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Abstract

THE ROLE OF ENDOPEPTIDASE 24.15 IN THE METABOLISM OF LHRH
by
Abraham M. Lasdun

Adviscr: Dr. Marian Orlowski, M.D., Profcssor of Pharmacology

Previous work in this laboratory demonstrated that purified preparations of
cndopcptidasc-24.15 (EP 24.15), a zinc-comtaining mctallocndopeptidase, clcaves
the Tyr3-Gly® bond of luteinizing hormone releasing-hormone (LHRH; pGlu-
His-Trp-Scer-Tyr-Gly-Leu-Arg-Pro-GlyNH?2) (Orlowski ct al., 1983). This c¢nzymc
has both soluble and membrane-associated activitics (Acker ct al.,, 1987) and is
present in thc brain, pituitary and also peripheral tissues (Chu and Orlowski,
1985). Scveral substrates as well as potent active site-directed inhibitors of this
cnzymc have been synthesized in this laboratory. We have uscd these

inhibitors to probe the role of this enzymce in both in vitro and in vivo
mctabolism of LHRH and its role in regulating the response of pituitary
gonadotropes to LHRH. In membranc preparations obtained from the
hypothalamus, anterior pituitary, and also in intact AtT 20 cclls, EP-24.15 is the
primary enzyme responsible for the degradation of LHRH, catalyzing the
cleavage of the Tyr3-Gly® bond. The liberated N-terminal pentapeptide (LHRH!-
5) is then rapidly dcgraded further to LHRH!-3 by angiotensin converting
cnzyme (ACE). Addition of EP 24.15 inhibitor to incubation mixtures cither
completely or, to a large decgree, inhibited LHRH dcgradation and completely
abolished the formation of both LHRH!-5 and LHRH!-3 meciabolites.

Endopeptidasc-24.11 (EP 24.11), present in thesc membrane preparations, also




degraded LHRH, forming the LHRH!-6 and LHRH!-4 mcuabolites, although at a
much slower rate. The rate-determining rcaction in LHRH dcgradation by brain
and pituitary, cvidently, is the clcavage of the TyrS-Gly(’ bond by EP 24.15.
"Supcractive” analogs of LHRH in which Gly® was rcplaced by a D-amino acid
("superactive” LHRH analogs with a D-amino acid substitution in position 6 arc
henceforth referred to  as "D-Xaa(’-analogs") arc resistant to degradation by EP
24.15; rcsistance to this primary dcgrading activity is hypothesized to

contribute hecavily to their supecractivc propertics.

Inhibitors of EP-24.15 arc shown to block the in vivo degradation of
intracercbroventricularly  (ICV) and intravenously (1V) administered LHRH.
Concurrent ICV administration of LHRH and N-[1-(RS)-carboxy-3-
phenylpropyl]-Ala-Ala-Phc-p-aminobenzoate  (cFP-AAF-pAB), a specific
inhibitor of EP 24.15, lcd to a morc than 10-fold increase in LHRH recovery
above controls trcated with LHRH alonc. Administration of N-{1-(RS)-carboxy-
3-phenylpropyl]-Phe-pAB  (cFP-F-pAB) or captopril, inhibitors of
"enkephalinase” (EP 24.11) and angiotensin converting cnzyme (ACE)
respectively, did not significantly increcasc LHRH recovery. Intravenous
administration of LHRH and cither c¢FP-F-pAB or cFP-AAF-pAB but not captopril,
led to an incrcase in the half-lifc of LHRH from 10 min 1o 15 and 20 min
respectively.  Concurrent  administration of both inhibitors rcsulted in a
dramatic 8-fold incrcasc in the half-lifc of LHRH, similar to values reporied for
D-Xaa6-analogs. The potentiating cffect of cFP-F-pAB resulted from inhibition
of the in vivo degradation of cFP-AAF-pAB by EP 24.11. It is concluded that EP
24.15 is the dominant factor determining the in vivo LHRH dcgradation both in
the CNS and periphery; resistance to this enzyme, thercfore, is probably the

factor in thc prolonged half-life of supcractive analogs.



To determine whether EP 24,15 activity rcgulates the concentration of
LHRH recaching pituitary gonadotropcs, conccntrations of plasma lutcinizing
hormonc (LH) and follicle stimulating hormone (FSH) were mcasured in rats
after ICV and IV administration of LHRH alone or in conjunction with
inhibitors of EP 24.15. In animals trcated with N-[1-(RS)-carboxy-3-
phenylpropyl]-Ala-Ala-Tyr-p-aminobenzoate (cFP-AAY-pAB) and cFP-AAF-
pAB, two potent EP 24.15 inhibitors, IV and ICV LHRH injections induced a much
greater and longer-lasting incrcasc of plasma LH and FSH concentrations than
in controls recciving LHRH alonc. The magnitude and duration of the increascs
was similar to thosc after administration of [D-Trp(’]-l,HRH or [D-Leu®.des Gly-
NHzl(’]-LHRH cthylamide, two D-Xaa(’-analogs.

It is concluded that: 1) LHRH dcgradation by EP 24.15 limits the magnitude
and duration of the response of the pituitary to LHRH; and 2) the increcased in
vivo activity of the "supcractive” LHRH analogs can largely be attributed to
their resistance to degradation by EP-24.15.

ICV injection of a potent EP-24.15 inhibitor alonc induces, although only
mildly, a rise in plasma LH lcvels in urethanc-ancsthetized rats, suggesting that
thc cnzyme may have a role in rcgulating cndogenous LHRH-stimulated LH
secretion by controlling the concentration of sccreted LHRH reaching the
portal circulation and pituitary gonadotropes intact.

In in vitro cxpcriments mcasuring the rccovery of LHRH following KCI-
cvoked releasc, the addition of EP 24.15 inhibitor into the incubation media
did not incrcase LHRH recovery. This indicated, that under the conditions
used, no apprcciable dcgradation of endogenous LHRH by hypothalamic
(membrane) EP 24.15 took place. These findings arc rcadily understood in
light of the low concentration of LHRH in the media and the shomt (15

minute) period of incubation.
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INTRODUCTION

The presence of a hypothalamic Lutcinizing Hormonc-Relcasing
Hormone (LHRH) was first indicated by the finding that thc injcction of
hypothalamic cxtracts stimulates the relcase of Luteinizing Hormone (LH)
(McCann ct al, 1960; Nikitovitch-Winer, 1962) and Follicle Stimulating
Hormonc (FSH) in rats (Igarashi and McCann, 1964). The subscquent
purification and isolation of LHRH from hypothalamic tissuc (Fawcett, 1968) led
thc¢ way for the determination of its amino acid scquence (Matuso ct al., 1971a)
and subscquent laboratory synthesis (Matuso ct al., 1971b). This work allowed
for subscquent studies showing that cither purified, natural LHRH or the
synthetic  peptide, when  injected  cither intravenously, intraarterially, or
dirccily into a hypophysial portal vessel, induces the sccretion of LH and FSH in
an identical manner (Arimura ct al., 1972; Ondo ct al., 1973; Rennels ct al., 1971;
Schally ct al., 1971). The ability to study the cffects of synthetic LHRH on
gonadotropin rclcase openced the door for the massive work geared toward the
understanding of LHRH's role in the regulation of pulsatile gonadotropin

secrction and gonadal function.

A pulsatile mode of LHRH releasec from the median eminence (ME) nerve
tcrminals into the piwitary portal circulation has been shown to be the
biological signal for the normal pulsatile pituitary sccretion of LH (and FSH).
Studies, in which concentrations of LH in venous samples were simultancously
measured with LHRH concentrations in portal blood (in sheep) or in third
ventricle (of monkeys), have demonstrated a good concordance between LH and
LHRH pulses (Clarke and Cummins, 1982; Fink, 1988; Levine et al., 1982;

Crowley et al., 1985). Thus, changes in the frequency of plasma LH



concentrations arc assumed to rcflect similar alterations in the frequency of
LHRH stimulation of the pituitary (Rcame et al.,, 1984). Sarkar (1976) and Ching
(1982a) described an incrcasc in radioimmunoassayable LHRH concentrations
in rat hypophyscal blood shortly preceding the preovulatory LH surge during
procstrous. In a similar mode, the changes in LH sccretion during the
menstrual cycle (in primates and humans), and in particular, the risc in LH
pulse frequency during the precovulatory follicular phase, arc belicved by
many researchers to be precipitated by parallel changes in LHRH relcase
(Marshall and Kclch, 1986; Marshall et al., 1988). It is bclicved that the clevated
scrum cstradiol and progesterone levels prior to the gonadotropin surge
mcdiate these changes in LHRH and LH sccrction duc to their stimulatory
cffects at the hypothalamic and pituitary level (Freeman, 1988; Goodman, 1988;
Knobil and Hotchkiss, 1988).

In addition, the incrcasc in LH pulsc frequency during pubertal
development is belicved to reflect a maturation in the capability of the brain to
gencrate and rclcase an incrcased pool of LHRH (Hompes, ct. al., 1982; Mecijs-
Roclofs, 1972). Quitc possibly both processes are stimulated (in the femalc) by
the rising titter of estrogen sccreted by the developing ovarian follicte (Ojeda ct

al., 1980; 1983 Andrews, ct al., 1978, 1981).

Recent studics have suggested that abnormalities of pulsatile LHRH
secretion arc responsible for certain forms of reproductive disorders. For
example, in a varicty of forms of anovulation, pituitary and ovarian function
are apparcently normal and yet normal cyclical changes in pituitary and
ovarian hormones do not occur. These syndromes, which include Kallman's
syndrome, amenorrhea associated with weight loss, anorexia nervosa, excrcise

and emotional stress, have been classified under the general category of



"hypothalamic amcnorrhea” since the underlying abnormality, apulsatile
LHRH secrction, resides in the hypothalamus (Marshall and Kelch, 1986;
Marshall ct al., 1988). A similar hypothalamic dcficit scems to be the underlying
cause in malcs with hypogonadotropic hypogonadism, a persistence of the
prepubcrtal state associated with gonadotropin deficiency (Santoro ct al., 1986).
Pulsatile LHRH therapy has bcen successful in the induction of ovulation and
cven pregnancics in women with hypothalamic amecnorrhca and in the
induction of puberty in men with idiopathic hypogonadotropic hypogonadism
(Marshall ct al., 1988; Hoffman and Crowlcy, 1982; Fraser, 1984). Thc fact that
long-term pulsatile LHRH administration is now used to promotc thc maturation
of the pituitary-gonadal axis in these and related disorders (Valk ct al., 1980;
Crowley and McArthur, 1980; Leyendecker and Wildt, 1983;  Jacobson et al., 1979;
Mortimer ¢t al., 1974), is further confirmation that pulsatilc LHRH secretion

provides the signal for gonadotropin sccrction and gonadal function.

Because of the lability and conscquent short half life of LHRH in vivo
(Berger ct al., 1988), progress began toward the development of more clinically
uscful LHRH analogs with incrcased stability. A scrics of modifications of the
LHRH molccule resulted in an entire generation of so called "superagonisis”
with an incrcascd magnitude and duration of action (Nestor, 1984). The first
important structural modification of LHRH lcading to incrcased potency was
substitution at the C-terminus (Fujino ct al., 1972). The introduction of a Pro-
cthylamide group at this position afforded a 5-fold increasc in potency over
that of the native molecule (Fujino ct al., 1973). More potent analogs resulied
from substitution of aromatic and more hydrophobic D-amino acids for glycine
in position 6 which tend to further decreasc the plasma clearance rates of these

compounds (Barron et al., 1982). This modification, combined with the




rcplacement of the C-terminal glycine aminc residuec with an cthylamide, had
led to the production of analogs with biological activities of up to 100 times that
of native LHRH (Fraser, 1984). Since these substitutions conferred to thesc
molccules incrcased resistance to degradation, it was apparent that their
increcased potency rcsults, at least in part, to an incrcased in vivo stability and
conscquent rcduced clcarance rate (Karten and Rivier, 1986). In addition, a
higher binding affinity may play a rolec in contributing 1o their biological
action (Clayton and Catt, 1980). The rclationship between susceptibility 1o
dcgradation and biological potency underscores the possible importance of
peptidases in vivo in curtailing the action of the peptide; hence the lower
potecncy of the native molecule than of the supcragonists.

Clearly any cnzymatic activity rcsponsible for the in vivo inactivation
and clearance of a peptide hormonc would most likely be membrane bound,
with thc active site facing the cxtracellular spaces since peptide hormoncs
following systemic administration arc belicved to be confined to the
cxtraccllular fluid volume (Gicse ¢t al., 1973). While the information available
from the administration of LHRH and its analogs demonstrate the role of
peripheral membranc peptidases in inactivating exogenous LHRH, it is also
likely that mcmbranc peptidases in the central nervous system (CNS) may play
an equally important role in inactivating cndogenous LHRH following its
secretion from the ME. Thus, the following regulatory process is suggested: the
concentration of physiologically released LHRH reaching its site of action
(pituitary gonadotropes) may be controlled by the action of peptidases cither at
the sitc of relcase (ME) or at the target site (anterior pituitary).

While this is an attractive hypothesis, an understanding of tac
mechanism of inactivation of relcased neuropeptides has been slow to develop.

In the case of "classical" ncurotransmitters, inactivation at the synapse may




occur by cither extraccllular mctabolism, as in the case of acctylcholine
(Whittaker et al., 1972), or by rcuptakc followed by intraccllular metabolism, as
in the case of y-aminobutyratc (Turner and White, 1983). The involvement of
uptake mechanisms in necuropeptide metabolism has not bcen demonstrated,
although it has not becn rigorously excluded. The consensus of opinion is that
the physiological action of pcptides is normally tcrminated by extracellular
mctabolism (Kricger, 1983; Iversen et al., 1976). This notion, that membranc
peptidasc-mediated metabolism is the primary mode of peptide hormonc
inactivation, bcgan to cmerge following the initial observation that
cnkcphalins are rapidly hydrolyzed by striatal synaptic mecmbranc
preparations (Malfroy et al., 1978; Turncr, 1986). These membranc-bound
peptidases arc generally integral, hydrophilic glycoprotcins with a small
hydrophobic domain (ncar the N-terminus) which comprises the
transmembranc portion. The active site is located on the hydrophilic domain
facing the cxtraccllular spacec (Kenny and Maroux, 1982). Thus, such cnzymes
arc idcally oricnted to catalyze the cextracellular hydrolysis of sccreted
ncuropeptides at the synapsc.

The aforcmentioned studics of enkcphalin metabolism demonstrated
clcavage at the Gly3-Phc4 bond catalyzed by an cnzymc present in brain
membrane preparations, which was later identified as endopeptidase-24.11 (EP
24.11, also rcferred to as "cnkephalinasc”). Subsequent cvidence has
accumulated showing that other ncuropeptides such as substance P, may be
inactivated by this cnzyme in the brain (Matsas et al., 1983). Another cell-
surfacc peptidasc, angiotensin converting enzyme (ACE), shown to bec present
in cerebral tissue (Ganten et al, 1984), may play a role in the inactivation of
such neuropcptides as C-terminally extended cnkephalin  peptides, neurotensin

and substancc P (Norman ct al., 1985; Checler et al., 1984, Cascieri ct al., 1984).



While most studies of neuropeptide mctabolism has concentrated on their
inactivation in the CNS, an idcentical process has also becen shown to occur in
the periphery. In vivo studics have shown that numerous circulating peptide
hormones including the cnkcphalins, bradykinins, angiotensin I & Il and
scveral hypothalamic rcgulatory factors, arc degraded by cither peripheral
tissuc or plasma peptidases (Bennett and McMartin, 1979). Since EP 24.11 and
ACE arc present in significant concentrations in both the brain and periphery
(Llorens and Schwatz, 1981, Kcnny and Fulcher, 1983; Kcnny, 1986; Erdos and
Skidgel, 1985, Correa, ct al., 1986; Ryan ct al., 1976), it follows that the identical
peptidases responsible for the degradation of a ncuronally sccreted peptide
hormonec may also be instrumental in the peripheral inactivation of the samc

peptide, following its systemic administration.

The identification of a physiologically relcvant inactivating peptidasc
for a given peptide substrate is laden with the following difficultics:
(1) Peptidascs generally display a broad substrate specificity which depends not
only on thec amino acids cngaged in the scissilc amino bond, but also on the
adjacent onc to threce amino acids. Conscquently, a given peptide can be
hydrolyzed by a varicty of cnzymes. As a corollary, a given enzymc may
hydrolyze scveral ncuropeptides. As a result, observation of cleavage sites
within a ncuropeptide substrate incubated with tissuc preparations affords no
information as to the identity of the inactivating enzyme.
(2) In vitro specificity studies, as well as the use of specific active site-dirccted
inhibitors, can provide guidance as to the likely physiological substratcs for a
given peptide. For example, the finding that hydrolysis of tachykinins and
enkephalins by synaptic mcmbizacs and brain slice preparations is abolished

in the presence of EP 24.11 inhibitors, suggested that the physiological



inactivation of these peptides may be catalyzed by EP 24.11 (Matsas ct al., 1984;
Waksman ct al., 1985. Turncr ct al., 1985). These studies, while suggesting a role
of an c¢nzymc in the degradation of a given peptide, cannot dctermine whether
the pceptidasc is located in the synaptic membranc and with the appropriate
oricntation for it to have a physiological rolc in hydrolyzing ncuropeptides
rclcased at that sitc. Enzymces instrumcental in physiological modes of peptide
mctatolism, arc located in vivo in ccll membrancs in discrete subccllular
compartments that may not comc in contact with the sccreted peptide under
physiological conditions (Flourct, 1984). Morcover, in vivo rates of cnzyme
action arc influcnced by a number of factors such as pH, local concentration of
rcactants and the presence of unknown cofactors. Thus, studies directed at
clucidating the mecchanisms for degradation of peptide hormones by a
particular organ should include not only in vitro preparations but the

functional organ in vive as wcll (Caronc ct al., 1987).

Onc subsct of ncuropeptides, the hypothalamic rcleasing factors, have
been shown to be substrates for scveral peptidases in vitro. Considerable
cvidence has demonstrated the hydrolysis of TRH, LHRH and CRF by various
tissuc preparations of brain, pituitary and other organs (Griffiths and Kelly,
1979, Griffiths and McDermott, 1983). Although mcembranc-bound peptidascs
form a small percentage of the total ncuropeptide-degrading activity in the CNS
and pitvitary (Joscph-Bravo ct al., 1979), thcy may still play an important part
in the inactivation process. This mode of action proposes that inactivation of
the peptide occurs at the ME nerve terminal or at the pituitary target cell by
cxtraccllular membranc cnzymes in the vicinity of the receptor. In addition,
regulation of levels of releasing hormonc in the general circulation by cither

plasma or tissuc peptidases may bec important to prevent pituitary-destined



peptide rclcased from hypothalamus from interacting with extrapituitary sitcs
such as the¢ LHRH rcceptor in the ovarics (Griffiths and McDermott, 1983).

Since the devclopment of agonist and antagonist analogs of
hypothalamic hormones has rclicd to somec cxtent on the knowledge of cxactly
how these peptides are enzymatically inactivated at various sites in the body
(Morcly, 1980; Stewart, 1982), the therapcutic implications of knowledge
derived from studying this mctabolic process arc becoming apparent. Onc
starting point in asscssing the physiological and pharmacological significance
of peptide-mectabolizing cnzymes is to identify 1) which bonds in the peptide
molccule have to be protected in order to cnhance their biological activity, and
2) which cnzymes catalyze the clcavage of these bonds. To do this, onc cvaluates
the action of the cxogenous substance after protecting it from dcgradation by
cither modifying thc hydrolyzable bonds or by coadministering a suitablc
enzyme inhibitor togcther with the peptide.

As an cxample, scveral of the synthctic cnkephalin analogues have
markedly cnhanced opioid activity in vivo, an cffcct autributed not 1o increascd
affinity for the rcceptor, but to resistance to hydrolyzing cnzymes (Morely,
1980). Chemical modification at specific sites in the cnkephalin molecule confer
an incrcased resistance sclectively to cither aminopeptidases or EP 24.11. These
analogs posscss analgesic propertics many times greater than those displayed
by the native cnkephalin molecule (Schwartz ct al.,, 1980). While analog studics
can suggest the involvement of peptidases in the curtailment of biological
activity, and may cven indicate which peptide bonds are cleaved in this process,
one cannot derive a positive identification of any specific enzyme involved in
this process.

A more direct approach toward identification of inactivating cnzymecs

for a given peptidec is by demonstrating that active site-directed inhibitors




incrcascs the recovery of cither the cxogenous or cndogenous peptide in cither
in vitro tissuc preparations or in vivo. For example, a role for EP 24.11 in the
CNS inactivation of both [D-Ala2,Lcu? Jenkephalin and substance P was
implicated by dcmonstrating that hydrolysis of thesc peptides by synaptic
membrancs is inhibited by phosphoramidon, a sclective EP 24.11 inhibitor
(Fulcher ct al., 1982; Matsas ct al, 1983). Thc samc conclusion was rcached by
the usc of a polyclonal antiscrum to EP 24.11 to abolish the hydrolysis of [D-
Alaz.Lcuslcnkcphalin by kidncy microvillar mcmbrancs and synaptic
membrancs (Matsas et al., 1983). Furthermore, when [Mc15]cnkcphalin was
injected intracercbroventricularly, its half-lifc is incrcascd by thiorphan, an
EP 24.11 inhibitor, demonstrating the importance of EP 24.11 in the in vivo
mctabolism of cnkephalins (Schwartz, 1983). The identification of metabolizing
cnzymes for cndogenous peptides is an cven more valuable use of thesce
inhibitors. EP 24.11 inhibitors werc shown to enhance the rccovery of sccreted
cndogenous striatal  Mct-enckphalin, both in vitro (using striatal slices) (Patey
ct al, 1981; Dc La Baumc ct al., 1983), and in vivo (following the
intracercbroventricular  and intraperitoncal  administration) (Zhang ct  al.,
1982; and Murthy ct al., 1984). In addition, the product of EP 24.11-mediated
cnkephalin hydrolysis, Tyr-Gly-Gly, is markedly and rapidly dcpleted from the
striatum following ICV thiorphan administration (Llorens ¢t al.,, 1985). Thesc
data support the notion that EP 24.11 is opecrative in the metabolism of
endogenous cnkephalins.

Morc importantly, active site-directed inhibitors can be used to define a
possible biological function of a peptidasc. The demonstration that inhibitor
administration amplifics the biological action of a peptide, implics a role of the
inhibited enzyme in modulating the biological activity of the peptide substratc.

For cxample, thiorphan and kclatorphan (a highly potent sclective and potent
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EP 24.11 inhibitor) amplify the antinociceptive activity (induction of an
increcased response latency in the hot platc and tail flick test) of
intraccrcbroventricularly  administered Mct-cnkephalin, suggesting that EP
24.11 plays a role in curtailing Mect-cnkephalin’s action at its opioid rccepror(s)
(Roques ct al., 1980; Yaksh and Harty, 1982; Zaluski ct al.,, 1984). In a similar
typc of study, captopril was shown to cnhance the substance P-inducced
salivation in rats, thus indicating a role for ACE in rcgulating the biological

actions of substance P (Cascicri ct al., 1984).

This thesis rescarch project is dedicated to:
1) the identification of membrane peptidases instrumental in the clcavage of
LHRH in the CNS and in the periphery: and
2) the determination of a possible rolec of membrane peptidases in regulating
the biological activity of LHRH.
(See below, Introduction, page 18, where a more detailed outline of the thesis
goals is delineated).
Therefore, it is appropriatc to review the prior studies of LHRH degradation

rclevant to this rescarch project.

