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Aim: To deveop probes for detecting the binding specificity between (3-secretase
and substrate, and provide reliable biological activity datafor further researching
encircling substrate-based inhibitors. M ethods: To prepare the inhibitors, the
hydroxyethylene (HE) segment including P, and P;" was synthesized after muilti-
step reactions; the combination of all segmentswas then completed through solid
phase synthesis. Recombinant human (-secretase ectodomain (amino acid resi-
dues 1-460) was expressed as a secreted protein with aC-terminal Histagininsect
cellsusing baculovirusinfection, and all compounds were evaluated in this
B-secretase enzyme assay. In order to understand the interaction in detail,
the theoretical methods, namely molecular dynamics (MD) simulation and mo-
lecular mechanics-generalized-born surfacearea (MM-GBSA) analys's, were per-
formed on the complex of 3-secretase and OM99-2 to obtain the geometrical and
energetical information. Results Wedesigned and constructed a positiona scan-
ning combinatorial library including 16 compounds; all members of the library
were synthesized based on HE dipeptideisostere. Structure-activity relationship
studies at the P,-P, and P;'-P,' positions led to the discoveries of Pand P sides
binding specificity and potent inhibitors 14, 18, and 22. The binding free energy
on the whole system and every residue were compared to the biol ogical assay
result. Conclusion: Theremoval of P, yielded inhibitor 22 (Az*B,) with high
potency; further truncation of Py gave inhibitor 18 (A;*B,) with equal activity,
implying that theright Sdeof theinhibitors play alessimportant role and could be
easily simplified, while change on the P side may cause substantial results.
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ment of AD'@. The 3-amyloid (40-42 residues) is generated

Introduction in vivo through the proteolytic cleavage of the membrane-

Withincreasing lifeexpectancy, Alzheimer’ sdisease (AD)
will become a heavy burden to familiesand society. AD isa
neurodegenerative disorder clinically characterized by pro-
gressive dementiathat inevitably leadsto incapacitation and
death. Until now, therapieshavetemporarily improved cog-
nitive function, but have donelittle to block the progression
of AD™. Understanding the pathophysi ol ogical mechanisms
that underlie neurodegeneration in AD is essential for the
rational design of therapiesto retard or halt progression of
thedisease. The accumulation of B-amyloid (AB) in the hu-
man brain is considered to be the main cause of the devel op-
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anchored -amyloid precursor protein (APP) by B- and y-
secretasd?. Both proteases are potential targets for inhibi-
tor drugs against AD, but B-secretase, which cleaves APP
on theluminal side and is considered to be the rate-limiting
step in the processing of APP to AB peptide*?, is consid-
ered to be the major therapeutic target. B-secretase and the
crystal structure of its catalytic domain were al so determined®.
Three transition—state analog inhibitors of (3-secretase have
been reported, including: (1) statine structure-related com-
pounds®®; (2) hydroxyethylene (HE) structure-rel ated com-
pounds®'?: (3) hydroxyethylamine structure-related com-
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pounds'™.

OM99-2 isthefirst inhibitor incorporating 8-residue
(Molecular weight: about 900 Da) and a non-hydrolyzable
Leu-Ala HE dipeptideisostere asdepicted in Figure 1. This
compound has an | Cg, of 80 nmol/L for B-secretaseand isa
product designed on the basis of the common enzymatic
mechanism of aspartic proteases. Substrate transition-state
mimics have been widely used for the design of aspartic
protease inhibitors, but enzyme inhibitors with therapeutic
potential are preferable asthey have low molecular weight
and are available compounds for oral administration.
Therefore, the inhibitor-like OM99-2 is not viable drug
candidate, although it isagood lead compound for rational
drug design efforts.
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Figure 1. Chemical structure of the B-secretase inhibitor OM99-2
which mimics the transition state for hydrolysis of a peptide bond
with the HE group.

