 2; R = NH-CH,-
COOH, 3; and R = NH-CH,-CH,-COOH, 4. All these compounds behave

as competitive inhibitors of enkephalinase, with IC values In

the 0.7 to 10 pM range. Similar results were reported for com-
pounds 2 and 3 by Smith and Wilkinson (1982).
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The most interesting characteristics of this first series of
inhibitors are the following: 1) Whatever the position of the
carboxyl group in the chain, the IC;; values on enkephalinase
remain in the same range, whereas ACE recognition is strongly
modulated by the length of the chain bearing the COOH group.
So, in accordance with ACE inhibitors derived from carboxyalka-
noyl-L-proline (Cushman et al. 1977), the most potent blockers
of this latter enzyme are compounds 2 and 3 with ICs, of 20
and 2 pM, respectively.. 2) The enkephalinase specificity of 2
and 3 is tightly decreased as compared to their dipeptide
precursors.

According to the demonstrated selectivity of the S;' subsite of
enkephalinase for aromatic or hydrophobic side chains (Fournié-
Zaluski et al. 1981), various carboxyl inhibitors containing
these moieties as P;' components were synthesized. Highly potent
enkephalinase inhibitors (IC,, of 20 nM) were obtained in two
series of compounds derived from the dipeptlde L-Phe-B-Ala. The
two series were characterized by introduction on the amino group
of Phe to one of the following chelating residues: f -CH,-
CH(COOH)- (Berger and Chipkin, personal communication) or f-CH,-
CH,-CH(COOH) - (Mumford et al. 1982). Interestingly, as com-
pared to 3, introduction of the additional phenyl ring seems to
increase the affinity for enkephalinase. This could indicate
the presence In the enzyme of an S, subsite interacting favorably
with an aromatic moiety. Moreover, the affinity of these com-
pounds for enkephallnase is modulated by the configuration of
both the a carbon of Phe and the carbon bearing the carboxyl
group. Thus, the S,S isomer is at least 100 times more potent
than the other stereoisomers (R,S; S,R; R,R) (Berger and

Chipkin 1984). In contrast, the inhibitory potency of aompound
3 remains practically identical whatever the configuration of
Phe is. These features can be interpreted by the fact that
binding of the carboxyl group to the metal atom represents the
most important factor for affinity. Therefore, the binding
strength can probably overcome an imperfect fitting of the P’
moiety in the S;' subsite but is unable to counterbalance an.
additional adverse interaction occurring at the level of the

S; subsite. On the other hand, the replacement of B-Ala In

the preceding inhibitors by the ,HN-C¢H,~COOH group, led also

to efficient enkephallnase blockers (Almenoff and Orlowskl

1983) .
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The second series of enkephalinase inhibitors that we have
designed bears a thiol group as metal chelating agent (Roques et
al. 1980; Fournié-Zaluski et al. 1984b). The general formula
is: R-CH(CH,f)CONH-CH[CH,-CH(CH;),]-COOH. In contrast to the
carboxyl inhibitors, the enkephalinase recognition is crucially
dependent on the length of the thiol containing group R. The
most potent compound, with R = CH,SH, exhibits an ICy, of 4.5

nM on enkephalinase but behaves also as a good ACE inhibitor
(ICsq = 55 nM). This unfavorable feature, already observed in
the case of carboxyl inhibitors, could be related to the binding
strength of the coordinating group which minimizes the preferen-
tial interaction of the side chains with the specific subsites
of enkephalinase or ACE. Therefore, in order to find a selec-
tive enkephalinase inhibitor, various amino acids were used as
P,' components. Increase in the size of the side chain does

not change significantly the ICs;;, on enkephalinase but enhances
the affinity for ACE. Consequently, the best P, moiety for
selective inhibition was shown to be a glycine residue, and the
obtained compound N-[(R,S)-3-mercapto-2-benzylpropanoyl]-glycine
(K; = 2 nM) with a discrimination factor of around 40 was desig-
nated thiorphan and used in the first biological studies (Roques
et al. 1980). Interestingly, the reduction of the P,' benzyl
group of thiorphan into a methylene cyclohexyl chain (-CH,-CgH,,)
led to a less potent enkephalinase inhibitor (ICy;, = 31 nM), but
this change strongly inhibits the binding to ACE (ICs, > 10,000
nM) (Fournié-Zaluski et al. 1984b). Likewise, introduction of
an HS-CH,-CO group on the N-terminal part of L-Phe-L-Leu led to
relatively good enkephalinase inhibitor (ICs, = 70 nM) with
weaker ACE affinity (Altstein et al. 1983).

