—

||||| 10 s i
= Bz

T A
= Jlee
22 [l e,

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS
STANDARD REFERENGE MATERIAL 1010a
(ANSI and ISO TEST CHART No. 2)

University Microfilms Inc.

300 N. Zeeb Road, Ann Arbor, MI 48106




INFORMATION TO USERS

This reproduction was made from a copy of a manuscript sent to us for publication
and microfilming. While the most advanced technology has been used to pho-
tograph and reproduce this manuscript, the quality of the reproduction is heavily
dependent upon the quality of the material submitted. Pages in any manuscript
may have indistinct print. In all cases the best available copy has been filmed.

The following explanation of techniques is provided to help clarify notations which

may appear on this reproduction.

1. Manuscripts may not always be complete. When it is not possible to obtain
missing pages, a note appears to indicate this. -

2. When copyrighted materials are removed from the manuscript, a note ap-
pears to indicate this.

3. Oversize materials (maps, drawings, and charts) are photographed by sec-
tioning the original, beginning at the upper left hand corner and continu-
ing from left to right in equal sections with small overlaps. Each oversize
page is also filmed as one exposure and is available, for an additional
charge, as a standard 35mm slide or in black and white paper format.*

4. Most photographs reproduce acceptably on positive microfilm or micro-
fiche but lack clarity on xerographic copies made from the microfilm. For
an additional charge, all photographs are available in black and white
standard 35mm slide format.*

*For more information about black and white slides or enlarged paper reproductions,
please contact the Dissertations Customer Services Department.

J L International



8601642

Friedman, Theodore C.

STUDIES ON THE EFFECTS OF INHIBITORS OF TRH-DEGRADING ENZYMES

City University of New York PH.D. 1985

University
Microfilms
International swn. zeeb road, ann Arbor, Mi4s106



PLEASE NOTE:

in all cases this material has been filmed in the best possible way from the available copy.
Problems encountered with this document have been identified here with a check mark_ v,

® »

» o »

10.

11,

12.
13.
14,
15.

16.

Glossy photographs or pages
Colored illustrations, paper or print
Photographs with dark background

ustrations are poor copy

Pages with black marks, not original copy _____

Print shows through as there is text on both sides of page ___
Indistinct, broken or small print on several pages _Z_

Print exceeds margin requirements

Tightly bound copy with print lost in spine

Computer printout pages with indistinct print ______

Page(s) lacking when material received, and not available from school or
author.

Page(s) seem to be missing in numbering only as text follows.
Two pagesnumbered . Text follows.

Curling and wrinkled pages

Dissertation contains pages with print at a slant, filmed as received

Other

University
Microfiims
International



STUDIES On THE EFFECTS OF INHIBITORS OF TRH-DEGRADING
ENZYMES

by

THEODORE C. FRIEDMAN

L dissertation submitted to the Graduate
Faculty in the Biomedical Sciences in par-
tial fulfillment of the requirements for
tne deqree of Doctor of Philosophy, The
City University of New York.

1985



This manuscript has been read and accepted for the Graduate Facultw
Biomedical Sciences in satisfaction of the dissarcation requirsment
the degree of Doctor of Fhilosopnyv.

[

@]

g Jelzy %w«« &)ﬂc

Chairman of Exzmining Committae

e L B i~

datef ' Executivip Officer

Dr. Michael Liebman

Dr. Terry Davies

Dr. Marian Orlowski

Dr. Mzrvin Gershengorn

Supervisory Committee

The City University of New York



iii

Abstract

STUDIES ON THE EFFECTS OF INHIBITORS OF TKH-DEGRALING
ENZYMES

by
Theodore C. Friedman

Adviser: Sherwin Wilk, Ph. D., frcfessor of Pharmacology

The effects of several specific inhibitors of enzymes capa-
ble of degrading thyrotropin-releasing hormone (IRH; pyroglu-
tamyl-histidvl-prolyl-amide) was studied. These studies were
carried out invrat brain, pituitary:and serum and in cell cul-~-
ture (GH3 cells). TRH can be initially degraded by deamida-
tion catalvzed by prolyl endopeptidase (EC 3.4.21.26) or by
removal of the pyvroglutamyl residue catalyzed either by pyro-
glutamyl peptide hydrolase (EC 3.4.11.8) or a less well char-
acterized enzyme having the properties of a metalloenzyme.
Tne inhibitors studied were N-benzyloxycarbonyl-prolyl-proli-
nal (Z-Pro-Prolinal), a specific, potent (Ki = 14 nM), tran-
sition-state analog inhibitor of prolyl endopeptidase,
S-oxoprelinal, a newly synthesized transition-state analog
inhibitor of pyroglutamyl peptide hydrolase and pyroglutamyl
diazomethyl ketone, an inhibitor capable 6f irreversibly aiky-
lating the active-site cysteine residue of pyroglutamyl pep-

tide hydrolase.

5-0xoorolinal was synthesized by conversion of pyrogluta-

mate to its methvyl ester, reduction of the ester to the alco-
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hol (5-oxoprolinol) by sodium borohydride followed by
oxidation of the alcohol to the aldehyde. Kinetic experiments
showed that S-oxéorolinal competitively inhibited thiol-depen-
dent pyroglutamyl peptide hydrolase with a Ki of 26 nM. The
compound was shown to pe a specific active-site directed
inhibitor since related aldehydes as well as the corresponding
acid and alcohoi inhibited the enzyme only weakly or not at
all. S5-oxoprolinal also blocked the degradation of luteiniz-
ing-hormone releasing hormone, by purified pyroglutamyl pep-

tide hvdrolase.

Experiments'were conducted in male 5Swiss Albino mice with
the three inhibitors. The activity of prolyl endopeptidase
was inhibited by more than 85% in homogenates of all tissues
studied 30 minutes after intraperitoneal injection of Z-Pro-
Prolinal. The in vivo degradaticn of a prolyl endopeptidase
substrate, N-benzyloxycarbonyl-Giy-Pro-Sulfamethoxazole, was
blocked after administration of Z-Pro-Prolinal in a dose- and
time~-dependent manner, indicating inhibition of the enzyme in
vivo. 5-Oxoprolinal, when injected into mice, inhibited pyro-
qlutamvl peptide hydrolase after 10 and 30 min however a rela-
tively high dose (50 mg/Kkg) was needed to achieve this inhib-
ition. Pvroqlutamyl diazomethyl Kketone was injected into mice
and at a dose of 0.1 ma/kg totally inactivated the enzyme in

all tissues studied including brain.

It was expected that the combined use of inhibitors to pro-

\1vl endopepticase and pyroglutamyl peptide hydrolase would
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totally protect TRH from degradation in vitro. However, when
tissue homogenates or serum was incubated in the presence of
inhibiotrs but in the absence of metal chelators, substantial
TRH deqgradation was observede. This indicated the presence oif
another TRHd-degrading enzyme (s) distinct from p[pyrogliutamyl
peptide hydrolase. Recent reports 1in the 1literature cf a
third TEH-degqrading enzyme which cleaves the pGlu-His bond of
TRh led us to develop a coupled assay to measure this activ-
itv. The assay uses pGlu-His-Pro-2-Naphthylamide as the subs-
trate and is based on the release of Z2-naphthylamine from the
product His-Pro-2-naphthvlamide by excess diaminopeptidase 1V
(EC 3.4.14.1). This activity was found to be present in the
particulate fraction of rat brain homogenates as well as in
rat serum. Distribution studies revealed that the enzyme was
primarily localized in the brain membranes and serum. The
data suqgest that degradation of TIRH in brain membranes and
serum is catalyzed mainly by an enzyme which cleaves the pGlu-

His bond of TRH and is distinct from pyroglutamyl peptide

hvdrolase.

Z-Pro~Prolinal was inijected into rats to see if the inhib-
tion of prolyl endcpeptidase would raise endogenous TRH lev-
els. TRH levels were found to be signifitantly elevated in
the pituitary 15 minutes after inijection of Z-Pro-Prolinal (5
ma/ka) s No significant changes in TRH levels were detected in
the pituitarv. frontal cortex or the hypothalamus at later
times. Prolactin and thyroid stimulating hormone 1levels in

rat serum were not affected by Z-Pro-Prolinal administration.
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Experiments were carried out to study the effects of innhib-
itors in GH3 cells. a cell 1line cloned from a rat anterior
pituitary tumor, which synthesize and secrete prolactin in
response to thyrotropin-releasing hormone. A variety of pep-
tide-deqrading enzymes were found to be present in homogenates
of GH3 cells. The effect of long-term expcsure of GH3 cells
to 5-oxoprolinal on pyroglutamyl peptide hydrolase activity
was studied by incubating cells with 1inhibitor for 3 days,
harvesting, washing to remove inhibitor and assaying for pyro-
glutamyl peptide hydrolase. In contrast to the expected loss
of ovroqlutamvl peptide hydrolase activity upon exposure to
inhibitor, we found a marked (300-400%) increase in pyrogluta-
mvl peptide hydrolase activity which was not biocked by cyclo-
heximide. This concentration-dependent and time-dependent
effect was specific to 5-oxoprolinal, suggesting that the
activity of pyroglutamyl peptide hydrolase in GH3 cells is

subiect to comrplex requlatory mechanisms.,
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INTRODUCTIICN

The synthesis of neuropeptides from inactive high molecular
weiaht precursors involves cleavage of selective peptide bonds
in a process of limited proteclysis catalyzed by endopepti-
dases. Endopeptidases also catalyze the degradation of neuro-
peptides indicating a mechanism for termination of their
action. Althcuah neuropeptides are involved in many physio-
loaical processes, very little is known about their degrada-
tion in vivo. In our laboratory, we have isolated and studied
the snecificitv of several endopeptidases 1likely to be
involved in neuropeptide metabolism. Thése studies have pro-
vided a basis for the design of specific, active site directed
inhibitors for these enzymes. The inhibitors are expected to
be of value as probes 1in investigations desiéned to explore
the role of these enzymes 1in neuropeptide metabolism. The
inhibitors are.also of pharmacological interest because of the
potential to affect those processes that are dependent upon
neuropeptide function. My thesis work has been directed
toward the exploration of the effects of several specific
enzyme inhibitcrs on the metabolism of neuropeptides, espe-
cially thyrotropin-releasing hormone (IRH; pyroglutamyl-histi-

dvl-prolyl—-amice).

Prolvl endopeptidase (EC 3.4.21.28), a serine protease
thoucht to be involveéd in the degradation of TRH, LHEH, bra-

dvkinin, angiotensin II, neurotensin and substance P has been



actively investigated in our 1laboratory ({(Crlowski et al.,
1979: Wilk and Orlowski, 1983a; wWilk, 1983). Prolyl endopep-
tidase cleaves peptide bonds on the carbcxyl side of proline
residues within a peptide chain. Z-Pro-Prolinal (Figure 1), a
specific and highly potent inhibitcr of prolilyl endopeptidase
has been synthesized in our laboratory (Wilk and Orlowski,
1983a) . As &an aldehyde analoa of the acyl portion of the
substrate, the inhibitor interacts with the active site of
this serine protease and forms a tetrahedral transition state
intermediate analog of the enzyme-substrate complex. It was
found to non-competitively inhibit purified rabbit prolyl

endopeptidase with a Ki of 14 nM.

Pyroqlutamvl peptide hvdrolase (PPH)! (EC 3.4.11.8), an
enzyme classified as a cysteine protease, cleaves the N-termi-
nal pvroalutamyl residue from Dvroqlutamyi—containing peptides
such as TRH. This enzyme, initially found by Doolittle and
Armentrout (1968) in a strain of Pseudomonas fluorescens and
later purifiea from other bacteria (Szewczuk and Mulczyk,
1969), was found to be distriputed in animal tissues {Szewczuk
and Kwiatkowska, 1970). It has recently been purified from
quinea-pig brain (Browne and 0*'Cuinn, 1983) . Pyroglutamyl
peptide hydrolase can catalyze the removal of the N-terminal
pvroglutamyl residue from proteins such as fibrinogen and

human serummucoid and also from fibrinopeptides (Szewczuk and

- — —— — - —— - -

1Synonyms of 5-oxoproline are 'pyrrolidone carboxylic acid,
pyroglutamatic acid and pyroglutamate.
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Figure 1

N- Benzyloxycarbonyl-prolyl-prolinal’

Structure of Z-Pro-Prolinal
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Mulczvk. 19569: Armentrout and Doolittle, 1669; Crlowski and
Meister, 1971). Because of this, initial interest 1in the
enzyme centered on its use as a tool for the removal of the
N~terminal pvroqgiutamyl residue from proteins and peptides in

the process of determination of their amino acid sequences.

The physiological fole of pyroalutamyl peptide hydrolase is
not knowne. with the finding,., however, that many biologically
active peptides including TRH, LHRH, neurotensin and bombesin
contain N-terminal pyroaqlutamyl residues, the potential role
of the enzyme in the degradation and termination of action of
these peptides has attracted interest. A specific and potent
inhibitor of pyroglutamyl peptide hydrolase would be a helpful
probe in studies investigating the physiclogical role of this

enzvme.

Peptide alcdehvyde analogs of substrates have been used to
inhibit serine and cysteine proteases by the formation of
transition~state—1ike internediates (Westerik and Wolfenden,
1972: Thomoson, 1%73). Transition-state theory predicts that
the enzyme-substrate binding in the transition-state complex
will be stroncexr than in the initial Michaelis complex between
enzyme ahd supstrate (Wolienden, 1972). An analog which mim-
ics the features of the transition-state complex will also
form a very stable complex with the enzynme. 4dldenydes react
with serine and cysteine proteases to form relatively stable
tetrahedral hemiacetals and thiohemizacetals respectively.

These complexes resemble the tetrahedral transition-state
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intermediates formed between substrate and enzyme. Aldehyde
analoas, therefore, have an extremely high affinity for the
enzvme and can be used as potent and specific inhibitors of

serine and cysteine proteases.

In our laboratory, we have previously synthesized Z-Pro-
Prolinal as a specific active-site directed inhibitor of pro-
1vl endovpeptidase (Wilk and Orlowski, 1983a) and the design of
this inhibitor was used as a model for designing an inhibitor
of PPH. Since currently available evidence suggests that
pyroglutamyl peptide hydrolase is a cysteine protease, we con-
sidered thé Dossibiiit§ that 5-oxoprolinal (Figure 2), the
aldehyde analog of 5-oxoproline?2 , would be a transition-state
inhibitor of pyroglutamyl peptide hydrolase. We therefore
svnthesized 5-oxoprolinal and showed that this compound is a
potent and selective inhibitor of pyroglutamyl peptide hydro-
lase in vitro. However, S-oxoprolinal was found tc be a rela-

tively weak ané short lived inhibitor in vivo (see below).

Diazomethvl ketone substiate derivatives have been used as
irreversible inhibitors o¢f cysteine proteases (Leary et al.,
1977;: Green and Shaw, 1981) . These inhibitors act by alkylat-
inag the active-site cysteine residue. Irreversible inhibitors
of bacterial FEH have bLeen synthesized (Fujiwara et al.,
1981la: 1981p: 1982). The L-pyroglutamyl chloromethyl ketone
inhibitor (fuiiwara et al., 1981a) was found to be an effec-

- v o - o — - - —

2Synonyms of DQroqlutamvl peptide hydrolase are pyrrolidonyl
peptidase and pvyroglutamyl aminopeptidase.



6

Figqure 2
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tive inhibitor of the rat liver and Xidney PPH, however the in
vivo effects of these inhibitors have not Leen ascertained.
In our laboratory, we have synthesized pyroglutamyl diazome-
thvl ketone (PDMK) (Fiqure 3) as a potenf irreversible inhib-
itor of PPH for studies in viva. Preincubation of partially
purified PPH with nanomolar concentrations of PDMK rapidly and
totally inactivates this enzyme in vitro (Wilk and Friedman,

1985).

Although it has been recoqnized since the 19506°'s that the
hypothalamus influences the release of pituitary homones, it
was not until 1969 that the first hypéthalamié releasiny fac-
tor. TRH, was isolated from ovine and borcine hypothalamic
tissue (Boler et al., 1969). TRH was found to be a tripeptide
with the chemical formula DGlu—HiS-Pro-NH2. Blthough TRH was
initially thouqht to only requlate the release of TSH (Schally
and Redding, 1965: Wilber and Utiger, 1967), it was later
found to also induce the release of prclactin (Jacobs et ai.,
1971: DBowers et al., 1971) and growth hormone (Takahara et
al.., 1974). The availability of purified TRH led to develop-
ment of specific radioimmunoassays for TRH (Cassiri and
Uticer. 1972: Jeffcoate et al., 1973) and tc the discovery of
TRH in extrahvrothalamic brain regions as well as outside the
CNS (Jackson, i983) . The localization of TRH in specific
areas of the forebrain and spinal cord (Brownstein et 2l.,
1974: Hokfelt et al., 1975) resulted in the consideration of
THH as a neurotransmitter. Other evidence consistent with a

neuromodulator or neurotransmitter role of TRH include 1its
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Fiqure 3

Pyroglutamy| Diazomethy! Ketone

Structure of pyroglutamyl diazomethyl ketone (PDMK)



localization in synaptosomes (Barnea et al., 1978), its
Ca++—deoendent release from slices and synaptosomes (Charli et
ale. 1978:; Bennett, 1981) and the identification of specific
TRH binding sites in various bprain regions (Burt and Taylor,
1980) « TRH produces certain stimulatory effects and general
arousal in animals (Metcalf and Dettmar, 1981), affects therm-
orequlation (Metcalf, 1974; Horita and Carino, 1975) and res-
piration (Hedner et al.. 1981) and reverses barbiturate and
ethanol induced hypnosis (Prange et al., 1974). The clinical
uses of TRH have included treating depression (Prange et al.,
1972: Kastin et al.. 1972}, endotoxic and hemorrhagic shock
(Holaday et al., 1981) and spinal iﬁiury (Faden et al., 1983).
Recently. c¢linical interest in TRH has centered on its use to
treat patients with amyotrophic 1lateral sclerosis (Engel et

al.. 1983).

- The initial breakdown of TRH in various tissues appears to
be <catalyzed by enzymes which cleave either of two bondse.
Earlier studies found tnat in tissues, the initial degradation
proceeded by either deamidation now known to be catalyzea by
prolyl endopeptidase (EC 3.4.21.206) cor by removal of the
N-terminal pvroglutamyl residue catalyzed by pyroglutamyl pep-
tide hvdrolase (Prasad and Peterkofsky, 1976; LBauer et al.,
1978; Griffiths and McDermott, 19683; Griffiths et al., 1979%a;
Browne et al., 1981: Haves et al., 1979; Bauer and Kleinkauf,
1980: Kreider et al., 1981; Griffiths et al., 1980; Busby et
al.. 1982; Safran et al.i' 1962; Browne and O*'Cuinn, 1983).

Estimates of the relative contributions of these two enzymes
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to TAH degradation vary widely in the literature, depending on
whether a solukle or particulate fraction is used and whether
a thiol-reducing agent or metal chelator are present during
the assave. Prolyl endopeptidase, an enzyme classified as a
serine protease (Yoshimoto et al., 1977), 1is activated by
thiol-reducing agents, such as dithiothreitol (DTT) and is
found in the «cyvtosolic fraction of tissues (Dresdner et al.,
1982). PPH, classified as a cysteine protease (Mudge and Fel-
lows. 1973). has been reported to occur in both the soluble
and particulate fractions (Browne et al., 1981; Kreider et
al.., 1981;: Prasad et al., 1933) of tissues. PPH is activated
by thiol-reducinag aaqents and metal' chelators and appears to
have a broad specificity for pyrcglutamyl-containing peptides
({Prasad and Peterkofsky, 1976; Busby et al., 1982; Browne andg
O'Cuinn. 1383). Additionally, a TRH-degrading enzyme which
also cleaves the pGlu-His bond of TRH, has been identified in
rat serum (Tavlcr and Dixon, 1978) and was partially purified
from porcine serum (Bauar and ﬁowak. 1979). This enzyme has a
molecular weight of 260,000, appears to be relatively specific
for TRH and is inhipited by metal chelators (Taylér and Dixon,
1978: Bauer and Nowak, 1%79; Bauer et al;, 1981b) . .Recently,
a similar IRH-deagrading enzyme has been identified in guinea
pia brain (Sreaney et al., 1980; O'Connor and O*Cuinn, 1984;
Garat et al., 1985). This enzyme also has a high molecular
weiaht (230.000). is inpibited by metal chelators such as EDTIA
and appears to have a narrow specifity for cleaving the pGlu-

His bond in TRH-~like peptides (O°'Connor and O‘Cuinn, 1984).
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We initially demonstrated that C-Pro-Prolinal inhibited
prolyl endoseptidase in vivo (discussed below). Z-Pro-Proli-
nal may therefore increase the levels c¢f those neuropeptides
which are decraded by prolyl endopeptidase. Similarly,
S-oxoprolinal and PuMK inhibited FPH in vivo and may therefore
increase the 1level of those neuropeptides degradec¢ by PFPH.
TRH (pGlu-His-fro-—inii2) was selected as a model peptide for
study on the effects of inhibitors on‘neuropeptide degradaticn
because its initial dearadation proceeds through deamidation
catalvzed by prolyl endopeptidase as well as removal of the
N-terminal pvroglutamyl residue catalyzed by pyroglutamyl pep-

tide hydrolase.

Z2-Pro-Prolinal and PDMK were used o0 assess the roles of
prolvl endopeptidase and PPH in the degradation of IRH in
vitro. Since PDMK is specific for PPH, this inhibitor could
be used to determine if the membrane-bound and serum TRH-de-
qrading enzvmes‘a:e identical to PPH. The activities of TRH-
dearadina enzymes in serdm and brain fractions were studied.
The effect of Z-Pro-Prolinal, PDMK, DIT and metal chelators on
these activities was determined. In the particulate fraction
of rat brain and in serum we found significant TRH-degrading
activity in the presence of the two specific inhibitors using
conditions favoring metalloenzyme activitye. This suggests
that the serum and particulate enzymes are distinct from PPH
and contribute to TRH deqradation. To facilitaté the determi-
nation of the particulate and serum enzymes which a&appear to

have a narrow specificity for cleaving the pGlu~His bond in
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TRH-1ike peotides. a coupled assay with pGlu-His-Pro-:<N& as
the supstrate in the presence of excess diaminopeptidase 1V
(EC 3.4.14.1) (DAP 1IV) was developed. This assay allowed us
to studvy the distribution of this activity in rat brain
reaions and rat tissues and compare it to the scluble PPE
activitye. Additionally., the effect of inhibitors and activa-
tors of this particulate enzyme was studied and the Ki of ThH

for this enzyme was determined.

The swvecific inhibitors of these enzymes, 2-Pro-Prolinal
and PDMK can be used to determine which pathway predominates
bhvsiolocicallﬁ. The use of these: two inhibitors, separately
or together, should block the metabolism of TRH and elevate
its endogenocus 1levels. This was studied by injecting the
inhibitor (s} into rats and measuring tissue TRH levels in the
hypothalamus, pituitary and frontal cortex by RIA (see below).
Additionallyv. an elevation of TRH should produce an increase
in serum 1levels of TSH and prolactin. These hormones were

measured in the serum by RIA.

Preliminary results in our 1laboratory indicate that prolyl
endopeptidase has a high affinity for LHRH (Bier and Wilk,
unpublished results)}. 1In crude homogenates, the primary sites
of cleavaage of LHRH (pGlu-His~Trp-Ser-Tyr-Gly-Leu-BArg-Pro-Gly-
NH2) are the Pyroglul-His? pond, the Tyr5-Giy% pond and the
Pro%-Glycinamidel19 pond {(McKelvy et al., 1982, Bauer et al.,
1961a). Pyroaqlutamyl peptide hydrolase (Bauer et al., 198la),

a soluble metalioendopeptidase studied in our- - laboratory
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(Orlowski et al.. 19563), and prolyl endopeptidase (Wilk et

al.. 1979a) could cleave these bonds respectively.

LHRH analoas, modified by replacement of the Glycineamidel?©
residue wita Ethylamide and the Glyé residue with a D-amino
acid residue. act as long-lasting agonists. These analogs
have wide clinical uses (Ziporyn, 1985) including treatment of
prostatic cancer (Tolis, et al., 1982), premenstrval syndrome
{Muse et al.. 1984) and as contraceptive agents (Nillius, et
al.. 1978: ©Bergaquist et al., 1979). It is possible that the
long duration of these modified LHRH compounds is due to their
resistance to.deqradation between :the TIyrs5-Gly® bond, the
Glvé-Leu? bond or the Pro9-Glycineamidel9 bond. Z-Pro-Proli-
nal could inhibit the dearadation of LHRH at the
Pro9-lecineémide10 bond by prolyl endopeptidase and might
also orolona-the action of LHRH. We, therefore, were inter-
ested in examining the effect of Z-Pro-Prolinal on the half-

life of LHRH.

Cell cultures offer an interesting and simple system for
testing the effect of inhibitors on peptide metabolizing
enzynes. GH3 cells are a 1line of «cells cloned from a rat
anterior pituitarvy tumor and propagated since 1965 (Tashjian
et al.. 1968}, which synthesize and secrete growth horﬁone
and prolactin (Tash+iian and Bancroft, 1970). Since these
éells are derived from a sinqle cell and éan be propagated in
culture, they offer many advantages to the investigator study-

inag the effécts of various compounds cn pituitary function.
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Since 1971. when increased prolactin synthesis and secretion
bvy GH3 cells in response to nanogram amounts of TRH was notea
(Tashiian et al., 1971), GH3 cells have been used extensively
to study the mechanism of action of TRH. TRH induces the
svynthesis of prolactin either by bindinc to a receptor on the
plasma membrane (Martin and Tash-diian, 1977) or by entering the
cell and binding to a nuclear receptor (Laverriere et al.,
1381). Hinkle and Tashiian (1975) showed that internalized
TRH is slowly deqraded within GH3 cells but made no attempt to
investigate which enzymes were responsible for this degrada-
tion. The role of intracellular proteolytic enzymes 1in the
requlation of 'TRH-induced prolactiﬁ synthesis remains unexp-
lored. GH3 cells should constitute an ideal system for stud-
ies on the role of those enzvymes responsible for IRH degrada-

tion.

Over the past few years our laboratory group has actively
investiqated & number of brain and pituitary neuropeptide-de-
grading enzymes including prolyl endopeptidase (Orlowski et
al.. 1979} and pyroaglutamyl peptide hydrolase. Other neuro-
peptide-~-dearading enzymes studied by our laboratory group
include a membrane-bound neutral metailoendopeptidase (Orlow-
ski and Wilk., 1981). a soluble metalloendopeptidase (Orlowski
et al.. 1983) and a multi-catalytic protease complex (Wilk et
als. 1979b: Wilk and Orlowski, 1983b) . We were initially
interested in determining the presence of thesé enzymes as
well as aminopeptidase and lysosomal cathepsin B and D in GH3

cells. We, therefore, compared the activities of these

Y
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enzvmes in GH3 cell homoagenates and in homogenates of rat
anterior pituitariese. This information should be of value in
studies on the role of proteolytic enzymes in the metabolism
of TRH. other neurcopeptides and peptide hormones, both in the

anterior pituitary and in cell cultures.

With the finding that neurcopeptide-degrading enzymes are
present in GH3 cells, it was of interest to examine the
effects of inhibitors on the enzymes present in these cells.
Some of the best documented examples of a compensatory
resoonse by ce;ls exposed to an inhibitor include an increase
in dihvdrofolate reductase produced by methotrexate (Jolivet
et al.. 1983) and an increase in ornithine decarboxylase by
c-methvlornithine and od-difluoromethylornithine (Choi and
Scheffler, 1981). Initially., Z-Pro-Prolinal and S-oxoprolinal
were tested for their abilitvy to inhibit prolyl endopeptidase
and PPH in GH3 cells. Z-Pro-Prolinal effectively inhibited
prolvl endooertidase (see below); S5-oxoprolinal, however,
unexvectedly increased FPH activity upon exposure to the
inhibitor for 3 days. The concentration-dependent and time-
dependent increase was characterized and found to be specific
for 5-oxoprolinal suaqesting that the activity of PPH in GH3

cells is supiect to complex regulatory mechanisms.

The effects of the inhibitors on prolactin response was
also studied. TRH was added to the cells in the presence of
either Z-Pro-Prolinal. S5-oxoprolinal, or both inhibitors and

after 1 hour and 3 days. the medium was removed and assayed



isé
for oprolactin bv radioimmunoassaye. The
measured newxly secreted prolactin and the
measured newly synthesized prolactine. It
since the inhibitors would prevent prolyl
PPH from degradéina TRH, the effects cf IRH
nouﬁced and the prolactin response would

presence of the inhibitor(s).

