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The in vitro screening of stereoisomeric bicyclic peptidomimetics towards SAP2 of Candida albicans
revealed a constrained chemotype as aspartic protease inhibitor in the micromolar to nanomolar range.
The results indicated that the acetal bridge may serve as a transition-state isostere, and that the right
match between interactions with subsites and the orientation by hydrogen bonding with Gly85 is the
main requisite for inhibitory activity. Molecular docking calculations suggested the bicyclic acetal scaf-
fold to be capable of interacting with the two catalytic aspartic acids, thus resulting in good inhibitory
activity with only two hydrophobic groups addressing the enzyme catalytic subsites.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The fungal pathogen Candida albicans is one of the leading
causes of mucosal and systemic infections especially affecting
immunodeficient individuals,1 including those HIV-infected and
patients undergoing cancer therapy.2 When Candida albicans be-
comes pathogenic, it may cause a wide variety of infections rang-
ing from mucosal to life threatening disseminated candidiasis.3,4

In the last 50 years many antifungal drugs have been developed,
but their intensive clinical use has favored the emergence of resis-
tant strains,5 thus highlighting the need of new molecules for drug-
resistant fungal strains. New therapeutic approaches, such as those
targeting virulence factors,6 have been inspired from the success of
new drugs targeting bacterial virulence in antimicrobial therapy.7

C. albicans expresses ten distinct SAP (secreted aspartic protease)
genes (SAP1-10) in vitro and in vivo.8 Among them, SAP2 is one
of the most expressed enzymes implicated in host invasion, it
has been recognized as a crucial virulence factor for vaginal
infection,9 and both reversible and irreversible inhibitors have
been reported, accordingly.10 In 1999 the inhibition of proteases
ll rights reserved.
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from C. albicans with HIV protease inhibitors was reported.11

Moreover, structural data of SAP2 from C. albicans complexed with
a potent inhibitor were reported,12 and reversible transition-
state-mimetic inhibitors,13 such as A-70450, 10a,14 and also
pseudo-irreversible inhibitors have been developed.10b,c

We recently identified a novel class of SAP2 peptidomimetic
inhibitors based on the 6,8-dioxa-3-azabicyclo[3.2.1]octane scaf-
fold.15 Among this library of peptidomimetics the two hit candi-
dates 1 and 3 (Fig. 1) proved to be effective against drug-resistant
C. albicans strains in in vivo experiments. Such compounds are
conceived as dipeptide isosteres, and the bicyclic acetal portion is
attractive as a potential transition-state analogue in the interaction
with key residues of enzyme’s catalytic site. With aim to give
insight into the binding mode of these compounds towards SAP2,
we carried out a study by molecular modeling and enzyme inhibi-
tion assays, taking into account the four possible stereoisomers of
the two lead compounds 1 and 3 (2, and 4–6, respectively, Fig. 1).
Moreover, we synthesized four possible stereoisomeric compounds
containing leucine derivatives (compounds 7–10, Fig. 1) in order to
evaluate the effect of amino acid residues at the nitrogen atom of
the bicyclic scaffold, and to study the topological requirements
for inhibition of SAP2. Specifically, we arrayed the position and
the stereochemistry of an amino acid side-chain isostere in the pep-
tidomimetic scaffold by taking into account leucine as the probe
amino acid.
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Figure 1. Stereoisomeric bicyclic peptidomimetics as SAP2 inhibitors.
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2. Results and discussion

2.1. Synthesis

Compounds 7–10 were prepared using D- or L-leucine methyl
ester as the starting material to build the bicyclic scaffold (Scheme
1).

As an exemplificative synthesis, compound 7 was obtained from
L-leucine and L-tartaric acid derivatives. L-Leucine methyl ester
hydrochloride [(S)–I] was subjected to reductive amination with
dimethoxyacetaldehyde with catalytic Pd/C under a hydrogen
atmosphere. The resulting amine [(S)–II] was converted into amide
III through a coupling reaction with (2R,3R)-di-O-acetyl-tartaric
anhydride, which was subsequently treated with thionyl chloride
in MeOH to give the cyclic acetal IV. Then, trans-acetalization to
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Scheme 1. Representative synthesis of leucine-derived compound 3.
give the bicyclic scaffold V was achieved in 66% overall yield by
treating IV in refluxing toluene for 30 min, and in the presence of
H2SO4 over silica gel. The target compound was finally achieved
by heating methyl ester V in the presence of neat piperidine at
60 �C for 18 h, giving pure 7 in 65%, and in 43% overall yield
accounting for the whole process.

