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Introduction

The yeast Candida albicans is a commensal on the mucosal sur-
faces in most healthy people. However, it can also cause seri-
ous infections, predominantly in immunocompromised individ-
uals such as HIV patients, transplant recipients, or cancer pa-
tients undergoing chemotherapy.[1] These mycoses are difficult
to treat, and the problem is accentuated by the emergence of
fungal strains resistant to antifungal agents in current use.[2] In
light of these developments, new antifungal agents with differ-
ent mechanisms of action are needed. New drug targets are
the secreted aspartic proteases (SAPs) of C. albicans, which are
required for full virulence of the fungus.[3] C. albicans contains
ten different SAP genes, which are differentially expressed at
various stages of an infection and are thought to play distinct
roles in the infection process.[4, 5] The SAP2 isoenzyme is the
major secretory aspartic protease expressed during in vitro cul-
tivation of C. albicans and is required for growth of the fungus
on proteins as the sole nitrogen source and for full virulence.
SAP2 is also the best-studied protease of C. albicans and was
the first studied by X-ray crystallography.[5,6] Several reversible
transition-state-mimetic SAP inhibitors[7–9] such as A-70450[10,11]

(Figure 1 and Figure 9 below) have been developed on the
basis of known renin, pepsin, and cathepsin D inhibitors.[12,13]

Alternatively, a few reports describe irreversible inhibitors of
aspartic proteases based on epoxides. Examples include EPNP
(1,2-epoxy-3-(p-nitrophenoxy)propane), which is a well known
unspecific irreversible inhibitor of aspartic proteases,[14–16] and
cis-configured epoxides known to inhibit HIV-1 protease
(Figure 2),[17–22] SIV protease,[23] and g-secretase known to be in-
volved in Alzheimer’s disease.[24] The cis-configuration is con-
sidered necessary for steric reasons (Figure 3).

Inhibition is thought to take place by alkylation of one of
the active site Asp residues, with the other Asp residue activat-
ing the epoxide by protonation prior to or during the ring-

Figure 1. Peptidomimetic inhibitor A-70450 of Candida spp. SAP enzymes;
the subunits of the inhibitor (P3–P2’) are indicated.[5,10]
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A series of cis-configured epoxides and aziridines containing hy-
drophobic moieties and amino acid esters were synthesized as
new potential inhibitors of the secreted aspartic protease 2
(SAP2) of Candida albicans. Enzyme assays revealed the N-
benzyl-3-phenyl-substituted aziridines 11 and 17 as the most
potent inhibitors, with second-order inhibition rate constants (k2)
between 56000 and 121000 m

�1min�1. The compounds were
shown to be pseudo-irreversible dual-mode inhibitors: the inter-
mediate esterified enzyme resulting from nucleophilic ring open-
ing was hydrolyzed and yielded amino alcohols as transition-

state-mimetic reversible inhibitors. The results of docking studies
with the ring-closed aziridine forms of the inhibitors suggest
binding modes mainly dominated by hydrophobic interactions
with the S1, S1’, S2, and S2’ subsites of the protease, and docking
studies with the processed amino alcohol forms predict addition-
al hydrogen bonds of the new hydroxy group to the active site
Asp residues. C. albicans growth assays showed the compounds
to decrease SAP2-dependent growth while not affecting SAP2-in-
dependent growth.
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opening reaction (Figure 3).[21] Herein we report our efforts on
the design of new inhibitors of C. albicans SAP2 based on
three-membered heterocycles (epoxides and aziridines). As an
initial step we decided to concentrate on variation of the elec-
trophilic moiety that is thought to undergo the covalent reac-
tion with one of the active site Asp residues. The first synthe-
sized compound series includes cis-configured epoxide build-

ing blocks containing Phe, Val, or a Phe-analogous moiety
(Figure 4). The amino acids Phe and Val were chosen according
to the known substrate specificity of SAP2, which prefers hy-
drophobic amino acids in the P1 and P1’ positions. Epoxide
building blocks with none (5a), one (4a, 6a+b, 6c+d), or
two (3a+b, 7a+b) electron-withdrawing substituents (C(=
O)NH�R) at the ring carbon atoms were included.
In a second approach we replaced the cis-configured epox-