1 hour incupation
3 day incubation
wés expected that
endopeptidase and
would be more pro-

be greater 1in the
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MATERIALS

The following substrates were synthesized in our iaboratory
as described: DBz-Glv-aAla-BAla-Phe-pAB (Orlowski et al., 1983);
Z-Gly-Pro-SM (Orlowsxki et al., 1979) ; Z-Leu-Leu-Arg-2NA
{Orlowski et al., 1981); Glutaryl—-Ala-Ala-Phe-2NA (Orlowski
and Wilk. 1981):; Z-Gly-Gly~Leu-pNA (Wilk et al., 1979%L);
Z-Leu-Leu-Glu-2NA (Wilk and Orlowski, 1980) ;
TFAeD-Phe- (0-Benzyl) Ser-Phe-Phe-Ala~Ala-pAB (Orlowski et al.,
1964y . pGlu-2NA was obtained from United States Biochemical
Corporation (Cieveland, OH) . pGlu-His-Pro-2NA was obtained
from Bachem. Inc (Bubendorf, Switzerland). The following
inhibitors were synthesized in our laboratory as described:
N-f 1 (R .S)-carboxy-Z2~phenvlethyl 1-Ala-Ala-Phe~pAbB (Chu and
Orlowski. 1984):; Z-Pro-Prolinal (Wilk and Orlowski, 19%€3a);
N-f1(R.S)-carboxy-2-~phenylethyl 1-Phe~-pBB (Almenoff and Orlow-
ski. 1983): pyrogiutamyl diazomethyl ketone (Wilk et al.,
1985) . TRH, LHRH, L-pvyroglutamate, Leu-pNA, leupeptin, dime-
thyl sulfoxide., DNA (calf thymus, type 1), cyclo{his-Pro),
chloramine T, cvcloheximide, Pro-2N&, t-Boc-His, o-phenanthro-
line, dithiothreitol and thimerosal were obtained from Sigma
Chemical Co. (St. Louis, MO). Thionyl chloride, trifluoroace-
tate and pyridine were obtained from Fisher Scientific Corp.
(Fairlawn, NJ). TRH-OH was obtained from Peninsula Laborator-
ies (San Carlos, CA). Scdium borohydride, N,N'—bicyclohexyl-
carbodiimide., 3.5 diaminobenzoic acid dihydrochloride, dini-

trocheylhvdrazine, N-methylpyrrole-2-carboxaldehyde and
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2-thiophenecarboxaldehyde were ocbtained from Aldrich Chemical
Corpn. (Milwaukee, WI). Gly-Pro-2NA was obtained from Bachem
Chemicals (Torrance, CA). Norit activiated charcoal was
obtained from kmend Drug and Chemical Co. (Irvington, NJ).
Silica qgel (40 um average particle diameter) was obtained from
J.T. Baker Chemical Co. (Phillipsburqg, NJ). Dimethyl sulfox-
ide was redistilled over NaOH ana stored under nitrogen in a
flask containing dried U4A molecular sieves. Pyridine was
redistilled over KOH and stored under nitrogen in a flask con-
taining drv KOCHe. LHRH antiserum was obtained from Accurate
Chemical Co. (kWestbury., NY). I-125-LHRH, I-125-prolactin and
I1-125-TRH were obtained from New Enéland Nuclear (Boston, MA).
Na-I~125 was obtained from Amersham Corp. (Arlington Heights,
IL). Trasvliol was obtained from Mobay Chemical Corp. (hew
York. NY). Pentex bovine serum albumin was obtained from
Miles Laboratories (Kanakee, IL). Goat anti-rabbit second
antibody was obtained from Cappel Co. (Cochranville, PA).
Silica-coated plates (Polygram Sil G/UV 254, 40 mm X 80 mm)
for thin-laver chromatography were obtained from Brinkmann
Instruments (Westbury, NY). Rabbit sera and diisopropylfluo-
roohosphate (DEP) were obtained from Calbiochem-Boehring (La
Jolla. CA}. 211 media components were obtained from Gibco
Laboratories (Grand Island, NY). Rabbit brains were obtained
from Pel Freez (Rogers, AK) and bovine brains from a local
abbatoir. Tkh antiserum was a generous qift from Dr. Piers

Emson of the MRKC Neuropharmacoloqy unit, Cambridge, UK.
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His-Pro-2NA was pr2pared in our laboratory by coupling
t-Boc-His to Pro-2NA in the presence ' of
N.N'-dicvclohexylcarbodiimide. The t-Boc grocup was removed by
treatment with trifluoroacetic acid and the trifluoroacetate
salt of His-Pro-2HA was obtained by removal of the trifluoroa-

cetic acid by evaporation followed by precipitation with

ether.

DAP IV was purified to apparent homogeneity from rabbit
kidney cortex essentially as described by Yoshimoto and Walter
(1977) « The purified enzyme liberated 500 umol‘2NA per mg
protein per h from the substrate Gly-Pro-2NAa. Calf liver PPH
was obtained from Boehringer Mannheim Biochemicals (Indianapo-
lis. IN)e. Prolyl endopeptidase was purified from rabbit brain
to aopparent homogeneity as described by Wilk and Orlowski
{1583} . PPH was partially purified from bovine brain. It
co-purifies with prolyl endopeptidase up to the Sephadex G-1060
chromatoaraphy step (Wilk and Orlowski, 1983a) . PPH (MW
24 ,.000-30,000) is then resolved from prolyl endopeptidase (MH‘
66.000) by the Sephadex G-100 column. At’this stage bovine
brain PPH which was purified 220 fold from the original super-
natant has a specific activity of 66 units/ mg protein (one
unit is defined as the amount of enzyme releasing 1 nmol 2N&
per h from poGlu-2NA). Aminopeptidase M (EC 3.4.11l.2) was
Durified from hoqg kidneys according toc the procedure of
Pfleiderer (1970). To remove contaminating membrane-bound
neutral metalloendopeptidase (Almenoff and Orlowski, 1983),

the enzyme was chromatoaqraphed on phenyl sepharose CLUB.
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NMR spectra were performed in CDC13 on a Varian FT 80-4&
instrument and are reported in ppm downfield from TIHMS=0. IR
spectra were performed on a Beckman IR8 instrument; only diag-

nostic peaks are reported.
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5-oxoprolincl (Figure 4, IIT) {(S-hyaroxymethyl pyrrolidi-

none) was svnthesized from S-oxoproline (1) (pyroglutamate)

according to the method of Saiijo et al. (1980) as described
in Figqure 4. Thionyl chloride (8.9 g, 75 mmol) was added
dropwise to a solution of L-pyroglutamate (I) (12.5 g, 100

mmol) dissolvéd in 120 ml methanol, placed over a magnetic
stirrer and maintained at -200. After 30 min , the solution
was brought to room temperature and stirred for 3 hours.
After removal of the solvernt, the resulting 0il was vacuum
distilled (145°-150°, 4 mm Hg) vielding 10.34 g (72.3 mmol) of

the methvl ester of pyroglutamate (I1II).

The methvl ester of pyrcalutamate (II) (7.4 g, 51.7 mmocl)
was dissolved in 72 ml of ethanol. | The stirred soliution was
placed in an ice bath and scodium borohydride (1.%50 g, 51.7
mmol) was added over a period of 30 min. The reaction was
continued for 2 more hours at room temperature. The mixture
was then acidified with concentrated HHCl, filtered, and the
filtrate was evaporated under reduced pressure to give an oil
which was chromatogqraphed on a silica gel coclumn (2 X 25 cm).
The column was eluted with ethyl acetate followea by elution

with a mixture of ethyl acetate-methanol (90:10) . An o0il
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(11D was obtained which was crystallized from an ethyl
acetate—chioroform mixture. A white soiid with a melting
point of 72°9-74°9 was obtained, in agreement with the value
reported in the literature (Saidio et al., 1980). Thin-layer
chromatoaxraphv in an ether-2-propanol solvent system (85:15),
revealed & single spot (Rf of 0©0.06) when visualized by the
chlorine-tolidine method for nitrogen-containing compounas

(Krebs et al., 1969).

The alcohol (III) was oxidized to the aldehyde derivative,
S-oxoprolinal (IV), using a modification of the methods of
Pfitzner and Moffat (1965} and Jones and Qigfield {1966) » A
weak acid. prridinium trifluoroacetate (PIFR), prepared
accordina to Bourne et al. (1954), was the catalyst.
N.N'-Dicvclohexvlcarbodiimide (2.7 g, 13 mmol) was added to
redistilled DKSO (12.5 ml, 175 mmol). After stirring briefly,
S-oxoorolinol (III) (230 mag. 2 mmol) followed by PIFA (280 mg,
1.25 mmeol) were added. The pH remained close to neutral, a
condition which is necessary because the pyrrolidone ring is
labile to acidic and basic conditions. The aldehyde was quan-
titated by the formation of the 2,4-dinitrophenylhydrazone
derivative, using butyvyraidehyde as <standard (Reingold and
Orlowski., 1979). After 6 hours, no further increase in aldeh-
yde could be detected. The highest yield obtained from this

reaction was akout 35%.

Chloroform was added and the reaction mixture was filtered.

The filtrate was evaporated under reduced pressure at roonm
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temperature to remove the chloroform and at 55° under vacuum
for a short period of time to remove some of the DMSO. The
oil was chromatoaravhed on a silica gel column (2.5 X 85 cm)
and eluted stepwise with ether:isopropanol (0% to 15% isopro-
panol). The eluate was monitored for aldehyde by &
2.4-dinitroohenvylhydrazine (DNP) spray (0.4% in 2N LHC1). The
aldehvde emerced with ether-isopropanol (85:15). Removal of
the solvent of the pooled aldehyde-containing f£fractions
vielded an 0il (IV). TLC analvysis in an ether-2-propanol sys-
tem (85:15) revealed one DNP-positive spot with an Kf value of
0.20. When visualized with the tolidine spray, however, a
fast moving spot was also present. Toc remove this contami-
nant., the o0il was purified using a flash chromatography (Still
et al.. 1978) silica gel column (1.5 X 60 cm) equilibrated
with a mixture of chloroform-ethanol (85:5). eluted under
nitrogen pressure with this solvent. The resulting oil, when
chromatoaraphed on a TILC plate, afforded only one spot when
visualized with the tolidine spray, which coincided with the
soot for aldehvde visualized by the DNP spray. This indicated
that no other nitroqen-~containing compound was present. The
amount of aldehvde. however. as gquantitated by 2,4-dinitro-
ohenvlhvdrazone formation with butyraidehyde as a standard was
less than the weight of the oil, possibly due to incomplete
removal of solvent(s). 1H NMR (CDC13) d2.38 m, Hu.a/Hg. Qs
Ju.22 m. Hy: J9.61 br s. CHO. IR vmax (cil, NaCl salt

plates): 3400, w, NH: 1680 cm—-1, m, CONH overlap CiO.
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ntbesis of the 2.4=dianitroplepylhydrazone cerivative of

e

‘S=zexonxalinal

Partially purified S5-oxoprolinal (IV) (75 mg, 0.66 nmol),
obtained from the first silica gel chromatoqgraphy step, was
dissolved in 4 @l of 95% ethanol. A DHNP solution was prepared
bv dissolving DNP (0.4 g, 2 mmol) in 2 ml of concentrated
H SC,4. adding 3 ml of water and 10 ml of 95% ethanol. 3 ml of
this solution was added to the aldehyde solution. A solid
precipitated immediately which was filtered, dissolved in
chloroform. and chromatogqraphed on a silica gel column. The
column was wasﬁed with chloroform and the DNP-derivative was
then eluted with a mixture of chloroform-ethanol (95:5). The
pure DNP-derivative as determined by TLC (Rf value of 0.11
usina a chloroform-ethanol mixture ; 95:5), eluted as the sec-
ond component from the column. Removal of the solvent yielded
a vellow solid with a melting point of 175°-177°, The NMR of
the solid confirmed that the 2.4-dinitrophenvylhydrazone deriv-
ative of S5-oxoprolinal was formed (Fiqure 1). iH NMR in
cDCcL3: d2.50 br t, J=5.6 hz, Ha.a /Hg.g i d4.55, m, Hy; d5.83,
br s. exchange with D50, lactam NH; J7.uo. d, J=4.9 Hz, CH=N;
d7.90, d. 3=9.5 Hz, Hgi J8.40, 4G, J_=9.5 Hz, J =3.0 Hz, H,;
d9.10. @. 9=3.0 Hz, Hy: 11.10. br s, exchange with 5,0, N-NH;
IR vmax (CHC13 solution. NaCl cell with a 0.2 mm pathlength):
3460, 3460, w, NH; 3350, w, NH: 1690, m, CONH; 1650, 1630, s,
C=N: 1550 cm—*, s, NO,. Anal. calcd. for C11N505h11: H 3.78,

C 45.05, N 23.88; Found: H 3.82, C 45.18 N 23.81.
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A standard curve prepared by reacting known amounts of the
solid 2.4-dinitrophenylhyarazone derivative of 5-oxoprolinail
with the cellosolve reagent (Reingold and Orlowski, 1679) was

found to be similar to the curve with butyraldehyde as stan-

darde.
ENZXMATIC "'ASSAXS
Defexmipation of epnzypatic ‘activities

The activities of all enzymes were measured by determining
the release of aromatic amines from the appropriate chromo-
aenic substraté using the diazotization procedure of bratton
and Marshall (1939} asl modified by Goldbarg and Rutenberg
(1958) « For samples with low amounts of aromatic amines, the
following modification .was introduced to increase the sensi-
tivity of the diazotization procedure: 540 ul of mouse tissue
homogenate was added to 60 ul of 25% (w/v) trichloroacetic
acid or 250 ul of incubation mixture was added to 250 ul of
10% (w/V) tiichloroacetic acide. Precipated prote;n was
removed by centrifucation at 4° for 10 min at 3000g. SM con-
centrations were determined in 375 ul of the supernatant by
adding 187 ul (€.2% sodium nitrite followed after 3 min by 187
ul 10X ammonium sulfamate. After an additional 2 min, 250 ul
of a 0.16% solution of N-(l-naphthyl)ethylenediamine dinydro-
chloride was added. The tubes were centrifuged for 10 min and
the absorbance of the supernatant was determined at 540 nm.
The amount of chromogenic substance released was calculated by

a standard curve constructed with known amounts ¢of the chromo-
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aen. Under ccnditions of the assays, enzymatic activity was
prooortional to incubation time and amount of enzyme protein.
Specific activity was expressed as nmoles/ mg protein/h. Pro-
tein was measured by the method of Lowry et al. (i951). The
siagnificance of chanaes in the specific activities between the

two homogenate preparations was determined using the Student's

I—test .

‘Séluble Betallcendodeptidase: Activity was determined using
the substrate Bz-Gly-Ala-Ala-Phe-pAB as described by Orlowski
et al. (1983). The enzyme cleaves the Gly-Ala bond and the
chr0moqeh is feleased in a coupled assay by incubation with
excess aminopeptidase M. Incubation mixtures (final volume
250 ul) contained 10 ul Bz-Gly-Ala-Ala-Phe-pAB (10 mM in 13 mM
NaCH). 25 ul of 2.5 mM DIT, Tris-HC1l buffer (0.2 M, pH 7.0)
and 10 ul of homogenate preparaticn. Incubation proceedead for
1 hour at 37° and was stopped by placing the tubes in boiling
water for two min. Tub2s were then placed on ice and 40 ul of
distilled water and 10 ul of purified aminopeptidase M was
added. The tubes were then incubated for two hocurs at 37°.
The reaction was stopped by additicn of 250 ul of a 10% ICA
solution. For inhibition studies, 5 ul of 5 mM N-{1(R,S)-
carboxv-2-phenylethyl ]-Ala-Ala-Phe-pAb (Chu and Orlowski,
1984) (final concentration 10-4 M) or 5 ul of 10 mM o-phe-
nanthroline (final concentrétion 2 X 10-4 M) was added to the

incubation mixture or DIT was not added to the incubation mix-

ture.
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Activity was determined wusing the

Prodwk epdopeptidasa
substrate 2-Gly-Pro-SM as described by Orlowski et al. (1979).
The incubation mixture contained 50 ul of 2Z-Gly-Fro-Sit (5 mi
in 0.1 M Tris-HCl buffer, pH 8.3), 1860 vl of 0.1 M Tris-HC1
buffer (oH 8.3)., 10 'ul of 10 mM DIT, and 10 ul of GH3 cell
homoaenate or rat anterior pituitary homogenate or 20 ul mouse
tissue homogenate. incubations were for 30 min for GH3 cell
homogenates. 1 hour for anterior pituitary homogenates and 10
min for mouse tissue homogenates. at 379. The reaction was
stooped by addition of 250 ul of 10% ICA. For inhibition
studies., 10 ul -of 2.5 X 10-5 M Z-Pro-Prolinal (Wilk and Orlow-
ski. 1983a) was added to thne inéubation mixture to give a

final inhibitor concentration of 10-6 M.

‘Cathensin 8: Activity was determined using the substrate
Z-Leu-Leu-Arq—-2NA as described by Orlowski et al. (1961).
The incubation mixture (final volume 250 ul) ccntained 10 ul
of Z~-Leu-Leu-Arg-2NA (10 mM in DMSO), 5 ul of 100 mM EDTA, 25
ul of 10 mM DTI. 0.2 M acetate buffer (pH 4.8} and either 10
ul of GH3 cell homogenate or 20 ul of anterior pituitary homo-
aenate. Incubations were carried cut at 37° for 1 hour and
stooped by the addition of 256G ul of 10&x TICA. For inhibition
studies., 10 ul of 2.5 { 10~-5 M leupeptin (final ccncentration

10-6 M) was added to the incubation mixture.

‘Cathensdn 'd: Activity was determined using the substrate
TFAeD-Phe-(0-Benzyl)Ser-Phe-Phe-8la-Ala-pAB (Orlowsiki et &l.,

1984). Cathepsin D cleaves the Phe-Phe bond of the substrate
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and the chromoagen is released by incubation with excess
aminopeptidase M in a coupled assay (Orlowski et al., 1984).
The incubation mixture contained 20 ul of the substrate, 420
ul citrate phosphate buffer (0.05 M, pH 3.4), and 10 ul of
homogenate preparation and was incubated for i1 hour at 37°.
To stop the reaction, the tubes were placed in boiling water
for 5 min. The tubes wWere then placed on ice and 100 ul of 1
M Trizma base and 20 ul of purified amincpeptidase M was
added. The tubes were further incubated for 2 hours at 37°
and the reaction was stopped by the addition of 230 ul of 30%
. TCA. The diazotization reaction was modified as follows: to
400 ul of supernatant, 150 ul of o.éu% NaNO2 waé added. After
3 min, 200 ul c¢f 1.255 ammonium sulfamate was added. After 2
min. 500 ul of 0.1% N-1-Naphthyl-ethylenediamine ¢&iHCl in 95%

ethanol was added. The absorbance was determined at 540nm to

aquantitate the pdB released.

‘Baddengalidase : Activity was determined using the substrate
Leu-pNA. The incubation mixture (final volume 250 ul)‘ con-
tained 10 ul of i0 mM Leu-pNA (in methanol), 0.05 M Tris-dCl
buffer {(pH 7.5) and either 25 ul of GH3 cell homogenate or 10
ul of anterior pituitary cell homocgenate. Incubations were
carried out at 37° for 1 hour and stopped by addition of 250

ul of 10% TCA.

Membuddeabaund Neutral Mgralloepdopgptidase: Activity was

determined wusina the substrate Glutaryl-Ala-Ala-Phe-2ZNA as

described by Orlowski and Wilk (1981). The enzyme cleaves the
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Ala-Phe bond and the chromogen 1is released by incubation with
excess aminopertidase M 1in a coupled assay. The incubation
mixture (finai volume 250 ul) contained 10 ul of 10 mbB Giuta-
rvi-Ala-Ala-Phe-2NA (in DMSO), 0.05 M Tris-HC1 buffer (pH
7.5). 20 ul of purified aminopeptidase M and 40 ul of homogen-
ate. Incubations were carried out for one hour and stopped
with 250 ul 10% TCA. For inhibition studies, 1€ ul of 1 mM
N-f 1(R.S)-carboxy- Zz-phenylethyl]-Phe-pAB (Almenoff and Orlow-
ski. 1983) (final concentration # X 10-5 M) was added to the

incubation mixture.

‘Puioalufdnvl 'nentide hydrolasg: Activity was determined using

the substrate pGlu-2NA. The incubation mixture (final volume
250 ul) contained 10 ul of 10 mM pGlu-2NA (in DMS3O), 20 ul of
20 mM DTT. 20 ul of 20 nmM EDIA (pH 7.5), 50 mM Tris-HC1l buffer
(pH 7.5) and 50 ul of homogenate. For studies comparing pyro-
alutamyl peptide hydrolase activity in GH3 cell homogenates
with activity in rat anterior pituitary homogenates, 50 ul 10
mM DIT and 5 ul 0.1 M EDTA (pH 7.5) were used instead. Incu-
bations were carried out for 1 hour at 37° and were stopped

with 250 vl of 10% TCA.

Mudtizgasalukic Brorease Compléx:  The activity of the chymo-
trvosin-like compbonent was assaved using the substrate Z-Gly-
Glv-Leu-bpNA as described by Wilk and Orlowski (1960). The
incubation mixtue (final volume 250 ul) contained 10 ul of 10

mM Z-Glvy-Glv-Leu-pNA (in DMSO), O0.01 M Tris-EDTA buffer (pH

8.3) and either 20 ul of anterior pituvitary homogenate or 25
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ul of GH3 cell homoagenate. Incubations were carried out at

37° for 1 hour and stopped with 250 ul of 10% ICA.

The SDS-activated component of the multi-catalytic protease
complex was assayed using the substrate Z-~Leu-Leu-Glu-2NA as
described by kilk and Orlowski (1980). Incubation mixtures
(final volume 250 ul) contained 10 ul of 10 mM Z-Leu-Leu-
Glu-2NA, 0.01 M TIris-cDTA buffer (pd 8.3), 10 ul of 1% SDS and‘
either 20 ul of anterior pituitary homogenate oxr 25 ul of GH3
cell homogenatee. Incubations were carried out for 1 hour at

37° and stopped with 250 ul of 10% ICA.

‘Didddngseptidase I¥:  The activity was determined using the
substrate Glv-Pro-2NA. The incubation mixture (final vol 250
ul) contained 0.05 M Tris-HC1l buffer (pH 7.5), 10 ul purified
diaminopeptidase IV (0.084 units) and 10 ul 10 mM Gly-Pro-2NA
(in DMSO). Incubations were for 30 min at 37°. The reaction
was stoooed by the addition of 250 ul 10% TCA and the release

of free 2NA was guantitated by diazotization.

‘Mambaneshound pyroalutamyl-pepiide hydérolyzing activity The
activity was determined with pGlu-His-Pro-2NA in a coupled
assay with excess DAP IV in the presence of Z-Pro-Prolinal, a
specific inhibitor of prolyl endopeptidase (Wilk and Orlowski,

1983a) . The assay 1is based on the following reaction

seguence:



membrane~-bound enzyme

(1) pGlu-His-Pro-2NA =-=-=-=-=-—--re—-—-———- > pGlu + His-Pro-2Na

(2) His-Pro-2NA =  --=-—-~----ccomemeo—n > His-Pro + 2NA&

Z-Pro-Prolinal plocns the cleavage of the Pro-2Na bond by
prolyl endooeptidase. The incubation mixture (250 wul final
volume) contained 10 ul Z-Pro-Prolinal (final concentration
10-5 M). 10 ul DAP IV, 50 ui serum or brain fraction and 50
mM Tris-HCl buffer (pH 7.5). Tubes were preincubated for 10
min at- 37° and'lo ul pGlu-His-Pro-2NA (10 mM in DMSO) was then
added. The reaction proceeded for 2 h and was stopped by 250

ul 10% TCA. Free 2NA was guantitated as descriped.
‘Identification of cleavage produgts of 'pGlu-HisZPro=2Ns

Rat serum and rat washed brain pellets were prepared as
described above. DFP was added to inhibit endogenous DAP IV
and prolyl endopeptidase. The incubation mixture (250 ul
final volume) contained 10 ul DFP (final concentration 0.66
mM) . 10 ul PDKK (final concentration 16-5 M), 50 ul serum or
washed brain pellet and 50 mM Tris-HCl buffer (pH 7.5). The
tubes were preincubated for 3¢ min at 37° and 10 ul pGlu-His-
Pro-2NA (50 mM in DMSO) was then added. The reaction pro-
ceeded for 17 h at whica time the incubation mixtures as well
as eaduivalent reaction mixtures which were not incubated were
spotted on silica G thin-laver chromatography plates. Authen-

tic His-P;o-ZNA as well as His-Pro-2NA generated by incubation
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of bGlu-His-Pro-2NA with partially purified bovine brain PPH
were also spotted. The plates were developed with both sol-
vent system I (chloroform: methanol: 25% ammonia; 5:3:1) and
solvent system II (l-propanol: water: ammonia; 7:3:1) and
were visualized under a ultraviolet lamp and by spraying with

the Pauly reaqent (Kreps et al., 1969).

Partially ourified PPH (see Methods) and purified prolyl
endopeptidase., aminopeptidase M and diaminopeptidase IV were
preincubated with inhibitor at 37° for 10 min. The reactions
were initiatea by addition of substrate. The Ki of
S-oxoorolinal for pyroglutamyl peptide hydrolase was calcu-
lated by the methods of Dixon (1953) and Henderson (1972).
The Ki of other inhibitors was calculated by the method of

Dixon (1953).

‘Deternipation of Ki for IKE

The affinitvy of enzymes towerd TRH was studied by determin-
inag the inhibition of cleavage of synthetic substrates after
addition of several concentrations of TRH. Homogeneous rabbit
brain prolvl endopeptidase was assayed as described above.
Partially purified bovine brain PPH was assayed as described
above in the presence of 2-Pro-Prolinal (10-5 M final concen-
tration) to inhibit contaminating prolyl endopeptidase. The
membrane-bound pyroagdlutamyl-peptide hydrolyzing enzyme was

assaved as described above using a washed particulate fraction
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of a rat brain homoaenate in the presence of Z-Pro-Prolinal
and PDMK (10-5 M final concentration of both) to inhibit any
contaminatina prolvyl endopeptidase and PFH respectively.
After 10 min creincubation with various concentrations of IEKH,
substrate was added. The Ki was determined according to the

method of Dixon (1953) using two concentrations of sutstrate.

The incubation mixture (final volume 250 ul) contained 10
ul PDMK or Z-Pro-Prolimal (10~5 M) or buffer, 50 ul of rat
tissue preparation (serum, 10% brain homogenate or 10% resus-
pended washed brain pellet) and 50 mM Tris-HC1 buffer ka
7.5). In tubes receiving DIT and EDTA, 20 ul 20 mM DIT and 20
ul 20 mM EDIA (pH 7.2) were added. After a 10 min preincuba-~-
tion., 20 ul TRH (100 nqi was added. Incubations were carried
out for 2 h at 37° and were stcpped with 250 ul methanol.
Control tubes received TRH after the incubation. The tubes
were centrifuged at 1000 g for 10 min, 50 ul‘supernatant was
removed and evaporated to dryness under a stream of nitrogene.
The samples were reconstituted in 500 ul of RIA buffer (0.1 mM
thimerosal., 5% solution of trasylol containing 50,000 Kalli-
krein Inactivator Units/100 ml buffer and 0.2% bovine serum in
PBSY and the samples were frozen at =-20° until the RIA was

performed.

LHRH dearadation was studied wusing purified calf 1liver
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pvroglutamyl peptide hydrolase. Z-Pro-Prolinal was added to
prevent dearadatibn by any contaminating prolyl endopeptidase.
Incubation mixtures contained 31 ul LHRH (62.5 ug}, 10 ul
Z-Pro-Prolinel (final concentration 10-5 M), 20 ul 20 mM DIT,
20 ul 20 oM EDTA (pH 7.2), Tris-HCl buffer (pH 7.5) and 50 ul
pyroglutamyl peptide hydrolase (3.6 mg lyophilized powder/mil
puffer). Incubation tubes contained either 25 ul
5-oxoprolinal (final concentration 10-6 M) or the equivalent
amount of buffer. Incubations were carried out at 37° and the
reaction was monitored using a Perkin-Elmer series 2 HPLC
equipped with a variable-wavelength spectrophotometric detec-
tor (LC-55). 20 ul of incubation ﬁixture was chromatographed
ona 250 X 4 gm Bio-Sil OD-5S reverse phase column (Bio-Rad
Labs, Richmond, CA) as described by Wilk and Orlowski (1982).
After 3 h of incubatioﬁ. most of the LHRH was converted to
product in the tube without inhibitor. The incubation mixture
in the sample lacking inhibitor was then applied to the column
and the product peak (retention time of 9 min} was collected,
hvdrolvzed and analyzed on a Technion ISM amino acid autoana-

lvzer as described by Wilk and Orlowski (1982).

