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B-Secretase, also known as BACE, is a transmem-
brane aspartyl protease, which generates the N termi-
nus of Alzheimer’s disease amyloid B-peptide. The ac-
tivity of B-secretase is the rate-limiting step of brain
plaques production in vivo, and hence is a potential
target for disease modifying drugs for Alzheimer’s dis-
ease. To better understand the mechanism of action of
B-secretase and help explore novel strategies for drug
discovery for Alzheimer’s disease, it is important to
elucidate the three-dimensional structure of its zymo-
gen. Based on the X-ray structure of the enzyme’s pro-
tease domain and the X-ray structure of pepsinogen, a
model of the three-dimensional structure of the
B-secretase zymogen has been constructed. Compari-
son of the computed structure of pro-BACE with X-ray
structures of pepsinogen and progastricsin (two other
pro-aspartyl proteases) reveals a significant differ-
ence in the relationship of the pro-segment to the cat-
alytic aspartates. In both pepsinogen and progastric-
sin a lysine side-chain in the pro-segment forms a salt
bridge to the two catalytic aspartates, occupying the
position normally occupied by a catalytic water. In the
pro-BACE model there is no salt bridge, and the cor-
responding residue—a proline—does not interact at
all with the catalytic residues. These findings can be
used to elucidate the recent observations that the pro-
domain of B-secretase does not suppress activity as in
a strict zymogen but does appear to facilitate proper
folding of an active protease domain. The predicted
three-dimensional structure of B-secretase zymogen
and the relevant findings might also provide useful
insights for rational design of effective drugs against
Alzheimer’s disease. © 2002 Elsevier Science (USA)
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Alzheimer’s disease (AD) is characterized by a neu-
rodegenerative, dementia-inducing disorder that re-
sults in a progressive and ultimately fatal loss of men-
tal capacity. The development of AD is accompanied by
the gradual spread of sticky plaques and clumps of
tangled fibers that disrupt the delicate organization of
nerve cells in the brain, undermining the normal com-
munication among brain cells. As brain cells lose abil-
ity to communicate with one another, they atrophy—
causing memory and reasoning to fade. It is estimated
that about 20 million people worldwide (more than 4
million in the United States alone) are suffering from
this disease. As the population grows and people live
longer, those numbers will increase more than three-
fold by the year 2050, according to some estimates.
Studies in molecular pathology have indicated that the
accumulation of the amyloid-gB peptide (AB), varying in
length, but primarily of 40 or 42 amino acids, leads to
ApB fibril deposition or B-sheet (oligomer) amyloid dep-
osition (see, e.g., Ref. 1) in the cerebral cortex of AD
patients. Accordingly, the presence of AB neuritic
plaques is deemed a hallmark of AD and has been
suggested to be the cause of all known cases of AD. The
formation of AB requires two proteolytic cleavages of
the membrane-anchored B-amyloid precursor protein
(APP). In the nonamyloidogenic pathway APP is
cleaved by a-secretase at the sites within the AB se-
guence (2) so as to break it down and prevent the
formation of intact AB (Fig. 1a); the soluble derivatives
thus released are called a-APPs (3). In the amyloido-
genic pathway, AB is generated from APP by two pro-
teases, the B- and y-secretases, through the following
“aberrant” cellular metabolism of APP: (i) B-secretase
cleaves APP at the N-terminus of AB peptide (4), gen-
erating an APP fragment starting with the first residue
of AB (Fig. 1b) that is also called B-APP (3) in which AB
remains intact; (ii) y-secretase, likely mediated by pre-
senilin 1, cleaves the C terminus of AB (3), leading to
the complete release of AB (Fig. 1c). Therefore, the
formation of AB, the hallmark of AD, is closely associ-
ated with the activities of B-secretase, +y-secretase
and/or presenilin. All three enzymes have become po-
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FIG. 1. Schematic drawing to show the normal and abnormal
cleavages of APP, where AR is shaded to distinguish it from the other
part of APP. In the normal case, APP is cleaved by (a) a-secretase at
the sites within the AB sequence so as to preclude the formation of
AB. In the abnormal case, APP is cleaved by (b) B-secretase at the
N-terminus of AB peptide, followed by (c) y-secretase, likely medi-
ated by presenilin 1, at the C-terminus of AB, leading to the complete
release of AB.

