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ABSTRACT

AIM: To build a 3D-structural model of memapsin 2
{M2) protease for theoretical study and drug design.
METHODS: Structural alignment was performed based
on multiple and pairwise sequence alignment of three tem-
plates. After the initial model was generated, energy
minimization was completed by applying molecular me-
chanics method. Molecular dynamics (MD) technique
was used to do further structural optimization. RE-
SULTS: The 3D-structural model of memapsin 2 was
constructed.  The model is reasonable according to sever-
al validation criteria. The active-site motifs of M2 are
structurally supported by a 3-sheet rich domain and linked
together with this domain through o helices, Tyrl32
contained in (-hairpin is a general characteristic of aspar-
tic protease. The Co atom superimposing result is a di-
rect verification that M2 is structurally unique but still be-
longs to the aspartic protease supetfamily. CONCLU-
SION: The 3D-structure model from our study is infor-
mative to guide future molecular biology study about M2
and drug design based on database searching.

INTRODUCTION
Alzheimer disease is characterized by the progressive
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formation in the brain of insoluble amyloid plaques and
vascular deposits consisting of the 4 kD amyloid 3-peptide
(AR, AB occurs in two predominant forms with dif-
ferent COOH-terminal, AR40 and AB42., Overproduction
of Af42 has been suggested to be the cause of familial
eatly-onset Alzheimer’s disease. Formation of A re-
quires proteolytic cleavage of a large type-1 transmem-
brane protein, the [B-amyloid precursor protein
(APP)Z¥ . To initiste AR formation, P-secretase
cleaves APP at the NH,-terminus of Af to release APPs,
an about 100 kD soluble NH,-terminal fragment, and
CTR9, a 12 kD COOH-terminal fragment which remains
membrane bound®’ . In an altemate pathway, a-secre-
tase cleaves within the AJ sequence, thus precluding the
formation of A. Cleavage by a-secretase produces a
large soluble NH-terminal fragment, APPsa, and a 10-
kD membrane-bound COOH-terminal  fragment,
CTFB3Y?. Both CTF9 and CTR83 can be further
cleaved by one or more y-secretases, leading to the re-
lease and secretion of AP and the nonpathogenic p3 pep-
tide respectively (Fig 1).

The emergence of hurnan gene sequences in the ex-
pressed sequence tag { EST) database represents an impor-
tant new resource for identifying novel human enzymes.
Initially identified from the human EST database, the
¢DNA of two pew human membrane-associated aspartic
proteases, memapsin 1 (M1) and memapsin 2 (M2),
have been cloned and sequenced'® ). These two pro-
teases are unique among aspartic proteases superfamily'®,
and the M2 is different from M1 in that it mainly exists in
brain and fits all of the criteria of p-secretase. Further-
more, expression of APP and M2 in HeLa cells shows
that M2 catalyzes the rate-limiting step of the progression
of Alzheimer’s disease, and thus, may be a strong thera-
peutic targetm.

In this paper, we have performed a 3D-structural
modeling of memapsin 2 based on the general characteris-
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Fig 1. Ilustration of proteolytic processing sites and
cleavage products of APP. Wavy lines represent the
cell membrane. 22C11, 6E10, and CB are epitopes,
Processing at the g-secretase site cleaves the mid-region
of the Ap sequence and liberates the APPsg ectodomain
containing §E10 epitope, whereas the consequent 83-
amino acid C-terminal fragment (CTF83) retains the
APP membrane domain (TM). Processing of the f-sec-
retase site releases the APPsp ectodomain and creates a
99-amino acid C-terminal fragment (CTF99) containing
the 6E10 epitope. The amino acid sequence around the
p-secretase site is muanbered relative to M2. The posi-
tion of the Swedish APP mutation, a substitution of P, :
Lys — Asn and P,’: Met — Leu, is indicated.

tics of 3D-structures of aspartic proteases. Sequence
alignment (Fig 2} of catalytic domain of M2 with pepsin
shows that it has the same two active-site aspartic acids in
D(T/S) G motifs and a 3-hairpin structure containing
conserved Tyr residue, as that of aspartic protease super-
family. In the absence of high-resolution 3D-structure of
M2, our model is a useful wol to study the cleavage
mechanism at B-secretase site and to design new iphibitors
targeting this new protease.

