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ABSTRACT: Memapsin 2 (â-secretase), a membrane-anchored aspartic protease, is involved in the cleavage
of â-amyloid precursor protein to formâ-amyloid peptide. The primary structure of memapsin 2 suggests
that it is synthesized in vivo as pro-memapsin 2 and converted to memapsin 2 by an activating protease
[Lin et al. (2000)Proc. Natl. Acad. Sci. U.S.A. 97, 1456-1460]. To simulate this activation mechanism
and to produce stable mature memapsin 2 for kinetic/specificity studies, we have investigated the activation
of recombinant pro-memapsin 2 by several proteases with trypsin-like specificity. Clostripain, kallikrein,
and trypsin increased the activity of pro-memapsin 2. Clostripain activation was accompanied by the
cleavage of the pro region to form mainly two activation products, Leu30p- and Gly45p-memapsin 2. Another
activation product, Leu28p-memapsin 2, was also purified. Kinetics of the activated memapsin 2 were
compared with pro-memapsin 2 using two new fluorogenic substrates, Arg-Glu(5-[(2-aminoethyl)amino]-
naphthalene-1-sulfonic acid (EDANS))-Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Lys(4-(4-dimethylaminophe-
nylazo)benzoic acid (DABCYL))-Arg and (7-methoxycoumarin-4-yl)acetyl (MCA))-Ser-Glu-Val-Asn-
Leu-Asp-Ala-Glu-Phe-Lys(2,4-dinitrophenyl (DNP)). These results establish that the activity of pro-
memapsin 2 stems from a part-time and reversible uncovering of its active site by its pro region. Proteolytic
removal of part of the pro-peptide at Leu28p or Gly45p, which diminishes the affinity of the shortened
pro-peptide to the active site, results in activated memapsin 2. These results also suggest that Glu33p-
memapsin 2 observed in the cells expressing this enzyme [Vassar et al. (1999)Science 286, 735-741;
Yan et al. (1999)Nature 402, 533-537] is an active intermediate of in vivo activation, or that the peptide
Glu33p-Arg44p may serve a regulatory role.

The deposit of theâ-amyloid peptide (Aâ)1 in the brain
is generally regarded as a key event in the early pathogenesis
of Alzheimer’s disease (AD) (1). The 42/40-residue Aâ
peptide, a major constituent of the senile plaques in AD
brains, is derived from the proteolysis of a transmembrane
protein, amyloid precursor protein (APP), by two proteases
known asâ-secretase andγ-secretase. The latter cleaves APP
within the transmembrane domain and has been suggested
to be another membrane protein, presenilin 1 (2). The
â-secretase processing site is located in the region of APP
accessible from the lumenal side of the membrane. Since
the hydrolysis of this site is the rate-limiting step in the Aâ
production in vivo (3), the responsible protease is considered
to be the primary target for the design of inhibitor drugs
against AD. The fact that the Swedish mutation of APP, in

which the two amino acids at the amino-terminal side of the
â-secretase cleavage site are changed from Lys-Met to Asn-
Leu, results in an early onset of the disease (4) reinforces
the idea that this protease is intimately involved in the
pathogenesis of AD. The inhibition ofâ-secretase cleavage
of APP in cultured cells by bafilomycin (5), an inhibitor for
the lysosomal/endosomal hydrogen ion pump, suggests that
this protease functions within acidic subcellular vesicles.

Recently, our group (6) and others (7-10) independently
cloned a human brain aspartic protease, which we named
memapsin 2, and showed it to be the long soughtâ-secretase.
Memapsin 2 cDNA encodes for a prepro-protease, which
shares strong sequence similarity and important structural
motifs with other mammalian aspartic protease zymogens.
Based on sequence aligment, memapsin 2 structure is
extended at the C-terminus for about 80 residues, which
includes a connecting strand to a single transmembrane strand
and a short cytosolic region. The recombinant proteolytic
unit of the pro-memapsin 2 is catalytically active, suggesting
that it is an independently folding domain. Preliminary
kinetic/specificity studies have also been reported (6). Al-
though recombinant pro-memapsin 2 hydrolyzes peptide sub-
strates at pH 4.0, it does not autocatalytically cleave within
its pro region (Figure 1). In contrast, autocatalytic pepsinogen
activation results in the removal of the entire pro-peptide
(11). Memapsin 2 expressed in mammalian cells, however,

† G.K. is a Scientist Development Awardee of the American Heart
Association (9930115N). J.T. is holder of the J.G. Puterbaugh Chair
in Biomedical Research at the Oklahoma Medical Research Foundation.