Early workers studying LHRH dcgradation during incubation with
hypothalamic, pituitary and other organ homogenates, mcasurcd the
disappcarancc of LHRH as well as the appecarance of metabolites through
radioimmunoassay (RIA) or HPLC. In both the hypothalamus and pituitary,
LHRH-degrading activity (LHRH-DA) was shown to be localized subcellularly in
both the soluble and particulate fractions (Loudes et al., 1978; Kelly et al., 1979).
In light of the probable importance of membrane peptidases in regulating

peptide hormone action, scveral groups have used several models to study LHRH




mectabolism by membrane cnzymes. To this end, LHRH degradation was studicd
following its incubation with cither particulate fractions of hypothalamic and
pituitary homogcnates (McDcrmott ct al., 1982), synaptosomal preparations
(McDermott ¢t al., 1983), hypothalamic tissuc blocks (Powers and Johnson, 1981;
Rotsztejn ct al., 1976; Sundberg ct al., 1978) or membranc preparations of
ncuroblastoma cclls (Yokosawa ct al., 1987). While thc preponderance of the
LHRH-DA in both thc brain and pituitary rcadily solubilized (Joscph-Bravo ct
al., 1979; Parker ct al., 1979), membranc-bound peptidascs may stil! play an

important part in the inactivation process.

The analysis of LHRH mctabolites has allowed for cxamination of the sites
of cleavage within the LHRH molccule by the peptidases in thesc soluble or
membranc fractions of tissuc homogenates. Scveral groups have shown that the
primary products of LHRH degradation by brain and pituitary include the N-
terminal tri-, penta- and hexapeptides, suggesting that the initial cleavage
occurs at the Trp3-Scr4. Tyr5-GIy6 and Gly%-Lcu? bonds, respectively (Elkabes
ct al, 1981; Yosokawa ct al., 1987; Krausc ct al.,, 1982; Koch ct al,, 1974; Hazum ct
al., 1981). Nontheless, bccause of the multitude of peptide bond-cleaving
enzymes in all tissucs, two difficultics arc inherent in these cxperimental
models:

1) since a given peptide may serve as a substratc for numcrous cnzymes,
dctermination of the clecavage sites in LHRH affords no definitive
identification of the peptidases involved; and

2) the presence of multiple cleavage sites suggests that following primary
cleavage of LHRH, thc resulting mectabolitcs may be degraded by other
enzymes catalyzing "sccondary clecavage”. Identification of the metabolites

appearing following incubation with crude cnzymic preparations does not



distinguish the reactions catalyzing primary clcavage from thosc

responsible for formation of sccondary clecavage products.

Resolution of these difficultics as well as the determination of a
physiological/pharmacological rolc of mecmbranc pcptidascs in regulating the
biological activity of LHRH can be dcefinitively accomplishcd by the use of
active site-dirccted inhibitors, i.c if thc presence of an inhibitor:

1) rctards the disappcarance of LHRH, the inhibited enzyme is inferred to be
instrumental in its disappecarance; and

2) enhances the biological cffects of LHRH, the inhibited cnzymce is inferred to
be instrumental in regulating its action.

In order to chosc the inhibitors to be used for these purposcs, a
prerequisite is the identification of the enzymes for which LHRH scrves a
substratc in thcir purificd form. To date, LHRH has bcen shown to serve as a
substrate for a number of cnzymes which have been purified from brain,
pituitary and kidncy. For the most pan, these cnzymes are belicved to be
localized cxclusively in cither soluble or particulate fractions of thesc
preparations. Soluble LHRH-DA has been auributed 10 the actions of scveral
pcptidases:

1) neutral cndopeptidase which hydrolyzes the TyrS-Gly(’ and Hisz-’l‘rp3 bonds
which is inhibited by thiol peptidase inhibitors such as p-
chloromercuribenzoate (Horsthemke and Bauer, 1980; Horsthemke ct al.,
1981);

2) a DFP-scnsitive, prolyl endopeptidasc which clcaves the Prog-Glylo bond
(Wilk et al., 1979, Krause ct al., 1982; Hersh and McKelvy, 1979);

3) a "cation-sensitive multicatalytic proteinasc complex” which cleaves the

Tyr3-Gly® bond (Wilk and Orlowski, 1980, 1983).
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Membrane-bound LHRH-DA has been attributed to:

1) EP 24.11, identical with cnkephalinase, which clcaves the Gly®-Leu’ and the
Scr4-Tyr5 bonds (Mastas ct al., 1984);

2) ACE, which cleaves the tripeptides from the C- and N-terminus of LHRH

(Skidgel and Erdos, 1985).

To date, thc use of cnzymce inhibitors for characterizing LHRH-DA by
brain or pituitary, has becen of limited value. Advis et al. (1982a) dcmonstrated
that the Tyr>-Gly® bond in LHRH is clcaved by a metallopeptidase in
sypernatant fractions of rat hypothalamus by showing that clcavage is blocked
by o-phcnanthroline. Another group has made similar usc of p-
chloromercuribenzoate to show that the formation of LHRHI-S by
ncuroblastoma membrancs is catalyzed by a thiol protcase (Yokosawa ct al.,
1987). Yet, these inhibitors, duc to their lack of selectivity, provide no
information as to the cxact identity of the relevant peptidasc. In a study of the
hydrolysis of cxogecnous LHRH by synaptic membrane peptidases, the addition
of cither phosphoramidon (EP 24.11 inhibitor), bestatin (aminopeptidasc
inhibitor), or an anticatalytic antibody to prolyl cndopeptidase had little cffect.
Thus, still another cnzyme besides EP 24.11, aminopeptidase or prolyl
cndopeptidase appears to play the major role in the hydrolysis of LHRH by
synaptosomcs (Edwardson and McDermott, 1985). Identification, thercfore, of
the important (mcmbranc) LHRH-degrading cnzymes in the¢ CNS through the
use of specific inhibitors, had not yet beecn accomplished.

In addition to thc presence of LHRH-DA in the brain and pituitary, LHRH
degradation has bcen studied in peripheral organs. The appearance of scveral
LHRH metabolites, principally among :iwcm LHRH!-5 and LHRH!-3, were

observed following incubation of LHRH with homogenatcs of liver, lung,




ovarics and tcstes (Caronc ct al., 1987). Furthermore, in live animal modcls,
metabolites of radiolabeled LHRH were detected in both blood and unne (Stetler-
Stevenson ct al., 1983). While the presence of LHRH-DA in the brain and
pituitary suggests a rolc for these cnzymes in the inactivation of

physiologically relcased LHRH. LHRH-DA in thc periphery is not likely

involved in the termination of the action of cndogenous LHRH at the
gonadotropes. However, peripheral peptidases may hcavily influcnce the
disposition of systemically administered LHRH by contributing to its plasma
clcarance ratc and possibly, by causing its scqucstration in tissucs rich in
LHRH-degrading pceptidascs (Berger ct al.. 1987).

The biological potency of LHRH has been cnhanced tremendously as a
result of structural modifications which slow its degradation. For cxample,
replacement of the (}ly(’ residuc by especially aromatic D-amino acids, such as
D-tryptophan, dramatically rctards its degradation by soluble and particulate
fractions of brain homogenatcs and incrcascs its biological potency in vitro
some 30 to 100 times (Barron ct al., 1984). Whercas the decline of systemically
administcred LHRH in plasma is cxtremely rapid, the modified “superagonists”
have a far slower rates of dccline, i.c. their half-lives arc prolonged (Barron ct
al., 1982). It is now clear that this precipitous decline of plasma LHRH levels is
duc, in large part, to dcgradation by tissue peptidases which inactivate and thus,
limit the biological action of LHRH (Berger et al., 1988). the slower decline of
the D-Xaa®-analogs is thercfore duc to their resistance to these peptidases. Thus,
an understanding of thc mecchanism of inactivation of systemically
administcred LHRH is rclevant in the continued improvement in designing
protocols of LHRH and analog administration. As with CNS pcptidascs, a
definitive determination of the important inactivating peripheral ecnzymes and

their biological function can be made only by dcmonstrating that in the
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presence of an active site-directed inhibitor: Dithe disappcarance of LHRH from
the periphery is rctarded; 2)and the cffects of systcmically administercd LHRH
arc cnhanced. Whilc Flouret (1987) has uscd phosphoramidon, a specific EP
24.11 inhibitor, to dcmonstratc that LHRH brcakdown by rcnal brush border
membranes is catalyzed by EP 24.11, the pcripheral peptidases responsible for

the disposition of LHRH in the general circulation have not been identified.

In summary, the following conclusions regarding LHRH metabolism and
its cffects on LHRH action are drawn from the litcrature:

(1) Exogenous LHRH is clcaved at scveral bonds by membranc-bound and
solublc enzymes present in scveral in vitro preparations of brain, pituitary
and pcripheral organs.

(2) Exogenous LHRH, injccted intravenously, undergoes rapid mctabolism in
vivo, with a conscquently rapid clearance rate and short half-lifc.

(3) The biological half-life and potency of LHRH is incrcased by structural

modifications which incrcasc its resistance to degradation,

On the other hand, scveral crucial points concerning the biological
importancc of LHRH mectabolism still nced clarification:

(1) The identity of thc membranc peptidases responsible for catalyzing the
clcavage of thc various peptide bonds in vitro, as well as the order of their
importance, has not becen deciphered.

(2) Becausc of the difficultics in cxtrapolating from (mcmbranc) preparations
in vitro, 0 in vive conditions:

a) the identity of the membranc peptidases catalyzing in vivo metabolism of

cxogenous LHRH must still be determined. Furthermore, no definitive



cvidence has shown that cndogenous LHRH is inactivated by CNS or
pituitary membranc cnzymes following its rclease.

b) it must still be definitively demonstrated that CNS metabolism of LHRH
curtails its LH- and FSH-relcasing activity at the pituitary.

c) it must still be dcfinitively demonstrated that the LH- and FSH-rclcasing
activity of systemically administered LHRH is curtailed by pcripheral
peptidasc activity. In addition, whether the major cause for the increased
potency of thec LHRH analogs is thcir resistance to degradation or their

incrcased binding potency, has yet to be delerminced.

The N- and C-terminus of LHRH is blocked by a pyroglutamyl and an
amide group respectively. This confers to the molecule the resistance to
degradation by cxopeptidases (with the possible cxception of pyroglutamyl
peptidase, an enzymec with a rather low activity in the pituitary and brain).
Enzymatic dcgradation of LHRH must therefore be initiated by the action of
cndopeptidascs. Previous work in this laboratory has concentrated on two zinc-
containing mectallocndopeptidases, with LHRH-DA, present in both brain and
pituitary. Orlowski and Wilk (1981) have isolated from the pituitary and brain, a
membrance-bound mctallocndopeptidase that cleaves peptide bonds on the
amino side of hydrophobic amino acid residucs and subscquently showed its
identity with EP 24.11 ("cnkephalinasc”) initially isolated from kidncy brush
border membranes by Kerr and Kenny (1974), (Almenoff ct. al., 1981; Almenoff
and Orlowski, 1983). A sccond metalloendopeptidase distinct from EP 24.11 was
discovered and characterized in our laboratory, and assigned by the
Nomenclature Commitice of the International Union of Biochemistry. the
number EC 3.4.24.15, and is therefore referred to as endopeptidasc-24.15 (will be

abbreviated as: EP 24.15) (Orlowski et. al.,, 1983). EP 24.15 was initially isolated



from the solublc protein fraction of brain homogenatcs (ibid). A membranc-
bound form of the cnzyme, constituting approximatcly 20 to 25% of the total
activity was also identificd. This form was found to bc associated with brain and
pituitary membranc fractions including synaptosomes (Acker ct al., 1987). EP
24.15 activity is also found in soluble and membranc fractions prepared from
peripheral tissucs (Chu and Orlowski, 1985; also: unpublished data from this
laboratory). Speccificity studics with model synthetic substrates and natural
bioactive pcptides, showed that the cnzymc clecaves preferentially bonds on the
carboxyl side of hydrophobic amino acid residues, and that a hydrophobic or
bulky residuc in the P3  position greatly cnhances the affinity of the substrate
toward thc active site of the cnzyme (Orlowski ct al., 1983, Chu and Orlowski
1985). Mapping of the active site of the cnzyme provided a rational basis for the
design and synthesis of active site directed N-carboxymecthyl peptide inhibitors
(Chu and Orlowski, 1984), somc of them having Kj valucs in the nmolar range
(Orlowski ct al.,, 1988).

Several natural oligopeptides serve as substrates for purificd EP 24.15,
including bradykinin, ncurotcensin, dynorphin Al-8  substance P and LHRH.
Initial studies have shown that this peptidase clecaves the central Tyr5-Gly(’
bond in LHRH (Orlowski ct al., 1983). The adjacent Gly®-Leu” bond is cleaved by
EP 24.11 (Matsas ct al., 1984). Since ncither of the two cnzymes would be
cxpected to clecave a substratc with a D-amino acid in cither the Py or Py
position, it was thought that the relative resistance of the LHRH superagonists
with a D-Xaa® substitution (P'1 for EP 24.15 and Py for EP 24.11) 10 tissuc
degradation suggests that cither onc or both of these cndopeptidascs may be
responsible for a large portion of native LHRH degradation both in vivo and in
vitro. Moreover, since resistance to enzymatic activity appcars to be

responsible, in part, for the increased potency of such analogs, a role for onc or




both of thesc cnzymes is suggested in rcgulating LHRH's biological actions. The
availability of potent and specitic inhibitors of the two enzymes became
thercfore an important tool in determining the relative importance of the two

cnzymes in LHRH dcgradation and in regulating thc biological action of LHRH.

EP 24.11, EP 24.15 and ACE all posscss membranc-associated peptidasc
activitics. While the activity of EP 24.15 was belicved to bc concentrated
primarily in the brain (Chu and Orlowski, 1985), EP 24.11 and ACE have high
activitics in numcrous peripheral organs including the lung, kidncy and
intestinc (Kenny and Fulcher, 1983;  Erdos, 1976), as well as in brain (Almenoff
and Orlowski, 1984; Corrca ct al., 1986). Since all of these three
mctallopeptidases dcgrade LHRH, at least in their purified form, it was
therefore, our objective to dctermine their relative importance in both central
and pcriphcral LHRH dcgradation, and the possible biological ramifications. To

carry out this study, thc following steps wcre taken:

1. Active-site dirccted inhibitors of these three cnzymes were used to identify
the enzymece(s) instrumental in the in vitro dcgradation of cxogenous LHRH
by mcmbranc preparations of hypothalamus, anterior pituitary and AtT20
cells. Examination of the products by HPLC and amino acid analysis allowed
for dctermination of the cxact bonds cleaved, the enzymes responsible for the
clcavage activities, and the order of imporiance of these cleavages.

2. Active-sitc directed inhibitors of these three enzymes were administered ICV,
in conjunction with LHRH, in order to identify the important activity(ics)
involved in the in vivo CNS degradation of exogenous LHRH following its ICV

administration.




3. Active-sitc dirccted inhibitors of these thrce cnzymes were administered 1V,
in conjunction with LHRH, in order to dctermine which activity(ics) arc
responsible for the in vivo periphcral decgradation of cxogenous LHRH
following its intravenous administration.

4. Active-site dirccted inhibitors of EP 24.15 and EP 24.11 wecrc administered in
conjunction with LHRH in order to dctermine if onc or both of these cnzymes
play a rolc in rcgulating the LH- and FSH-rclcasing activity of intravenously
and intraccrcbroventricularly administcred LHRH. Furthermore, the LH- and
FSH-response to IV "LHRH & inhibitor” trcatment was compared to the
responsc 1o D-Xaa(’-anulogs in order to dcterminc whether the increased
biological activity of these supcragonists can be definitively atiributed 10
their resistance to cnzymatic degradation, and to which cnzymes in
particular.

5. Plasma LH was mcasurcd following ICV infusion of inhibitors of EP 24.15, in
order to dctermine if this enzyme may be instrumental in regulating the
concentration of bioactive cndogenous LHRH reaching the gonadotropes
following rclecasc from ME nerve terminals.

6. Active-site dirccied inhibitors of EP 24.15 were used to dectermine if this
cnzyme is involved in the metabolism of endogenous LHRH following KCI-

cvoked rclcase from brain slices.
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MATERIALS AND METHODS

MATERIALS
Captopril (Kj, 1.7 nM; Ondctti and Cushman, 1982) was obtaincd from the Squibb
Mcdical Rescarch Institute (Princeton, NJ). The two EP 24.15 substrates, Bz-Gly-
Ala-Ala-Phc-pAB and Boc-Phe-Ala-Ala-Phe-pAB  were synthesized as described
previously (Orlowski ct al, 1983). The EP 24.11 substrate, Glt-Ala-Ala-Phe-2NA,
and inhibitors, cFE-F-pAB (K, 71 nM) and cFP-F-pAB (Kj, 38 nM) werc
synthesized as described previously (Orlowski and Wilk, 1981; Almenoff and
Orlowski, 1983; Pozsgay ct al., 1986). EP 24.15 inhibitors N-[1(R.,S)-carboxy-3-
phenylpropyl]-Ala-Ala-Phe-pAB  (¢cFP-AAF-pAB; Kj = 27 nM) and N-[1(R,S)-
carboxy-3-phenylpropyl]-Ala-Ala-Tyr-pAB  (¢cFP-AAY-pAB; Kj = 16 nM) arc
morc potent analogs of N-[1(R,S)-carboxy-2-phenylcethyl}-Ala-Ala-Phe-pAB (K
= 1.94 uM) rcponied previously (Chu and Orlowski, 1984) and were synthesized as
described (Orlowski et al., 1988). LHRH, [D-Ala(’}-LHRH. des-
Gly 10{imidazobenzyl-D-His®)-LHRH cthylamide, thermolysin and urcthane were
supplicd by Sigma Chcemical Company (MO). [D-Trp(’]-LH-RH and [D-Lcu®, des-
Glylol-LHRH cthylamide wcre supplicd by Bachem. Biosci. Inc. (Philadelphia,
PA). Aminopcptidasc N was prepared from hog kidney according to the method
of Pfleidcrer (Pfleiderer, 1970) and frced from the contaminating
mctalloendopeptidase as described previously (Almenoff and Orlowski, 1983).
Goat anti rabbit antiscrum (Lot 101-5) was provided by Bioreclamation (East
Mcadow, NY). Horse, rabbit and fetal calf serum as well as Earle's Buffered Salt
Solution (EBSS) and HEPES were supplicd by Gibco Laboratorics (Grand Island,

NY).




METHODS
Expcriments comprising this thesis project are divided into several phases. In
the following scction, the gencral design for cach phase, its rationale and aims
arc described. Each of these descriptions are followed by a more dctailed

description of cxperimental methods usced in ecach of these phascs.

Phase 1: LHRH degradation by membrane preparations of brain,
pituitary and AtT20 cells.
Rationale and general description of experimental procedures:

As dcescribed in the Introduction, (page 16 & 21), 3 membranc peptidascs,
with known LHRH-DA (in purificd prcparations) arc present in the CNS. It was
our aim to dctermine which of these peptidases play important roles in the
degradation of cxogenous LHRH by hypothalamic, anterior pituitary and AtT20
ccll membranes (as well as intact A1T20 cclls). Mcasurement of degradation
products is a preferred mecans of studying dcgradation than by mcrely
mcasuring disappcarancc of the rcactant. Therefore HPLC followed by amino
acid analysis was used to monitor the appearance of products of EP 24.15-, EP
24.11- and ACE-catalyzed LHRH clcavage. In order to dctermine which activitics
in these crude cnzyme preparations are responsible for cach of the identified
products, in another expcriment homogencous preparations of EP 24.15 and EP
24.11 wecre incubated with LHRH and the mectabolites were identificd by HPLC
and amino acid analysis. Subscquently, when identical metabolites were formed
with crude cnzyme incubations, the cnzymc responsible for formation of thesc
products was casily identified; the absence of a metabolite's formation upon
addition of cnzyme inhibitors confirms the identity of the enzyme responsible
for its production. Therefore, the addition of inhibitors of these 3 cenzymes to

crude enzymc incubation mixturcs served 2 purposes: 1) 1o positively identify
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which enzymes in thesc preparations arc responsible for the formation of cach
of the products; and 2) to determine the importance of cach of these enzymes in
LHRH hydrolysis by these preparations.

In addition, hydrolysis of LHRH and two D-Xaa®-analogs by purificd EP
24.15 and EP 24.11 prcparations were compared. Because of the possible
importance of these cnzymces in curtailing the biological activity of LHRH (scc
Introduction, page 6 & 25), it was important to determinc if thc supcractive
LHRH analogs may attain their incrcased biological potency duc to resistance to
these enzymes. Therefore, their susceptibility (or lack thercof) to hydrolysis by

these cnzymes was dctermined.

Male Spraguc Dawley rats weighing 250 to 300 g were killed by

dccapitation. The hypothalami werc dissected by the mcthod of Glowinski and
Iversen (1966), wcighed, and 10% homogenates were prepared in an ice-cold,
Trnis-HCI buffer (0.05 M: pH 7.6) and then centrifuged at 10,000 g for 20 min. The
pellet was washed twice with an cqual volume of buffer and then resuspended
in the same buffer and storcd at -20 C. Particulate fractions of rat anterior

pituitary were prepared by the same procedure.

Activity of EP 24.15 was determined with tBOC-Phe-Ala-Ala-Phe-pAB as
described previously (Orlowski ct al.,, 1983). The product of the reaction (Ala-
Ala-Phe-pAB) was degraded to the constituent amino acids and pAB by an cxcess
of aminopeptidase M added to the incubation mixtures. Free pAB was then
determined by a diazotization proccdure (Brauton and Marshall, 1939; Goldbarg

and Rutenberg, 1958). Activity was also dectermined in the presence of 20 pM N-
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[1(R,S)-carboxy-3-phenylpropyl]-Ala-Ala-Phe-pAB  (cFP-AAF-pAB), a spccific
active site directed inhibitor of EP 24.15 (K; = 27 nM). The difference in
activitics mcasurcd in the two incubation mixtures was taken as a mcasurc of EP
24.15 activity. Activity was always dctermined in the presence of 20 uM N-[1-
(R.,S)-carboxy-2-phenylethyl|-Phe-pAB  (¢FE-F-pAB) (Almcnoff and Orlowski,
1983), an inhibitor (K; = 7.1 x 10-8 M) of mcmbranc-bound ncutral
mctalloendopeptidase (EC 3.4.24.11), which clcaves tBOC-Phc-Ala-Ala-Phe-pAB at
the Ala-Phe bond and also slowly dcgrades the inhibitor of the soluble
mctallocndopeptidasc. Enzymc activity is cxpressed in units, onc unit being
defined as the amount of cenzyme required to release 1 pmol of product/h.
Specific activity is cxpressed in units/mg protcin determined (Lowry ct al.,
1951) with bovine scrum albumin as the standard.

The Km of LHRH with respect to EP 24.15 was mcasurcd by incubation of
purificd cnzyme (Orlowski ¢t al., 1983) with LHRH (20 10 200 uM) in a Tris-HCI
buffer (0.1 M; pH 7.0) containing 0.4 mM dithiothreitol (DTT). The rcaction was
terminated by addition of an aliguot of 1.0 M HOAc, and product formation was
cstimated by HPLC as described below.

In some cxperiments, LHRH or supcractive analogs of LHRH were
incubated with purified rat brain EP 24.15 (Orlowski ct al., 1983) or rat kidnecy
EP 24.11 (Orlowski and Wilk, 1981; Almecnoff and Orlowski, 1983). A total volumec
of 600 uL contained 0.2 mM LHRH, 0.2 mM DTT, 0.03 M Tris-HCI (pH 7.0) and 1.2 U

EP 24.15, or 4.8 U EP 24.11.

Activity toward LHRH was dctermined by following the degradation of

the peptide by HPLC. Incubation mixtures contained LHRH (0.1 mM), Tris-HCI

buffer (0.1 M; pH 7.0), DTT (0.4 mM) and the membrane fraction (containing
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about 2-5 mg protcin) in a final volumc of (.8 mL. Incubations were at 37 C. In
cxperiments in which the effect of inhibition of EP 24.15 was tested, 50 uM of
cFP-AAF-pAB was included in the incubation mixturcs. EP 24.11 and angiotensin
converting cnzymc werc inhibited by c¢FE-F-pAB (200 puM) and captopril (10
uM), respectively. Aliquots of the rcaction mixture (60 pLl) were withdrawn at
times 0, 1, 2, and 3 hours and trcated with 30% trichloroacctic acid. The
precipitated protcin was removed by centrifugation and the supernatant was

subjected to HPLC as described below.

fractions,

AtT20 cells were grown in monolayer culture in Ham's F12 medium
supplemcnted with 10 mM sodium bicarbonate, 10 mM HEPES (pH 7.2), 12.5%
horsc scrum, 2.5% fctal calf scrum, 1,000 U/mL penicillin, 1,000 pg/mL
strcptomycin sulfate, and 2.5 pg/mL amphotericin B. Cells were inoculated into
24 cm? plastic tissue culture flasks (Falcon, Oxnard, CA) and incubated at 379C in
a humidified atmosphere of 90% air/10% CO2. The medium was changed twice
weekly.