“THH : The RIA procedure for TRH was based on the method ot
Jeffcoate et. al. (1973). Each assay tube (final veolume 300
ul) contained 30 ul sample (20 ul of hypothalamic sample) or
25 ul standard TRH, 160 ul antiserum (1/45,000 final diiution,

69.6 uag of 1lvcphilized powder corresponds to 1 ul of serum).
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40 ul [12511TRk (2.5 pg/assay or about 10,000 cpm/assay) and
the above RIA buffer. Incubations were carried out for 18 h
at uo. Then 50 wul of 1/10 diluted rabbit serum and 3 ml of
cold 1-propanol was added. The tubes were incubated at 4°© for
an additional 30 minutes and then centrifuged at 1600 g for 45
minutes. The supernatant was removed and the pellet and
subernatant were counted in a LKB 1275 Minigamma counter.
Blank tubes without antiserum were carried through the experi-
ments. The (% bound minus blank) was calculated for all sam-
ples using the PROPHET computer system which is a national
comoputer resource supported by the Biomedical Research Tech-
noloav Progran. Division of HResearch Resources, National
Institutes of Health. A standard curve was constructed as 1log
[ TRH1 vs (% bound minus blank) and the amount of TKRH in the
unknown was determined from the curve. The dearadation of TRH
in vitro was assaved in duplicate and the RIA for each of the
two tubes was run in triplicate. The amount of TRH remaining
after incubation was compared to control tubes with no incuba-
tion to determine percentage dearadation. The antiserum does
not cross-react with IRH-OH. Z-Pro-Prolinal and PDMK do not

affect the RIA for TRh.

‘LHEH: The assav for LHRH was similar to that of TRH. To each
tube, 30 ul of LHRH antiserum (final dilution of i/1200), 50
ul of standard LHRH and 170 ul of RIA buffer were added. For
half-life experiments, the buffer contained 0.1 mM PCMB and 1
mM o-phenanthroline to prevent degradation of iHRH by serum

enzvmes. The samples were incubated for 3 days at 4° and then
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40 ul of I-125 LHAH (approximately 10,000 cpm/tube) was adced.
Incubation continued for anotner 3 days at 4°. Frecipitaticn
and calculations were performed as described for TRH. The
standard curve was linear from about 6.25 pg to 100 pg of

LHRH.

The 1-9 LHEH fraament was generated for cross-reactivity
studies by incubating 100 ug of LHRH with 50 ul homogeneous
prolyl endopeptidase., 50 ul 10 mm DTT and 90 vl 0.1 M Tris-HCl
buffer (oH 8.3) for 19 h. An aliquot of the incubation mix-
ture was monitqred by HPLC as described above. Authentic LHRH
had a retention time of 10 min and 1-9 LHRH had. a retention
time of' 12 min. This fragment was then assayed by RIA for
cross—-reactivity with LHRH and was found not to displace
authentic LHRH even at- 2000 pg (20 times greater than the

laraest amount of LHRH on the standard curve).

‘Prodectin: The assay for prolactin is based on a procedure
established by the NIADDK. The buffer used was the same as
for TRH. The antiserum and standard prolactin were supplied
by the NIADDK. Iodination of supplied prolactin was unsuc-
cessful.and tnerefore commercial iodinated prolactin was used.
The media from GH3 cells (see below) was diluted 1/6 for the 1
h experiments and diluted 1/300 for the 3 day experiments. To
each tube., 100 ul of antiserum (final dilution of 1/2600), 100
ul of standard prolactin (PRL-RP-3) or 40 ul of sample and

enouagh buffer to bring the final volume to 340 ul were added.

The tubes were incubated at 4° for 24 hours. 60 ul of 1I-125
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prolactin (approximately 15,000 cpm) was then added to the
incubation mixture and the incubation continued for 24 hours
at 49 at which time 50 ul of rabbit serum (1/10 dilution) and
50 ul of goat anti-rabbit second antibody was added. bfter
anothef 24 hours of incubation at 4°, 400 ul of additional RIA
buffer was aaded and the free and bound prolactin were sepa-
rated as for the TRH RIA. The standard curve was linear

between 125 pa and 2000 pg of prolactin.

SH: The assay for TSH is based on a procedure established by

-

l

the NIADDK. Antiserum, standard ISH and ISH for iodination
were suoplied by the NIADDK. ' The :igdination of TSH used the
miniiodination method of Ewen and Warren (1983). To a small
vial. 2 ua of TSH in 45 vl of 0.05 M Na Phosphate buffer (pH
7.5) was added followed‘bv 100 ul of Na-I-125 (0.1 mC) and 10
ul of chloramine T (2.5 mg/ml in PBS). After 60 seconds at
room temperature, 100 ul of Na metabisulfite (2.5 mg/ml in
PBS) was added. After another 30 seconds, 200 ul of 1% KI was
added. The reaction mixture was applied to a Eiogel P 60 col~-
umn washed with 1% BSA and an initial peak of iodinated TSH
was obtained which was separated from the free 1iodine pezk.

The iodinated 154 was aliquoted and frozen at -20° until use.

The RIA for TSH used S0 ul of antiserum (1/4500 final diiu-
tion). 50 ul of standard ISH (r-TISH-RP-2) or 100 wul of rat
serum and RIA buffer so that a final volume of 230 ul was
obtained. After incubation at 4° for 2 days, 70 ul of I-125

TSH (about 10.000 com /tube) was added. After 3 more days of
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incupation at 4°, second antibody precipitation was wused as
described for rrolactin with the modification that 500 ul of
buffer was adéed bpefore centrifugation. The TSH standard
curve was linear from 50 pa to 1600 pg of TSH. 100 ul of nor-
mal rat serum contains about 50 pg of TSH which is at the low-

est limit of sensitivity of the assay.

‘BNIMAL EXRERIMENTIS

Male Swiss Albino mice weighing approximately 35 g and male
Soraaque-Dawley rats weighing about 250 g were used for all

experiments. They were fed a commercial Purina laboratory

chow diet.

Efé€ect 'of 'Zz=RrosProlinal ‘on prolyl endopentidase activity in

Prolyl endopeptidase activity was measured in mousé tissues
30 min after intraperitoneal administration of either Z-Pro-
Prolinal (1.25 ma/Ka in 104 wmethanol) or vehicle. The mice
were killed by cervical dislocation and brain, heart, skeletal
muscle. luna. spleen, duodenum and pancr2as, 1liver and Kkidney
were removed and placed on ice. After addition of 10 volumes
of ice cold (.1 M Tris-HCl buffer (pH 7.0) the tissues were
disruoted using a Polytron homogenizer (Brinkmann Instruments)
and then homogenized in an ice-cooled homogenizer equipped
with a Teflon pestle. Proclyl endopetidase activity was deter-

mined with Z-Gly-Pro-SM as a sqbstrate as described above.
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‘Detennination of inhibition of nxolyl endopeptidase in vivo

Z2-Pro-Prolinal was adminhistered by intraperitoneal injec-
tion into mice as a soluation in 107% methanol, followed at var-
ious time intervals by Z-Gly-Pro-SM (145 mg/kg). Control mice
received injections of the vehicle. Homogenates were prepared
as described above. SM levels were determined using the
hiahly sensitive diazotization described above. A standard
curve constructed by carrvying known amounts of SM through the
procedure was used to calculate the concentration of Sh. The
concentration of SM in animals receiving inhibitor was com-
pared to the concentration of control animals using the ocne-

tailed Student's T-test.

‘Edfget "of ‘Szoxaprolinal ‘on ‘pyreglutapyl ‘'peptide ‘hydrolase

5-oxoprolinal (50 mas/kag in 50&% ethanol) or vehicle was
administered tc mice by intraperitoneal injection. Af ter 10
min or 30 min. mice were killed by cervical dislocation. Cne
mouse received 8 injections of 5-oxcoprolinal (50 mg/kg) over a
period of 4 days. Ine tissues were immediately removed and
placed on ice. After addition of 5 volumes of ice cold 0.05 M
Tris-HCl buffer {(pH 7.5)., the tissues were disrupted using a
Polytron homogenizer (Brinkmann Instruments) and then homogen-
ized in an ice-cooled homogenizer equipped with a teflon pes-
tle. Pvyroglutamyl peptide hydrolase activity in the homogen-
ates was determined as described above using 50 ul homogenate.

After a 1 h incubation at 379, the reaction was stopped by
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addition of 250 ul 10% TCA. Control tubes in which the enzyme
and supstrate were cmitted separately were also carried
throuah the procedure. Tubes were then centrifuged and 375 ul
of supernatant of all organs except liver and kidney were
removede. For liver and kidney incubations, 75 ul of superna-
tant was diluted with 300 ul of 0.05 4 Tris-HC1l buffer (pH
7.5). 2NA concentrations were determined using the sensitive
diazotization method described above. The activity of pyro-
qlutamvl peptide hydrolase in animals receiving 5-oxoprolinal
was compared tc the activity of control animals using the one-

tailed Student's T-test.

‘E£fect 'of ‘pyroglutamyl diazomgthyl ketone Qn pyroedlutamyl pep-

‘tide bidielise 'Aativity 'in ‘mause fissues

Pvroqlutamyl diazomethyl ketone (in water) or vehicle was
administered to mice by intraperitoneal in‘jection. 5 mice
received a dose of 0.1 ma/kg and were killed after 24 h, 3
mice received a dose of 0.1 ma/ky and were killed after 1 h
and 3 mice received a dose of 0.01 mg/kc and were killed after
1 h. One mouse received a aose of 0.1 mg/kg and was killed
after 5 days. The mice were killed by cervicle dislocation,
the tissues were removed and homogenized as described above
and PPH was assayed as described above. The activity of pyro-
qlutamvl peptide hvdrolase in animals receiving diazomethyl
pvroglutamate was compared to the activity of control animals

using the one-tailed Student's T-test.
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'Effect of inhibitors oo the paxrticulate pyroglutamyl-peptide

‘Hedralyzing ‘eniyme "in rat Qrain

A solution of Z-Pro-Prolinal (5 mg/kg) and diazcmethyl
pvroglutamate (1 ma/ka) was injected twlice into a rat at time
0 and 10 h and the rat was killed after an additional hour.
After addition of 10 volumes of Tris-HCl buffer, the tissue
was homodenized, the washed pellet was prepared and the par-
ticulate pyroaqlutamvl-peptide hydrolyzing enzyme was assayed

as described above.

‘Anterior ‘Rituitdry ‘Homogepdtes
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Pituitaries were removed from male Spraque Dawley rats
(225-280q) after decapitation and placed on ice. The anterior
pituitaries were removed under a dissecting glass. After
addition of 20 volumes of ice cold 0.1M Tris-HC1 buffer (ph
7.0). the tissues were homogenized in an ice-cocoled homogen-
izer equipped with a teflon pestle. Homogenates were kept on
ice and used on the same day as the preparation to prevent

loss of enzvymatic activity due to storage.

‘PEeparation of rat organs for disiribution siudies of pyroglu-

Rats were decapitated and the blood was collected and
allowed to clot. The blood was centrifuged at 2000 g for 20
min. The serum was removed and assayed immediately for enzyme
activity. For. oraan distribution experiments, the brain,

heart. skeletal muscle, 1lung, spleen, 1liver and kKkidney were
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removed and placed immediately on ice. After addition of 5
volumes of ice-cold 0.1 M Tris-HC1l buffer (pH 7.5), the tis-
sues were disrupted using a Polytron homogenizer (Brinkmann
Instruments) and then homogenized in an ice-cooled homogenizer
eaguipped with a Teflon pestle. The homogenate was centrifuged
at 12,000 g foz‘20 min. The supernatant was decanted and the
pellet was resuspended in the original volume of Tris-HC1l
buf fer. recentrifuged, supernatant decanted and the pellet was
once more suspended in the original volume of Tris-HCl buffer.
The washed pellet was immediately assayed for wmembrane-bound

enzvme activity.

For experiments on enzyme distribution in brain, the brain
was removed and the hypothalamus, cortex, hippocampus, stria-
tum. thalamus, brainstem and cerebellum were rapidly dissected
and immediately placed on ice. The pituitary was also
removed. BAfter addition of 5 volumes of ice-cold 0.1 M Tris-
HC1l buffer (pH 7.5). the tissues were homogenized as described
above. 300 wul of homoqenate was centrifuged in a desk togp
céntrifuqe at 9000 g for 10 min. The supernatant was removed
and the pellet was resuspended in 300 ul of
buffer.recentrifuagaed. subernatant decanted and the washéd pel-
let once more suspended in 300 ul of buffer. Both soluble and
particulate fractions were assavyed immediately. Uhole brain
homoaenates. supernatants and washed pellets used for studies

on the deagradation of TRH and chromogenic substrates were pre-

pared similarly.
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Effect ‘of "inhibitors on horpane levels in rat tissues

Rats received either Z-Pro-Prolinal (5 mg/kg in 30X etha-
nol). diazometnvl pyroalutamate (1 mg/kg 1in water), both
inhibitors or vehicle. After 15, 30 or 60 min or 18 h the rat
was sacrificed by cervical dislocation and the hypothalamus,
pituitary and & section of the frontal cortex was remeved and
placed on dry ice. The blood was also collected and serum was
prepared as described above. The serum was stored at -20° and
was assaved for prolactin and ISH as described above. To the
tissues, 1 ml of 90% methanol containing 0.1 mM PCMB was added
and the tissueé were homogenized. The sample was centrifuged
at 10,000 g for 15 minutes and the supernatant removed. The
supernatants were then evaporated under a stream of nitrogen
or by centrifugation under vacuum {(Savant Instruments) and
were reconstituted in RIA buffer (500 ul for hypothalamic sam-
ples. 150 ul for pituitary samples and 75 ul for cortical sam-

ples) and stored at -20° until the RIA was performed.
‘Effects of inhibitors on LHRH balf-life in rats

Rats were anesthetized with urethane (1.2 mg/kg) 30 minutes
before suragerv. The animal's temperature was maintained at
37° by wusing & heat lamp with a rectal probe. The femoral
artery and vein were isolated and cannulas were introduced.
The arterial line contained 1% heparin in saline. 2-Pro-Pro-
linal (1.25 mg/kaq) was inijected into the femoral vein 2 min
before iniection of LHRH (210 uas/kg in saline) into the femo-

ral vein. 0. 2. S. 10. 15, 20, 25, 30, 40 and 60 min after
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iniection of LKRH., 200 ul of blood was collected from the fem-
oral artery into a plastic tubpe contéininq 1 ul of a solution
of 100 mM o-phenanthroline and 10 mM p-chloromercuribenzoic
acid. This inhibitor solution was added to prevent degrada-
tion of LHRH by blood after collection. The blood was centri-
fucéd on a desk top centrifuge (Beckman) for 5 minutes at 5000
g and the plasma was:removed. Plasma was frozen at -20° until
analysis bv RIA. After determination of LHRH concentration in
the plasma samples by RIA as described above, the pharmacoki-
netics of LHRH disappearance was analyzed by the DRUGFUN pro-
aram of the PROPHET Computer System which simulates-a two com-
partment model with a bolus ihiection. The duplicate
measurements of each RIA determination.were averaged and the
points were weiahted by 1/coefficient of wvariation of the

duplicates.
‘GH3 GELL "SIULIES

A line of GH3 cells was obtained from Dr. Marvin Gershen-
gorn of Cornell Medical Center and grown in the laboratory of
Dr. Terrxry Davies. Cells were cultured in 75 cm2 tissue cul-
ture flasks (Falcon Plastics, Oxnard. CA) containing 12 ml of
Hams F10 medium supplemented with 15% horse serum, 2.5% fetal
calf serum (Tashiian et al., 1968) and 1% penicillin-strepto-
mycin-fungizone. The media was filtered through a Millipore
0.45 um filter unit before use. &1l additions were sterilized
by filtering through a Millipore 0.22 um filter wunit. The

"media was chanqed twice a week.
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‘Prepanation ‘of GH3 ‘cells for determination of emzymatic activ-

Two weeks after plating., the GH3 cells were harvested by
addition of 0.02% EDIA. The cells were centrifuged at 300g
for 10 min ancé washed with S nl of 0.iM Tris-HCl buffer (pH
7.0). After centrifugation at 3009 for 10 ain, the cells were
placed on ice and the above buffer was added to the cells to
qive a protein concentration of about 2 mg/ml. Cells were
homogenized in an ice-cooled homogenizer egquipped with a
Teflon pestle. Cell homogenates were used for assaying within
2 davs of hoﬁoqenization to prevent loss of enzymatic activ-
itv. For experiments in which the inhibitor was added to the
cells. the cells were transferred from 75 cm2 flasks to 25 cm?
flasks and received 5 ml of the above media. Iwo weeks after
replatina., the cells received inhibitor for the indicated
period of time. Cells were harvested by addition of 0.02%
£DTA. centrifuged at 300g for 10 min and washeé¢ with 5 ml
phosohate-buffered saline. After centrifugation at 300g for
10 min. the cells were placed on ice and resuspended in 180 ul

0.1 M Iris-HCl1l buffer (pH 7.0) and homogenized as described

above.

‘E&faas of "inbkibitoks ‘on ‘enzymafic activity in GH3 cells

initially the effect of Z—Pro-Prolinal on prolyl endopepti-
dase activity in GH3 cells was studied. Cells were plated in
35 mp diameter sterile wells in plates of 6 wells/plate (Cos-

tar. Cambridae, MA) to a density of about 0.1 mg protein/well.
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3 ml of media were added to each well. For one hour studies,
sterile Z-Pro~-Frolinal was added to a final concentration of
10-6 M. After 1 hour. the media was removed and the GH3 cells
were harvested by the addition of 0.02:% EDTA. For 3 day
experiments. <¢-Pro-Prolinal was added to the cells so that a
final concentration of 10-5 M was obtained and the cells werxe
harvested after 3 days. The cells were washed, centritfuged
and homogenized and bprolvyl endopeptidase was assayed as
described above. Soluble metalloendopeptidase activity was

also assayed as a controle.

The effect of 5-oxoprolinal on pyroglutamyl peptide hydro-
lase activity was then studied. Sterile b5-oxoprolinal was
added to GH3 cells in 25 cm2 flasks to a final concentration
of 10-5 M. Initially the cells were incubated for 3 dayse.
The cells were harvested, washed and homogenized and assayed
for pyroglutamvl peptide hydrolase -activity as described
above. Upon finding that pyroglutamyl peptide hydrolase
activity increased when GH3 cells were exposed to
S-oxoprolinal. concentration-response and time-course studies
wére conducted to study this increase. For concentration-re-
sponse studies, 5-oxoprolinal was added to the cells so that
final concentrations ranqaing from 10-4 M to 10~-8 M were
obtained. The cells were incubated for 3 dayse. For time-
course studies, 5-oxoprolinal (10-5 M) was added to the cells

and the cells were incubated from 9 h to 6 days.
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S-0xoprolinal (10-5 M) was acded to the GH3 cells for 3
days. The cells were harvested, washed and homogenized and
prclvl endoveptidase activity was determined &s described
above. Similarly. Z-Pro-Prolinal (10-5 M) was added to the
cells and bpvroqlutamyl peptide hydrolase activity was deter-
mined as described above. TRH (10-6 M) and the TIKH metabo-
lites. pyroglutamate (10-4 M) and cyclo (His-Pro) (10-4 M) were
also added to GH3 cells for 3 days and pyroglutamyl peptide
hvdrolase and .Drolvl éndooeotidase. activity were assayed as

described above.

‘Ef€ect ‘of "Szoxonraelinal 'in ‘vifirg ‘on pyrogalytamyl peptide

GH3 cells were exposed to 5-oxoprolinal (10-5 M) for 3
davs. The cells were harvested, washed and homogenized as
described above. Pvyroglutamyl peptide hydrolase was assayed
as described above in the presenée and absence of

S5-oxoprolinal (i0-5 M) in the incupation mixture.

‘Exposure studies of S5-dxonralindl ip "GH3 cells

Flasks of cells received 5-~oxoprolinal (10-5 M) and then
after 1 h the media was replaced. In other experiments,
5-oxoprolinal (10-5) was added on days 0, 1 and 2. On day 3,
the cells ware harvested., washed, homogenized and assayed for

pyvroglutamyl peptide hydrolase as described above. Control
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flasks and flasks receiving 5-oxoprolinal (10-5 M) for 3 days

were carried through the procedure in parallel.
‘Km derermination of pyroglutaavl peptide hydrolase

Cells receiving 5-oxoprolinal (10-5 M) for 3 days were
arown in parallel with contrecl cells in 75 cm? flasks. Cells
were harvested, washed ané homogenized as described above.
Substrate concentrations between 0.06% oM and 2 mM were used.
The reaction proceeded for 1 h and was stopped by placing in
boilinag water for 2 min. 250 ul of water was added and free
2NA was determined by fluorometry as described above. Linew-
eaver-Burk plots obtained by a 1linear regression program were

used to calculate the Km.

‘Subceddular disiibution ‘of pyroglustamyl ‘peptide hydxelase "in

GH3 cells exposed to S-oxoprolinal (10-5 M) for 3 days and
parallel control cells were harvested, washed and homoqenized
as described above. The homogenate was centrifuged in a desk
too centrifuqe at 9000gq for 10 min. The supernatant was
removed and the pellet was washed with 0.1 M Tris-HCl buffer
(oH 7.5)., recentrifuged anada resuspended in buffer. 10 ul of
the supernatant and 10 ul of the washed pellet were assayed
for pyroglutamyl ©peptide hydrolase activity as described
above. After 1 h., the reaction mixture was placed on ice and
diluted with 250 ul water. The release of free 2NA was deter-

mined by fluocrometry using an excitation Qavelenqth of 355 nm
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and an emission wavelength of 440 nm. 4 blank tube which
received substrate at the end of the incubation was carried
through the experiment. The amount of free 2NA was calculated

from a standard curve constructed with known amounts of 2NA.

GHB cells were exposed to cycloheximide at a concentration
of 0.5 ua/ml for 2u_n or at a concentration of 2 uq/ml for 10
h. No cytotoxic changes were apparent microscopically during
either condition. For each experiment, 3 flasks were used as
controls. 3 flasks received 5-oxoprolinal (10-5 M), 3 flasks
received cycloheximide and 3 flaéks received cycloheximide
plus 5-oxoprolinal (10-5 M). The cells were harvested,
washed, homogenized and assayed for pyroglutamyl peptide
hvdrolase and prolvl 'endooeptidase activity as described

above.

{

the ‘degradation of 'pGlu-2NA by GH3 cells

1 ml of media was added to the GH3 cells followed by addi-
tion of 10 wul of 4C mM pGlu-2NA in DMSO (final concentration
O.4 mM). The cells were incubated for 1 h and 3 days in the
presence and absence of 5-oxzoprolinal (10-5 M). The media was
removed and combined with the harvested cells. After homogen-
ization. free 2NA was determined in the media plus cell mix-

ture by diazotization.

‘Effect ‘of inbibifors and substrates on IRH bipding in GH3

‘cadds
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The TRH pindina experiment was performed with the help of
Dr. Marvin Gershenqgorn. 10 ul of Z-Pro-Prolinal,
5-oxoprolinal. pGlu-2ZNA or Z-Gly-Pro-SM was added to 900 ul
GH3 cell suspension (2 million cells/ tube) so that the final
concentration of each compound was 100 nM. Unlabelled TRH (1
uM) was added to measure nonspecific binding. This was fol-
lowed by a;dition of 100 ul 3H-TRH (10 nM final concentra-
tion). The tubes were incubated at 37° for 1 h, the cells
were then washed twice with GH3 media and 400 ul 0.4 N NaOH
was added. The cells were frozen and thawed to disrupt the
pellet andé 100 ul of incubation was placed in a scintillation

vial and counted in a scintillation counter.

‘ELfech "af "ialdbitdrs ‘on rrolactin response ig GH3 cells

The effects of inhibitors on prolactin response to TRH in
GH3 cells used the methods of Dannies and Tashjian (1976) .
The effect of inhibitors on prolactin response was measured in
two tvypes of experimentse. In the first type of experiment,
new media was added to the cells along with the inhibitor in
either the presence c¢r absence of TIRH (10 nM final concentra-
tion). Either S-oxoprolinal (10-S M), Z-Pro-Prolinal (10-5 N)
or both inhibitors were added to the cells and were compared
with control cells and cells receiving only TRH (10 nM).
Incubation for 1 h measured prolactin release and for 3 days
measured prolactin synthesis. The media was removed ané

assaved for prolactin as described above.
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In a second tvpe of experiment, 5-oxoprolinal was added to
GH3 cells for 3 davs and compared to a parallel set of control
cells. The cells were washed with 3 ml of media and 3 ml of
new media was added. At this time half of the cells received
TRH (10 nM) and the other <cells were used as controls. The
cells were incubated further and the media was removed after 1

h and 3 davs and assaved for prolactin as described above.

'‘Bseaw ‘oL 'DNA "ig "GH3 'cells

DNA in GH3 cells was assayed according to the method of
Hineacardner (1971). ' The cells were harvested with 3 ml 0.02%
EDTA, centrifuged at 300q for 10 miﬁ, washed with 5 ml PBS and
recentrifuged. The cells were resuspended in 150 ul 0.1X 5DS.
50 ul of the cell suspension was added to 100 ul of a diamino-
benzoic acid dihvdrochloride (DABA) solution (0.4 g in 5 ml
water plus 0.02 g of activated charcoal filtered through a
Millipore 0.22 um filter unit). The cell plus DABA mixture
was incubated forbjo min at 60° and stopped by addition of 1.5
ml 1 N HC1. The mixture was read in a spectrofluorometer at
an excitation wavelenath of 410 nm and an emission wavelength
of 502 nme. The DNA was determined by constructing a standard

curve with known amounts of DNA (Calf thymus, type I) in SDS.
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RESULTS

Ih "MITHO "ASSESS

In ‘pitre inbipition of 'nyrddlutamyl peptide hydrolasge by

S-oxoprolinal was svnthesized according to the method of
Saiio et al. (1980) (Figure 4). It was found to be a potent
inhibitor of pyroaglutamyl peptide hydrolase in vitro. Analy-
sis by the method of Dixon (1953), revealed a Ki of 20 nM
{mean of 3 exoériments) (see Fiqure 5) with the intersection
of the 1lines c¢f different substrate concentrations cccurring
above the x-axis. a condition indicative of competitive inhib-
ition. The analysis of the KkKinetics of this tight binding
inhibitor was also carried out by the method of Henderson
(1572) . In this method. the inhibitocr concentration divided
by the deqree of inhibition is plotted on the ordinate and the
velocity without inhibitor divided by the velccity with inhib-
itor is plotted on the abscissa. A linear plot was obtained
for three diiferent substrate concentrations and the slope was
found to increase with increasing substrate ccncentrations, a
condition indicative of competitive inhibition. knen the
slooe of each of the three 1lines in this plot was plotted
against the substrate concentration, a linear plot was

obtained with the y-intercept of 26 nM equal to the Ki.

Other compounds related to ©5-oxoprolinal were tested for
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Figure 5
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Figure S

A Dixon plot of the inhibition of pyroglutamyl peptide
hvdrolase by 5-oxoprolinal. The inhibitor waé preincubated
for 106 min at 37° C with the enzyme anc¢ the reaction was ini-
tiated by addition of pGlu-2NA as described in the Methods

section.

A conc. of substrate = 0.4 mM
(o] conc. of substrate = 0.2 oM
0 conc. of substrate = 0.1 mM
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their ability to innibit pyrcglutamyl peptide hydrolase
activitve. s shown in Table 1, pyroglutamic acid
{5-oxoproline) and the alcohol derivative of pyroglutamic acid
{5-oxopnrolinol} inhibited enzymatic activity with a Ki of 0.85
mM and 0.65 nmM respectively. These Ki's are over 10,000 fold
higher than that of the aldehyde. The Ki of Z-Pro-Prolinal,
the specific aldehyde inhibitor of prolyl endopeptidase (Wilk
and Orlowski. 1983a). on pyroglutamyl peptide hydrolase was
found to be 7.5 mM. This is over 5 orders of magnitude higher
than its Ki for prolyl endopeptidase. Two other S5-member het-
- erocvyclic comnouﬁds with an aldehyde carbonyl in the
~2-position, were also tested for their effect on pyroglutamyl
peptide hvdrolase activity. As shown 4in Table 1,
Zz-thiopbhenecartoxaldehyde and N-methylpyrrole-2-carboxaldehyde
at concentrations of 0.4 mM did not inhibit pyrogiutamyl pep-

tide hvdrolase activity.

5-oxoprolinal was tested on other peptidases whicn might be
considered as susceptible to inhibition by this aldehyde. The
Ki of 5-oxoprolinal on prolyl endopeptidase was found to be
0.36 mM. which is over 4 orders of magnitude greater than its
Ki for pyroglutamyl peptide hydrolase. At a concentration of
10-5 M. 5-oxoprolinal did not inhibit aminopeptidase M or
diaminopepntidase IV (post-proline diaminopeptidase) activi-

tiese.