2.2. Enzyme inhibition assay

The screening of compounds 1–10 for enzyme inhibition was
performed in order to evaluate the modulation of SAP2 inhibition
by the stereochemical arrangement of pharmacophoric elements
of the bicyclic peptidomimetics, and the different location of the
amino acid side-chain isostere. The evaluation of protease activity
inhibition was carried out by a spectrophotometric assay in com-
parison with pepstatin A as the reference inhibitor, and using
0.05% BSA as the substrate. Inhibition data (Table 1) showed com-
pound 1 as the best inhibitor, possessing an IC50 of 30 nM. The cor-
responding enantiomer 2 inhibited SAP2 in the micromolar range,
suggesting compound 1 to possess the correct stereochemistry and
arrangement of the pharmacophoric groups.

Inhibition data of leucinol-derived compounds 3–6 showed the
effect of substituting the piperidine at C-7 of the scaffold with an
amino acid-derived moiety. The stereochemistry of the scaffold
proved to play a minor role in this group of compounds, as both
peptidomimetics 3 and 4 showed low micromolar activity, with
the former displaying better inhibition capability. More impor-
tantly, loss of function was observed in parent compounds 5 and
6, both having the leucinol moiety at C-7 with R absolute configu-
ration at the stereogenic center, thus suggesting a mismatch irre-
spective of the stereochemistry of the bicyclic core. In the case of
compounds 7–10, possessing leucine and piperidino moieties at
N-3 and C-7, respectively, reduced inhibition capacity towards
SAP2 was observed only in the case of compound 8, formally deriv-
ing from L-leucine and D-tartaric acid, as a consequence of a stereo-
chemical configuration mismatch.

Thus, inhibition assay data suggested an adaptive behavior of
the bicyclic peptidomimetic inhibitors in the catalytic site of
SAP2 enzyme. This behavior may be accounted by the pseudo-
symmetric profile of the molecules, which allowed for orienting
the two hydrophobic groups in two of the subsites flanking the
catalytic site, irrespective of the stereochemistry of the scaffold.
The mismatched configurations precluding inhibition activity
were assessed in the case of compounds 5, 6 and 8, and optimal
binding mode to SAP2 was found for compound 1, which displayed
nanomolar inhibition potency and an IC50 value three-times lower
than the reference natural inhibitor pepstatin A (Table 1, entries 1
and 11).

2.3. Molecular modeling

Docking studies were performed with all the tested compounds
showing a inhibition profile towards SAP2, in order to study the
binding modes and their correlation with compounds stereochem-
istry. Autodock 4.0.116 was used to evaluate the binding energies of
the selected conformations of compounds 1–4, 7 and 9–10 as SAP2
ligands. Best-scoring conformations of each ligand were clustered
(Table 2) and visually inspected for enzyme–ligand interactions.
Specifically, hydrogen bonds to side chain oxygen atoms of cata-
lytic aspartic acids (Asp218 and Asp32), a double hydrogen-bond
to the backbone nitrogen of Gly85 belonging to the ‘flap region’,
and hydrophobic interactions in S1, S2, S10 and S20 pockets were ta-
ken into account. Moreover, the global minimum conformer of
each molecule was subjected to a refinement within the enzyme
catalytic site using the eMBrAcE minimization algorithm imple-
mented in Macromodel.17



Table 1
Inhibition data for compounds 1-10 and pepstatin A
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Table 2
Cluster analysis for docking calculation of compounds 1–4, 7 and 9–10

Compd Clustersa Main cluster

Cluster members
(out of 50 runs)

Lowest binding
energy (kcal/
mol)

Mean binding
energy (kcal/
mol)

1 6 36 �5.85 �5.73
2 8 28 �5.70 �5.51
3 22 10 �7.27 �6.53
4 25(12)b 9(35) �5.53(�5.95) �4.27(�5.15)
7 4 23 �5.69 �5.09
9 7 36 �5.81 �5.09
10 5 34 �5.36 �4.91

a Number of distinct conformational clusters out of 50 runs, using an rmsd of
2.0 A.

