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ABSTRACT. Memapsin 2 §-secretase) is the membrane-anchored aspartic protease that initiates the cleavage
of f-amyloid precursor protein (APP), leading to the production of amyfo{éy3), a major factor in the
pathogenesis of Alzheimer’s disease. The active site of memapsin 2 has been shown, with kinetic data
and crystal structures, to bind to eight substrate residugsRP. We describe here that the addition of
three substrate residues fromtB Ps strongly influences the hydrolytic activity by memapsin 2 and these
subsites prefer hydrophobic residues, especially tryptophan. A crystal structure of memapsin 2 complexed
with a statine-based inhibitor spanningyPP4’ revealed the binding positions 0§PP; residues. Kinetic
studies revealed that the addition of these substrate residues contributes to the de&igasel imcrease

in keat values, suggesting that these residues contribute to both substrate recognition and transition-state
binding. The crystal structure of a new inhibitor, OM0O3K4 £ 0.03 nM), bound to memapsin 2 revealed

the interaction of a tryptophan with the Subsite of the protease.

Memapsin 2 1), also known ag-secretase, BACE2], to the substrate specificity. In two crystal structures of
and ASP-2 ), is the aspartic protease that initiates the enzyme-inhibitor complexesX0, 11), the positions of eight
cleavage of3-amyloid precursor protein (APP)Following side chains of the inhibitors also define the locations of eight
a second cut by-secretase, a peptide called amylgidApS) subsites (from $to ;') in the protease. Although the overall

is generated. The excess level gf i the brain is regarded  arrangement of these subsites is similar to those present in
as an important factor in the pathogenesis of Alzheimer’s all other mammalian aspartic proteases of the pepsin family,
disease (AD) 4). Therefore, memapsin 2 is an important the subsite specificity is quite different. The complete residue
target for the development of inhibitor drugs against AD. specificity of each of these subsites has been determirgd (
For this reason, the structuréunction properties of this  Together, these results provide insight to the structural basis
protease are of great interest at present. of memapsin 2 activity in familial AD of the APP Swedish

Memapsin 2 is a single-chain class | transmembrane mutation and also provide a template for the rational design
protein that contains an N-terminal ectodomain, a single- of memapsin 2 inhibitors14, 15).
strand transmembrane domain, and a cytosolic domain ( Several lines of evidence suggest that memapsin 2 may
3, 5, 6). The cytosolic domain has been shown to mediate contain additional subsites on the N-terminal side of the
the trafficking of the protease in the endocytic and recycling substrate beyond subsitg 8/hen compared to the structure
pathways 7—9). The catalytic activity resides completely of other mammalian aspartic proteases, the crystal structure
in the ectodomain, which is homologous to other aspartic of memapsin 2 10, 11) contains several extra loops,
proteases in overall folding and catalytic apparafu@}.(The comprising an area that is structurally unique among aspartic
crystal structures of memapsin 20-12) show that the proteases and can house extra subsites extending fiom S
catalytic unit is folded into the N-terminal and C-terminal Moreover, additional binding beyond subsitgq B cor-
lobes with the substrate binding site in a long cleft between roborated since the inclusion of substrate residues extending
the lobes, and the open position of the “flap” may contribute beyond R increased the hydrolytic activity of memapsin 2
(16) and the potency of statine-based inhibitot3)( Here
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series of analyses, three peptides were created using solid- Diffraction Data Measurement and Structure Determina-
phase peptide synthesis (Research Genetics, Invitrogention. For cryoprotection, crystals were soaked for a few
Huntsville, AL). These peptides [EVNL/AABNWHDR (des- minutes in crystallization solutions containing 20% (v/v)
ignated WHDR)RWHHEVNL/AAEF (designated RWHH),  glycerol. The crystals were then mounted on a fiber loop
andREIEVNL/AAEF (designated REIS), in which the slant  and flash-frozen in a cryo-nitrogen gas stream. For tlae P
denotes the cleavage site in each peptide] incorporated fourP, StatVak-menapsin 2 structure, the diffraction data were
residue sequence extension WHDR from the C-terminus, thecollected to a resolution of 2.0 A under cryogenic conditions
sequence RWHH from the N-terminus, and the native APP (100 K) on a Mar 345 image plate mounted on an Msc-
sequence extension REIS from the N-terminus, respectively.Rigaku RU-300 X-ray generator with Osmic focusing
Additionally, three peptide mixtures were synthesized on the mirrors. Diffraction data for the OM03-4memapsin 2
basis of the extended native APP sequence (RTEEIXEVNL/ complex were collected to 1.9 A resolution at beamline Al
AAEF for Ps, RTEEXSEVNL/AAEF for R, and RTEX- of Cornell High Energy Synchrotron Source. Both data sets
ISEVNL/AAEF for P;, where X denotes a mixture of nine were processed with DENZO and SCALEPACHS. Initial
amino acid residues at that position) to examine the residuephases were determined for both structures by molecular
preference of the three upstream binding sites. To facilitate replacement using AmoR&(@ with a resolution range of
MALDI-TOF detection, an arginine was added to the 15—3.5 A. The atomic coordinates of a single memapsin 2
N-terminus of the peptides. For each of the three subsites,molecule bound to a peptidic inhibitor OM00-31) were
these peptides were created through solid-phase peptideised as the search model (excluding the inhibitor and the
synthesis with equimolar amounts of a mixture of nine amino solvent atoms). Model phases were then calculated and used
acids (see Figure 4 for a list of these amino acids) added atfor initial 2F, — Fc andF, — F. electron density maps. The
the appropriate cycle of the synthesis3), The resulting inhibitor was clearly visible, and its structure was built into
mixture of nine peptides differed by only one amino acid at the electron density map. Crystallographic refinement was
a single subsite. The amino acid corresponding to the nativecarried out with CNS Z1) using simulated annealing
APP sequence substrate was included in each mixture toprocedures. Eight percent of the diffraction data were
serve as an internal standard. excluded from the refinement at the beginning of the process