Since 5-oxoprolinal was found to inhibit the cleavage of

oGlu-2NA by pvroglutamyl peptide hydrolase, we chose to study
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Table 1 Effect of inhibitors on calf 1liver pyroqlutamyl pep-

tide hydrolase activity

Inhibtor Ki (uM)
4Z-Pro-Prolinal 7500
S5-oxoproline 850
S-~oxoprolinol 650
S5~oxoprolinal 0.026

2-thiophene

carboxaldehnvde N. I.1

N-methyl ovrrole-2-

carboxaldenvde Noa I.2

The Ki of pyvroglutamvl peptide hydrolase was determined as
descripned in the Methods section. The enzyme was preincubated
with inhibitor for 10 min prior to addition of substrate. Ki

values were determined by the method of Dixon (i953).

iN. I. - Did not inhibit at a final concentration of 0.4

mie
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the effect of the inhibitor on the cleavage of a biological
peptide by this enzyme. LHRH was chosen since it is cleaved
by pbvrogqlutamvyl peptide hydrolase between the pyroglutamyil?!
and histidine2 residues (Bauer et al., 198l1a). HFLC analysis
of an incubation mixture containing LHRH and pyroqlutamyl pep-
tide hydrolase revealed a peak corresponding to intact LHRH
(retention time=12 min). This peak decieased with time conco-
mitantly with the appearance of a new peak with a retention
time of 9 min which proaqressively increased with tine. As
shown in Figqure 6A, after 3 hours there was only about 25% of
intact LHRH remaining. The peak which appeared during the
incubation was collected. hvdrolvzéd and analyzed on an amino
acid analvzer. Analysis of the amino acid composition of the
product was consistent with the structure of des-pGlui-LHRH,
confirming that cleavaae between the 1 and 2 position
occurred. As shown in Figqure 6B, 5-oxoprolinal at a concen-
tration of 10-5 M almost totally blocked the degradation of
LHRH by oyvyroalutamyl peptide hydrclase. After -3 hours, mainly

intact LHRH was presente.

‘Pudoaduianylznentdda dyvdrodyzing enzyme assay

An assay using a chromogenic substrate was developed to
studv the brain particulate fraction and serum pyroglutamyl-
peptide hvdrolvyzing enzyme. Since the pyroglutamyl peptide
hvdrolvzing enzymes in brain particulate fractions and in
serum were rerorted to prefer TEH-like peptides (Taylor and

Dixon., 1978:; Bauer and Nowak, 1979; Bauer et al., 1981b;
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Figure 6
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Figure 6

HPLC chromatogram of LHRH incubated with pyroglutamyl pep-
tide hydrolase for 3 h at 379 C(C as described in the Metnods
section. A. Incubation .without 5-oxoprolinal. B. Incubation
in the presence of 5-oxoprolinal (10-6 M). A 20 ul aliquot of
each incubation mixture was chromatographed on a 250 X 4 mm
Bio-Sil OD-55 reverse phase column equilibrated with a mixture
of acetonitrile and potassium phosphate buffer (¢.05 M, pn
2.0} The starting concentration of acetonitrile was 20% and
was linearly increased at a rate of i%/ min. The flow rate
was 1 ml/ min. Absofbance was monitored at 210 nm. Peak 1 is

des-nGiul-~LHKH and peak 2 is LHRH.
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O'Connor and Ot*Cuinn. 1984), a coupled assay using
oGlu~His-Pro-2NA as the substrate and excess DAP IV was devel-
oped. We reasoned that the YiRH-specificY enzyme would aliso

recoanize pGlu-His-Pro-2NA.

The release of 2NA from pGlu-His-Pro-ZHNA in the absence of
prolvyl endooeptidase is dependent upon the initial cleavage cf
the pGlu-His bond (reaction 1) by an enzyme capable of remov-
ing the N-terminal pyroglutamyl residue (either PPH or presum-
ablv the membrane-bound Dvioqlutamvl hydrolyzing enzyme) fol-
lowed bv the removal of 2NA from His-Pro-2NA by DAP IV
(reaction 2). Diaminopeptidase IV cleéQes an N-terminal
dipeptide residue from a peptide with a free‘N-terminus and a
proline residue in the penultimate position (McDorald et al.,
1971). The use of 2-Pro-Prolinal at a concentration of 10-5
M. will totally inhibit the action o0of prolyl endopeptidase
which could otherwise cleave the Pro-2NA bond directly. Incu-
bation of pGlu-His-Pro-2NA with DAP IV only did not release
2NA . Similarly. wpartially purified PPH did nct release 2NA
from this substrate when DAP IV was omitted from the incuba-
tion mixture. A combination of PPH and excess DAP IV readily

released free 2NA.

The cleavage products cf pGlu-His-FPro-2NA incubated with
rat serum and rat washed brain pellets were studied by thin-
layer chromatography. Unreacted pGlu~His-Pro-2NA has an Rf of
0.62 in solvent system I and 0.72 in solvent system II. Incu-

bation of bpGlu-His~Pro-2NA witnh rat serum and rat washed pel-
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lets gave rise to a spot with an Rf of 0.035 in solvent systenm
I and 0.17 in solvent system II which co-migrated with authen-
tic His-Pro-2NA and witn the product of pGlu-His-Pro-2NA incu-

bated with partially purified PPH.

‘Deaxaddtion ‘of T8H, pGluciiszBro-2NA and 'pGlu-2NA in rat tis-

) Su E_:,ﬁ,?_'

Radioimmunoassay of TRH allowed us to study its degradation
since the dearadation products did not cross react witn the
antiserum (Jeffcoate et al., 1973). Recovery of added TRH
from hvoothalamic samples was approximately 100% and the
inhibitors. Z-Pro-Prolinal and PDMK, at a concentration much
hicher than in any degradation experiment, did not affect

recoverv.

Since in the 1literature, it was reported that in tissues
onlv two enzvmes. prolyl endopeptidase and PPH catalyze the
initial deqradation of TEKH, it was of interest tc examine
whether additicn of Z-Pro-Prolinal and PDMK, the inhibitors of
these two enzvmes would prevent ThH degradation. We therefore
studied the dearadation of TIRH using rat brain fractions ana
rat serum in the presence and absence o0f these inhibitors. ke
were also interested 1in studvying the affects of DIT and EDTA
on TRH dearadation since various others add these cofactors to
their buffers and get different TRH degradation (see discus-
sion). As shown in Tanle 2, in rat brain homogenates there

was greater deqradation of TRH_in the absence of DIT and EDTA

than in their opresence. In the presence of DTT and EDTA,
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Table 2 Dearadation of TRH in rat brain homogenates in the presence

of various inhibitors and activators

Addition % THRH remainingt * SEMNM
None 29.7 * 6.5
Z-Pro-Prolinal 49.2 * 6.8 2

PDMK 3742 * 11.6 2
Z-Fro-Prolinal + PDMK 60.0 * 12.42 =%
DIT/EDTA 48.4 * 9.1
DTT/EDTA/Z~-Pro-Prolinal 81.0 * 8.33 =
DTIT/EDTA/PDMK 72.4 * 13,13

i+

DTT/EDTA/Z-Pro-Prolinal + PDMK 73.2 14,23

Dearadation of TRH was determined by RIA as described in
Materials and Methods. The final concentration in the assay
was 10-5 M for PDMK and Z-Pro-Prolinal and 1.6 mM for EDTA and
DIT in all excperiments. Inhibitors and activators were prein-
cubated 10 min before adaition of substrate. Data are mean

values of 4 to 7 determinations * SEMe.

1% TRH remaining was expressed as percentage of controls in

which TRH was added at the conclusion of the incubation.

2The level of significance was found by comparing the per-
centage of deqradation in the presence of inhibitor to the
percentaae of dearadation in the absence of inhibitor by the

two-tailed Student*s T-teste.

3The level of significance was found by comparing the per-

céntaqe of dearadation in the presence of inhibitor plus DTT
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and EDIA to the percentage of degradation in the presence of

DTT and EDIA aloné by the two-tailed Student's T-test.

*p < 0.05
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Z-Pro-Prolinal protected most of the TRH from deqradation and
PDMK also offered good protection. In the absence of DIT and
EDT4. TRH was effectively deqraded despite the presence of
Z-Pro-Prolinal and PDMK, either separately or together. The
use of sbecific inhibitors., therefore, indicates that in the
absence of DTT and EDILA. an enzvme(s) other than prolyl endo-
peptidase and FPH is responsible for substantial TRH-degrading

activity in brain homogenates.

In rat serum, TAH is degraded readily. As indicated in
Table 3. after 2 h of incubation with 50 ul serum, TRH degra-
dation was nof affected by addition of Z-Pro-Prolinal (10-5
MY. PDMK (10-5 M) or both inhibitors. However, o-phenanthro-
line (1 m¥4). a metal chelator, protected most of the TkH from
dearadation by rat serun. This data indicates that in serum,
prolvl endocentidase.and PPH do not significantly degrade TRH.
The deaqradation of TRHd appears to be catalyzed by an enzyme
which is innibited by o-phenanthroline. These findings are
consistent with the action of the previously described TRH-
specific dearading enzyme thought to be a metalloenzyme (Tay-

lor and Dixon, 1978: Bauer and Nowak, 1579).

Chromogenic substrates were used to further study the role
of enzvmes deqrading TIRH at the pGlu-His bond. AsS shown 1in
Table 4. cleavage of pGlu-2NA in rat brain homogenates is
almost totally dependent upon the presence of DTT and EDTA in
the incubation mixture. This activity (upon activation with

DTT and EDTA)Y was almost totally inhibited by PDMK. Thus
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Table 3 Deqradation of TRH in rat serum in the presence of

various inhibitors

Inhibitor % of controls * SEM
None 13.7 * 4.9
Z-Pro-Prolinal 10.8 * 4.6
PDMK 1C.4 * 4.0
Z-Fro-Prolinal + PDMK 8.8 £ 3.2
o-phenanthroline 7845 * 11.5 *

Deqradation of TRH was determined by RIA as described in
Matérials and Methods and was compared to controls in which
TRH was added ét the conclusion of the incubation. The final
concentration in the assay was iO-S M for PDMK and Z-Pro-Pro-
linal and 1 M for o-phenanthroline in all experiments.
Inhibitors were preincubated 10 min before addition of subs-
trate. vata are hean values of 4 to 6 determinations * SEHM.
The level of significance was found by comparing the percent-
aqe of deqradation in the presence of inhibitor to the per-
centaae of degradation in the absence of inhibitor by the two-

tailed Student's T-=test.

= p € 0.005



67
Table 4 The eftect of inhibitors and activators on tne
pvroglutamvl-peptide hydrclyzing activities of rat brain fractions

Specific activity (nmol/g tissue/h *SEM)

IpGlu-His~Pro-2Na 2pGlu-2NAa

Addition Brain Homogenate
None 290.0 * 50.6 13.0 * 9.7
-DAP IV 106.8 * 48.8
PDMK 201.2 = 51.7
o-phenanthroline 48.8 * 20.0
DIT/EDTA 471.4 * 123.1 371.2 * 72.9
DTT/EDTA/o~-phenanthroline 15.0 * S.6 125.0 * 60.3
DTTI/EDTA/PDMK 6e2 * 4.7
EDIA 235.0 t 65.0

+ B9.5

DIT 363.8

Brain Supernatant

None 4.0 * 2.5 0 *0
DTT/EDTA 61.0 * 39.0 179.0 * 4.7
DIT/EDTA/o-phenanthroline 13.0 ¢ 13.0
DIT/EDTA/PDMK 25 * 2.2
Brain Particulate Fraction
None 296.7 t 51.6 22.4 * 6.8
-DAP IV 63.2 * 12.5
DTIT : 306.8 * 58.0 55.0 & 5.0
EDTA | 191.2 * 54.7 17.5 + 4.3
DTT/EDTA 105.,0 * 16.6 87.5 £ 30.6
DTT/EDTA/PDMK 95.2 * 15.9 ' 21.4 * 11.8
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PDEK 275.0 * 7e.4 12.
o-phenanthroline 4s.0 * 26.7

DIT/EDTA/o-phenanthroline 0 * 0

1pActivity with pGlu-dis-Pro-2NA was measured in thie couplea

assay as described in Materials and Methods.

2Activity with bpGlu-2N& was measured as described in

Materials and Nethods.

The final concentration in the assay was 1 mM for co-phe-
nanthroline. 10-5 M for PDMK and Z-Pro-Prolinal and 1.6 aM for
EDTA and DIT in all experiments. :Inhibitors and activators
were preincubated 10 min before addition of substrate. Data

are mean values of at least 4 determinations * SEM.
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pGlu-2N4 in the presence of DIT anéd EDIA was degraded by the
thiol-deovendent PPH (EC 3.4.11.8). O-phenanthroline at a con-

centration of 1 mM alsc inhibited about 75% of the stimulated

activity.

Cleavaae of the pGlu-His bond of pGlu-His Fro-2NA was stud-
ied in rat prain homogenates in the presence of Z-Pro-Prolinal
as described. Hhelease of 2NA was greatly stimulated by exoge-
nous DAP IV (Table 4). Basal activity in the absence of
exoagenous DAP IV is likely due to endogenous DAP IV (McDonald
et al.. 1971). The release of 2NA from pGlu-His-Pro-2NA was
only slightly inhibited by PDMK when assayed in-the absence of
DIT and EDTA indicatina that PPH contributed little to the
cleavaae under these conditions and that a distinct pyrogluta-
mvl-peptide hydrolyzing enzyme degraded pGlu-His-Pro-2NA.
Addition of DIT and EDTA increased the total activity in homo-
genates probakly due to an increased contribution of PPH.
O-phenanthroline markedly inhibited the activity both in the

presence and aksence of DIT and EDTA.

Cleavage of pGlu-2NA in the rat brain supernatant fraction
is dependent urcn DIT and EDTA and is virtually tctally inhib-
ited by PDMK (Table 4) indicating the presence of the thiol-~
dependent PPH. O-phenanthroline als¢o stronaly inhibited the
cleavace of bGlu-2NA in the brain supernatant. In the super-
natant oGlu-His-Pro-2NA is cleaved poorly; an activity prob-
ably dug to PFh. This data indicates that pGlu-2NAk is cleaved

more readilv than pGlu-His-Pro-2NA in rat brain supernatant.
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In the washed rat brain particulate fraction the release of
2NA from pGlu-His-Pro-2NA creatly exceeded the release of 2NA
from pGlu-ziAa. The latter activity is stimulatec by DIT and
EDIA together and the stimulated activity is about 75% inhib-
ited by PDMK indicating the presence of particulate FPH. FDHMK
did not inhibit the basal activity. The activity toward pGlu-
His-Pro-2NA was markedlyv dependent upon exogenous DAP IV indai-
cating initial cleavage of the pGlu-His bond. This activity
is totally inhibited bv_a combination of DTT, EDTA and o-phe-
nanthroline. PDMK did not inhibit this activity in either the
presence or absence of DIT and EDTA indicating that in the
washed particulate fraction. cleavéqe of pGlu-His-Pro-2NA was
not due to PPH. The fact that in the particulate fraction
oGlu-His-Pro-ZNA is cleaved much more readily than pGlu-2NA is
consistent with the report of a membrane-bound narrow-specif-
icitvy opvroalutamvl-peptide hydrolyzing enzyme (C'Ccnnor and

GC*Cuinn. 1984).

In rat serum, release of 2NA from pGlu-His-Pro-ZNA exceecdec
the release of 2NA from pGlu-2NA (Table 5). . The former activ-
ity was virtually totally inhibited by a combinaticn of o-phe-
nanthreoline. ELTA and DIT. Omissiocn of exoqenous DAP IV frcm
the assay only slightly reduced enzymatic activitye. Serum
contains relatively large amounts of DEP IV (McDonald et al.,
1971). PDMK only slightly reduced the activity'indicativng
that PPH was not responsible for the c¢leavage of pGlu-His-
Pro-2NA in serunm. Moreover, when pGlu-2NR was used as subs-

trate. enzvmatic activity was inhibited by o-phenanthroline
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Table 5 The effect of inhibitors and activators on the
ovroglutamyl-peptide hydrolyzing activities of rat serun

Specific activity (nmol/ml serum/h SEM)

Substrate

Addition 1pGlu-His~-Prc-2NA 2pGlu-2NA
None 75.2 * 5.0 27.1 * 2.5
-DAE IV 55.8 * 6.1

o-phenanthroline 50.0 + 12.9 6.0 * 3.6
PDMK 67.5 + Ud.7 3C.6 £ 3.8
DIT/EDTA 41.0 + 11.8 26.2 * 4.7
DTT/EDTA/o-phenanthroline 1.2 ¢ 0.7 2.5 * 1.5

1Activity with pGlu-His-Pro-2NR was measured in the coupled

assay as described in Materials and Methods.

2Activity with DpGlu-2NA was measured as described in

Materials and Methods.

The final concentration in the assay was 1 mM for o-phe-
nanthroline. 16-5 M for PDMK and Z-Pro-Frolinal and 1.6 mh for
EDTA and DIT in all experiments. Inhibitors and activators
were preincubated 10 min before addition of substrate. Data

are mean values of at least 4 determinations * SEM.
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but not by PDMK.

‘Dederninatidn of 'Ki for 'TRH

The affinitv of the enzymes toward TRH was studied by
determining the inhibition of synthetic substrates after addi-
tion of several concentrations of TaH The Ki of TKH competing
with pGlu-His-Fro-2NA for the membrane-bound pyroglutamyl-pep-
tide hydrolyzing enzyme was found to be 0.25 mM. For compari-
son. the Ki of TRH for homogeneous rakbit brain prolyl endo-
pectidase competing with Z-Gly-Pro-SM and the Ki of TIRH for
hichlv purified bovine brain PPH competing with pGlu-2N& was
determined. Values of 5.8 mH andlo.u7 mM respectively were
found. TRH showed competitive inhibition with all three

enzvmese.

The distribution of the membrane-bound pyroglutamyl-peptide
hvdrolvzinag activity in rat oraqans is shown in Table 6. The
hicghest activity was found in the brain with scme activity
also present in the lung and serume. In the liver, spleen,
heart. skeletzl muscle and kidney there was only trace activ-
itv. This distribution can be compared to the distribution of
soluble PPH in mouse tissues (Table 7, control column). The
activity of soluble PPH was highest in the kidney and liver
. with lower levels in other organs. The brain had the lpwest

activity of the organs studied. The distribution of prolyl
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Table 6 Distribution of the membrane-bound pyroglutamyl-peptide

hvdrolvzinag enzyme in rat organs

Oraan Specific activity (nmol/mg protein/h *SEM)
brain 4.38 £ 0.56

sexrum 1.18 * 0.07

luna 1.18 * 0.38

liver 0.11 * 0.03

spleen 0.12 * 0.12

heart <0.10

skeletal muscie <0.10

Kidney : <0.10

Enzvme activity was determined in the coupled assay as
described in Materials and Methods. Data are mean values of 4

sambles * SEM.
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Table 7 Pyroglutamyl peptide hydrolase activity in inouse tis-

sues after intraperitoneal administration of 5-oxoprolinal

Enzymatic dctivity (nmol 2NA/g tissue/h)

Tissue Control Time after inhibitor administration

10 min 30 min 4 cays

(8 injections)

brain 540200 (4) 210242 (7) 300+701 (4) 290 (1)

heart 87070 (4) 220553  (7) 720160 (4) 750 (1)
muscle 560+110 (4) 75x193  (7) 22050 (4) 400 (1)

luna 98012130 (4) 120273 (1) 450501  (4) 810 (1)
sbleen 1100+£230 (4) 64113 (7) 540+120! (4) 970 (1)
liver 46002380 (4) 16003401 (4) 22002851 (i) 5300 (1)
Kidney 880022500 (u4) 250x692 (4) 565x701 (3) 6200 (1)

S-oxoprolingl (50 mg/kqg) was administered intraperitoneally
as a solution in 50X ethanol. Control animals received the
vehicle. 10 and 30 min after inijection, the animal was sacri-
ficed and popvroalutamvl peptide hydrolase activity was deter-
mined as described in the Methods sectione. One animal
received 8 inijections over a period of 4 days and was sSacri-
ficed 16 h after the last inijection. Data are mean values %
S.E. Values in parentheses represent the number of animals

used. The level of significance was found by comparing the
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activities of inhibitor-treated homogenates with that of con-
trol-treated homogenates by the one-tailed Student's I-test.
1p< 0.05. significantly different from controls.
2p< 0.01.

3p< 0.001.
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endopaptidase in mouse tissues is listed in Table 8 (control
column). The 1lung and liver had the highest activity with

lower activityv in skeletal muscle and duodenum and pancrease.

A comparison of the distribution in brain reqions of the
membrane-pound pyroaglutamyl-peptide hydrolyzing enzyme and
soluble PPH is shown in Taulie 9. The distribution of soluble
PPH is much more uniform with highest activity in the pitui-
tary while for the membrane~-bound enzyme, a more pronounced
regional distribution is seen. For the latter activity, the
Biahest levels are in the cortex and hippocampus and lowest
levels in thé pituitary. It is worth noting that in the
pituitarv. the level of soluble PPH 1is 100 times higher than

the meubrane-bound activitve.

'In ‘wdug ‘inhibdtion ‘of enzymes ip ‘apingls

The results of determination of prolyl endopeptidase activ-
itv in various tissues 30 min aftér an intraperitoneal injec-
tion of 4Z-Pro-~Prclinal into mice are presented in Table 8.
The data expressed in terms of umoles of SM released per g
tissue per h show a greater than 90% 1inhibition of enzyme
activity in most tissuese. The lowest inhibition (85%) was
found in liver. Similar results were obtained when the activ-
ity was 1related to the concentration of tissue protein,
although data collected in this manner showed a somewhat

areater variability.

The possibility was considered that the inhibition of the
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Table é Pro]v] Endopentidase Activity in Mouse Tissues after Intraperitonesl
Agministration of Z-Pro-Prolinal .

Enzyme Activity'(umol SH/a/h)

Tissue ., 6ontroi 30 min. after Z-Pro-Proiinal

Brain : 35.2 + 0.95 3.0+ 0.3 (92)

Heart ©33.0+1.9  2.2+#0.3  (93)

Skeletal muscle 18.0 + 1.6 - 0.7.1'0.35 (96)

Lung LU e * 4.7 6.7 + 0.45 (92.)

Spleen - 30.7+ 6.8 . 4.7+0.7 . (88)

Ducdenum & Pancreas ‘17.2:i‘6.8A. 1.5+ 0.2 (91)
Liver ST+ 45 11.24+0.8  (85)

Kidney | W5+1.8°  3.0+04  (91)

Z-Pro-Proiinal (1.25 mg/kg) was administered as a solution in 10% methanol. )
Enzyme 3ctivity was determined as described under "Materials and Methods". Data
are mean values from four experiments + S.E. Values.in parenthesis represent

percent inhibition.
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Table 9 Distribution of PPH and the membrane-bound pyroglutamyl-peptide

hvdrolvzing enzyme in rat brain regions

Specific activity (nmol/mqg protein/h *SEM)

Brain region membrane-bound soluble PFH

activity activity
pituitaryv 0.15 * G.15 15.0 * 2.9
nvoothalamus 2.8 * 0.30 9.9 = 2.0
cortex 6.8 * 0.90 5.3 * 1.4
hiopocambus 6.5 * 1.3 6.9 & 2.4
striatum 1.4 £ 0.10 5.1 * 2.0
brainstem | 0.58 + 0.23 8.3 + 2.9
thalamus 2.2 * 0.53 5.8 * 2.0
cerebellun 2.0 = 0.51 7.1 £ 2.5

The membrane-boundé activity was measured in the coupled
assay with pGlu-His-Pro-2NA as substrate in the presence of
excess DAF IV as described in Materials and Methods. PPH was
measured in the supernatant fraction of homogenates using
pGlu-2NA as substrate in the opresence of DIT and EDTA as
described in Materials and Methods. Data are mean values from

four to five rats * SEM.
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enzvme in homoqgenates after intraperitoneal administration of
the inhibitor does not reflect a true in vivo inhipition, but
rather results from exposure of the enzyme to the inhibitor
after disruption of tissues by homogenization. This possipil—
itv deserved consideration because the dose used could have
produced a tissue concentration in the uM range, while the Ki
of the inhibitcr is in the nM ranqge. Furthermore, it was not
known whether after intraperitoneal administration the inhib-
itor oenétrates all the tissue compartments where the enzyme
is localized. A true in vivo inhibition of enzyme activity
could therefore. be claimed only by demonstrating that the
inhibitor blocks the in vivo deqra&ation of a prolyl endopep-
tidase substrate. It was elected accordingly, to follow the
in vivo degradation of Z-Gly-Pro-SM. This prolyl endopepti-
dase substrate is hydrolyzed by the enzyme at the Pro-SM bond
with the release of free SM which can be conveniently deter-
mined by a diazotization procedure. After administration of
the inhibitor (5 ma/ka)., Z-Gly-Pro-SM was injecteé intraperi-
toneally after varioué time intervals and the concentration of
free S was determined in tissues 30 min later. The results
summarized in Tabple 10 show that the degqree of inhibition, as
expressed by a decrease in tissue SM concentration was highest
after 45 min. This decrease was highest in the brain (85%)
and lowest in the liver (64%). The degree of inhibition pro-
aressively decreased during the following 45 min but was still
distinct after more than 6 hours. Thus after 6.5 hours the

brain concentration of SM was lower than in controls by more



Tadia 10. In Vivo Inniniticn of Sul
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Tissue Cantral 45 min. 60 min. 90 min. 390 min.

{80 min)
Brain 9.0=1.2 1.31+0.38*%(885) 2.42#0.5%(72) 2.33:0.4*%(71) £.83-0.8%(37)
Hezrt 38.2=3.9 8.42<1.56 *(78) 10.7 #1.8%(72) 16.2 +2,3%(S3) 25.7 —‘f3*(3:)
Skelatal 31.0+3.5 8.42+2.1 *(73) '9.4212.4*(69)' 14,2 :g.a*(54) 21.9 +1.8%(29)
muscle :
Lung 46.3+4.3 11.8 +#1.2 *(73) }12.5‘:2.0*(73) 19.7‘11Q3*(57) 34.5_:3.3*(25)
Splean 34.7+4.3 9.0 x2.3 *{74) .10.4_:2.3*(70) 14.5_:1.0*(58) 21,8 +1.3*%(38)
Quodanum &  37.3:3.2 12.2 :ﬁ.s *(87) 15.2 #2.0*(5¢) 20.9 +4,1*(44) 28.% :}.9*(24)
Pancrass : ’ ’ .
Liver §2.4-5.4 22,5 £2.2. (84) 29.1 :}.5?(53) 41.8.:-.8*(33) §3.2 =4.5(1%)
-Kianey §7.0+3.7 14.3 £2.5 *(73) 16.3 #1.6%(71) 28.8 #4,5%(% ) 39.4 :3.5*(;1)

Z-?ro-?rolinal (5 mg/kq) was given by incraseritonezl injeczion followed at various time

incerveis (13, 30, 60, and 3%

min) by Z-Giy=-?ro-SM. Thirty minucss latar the animals wera

killed and frea-SM was dersrmined &s described undar "Matarials and Mechods". Contral animals

raczived the venicle, foilowed by Z-3iy-2ra-Sit 30 min latar.

from & to § experiments.
0.901.

£,

<

arvar

Datz are mean vaiues = S.S.
Vaiues in parenthesis reprasant prarcant inpibition. *°<0.09 to
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than 35%. and significant decreases were observed in all of

the other tissues except for the liver.

The relationship between the dose of Z-Pro-Prolinal and
activity of prolyl endopeptidase in homogenates of various
orcans one hour after inhibitor injection 1is summarized in
Table 11. An ICS0 of about 1.25 mag/kg was found for most
orgqans. The inhibition in brain for this dose was almost 80%:
a dose of 0.5 ma/kaq was sufficient to cause an almost 50%
inhibition in brain. The highest inhibition at virtually all .
doses was found in the brain and the lowest inhibition in the
liver. It is notable that 30 min after administration of a
dose as low as 0.005 ma/kaq, there was still a 39% inhibition
of the enzyme in the brain, while a comparable inhibition of
the enzvme in liver was seen only after é dose 100 times

areater (0.5 mg/kqa).

These results demonstrate that Z-Pro-Prolinal is an effec-
tive inhibitor of prolyl endopeptidase in vivo. In the brain,
the inhibitor is both potent (significant inhibition at a dose
of 0.005 ma/ka) and long-lasting (significant inhibition after
6.5 hours). This indicates that the inhibitor traverses the
blood-brain barrier readily and could be used to study the

role of pnrolvl endopeptidase in neuropeptide metabclism.