In the current design, we planed to synthesize a combi-
natorial inhibitorslibrary having residuesfrom 2to 8 (Figure
2). Combinatorial chemistry techniqueswereutilized tobuild
this 16-compound (4x4) library, keeping “P,-Ps-P-P,"”, “Ps-
PP, “P-P,”,“P,” ontheleft sideand “P,", “P,-P,” , “P;-
P,-P;”, “P;-P,- P;-P,” ontheright side, respectively. When
the P side only contains P/, the inhibitors are easily trans-
ferred from y-hydroxy acid to the corresponding lactone. We
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Figure 2. Combinatorial construction of the inhibitor in a linear
pattern.

therefore turned it into methylamide with amethylamine nu-
cleophilic attack on the lactone. Compounds with various
lengths on both sides were prepared in order to check the
biological effect.

In the present study, we systematically launched struc-
ture-activity relationship (SAR) investigations surrounding
8 subsites. In order to further investigate the geometrical
and energetical characteristics of the binding between
[-secretase and OM99-2, the computational methods, mo-
lecular dynamics(MD) and molecular mechani cs-generalized
born surface area (MM-GBSA) wereused. Thismethod was
used extensively to provide the binding information in many
biological studies on protein-protein interactions, protein-
DNA interactions and receptor-drug interactions?4, Based
on the crystal structure of the complex™, we utilized this
method to compute the molecular dynamics trajectory and
post-processed it with MM-GBSA. The results calculated
from this simulation were consistent with the results from
the combinatorial peptide library. Thisenables usto study
in detail the interactions between 3-secretase and OM99-2,
and further ass st pepti de modification towardsthe oral drug
with low molecular weight required for AD treatment.

Materials and methods

Chemistry The HE dipeptideisostere (4, Figure 3) was
produced from commercially avail able L-leucine, and was
synthesized by the methods reported previously™. The

OH

Figure 3. Synthesis of the Leu-Ala HE isostere
reagents and conditions are as follows: (a) LIHMDS,
Mel, THF, -78 °C, 20 min; (b) agueous LiOH, THF-
H,0, 25 °C, 10 h; (c) TBDMSOTf, 2,6-lutidine,
CH,CI,, 4 h; (d) 20% CF,COOH in CH,CI,, 0°C, 2 h;
(e) Fmoc-OSu, aqueous NaHCO;, dioxane, 25 °C, 8 h;
and (f) HOAt, HATU, DIPEA, 25 °C, 2 h.
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acid was transferred to the corresponding active ester to
improve reactivity. All library compounds were prepared
using Wang resin, a general synthetic route employed for
the preparation as shown in the Figure4. Thelinkageof the
B group was conducted under general coupling conditions
and the solid resin containing B,, B,, B, reacted with 5 to
afford theintermediate 6. After that, A;, A,, A;wereintro-
duced to 6, respectively. Theremoval of the N-Fmoc group
was carried out in 20% piperidinein N,N-dimethylforamide
(DMF) for 15 min; theremoval of thesilyl protective group
was as aresult of treatment with tetrabutylammonium fluo-
ridein tetrahydrofuran (THF) to give 7. The Kaiser reagent™
test was used to monitor the reaction to ensure peptide
homogeneity. Thetert-butyl ester and trityl were removed
whilethefinal products were cleaved from the Wang resin
with 50% trifluoroacetic acid in CH,Cl,. The productswere
isolated viafiltration from theresin and thefiltrate was added
to 5mL ethyl ether; 9 wastreated with methylamine (solution
in methanol) overnight at room temperature (Figure4). The
resulting crude products were collected and purified via
semipreparative reverse phase High Performance Liquid
Chromatography (HPLC). All compounds were evaluated
by a B-secretase enzyme assay.

Solid-phase synthesis protocol was utilized for the syn-
thesis of all inhibitors. The synthesis was initiated with
Wang resin (1.2 mmol/g). The coupled residuesincluded N-
Fmoc-L-Phe, N-Fmoc-L-Glu (t-butyl ester), N-Fmoc-L-Ala, the
HE segment prepared by oursdlves, N-Fmoc-L-Asn (trityl),

N-Fmoc-L-Va and N-Fmoc-L-Glu (t-butyl ester).