tential targets for inhibitor drugs against AD. The
present study is focused on B-secretase. This is be-
cause: (i) effective B-secretase cleavage of APP is a
prerequisite for formation and secretion of AB, and
(ii) a 1.9 A resolution X-ray crystal structure of B-se-
cretase has recently become available (5). Since the
formation of AB depends on the activity of B-secretase,
it is vitally important to reveal the mechanism of the
enzyme’s activation process. To realize this, it is in-
structive to develop a 3-D (dimensional) model of the
B-secretase zymogen. The present study was initiated
in an attempt to find the 3-D structure of B-secretase
with its pro-peptide, and to analyze its effect on the
function of the enzyme.

MATERIALS AND METHODS

The sequence of the B-secretase zymogen was taken from Vassar et
al. (6). The sequence alignment for the B-secretase zymogen (abbre-
viated as pbsz), B-secretase (1fkn), progastricsin (1htr), and pepsino-
gen (3psg) was performed using the PILEUP program in the GCG
package (7). Pepsinogen and progastricsin are pro-enzymes in the
family of aspartyl proteases that includes B-secretase. The aligned
result is given in Fig. 2, where the pro-peptides are colored blue and
the active site residues are red. For the case of pbsz, the signal
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peptide includes residues 1-21 (not shown), the pro-peptide includes
residues 22—45 (8), and the main-chain includes residues 46—446
(with the active site aspartates at 93 and 289). The transmembrane
and intracellular domains that follow residue 446 are outside the
scope of the current study.

Using the alignment shown in Fig. 2, the 3-D model of the
B-secretase zymogen (pbsz) was constructed from (i) the X-ray coor-
dinates of the protease domain of B-secretase (1fkn.pdb) recently
determined by Hong et al. (5), and (ii) the X-ray coordinates of
pepsinogen (3psg.pdb) determined by Hartsuck et al. (9). The pro-
segment of the pepsinogen structure provided the basis for a homol-
ogy model of the B-secretase pro-segment, which was grafted onto the
B-secretase protease domain, using the procedure described below.

Since the pro-peptide segment and the protease domain of the
model were derived from two different templates, an operation for a
smooth connection at a proper site (10) for the two structures was
needed. This was performed as follows. The template structure
3psg.pdb was superimposed onto the template structure 1fkn.pdb,
using the commercial software package, MOE (Chemical Computing
Ltd.). During the superimposition process the entire structure of
3psg underwent a translational and rotational motion (11), and
hence the coordinates of 3psg changed, although the coordinates of
1fkn remained unchanged. It was observed from the superimposed
pair that, starting from Gly-74 and proceeding in the C-terminal
direction (the residue number is counted based on the sequence of
pbsz as shown in Fig. 2), the backbone chain of 1fkn followed almost
the same trajectory as that of the backbone chain of 3psg, for most
of the N-terminal lobe of the bilobal structures. Moving in the
N-terminal direction from Gly-74 of B-secretase, however, the struc-
tures diverged markedly. Accordingly, residues 74 of the B-secretase
structure became the joining point for grafting on the pro-segment of
pepsinogen (in the form of the actual B-secretase pro-segment se-
quence). A smooth connection between residues 16-72 of 3psg and
residues 74—446 of 1fkn (Fig. 2) was realized without causing any
structural conflicts. The structure thus obtained was then used as a
combined template to develop the final 3-D model of the B-secretase
zymogen (pbsz) by the segment matching modeling method (12).