COMPLETE DIFFERENTIATION BETWEEN ENKEPHALINASE AND ACE INHIBI-
TION BY RETROTHIORPHAN

On the other hand, a large decrease in ICy;, on enkephalinase

but not on ACE was observed by N-methylation of the amide bond

of the previous thiol inhibitors (Fournié-Zaluski et al. 1984Db).
This finding agrees both with the results obtained at the dipep-
tide level and with the good affinity for ACE of inhibitors bear-
ing an N-CH; group or a proline in P,' position (Cushman et al.
1977) . So, taking into account that the subsite specificity

of P,/ and P,' residues cannot ensure a complete differentiation
of these two enzymes, the modification of the amide bond was
considered as the most promising discriminating factors. This
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clearly demonstrated through the synthesis of retrothiorphan,
HS—CHQCH(CHzf)HEQQ—CHZ—COOH; since with a K; = 6 nM, this com-
pound is almost as potent as thiorphan on enkephalinase but
displays a drastic loss of potency on ACE (ICs, > 10,000 nM)
(Roques et al. 1983). Moreover, a stereospecific synthesis of
retrothiorphan showed that the R isomer (K;=2 nM) is much more
potent on enkephalinase than the S isomer (ICs;, -200 nM). In
contrast, the R and S isomers of thiorphan have almost the same
potency (Fournié-Zaluski et al., in press [1985a]). Therefore, the
topological concept of retro-inverso isomers (Goodman and
Chorev 1979) that we have extended for the first time to

enzyme inhibitors could be adapted to other enkephalinase
inhibitors. Preliminary results support this assumption.
Finally, it must be observed that the retro-inversion of an
amide bond in peptides or related compounds bestows to these
molecules an enhanced resistance to proteolytic enzymatic
degradation.

STRUCTURAL CHARACTERISTICS OF THE ACTIVE SITE OF THE NEUTRAL
METALLOENDOPEPTIDASE (EC 3.4.24.11) ENKEPHALINASE AND FUNCTIONAL
IMPLICATIONS

The major structural requirements for selective interaction with
enkephalinase or ACE were schematized in figure 3. Owing to its
endopeptidase activity, enkephalinase might be compared to ther-
molysin while, in view of its largely preferential exopeptidase
action, ACE could be related to carboxypeptidase A. Therefore,
starting from the crystallographic analysis of the complex of
thermolysin with a thiol (Monzingo and Matthews 1982) or an
hydroxamate inhibitor (Holmes and Matthews 1981), some charac-
teristics of the enkephalinase active site and mechanism of
action can be derived (Fournié-Zaluski et al. 1984b). All of the
Zn metalloenzymes, including ACE and enkephalinase, contain an
essential arginine residue in their active site. In thermolysin,
and possibly in enkephalinase, the oxygen and the hydrogen

atoms of the peptide bonds between the P;' and P,' moieties of
substrates or inhibitors are hydrogen bonded, respectively, to
the guanidinium group of the Arg residue and to the oxygen of
the amide bond of an Asn amino acid. Obviously, this latter
interaction is hindered by N-methylation of the amide bond or

by inclusion of the nitrogen atom in a proline ring accounting
for: 1) the decreased affinity for enkephalinase of inhibitors
with an N-methylated amide group (Fournié-Zaluski et al. 1984b);
2) the severe loss of potency of captopril on enkephalinase
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FIGURE 3

Schematic drawing showing the main structural requirements
allowing preferential interaction with enkephalinase or ACE
at the level of: the metal atom, the S;' and S,' subsites,
the amide bond.