COMPUTATIONAL METHODS

The modeling process was done mainly in two
stages, which included the generation of the initial model
and the refinement of the structural model .

Generation of an initial medel The first step
in this procedure was to produce an initial sequence align-
ment of the target M2 with three templates. Their PBD
entries were 1AMS5, 3CMS, and 1QRP. These struc-
tural templates are found in the PDB database through
Swiss-Model server ( http://expasy. hcuge. ch/swiss-
mod/SWISS-MODEL .htm{ ). TAM5 is the crystal
structure of a pepsin from Atlantic COD ( Gadus morhua )
at 2.16 A resolution’'®’, 3CMS is an X-ray determined
structure of chymosin B at 2.0 A resolution'*!!, and
1QRP is a 3D-structure of human pepsin 3A complexed
with a phosphonate inhibitor at 1.96 A resolution'? .
Three components were used in this first step; one was a
multiple sequence alignment based on the structural simi-
larity among the templates themselves; another was a
pairwise sequence atignment between 1QRP and M2 ob-
tained from ALIGN program encoded in the FASTA pro-
gram package; the final was the resuit from secondary
structure prediction of M2 protease using SeqFeld module
in the Insightll software!’®). 'The final structural align-
ment among these three templates and the target is shown
in Fig 2. Structural alignment conserved regions { SCR)
are indicated just above the sequence in « helices and J
sheets.

In the second step, the backbone coordinates of the
residues in M2 were generated with Insightll/Homology
module¥, Regions in the M2 that aligned with the
structurally conserved regions (SCR) among the tem-
plates were generated by copying the backbone coordi-
nates from one of the templates, and the coordinates of
IQRP were used in this study. For the non-SCR re-
gions, if the sequence length was the same as that of
1QRP, the backbone coordinates from 1QRP are used for
M2. Otherwise, for the three longest loops indicated in
Fig 2, a loop search of the structures in the PDB databank
was performed. Usually, a maximum of 10 possible
loop structures from PDB were chosen by Insightll/Ho-
mology and one of them, which had the lowest RMS
squares and considerable geometrical compatibility with
the SCR region, was sclected visnally as the template for
the non-SCR in the initial mode].

Finally, the two ends of the model were generated
automatically through end-repair with InsightIl/Homolo-
gy“‘ﬂ. During the process of generating backbone coor-
dinates, initial side chain conformation for each residue
was also generated automatically. Residues in M2 that
were identical to those in 1QRP in the alignment were
given identical side-chain conformations as in IQRP.
For noo-identical residues, the conformations of these
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side-chain atoms that were in common were copied fiom
1QRP 1o M2. For the remaining side chains, library
values of rotamers were used and placed along the same
direction as the aligned residue in 1QRP. An initial 3D
model was thus completed.

Refinement of the initial model The raw
structure of M2 was relaxed in all the SCR by using the
Refine routine in Insightll/Homology™ . Further struc-
tural modifications to the loops and side chain conforma-
tions of residues in the SCR were performed to avoid
trapping of the loop in a high energy local minimum dur-
ing energy minimization. In the minimizing process,
first of all, the constraints of dihedral angles and hydro-
gen bond distances of the SCR’s backbone were applied in
the combining steepest descent and conjugated gradient
minimization methods.  After 5000 steps, these com-
straints were released gradually and removed during the
full-protein optimization using the parameters as a non-
bonding cutoff of 8 A and a distance dependent radial di-
electric ¢ = 5r, Amber force field and Amber-all-atom
charges, the energy gradient RMS < 0. 05 kcal (mol -
A)~!. The whole model was minimized to conver-
gence,