b In parentheses the number of distinct conformational clusters out of 100 runs
and all the corresponding data.
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Docking results of 1–4 showed these inhibitors addressing S2,
S20 and S1 binding pockets, and the acetal bridge being oriented to-
wards catalytic Asp32 and Asp218 (Fig. 2). Docking of 1 resulted in
a main cluster of 36 out of 50 conformations characterized by a
hydrogen-bond between the carbonyl group at position 2 of the
scaffold and Gly85 amide proton (Fig. 2, top left), and by hydropho-
bic contacts with S2/S20 binding pockets as the main interactions
for inhibition. Piperidino and benzyl moieties were observed in
S2 and S20 subsites, respectively. A edge-to-face interaction18 be-
tween the benzyl group and Tyr84 side chain was observed as an
additional hydrophobic contact. The eMBrAcE minimization of
the enzyme-inhibitor complex confirmed the arrangement found
in the docking calculation. The importance of the hydrogen-bond
with Gly85 was in agreement with the key role of such amino acid
as the anchoring point in SAP2 active site, as also reported in the
literature for the inhibitor A-70450. 10a Moreover, the orientation
of the acetal bridge in the catalytic site suggested its possible role
as a transition-state isostere.

The main cluster of 2 (Fig. 2, top right) showed a similar binding
profile as for 1, although lacking the key hydrogen-bond with
Gly85. The benzyl group was found in the S20 subsite, showing a
edge-to-face interaction with Tyr84 as for 1, and the piperidino
moiety in the S2 cavity. The eMBrAcE minimization of the en-
zyme-inhibitor complex confirmed such reversed arrangement
found in the docking calculation. This result indicated that the
establishment of hydrophobic contacts is important for the molec-
ular recognition in the catalytic site, accounting for an inhibition
potency in the micromolar range, and that a hydrogen-bond with
Gly85 amide proton is crucial in assessing a tight binding interac-
tion between the protease and the peptidomimetic, in agreement
with inhibition data of 1 as compared to 2 (Table 1).19

Compound 3 displayed an interesting reversed orientation of
the substituents in the binding site with respect to 1, as confirmed
by the eMBrAcE minimization of the enzyme-inhibitor complex.
Although this calculation did not converge as other compounds
(see Table 2 for the cluster analysis), the main cluster of conforma-
tions showed the benzyl group being placed in the S1 subsite, the
isobutyl group of the leucinol moiety in the S20 pocket, and the hy-
droxyl group arranged in the S10 subsite (Fig. 2, bottom left). In this
reversed arrangement the orientation of the acetal bridge facing
the catalytic aspartic acid residues was preserved, but not the
interaction with the Gly85. Specifically, the hydroxyl group of 3
established a hydrogen-bond with Glu193 side-chain, and the
amide proton of 3 with Gly34 carbonyl group. Moreover, a p–p
stacking-type interaction was observed between the benzyl group
and Tyr84 side chain. Thus, a different functionalization at position
7 of the same scaffold as of 1 produced a diverse binding mode in
the enzyme catalytic site, although in the micromolar range (Table
1).

The docking analysis of 4 resulted in a large cluster family as of
3, and the simulation using 100 runs allowed for improving the
quality of the calculation by halving the number of clusters from
25 to 12 (Table 2). The low-energy cluster of conformations from
docking of 4 did not show a reversed orientation of the substitu-
ents in the binding pockets as for 3. Specifically, the benzyl group



Figure 2. Best-scoring docked conformations resulting from the docking of hit compounds 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right).
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was found in the S20 subsite, and the isobutyl moiety in S1. As for 1,
the carbonyl group at position 2 of the bicyclic scaffold interacted
through a hydrogen-bond with Gly85, although showing a greater
distance between C@O and NH groups. Even if possessing such key
hydrogen-bond as for 1, the micromolar activity could be ex-
plained using the eMBrAcE minimization of the enzyme-inhibitor
complex. Indeed, the low-energy conformation found in the calcu-
lation did not display the typical stabilizing interactions as above
(Fig. 2, bottom right). This was in agreement with the lower inhib-
itory profile of 4 with respect to the stereoisomeric compound 3.