(ICsq > 10,000 nM) (Roques et al. 1980). On the other hand,

the Arg side chain is located on the "side" of the substrate

or inhibitor in complexed thermolysin (Holmes and Matthews 1981).
Assuming the same kind of disposition for enkephalinase, the some-
what preferential carboxydipeptidase activity of this enzyme
(Florentin et al. 1984) could be due to a larger degree of free-
dom of the Arg aide chain, allowing the formation of a salt bridge
with the free carboxyl group of enkephalins. Such a process
accounts for the catalytic activity of carboxypeptidase A and
probably of ACE. In this way, it 1is interesting to note that
enkephalin analos with a CH,OH C-terminal group in place of

COOH are protected from degradation by enkephalinase. The assumed
arginine side-chain flexibility within the active site of enkeph-
alinase probably counteracts the small change in the position

of the oxygen and hydrogen atoms at the retroamide bond as com-
pared to the natural amide bond. This should permit the forma-
tion of hydrogen bonds between the retroamide group of retro-
thiorphan and enkephalinase (Roques et al. 1983). The S;'
hydrophobic pocket of enkephalinase is clearly larger than the
corresponding subsite of thermolysin or ACE, since the former
does not bind compounds with a Trp as P;' component; whereas, a
cyclohexyl ring in this position leads to a complete loss of
affinity for ACE. Therefore, the assumed mobility of a P;'
residue in the large hydrophobic pocket of enkephalinase could
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explain the less stringent structural requirement for optimal
binding to the Zn atom in enkephalinase than in ACE (Fournié-
Zaluski et al. 1983). This assumption is supported by the
strong affinity of carboxyl inhibitors bearing a very large

P,' group (p.C¢Hs-CH,-OC¢H,-CH,-) in place of the benzyl residue
(Berger and Chipkin 1984).

BINDENTATE PEPTIDES AS HIGHLY POTENT AND MIXED INHIBITORS OF
ENKEPHALIN DEGRADING ENZYME

As noted in the first section, the enkephalins are cleaved in
vitro by enkephalinase, a dipeptidylaminopeptidase, and a mem-
brane-bound aminopeptidase. Recently, inhibition of this latter
enzymatic activity by bestatin was shown to induce an increase

in brain enkephalin content and subsequently a naloxone revers-
ible analgesia following intracerebroventricular (i.c.v.)
administration (Carenzi et al. 1981; Chaillet et al. 1983).

All the enkephalin degrading enzymes belong to the group of
metalloproteases characterized by a wide specificity. It was,
therefore, theoretically possible to design a compound able to
inhibit the three peptidases, provided that the expected loss

of binding affinity due to a relative inability of the lateral
chains of the inhibitor to fit adequately the respective subsites
of the three different enzymes is counterbalanced by the strength
of coordination to the Zn atom.

As shown by Nishino and Powers (1978), bidentate group such as
hydroxamic, NH(OH)CO, or N-acyl-N-hydroxyamino, -CO-N(OH)- are
able to form strongly stabilized pentacoordinate complexes with
the metal atom of various metallopeptidases. So, the thermolysin
inhibitor, HN(OH)-CO-CH (CH,f)-Ala-Gly-NH,, behaves also as a
potent enkephalinase inhibitor (Mumford et al. 1981). Likewise,
Blumberg et al. (1981) have shown that amino acid hydroxamates,
such as Z-Phe-NHOH and Z-Leu-NHOH, were able to inhibit enkepha-
linase and aminopeptidase with ICy;, values in the micromolar
range. According to these features, we decided to prepare four
series of inhibitors bearing bidentate groups on structures
related to Phe-Gly or Phe-Ala (Bouboutou et al. 1984; Fournié-
Zaluski et al., in press [1985].

To avoid isomerization of inhibitors belonging to the series

of hydroxamic acids, NH(OH)CO-CH,-CH (CH,f)CONHCH (R)-COOH, which
may occur during the synthesis by classical methods a new
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TABLE 2

Inhibitory Potency of Various Hydroxamates and N-hydroxy,
N-acyl Peptides on Enkephalinase and ACE Activity °

- Ic,, (nn)
in @,S.i S3 Enkephalinase ACE
RO CH
K .
1 H#-N—C—CH~CONH-CH,~COOH 10°2 -30,000
0 oM cHs
2 B-C—N—CH-CONH~CH,~COOH 15002200 100,000
0 OB CH
1l | 2 .
3 H-C-M-CH,-CH-CONH-CH,-COOH 1531.5 -100,000
uo o cu D
4 ll—l-é-CHZ—J:H-COIH—CHZ-COOH 3.8%51.5 -25,000
HO & cH cH
I 1 ] 2Q {3 .
S5  B-E-C-CH,-CR-CORH-CE-COOH 8, 0%1.0 -20,000
o tu;ﬁ}
6 no-ﬂ-caz- H-CONH-CH,~COOH 800250 -20,000
w0 .
7 B-¥-CH,~CH-CONH-CH,~COOH 5,000-700 -30,000

