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SUM&MARY 

The specrficrty of three neutral endopeptrdases toward several biologtcaliy 
active peptrdes was determined by combmed high-performance liquid chromatogra- 
phy and ammo acrd analysrs of the degradation products_ Incubation mixtures were 
chromatographed on a reversed-phase column eqmhbrated with a mixture of acetom- 
trile and potassium phosphate buffer (0 05 A4; pH 2 0) Reactron products were eluted 
wrth a linear gradient of acetomtnle and the absorbance of the effluent monitored at 
210 nm Fractions correspondmg to discrete peaks were subjected to quantttattve 
ammo acid analysts The pepttde bond undergoing cleavage 1s readily assigned from 
the knowledge of the pnmary structure of the peptrde and the ammo acid com- 
posmon of the reaction products_ 

INTRODUCTION 

Recogmtion of the important role of peptrdes m neural function and also m the 
regulation of function of peripheral trssues, has strmulated renewed interest m the 
rsolatton, characterrzatron and determmatron of the specrficty of endopeptrdases from 
brain and other ttssues. These enzymes are likely to function m the formatton of 
active peptides from precursor molecules and also m the degradation of these pep- 
tides, thereby terminatmg their actrvrty Determmatron of the substrate spectfictty of 
endopeptidases requtres techmques for the separation and rdentrficatron of the pep- 
trdes formed by their action on peptide and protein substrates. The frequently tedious 
classical electrophoretic and chromatographrc methods for pepttde separatton are 
now bemg replaced by more e&tent, simple and rapid h&r-performance hquid chro- 
matographrc (HPLC) techmques. Reversed-phase hquid chromatography with ion 
suppressron a&eves a high efficrency resolutron of peptrdes The separatron process 
can be momtored by measurmg the absorbance of the peptide bond at 210 mn and 
emergmg peptides collected for def%utrve charactenzatron by ammo acid analysrs. 

We describe here the apphcatron of HPLC and ammo acid analysts to the 
elucidation of the substrate specificrty of three neutral endopeptrdases that we have 
isolated from various tissues includmg bram and prtuitaryi4. 
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MATERIALS AND IMETHODS 

Prolyl endopeptidase was prepared from rabbit brain as described’’ The 
sp&fic activity of the preparation used in these studies was 600 U/mg. Membrane- 
bound metalioendopeptidase was isolated from rabbit kidney cortex using the pro- 
cedure described for isolation of the enzyme from bovme pituitar&. The specific 
actwity was 1000 U/mg_ Cation sensmve neutral endopeptidase was isolated from 
bovine pituitaries as described3_ The specxfic actiwty of the preparation used in these 
studies wds 4 U/mg. Bradykinin tnacetate and angiotensm II acetate were obtained 
from Bachem, Torrance, CA, US A. Leucme enkephahn and neurotensin were ob- 
tained from Sigma, St_ Louis, MO, USA_ All other chemicals were of the highest 
analytical grade avarIable_ Z-D--Ala-teu-Ar, o-2NAf was synthesrzed in this labo- 
ratory by Dr Stevens Pearce 

HPLC was carried out on a Perkin-Elmer senes 2 hquid chromatograph 
equipped with a \ariabIe-wavelength spectrophotometric detector (LC-55). Peptrde 
mixtures were chromatographed on a 250 x 4 mm BIO-SIP ODSlO (10 w) reversed- 
phase column (Bro-Rad Labs_)_ The column was equilibrated with a nuxture of 
acetonitriIe and potassium phosphate buffer (0.05 &Z; pH 2 0)‘. The startmg aceton- 
itrile concentration was 10 %_ A hnear _eradient was programmed for an increase m 
the acetonitrile concentration of 1 %lmin or 2 %/min as required_ The flow-rate was 
I ml/mm. Peptrde ehrnon was monitored at 210 nm_ 