Biological assays Recombinant human -secretase
ectodomain (amino acid residues 1-460) was expressed as a
secreted protein with a C-terminal Histag ininsect cellsus-
ing baculovirusinfection. With sodium dodecy! sulfate-poly-
acrylamide gd eectrophoresis (SDS-PAGE), the apparent
molecular masses were approximately 53 kDa after
purification. The FRET substrate H-Arg-Glu (EADANS) -
Glu-Va-Asn-Leu-Asp-AlaGlu-Phe-Lys(DABCYL)-Arg-OH
for B-secretase was purchased from Calbiochem Co (San
Diego, California, USA). The standard assay volume was
100 pL including 100 mmoal/L sodium acetate, pH 4.0, 50 nmoal/L
B-secretase, 5 umol/L substrate and different inhibitor
concentrations. The reaction was initiated by the addition
of the substrate and fluorescence intensity was measured
using aWallac Victor plate reader (Perkin-Elmer, Wellesley,
Massachusetts, USA) at Ex355/Em460 after 60 min incuba-
tion at 25 °C. 1C,, was calculated from the non-linear curve
fitting of percentage inhibition vsinhibitor concentration [I]
by using the following equation:

% inhibition=100/{ 1+(IC4/[1])'} , where k isthe Hill coeffi-
cient D

Computational simulation The crystal structure of the
complex of B-secretaseand OM 99-2 (PDB accesscode: 1FKN)
was retrieved from the Protein Data Bank'®. The abnormal
residues in the peptide analog OM99-2 were extracted from
the ructure and treated with Gaussian98 to optimize & the
6-31G level. The atomic partial charges werefitted to the
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electrodtatic potential from the Gaussian cal culation with the
RESPmethod. TheAmber parameter filesfor HE weregener-
ated with the program antechamber which combined the
Amber general forcefield and the RESP charge™™”. To deter-
mine the protonation state of the titratable residues, espe-
cially the active site Agp32, Ap228, the program MEAD
was adopted to calcul ate the pKa value of these residues.
According to the result, Asp32 should be in a protonated
state. The missing hydrogens of the other residues were
added according to the Amber residue template. The 6 cys-
teineresidues formed 3 disulfide bondsin the crystal struc-
ture which were modeled properly as CY X residuesin the
Amber forcefield. The program XLeap was used to prepare
the Amber topology and coordinate files. The complex was
then solvated with a TIP3Pwater box which extended at least
10 A away from the any atomsin the solutecomplex. Finally,
10 sodium ions were added to neutrali ze the whol e sol vated
system. Thisresulted in asystem of about 86 Ax90 Ax82 A,
which contained approximately 15 000 water moleculesand
protei n-peptide anal og complex.

The Sander program in the Amber software package was
used to gradually minimize the whol e sysem with the steep-
es descent method foll owed by the conjugate gradient. Fird,
the enzyme-peptide analog complex was fixed and only wa-
ter moleculeswere alowed to optimizetorelease the conflict
possibly exited between the solute and the water molecules.
The complex then gradually reduced the constrained force
in 20 000 steps followed by 30 000 steps of relaxation of the
whole system without any constraint. The relaxed struc-
tures were then subjected to MD simulations. The system
was gradually heated from 0 K to 300 K in 100 ps, and then
equilibrated for 200 ps at 300 K, followed by a 1500 psdata
collection run, giving atota simulation time of 1800 ps. The
non-bonded cutoff was set to 8.0 A, and the non-bonded
pairswere updated every 25 steps. The SHAKE method was
applied to constrain all covalent bonds involving hydrogen
atoms*®, The simulation was coupled to a 300 K thermal
bath at 1.0 atm pressure by applying the algorithm of
Berendsen et al'™®. Thetemperature and pressure coupled
parameters were set as 0.2 ps and 0.05 ps, respectively. An
integration time sep of the MD calculationswas 2 fs. In the
energy minimizations and MD simulations, periodic bound-
ary conditions were applied for al directions.