* To whom correspondence should be addressed. Phone: (405) 271-
7291. Fax: (405) 271-7249. E-mail: jordan-tang@omrf.ouhsc.edu.

‡ Oklahoma Medical Research Foundation.
§ University of Oklahoma Health Science Center.
1 Abbreviations: Aâ, â-amyloid peptide; APP,â-amyloid precursor

protein; AD, Alzheimer’s disease; EDANS, 5-[(2-aminoethyl)amino]-
naphthalene-1-sulfonic acid; DABCYL, 4-(4-dimethylaminophenylazo)-
benzoic acid; MCA, (7-methoxycoumarin-4-yl)acetyl; DNP, 2,4-
dinitrophenyl; Nph,p-nitrophenylalanine; DMSO, dimethyl sufoxide.

12450 Biochemistry2000,39, 12450-12456

10.1021/bi001494f CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/13/2000



is derived from the cleavage of its pro-enzyme at an Arg32p-
Glu33p bond (7, 8,) and is longer than its aligned N-terminal
position by 16 residues. In addition, located at only 5-6
residues away from its aligned N-terminal position is an
Arg43p-Arg44p sequence (Figure 1), which is a well-known
motif for posttranslational processing (12, 13), including the
activation cleavage of pro-renin. These observations suggest
that the activation of pro-memapsin 2 in vivo is likely
mediated by another protease. We have therefore studied
in vitro activation of recombinant pro-memapsin 2 by several
proteases. New sensitive fluorogenic substrates have also
been developed for these studies. Here we report that
cleavage of the pro-peptide from pro-memapsin 2 by other
proteases results in the activation of the enzyme.

EXPERIMENTAL PROCEDURES

Materials

Memapsin 2 inhibitor OM99-2 was synthesized as previ-
ously described (14). Fluorogenic substrate FS-1, NH2-Arg-
Glu(EDANS)-Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Lys(D-
ABCYL)-Arg-COOH, was synthesized at SynPep (Dublin,
CA). Fluorogenic substrate FS-2, (MCA)Ser-Glu-Val-Asn-
Leu-Asp-Ala-Glu-Phe-Lys(DNP), and chromogenic substrate
Glu-Val-Asn-Nph-Asp-Ala-Glu-Phe (Nph) p-nitropheny-
lalanine) were synthesized at the Molecular Biology Resource
Center, University of Oklahoma Health Sciences Center,
using an Applied Biosystems Peptide synthesizer 430A.
Bovine trypsin, clostripain fromClostridium histolyticum,
human plasma kallikrein, and murine tissue kallikrein were
purchased from Sigma. Human furin and murine proprotein
convertase 1 were purchased from ALEXIS Biochemical
(Switzerland). Factor Xa was purchased from Haematologic
Technologies Inc. (Essex Junction, VT). Other reagents were
the highest grade commercially available.

Methods

Preparation of the Protease Domain of Leu28p- and Pro-
memapsin 2.The recombinant protease unit of pro-memapsin
2 (pro-memapsin 2pd) was prepared fromE. coli expression
as inclusion bodies, refolded, and purified as previously
described (6). In the construct, the current recombinant pro-
memapsin 2pd sequence starts at residue Ala1p (Figure 1) and
ends at residue Thr367 (6). For the convenience of discussion,
pro-memapsin 2pd will be referred to as pro-memapsin 2,
and the activated memapsin 2pd will be referred to as
memapsin 2 throughout this paper. The three memapsin 2

species discussed below have different cleavage points in
the putative pro region, and their N-terminal positions are
indicated by their respective starting amino acids and residue
numbers. Leu28p-memapsin 2, an activated form of memapsin
2, was formed during the purification of pro-memapsin 2,
possibly by anE. coli protease. Leu30p-memapsin 2 and
Gly45p-memapsin 2 were produced from clostripain activation
of pro-memapsin 2 (see below) and are discussed under
Results.

