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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

T 1 T T
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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
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[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.
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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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Schematic representation of the three opioid polypeptide precursors
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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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prodynorphln precursors

The products of proenkephalin processing are compared between the
adrenal medulla and brain. The anterior and the neurointermediate
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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
o