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SUMMARY

The specificity of three neutral endopeptidases toward several biologically
active peptides was determined by combined high-performance hquid chromatogra-
phy and amino acid analysis of the degradation products. Incubation mixtures were
chromatographed on a reversed-phase column equilibrated with a mixture of acetoni-
trile and potassium phosphate buffer (0 05 M; pH 2 0) Reaction products were eluted
with a linear gradient of acetonitnile and the absorbance of the effluent monitored at
210 nm Fractions corresponding to discrete peaks were subjected to quantitative
amino acid analysis The peptide bond undergoing cleavage 1s readily assigned from
the knowledge of the pnmary structure of the peptide and the amino acid com-
posttion of the reaction products.

INTRODUCTION

Recognition of the important role of peptides 1n neural function and also i the
regulation of function of peripheral tissues, has stimulated renewed interest i the
1solation, characterization and determination of the specificty of endopeptidases from
brain and other tissues. These enzymes are likely to function in the formation of
active peptides from precursor molecules and also 1in the degradation of these pep-
tides, thereby terminating their activity Determination of the substrate specificity of
endopeptidases requires techniques for the separation and 1dentification of the pep-
tides formed by their action on peptide and protein substrates. The frequently tedious
classical electrophoretic and chromatographic methods for peptide separation are
now bemng replaced by more efficient, simple and rapid high-performance liquid chro-
matographic (HPLC) techmiques. Reversed-phase hquid chromatography with 1on
suppression achieves a high efficiency resolution of peptides The separation process
can be monitored by measuring the absorbance of the peptide bond at 210 nm and
emerging peptides collected for defimtive charactenization by amino acid analysis.

We describe here the apphlication of HPLC and amino acid analysis to the
elucidation of the substrate specificity of three neutral endopeptidases that we have

isolated from various tissues including brain and pituitary ™.
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MATERIALS AND METHODS

Prolyl endopeptidase was prepared from rabbit brain as described! The
specific activity of the preparation used in these studies was 600 U/mg. Membrane-
bound metalloendopeptidase was isolated from rabbit kidney cortex using the pro-
cedure described for isolation of the enzyme from bovine pituitanies®*. The specific
activity was 1000 U/mg. Cation sensitive neutral endopeptidase was isolated from
bovine pituitaries as described?. The specific activity of the preparation used in these
studies was 4 U/mg. Bradykinin triacetate and angiotensin II acetate were obtained
from Bachem, Torrance, CA, U.S A. Leucine enkephalin and neurotensin were ob-
tained from Sigma, St. Louis, MO, U.S.A. All other chemicals were of the highest
analytical grade available. Z-p-Ala-Leu-Arg-2NA* was synthesized in this labo-
ratory by Dr Stevens Pearce

HPILC was carried out on a Perkin-Elmer sertes 2 hquid chromatograph
equipped with a variable-wavelength spectrophotometric detector (LC-55). Peptide
mixtures were chromatographed on a 250 x 4 mm Bio-Sil ODS-10 (10 um) reversed-
phase column (Bio-Rad Labs.). The column was equlibrated with a mixture of
acetonitrile and potassium phosphate buffer (0.05 M; pH 2 0)°. The starting aceton-
itrife concentration was 10%,. A hnear gradient was programmed for an increase m
the acetonitrile concentration of 1 9;min or 2 %,/min as required. The flow-rate was
1 ml/min. Peptide elution was monitored at 210 nm.

Incubations were carried out in a final volume of 250 ul. Detatls of individual
mmcubations are given in the legends to the figures. The progress of the reaction was
monitored by subjecting 10-ul aliquots of the incubation mixture to reversed-phase
chromatography. After a sufficient amount of reaction product was formed, the re-
mainder of the incubation mixture was injected on the column. Fractions correspond-
ing to discrete peaks were manually collected and concentrated under a stream of
nitrogen. The concentrated samples were transferred to 1-ml ampules and the con-
tents evaporated to dryness i vacuo. To the dried residue was added 150 ul constant
boiling hydrochloric acid (6 N) and 10 ul phenol to tyrosine-containing peptides 1n
order to prevent oxidation of the phenolic ring. The ampules were evacuated, sealed,
and the contents hydrolyzed at 105°C for 18 h. The contents of the ampules were then
evaporated io dryness under nitrogen and the hydrolysate subjected to amno acid
analysis on a Technicon TSM amino acid autoanalyzer.

RESULTS

Reversed-phase HPLC was found to be an excellent system for the rapid and
effictent resolution of peptides. Moreover peptides could be readily collected as they
emerged from the column for definitive characterization by amino acid analysis. The
combination of HPLC and amino acid analysis was applied to the study of en-
dopeptidase specificity. Sites of cleavage were assigned from a knowledge of the
primary structure of the peptide substrate and the amino acid composition of the
products. Representative examples are given below.

