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An enzyme activity capable of hydrolysing the neuroactive undecapeptide substance P (SP) between its
Phe7-Phe8 residues was purified from the membrane-bound fraction of human spinal cords. The enzyme
preparation yielded was compared with a previously described SP-hydrolysing enzyme from human
cerebrospinal fluid (CSF) with regard to inhibition profile, protein chemical properties and kinetics. In
addition, the results were compared with those of bovine pancreatic chymotrypsin (a serine protease that
cleaves the carboxy-terminal side preferentially at hydrophobic amino acids). The SP peptidase activity was
extracted from human spinal cords with 1% Triton X-100 in 20 mM Tris–HCl pH 7.8. After ion exchange
chromatography (DEAE–Sepharose) where the enzyme activity was separated from other proteins by
gradient elution, the pooled enzyme fraction was further purified by molecular sieving (Sephadex G-50).
The enzyme activity was finally recovered by HPLC molecular sieving (Superdex1 75 HR 10/30) using a
new preparative system, ÄKTA TM -purifier, controlled by UNICORN 1 software version 2.20.# 1998 John
Wiley & Sons, Ltd.
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Introduction

Substance P (SP) is a neuroactive peptide which is involved
in a wide range of biological functions (Pernow, 1983). It
comprises 11 amino acids (Arg-Pro-Lys-Pro-Gln-Gln-Phe-
Phe-Gly-Leu-Met-NH2) with its C-terminal amidated. The
attention concerning substance P as a neurotransmitter/
neuromodulator has particularly been focused on its role in
pain transmission, since substance P-like immunoreactivity
and peptide release after noxious stimuli as well as the
capability to initiate slow depolarization have all localized
SP transmission to primary afferent terminals or the
superficial region of the dorsal horn of the spinal cord
(Otsuka and Yoshioka, 1993). SP is synthesized as part of
larger precursor proteins. Following release, SP is likely to
be inactivated by peptidases. There are several enzymes that
have the capacity to hydrolyse SP, such as dipeptidyl-
aminopeptidase IV (DAP-IV) (Katoet al., 1978), angio-
tensin-converting enzyme (ACE) (Skidgelet al., 1984,
1987) and neutral endopeptidase (NEP) (Oblinet al.,1989;
Katayamaet al.,1991), although these are known to have a

rather broad specificity and thus markedly hydrolyse other
peptides. However, peptidases with their specificity re-
stricted to the SP structure have been reported, such as the
membrane-bound enzyme isolated from human brain,
reported by Leeet al. (1981). The enzyme cleaved the SP
at its Gln6-Phe7, Phe7-Phe8 and Phe8-Gly9 bonds and was
classified as a neutral metallo-endopeptidase with a
molecular weight of 40–50 kDa. This enzyme was also
reported in rat spinal cord as a substance P-degrading
enzyme (SPDE) with a molecular weight of 70 kDa (Probert
and Hanley, 1987). Another enzyme with high specificity
towards SP was found in human CSF (Nyberget al.,1984);
it cleaved SP between the Phe7-Phe8 and Phe8-Gly9

residues. This enzyme was named substance P endopepti-
dase (SPE) and was described as a metal-dependent thiol-
sensitive endoprotease. SPE has been characterized in rat
spinal cord (Karlssonet al., 1997), where it strongly
resembled the above-mentioned CSF enzyme in respect of
substrate and cleavage specificity, sensitivity towards
group-specific inhibitors and high affinity for the substrate
(Km 5 mM). It is interesting to note that the fragments
released by SPE are associated with biological activity
(Haseno¨hrl et al.,1990; Hall and Stewart, 1991; Larson and
Sun, 1993), which suggests that it is operating as a con-
verting enzyme and not solely is an inactivating activity. In
the present paper we describe the purification of an SP-
hydrolysing activity in human spinal cord capable of
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releasing the SP (1–7) fragment from the parentpeptide.
This was compared with SPE in human CSF and with
chymotrypsin,which in some aspects sharesthefeaturesof
SPE.