In the next step, the model was subjected to 40 ps
molecular dynamics (MD} simulations using a long non-
bonding cutofT distance of 15 A. The model was kept at
300 K during the entire simulation. At the beginning of
the MD, the same geometrical constrainis as described
above were used in order 10 keep the SCR regions of M2
structuraily stable. The constraints were gradually re-
duced for a total of additional 5 ps and removed com-
pletely during the last 35 ps simulation process. The to-
tal energy of the model and the RMS (root-mean-square)
deviation of the Ca atoms in SCR regions between two
consecutive snapshots were monitored to evaloate the
quality of MID operation and the structural stability of M2
protease. The averaged structure from the last 30 ps of
the MD was then caicufated and further optimized to gen-
erate the final refined structural model of M2 protease.

RESULTS AND DISCUSSION

Fig 2 represents the structural alignment of M2 with
the four templates. This alignment was chosen not only
according to the aligning score but also based on the con-
served residues in the aspartic protease superfamily. The
refined mode) of M2 protease was evaluated for its overall
quality. First, the structural checking was performed us-
ing the ProtStat routine in the Insightll/Homology.

Some structural flaws, such as appearance of hindrance or
holes produced by incorrectly packed side chains, distor-
sions in incorrectly aligned regions, were found and cor-
rected till that all the bond lengths and dihedrals were in
the normal range of geometrical criteria.  After that, the
Profiles-3D routine in Homology module was applied to
verify the residue environment according to the PDB clas-
sification in the smooth mode. The overall self-compati-
bility score of M2 protease was 123.45, and the score of
every residue was above zero (Fig 3). [Inspecting the
results of secondary structure classification, all the per-
residue secondary types agreed with the structural align-
ment (Fig 2) and the parameters setting by Kabsch-
Sander algorithm™'.  That is to say, our structural
model is in accordance with whole conformational ar-
rangement of aspartic protease superfamily.

2

Score

-D.318

64 419

Fig3. The 3D-profile map of M2 structural model.

Fig 4 represents the root mean square deviations
(RMSD) of conformations of M2 during the molecular
dynamics simulation. Although the solvent effect was
not considered, a dielectric constant of 10 was adopted in
the whole MD operation in order to simulate the in vivo
environment. From Fig 4, we could see that the model
was conformationally variable at the beginning of MD tra-
jectory, but it became structurally stable about 10 ps lat-
er. These results provide an additional testification of the
robustness of our model.

Fig 5 shows the cartoon map of the 3D-stnictural
model of M2 protease, and Fig 6 is the representation of
three highly conserved domains in the M2 model.
Residue Tyri32 was sitated in the conserved 3-hairpin
motif which was a general structure characteristic of as-
partic protease, The distance between the phenyl ring
center in the side chain of Tyr132 and Ca atom of Aspd3
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was almost the same as that of the templates (Fig 6B).
Although in agreement with structural criteria regarding
other aspartic protease, the only j hairpin contained in the
second conserved domain (Fig 6B) was a great difference
existing in the subfamilies of aspartic protease. The two
active-site motifs were structurally supported by the high
conserved g-rich domain (Fig 6A). This means the re-
gion contzining the active-site was highly conserving and
actually the active catalytic site, which carries the cleay-
age function of 3-secretase in the biological formation of
AR during the process of Alzheimer’s disease.
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Fig4. The root mean square deviations [RMSD) os
time map of different conformations of M2 in the molec-
ular dynamics trajectory.

Fig 5. Cartoon representation of M2 protease 3D-
structural model.

To check the familial onsets of M2 protease in bio-
logical evolution, atomic fitting about the active-site mo-
tifs was performed. The Ce superimposing map was
generated and shown in Fig 7. Although the B hairpin
containing region was somewhat conformationally change-

able, the fitting results in Fig 7 coincide well with our ex-
pectation .