The computed trajectory of the production phase was
post-processed to cal culate the binding free energy and de-
composition of the free energy to every residue in the com-
plex by using the MM-GBSA method implemented in Amber
7.0 according to the following equation:

AG:Goomplex'(Genzyme+Gandog)

G=Gys+*Geyaion- TS

(Bgasz totaI:Eband+EangIe+ Et0r+ EVDW+Ee|e (2)

Gsolvation:GGB+Gnon-polar

Gnon-polar:YxSAd-b
where Geompiexs Genzymes Ganaog @re the free energy of the
complex, enzyme and analog, respectively. Every absolute
free energy iscalculated from the free energy in the gas state
Gy, and salvation free energy Ggaion and entropy term TS,
G4, is associated with the Amber force field energy, while
Goovaion CONSists of polar and non-polar contributions. The
polar termiscalculated with thegeneralized Born model, and
thenon-polar termis calculated from the empirical equation
related to the molecul ar surface area of thesystem. Theyis
et t00.00542 keal-mol*-A 2 and theb is set to 0.092 keal/mol.
The entropy of the system is calculated according to the
standard stati stics mechanics method described in every sa-
tistics mechani cs textbook.

Dueto the limitation of the computational resource, ev-
ery 15 ps snapshot was extracted from the product trgjectory,
which resulted in atotal of 100 conformations subjected to
the MM-GBSA analysis. The entropy calculation was ex-
tremely time-consuming for the large system, so the sub-
system contained peptide analog and the residues 8 A close
totheanalog. Only 4 of the 100 conformations (1, 500, 1000,
and 1500 ps) were used to build the subsystem and the pro-
gram NMODE was used to minimize the subsystem and cal-
cul ate the entropy.

Results and Discussions

Confor mational and ener getic featur es of the enzyme-
substrate complex Thecomplex of B-secretaseand OM99-2
was performed with MD simulation in order to evaluate the
conformational flexibility. Theoverall massweight root mean
sguare deviation (RMSD) was used to assess the stability of
thewhole system. Asshown in Figure5, after thefirgt 500 ps
equilibrization phase, the evolution of the RMSD over the
simulation time clearly showed the system reaching a stable
state, and the overall RMSD, with respect to the original
crystal structure, was about 1.8 A. The RMSD of the pep-
tide analog al so demongtrated that theligand wasin a stable
conformational state after thefirst 500 ps. From the quantity
of RMSD data, it wasfound that the peptide anal og showed
less deviation from the crystal structure.

The root mean square fluctuation (RMSF) of the resi-
dues over thelast 1000 ps was al so calcul ated to determine
the flexible parts in the complex structure. As depicted in
Figure 6, the N-lobe of the catalytic domain of the 3-secretase
was more rigid than the C-lobe. The most obvious flexible
partsin the N-lobe were the two [ strands and the connect-
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ing loop which covered the binding site. Asmany previous
studies have shown, thisloop isimportant to the substrate
entry and binding. Disclosed by several crystal structures,
this loop can adopt an induced-fit effect to lift and accom-
modate a slightly large substrate or inhibitor in the binding
site. IntheC-lobe, thereare 2 significant ssgments; residues
254-275 and 312-318 which show large fluctuati ons com-
pared with the overall structure. Inthe 3D structure, these
parts are located on the surface of the B-secretase which
may only reflect the intrinsic flexibility of these loop
gructures. Thefluctuation of theligand clearly demongtrated
apattern that the further from the middle P1 and P1' are, the
greater the fluctuation. However, from a quantitative point
of view, the fluctuation of these residues is much smaller
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vs the residue number.

than the flexible partsin the B-secretase. From these
comparisons, it was indicated that the deviations of the
OM99-2 terminalswere till within areasonabl e rangeduring
thesimulation time. The overall conformational transitions
from 1 part indicated that s mul ations from 500 psto 1500 ps
were stable, and from ancther part, the dynamic features of
the complex structure were shown, which may further assist
the drug design process.

Protein-ligand interactions Toinvestigatethe protein-
ligand interaction, theinterface between the 3-secretase and
OM99-2 was analyzed to compute the surface area change
over thesmulation time. A total of 100 snapshots were ex-
tracted from 500 psto 1500 psand cal culated with the MSMS
program. Theaveragecomplex surfaceareawasabout 17022.8A,
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whilethose of B-secretase and OM99-2 areabout 17383.5 A,
1296.7 A, respectively.