The segment matching approach (in the MOE software) employs a
database of known protein structures to build an unknown target
structure based on an amino acid sequence alignment. In this case
the target structure was the p-secretase zymogen, i.e., the pro-
segment plus the protease domain of B-secretase. The target struc-
ture was first broken into a set of short segments. The database was
then searched for matching segments on the basis of amino acid
sequence similarity and compatibility with the target structure. The
process was repeated 10 times and an average model was generated,
followed by energy minimization of the entire pro-enzyme to create
the final model. The structure thus obtained uniquely defined the
atomic coordinates of not only residues 22—45, the pro-segment of
pbsz, but also the segment of residues 4655 in the main chain that
was missing in the crystal structure of 1fkn.pdb (5). Furthermore,
although the majority of the protease domain (residues 75—-446) of
pbsz was almost identical to the corresponding sequence in 1fkn, a
small transition-linking part of the protease domain (residues 56—
74) was affected owing to the existence of the pro-segment. This
procedure was originally shown to be highly accurate for eight test
proteins ranging in size from 46 to 323 residues, where the all-atom
root-mean-square deviation (RMSD) of the modeled structures was
between 0.93 and 1.73 A (12). This method was previously used to
model the structure of the protease domain of caspase-8, at a time
before the X-ray coordinates were released for caspase-3 (13). In that
particular study, the atomic coordinates of the catalytic domain of
caspase-3 were predicted based on the X-ray structure of caspase-1,
and then the caspase-3 structure thus obtained served as a template
to model the protease domain of caspase-8. After the X-ray coordi-
nates of caspase-3 protease domain were finally released and the
X-ray structure of the caspase-8 protease domain was determined
(14), it turned out that the RMSD for all the backbone atoms of the
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22 46 54
pbsz  ~=~~~~~~ TQ HGIRLPLRSG LGGAPLGLRL PRETDEEPEE PGRRGSFVEM VDN..LRGKS
1fkn 5 - ~—— 5~RRGSFVEM VDN. .LRGKS
lhtr ~~~AVVKVPL KKFKSIRETM KEKGLLGEFL R.THKYDPAW KYRFGDLS.. VTYEPMA.YM
3psg ~~~~LVKVPL VRKKSLRQNL IKDGKLKDFL K.THKHNPAS KY.FPEAAAL IGDEPLENYL
16 51 60
74 23
pbsz GQGYYVEMTV GSPPQTLNIL VDTGSSNFAV GAAPHPFL.. ..HRYYQRQL SSTYRDLRKG
1fkn GQGYYVEMTV GSPPQTLNIL VDTGSSNFAV GAAPHPFL.. ..HRYYQRQL SSTYRDLRKG

lhtr DAAYFGEISI GTPPQONFLVL FDTGSSNLWV PSVYCQSQAC TSHSRFNPSE SSTYSTNGQT

3psg DT?YFGTIGI GTPAQDFTVI F?TGSSNLWV PSVYCSSLAC SDHNQFNPDD SSTFEATSQE
72 91

pbsz VYVPYTQGKW EGELGTDLVS IPHGPNVTVR ANIAAITESD KFFINGSNWE GILGLAYAEI
1fkn VYVPYTQGKW EGELGTDLVS IPHGPNVTVR ANIAAITESD KFFINGSNWE GILGLAYAEI
lhtr FSLQYGSGSL TGFFGYDTLT V.QSIQVPNQ EFGLSENEPG TNFVYAQ.FD GIMGLAYPAL
3psg LSITYGTGSM TGILGYDTVQ V.GGISDTNQ IFGLSETEPG SFLYYAP.FD GILGLAYPSI

216

N
pbsz ARPDDSLEPF FDSLVKQTHV PN.LFSLHLC GAGFPLNQSE VLASVGGSMI IGGIDHSLYT
1fkn ARPDDSLEPF FDSLVKQTHV PN.LFSLQLC GAGFPLNQSE VLASVGGSMI IGGIDHSLYT

lhtr SV..DEATTA MQGMVQEGAL TSPVFSVYL. ....SNQQG. ...SSGGAVV FGGVDSSLYT
3psg SA..SGATPV FDNLWDQGLV SQDLFSVYL. ....SSND.. ...DSGSVVL LGGIDSSYYT
278 289

pbsz GSLWYTPIRR EWYYEVIIVR VEINGQDLEKM DéKEYNYDKS IVESGTTNLR LPKKVFEAAV
1fkn GSLWYTPIRR EWYYEVIIVR VEINGQDLKM DCKEYNYDKS IVDSGTTNLR LPKKVFEAAV
lhtr GQIYWAPVTQ ELYWQIGIEE FLIGGQASGW CSEGCQ...A IVDTGTSLLT VPQQYMSALL
3psg GSLNWVPVSV EGYWQITLDS ITMDGETIA. CSGGCQ...A IVPTGTSLLT GPTSAIANIQ