Experimental

Materials

Humanbrain tissuesandcerebrospinal fluid wereremoved
atautopsy(15–48h postmortem) andkeptfrozenatÿ70°C
until processed. Chymotrypsinandaprotinin werecommer-
cially purchasedfrom Boehringer-MannheimBiochemicals
(Mannheim,Germany). SubstanceP, PHMB, pepstatinA,
phosphoramidon andcaptopril camefrom SigmaChemical
Co. (St Louis, MO, USA). GR-82334,L-703,606, WIN
51,708andGR-73632camefrom RBI ResearchBiochemi-
calsInternational(Natick, MA, USA). All other chemicals
andreagentswereof analytical reagentgradeandpurchased
from variouscommercial sources.

Purification of SPEfrom human spinal cords

All procedureswerecarried out at 5°C. Frozen spinal cords
(24 g) werethawedandhomogenizedin 20 mM Tris–HCl
buffer pH 7.8 (10 ml gÿ1) for 1 min. The homogenate was
extracted for 2 h during continuous stirring. A subsequent
centrifugationwasperformedin a BeckmanJ-21centrifuge
at 20000 g for 20 min. The supernatantwascollected and
thepelletwasresuspendedin thesameTris bufferasbefore.
The suspensionwasstirredfor 2 h andthencentrifuged at
20000 g for 20 min. The resulting pellet was again
resuspended,this time with 1% Triton X-100 in 20 mM
Tris–HCl buffer pH 7.8.Thesuspensionwasstirredfor 4 h
beforeadditional centrifugation at 20000g for 20 min. The
supernatantwascollectedandthepelletwasdiscarded.The
Triton X-100-containing extractwas applieddirectly on a
DEAE–SepharoseCL-6B column (50� 250 mm2) and
elutedwith a linear gradientof NaCl (0–0.5M) in 20 mM
Tris–HCl buffer pH 7.8 with 0.1%Triton X-100. Fractions
of 10 ml werecollected at a flow rate of 2.5 ml minÿ1 and
assayedfor proteincontentandenzymeactivity. Theactive
fractionswerepooledandsubjectedto molecular sieving on
a Sephadex G-50column (5� 90 cm2). Elution wascarried
out with 0.04 M NH4HCO3 at a flow rate of 1 ml minÿ1.
Fractionsof 10ml werecollectedandthoseholdingactivity
werepooledandconcentratedby lyophilization.Theprotein
wasresuspendedin 50 mM NaphosphatepH 7.8andrunon
HPLCmolecular sievingusing aSuperdex1 PeptideHR 10/
30 column(PharmaciaBiotech,Uppsala, Sweden).Elution
wasperformedwith 0.04M NH4HCO3 ataflow rateof 0.70
ml minÿ1, collecting fractions of 1.40 ml. Thoseholding
activity werepooledandregardedasthespinal cordenzyme
preparation. To managethe last purification step, a new
HPLC system was used, ÄKTATM purifier (Pharmacia
Biotech, Uppsala, Sweden).ÄKTATM-purifier is an auto-
matedHPLC systemscaledfor preparativepurification and
is equippedwith a binary high-performance gradientpump
with two switchvalves.Flow ratescanbeupto 10ml minÿ1

and pressures up to 25 MPa. A triple-wavelength UV-vis

monitor is usedon-line with a conductivity/ pH monitor for
detection.

Purification of SPEfrom human cerebrospinal fluid

The procedure was carried out as described previously
(Nyberget al., 1984).Briefly, theCSFenzymewaspurified
by direct subjection of human CSF to ion exchange
chromatography (DEAE–Sepharose)followedby molecular
sieving (SephadexG-100).

Enzyme assay

Enzymeactivity wasmonitoredby measuring theformation
of SP(1–7) using substanceP assubstrate (Perssonet al.,
1992).A radioimmunoassay(RIA) specificfor SP(1–7)was
utili zedfor this purpose. Substrate(0.05mg) wasincubated
with 30 ml of enzymeand a cocktail of phosphoramidon/
captopril (to a concentrationof 15mM) in a final volumeof
50 ml at 37°C for 30 min. The reactionwasterminated by
adding 1.0 ml of ice-cold methanol–0.1 M HCl (1:1)
followed by centrifugation (Eppendorf centrifuge 5417,
rotor F45-24-11) at 18 000g for 10 min andevaporationof
the supernatant.The RIA wascarried out in triplicate and
wasconductedasdescribed in a previouspaper(Perssonet
al., 1992).Briefly, theantibodywasraisedin rabbitsagainst
the peptide–thyroglobulin conjugate and the iodinated
peptide was usedas tracer. The 125I-labelled Tyr7-SP (1–
7) and the sampleor unlabelledSP (1–7) (standard) were
thusincubatedwith specificantibodyagainstSP(1–7) in 1
ml Eppendorf tubes.The tubeswere storedat 5°C until
expected equilibrium had beenestablished (>8 h). Then
separationof boundpeptidefrom unboundpeptidewasdone
basedon thecharcoaladsorption techniqueasdescribedby
Persson et al., (1992). The quantity of SP (1–7) was
determined by measuring the radioactivity in a gamma
counter. The detection limit of the RIA and the cross-
reactivity of SP(1–7)-relatedpeptides in the RIA wereas
described by Perssonet al., (1992).