S-oxoprolinal was inijected into mice to determine if it was
an effective inhibitor of PPH in wvivo. The results shown in
Table 7 demonstrate greater than 60% inhibition of enzymatic

activity 1in all organs tested 10 min after 5-oxoprolinal



Tablell, . In Vivo Inhibition of Sulfamethoxazole release from Z-Gly-Pro-Sulfamethoxazole after administration

of various doses of Z-Pro-Prolinal

Concentration of Sulfamethoxdzole {ug/g tissue)

Tissue Control _5mg/kg "1.25 mg/kg . 0.5 mg/kg .0.02 mg/kq 0.005 mg/kg
Brain 9.0 + 1.2 2.4 + 0.48%(73) 2.0 + 0.52%(78) 4.7 + 0.61%(48) 4.9 + 0.55%(45) 6.5 + 1.1%(39)
Neart  38.2 +3.9 10,7 + 1.8%(72) 14.9 + 3.5%(61) 23.8 4 2.3%(38) 30.2 + 1.8 *(21) 31.2 + 5.3 (18)
Skeletal 31,0 + 3.5 9.5 + 2.4*(70) 11.8 + 2.1%(62) 20.6 + 2.4%(34) 25.1 + 1.3 (19) 27.0 + 3.1 (13)
muscle . S
Lung .. 46.3.1 4.3 °© 12.6 + 2.0%(73) 18.8 + 3.0%(60) 26.8 + 2.9%(42) 3629 +3.6 (20) 35.7 + 6.3 (23)

- Spleen 34.7 + 4.3 10.4 + 2.3%(70) 14.8 i 2.9%(58) 23.7 + 5.7 (32) 35.8 + 4.6 ( 0) 29.0 + 4.4 (16)

Duodenum & 37.3 + 3.3 15.2 + 2.

.Pancreas -
Liver 62.4 1_5.4 29.1 +
Kidney 57.0 + 5.7 16.3 +

4.

1.

0%(59) 15.2 + 3.1%(59) 27.0 + 3.5%(28) 29.7 + 2.3 (20) 31.3 + 4.3 (16)

6+(53) - 35.1 + 3.3%(44) 37.2 + 5.6%(40) 60.5 + 2.2 ( 3) 59.5 + 7.8 ( 5)-

6¥(71)  23.7 + 4.0%(58) 29.2 + 4.0%(49) 42.7 + 0.35%(25) 42.4 + 3.6%(26)

7-Pro-Prolinal at various doses (5 mg/kg; 1.25 mg/kg, 0.5 mg/kg, 0.02 mg/kg,and 0.005 mg/kg) was given: by

intraperitoneal injection followed

after 30 min by Z-Gly-Pro-SM. Thirty minutes later the animals were

killed and free SM was determined as described under “"Materials and Methods". Control animals received the

vehicle followed by Z-Gly-Pro-SH 30 minutes later. Data are mean values + S.E. from 4 to 8 experiments.,
Values in parenthesis represent percent inhibition. *p<0.05 to 0.001.

8
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injection (50 ma/ka) comparea with control activity. Inis
inhibition was statistically significant in all organs tested.
after 30 min. the deqree of inhibition decreased but signifi-
cant inhibition occurred in all organs except the heart. The

hichest deuree of inhibition at both times was in the Kidney.

Since 5-oxoprolinal increased pyroglutamyl peptide hydro-
lase activity in GH3 cells (see below), the possibility of a
similar increase in pyroglutamyl peptide hydrolase activity in
vivo was considered. 4 mouse received 8 injections of
S-oxprolinal (S0 mg/kq) over a period of 4 days. As shown in
Table 7. PPH éctivitv was not affected by chronic exposure to

5-oxoprolinal.

Pvroalutamvl diazomethyl ketone was found to be a very
effective inhibitor of PPH in vivo (Table 12). A dose of 0.1
ma/ka almost totally inactivated PPH one hour after PDMK
iniection in all mouse tissues studied. 4 dose of 0.01 mg/kg
also inhibited PPH in all organs, however the level of inibi-
tion was less in the brain than in other organs. Since the
inhibition 1is irreversible, recovery of activity will be
devendent uoon synthesis of new enzyme prctein. Approximately
50% inactivation is still ooserved 24 hours after administra-
tion of 0.1 maska of inhibitor. 5 days after inhibitor admin-
istration., PPH returned to control levels (Iable 12). These
results indicate that pvroalutamyl diazomethyl ketone should
be of value in studies on the turnover of the enzyme in vari-

ous tissues.
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Table 12 Inhibition of pvroalutamyl peptide hydrolzse in mouse
tissues in vivo by pyroglutamyl diazomethyl ketone

Enzymatic activity (nmocl/g tissue/h)

Organ Control 0.1 ma/Kqg 0.1 mg/kKg 0.1 mg/kg 0.01 mg/kg
1nh 24 n 54d 1nh
brain 549 * 100 G 230 * 4¢ 480 380 + 26
heart 870 * 170 0 350 * 120 1200 27 + 4
muscle 460 * 110 156 * 16 130 % 41 56G 17 + 17
lunag 980 * 130 10 * 10 490 * 100 1200 14 = 14
spleen 1100 * 230 0 630 * 200 910 10 = 10
liver 4600 * 980 0 2200 * 810 5800 500 * 250
+ 2500 66 * 66 uzbo * 1400 5400 750 * 130

kidney 8800

Enzvmatic activities were determined as described in
Materials and Methods. Pyroqlutamyl diazomethyl Kketone was
administered by the intraperitoneal route at either 0.01 mg/kg
or 0.1 ma/ka. Animals were killea after either 1 h, 24 h or £
davse. Values are expressed as mean * SEM. 4 animals were
used as controls. 3 animals received 0.1 ma/kqg for 1 h, 5 ani-
mals received G.1 ma/kg for 24 h, 1 animal received 0.1 mg/kg

for 5 davys and 3 animals received 0.01 mg/kg for 1 he.
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The possibility was considered that inhibition o¢f prolyl
endooeptidase and PPH would increase the levels of the mem-
brane-bound pvroalutamyl-peptide hydrclyzing enzyme since that
would be the only known enzyme capakle of degrading TIRH.
Z-Pro-Prolinal (5 ma/ka) and PDMK (1 ma/kg) were injected into
rats. 10 hours later, a second injection of these two inhib-
itors was made. After an additional hour, the brain particu-
late pyroglutamvl-peptide hvdrolyvzing enzyme was assayed. The
activity was not affected by inhibitor injection (controls 435
+ 46 nmol/a tissues/h, N=8; inhibitor-treated 428 * 46 nmol/g

tissue/h. N=uU).

‘E£fecs "aL "inbdlikexs ‘on 'IBH, "ISH 'aidd 'prolactin levels ip ‘rats

Radioimmunoassay was used to determine TRH, TSH and prolac-
tin levels in rats. TRH-OH did not cross react with the TRH
antiserunm. Z2-Pro-Prolinal or PDMK at a concentration many
times higher than present in the EIA did not affect hormone

measurement.

Z-Pro-Prolinal significantiy raised TRH 1levels in the
pituitary 15 minutes after administration (Table 13). a
smaller nonsignificant increase was observed 30 minutes after
Z-Pro-Prolinal administration. Z-Pro-Prolinal plus PDMK, how-
ever, did not alter TRH 1levels 15 minutes after injection.
Only 4 animals received this inhibitor combination. In the
frontal cortex. the combination of Z-Pro-Prolinal and PDMK
raised TRH 1levels sianificantly 60 minutes after administra-

tion. Since., however, control levels of cortical TRH varied
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Table 13 Effect of inhipbitors on TIRH levels in rat brain regions

TRH (pa/mg tissue * SEM)

Time control Z-Pro-Prolinal Z-Pro-Prolinal*PDMK
Pituitary

15 min 44,3 * 7.1 (16) 101.4 * 2542 (11)* 51.3 * 11.9 (4)

30 min 33.5 2 8.2 (1) 56.7 * 11.7 (7)

60 min 47.9 t 9.2 (11) 556 * 7.2 (4) 4g.5 *+ 9.0 (8)

18 h 60.3 £ 4.2 (4) S4.6 * 15.7 (4)

Hypothalamus

15 min 229.6 * 22.1 (16) 219.6 £ 30.7 (12) 403.2 * 147 (4)

30 min 213.4 * 29.0 (12) 244.3 * 31.8 (11)

60 min 323.0 * 57.2 (14) 173.2 * 23.9 (6) 360.1 * 73.2 (8)

2 h 1167 = 17.6 (4) 171.3 £ 37.7 (6)

18 h 284.5 £ 24.7 (2) 162.2 * 22.6 (4)
Frontal cortex

15 min 7.89 * 1.3 (16) 5.u46 * 0;9 (11) 6.4 £ 4.2 (4)

30 min 1.58 = 0.7 (7) 2,14 = 0.7 (8)

60 min 4.47 * 1.5 (11) 3.60 * 2.11 (4) 11.8 *+ 3.4 (8)=*

* 5.1 (#)

18 h 10.50 * 5.5 (4) 9.6

rats received Z-Pro-Prolinal (5 ma/kg in 30% ethanol) or a
solution of Z-Fro-Prolinal (5 mag/kq) plus PDMK (1 mg/kg) in
30% ethanol by intraperitoneal in-jection. Control animals
received the vehicle. The animals were sacrificed 15, 30, 60
min and 18 h after indection and the pituitary, hypothalamus
and frontal cortex were removed. TRH was extracted into 90%
methanol and assaved by radioimmunoassay as described in the

Methods section. Data are mean values * SEM. Values in
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parentheses represent the number of animals used. The level
of sianificance was found by comparing TRH levels in inhib-
itor-treated animals to control animals.

% p< 0.05
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widely in different experiments, this might be an artirfact.
There was no significant alteration of TRH levels after other
times in the pituitary, hypothalamus or frontal cortex (Iable

13). A wide variation in hormone levels between animals was

observed.

Prolactin and TSH levels were measured by RIA in rat serum
after iniection of Z-Pro-Prolinal. Bs shown 1in Table 14,
there was no sianificant changes in prolactin anada TSH levels
after 15. 30 and 60 minutes after inhibitor administration
compared to controls. Wide variations in hormonal levels

between animals was also observed.

"EEEEGE "QE "INBIEITOBRS "ON "LHRH "HALEZLIEE "IN ‘BATS

Radioimmunoassay was used to measure LHRH 1levels in rat
plasma. The 1-9 LHRH fragment did not cross react with the
antiserum. Z-Pro-Prolinal at a concentration many times
higher than present in the RIA did not affect LHRH measure-
ments. The distribution of LHRH from rat plasma followed a
biphasic elimination characteristic of a two-compartment
model. A rapid first pnase (&) corresponds to the distribu-
tion of hormone from blood to tissues while a second phase (RB)
correspoonds to metacolism and elimination of the hormone from
the animale. The DRUGFUN program was used to fit the pharma-
cokinetics of LHRH disappearance and calculate the initial and
terminal half-lifes and the clearance and volume of distribu-
tion. The clearance and volume of distribution are expressed

per body weiaht.
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Table 14 Effect of Z-Pro-Prolinal on prolactin and TSH levels in

rat serun

Time ng hormone/ml serum
prolactin

controil 2-Pro-Prolinal
15 min 142 2 6.2 (U) 16.7 * 0.5 (4)
30 min 15.7 * 5.3 (8) 32.0 * 10.8 (8)
60 min 6.0 £ 1.0 (4) 19.3 + 13.0 (u)

TSH

15 min 0.62 * 0.14 (4) 0.60 * 0.23 (U4)
30 min , 4.3 + 1.7 (8) 4.9 £ 2.3 (8)
60 min 1.2 £ 0.36 (U4) | 5.6 = 4.4 (4)

Rats received Z-Pro-Prolinal (5 mg/kg in 30% ethanol) by
intraoceritoneal in-djection. Control animals received the vehi-
cle. ‘15. 30 and 60 min after the injection, the animals werxe
sacrificed and serum was prepared as described in the Methods
section. Data are mean values * SEM. Values in parentheses
- represent the number of animals used. There were no statisti-
cally significant differences between control and Z-Pro-Proli-

nal-treated rats as determined by the Studentts T-test.
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As shown in Table 15 the initial half-life in controls was
1.47 * 0.31 min while the terminal half-life was 16.1 * 1.6
min. The mean volume of distribution was 173 * 45 ml/kg while
the clearance was 40 * 10 ml/ha/min. Injection of Z-Pro-Pro-
1linal (1.25 mg/kg) 2 min before injection of LHEH prolonged
the terminal half-life in rats ¢ 7-10, however in the next 6
rats studied (¢ 11-16) +the half-1life was nct alterea (i8.3 *
2.5 ming N=6) compared to controls The initial half-life,
clearance and volume of distribution were also not signifi;
cantly different from controls. The clearance was also not
sianificantly altered. It appears that Z-Pro-Prolinal cannot

be used to affect the pharmacokinetic parameters of LHRH elim-

ination.

‘GHA 'GELL "SIUDLES

‘Camimarisen ‘af €nzymatic 'activities 'in 'GH3 cells and rat ‘ante-

‘rdox nddudiiardes

Initial stucdies indicated that many of the enzymatic activ-
ities declined ﬂith storage at 4°, especially cathepsin B,
aminopeptidase and prolyl endopeptidase. Accordingly GH3 cell
homogenates were used within 2 days of homogenization and
anterior pituitary homogenates were used .on the same day as

homogenization, to obtain consistent enzyme activities.

Table 16 summarizes the results of activity measurements of

the peptide~hydrolizing enzymes in GH3 cells as well as in

anterior pituitary homogenates. There are statistically sig-



91
Table 15 Effect of Z-Pro-Prolinal on the pharmacokinetic

parameters of LHRH disappearance in rats

Rat & Half-1life (min) Volume of Clearance
1st comp 2nd comp Distribution (ml/kq) (ml/min/kqg)
Controls
1 1.71 13.1 : 381 67
2 2.04 13.2 102 ) 20
3 1.72 11.9 207 41
4 2.16 17.3 122 18
5 0.15 21.7 97 30
6 1.08. 13.3 129 ‘ 49
mean 1.47x0.31 16.1*1.6 | 173.0x45 40+10

Z-Pro-Prolinal

7 2.62 32.2 275 43

8 1.46 89.0 4y 7

9 2.16 inf. 241 -
10 0.32 68 .6 10 11
11 1.84 12.7 90 22
12 0.87 15.6 103 27
13 1.60 29.8 234 53
14 1.11 15.7 178 451
15 2.09 16.3 91 26
16 0.74 19.7 121 53
mean  1.42:0.20  33.39.0 138.7+28 35.948.7

Z~-Pro-Prolinal (1.25 ma/kg) was injected into the femoral
vein of an anesthetized rat 2 min before injection of LHRH

(210 ua/ka). Blood was collected at various times and the
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concentration of LHEH in the plasma was determined by RIA as
described in the Methods section. The pharmacokinetic parame-
ters of LHRH disapoearance were analyzed by the DRUGFUN pro-
aram of the PROCPHETI Computer System. Individual experiments
and the méan * SEM for control and Z-Pro-Prolinal-treatec¢ rats
are givene. The mean values for the 2nd half-life component
and the clearance do not indlude rat #9 which had an infinite
2nd component of disappearance.

nificant differences between the two homogenates for all
enzyme activities studied except for pyroglutamyl 'peptide
hvdrolase. The highest activity found in both preparations
was for the lysosomal enzyme., cafhepsin B. - The acfivity of‘
cathepsin b in GH3 cells was almost five times greater than
its activity in anterior pituitary homogenates whereas the
other lvsosomal enzvme. catheosin D, which had much less
activity in both preparations, had higher activity in the
anterior pituitarv homoaenates. 0f the cytoplasmic enzymes,
soluble metallcendopneptidase and prolyl endopeptidase had hicgh
activities in koth preparations. Their activities were about
twice as high in the GH3 c¢ell homogenates than 1in anterior
pituitary homogenates. The wmulti-catalytic protease complex
hadéd moderate activity in both preparations while pyroglutamyl
peptide hydrolase activity was low in both preparationse. The
activity of aminopeptidase was moderate in both preparations,
while the activity of membrane-bound neutral metalloendopepti-
dase was about four times less in the GH3 c¢ell homogenates

than in the anterior pituitary homcgenates.
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Table 16 Specific activities of peptide-degrading enzymes in

GH3 cell homogenates and antericr pituitary homogenates

Specific activity (nmcles/

mg protein/h *SEMN)

Enzvme Substrate GH3 cells anterior pituitary
homogenates
soluble metallo- Bz-Gly-Ala-Ala-Phe- 1269+1721 65U.2+74 .4
endopeptidase pAB
prolivi Z2-Gly-Pro-sM 4y82.2+26.42 269.5%38.5
endopeptidase
pyroglutamyl pGlu~-2NA 18.2%1.7 11.922.5

peptide hvdrolase

multi~catalytic Z~-Gly-Gly-Leu-pNA 32.6%x3.51 80.%¥11.2

protease compblex

(chvmotrvpsin

component)

multi-catalvtic Z-Leu-Leu-Glu-2NA 229.1*24.32 59.0+3.8
protease complex {with SDS)

(SDS-activated

component)
cathepsin B Z-Leu-Leu-Arg-2NA 1727+199¢% 363.2%50.5
cathepsin D TFA-Phe- (o-Benzyl) Ser~- 52.%+7.53 94 .5%+15.8

b
--Phe~-Phe-Ala-pAb
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Aminopeptidase Leu-pNA 156.2:8., €3 203.2%13.3
Membrane—bound Glutarvl-Ala-Ala-fhe- 21.%1.4864 77.%11.2
neutral metallo- 2NA4

endoneptidase

Activities were determined as described in the Methods sec-
tion. Arrows indicate the initial site of the cleavage of
each substrate. Between 4 and 6 determinations were made for
each enzvme. The level of significance was found by comparing
the activities of the enzyme preparations by using Student's
t-test. Sianificantly different from anterior pituitery homo-

genate: 1p < ¢.05;: 2p < 0.01; 3p € 0.0065; 4p < 0.601;
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Since a aqiven peptide substrate may be degraded by more
than one proteolytic enzvme, specific, active-site directed
inhibitors were used to verify the identities of the activi-
ties measured. These inhibitors fulfill the binding require-
ments of the active-site and interact with the enzyme to form
analogs of the transition state for peptide hydrolysis. as
shown in Table 17, N-f1(R,S)-carboxy-2-phenylethyl] -Ala-Ala-
Phe-pAB. a spbecific inhibitor of soluble metallocendopeptidase
(Chu and Orlowski., 1984), eliminated most of the activity
cleavina Hip-Ala-Ala-Phe-pAB in both GH3 cell homogenates and
anterior pituitary homogenates. -Consistent with the require-
ment of this enzyme for a sulfhvdryl gqroup, elimination of DIT
from the reaction mixture substantially reduced its activity.
The metal chelator, o—phenanthroline. at a final concentration
’of 2 ¥ 10-4 M, also eliminated most of the activity. The data
are consistent with the activity due to that of the scluble

metalloendopeptidase.

Z~-Pro-Prolirnal is a specific inhibitor of prolyl endopepti-
dase in vitro (Wilk and brlowsﬁi. 1983a) and in vivo (Friedman
et al., 1984b). At a final concentration of 10-6 M, Z-Pro-
Prolinal inhibited the Z-Gly-Pro-SHM-cleaving activity in both
the GH3 cell homogenates and the anterior pituitary homogen-
ates by more than 95%. Similarly leupeptin, a potent inhib-
itor of cathepsin B. at a dose of 10-6 M, inhibited by more
than 92% the Z-Leu-Leu-Arg-2Z2NA-cleaving activity activity in
both preparations. These observations indicate that the two

substrates measure prolyl endopeptidase and cathepsin B activ-
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Table 17 Effect of inhibitors on peptide-adegrading enzymes of

GH3 cell homoaenates and anterior pituitary homogenates

% of control
Enzvme ’ Inhibitor GH3 cell anterior
homogenates pituitary

homogenates

soluble N-f1(R,S)-carboxy-2- 7.0% 15.3%
metallo- vphenvlethyl 1-Ala-Ala-Phe-
endopeptidase pAB (10-4 M)
o-phenanthroline (2X10-4 M) 18.7% " 16.6%
~DIT =* 11.3% 21.6%
prolvl endo- Z-Pro-Prolinal (10-6 M) S.3% 3.2%
peptidase
cathepsin B leupeptin (10-£ M) 4.9% 7.5%
. membrane-bound N-f1{(R.S)-carbcxy-2- 79% 31.9%

neutral metallo- phenvlethyl 1-Phe-pAB

endooeptidase {4X10-5 M)

Enzvyme activities were measured as described in the Methods
section. Numbers in parentheses indicate the concentration ox
inhibitor in the incubation mixture. No preincubation was
performed with the inhibitors. % Full expression of this
activity requires a thiol reducing agent such as DIT in the

incubation mixture.
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itv respectivelyve.

N-[ 1 (R.S) ~carboxv-2-phenylethyl}-Phe-pAB is a specific
inhibitor of membrane-bound neutral metalloendopeptidase
{Almenoff and Crlowski, 1983). This inhibitor at a final acse
of 4 X 10-5 M inhibited about 70% of the activity in anterior
pituitarv nomocenate preparations, while inhibiting only about
20% of the activity in the GH3 cell homogenates. At this dose
of inhibitor the activity of membrane-bound neutral metal-
loendopeptidase should be totally inhibited. The fact that
the activity in the GH3 cell homogenates was only slightly
inhibited indiéates that cleavage of Glutaryl-Ala-Ala- Phe-2NA
in GH3 cell homogenates 1is in part catalyzed by other

enzyme (s) .
‘E££sct "of 'ipbibitors 'on enzymatic activity in GH3 cells

Z-Pro-Prolinal sianificantly inhibited prolyl endopeptidase
activitv in GH3 cells after exposure of the inhibitor for both
1 h (control cells 31.7 * 4.1 nmol/mg/h, N=3; 10-6 M Z-Pro-
Prolinal 11.6 * 3.0 nmol/mash, N=3, p < 0.05) and 3 days (con-
trol cells 11.0 * 1.9 nmol/mg/h, N=3; 10-5 M Z-Pro-Prolinal
3.9 ¢ 1.2 nmol/mash. N=3, p < 0.001). Similar results were
obtained when the media containing sercm (descriked above) was
replaced with heuman-Tytell serumless media. While enzymatic
activities were always compared to controls, it was observed
that prolyvl endopeptidase activity was lower in cells grown in

wells (results presented here) than in flasks (Table 16). It

is possible that the different qrowing conditions between
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flasks and wells or the different degree of coniiuency are
imcortant for expression of enzvmatic activity. BAs a control,
Z2-Pro-Prolinal (10-5 M) <dcid not affect the soluble metalloen-
dooveptidase activity in cells exposed for 3 days (control
cells 141 * 3 nmol/mas/h. N=3: Z-Pro-Prolinal 135 % 32 nmol/mg/
h. N=3, N.S.). These results indicate that Z-Pro-Preolinal can
be used to effectively inhibit prolyl endopeptidase in GH3

cells.

5-Oxoorolinal (10-5 M) caused an unexpected 3-4 fold
increase in PPh activity in GH3 cells after 3 days of exposure
(Table 18). .Eiqure 7 shows the concentration-related effect
of 3 davs expcsure to 5-oxoprolinal on PPH activity in GH3
cells. The EC50 was 10-7 M with a maximum increase produced
by 10-5 M 5-oxoprolinal. This increase in FPH activity upon
exposure of cells to 5-oxoprolinal (10-5 M) was time depen-
dent. showing a rapid increase in the first 24 hours with a

continuous rise until 6 davys (Figure 8)

‘Seecifdcity of the increase “in pyrogiutapyl peptide hydrolase

‘agldudiy

The specificity of the increase in PPH activity by
5-oxoprolinal was studied. The activity of prolyl endopepti-
dase in cells exposed to 5-oxoprolinal for 3 days was unal-
tered (untreated cells 341.7 * 55.5 nmol/mg/h, N=30 vs 10-5 M
S-oxonrolinal 243.0 * 3¢8.8 nmol/mg/h, N=18). In addition,
Z-Pro-Prolinal, a specific, aldehyde inhibitor of prolyl endo-

peptidase. when incubated with GH3 cells for 3 days did not
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Table 18 The effect of TRH-deqrading enzyme inhibitocrs,

TRH and TRH metabolites on PPH activity in GH3 cells

Experiment Specific activity (nmol/mg prctein/h * SEM)
5-oxoprolinal ¢10-5 M) 53.9 * 3.9 (41) %=
Control 13.6 £ 1.4 (u5)
Z-Pro-Prolinal (i0-5 #) 13.9 * 3.5 (3)
Control 13.6 £ 0.3 (3)
TRH (10-6 M) 11{5 * 2.3 (3)
Control 13.6 = 0.3 (3)
cvclo-His-Pro (10-4 M) 35.5 % 3.1 (6)
Control 269 * 2.1 (6)
pvroglutamate (10-4 M) 227 2 2.7 (3)
Control ' 21.4 * 3.3 (3)

GH3 cells weie arown as described in the Methods section.
Two weegs after nlating, 5-oxoprolinal (10-5 M) or inhibitor
was added to the flasks. A&fter 3 days of incubation at 37° C,
cells were harvested. washed, homogenized and the homogenate
was assayved for pyroglutamyl peptide hydrolase activity as
described in the Methods section. The numbers in parentheses
reoresent number of flasks used. The significance of changes
in the specific activity between control and inhibitor-treated
cells was determined usinag the Student's T-test.

* p< 0.001
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Concentration-response curve of 5-oxoprolinal on the spe-
cific activity of pyroglutamyl peptide hydrolase in GH3 cells.
GH3 cells were qrown as described in the Methods section. The
cells received various concentrations of S5-oxcoprolinal for 3
dayse. The cells were harvested, washed, ~ homogenized and
assayed for PPH activity as described in the Methods section.

Specific activity is expressed as nmol/mgA protein/h. Each

point represents the mean *t SEM of 3 flasks of cells.
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Time course o©f 5-oxoprolinal on the specific activity of
pvroalutamvl peptide nvdrolase in GH3 cells. Gh3 cells were
qrown as described in the Methods section. Cells received
10-5 M S-oxoprclinal for various times. The celils were har-
vested. washea, homogenized and assaved for PPH activity &s
described 1in the Matnods section. Specific activity 1is
expressed as nuol/ma protein/h. Each point represents the

mean * SEM of 3 flasks of cells.
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affect PPH activity (Table 18) demonstrating that the effect

of 5-oxoprolinal was not reprcducad by other peptide aldeh-

vdese.

Since PPH catalyzes the deqracdation of TRH and TRH recep-
tors are present on GH3 cells (Martin and Tashjién, 1977), we
hvpothesized that an inhibitor of PFPH activity ma? alter PPH
levels throuah IRH. To test this possibility TRH (10-6 M) was
added to GH3 cell cultures for 3 days without effect on this
enzvme. Similarly. the TRH metabolites, pyrogiutamate and
cvclo(His-Pro)’ (Bauer et al., 1%878) failed to significantly

alter PPH activity (Table 18).

To determine whether the stimulated pGlu-2NA-cleaving
activity was indeed PPH and not a new ehzyme which could also
cleave pGlu-2NA, 5-oxéorolinal (1c-5 M final concentrationj)
was added to incubation tubes containing the stimulated
enzvme. Under these conditions 5-oxoprolinal inhibited more
than 90% of the pGlu-2Z2NA~cleaving activity (stimulated activ-
ity 34.0 * 4.6 nmol/ma/h. N=3; stimulatéd activity pilus
S5-oxoprolinal 3.0 * 0.9 nmol/ma/h, N=3). Since 5-oxoprolinal
is a specific PFH inhibitor, this experiment indicates that
the stimulated activitvy is indeed PPH (EC 3.4.11.8). The mem-
brane-bound pvroglutamyl-peptide hydrolyzing enzyme describea
above was not detectable in either control cells or cells

treated with 5-oxoprolinal (¢10-5) for 3 dayse.

Experiments were conducted to determine_ whether the

increase in activity of PPH resguires the continucus presence



103
of 5-oxoprolinal. After exposure of GH3 ceills to
S-oxoporolinal (10-5 M) fcr 1 hour, the media was repliacea and
the cells incubated for ancther 3 dayse. The activity of FPH
in these cells was compared to the activity of FPH 1in cells
exposed to 5-oxoprolinal continuously for 3 days. In this
experiment. the activitv of PPH in cells not exposed to inhib-
itor served as coﬁtrol. The activity of PPH 1in untreated
cells was 25.4 * 4.1 nmol/mq/h, N=6. PPH activity in cells
exposed to S5-oxoprolinal for 1 h (76.4 * 6.2 nmol/mg/h, N=6)
was similar to the activity séen in cells exposed continuously
to inhibitor for 3 davs (69.1 * 3.7 nmol/mg/h N=6). This
indicates that a short exposure'to 5-oxoprolinal is sufficient

to cause an increase in PPH activity.