Docking simulations of compounds 5 and 6 did not converge to
any specific cluster of conformations, but produced an array of dif-
ferent solutions. This result was in agreement with enzyme inhibi-
tion data indicating no activity at 10 lM concentration.

As regarding to stereoisomeric leucine-derived compounds
7–10, no significant differences between the binding modes of
stereoisomers 7 and 9 were found, whereas 10 resulted in a re-
versed orientation as for 3, and docking calculations of compound
8, deriving from L-leucine and D-tartaric acid, did not produce a
low-energy cluster of solutions. All docking simulations of the
three stereoisomers resulted in lower-energy clusters of conforma-
tions showing a common interaction motif between the bicyclic
scaffold and Gly85 as the most important polar interaction. More-
over, compound 7 showed an additional hydrogen-bond to Gly85
with the carbonyl function of the leucine derivative. 10a

Compound 7 showed an orientation in the active site similar to
compound 1. In fact, the piperidino group was found in the S2
subsite, the methyl ester in proximity of S20, and the isobutyl moi-
ety deriving from leucine was in the S10 subsite (Fig. 3, top). Nev-
ertheless, a higher distance to catalytic aspartic acid residues was
observed, possibly explaining the reduced inhibition profile with
respect to 1. The deeper and narrower cavity around the S20 subsite
clearly indicated the methyl group of 7 to be inadequate for estab-
lishing a strong hydrophobic contact, and suggesting a possible
improvement of the potency by placing a longer aliphatic chain
at such position.

The main cluster of conformations of compound 9 showed a
similar binding profile as for compound 7, although lacking the
additional hydrogen-bond between Gly85 and the methyl ester’s
carbonyl group (Fig. 3, center). Indeed, the isobutyl moiety was
found to occupy the S20 pocket, whereas the ester group was posi-
tioned in the S10 subsite in a reversed arrangement with respect to
7. Compound 10 (Fig. 3, bottom) showed a reversed orientation as
found for 3, thus corroborating the hypothesis of an adaptive
behaviour of this class of bicyclic peptidomimetic inhibitors. More-
over, the interaction of the piperidino group with the S2 subsite
confirmed the key hydrophobic interaction with such cavity, and
the stereochemistry L-leucine moiety at N-3 of the D-tartaric
acid-derived scaffold as the matched configuration for interacting
with the flat S20 subsite.

The crystal structure of A-70450 (Ki = 12 nM) 10a complexed
with SAP2 provides evidence on the typical binding interactions
with the enzyme active site (PDB code: 1EAG).20 Thus, the struc-
tural alignment of selected backbone atoms of peptidomimetics
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structural alignment.

Figure 5. Overlap of best-scoring conformation resulting from the docking of 1
(green) and reference SAP2 inhibitor A-70450 (yellow). Key protein residues are
highlighted in cyan. Non-polar hydrogen atoms are omitted for clarity.

Table 3
aRMSD deriving from the structural alignment of selected backbone atoms of
peptidomimetics in their docked conformation with respect to the bioactive
conformation of A-70450.

Compd RMSD (3 atoms) RMSD (4 atoms)

1 0.59 0.64
2 0.61 0.64
3 0.37 0.43
4 0.63 0.65
7 0.61 0.68
9 0.60 0.67
10 0.60 0.64

a The RMS deviation is reported in ang, and is referred to the atom positions of
the inhibitors with respect to those of the reference structure A-70450 in the bio-
active conformation (see Supplementary data for visual presentations of molecular
overlays).