Kinetic Analysis Using MALDI-TOF Mass Spectroscopy. to ”?0”“‘” th.eR”ee values. Itgrative model building was
Substrate mixtures described above were prepared so that 5arr|ed out W'th_ O 22). The final mode_l of the structure
reaction mixture with peptide in the micromolar range at pH Includes a_II res!dues for the four protein molecules n the
4.0 could be obtained. The reactions were allowed to proceed""syl'ﬁmnletrIC ur:t. Admonbg (;hose, olr;I'yS on\(/a I”.‘er:T‘;pS'“ 2
for 60 min with aliquots removed periodically. Aliquots were molecule was toun tp ind to a>Py'Statval in It itor,
mixed with an equal volume of MALDI matrixo-hydroxy- whereas .aII fo_ur protein moIecu]es were fou'nd' to bind t_o an
cinnamic acid in acetone), and immediately spotted on a 96_OM03-4 inhibitor. Data and refinement statistics are given
dual-well Teflon-coated analysis plate. The MALDI data in Table 1.
collection anc_i analysis were performed onaPE BiosystemsReSULTS
Voyager DE instrument as previously describ&8)( Data _ L
were analyzed using the Voyager Data Explorer module to Effects of Substrate Extension on the Hydrolytic Atyi

obtain ion intensity values. The relative product produced of 'V'_eT“.apSi” 2In the investigation of memapsin 2 subsite
per unit time was obtained from nonlinear regression analysisSpeC'f'C't%/ 13, we emplo%/er? a substrate sequence of ELD.LA
of the data representing the initial 15% of product formation, ~VEF: The sequences of the substrates were extended either

and these data were used to determine the relddiy, at the N-terminus (RWHH) or at the C-terminus (WHDR)

values (3) to facilitate the identification of hydrolytic products in

o . , MALDI-TOF. While the C-terminal extension had little
Crystallization. Cocrystals of the catalytic domain of

) e . effect on the relative hydrolytic rate from the native parental
memapsin 2 X0) bound to inhibitor Re—Py'StatvVal €) peptide (1.34< 10-3 min~Y), the substrate with an N-terminal
[structure, Lys-Thr-Glu-Glu-lle-Ser-Glu-Val-Asn-(statine)-  gytension displayed a 5®0-fold decrease in the level of
Val-Ala-Glu-Phe; Ki = 40 nM] purchased from ICN  pyqrolysis (0.019« 1072 min-?). This inhibitory effect was