ActiVation of Pro-memapsin 2 by Proteases.Pro-memapsin
2 was individually incubated with the following proteases:
trypsin, clostripain, plasma and tissue kallikrein, factor Xa,
furin, and proprotein convertase 1. The reaction was carried
out at 37°C, and aliquots were taken at various time points
for kinetic studies. In a few cases, aliquots were also applied
on a 10% Tricine SDS gel (Novex, San Diego). The gel
bands produced from activation were transferred to a PVDF
membrane and analyzed for the N-terminal sequences using
automated Edman degradation. For preactivation, proprotein
convertase 1 was incubated for 30 min in 0.1 M sodium
acetate, 5 mM CaCl2, 0.01% Triton X-100, pH 5.5, and
clostripain (5.6 mg) was dissolved in 600µL of 0.1 M Tris-
HCl, 8 mM DTT, 20 mM CaCl2 at pH 8.0 and left 1 h at
0 °C.

The incubation buffers for the activation of pro-memapsin
2 are as follows: for clostripain, 0.1 M Tris-HCl, 8 mM
DTT, 20 mM CaCl2, pH 8.0; for trypsin, 0.1 M Tris-HCl,
0.4 M urea, 0.2 M NaCl, pH 8.0; for furin, 0.1 M Hepes, 1
mM CaCl2, 0.5% Triton X-100, 1 mMâ-mercaptoethanol,
pH 7.6; and for kallikreins and factor Xa, 0.1 M Hepes 0.1
M NaCl, 5 mM CaCl2.

Isolation of ActiVated Memapsin 2.Pro-memapsin 2 was
preincubated in the presence of clostripain for various lengths
of time in order to produce the desired memapsin 2 species
for purification. To isolate Leu30p-memapsin 2, 26.7µM pro-
memapsin 2 was incubated with 62.0 nM clostripain at 37
°C for 5 min. To obtain Gly45p-memapsin 2, 18.3µM pro-
memapsin 2 and 16.4 nM clostripain were incubated at 37
°C for 4-5 h. Proteolytically activated forms of memapsin
2 were purified using a 1 mLResource S column on an FPLC
apparatus (Pharmacia) equilibrated in a buffer of 0.1 M Tris-
HCl, 0.4 M urea and eluted with a gradient of NaCl.
Quantification of enzymes was achieved by active-site
titration using a tight-binding inhibitor, OM99-2 (14).

Assay for Memapsin 2 ActiVity. Unless specified otherwise,
all the kinetic experiments were performed in a buffer of
0.1 M sodium acetate, pH 4.5 at 37°C, with 10% dimethyl
sulfoxide (DMSO) using either substrate FS-1 or substrate
FS-2 (Figure 2). The hydrolysis of substrates at the intended
bonds was confirmed by analysis of the products in LC/MS
(results not shown). The increase of fluorescence intensity
produced during substrate hydrolysis was studied in a
continuous assay using an AMINCO-Bowman Series 2
fluorescence spectrophotometer. An excitation wavelength
of 350 nm and an emission wavelength of 490 nm were used
to monitor the hydrolysis of substrate FS-1. For substrate
FS-2, excitation at 328 nm and emission at 393 nm were
used. In kinetic studies, the rates of substrate hydrolysis taken
from the measurement of initial fluorescence change are
directly proportional to the enzyme concentrations. Sodium
acetate buffer, 0.1 M, was used for determination of activity

FIGURE 1: Amino acid sequences of the pre, pro, and N-terminal
regions of human memapsin 2. Residues 1p-47p are present in
recombinant pro-memapsin 2. The putative pro region, residues 9p-
47p, is based on homology sequence alignment with the pro region
of human pepsinogen. The positions of starting residues for different
memapsin 2 species are indicated by vertical arrows.
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in pH range of 3.5-5.5. Citrate buffer, 0.1 M, was used for
pH 3.0.

Determination of the Kinetic Constants, Km and kcat.
Kinetic parameters,Km and Vmax, were obtained from the
fitting of the data using nonlinear regression analysis software
GraFit (15). Thekcat values (s-1) were determined from the
Vmax values using the equation:

where F is the amplitude of fluorescence after complete
substrate hydrolysis,Vmax is the maximum rate of substrate
hydrolysis determined in arbitrary units of fluorescence per
second, [S]0 is the initial concentration of fluorogenic
substrate, and [E]0 is the initial concentration of active
memapsin 2 determined by active site titration using the tight-
binding inhibitor OM99-2.