* 2NA = 2-Naphthylamide.
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Membrane-bound metalloendopeptidase

Incubation of this enzyme with leucine enkephalin gave two peptide products
(F1g. 1). Analysis of the ammo acid composition of the products revealed a spht on
the amino side of the phenylalanine residue (Table I) Incubation of the metalloen-
dopeptidase with bradykinin gave four peptide products (Fig 2) Analysis of the
ammo acid composition of the products revealed two splits of the peptide chain,
again each occurring on the amino side of a phenylalanine residue (Table I) The
specificity of this enzyme has been studied in considerable detail both with model
chromogenic substrates* as well as with neuropeptides® The results are consistent
with a ““thermolysin-like™ specificity 1n which peptide bonds at the amino side of
hydrophobic amino acids are preferentially cleaved.
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Fig 1 Action of metalloendopeptidase on leucine enkephalin The incubation was carried out at 37°C for 1
h mn a Tns-HCI buffer (0 05 M, pH 7 3) The incubation mixture (total volume 0 25 ml) contained 330
nmoles leucine enkephahin and 1 2 umis of enzyme A 10-ul ahquot was chromatographed on a 256 x 4
mm Bio-Sil ODS-10 column equiltbrated with a muxture of acetomtrile and potassium phosphate buffer
(0 05 A, pH 2 0) The starting concentration of acetomtnle was 109/ and was hnearly increased at a rate of
2% mun The flow-rate was 1 ml/mm Absorbance was monitored at 210 nm (02 aufs)

Fig 2. Action of metalloendopeptidase on bradykimin Incubation conditions as in Fig 1 Chromatograph-
1ic condiions as in Fig 1 except for a 1 94/min increase 1n acetonitnle concentration 0 I aufs

Prolyl endopeptidase

Incubation of prolyl endopeptidase with angiotensin IT gave two peptide prod-
ucts (Fig. 3) The larger fragment was readily identified as des-phenylalanyl angioten-
sin II, demonstrating cleavage at the carboxyl side of the single prolyl residue (Table
II) Incubation of the enzyme with neurotensin for 3 h gave two peptide products
consistent with a split of the Pro—Tyr bond (Fig. 4, Table II) An increase in the ttme
of mcubation led to a sphit of the Pro—-Arg bond as well (data not shown).
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TABLE 1

ACTION OF MEMBRANE-BOUND METALLOENDOPEPTIDASE ON BRADYKININ AND
LEUCINE ENKEPHALIN

Peak* Ammo acids** Assignment

BradyAwin

1 Gly (1 0), Pro (2.1), Arg (0 8) Arg-Pro-Pro-Gly

2 Arg (1.0), Phe (0 8) Phe-Arg

3 Ser (1 0), Pro (1 1), Phe (1 2) Ser_Pro-Phe

4 Gly (1 0), Pro (3 2), Ser (1.2), Arg—Pro-Pro-Gly-Phe-
Ser-Pro

Phe (1 2), Arg (0 8)
5 — Bradykinin**

Arg-Pro-Pro-Gly *Phe-Ser-ProlPhe-Are

Leucne enhephalin

1 Tyr (1 0), Gly (2.0) Tyr—Gly-Gly

2 Phe (1 0), Leu (09) Phe-Leu

3 — Leucine enkephalini**

!
Tyr-Gly-Gly=Phe-Leu

* Peak numbers refer to Fig. 2 (bradykinin) and Fig. 1 (leucine enkephalin)
** Amno acid concentrations expressed relative to first amino acid hsted
**x*x Assignment based on retention time
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Fig. 3 Action of prolyl endopeptidase on angiotensin I1. Incubation was carried out at 37°C for Shma
Tris—HCI buder (0 I Af; pH 8.3). The incubation mixture (total vofume 0.25 mi} contained 90 nmoles
angiotensin I, 250 nmols dithiothreitol and 0 6 units of enzyme. Chromatographic conditions asin Fig-2.

Fig. 4. Action of ] pronl'cndopepcdasc on neurotensin. Incubauon was carried out for 3k at 37°Cin a Tris—
HCl buffer (0.1 M; pH 8.3). The incubation mixture (totai volume 0.25 ml) contained 60 nmoles neuroten-
sin, 250 nmoles dithiothreitol and 0 6 units enzyme. Chromatographic conditions as mn Fig 2.
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TABLE I
ACTION OF PROLYL ENDOPEPTIDASE ON ANGIOTENSIN II AND NEUROTENSIN

Peak* Anuno actds** Assignment

Angrotensin 11

No ammo acids §

Phe (1 0) Phe

No amino acids §

His (1 0), Arg (1 0) Asp—-Arg—Val-Tyr-Ile-His-Pro
Asp (08) Pro (10),

Val (0 8), Ile (0 8)

