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Summary 

The inactivation of the neurohypophyseal  hormones arginine vasopressin 
and oxytocin,  both ' 4C-labelled in the C-terminal glycine residue, by enzymes 
present in kidney homogenates of various species has been investigated, and 
some of the enzymes responsible have been partially purified and characterized. 
The Leu-Gly peptide bond of oxytocin  is generally most  effectively cleaved by 
kidney homogenates, although with certain species enzymic activity hydrol- 
yzing the Pro-Leu bond is significant. Degradation of arginine vasopressin is 
slower than oxytocin in all species studied, and appears to occur by a different 
overall mechanism since cleavage of  the Pro-Arg bond is more significant than 
hydrolysis of the Arg-Gly bond. The enzyme releasing glycinamide from oxy- 
tocin and the "Post-Proline Cleaving Enzyme",  which releases C-terminal dipep- 
tide from oxytocin and arginine vasopressin, were partially purified from lamb 
kidney by ammonium sulfate fractionation and column chromatography. The 
two enzymes are shown to be separate entities with different pH profiles. The 
prolyl peptidase activity released the C-terminal dipeptides from oxytocin  and 
arginine vasopressin at similar rates and was inhibited by p-chloromercuri- 
phenylsulfonic acid, 1,10-phenanthroline, L-l-tosylamido-2-phenylethylchloro- 
methyl ketone, Co 2+, Ca 2+, and Zn 2+, but  significantly enhanced by dithio- 
threitol. The prolyl peptidase preparation cleaves proline-containing peptide 

Abbrev ia t ions  follow the  r e c o m m e n d a t i o n s  o f  the  IUPAC-IUB C o m m i s s i o n  on  Biochemica l  
N o m e n c l a t u r e ,  J. Biol. Chem.  ( 1 9 6 7 )  242,  555;  J. Biol. Chem.  (1975)  250,  3215 ;  B iochem.  J. 
( 1 9 7 5 )  149,  1. All opt ical ly  act ive  a m i n o  acids  are of the  L - c o n f i g u r a t i o n  unless  o t h e r w i s e  s ta ted .  
A d d i t i o n a l  abbreviat ions:  CHOA,  a c a r b o h y d r a t e  m o i e t y  on  a pep t ide  f r a g m e n t  of  ovine  lu t rop in  
( subscr ip t  d e s i g n a t i o n  is in accord  wi th  n o m e n c l a t u r e  p r o p o s e d  for the  g l y c o p e p t i d e  in G e n .  Co mp .  
Endocr ino l .  ( 1968)  11, 444 - -457 ) .  
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substrates at the Pro-X bond. The rate of  cleavage is dependent  on the nature 
of  residue X and with the conditions used there is no cleavage when X equals 
Pro; however, cleavage occurs when X is a D isomer: [Mpr 1 , D-Arg s ] vasopres- 
sin is inactivated at a rate similar to [Mpr I , ArgS] - and [Mpr I , Lys s ] vasopres- 
sin, suggesting that the known prolonged biological action of [Mpr ~, D- 
Arg s ] vasopressin is not  due to resistance to the prolyl peptidase. In all charac- 
teristics tested the lamb kidney prolyl peptidase was identical to the post- 
proline cleaving enzyme isolated earlier from human uterus. In vivo experi- 
ments in the cat suggested that both the glycinamide-releasing enzyme and 
post-proline cleaving enzyme are present and effective in inactivating neuro- 
hypophyseal  hormones in the intact animal. 

Int roduct ion 

The mammalian kidney is a target organ for neurohypophyseal  hormones 
[1,67--69] and also one of the major tissues responsible for their inactivation 
[2--7] .  In rat kidney, we found the predominant  mode of  enzymatic inactiva- 
tion of  oxytocin involves the release of  glycinamide both in in vivo and in vitro 
experiments by hydrolysis of the pept ide linkage between the C-terminal and 
the penult imate amino acid residue of  the hormone by a chymotrypsin-like 
enzyme [5,6,8] .  Recent  evidence suggests that the over-all inactivation pat tern 
of  arginine vasopressin by rat kidney differs from that of oxytocin  and that the 
direct release of  glycinamide, by an enzyme distinct from that catalyzing the 
release of  glycinamide from oxytocin,  plays only a minor role [9] .  Moreover, 
in preliminary studies it was found that, while kidney homogenates of all 
species were able to release glycinamide from the hormones, in homogenates  of  
certain species, an enzyme which catalyzes the release of  the dipeptide Leu- 
Gly-NH2 from oxytocin and Arg-Gly-NH2 from arginine vasopressin could be 
demonstrated.  

These developments  indicate that  the complete  picture of  the inactivation 
of  neurohypophyseal  hormones in kidney is far from being understood.  In 
order to gain further insight the inactivation studies of oxytocin and arginine 
vasopressin have been extended from rat to include mouse, hamster, rabbit, pig, 
lamb, cat, dog, chicken, pigeon and human. Lamb kidney was among the 
preparations containing both the enzyme which releases glycinamide from 
oxytocin  and the post-proline cleaving enzyme, which releases the C-terminal 
dipeptide from oxytocin and vasopressin. Kidney of  lamb was therefore chosen 
as a readily available source to demonstrate  that both enzymes can be sepa- 
rated. Both enzymes have been partially purified and the post-proline peptidase 
activity of  lamb kidney in particular has been tested in this s tudy for its 
substrate specificity, pH opt imum, and susceptibility to ions, sulfhydryl re- 
agents and inhibitors. The properties of  this enzyme preparation are compared 
to an enzyme present in human uterus [10--12] possessing the same substrate 
specificity. In addition, some studies have been performed to evaluate the 
physiological significance of  these enzymes in vivo. 
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Materials and Methods 

[ 9-Glycinam ide-1-14 C ] oxytocin and [ 9-Glycinam ide-1-14 C ] arginine vaso- 
pressin possessed a specific radioactivity of 30 Ci/mol and exhibited an avian 
vasodepressor activity [13,14] and a rat pressor activity [15] of 482 units/mg 
and 416 units/mg, respectively [16].  The unlabelled peptides used in this study 
were as follows: oxytocin [17],  {1,6-aminosuberic acid)oxytocin [18],  (7-gly- 
cine)oxytocin [19],  (1,6-aminosuberic acid, 7-glycine)oxytocin [20],  (8-ala- 
nine)oxytocin [21],  (1-~-mercaptopropionic acid, 8-alanine)oxytocin [21],  
arginine vasopressin [22],  (1-~-mercaptopropionic acid, 8-arginine)vasopressin 
[23,70],  (1,6-aminosuberic acid, 8-arginine)vasopressin [24],  lysine vasopressin 
[25],  (1-fi-mercaptopropionic acid, 8-1ysine)vasopressin [26],  Cys(Bzl)-Pro- 
Leu-Gly-NH2 [27],  and H-Pro-Leu-Gly-NH2 • 1~H2 O [28] were available from 
earlier studies. The syntheses of (7-alanine)oxytocin, (1-~-mercaptopropionic 
acid, 7-alanine)oxytocin and (1-~-mercaptopropionic acid, 7-glycine)oxytocin 
were carried out in our laboratory (Walter, R., unpublished). Analogs of oxy- 
tocin with the following residues in position 8: valine [29],  proline, serine, 
threonine, phenylalanine [30],  and glutamine [31] were gifts of Dr. M. Man- 
ning, Medical College of Ohio, Toledo, Ohio. (8-(NC-Formyl)lysine)oxytocin 
and (8-citrulline)oxytocin [32] were supplied by Dr. K. LiSbke, Schering AG, 
Berlin, Germany. (1-/3-mercaptopropionic acid, 8-D-arginine)vasopressin [33] 
was a gift of Dr. M. Zaoral, Czechoslovak Academy of Sciences, Prague, Cze- 
choslovakia. <Glu-Trp-Pro-Arg-Pro [34] was supplied by Dr. M.A. Ondetti, 
Squibb Institute, New Brunswick, New Jersey; H-Ala-Tyr-Pro-Thr-Pro-Ala-Arg 
[35] and H-Pro-Ile-Asn(CHOA)-Ala-Thr-Leu [36] by Dr. D. Ward, University 
of Texas, Houston, Texas; <Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 by 
Dr. H. McGregor, Wyeth Laboratories, Philadelphia, Penn. and tuftsin (H-Thr- 
Lys-Pro-Arg) [37] by Dr. V.A. Najjar, Tufts University, Boston, Mass. H-Pro- 
Pro-Pro-Pro [38] was a gift of Dr. M. Rothe, Universit~t Ulm, Ulm, G.F.R. 
Analogs of (5-valine)angiotensin II (H-Asp-Arg-Val-Tyr-Val-His-Pro-Phe) with 
the following amino acid residue in position 8: leucine [39],  valine [39],  
isoleucine [40] as well as (4-histidine, 6-tyrosine)angiotensin II [40],  (6-argi- 
nine)angiotensin II [40],  (4-phenylalanine,8-alanine)angiotensin II, {5-valine)- 
angiotensin II and Ile-His-Pro-Phe were gifts of Dr. R. Smeby, Cleveland Clinic, 
Cleveland, Ohio and (5-valine)angiotensin I, synthesized according to the meth- 
od of Freer and Stewart [41],  was supplied by Dr. J.M. Stewart, University of 
Colorado Medical School, Denver, Colo. (5-Isoleucine)angiotensin II was pur- 
chased from Calbiochem. Z-Gly-Leu-Gly was purchased from Peninsula Labora- 
tories; H-Phe-Phe-Val-Pro-Pro-AlaOBu t, H-Gln-Ala-Pro-Lys(Boc)-Gly-NH2, Z- 
Pro-His-Phe, Pro-Pro-Ala-OBu t and Z-Phe-Phe-Pro-Pro were gifts of Drs. R. 
Geiger and W. KSnig, Farbwerke Hoechst Laboratories, G.F.R. Post-proline 
cleaving enzyme of human uterus was prepared as described previously [12] 
and according to the method detailed in this paper. Amino acid analysis was 
carried out  according to the general method of Spackman et al. [42].  