Figure 3. Best-scoring docked conformations resulting from the docking of
compounds 7–10: 7, top; 9, center; 10, bottom. The protein residues that form
key interactions are highlighted in cyan. Non-polar hydrogen atoms are omitted for
clarity.
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in their docked conformation with respect to the bioactive confor-
mation of A-70450 was carried out to gain further insight into the
binding mode of the bicyclic peptidomimetics towards SAP2.
According to docking calculations, three-to-four backbone atoms
of the peptidomimetics were taken into account for the overlay
with A-70450 (Fig. 4), and RMSD was calculated as measure of
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overlapping degree. The docked conformation of 1 overlapped
nicely with A-70450 with an RMSD value of 0.64 over 4-atoms
overlay, and showed a similar orientation of the two butyl groups
of A-70450 and the substituents of 1 (Fig. 5 and Supplementary
data). Specifically, the benzyl group of 1 addressed the S20 pocket
as for the butyl moiety of A-70450, whereas the piperidino group
was found in the S2 subsite similarly to the butyl chain of
A-70450. The acetal bridge overlapped the hydroxyl group inter-
acting with Asp32 and Asp218, thus confirming the hypothesis of
the role of such group as a transition-state isostere. Finally, the car-
bonyl group at C-2 of the scaffold displayed the key hydrogen-bond
with Gly85 amide proton, in analogy with such interaction ob-
served between A-70450 and SAP2. 10a

As for the other compounds as shown in Figure 4, the adaptive
behavior observed in docking calculations was confirmed in molec-
ular overlays, too. The superimposition of A-70450 with the low-
energy docked conformations of 7 showed a similar profile with
respect to the orientation of P2 and P20 pharmacophoric groups
of A-70450 and the ligand’s substituents. In particular, the car-
bonyl moiety belonging to the leucine moiety displayed the same
orientation of one of the A-70450 carbonyl groups in establishing
the key hydrogen-bond with Gly85, and the isobutyl side chain ad-
dressed the same S10 pocket as for the A-70450 isopropyl moiety.
The inverse binding mode of 3 with respect to 1 resulted in a sim-
ilar overlay profile (Table 3) of the piperidino and leucinol side-
chain groups with respect to A-70450 butyl groups, and being in-
verted with respect to 1. The carbonyl groups at positions 2 and
8 of A-70450 (Fig. 4) overlapped nicely with those of 3, and so as
for the acetal portion with respect to the hydroxyl moiety of the
reference inhibitor.

3. Conclusion

In conclusion, we reported a detailed binding mode analysis of a
series of bicyclic peptidomimetics possessing micromolar to nano-
molar inhibition towards SAP2 of C. albicans. Enzyme inhibition as-
says suggested compound 1 as the most potent SAP2 inhibitor of
the series. Micromolar activity was observed for compounds 2–4,
whereas no inhibition was found for (R)-leucinol-derived com-
pounds 5 and 6, indicating the detrimental effect of such stereo-
chemical configuration towards inhibition. Enzyme inhibition
assays of stereoisomeric leucine-derived compounds 7–10 indi-
cated an inhibitory activity similar to the other leucine-derived
hit compounds 2–4, suggesting the adaptive behavior of these pep-
tidomimetics in addressing the two subsites flanking the catalytic
aspartic acid residues. Only in the case of compound 8, formally
deriving from L-leucine and D-tartaric acid, the inhibition potency
was impaired as a consequence of a mismatched stereochemical
configuration. Molecular modeling calculations confirmed the
hypothesized adaptive behavior of the bicyclic compounds in ori-
enting the pharmacophoric groups in SAP2 catalytic site, and
showed hydrophobic contacts to S2/S20/S10 and hydrogen-bonding
interactions to Gly85 as the main elements for inhibition.

Finally, a putative role of the acetal bridge as a transition-state
isostere interacting with catalytic Asp32 and Asp218 was assumed,
as in all the clusters the acetal portion was found facing the aspar-
tate residues. All favorable interactions were matched only by 1,
which showed nanomolar inhibition towards SAP2. The binding
requirements for inhibition as observed in this study may help in
designing new inhibitors taking advantage of Gly85 as the key
anchoring site, which is found in the flap region opposite to cata-
lytic Asp32 and Asp218. Finally, the introduction of bicyclic acetals
as novel elements for interacting with catalytic aspartic acid
residues suggests this moiety as a promising element in the design
of new aspartic protease inhibitors.
4. Experimental section

4.1. General

Chromatographic separations were performed over silica gel
(Kieselgel 60, Merck) using flash-column techniques; Rf values re-
fer to TLC carried out on 25-mm silica gel plates (Merck F254) with
the same eluant as indicated for column chromatography. 1H NMR
spectra were recorded with Varian Gemini NMR spectrometers
operating at 200 MHz for the proton and 50 MHz for the carbon.
ESI mass spectra were carried out on an ion-trap double quadru-
pole mass spectrometer using electrospray (ES+) ionization tech-
niques, and a normalized collision energy within the range of
21–28 eV for MSMS experiments. Compounds 1–6 were prepared
as reported.15