Incubatrons Her-c carried out in a final volume of 250 ,vL Detarls of mdrvrdual 
Incubations are given in the legends to the figures. The progress of the reactton was 
monitored by subjecting 10-g 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. Fracttons corrcspond- 
ing to discrete peaks were manually collected and concentrated under a stream of 
nitrogen. The concentrated samples were transferred to l-ml ampuIes and the con- 
tents evaporated to dryness m v~cuo. To the dncd rcsrdue was added 150 ~1 constant 
boiling hydrochloric acid (6 IV) and 10 ~1 phenol to tyrosmecontaining peptrdes m 
order to prevent o_xidation of the phenohc ring. The ampules were evacuated, sealed, 
and the contents hydroIyzed at 105°C for IS h. The contents of the ampules were then 
evaporated to dryness under nitrogen and the hydrolysate subjected to ammo acid 
analysis on a Technicon TSM amino acid autoanalyzer. 

RESULT5 

Reversed-phase HPLC was found to be an excellent system for the rapid and 
efficient resolution of peptides Moreover pepttdes could be readily collected as they 
emerged from the cohmm for definitive charactenzation by ammo 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_ 
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Membrane-bound metalloendopeprrdase 
Incubatxon of this enzyme wtfh leuctne enkephahn gave two pepttde products 

(Ftg. I). Analysts of the ammo actd composttton of the products revealed a split on 
the amino stde of the phenylalanine restdue (Table I) Incubatton of the metalloen- 
dopepttdase wtth bradyktmn gave four pepttde products (Ftg 2) Analysts of the 
amino acid composttton of the products revealed two splits of the pepttde chain, 
agatn each occurrtng on the ammo stde of a phenylalantne restdue (Table I) The 
specificity of thts enzyme has been studted tn considerable detatl both wtth mode1 
chromogentc substrates* as well as wtth neuropepttde$ The results are conststent 
wtth d “thermolystn-1tke” specificity tn which pepttde bonds at the amino stde of 

hydrophobtc amino actds are preferenttally cleaved- 

1 i 1 I 
15 IO 5 0 

TIME (mm) TIME (mm) 

FIN 1 Action ofmetalhxndopepndase on leucme enhephahn The mcubatlon N as camed out at 37’C for 1 
h tn a Tns-HCl buffer (0 05 M, pH 7 3) The mcubmon mixture (total volume 0 25 ml) contamed 330 
nmoles leucme enkephahn and 1 2 umts of enzyme A lO+I ahquot was chromatographed on d 250 x 4 
mm BIO-51 ODS-IO column eqmhbrated wtth a nuxture of acetomtnle .md potassmm phosphate buffer 
(0 05 M, pH 2 0) The startmg concentration of acetomtrde was 10 “,‘, and was hnearll mcreased dt a r&e of 
2% mm The flow-rate uas 1 ml/mm Absorbance was momtored at 210 nm (0 2 a u f s ) 

Fig 2. Action of metalloendopcptidasc on bradjkmm Incubation condmons as m Fig 1 Chromato_@aph- 
IC condmons as III F:g 1 except for a 1 ydrnnt Increase m acetonrtnle concentration 0 I a u f s 

Pro&l endopeptrdase 
incttbatton of prolyl endopepttdase wtth angtotenstn II gave two pepttde prod- 

ucts (Ftg. 3) The larger fra_ment was readily identtfied as des-phenylalanyl an@oten- 
sin II, demonstrating cleavage at the carboxyl stde of the single prolyl residue (Table 
II) Incubation of the enzyme with neurotenstn for 3 h gave two peptide products 
consistent with a split of the PreTyr bond (Fi,. = 4, TabIe II) An increase in the ttme 
of Incubation led to a spht of the Pro-Arg bond as well (data not shown). 
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TABLE I 

ACTION OF MEMBWE-BOUND MEI-ALLOENDOPEPTIDASE 

LEUCINE ENKEPHALIN 

ON BRADYKININ AND 

peak* Ammo acidr*f Assl~-nf 

Brd> Xum 
1 GIy (1 O), Pro (LI), Arg (0 8) 
2 Arg (LO). Phe (0 S) 
3 Ser(1 0), Ro (1 I), Phc(1 2) 
4 Gly (1 0). Ro (3 2). Ser (l-2), 