ave

330

N
pbsz KSIKAASSTE KFPDGFWLGE QLVCWQAGTT PWNIFPVISL YLMGEVTNQS FRITILPQQY
1fkn KSIKAASSTE KFPDGFWLGE QLVCWQAGTT PWNIFPVISL YLMGEVTNQS FRITILPQQY

lhtr OQATGA....Q EDEYGQFL.. .VNCNSIQNL PSLTF..... ...... IING VEFPLPPSSY
3psg SDIGA....S ENSDGEMV.. .ISCSSIDSL PDIVF..... ...... TIDG VQYPLSPSAY
3to 420
pbsz LRPVEDV... .ATSQDDCYK FAISQSSTGT VMGAVIMEGF YVVFDRARKR IGFAVSACHV
1fkn LRPVEDV... .ATSQDDCYK FAISQSSTGT VMGAVIMEGF YVVFDRARKR IGFAVSACHV

lhtr 1I..LSN..NG YCTVGVEPTY LSSQNGQPLW ILGDVFLRSY YSVYDLGNNR VGFATAA~~~
3psg I..LQD..DD SCTSGFEGMD VPTSSGE.LW ILGDVFIRQY YTVFDRANNK VGLAPVA~~~

ITH
3
pbsz HDEFRTAAVE GPFVTLDMED CGYN
1fkn HDEFRTAAVE GPFVTLDMED CGYN
lhtr ———— -~ ————

3psg e ~

FIG. 2. Sequence alignment of B-secretase zymogen (pbsz), B-secretase (1fkn), progastricsin (1htr) and pepsinogen (3psg), where the
X-ray structures for 1fkn, 1htr, and 3psg are known, and the structure for pbsz is to be predicted. The pro-peptides are colored blue. The
yellow line indicates the residue pair involved in forming disulfide bond as observed in 1fkn. The codes in red bold type represent the
conserved residues at the active site for the aspartyl protease family. Their sequence locations are residues 93-95 and residues 289-291 for
pbsz, residues 91-93 and residues 274—276 for 3psg, and residues 91-93 and residues 276-278 for 1htr. See text for further explanation. The
signal peptide segments (residues 1-21 for pbsz, residues 1-16 for 1htr, and residues 1-15 for 3psg) were not included for the alignment
operation because they will be cleaved off by signal peptidase during the secretory process (see, e.g., (24)).

caspase-3 protease domain between the X-ray and predicted struc- the computed structures of caspase-3 and -8 were quite close to the
tures was 2.7 A, while the corresponding RMSD was 3.1 A for corresponding X-ray structures. Later on, this method was succes-
caspase-8, and only 1.2 A for its core structure. This indicates that  sively applied to model the CARDs (caspase recruitment domains) of
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Apaf-1, Ced-4 and Ced-3, based on the NMR structure of the RAIDD
CARD (15), and to model the Cdk5-P35 complex (16) as well as the
protease domain of caspase-9 (17).

RESULTS AND DISCUSSION

The predicted 3-D structure thus obtained for the
B-secretase zymogen is illustrated in Fig. 3. The pro-
peptide segment (residues 25-45) is colored blue, the
main chain colored yellow, and the active site residues
(DTG 93-95, DSG 289-291) are colored red. The re-
sulted 3-D model provides us with a detailed look at the
structural relationship between the active site of the
enzyme and its pro-peptide segment.

1. Overall structure. Since the origins of the pro-
tease domain of the model came from crystallographic
coordinates, it was expected that the final energy min-
imized model of that domain would retain most, if not
all, of the experimental attributes, and that was the
case. In particular, the model retained the three pairs
of disulfide bonds, i.e., Cys***~Cys*®, Cys**~Cys*®, and
Cys**—Cys**. This implies that the existence of the
pro-peptide segment would not destroy the disulfide
bonds but rather likely facilitate a proper folding for
forming the three pairs disulfide bonds as observed in
an active protease domain (18). Proceeding in the
N-terminal direction from the pro-segment attachment
point, the backbone traces a path from one end of the
active site cleft, toward the center, then covers over the
“flap” of the active site as described in (5). It then
continues toward the far end of the active site, makes
a turn, and returns via two helices to near its origina-
tion point. Its overall structure is somewhat similar to
the pepsinogen pro-segment from which it was derived,
but with a key difference described below. An overlay
of the B-secretase crystal structure with the pro-
enzyme model shows some differences in side chain
positioning induced by the presence of the pro-
segment, and very minor differences in distal position-
ing, likely due to the energy minimization.