Source of  kidney tissue. Kidney (frozen in dry ice) from ICR Swiss 
Webster mice, Syrian golden hamsters, domestic cat, lamb, pig and pigeon were 
purchased from Rockland Farms, Gilbersville, Pa. Lamb kidneys used in en- 
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zyme preparations were purchased dry-ice frozen from Max Insel Cohen, 
Newark, N.J. Female Sprague-Dawley rats and White Leghorn roosters were 
decapitated, and the kidneys were removed immediately and frozen in dry ice. 
Dog kidneys were obtained from sodium pentobarbital-anesthetized mongrel 
dogs and rabbit  kidneys from New Zealand White rabbits killed by intravenous 
air injection. Human tissue came from malignant nephrosclerotic kidney re- 
moved in surgery; only that  part  of  the kidney was used which appeared to be 
free of  disease. All tissues were stored frozen at --20 ° C. 

Preparation of kMney extract. One to 5 g (wet weight) of  kidney tissue 
from each species was homogenized at 4°C in 10 vol. of 25 mM sodium phos- 
phate buffer containing 0.5 mM EDTA, pH 6.8 (phosphate buffer), in a Virtis 
model 45 homogenizer for four 15-s periods with resting periods of 1 min. The 
homogenate  was centrifuged at 105 000 X g at 4°C for 1 h using a Beckman 
Model L ultracentrifuge. The clear supernatant (referred to as kidney extract) 
was used for further studies. 

Determination of enzymic activity. Kidney extract  (0.2 ml) of each spe- 
cies was incubated with 5 pg of  substrate ([9-Glycinamide-1-14 C] )oxytocin or 
[ 9-Glycinamide-1-14 C ] arginine vasopressin diluted to a total volume of  0.5 ml 
with 25 mM phosphate buffer. Incubation times, at 37°C, were 0, 5, 10, 15, 
30, and 60 min for oxytocin and 15 min for vasopressin. The reaction was 
terminated by boiling for 10 min. The heat~denatured suspension was centri- 
fuged at 2000 X g for 10 min. 

In later purification steps of  the lamb kidney prolyl peptidase, Z-Gly-Pro- 
Leu-Gly was used in addition to, or instead of, hormone as a substrate for 
locating the enzymic activity in column fractions. The protected tetrapeptide is 
useful as a substrate for the prolyl peptidase because it is water soluble, is 
resistant to aminopeptidase action, but  is readily cleaved by the prolyl pep- 
tidase to yield Leu-Gly as the only ninhydrin-active product.  The product  was 
identified by high voltage electrophoresis of an incubation mixture using 
authentic Leu-Gly as standard; material located on the electrophoretogram in 
the area corresponding to the standard dipeptide was eluted, hydrolyzed and 
subjected to amino acid analysis to give Leu and Gly (1 : 1 molar ratio). During 
column chromatography approximately 20 pmol  of synthetic peptide was in- 
cubated for 15 min at 37°C with 0.05--0.1 ml of column eluate in 0.5 ml of 
0.05 M sodium phosphate buffer, pH 7.4. The reaction was stopped by addi- 
tion of  ninhydrin reagent (see below). During later purification steps of  lamb 
kidney Gly-NH:-releasing enzyme, the peptide Z-Cys(Bzl)-Pro-Leu-Gly-NH2 
was used as substrate. The peptide (5 mg) was dissolved in a solution of  0.3 ml 
glacial acetic acid, 0.45 ml H2 O and 0.02 ml Triton X-100, the solution neu- 
tralized with NaOH, and the volume adjusted to 5.0 ml. Aliquots of  column 
eluent (0.01 ml) were incubated with 0.1 ml of  the substrate solution at 37°C 
for 2, 4, and 24 h, and products  were identified after high voltage electrophore- 
sis with ninhydrin spray. 

Qualitative and quantitative determinations of enzymic digest products. 
Aliquots (50 ml) of  the protein-free supernatant  from each enzyme-14C-la - 
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belled hormone digest were applied to Whatman 3 MM paper strips (4 X 60 cm) 
and subjected to high voltage electrophoresis in 5% acetic acid/0.5% pyridine, 
pH 3.5, for 1.5 h at 1500 V, 2.5 mA/cm as described for earlier studies of 
[9-Glycinamide-1 -~ 4C] oxytocin [43] and [9-Glycinamide-1 -~ 4C]arginine 
vasopressin [ 12]. Zero-time incubation, as well as [ 9-Glycinamide-l-~ 4 C] oxy- 
tocin and [9-Glycinamide-l-14C]arginine vasopressin incubated in buffer 
alone, served as controls. Unlabelled compounds were developed with 0.2% 
ninhydrin in acetone and radioactive marker and products were identified on a 
Packard 7201 chromatogram scanner. When the substrate Z-Gly-Pro-Leu-Gly 
was used, 0.5 ml ninhydrin reagent [44] was added to the incubation mixture, 
which was then boiled for 15 min. After cooling, 2.5 ml of 50% ethanol was 
added and absorption at 570 nm was determined. For quantification a standard 
curve of Leu-Gly was constructed. 

Fractionation of lamb kidney extract by ammonium sulfate. Crude lamb kid- 
ney extract was prepared as described above except that  25 g wet kidney tissue 
(~ one-half kidney was homogenized in 100 ml of 25 mM phosphate buffer pH 
6.8 containing 1 mM EDTA (for purification studies all buffers contained 0.05 
mM dithiothreitol). The homogenate was centrifuged for 10 min at 12 000 X g 
at 4°C and the supernatant subjected to further centrifugation at 105 000 X g 
for 1 h at 4°C. The supernatant (80 ml) was collected and subjected to ammo- 
nium sulfate fractionation as follows: to 80 ml supernatant, 16 ml of a cold 
saturated (NH4)2 SO4 solution containing 1 mM EDTA and adjusted to pH 6.8 
with NaOH (referred to as (NH4)2 SO4 solution) was added over a period of 15 
min with constant stirring. The suspension was transferred to centrifuge tubes, 
allowed to stand 30 min at 4°C and then centrifuged for 15 min at 20 000 X g. 
The pellet obtained is referred to as fraction I (0 to 20% ammonium sulfate 
saturation). Similarly, six additional fractions were obtained by repeating the 
precipitation process by successive addition of the same (NH4)2 SO4 solution 
to the respective collected supernatants: fraction II (20--30%), fraction III 
(30--40%), fraction IV (40--50%), fraction V (50--60%), fraction VI 
(60--70%), fraction VII (70--80%) (NH4)2 SO4. Fraction VIII {80--100%) was 
obtained by the addition of solid (NH4)2 SO4. All precipitates obtained were 
dissolved in phosphate buffer and aliquots were diluted to a protein concentra- 
tion of ~1 mg/ml determined by the method of Warburg and Christian [45].  
For pH studies aliquots (0.1 ml) of appropriate fractions were incubated with 
substrate as described for 15 min. Buffers used, at a final concentration of 
0.05 M, were sodium acetate (pH 4--5.5); sodium phosphate (pH 5.5--8.0); and 
t r is(hydroxymethyl)aminomethane (pH 8.0--9.0). 