For incubation of cclls dircctly with LHRH in monolayer culture, 25 ¢m?
flasks were inoculated with 3.0 mL of a cell suspension, and grown for 1 week as
described above. The medium was removed, and cells were washed once with 5.0
mL of fresh medium. 5.0 mL of a stcrile-filtcred medium containing 0.1 mM
LHRH, 110 mM NaCl, 5.3 mM KCl, 1.0 mM MgClp, 25 mM glucose, 70 mM sucrose,
1.8 mM CaCl2, 0.4 mM dithiothreitol and 2 mM dibasic sodium phosphate (pH of
the medium was adjusted 10 7.35). Some flasks contained thc EP 24.15 inhibitor
cFP-AAF-pAB (50 uM) and others contained the angiotensin converting cnzyme

inhibitor captopril (10 pM). Samples of 100 uL were removed with a sterile pipet



for HPLC analysis as described below.  Cells were harvested at the end of the
cxperiment and counted with a hcmocytometer.

A particulate fraction of AtT20 cells was prcparcd and incubated directly
with LHRH. Cclls from 4 flasks were harvested by addition of 5.0 mL 0.5 mM
EDTA, and centrifuged immediately for 5 min at 1000 g. Ceclls werc then washed
by resuspending three times in normal medium (sce above) to remove EDTA.
The final packed cell pellet was homogenized in approximately 10 vol of .05 M
Tris-HCl (pH 7.0). Thc suspension was centrifuged for 20 min at 12,000g. The
supcrnatant was rcmoved and the membrancs were washed twice in the same
buffer. The final pellct was homogenized in 10 vol of the samic buficr and
frozen in aliquots for later usc. Incubation mixtures contained 0.1 mM LHRH,
0.4 mM dithiothreitol, 0.01 M Tns-HCl (pH 7.0) and thc particulatc fraction
described above. EP 24.15 had a specific activity in the incubation mixture of
0.21 pmoles/mg/hr (170 pg protecin) using tBOC-Phe-Ala-Ala-Phe-pAB as the

substratc.

Scparation and identification of the products by HPLC.

High pressure liquid chromatography (HPLC) was carried out on a  Cyyg
reversc-phase pBondapak column (30 x 0.4 c¢cm; 10 uM; Watcrs). Products were
cluted with a lincar gradicnt cstablished between 0.1% phosphoric acid and
acctonitrile. The initial concentration of acctonitrile was increased from 10% 1o
35% during 30 min at a flow ratc of 1 mL/min. The acctonitrile concentration
was then maintained at 35% for an additional 20 min. Emecrging pcaks were
monitored at 214 nm.

For isolation of rcaction products, the incubation mixtures described
above were trecated with 2.5 mL of cthanol and concentrated under a stream of

nitrogen after removal of protein by centrifugation. The cntire incubation
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mixturc was subjected to HPLC and the cmerging pcaks were collected for

analysis of amino acid composition. Amino acids were determincd as previously

described (Orlowski and Wilk, 1981) following acid hydrolysis of the peptides in

6 M HCI at 105 C for 24 h.

Phase 2: [In vivo degradation of exogenous LHRH in the CNS and in

the general circulation.

Rationale and general description of experimental procedures:

A. Following the identification of the important CNS LHRH-degrading cnzymes
in vitro through the usc of cnzymc inhibitors, it was dccided to do a similar
dctcrmination in vivo. Enzymecs responsible for the degradation of ICV
administered LHRH were identified by coadministering inhibitors of EP 24.15,
EP 24.11 and ACE with LHRH. The disappearance of LHRH was monitored by
radioimmunoassay of LHRH rcmaining in brain onc hour following ICV
LHRH infusion (using an antiscrum 1o LHRH!-10 that does not crossrcact with

the products of EP 24,15 and EP 24.11-mcdiated hydrolysis).

B. In a similar study, wc identified the peripheral peptidases responsible for the
degradation of IV administcred LHRH by the coadministration of inhibitors of
EP 24.15, EP 24.11 and ACE. LHRH disappcarance was monitored by
radicimmunoassay of plasma LHRH concentrations at various time intervals
following IV LHRH injection. The cffect of the various peptidases on
disposition of LHRH in the general circulation was further quantified by
detcrmining the plasma half-lifc of LHRH in the prescnce and abscnce of
inhibitors of these peptidases. In order to suggest the likely sites of LHRH
hydrolysis by EP 24.15 and EP 24.11 in the periphery, the activity of these 2

endopeptidases in secveral peripheral organs was assayed.
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As part of this study, the lability of thc¢ EP 24.15 inhibitor, cFP-AAF-pAB,
in the gencral circulation was studied. As will bc cxplained further in the
Results and Discussion scctions, it was detcrmincd that this inhibitor can
scrvce as a substratc for EP 24.11 and thermolysin. Thercfore, the hydrolysis
of cFP-AAF-pAB by purificd EP 24.11, thermolysin as well as EP 24.11 in crude
tissuc homogenates, was studicd by HPLC and a colorimetric enzymec assay

(scc below, .

ICV_injections of LHRH and _inhibitors.
150-175 g malc rats were ancsthetized by intraperitoncal (IP)

administration of urcthanc (1.3 g/kg), and an incision was madc into the scalp
along thc midlinc. A hole was drilled through the skull at 1 mm posterior and
1.5 mm lateral 10 Bregma. A cannula (0.010" O.D.) was lowered 9 mm from the
surfacc of the skull at an angle of 10° from the vertical (traveling from lateral
to mecdiat). The guide cannula (0.018" O.D.) was beveled approximately 10° so that
the injection could be made dircctly down into the third ventricle (Walls and
Wishart, 1977). A solution containing LHRH with or without inhibitors was
injected (1 pl/min) using a syringe pump. Animals wecre left for 1 hr, then
sacrificed by dccapitation. Brains were removed, homogenized in 10 volumes of
0.1 M acctic acid, and LHRH was assayed as described below. Third ventricle
cannulation was verificd by direct observation of the cannula “track” before

homogenization.

l v \mini . ( LHRH |_inhibitors.
Malc rats (300 - 350 g) were ancsthetized with 1.3-1.5 g/kg urcthanc (IP)

and fitted with a right atrial catheter. They subscquently were treated with 733

ul/kg of a 50 mM LHRH solution (36.6 nmol LHRH/ kg) IV through the atrial
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catheter. Groups of animals rcceived injections of 3.11 mi/kg of either: 1) 50
mM solution of cFP-AAF-pAB (156 mmol/kg); 2) 50 mM solution of ¢FP-F-pAB; 1)
a mixturec of 50 mM cFP-AAF-pAB and 50 mM cFP-F-pAB; 4) 10 mM captopril or §)
0.9% salinc, at 5 minutes prior to the LHRH injcction and a sccond. supplemental
dose of 1.1 ml/kg of the samc was given at 8 minutes after the LHRH
administration. Blood samples of (0.5 ml wcere drawn, through the atrial cathcter
at 5, 20, 35, 50, 65 and 80 minutcs following LHRH administration. Plasma was
scparated from red blood cells (RBC) by centrifugation (at 1600g for 15

minutes), and frozen on dry ice for radioimmunoassay of LHRH concentrations
as described below. Each RBC pelict was resuspended in heparinized satine (50

1.LU./ml) and rcturned to thc animals after the subscequent sampling,

Male rats, 300 g were sacrificed by dccapitation. The brain, kidney,

splecen, lung, skclctal muscle (gastrocnemius), heart and liver were
immediately cxcised and homogenized in 10 volumes of 0.05 M Tris-HCI, pH 7.6.
EP 24.15 activity in homogenates was determined with Boc-Phe-Ala-Ala-Phe-
pAB (0.4 mM) as described above (Results, phase 1). EP 24.11 activity was
determined using Glt-Ala-Ala-Phc-2NA (0.8 mM) as previously described
(Orlowski and Wilk, 1981). EP 24.11 activity was mecasurcd in the presence and
abscnce of 0.4 mM cFP-F-pAB, a selcctive active site-directed inhibitor of EP
24.11. The difference in activitics mcasured in the two incubation mixtures was
taken as a mcasurc of EP 24.11 aclivity.

Enzymec activitics arc cxpressed in units, onc unit being defined as the
amount of cnzymec required to rclease 1 pmol of product/h. Specific activity is
cxpressed in units/mg of protein. Protecin was dctermined by the mecthod of

Lowry ct al., (1951) with bovinc scrum albumin as the standard.




29

: . . - 24
lung. splcen and brain  homogenates.

Appropriate dilutions of the crude homogcnates of kidney, lung, spleen
and brain, preparcd as described in previous paragraph, were incubated with
cFP-AAF-pAB (final concentration, (.2 mM) in Tris-HCI buffer (0.05 M, pH 7.6)
in thc presence of cxcess aminopeptidase N (10 pg). Incubations were at 379 C in
a final volumec of 0.25 ml. The relecasc of frce pAB was mcasurced as described
above for dctecrmination of EP 24.15 activity. Activitics were mcasured in the
presence and abscnce of 0.4 mM  cFP-F-pAB, a spccific active site-dirccted
inhibitor of EP 24.11. The difference in activitics mcasurcd in the two
incubation mixturcs was taken as a mcasurc of EP 24.11 activity. EP 24.11
activity in these homogenates also was determined with Gli-Ala-Ala-Phe-2NA

(0.8 mM) as the substratc as described above.

Degradation of ¢FP-AAF-pAB by purificd EP 24.11 and thermolysin and
identificati C 4 . lucls.

A homogencous preparations of EP 24.11 (Almcnoff and Orlowski, 1983)
was incubatcd with cFP-AAF-pAB (0.25 mM) in a 0.05 M Tris-HCl buffcr (pH 7.6)
at 37°C, in a final volume of 1.0 ml. Aftcr 80 minutes of incubation the rcaction
was terminated by addition of 50 ml of glacial acctic acid. In recactions with
thermolysin the incubation mixtures consisted of 1.0 mM cFP-AAF-pAB, 5 mg of
crystallinc bacterial thermolysin (Sigma Chemicals), 0.05 M Tris-HCI, pH 7.6 in a
final volume of 1.0 ml. Rcactions were carried out at 37°C for 30 minutes and
terminatcd by addition of 50 ml of glacial acetic acid. Aliquots of the rcaction
mixtures were subjected to high pressure liquid chromatography (HPLC) on a

C18 reverse-phase pBondapak column (30 x 0.4 ¢cm; 10 um; Waters). Products
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were cluted with a lincar gradient cstablished between 0.1% phosphoric acid
and acctonitrile. The initial concentration of acctonitrile was increcased from
10% to 40% during 30 min at a flow ratc of 1 ml/min. The acctonitrile
concentration was then maintained at 40% for an additional 10 min. Emerging
pcaks were monitored at 214 nm. For isolation of rcaction products, the
incubation mixturcs described above were subjected to HPLC with a gradient
system described above except that phosphoric acid was replaced by
trifluoroacctic acid. Emerging pcaks were collected and acctonitrile and
trifluoroacectic acid were removed (and peptides were concentrated) under a

strcam of nitrogen for further analysis of the products.

Radioimmunoassay (RIA)  for LHRH.

RIA was carried out by the gencral procedure described previously
(Molincaux ct al., 1986). 10 ul secrum aliquots were incubated with an LHRH
specific antiscrum (kindly provided by Dr. James Roberts of this institution)
and 5000-7000 cpm of [1251)LHRH in a total volume of 300 ml of 150 mM sodium
phosphate buffer (pH 7.4) containing 0.1% bovinc scrum albumin (w/v) and
0.1% Triton X-100 (v/v). Radioimmunoassays pcrformed on degradation products
obtained after incubation of LHRH with EP 24.11, EP 24.15 and aminopeptidase N
showed that there is less than 0.015% crossreactivity with ecquivalent amounts
of LHRH. After 18-24 h, the reaction was terminated by addition of 1.0 ml of a
charcoal [3% (w/v)]: dextran {0.3% (w/v)] : horse scrum ([15% (v/v)] mixture,
and samples were centrifuged at 5000g for 15 min. Supcrnatants were counted
in a gamma counter (LKB) and immunorcactivity was estimated using a

log/logit data reduction from standard curves prepared with cach assay.
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For comparison of diffcrences among multiple groups. onec-way analysis
of variance followed by Scheffe's multiplec comparison test (1953), was
performed. For comparison of mecans of only 2 groups, a 2-tailed, unpaired t-test
was performed.

Phase 3: Influence of CNS and peripheral EP 24.15-mediated LHRH
degradation on the LH- and FSH-releasing activity of
exogenous LHRH.

Rationale and general description of experimental procedures:

After determining, in Phase 2, that of the 3 peptidases in question, that
EP 24.15 plays a prccminent role in thc¢ CNS and peripheral degradation of ICV
and IV administered LHRH, respectively, (secc Results, scction 2), it was decided
to detcrminec whether EP 24.15 activity has rcgulatory significance with regard
to thc LH- and FSH-rcleasing activity of LHRH. In order to ascertain that CNS EP
24.15-mediated LHRH dcgradation curtails the (magnitude and duration of the)
biological activity of LHRH, plasma LH and FSH wecre mcasured following ICV
infusion of LHRH in the presence and absence of EP 24.15 inhibitors. LHRH, in
the presence and absence of EP 24.15 (and EP 24.11) inhibitors, was also
administered 1V to dctermine the possible pharmacological importance of
periphcral EP 24.15 (and EP 24.11) in rcgulating the gonadotropin-rclcasing
activity of systemically administered LHRH. Morcover, it was our wish to know
whether the increcased potency of the superagonists relative to native LHRH
can be attributed to their resistance to the LHRH-DA of EP 24.15 or EP 24.11 (scc
Introduction, page 6 & 25; also scc Results, phase 1, where the studics of LHRH
analog resistance to these 2 cndopeptidases arc discussed). Therefore, the LH
and FSH-releasing activity of 2 supecragonists, administcred 1V, was compared to

that of native LHRH in the presence of EP 24.15 and EP 24.11 inhibitors.



[CV inicct] . LHRH inhibitors.

Malc rats weighing 150-175 g were ancsthetized by intraperitoncal (IP)
administration of urcthane (1.3 g/kg). and fitted with a right atrial catheter for
blood sampling. ICV infusion was carricd out cxactly as described in phasc 2
with the cxception for the volume and concentration of infused drugs. 0.5 nmol
of LHRH (20 pl of a 25 uM solution), dissolved in 0.9% salinc was infused alonc or
in conjunction with 1 pmol of inhibitors (20 pl of a 50 mM solution of cither the
EP 24.15 inhibitor or both EP 24.15 or EP 24.11) at a ratc of 1 pl/min using a
syringec pump. The ionic strength of the solution was maintained at 0.3

mosmol/l by adjusting with sodium chloridec.

IV administrati ( LHRH_ and_inhibi '
Male rats (200 - 250 g) were ancsthetized with 1.3-1.5 g/kg urcthanc (IP)
and fitted with a right atrial catheter. 0.2 ml of a 1.6 uM solution (0.32 nmol) of
LHRH or LHRH analog (cither [D-Trp6]-LH-RH or D-Lcu®-LHRH-EA), per 250 g
rat, dissolved in 0.9% saline, was subscquently administered 1V through the
atrial cathcter. 5 minutes prior to  LHRH injection, 0.85 ml of cither 0.9% salinc
or a 50 mM solution of cither EP 24.15 or EP 24.11 or both inhibitors (42.5 umol)
per 250 g rat was administered 1V. Animals receiving LHRH analogs received

only salinc prior to analog injcction.

Blood Sampling Procedure.

In both groups of animals receiving cither IV or ICV injcctions, blood
samples of 0.7 ml were drawn at indicated time intervals through the atrial
catheter and placed in a tubc containing 50 L.U. hcparin. Plasma was scparated

from red blood cells (RBC) by centrifugation at 1600g for 15 minutes, and frozen
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for radioimmunoassay of LH or FSH concentrations as described below. Each RBC
pcllet was rcsuspended in 0.4 ml hceparinized saline (50 L.U./ml) and rcturned to

thc animals after the subscquent sampling.

LH and FSH concentrations were dctcrmined by a double antibody
radioimmunoassay procedurc using the rcagents and protocols gencrously
provided by thc National Hormonec and Pituitary Program. Bricfly, 100 upl scrum
aliquots were incubated at 4°C with an LH or FSH specific antiscrum and 5000-
7000 cpm of (12511LH or (1251]FSH in a total volume of 300 ul of 150 mM sodium
phosphatc buffecr (pH 7.4) containing 0.1% bovinc scrum albumin (w/v) and
0.1% Triton X-100 (v/v). After 18-24 h, 50 ul of a 1:40 dilution of rabbit scrum
and 50 pul of 1:10 dilution of goat anti rabbit antiscrum wecre added to samples and
mixturcs were incubated for another 18-24 hours at 49C and then centrifuged at
5000g for 30 min. Supcrnatants were decanted and pcllets were counted in a
gamma counter (LKB) and immunorecactivity was cstimated using a log/logit

data rcduction from standard curves preparcd with cach assay.

Statistical Analysis of Data.
For comparison of differcnces among multiple groups, onec-way
analysis of variance followed by Dunnctt's test (1955) (for comparison of the

mean values in the control group to the mcan valucs of each of the

cxperimental groups), was performed.
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Phase 4: Influence of CNS EP 24.15 activity on endogenous LHRH-
stimulated LH secretion.
Rationale and general description of experimental procedures:

After determining, in Phase 3, that EP 24.15 plays a preeminent role in
the CNS dcgradation of ICV administered LHRH, (sce Results, phase 3), it was
decided to detecrmine whether EP 24,15 activity has regulatory significance
with regard to thec LH-rcleasing activity of cndogenous LHRH. This phasc of
the thesis project is designed to directly probe whether in vivo EP 24.15
inhibition through ICV administration of inhibitor, can increasc basclinc LH
sccretion. This design is based upon thc presupposition that brain EP 24.15-
mcdiated LHRH extracellular mctabolism decrecases the amount of LHRH,
following its sccretion from the ME, that rcaches the portal circulation
intact. Therefore, inhibition of EP 24.15 activity would be cxpected to allow a
higher proportion of the secrcted LHRH rcaching the portal circulation and
the gonadotropes in the intact, bioactive state, thus precipitating a increasc

in pituitary LH releasc.

Male rats weighing 150-175 g were anesthetized by intraperitoncal
(IP) administration of urcthane (1.3 g/kg), and fitted with a right atrial
catheter for blood sampling. ICV infusion was carricd out exactly as described
in phase 2 of Materials and Methods. 10 pl of a 50 mM cFP-AAF-pAB was
infused into the third ventricle at a ratc of 1 pl/min using a syringc pump.
The ionic strength of the solution was maintained at 0.3 mosmol/l by
adjusting with sodium chloride. Blood samples (0.4 ml) were withdrawn
through an atrial catheter prior 1o and at 30 minute intervals after ICV

administration of inhibitor. Plasma LH concentration was dctermined by a



35

doublc antibody radioimmunoassay proccdurc using the protocol described in

phasc 3 of Materials and Methods.

Statistical lysi (I
For comparison of diffcrcnces among multiple groups, onc-way

analysis of variance followed by Scheffc's multiple comparison test (1953),

was performed.

Phase §: Influence of CNS EP 24.15 activity on recovery of
endogenous LHRH released from hypothalamic slices.
Rationale and general description of experimental procedures:

In another study designed to determine whether EP 24,15 may
cxtraccllularly metabolize cndogenous LHRH, LHRH releasc from hypothalamic
nerve terminals in vitro, was stimulated by high KCI. The recovery of LHRH in
the bathing medium, in thc presence and absence of the EP 24.15 inhibitor, ¢FP-

AAY-pAB, was mecasurcd.

[n vitro LHRH relcase from hypothalamic slices.

250-300 g male Spraguc Dawlcy rats were sacrificed by decapitation.
Brains wecre quickly rcmoved and the hypothalamus was dissccted out from
chilled brain. The boundarics of the hypothalamic fragment were as follows:
anteriorly, 1 mm anterior to the optic chiasm; laterally, the latcral
hypothalamic sulci, and transversely, the anterior commisure. 400 pm  thick
slices from one hypothalamus (approximately 8 slices per hypothalamus)
were deposited into a 3 cc syringe (Becton-Dickinson), cut at the bottom, and
melted onto a nylon mesh. The syringc was transferred into a vial containing

1.0 ml EBSS (buffered to pH 7.35 with HEPES, final HEPES concentration: 25
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mM) and incubated at 37°C for 15 minutes with gentle agitation (in a Dubnoff
mctabolic shaking incubation chamber) under a 100% O2 atmospherc. After
this incubation pcriod, the syringe was transferred to a sccond vial for 15
min and this was rcpcated up to a sixth transfer. LHRH rclcased during the
sixth 15 min incubation pcriod was tcrmed "basal rclecase of LHRH". After this,
the syringe was transferred into a vial containing EBSS with 60 mM KCl and
incubated for 15 min. LHRH rclcascd in this vial was termed “"stimulated
rcleasc of LHRH". Immediately after cach transfer, 800 pul of media was
rcmoved from the vial (from which slices were removed), frozen on dry icc
and stored at -80°C.

From cach sample, 200 pl of media were taken for LHRH RIA.
For in vitro trcatment with inhibitor, half of the 60 mM KCl-containing vials

also had a final concentration of SO uM EP 24.15 inhibitor, cFP-AAY-pAB.

To study the ratc of LHRH dcgradation by (membranc) EP 24.15 activity
in bhypothalamic slices, brain slices were incubated with 3 different
concentrations of exogenously added LHRH: 10 nM, 1 uM and 100 uM, in the
presence and absence of 50 uM EP 24.15 inhibitor, cFP-AAY-pAB. Expcriments
were conducted as follows:

Following the dissection of hypothalami, 10 slices of 400 pum were cut. 5 slices
were added to media (with a volume of 300 pl) containing LHRH alone
(controls). The other 5 slices were added to media containing LHRH & cFP-
AAY-pAB. Aliquots of 30 pul were removed at time 0, and at 30, 60 and 120 min
and frozen immediately on dry ice. Samples of aliquoted media were then

diluted 10-fold in 0.1 N acetic acid, heated at 90°C for 10 minutes and
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centrifuged at 12000 x g for 20 min. 100 pl of the appropriate dilution of the
supcrmnatant was added to RIA tubes and the acid was cvaporated by
lyophylization overnight. The remaining peptide-containing dried pellet was
resuspended in RIA buffer (0.15 M Na-Phosphate, pH 7.4) and LHRH RIA was
conducted as described above. Brain slices were saved for protein

detcrmination (Lowry ct al., 1951).

To calculate the rate of EP 24.15-mediated LHRH degradation, the amount of
LHRH rcmaining at 30-min was subtracted from the amount of LHRH mecasurcd
in O-time samples for cach hypothalamic incubation. This valuc multiplied by 2,
provided "numbcr pmol LHRH degraded/hr”. The "number pmol LHRH
degraded/hr” in inhibitor-containing incubation was subtracted from that in
control incubation. This provided the “"number pmol LHRH degraded by EP
24.15/hr". This valuc was divided by the protcin content of the hypothalamic
slices to provide the "number pmol LHRH degraded by EP 24.15/mg protein/hr”.
This calculation was rcpeated for cach of the 3 starting LHRH concentrations

used in this cxperiment.
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RESULTS

Phase 1: LHRH degradation by membrane preparations of brain,

pituitary and AtT20 cells.