Since 5-oxoprolinal may be metabolized by GH3 cells, it was
of interest to determine whether addition of fresh
5-oxoprolinal to the culture flasks each day for 3 days would
increase PPH activitv more than continuous exposure of cells
to a sinale dose of S5-oxoprolinal added cnly at the start of
the experiment. The increase in activity produced by addition
of 5-oxooprolinal (10-5 M) each day for 3 days (untreated cells
25.4 * 3.7 nmol/mg/h N=63 5-oxoprolinal 60.9 * &€.7 nmol/mg/h
N=6) did not exceed the increase produced by continuous expo-
sure to a sincle dose of 5-oxoprolinal (10-5 M) for 3 days

(untreated cells 25.4 * 4.1 nmol/mg/h N=6; S-oxoprolinal 69.1

* 3.7 nmol/aa/shk N=6).

Experiments were performed to determine the stability of
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S5-oxoprolinal in the «cell culture. In these experiments,
pGlu-2NA was added to the flasks and the «NA released was
determined after 1 h and 3 days in the presence and absence of
5-oxoprolinail. After i h, 5-oxoprolinal (10-5 M) inhibited
ahout 2/3 of the formation of 2NA from pGlu-2NA (C.4 mM) (con-
trols 2.9 * 0.1 nmoi/ml media, N=3; S-oxoproiinal-ireated 0.97
r 0.07 npmoi/ml nedia, N=3) . Three days after addina
S5-cxoorolinzl. there was no significant enzyme inhibition
(controls %30 * 13 nmol/ml media, N=3; S-oxopreclinal-treated
490 * 27 nmol/ml media, N=3). These results indicate that

S-oxoprolinal has been metabolized during the 3 day incuba-

tion.

The possibility that the increase in PPH activity is due to
an increase in the affinity of the enzyme for its substrate,
pGlu-2NA. was explored. The Km of PPH in cells exposed to
10-5 M 5-oxoprolinal was compared to the Km of PPH in control
cells. Linaweaver-8urk plots, obtained by a linear regression
analvsis. w2re used to calculate the Km's. The Km of FPH from
inhibitor-treated cells (Kkm = 0.16 mM) and control cells (Km =
0.18 i) were virtually identical, indicating that the
increase in enzymatic activity con exposure 1o 5-oxoprolinal

was not due to increased affinity of the enzyme fcr the subs-—

trate.

The localization of the increasad PPH activity in GH3 cells
exposed to 5-cxoprolinal (10-5 M) for 3 days was compared to

the localization of PPH in control cells. In control cells,
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the activity c¢f PPH (measuring the release of 2ha from
pGlu-2N4 by flucrometry) was 8.9 nnol/mg/h in the washea per-
ticulate fraction and 14d4.9% nmol/mg/h 1in the supernatent frac-
tion. In inhititor-treated cells, the activity was 10.0 nmcl/
mc/h in the weshed particulate fraction and 76.3 nmol/wg/h in
the supernatant fraction. indicatng that the activated PPh 1s

present in the cvtosolic fraction of GH3 cells.

|3

Effect of ‘cyclcheximide on enzymg levels in 'GH3 cell

Cvcloheximide was used to determine whether the increased
enzvmatic activity was due to induction cf protein synthesis.
As shown in Tabtle 19, basal PPH acﬁivity decreased with cyclo-
heximide alone, due to decreased protein synthesis. However
even in the rresence of cycloheximide, S-oxoprclinal still
caused an aoprcximately 3 fold increase in PEH activitye.
These results sugaest that new protein synthesis 1is not
reguired for the increase in PPH activity. S5-oxoprolinal did
not affect orolvl endooeptidase activity either in the pres-
ence or absence of cycloheximide, althcugh the basal activity

of the enzvme was lowered by cycloheximide.

Effect of inhibitors on prolactin respense in GH3 cells

The additicn of TRH (10 nM) to GH3 cells caused a signifi-
cant increase in prolactin release (1 h) and synthesis (3
days) (Table 20) 1in agreement with earlier reports (Dannies
and Tashiian. 1976). As shown in Table 20, 5-oxoprolinal

(10-5 M) siqnificantly decreased both basal and TRH-stimulated
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Table 19 The effect of cyclcheximide on PPH and prolyl endogegtidase
activity in Gd3 cells

Scecific activity (nmol/mg protain/h * Sci4)

control 5-oxoprolinal cycloheximide cycloneximidex
S-oxoprolinal

PEH
exct. 1 28.0 = 0.7 39.7 =z 2.4 (180) 1u.1 £ 0.4 (50) 2.7 x 3.7 (175)

1+

expt. 2 21.4 % 2.2 56.3 3.6 (263) 10.56 * 2.9 (50) 36.7 5.7 (284)

1+

I+

S.3 (173) 6.4 * 3.9 (26) 28.0 14,0 (433)

i+
o
-
w
f=3
Ny
.
=
I+

expt. 3 28.86

Prolyl endopeptidase

expt .1 216 = 23 196 == 23 (91) 236 * 16 (108} 164 =+ 12 (69)
exct. 2 220 =z 29 260 = 31 (119) 144 x 17 (65) 1ul = 23 (¢38)
exct. 3 299 = 39 189 x 12 (61) 163 = 33 (54)y 133 =z 18 (82)

GH3 cells were qrown as described in  the Methods section.
In experiment 1, GH3 calls rec=ived cycloheximide (2ug/ml) for
10 h while in experiments 2 and 3, Gid3 cells received cycioe-
heximide (0.5 ug/ml) for 24 h. TOor each experipment, ; fiasks
wera used as controls, 3 flasks received S5-oxopreolinal (10-5
M), 3 flasks receiveZ cyclcheximide and 3 flasks recsived
cycloheximide £ S-oxoprolinal (10-5 M). Cells were harvesteg,
washed and nomocganized and the homogenate was assayed for EPH
and prolyl endcoeptidase activity as described in the Metnods
saectione. The numtcers 1in parentheses represant % of control

exceot for Ycycloheximide £+ S-oxoprolinalY column in which

they recreseat % of cycloheximide.
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prolactin release and svynthesis. 5-oxoprolinal (10-5 M) plus
TRH (10 nM) <zTesulted in a 50% reducticn in prolactin reiease
and svnthesis compared to THKH alone. Z-Fro-Frolinal (10-3 M)
dia not sianificantly alter prolactin release or synthesis
either in the presence or absence of TRH. The combination of
z-Pro~-Prolinal (i06-5 M} &nd 5-oxoprolinal (10-8 M) in the
presence of TRh (10 nM) aiso siynificantly decreasea prolactin
svinthesis compared to IRt alone. Similar results vwere
obtained wnen the prolactin response was related to the amount
of DNA in the flask althcugh data collected in this manner

showed a somewhat agreater variability.

In the above experiment, the inhibitor was present while
prolactin was accumulatinag in the media. It was also of
interest to examine the effects of preincubating the cells
with 5-oxoprolinal.,replacing the media anda then adding TEH.
As shown 1in Table 21, preincubation of GH3 cells with
5~oxoprolinal (10-5 M) for 3 days did not alter basal or TEH-
stimulated prolactin release or synthesis. The results were
similar whether the data was related to amount of DNA or

amount of madia.



168
Table 20 Prolactin response in GH3 cells

Prolactin response (na/ml media * SiM)

(5)

1nhn 4 3 days

control 44.8 * 11.8 (9) 4250 * 128G (9)
TRH 72.3 + 31.6% (9) 6950 * 11302
5-oxoprolinal 30.3 * 3.3 (6) 2070 + 4212 (5)
S5-oxoprolinal/TRH 33.1 * 3.83 (&) 310¢ * 425% (b)
Z-Pro-Prolinal 46.2 * 12.8 (9) 4660 * 1680 (9)
2-Pro-Prolinal/TRH 74.0 * 19.9 (9) 7810 * 1430 (9)
Z-Pro-Prolinal/5-oxoprolinal 35.3 + 1.6 (6) 3070 * 443 (6)

+ 7.7 (6) 4730 £ 5734 (6)

Z~-Pro-Prolinal/5-oxoprolinal/ 45.0

TRH

GH3 cells were gqrown as described in the Methods section.
The media was replaced and Z-Pro-Prolinal (10-5 M),
5-oxoorolinal (10-5 M) and TRH ( 10 nM) were added to the
fiasks. The media was reumoved after 1 h and 3 days and pro-
lactin was measured by radioimmunoassay as described 1in the
Methods sectiorn. Data are mean values * SEM. humbers in
parentheses represent the number of flasks used. The level of
sianificance was found bv comparing the prolactin response in
inhibitor-treated cells to control cellse.
1p< 0.05 from controls
2p< 0.005 from controls
3p< 0.05 from 1Rd

“p< 0.005 from TRH
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Taile 21 Prolactin response in GHi3 cells preincubated with

5~oxoprolinal for 3 days

Prolactin response Prolactin response
{(ng/ml media x* SEM) (ng/ug DNA * SEM)
1h 3 cays 1h 3 days
control 39.6 * 5.3 2214 % 399 5.6 * 1.5 407 = 132
TRH 46.0 * 5.8 3735 * 384 6.7 * 2.1 724 * 120
S-oxoprolinal 36.7 * 3.7 2407 = 265 5.2 * 1.2 417 + 111
S-oxoprolinal/ 43.4 * 6.2 3702 * 217 Te6 £ 2.0 587 * 51

TRH

GH3 cells wére qro&n as described in the Methods section.
Two weeks after plating., S-oxoprolinal (10-5 M) was added to
half of the flasks. After 3 davs of incubation, the media was
removed. tne cells were washed and new media was added. TRH
(10 nM) was then added to half of the flasks. Media was
removed after 1 h and 3 days. Prolactin was measured by
radioimmunoassay and DNA was determined as described in the
Methods section. Data are mean values * SEN. 9 flasks were
used for the na/ml media experiments and 6 flasks were used

for nasug DNA experiments.
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‘Effect 'of suhsirdles ‘and "inbibitors -on IRd bindipg in GH3

‘cedds

Since 5-oxoprolinal decreased prolactin response in GH3
cells. it was of interest to examine the effect of inhibitors
and substrates of TRH-dearading enzymes on TRH binding.
5-oxoprolinal. <Z-Pro-Prolinal, ©2-Gly-Pro-sM and pGlu-2NA at &
final concentration of 100 nM did not significantly alter
34-TRH bindinag (82 * 6% , 82 * 3.5%, 81 * 6% and 73 * 5%; % of
confrol binding reﬁnectivelv. N=4) . Unlabelled TRH (2 uM),

however, totally deplaced 3H-THKH from GH3 cell binding sites.
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DISCUSSION

My initial studies demonstrated that zZ-Fro-Prolinal 1is an
effective inhibitor of prolyl endopeptidase in vivo. Maximal
inhibition after intraperitoneal injection occurs in all
organs in the first 45 min. The inhibition decreases procgres-
sively thereafter, but at a dose of 5 mg/kg it is still
noticeable even after 6.5 h (Table 10). It is possible that
the inhibition seen after 6.5 h is at 1least partially the
result of an ;rreVersible inactivation of the enzyme. This is
based on the findina that Z-Pro-Prolinal behaves as a noncom-
petitive inhibitor of prolyl endopeptidase (Wilk and Orlowski,
1983) and dialvsis of an enzyme-inhibitor mixture does not
completely restore activity. It can be assumed that thne
decline in inhipition with time is caused by two factors. One
is elimination of the inhibitor., presumably through the kicdney
and the gastrointestinal tract: the other is metabolism to the
corresoonding acid. bprobably by the action of aldenyde dehyd-
rocenase., or to the corresponding alcohol by the action of
alcohol dehvdroaenase. Since both the alcchol and the acia
are about 3000 times less inhibkitory than the aldenyde (Kilk
and Orlowski. 1983a), this metabolism would be expected virtu-
allv to terminate the action of the inhibitor. The rate of
elimination of the inhibitor, as well as ihe rate of 1its
metabolism. can be assumed to be contributing to the sensitiv-
itv of the brain enzyme.to inhibition (Table 11). The lipo-

philic nature of the inhibitor apparently favors its accumula-
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tion in brain and also its slow elimination from this organ.
That this is. indeed, the case is indicated by the finding
that doses of the inhibitor (0.005 ma/kg) capable cf producing
maximal tissue concentrations only in the nanomolar range
exert a signitficant inhibitory effect in the brain, but not in

other tissues. except the kidney (Table 11).

Aldehvde dehvdroaenase and alcohol dehydrogenase, two
enzvmes potentiallv capable of metabolizing Z-Pro-Prolinal,
have an unequal distripution in tissues. Relatively large
amounts of both enzvmes are present in the liver, with lesser
amounts oresenf in other organs, including the brain. For
example, the activity of aldehyde dehydrogenase.is about 30
times higher in rat brain (Deitrich, 1966), and the activity
of alcohol dehvdroagenase was reported to be more than 3000
times hiagher in rat liver than in brain (Raskin and Sokoloff,
19681 . The low activity of the two enzymes in brain can thus
be an important factor, favoring inhibition of the enzyme in
this tissue. Conversely, the high activity of the two enzymes
in the liver probablvy acccunts for the relatively lower inhib-
ition of the enzvyme in this organ ana for the higher doses

reguired for inhibition (Table 11).

The concentration of SM in various tissues given in the
control columns in Tables 10 and 11 are determined both by the
actual activity of »oprolyl endopeptidase in the tissue and by
access of the substrate, 2Z-Gly-Pro-SM, to the tissue and the

enzyne. The relatively low values of SM in brain compared
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with the 1liver and Kidney are probably the result of a
limitation of entry into the brain, imposed by tne blood-brain

barrier.

In our laboratory. we have previously shown that Z-Pro-Pro-
linal is a specific prolvl endopeptidase inhibitor. A variety
of cellular endo- and exopeptidases are resistant to inhib-
ition even by large doses of this inhibitor (Wilk and Orlow-
ski. 1983a). The svecificity, duration of action, and potency
of Z-Pro-Prolinal as a prolyl endopeptidase inhibitor in brain
led us to use it @as a tool in studies on the role of this
enzvme in neufooeotide metéboiism; TRH was chosen as a model
neuropeptide for studies on the effects of enzyme inhibitors

on neuropebptide deqgradatione.

Since the literaturé stated that in tissues, two major
enzvmes appear to be responsible for the initial degradation
of TRH: deamidation catalvzed by prclyl endopeptidase and
‘removal of the N-terminal pyroglutamyl residue catalyzed by
pvrogqlutamvl reptide hydrolase (Griffiths ét al., 1979a;
Kreider et al.. 1981: Busby et al., 1962; Bauer anc Kleinkauf,
1960} . we elected to synthesize an inhibitor to PPH. Since
PPH specifically hydrolvzes 5-oxoproline from the N-terminus
of veptides by a mechanism in which a cysteine residue in the
active site is believed to be necessary for activity, it was
expected that the aldehyde aﬁaloq of pyroglutamate should form
a tetrahedral thiohemiacetal with the cysteine in the active

site. 5-oxoprolinal was therefore synthesized as an active-
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site directed innhibitor of PPH. The observation that the Ki
of 5-oxoborolinal is about five orders of magnitude lower than
that of the corresponding alcohol or acid (Table 1) is consis-
tent with the interpretation that an analog of the transition
state intermediate is being formed in the interaction of the

inhipitor with the enzyme.

The syntaesis oI 5-oxoprolinal proved toc be gquite diffi-
cult. Althouah the DMSO-DCC method gave low yields and impur-
ities which comiagrated with 5-oxoprolinal on silica gel col-
umns; it was more successful than other methods including
reduction of o?roalutamate by the thexylborane reagent (Brown
et al.. 1972), reduction of the ester derivative by LiAlHE4
(Brown et al.. 1982), and oxidation of the alcohol derivative
bv pvridinium dichromate (Stanfield et al., 1981) or by alco-
hol dehydroqenase {(Andersson and Wolfenden, 1982) . -
5-oxoprolinal appears to be labile to acidic or basic condi-
tions. bpessikbly due to lactam ring-opening. The use of the
neutral catalvyst. PIFA. increased the vield of the DMSO-DCC
oxidation. Attempts to catalyze the DM30-DCC oxidation by
oxalic acié (Omura and Swern., 1978) , dichloroacetic acid
(IThompson., 1973) and phosphoric acid (Thompson, 1977) met with

little successe.

The NMR and IR spectra are consistent with the structure of
5-oxoprolinal as depicted in Figqure 2. To confirm this struc-
ture. the 2.4-dinitrophenvlihvdrazone derivative of this com-

pound was prepared and isolated as a solid. The NMR and IK
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spectra and the elemental analysis are correct for the
derivative's structure depicted in Fiqure 2. The derivative
was used to oprepare a standard curve for the DNP assay and
used to quantitate S-oxoprolinal in subseguent preparations.
The curve was found to be similar to that of butyraldehyde,
which confirms that the DNP reaction using butyraldehyde accu-
ratelv guantitated 5-oxoprolinal in the earlier experimentse.
Since d~-aminoaldehydies are particularly . prone to racemization
and since this tendency is fostered by exposure to silica gel
(Hamada and Shiori. 1982), it is likely that 5-oxoprolinal is

a racematee.

5-oxoprolinal was found to act as a competitive inhibitor
as demonstrated by the Dixon and Henderson plots (Figure 5).
This is in contrast to Z-Pro-Prolinal which was found to be a
noncompetitive inhibitor of prolyl endopeptidase (Wilk and
Orlowski. 1983ajl. Although the Ki for 5-oxoprolinal (26 nM)
is similar to that for Z-Pro-Prolinal (14 nM), 5-oxoprolinal
appears to be a less potent and shorter acting inhibitor in
vivo. The degree of inhibition was much lower at 30 min than
at 10 min for 5-oxorrclinal (Table 7) while the degree of in
vivo inhipition for Z-Pro-Prolinal remained high at 30 min
(Table 8). At a dose of 5 maska, Z-Pro-Prolinal inhibited
areater than $0% of prolyl endopeptidase activity in most
oraans after 30 min. while a dose of 50 mg/kg of S-oxoprolinal
was required to give Letween 17% and 94X inhibition depending
on the oragan after 30 min. The 1lower potency and shorter

duration of 5-oxoprolinal inhibition might be due to the fact
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that its ktinding to the enzyme 1is readily reversikle and also
that its metabclic inactivation and elimination mignt proéeed
faster than that of Z-Pro-Prolinal. It may be expected that
alcohol dehvdroaenase and aldehyde dehydrogenase might con-

tribute to the metabolism of the inhibitor.

It is trossible that the inhibition of PPH in homogenates
after intraperitoneal administration of the inhibitor does not
reflect true in vivo inhibition, but rather results from expo-~
sure of the enzyme to the inhibitor only after disruption of
the tissue by homogenization. This possibility is especially
relevant since'the dose used was relatively high. To exclude
this possibilityv. future studies in which the inhibitor is
used to block the deqradation ¢f a substrate of PPH in vivo

need to be carried out.

Since 5-oxoprrolinal was found to be a relatively short-
lived and weaklv potent inhibitor of PPH in vivo, PDMK, an
irreversible inhibtor of PPH which alkylates "the sulfhydryl
residue in the active site of the enzyme, was used to inhibit
PPhE in wvivo. This compound was found to be an extremely
potent inhibitor in vivo with substantial inhibition one hour
after a dose of 0.01 mg/kg in all tissues studied (Table 12).
The inhibition was also found to be long-lasting as substan-
tial inhibition was detected 24 hours after administration of
a dose of 0.1 mag/kg of PDMK. PDMK was found to be a much more
effective inhititor than 5-oxoprolinal and was therefore used

in further animal studies.
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Several investigators have concluded that in tissues there
are only two enzymes, prolvi endopeptidase ("ITRKH aceamidase")
and nvréalutamvl peptide hvdrolase (also called pyroglutamyl
aminopeptidase). capable of the initial deqradation of THiH.
There are discrepancies in the literature on the relative con-
tributions of these two enzymes to TRh degradation 1in brain
fractions in vitro. These discrepancies can be resolved by
examinina which subcellular fraction was used and whether
thiols or metal chelators were included in the assay. Prolyl
endopeptidase is activated by DIT and is largely a cytosolic
enzvme. PPH is a predominantly cytosolic thiol protease which
requires DIT and is activated by EDTA. In the particulate
fraction there is an enzvme which on the basis of its cleavage
of the bGlu-His bond of TRH has also been referred to as pyro-
glutamyl peptide hydroiase (Griffiths et al., 1979a; Browne et
ale. 1981: Prasad et al., 19&3) but is inhibited by DIT and
EDTA (Browne et al.. 1981: O'Connor and 0'Cuinn, 1984; Garat
et al.. 1985) « Prasad and Peterkofsky (1976), Bauer and
Kleinkauf (1980) and Busby et al. (1982) all used DII and EDIA
in their incupation mixtures and found most of the TRh-degrad-
ina activity in the supernatant with 1little or no activity in
the particulate fraction. Under these conditions, IRH is
deamidated to TRH-OH and cleaved at the pGlu-His bond to form
either His-Pro-Nd2 or cvclo-His-Pro, the nonenzymatic cycliza-
tion product of His-Pro-NH2 (bauer et al., 1978) . In con-
trast. Kreider et al. (1981)., Schock (1977) and Griffitns and

coworkers (3riffiths et al., 1979 a, b; 1930; 1982) omitted
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DIT and EDTA and found more activity in the particulate
fraction than‘in the supernatant. In the supernatant, only
TRH-OH was formed (Griffiths et al., 1979 a, b; 1980) since
PPH reauires LIT. In the particulate fraction, TRH was
cleaved at the bpGlu-his bond (Griffiths et al., 1979 a, b;

19680: Kreider et al.. 1981} .

Since in bcth particulate and supernatant fractions, TkH
was cleaved at the pGlu-His bond, until recently it was
assumed that onlv one enzyme, PPH, was responsible. cCrowne et
al. 1981y first proposed that the particulate and soluble
enzvmes were brobablv distinct. The particulate enzyme was
found to have a high molecular weight (~180,000) and was
inhibited bv DIT and EDTA while the soluble enzyme, correctly
characterized zs PPH (EC 3.4.11.8), had a molecular weight of
about 24,000 and was activatéd by DIT and EDTIA (Browne and
O*Cuinn. 1933). This aroup obtained a highly purified prepa-
ration of soluble PPH from gquinea pig braine. More recently
O*Connor and O*Cuinn (1984), Charli et al. (1985) and Garat et
él. (1985) identified the particulate TRH-deqrading enzyme in
brain svnaptosomal membranes. It cleaved the pGlu-His bond of

TRH. was inhibited by metal'chelators and had a molecular

weiaht of 230.000 (O*Connor and O'Cuinn, 1984).

We were interested in verifying the contributions mentioned
in the literature concerning the role o¢f PPH and prolyl endo-
peptidase in the dearadation of TRH in vitro in the presence

and absence of metal chelators and thiols with the use of PDMK



115
and Z-Pro-Prolinal, specific inhibitors of the two enzynmes.
Additionally PLMK was used to determine whether the brain par-
ticulate fraction and serum contain a distinct TRH-degrading
enzvme which cleaves the pGlu-His bond of this peptide. I1f
the enzvmes are distinct. they would not be inhibited by PLMK,

a specific inhibitor of PPH (EC 3e4.11e38)

We found that Z-Pro-Prolinal and PDMK protected IRb from
deagradation only in the presence of DIT and EDTA. In the
absence of DIT and EDTA., TRH was effectively degraded and the
inhibitors did not block deqgradation. These results are
theréfore consistent with the presence 0f another TRH-degrad-
ina enzvhe(s) whose activity is expressed in the absence of
DIT and EDTA. This enzyme previously had tc be measured with
TRH as the substrate. - ke elected to develop a chromogenic

assav to measure this enzyme.

Chromogenic substrates have vprevicusly been wused in the
study of TRH-deqrading enzymes. We introduced +the use of
pGlu-His~Pro-2NA 1in a couoléd assay with excess DAP IV to
measure pyrogqlutamyl-peptide cleaving enzymes. This assay
will specificically measure enzymes capable of c¢leaving the
pGlu-His bond of the substrate provided that prolyl endopepti-
dase is inhibited. Moreover, 1f PPH is also innhibited, the
assav will detect the YIRH-specific" enzyme which until now
had to be measured with TRH. Identification of the products
aenerated by incubation of pGlu-His-Pro-2NA with rat serum and

rat brain washed pellets -revealed that éleavaqe of the pGlu-
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His bond had occurred.

Our studies wusing chromogenic substrates and specific
inhibitors allcw us to propose pathways of IRH deqgradation
shown in Fiqure §. In rat brain supernatant, in the presence
of DIT and EDTR, the N-terminal pyroglutamyl residue and the
C-terminal amice bond of TRH are cleaved by PPH and prolyl
endopeptidase respvectively. PPH is totally dependent on the
presence of DIT and is specifically inhibited by PDMK. Prolyl
endopeptidase is activated by DIT and is specifically inhib-

ited by Z-Pro-Frolinal.

In.the rat breain particulate fraction, there is a second
pvroalutamvl-peptide hydrolyzing activity carpable of cleaving
the bGlu-~His bond of TRH. pGlu-His-Pro-2NA is cleaved more
readily than pGlu-2NA by this enzyme. This activity is not
inhibited bv PDMK indicating that it is not due to PPH. it
has properties of a metalloenzyme being moderately inhibited

bv EDTA and strionalv inhibited by o-phananthroline.

Early repoorts on the deqradation of TRH in serum found
catabolism to ThH-OH and attributed this degradation to a TIRH-
deamidase now known to ke prolyl endcpeptidase (Nair et al.,
1971: Redding and Schally, 1972). However several laborator-
ies (Bauer et al., 1978: Visser et al., 1977; Knigge and
Schock. 1975: Vale et al., 1971: Benuck and Marks, 1976) have
not reproduced this finding but rather found cleavage of the
pGlu-His bond (Bauer et al., 1978; Safran et al., 1982} and

the His-Pro bond (Visser et al.. 1977; Benuck and Marks, 1976)
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Fiqure ¢

BRAIN MEMBRANES
AND SERUM

Pyroglutamyl-peptide
hydrolyzing enzyme

(EDTA sensitive)

pGlu-His-Pro-NHsg

A A
Pyroglutamyl peptide Prolyl
hydrolase endopeptidase
(EC3.4.11.8) (EC 3.4.21.26)
(Thiol dependent)
CYTOSOL OF

BRAIN AND PITUITARY
IN THE PRESENCE OF
DTT AND EDTA

Pathways of TRH Degradation
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of TRH. The presence of a specific TRH-degrading enzyme in
serum has been reported (Tavlor and Dixon, 197€; bBauer and
Nowak. 1979: Bauer et a2l., 1981b). This enzyme was partially
purified from rat (Tavlor and Dixon, 1978) and porcine (bauer
and Nowak. 1979) serum. found to have a molecular weight of
260.000 and to aegrade TRH by cleavage of the pGiu-His bond.
Since this enzyme was inhibited by DIT and EDTA and was not
affected pv 2-iodoacetamide. in contrast to the thiol enzyme
PPH. which requires DIT and EDIA for full activity and is
inactivated by 2-iocdoacetanmide, it was sugqgested that the

serum enzvme differs from PPH (Bauer and Nowak, 1979);

Cur findinas demonstrate that in rat serum, Z-Pro-Prolinal
and PDMK. specific inhibitors to prolyl endopeptidase and PPh
respectively 6o not protect IRH from rapid inactivaticnh.
Althouah prolvl endopeptidase is present in serum (Yoshimoto
et al.. 1979). the inability of Z-Pro-Prolinal to protect IRH
from deaoradaticn indicates that prolyl endopeptidase is not
important in the dearadation of TRH 'in serum and therefore
TRH-0H wculd be an unlikely serum metabolite. The inability
of PDMK to protect TRH from deqradation indicates that PPH is
also not important in serum IRH degradation and that serum
contains a TRH-dearadina enZyme which 1is neither prolyl endo-

pentidase nor EPH.

The assavs usina chromogenic substrates allowed us to
screen tissues for pyroglutamyl-peptide degrading activities.

The distribution of the membrane-bound pyroqlutamyl-péptide
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dearadina enzvmne was d2termined in various tissues using the
counled assav with the substrate pGlu-His-Pro-2NA in the pres-
ence of excess DAP 1IV. It is of considerable interest that
this enzvme is highly localized to the brain (Table 6). Its
selective localization in brain suagqests that this membrane-
bound enzvme mav be important in inactivation of pyroglutamyl
peptide putative neurotransmitters, such as TRH and LHRH. he
have studied the distribution of prolyl endopeptidase in rab-
bit (Orlowski et al.., 1979) and mouse (Table 8, control col-
umn) tissues and PPH in mouse tissues (Table 7, control col-

umn). These enzymes were found to have a much more uniform

distribution.