Results

The Triton X-100-soluble fraction (‘membrane-bound’) of
the spinal cord extract was subjected to ion exchange
chromatography, which resulted in the recovery of an
endopeptidaseactivity capable of releasingthe SP (1–7)
fragmentfrom SP.The enzymeactivity obtainedfrom this
step waspurifiedfrom contaminants,sinceover90%of the
protein was removed by this procedure(Table 1). The
proteaseactivity waselutedin anareacorrespondingto 170
ml in the NaCl range0.33–0.46M of the gradient.This
activity was further purified by molecular sieving on a
SephadexG-50 column,which yieldedan activity over 15
timespurifiedfrom theprevioussteponproteinbasis(Table
1). The pooled active fraction from the Sephadex G-50
column was concentratedand applied to the new HPLC
system. ÄKTATM-purifier (Pharmacia Biotech), for HPLC
molecular sieving. The peak associated with the enzyme
activity wasconsidered asthe spinalcord preparation. The
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results from this step andtheoverallpurification areshown
in Table 1. The specificactivity in the crudeextract was
difficult to estimate owing to the many contaminating
protease activities present; however, the ion exchangestep
performed on the extract did probably at least purify the
specificactivity of theextractto afactorof 10in magnitude,
giving the overall purification factor to be above500. In
order to characterize the enzymes’ substrate recognition
sites, four NKl-receptor agonists/antagonistswere used:
GR-82334, L-703,606, WIN 51,708and GR-73632 (RBI
Research Biochemicals International, Natick, MA, USA).
The compoundswere incubated togetherwith substrate to
testthesensitivity of theenzymeactivity. Interestingly, the
two SPEpreparations differed in their inhibition profile to
these agents (Table 2). The peptidergic NKl-receptor
agonist GR-73632potently decreased the SPturnoverrate
for all three enzymes, while the cerebrospinal fluid SPE
activity appearedmoreinsensitive thanboththespinal cord
SPE and chymotrypsin for the peptide NKl-receptor
antagonist GR-82334 (Table 2). The non-peptide (andros-
tanol derivative) NKl-receptor antagonist WIN 51,708
seemedto be robustat inhibiting the peptidaseactivity of
all three enzymes, with a striking similarity betweenthe
spinal cord SPE and chymotrypsin. The non-peptidergic
NKl-receptorantagonist L-703,606 appearedto betheleast
potent of the four NKl-receptor substances to inhibit the
SPEactivity. However, sincechymotrypsin was inhibited,
this compounddistinguisheschymotrypsin from the SPE
preparations.The threeenzymeswerealso testedfor other
agents(Table2).Theinhibition profilesof thepeptidasesfor

these agents weresimilar asfar asthemetaldependenceis
concerned, showing moderatebut clear inhibition by the
chelating agent EDTA. The sensitivity towards thiol-
specific inhibitors/activators seemedto be slightly less
pronouncedfor thecerebrospinal fluid SPEpreparation. To
verify the cleavageof SPby the threeenzymes, RP-HPLC
separation was conducted as described by Karlsson et al.
(1997). The major cleavagesites determined were at the
Phe7-Phe8 bondandat thePhe8-Gly9 bond.Thisobservation
distinguishesSPE from the cathepsins,which cleave SP
exclusively at the Phe7-Phe8 bond(Benuck et al., 1977).