Determination of Inhibition Constants, Ki. The inhibition
constants,Ki, against inhibitor OM99-2 were determined for
pro-memapsin 2 and different memapsin 2 species as
described by Bieth (16). The hydrolysis of the fluorogenic
substrate FS-2, [S]0, for a series of mixtures with constant
enzyme, [E]0, but increasing inhibitor concentration, [I]0, was
carried out as described above. The apparent inhibition
constant,Kiapp, was determined from the plot of activity vs
[I] 0 based on the equation:

The inhibition constant,Ki, was determined using substrate
FS-2 from a series ofKiapp obtained from different substrate
concentrations, ranging from 1.9 to 2.8 mM, since theKi

was found to be independent of substrate concentration. The
Ki determined with FS-1 used the substrate concentration of
8.2 µM.

Measurement of Association and Dissociation Rate Con-
stants for the Binding of OM99-2 to Memapsin 2.Association
and dissociation of pro-memapsin 2 and memapsin 2 with
inhibitor OM99-2 were followed by surface plasmon reso-
nance using a BIAcore 1000 biosensor (BIAcore Inc.) in the
OMRF BIAcore Core Facility. OM99-2 was immobilized
onto the surface of a carboxylated dextran matrix (CM-5)
sensor chip using the amine-coupling kit provided by the
manufacturer and a flow rate of 5µL/min with 100 µg/mL
inhibitor solution in 90 mM Hepes, pH 7.4, containing 10%
DMSO. After coupling, the sensor surface was blocked using
1 M ethanolamine, pH 8.5. Binding experiments were
performed in a running buffer containing 10 mM sodium
acetate, pH 4.5, 20 mM NaCl, and 0.005% surfactant P-20
at 25 °C using a flow rate of 30µL/min. The concentra-
tions of pro-memapsin 2 and memapsin 2 used were in the
range of 5-140 nM. Association and dissociation rates,kon

andkoff, were determined over 80 and 100 s, respectively.
The sensor was regenerated with 6 M guanidine hydrochlo-
ride followed by 100 mM triethylamine, pH 11.5. After
subtraction of the nonspecific refractive index component,
the kinetic constants were calculated from the sensor-
grams by nonlinear fitting of the association and dissocia-
tion curves according to a simple bimolecular mechanism:
A + B a AB, using BIAevaluation software version 3.0
(BIAcore, Sweden).

RESULTS

Synthetic Substrates for the Assay of Memapsin 2 ActiVity.
To develop convenient assays for memapsin 2, we designed
and tested two fluorogenic substrates and a chromogenic
substrate. The fluorogenic substrates FS-1 and FS-2 (Figure
2) each contain the sequence of Glu-Val-Asn-Leu-Asp-Ala-

FIGURE 2: Structures of fluorogenic substrate 1 (FS-1) and fluorogenic substrate 2 (FS-2).

kcat )
Vmax

F/[S]0[E]0

a ) 1 -

[I] 0 + [E]0 + Kiapp - x([I] 0 + [E]0 + Kiapp)
2 - 4[I] 0[E]0

2[E]0
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Glu-Phe from theâ-secretase site of the Swedish mutation
of APP. We have previously shown that the hydrolysis of
the Leu-Asp bond in the unmodified peptide with this
sequence produced favorable kinetic parameters (6). The
current substrates utilize the principle of resonance energy
transfer (17, 18) and contain EDANS and MCA as fluoro-
phores and DABCYL and DNP as quenching groups,
respectively. The hydrolysis of these substrates separates the
fluorophores from the quenching groups, resulting in an
increase of fluorescence (Figure 3A). Kinetic plots of one
of these substrates are shown in Figure 3B. For recombinant
pro-memapsin 2, the kinetic parameters at pH 4.5 areKm )
5.4 µM and kcat ) 0.24 min-1 for FS-1 andKm ) 4.5 µM
andkcat ) 0.25 min-1 for FS-2 (Table 1). Compared to the
unmodified peptide substrate (6), both FS-1 and FS-2 have
much lowerKm and kcat values. During the course of this

study, we have demonstrated that these substrates have high
sensitivity and reproducibility and are also convenient to use
for routine kinetic assays. On the other hand, the chromoge-
nic substrate with ap-nitrophenylalanine group in the P1

position proved to be a very poor substrate and not suited
for kinetic assays. The kinetic constants of this substrate for
pro-memapsin 2 areKm ) 0.13( 0.05 mM andkcat ) 1.58
( 0.27 min-1.