Pharmaceuticals, Inc., were grown at’I7by the hanging-  jjjeviated through replacement of the N-terminal extension
drop method, in which &L of the 25 mg/mL protein solution itk the native APP sequence (REIS), yielding a relative

was mixed with 5L of a reservoir solution containing 18% cleavage rate of 1.04 10~ min~. These results suggested
PEG 8000 (pH 6.5) with sodium cacodylate buffer. Because hat additional subsites may be present at the N-terminal side
of the poor inhibitor solubility, we could only achieve an  f the substrate but not at the C-terminal side. An examina-
inhibitor:en_zyme molar ratio of Q.8:1 in the crystal trials. tion of the crystal structure of memapsin1®(11) suggested
Good-quality crystals appeared in-2 weeks. that the active site cleft can indeed accommodate at least
Inhibitor OMO03-4 (structure, Arg-Glu-Trp-Trp-Ser-Glu- three additional residues at the N-terminus, i.eP®
Val-Asn-Leu*Ala-Ala-Glu-Phe, where the asterisk represents (results not shown). To define these additional binding sites
the hydroxylethylene isostere) was synthesized with the in greater detail and aid the inhibitor drug design for
protected Leu*Ala isostere using a previously described memapsin 2, we initiated structural and kinetic studies of
procedure 18). Cocrystals of OM03-4 bound to memapsin these new subsites.
2 were obtained under conditions similar to those described Structure of SubsitessSS;. To identify the locations of
above, but with a protein concentration of 20 mg/mL, at pH the new subsites on memapsin 2, we determined the crystal
7.0, and 16% PEG 8000. The inhibitor:enzyme molar ratio structure of memapsin 2 catalytic domain complexed to a
was 2:1 during crystal growth. long inhibitor called P16 P4 StatVal 6) (Ki = 40 nM). The
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Table 1: Data Collection and Refinement Statistics

P10-P4StatVal- OMO03-4—
memapsin 2 memapsin 2
space group P2, P2,
unit cell
a b, c(A) 86.2, 130.9, 88.6 86.2, 130.8, 88.7
o, 3, v (deg) 90, 97.3, 90 90, 97.7, 90
resolution (A) 50.6-2.0 30-1.9
no. of observed 500659 560667
reflections
no. of unique 130092 148428
reflections
Rmergé 0.079 0.079

data completeness
(%)

1Z0)

0.384 (2.07-2.0 A)
99.7 (50.0-2.0 A)

99.2 (2.07-2.0 A)
14.5 (50.0-2.0 A)

0.433 (1.97-1.90 A)
99.9 (30.6-2.0 A)

99.4 (1.971.9 A)
17.5(30.6-2.0 A)

3.3(2.07-2.0A) 3.1(1.971.90 &)

Ruorking 0.202 0.194
Ried 0.237 0.226
rms deviation from
ideal values
bond lengths ()  0.01 0.01
bond angles (deg) 1.6 1.6
no. of water molecules 744 723
averageB-factor (A2)
protein 25.5 26.4
solvent 27.5 29.3

@ Rierge= 2 hkiXillnkii — DhaV Y il wherelpyg; is the intensity of
theith measurement arifh(is the weighted mean of all measurements
Of Ink. ® Ruork @NdRiee = 5 ||Fo| — |Fel|/3 |Fol, whereF, andF; are the
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was observed to have a bound inhibitor. Although the
inhibitor has & value of 40 nM, it could not reach an equal
molar concentration with the protease (see Experimental
Procedures) because of poor solubility. Hence, therébs-

65% unbound enzyme present in the cryatallization solution.
Upon examining the crystal packing and modeling the
inhibitor into the unbound enzyme molecule in the asym-
metric unit, we found that the amino acid residues at the
N-terminus of the inhibitor (from £to Pyo) would experience
steric interference in the crystal packing of another memapsin
2 molecule or its bound inhibitor within the same asymmetric
unit. These are likely to be the reasons that a bound inhibitor
was only observed for one protein molecule among the four
molecules in the asymmetric unit.