Dcgradation of LHRH analogs by EP 24,15 and EP 24,11

Purificd preparations of EP 24.15 isolated from the soluble fraction of
brain homogenates (Orlowski ct al., 1983) clcaved LHRH at the Tyrd-Gly® bond
(Table 1), and also to a lcsser cxtent at the Hisz-’I‘rp3 bond. LHRH was also
shown to inhibit the degradation of synthetic substrates by the cnzyme (Chu
and Orlowski, 1985), further confirming that the peptide is a substrate for EP
24.15. The ability, however, of the recently identified membranc-bound
component of the cnzyme (Acker ct al., 1987) to degrade LHRH has not been
cxamincd. This componcnt, present in synaptosomal mcmbranes, constitutcs
20-25% of the total activity in brain homogenates and, like the soluble form,
was shown to bc capable of converting several procnkcphalin and
prodynorphin-derived oligopeptides into Mect- or Lcu-cnkephalin (Acker ct al.,
1987).

Brain and pituitary contain a mcmbranc bound zinc-
mctallocndopeptidase  with a thermolysin-like specificity that clcaves peptide
bonds on the amino side of hydrophobic amino acid residues. This enzymec,
designated as EP 24.11 (E.C. 3.4.24.11) was first isolated from rabbit kidncy (Kerr
and Kenny, 1974) and was shown to be identical with a zinc-
mctallocndopeptidase isolated from membranc fractions of the pituitary
(Orlowski and Wilk, 1981) and with brain "enkephalinase” (Almecnoff ct al.,
1981), which cleaves the Gly-Phe bond in Met- and Leu- cenkcphalin. When

purified preparations of EP 24.11 having an activity of 200 units/ml were
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incubated with LHRH under conditions similar to those given in Table 1, slow
degradation of the peptide (2 to 5% after 1 hour) was observed. Two dcgradation

products were isolated and identified by HPLC.



l

TABLE 1: Degradation of LHRH and LHRH Analogs by Purificd Endopeptidase-24.15.

Compound Time of LHRH
Incubation Remaining
{(min) mM_ (%)
LHRH 0 0.200 (100)
15 0.152 (76)
30 0.096 (48)
60 0.054 (27)
Analog 1 0 0.200 (100)
30 0.178 (89
60 0.185 (92)
Analog 2 0 0.200 (100)
30 0.197 (99)
60 0.170 (85)

LHRH and the LHRH analogs (0.2 mM) werc incubated for the indicated times at 37 C with 10 pL endopeptidase-
24.15, as described in "Materials and Methods”. The activity of purified endopeptidase-24.15 using the substrate

tBOC-Phe-Ala-Ala-Phe-pAB (0.4 mM) was 40.5 U/ml. Analog 1 was [D-Ala6]-LHRH. Analog 2 was dcs-Glle'

(imidazobenzyl-D-His6]-LHRH.

104
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After a short incubation time, a third product was obscrved which had a
rctention time identical to pGlu-His-Trp-Scr-Tyr-Gly. This product was not
visible after longer incubations, apparcntly being converted by cleavage of
the Scr4-Tyr5 bond into pGlu-His-Trp-Ser and Tyr-Gly, the latter being cluted
from the HPLC column with the brcakthrough buffer pcak. These data indicate
that EP 24.11 clcaves LHRH at thc Gly-Lcu bond and that the product of this
rcaction, pGlu-His-Trp-Scr-Tyr-Gly is further hydrolyzed to yield pGlu-His-
Trp-Ser and Tyr-Gly, both clcavages being consistent with the specificity of
the cnzymc toward bonds on thc amino side of hydrophobic residucs.

Ncither of the two supcractive analogs of LHRH, onc containing a D-Ala
and thce other an imidazobenzyl-D-His in place of the Gly6 residue, were
attacked by cithcr EP 24.15 or EP 24.11. This rcsult is consistent with our
previous finding that substratcs containing a D-amino acid on cither side of
the scissile bond arc resistant to degradation by EP 24.15 (Orlowski ct al., 1983),
and that D-amino acids at the scissilec bond confer resistance against attack by

EP 24.11 (unpublished data).

L N ( the Michaclis-M . ( LHRH. for EP 24.15.
The Km for LHRH was dctermined directly by HPLC analysis of rcaction
products formed in the presence of purified EP 24.15. The rate of formation of
pGlu-His-Trp-Ser-Tyr, (LHRH!-5), determined by HPLC was ploited as a
function of substratc concentration in a double reciprocal plot as shown in
figurc 1. The Ky as determined by this mcthod was cstimated to be 95 uM,

which is similar to the Ky values of some of the opioid peptides.
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Figurc 1: Doublc reciprocal plot of LHRH degradation by purified
cndopeptidase-24.15.  The formation of pGlu-His-Trp-Ser-Tyr from LHRH
was monitored by HPLC analysis of thc rcaction product. Pcak height at

A214 nm was mcasurcd after incubation of cnzyme with LHRH for 15 min at

37 °C.
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LHRH_ d lation by | halami | pitui l .
Incubation of LHRH with particulate fractions obtained from
homogecnates of rat hypothalamus, and analysis of the dcgradation products by
HPLC and amino acid analysis following acid hydrolysis showed that clcavage
occurrcd primarily at the Tyr5-Gly6. Gly6-Lcu7 and Trp3-Scr4 bonds. The
dcgradation products which were identified were pGlu-His-Trp-Ser-Tyr, pGlu-
His-Trp-Ser-Tyr-Gly and pGlu-His-Trp, (Table 2). Approximately 50-80% of the
LHRH added was decgraded within 2-3 h. The appcarance of pGlu-His-Trp-Scr-
Tyr and pGlu-His-Trp was prevented and LHRH degradation was blocked when
membrancs were incubated with LHRH in the presence of the EP 24.15
inhibitor cFP-AAF-pAB. Only about 30% of thc peptide was degraded to several
minor products under these conditions. The appearance of pGlu-His-Trp-Ser-
Tyr-Gly in the presence of cFP-AAF-pAB indicatcs that EP 24.11, present in
hypothalamic membrancs (Acker ct al., 1987) clcaves the Gly(’-Lcu7 bond in

LHRH (sce below).
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Incubation of LHRH with a particulate fraction from antcrior pituitary
rcsulted primarily in the appcarance of pGlu-His-Trp under conditions in
which 75% of thc LHRH was dcgraded (Figurc 2, Pancl A). When N-[1-carboxy-
2-phenylethyl}-Phe-pAB, an inhibitor of cndopeptidasc 24.11
("cnkephalinasc”) was used, the ratc of degradation of LHRH was reduced
(Figure 2, pancl B; only 55% of the LHRH was degraded). However, when c¢FP-
AAF-pAB was incubated with LHRH undcr the same conditions, only 30% of the
LHRH was dcgraded to scveral minor products (pancl C). When inhibitors of
thesc two cndopeptidases were usced together (pancl D), only 20% of the pceptide
was dcgraded. Thus, a mcmbranc-bound form of EP 24.15 is quantitatively the
prcdominant cnzymc responsible for degradation of LHRH in both
hypothalamic and pituitary membrancs, while EP 24.11 appcars to contribute

less to LHRH dcgradation.



TABLE 2: Degradation of LHRH by Particulate Fractions of the Hypothalamus.

Inhibitor Incuba Peak re- Peak Identification
tion time tention Height
(min) (min) (cm)
None 180 22 2.2 pGlu-His-Trp-Ser-Tyr-Gly*
20 1.6 pGlu-His-Trp-Ser-Tyr
18 1.2 pGlu-His-Trp
cFP-AAY-pAB 180 22 1.5 pGlu-His-Trp-Ser-Tyr-Gly*

Particulate fractions from the hypothalamus were incubated with LHRH (0.25 mM) in Tris-HCl buffer (0.1 M;
pH 7.0) in the presence of DTT (0.4 mM) in a final volume of 0.6 mL. Aliquots of the incubation mixture were
withdrawn at various times and the products were scparated by HPLC. The rcaction was terminated by addition
of 50% trichloroacetic acid (50 pL). After removal of the precipitated protein by centrifugation, the products
present in the supernatant, were separated by HPLC, and analyzed for amino acid composition aficr acid
hydrolysis.

*Several minor products containing too small amounts of amino acids to be identificd were also present. pGlu-

His-Trp-Scr-Tyr was the major product of degradation in both preparations.

9v



Figure 2: HPLC scparation of the rcaction products gencrated by
incubation of a particulatc fraction of rat antcrior pituitary with LHRH.
The idcntification of the rcaction products was derived from amino acid
analysis of pcaks following acid hydrolysis. The broken and solid lincs

rcpresent the HPLC traces before and after 120 min incubation,

respectively. Pancl A represents the HPLC pcak profile in the absence of

inhibitor; pancls B and C wecre obtained from incubation mixturcs
containing the cndopeptidasc-24.11 inhibitor (cFE-F-pAB) and the
cndopcptidasc-24.15 inhibitor (cFP-AAF-pAB). rcspectively; pancl D was
obtaincd from incubation mixturcs containing both c¢FE-F-pAB and c¢FP-
AAF-pAB. Thc initial concentration of LHRH in the incubation mixtures
was 0.25 mM. Final LHRH concentrations were 0.058 mM (23 %), 0.11 mM
(46 %) and 0.20 mM (82 %) in pancls A, B, C, and D, respectively. Other

cxperimental dctails arc given in Matcrials and Mecthods.
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The appcarance of pGlu-His-Trp in incubation mixturcs containing LHRH and
cither pituitary or hypothalamic membrancs (Elkabes et al., 1981; Yokosawa cl
al., 1987) poscd thc question of what rcaction(s) were involved in its formation.
Addition to the incubation mixturcs of thc angiotcnsin converting cnzymec
(ACE) inhibitor captopril blocked thc appcarance of the pGlu-His-Trp fragment
and greatly cnhanced the appcarance of pGlu-His-Trp-Scr-Tyr (data not
shown). This indicated that pGlu-His-Trp is a sccondary dcgradation product
formed by clcavage of pGlu-His-Trp-Ser-Tyr, a peptide whose formation is
dependent on the presence of EP 24.15 activity., Interestingly, the tetrapeptide
pGlu-His-Trp-Scr also accumulated, suggesting that ACE also cleaves the
tctrapeptide. The rate of degradation of the LHRH was not affected by addition
of captopril, indicating that ACE is not a significant cnzyme in the degradation

of intact LHRH under the conditions uscd.

LHRH degradation by AIT20 cells
EP 24.15 is present as both soluble (75-80%) and mcmbranc-bound (20-
25%) forms in rat hypothalamus. Thc membranc-bound form of the cnzymc
cxists as an intcgral membranc protein in the synaptosome fraction. However,
the cxact subccllular localization of the membranc-bound form of EP 24.15 has
not bcen csiablished. We have used a mousc pituitary tumor cell line known as
AtT20 for further studies of LHRH dcgradation. For these cxperiments, cells
were incubated in monolayer culture in the presence of cnzyme inhibitors;
thus, difficultics in damaging cells during the process of harvesting were
avoided, cnsuring that the cclls were completely intact when used. When AtT20
cells were incubated with LHRH for 12 h, we found again that the only product

formed was the tripeptide pGlu-His-Trp (Figurc 3). Inclusion of the specific
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angiotensin converting cnzyme (ACE) inhibitor captopril in thc incubation
mcdium prevented the formation of pGlu-His-Trp, and a pcak corresponding 1o
the N-terminal pentapeptide pGlu-His-Trp-Ser-Tyr was found. There was a
slight dccrcase in the degradation of LHRH under these conditions. The
inhibitor of EP 24.15, cFP-AAF-pAB, on the other hand, complctely blocked
LHRH dcgradation. A small pcak also was found which had the scquence pGlu-
His-Trp-Scr-Tyr-Gly-Leu-Arg-Pro, which might arise from the action of prolyl
cndopceptidase (post-proline cleaving cnzymc) upon LHRH at the Pro9-Gly”’
bond. This product was not found in thc abscnce of EP 24.15 inhibitor. EP 2415
appears to have a similar importance in intact A1T20 cells as in pituvitary and
hypothalamic membranc preparations: 1t scems to be the primary cnzyme
which initiates LHRH dcgradation in this tissuc. In order for EP 24.15 10 act
dircctly upon LHRH in thc incubation medium, the enzyme must be on the
cxternal surface of AtT20 cells.

LHRH was degraded by a particulate fraction preparcd from AtT20 cells,
yiclding primarily pGlu-His-Trp and pGlu-His-Trp-Ser-Tyr (Figure 4). A small
amount of pGlu-His-Trp-Scr-Tyr-Gly was also formed. When the EP 24,15
inhibitor ¢FP-AAF-pAB was included in the incubation, LHRH dcgradation was
completely prevented. Thus, like the other preparations discussed above, LHRH
dcgradation is initiated primarily by EP 24.15 acting 1o hydrolyze the Tyr5-G|y(’
bond. EP 24.11, which is also present in these cells, may be responsible for the

formation of the N-terminal hexapeptide.




Figurec 3: HPLC scparation of thc rcaction products gecncrated by
incubation of a monolayer culturc of unbroken AtT20 cclls with LHRH.
Plates had a total of 5 mL of media at the beginning of the experiment.  The
composition of the incubation media, and the scparation and idcntification

of products by HPLC is described in "Maicrials and Mecthods”. Pancl A

rcpresents an HPLC tracing obtained at incubation time (; pancls B, C, and D

were obtained after 12 hours of incubation in thc presence of no inhibitor,
captopril, or cFP-AAF-pAB, respectively.  The clution positions of the
rcaction products arc shown as in Figure 2. The initial concentration of
LHRH in the incubation medium was 0.1 mM. After 12 hours, LHRH
concentrations were 0.071 mM (71%), 0.089 mM (89%) and 0.10 mM (100%)
in pancls B, C, and D, respectively.  The number of cells in the incubation
dish were counted with a hemocytometer at the end of the cxperiment.
Dishes contained 3.12, 2.82 and 3.21 million cells in the cxperiments shown

in pancls B, C, and D, respectively.
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Eigure 4: HPLC scparation of the rcaction products gencrated by
incubation of a particulate fraction of A1T20 cclls with LHRH. Pancls A
and B rcpresent HPLC tracings obtaincd at incubation time 0 in the
abscnce and presence of cndopeptidasc-24-15 inhibitor respectively:
pancls C and D werc obtaincd after 4 hours of incubation. The inhibitor
of cndopcptidasc-24.15, N-[1(R.S)-carboxy-3-phcnylpropyl]-Ala-Ala-
Phe-pAB (present as 2 diastcrcomers) was present in D, The initial
amount of LHRH in the incubation mixturcs was 80 nmol. After 4 hours,
thc LHRH rcmaining was 31.6 nmol (40%) and 77.2 nmol (96%) in C and D,

respectively.
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Phase 2: In vivo degradation of exogenous LHRH in the CNS and in

the general circulation.

EAf { ICV_admini . ( I id inhibi LHRH
( brai .

Onc hour after ICV administration of 100 nmol of LHRH, less than 2% of
thc amount injeccied could be dctected in brain homogenates (Figure 5). The
rapid disappcarance of the peptide could have resulted from its redistribution
in the cercbrospinal fluid, its enzymatic degradation and its cxit from the CNS
into the peripheral circulation. Inhibition of dcgradative cnzymes would
therefore be cxpected to affect only the fraction of the peptide that undergoes
cnzymatic decgradation. When cFP-AAF-pAB, an inhibitor of EP 24,15, was
injccted simultancously with LHRH, significantly higher amounts of LHRH,
ncarly 20% of thc amount injccted, were recovered from the brain. No
statistically significant increasc in LHRH rccovery was obscrved after ICV
administration of LHRH togcther with cither the inhibitor of EP 24.11 (cFP-F-
pAB) or the inhibitor of ACE (captopril). Nevertheless a tendency to somewhat
higher recoverics was obscerved after cach of the last two inhibitors, with
captopril having the smaller cffect. It is therefore likely that with larger
groups of animals the amounts of LHRH recovered after administration of these
inhibitors would acquirc statistical significance.

The data obtained after simultancous administration of LHRH and
captopril indicate that ACE has only a minor if any cffect on the in vivo
degradatior of LHRH. It was, however, of intcrest to determine whether
concurrent administration of inhibitors of EP 24.15 and EP 24.11 would further
incrcasc LHRH recovery beyond that obtained afier administration of the EP

24.15 inhibitor alone. The results summarized in Table 3 show that when 10



nmol of LHRH was administered ICV together with cFP-AAF-pAB, the amount of

the peptide recovered from brain after onc hour was almost 13 times greater
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Figurc 5: Effect of inhibitors on LHRH rccovery after ICV Injection.
10 ml of an LHRH solution (100 nmol) was injccted into the third ventricle
during 10 minutes. LHRH was co-administered with cither 1) 0.9% salinc
(control), 2) 500 nmol cFP-AAF-pAB, 3) 500 nmol cFP-F-pAB, 3) 100 nmol
captopril. The ionic strength of the solution was maintained at 0.3 mosmol/l
by adjusting with sodium chloride. At 1 hour following c¢nd of infusion,
animals were sacrificed and thc cntirc brain was homogenized in 10
volumes of hot acetic acid. Precipitatcd protcin was rcmoved by
centrifugation and the samplecs were frozen for radioimmunoassay
analysis. Each group contained five animals. Expcrimental details are give
in Maicrials and Mcthods. (‘Stalislically different from control by

Scheffe’s test (p< 0.05)).
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TABLE 3: Effect of inhibitors of EP 24.15 and EP 24.11 on rccovery of brain LHRH

after ICV injection.

Treatment Enzyme nmol LHRH Remaining
inhibited n (mean _+ S.EM)
1. None --- 7 0.085 + 0.017
2. cFP-AAF-pAB EP 24.15 9 1.092 + 0.106*
3. cFP-F-pAB EP 24.11 4 0353 1+ 0.112
4. cFP-AAF-pAB EP 24.15 9 1211+ 0.163*
+ +
cFP-FpAB EP.24.11

Animals received ICV injections of 10 nmol LHRH (10 pl of a 1 mM solution in saline) at a ratc of 1 ml/min over
10 minutes (1.). LHRH was co-administered with either 750 nmol cFP-AAF-pAB (2.), 750 nmol cFP-F-pAB (3.) or a
solution of both 750 nmol cFP-AAF-pAB and 750 nmol cFP-F-pAB (4.). At 1 hour after the infusion, animals were
sacrificed and the entirc brain was homogenized in 10 volumes of hot acetic acid. Protcin was rcmoved by
centrifugation and the supematant was frozen for radioimmunoassay analysis. N designates the number of

animals. *Signiﬁcantly different from control by Scheffe's test, (p< 0.01).

6§
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than in controls (p < 0.01). Again, administration of thc inhibitor of EP 24.11
alonc did not significantly incrcasc peptide recovery, although with larger
groups of animals the diffcrences might acquirc statistical significance.

Concurrent administration of both inhibitors did not result, however, in any
additional significant cnhancement of LHRH recovery above that sccen after

¢FP-AAF-pAB alonc.

The relative contributions of EP 24.15, EP 24.11 and ACE to the in vivo
degradation of LHRH in peripheral tissues was studied by determining plasma
concentrations  at various time intervals  after IV administration of the
peptide alonc and in conjunction with c¢nzyme inhibitors. Plasma LHRH
concentrations, measurcd 20, 35, and 50 minutes after intravenous LHRH
administration, werc significantly higher in animals recciving inhibitors of
cithcr EP 24.15 or EP 24.11 than in controls (Figurc 6). As carly as 20 min
after administration of LHRH, there was a clearly discernible protection of
LHRH dcgradation by inhibitors of both EP 24.11 and EP 24.15. At 65 and 80
minutes following LHRH administration, statistically significant clevations of
plasma LHRH (above thosc found in controls) were found only in animals
trcated with c¢FP-AAF-pAB. Concurrent administration of both EP 24.15 and EP
24.11 inhibitors produced a much greater clevation of plasma LHRH levels
than thosc found in animals treated with cach inhibitor scparately. A
statistically significant incrcase in LHRH levels, above those in control
animals, was found in this group at all tim¢ points after 5 min. Indced, 65 and
80 minutes after administration of thc two inhibitors, plasma LHRH

concentrations were as much as 100 to 200 times higher than thosc in




controls.
were not

shown).

In animals trcated with captopril, plasma LHRH concentrations

significantly diffcrent from thosec found in controls (data not
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Figurc 6: Plasma concentrations after intravenous administration of

LHRH alonc (control) and in conjunction with inhibitors of EP 24.15 and EP
24.11. Data are mcan valucs + S.E.M. The number of animals were: 11 in the
control group, 9 in cach group rccciving cFP-F-pAB or cFP-AAF-pAB, and 9
in the group rccciving both inhibitors. Scheffe's test (1953) was uscd 1o
detcrmine statistically significant diffcrences between groups. All values
for thc group rccciving both inhibitors were at all timec periods
significantly diffcrent from controls (p < 0.001). Corrcsponding valucs for
thc group rcceiving cFP-AAF-pAB were significantly different from
controls (p < 0.01 to 0.001). For the group rccciving ¢FP-F-pAB p valucs

were < 0.001 after 20 and 35 min, and < 0.05 after 50 min. For dctails of

cxperimental procedure sce under Matcerials and Mecthods.
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The half-life of intravenously injected LHRH was moderately increascd
from approximatcly 10 min in the control group to 20 and 15 min in animals
reccciving the EP 24,15 or EP 24.11 inhibitor respectively (groups 3 and 4,
Table 4). Concurrent administration, howcver, of inhibitors of both cnzymces
rcsulted in a dramatic cight-fold incrcase in the half lifc of LHRH from about
10 min to approximatcly 80 min (Tablc 4). It became cvident from the
magnitude of this incrcasc, that this could not be attributed to a simple
additive cffect of the two inhibitors. Since inhibition of EP 24.15 in brain had
a much morc pronounced cffect on LHRH dcgradation than inhibition of EP
2411, the possibility was considercd that the cffectiveness of the EP 24,15
inhibitor in periphcral tissues was limited by its enzymatic dcgradation
catalyzed by EP 24.11. Accordingly, inhibition of EP 24.11 by administration of
cFP-F-pAB would have been cxpected to block the degradation of c¢FP-AAF-
pAB, and conscquently result in a more complete inhibition of EP 24.15,
which in turn would produce a grcater protection of LHRH from degradation.
To cxamine this possibility we proceeded to mcasure the concentrations of
plasma cFP-AAF-pAB in animals aftcr administration of this inhibitor alonc
and in thosc rcceiving concurrently cFP-F-pAB. We also cxamined the
dcgradation of cFP-AAF-pAB by an isolated preparation of EP 24.11 and
thermolysin. Both these enzymes were expected to clecave the Ala-Phe bond in
cFP-AAF-pAB in view of their specificity toward bonds on the amino side of

hydrophobic amino acid residucs.



TABLE 4: Effect of enzyme inhibitors on the half-life of plasma LHRH in rats.

Group Treatment Enzyme LHRH t1/2 (min)
inhibited n (+ SEM)
1 Control none 12 106 + 0.72
2 Captopril ACE 6 11.2 + 1.37
3 cFP-F-pAB EP 24.11 9 146 + 049
4 cFP-AAF-pAB EP 24.15 9 19.6+ 2.10
5 cFP-AAF-pAB EP 24.15 6 796 + 15.8*
+ +
cFP-F-pAB EP24.11

Half-lifes (t172) were calculated from the LHRH elimination curves in Figurc 2. A lincar rcgression program

was used to determine the slopes of a best fit linc of all time points from 35 to 80 min. The climination rate

constants (-ke) and t1/2 (112 = 0.693/k¢) were calculated.