Proteolytic ActiVation of Pro-memapsin 2 and Isolation
of ActiVation Products.Pro-memapsin 2 was incubated
separately with proteases having specificity toward basic
residues. We observed an increase of activity of up to 90%
during the course of incubation with trypsin, clostripain, and
kallikrein (Figure 4A,B). Furin, factor Xa, and proprotein
convertase 1 were ineffective (results not shown). Trypsin
increased pro-memapsin 2 activity only 40% at maximum
and then declined thereafter (Figure 4A), indicating that it
may also proteolytically inactivate memapsin 2 activity.
Clostripain and the two kallikreins formed stable activity after
reaching maximal activation. Aliquots taken at different times
during the clostripain activation of pro-memapsin 2 and
analyzed in SDS-PAGE showed a 48 kDa intermediate early
in the time course (Figure 4C, 5-15 min) and then two stable
activated forms of 46 and 44 kDa (Figure 4C, 20-30 min).
The activation products from the longer incubation were
isolated from FPLC separation (Figure 5). The N-terminal
sequence of the isolated protein established that clostripain
cleaved the pro sequence of memapsin 2 at Arg29p-Leu30p

to produce the 46.1 kDa Leu30p-memapsin 2 and at
Arg44p-Gly45p to produce the 44.1 kDa Gly45p-memapsin 2
(Figure 1). These results indicated that the increase of pro-
memapsin 2 activity by clostripain was due to the cleavage
and removal of part of the pro-peptide.

Kinetic Parameters of Leu28p-, Gly45p-, and Pro-memapsin
2. Although thekcat value for Leu28p-memapsin 2 is more
than 3 times that for pro-memapsin 2 when determined with
substrate FS-1, theKm of Leu28p-memapsin 2 is about 4 times
higher (Table 1). This unfavorableKm for Leu28p-memapsin
2, which is not observed using substrate FS-2 (Table 1),
prompted us to use only FS-2 for the rest of the studies. For
this substrate, theKm values of pro-memapsin 2 and the two
activated memapsin 2 species are very close (Table 1). The
ratios ofkcat values of pro-memapsin 2, Leu28p-memapsin 2,
and Gly45p-memapsin 2 are about 1:2:4 (Table 1). Their
kcat/Km values bear a similar relationship. The pH dependence
of the activity of pro-memapsin 2, Leu28p-memapsin 2, and
Gly45p-memapsin 2 shows the expected bell-shaped curves
from pH 3.5 to 5.5 (Figure 6). The activity at pH 3.0 was,
however, not measurable due to irreversible inactivation of
the enzyme, which was demonstrated by preincubation at
pH 3.0 and assay at a higher pH.

Inhibition of Leu28p-, Gly45p-, and Pro-memapsin 2 by
OM99-2.OM99-2 is a designed transition-state inhibitor with
a Ki of 9.8 × 10-9 M for pro-memapsin 2 (14). With the
availability of activated memapsin 2 species, it is now
possible to determine theKi values for the activated enzyme.
We determined theKi of OM99-2 vs Leu28p-memaspin 2 to
be (1.4( 0.4) × 10-9 M using substrate FS-2 (Table 2).
TheKi value for Gly45p-memapsin 2 was found to be (1.5(
0.6) × 10-9 M using substrate FS-2. Since the assays were
carried out in the presence of 10% DMSO, we also
determined the inhibition of Leu28p-memapsin 2 in 4% and

FIGURE 3: Increase in fluorescence during the hydrolysis of 6.2
and 5.1 µM FS-1 (A) and kinetic plot for the hydrolysis of
fluorogenic substrate FS-1 in the presence of 0.37µM Leu28p-
memapsin 2 (open circles) and pro-memapsin 2 (closed circles)
(B). U.F. is arbitrary fluorescent unit.

Table 1: Kinetic Parameters of Pro-memapsin 2 and Its
Proteolytically Activated Species

substrate enzyme
Km

(µM)
kcat

(min-1)
kcat/Km

(min-1/µM)

FS-1 pro-memapsin 2 5.40( 1.10 0.24( 0.02 0.044( 0.005
Leu28p-memapsin 2 22.60( 4.10 0.90( 0.01 0.040( 0.007

FS-2 pro-memapsin 2 4.50( 1.40 0.25( 0.04 0.056( 0.008
Leu28p-memapsin 2 5.03( 1.72 0.40( 0.06 0.080( 0.015
Gly45p-memapsin 2 5.80( 1.99 0.94( 0.21 0.160( 0.019

Activation of Pro-memapsin 2 Biochemistry, Vol. 39, No. 40, 200012453



15% DMSO using FS-1 and obtained theKi values of (1.6
( 0.5) × 10-9 M and (2.0( 1.0) × 10-9 M, respectively.