In the crystal structure of the P3®4 StatVal-memapsin
2 complex (Figure 1), the protein part is very similar to the
structure of memapsin 2 bound to inhibitors OM991®)(
or OMO00-3 (1) with a main chain rms deviation of 0.6 or
0.7 A, respectively. The calculated electron density clearly
defined the inhibitor structure from;Ro P, [Glu-lle-Ser-
Glu-Val-Asn-(statine)-Val-Ala-Glu] (Figure 2). The first
three residues (p—Ps, Lys-Thr-Glu) from the N-terminus
and the B Phe side chain at the C-terminus of the inhibitor
have no definable electron density. Current and previous
structures 10, 11) clearly show that both Pand R’ are
situated at the ends of the binding cleft. Therefore, the
residues beyond these two subsites are likely without

observed and calculated structure factors, respectively. Reflections withSignificant interactions with the enzyme, and thus mobile.

an Fo/o(F,) of =0.0 are included in the refinement arRifactor
calculation.

structure of this inhibitor is Lys-Thr-Glu-Glu-lle-Ser-Glu-
Val-Asn-(statine)-Val-Ala-Glu-Phe. Since statine is a mimic
of the transition state of aspartic protease cataly&8, (it
usually occupies both ;Sand §' subsites. Thus, the six
N-terminal residues of the inhibitor represent subsitgs-P
Ps, respectively. The crystal of the memapsirighibitor
complex is monoclinic with theP2; space group. The

The visible part of the inhibitor is in an extended conforma-
tion. The inhibitor backbone from P4 to Pdas essentially
the same configuration as that of inhibitors OM99-2 and
OMO00-3 bound to memapsin AQ). As predicted, statine
occupies both Pand R’ and its binding position is similar

to that previously reported for the inhibitor complex of other
aspartic proteases (Protein Data Bank entry 1LYB). In the
absence of a side chain at Rthe S’ pocket is filled with
several stabilized water molecules that interact with one
another and form hydrogen bonds to the enzyme residues

structure was determined at 2.0 A resolution (Table 1) using as reported previouslylQ, 11). The conformation and the
the molecular replacement method. There are four moleculesinteraction of previously observed side chains of Glu at P
in the asymmetric unit, but only one memapsin 2 molecule Val at B, Asn at B, and Val at 7 are essentially the same

Ficure 1: Stereopair presentation of inhibitor P4B4 StatVal bound to the catalytic unit of memapsin 2. The N-terminal domain of the

enzyme is colored pink, and the C-terminal domain is colored yellow as a ribbon diagram. The inhibitor, represented by the stick model,

is colored green from fo P, and blue from Pto Ps.
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A

FiGURE 2: Active site interactions of inhibitor PHP4 StatVal with memapsin 2. The inhibitor is represented by a stick model where the
region from R to P, is colored blue and from#o Ps red. Contacting residues of memapsin 2 are colored yellow. The electron density
is contoured at thedllevel using the B, — F. map.

Ficure 3: Close-up view of new subsites-PPs of P10-P4 StatVal. Subsites#Ps are colored green. The contacting residues of memapsin
2 (<4 A) are depicted as a yellow stick model. van del Waals contacts between the inhibitor upstream structure and memapsin 2 are
represented by green dashed lines and hydrogen bonds by red dashed lines.

as described previousiylQ, 11). The current B and B’ Residue Preference on Subsitgs-P;. To further define
residues, Ala and Glu, respectively, take the positions the activity of new subsitessPP;, we determined the residue
corresponding to Glu and Phe in inhibitor OM0O0-3 reported preference of representative amino acids in these sites. We
previously (L1). employed a previously devised methd@®)(in which relative