(*Statistically different from control by Scheffe's test, (p< 0.01)).
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Plasma concentrations of cFP-AAF-pAB could be coavenicently
mecasured by testing the cxtent of the inhibitory cffect of plasma on the
dcgradation of Boc-Phc-Ala-Ala-Phe-pAB by purified EP 24.15 (Orlowski ct al.,
1983). The concentrations of cFP-AAF-pAB in thc 80-minutc plasma samples
taken from animals rccciving this inhibitor alonc or in conjunction with

c¢FP-F-pAB (groups 4 and 5, Tablc 4) were calculated from the following

cquation:
Ki(1+(S)/Km)
[ = — -
1-i
where [I] = concentration of intact inhibitor, i = percent inhibition as a
fraction of 1, [S] = concentration of substrate, Kj = inhibition constant of cFP-

AAF-pAB, and Ky = Michaclis constant for the substratc (Boc-Phe-Ala-Ala-
Phe-pAB). EP 24.15 activity was mecasured in the presence of plasma from
control animals (no inhibitor), and in the presence of plasma from animals

trcated cither with cFP-AAF-pAB alone or trcated with both ¢FP-AAF-pAB and

cFP-F-pAB. Pcrcent inhibition (i) was calculated from the cquation : i = 1-
(a'/a), where a = activity in thc presence of secrum from  control animals and
a' = activity in the presence of plasma from the other two groups. The results

of this dectcrmination showed that the plasma cFP-AAF-pAB concentration
mcasurcd in the group rcceiving both inhibitors was morc than 10-fold
higher (598 *11 nM) than the concentration in the absence of cFP-F-pAB (52
t 0.01 nM). The increased cFP-AAF-pAB levels (p<0.05, two-tailed unpaired t-
test) could have resulted from a decrcased enzymatic degradation of the

inhibitor or its decreased excrction. The latter possibility was discounted by
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the finding that urinary conccntrations of frcc pAB, a mcasurc of the
dcgradation of the parent compound, were ncarly 100-fold lower in animals
rcceciving both inhibitors than in those receciving only cFP-AAF-pAB. The
low concentrations of frce urinary pAB togcther with the incrcased plasma
cFP-AAF-pAB in animals rccciving both inhibitors arc a clcar indication that
cFP-F-pAB protected cFP-AAF-pAB  from dcgradation by EP 24.11,

augmenting thercby EP  24.1S5-inhibition and conscquently blocking LHRH

dcgradation by this cnzymec.

Hydrolysis of ¢FP-AAF-pAB by brain. kidney. lung and spleen
homogenates and by isolated EP 24.11_and thermolysin.

Indircct cvidence cited above indicated that cFP-AAF-pAB is susceptible
to dcgradation by EP 24.11 in pcriphcral tissucs. Confirmation that this
degradation is indced mediated by EP 24.11 would require verification that the
tissuc distribution of the cFP-AAF-pAB-dcgrading activity corresponds to the
tissuc distribution of this cnzyme. The degradation of the inhibitor as wcll as
that of Gli-Ala-Ala-Phe-pAB, an EP 24.11 substratc, was thercfore studied in
crude homogenates prepared from kidney, lung, spleecn and brain. Among the
four tissucs kidncy was known to contain the highest and brain the lowest EP
24.11 activity. The data summarized in Table 5 show that the hydrolysis of both
the inhibitor and thc substrate procceded at a rate almost 200 times greater in
the kidney than in brain. Furthermorc, the relative rates of degradation of both
the inhibitor and the substrate were the samce in all four tissucs.

EP 24.11 and thermolysin, a bacterial zinc-containing cendopeptidase (EC
3.4.24.4), have similar substrate spccificitics. Purified preparations of both
these cnzymes were therefore used to study the products of degradation of cFP-

AAF-pAB. HPLC scparation of the reaction mixtures revecaled the formation of
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the samec 2 products (Figurc 7) with cach of the cnzymes. The slower cluting
pcak was found to be identical with authentic synthctic Phe-pAB. Accordingly,
the carly pcak was assumed to represent N-[1(RS)-carboxy-3-phenylpropyl]-
alanyl-alaninc (cFP-AA). It was of importance for the cvaluation of the

inhibitory cffecct of cFP-AAF-pAB 1o dcterminc whether ¢cFP-AA as a



TABLE 5: Degradation of cFP-AAF-pAB and Glt-AAF-2NA by
EP 24.11 in kidney, lung, spleen and brain.

SUBSTRATE

P- -pAB Gli-Ala-Ala-Phe-2NA
Specific activity Relative Specific  activity Relative
TISSUE (U/mg protein) Activity (U/mg protein) Activity
Kidney 5.68 189 29.9 199
Lung 0.18 6.0 0.85 5.67
Spleen 0.04 1.33 0.28 1.87
Brain 0.03 1.0 0.15 1.0

Enzyme activities were mcasured in crude homogenates of kidney, lung, splecn and brain. The concentration of
cFP-AAF-pAB and Glt-Ala-Ala-Phe-2NA in the incubation mixtures was 0.2 and 0.8 mM respectively. One unit is
defined as the amount of enzyme which releases 1 mmol/product/hr. Relative activities are calculated in

relation to the activity in brain arbitrarily set at 1.0. For dctails of experimental procedures see under Materials

and Methods.
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Figurc 7. A-B: HPLC scparation of the rcaction products gencrated
by incubation of cFP-AAF-pAB with purifiecd EP 24.11. Pancl A. Rctention

time of cFP-AAF-pAB. The 2 diastercomers of ¢FP-AAF-pAB arc cluted with

different rctention times. Pancl B. Products of complcte dcgradation of cFP-

AAF-pAB. The sccond product pcak was identified as Phe-pAB whilc the
first peak is prcsumed to be cFP-AA. Scc Matcrials and Mcthods for

cxperimental  details.
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dcgradation product of the inhibitor was inhibitory toward EP 24.15. Small
amounts of this product were therefore isolated by HPLC from reaction mixtures
in which the inhibitor was complctely dcgraded by incubation with
thermolysin. After removal of the solvent and dissolving the isolated cFP-AA in
25 mM Tris-HCI (pH 8.0), its concentration was determinced from the HPLC pcak
heights in a standard curve based on pcak heights of known amounts of the
samc compound appcaring in rcaction mixturcs in which the rcaction went to
complction. The inhibitory potency of cquimolar concentrations (8 mM) of cFP-
AA and cFP-AAF-pAB was then mcasurcd with purified EP 24,15 using Boc-Phe-
Ala-Ala-Phe-pAB as the substrate. The results of this determination showed that
cFP-AA was almost completely inactive as inhibitor (1.7 % inhibition), whilc
cFP-AAF-pAB almost completely (97.5%) inhibited the cnzyme at the same
concentrations.

Scveral factors could have been responsible for the finding that
inhibition of EP 24.15 protects LHRH from in vivo degradation. These factors
include both the affinity and accessibility of the peptide 1o the enzyme, and also
the magnitude of the activity of EP 24.15 as comparcd with that of EP 24.11. In
order to determinc the significance of this last factor we compared the
activities of the two cnzymes in rat tissuc. EP 24.11 and EP 24.15 were determined
with Glt-Ala-Ala-Phc-2NA  (k¢ar = 139 sec !, Pozsgay ct al., 1986) and Boc-Phe-
Ala-Ala-Phe-pAB  (kcap = 86 secl;  Orlowski ct al., 1989) respectively. The results
summarized in Table 6 show that with the cxception of the kidney and lung EP
24.15 was much morc active than EP 24.11 in all other tissues studied. It is
important to note that with the exception of the filtered fraction, the unusually
high EP 24.11 activity in the kidncy would not be expected to contribute greatly
to LHRH degradation since this cnzymc is primarily localized in microvillar

membranes of the brush border of the proximal tubules of the kidney (Kerr and
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Kenny, 1974). Accordingly only the fraction of LHRH which enters the
glomerular filtrate would be exposed to degradation by EP 24.11. The higher
activity of EP 24.15 is even morc notable if the turnover ratc constants of the
two abovc substrates (kcay values; 139 versus 86 scc™l, respectively) would be
considercd, sincc these values would rather tend to underestimate the EP 24, 15

activity.



TABLE 6: Activities of endopeptidase 24.15 and endopcptidase 24.11 in rat tissues.

ACTIVITY

TISSUE EP 24.15 EP 24.11
(U/mg) (U/mg)
Testis . 7.25 0.92
Spleen 1.18 0.258
Liver 0.303 0.005
Kidney 0.621 27.2
Lung 0.661 0.82
Heart 0.331 0.014
Skeletal muscle 0.721 0.165
Brain 0.869 0.148
Plasma (mmol/ml/hr) 0.295 0.014

Activity was determined in crude tissue homogecnates obtained from Spraguc Dawley rats weighing
approximately 350 g, as described in Materials and Mcthods. Boc-Phc-Ala-Ala-Phe-pAB (0.4 mM) and Glti- Ala-
Ala-Phe-2NA (0.8 mM) were used for determination of EP 24.15 and EP 24.11 activity. Data arec mcan valucs
obtained from two determinations. One unit is defined as the amount of enzyme that degrades 1| pmol of
substrate/hr.

ve
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Phase 3: Influence of CNS and peripheral EP 24.15-mediated LHRH

degradation on LHRH's LH- and FSH-releasing activity

lotr |ministrati ¢ LHRH. LHRH , | en,
Lhibi

Following the intravenous administration of LHRH alonc, plasma LH
levels quickly rosc to a pcak valuc of 2.4 ng/ml aftcr 20 minutes, and dcclined
thercafter, rcaching basal values by 4 hours (Figurc 8). Administration of both
superactive LHRH analogs, [D-Trp®]-LH-RH and [D-Lcu®|-LHRH-EA, resulted in a
much greater incrcasc of plasma LH levels than after cquivalent amounts of
LHRH. Indced, all plasma samples collected (at time beginning at 20 minutces)
from animals rccciving the analogs, LH concentrations were considerably
higher than in plasma samples collected from control animals. Pcak valucs
were rcached approximately 2 hours after administration of the agonists, and
were somewhat higher for [D-Lcu(’]-LHRH-EA than for [D-Trp6]-LH-RH.
Increcased LH lcvels after the agonists persisted during duration of the
cxperiment and showed only a small decline after 4 hours. Indced, after four
hours the concentration of LHRH in plasma of animals trcated with thesc
analogs was about onc order of magnitude higher than in the controls.

As described above (Results, phase 2) the cffectiveness of inhibitors of EP
24.15 in prolonging the half lifc of intravenously administered LHRH is limited
by the susceptibility of thesc inhibitors to degradation by EP 24.11. For cxample
cFP-AAF-pAB is dcgraded by EP 24.11 by cleavage of the Ala-Phe bond, and this
reaction can bc inhibited by cFP-F-pAB an inhibitor of EP 24.11. Consequcntly
administration of inhibitors of both these enzymes dramatically prolonged the
in vivo half life of LHRH. Consistent with this finding administration of c¢FP-

AAF-pAB together with cFP-F-pAB, inhibitors of the two enzymes, in
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conjunction with LHRH induced an incrcase in plasma LH concentrations that
was ncarly idcentical in both magnitude and duration to that after

administration of [D-Lcu6]-LHRH~EA. Thus, plasma LH lcvels after the two
inhibitors rcached pcak values after 2 hours, and the incrcased LH
concentrations persisted with little change for the duration of thc experiments.
Also the pecak values rcached in response to LHRH and inhibitor treatment were
similar to those after the supcractive analog (30.9 ng/ml versus 32.8 ng/ml) and
cxcceded by 13-times values in the controls receiving only LHRH. To confirm
that the response after the joint administration of inhibitors of the two
cnzymes can bc mainly attributed to the protection of LHRH from EP 24.15-
mcdiated dcgradation, another cxperimental group was included in which the
EP 24.11 inhibitor was omittcd and LHRH was given only in conjunction with
cFP-AAY-pAB, an inhibitor of EP 24.15, that is morc resistant to EP 24.11-
catalyzcd degradation than c¢FP-AAF-pAB. This rcsultcd after 100 minutes in an
average pcak plasma LH concentration of 22.7 ng/ml, 7.5 times control peak
values, that persisted virtually unchanged during duration of the cxperiments.
Indced, although, the average pcak LH values were somewhat lower the pattern
of the responsc to LHRH and cFP-AAY-pAB was similar in both duration and
magnitude to the response following the trcatment with inhibitors of the two
cnzymes. Thesc results support the conclusion that the bulk of the LH response
after administration of LHRH and cquimolar amounts of inhibitors of EP 24.15
and EP 24.11 can be attributed to inhibition of LHRH dcgradation by EP 24.15 and
that ¢FP-F-pAB, when given together with c¢FP-AAF-pAB, scrved mainly to
protect the EP 24.15 inhibitor from decgradation by EP 24.11. This conclusion is
also supported by the finding that in rats treated only with LHRH and
cFP-F-pAB an inhibitor of EP 24.11, pcak LH values rosc after 80 minutes to only

6.65 ng/ml plasma, 2.8 times those in controls and then declined stcadily so that
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after 4 hours plasma LH concentrations were significantly lower than thosc in
animals recciving inhibitors of both cnzymes, and those recciving only ¢FP-
AAY-pAB. Thesc data confirm our previous results (phase 2) which showed that

EP 24.15 is thc main cnzymc responsible for the in vivo LHRH dcgradation.



78

Eigurc 8: Plasma LH concentrations in response to 1V administration
of LHRH, LHRH analogs and LHRH togcther with  enzymc inhibitors.
Malc rats (200-250 g) wecre trcated with 1V injcctions of cither 1) LHRH
(0.32 nmolc); 2) LHRH and cFP-AAY-pAB (425 nmolc); 3) LHRH and cFP-
AAY-pAB (425 nmolc); 4) LHRH and cFP-AAF-pAB (425 nmole) and cFP-F-
pAB (425 nmolc); 5) [D-Trp®]-LHRH (0.32 nmole) and 6) D-LcuS-LHRH-EA
(0.32 nmolc). Plasma LH concentrations were determined by
radioimmunoassy at indicated timc intervals as dcscribed in Matcrials
and Mcthods. At 40 and 60 min all cxperimental groups had significantly
(p < 0.05 10 0.01) higher levels of LH. At 20, 80, 100, 120, 150 minutcs all
groups cxcecpt that trcated with cFP-F-pAB had significantly (p < 0.05 1o
0.01) higher LH levels. At 180 and 240 min groups trcatcd with [D-Lcu6l-
LHRH EA and LHRH + cFP-AAF-pAB + cFP-F-pAB had significantly (p <
0.05 10 0.01) higher LH levels. The number of cxperiments in cach group
were © control (LHRH alonc) = 7; LHRH + cFP-AAF-pAB + ¢FP-F-pAB = 7;
LHRH + cFP-AAY-pAB = 4; LHRH + cFP-F-pAB = 4; [D-Trp6]-LHRH = 6; D-

LcuS-LHRH-EA = §.
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Plasma samples obtained from the samc cxpcrimental groups of animals
analyzed for LH were also analyzed for concentrations of FSH. Pcak
concentrations of FSH (13.24 ng/ml) after LHRH. appcared in this group after 40
minutes (Figurc 9), howcver, the magnitude of thec FSH responsc above bascline
valucs was only about half of that for LH, although the increcased levels of FSH
persisted much longer. Thus, whercas LH levels had declined to basal values in
thc control group by the last sampling time (at 240 minutes following LHRH
administration), FSH levels were still more than twicc thosc at basclinc. The
administration of the supcractive analogs, lD-Trp(’l-LHRH and ID-Lcu(’l-LHRH-
EA, produced an clevation of plasma FSH that was far grcater in both duration
and magnitude than that after LHRH. As with LH, [D-Lcu(’]-LHRH-EA produced a
greater clevation of plasma FSH than did lD-Trp(’]-LHRH. Administration of
LHRH in conjunction with cither ¢FP-AAF-pAB and ¢FP-F-pAB or with cFP-
AAY-pAB alonc caused a risc in plasma FSH concentrations that were similar in
duration to thosc induced by trcatment with the “supecragonists”. The pattern of
the FSH responsc after joint administration of LHRH and the two inhibitors
resembled most closely the response after [D-Trp®]-LHRH. Plasma FSH levels 2.5
hours after administration of the two inhibitors rose 1o a peak of 73.4 ng/ml (5.5
times higher than in controls), a valuc very similar to that afier [D-Trp6]-LHRH
(70 ng/ml). In both these groups, the clevated FSH levels persisted throughout
the duration of the cxperiment. A similar responsc although of somewhat lesser
magnitudc was sccn after administration of LHRH together with c¢cFP-AAY-pAB
(a peak valuc of 37.37 ng/ml was rcached at 120 minutes). On the other hand,
the response to the co-administration of EP 24.11 inhibitor, ¢FP-F-pAB and
LHRH did not differ from that after LHRH administration ale~C The magnitude
of the FSH response 10 treatment with inhibitors and LHRH as well as 1o

treatment with both superagonists was generally lower than that scen with LH.
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The analysis of the results obtained for plasma FSH lcad to the same conclusion
as those derived from measurements of LH lcvels. In both instances the results

indicatc that periphcral EP 24.15, but not EP 24.11 activity. plays a promincnt




Figurc 9: Plasma FSH concentrations in response to 1V
administration of LHRH, LHRH analogs and LHRH together with  c¢nzyme
inhibitors. Conditions of the cxperiments were the same as thosc in Figure
1. At 80 minutcs groups trcated with LHRH + cFP-AAF-pAB + cFP-F-pAB, [D-
Lcu6]-LHRH EA and LHRH + cFP-AAY-pAB had significantly (p < 0.05 1o
0.01) higher FSH levels than controls. At 100, 120, 180 and 240 minutcs all
groups cxcept that trcatcd with cFP-F-pAB had significantly (p < 0.05 to
0.01) higher FSH levels. At 150 minutes groups trcated with LHRH + [D-
Lcu6)-LHRH EA, LHRH + [D-Trp6]-LHRH, and LHRH + c¢FP-AAF-pAB + cFP-F-
pAB had significantly highcr FSH lcvels than controls. The number of
cxperiments in cach group were : control (LHRH alone) = 6; LHRH + cFP-
AAF-pAB + cFP-F-pAB = 7; LHRH + cFP-AAY-pAB = 4; LHRH + cFP-F-pAB = 4;

[D-Trp6)-LHRH = 6; D-LcuS-LHRH-EA = 5.
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role in the mctabolism of LHRH and also that after inhibition of EP 24.15
activity, natural LHRH becomes as cffective in inducing incrcascs of plasma
FSH Icvels as supcractive LHRH agonists having D-amino acid substitutions in

the 6-th position.

Intraccrcbroventricular administration of LHRH caused an increasc in
plasma LH concentrations that rcached pecak valucs after 90 minutes (4.02
ng/ml), and subsequently, stcadily declined (Figure 10). Administration of
LHRH togcther with both cFP-AAF-pAB and c¢FP-F-pAB or ¢FP-AAF-pAB alone
resulted in in LH incrcascs that at pcak valucs were 7 to 13 times higher than
in controls (27.3 ng and 50.4 ng/ml rcspectively).

In inhibitor trcated animals thc incrcased plasma LH concentrations
persisted throughout the cxperimental period, without any appreciable
decline. Administration of the EP 24.11 inhibitor, cFP-F-pAB togcther with
the EP 24.15 inhibitor did not lcad 1o any cnhancement of plasma LH
conccentrations over thosc obtained after administration of c¢FP-AAF-pAB
alone, again indicating that EP 24.15 is thc predominant factor in the CNS
determining LHRH mectabolism, and that EP 24.11 contributes little if at all to
the metabolism of this hormone in brain.

Analysis of plasma FSH concentrations in the same group of animals
(Figurc 11) showed that the incrcase and subscquent decline of plasma FSH
concentrations  after ICV LHRH administration was in control animals ncarly
identical to that of LH. As with the LH responsc, the magnitude and duration
of the FSH responsec was greatly increcased by administration of the EP 24.15

inhibitor together with LHRH, however was not further augmented by




inclusion of thc¢ EP 24.11 inhibitor. Thcse results further confirm the
primary importance of EP 24.15 in the mectabolism of LHRH in the CNS, and
point to a rolc of this cnzyme in the modulation of the pituitary response of

the pituitary to LHRH.
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Figurc 10: Plasma LH concentrations in response to ICV

administration of LHRH, and LHRH together with enzyme inhibitors.

Male rats (150 - 175 g) were trcated with  ICV injections of cither 1) LHRH
(0.5 nmole); 2) LHRH and cFP-AAF-pAB (1 umole); 3) LHRH + cFP-AAF-pAB
+ cFP-F-pAB (1 umolc of cach). Plasma LH concentrations wcere dctermined
by radioimmunoassy at indicated timc intervals as described in Matcrials
and Mecthods. At all timc points both cxperimental groups had significantly
(p < 0.05 to 0.01) higher plasma LH lcvels then the controls. The number of
cxperiments in cach group were : control (LHRH alone) = 6; LHRH + cFP-

AAF-pAB + cFP-F-pAB = 6; LHRH & cFP-AAF-pAB: n = 5.
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Figurc 11: Plasma FSH concentrations in responsc to ICV
administration of LHRH, and LHRH togcther with  cnzyme inhibitors. The
cxperimental conditions were the same as those given in Figurc 3. At 30
min the group rccciving LHRH and cFP-AAF-pAB had significantly (p <
0.01) higher plasma FSH lcvels then the controls. At 60, 90, 120 and 180
minutes both groups recciving LHRH and inhibitors had significantly (p <
0.05 to 0.01) higher plasma FSH lcvels then the controls. The number of
cxperiments in cach group were : control (LHRH alonc) = 6; LHRH + cFP-

AAF-pAB + cFP-F-pAB = 6; LHRH & cFP-AAF-pAB: n = 5.
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Phase 4: Influence of CNS EP 24.15 activity on endogenous LHRH-

stimulated LH secretion.

Eff ( ICV_cFP-AAF-DAB. infusi | LH.
Our results show that plasma LH levels are incrcased following a 10-
minute ICV infusion of EP-24.15-inhibitor in urcthanc-ancsthetized rats. At
onc hour following infusion, LH levels rose to slightly morc than twice basal
values (table 7). At both 60 and 90 minutes following inhibitor infusion,
plasma LH lcvels were significantly higher (p < 0.05) than preinfusion LH
levels. By 120-150 minutes after inhibitor infusion, plasma LH lcvels
rcturned to preinfusion levels. In contrast, in salinc-trcated controls, plasma
LH lcvels did not rise during the cntirc sampling period (data not shown).
To obtain statistical significance for LH levels at 60 and 90 minutes (as
comparcd to prcinfusion values), it was nccessary to infusc inhibitor into
large number of animals, (i.c. 10 animals rcceived inhibitor in order to
incrcase the "n" wvaluc), since in a few of the inhibitor-trcated animals,
basclinc plasma LH increased very slightly. In addition, when the ICV
injection cannula was lowered 1 mm anterior or posterior to the sitc used in
the cxpcriments reported here, no increase in plasma LH was scen. These
data, thcrefore, cannot definitively ascribc an importance of EP 24.15 in the

rcgulation of LHRH and LH-sccretion.



TABLE 7: Effect of intracerebroventricular administration of N-[1(R.S)-carboxy-3-phenylpropyl]-
Ala-Ala-Phe-pAB (cFP-AAF-pAB) on the levels of ir-LH in rat plasma.

Time after injection Plasma luteinizing hormone
concentrations
{(min) (ng/ml )
0 0.339 + 0.079 (10)
30 0.603 + 0.077 (9)
60 0.824 + 0.136 (10)*
90 0.587 + 0.072 (10)*
120 0.461 + 0.055 (8)
150 0.081 + 0.081 (7)

10 ul of inhibitor (50 mM) was infused into the third ventricle through a metal cannula (0.01" O.D.) over 10
minutes (sec Materials and Methods). Blood samples (0.4 ml) were withdrawn through an atrial catheter prior
to and at 30 minute intervals after intraventricular administration of inhibitor. Plama LH concentration was
dctermined by a double antibody radioimmunoassay procedurc using the rcagents provided by the National
Hormone and Pituitary Program.

Data are mecan values + S.E.M. The number of rats is given in parcnthesis.

*Statistically significant, compared to preinfusion plasma LH levels, (p< 0.05) by onc way analysis of variance

followed by Scheffe's multiple group comparison test.

16
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Phase 5: Influence of CNS EP 24.15 activity on recovery of

endogenous LHRH released from hypothalamic slices.

N ( EP_24.15-inhibiti | ¢ el | LHRH.