4.2. (S)-Methyl 2-(2,2-dimethoxyethylamino)-4-
methylpentanoate [(S)-II]

A methanolic solution containing L-leucine methyl ester hydro-
chloride (6.9 g, 38 mmol), aqueous 60% dimethoxy acetaldehyde
(5.7 mL, 6.59 g, 38 mmol), triethylamine (5.3 mL, 3.84 g, 38 mmol)
and 10% Pd/C (552 mg) was stirred under a H2 atmosphere and at
room temperature for 16 h. The reaction mixture was then filtered
over celite and concentrated under reduced pressure. The crude
product was purified by flash chromatography (silica gel, EtOAc/
petr. et. 1:2 + 1‰ Et3N) affording the title compound as a yellow
oil (4.90 g, 55% yield). ½a�24

D �22.9 (c 1.0, CHCl3). 1H NMR
(200 MHz, CDCl3) d 4.43 (dd, J = 6.2, 4.8 Hz, 1 H), 3.70 (s, 3H),
3.35 (s, 3H), 3.34 (s, 3H), 3.30 (m, 1H), 2.73 (dd, J = 11.7, 6.2 Hz,
1H), 2.56 (dd, J = 11.7, 4.7 Hz, 1H), 1.71 (m, 2H), 1.46 (m, 2H),
0.89 (d, J = 4.4 Hz, 3H), 0.87 (d, J = 4.4 Hz, 3H). 13C NMR
(200 MHz, CDCl3) d 175.8 (s), 103.8 (d), 60.0 (d), 54.2 (q), 53.3
(q), 52.0 (q), 49.5 (t), 42.8 (t), 25.4 (d), 22.5 (q), 22.2 (q). ESI-MS:
(m/z) 233.2 [M++H, 23], 202.3 [100], 158.2 [43].

4.3. (R)-Methyl 2-(2,2-dimethoxyethylamino)-4-
methylpentanoate [(R)-II]

Compound (R)-II was prepared as reported for (S)-II starting
from D-leucine methyl ester hydrochloride (1.38 g, 7.6 mmol).
After chromatographic purification, pure (R)-II (1.01 g, 4.33 mmol)
was obtained in 57% yield with same characterization data as
for (S)-II. ½a�24

D 23.3 (c 0.7, CHCl3).

4.4. (S)-Methyl 4-methyl-2-((1R,5R,7R)-2-oxo-7-(piperidine-1-
carbonyl)-6,8-dioxa-3-azabicyclo[3.2.1]octan-3-yl)pentanoate
(7)

To a suspension of (2R,3R)-2,3-di-O-acetyl-tartaric anhydride
(2.2 g, 10 mmol) in dry CH2Cl2 (7 mL) was added, at 0 �C and under
a nitrogen atmosphere, a solution of (S)-II (2.50 g, 10 mmol) in dry
CH2Cl2 (7 mL). The reaction was stirred at room temperature for
5 h. After evaporation of the solvent under reduced pressure, the
crude adduct III was dissolved in MeOH (21 mL) and thionyl chlo-
ride (506 lL, 7 mmol) was added dropwise at 0 �C. The reaction
mixture was stirred at room temperature for 16 h. Then, the reac-
tion mixture was concentrated, diluted with CH2Cl2 and washed
with 5% NaHCO3 solution and brine. The organic layer was dried
over Na2SO4 and evaporated. The crude product, isolated as an or-
ange oil, was used in the next step without further purification.
Specifically, a solution of the acetal IV (3.02 g, 9 mmol) was
dissolved in a toluene-CH2Cl2 mixture (7 mL and 2 mL, respec-
tively) and quickly added to a refluxing suspension of SiO2/H2SO4