The conformation of B-P; of the inhibitor is essentially ~ rates of peptides in a mixture were determined using
a direct extension of the extended structure of the rest of MALDI-TOF mass spectrometry. Peptide mixtures having
the inhibitor (Figures 1 and 2). TheoCatom of the side the basic sequence RTEEISEVNL/AAEF (in which the slant
chain of Ser at Pmakes van der Waals contacts with lle denotes the cleavage site) were synthesized. The substrate
110, GIn 12, and Gly 11 of the enzyme (Figure 3). The sequence from /o P, (EVNLAAEF) contains memapsin
carbonyl oxygen of Ser atsRontacts the backbone atoms 2-preferred residued g). Residues at£-Ps (TEEIS) were
of Gly 11 and hydrogen bonds to both granido nitrogen atoms taken from the corresponding residues at/frgite of APP,
of Arg 307. Side chain atoms of lle at Bontact memapsin ~ Wwhile the arginine at 8 was chosen to facilitate analysis
2 residues Leu 267, Arg 307, and Val 309. Glu atdBes using a mass spectrometer. In each substrate group, one of
not interact with the enzyme atoms nearby. It produces athe positions in the sequence of EIS, representing subsites
higher B-factor and loosely defined electron density as P;—Ps, contained a mixture of representative residues,
compared to the rest of the inhibitor residues. It is possible including A, E, G, H, S, T, R, W, and Y. The relative rates
that the absence of significant interaction aifPdue to the of hydrolysis of the peptides in each of the three groups were
fact that the Glu side chain is not favored in thebBding determined using a MALDI-TOF mass spectrometry method
pocket (3). Despite this, the structural evidence from as previously describedl®). The resulting substrate side
subsites B-P; suggests that they are part of the substrate chain preferences, reported as the preference index (es-
recognition for memapsin 2. sentially relative k.o/Km), for these three positions are



Upstream Binding Sites of Memapsin 2 Biochemistry, Vol. 44, No. 1, 2005.09

16 Table 2: Kinetic Parameters for Memapsin 2 Substrates and
14 Inhibitors
312 P5 Kinetic Constants of the Extended Trp-Containing Substrate
2 10 _ kea  Kuo KealKi
g peptide sequenge (min7Y)  (uM) (min~tuM1)
S 81 Aswe-WW RTEWWSEVNL/AVEF 1555 24.248 0.87
8 6] Aswe RTEEISEVNL/AAEF 3.75 82.6 0.045
:h_’ 4 Inhibition Constants of the
Extended Memapsin 2 Inhibitors
2 S inhibitor sequence Ki (nM)
0- OM99-2 EVNL*AAEF 1.6
W M L A G T S E H OMO00-3 ELDL*AVEF 0.31
OMO03-4 REWWSEVNL*AVEF 0.03
30 aThe cleavage site is denoted with a sldithe isostere position is
25 | P6 denoted with an asterisk.
§ 20 new subsites on the catalysis of memapsin 2, we compared
£ kinetic data of substrates with differen§ 8nd P residues.
$ 151 Substrate Aswe was taken from tlfesite sequence of
= APPswedish, RTEEISEVNL/AAEF (in which the slant
& 109 denotes the cleavage site). Arg ati®included to assist the
5 determination of the hydrolytic rate by MALDI-TOF.
| Another substrate, Aswe-WW (RTEWWSEVNL/AAEF), has
0. . — : : : both Glu at B and lle at P changed to Trp, the most
WM | A G S D H K favorable residue for these positions. The kinetic parameters
of these two substrates are shown in Table 2. The replace-
14 ment of R and P residues with tryptophans caused a
12 ] decrease in thK, of ~3-fold and an increase iy Of ~4-
P7 fold and an increase ik.a/Km of ~14-fold.
§ 10 4 Transition-State Inhibitor OM03-4 with Trp ingfRand P.
£ The kinetic data mentioned above suggest that the inclusion
g 8 of Trp in subsites Pand B would enhance the binding of a
S 6] transition-state inhibitor of memapsin 2. We therefore
Q designed and synthesized a 14-residue inhibitor, OM03-4,
ft’ 4 with the primary structure Arg-Glu-Trp-Trp-Ser-Glu-Val-
. Asn-L*A-Ala-Glu-Phe (in which L*A represents Leu and
E Ala linked by a hydroxylethylene isostere) with a tryptophan
0 —— - : n_ : residue at Pand B. Inhibitor OM03-4 has &; value of
w Y A G T S E H R 0.03 nM (Table 2, bottom section) as compare&iealue

FIGURE 4: Amino acid residue preference for three new subsites of 0.3 nM for the specificity-optimized eight-residue inhibitor
(5—S7) of memapsin 2. The preference index was calculated from OMQ0-3 (13). This comparison confirmed that subsites-P
the relative initial hydrolytic rates of mixed substrates and is P, contributed to the binding of a transition-state analogue.