To investigate the interaction between (3-secretase and
OM99-2 in detail, the hydrogen bonding interactions were
clustered based on every residuein OM99-2. Theresultsare
present in Table 1, which shows the subsites P4, P2, P3'
having more hydrogen bonding interaction with the enzyme,
whilethe other subsites, especially P1' and P2' demonstrated
their hydrophobic characteristics. The P4 subsite makes
many hydrogen bonding interactions with the residues of
B-secretase such as Thr232 and Arg307, which is consistent
with findings that P4 glutamic acid has alarge contribution
tothebinding freeenergy as described in the GBSA analyss
section below. Theother important contributions come from
P2 and P3'; among these interactions, the flap structure has
lots of interactionswith OM99-2, including residues 71-73.
Thisreflectsthe importance of the flap and may be explored
in designing the specific ligand to the B-secretase. Even the
catalytic residues Asp32 and Asp228 arein subsites S1 and
S1'; but only make hydrogen bonding with the hydroxyl of
P1. Theinteractionsinvolving subsitesS1 and S1' are VDW
interactionswhich comefrom Leu30, Phel08, Gly34, and the
tip of theflap. Thesedetailedinteractionsin the binding site
would be valuable for further ligand design.

Table 1. Hydrogen bonding forming percentage of OM99-2. Num-
bers in parenthesis are the hydrogen bonding forming percentage
which was calculated over the simulation time of 1-1500 ps. The
snapshot is extracted in 1 ps step, and the canal module default
method was used to cal culate the hydrogen bond.

Residue Hydrogen bonding/%

P4 392_HN1 (76.8), 392_HN2 (78.8), 392_HN3 (62.4),
392_0 (50.9), 392_OFE1 (19.9), 392_OE2 (21.7)

P3 393_HN (63.8), 393_O (46.4)

P2 394_HN (52.1), 394_0O (46.9), 394 _OD1 (13.3)

P1 395_HN (54.4), 395_H21 (6.1), 395_OH (4.9)

P1'  396_0 (29.1)

P2'  397_HN (29.7), 397_O (49.9)

P3' 398 _HN(56.2), 398_O (48.3), 398_OE1 (15.2),
398_OE2(14.9)

P4' 399 HN (62.7), 399_O (45.5), 399_OXT (61.3)

GBSA analysis and biological assay The biological
assay results about the N-terminal and C-termina SAR of
thelibrary inhibitorsaresummarizedin Table 2 (11-OM99-2).
The shortest compound 11, which includes only the P1-P1'
residues, gives an almost undetectable -secretase inhibitory

Hu B et al
Table 2. Biological assay results for -secretase
Compound No Residues in the inhibitors ICq/umol.L*
11 (A0*BO) HE >500
12 (A1*B0) Asn-HE 99
13 (A2*B0) Val-Asn-HE 14.212+2.224
14 (A3*B0) Glu-Val-Asn-HE 1.082+0.090
15 (A0*B1) HE-Ala >200
10 (A1*B1) Asn-HE-Ala >100
17 (A2*B1) Val-Asn-HE-Ala 2.144+0.640
18 (A3*B1) Glu-Val-Asn-HE-Ala 0.088+0.003
19 (A0*B2) HE-Ala-Glu >100
20 (A1*B2) Asn-HE-Ala-Glu 77.437+0.570
21 (A2*B2) Val-Asn-HE-Ala-Glu 5.400+0.359
22 (A3*B2) Glu-Val-Asn-HE-Ala-Glu 0.069+0.003
23 (A0*B3) HE-Ala-Glu-Phe >181
24 (A1*B3) Asn-HE-Ala-Glu-Phe >150
25 (A2*B3) Val-Asn-HE-Ala-Glu-Phe 2.592+0.313

(OM99-2, A3*B3) Glu-Val-Asn-HE-Ala-Glu-Phe 0.076+0.002

activity (1C5>500 pmol/L). After adding P2 group to 12
(1C5=99 umoal/L), the activity increased more than 5-fold.
Further increasing the length of the left side to P3, P4
(compounds 13, 14) led to 7-fold and 13-fold activity increase,
respectively (1C5,=14.2 pmol/L and 1.08 pmol/L). Asshown
inTable 1, when compared to 20, 21, 22 (A3*B2), theaddition
of P3 and P4 resulted in 14-fold potency enhancement and
had the most dramatic effect with a 78-fold improvement be-
tween 21, 22 (1Cy,=77.4 pmol/L—5.4 umol/L—0.069 umal/L);
the same rulewas observed in 24, 25, OM99-2.