Pbe ( 1 2), Arg (0 8) 
5 - 

Ar~R~R~I)IPheSer-R~Phe-Arg 

teucure erdephalrn 
1 Tyr (1 0), GI> (LO) 
2 Phe (1 0). Leu (09) 
3 - 

Tyr-GIj-GlyAPhe-Leu 

k~RO-RO-Gly 
Phe-Arg 
Ser-R*Phe 
Arg-Pro-Pro-Gly-Phe- 
&l--Pro 

Bradyhun- 

Tyr-GIy-Gly 
Phe-Leu 
Leucme enkephahn- 

* Peak numbers refer to Fig. 2 (bradykmm) and Fig 1 (Ieuane enkephalm) 
* Ammo acld concentrations espresed relatlre to first ammo aad bsted 

- Am_-ent based on retention time 

3 

Fig. 3 Acuon of proly1 endope@ase on aqpotensm Ii. Incubatxon was car&d out at 3_PC for 5 h m a 
Ti%-HCl bu%r (U l M; pH &3)_ The iixcubation miiture (total vofume (125 mlJ contained f!JO n&ofes 
angiotensin II. 250 mnoles dithiothreitol and 0 6 units of enzyme_ Chromatographic conzfitio~as in F&-2. 

Fig 4_ Ation ofp%o~yiendo~d%.e on neuror~ In&bation%vas can&out for 3iat 377% a Tiis- 
HCl buff&r (0.1 M pH S-3). The bxubatxon mixttlrr (total volume 0.25 ml) contained 60 mwks nemoten- 
sin, 250 nmoles chthiothrutol and 0 6 units enzyme Chromatographx conditions as m Fig 2 
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TABLE II 

ACTION OF PROLYL ENDOPEPTIDASE ON ANGIOTENSIN II AND NEUROTENSIN 

Anglotenstn II 
1 No ammo aeds 
2 Phe(1 0) 
3 No ammo a&s 
4 HIS (I 0), Arg(1 0) 

Asp(O8) pro(lO), 
Val(0 S), Ile (0 8) 

Tyr (1 0) 
5 - 

AspArg-VaI-Tyr-Ile-H,s-Pr&Phe 

1 No ammo acids 
2 No ammo acids 
3 Asp (1 0) Lys (1 4) 

Arg (23) Glu (2 2), 
Pro(l9),Leu(O7) 

T_yr(l 1) 
4 Ile (1 0), Leu (0 9) 

Tr (1 3) 
5 - 

pGlu-Leu-Tyr-Glu-Asn-L~s-Prc+Arg- 
ArePro 

-Tyr-Ile-Leu 

I 

Phe 
J 

Asp-4rg-VaI-Tyr-Ile-HIsPro 

Angotensm II- 

J 

J 

pGlu-Leu-T)r-Glu-Asn-Lys-Pro-Arg-ArePro 

Tyr-Ile-Leu 

Neurotensm- 

* Peak numbers refer to Fig 3 (angotensm II) and hg 4 (neurotensm) 
* Ammo actd concenfratlons expressed reIatt\e to first ammo acid hsted 

f* Assignment based on refentlon tune 
S Present m unmcubated control 

Catron-sensitrke neutral endopeptrdase 
Incubation of thus enzyme with neurotensm produced three prmxuy cleavages 

(FIN_ 5)_ These were assigned on the basis of the ammo acid composltion of the 
products to a spht of the Glu-Asn, Asn-Lys and Ile-Leu bonds (Table III)_ Incu- 
batron of cation-sensxhve neutral endopeptrdase mth the model chromogemc substrate 
Z-D-Ala-Leu-Arg-2NA revealed a trypsin-hke activity wth cleavage of the Arg- 
2NA bond (Rg_ 6, Table III). 