proportional to the relativé../Kn. The amino acids listed appear . o
in the position designated in each panel. The residues labeled above Crystal Structure of OMO03-4To define the binding of

the bar indicate the residues found in the native APP sequence. Trp residues in the active site of memapsin 2, the crystal
structure of the OM03-4memapsin 2 complex was deter-
presented in Figure 4. Interestingly, Trp appears to be themined at 1.9 A resolution (Table 1). This crystal form was
most preferred residue in all three sites, with Tyr and Met also monoclinic with thd?2; space group. The structure of
also demonstrating improved catalytic efficiencies. The OM03-4 bound to memapsin2 was clearly defined frogn P
position with the greatest observed effect is clearly the P to Py (Trp-Ser-Glu-Val-Asn-L*A-Ala-Glu-Phe) by electron
subsite, with the Trp substitution producing a 50-fold increase density (Figures 5 and 6). Unlike the case of inhibitor P10
in catalytic efficiency over the native APP residue, lle. When P4StatVal, a bound OM03-4 was observed for each of the
His was present at eithei Br Ps, no detectable hydrolytic ~ four memapsin 2 molecules in the asymmetric unit. The
product was found. This observation suggests that histidineconformations and the interactions of side chains from Glu
is strongly unfavorable at these two subsites and gave anat P, to Phe at i are essentially the same as those of
explanation of why the addition of an N-terminal sequence OM99-2 and OMO00-3 described previoustyO( 11). As in
(RWHH) decreased the hydrolytic rate (see above). Thesethe structure of P1OP4 StatVal, the first two residues ¢P
results suggest that subsitesP; exhibit residue preference and R), Arg and Glu, respectively, in OM03-4 are not visible
and they prefer in general the hydrophobic residues, espe-while the electron density for;As weak (Figure 6). Also
cially Trp. similar are the interactions of Ser af\Rith the enzyme (see
Influence of Subsitedand R; Residues on the Hydrolytic  above). Trp at Phas extensive interactions with memapsin
Activity of Memapsin 2To examine the influence of these 2 residues GIn 265, Glu 266, Leu 267, Arg 307, and Lys
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Ficure 5: Stereopair presentation of inhibitor OM03-2 bound to memapsin 2. The N-terminal domain of the enzyme is colored pink and

the C-terminal domain yellow, depicted as a ribbon diagram. The inhibitor, represented by the stick model, is colored gregtofRim P
and red from RPto Ps.

Ficure 6: Stereoview of the detailed interactions between inhibitor OM03-2 and the active site cleft of memapsin 2. The inhibitor is
represented by a stick model with7P,' colored red and -Ps blue. Contacting residues of memapsin 2 are colored yellow. The electron
density is contoured at theslevel using the B, — F. map.

321 (Figure 7). These contacts lead to significant backbonebond (Figure 7). These interactions correlate with the greatly
positional changes at residues 265 and 266 and cause th@mproved inhibitor affinity for a Trp at R The Trp at R

side chains of Leu 267 and Lys 321 to adopt different has higheB-factors and less well defined electron density.
rotomer positions (Figure 7). These structural changes in thelt appears to make several van der Waals contacts with Asn
enzyme are necessary to accommodate the large and11.

hydrophobic Trp side chain atPTwo hydrogen bonds are

formed to the new position of the amino nitrogen of Lys DISCUSSION

321, one from the indole nitrogen of Trp aj &d another

from one of the carboxyl atoms of Glu at, with bond Current kinetic data and crystal structures suggest that the
distances of 2.5 and 2.6 A, respectively (Figure 7). A active site of memapsin 2 interacts with 11 substrate residues,
positional shift of 2.5 A at the FGlu side chain toward that  from P to Py'. Eight of these subsites, PPy, had been well

of Lys 321 takes place prior to fromation of the hydrogen defined previously for specificityl3) and structural interac-
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Ficure 7: Close-up view of the binding mode of new subsitesI® (green) of inhibitor OM03-4. The contacting residues of memapsin

2 (<4 A) are represented as a yellow stick model. van del Waals contacts between the inhibitor upstream structure and memapsin 2 are
represented by green dashed lines and hydrogen bonds by red dashed lines. The structuré4BRit0al as the gray stick model is
superimposed onto that of OM03-2.