Gel filtration of enzymes from lamb kidney. The clear supernatants of 
fractions VI and VII, which contained the prolyl peptidase, were pooled and 
dialyzed against 500 ml of phosphate buffer for 3 h before application to a 
Sephadex G-100 column (2 X 90 cm) equilibrated with phosphate buffer. The 
total amount  of  protein applied was 250 mg [45].  The column was eluted with 
phosphate buffer at a flow rate of 20 ml/h. Enzymic activity was measured as 
described in aliquots of the 5-ml fractions. Fractions corresponding to the 
region of the chromatogram which releases Leu-[ 14C] GIy-NH2 from [9-Gly- 
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cinamide-l-~ 4C] oxytocin and Arg-[I 4C] Gly-NH2 from [9-Glycinamide- 
1~ 4C] arginine vasopressin were pooled. Ammonium sulfate fractions II--IV, 
which contained most of the activity releasing Gly-NH2 from oxytocin,  were 
subjected to gel filtration on the same G-100 column. Eluted fractions which 
released Gly-NH2 from oxytocin and deamino-oxytocin,  were pooled. 

Ion exchange chromatography of  lamb kidney enzymes. Pooled eluates 
from gel filtration were applied to a DEAE cellulose (Cellex-D) column (1.5 X 
18 cm) prepared as described by Koida et al. [5].  The unabsorbed material was 
washed from the column with 100 ml phosphate buffer. For the prolyl pep- 
tidase the column was eluted with a linear gradient of NaC1 (0 -0 .2  M) in a 
total of  200 ml of phosphate buffer; for the Gly-NH2 -releasing enzyme, with a 
stepwise NaC1 gradient (0.01 M, 0.25 M, 1 M). Finally, the column was washed 
with 50 ml of 1 M NaC1. Eluent was monitored for protein concentration and 
enzymic act ivi ty as described above and, in addition, hydrolysis of Z-Gly-Pro- 
Leu-Gly or Z-Cys(Bzl)-Pro-Leu-Gly-NH2 was monitored. The protein fractions 
which hydrolyzed the Leu-Gly bond were pooled and used for further study, 
while those which hydrolyzed the Pro-X bond were pooled and rechromato- 
graphed as described for the first ion-exchange step on a column (1.5 X 20 era) 
of Whatman DE 52 DEAE cellulose which had been washed with dilute H3 PO4 
(pH 4.5) and equilibrated with phosphate buffer, pH 6.5, containing 1 mM 
EDTA and 0.5 mM dithiothreitol.  The eluent was monitored and pooled as 
described. 

Characterization of post-proline cleaving enzyme. All studies except the 
pH profile were carried out in duplicate in 0.05 M phosphate buffer, pH 7.4, 
containing 1 mM EDTA and 0.5 mM dithiothreitol, pH studies were carried out 
as described for the crude ammonium sulfate fractions. Aliquots of 'purified 
lamb kidney enzyme (0.1 ml, 35 pg) were incubated with 2 pg [9-Glycina- 
mide-1-14C] arginine vasopressin in a total volume of 0.5 ml of 0.05 M phos- 
phate buffer for 15 min at 37°C in the presence or absence of 1.0 or 0.1 mM 
EDTA, dithiothreitol and the chlorides of Mg 2÷, Mn 2÷, Fe 2÷, Co 2÷, Ca 2÷ and 
Zn 2÷. The enzyme preparation (0.1 ml, 10 pg) was also incubated with 100 gg 
of Z-Gly-Pro-Leu-Gly in a total volume of 0.5 ml in the presence of 0.1 and 1.0 
mM dithiothreitol.  To study the effect of various functional reagents on en- 
zyme activity, aliquots (containing 0.1 mg protein) of lamb kidney or human 
uterus enzyme were preincubated in the presence or absence of 0.1 or 1.0 mM 
p-chloromercuriphenylsulfonic acid, 1,10-phenanthroline, iodoacetic acid or 
L-l- tosylamido-2-phenylethylchloromethyl ketone in a total volume of 0.45 ml 
for 30 min at 4 ° C. The substrate specificity of  the post-proline cleaving enzyme 
was tested with a series of unlabelled peptides which are listed in Table V. 
Peptides were incubated for 4 h at 37°C [43]. 

Preparation of  cats for in vivo studies. Female cats (2.5--3.0 kg) were 
anesthetized by intraperitoneal injection of sodium pentobarbital (36 mg/kg). 
One femoral vein was cannulated for intravenous hormone injection (and addi- 
tional anesthetic). Tracheotomy was performed, and the urinary bladder was 
cannulated for urine collection. Water diuresis was induced by oral hydrat ion (8% 
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of body weight) and maintained approximately constant throughout  the experi- 
ment. The hydrat ion fluid consisted of 0.15% NaC1 solution containing 0.5% 
dextrose and 2% ethanol. 

Hormone injection and renal excretion. Labelled hormone (3 or 10 pg) 
was injected after the rate of urine flow reached a constant value. Urine was 
then collected and radioactive products determined as described [8]. 

Results  

On the basis of release of [ ~ 4C] Gly-NH2, kidney extracts of rat, mouse, 
hamster and pig inactivate [9-Glycinamide-l-~4C]oxytocin most rapidly, 
amounting to more than 60% within a 10 min incubation period. Extracts of 
human, rabbit, dog, cat, lamb, chicken and pigeon kidney inactivate [9-Gly- 
cinamide-1 -~ 4C] oxytocin at a slower rate (Table I). While with extracts which 
degrade [9-Glycinamide-1 -~ 4C] oxytocin rapidly it is difficult to detect any 
products apart from Gly-NH~ (e.g., rat, Fig. 1A), substantial levels of Leu-Gly- 
NH2 are present (except in the case of rabbit) with extracts of species which 
inactivate [9-Glycinamide-1 -~ 4C] oxytocin at a slower rate (e.g., cat, Fig. 1B). 
With extracts of certain of these latter species we found that  in addition to the 
above metabolites measurable amounts (after 30 min incubation about 10%) of 
Pro-Leu-Gly-NH2 are released from oxytocin (e.g., chicken, Fig. 1C). With 
extract of lamb kidney, both labelled Gly-NH2 and Leu-Gly-NH2 are formed as 
long as [9-Glycinamide-1 -~ 4C] oxytocin is available in the incubation mixture 
(first 10 to 15 rain). Continuation of incubation leads to a reduction of labelled 
Leu-Gly-NH2 with increase of [~4C] Gly-NH2. Similar data are obtained with 
species other than lamb and pigeon (Table I) (provided the incubation is carried 
out for 2 h instead of the 1 h shown in the table). 

The inactivation of [9-Glycinamide-1 -~ 4C] arginine vasopressin is general- 
ly slower than that  of [9-Glycinamide-1-14C] oxytocin with kidney extract of a 
given species if one compares 15-min incubation periods (Table I). In contrast 
to oxytocin greater amounts of the labelled C-terminal dipeptide (Arg-Gly- 
NH 2 ) rather than [ ~ 4 C] Gly-NH~ are released from the antidiuretic hormone. 

Fractionation o f  lamb kidney extract with ammonium sulfate. The extract 
of lamb kidney was fractionated into eight fractions (I--VIII) (Fig. 2). Frac- 
tions II--V (referred to as peak A) contained the enzymatic activity catalyzing 
the release of Gly-NH2 from [9-Glycinamide-l-14C]oxytocin but not from 
[9-Glycinamide-1-14 C] arginine vasopressin. The activity which releases labelled 
Leu-Gly-NH2 from [9-Glycinamide-1 -~ 4C] oxytocin and Arg-Gly-NH2 from 
[9-Glycinamide-l-~4C]arginine vasopressin, was present in fractions VI and 
VII. There was some overlap of the activities in fractions V and VI. 