2. The effect of the pro-peptide to the activity of
B-secretase. Generally speaking, an enzyme will be
inactivated by the existence of its pro-peptide. How-
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ever, unlike the case of most other zymogens, the ex-
istence of the pro-peptide does not seem to have a
significant impact on the activity of B-secretase. This
can be elucidated as follows. Inactivation of an enzyme
by its pro-peptide is generally thought to be due to
physical blockage of the catalytic site, preventing ac-
cess to substrate. In the case of aspartyl proteases, a
pro-segment could also disrupt the catalytically-
required water molecule between the two aspartates.

A comparison of the 3-D structures of pepsinogen,
pro-gastricsin, and the B-secretase pro-enzyme model
indicates that the pro-segments of all three cover up
the catalytic site, and therefore should block access to
substrate. The dynamics of protein motion, however,
could allow periodic unfolding of the pro-segments ex-
posing the catalytic clefts to enable substrate process-
ing. Yet only for the B-secretase pro-enzyme is sub-
strate processing known to occur, so there is something
unique about the positioning of its pro-segment.

As mentioned above, the substrate amide bond hy-
drolysis by aspartyl proteases requires the participa-
tion of a water molecule (19), as illustrated in Fig. 4.
The catalytic reaction involves (i) the pB-carboxyl
groups of the two Asp residues (i.e., Asp-93 and Asp-
289 for the case of B-secretase) at the active site being
brought in to close proximity to activate a water mol-
ecule by forming hydrogen bonds with it; (ii) the nu-
cleophilic attack of the activated water molecule on the
carbonyl carbon atom of the scissile peptide bond to
form the tetrahedral intermediate; (iii) the decomposi-
tion of the tetrahedral intermediate to yield the prod-
uct of cleaved peptides and active enzyme. Accordingly,
before a peptide bond is cleaved by an aspartyl pro-
tease, the two Asp residues at the active site must first
activate a water molecule by forming four hydrogen
bonds with it.

However, for the case of pepsinogen (3psg), the two
active site Asp residues, i.e., Asp-91 and Asp-274 (Fig.
2), have already bonded to Lys-51 of the pro-peptide by
two salt bridges: one is between O™ of Asp-91 and N° of
Lys-51, and the other between O” of Asp-274 and N¢ of
Lys-51 (Fig. 5a), as clearly shown in the X-ray struc-

FIG. 3. The computed structure of B-secretase zymogen based on the sequence alignment of Fig. 2. The pro-peptide segment is colored
light blue, the protease domain is colored yellow, and the active site (DTG 93-95, DSG 289-291) is colored red. The residues involved in
forming three disulfide bonds are shown with the ball-and stick drawing.

FIG. 4. The catalytic mechanism of B-secretase. In abridged form, the reaction involves (1) the B-carboxyl groups of the two active site
Asp residues, Asp-93 and Asp-289, being brought in to close proximity to activate a water molecule by forming four hydrogen bonds with it;
(2) the nucleophilic attack of the activated water molecule on the carbonyl carbon atom of the scissile peptide bond to form the tetrahedral
intermediate; (3) the decomposition of the tetrahedral intermediate to yield the cleaved peptide product and active enzyme. The red arrows
between atoms approximate the bond-forming and -breaking process. By modifying the sequence number of the two active site Asp residues,
the schematic drawing can be used to illustrate the catalytic mechanism of all the other aspartyl proteases as well.