Tyr (1 0)

- Angiotensin [I*+~

VI S

w

Asp—Arg—Val—Tyr—llc—Hls-ProiPhc

Neurotensin

No amuno acids ¥
No amino acids 3
Asp(10) Lys(1 %) pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro
Arg (2.3) Glu (22),
Prc (19), Leu (07}
Tyr (1 1)
4 Ile (1 0), Len (09) Tyr—lle-Len
Tyr (1 3)
b - Neurotensin***
pGlu-Leu-Tyr-Glu-Asn-Lys—Pro—Arg—
Arg-Pro}

W) 1N

~Tyr-lle-Leu

* Peak numbers refer to Fig 3 (angiotensin II) and Fig 4 (neurotensin)
*+* Amimo acid concentrations expressed relative to first ammo acid listed
*** Assignment based on retention ttme
t Present 1n umncubated control

Cation-sensitive neutral endopeptidase

Incubation of this enzyme with neurotensin produced three prumary cleavages
(Fig. 5). These were assigned on the basis of the amino acid composition of the
products to a split of the Glu-Asn, Asn-Lys and Ile-Leu bonds (Table III). Incu-
bation of cation-sensitive neutral endopeptidase with the model chromogenic substrate
Z-p-Ala-1 eu—Arg-2NA revealed a trypsin-like activity with cleavage of the Arg—

2NA bond (Fig. 6, Table III).

DISCUSSION -

HPLC and ammno acid analysis was used for the separation and characteri-
zation of peptide products formed by the action of endopeptidases on neuropeptide
substrates. The spectficity of three neutral endopeptidases isolated from bramn,
pituitary and other tissues was readily determined using this techmque Its speed,
simplicity and rehiability should make 1t the method of choice for such studies. The
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Fig 5. Acuon of cation-sensitive neutral endopeptidase o> neurotensin. Incubation was carried out for 16
h at 37°C m a Tns-HCI buffer (0 05 3 pH 7.5). The incubatio.; muxture (total volume 0.25 mi) contained
60 nmoles neurotensin and 0.1 units of enzyme. Chromatographic conditions as in rig. 2.

Fig. 6 Action of cation-sensitive neutral endopeptidase on Z-D-Ala-Leu-Arg-2NA. Incubation was car-
ried out for 20 h at 37°C in 2 Tris—HC1 buffer (0 05 M; pH 7 5). The incubation mxture (total volume 0 25
ml) contained 200 amoles Z-pD-Ala-Leu-Arg-2NA, 250 nmoles dithiothreitol and 0.1 umts of enzyme.
Chromatographic conditions as in Fig_ 1.

classification of endopeptidases on the basis of substrate specificity is illustrated with
the three enzymes used in this study.

Membrane-bound metalloendopeptidase can be viewed as a thermolysin-like
enzyme on the basis of its resemblance to the specificity of the bacterial enzyme”’.
Both enzymes cleave peptide bonds on the amino side of a hydrophobic amino acid.
The action of the metalloendopeptidase is illustrated here with bradykinin and with
leucine enkephalin. Although leucine enkephalin is cleaved to release a C-terminal
dipeptide, the enzyme is not a dipeptidyl carboxypeptidase. It will cleave a C-terminal
dipeptide if a hydrophobic amino acid is present in the penultimate position, but its
action on bradykinin and on C-terminal blocked peptides* shows that a free carboxyl
group is not a requirement for activity. Table IV summarizes the action of this
enzyme on other peptide substrates®.

Prolyl endopeptidase cleaves peptidyl prolyl peptide and peptidyl prolyl amino
acid bonds. The enzyme has a preference for bonds in which the amino function is
provided by a hydrophobic amino acid. This is seen with neurotensin as substrate in
which the Pro—Tyr bond is readily cleaved (Fig. 4, Table II) and in which the Pro—-Arg
bond undergoes cleavage only after prolonged incubation!. Although the enzyme
releases the terminal phenylalanine from angiotensin II (Fig. 3, Table IT) it is not a
carboxypeptidase. A C-terminal amino actd will be split if a proline residue is present
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TABLE I

ACTION OF CATION-SENSITIVE NEUTRAL ENDOPEPTIDASE ON NEUROTENSIN AND Z-
DAla-Leu-Arg—2NA

Peak* 4mmo acids** Assignment

Neurotensm

1 Asp (10) Asp

2 Tyc (10), Ite (09) Pro (22), Lys-Pro-Arg-Arg-Pro-Tyr-lle
Arg (20), Lys (1 3)

3 Tyr (1 0), Leu (0 8) Glu (2.0) pGlu-Leu-Tyr-Glu

4 Traces -

5 Traces -

6 — Neurotensink**

pGlu-Leu-Tyr-GlutAsniLys—

Pro-Arg-Arg—Pro-Tyr-lletLeu

Z-D-Ala-Leu—-Arg-2NA

1 None -4
2 None 2-naphthylammne***
3 Arg (10) Ala(09), Leu (08) Z-pD-Ala-Leu-Arg

Z—D-Ala—Leu—Atgi‘.’.NA

* Peak numbers refer to Fig 5 (neurotensin) and Fig 6 (Z-D-Ala-Leu-Arg-2NA)
** Amno acid concentrations expressed relative to first amino acid histed.
*+* Assignment based on retention time
! Present 1n unincubated control