However, with the right side subsites SAR, we studied
the preference of the P position about its ability for interac-
tion with the aspartic protease. The inhibitor OM99-2 has
high potency (contral, | C5,=0.076 pmol/L); thus, we decreased
theresiduesof carboxyl-terminal gradually. First, weremoved
the P4’ yidded inhibitor 22 (A3*B2) which has high potency
(1C5=0.069 umoal/L). Further trunction of P3' gave inhibitor
18 (A3*B1; 1C;=0.088 umol/L) equal activity, but 2280 Da
loss in molecular weight to OM99-2. Removal of the last
right residueresultedin inhibitor 14 (A3*BO0) yiel ding amod-
erate 1.08 umol/L BACE enzymeinhibitory activity, implying
that theright sderesdues play aminor rolein theinhibitor-
enzymeinteraction. Thesame conclusion could be deduced
from the compound assembly 25—21—17—13.

To analyze the energetical character of the binding, the
MM-GBSA method was performed to 100 snapshots ex-
tracted from the trajectory over thelast 1500 ps. The aver-
age contribution of each term islisted in Table 3. From an
energy point of view, the gas interaction, which including
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Table 3. Contribution from the component of binding-free energy (kcal/mol) calculated by using the MM-GBSA method.

AG,, AGyg, AG AG

gas gb_surf

AGy, AGy, o AG

TAS AG

gb_ele

-42.46 -69.18 -111.58 -10.52

90.45

79.93 48.00 -23.54 -9.11

bonded d ectrostatic VDW interactions, isadominant factor
in the overall binding free energy, while the solvation free
energy and the entropy had negative contributions. These
results suggest that if one can design amorerigid ligand, it
might reduce the entropy lost and improve the affinity.

In order to examine the residue contribution to thewhole
binding, thefree energy decomposition method implemented
in the MM-PBSA modul e of the Amber package was used.
Theresultsareillustrated in Figure 7. Thelargest contribu-
tionin B-secretaseareresiduesAsp228, Thr231, and Thr232.
They are mostly dueto theinteraction with P1and P1' through
VDW interaction. The other important residues are Gly34,
Tyr71, Thr72, GLn73, and Tyr198. Theseidentified residues
are consistent with the structural analysis. The free energy
contributions of OM99-2 are also analyzed. We found that
the P side residues were more significant than the P side,
among which the P4, P3, and P2' residues played an impor-
tant rolein the overall binding; the contributionswere-7.27,
-6.43, and -4.09 kJ/moal, respectively. Compared the biologi-
cal data with the computational analysis, some important

featureswere found. The P4 subsite revealed that the hy-
drophilic property and the terminus N atom formed several
hydrogen bonds with B-secretase, making the P4 subsite
crucial inthewholeligand. Thehydrophobic residue P3 and
P2' play an important rolein overall binding, which matches
thedatasat from thebiological assay. It showstheP3 subsite
almost as significant as the P4 subsite, and adding these
residuesimprovesthe affinity by about 50%. TheP1 and P1'
residues do not contribute much to the binding free energy.
Thisis complemented by the residuesin $-secretase, such
as 2 catalytic aspartate acid and the tip of the flap structure.
Other residues such as P4' and P3' are not notable in the
binding, and as suggested by other studies, these can trun-
cate without much loss of affinity.

A substrate-based combinatorial library of B-secretase
inhibitorswere designed and synthes zed taking the HE i sos-
tere as dipeptide isostere. The biological evaluation led to
the discovery of fewer shorter potent inhibitors (18, 22 and
26). Computational methods, MD and MM-GBSA analysis,
were also performed to assist in the understanding of the
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detailed binding. Importantly, the assay and computational
results provide us with systematic data about binding speci-
ficity on the Psideand the P side, and show that P4 and P3
arevital to the binding as they have alarge enough space to
modify and achieve specificity and stronger affinity.
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