Since these three values are within normal random errors of
the method, the inhibition kinetics are not affected by up to
15% DMSO.

Binding of Pro-memapsin 2 and Leu28p-memapsin 2 to
OM99-2. The binding of pro-memapsin 2 and Leu28p-
memaspin 2 to OM99-2 was measured in a BIAcore
instrument with OM99-2 covalently attached to the sensor
chip. The sensograms representing the binding and dissocia-
tion of pro-memapsin 2 and memapsin 2 to inhibitor OM99-2
are shown in Figure 7, while thekon, koff, and equilibrium
dissociation constants,Kd, are shown in Table 2. The two
koff values are very close; thekon of memapsin 2 is 3 times
that for pro-memapsin 2. TheKd values agree reasonably
with the Ki values.

FIGURE 4: Increase of proteolytic activity during incubation of pro-memapsin 2 with proteases: (A) clostripain (open circles) and trypsin
(closed circles); (B) human plasma kallikrein (open squares) and murine tissue kallikrein (closed squares). (C) SDS-polyacrylamide gel
electrophoresis of aliquots taken at different incubation times from the activation of pro-memapsin 2 by clostripain.

FIGURE 5: FPLC purification of Gly45p-memapsin 2 species from
the clostripain activation of pro-memapsin 2. Pro-memapsin 2 (18.3
µM) was incubated 4.5 h in the presence of clostripain (16.4 nM)
at 37°C. The material was applied on a 1 mLResource S column
equilibrated in 0.1 M Tris with 0.4 M urea, pH 6.0. The proteins
were eluted with a gradient of NaCl (dashed line). A similar protocol
was used to isolate Leu30p-, Leu28p-, and pro-memapsin 2 (not
shown). The purity of the material eluted was determined by SDS-
PAGE (bottom panel). Results show a single band for Leu30p- (1),
and Gly45p-memapsin 2 (2).

FIGURE 6: pH dependence of the hydrolytic activity of pro-
memapsin 2 (open circles), Leu28p-memapsin 2 (closed circles), and
Gly45p-memapsin 2 (squares).
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DISCUSSION

Based on sequence alignment with other aspartic proteases,
pro-memapsin 2 is predicted to start near residue Thr9p and
memapsin 2 may start near residue Val48p (Figure 1). The
sequence of recombinant pro-memapsin 2 includes residues
1p-48p; thus, it should contain the entire pro region. Yet,
the recombinant pro-memapsin 2 is enzymically active (6).
This activity is apparently that of the pro-enzyme since it
does not autocatalytically cleave within the pro region, in
opposition to the acid-triggered activation of many aspartic
protease pro-enzymes (19). In the crystal structures of other
mammalian aspartic protease zymogens, the pro-peptides
block the entrance to the respective active-site clefts (20-
22). The native conformation of the pro region in pro-
memapsin 2 is expected to assume the same blockade of its
active site. The catalytic activity of pro-memapsin 2,
therefore, suggests that the conformation of its pro domain
exists in two equilibrium forms: one with the active site
‘open’ and other with the active site ‘closed’ by virtue of a
propeptide blockade (Figure 8). There are several examples

of this phenomenon among aspartic protease zymogens. The
initial exposure of the active site of pepsinogen in acidic
solution is part of its activation mechanism (19). The
structure of an activation intermediate of progastricsin with
an exposed active site has been determined (23). Prorenin,
which is thought to be activated by an Arg-Arg-specific
protease, also reversibly uncovers its active site (24). While
the ‘opening’ of the pepsinogen active site is triggered by
hydrogen ion concentration (19), the equilibrium between
the ‘open’ and ‘closed’ forms of pro-memapsin 2 at different
pH does not appear to significantly change due to the loss
of residues 1p-28p. This is demonstrated by the lack of a
significant trend in the pH dependence of the ratios between
activities of pro-memapsin 2 and Leu28p-memapsin 2 (see
Figure 6). The increase of activity from the incubation of
pro-memapsin 2 with clostripain and other proteases must
be a result of the removal of part of the pro-peptide, which
reduces the affinity between the remaining pro segment and
the catalytic unit, and thus results in exposing the active site
to full-time catalysis (Figure 8). The higherkcat andkcat/Km

values of activated memapsin 2 over the pro-enzyme are
consistent with this hypothesis.