tion with memapsin 210, 11). Observations described above the optimization of this hydrophobic interaction. This type
support the conclusion that the active site of memapsin 2 of binding would explain why bothFand R subsites prefer
contains three additional subsites:#Ps. These new subsites  Trp and hydrophobic residues (Figure 4).
are unique among mammalian aspartic proteases, with the It is also clear that some charged residues negatively
possible exception of memapsin 1 (BACE 2) which is highly impact the catalytic efficiency. This is exemplified by the
similar to memapsin 2 in both amino acid sequerijeaqd diminished hydrolytic activity when histidine is in one of
specificity (@3). these three positions (Figures 4 and 7). The His side chain
Crystal structures revealed that the locations of the new at R; would come very close to Lys 321 and Arg 307. At
subsites ($-Ss) are in the part of the active site cleft which the assay pH of memapsin 2, the His side chain would be at
extends directly from the eight previously known subsites. least partially protonated and, therefore, unfavorably posi-
This is a region (residues 15867) in the vicinity of an tioned. The same unfavorable situation can be extended to
insertion helix (0), a unique region for memapsin 2 not seen all basic residues, and together, their presence constitutes a
in the crystal structures of other aspartic proteases. Interestvirtual “veto power” for the hydrolytic activity (Figure 4).
ingly, for the P16-P4StatVal inhibitor, side chains;P-Ps The decrease i, and the increase ik, when the residues
interact exclusively with protein side chains and are devoid are favorable in these subsites (Table 2), indicate that the
of any interaction with the peptide backbone. Since the new subsites are involved in substrate recognition as well
structure of this area of the protease comprises several surfacas the efficiency of transition-state binding. Since these three
loops, there may be considerable flexibility in the observed subsites are farther from the flap, which has been shown to
interactions stemming from the relative ease of the proteaseproduce a restricted access to the active di9, (it seems
to reorient its interacting side chains or even the backbone.possible that these subsites are involved in substrate recogni-
This flexibility may contribute to the residue preference tion at an early stage of the catalytic cycle.
observed for subsites;PPs. Given that the residues in subsites—Ps contribute
Clearly, residues in these three subsites have a strongsignificantly to the catalysis by memapsin 2, these subsites
influence on the overall catalytic efficiency. Kinetic data likely contribute to the cellular activity of this protease in
indicate that the hydrophobic residues, especially tryptophan,general. TheS-secretase cleavage site of APP does not
are preferred in all three positions. The structural basis of contain the most preferred residues in these three subsites.
this preference atdfs in clear agreement with the extensive It would be interesting to determine if some other physio-
interaction of the Trp side chain with residues i) & seen logical substrates of memapsin 2 incorporate more favorable
in the crystal structure of the memapsin@MO03-4 complex residues in these subsites. Another intriguing possibility is
(Figure 7). The structural basis for the preference of Trp at that genetic mutation in these residues of APP may accelerate
P; or Ps is, however, less obvious. Kinetic studies suggest the production of & and thus manifest the familial type of
favorable binding of tryptophan residues ing®d S pockets. AD. However, mutations of these subsites from Ser, lle, and
To answer this question, we built a model based on the Glu to Trp would require two or three codon changes at each
crystal structure of the OM03-4memapsin 2 complex in  position and, therefore, would be very rare.
which the Ser at Pwas changed to a Trp (not shown). Our The enhancing of inhibitor binding potency by the inclu-
model demonstrates that a Trp atWwould be able to form  sion of subsites P-Ps residues raises the interesting question
hydrophobic interactions with lle 110 in theg Bocket. The of whether the newly observed binding area on memapsin 2
indole nitrogen of the Presidue has the potential to from a can be incorporated in the design of new inhibitor drugs.
hydrogen bond to the amide oxygen of the GIn 12 side chain. The new sites are, however, distant from the transition-state
The side chain of Trp at/An OMO03-4 has only limited isostere. The inclusion of structures aiad R, for example,
interaction with the enzyme. Our model indicates that a large would likely create inhibitors that are too bulky for penetra-
Trp side chain in Pcan make extensive interactions with a tion of the blood-brain barrier. On the other hand, the cavity
hydrophobic side chain atPThe additional flexibility due around subsites;PPs appears to be flexible and receptive
to the lack of binding with the enzyme at $hould facilitate to ligand interactions. Thus, it seems possible that non-
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transition-state inhibitors can be designed for this new region 10. Hong, L., Koelsch, G., Lin, X., Wu, S., Terzyan, S., Ghosh, A.
to compete with the substrate APP.
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