Gel filtration o f  lamb kidney enzyme activities. Pooled fractions from the 
ammonium sulfate fractionation were subjected to gel filtration on a Sephadex 
G-100 column in order to achieve further purification of the prolyl peptidase 
or the Gly-NH2 -releasing enzyme. In the case of the former activity, consider- 
able amounts of inert protein were separated, but the enzymatic activity releas- 
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Fig. 1. E lec t rophore t i c  sepa ra t ion  of  rad ioac t ive  p r o d u c t s  resul t ing f rom incuba t ion  of  [9-Glycinamide- 
l - I  4C] o x y t o c i n  (5 pg) with k idney  ex t rac t s  (0.2 ml)  f r o m  var ious  species. Af t e r  va ry ing  lengths  of t ime  
at 37 ° C, an a l iquot  of  digest  m i x t u r e  was subjec ted  to  high-vol tage e lec t rophores i s  at pH 3.5 for  1.5 h at  
1500  V. Produc t s  were  loca ted  on a c h r o m a t o g r a m  scanner  and ident i f ied  by  c o m p a r i s o n  with au then t i c  
markers .  For details of  i ncuba t ion  and e lec t rophores i s  see text .  A, Ra t  k idney ex t rac t ,  5-min incuba t ion :  
B, cat  k idney  ex t r ac t ,  60-min  incuba t ion ;  C, ch icken  k idney  ex t r ac t ,  30-rain incuba t ion .  

Fig. 2. Separa t ion  of  n e u r o h y p o p h y s e a l  h o r m o n e  inact ivat ing activit ies in l amb k idney  ex t r ac t  by  am-  
m o n i u m  sulfa te  f rac t iona t ion .  Bars r ep re sen t  to ta l  a m o u n t  of  p ro t e in  in each f rac t ion ,  d e t e r m i n e d  accord-  
ing to ref.  45. H o r m o n e  inac t iva t ing  ac t iv i ty ,  d e t e r m i n e d  by  incuba t ing  0.2 mg  p ro te in  wi th  2 #g [9-G/y- 
cinamide.l.14 C] o x y t o c i n  or [9-Glycinamide-1-14C] axginine vasopressin for  15 rain at 37 '~ C fo l lowed b y  
e l ee t rophore t i c  iden t i f i ca t ion  of p r o d u c t s  is expressed as pe rcen t  of to ta l  rad ioac t iv i ty  p resen t  as p r o d u c t .  
[ 1 4 C ] G l y - N H 2  f r o m  [9-Glycinamide-l-14C]oxytocin (X X); [ 1 4 C ] G l y - N H 2  f rom [9-G/y- 
cinamide-1-14C] arginine vasopress in  ( e  e) ;  Leu-[  140]  G I y . N H  2 (o . . . . . .  c~); Arg - [ |  4 C ] - G I y - N H  2 
{L . . . .  A). 

ing labelled GIy-NH2 from [9-Glycinamide-l-~ 4 C] arginine vasopressin was not 
separated from the prolyl peptidase activity; in addition, small amounts of 
activity releasing Gly-NH2 from [9-Glycinamide-l-14C] oxytocin were present. 
The prolyl peptidase activity was present in fractions corresponding to an 
elution volume of 140- -160  ml (Kay = 0.28). Post-proline cleaving activity 
isolated from human uterus as described [12] possessed an identical elution 
volume when subjected in this study to gel filtration, and the elution volumes 
of  these enzymes correspond to an approximate molecular weight of  60 000,  
estimated on the basis of comparison with ribonuclease, chymotrypsinogen, 
ovalbumin and bovine albumin [46] .  

The major enzymic activity responsible for the release of  labelled Gly- 
NH2 from [9-Glycinamide-1-14C]oxytocin emerged from the column in an 
elution volume of  110- -135  ml (Kav = 0.13). 

Further purification of lamb kidney enzymes by ion exchange chromatog- 
raphy. The pooled fractions from gel filtration containing either prolyl pep- 
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Fig. 3. C h r o m a t o g r a p h y  of  l amb  k i d n e y  pos t -pro l ine  cleaving e n z y m e  on D E A E  cellulose. E n z y m a t i c  
ac t iv i ty  was e lu ted  using a g rad ien t  of  0.0--4),2 M NaC1 in p h o s p h a t e  buf fe r ,  as desc r ibed  in the  text .  
Pro te in  c o n t e n t  was  d e t e r m i n e d  acco rd ing  to ref.  45  (e  -e). E n z y m e  ac t iv i ty  was m e a s u r e d  as 
descr ibed  in the  t ex t  by  i ncuba t ion  of  0.2 ml  a l iquots  of  a l t e rna te  f rac t ions  wi th  2 #g  [9-Glycinamide- 
1 - 1 4 C ] o x y t o c i n  or [9-Glycinamide-l-14C]arginine vasopress in  and e l ec t rophore t i c  iden t i f i ca t ion  of  
p roduc t s .  A m o u n t  of  inac t iva t ion  is given as pe r c e n t  of  to ta l  r ad ioac t iv i ty  p resen t  as Arg-[ 14 C] Gly-NH 2 
or  Leu - [ l  4C]  GIy-NH 2. Leu -GIy -NH 2 (o . . . . . .  ©); Axg-[14C] GIy-NH 2 (X . . . . . .  ×).  

tidase or Gly-NH~ -releasing enzyme were subjected to DEAE-cellulose column 
chromatography. Essentially all of the post-proline cleaving activity was recov- 
ered in the range of 0.06 to 0.1 M NaC1 (Fig. 3) and upon rechromatography 
was recovered in the same area. Throughout  the chromatogram no enzymatic 
activity was detected which catalyzed the release [14C] Gly-NH2 from [9-Gly- 
cinamide-1-~ 4 C] oxytocin or from [9-Glycinamide-1- l 4 C] arginine vasopressin, 
suggesting that  these enzymes are inactivated, absorbed or merely diluted out 
during these purification steps. The final preparation failed to release signifi- 
cant amounts of N- and C-terminal amino acid residues from a number of 
acyclic peptides not  containing proline. The results of the purification proce- 
dures of the peptidase are summarized in Table IT. 

When the fractions corresponding to the elution volume of 110--135 ml 
were subjected to ion-exchange chromatography, essentially all of the activity 
releasing Gly-NH2 from [9-Glycinamide-l-~ 4C] oxytocin and from Z-Cys(Bzl)- 

T A B L E  II  

P U R I F I C A T I O N  A N D  R E C O V E R Y  OF P O S T - P R O L I N E  C L E A V I N G  E N Z Y M E  

Uni t  = 1 # m o l / m g  p r o t e i n / r a i n  of  Arg-Gly-NH 2 re leased f r o m  arginine vasopressin.  

Total Total Yield of Specific 
protein activity activity activity 
(rag) (units) (%) (unit/mt~) 

Degree  of  
pur i f i ca t ion  

S u p e r n a t a n t  11 600  348 100  0 .0 3 0  1 
60 - -80% ( N H 4 )  2 SO4 8 4 0  300  86 0.36 12 
G - 1 0 0  240  208 60 0.86 29 
DEAE-ceUulose  
pH 6.5 c h r o m a t o g r a p h y  50 160 46 3.2 107 
DEAE-cel lu lose  
pH 6.5 r e c h r o m a t o g r a p h y  15 80 23 5.4 180 
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Pro-Leu-Gly-NH2 was recovered in the fraction eluted with 0.25 M NaC1. This 
fraction also released Gly-NH2 from deamino-oxytocin and [8-phenylalanine]- 
oxytocin,  but no detectable amounts of Gly-NH2 were liberated when [8-gluta- 
mine]-, [8-serine]-, [8-valine]-, [8-alanine]-oxytocin, or [9-Glycinamide- 
1 -l 4C] arginine vasopressin were the substrates; the procedure for testing for 
the release of Gly-NH2 from the unlabelled hormone analogs was the same as 
described [ 5]. 