in toluene (8 mL). The mixture was allowed to react for 15 min,
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then 1/4 of the solvent was distilled off. The hot reaction mixture
was filtered through a NaHCO3 pad and concentrated under re-
duced pressure. The crude product was purified by flash chroma-
tography (silica gel, EtOAc/petr. et. 3:2, Rf = 0.30) to afford the
corresponding bicyclic ester V as an orange solid (1.8 g, 66% yield
over three steps). Compound V (1.8 g, 6 mmol) was dissolved in
piperidine (6 ml, 5.11 g, 60 mmol) and the reaction mixture was al-
lowed to reach 40 �C and stirred overnight. Then, the reaction mix-
ture was diluted with CH2Cl2 and washed with a solution of 5% HCl
and brine. The aqueous layer was extracted with CH2Cl2. The or-
ganic layer dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by flash chromatography
(silica gel, EtOAc/petr. et. 3:2, Rf 0.31) to give pure 7 as a white so-
lid (1.38 g, 65% yield, 43% overall yield). ½a�24

D �73.7 (c 1.0, CHCl3),
1H NMR (200 MHz, CDCl3) d 5.85 (d, J = 2.2 Hz, 1H), 5.17 (m, 1H),
5.09 (s, 1H), 4.89 (s, 1H), 3.68 (s, 3H), 3.62–3.44 (m, 3H), 3.35
(dd, J = 11.3, 2.2 Hz, 1H), 3.23 (d, J = 11.3 Hz, 1H), 1.68–1.58 (m,
10H), 0.93–0.87 (m, 6H). 13C NMR (200 MHz, CDCl3) d 171.2 (s),
167.6 (s),165.0 (s), 99.5 (d), 78.0 (d), 76.4 (d), 52.2 (d), 47.7 (q),
46.5 (t), 43.5 (t), 35.9 (t), 26.4 (d), 25.5 (t), 24.7 (t), 23.3 (q), 21.2
(q). ESI-MSMS: (m/z) 369.1 [M++H, 26], 336.9 [52], 309.2 [100],
256 [27].

4.5. (S)-Methyl 4-methyl-2-[(1S,5S,7S)-2-oxo-7-(piperidine-1-
carbonyl)-6,8-dioxa-3-azabicyclo[3.2.1]octan-3-yl)]pentanoate
(8)

Compound 8 was prepared as reported for 7 starting from
(2S,3S)-2,3-di-O-acetyl-tartaric anhydride (2,6 g, 11.8 mmol and
(S)-II (2.95 g, 11.8 mmol). After chromatographic purification, pure
8 (1.87 g, 5.07 mmol) was obtained in 43% yield. ½a�24

D �23.6 (c 1.0
CHCl3), 1H NMR (200 MHz, CDCl3) d 5.84 (d, J = 2.2 Hz, 1H), 5.07 (s,
1H), 5.05 (m, 1H), 4.77 (s, 1H), 3.67 (s, 3H), 3.51 (dd, J = 11.7, 2.2 Hz,
1H), 3.46–3.38 (m, 3H), 3.14 (d, J = 11.7 Hz, 1H), 1.72–1.42 (m, 10
H), 0.90 (m, 6H). 13C NMR (200 MHz, CDCl3) d 170.8 (s), 166.8
(s),164.8 (s), 99.6 (d), 78.0 (d), 76.5 (d), 52.4 (d), 48.6 (q), 46.4 (t),
43.5 (t), 36.8 (t), 26.4 (d), 25.5 (t), 24.8 (t), 23.2 (q), 21.5 (q). ESI-
MSMS: (m/z) 369.0 [M++H, 4], 337.0 [100], 309.0 [53], 256 [3].

4.6. (R)-Methyl 4-methyl-2-[(1R,5R,7R)-2-oxo-7-(piperidine-1-
carbonyl)-6,8-dioxa-3-azabicyclo[3.2.1]octan-3-yl]pentanoate
(9)

Compound 9 was prepared as reported for 7 starting from
(2R,3R)-2,3-di-O-acetyl-tartaric anhydride (2.20 g, 10 mmol and
(R)-II (2.50 g, 10 mmol). After chromatographic purification, pure
9 (1.30 g, 3.54 mmol) was obtained in 40% yield with same charac-
terization data as for 8. ½a�24

D �28.3 (c 1.0 CHCl3).