DISCUSSION 

HPLC and ammo acid analysis was used for the separation and characteri- 
zat~on of peptxde products formed by the actlon of endopeptidases on neuropeptlde 
substrates_ The spe&icity of three neutraI endopeptidases isolated from bram, 
piktary and other tissues was readdy determined usmg this techmque Its speed, 
simplicity and rehabihty should make It the method of choxe for such studxes. The 
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6 

2 

I5 IO 5 

TIME (mm) 

Fig .S_ Acnon of cation-senstwe neutral endopephdase ~2 ueurote&n_ Incubation was carried out for 16 
h at 3PC m a Tns-HC1 buff& (0 05 M: pH 73 The mcubatto; mwr3i-e (totat volume O-25 ml) contained 
60 nmoles neurotenan and O-1 units of -me_ Chromatograpluc condrt~ons as in Fig Z 

Fig. 6 Action of cation-se&t& neutral endopeptidase on Z-DAI~-L~U-A~-~NA_ Incubation was ear- 
ried out for 20 h at 3TC in a Tns-HQ btikr (0 OS M; pH 7 S)_ The incubation mxxture (total volume 0 25 
ml) contained 260 nmoles Z-D+%+Leo-Ar@NA, 250 nmoks dithiotitol and O-1 umts of enzyme_ 
Chromatographic com%Uons as in Fig I_ 

~Iassifrcation of endopeptidases on tbe basis of substrate specificity is ihustrated with 
the three enzymes used in this study- 

Membrane-bound metahoendopeptidase can be viewed as a thermolysin-like 
enzyme on the basis of its resemblance to the speciftcity of the bacterial enzyme7. 
Both enzymes cleave peptide bonds on the amino side of a hydrophobic amino acid. 
The action of the metahoendopeptidase is ilhrstrated here wrth bradykiuin and wrth 
leucine enkephalin Although leucine enkephahn is cleaved to rekzase a C-terminal 
dipeptide, the enzyme is not a drpeptidyl 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-tcnninal blocked peptides shows that a free carboxyi 
group is not a requirement for activity_ Table IV summarizes the action of this 
enzyme on other peptide substrates6. 

ProIyi endopeptidase cleaves peptrdyi 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 PreTyr bond is readily cleaved (Fig. 4, Table II) and in which the Pro-Arg 
bond undergoes cieavage oniy after prolonged incubationr, Ahhough the enzyme 
releases the terminal phenylalairine from angiotensin II (Fig_ 3, Table II) it is not a 
carboxypeptidase. A C-terminal amino acid will be split if a proline residue is present 
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TABLE HI 

ACTION OF CATION-SENSITIVE NEUTRAL ENDOPEPTIDASE ON NEUROTENSIN AND Z- 
DAla-Leu-Are2NA 

Peahf 4-0 ac:dct* Assrgnmenf 

Neuroferum 
1 Asp(lO) Asp 
2 Tyr (1 0). IIe (0 9) Pro (2 2). Lys-Pro-ArgArg-Pro-TV-IIe 

Arg(20). Lys(l3) 
3 Tyr (1 0). Leu (0 8) Glu (2.0) pGlu-Leu-Tyr-Glu 
4 TraceS 

: 
TI-XeS - 
- Neurotensm- 

pGlu-Leu-Tyr-Gh&s~Lys- 

Pro-Arg+irg-Pro-Tyr-IlkLeu 

Z-D-Ala-Leu-Arg-2NA 
I None 
1 None 
3 Arg (1 0) Ala (0 9). Leu (0 8) 

Z-D&&U-A&N A 

_J 

Znaphthylamme- 
Z-D-Ala-Leu-Arg 

l Pea!c numbem refer to Fig 5 (neurotermn) and Rg 6 (Z-tsAla-Leu-Arg-2NA) 
* Ammo aced concentratmns expressed r&&e to first ammo acid &ted_ 