® ICy, values (means + SEM of five determinations) were determined using
fH]D—AlaZ—Leu—Enk as substrates with pure enkephalinase and ACE.

synthetic procedure was developed (M.C. Fournié-Zaluski et al., patent
and unpublished results). The binding of the bidentate inhibitors is
schematized (table 2) using the currently accepted active site model
(Cushman et al. 1977). As expected, compounds 1, 2, and 3 belonging to
three different series of bidentates behave as highly potent enkepha-
linase inhibitors with ICy, values in the 4 to 15 nM range (table 2).
As for thiol inhibitors (Fournié-Zaluski et al. 1984b), a methylene
spacer separates the benzyl P;' moiety from the metal ion-chelating
group in the most active compounds, 4 and 5. The chromatographic
separation of the two diastereoisomers of 5 led to a pure compound

[ (R) -3- (N-hydroxy) -carboxamido-2-benzylpropanoyl]L-alanine, whose
configuration, analogous to that of a natural dipeptide, was established
by NMR spectroscopy (Fournié-Zaluski et al., in press[1985b]).
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TABLE 3

Influence of the Stereochemistry of Compound 5 on the Binding

Affinity to the Three Enkephalin Degrading Enzymes

SIEREQ SELFCTIVE INHIBITION OF ENKEPHALIN DEGRADING

MEIALLOENZYMES BY (S) ($)
(R )
H-00 o .
H-H-C-CHy=CH-CO-HH-CH-COOH
O s
“RS*ISOMER = KELATORPHAN “SS*ISOMER
165 15
ENKEPHAL INASE 1.7 % 0.4 x 108 1.8 0.4 x 1078
DIPEPTIDYLAMINOPEPTIDASE 0.9 * 0.1 x 109 1.0 0.5 x 107
AMINOPEPTIDASE 3.8%0.5x 107 2.9%05x 107

On the other hand, among the four series of bidentates, compounds
4 and 5 behave as highly potent and competitive inhibitors of

the dipeptidylaminopeptidase that releases Tyr-Gly from enkepha-
lins. These derivatives are the first described highly potent
inhibitors of this enzyme (Bouboutou et al. 1984).

Very interestingly, compound 5 also interacts with a relatively
good affinity (ICs; = 0.4 pM) to both the aminopeptidase M
isolated from rabbit kidney and a membrane-bound aminopeptidase
partially purified from rat brain (Waksman et al. 1985 ; Fournié-

zaluski et al., in press [1985a]. The (R) isomer of 5, designated
kelator-phan, behaves therefore as the first fully described
inhibitor of enkephalin metabolism (Fournié-Zaluski et al. 1984b).

More- over, inhibition of the three enkephalin degrading enzymes is
modulated by the stereochemistry of 5 (table 3).

It is interesting to observe that the potency of bestatin to

inhibit the release of tyrosine from enkephalins is almost

identical

(ICs - 0.5 pM) on purified aminopeptidase and on the

set of various aminopeptidases of mouse brain membrane prepara-

tion. In contrast, kelatorphan is about fiftyfold less potent
(ICs - 20 pM) on brain tissue than on pure enzyme (ICsy, - 0.4

pM), suggesting that this new inhibitor is more selective than
bestatin on the biologically relevant enkephalin degrading
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aminopeptidase. As shown in the next section, this assumption

is supported by the similar analgesic effects produced by kela-
torphan or by the association of bestatin and thiorphan, since

the efficiency of kelatorphan and thiorphan to inhibit enkepha-
linase are identical.

IN VITRO AND IN VIVO PROTECTION OF ENKEPBALINS FROM DEGRADING
ENZYMES

As already discussed, in vitro incubation of enkephalins with
rat brain tissue leads to rapid destruction of the peptides.
This feature occurs also after i.c.v. injection of Met- or
Leu-enkephalin. It was, therefore, possible to evaluate the in
vivo protecting ability of a given inhibitor by i.c.v: coadmin-
istration in mice of increasing concentrations of this compound
with a fixed dose of [3H] Leu-enkephalin. After 5 minutes, the
mice were killed, and the intact [3H] Leu-enkephalin was deter-
mined. In this assay, kelatorphan at 50 pg is able to protect
80% of Leu-enkephalin and this protecting effect is at least as
efficient as that produced by the association of thiorphan (50
ug) and bestatin (50 pg) (Waksman et al. 1985: Waksman et al.,

in press).