4.7. (R)-Methyl 4-methyl-2-((1S,5S,7S)-2-oxo-7-(piperidine-1-
carbonyl)-6,8-dioxa-3-azabicyclo[3.2.1]octan-3-yl)pentanoate
(10)

Compound 10 was prepared as reported for 7 starting from
(2S,3S)-2,3-di-O-acetyl-tartaric anhydride (2,2 g, 10 mmol and
(R)-II (2.50 g, 10 mmol). After chromatographic purification, pure
10 (1.40 g, 3.80 mmol) was obtained in 66% yield with same
characterization data as for 7. ½a�24

D 76.2 (c 1.0, CHCl3).

4.8. Enzyme inhibition assay

Spectrophotometric method: the inhibition of protease activity
by compounds 1–10 was measured by a spectrophotometric assay
in comparison with pepstatin A activity, at the same concentration.
Each assay contained 50 lL of the sample in 0.4 mL of 0.05% (w/v)
bovine serum albumin (BSA) in 50 mM sodium citrate, pH 3.2, and
50 lL of protease solution (1 lg/mL) After 30 min at 37 �C, 1 mL of
10% (w/v) trichloroacetic acid was added. The tubes were stored in
ice for 30 min, and then centrifuged (3000 g) for 10 min. The absor-
bance of the supernatant was read at 280 nm, using 0.05% BSA in cit-
rate buffer as the control. One unit of the enzyme catalyzed a DA280

of 1 min�1. With the pure protease the assay was proportional to en-
zyme concentration over the range DA280 0.1–0.4 and a limit detec-
tion of 1 lg.21 The difference of optical density (DOD) of 1 mL of
solution in 1 minute was determined at different concentrations
(5, 1, 0.1 lM, 5, 1 and 0.1 nM) of the inhibitors. For all data corre-
sponding to in vitro experiments the standard deviation (SD) value
was never above 5%. The IC50 values were determined by fitting
binding inhibition data by non-linear regression using GraphPad
Prism 4.0 Software Package (GraphPad Prism, San Diego, CA).

4.9. Molecular docking calculations

Automated docking studies were performed using the Auto-
Dock 4.0.1 program,16 an automated docking suite that employs
a Lamarckian genetic algorithm (LGA) as the search engine. The
Autodocktools 1.4.5 (ADT) graphical interface was used to prepare
the enzyme and the PDBQT files of the ligands.22 The 3D structures
of the ligands were generated using Spartan (version 5.147), and
then energy-minimized with the same program. The equilibrium
geometry was calculated through the AM1 semi-empirical method.
The coordinates of SAP2 were retrieved from the Protein Data Bank
(PDB code: 1EAG). The ligand-protein complex was unmerged for
achieving the free enzyme structure and water molecules were re-
moved. Hydrogens were added to the enzyme and the ligands,
Gasteiger charges were computed and non-polar hydrogens were
merged. Three-dimensional energy scoring grids of 0.375 Å resolu-
tion and 40 Å � 40 Å � 40 Å or 64 Å � 64 Å � 64 Å dimensions
were computed. The center of the grid was set on the side-chain
carbon of Asp 218. Each docking experiment was derived from a
total of 50 runs with a maximum of 2.5 � 106 energy evaluations,
and using the default parameters for LGA. The cluster analysis was
performed on the docked results using a root-mean-square devia-
tion (rmsd) of 2.0 Å. The binding mode analyses of the docked con-
formations were carried out using PyMol Autodock Tools plugin
within PyMol software.23 The obtained docked target-ligand com-
plexes were optimized with Macromodel17 by the eMBracE energy
minimization algorithm. The embrace minimization was carried
out using Polak–Ribier conjugate gradient (PRCG). The optimiza-
tions were converged to a RMS energy gradient less than
0.05 KJ mol�1, or continued until a limit of 1.000 iterations was
reached. The force field used was OPLSA*,24 with the water GB/SA
solvent treatment at a dielectric constant of 1.0.25 Normal cutoff
distances were defined at 7 Å for van der Walls, 12 Å for electro-
statics and 4 Å for hydrogen-bonds. The structural overlays be-
tween selected peptidomimetics and A-70450, and the
corresponding rmsd calculations were obtained by using the Mae-
stro graphical interface (Schrödinger, inc).
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