Effect o f  pH on the activity o f  partially purified lamb kidney enzymes. 
Initially the pH profiles of the enzymatic activities present in lamb kidney were 
carried out  using fractions IV and V, as well as VI and VII (Fig. 2). The enzyme 
which removes [ 14 C] Gly-NH2 from [ 9-Glycinam ide-1-14 C] oxytocin exhibited 
in sodium phosphate buffer its pH opt imum between 6.0 and 6.5 both as the 
crude ammonium sulfate fraction and after purification steps. The pH opt imum 
for the prolyl peptidase was found to be between 7.0 and 7.5; the pH profiles 
for the release of the labelled C-terminal dipeptides from [9-Glycinamide- 
1-14 C] oxytocin and [9-Glycinamide-1-~ 4 C] arginine vasopressin were identical 
(Fig. 4). Moreover, after further purification of the prolyl peptidase by gel 
filtration and DEAE chromatography the pattern of pH dependence was re- 
tamed. The same pH opt imum is also obtained for the post-proline cleaving 
enzyme purified from human uteri. In addition, the time course of release of 
labelled C-terminal dipeptide from [9-Glycinamide-l-~ 4C] oxytocin and 
[9-Glycinamide-1 -l 4C] arginine vasopressin was nearly identical over 60 min 
for both  the lamb kidney enzyme and the human uterine enzyme. 

Effect o f  divalent metal ions, EDTA and dithiothreitol on the activity o f  
lamb kidney prolyl peptidase. The activity of  post-proline cleaving enzyme 
from lamb kidney is neither inhibited nor stimulated significantly by 
10 -4 M--10 -3 M EDTA Mg 2÷, Mn 2÷, or Fe 2., but  is inhibited to different de- 

50 II T 1 ~ o~e~ l /o\ 
~ a 

~ 3o 
.£ 

~ 2 O  

X X~ X 
o @ ~ ?  I , __ t ~  

4,0 5.0 6.0 7.0 8,0 9,0 
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Fig. 4. E f fec t  o f  p H  o n  l a m b  k i d n e y  e n z y m e s  w h i c h  r e l e a s e  (A)  [ 1 4 C ] G l y - N H 2  f r o m  [9-Glyeinamide- 
1 . 1 4 C ] o x y t o c i n  (X X); o r  (B) C - t e r m i n a l  d i p e p t i d e  f r o m  [9-Glycinamide-1-14C]oxytocin 

[9-Glycinamide°l- C ] a r g m m e  vasop re s s in  (o o) .  A l i q u o t s  o f  a m m o n i u m  su l fa te  ( e  e )  o r  14  - • 

f r a c t i o n s  we re  i n c u b a t e d  w i t h  2 /~g [ 9-Glycinamide-l-I 4 C] o x y t o c i n  o r  [ 9 - G l y c i n a m i d e - l - 1 4  C] a rg in ine  
va sop re s s in  f o r  1 5  m i n  a t  3 7 ° C  a n d  p r o d u c t s  i d e n t i f i e d  b y  h igh  vo l t age  e l e c t r o p h o r e s i s .  I n a c t i v a t i o n  is  
e x p r e s s e d  as  p e r c e n t  of  t o t a l  r a d i o a c t i v i t y  p r e s e n t  as  [ 14 C] G l y - N H  2 o r  labe l led  C- t e rmina l  d i p e p t i d e .  
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T A B L E  i I I  

E F F E C T  O F  D I V A L E N T  C A T I O N S ,  E D T A  A N D  D I T H I O T H R E I T O L  ON T H E  A C T I V I T Y  O F  P O S T -  

P R O L I N E  C L E A V I N G  E N Z Y M E  F R O M  L A M B  K I D N E Y  

E n z y m e  f r a c t i o n s  (35  ~zg of  p r o t e i n )  o b t a i n  f r o m  ion  e x c h a n g e  c h r o m a t o g r a p h y  were  i n c u b a t e d  in  dupl i -  

ca te  wi th  2 pg  o f  [9-Glycinamide-l-14C] arg in ine  vasopress in  in  the  a bse nc e  and  p re sence  of  m e t a l  chlo- 

r ides ,  E D T A  or  d i t h i o t h r e i t o l  in  50 m M  p h o s p h a t e  b u f f e r  p H  7.4  ( e x c e p t  see u n d e r  a. F o r  p r o c e d u r e s  for  
i n c u b a t i o n  and  ana lys i s  o f  d iges t  see t ex t .  

C o m p o u n d  A d d e d  C o n c e n t r a t i o n  (raM) Percen t  ac t iv i ty  

N o n e  100;  100  
Mg 2+ 0.1 105;  100  

1.0 110;  100  
Mn 2+ 0.1 100;  95  

1.0 116;  95 
Fe 2+ 0.1 100;  105  

1.0 i00; 95 
Co 2+ 0.1 60;  55 

1.0 45; 50 
Ca 2+ 0.1 60;  40 a 

Zn  2+ 0.1 40;  20 a 

E D T A  0.1 95;  95  a 

1.0 105;  100  a 
D i t h i o t h r e i t o l  b 0.1 100;  105  

1.0 125;  125  

a I n c u b a t i o n s  were  ca r r i ed  o u t  in  t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  b u f f e r ,  pH  7.8. 
b A c t i v i t y  of  the  e n z y m e  p r e p a r a t i o n  w i t h  Z-Gly-Pro-Leu-Gly  ( 1 0 0  ~g)  as subs ixa te  was  e n h a n c e d  by  

20% in the  p r e sence  of  0.1 a n d  1 .0  m M  d i t h io th r e i t o l .  

grees by 10 -4 M Co 2÷, Ca :+, and Zn 2+. The activity of  the enzyme is stimulated 
by dithiothreitol  (Table III). 

Effect of  enzyme inhibitors on the activity of prolyl peptidase. The post- 
proline cleaving activities from both lamb kidney and human uterus are almost 

T A B L E  IV 

E F F E C T  OF  E N Z Y M E  I N H I B I T O R S  ON T H E  A C T I V I T Y  OF  H U M A N  U T E R U S  A N D  L A M B  K I D N E Y  
P O S T - P R O L I N E  C L E A V I N G  E N Z Y M E  

E n z y m e  p r e p a r a t i o n s  (0.1 m g  p r o t e i n )  w e r e  i n c u b a t e d  w i t h  5 #g  [9-glycinamide-l-14C] a rg in ine  vaso-  
p ress in  (u t e r i ne  p r e p a r a t i o n )  or  5 ~g [9-glycinamide-l-14C] o x y t o c i n  ( k i d n e y  p r e p a r a t i o n )  in  the  p r e sence  
or  ab sen ce  o f  i n h i b i t o r  in  50 m M  p h o s p h a t e  b u f f e r ,  pH  7.4. See t e x t  fo r  de ta i l s  o f  i n c u b a t i o n  and  analys is .  

I n h i b i t o r  C o n c e n t r a t i o n  E n z y m e  i n h i b i t i o n  * 

( raM)  

H u m a n  u t e r u s  L a m b  k i d n e y  

N o n e  - -  - -  - -  

p -Ch lo ro  m e r c u r i p h e n y l  su l fon ic  1 .0  ++ ++ 

acid  0.1 ++ ++ 

1 •10 - Ph en an t h r o l i n e  1 .0  ++ + 

0 . I  + + 

I o d o a c e t i c  acid 1.0 + + 

0 . i  + - -  

L- I - T  o s y l a m i d o - 2 - p h e n y  le thyl-  1.0 ++ ++ 
c h l o r o m e t h y l  k e t o n e  0.1 ++ ++ 

* L a c k  o f  i n h i b i t i o n  - - ;  up  to  50% i n h i b i t i o n  +; 8 0 - - 1 0 0 %  i n h i b i t i o n  ++. 