The cffect of EP 24.15 inhibitors on the recovery of endogenous LHRH
rclcased by dcpolarization of brain sliccs was cvaluated in this study. This modcl
has the advantage of maintaining functional tissuc organmization. Most
importantly, the topographic relationship between ncuronal stores of LHRH
and their potential synaptic inactivation systems, which cxists in vivo, is
mimicked in this in vitro model (Schwartz ct al., 1985). Because of the
difficultics cexperienced in demonstrating an role of EP 24.15 in dcgrading
cndogenous LHRH in vivo (phasc 4), we therefore utilized this in vitro model 1o
dctermine whether membranc-bound EP 24.15 associated with  hypothalamic
slices may inactivatc cndogenous LHRH following KCl-cvoked relcase. The
rccovery of cndogenous LHRH was thercfore measurcd both in the presence
and absence of EP 24.15 inhibitors.

The results show that LHRH release from hypothalamic slices was
incrcased in response to 60 mM KCI stimulation. However, in both control
samplcs and samples with inhibitor, the ratio of stimulated rclease over basal
rclecase was ncarly identical. The concentration of LHRH in both inhibitor-
containing (high KCl) medium and in control (high KCl) mcdium was
approximately 5 times the concentration in the "basal” media (Table 8).
Therefore, it is apparcnt that in the cxperimental used here that membranc-
bound EP 24.15 does not degrade the LHRH relcased from the hypothalamus

during the 15 min incubation period.



TABLE 8: Effect of EP 24.15 inhibition on recovery of LHRH after KCl-stimulated

release from hypothalamic slices.

EXPERIMENTAL BASAL STIMULATED RATIO OF

CONDITION RELEASE RELEASE STIMULATED:
(pM_LHRH) _ (pM_LHRH) BASAL

CONTROL 31.89 + 3.17 9)* 171.59 + 23.90 5.37 + 0.51

& INHIBITOR 31.66 + 3.28 (8)* 170.14 + 19.02 5.54 + 0.55

LHRH concentration was measured in media which bathed hypothalamic slices during “basal relcasc” and KClI-

stimulated release” pcriods. In all samples, during “"basal rclcasc” period, no inhibitors were present in the

media. KCl-stimulated rclease of LHRH was mcasured in either inhibitor-frcc media (controls), or EP 24.15

inhibitor-containing media (50 uM of cFP-AAY-pAB). LHRH rcleased during the sixth 15 min incubation period

was termed “basal releasc of LHRH". After this, the tissue-containing syringe was transferred into a vial

containing EBSS with 60 mM KCl and incubated for 15 min. LHRH rclcascd in this vial was termed “stimulated

rclease of LHRH". (Data are mean + scm). Concentration of LHRH in media was mcasurcd by RIA.

* number in parcnthesis represents the number of hypothalami per cxperimental group.

to
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Effect of substrate concentration upon EP 24.15-mediated LHRH
degradation

Our inability to dcmonstrate a rolc of EP 24.15 in dcgrading cndogenous
LHRH following relcasc from brain slices may be cxplained in light of the low
concentration of LHRH in thec media bathing thc brain slices (i.c. average
concentration: < 0.5 nM, (table 8)). The obvious discrepancy, therefore,
between data obtained from these cxperiments and phase 1 experiments where
EP 24.15 mecdiated LHRH dcgradation by hypothalamic mcmbrancs was
demonstrated, may be due to the considerably higher LHRH concentration
present in the incubation mixturcs in phase 1 c¢xperiments (0.1 mM). We,
therefore, wished to determine if there cexists a rclationship between the
concentration of LHRH in the media and the ratc of EP 24.15-mcediatcd LHRH
degradation. 3 concentrations of cxogenously added LHRH were incubated with
brain slices. Data rcported in tablc 9 shows that the rate of EP 24.15-mediated
LHRH dcgradation in brain slice preparations is a concentration-dependent
phecnomenon. When the starting LHRH concentration is 100 pM, dcgradation
occurs approximatcly 60 limc.;' faster than when the starting LHRH
concentration was 1.0 pM and approximately 36,000 times faster than in

samples with starting LHRH concentration of 10 nM.



[ABLE 9: Subsirate-concentration dependence upon EP 24.15-mediated

LHRH degradation by hypothalamic slices in vitro.

STARTING LHRH

RATE OF EP 24.15-MEDIATED

CONCENTRATION LHRH DEGRADATION
(in_pmol LHRH/mg protcin/hr)
100 uM 1620
1.0 uM 27.12
10 nM 0.044

3 concentrations of LHRH, 10 nM, 1 puM and 100 pM, were incubatcd with hypothalamic slices in the presence and
absence of 50 uM EP 24.15 inhibitor, cFP-AAY-pAB, as dcscribed in Materials and Methods, phasec S. The

concentration of LHRH remaining in media was mcasurcd by RIA.

The rate of total LHRH degradation, expressed as "pmol LHRH/mg protein/hr® was calculated by measuring the no.

pmoles LHRH dissappearing over the 1Ist 30-min incubation period.

The rate of EP 24.15-mediated LHRH degradation, cxpressed as "pmol LHRH/mg protcin/hr”, was calculated by

subtracting the rate of LHRH in inhibitor-containing incubation from that in control incubation.

$6
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DISCUSSION

LHRH, by virtue of thc presence of an N-terminal pyroglutamate residuc
and a C-terminal amide bond, is resistant to degradation by most cxopeptidascs
such as amino- and carboxypeptidases. The cnzymatic degradation of LHRH must
thercfore be governed by cndopeptidases, a class of cnzymes capable of
hydrolyzing bonds inside a peptide chain. The possible involvement of cnzymes in
the rcgulation and termination of action of LHRH has attracted considerable
attention in view of the physiological and pharmacological interest in this
peptide. The degradation of LHRH by soluble and particulate fractions prepared
from rat hypothalamus and pituitary and pcripheral organs has becn cxamined
by scveral groups. On the basis of these studics, clecavage of bonds at several sites
in the LHRH molccule by a number of peptidases present in these crude cnzyme
prcparations was considered to be of potential importance in the degradation of
this pcptide, although most of the responsible enzymes were found in cytosolic
fractions. In carly studics where LHRH was incubated with a 100,000g supcrnatant
of hypothalamus (Koch ct al., 1974) or anterior pituitary (Hazum ct al., 1981), the
major product identified was the hexapeptide pGlu-His-Trp-Ser-Tyr-Gly,
indicating that LHRH itsclf or an N-tcrminal fragment of LHRH was clcaved at the
Gly6—Lcu7 bond. After incubation of LHRH with particulate fractions of pituitary,
Elkabes (1981) found 2 major product pcaks, LHRH!-6 and LHRH!-3 and a minor
pcak of LHRH!-4 McDcrmott (1982), on the other hand, found that after
incubating LHRH with cither soluble and particulate fractions of hypothalamus
and pituitary, the main peak appcaring during carly stages of degradation was
LHRH!-3, while at later stages, the LHRH!-3 pcak incrcased concomitantly with a
decline of LHRH!-5. This led to the conclusion that the important primary

cleavage site of LHRH is the TyrS-Gly6 bond and that the product of this rcaction,
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LHRH!-3, is further dcgraded in a subscquent rcaction, to LHRH!-3. The identical
pattern (of product formation vcrsus incubation time) was repcated when LHRH
was incubated with membranes preparcd from mousc ncuroblastoma cells and in
crude homogcnates of rat brain (Yokosawa ct al., 1987; Caronc ct al., 1987). Thus,
these later studics indicate that the Tyr5-Gly6 bond is the primary cleavage site of
LHRH, catalyzed by a poorly identificd cnzyme in brain and pituitary mcmbrancs,
whilc cleavage at the Trp3-Scr4 bond in a secondary rcaction is dependent on the
initial formation of LHRH!-3 by this primary LHRH-cleaving pcptidasc. It was the
goal of our studics (in phasc 1) to identify the activity(ics) in both the
hypothalamus and anterior pituitary membranc preparations, responsible  for
primary clecavage of LHRH through the usc of active site-dirccted inhibitors.

It was rccently shown in this laboratory that a synaptosomal fraction of rai
brain contains a mcmbranc-bound form of EP 24.15 that clcaves the opioid
peptides dynorphin Al“s.a-nco-cndorphin. B-nco-cndorphin and Mect-
cnkcphalin-Arg6-Gly7-Lcu8 at the 5-6 position to yicld the corresponding
pentapeptide cnkcphalins (Acker, ct al., 1987). Incubation of rat brain
synaptosomal mcmbrancs with these peptides in the presence of an inhibitor of
EP 24.15 blocked thc appcarance of thc cnkephalins. Work presented here
strongly indicates that in a particulatc fraction prepared from hypothalamic,
pituitary and AtT20 cclls as well as in intact AtT20 cells, EP 24.15 also functions in
the degradation of LHRH by catalyzing the initial hydrolysis of the Tyr5-Gly(’
bond. EP 24.11, which is also present in these cells, responsible for the formation
of the N-terminal hexapepiide by cleaving LHRH at the Gly6-Lcu7 bond, appears to
contribute less to LHRH degradation. A potent, active site direccted inhibitor of EP

24.15 recently developed in this laboratory (Orlowski ct al., 1988) with a K of 27
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nM, parially or completcly blocked the degradation of LHRH by all of the above
preparations. While the ratc of LHRH dcgradation was not significantly affected
by the addition of ACE inhibitor, captopril, the appcarance of the pGlu-His-Trp
fragment was blocked and the appecarance of pGlu-His-Trp-Ser-Tyr was greatly
cnhanced. These data further confirm that the primary dcgradation of LHRH s
catalyzed mainly by EP 24.15 through clcavage at the Tyr5-Gly(’ bond. Only after
libcration of the C-tecrminal pentapeptide, docs the remaining (blocked) N-
terminal peptide, pGlu-His-Trp-Ser-Tyr become a substrate for ACE, which forms
the tripeptide, pGlu-His-Trp by liberating the C-tcrminal dipeptide. The EP 24.15
inhibitor blocked the formation of not only LHRHI-5, but also LHRHI-3 as well,
further demonstrating the dependence of the ACE-mediated reactions on the prior
EP 24.15-mcdiated Tyr5-Gly6 cleavage, which is the rate-determining reaction.
This scquence of LHRH-DA bascd on the data presented here is schematically
presented in Figurc 12, LHRH is first degraded mainly at the Tyr5-Gly(’ bond by a
mcmbranc-bound form of EP 24.15, generating a blocked N-terminal peatapeptide
which is subscquently cleaved by ACE to yicld the tripeptide pGlu-His-Trp. Thus,
although the tripeptide, pGlu-His-Trp, rather than pGlu-His-Trp-Scr-Tyr, has been
reported as the major cnd-product by scveral groups who studied LHRH
degradation by crude cnzymc preparations from brain and pituitary (Elkabes ct
al., 1981; Yokosawa ct al., 1987), we belicve that thec scheme postulated here readily
recconciles this apparcnt discrepancy. In both the pituitary and AtT20
prcparations, wc also have found that pGlu-His-Trp is cither the only or primary
dctectable product in the absence of inhibitors. Only upon the addition of
captopril, does the LHRH!-5 mectabolitc tend to accumulate. Thus, the LHRHI-S
metabolite appears to be rapidly and nearly completely further metabolized 10

LHRH!-3; (his explains the failure of carlier groups 10 detect the
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LHRH!-5 mectabolite (in significant concentrations) when LHRH was incubated in
the absence of inhibitors of ACE. When LHRH is incubatcd with mcmbrancs
prcpared from mousc ncuroblastoma cclls, the formation of LHRH!-3 and LHRH4-5
was obscrved (Yokosawa ct al., 1987). Inclusion of thc ACE inhibitor, captopril,
causcs an incrcasc in the appearance of LHRH!-5 and a dccreasc in LHRH!-3 and
LHRH4-3, suggesting that LHRH is first clecaved at the Tyr5-Gly6 bond, and
subscquently hydrolyzed at Trp3-Scr4 by ACE to yicld thc di- and tripeptides. The
cnzyme which cleaved at the TyrS-Gly6 bond was not identificd, but these authors
considered the likelihood that it was a thiol proteasc because formation of the
LHRH!-5 was inhibited by a high concentration (1.0 mM) of
p-chloromercuribenzoate. EP 24.15. which is present in high concentration in
ncuroblastoma cells (Acker and Orlowski, unpublished obscrvations) and is
inhibited 33% by 0.2 mM pCMB (Orlowski ct al., 1983), was quitc possibly the
cnzymce responsible for the activity scen by these authors. In the present study we
have shown that captopril blocks the formation of LHRHI-3 by membrane
preparations from hypothalamus, pituitary and AtT20 cclls as well as in intact
A1T20 cclls, indicating that LHRH degradation in these preparations procceds in a
similar manner as in ncuroblastoma cclls. While we have not detected LHRHO-10
fragment, the cxpected mectabolite of EP 24.15-mediated LHRH hydrolysis, the
amidatcd C-tcrminal peptides gencrated by any clcavage of LHRH are no longer
blocked at the N-tcrminus, and arc therefore degraded very rapidly to freec amino

acids by aminopeptidases, which abound in these tissues.




Figurc 12: Proposcd schemc for the brcakdown of LHRH by
hypothalamic and pituitary membrancs. Bold arrows arc used to indicate
the important pathways in LHRH dcgradation, and large typc is uscd to
show the predominant brecakdown products scen in the abscnce of
inhibitors. EP = cndopeptidasc, AP = aminopeptidase, ACE = angiotcnsin

converting  cnzyme.
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When LHRH is incubated with purified EP 24.11 preparations, the peptide is
clcaved at the Gly6-Lcu7 bond. Howcver, this rcaction procceds rather slowly.
With longer incubations, EP 24.11 catalyzes clecavage of the Scr4-Tyr5 bond (in
the LHRH!-6 mcuabolite) into pGlu-His-Trp-Scr and Tyr-Gly. The slow
degradation of LHRHI-10 (2 (0 5% after 1 hour) by purificd EP 24.11 would
cxplain the rather poor protection of LHRH provided by EP 24.11 inhibitor, ¢FE-
F-pAB, when incubated with pituitary mcmbrancs. pGlu-His-Trp-Ser was also
scen when pitvitary membranes were incubated with LHRH in the presence of
captopril, suggesting that ACE is not involved in formation of the tctrapeptide.
The formation of pGlu-His-Trp-Ser can be attributed to cleavage of the Ser-Tyr
bond by EP 24.11 acting on thc N-terminal hexapeptide of the hormone, as scen
with long incubations of purified EP 24.11 preparations with LHRH. Carone
(1987) also rcported a low rccovery of LHRH!-4 a comparcd to the recovery of
LHRH!-5 following incubation of LHRH with crude homogenates of brain and
pituitary; their data arc apparcntly in agrcement with our work showing that
EP 24.15-mcdiated hydrolysis of the Tyr5-Gly6 bond scrves as thc primary
rcaction in LHRH dcgradation. These data, showing that inclusion of inhibitors
of EP 24.15 and not EP 24.11, cither completely or at lcast in large part, inhibit
LHRH dcgradation, arc in agrcement with data rcported by Edwardson and
McDermott (1985) showing that inhibitors of EP 24.11, aminopeptidase or prolyl
cndopeptidasc were unable to rctard hydrolysis of LHRH by synaptosomcs, thus
implicating still another cnzyme in this process. Perhaps EP 24.15 is that
hcretofore  unidentified primary LHRH-degrading cnzyme.

Skidgel and Erdos (1985) have reported that ACE from human kidncy
purificd after solubilization with trypsin, catalyzed an unusual hydrolysis of
the Trp3-Scr4 and Lcu']-Arg8 bonds in LHRH with pGlu-His-Trp being the major

dcgradation product. That these bonds werc indeed hydrolyzed by ACE was
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confirmed by dcmonstrating that captopril inhibited these rcactions. It is

thercfore of intcrest that in our expecriments no such rcactions were obscrved

with brain, pituitary or AtT20 cell mcmbranc preparations, since inhibition of

EP 24.15 was sufficient to block thc formation of pGlu-His-Trp. The significance

of these new ACE-catalyzed rcactions in membrane preparations remains to be

decmonstrated.

Marks and Stern (1974) studying LHRH dcgradation by crude brain
cxtracts, rcported the presence of 2 activitics responsible for primary clcavage
of LHRH: 1) internal clcavage (at cither the TyrS-Gly(’ or G|y6-Lcu7 bond); and
2) a slower C-terminal clecaving cnzyme removing the glycincamide from the C-
terminus. Evidence for 2 scparatc primary cleaving activitics was provided by
studics using structurally modificd LHRH analogs. A D-Xaa® substitution had a
strong inhibitory cffect on the internal cleavage activity as demonstratcd by
fact that intcrnal amino acids were liberated from native LHRH but not from D-
Xaa6-analogs. On the other hand, substitution of the C-terminal glycincamide
(such as in [D-Ala6.dcsGly10]-LHRH cthylamidc) had a lesser, but distinct
inhibitory cffect which was demonstrated by the fact that the C-terminal
cthylamide and adjacent prolinc was not relecased from these analogs.
Substitutions at both sites provided the most complete inhibition of LHRH
hydrolysis In a similar vecin, Horsthemke (1981) demonstratcd dzgradation of
LHRH by purified preparations of both:

1) a soluble, nonchymotrypsin ncutral "LHRH-dcgrading cndopeptidase” which
hydrolyzes the internal 'l‘yr5-Gly6 bond. This cnzyme is inactive towards
analogs with a D-amino acid substitution in position 6; and

2) a soluble, post-proline cleaving enzyme which hydrolyses the Pro9-G|y‘0

bond. This cnzyme is less active towards analogs with cthylamide
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substitutions in position 10. This cnzyme is identical 1o prolyl endopeptidase
described by Wilk (1979).

We, on the other hand, while also finding major TyrS-GIy6-clcaving
activity (by EP 24.15), have found little cvidence of any important degrading
activity at the Prog-Glym bond in any of the in vitro preparations uscd here.
Only upon inhibition of thc primary LHRH dcgrading cnzyme, EP 24.15, can the
appcarance of LHRH!-9 be detected (when LHRH was incubated with AtT20
cells). Since prolyl cendopeptidasc is a cytoplasmic cnzyme, its lack of activity
towards LHRH in our membranc preparations is rcadily understood. In fact,
Acker ct al. (1987) found that only traces of prolyl cndopeptidasc activily are
associated with purificd synaptosomal membrancs. In a similar vein, Edwardson
and McDcrmott (1985) reported that an anticatalytic antibody to prolyl
cndopeptidase did not inhibit the degradation of cxogenous LHRH by synaptic
membranes. While an cthylamide substitution in position 10 is rcported to
increase the potency of the LHRH molccule, increcased potency is not likely
provided by any resistance to prolyl endopcptidasc since a soluble peptidase is
unlikcly 1o bc instrumcntal in the inactivation and clearance of a systemically
administered peptide. Somc reports have attributed the cthylamide moleccule's
potency 1o an incrcased binding affinity for the LHRH receptor (Perrin ct al.,
1980).

On the other hand, the incrcased potency afforded by D-Xaal
substitutions may well be attributed to their resistance to membrane
cndopceptidases cleaving internal peptide bond(s). In the present study we have
shown that D-Xaa6-analogs rcmained virtually immunc to hydrolysis by EP
24.15 as well as by EP 24.11 (1able 2). Since both of these enzymes possess
membrane-associated LHRH-DA, and are present in high concentrations in

periphery (table 6), one or both enzymes may well be instrumental in
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terminating the biological activity of circulating LHRH. Accordingly,
resistance to degradation by onc (or both) of these 2 cnzymes might be the
main factor in thc incrcased biological activity of D~Xaa(’-analogs. These LLHRH
analogs cvokc an incrcased pituitary response, i.c. both thc magnitude and
duration of gonadotropin sccretion is dramatically greater than the responsce (o
native LHRH (Wass ct al. 1979, Sornia ct al., 1975). The increcased activity of thesc
analogs is bclicved to be duc cither to diminished rate of degradation and longer
half life in the circulation or to greater affinity to LHRH rcceptors (Barron o
al., 1982; Wass ct al., 1979, Pcrrin ct al., 1980; Clayton and Catt, 1980). Numcrous
studics have compared the stability of natural LHRH in vitro and in vive with
that of thc supcractive analogs (Barron ct al., 1984, Swift and Crighton, 1979).
Extensive LHRH dcgradation has bcen shown to occur in peripheral tissuc
preparations (in addition to brain and pituitary preparations) in vitro and also
in the circulation of live animals (Bicnert ct al., 1983; Caronc ct al, 1987;
Berger et al., 1987). In contrast, LHRH analogs display resistance to tissuc
peptidases and also have incrcased stability in the circulation in vivo as
dcmonstrated by thcir decrcased clcarance rates and incrcased plasma  half-life
(Marks and Stern, 1974; Koch and Baram, 1977; Barron ct al., 1982; Chu et al.,
1985). These studies as well as others that show a direct correlation between the
order of potency among LHRH analogs and extent of resistance 1o proteolysis
(Sandow et al., 1979; Swift AD and Crighton DB, 1979), have strongly implicated
the resistance to degradation as the major, if not only factor in their
"supcractive propertics”. Sincc it is the D-Xaa®-substitution which confers the
increased in vitro and in vivo stability to thc LHRH molecule, the biologically
important hydrolyzing activity responsible for decgradation of native LHRH
must occur either at the Tyrs-Gly6 or Gly6-Lcu7 bonds, the sites of EP 24.15 and

EP 24.11 activity, respectively (Conn ct al., 1984). However, it can not be
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dcciphered from those studics which of these 2 bonds is thc primary site of
hydrolysis. Accordingly, the relative importance of EP 24.11 versus EP 24.15
activity in the decgradation of LHRH, could not bc dctermined by merely
comparing thc stability of LHRH versus LHRH analogs. Rather, the use of
inhibitors of both cnzymcs in modcls for studying LHRH degradation in vivo
provides the onc dcfinitive mcans of dcciphering the reclative importance of
these 2 cnzymes in this process. By cmploying these inhibitors in our studics,
we demonstrated the importance of EP 24.15 in the inactivation of LHRH by
hypothalamic and pituitary mecmbrancs, and therefore, we were given rcason
to belicve that it is primarily the resistance to this enzyme which affords to
these analogs their increcascd potency. As a corollary, the activity of this
cnzymc would then be assumed to curtail the biological activity of native LHRH,
i.c. EP 24,15 may have a major role in rcgulating the LH- and FSH-relcasing
activity of LHRH. Further studies using inhibitors of both EP 24.11 and EP 24.15
in a biological model for demonstrating LHRH's gonadotropin-rclcasing
activity, wcre nccessary to identify the endopeptidase responsible for
modulating LHRH's biological activity.

Previous studics in our laboratory have shown that the primary
specificity of the cnzyme was shown to be directed toward peptides having a
hydrophobic amino acid residue in the Py and P2 positions. Sccondary cnzyme-
substratec intcractions, however, at sites removed from the immediate vicinity of
the scissile bond were also shown to greatly influence the catalytic process
(Orlowski et al., 1983). Prominent among thosc intcractions was the cnhancing
influence of a hydrophobic or bulky residue in the P3' position on the turnover
ratc constant. This pattern of specificity was shown to be valid for both
synthetic and natural peptides. Consequently, it was not surprising that both

the soluble and membranc-bound forms of the enzyme were shown to
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hydrolyze the TyrS-Gly6 bond in LHRH (Orlowski, ct al., 1983; Molincaux et al.,
1988). The synthcsis of potent active site-directed inhibitors of the enzymc (Chu
and Orlowski, 1984; Orlowski, ct al.,, 1988) provided the nccessary tools for the
cvaluation of the role of this cnzyme in the in vivo degradation of LHRH. A
scheme of intcraction of LHRH and thc inhibitor, used in the present study,
with the active site of EP 24.15 is shown in Figurc 13. Thc scheme undcerscores
the importance of thec P} and P3' position for inhibitor and substratc binding.
The degradation of LHRH at the Tyr>-Gly® bond by EP 24.15 indicates that Ser?
and Tyrd must bind to the S» and S| subsites of the cnzymece, respectively, with
the Arg8 residuc becing accommodated at the S3' subsite. The Ky of 95 mM
differs substantially from the K; valuc for LHRH previously obtained (811 uM),
when the peptide was used as a competing substratc (Chu and Orlowski, 1985).
This Kj should be cqual to the Ky when the inhibition is purcly competitive,
and the inhibitor is being uscd as a compcting substratc. The discrepancy found
between experiments in which LHRH was used directly as substratc or as a
competitive inhibitor suggests that intcraction of LHRH with EP 24.15 is morc
complex than that of a simple substratc or competitive inhibitor (Scgal, 1975).
Activation of cnzyme activity toward synthctic substraics by certain small
peptides such as the carboxyl protcasc inhibitor pcpstatin have recently been
shown to occur in vitro (Orlowski and Michaud, unpublishcd obscrvations),
suggesting that therc may be a rcgulatory sitc on the enzyme scparatec from the
active site. If LHRH also interacts with such a site, then activation might have
masked the inhibition of synthetic substrate cleavage by lower concentrations
of the peptide. These questions need further investigation. The measurement of
the affinity of LHRH for thc membranc-bound form of EP 24.15 must await
studies with the purified form of the cnzyme. The availability of similar active

site directed inhibitors of EP 24.11 (Almcnoff and Orlowski 1983) and of ACE
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(Cushman ct al., 1980) provided thc neccssary tools for the cxploration of the

rclative significance of LHRH dcgradation both in vitro and in vivo.