Discussion

In the presentstudywe havepartially purified an enzyme
acting onsubstancePfrom themembrane-boundfractionof
human spinal cord. A substance P endopeptidaseactivity
wasalsorecoveredfrom human cerebrospinal fluid by the
methoddescribed previously (Nyberg et al., 1984). Both
enzymeswerecapable of hydrolysing theundecapeptide at
the Phe7-Phe8 bond. With regardto their molecular sizes
and inhibition profile, the two purified enzymesdiffered
from eachother.Themost obviousdivergencebetweenthe
two SPE activities is reflected by the difference in
sensitivity to thiol-blocking agentsand pepstatin A. The
spinal cordSPEseemedmuch moresensitivethantheCSF
enzyme towards PHMB. Regarding the NKl-receptor
agonists/antagonists,GR-82334hada lesspotentinhibitory
action on theCSFSPE,while theoppositewasseenfor L-
703,606 which is a non-peptide compound. The non-
peptidergic NKl-receptor compoundWIN 51,708potently
inhibits all three enzymes, chymotrypsin included. The
tachykinin C-terminal-mimicking compound GR-73632
gives rise to a clear inhibition of the enzyme activity for
both the SPE preparations and chymotrypsin, suggesting
that the C-terminal sequencewhich is common for all
tachykinins (Phe-X-Gly-Leu-Met-NH2) is important for
recognition. It is true that SPEsharessomefeatureswith,
for instance,cathepsin D, butaspreviously shown(Karlsson
et al., 1997),severalproperties, suchasmolecularweight,
cleavagespecificity, kineticsandstability at neutral pH, are
distinct from those of the cathepsins.At neutral pH in this
study, Km wasdeterminedby meansof SPturnoverto be2,
5 and12mM for thespinal cordpeptidase,theCSFenzyme
and chymotrypsin respectively. This high affinity for the
substrate is of the same order of magnitude as previously
reported for an SPE-like activity (Nyberg et al., 1984;
Karlsson et al., 1997). Another substance P-degrading
enzyme (designated SPDE),which resembles the present
preparations, is a humanbrain endopeptidase(Lee et al.,
1981), which also has beenreportedto be present in rat
spinal cord (Probert and Hanley, 1987). The present SPE
may havea regulatoryfunction on the substance P level in
the spinal cord areaand therebycontrol the action of the
peptide in, for instance,pain-processingpathways.Previous
studieshaveshownthat theactivity of anSPE-likeenzyme
in ratCSFis affectedduringchronic paincondition(Persson
et al., 1995).In humanCSFtheactivity of SPEwasseento
be affectedin certainstates of chronic pain (Lindh et al.,
1996).Also duringconditionsof opioid tolerancetheactivity
of SPEin rat CSF seemedto be affected(Perssonet al.,

Table 1. Purification and recovery of substanceP endo-
peptidaseactivity from human spinal cord (24 g)

Step
Total protein

(mg)
Total activity
(pmol minÿ1)

Speci®c activity
(pmol minÿ1

mgÿ1) Factor

Extract 852 ± ± ±
DEAE±Sepharose 80 227 2.83 1
Sephadex G-50 5.2 73.9 14.2 5
Superdex

1 75 1.05 151 143 51

Table 2. Effects of various agentson enzymeactivity

Agent Conc. (mM)

SPE human
spinal cord
(%control)

SPE human
cerebrospinal

¯uid (%control)

Chymotrypsin
bovine

pancrease
(%control)

GR-82334 0.2 42 74 41
L-703,606 0.2 81 53 38
WIN 51,708 0.2 19 37 19
GR-73632 0.2 44 44 28
Aprotinin 1 51 51 25
PHMB 1 16 54 30
Pepstatin A 1 18 86 33
EDTA 5 52 59 40

Abbreviations used are: EDTA, ethylenediamine tetraacetic
acid; PHMB, p-hydroxymercuribenzoate.
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1995). It is clear that both enzymes purified in this study
could be of importancefor the control of the substance P
level in thespinalcordandthusaffectthepainsignalin this
area.

Acknowledgement

Thisstudywassupportedby theSwedishMedicalResearchCouncil(grant
9459).

References

Benuck, M., Grynbaum, A. and Marks, N. (1977). Breakdown of
somatostatin and substance P by cathepsin D puri®ed from
calf brain by af®nity chromotography. Brain Res. 143, 181±
185.

Hall, M. E. and Stewart, J. M. (1991). The substance P fragment SP
(1±7) stimulates motor behavior and nigral dopamine
release. Pharmacol. Biochem. Behav. 41, 75±78.

HasenoÈ hrl, R. U., Gerhardt, P. and Huston, J. P. (1990). Substance
P enhancement of inhibitory avoidance learning: mediation
by the N-terminal sequence. Peptides 11, 163±167.