T A B L E  V 

D E G R A D A T I O N  O F  P E P T I D E S  BY P O S T - P R O L I N E  C L E A V I N G  E N Z Y M E  a 

S u b s t r a t e  P r o d u c t ( s )  i den t i f i ed  

1 0 x y t o c i n  L e u - G l y - N H 2  b 
2 [ 1 , 6 - a m i n o s u b e r i c  a c i d ]  o x y t o c i n  L e u - G l y - N H 2  b 
3 [ 8 -a rg in ine  ] va sop re s s in  A r g . G I y . N H 2  b 
4 [ 1 , 6 - a m i n o s u b e r i c  ac id ,  8 - a rg in ine  ] va sop re s s in  A r g . G l y . N H 2  b 
5 H-Asp-Arg -Va l -Tyr -Va l -Hi s -P ro -Phe  ([ Val5 ] a n g i o t e n s i n  II) Phe e 
6 H-Cys (Bz l ) -P ro -Leu-GIy-N H 2 Leu -GIy -NH2  b 
7 H - G l u - T y r - P r o - A r g - P r o  Arg ,  Pro d '  f 
8 Z - G l y - P r o - L e u - G l y  L e u . G l y b ,  d 
9 [7 -g lyc ine ]  o x y t o c i n  N o n e  

10  [ 1 , 6 - a m i n o s u b e r i c  ac id ,  7 -g lyc ine ]  o x y t o c i n  N o n e  
11 [ 8 - a l a n i n e ]  o x y t o c i n  H b,  e 
12 [ 1 - ~ - m e r c a p t o p r o p i o n i c  ac id ,  8 -a lanJne]  o x y t ' o c i n  Ala ,  Gly  d 
13 [8 -se r ine]  o x y t o c i n  H b,  e 
1 4 [ 8 - t h r e o n i n e ]  o x y t o e i n  H b,  e 
15  [ 8 - p h e n y l a l a n i n e ]  o x y t o c i n  H b,  e 
16 [8 -va l ine]  o x y t o c i n  H b,  e 
17 [ 8 - g l u t a m i n e ]  o x y t o c i n  H b,  e 
18 [ 8 - ( N C - f o r m y l ) l y s i n e ]  o x y t o c i n  H b ,  e 
19 [8 -c i t ru l l i ne ]  o x y t o c i n  H b,  e 
20  [ 8 - p r o l i n e ]  o x y t o c i n  N o n e  
21 [ 1 - ~ - m e r c a p t r o p r o p i o n i c  ac id ,  7 -g lyc ine ]  o x y t o c i n  N o n e  
22  [ 1 - f l - m e r c a p t o p r o p i o n i c  ac id ,  8 -a rg in ine ]  vasopres s in  A r g - G l y - N H 2  b 
2 3  [ 1 - f i - m e r c a p t o p r o p i o n i c  ac id ,  8 -D-a rg in ine ]  va sop re s s in  D_Arg.Gly_NH 2 b 
2 4  [8-1ys ine]  va sop re s s in  L y s - G l y - N H 2  b 
25  [ 1 - f l - m e r c a p t o p r o p i o n i c  ac id ,  8-1ysine]  vasopres s in  Lys .Gly_NH2 b 
26  [ 7 - a l a n i n c ]  o x y t o c i n  N o n e  
27 [ 1 - f i - m e r c a p t o p r o p i o n i c  ac id ,  7 - a l an ine ]  o x y t o c i n  N o n e  
28  ( G l u - H i s - T r p - S e r - T y r - G l y - L e u - A r g - P r o - G l y - N H  2 ( L R H )  G ly -NH2  b 
29  H - T h r - L y s - P r o - A r g ( T u  f ts in)  A r g  c '  f 
30  H - P h c - P h e - V a l - P r o - P r o - A l a O B u  t Ala  d 
31 H - G I n - A I a - P r o - L y s ( B o c ) - G l y - N H  2 Lys ,  Gly  d 
32 H - G l u - T r p - P r o - A r g - P r o  A r g . P r o  b ,  d 
33  H - A l a - T y r - P r o - T h r - P r o - A l a - A r g  Ala ,  Arg  d '  g 
3 4  H - L e u - A r g - P r o - G I y - N H  2 Gly-NH~ b 
35  Z-Pro-His -Phe  H i s - P h e "  
36  H - P r o - P r o - A l a O  Bu t A la  d 
37 H-I le-His-Pro-Phe  Phe c 
38 H - P r o - I l e - A s n ( C H O A ) - A l a - T h r - L e u  N o n e  
39 Z-Phe -Phe -P ro -P ro  N o n e  
40  H-Pro -P ro -P ro -P ro  N o n e  
41 H - P r o - L e u - G l y - N H  2" 1/2H20 N o n e  
42 Z - P r o - L e u - G I y - N H  2 L e u - G I y - N H 2  b 
43  H - P r o - G l y - N H  2 None  
4 4  Z - P r o - G l y - N H  2 N o n e  
45 [ 5-val ine]  a n g i o t e n s i n  I Phe,  His  d, Leu  c 
46 [8-1eucine]  a n g i o t e n s i n  II L e u  c 
47 [8 - i so l euc ine ]  a n g i o t e n s i n  II Ile c 
48 [8 -va l ine ]  a n g i o t e n s i n  II Val  b ,  c 
49 [ 4 - p h e n y l a l a n i n e ,  8 - a l a n i n e ] a n g i o t e n s i n  II Ala  c 
5 0  [4 -h i s t id ine ,  6 - t y r o s i n e ] , a n g i o t e n s i n  I1 Phe c 
51 [6 - a rg in ine ]  a n g i o t e n s i n  II Phe  c 

a Substrates I--I0 were incubated with prolyl peptidase from both lamb kidney and human uterus. 

In both cases identical products were released. Substrates 11--51 were incubated with lamb kidney 

enzyme only. 
b Products were identified by high voltage electrophoresis of the enzyme digest and comparison with 

authentic samples. Products were located by scanning in the case of radioactive substrates or by 

ninhydrin spray. 

c In cases were Pro is the penultimate amino acid, digest mixtures were subjected directly to amino 

acid analysis to determine release of free amino acids. 
d Products were identified by elution from paper after high voltage electrophoresis, followed by hy- 

drolysis and amino acid analysis. (continued on p. 151) 
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T A B L E  VI  

R A T E  OF R E L E A S E  OF C - T E R M I N A L  A M I N O  ACIDS FROM A N G I O T E N S I N  II A N D  A N A L O G S  BY 
L A M B  K I D N E Y  P O S T - P R O L I N E  C L E A V I N G  E N Z Y M E  

H o r m o n e  Release of  C-Termina l  Res idue  ( n m o l / h )  

[ l ie s ] Ang io tens in  II  16 
Ile-His-Pro-Phe 16 
[Arg  6 ] Angio tens in  I] 17 
[His 4, Tyr  6 ] Angio tens in  II 17 
[Phe 4, Ala 8 ] Angio tens in  II 3 
[Ile 8 ] Angio tens in  ]I 3 
[Leu  8 ] Angio tens in  II 3 
[Val 8 ] Angio tens in  II  1 

totally inhibited by p-chloromercuriphenyl sulfonic acid and L-tosylamido-2- 
phenylethylchloromethyl ketone at 0.1 or 1.0 mM and by 1.0 mM 1,10-phen- 
anthroline. Both enzymes were somewhat inhibited by iodoacetic acid (Table 
IV). 

Degradation o f  peptides by post-proline cleaving enzyme from lamb kid- 
ney. The purified kidney enzyme releasing dipeptide amide from oxytocin and 
vasopressin was found to hydrolyze only the Pro-X bond(s) of the peptides 
studied (Tables V and VI). N-Terminal acylated proline-containing dipeptides, 
free dipeptides and tripeptides are not cleaved, while N-terminal protected 
tripeptides can be hydrolyzed. Incubation of [1-~-mercaptopropionic acid, 
8-D-arginine] vasopressin with the lamb kidney enzyme led to release of D-Arg- 

T A B L E  V I I  

C O M P A R I S O N  OF I N A C T I V A T I O N  R A T E S  OF [MPR 1, D - A R G 8 ] V A S O P R E S S I N  W I T H  T H O S E  OF 
[MPR 1, A R G S ] V A S O P R E S S I N  A N D  [MPR 1, L Y S g ] V A S O P R E S S I N  BY P O S T - P R O L I N E  C L E A V I N G  
E N Z Y M E  F R O M  LAMB K I D N E Y  * 

Percen t  I nac t i va t i on  

[Mpr  I • D-Arg 8 ]vasopress in  [Mpr  l,  Arg 8 ]vasopress in  [Mpr  I , Lys8]vasopress in  

Zero t ime  (con t ro l )  0 5 0 
15 rain i n c u b a t i o n  30 25 20 
60 rain i n c u b a t i o n  75 70 60  

* Pep t ides  were  i n c u b a t e d  wi th  l a m b  k idney  e n z y m e  as descr ibed  in the  t e x t  and  residual  h o r m o n a l  
act iv i ty  was  d e t e r m i n e d  by the  pressor  assay [ 1 5 ] ,  using e i ther  the  4-poin t  m e t h o d  or  m a t c h e s  (in 
wh ich  samples  are  d i lu ted  to  a p p r o x i m a t e l y  the  s ame  level of  ac t iv i ty  as the  USP Pos ter ior  Pitu- 
itaxy R e f e r e n c e  S tandard ) .  At  least  3 ra t s  we re  used  for  each  d e t e r m i n a t i o n .  Values  are  pe rcen t age  
of  inac t iva t ion ,  a nd  r e p re s e n t  the m e a n  of  two  i n d e p e n d e n t  e x p e r i m e n t s ,  in wh ich  values agreed 
wi th in  10%. 