Helix2

Helix3

Fig 6. Cartoon representation of the three conserved
domains in the structural model of M2 protease, which
could also be found in the aspartic protease superfamily.
A: the fi-sheet rich domain just below the active aspartic
acid motifs; B: the p-rich domain containing the first ac-
tive-site motif, the distaince between the Cu of Asp93
and the center of phenyl ring in the side chain of con-
served Tyr132 is labeled; C: the third f-rich domain con-
taining the second active-gite motf. Helix 1 links the
domain A and B, helix 2 links the domsain A and C, he-
lix 3 is another structural conserving motif between the
domain C and the loop-rich region above the domain C.

Furthermore, the conformational measurement about
the active-site motifs listed in Tab 1 (the templates and
two additional aspartic protease from PDB bank ) gives an
ideal impression about the structural conservation of M2
protease.
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Tab 1. The dihedral angles of the conserved active-site motifs of some aspartic proteases inciuding the M2 protein.

Protein Reisdue phi psi Chil Chi2 Chi3 Chit et
Asp32 -106.65 10042 -177.38 26.37 33.14
The33 -78.13  -12.39 71.30 29.80
Gly34 -97.64 6.92

1AMS TyrTs -105.28 33.41 -60.64 67.62 -179.41  -0.28 40.58
Asp215 -13.72  112.81 -15l.19  -32.61 43.76
Th216 -74.87 -21.58 52.17 .41
Glyz17 -70.93 -20.87
Aspa2 -127.01 98.26 178.19 18.90 35.92
Thr33 -69.87 3.15 60.62 26.95
Gly34 -109.88 18.30

1EED Tyd5 117,95 178.43 -7 -T1.9 179.74 2.2 41.31
Asp215 ~1%.39 90.07 -171.35 -2.65 34.28
216 -53.27 -24.66 61.11 33.91
Gly217 -83.97 5.84
Aspi2 ~14.8  110.06 -178.00 9.75 40.47
Thr33 -76.9%8  -1.70 60.37 33.32
Cly34 -9.23 6.11

IHTR Tyr?s -130.72 -173.98 48.56 76.72 -1 -0.04 28.18
Asp217 -128.01  106.32 -171.33 -18.28 37.13
The218 -74.5  -0.79 52.80 38.21
Gly219 -96.33 8.00
Asp32 -10.81  11.17 - 179.56 17.83 34.9%
Thr33 -82.50 3.25 61.90 3.1
Gly34 -97.26  -2.31

IQRP Tyr?5 -106.39  169.08 -53.26  -91.25 —177.84 0.33 33.20
Asp215 12578 103.64 -172.7% 173.01 33.39
Thi216 ~67.49  -17.36 56.70 33.58
Ghy217 9194 -7.39
Asp32 -112.91 93.78 -168.76 9.39 26.62
Thr33 -4.14  -B.27 5.79 20.66
Gly34 -95.40 7.49

3CMS Tv7s -185.35  128.63 177.03 ~79.45 -179.88 0.17 35.34
Asp2l5 -121.3  110.60 -171.01 -4.22 36.97
The216 -78.24  -2.43 63.28 35.68
Gly217 - 107.33 24.18
Asp3 -120.52  103.31 -179.39 ~64.30 35.60
Thed - B0.67 9.33 58.69 32.58
Glys -94.62 ~24.50

M2 Tyrla2 -133.01  169.47 -58.76  -92.16 -179.8  -1.16 35.60
Asp289 -114.49 95.00 17264 —163.52 33.68
Ser200 -51.83 -33.66 61.49 33.20
Gly291 -66.01  -35.06

In conclusion, this work is the first to provide a val-  selection of residues for future mutation studies to further
idated 3D-structural model of M2 protease. The main  probe the relationship between structural and biological
goal of this work, using theoretical modeling methods to  function of M2 protease, and thus, offer a satisfactory
build a useful mode! structure for the structural study of dmug desigh model based on small molecular database
cleavage mechanism of -secretase acting on APP, has  searching or de novo inhibitor designing.
been fulfilled. Our model could allow structure-based
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Fig 7. The Co superimposing map about the conserved
domains containing the active-site motifs and the Tyr
residue in the Fhairpin motif of 5 aspartic proteases,
extracted from the PDB bank with high sequence ho-
mology.
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