The fact that Gly45p-memapsin 2 has a higher activity than
other activated species (Leu28p- and Leu30p-memapsin 2)
suggests that it may be the final in vivo activation product
derived from cleavage just beyond the Arg43p-Arg44p motif.
Since the N-terminal positions of Leu30p-memapsin 2 and
Gly33p-memapsin 2 are quite near, their activities are likely
to be similar. In the in vitro activation experiments with
clostripain, we did not observe cleavage of the Arg32p-Glu33p

bond, which appears to be the predominant cleavage site in
vivo (7, 8). This difference suggests that the in vivo cleavage
may be accomplished by a protease with specificity toward
an Arg-Glu bond. It is possible that Glu33p-memapsin 2 may

FIGURE 7: Sensorgram overlays for the binding and dissociation
of inhibitor OM99-2 from pro-memapsin 2 (A) and Leu28p-
memapsin 2 (B).

Table 2: Kinetics of Pro-memapsin 2 and Leu28p-memapsin 2
Binding to Inhibitor OM99-2

enzyme
kon (×105

M-1 s-1)
koff

(×10-3 s-1)
Kd

(nM)
Ki

(nM)

pro-memapsin 2 3.29( 0.04 1.17( 0.02 3.55( 0.02 9.8a

Leu28p-memapsin 2 10.3( 0.13 1.04( 0.02 1.01( 0.01 1.4( 0.4b

a Ref 14. b Average ofKi values (see Results).

FIGURE 8: Schematic presentation of two conformational forms of
pro-memapsin 2. In the ‘closed’ form, the pro-peptide assumes its
native conformation and blocks the entrance of the active-site cleft.
In the ‘open’ form, the pro region is not blocking the active-site
cleft, and thus permits proteolysis or binding with inhibitor. The
cleavage of pro-peptide at Gly27p/Leu28p or Arg44p/Gly45p produces
memapsin 2 species with available active site.
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be an intermediate with a longer survival time in vivo cells.
It is also possible that partial activation with the retention
of a portion of the putative pro-peptide Glu33p-Arg44p may
have functions such as the modulation of memapsin 2
activity.

The catalytic activity of pro-memapsin 2 can be physi-
ologically functional. Since the zymogen is catalytically
active only below pH 5.5 (Figure 6), it is likely that its
activity is not expressed until the zymogen reaches the site
where it normally functions (3, 11, 25). The opening of the
active site may provide instant activity and also make the
pro-peptide more accessible to cleavage by an activating
protease.

The presence of the ‘open’ and ‘closed’ forms of pro-
memapsin 2 as suggested from the kinetic data was further
confirmed by their difference in binding to inhibitor OM99-2
(Figure 7 and Table 2). The dissociation rate constants,koff,
for pro-memapsin 2 and Leu28p-memapsin 2 are very close
(Table 2), indicating that once bound, the two enzyme-
inhibitor complexes are alike. The association rate constant,
kon, of Leu28p-memapsin 2 is, however, 3 times that for pro-
memapsin 2, indicating that only about one-third of pro-
memapsin 2 molecules are in the ‘open’ conformation for
inhibitor binding. The data also indicate that the rate of the
transition from the ‘closed’ form to the ‘open’ form of pro-
memapsin 2 is slower than the binding of inhibitor to its
active site under the conditions of the BIAcore experiments.
The equilibrium dissociation constants,Kd, calculated from
the binding data agree well with the inhibition constants,
Ki, measured by kinetic assays.

The kinetics and inhibition of memapsin 2 are basic tools
to the development of new memapsin 2 inhibitors with
pharmaceutical potentials. We have demonstrated here that
recombinant pro-memapsin 2 can produce fully active
memapsin 2 for such assays. Additionally, fluorogenic
substrates developed were instrumental for generating the
kinetic data in this study. From our experience, these
fluorogenic assays for memapsin 2 are much more convenient
than the HPLC-based assay we previously reported (6). The
poorKm of the chromogenic substrate, possibly from a poor
fit of the p-nitrophenylalanine side chain in enzyme subsite
P1, renders it unsuitable as a tool for kinetic studies.
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