e H = N- t e rmina l  h e p a t a p e p t i d e  of  oxy toc in .  
f Arg  on  the  h igh  vol tage  e l e c t r o p h o r e t o g r a m  was d e t e c t e d  wi th  Sakaguch i  r e ag en t  [ 6 5 ] .  
g T w o  o t he r  spots  were  seen  on  high vol tage  e lec t rophores i s ;  on  e lu t ion  fo l lowed by  hydro lys i s  and 

a m i n o  acid analysis,  each  spo t  was f o u n d  to  c on t a in  Ala, Tyr ,  2 Pro and Thr .  
h T h e  s p o t  on the  e l e c t r o p h o r e t o g r a m  was His-posi t ive as judged  by the  Pauly r eag en t  [66 ]  ; on  elu- 

t i on  fo l lowed  by  a m i n o  acid analysis  w i t h o u t  hydro lys i s  no  free a m i n o  acids were  found .  
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Gly-NH2 as shown in Table V. A time-course study of the inactivation of this 
analog was also carried out, and residual activity was measured by the rat 
pressor assay [15]. The data in Table VII reveal that  the analog is inactivated 
fairly rapidly by the enzyme, with about 70% of the activity lost after a 60 min 
incubation. 

In vivo studies: excretion of radioactivity in the urine of  cat. Urine flow 
and excretion of radioactivity into the urine of the cat were measured for a 
period of 100 min following intravenous administration of 10 pg of [9-Gly- 
cinamide-l-' 4C] oxytocin or [9-Glycinamide-l-' 4C] arginine vasopressin. In- 
dependent  of the degree of antidiuretic response observed with different cats, 
the excretion rate of the radioactivity had a maximum from 2 to 10 min after 
intravenous injection. In experiments with both [9-Glycinamide-l-'4C]oxy - 
tocin and [9-Glycinamide-l-' 4C]arginine vasopressin, both labelled Gly-NH2 
and C-terminal dipeptide were excreted into the urine (Table VIII). With [9-Gly- 
cinarnide-l-' ~C] oxytocin,  labelled Leu-Gly-NH2 accounted for about 15% of 
the total radioactivity in each fraction, as was the case with [ ' 4C]  Gly-NH2. 
With [9-Glycinamide-l-'4C]arginine vasopressin only a small percentage of 
radioactivity is associated with metabolites and, in contrast to [9-Glycinamide- 
1-t 4C] oxytocin,  they seem to increase in each fraction with time. Note that 
the percentage of identified compounds does not fully account for the total 
cpm in each fraction. Because of low radioactive counts and other technical 
problems it was not possible to extend a determination of individual compo- 
nents present in each fraction beyond a period of 50 min. The data shown in 
Table VIII are typical results obtained with one cat. Experiments using 3 and 
10 pg injections of hormone were carried out  with a total of 5 animals. 

Discussion 

The first specific mechanism of enzymatic inactivation in vivo of neuro- 
hypophyseal hormones was the finding of the susceptibility of the cysteinyl- 
tyrosyl peptide bond of oxytocin to hydrolytic cleavage by a group of enzymes 
frequently referred to by the generic name of oxytocinase [47] present in 
placenta and plasma of pregnant primates [48,71,72].  It appears that  among 
the several aminopeptidases present in colostrum [43,49,50] one actually in 
certain instances is the placental cystine aminopeptidase [51].  Nevertheless, 
the physiological role of the inactivation of oxytocin by cystine aminopep- 
tidase in relation to the regulation of pregnancy and parturition of  primates is 
at present unclear [ 52]. A potentially physiologically significant mechanism of 
oxytocin inactivation involving the stepwise removal of N-terminal amino acid 
residues by an exopeptidase present in hypothalamic preparations results in the 
formation of Pro-Leu-Gly-NH2 [53,54] ; this C-terminal tripeptide of oxytocin 
has been suggested to be a natural factor inhibiting the release of pituitary 
melanocyte-stimulating hormone [53,55] and it has been shown to possess 
several extrapituitary effects [ 56]. 

Consideration of the preferred three-dimensional structure of oxytocin in 
solution [57] suggested that  peptide bonds located outside the 20-membered 
ring component  of neurohypophyseal  hormones should be more susceptible to 



154 

hydrolytic cleavage by enzymes than those within the ring [58].  Cleavage of 
the peptide chain of hormones between residiues 8 and 9 {with a concomitant  
release of Gly-NH2) or between 7 and 8 {release of Leu-Gly-NH2 from oxy- 
tocin or Arg-Gly-NH2 from arginine vasopressin) could represent important  
mechanisms for enzymic inactivation of these hormones (see ref. 43). In view of 
our emerging awareness of the distribution among numerous tissues of high levels 
of different enzymic activities which rapidly release C-terminal fragments from 
neurohypophyseal  hormones, it was thought appropriate to investigate the en- 
zymatic content  of one of the target and inactivating organs of neurohypophy-  
seal hormones, i.e., the kidney, of several species. 

With kidney preparations of species which release 50% or more of labelled 
Gly-NH2 from [9-Glycinamide-1 -~ 4C]oxytocin  witin the first 10-min incuba- 
tion period, the C-terminal amino acid moiety was the only radioactively la- 
belled digest product  present in large quantities. In contrast, with kidney prepara- 
tions which release less than 50% of [~4C]Gly-NH2 from [9-Glycinamide-1- 

4 C] oxytocin during the first 10-min incubation period, labelled Leu-Gly-NH2 
was present at significant levels (Table I). 

The data given in Table I for Gly-NH2 represent the summation of 
[ ~ 4C] Gly-NH2 released from intact [9-Glycinamide-1-' 4C] oxytocin as well as 
the amount  formed, in secondary enzymatic reactions, from Leu-[~4C]Gly- 
NH2. Therefore, even with kidney extracts of species in which practically only 
Gly-NH2 was found, it is probable that the post-proline cleaving enzyme is 
present and contributes to the inactivation of hormone. However, the post- 
proline cleaving enzyme is less efficient in inactivating [9-Glycinamide-1-~ 4 C]- 
oxytocin than the enzyme releasing Gly-NH2 and, moreover, the Leu-Gly-NH2 
formed is rapidly cleaved by aminopeptidases present in the extracts [9] .  Since 
the rates of cleavage of the Pro-Leu bond in [9-Glycinamide-1 -~ 4C] oxytocin 
and the Pro-Arg bond in [9-Glycinamide-1 -I 4C] arginine vasopressin by post- 
proline cleaving enzyme are similar [12] ,  in kidney extracts of those species 
which slowly inactivate [9-Glycinamide-l-' 4C] arginine vasopressin by direct 
release of Gly-NH2 the substantial levels of Arg-Gly-NH2 formed during a 
15-min incubation period with arginine vasopressin as substrate should repre- 
sent a fairly accurate indication of the level of enzymatic activity capable of 
cleaving the peptide bond between residues 7 and 8 of neurohypophyseal  hor- 
mones. Results depicted in Table I support  our earlier conclusions that the 
overall mechanism of inactivation of arginine vasopressin in rat kidney in vitro 
differs from that of oxytocin inactivation [9] ; apparently the enzyme which 
releases Gly-NH2 directly from arginine vasopressin is present at low concentra- 
tions or is not  active in rat kidney, thereby allowing predominant  expression of  
other inactivating activities (e.g., cleavage of  the Cys-Tyr and Pro-Arg bonds). 
This same type of pattern holds when comparing inactivation of oxytocin by 
kidneys of various species, i.e., while both enzymes (Gly-NH2-releasing or 
post-proline cleaving) are present, the ratio of enzyme concentrations or degree 
of activities determines the major pathway of hormone inactivation. Since lamb 
kidney clearly contains high levels of activity of post-proline cleaving enzyme 
in addition to the Gly-NH2-releasing activity, this readily available tissue was 
chosen for purification of the two enzyme activities. 