Karlsson, K., Eriksson, U., AndreÂ n, P. and Nyberg, F. (1997).
Puri®cation and characterization of substance P endopepti-
dase activities in the rat spinal cord. Prep. Biochem.
Biotechnol. 27, 59±78.

Katayama, M., Nadel, J. A., Bunnett, N. W., Di Maria, G. U.,
Haxhiu, M. and Borson, D. B. (1991). Catabolism of calcitonin
gene-related peptide and substance P by neutral endopepti-
dase. Peptides 12, 563±567.

Kato, T., Nagatsu, T., Fukasawa, K., Harade, M., Nagatsu, I. and
Skakibara, S. (1978). Successive cleavage of N-terminal Arg1-
Pro2 and Lys3-Pro4 from substance P but no release of Arg1-
Pro2 from bradykinin, by X-Pro dipeptidyl-amino-peptidase.
Biochim. Biophys. Acta 525, 417±422.

Larson, A. A. and Sun, X. (1993). Modulation of kainic acid-
induced activity in the mouse spinal cord by amino terminus
of substance P: sensitivity to opioid antagonists. J. Pharma-
col. Exp. Ther. 265, 159±165.

Lee, C. -M., Sandberg, B. E. B., Hanley, M. R. and Iversen, L. L.
(1981). Puri®cation and characterisation of a membrane-
bound substance-P-degrading enzyme from human brain.
Eur. J. Biochem. 114, 315±327.

Lindh, C., ThoÈ rnwall, M., Post, C., Ordeberg, G. and Nyberg, F.
(1996). Neuropeptide-converting enzymes in cerebrospinal
¯uid. Acta Orthop. Scand. 67, 189±192.

Nyberg, F., Le GreveÂ s, P., Sunqvist, C. and Terenius, L. (1984).
Characterization of substance P (1±7) and (1±8) generating
enzyme in human cerebrospinal ¯uid. Biochem. Biophys.
Res. Commun. 125, 244±250.

Oblin, A., Danse, M. J. and Zivkovic, B. (1989). Metalloendopepti-
dase (EC 3.4.24.11) but not angiotensin converting enzyme is
involved in the inactivation of substance P by synaptic
membranes of the rat substantia nigra. Life Sci. 44, 1467±
1474.

Otsuka, M. and Yoshioka, K. (1993). Neurotransmitter functions of
mammalian tachykinins. Physiol. Rev. 73, 229±308.

Pernow, B. (1983). Substance P. Pharmacol. Rev. 35, 85±141.
Persson, S., Le GreveÂ s, P., ThoÈ rnwall, M., Eriksson, U., Silberring,

J. and Nyberg, F. (1995). Neuropeptide converting and
processing enzymes in the spinal cord and cerebrospinal
¯uid. In Progress in Brain Research, Vol. 104, ed. by F.
Nyberg, H. S. Sharma and Z. Wiesenfeld-Hallin, pp. 111±130.
Elsevier, Amsterdam.

Persson, S., Post, C., Holmdahl, R. and Nyberg, F. (1992).
Decreased neuropeptide-converting enzyme activities in
cerebrospinal ¯uid during acute but not chronic phases of
collagen induced arthritis in rats. Brain Res. 581, 273±282.

Probert, L. and Hanley, M. R. (1987). The immunocytochemical
localisation of `substance-P-degrading enzyme' within the rat
spinal cord. Neurosci. Lett. 78, 132±137.

Skidgel, R. A., Defendini, R. and ErdoÈ s, E. G. (1987). Angiotensin I
converting enzyme and its role in neuropeptide metabolism.
In Neuropeptides and Their Peptidases, ed. by A. J. Turner,
pp. 165±182. Ellis Horwood, Chichester.

Skidgel, R. A., Engelbrecht, S., Johnson, A. R. and ErdoÈ s, E. G.
(1984). Hydrolysis of substance P and neurotensin by
converting enzyme and neutral endopeptidase. Peptides 5,
769±776.

CHYMOTRYPSIN-AND SUBSTANCEP-CONVERTINGENZYMES IN HUMAN CNS 269

# 1998JohnWiley & Sons,Ltd. JOURNAL OF MOLECULAR RECOGNITION,VOL. 11: 266–269(1998)