TABLE IV

CLEAVAGE OF BIOLOGICALLY ACTIVE PEPTIDES BY MEMBRANE-BOUND METALLOEN-
DOPEPTIDASE

Peptide Sute of cleavage

Substance P Arg—Pro—Lys—Pro—Gln—Gln—l—PheiPhe
~Gly}Leu-MetNH,

Met-Enkephalin Tyr—Gly—GlyiPhe—Met

Oxytocn Cys—Tyr—ﬂe—Gln—Asn—Cys—Pro!'-
Leu-GlyNH,

Neurotensin pGlu-Leu-Tyr-Glu-Asn-1 ys—Pro-
Arg-Arg-Prol

Tyrinc—[.cu
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in the penultimate position. However, the action of this enzyme on the C-terminal
blocked peptide LHRHS and on other neuropeptide substrates® shows that a free
carboxyl group is not a requirement for activity. It is now clear that prolyl en-
dopeptidase is identical to enzymes designated as “*post-proline cleaving enzyme™ 1°,
“TRH deammdase*** and “‘bradykimin kininase B”!*. Table V summarzes the
action of this enzyme on other peptide substrates® 8 *3

TABLE YV
CLEAVAGE OF BIOLOGICALLY ACTIVE PEPTIDES BY PROLYL ENDOPEPTIDASE

Pepride Sute of clearage

Brady kinin Arg—Pro—Prol-Gl_\ —Phe-Ser—Pro‘iPhe—Arg*

TRH pGiu—l~l;s-l’ro—l-‘.\'[-ll

LHRH pGIa——H;s—Trp—Ser—Tyr—Gly—Leu—Arg—ProéGly—N H.

* The Pro~Gly bond of bradykinin 1s cleaved at an appreciably slower rate than the Pro-Phe bond

Cation-sensitive neutral endopeptidase, a high-molecular-weight enzyme first
isolated from bovine pituitaries® > has recently been shown to be a multi-catalytic
protease complex!®. It exhibits chymotrypsinhke, trypsinlike and peptidylelutamyl-
peptide bond hydrolyzing activities. Experiments with selective mhibitors and acti-
vators have shown that the activities are catalyzed by distinct active sites The chym-
otrypsinlike and peptidylglutamyl-peptide bond hydrolyzing acuvities are observed
in the action of this enzyme complex on neurotensin (Fig. 5, Table III) The trypsin-
hke activity is observed in the cleavage of the model chromogenic substrate Z-p-Ala—
Leu-Arg-2NA. With the latter substrate, two major products are observed on the
HP1.C chromatogram (Fig. 6). One peak containing no amino acids is attributed on
the basis of its retention time to 2NA The amino acid composition of the other

TABLE V1

CLEAVAGE OF BIOLOGICALLY ACTIVE PEPTIDES BY CATION-SENSITIVE NEUTRAL EN-
DOPEPTIDASE

Peptide Site of clearage*

Angiotensin 11 Asp —Ax-g—ValJ'-Tyr'-L ne-L His—ProX-Phe

Bradykmnin Arg—Pro—-Pro—Gly-—Pne-LSer—Pro—nne—Arg
LHRH pGlu—tHis—Trpser Tyr$Gly—t eu—Arg—Pro—Giy—NH,
x-MSH Ac—Ser—TyrXxSer—Met— Gly —HisX-

phed arg—7rp L Gly—Lys—Pro—vai—NH2

Substance P Arg—pPro —Lys—Fro— Gin—Gin—Phe X Phe-‘LGly— Leu—Met—NH>

* Heavy arrows indicate rapid cleavage and dashed arrows mndicate slow cleavage
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product is simmlar to that of the unchanged substrate but 1s identified as Z-pD-Ala—
Leu-Arg because it 1s well separated from the substrate Thus a major cleavage
between Arg and 2NA 1s assigned (Table III) Table VI summanizes the action of this

enzyme on other peptide substrates® '¢ 17

In summary, the bonds cleaved by the action of an endopeptidase on a peptide
substrate can be readily deduced from a knowledge of the primary structure of the
substrate and the amino acid composition of the products HPLC provides a simple
and rapid means for peptide separauon The non-destructive UV detector allows for
the collection of the products for further charactenization by ammo acid analysis
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