FIG. 5. A ball-and-stick drawing to highlight the interaction of the two active site Asp residues with the closest residue from the pro-peptide.
Only heavy atoms are shown. (a) For the case of pepsinogen (3psg), Asp-91 and Asp-274 are bonded to Lys-51 of the pro-peptide by two salt bridges
(dash line): one is between O™ of Asp-91 and N of Lys-51, and the other between O of Asp-274 and N¢ of Lys-51. (b) For the case of progastricsin
(1htr), Asp-91 and Asp-276 are bonded to Lys-53 by two salt bridges: one is between O™ of Asp-91 and N¢ of Lys-53, and the other between O of
Asp-276 and N°* of Lys-53. (c) For the case of the B-secretase zymogen model, no salt-bridge can be formed between the active site Asp residues and
Pro-54, the residue corresponding to the Lys locations in the other two pro-enzyme structures (Fig. 2).
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ture determined by Hartsuck et al. (9). As is well
known, salt-bridges are stronger than hydrogen bonds
(see, e.g., (20)). This will certainly disrupt the two
active site Asp residues in activating a water molecule,
and hence the activity of the pepsinogen in cleaving a
peptide bond is impeded by the existence of the pro-
peptide segment. A similar situation also occurs in the
case of progastricsin (1htr), where the two active site
Asp residues, i.e.,, Asp-91 and Asp-276, have also
formed two salt bridges with Lys-53 of the pro-peptide:
one is between O™ of Asp-91 and N‘ of Lys-53, and the
other between O of Asp-276 and N¢ of Lys-53 (Fig. 5b),
as shown by the X-ray structure determined by Ivanov
et al. (21). Accordingly, one could view the salt bridges
to the aspartates as a “locking” mechanism that holds
the pro-segment in place and prevents the proper po-
sitioning of a catalytic water molecule.

The microenvironment is much different in the
B-secretase zymogen model, where no salt bridges
whatsoever are observed between the pro-peptide seg-
ment and the two active site Asp residues, i.e., Asp-93
and Asp-289 (Fig. 2). According to the model, it is
Pro-54 that corresponds to the Lys locations in the
other two pro-enzyme structures from both sequence
alignment (Fig. 2) and 3-D structure (Fig. 5c). How-
ever, a proline side-chain cannot form a salt-bridge.
Thus, for the case of the B-secretase zymogen, the
“locking” mechanism is absent and there is no pro-
segment side-chain in the location of the catalytic wa-
ter position.

According to this model, therefore, the existence of
the pro-peptide segment should not completely reduce
the activity of B-secretase. This structural observation
is supported by the recent experimental observations
from the following two independent groups. Shi et al.
(22) observed that, when assayed with a polypeptide
substrate, the k(cat)/K(m) of B-secretase with the pro-
segment intact is only 2.3-fold less than B-secretase.
They concluded that the pro-domain of B-secretase
“does not suppress activity as in a strict zymogen but
does appear to facilitate proper folding of an active
protease domain.” Benjannet et al. (23) observed that
“pro-BACE can produce significant quantities of Swed-
ish mutant BAPP,, B-secretase product C99,” and
hence the pro-domain has little effect on the BACE
active site.

While the absence of the “locking mechanism” in the
pro-BACE model provides a possible explanation for
the unusual retained activity of the pro-enzyme, the
design of experiments to test the hypothesis is compli-
cated by the fact that Pro-54 in the pro-BACE model
imparts a substantially different backbone trajectory
in the region of that residue, compared to what is
observed in the two comparator crystal structures
(3psg and 1htr). This observation would be expected,
due to the cyclic conformational constraints of a pro-
line. Mutation of the proline to a lysine in pro-BACE
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would, correspondingly, also be expected to change the
backbone characteristics in that region. In fact, we
have found that such a single mutation is insufficient
to reduce or eliminate activity of the pro-enzyme (Mild-
ner, A. M., Tomasselli, A. G., and Heinrickson, R. L.,
unpublished results). This suggests that confirmation
of the hypothesis by experimental modification of the
BACE pro-segment would need to involve more than
just the Pro54Lys mutation, to include one or more
additional residues that would enable the nearby pro-
segment backbone to more closely mimic those of the
comparator pro-enzymes.

Although computer-predicted protein structures are
still not as accurate as X-ray structures, modeled struc-
tures such as the one presented here can be used to
understand and test hypotheses about biological func-
tion. Particularly, the present model provides novel
insights into molecular mechanisms that can be used
to address why the pro-domain of B-secretase does not
confer strict zymogen-like properties. Since B-secretase
purportedly plays a pivotal role in the etiology of Alz-
heimer’s disease and has become an important target
for inhibitor drugs against Alzheimer’s disease, the 3-D
structure of the B-secretase zymogen and the relevant
findings as revealed here should provide useful in-
sights in modulating the activity of the enzyme and
encourage the development of novel strategies to pre-
vent the production of AB.
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