Another way of testing the potency of inhibitors to protect the
enkephalins from the various peptidases is to use washed brain
slices. In this condition, more closely related to the actual
physiological situation, the peptide substrate is cleaved only
by membrane-bound enzymes (Patey et al. 1981). As-shown in
figure 4, incubation of a mixture of 20 puM of [3H] Met-Enk with
rat striatal slices leads to the appearance of the tritiated
metabolites Tyr, Tyr-Gly, and Tyr-Gly-Gly, with Tyr as the most
abundant compound. Addition of different inhibitors induces a
decrease in the formed products corresponding to the selectivity
of the inhibitor against each peptidase. 1In this test, kelator-
phan alone was found to be more efficient than thiorphan, besta-
tin, or the two in combination and occurs as the single compound
to inhibit the Tyr-Gly formation (figure 4) (Waksman et al., in
press) .

POTENTIATION OF THE ANALGESIC EFFECT OF ENKEPHALINS EXHIBITING
DIFFERENT SENSITIVITY TO ENKEPHALIN DEGRADING ENZYME

In vivo activity of kelatorphan was compared to that of thior-
phan, bestatin, or the two in combination by evaluating the
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FIGURE 4
Effect of Peptidase Inhibitors on Formation of (fVHstf‘jrrl,
Enkephalin Metabolites by Rat Striatal Slices.
TABLE 4
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analgesia produced in mice by these inhibitors in the presence
of subanalgesic doses of three enkephalins exhibiting different
sensitivity toward enkephalin degrading enzymes (Fournié-Zaluski
et al. 1984a) (table 4).

When Met-enkephalin, which is sensitive to the three peptidase
was used as analgesic agent, the maximal response was obtained
with 10 pg of kelatorphan (cutoff time, 240 seconds), while the
same effect required the association of bestatin and thiorphan
(10 pg each). Moreover, as judged by its inhibitory potency on
the three enkephalin degrading enzymes, the proper antinocicep-
tive effect of kelatorphan administered i.c.v. was found to be
twofold higher than that of bestatin or thiorphan (table 4, first
column). All inhibitor-induced analgesic responses were prevent-
ed by prior administration of naloxone, demonstrating that the
observed effects were due to specific stimulation of opioid
receptors.

Interestingly, naloxone shows pronociceptive effects in these
assays (Jacob et al. 1974; Roques et al. 1980). In contrast,
peptidase inhibitors as well as naloxone are inactive on mouse
tail-flick and mouse tall-withdrawal tests; likely because the
physiological release of enkephalins is not high enough to
lessen the high nociceptive stimuli produced by these latter
tests. So, in strong nociceptive conditions, peptidase inhibi-
tors cannot significantly reduce painful messages, and naloxone
cannot magnify them. Another explanation may be that, in tail-
flick and tail-withdrawal tests, opioid peptides less sensitive
to enkephalinase, such as dynorphin, should be preferentially
involved in pain regulation. In any case, in the presence of
subanalgesic doses of exogenous enkephalins, peptidase inhibitors
are strongly active on tail-flick and tail-withdrawal tests.

Finally, the protecting activity of the various inhibitors was
compared by measuring on the tail flick-test the apparent anal-
gesic efficiency (EDs;) of Met-enkephalin i.c.v. coadministered
with different concentrations of inhibitors. On this test,
kelatorphan was about fivefold more active than bestatin in
combination with thiorphan and was able to decrease 50,000 times
the EDs;, of Met-Enk (Fournié-Zaluski et al. 1984b).
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STUDY OF ENKEPHALIN DEGRADING ENZYMES BY USE OF A TRITIATED
INHIBITOR

The final demonstration of the physiological and selective role
of the three enkephalin degrading enzymes at the level of enkeph-
alinergic transmission requires acute investigations on: 1) the
binding characteristics of these peptidases; 2) a quantitative
determination of their subcellular distribution and localization
in the CNS; and 3) an evaluation of the possible changes in these
parameters under different pharmacological situations (acute a