* Assrgnment based on retention tune 
’ Present m unmcubated control 

TABLE IV 

CLEAVAGE OF BIOLOGICALLY ACl-IVE PEPTIDES BY MEMBRANE-BOUND METALLOEN- 
DOPEPTIDASE 

Peptde Sue of cleavage 

Substance P Arg-Pr-Lys-Pro-Glm-Gir&Ph~Phe 

-Glykeu-MetNH, 

Met-Enkephalm Tyr-Gly-Cly~Phe-Met 

OxytO= Cys-Tyr-Ile-CIn-Asn-CysPr& 

Leu-GlyNH2 

Neurotensq pGlu-Leu-Tyr-GIu-Asa-Lys-Pr+ 

A%+%--fioJ_ 

-I&k-LeU 
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in the penultimate position_ Honever, the actton of thrs enzyme on the C-terminal 
bIocked peptide LHRI-IS and on other neuropeptide substrates’ shows that a free 
carbovyl group is not a requirement for activuy. it is now clear that prolyl en- 
dopeptidase is identical to enzymes destgnated as “post-prohne cleaving enzymeq’g lo. 
---fRH deamrdasc”‘:-‘3 and “bradyhmn kininase E3”14_ Table V summarizes the 
action of this enzyme on other peptide substrates’ 8 X5 

TABLE V 

CLEAVAGE OF BIOLOGICALLY ACTIVE PEPTIDES BY PROLYL ENDOPEPTIDASE 

Peprlde Sue of clemage 

* The Pro-Gly bmd of bradykmm IS cleauxi at an appreclabl> slouer rate than the PrePhe bond 

Cation-sensitive neutral endopeptidasc, a hrgh-molecular-weight enzyme first 
isolated from bovine pttuitaries’ 3 has recently been shown to be a multi-catalytic 
protease complex’“_ It exhibits chymotrypsinhke, trypsmhke and peptidylglutamyl- 
pcptide bond hydrolyzing activities_ Experiments with selective inhibitors and acti- 
vators hale shown that the activities are cataIyzed by distinct active sites The chym- 
otrypsinhke and peptidyIgIutamyl-peptide bond hydroIyzing acttvities are observed 
in the action of this e nzyme compfe_x on neurotensin (Fig 5, Table III) The trypsm- 
hke activity is observed in the cIeavage of the model chromogenic substrate Z-n-Ala- 
I-eu-Arg-2NA. With the Iatter substrate, two major products are observed on the 
HPLC chromatogram (Fig. 6) One peak contaming no amino actds is attnbuted on 
the basis of its retention time to 2NA The amino acid composuion of the other 

TABLE VI 

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

Peptd Sue of clrawge* 

Xng3otensnl II ASP- ~g-V~I1-TyrLIte-LH,s-ProrPhe 

BKid>hlliIl + Arg-Pm--Pm-Gly-Pne Ser-Pm--one-Arg 

LHRH ~GI”--H~~--T~+S~~-T~~+G~~-LL~“-A~-P~~~-GI~-NH~ 

X-MSH Ac-Ser-TyrrSer-Met-Gty-HIS-~ 

Phe+Arg -T&~~-L~*-PP~o-VZI+NH~ 

Substance P Arg-Pro-Lysdm-Gm-Gm-PPhe~Pd-Gly-Lcu-Met-NH2 

* Heavy anmvs indxcate raprd cleavage and dashed arrows mdxate slou cleavage 
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product is slmdar to that of the unchanged substrate but IS ldentlfied as z-~-Ala- 
Leu-Arg because It IS well separated from the substrate Thus a maJor cleavage 
between Arg and 2NA IS asslgned (Table III) Table VI summanzes the action of this 
enzyme on other peptlde substrates3 I6 I7 

In summary, the bonds cleaved by the actlon of an endopeptldase on a peptlde 
substrate can be readily deduced from a knowledge of the primary structure of the 
substrate and the ammo acid composmon of the products HPLC provides a simple 
and rapld means for peptlde separarlon The non-destructive UV detector allows for 
the colIection of the products for further charactenzatron by ammo acid analysis 
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