The results of fractionation of the crude lamb kidney enzyme mixture 
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show that the enzyme which releases Gly-NH2 from oxytocin  and the post- 
proline cleaving enzyme are separate entities. Both preparations appear to be 
free of  significant amounts  of aminopeptidase and carboxypeptidase activities, 
although analytical disc electrophoresis revealed that  both preparations are 
contaminated by protein wi thout  enzymatic activity. Results of incubation of  
this preparation with neurohypophyseal  peptides with substitutions in position 
8 suggest that the Gly-NH2 -releasing enzyme has a chymotrypsin-like substrate 
specificity as was found for the Gly-NH2-releasing activity of rat kidney [ 5]. 
The different pH profiles of  the post-proline cleaving enzyme and the gly- 
cinamide-releasing enzyme, both  in the crude and partially purified states, fur- 
ther confirms their distinct identities. 

The purified prolyl peptidase of lamb kidney was inhibited by Zn 2÷ 
Ca 2÷ > Co 2÷, while Mg ~÷, Mn 2÷ and Fe 2÷ were ineffective (Table III). Interest- 
ingly, dithiothreitol at a concentrat ion of  I mM enhanced the enzyme activity. 
The enhancement  of enzyme activity is independent of the presence of the 
disulfide bridge in the substrate since it is also observed with Z-Gly-Pro-Leu-Gly 
in the presence of 0.1 and 1.0 mM dithiothreitol. By way of  comparison of  
properties of  post-proline cleaving enzyme from lamb kidney and human 
uterus, the stimulatory effect  of  dithiothreitol had also been observed with the 
enzyme purified from the latter source as were some of the ion effects [12] .  In 
view of the observed stimulatory effect of  dithiothreitol, prolyl peptidase from 
both sources was treated with a number  of  enzyme inhibitors including sulfhy- 
dryl-specific reagents. Both enzyme preparations respond in a similar manner to 
various enzyme inhibitors (Table IV). The effects of iodoacetic acid and p°chlo- 
romercuriphenyl sulfonic acid may indicate the presence in the enzymes of  a 
free sulfhydryl group. The fact that L-l-tosylamido-2-phenylethylchloro- 
methyl  ketone abolishes activity of post-proline cleaving enzyme (Table IV) 
warrants further attention, although it appears premature to reach any" conclu- 
sions concerning the active site of  the enzyme. Under identical gel filtration 
conditions, the enzymes behave identically, indicating a similar molecular 
weight (~60  000}. Furthermore,  the substrate specificity of both enzyme prep- 
arations is identical as far as a direct comparison was made. The specificity of  
the prolyl peptidase from human uterus was previously tested using oxytocin,  
arginine vasopressin, [Ile s ] angiotensin II as well as some analogs of  these hor- 
mones and some smaller peptides [12,43] .  Only the peptide bond at the car- 
boxyl  side of  proline was cleaved in these substances. 

In the present s tudy the specificity of  the purified lamb kidney enzyme 
has been determined with a larger number  of substrates. Neurohypophyseal  
hormone analogs which do not  contain Pro are not  cleaved as was the case with 
a number  of  additional peptides used as controls. In all peptides containing the 
Pro-X element the peptide bond at the carboxyl  side of  proline was cleaved 
irrespective of the nature of X provided it is not  Pro; note, however, that  no 
Gly-NH2 was released from (8-proline)oxytocin, which contains a Pro-Pro-X 
sequence. The Pro-X peptide bond is not  cleaved when a free Pro occupies the 
N-terminal position, but  is cleaved when the Pro residue is further within the 
peptide chain; or occupies the penult imate C-terminal position, although in this 
case the nature of  the residue at the carboxyl side of proline influences the rate 
of  cleavage. This is illustrated by the experiments in Table VI, in which pep- 
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tides of  the angiotensin family possessing substitutions in the C-terminus (posi- 
tion 8) were incubated for various time intervals with lamb kidney enzyme. 
Analogs with aliphatic residues at the carboxyl side of Pro are hydrolyzed more 
slowly than those with Phe at this position. 

(1-fi-Mercaptopropionic acid, 8-D-arginine)vasopressin, a synthetic analog 
of the natural mammalian antidiuretic principle, has been subject in recent 
years to clinical studies for its usefulness in the management of severe diabetes 
insipidus in human [59--63] .  It was hypothesized [59,62] that  the D-Arg 
residue in place of the L-Arg in position 8 may protect  the analog from en- 
zymatic inactivation and explain its long half-life. However, in the light of  new 
information this does not  seem to be the case. Surprising to us was the finding 
that (1-fi-mercaptopropionic acid, 8-D-arginine)vasopressin (Table V, com- 
pound 23) released upon treatment with the post-proline cleaving enzyme the 
D-Arg-Gly-NH2 moiety, i.e., the L-Pro-D-Arg peptide bond is hydrolyzed. In 
fact, when the inactivation of this analog was compared with that containing 
the L-arginine residue ((1-/~-mercaptopropionic acid, 8-arginine)vasopressin) and 
with (1-~-mercaptopropionic acid, 8-1ysine)vasopressin, it was found by bioas- 
say that  all three peptides lose their activity at approximately the same rate 
(Table VII). Thus, to whatever degree that the prolyl peptidase may contr ibute 
to the inactivation in vivo of  neurohypophyseal  peptides, it cannot be responsi- 
ble for the prolonged antidiuretic responses observed with (1-~-mercapto- 
propionic acid, 8-D-arginine)vasopressin [59,63] .  Indeed, it was reported [64] 
that substitution of D-Arg for the L residue had little influence on the duration 
of action in diabetes insipidus rats. Moreover, there is recent evidence [9] that 
hydrolysis of the peptide bond between Arg and Gly-NH2 does not  play a 
ma jo r  role in the inactivation of vasopressin (at least in rat) and it appears 
unlikely that the D-Arg-Gly-NH2 bond is a primary target for enzymatic attack. 
It seems then that the Pro-Arg bond and N-terminus of arginine vasopressin are 
important  sites for enzymatic inactivation. The latter content ion is in accord 
with studies showing that replacement of  the terminal amino group by a hydro- 
gen is the structural change that has the greatest effect in prolonging duration 
of antidiuretic action [64].  However, the duration of action of a hormone or 
analog is not  only governed by enzymatic inactivation in the target organ and 
other sites but  also by relative hydrophobici ty  of the peptide influencing affin- 
ity parameters for various binding sites and the distribution pattern; unfor- 
tunately at present the degree to which such factors contr ibute to duration of  
action is little understood. 

In earlier studies we found a direct correlation in the inactivation of 
neurohypophyseal  hormones by rat kidney tissue at three levels of complexity:  
in vivo, in vitro in the homogenate,  and in the isolated perfused kidney. We 
were interested in a similar comparison with a species that  inactivated neuro- 
hypophyseal  hormones slower than the rat, as it was hoped that the prolyl 
peptidase activity would be more apparent. Kidney homogenate of cat inac- 
tivates both oxytocin and arginine vasopressin slowly (Table I). With both hor- 
mones a relatively large amount  of C-terminal dipeptide is released, and oxy- 
tocin is inactivated to a greater degree than vasopressin. The result of  in vivo 
studies in the cat suggest that in this animal both enzymes responsible for 
degradation of  [9-Glycinamide-l-' 4C[oxytoc in  in the kidney extract in vitro 
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are also functional in vivo. The amount  of  total radioactivity recovered after 
oxytocin  injection is about 50--60% and 40--50% for arginine vasopressin ir- 
respective of  the dose injected. While in the rat 50--60% of  the recoverable 
radioactivity after oxytoc in  injection was in the form of  [ 14 C] Gly-NH2 and no 
labelled Leu-Gly-NH2 was detected [8 ] ,  in the cat Gly-NH 2 accounted for only 
15%, and Leu-Gly-NH2 for another 15% of radioactivity recovered. In cat, 
much of  the recoverable radioactivity was in the form of intact hormone,  and 
arginine vasopressin was inactivated to a lesser degree than oxytocin.  The dif- 
ference in inactivation, as well as the fact that much of  the hormone is excreted 
intact both in the case of  [9-Glycinamide-l-14C]oxytocin and [9-G/y- 
cinamide-1-14C]arginine vasopressin, may also result from the fact that the 
doses used are 1000- -10  000 times greater than the physiological concentra- 
tions. As seen in the perfused rat kidney in vitro [6 ] ,  arginine vasopressin can 
produce extreme vasoconstriction, predominantly on the afferent vessels, and 
these hemodynamic  responses could affect the metabolism of the hormone.  
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