Figure 13: Schceme of interaction of cFP-AAF-pAB and of LHRH
with the active site of cndopeptidase 24.15. The Phc and Arg residucs of the
inhibitor and LHRH respectively arc shown to interact with the S$3' subsitc
of the substratc reccognition site of the cnzyme. The phenylpropyl group of
the inhibitor and the Tyr residuc of LHRH bind to the S| subsite, while the
carboxyl group of thc inhibitor and thc carbonyl moicty of the substrate
coordinatc with the active site zinc atom. The arrow indicates the scissile

bond in LHRH.
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The cxperiments performed in phase | with hypothalamic and pituitary
membrance preparations demonstrated the use of active site-directed inhibitors
of EP 24.15, EP 24.11 and ACE in dctcrmining which peptidascs are instrumental
in LHRH dcgradation in vitro. Sincc brain mcmbranes possess these 3 activitics,
the possibility cxists that onc or morc of these cnzymes may be active in CNS
cxtraccliular mctabolism of LHRH in vive. To test the rclative importance of
these enzymes in this process, we chose as an cxperimental model in phasc 2,
the ICV administration of LHRH in the prescnce and abscnce of inhibitors of
these enzymes. Mctabolism of LHRH was monitored by mecasuring (by RIA) the
concentrations of LHRH remaining in brain homogenates at 1 hour following
LHRH infusion.

In experiments with ICV administration of LHRH, there was a distinct
order of effectiveness among the three inhibitors with regard to cnhancement
of LHRH rccovery (figurc 5). Only the EP 24.15 inhibitor gave a statistically
significant incrcasc in LHRH rccovery. cFP-F-pAB and captopril, on thc other
hand, did not significantly precvent LHRH dcgradation in brain. Thus, in the
CNS, the order of importance of the 3 cnzymes in in vivo LHRH mctabolism
follows the order scen in vitro, with EP 24.15 responsible for the greatest
proportion of LHRH degradation. EP 24.11 appcars to play a role, albeit a lesser
onc, since thc administration of EP 24.11 inhibitor results in a higher recovery
of LHRH than that scen in control animals, but still a far lower recovery than
that afforded by the usc of the EP 24.15 inhibitor. Furthcrmore, the finding that
LHRH recovery from brain incrcased only very slightly after administration of
both EP 24. 15 and EP 24.11 inhibitors (morc than the increasc afforded by EP
24.15 alonc) (table 3), further supported the conclusion that EP 24.11 plays only
a minor role in the in vivo LHRH dcgradation. Since captopril affords the least

protection of LHRH, it is concluded that ACE is the lcast important of the 3
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cnzymes in thc CNS mectabolism of LHRH in vivo. Thesc data arc also consistent
with thosc obtained in the in vitro cxpecriments with hypothalamic membranc
fractions. Whilc the maximal rccovery of LHRH from brain in the presence of
the EP 24. 15 inhibitor 1 hour after ICV administration was only 20% of the
administcred dosc, the amount rccovered must have been affected not only by
cnzymatic degradation but also by redistribution of the peptide in the
cercbrospinal fluid and its cxit into the gencral circulation. Conscquently, cven
upon total inhibition of LHRH-DA, onc would not be cxpecied to recover morc
than a small fraction of thc amount infuscd.

In view of thc pharmacological importance of LHRH and its analogs in
the trcatment of a varicty of conditions it was important to identify the cnzymes
that control LHRH degradation in pcripheral tissucs. Scveral groups have
obscrved the degradation of LHRH upon incubation with homogenates of
scveral organs including liver, lung, kidncy, gonads and cven blood (Bicnert ct
al., 1983; Caronc ct al., 1987; McDermott ct al., 1981). Systemically administered
LHRH has bcen shown to have short half-lives and rapid clearance rates in vivo
(Chu ct al., 1985; Berger ct al,, 1987, Barron ct al., 1982). Morcover, the duration
of action of native LHRH as mcasurcd by the length of the LH response, is quite
short (Coy ct al., 1974; Wass ct al, 1979). Furthcrmore, scveral LHRH mctabolites
have been dctected in the blood and urine of live rats injected with radiolabeled
LHRH (Stettler-Stevenson, ct al.,, 1983; Carone ct al., 1987), lending further
credence to the conclusion that rapid and cxtensive peripheral LHRH
mctabolism curtails the pharmacological actions of parenterally administered
native LHRH. The susceptibility of LHRH to peptidase activities in peripheral
organs may well bc a major factor in both the short half life and duration of
action of LHRH (Karten and Rivier, 1986). This notion is further supporicd by

the increased half-life as well as duration and magnitude of action of the
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superactive LHRH agonists. As indicated above, we had strong rcason to bclieve
that the major factor incrcascd in vivo survival of these analogs is their
resistance 1o EP 24.15 activity. Accordingly, inhibiting the activity of this
cndopeptidasc by in vivo administration of inhibitors should allow native LHRH
to mimic thc superagonists with regard to their survival timc (half-life) and
possibly also, biological potency. As in the CNS, the presence of ACE, EP 24.11
and EP 24.15 in pcriphcral organs has bcen cstablished. Conceivably any of
thesc activitics may hydrolyze and thus be responsible for the short half-lifc of
LHRH in thc periphery. We have thercfore studied the influence of inhibitors
of these cnzymes on the plasma half lifc of intravenously administered LHRH.
Among the threc inhibitors uscd in this study, cFP-AAF-pAB causcd the largest
increment in LHRH half-life, whercas cFP-F-pAB was lcss cffective and
captopril had almost no cffect (table 4). Thus, the order of cffectiveness of the
three inhibitors was similar to that found in brain, and therefore the order of
importance of the 3 enzymes in peripheral LHRH dcgradation is identical to that
found in the CNS.

Uncxpectedly, however, while ICV co-administration of ¢FP-AAF-pAB and
cFP-F-pAB did not significantly increcasc th¢e LHRH rccovery from brain over
that scen with the EP-24.15 inhibitor alone, concurrent 1V administration of the
two inhibitors dramatically incrcased the half lifc and concentrations of LHRH
in plasma over thosc scen with cither inhibitor given alone. The magnitude of
the increase after co-administration of the two inhibitors climinated the
possibility that the increcasc rcsulted from a simple additive cffect of the two
inhibitors. Examination of the structure of cFP-AAF-pAB indicated that this
inhibitor may be susceptible to degradation by EP 24.11 and therefore, after
intravenous administration of the EP 24.15 inhibitor, it may bec inactivated by

the large presence of EP 24.11 in peripheral organs. Accordingly, concomitant
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administration of cFP-F-pAB, an inhibitor of EP 24.11, would be expected to
protect cFP-AAF-pAB from dcgradation in vivo. cFP-AAY-pAB, administcred
under these conditions, could be expected to provide a far longer and more
complete in vivo inhibition of EP 24.15 and thus, a morc complete protection of
LHRH from EP 24.15-mediatcd dcgradation than when administered in the
absence of EP 24.11 inhibitor. Both EP 24.11 and bactcrial thermolysin, having
similar spccificitics, clcave peptide bonds on the amino side of hydrophobic
amino acid residucs, (Orlowski and Wilk, 1981; Almcnoff and Orlowski, 1983 and
1984; Pozsgay ct al. 1985 and 1986). It could thcreforc be anticipated that both
cnzymes would cleave the Ala-Phe bond in cFP-AAF-pAB. Indced, cxpcriments
rcported herec showed that purified EP 24.11 and thermolysin degrade cFP-AAF-

pAB to F-pAB and cFP-AA according to the following rcaction:

EP-24.11 or thermolysin

cFP-Ala-Ala-Phc-pAB - > cFP-Ala-Ala + Phc-pAB

This finding togcther with the demonstration that plasma c¢FP-AAF-pAB
levels after 80 min were more than ten-fold higher in animals trcated IV with
both inhibitors than in animals trcated with cFP-AAF-pAB alone, provided
strong evidence for the conclusion that the increcased cffcct seen after both
inhibitors could be attributed 1o inhibition of degradation of the EP 24.15
inhibitor and thereby, the increased protection of LHRH. Further support for
this conclusion was provided by the finding that free urinary pAB (a mcasure
of in vivo metabolic degradation of cFP-AAF-pAB) was greatly lowered in
animals given both inhibitors, and that cFP-AA, a product of cFP-AAF-pAB

degradation was inecffective as an EP-24.15 inhibitor. That cFP-AAF-pAB is




degraded by EP 24.11 in pcriphcral tissucs is indced verified by the finding that
the tissuc distribution of thc cFP-AAF-pAB-dcgrading activity corresponds to
the tissuc distribution of this enzymc (table 5).

Our mcasurements of EP 24,11 activity (tables 5 & 6) showcd that the
cnzyme is about 200 times morc active in the kidney than in brain and that most
other peripheral tissucs also exhibit higher EP 24.11 activitics than the brain.
As would be cxpected, the ratc of cFP-AAF-pAB dcgradation by EP 24.11 in
diffcrent tissues closely followed the rate of degradation of Glt-Ala-Ala-Phe-
2NA, an EP 24.11 substratc. The difference in EP 24.11 activity between
pcripheral organs and brain rcadily cxplains the failure of the EP 24.11-
inhibitor to substantially incrcase LHRH rccovery after concurrcnt ICV
injections of cFP-AAF-pAB and c¢FP-F-pAB. Apparently, unlike in pcripheral
tissucs, the low brain EP 24.11 activity is not a significant factor contributing to
the dcgradation of cFP-AAF-pAB.

Collectively, our data strongly indicatc that likc in brain, EP-24.15 is the
primary ecnzyme responsible for LHRH dcgradation in peripheral tissucs,
although EP 24.11 can contribute 10 this process (Flourct ct al., 1987, Steuler-
Stevenson ct al., 1983). Mcasurement of EP 24.15 activity in numcrous
peripheral organs using a synthetic substrate, Boc-Phc-Ala-Ala-Phe-pAB,
suggests scveral anatomical loci for the peripheral degradation of LHRH by EP
24.15. Wc have found high activity of this enzyme in organs such as spleen,
testes, liver, lung and skclctal muscle (table 6). In view of the total mass of these
tissucs, the obscrved large contribution of EP 24.15 activity in the periphery
towards LHRH degradation can be more readily understood. It is of interest that
gonadal tissuc, known to have high EP 24.15 activity (Chu and Orlowski, 1985)
was also found to have considerable LHRH-DA (Carone et al., 1987), and that the

primary degradation product was found to be pGlu-His-Trp-Ser-Tyr (LHRH!-5),
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a finding consistent with EP 24.15 involvement. Thus thc protection of
systemically administered LHRH by EP 24.15 inhibition is casily explained. On
the other hand, administration of EP 24.11 inhibitor (in the abscnce of EP 24.15
inhibitor), whilc it afforded somc protection of plasma LHRH, did not
significantly prolong the peptide's plasma half-lifc. Quantitatively, thercfore,
this ecnzyme would appear to play a lesser role than EP 24.15 in the inactivation
and clecarance of systcmically administcred LHRH. The relative importance of EP
24.15 versus EP 24.11 in LHRH dcgradation in peripheral tissues is notable in
vicw of the high EP 24.11 activitics in such tissues as kidncy and lung. A
possible cxplanation is provided by the finding that among 20 different natural
peptides onc of the slowest rates of degradation by EP 24.11 was obscrved for
LHRH (Matsas ct al., 1984). Also, thc Km of LHRH for EP 24.11 (755 uM) was found
to bc some cight times higher than for EP 24.15 (95 pM; Molincaux ct al., 1988).
Other factors, however, such as cnzyme localization and acccessibility of the
substrate to thc cnzyme must also be considered. The unusually high EP 24.11 in
the kidney is primarily concentrated in the microvillar brush border
membranes of the proximal tubules (Kerr and Kenny, 1974). This localization
would tend to limit the action of the enzyme only on that fraction of LHRH that
cnters the glomerular filtrate. Thus kidncy EP 24.11 activity would not likely be
of major importance in the inactivation of circulating LHRH since the fraction
entering the renal interstitium would not be cxpccted to re-enter the
circulation cven in the absence of proteolytic degradation. The higher EP 24.15
activity found in most other tissucs (with the exception of the lung) may
thercfore be another contributing factor for the dominant role of this enzyme
in LHRH decgradation. It is of interest that after intravenously injecting tritiated
LHRH into rats, Redding and Schally (1973) obscrved that the radioactivity was

concentrated in the liver and kidncy, a finding interpreted to indicate that
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these 2 organs arc major sites for the inactivation and ecxcrction of LHRH. A
comparison of the activitics of EP 24.15 and EP 24.11 in crude homogenates of
the liver clearly indicates the predominance of EP 24.15 activity, although the
rclative EP 24.15 activity in this organ comparcd to othcer organs such as the
testes, brain and spleen is stili somewhat low (table 6). Howcver, when onc takes
the mass of the liver into consideration, the contribution of EP 24.15 activity in
this organ 10 thc decgradation of circulating LHRH may conccivably be
considerable. Inhibition of ACE, on the other hand, provides almost no
prolongation of LHRH's half-lifc and thcreforc this cnzyme is assumcd to play
the lcast important rolc among thc 3 peptidases in periphecral LHRH mectabolism.
The finding that EP 24.15 is the primary factor that determincs the in
vivo mctabolism of LHRH has both thcorctical and practical implications.
Enzymatic degradation of LHRH has been proposed to be a factor in rcgulating
the amount of LHRH rcaching the pituitary gonadotropes and dectermining
thereby the magnitude and duration of the sccrctory response of the pituitary
to this peptide. Advis ct al (1982b) cxamined LHRH-DA in hypothalamic soluble
fractions prepared from fcmale rats during the first cstrous cycle at puberty.
They found that the rate of LHRH dcgradation decreased on the aftcrnoon of the
first proestrus, when the level of LHRH within the hypothalamus is increascd,
at a timec immecdiately prior to the rise in plasma LH. Furthermore, in
ovaricctomized rats trcated with cstrogen and progesterone to induce 4
proestrous-like LH surge, the same rescarchers observed a decline in LHRH-DA
immediately prior to the LH surge (Advis ct al, 1983). These studies point to a
functional importance of LHRH dcgradation with regard to the recgulation of
pituitary gonadotropin sccrction and, ecspecially, the preovulatory LH surge
scen on the evening of proestrus, although the enzymes likely to be involved in

this process have not bcen identified. Such regulatory mechanism would
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rcquire the presence of LHRH-DA at the a) site of release: where LHRH-DA may
serve 1o reduce the amount of intact LHRH reaching the portal circulation; or at
the b) target organ: where LHRH-DA may scrve to terminatc LHRH's action in a
modec analogous to acctylcholinestcrase at the ncuromuscular junction. Since
both the hypothalamus and anterior pituitary arc rich in EP 24.15, it is quitc
possible that onc or both of thesc modes of rcgulatory enzymatic activity may
be physiological functions of this cnzymec. A first step in investigating this
possibility is to cvaluate the role of EP 24.15 in regulating the gonadotropin-
rclcasing activity of cxogenous LHRH. In light of thc carlicr studics, both in
vivo and in vitro, showing thc preccminence of EP 24.15 in the¢ CNS mctabolism
of LHRH extraccllularly, we had rcason to bclieve that the CNS EP 24.15
mctabolism of LHRH may bc instrumental in this process. To test this possibility,
in onc of thc cxperiments in phase 3 of this project, we monitored the pituitary
response, i.c. the magnitude and duration of LH and FSH sccretion, following
ICV infusion of LHRH in thc prescnce and absence of EP 24,15 inhibitors.
Another aspect associated with our findings is that in view of the
therapeutic potential of LHRH, knowledge of the mechanisms of LHRH
degradation acquires in addition to its physiological significance, also
pharmacological importance. The therapeutic use of LHRH is secverely limited
by its rapid (cxtraccllular) degradation in peripheral tissues and the very short
half lifc of this hormone in peripheral circulation (8 to 10 min) (Barron ct al.,
1982; Chu ct al,, 1985). The notion that rapid and extensive periphcral LHRH
mctabolism is responsible for its rapid clcarance and short half-lifc is fully
supported by our work in which the inhibition of pecripheral peptidases, and in
particular, EP 24.15, prolongs the half-life of natural LHRH 1o that of the D-
Xaa6-analogs (30 to 150 min; Karten and Rivicr, 1986). As mentioned above, this

substitution confers resistance to tissue peptidase activity and, in particular, to
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EP 24.15 and EP 24.11 activity. Furthcrmore, while no proof has been
forthcoming, it is this resistance, in addition to the increcascd binding potency
of thcse analogs, which has been thought to be the cause of their increased
biological potency (Barron ct al.,, 1982, Clayton and Catt, 1980). The rcason for
the inability of rcscarchers to dcefinitively determince the cause of thesc
analogs' supcractivity is because the following quecstion had never been
answered: "Docs LHRH-DA, in vivo, significantly curtail LHRH's biological
(gonadotropin-relcasing) activity?” Our previous work showing the role of EP
24,15 in LHRH dcgradation in crudc (mcmbranc) cnzyme preparations in vitro
and in the clearance of LHRH from the CNS and periphery in vivo, gave us
considcrablc reason to belicve that EP 24,15 activity would curtail the
pharmacological actions of LHRH, following cither ICV or IV administration.
The availability of cnzyme inhibitors gave us the mcans to probe these issucs.
Plasma LH and FSH lcvels were measurcd following ICV and IV administration of
LHRH in the presence and abscnce of EP 24.15 (and also EP 24.11) inhibitors.
Because we had a dircct mcans to study the involvement of LHRH-DA in
modulating LHRH's biological actions, we were in an idecal situation to also
cvaluatc the causc of the supcractive propertics of the LHRH analogs. If the
incrcascd biological potency of these analogs result from their resistance to
LHRH-DA, then responses similar to those scen after administration of thesc
analogs would be cxpected after natural LHRH administration, if the
biologically important LHRH-DA was completely inhibited, i.e. by concurrent
administration of inhibitors of the biologically important cnzymes. By first
dctermining the biologically important LHRH-degrading cnzyme, i.c. the
cnzyme responsible for curtailing LHRH's biological action, we could then

compare thc LH and FSH-releasing activity of natural LHRH after inhibition of
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this cnzyme with that of the D—Xaa6-analogs. In this way, thc contribution of
resistance to LHRH-DA to the analog's biological propertics could be cvaluatced.

Thus, this became the basis for the design of one of the cxpcriments in
the next phase of the thesis project in which the LH- and FSH-rcleasing activity
of IV-administered native LHRH in the presence and abscnce of scveral
peptidase inhibitors was comparcd with that of 2 LHRH supcragonists, [D-Trp0]-
LHRH and [D-Lcub.des Gly-NH210)-LHRH EA. To fully cvaluate the biological
activity of these peptides, we monitored both the magnitude as well as duration
of both the LH and FSH responsc.

The results presented here, in phase 3, (figures 10-13) show that the LH-
and FSH-releasing activity of cither IV- or ICV-administered LHRH is
dramatically augmented by inhibition of EP-24.15 activity. Thus, both the
duration and amplitude of the¢ LH and FSH sccrctory response to cither IV or ICV
administered LHRH was incrcased by EP 24.15 inhibitors many times above
values scen in control animals. This substantiates the belief that both CNS and
periphcral EP 24.15-mcdiated hydrolysis of LHRH plays a major role in
modulating its gonadotropin-relecasing activity. This activity in th¢ CNS is more
likely to have physiological importance in that it may catalyze the extracellular
mctabolism of sccrcted endogenous LHRH. On the other hand, peripheral EP
24.15 activity is morc likely to be important pharmacologically in that it
dramatically influcnces both the pharmacokinetics and pharmacodynamics of
systemically administercd LHRH.

Furthermore, our data (figures 10 & 11) show that the magnitude and
duration of both the LH and FSH response to natural LHRH given IV in
conjunction with inhibitors of EP 24.15 & EP 24.11, was comparable to thosc scen
after IV administration of equivalent amounts of 2 LHRH D-Xaa6-analogs.

However, since the dramatically incrcased response 1o native LHRH was scen
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after joint administration of both EP 24,15 & EP 24.11 inhibitors, a dircct
quantitative cvaluation of EP 24.15's rolc in rcgulating the gonadotropin-
rclcasing activity of LHRH, could not be made.

In responsc to this problem, in phasc 2 of this study, we proved that the
incrcased plasma half-life of LHRH following joint administration of inhibitors
of the two cnzymes can be mainly attributed to the protection of LHRH from EP
24.15-mcediated dcgradation, whilc cFP-F-pAB, an inhibitor of EP 24.11, when
given together with c¢cFP-AAF-pAB, scrved mainly to protect the EP 24.15
inhibitor from dcgradation by EP 24.11. As a logical cxtension, the increased
gonadotropin-releasing  activity exhibited by LHRH jointly administered with
both inhibitors can bc almost cntircly directly be attributed to the protection of
LHRH from EP 24.15-mediated hydrolysis. This conclusion is further supportced
by the finding that cFP-AAY-pAB, another EP 24.15 inhibitor which is more
resistant to EP-24.11-degradation than cFP-AAF-pAB, is ncarly as cffcctive in
augmenting the response to LHRH as the joint administration of both EP 24.15
and EP 24.11 inhibitors. Furthcrmore, when cFP-F-pAB alonc was co-
administcred with LHRH, the LH and FSH response resembled more closcly the
response scen in controls (treated with no inhibitors) than the responsc to
cither natural LHRH & EP 24.15 inhibitor or LHRH analogs. These data suppon
our hypothesis that EP 24.15 activity !is the main activity responsible for the
in vivo pcriphcral LHRH decgradation, and 2)curtails the gonadotropin-
releasing activity of LHRH. Therefore, since the response to natural LHRH
given in conjunction with inhibitors of EP 24.15 & EP 24.11, or EP 24.15
inhibitors alone, was comparable to the responsc to the LHRH analogs, wc can
strongly arguc that the biological potency of the D-Xaa%-modified superactive
analogs can be attributed, in large part, 10 their resistance to EP 24.15-mediated

hydrolysis of the 'I‘yrS-Gly6 bond.
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Experimental data presented in the literature which support the notion
that the dccreased susceptibility to enzymatic degradation contributes to the
biological potency of LHRH supcragonists has bcen reviewed above. The
incrcased sccretory response to supcractive analogs of LHRH might bc also
derived from their higher affinity to pituitary LHRH receptors. The degree,
howcver, of thc contribution to the increased potency of these analogs by their
higher affinity to LHRH rcceptor remains nevertheless to be fully evaluated
(Clayton and Catt, 1980; Clayton ct al., 1979, Pcrrin ct al., 1980). That the ratio of
the biological potency of the supcragonists to that of LHRH is many times
higher than the ratio of their binding affinitics argucs for the involvement of
factors bcyond the binding affinitics in the ultimate biological effcctiveness of
these analogs (Clayton and Catt, 1980; Wagner ct al., 1979). Our findings
showing that administration of LHRH together with inhibitors of EP 24,15 clicits
a biological response similar in magnitude and duration to that obtained after
supcractive LHRH analogs, strongly argucs for the view that the in vive
resistance 1o cnzymatic degradation, and in particular, EP 24.15-mcdiated
dcgradation, is thc primary if not the only factor responsible for the incrcased
biological activity of these analogs. Indeced. data have been presented which
suggest that the incrcased affinity of the analogs might result, in large part,
from their resistance to dcgradation by membranc peptidases present in the
incubation mixturcs uscd in binding assays (Clayton and Catt, 1980).