The selective localization of the membrane-bound enzyme in
brain promoted us to examine its distribution within brain and
to compare its distribution to that of PPH. We found striking
dif ferences between the two enzymes 1in various regions of rat
brain and in the pituitary (Table 9). The soluble PPH activ-
ity was highest in the pituitary. In the pituitary, PPH was
100 times hicher than the membrane-bound activity. The mem-
brane-bound activity was highest in the cortex and hippocam-
pus. Since Tkhk is thought to have both endocrine and putative
neurotransmitter actions. one could speculate that PPH could
decrade TRH at the site of its endocrine actions (pituitary)
while the membrane-bound enzyme could terminate the heurotran-
smitter actions of TRH in the CNS. In this respect it is of
siqnificance that 0°Cuinn and coworkers (Greaney et al., 1980;

QO'Connor and O'Cuinn., 1984) and Charli and coworkers (Garat et
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al.. 1985: Charli et al.., 1985) have localized the membrane-

bound activityvy to svnapbtosomes.

These results as well as those c¢f O'Connor and O'Cuinn
{1584) strongly suagest that the serum and membrane-bound
brain pvroalutamvl hvdrolyzinag enzymes are similar or the
same. As can be determinea from comparing Taile 4 ;brain par-
ticulate fraction) and Table 5, both enzymes prefer pGlu-His-
Pro-2NA to pGlu-2NA. Examination of their inhibition profile
reveals that both enzvmes are not affected by PDMK, are inhib-
ited somewhat bv DIT plus EDIA and are totally inhibited by
the combination of DIT and EDTA and o-phenanthroline. Puri-
fied enzvmes from both sources will be required to determine
if they are indeed the same and whether brain tissue or possi-

blv luna tissue is the source of the serum enzyme.

we have determined the Ki of TKH for the rat brain mem-
brane-bound pvroglutamyl-peptide hydrolyzing enzyme to be 0.25
mM. . For comparison., the Ki of TRH for homcgenecus rabbit
brain prolvl - endopeptidase was 5.8 mM and the Ki of IRH for
partially purified bovine brain PPH was 0.47 mM. TRH was
found to innhibit all enzymes competitively. Since, for purely
competitive inhibitors. the Ki can be assumed to eqgual the Knm,
these values can qive an estimate of the relative affinity of
TRh for the three enzvymes. The membrane-bound pyrogiutamyl
hvdrolvzinag enzyme appeérs to have the highest affinity for
TRH. TRH appears to be a relatively poor substrate for prolyl

endoneptidase and FPH. However, since the membrane-bound
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activityvy was not purified and since the other enzymes were
obtained from different species, these results should be
interoreted with caution. Full characterization of TEH as a
substrate for these three enzymes awaits kcat/ Km ratios using

homoaeneous enzvmes from similar sources.

The availability of the purified membrane-bound enzyme will
allow its full characterization and classification. Although
the particulate enzyme cleaves the pGlu-His bond of pGlu-His-
Prc-~2NA and presumably of TRH, its primary specificity may not
be directed toward this bond. One cannot: rule out hydrolysis
of this bond by an endoveptidase with a specificity other than
directed toward the pyroqlutamyl-histidyl bond. Hydrolysis of
the Phe-Glvy bond of enkephalins by a crude membrane prepara-
tion was mistakenlyvy attributed to a highly specific peptidyl
dipeptidase termed Yenkephalinase" (Malfroy et al., 1578) .
When the enzvme was purified it was shown to be neither a pep-
tidvl dioepntidase nor enkephalin-specific (Almenocff et al.,
1981) . Substrate specificity studies of the purified mem-
brane-bound enzvme will determine the amino acids required for

recoagnition and whether this enzyme is indeed TRH-specific.

Finallv it should be noted that this in vitro study does
not reflect the contributions of these enzymes to the degrada-
tion of TRH in vivc. It would bLe of great value to have a
specific inhibitor of the membrane-bound enzyme which could be

used together with Z-Pro-Prolinal and PDMK foi in vivo stud-

ies.
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ke demonstrated that Z-Pro-Prolinal and PUMK are potent and
lonag-lasing inhibitors of brain prolyl endopeptidase and PPH
resovectivelv in vivo. If prolvl endopeptidase or FFH are the
enzvmes important in the physiological degradation of 1IRH,
then it would be expected that the in vivo administration of
Z-Fro-Prolinal plus PDMK would raise endogenous levels of TRH.
As shown in Table 13, TRh levels were only increased signifi-
cantlvy in the pituitarvy 15 minutes after administration of
Z-Fro-Prolinal. A noticeable but not significant increase in
TRH levels in the pituitary 30 minutes after administration of
Z-Pro-Prolinal was observed. Given the fact that Z-Pro-Proli-
nal readililv enters the brain and inﬁibits prolyl endopeptidase
for uo to 6.5 hours (Iable 10). it is surprising that the
effects of Z~Pro-Prolinal on TRH levels are limited to only
short times in the pituitary with no effects in the hypothala-

mus or cortexe.

Since TRH causes an increase in 1SH (5chally et al., 1973)
and orolactin (Mueller et al., 1874) 1levels in vivo, it was
expected that 1if Z-Pro-Prolinal preveanted TRH degradation in
the oituitary. seruin prolactin and TSH levels should increase.
However., Mueller et al. (1974) reported that the effect of IRH
on orolactin in rats was not dose-related and reported that
TRH raised prolactin levels only in estrogen-treated rats. As
shown in Table 14, no significant changes in either TSH or
prolactin levels were noted in rats who received Z-Pro-Proli-
nal. Large variations in prolactin and TSH 1levels between

animals were cbserved which may obscure any effects of the
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inhibitor. In the literature. wide variations in the levels
of these hormones pboth between animals and within an animal at
different times have b2en reported. For example, Fink et al.
(1983) reported TSH levels in rats which varied by over 30
fold. Prolactin and TSH exhibit nyctohemeral variations
(Fukuda et al.. 1975) and appear to increase with stress (Kru-
lich and Illner, 1973:; Blake, 1974). Althcugh the time and
stress variations were controlled by treétinq vehicle- and
inhibitor-iniected animals in a similar manner, large varia-

tions between animals were still observed.

The location of the ophysioloagically important deqradation-
site of TRH is not known. The site of the endocrine action of
TRH is the pituitarv. TRH is synthesized in the hypothalamus
and transported to the pituitary by the hypothalamic-hypophy-
seal portal blood svstém. The levels of TRH are approximately
5 times hiagher in the hypothalamus than in the pituitary
(Table 13. control column). Although tne physiological rele-
vance of the 1larg=s amount of TRH present in the hypothalamus
is unknown. it is possible that excess TRH is deqraaed enzy-
matically in the hypothalamus. Alternatively, the physiologi-
cal dearadation of TRH might ocecur 1in the portal blood system
or at its site of action. the pituitarye. Additionally, TRH
miaht be dearaded in a different manner in the cortex where it
functions as a neurotransmitter. As discussed above; PPH lev-
els are highest in the pituitary and hypothalamus while the
membrane-bound pyroalutamyl-peptide hydrolyzing enzyme levels

are hiaghest in the cortex and nippocampus. Prolyl endopepti-
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dase levels are hianest in the entorhinal cortex, hippocampus
and striatum wifn lower levels in brainstem regions (Orlowski
et al;. 1573). The elevation of TRH by Z-Pro-Frolinal only in
the pituitarv and the pronounced regqional distribution of the
pvroalutamvl-peptide hvdrolyzing enzyme suqgqest that TRH deg-
radation varies at different sites. It is possible that in
the pituitarv. a region with extremely low membrane-bound
pvroglutamyl-peptide hydrolyzing activity, TRH is degraded
primarilv bv prolvl endopeptidase. In other brain regions,
prolvl endopeptidase may contribute 1little tc the physiologi-
cal deqradation of Tkd and hence it's inhibition does not
result in elevated TRH levels. The membrane-bound pyrogluta-
mvl-peptide hvdrolyzina enzyme might be the important enzyme
in the cortex and hippocampus, 1likely locations of TRH as a
neurotransmitter. Iif ‘an inhibitor of this enzyme could be
desiagned and synthesized, the effects cf this inhibitor on IRH

levels would be wortav of investigation.

Surorisinaly. there was less (although rnot siqnificantly
less) of an increase in IKH levels in the pituitary 15 minutes
after administration of Z-Pro-Prolinal plus PDMK than after
Z-Pro-Prolinal alone. The lack of effect of the two inhib-
itors together after 15 minutes might be due to the small sam-
cle size (4 animals). Alternatively, a drugq interaction could
have occurred be£ween Z-Pro-Prolinal and PDMK. For example
PDMK could have blocked the transport of Z-Pro-Prolinal to the
enzyme and therefore decreased its inhibitory actions.

5-Oxopbrolinal stimulated PPH activity in pituitary (GH3) cells
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{discussed belcw). This regqulation of an enzyme by an inhib-
itor suaaests that PPH is the principal rate-iimiting enzyme
in the Dpituitary. The finding that PPH levels within GH3
cells are highly reqluated is inconsistent with the 1lack of

effect of PDMK on TRH in the pituitary of rats.

The limited effects of Z-Pro-~Prolinal and PDMK on altering
endogenous TRH levels is consistent with the in vitro experi-
ments on TRH dearadation. Substantial in vitro deqradation of
TRH was found in the presence of both Z-Pro-Prolinal and PDMK
when the incubation was performed in the absence of DIT. If
2-Pro-Prolinal and POMK do not protect TRH from in vitro deg-
radation by rat brain homogenates, it seems unlikely that they
would orotect TRH from in vivo degradation. The éo-localiza—
tion of thiol-reducing agents such as glutathione and TRH-de-
aradina enzvmes is currently unknown. It appears that the
presence of a thiol-reducing environment would favor degrada-
tion by prolvyl endopeptidase and PPH while the aksence would
favor degradation by membrane-bound pyroglutamyl-peptide

hvdrolvzina enzyme.

In GH3 cells. when PPH is inhibited by 5-oxcprolinal, the
cells. bv some unknown mechanism, increases PPH activity. It
appears that the cells are compensating for enzymatic blockade
bv increasina their enzvmatic levels. It is possible that
over a period of time the animal also responds to inhibition
of an iﬁoortant enzyme by some sort of compensation; either an

increase of that enzyme or ancther enzyme capable of neuropep-
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tide dearadatione. In these cases, blockage of prolyl
endobeptidase or PPH miaht not raise endogenous TRH levels due
to some requlatory compensation. However, chronic administra-
tion of POMX to rats did not alter PPH levels (Table 7, 4 day
column} indicating that an in vivo increase in PFPH activity
did not occur 1in rats unlike the situition in GH3 cells.
Additionallv. édministration of PDMK and Z-Pro-Prolinal did
not alter the membrane-bound pyroglutamyl-peptide hydrolyzing
enzvme in rats. Although in rats, a compensation in enzymatic
activity upon inhibition was not detected experimentally, it
is still possible that some as vyet unobserved compensation
upcen inhibition of prolvyl endoneptidase or PPH did occur and

prevented endogenous TRH levels from being elevated.

Since in vivo experiments are beset with problems such as
variations petween animals and stress and nyctohemeral varia-
tions as well as metapolism or elimination of the inhibitor,
we elected to also studvy the effect of enzyme inhibitors in a
cell culture system. GH3 cells, which respona to TIRH by
sécretinq prolactin, were chosen. We were initially inter-
ested in measurina neuropeptide-deqrading enzymes in GH3 cells
in order to determine whether these cells would be suitablie to
study these enzvmes. The activities of neuropeptide-degrading
enzvmes in the GH3 cell homogenate preparations were compared
td activities 1in rat anterior oituitary homogenate prepara-
tions (Table 16). The activities of the TRH-degqrading enzymes
are of particular interest. In the GH3 cell homogenates, the

activity of orolvl endopeptidase is over 25 times that of PPH.
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The levels of both of these enzymes are 1 1/2 to 2 times
hiaher in GH3 cells homogenates than in rat anterior pituitary
homoaenates. No membrane-bound pyroglutamyl-peptide hydrolyz-

ina enzyme was detected in GH3 cells.

The activity of cathepsin B is muchvhiqher in the GH3 cell
homoagenates than in anterior pituitary cell homogenates, while
the activitv of cathepsin D is lower. Both of these enzymes
are lvsosomal proteases  obptimally active at an acidic pH and
are probably involved in protein metabolism (Orlowski, 1983).
It is of interest that the activities of the twoc lysosomal
ofoteases are‘ diveraent in the tumor cells. Poole et &al.
(1978 found cathepsin B but not cathepsin D higher in breast
carcinoma cultures than in norwal breast tissue. They sug-
qested that cathepsin B might be important as a mediator of
tumor disseminetion. The fact that cathepsin B is higher in
GH3 cell homocenates than in anterior pituitary homogenates
suaqaests that the high enzyme activity might be an expression

of neoolastic transformation of the GH3 cells.

The soluble metalloendopeptidase was found to have high
levels in both GH3 cell homogenates and rat anterior pituitary
homocenates. Ihe multi-catalytic protease ccmplex, the amino-
peptidases and the membrane-bound metalloendopeptidase have
lower activities in both of these preparations. These enzymes
do not aopear to deqrade TRH and the physioloaical substrates

for these enzvmes are not known.
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The profile of activities of peptide metabolizing enzymes
differs in GH3 cell homogenates and anterior pituitary home-
aenates. The explanation for these changes, while not totally
apoarent from a studv of this nature, 1is worthy of specula-
tion. Two pcssible reasons for these differences in enzyme
activities are that the GH3 cells are a single type of cell
cloned to sacrete arowth hormone and prolactin and therefore
have a different functional status than all of the other ante-
rior pituitarv cells or that they are cells which have under-
aone neoplastic transformation which affected their enzyme
activities. The observation that cathepsin B, an enzyme Known
to be hianer in tumor cells, has ﬁiqher activity in the GH3
cell homoaenate supports the hypothesis that the neoplastic
transformation miaght be responsible for the change in the
activity of this enzvme. It could be postulated that the high
levels of cathepsin B. prolyl erdopeptidase and the soluble
metalloendopeptidase are due to the enzymes being present in
hiah levels in a few specialized cells in the anterior pitui-
tarvy which were then propogated in the GH3 cell population.
The fact. however., that arowth hormone-secreting and prolac-
tin-secretina cells make up respectively about 45% and 25% of
the total number of cells in the anterior pituitary support
the idea that the cells have underqone some sort of change and
do not represent a small amount of cells present in the no;mal
pituitarv with a specialized function. It is still possible,
however. that part of these cell's altered enzyme levels might

be related to their selectivity of secreting prolactin and
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arowth hornone. Possibly the high levels of cathepsin B,
prolvl endopeptidase and soluble metalloendopeptidase imply
either a functional change or a neoplastic transformation of
the GH3 cell. B further study using cells with a different

secretory function miaght clarifyvy this guestion.

Since prolvyl endopepticese and PPH are present in GH3 celis
(Table 16) (Friedman et al., 1584b), it was of interest to
determine whether Z-Pro-Prolinal and 5-oxoprolinal could be
used to inhibit these enzvmes within the cells. Z-Pro-Proli-
nal inhibited ©oprolvl endopeptidase as expected, however
5-oxoprolinal caused an unexpected 3 to 4 fold increase in PPh
levels in the GH3 cells. This increase was characterized and
found to be dependent on the concentration of 5-oxoprolinal
and on the time of exposure +to this inhibitor. The increase
in PPH activity was specific to S5-oxoprolinal. Z-Pro-Proli-
nal. ovroalutamate and cyclo (His-Pro) did not significantly
alter PPH activity (Taple 18). Similarly., 5-oxoprolinal did
not affect prolvl endopeptidase activity. The increased
activity was indeed PPH and not another enzyme capable of
cleaving the pGlu-2ZNA bond since the degradation of this subs-
trate bv a hcmogenate from 5-oxoprolinal-treated cells was

tatally inhibited by the addition of S-oxoprolinal.

The mechanism of the 5-oxoprclinal-stimulated 1increase in
PPH activitv remains unknown. The results presenteé here
indicate that the increase in PPH is due to 5-oxoprolinal

directly and not to its effects on TRH. The increased activ-
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itv is not due to a higher arfinity of PPH for its substrate
since the Km of PPH did not change upeon exposure tco
S-oxoprolinal. The increased PPH activity is not consistent
with enzvyme 1induction since cycloheximide at relativeiy high
doses did not block the activation. Higher doses of cyclohex-
imide then those used here may indeed block the 1increase in
PPH activitv. however under the conditions of these experi-
ments. hiagher doses resulted in significant cellular toxicity.
An experiment in which cyvcloheximide and actinomycin D, inhib-
itors of protein synthesis at two diffepeqt sites, might be
more effective at blocking the b5-oxoprolinal-stimulated
increase in PPH activity. it is possible that S-oxoprolinal
increases PPH activity in GH3 cells by protecting the enzyme
from inactivation. PPH. a cysteine pfotease is very suscepti-
ble to oxidation (Szewckuk and  Kwiatkowska, 197¢).
5-Oxoprolinal may prevent oxidation «¢f the active-site
cvsteine bv formation of the reversible thiol hemiacetal
adduct (Friedman et al.. 16865). Alternatively it is conceiv-
able that S-oxoprolinal may inhibit a proteolytic enzyme
respconsible for degrading PPH. However, the observation that
onlv a brief exposure toc 5-oxoprolinal 1is sufficient to
increase PPH activity argues against these possibilities. The

mechanism of stimulation of PPH remains to be elucidated.

GH3 cells are often used as a model for mammotroph function
in the pituitary gland. within the pituitary, the initial
decradation of TRH appears to proceed both through deamidation

catalvzed by prolyl endopeptidase and cleavage of the pGlu-His
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bond catalvzed by PPH. Both enzymes aie present in CH3 ceils
(Table 1ob) tut their nhvsioldcical significance remains
unknowne. Qur data suggest that PPH activity appears to be
hichlv requlated in GH3 celils. Since rate 1limiting enzymes
are often reaulated. these studies suggest that PEH may be the
principal rate limiting enzyme in TRH degradation within the

GH3 cells and by inference within the pituitary cGlande.

In control cells. about 2/3 of the PPH activity is located
in the cytosol while 1/3 of the activity is membrane-bound.
In 5-oxoorolinal-treated cells. the increase in PPH activity
is totally cvtosolic. Prolyl endopeptidase is also a cyto-
solic enzvyme. The location of these enzymes is important
because most researchers state that the binding of TRH to
receptors on the plasma membrane initiates the stimulation of
TSH and orolactin (Gershengorn, 1982). The preSénce of cyto-
solic enzvmes might have little effect on the function of TRH
on pituitary cells. Cne qgroup has reported TRH entering the
cell and binding to nuclear receptors to. stimulate prolactin
synthesis (Lavarriere et al., 1981). Only if internalized TRH
affects intracellular function or somehow requlates TRh bind-
ina to the plasma membrane coulc¢ cytosolic enzymes physiologi-
cally affect ITRH function. The action of IkKH to stimulate
prolactin release appears to occur within seconds to minutes
(Aizawa and Hinkle. 1985) while the degradation of TRH in GH3
cells occurs over a period of hours to days (Hinkle and Tash-
iian. 1975). This data arques against an effect of prolyl

endopeptidase or PPH inhibiton on prolactin production in GH2
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cells.

Z-Pro-Prolinal was found tc not affect either basal or Thk-
induced orolactin release or synthesis in GH3 cells (TIable
20y . This findinag arques that either prolyl endopeptidase is
not an important IRH-degrading enzyme in the GH3 cells or that
internalized TRH dces not affect prolactin response.
5-Oxoprolinal, however, did decrease both basal and TRH-stimu-
lated prolactin release and synthesis when added at the same
time as TRH (Table 20). This is a surprising result since if
5-oxoprolinal inhibited PPH, an enzyme capable of degrading
TRH. then orolactin levels should iﬁcrease.' With thé finding
that 5-oxoprolinal stimulated rather than inhibited PPH activ-
itv in GH3 cells (Table 18), the possibility was considered
that the stimulated PPH could deqrade TRH more effectively and
therefore the TRH-stimulated prolactin response would be
decreased. This is unlikely since in this experiment excess
5-oxopnrolinal was present in the GH3 cell media during prolac-
tin accumulation and would be able to inhibit the newly formed
PPH (the activation is seen only when the inhibitor is removed
bv washing). This possibility was tested by preincubating the
GH3 cells for 3 days with 5-oxoprolinal, replacing the nedia
to remove the inhibator and then allowing prolactin to accumu-
late in the —cresence and absence of TIRH. If the stimulated
PPE did indeed dearade TRH more effectively ané therefore
decrease the rcrolactin response, then an even larger reduction
in orolactin should be noted in this experiment. The prolac-

tin levels. however., ‘were not affected by preincubation with
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5-oxonrolinal (Table 21). sugqgesting that the decrease in pro-
lactin and the increase in PPH activity, although opoth due to

S-oxoprolinal. are probably independent findings.

5-Oxoprolinal could affect prolactin levels by mechanisms
such as alteration of TRH binding, proteolysis of prolactin or
processinag anag secretion of prolactine. It was demonstiated
that 5-oxoprolinal did  not affect TRH birding. To study if
5-oxonrolinal affect of prolactin levels is by alteration of
secretion. an experiment in which intracellular prolactin
‘would be measqred would be of interest. If the inhibitor is
blockinag secretion of prolactin than intraCeilular prolactin
would be expected to rise. Since 5-oxoprolinal appears to
blunt the TRH-induced rise in prolactin secretion, it would be
of interest to see 1if S-oxoprolinal wauld affect the
K+-induced increase in prolactine. Rappay and coworkers (Rap-
pav et al.. 1984: 19385) found that the tripeptide aldehyde,
t-butvloxvcarbonvl-D~Phe-Pro-Arg-H, a serine protease inhib-
itor. as well as other tripeptide aldehydes inhibited (at rel-
ativelv hian coses) prolactin release in dispersed anterior
pituitarv cells. The authors postulated that this eifect was
due to altering of proteinases inveolved in hormone secratory
processes. It is possible that 5-oxoprolinal decrezases pro-

lactin oproduction bv a similar mechanism.

With the synthesis of 5-oxoprolinal and 2Z-Pro-Prolinal,
potent and specific inhibitors of two enzymes responsible for

the dearadation of TRH are available. These aldehydes inhibit
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brain prolyl endopeptidase and PPH respectivély in wvivo.
Z-Pro-Prolinal and 5-oxoprolinal might be useful in studies on
TRH turnover or in studies on the biosynthesis of TRH in which
it would be desirable to prevent TRH degradation.
S5-oxoorolinal or PDMK could also be used to evaluate the role
of PPH in the dearadaticn of other pyroglutamyl-containing
peptides such as neurotensin, LHRH and bombesin. ihe pnysio-
loaical and behavioral consequences of inhibition of PPH and

prolvl endopeptidase are also worthy of investigation.

As discussed above, TKH appears to be a fairly poor subs-
trate for 6?01#1 endopeptidase and PPH. The suitability of
TRH for the membrane-boundé pyroqlutamyl-peptide hydrolyzing
enzvmne awaits kcat/km detrminations with the availability of
the purified enzyme. . My results showing the pronounced
reaional distribution of this enzyme and the literature {find-
inas of the localization of the enzyme on synaptcsomal mem-
branes as well as its apparent high specificity for TIRH sug-
gest that this enzyme may be the most impertant of the three
enzvmes in TRH metabolism. The physiological contributions of
this enzvme are currently unknown since an inhibitor for this
enzyme is not yet available. It is possible that limited pro-
teolvsis 1is not the correct mechanism for termination of
action of TRH. If an inhipitor for the membrane-bound pyro-
alutamyl-peptide hydrolyzina enzyme, Z-Pro-Frolinal and PDMK
toaether did not elevate endogenous TRH levels after injec-
tion. then it would appear that deqradation of TRH is not an

important meachanism for termination of action. Alternativély,
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redistribution, elimination orvuptake terminates the action of
TRH. kecent studies on uptake of TRH by cerebellar slices
(Pacheco et él.. 1981) and hypothalamic slices (Charli et al.,
1984) suaaest that inactivation of TRH could occur by uptake.
Other neurooecrtides which are more efficiently degraded by
endcpeptidases could be examined for the effects of inhibitors
on their endocencus levels. The use 'of enzyme inhibitors
other neurcopeptides capable of degradation by prolyl endopep-

tidase and PPH are worthy of investigation.



140

REFERENCES

Aizawa,., T. and Hinkie., P. M. (1985) Thyrotropin-releasing
hormone rapidly stimulates a biphasic secretion of prolactin
and crowth hormone in GH4Cl rat pituitary tumor cells. Endoc-
rin. 116. 73-62.

Almenoff. J. and Orlowski, M. (1983) Membrane-bound kidney
nevtral metallocendoreptidase:interaction with synthetic subs-
trates. natural peptides., and inhibitorse. Bicchemistry z2,
590-599.

Almenoff. Je. Wilk. S. and Orlowski, M. (1981) Membrane
bound obpituitarv metalloendopeptidase: Apparent identity to
enkephalinase. Biochem. Biophys. Res. Comm. 102, 206-214.

Andersson. L. and Wolfenden. R. (1962) A general method of
*-aminoaldehvde synthesis using alcohol dehydrogenase. A4nal.
Biochemes 124, 150-157.

Armentrout. R. W. and Doolittle, R. F. (1969) Pyrrolidone-
carboxvlvl peptidase: Stabilization and purification. Arch.
Biochem. Biophys. 132, 80-90.

Barnea. A.. Neaves, W. B., Cho, G. and Porter, J. C. (1978)
A subcellular pool of hypo-osmotically resistant particles
containing thyrotronin-releasing hormone, d-melanocyte stimu-
latina hormone and luteinizing hormone releasing hormone in
the rat hvpothalamus. J. Neurochem. 30, 937-948.,

Bassiri, R. M. and Utiger, R. D. (1972) The preparation and
specificity of antibody to thyrotropin releasing hormone.
Endocrin. 90. 722-727.

Bauer. K., beier. S.. Horsthemke, B., Knisatschek, H. and
Sievers. J. (1981a) Estroaen effects on LH-RH degrading brain
and pbituitarv enzvmes. Exp. Brain Res. sup 3, 93-107.

Bauer. K., Graf, K. J., Faivre-Bauman, A., Beier, S., Tixi-
er-Vidal. A. and Kleinkauf., H. (1978) Inhibition of prolactin
secretion bv histidvl-proline-diketopiperazine. Nature 274,
174-175.

Baver. K. and Kleinkauf. H. (1980) Catabolism of thyrolibe-
rin bv rat adenohvypophyseal tissue extract. Eur. J. Biochem.
106. 107-117.

Bauer. K. and Nowak., P. (1979) Characterization of a thyro-
liberin-dearading serum enzyme catalyzing the hydrolysis of
thvroliberin at the pyroglutamyl-histidine bond. Eur. J. Bio-
chem. 99. 239-246.



141

Bauer. K.. Nowak. P. and Kleinkauf, H. (1981t) Specificity
of a serunm peptidase hvydrolyzina thyroliberin at the pyroglu-
tamvl-histidine bond. Eur. J. Siochem. 118, 173-176.

Bennett. G. W. (1981) Release of neuropeptide hcrmones from
svnaotosomes: Response to depolarization and neurotransmit-
ters. In: Neuropeptides (Miller, R. P., ed.) pp. 61-77.
Churchill Livinastone., New York.

Benuck. M. &nd Marks. N. (1976) Differences in the degrada-
tion of hypothalamic releasing factors by rat and huinan serum.
Life Sci. 19. 1271-1276.

Beraauist. Ce.. Nillius. S. J. and WHide, L. (1979) Intrana-
sal agonadotropin-releasing hormone agqonist as a contraceptive
aaent. Lancet., ii., 215-217.

Blake. C. A. {(1974) Stimulation of pituitary prolactin and
TSH release in lactating and proestrous rats. Endocrin. S4,
503-508.

Boler. J.. Enzmann, F., Folkers, K., DBowers, C. Y. and
Schallyv. A. V. {1969) The identity of chemical and hormonal
properties of the thvrotropin releasing hormone and pyrogluta-
mvl-histidvl-proline amice. Biochem. Biophys. Res. Comm. 37,
705-710.

Bourne. E. J.. Stacey., M., Tatlow, Je C. and Worral, R.
(1954) Studies of trifluoroacetic acid. Part XII. Acyl trifi-
uworoacetates and their reactions. J. Chem. Soc. 2006-2012.

Bowers. C.Y., Friesen., H. G., Hwang, P., Guyda, H. J. and
Folkers. K. (1971} Prolactin and thvrotropin release in man by
svnthetic pyroglutanmyl-histidyl prolinamide. Biochem. Bio-
ohvs. Res. Commun. 45, 1033-1041.

Bratton. &. C. and Marshall, E£. K. Jre. (1939) A new
coupling compound for sulfanilamide determination. Je. - Bioi.

Chem- 128. 537"550 [

Brown. Hs C.. Heim. P. and Yoon, . M. (1972) Selective
reductions. XVII. Reaction of thexylborane in tetrahydrofuran
with selecteé oraganic compounds containing representative
functional groups. Comparison of the reducing characteristics
of diborane and its alkyl derivatives. J. Org. Chem. 37,
2942-2950.

Brown. He C.. Narasimhan, S. and Choi, Y. M. (1982) Selec-
tive reductions. 30. Effect of cation and solvent on the reac-
tivity of saline borohvydrides for «reduction of carboxylic
esters. Imporoved procedures for the ccnversion of esters to
alcohcls by metal borohvdrides. Je. Org. Chem. 47, 4702-4708.



142

Browne. P. and C'Cuinn, G. (1983) An evaluation of the role
of a bpvroglutamvl peptidase, a post-proline cleaving enzyme
and a nost-proline dipeptidvl amino peptidase, each purified
from the soluble fraction of quinea-pig brain, in the degrada-
tien of tnvroliberin in vitro. £Eur. J. Biochem. 137, 75-867.

browne. P.. Phelan. J. and O0'Cuinn, G. (1981) TRH pyrcglu-
tamate aminopeptidase activity in two different subcellular
fractions of quinea-piq brain. Ir. J. Med. Sci. 150, 348-349.

Brownstein., M., Palkovits, M., Saavedra, J. M., Bassiri, R.
Me and Utigexr., R. D. (1974) Thyrotropin-releasing hormone in

specific nuclei of rat brain. Science 183, 267-2689.

Burt. D. R. and Tavlor. R. L. (1980) Binding sites for thy-
rotrooin-releasing hormone in sheep nucleus accumbens resemble
pituitaryvy receptors. Endocrin. 106, 1415-1422.

Busbv. W« He. Jr.. Younablood. W. W. and Kizer, J. S. (1982)
Studies on substrate requirements, Kkinetic properties, and
competitive inhibitors of the enzvmes <catabolizing TIRH in rat
brain. Brain kes. 282, 261-270.

Charli, J. Le.. Joseph-Bravo. P.. Palacois, J. M. and Kor-
don. C. (1978) Histidine induced release of IRH from hypoth-
alamic slices. Eur. J. Pharmacol. 52, 401-403.

Charli. J. L., Ponce, G, McKelvy, J. F. and Joseph-Bravo,
P. (1984 Eccumulation of thyrotropin releasing hormone by
rat hvoothalamic slices. J. Neurochem. 42, S81-986.

charlii. J. L., Torres, H., Baez, B&., Vargas, M. A., Gon-
zales. A. and Joseph-Bravo, P. {1985) Properties of the men-
brane bound pvroglutamate amino-peptidase degrading IRH in rat
brain. Fifth Int. Wash. Spring Symposium. Neural and Endocrine
Peptides and HReceptors. Abst. 1l88.

Choi. J. and Scneffler, I. E. (1981) A mutant of chinese
hamster ovary cells resistant to d-methyl- and
d-difluoromethvlornithine. Som. Cell Gen. 7, 219-233.

Chu., T. G. and Orlowski, M (1984) Active site directed
N-carboxvmethvyl peotice inhibitors of & soluble metalloendo-
peptidase from rat brain. biochemistry 23, 3598-3603

‘Dannies. P. S. and Tashiian., A. H., Jr. {1976) Release and
synthesis of prolactin by rat pituitary cell strains are regu-
lated independently bv thyrotropin-releasing hormcne. Nature
2681. 707-710.

Deitrich. K. 3. (1966) Tissue and subcellular distribution
of mammmalian aldehvde-oxidizing capacity. Biochem. Pharmacol.
15. 1911-1922.



143

Dixon. M. (1953) The determination of enzyme inhibitor con-
stants. Biochem. J. 55, 170-171.

Doolittle. K. F. and Armentrout, R. k. (1966) Fyrrolidonyl
peptidase., An enzyme for selective removal of pyrrolidonecar-
boxvlic acid residues from polypeptides. Bicchemistry 7,
516-521.

Dresaner. K.. Barker. L. A., Orlowski, M. and Wilk., S.
(1582) Subcellular distribution of prolyl endopeptidase and
cation-sensitive neutral endopeptidase in rabbit brain. Ja
Neurochem. 38. 1151-1154.

Enagel. W. K.. Siddiaque. T. and Nicoloff, J. I. (1983)
Effect on weakness and spasticity in amyotrophic lateral scle-
rosis of thvrotropin-releasing hormone. Lancet ii, 73-75.

Ewen. E. C. and Warren, M. P. (1683) Miniiodination of
qonadotropin hormones. J. Clin. Endocrin. Metab. S6, 326-331.

Faden. A. I.. Jacobs, T. P., Smith, M. T. and Holaday, J.
He {1983) Comparison of thyrotropin-releasing hormone (IRH),
naloxone. and dexamethasone treatments in experimental spinal
indjurv. Neuroloav 33. 673-678.

Fink. G.. Kcch. Y. and Ben Arova, N. (1983) TRH in hypophy-
sial portal blcod: Characteristics of release and relationship
to thvrotroonin and srolactin secretion. In: Thyrotropin-Re-
leasing Hormone (Griffiths, E. C. and Bennett, G. W., eds.)
po. 127~-143. Raven Press. New York.

Friedman. 1. C.. Kline, T. B. and Wilk, S. (19865)
5-Oxoprolinal: Transition state aldehyde inhibitor of pyro-
alutamvl peptide hvydrolase. Biochemistry 24, 3907-3913.

Friedman. T« Ce.. Orlowski, M. and Wilk, S. (1984a) Prolyl
endopeptidase: Inhibition in vivo by N-benzyloxycarbonyl-pro-
lvl-orolinal. J. Neurochem. 42, 237-241,

Friedman. T. C.., Orlowski, M. and Wilk, S. (198U4b) Peptide-
dearading activities in GH3 cells and rat anterior pituitary
homocenates. FEndocrin. 114. 1407-1412.

Fuiiwara. K.. Kitagawa. T. and Tsuru, D. (i981a) Inactiva-
tion of byroalutamyl aminopeptidase by L-pyroglutamyl chloro-
methvl ketone. Biochem. biophys. Acta 655, 10-16.

Fuijwara. K.. Matsumoto, E.. Kitagawa, T. and Isuru, D.
(1981b) Inactivation of pyroglutamyl aminopeptidase by
Nd-carbobenzoxy-L-pvyroaglutamyl chloromethyl ketone. J. Eio-
chem. 90. 433-437.

Fuﬁiﬁarae K.. Matsumotoc, E., Kitagawa, T. énd Tsuru, D.
{1982) N-dA-carbobenzoxy pvroglutamyl diazomethyl ketone as



iuL

active-site-directed inhibitor for pyroglutamyl peptidase.
Biochem. Biobhvs. Acta 702. 149-154.

Fukuda, H.., Greer., M. A., Rcberts, L., Allen, C. F.,
Critchlow. V. and Wilson. WM. {(1975) Nyctohemeral and sex-re-
lated variations in plasma thyrotropin, thyroxine and triiogo-
thvronine. Endocrin. 97, 1424-1431.

Garat. B.. Miranda. J.. Charli, J. L. and Joseph-Bravo, P.
(1985) Presence of a membrane bound pyroglutamyl amino pepti-
dase dearading thyrotropin releasing hormone in rat brain.
Neuropeptides b. 27-U40.

Gershenaorn., M. C. (1962) Thyrotropin releasing hormone.
Mol. and Cell. Biochem. 45, 163-179.

Goldbarug. Je. A. and Rutenbera, A. M. (1958) The colorime-
tric determination of 1leucine aminopeptidase in urine and
serum of normal subijects and patients with cancer and other
diseases. Cancer 11. 283-291.

Greanev. A.. Phelan., J. and 0'Cuinn, G. (1980) Localization
of thvroliberin pvroglutamyl peptidase on synaptosomal-mem-
brane oreparations of gquinea-pig brain tissue. Biochem. Soc.
Transe. 8. 423.

Green. G. De J. and Shaw, E. (1981) Peptidyl diazomethyl
ketones are specific inactivators of thiol proteinases. J.
Biol. Chem. 256. 1923-1928.

Griffiths. E« Co . Kelly, J. A., White, N« and Jeffcoate,
S. L. (1979a) Hvpothalamic inactivation of thyroliberin (thy-
rotrooin-releasing hormone). Biochem. Soc. Irans. 7, 74-75.

Griffiths. £« C.. Kelly, J. A., White, N. and Jeffcoate, S.
L. (1980) Further studies on the inactivation of thyrotropin
releasina hormcne (TRH) by enzymes in the rat hypothalamus.
Acta. Endocrincl. 93, 385-391.

Griffiths. E. C.. McDermott, J. R., (1983) Enzymatic inac-
tivation of hypothalamic regulatory hormones. Mol. Cell.
Endocrinol. 33, 1-25.

Griffiths. t. C.. McDermott, J. R. and Smith, A. I. (1982)
Inactivation thvrotropin-releasing hormone (TRH) and (3Me-His)
TRH by brain peptidases studied by high-performance 1liquid
chromatoaraphve. Neurosci. Lett. 28, 61-65.

Griffiths. E. C.. White. N. apd Jeffcoate, S. L. (1979Db)
Agqe-dependent changes in the inactivation of thyrotropin-re-
leasina hormone by different areas of rat braine. Neurosci.
Lett. 13. 57-6z. -



145

Hamada., Y. and Shiori, T. (1982) New methods and reagents
in organic svnthesis. 29. A4 practical method for the prepara-
tion of optically active N-protected -amino aldehydes and
peptide aldehvdes. Chem. Fharm. Bull. 30, 19z1-1924.

Haves. D. J.. Phelan. J. J. and Q'Cuinn, G. (1979) TIhe
metabolism of thyrotropin-releasing hormone by guinea-pig
brain. Biochem. Soc. Trans. 7. 59-62.

Hedner. J.. Hedner. T.. Jonason, J. and Lundberg, D. (1981)
Central respiratory stimulant effect by thyrotropin releasing
hormone in the rat. Neurosci. lLett. 24, 317-320.

Henderson., F. Jeo Fo (1972) & linear equation that describes
the steady-state kinetics of enzymes and subcellular particles
interacting with tiaghtlyvy bound inhibitors. Biochem. J. 127,
321-333.

Hinegardner., R. T. (1971) Improved fluorimetric assay for
deoxvribonucleic acid (DN&). &Anal. Biochem. 39, 157-201

Hinkle. P. M. and Tasﬁjian. A. H., jr. (1875) Degradation
of thvrotrooin-releasing hormone by the GH3 strain of pitui-
tarv cells in culture. Endocrin. 97, 324-331.

Hokfelt. T.. Fuxe. K., Johansson, 0., Jeffcoate, S. and
White. N. (1975) Distribution of thyrotropin-releasing hor-
mone {(TRH) in the central nervous system as revealed with
immunohistochemistrv. Eur. J. Pharmacol. 34, 389-392.

Holaday, Je. Wa, D'Amato, R. J. and Faden, A. I. (1981) Thy-
rotrooin-releasing hormone improves cardiovascular function in
experimental endotoxic and hemorrhagic shocke. Science 213,
216-215.

Horita. A. and Carino. M. A. (1975) Thyrotropin-releasing
hormone (TRH) induced nyverthermia and behavioural excitation
in rabbits. Psychopharmacol. Commun. 1, 403-414.

Jacobs. L.. Snyder. P.., Utiger. R. and Daughaday, W. (1971)
Increased serum bprolactin after administration of synthetic
thyrotrooin releasina hormone (IRH) in man. J. Clin. Endocri-
nol. Metab. 33. 996-9938.

Jackson., I. M. D. (1983) Thyrotropin-reieasing hormone
{TRH) : Pistribution in mammalian species and its functional
sianificance. In: Thyrotrooin-Releasing Hormone (Griffiths,
E. C. and dennett. G. W.. eds.) pp. 3-18. HKaven Press, New
Yorke.

Jeffcoate., S. L.. Fraser., He M., Gunn, A. and White, N.
{1973) Radioimmuncassayv of thyrotropin releasing hormone. Je
Endocrin. 59, 191-192. : ’



i46

Jolivet. J.. Cowan., K. H., Curt, G- A., Clendeninn, N. J.
and Chabner, B. A. (1983) The pharmacological and clinical use
of methotrexate. New Engl. J. Med. 309, 1094-1104.

Jones. J. B. and Wiafield, D. C. {(1966) Steroids ana ster-
oidases. III. Dicyclohexvlcarbodiimide-dimethyl sulfoxide
oxidations of alcohols and tniolse. Can. J. of Chem. 44,
2517-2523.

kastin. A« J.. Schalch, D. S.. Ehrensing, R. He and Ander-
son. M. S. (1972) Improvement in mental depression with
decreased thvrctropin response after administration of thyro-
tropin-releasineg hormone. Lancet 1i, 740-742.

Kniage. K. M. and Schock, D. {1975) Characteristics of the
plasma TRH-degrading enzyme. Neurocendocrin. 19, 277-2387.

Krebs. Ke G.. Heusser, D. and Wimmer, H. (1969) Spray
reacents. In: Thin-laver Chromatography (Stahl, E., ed.) pp.
854-909. Springer~Verlaaq. Berlin.

Kreider. M. S.. Winokur. A. and Kriegqer, N. R. (1981) Path-
wavs of TRH dearadation in rat brain. Neuropeptides 1,
455-‘463.

Krulich, L. and Illner., P. (1973) Effect of stress on
plasma levels of LH. FSH. prolactin, TSH and GH in normal male
rats. Fed. Proc., Fed. Bmer. Soc. Expe. Biol. 32, 281.

Laverriere. J. N., Gourdii. D., Picart, R. and Tixier-vi-
dal. A. (1961) Thvroliberin is rapidly transferred to the
nucleus of GH3 pituitary cells at both 4° C and 37° C. Bio-
chem. Biophvs. Res. Commun. 103, 833-84G.

Learv. R.. lLarsen. D.., Watanabe, H. and Shaw, E. (1977}
Diazomethvl ketone supstrate derivatives as active-site-di-
rected inhibitors of thiol proteases. Papain. Biochemistry 16,
5857-5861.

lowrv. O« H.. Rosenbrough, N. J., Farr, 8. L. anada Kandall,
Re Je. (1951) Protein measurement with the folin phenol
reacent. J. Biol. Chem. 153, 265-275.

Malfrov. B.. Swerts, Je. P., Guyon, BA., Rogues, B. P. &and
Schwartz. J. C. (1978) Hich-affinity enkephalin-deqrading pep-
tidase in brain is 1increased after morphine. Nature 276,
523-526. .

Martin. T. Fe J. anéd Tashiian, B. H. Jr. (19277) Cell cul-
ture studies of thvrotropin-releasing hormone action. In: Bio-
chemical Actions of Hormones (Litwack, G., ed.) pp. 269-312.
dcademic Press. New York. -



145

McDonald. J. K., Callahan, P. X., Ellis, S. and Smith, H.
E. {1971) Polypeptide dearadation by dipeptidylaminopeptidase
I (Cathepsin C} and related peptidases. In: Tissue Protei-
nases {(Barrett. A. J. and Dingle, J. T., eds.) ppe. $5-107.
North Holland Puplishina Co., Amsterdam.

McKelvy. J. F., Krause, J. E. and Advis, J. P. (1982) Neu-
ropentide deqradatiche In: Molecular Genetic Neuroscience.
(S5chmitt. Ff. Oe. Bird, S. and Bloom, F. E., eds.) ©r©P»s
189-199. kaven Press., New York.

Metcalf G. (1974) TRH: A possible mediator of thermoregqula-
tion. Nature 252. 310-311.

Metcalf. G. and Dettmar, P. Wa. (1981) Is thyrotropin-re-
leasina hormone an endogenous erqgotropic substance in the
brain? Lancet i. 586-589.

Mudae. A. We. and Fellows, R. E. (1973) Bovine pituitary
pvrrolidonecarboxylyl peptidase. Endocrin. 93, 1426-1434.

Mueller. G. P.., Chen, H. J. and Meites, J. (1973) In vivo
stimulation of prolactin release in the rat by synthetic TRH.
Proc. Soc. Exp. Biol. Med. 144, 613-615.

Muse. K. N., Cetel, Ne S.., Futterman, L. A. and Yen, S. S.
C. (1984) The premenstrual syndrome. N. Engl. J. Med. 311,
1345-1349.,

Nair. R M. G.. Redding, T. W. and Schally, BA. V. (1971)
Site of inactivation of thvrotropin-releasing hormcne by human
plasma. Biochemistrv 10. 3621-3624.

Nillius, S. J., Beragguist, C. and Wide, L. (1978) Inhib-
ition of ovulation in women by chronic treatment with a stimu-
latory LRH analoque- A new apbproach to birth control? Contra-
ception 17, 537-545.

O0'Connor. E. and 0O'Cuinn. G. {(1984) Localization of a nar-
row-specificity thyroliberin hvdrolyzing pyroglutamate amino-
peptidase in synaptosomal membranes of quinea-pig brain. Eur.
Je« Biochem. 144, 271-278.

Omura. K. &and Swern. D. (1978) Oxidations of alcohols by
vwactivated" éimethyl sulfoxide. A preparative, steric and
mechanistic studv. Tetrahedron 34, 1651-1660.

Orlowski. M. (1983) Pituitary endopepticdases. Mol. and
Cell. Bioccnem. 52, 49-74.

Orlowski. M. and Meister. A. (1971) Enzymology of pyrroli-
done carboxvlic acid. In: The Enzymes. (Bover, P. D., ed.) pp.
123-151. Academic Press, New York.



148

Oriowski. Me.. Michaud., C.. Chu, T. G. (1583) A soluble
metalloendopeptidase from rat brain. Eur. J. Biochem. 135,
8 1"88 -

Crlowski. M.. Oriowski, J., Lesser, M. a&and Kilburn, K. H.
(1981) Proteolyvtic enzymes in bronchopulmonary lavage fluids:
cathepsin B-like activity and bprclyl endopeptidase. dJ. Lab.
Clin. Med. 97, U467-476.

Orlowski., M. Orlowski, R, Chang, J. C., Wilk, E, Lesser, M
(1584} A sensitive procedure fcr determination of cathepsin D:
activitvy in alveolar macrovhages. Mol. and Cell. Giochem. 64,
155-162.

Oriowski. M., Wilk, ©., Pearce, S. and Wilk, S. (1979)
Purification and oproperties of a prolyl endopeptidase from
rabbit brain. J. Neurochem. 33, 461-469.

Orlowski. Me and Wilk, S. (1981) Purification and specific-
ity ‘of a membrane-bound metalloendopeptidase from bovine
pituitaries. Biochemistry 20, 4942-4950,

Pacheco. M. Fe. Woodward., D. J., McKelvy, J. F. and Grif-
fin. We S. To (1981) TRH in the rat cerebellum: II. Uptake by
cerebellar slices. Peptides 2, 283-288.

Pfitzner. K. E. and Moffatt. J. G. (1965) Sulfoxide~carbo-
diimide reacticn. I. B facile oxidation of alcoholse. J. Ame.
Chem. Soc. 87, 5661-5670.

Pfleiderer. Ge (157¢) Particle-bound aminopeptidase from
pia kidnev. In: Methods in Enzvmoloqgy, vol. 19, (Perlmann, G.
E. and Lorand, L.. eds.) bpb. 514-521. b&Lcademic Press, New

Yorke

Poole. A. R., Tiltman. K. J.. RKecklies, A. D. and Stoker,
T. A. HM. (1978) Differences in secretion of the proteilnase
cathensin B at the edaes of human breast carcinomas and
fibroadenomas. Nature 273, 545-547.

Prange, A« J. Jr.. Breese, G« R., Cott, J. M., Martin, Be.
R.. Cooper. B. fie, Wilson, I. C. and Plotnikoff, N. P. (1974)
Thvrotrooin releasina hormone: A&ntagonism of pentobarbital in
rodents. Life Sci. 14, 447-455,

Prange. Ae Jo. Jre.. Lara., P P., Wilson, I. C., Alltop, L.
B. and Breese., Ge R (1972) Effects of thyrotropin-releasing
hormone in depression. Lancet ii, 999-1002.

Prasad. C.. Mori. M.. Pierson, W., Wilber, J. F. and
Ewards. R. M. (1663) Develcopmental changes in the distribu-
tion of rat brain pyroqlutamyl aminopeptidase, a possible
determinant of endoaenous cvclo (His-Pro) concentrations. Neu-
rocheme. ReS- B. 389-399-



149

Prasad. C. and Peterkofsky. A. (1876) Demonstration of
pvroglutamvl peptidase and amidase activities toward thyrotro-
pin-releasinag hormone 1in hamster hypothalamus extracts., Ja
Biol. Chem. 251, 3229-3234.

Rappav. G.. Makara. G« B.. bajusz, S. and Nagy, 1. (1965)
Various proteinase inhibitors decrease prolactin and growth
hormone release by anterior pituitary cells. Life Sci. 36,
549-555.

Rappay. G., Nagy, 1.. Makara., G. B., Horvath, G., Karteszi,
M.. Bacsv. £E. and stark. E. (1984) Inhibition of qrowth hor-
mone and prolactin secretion by a serine proteinase innibitor.
Life Sci. 34, 337-344.

Raskin. N. h. and Sokoloff, L. (1968) Brain alcohol dehyd-
roaenase. Science 162, 131-132.

Reddina. T. W. and Schally, A. V. (1972) On the half life
of thvrotroonin-releasina hormone in rats. Neuroendocrin. 9,
250-256. '

Reingold. D. F. and Orlowski. M. (1979) Inhibition of brain
alutamate decarboxvlase by 2-keto-4-pentoic acid, a metapolite
of alivlalvcine. J. Neurochem. 32, 907-913.

Safran, M.. Wu, C. F. and Emerson, C. H. (1982) Thyrotro-
pin-releasina hormone metabolism in visceral organ homogenates
of the rat. Endocrin. 110, 2101-2106.

Saiio. S.. kada, M., Himizu, J. and Ishida, A. (1980) Het-
erocvclic prostaglandins B. Synthesis of
(12R.155) - () ~11-Deoxy-8-azaprostaglandin £1 and related com-
pounds. Chem. Pharm. Bull. 28, 1u49-1458.

Schalilv. . V.. rimura., 8. and Kastin, A. J. {1973)
Hvoothalamic requlatorvy hormones. Science 179, 341-350.

Schally. A. V. and Redding, I. VW. (1965) In vitro studies
with thvrotropin releasing factor. Proc. Soc. Expt. Biol.
Mede 126. 320-325.

Schock. D. (1977)Y THH deqrading enzymes in braine. dnat.
Rec. 1867. 707-728.

Stanfield. C. F.. Parker, J. E. and Kanellis, P. (1i981)
Preparation of pbrotected amino aldehydes. J. 0Org. Chem. 446,
4797-4798.

Still. W.. Kahn, C. and Mitra, Ae. (1976) Rapid chromato-
graphic technique for preparative separations with moderate



150

Szewczuk,., A. and Kwiatkowska, J. (1970) Pyrrolidonyli pepti-
dase in animal. plant and human tissues: Occurrence and some
proverties of of the enzvme. Eur. J. Biochem. 15, 92-96.

Szewczuk. A. and Mulczyk, M. (1969) Pyrrolidonyl peptidase
in bacteria. Eur. J. Biochem. 6. 63-67.

Takanara. J.. Arimura. &. and Schally, A. V. (1974) Stimu-
lation of prolactin and agrowth hormone release by TnH infused
into a hvooohvsial portal vessel. Proc. Soc. Exp. Biol. Med.
146. 831-835,

Tashiian. A« H., Jr. and Bancroft, F. Ce. (1970) FProducticn
of both brolactin and qrowtn hcrmcne by clonal strains of ret
pituitarv tumor cells. J. Cell Biol. 47, 61-70.

Tashiian., & H.., Jr., Barowsky, N. J. and Jensen, D. K.
(1971 Direct evidence for stimulation of prolactin production
bv pituitarv cells in culture. Biochem. Biophys. Res. Commun.
43, 516-523.

Tash+iian. A. H.., Jr.. Yasumura, L., Levine, L., Sato, G. He.
and Parker. M. L. (i368) Establishment of clonal strains of
rat pituitarv tumor cells that secrete growth hormone. Endoc-
rin. 82, 342-352.

Tavlor. We L. and Dixon, J«. E. €1978) Characterization of a
pvroglutamyl aminopeptidase from rat serum that degrades thy-
rotrooin-releasina hormone. J. Biol. Chem. 253, 6934-6940.

Thompson. R. C. (1973) Use of peptide aldehydes to generate
transition-state analogs of elastase. Biochemistry 12, 47-51.

Thompson. R. C. (1977) Peptide aldehydes: Potent inhibitors
of serine and cvsteine proteinases. In: Methods in Enzymology,
vole #6. (Perlmann., Ge £. and Lorand, L., eds.}) pp. 220-225.
Academic Press., New York.

Tolis. G.. BEckman. D., Stellos, A., Mehta, A., Labrie, Ft.,
Fazekas., A. T. A.. Comaru-Scnally, A. M. &anéd Schally, &. V.
€(1962) Tumor arowth inhibition in patients with prostatic car-
cinoma treated with luteinizinag hormone-releasing hormone ago-
nists. Proc. Natle. Acad. Sci. 79, 1658-1662.

Vale., W. W., Buraus., R., Dunn, T. F. and Guillemin, R.
(1971 In vitro plasma inactivation of thyrotropin releasing
factor (TRF) and related peptides. 1Its Inhibition by various
means and bv the syntnetic Dipeptide PCA-His-OME. Hormones 2,
193-203.

Visser. Te Jo. Klootwiik. W.., Docter, R. and Hennemann, G.
{1977y Inactivation of thvrotrophin releasing hormone by human
and rat serur. Acta Endocrin. 86, u449-456.



151

Westerik. J«. C. and Wolfenden. R. (1972) Aldehydes &s
inhibitors of vapnain. Je Biol. Chem. 247, 8195-8197.

Wilber, J. F. and Utiger, R. D (1967) In vitro studies cn
mechanism of action of thyvrotropin releasing factor. Prec.
Soc. Expt. Biol. Med. 127. U488-490.,

Wilk. S. (1983) Prolyl endopeptidase. Life Sci. 33,
2149-2157.

Wilk. S.. Benuck. M.. Orlowski, M. &nd Marks, N (1979 a)
Dearadation of luteinizing hormone-releasing hormone (LHRH) by
brain prolvl endopeptidase with release of des-glycinamide
LHRH and glvcinamide. MNeuraosci. Lett. i4, 275-279.

Wilk., S. and Friedman, T. C. (1985) Active-site directed
inhibitors of TRH dearading enzymes. Fifth Int. Wash. Spring
Svmoosium. Neural and Endocrine Peptides and Receptors. Abst.
142.

Wilk. S.. Friedman., T. C. and Kline, T. B. (1985) Pyroglu-
tamvl diazomethyl ketone: Potent inhibitor of mammalian pyro-
glutamyl peptide hydrolase. Biochem. Biophys. FKkes. Commun.
130. 662-668.

Wilk. S. and Orlowski. M. (1980) Cation-sensitive neutral
endopeptidase isolation and specificity of the bovine pitui-
tarv enzvme. J. Neurochem. 35, 1172-1182.

Wilk. S. and Orlowski. M. (1982) Determination of specific-
ity of endopeptidases by combined high-performance 1liquid
chromatoaranohv and amino acid analysis. J. Chromatog. 249,
121-129. .

Wilk., S. @and Orlowski., M. (1983a) Inhibition of rabbit
brain orolvl endopeptidase by N-benzyloxycarbonyl-prolyl-pro-
linal. a transition state aldehyde inhibitor. J. Neurochemnm.
41. 69-75. _

Wilk. S. and Orlowski., M. (1983b) Evidence that pituitary
cation-sensitive neutral endopeptidase is a multicatalytic
protease complex. J. Neurochem. 40, 842-849.

Wilk. S.. Pearce. S. and Orlowski, M. (1979b) Identifica-
tion and opartial purification of a cation-sensitive neutral
endopeptidase from bovine pituitaries. Life Sci. 24, 457-464.

Wolfendon. R. (1972) Analog approach to the structure of
the transition state 1in enzyme reactions. Accounts of Chem.
Res. 5 . 10_18 Y

Yoshimote., I.. Oagita. K.. Walter, R., koida, M. and Tsuru,
De (1979) Post-proline cleaving enzyme: Synthesis of a new
fluoroagenic substrate and distribution of the endopetidase in



152

rat tissues and body fluias of man. Biochem. Biophys. Acta
569. 134-192.

Yoshimoto., T.. Orlowski, R C. and Walter, K. (1377) Post-
proline cleaving enzyme: Identification as serine protease
usina active site specific inhibitors. Biochemistry 16,

2942-2948.

Yoshimoto, 1. and Walter. R. (1977) Post-proline dipeptidyl
aminopeptidase (dipeptidvl aminopeptidase 1IV) from lamb kid-
nev. Purification and some enzymatic properties. Biochem.
Biophvys. Acta. 485, 391-401.

Ziporvn. T. (1985) LHRH: Clinical applications growing. J.
A. M. A. (Medical News) 253. 469-476.