In both intravcnous and intraccerebroventricular cxperiments, the
amplitude of the LH responsec was higher than that of the FSH responsc, in all
cxperimental groups (control, inhibitor-trcated and “supcragonist”-trcated).
This obscrvation is consistent with carlier work dcmonstrating that a higher
threshold of stimulation (by cxogenous LHRH) is required for FSH release

than for LH release (Ondo ct al., 1973; Arimura et al., 1972). Also, a single
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(submaximal) dose of LHRH clicits a sccretion of LH higher in magnitudc
than the sccretion of FSH (Ondo et al,, 1973; Rennels et al,, 1971). The finding
that the duration of thc¢ FSH response was longer than that of LH in the
control group may bc an cxpression of a slower metabolic clearance ratc of
FSH than of LH, a condition likcly to be related to the uniqueness of the beta
chains of the two hormoncs. (Emmanoucl ct al.,1984; Kambceri ct al., 1971).
Following the characterization and isolation of LHRH in the carly 1970,
it was anticipated that synthctic LHRH and its analogs would prove to be
valuable in the trcatment of certain forms of female infertility. Supcractive
agonists acutcly incrcase gonadotropin sccrction; however, after the initial
stimulatory phasc, lasting 1 to 2 wecks, a chronic state of dccreased pituitary
responsiveness cnsucs, probably as a result of down-regulation of LHRH
recceptors and desensitization of gonadotropes (Conn ¢t al.,, 1984; Frascr, 1984;
Filicori and Flamingo, 1988). Accordingly, long term administration of LHRH
agonists reduce LH and FSH sccrction and gonadotropin-dependent gonadal
function. As a result, profound suppression of plasma testostcrone and estradiol
sccretion occurs. These pharmacological propertics, however, can be utilized
therapeutically to manage disorders that arc closcly linked to gonadal steroid
sccretion, where suppression of gonadal function would be advantageous. Thesc
include female contraception, precocious puberty, cndometriosis, hormonally-
dependent malignancics such as prostatic and breast cancer, utcrine
leiomyomas, and the polycystic ovarian syndrome (Filicori and Flamingo, 1988;
Marshall et al., 1988; Vickery, 1986). In paticnts with prostatic or breast cancer,
suppression of gonadotropin and gonadal steroid secrction by LHRH agonist
trcatment has led to prostatic and breast tumor rcgression (Santen et al., 1984;
Harvey et al., 1984; Fabrie ct al.,, 1986). Endomctrial atrophy has also occurred

in patients with endometriosis (Filicori and Flamingo, 1988). In children with
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precocious puberty, analog administration deccrcased growth velocity and
particularly, skeletal maturation, to normal prepubertal rates. In addition, this
therapy precipitated a regression of sccondary sexual development (Boepple ct
al., 1986; Comitc ct al., 1984). Since thc therapecutic valuc of LHRH agonists is
based, in part, to their resistance to degradation, the therapeutic potential of
inhibitors of LHRH dcgrading cnzymes dcscrves consideration. In vivo
inhibition of EP 24.15 both prolongs the half-life of LHRH and incrcascs the
biological response to LHRH to that scen with certain LHRH agonists. The
possibility therefore cxists, that the administration of native LHRH, in
conjunction with EP  24.15 inhibitors, could potentially substitute for the the
pharmacological cfficacy of the superactive analogs.

As mentioned in the Introduction, a wide spectrum of reproductive
disorders cxist in both men and women which have as their common
dcnominator, a hypothalamic decficit, which results in apulsatilc LHRH
sccretion. Conscquently, the currently accepted mode for trcating both women
with "hypothalamic amecnorsrhea” and mecn with idiopathic hypogonadotropic
hypogonadism is pulsatilc LHRH therapy (Marshall ct al., 1988; Fraser, 1984).
Since the biological activity of centrally administered LHRH is highly amplificd
by inhibition of CNS EP 24.15 activity, a therapeutic role of CNS-accessible EP
24.15 inhibitors may pcrhaps bc considered in situations where cndogenous
LHRH sccretion is suppressed but not completely absent. The synthesis of a
broader spectrum of EP 24.15 inhibitors and dctailed studies on the effect of EP
24.15 inhibition on the sccrction and gonadotropin-releasing activity of

endogenous LHRH will be nceded to cvaluate these possibilitics.
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As an cxtension of thec work in phascs 2 and 3 where the metabolism and
LH-releasing activity of ICV-administcred LHRH was shown to be determined by
CNS EP 24.15, it was our goal to dctcrminc whether this ecnzyme may degrade
cndogenous LHRH following its sccretion from the hypothalamus. This LHRH-
DA would thereby decrcase the concentration of intact LHRH rcaching the
portal circulation and cventually, at the gonadotropes. Thus, indircctly, EP
24.15-mediatcd LHRH-DA may bec instrumental in determining the level of
pituitary LH sccretion. If this were the case, then inhibition of CNS EP 24.15
activity would precipitatc a risc in basal LH seccrction. We, therefore mcasured
plasma LH concentrations prior to and following the ICV administration of EP
24.15 inhibitor, ¢cFP-AAF-pAB. Our rcsults show that bascline plasma LH valucs
were only mildly raised in these cxperiments (table 7). Furthermore, this rnisc
was very transient. In addition, it was disconcerting that, in order (o obtain
statistical significance, it was nccessary to utilizc many animals since in a few
of the animals recciving inhibitor, bascline plasma LH incrcased very slightly.
Furthermore, the veracity of our results can be questioned in light of the fact
that no incrcasc in plasma LH was sccn when the inhibitor was infused into an
anatomical site only slightly rcmoved from the cranial coordinates which werc
used in studies reported here. Therefore, since these data are far from
convincing, we cannot as of yet, ascribc a major contribution by EP 24.15 1o the
regulation of cndogenous LHRH-stimulated LH-secrction. However, we belicve
that we can attribute the somewhat disappointing results to the fact that the
animals were under the effects of general ancsthesia and surgical stress, both
of which are known to dramatically suppress LHRH and LH sccretion (Ching,
1982a, 1982b; Euker ct al., 1975; Stocbel and Moberg, 1982). Perhaps, some of
these problems can be bypassed by changing the experimental protocol and

administering the inhibitor to frecly moving rats with chronic cannulac
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implanted scvcral days prior to cxperimental procedurc. The absence of the
inhibitory influencces of ancsthesia and surgical stress on LHRH releasc should
provide for a higher basclinc of LHRH and LH sccrction which may cnable onc
to show morc convincingly, that inhibition of EP-24.15 gives risc to incrcased
LH sccretion. In addition, mcasurement of LHRH in porta! plasma following
inhibitor administration would still provide a more direct assessment of the
cffect of peptidasc activity upon the concentration of bioactive hypothalamic
peptides rcaching portal plasma. These approaches will allow one to determine
whether LHRH metabolism is a primary rcgulatory mechanism in the
rcgulation of in vivo LHRH and LH sccretion.

In vitro brain slice-rclease studics have been cmployed in studying
catabolism of scveral peptides in brain extracellular fluid. Extraccllular
mctabolism of substance P by rat substantia nigra slices is belicved 1o be
catalyzed by EP 24.11 and calpain since reccovery of cndogenous substance P
following KCl-cvoked relcase from substantia nigra slices, was incrcascd by
inhibitors of these 2 cnzymes (Littlewood, ct al., 1988; Mauborgne ct al., 1987).
Similar paradigms have been used to demonstrate the  involvement of the
membrane-bound pyroglutamyl peptidase 1l in the degradation of thyrotropin
rclcasing hormonc (Charli ct al., 1989) and EP 24.11 in the degradation of
[Mcl5]cnkcphalin (Patcy et al., 1981) following cvoked rclease from brain
slices. In all of these cxperiments, media assayed for mcasurcment of
"stimulated rcleasc” werc allowed to incubate with tissue slices for 4-10 minutcs.
Thus, in this relatively short period of time, significant degradation of the
rclcased peptide took place as cvidenced by the fact that, in the presence of
sclective peptidase inhibitors, significantly higher quantitics of the peptide
were recovered. In our cexperimental design, samples containing “stimulated

relcase of LHRH" were incubated with tissue for 15 minutcs. Based on our data,
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during this period of time, no EP 24.15-mediated dcgradation of rcleased LHRH
occurred as indicated by the fact that the presence of EP 24.15 inhibitor, cFP-
AAY-pAB, did not incrcasc recovery of LHRH (1able 8). Our failure to
demonstratc dcgradation of LHRH by EP 24.15, in light of the substance P
dcgradation by EP 24.11 in brain slices, is difficult to explain. Onc possible
diffecrence is that the specificity constant (kcat/Km) of EP 24.11 for substancc P,
2.64 x 106 S-1.M-1 (Litlewood, ct al., 1988) is some 20 times higher than the
specificity constant of EP 24.15 for LHRH (1.26 x 10% S-1-M-1) (Orlowski et al.,
1989). While the degradation of cndogenous LHRH rclcased from medial basal
hypothalami blocks was demonstrated by Powers and Johnson (1981) as
cvidenced by the fact that 1 mM bacitracin increased rccovery from the
bathing medium, an incubation period of 4 hours was neccessary to show a
significant difference in LHRH rccovery between bacitracin-containing  and
control samplcs. In addition, these samc workers observed significant lecakage
of intraccllular cnzymes into the bathing medium during the 4 hour incubation
period. Most of the LHRH degrading enzymes in the brain arc subcellularly
localized in solublc fractions (Parker et al., 1979). Thercfore, the LHRH
degradation scen by this group is probably predominantly catalyzed by soluble
enzymes which escaped into the medium rather than by membrance peptidascs,
and thus, cannot bc taken as a demonstration of true extracellular peptide
mectabolism.

Our data measuring cxogenous LHRH mectabolism by brain slices,
demonstrate a substratc concentration dependent effect upon EP 24.15-mediated
LHRH degradation, with the ratc drastically falling off below the starting LHRH
concentration of 1.0 uM (table 9). The K;m of EP 24.15 for LHRH has becen shown
above to bc 95 uM (figure 1). Thercfore, at 10 nM, some 9500 times lower than

the Km, the rate of degradation would be expected 10 be negligible, and, indeed,



data obtained in this cxpcriment, substantiated this prediction. Since the
average concentration of cndogenous LHRH in the "KCl-cvoked relcase”
samples is below 0.5 nM (table 8), it becomes obvious why, during the short 15
min incubation pcriod, no EP 24.15-mcdiatecd decgradation of cndogcnous LHRH
was sccn in thce brain slice experiments. Thus, an cxplanation is rcadily
provided for the discrepancy between our failure to obscrve EP 24.15 mcdiated
LHRH decgradation following KCl-cvoked rclcase and our observation (in phase
1) that EP 24.15 activity in hypothalamic mcmbranc preparations degradces
LHRH significantly. The 0.1 mM LHRH concentration uscd in phasc 1 is some
200,000 times greater than the 0.5 nM concentration found in phase §; thus the
ratc of LHRH decgradation is ncgligible in the latter case, while in the former
case, the rate is quitc rapid.

On the other hand, while the concentration of endogenous LHRH in the
bathing medium is quite low, the local LHRH concentration in the interstitial
spaces of the hypothalamic slices (following LHRH relcase from the nerve
terminals) may be many times higher, a phcnomenon that may also occur in
vivo following LHRH relcase. If this were so, onc would expect to obscrve a
mcasurable dcgradation of LHRH by EP 24.15 as thc higher local (substratce)
concentration would increasc the rate of the rcaction. The failure of EP 24.15
inhibitor to increasc the recovery of cndogenous LHRH, must then be explained
in an alternate manncr. Pcrhaps some time (i.c. a fcw minutes) was nceded for
the inhibitor molecules (present in the bathing medium) to cquilibrate with
the enzyme molecules on the surface of the brain slices, and until such
cquilibration was attained, the enzyme was largely uninhibited. Thercfore,
during this time period, a significant portion of the LHRH molecules relecased
(by the high KCl in the medium) was degraded by the uninhibited cnzymc

despite the presence of inhibitor in the bathing medium. This would explain
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our failurc 10 observe any difference in recovery of cndogenous LHRH between

samples incubated in the presence or absence of inhibitor.

The endcavor of establishing a functional role of an individual cnzyme
cntails biochemical, pharmacological and physiological investigations.
Biochemical investigations of the functionality of an enzymec should includc
inhibitor as well immunohistochemical studics (Turner ct al., 1986). For
cxample, 2 lines of biochcmical cvidence have suggested a role for EP 24.11 in
the degradation of substance P. Immunohistochecmical work has demonstrated a
colocalization of thc peptidase, EP 24.11 and peptide substratc, substance P.
Arcas of the brain rich in substancc P, cspecially in the striato-nigral pathway,
show also an abundancc of EP 24.11 activity, thus implicating a rolc for this
cnzyme in the CNS metabolism of substance P (Matsas ct al., 1986). Support for
this putative functional importance of EP 24.11 was provided by in vitro
inhibitor studics where metabolism of substance P by striatal synaptic
membranes was abolished by phosphoramidon (Fulcher ct al., 1982; Matsas ct
al., 1983, 1985). In similar studics, the formation of [3H]Tyr-Gly-Gly by clcavage
of the Gly3-Phc4 bond in tritiated [Mcl5]cnkcphalin by slice and particulatc
prcparations from rat striatum was inhibited by thiorphan, thus demonstrating
the role of EP 24.11 in the cxtracellular metabolism of Mct-enkephalin in vitro
(Dc La Baumc ct al., 1983). A similar coursc of study was cmployed in evaluating
the role of EP 24.11 in the metabolism of atrial natriurctic factor (ANF).
Following the demonstration that ANF is clcaved by EP 24.11 (Stephenson and
Kenny, 1987), inhibitors of EP 24.11 were shown by Olins et al. (1989) and
Sybertz et al. (1989) 1o provide almost complete protection of ANF from
inactivation by renal brush border mcmbrane preparations in vitro, indicating

that EP 24.11 represents a major activity responsible for ANF degradation in
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these preparations. In in vivo biochemical studies, the disappearance of a
peptide is monitored following its co-administration with an inhibitor of thc
cnzyme in qucstion. For cxample, the half-life of intracercbroventricularly
injected [MclS]cnkcphalin is significantly increcascd following thiorphan co-
administration, thus implicating a role for EP 24.11 in the in vive inactivation
of [Mctslcnkcphalin (Schwartz, 1983). In work by Sybentz ct al. (1989) and Olins
ct al. (1989), the IV injection of EP 24.11 inhibitors significantly delayed the
disappcarance of ANF from plasma after an IV infusion of thc peptide; thus, a
role for peripheral EP 24.11 in the clecarance of ANF was implicated. In
pharmacological investigations of cnzyme functionality, onc attempts to
demonstrate that the biological activity of an cxogenous peptide can be
augmented following the administration of inhibitors; thercby, the cenzyme(s)
instrumcntal in its inactivation arc cstablished. For c¢xample, inhibitor
trcatment in live rats has scrved to indicatc a role for EP 24.11 and ACE, not only
in the degradation of cnkephalin, substance P and ANF in vivo, but morc
importantly, in the modulation of the biological activity of these peptides. In
scveral studics, thiorphan and kclatorphan were shown to augment the
antinociceptive activity of ICV administered [MclSJcnkcphaIin. by inhibiting
EP 24.11-mcdiated cnkcphalin dcgradation, thus accumulating Mect-enkephalin
at the CNS opioid receptors, lcading to incrcased antinociception (Roques ct al.,
1980; Yaksh and Hanty, 1982; Zaluski et al.,, 1984). An inhibitor of EP 24.11, SCH
39370, was shown to augment the hypotensive response to injection of ANF in
spontancously hypcriensive rats, thus suggesting a role for this cnzyme in
regulating ANF's biological actions (Sybertz ct al., 1989). In a similar type of
study, the substance P-induced salivation in rats was cnhanced upon the
administration of captopril duc to inhibition of ACE-mediated metabolism of

substance P, thus indicating a role for ACE in curtailing the biological activitics
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of this peptide (Cascicri ¢t al.,, 1984). EP 24.11 may also modulate substancc P's
biological action since both phosphoramidon and thiorphan  cnhanced the
bronchoconstrictor cffect of this peptide in vitro (Stimler-Geraro, 1987). Studics
with a dircct physiological focus, investigating the involvement of an
individual cnzyme in the inactivation of an cndogenous peptide, have

gencrally utilized the in vitro brain slice-relcase paradigms. Such studics have
cmployed cnzyme inhibitors in an attempt to incrcasc the rccovery of
ncuropcptides following stimulated rclcase, thus implicating the inhibited
cnzymc in the cxtracellular mctabolism of the pcptide in question. Examples of
such studics were dclincated above and have demonstrated the importance of EP
24.11 in thc mectabolism of cndogenous substance P and enkcphalins (Patcy ct
al., 1981; Littlewood ct al., 1988). In vivo physiological studies directed at
identifying the functionality of a pcptidase, include the usc of inhibitors 1o
incrcase the recovery of ecndogenous peptides. For cxample, the importance of
EP 24.11 in cndogenous cnkephalin metabolism was suggested when ICV
administration of thiorphan cnhanced the recovery of cndogenous striatal Mect-
cnckphalin (Zhang ct al., 1982). The in vivo physiological importance of
peptidasc activity is cven more dircctly demonstrated when the biological
activity of an cndogenous peptide substrate is incrcased following inhibitor
trcaiment. Dec La Baume et al. (1983) and Murthy et al. (1984) have demonstrated
that the administration of potent EP 24.11 inhibitors prolonged the latency time
of responscs during the hot plate and tail flick tests (tests used to demonstrate
the nociceptive reflexes to noxious stimuli). Thus the physiological modulation
of endogenous enkephalin's antinociceptive activity by EP 24.11 is shown by

inhibitor studics.
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These three modes of rescarch, i.e. biochemical, pharmacological and
physiological studics, dirccted at identifying functionality of EP 24.15, have
bcen cmployed during the course of this thesis project. The biochemical studics
of this thesis project were carricd out during phases 1 and 2. In phase 1,
inhibitors of 3 diffcrent mcmbrane mectallopeptidases inhibitors enabled us
cstablish the precdominance of EP 24.15 in the decgradation of LHRH by brain and
pituitary membranc preparations in vitro. In addition, the cxact cleavage sites
within LHRH, the rclative importance of these clecavage activitics and the
identity of the cnzymes responsible for thesce activitics, were cstablished by the
usc of thesc inhibitors. In phase 2, similar studics used EP 24.15 inhibitors to
demonstrate this enzymc's involvement in the mectabolism of cxogenous LHRH
in the brain and gencral circulation, in vivo. Phase 3 comprised the
pharmacological studics of this project where EP 24.15 inhibitors augmented
thc gonadotropin-relecasing activity of cxogenous LHRH, demonstrating the
importance of EP 24.15 in the¢ CNS and periphery in modulating LHRH's
biological action. In phases 4 and 5, we aticmpted 1o cstablish a physiological
rolc of EP 24.15 in inactivating cndogcnous LHRH. Plasma LH was monitored
following infusion of EP 24.15 inhibitor, in order to validatc our hypothesis that
EP 24.15 activity maintains the concentration of LHRH in pornal circulation in
check. If this were truc, inhibition of this cnzymc would allow an increase in
the concentration of LHRH reaching the gonadotropes, thus precipitating a risc
in LH releasc. Lastly, in phasec 5, in another attecmpt to ascertain a functional
role for EP 24.15 in mecitabolism of cndogenous LHRH, the recovery of
endogenous LHRH recleased from brain slices in vitro, was measurcd in the
presence of inhibitors of this cnzyme. Resulis obtained during phasc 5 work

were negative and phase 4 results, albeit somewhat positive, were
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unconvincing. In summary, whilc the usc of active site-dirccted inhibitors in
phascs 1 through 3 allowed us to definitively establish the Din vitro and in vivo
preceminence of EP 24.15 in the extracellular metabolism of cxogenous LHRH in
thc CNS and periphery, and 2)the importance of such cnzymatic activity in
modulating thc gonadotropin rcleasing activity of cxogenous LHRH, a similar
functional role for this cnzyme in cndogenous LHRH mctabolism could not be
cstablished by the inhibitor studies performed in phases 4 and §.

The notion that LHRH mctabolism may be initiated by clcavage LHRH of
the Tyr5-Gly6 bond, has been supported by obscrvations of many other groups.
The work of McDermott ct al. (1982, 1983) indicating that this activity
constitutes the primary LHRH-DA in particulatc and soluble preparations of rat
hypothalamus and pituitary, has bcen reviewed above. Similar findings were
rcportcd with rcgard to LHRH-DA in soluble fractions of shccp hypothalamus
(Advis ct al. 1985). A soluble LHRH-DA from rat hypothalamus has been shown
by Advis (1982) ct al. to decline prior to the proestrous-associated LH surge
(discussed above). In subsequent work, Krause ¢t al.(1982) has shown that this
hydrolysis of LHRH, which is subject to fluctuations during the reproductive
cycle, is due to clcavage of the TyrS-Gly6 bond. This rate limiting stcp is
responsible for at lcast 80% of the total LHRH-DA, and is inhibited by o-
phenanthroline, indicating that it is catalyzed by a mectallocndopeptidase (Advis
ct al, 1982a). Quitc possibly, the activity studicd by this group was, in reality, EP
24.15, since this activity is responsible for the Tyr5—Gly6 clecavage and sincc EP
24.15, a mectallocndopeptidase, is inhibited by o-phcnanthroline (Orlowski ct al.,
1983). In work from this laboratory (manuscript in preparation),
administration of ecstrogen plus progesterone, a treatment that induces an LH
surge, 1o ovaricctomized rats caused a precipitous decline in soluble EP 24.15

activity in the preoptic arca of the hypothalamus. Morcover, the activity of this
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cnzyme was shown to decline in the anterior pituitary as the fcmale rat matures
towards the first prcovulatory procstrous. Thus a possible functional
importancc of this cnzymc appcars to cxist with regard to the induction of the
LH surge. The possible opcrative mechanism for this phcnomenon would be
that the activity of this cnzyme nommally inactivates LHRH e¢n routc to, or at the
pituitary gonadotropes, and that at times of incrcased LLH sccretion, i.c. the
cvening of proestrous, this LHRH-DA dcclines, allowing a higher concentration
of LHRH to arrive intact at thc pituitary and to be active at that sitc for a longer
period of time. This phcnomcnon would be in concert with the data reported
here wherc thc activity o1 this cnzyme is shown to dramatically curtail the LH
and FSH rclecasing activity of cxogenous LHRH. While we demonstrated a
pharmacological importance for EP 24.15 with regard to cxogenous LHRH, we
could not rigorously show, in phases 4 and S5, a similar physiological function,
i.c rcgulation of the LH-relcasing activity of endogenous LHRH, for this
cnzyme. However, the lack of more positive results in the phase 4 ICV
cxperiments can possibly be attributed to the depressed statc of LHRH- and LH-
sccretory system duc to ancsthesia and surgical stress. Furthermore, while no
endogenous LHRH mectabolism by EP 24.15 was obscrved in slice preparations
(phasc 5), the likelihood of this enzyme being operative in endogenous LHRH
degradation in vivo is far greater sincc the local concentration of endogenous
LHRH at the cnzyme's active site cither in ME interstitial spaces or at the
gonadotropes, may be orders of magnitude higher than the concentration
present in the media bathing the hypothalamic slices. Consequently, the fact
that: DEP 24.15 activity, both in the brain and in the periphery modulates the
magnitude and duration of the gonadotropin-releasing activity of exogenous

LHRH; and 2) that the increased biological actions of LHRH supcragonists could
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bc shown to bc almost entircly, duc to their resistance to this enzyme, allows us
to suggest that:

1) EP 24.15 in the CNS may still have an imponant physiological role in
modulating the gonadotropin-relecasing activity of sccreted endogenous
LHRH; and

2) EP 2415 may have important pharmacological ramifications in that it
dccidedly dctermines the disposition (i.c. plasma half-life) as well as the

biological action of systemically administecred LHRH in vivo.
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