ide ring by an aziridine (Figure 4), which can also undergo
ring-opening reactions with nucleophiles and can be substitut-
ed additionally at the aziridine nitrogen atom. Thus, this build-
ing block offers broader structural variability. Inhibitors with an
N-benzyl group and various substituents at C3 of the aziridine
ring were included. In a subsequent step we extended the
peptide sequence attached to C2 of the three-membered rings
to di- and tripeptides according to the prime and non-prime
substrate specificity of SAP2 (P1–P4: Phe-Leu-Ala-Pro; P1’–P3’:
Phe-Ala-Leu). The compounds were tested against SAP2 using
a new FRET-pair-labeled substrate. The intra-class selectivity
was investigated using the aspartic proteases pepsin and plas-
mepsin II. Because aziridines and epoxides are also suitable as
cysteine protease inhibitors,[25] the inter-class selectivity was in-
vestigated using the cysteine proteases cathepsin B and cathe-
psin L. Inhibition of C. albicans growth was tested in SAP2-de-
pendent and SAP2-independent assays. This was done to de-

termine if the compounds inhibit C. albicans growth due to
SAP2 inhibition or due to nonspecific cytotoxic effects. Finally,
we performed docking studies to examine possible binding
modes.

Results and Discussion

Syntheses of inhibitors

The syntheses of the following compounds were
published previously: 1a–d, 2, 3a+b, 5a, 8a+b,
8a, 10d1, 10d2, 11a+b.[26] The synthetic pathways
of the yet unreported compounds 4, 6, 7, 9, and
12–17 are briefly described below.
The oxirane-2,3-dicarboxylate derivatives 7a+b

(Scheme 1) were synthesized starting from diethyl
maleate through Weitz–Sch#ffer epoxidation[27] and
subsequent hydrolysis with pig liver esterase (PLE),

leading to slightly preferred hydrolysis of the ester group at
the S-configured ring carbon.[28] Peptide coupling with PyBOP
(1-benzotriazolyloxytris(pyrrolidino)phosphonium hexafluoro-
phosphate) yielded compounds 7a+b.
The epoxide-based inhibitor 4a was synthesized starting

from Boc-(S)-phenylalaninal, obtained by DIBAH reduction of
Boc-(S)-PheOMe, subsequent Horner–Wadsworth–Emmons ole-
fination[29] with ethyl(diphenylphosphono)acetate,[30] and finally
epoxidation of the obtained Z-configured olefin with mCPBA
(Scheme 2). Due to the S configuration of the Phe residue, only
the syn-configured epoxide (syn according to the relative posi-
tions of the epoxide oxygen and the nitrogen atom of the
Boc-protected amino acid) is obtained.[31]

Figure 2. Structures of irreversible cis-epoxide-based HIV-1 protease inhibi-
tors (X=O, Y=phenyl: Ki=0.1 nm ; ki=0.015 min�1,
ki/Ki=1.5N108m

�1min�1).[21]

Figure 3. Proposed mechanism of inhibition of the HIV-1 aspartic protease by cis-config-
ured epoxides.[23]

Figure 4. Strategy of design of novel cis-epoxide- and cis-aziridine-based
SAP2 inhibitors.

Scheme 1. Synthesis of oxirane-2,3-dicarboxylate derivatives 7a+b.
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The 2-methyl-2-phenyl-substituted epoxides 6a+b and
6c+d were synthesized by glycide ester synthesis,[32] hydroly-
sis, and subsequent DPPA-mediated peptide coupling

(Scheme 3). The four resulting
diastereomers were separated
by column chromatography to
yield the cis-configured diaste-
reomers 6a+b and the trans-
configured diastereomers 6c+

d.
The N-benzylated aziridine-2-

carboxylic acid derived inhibi-
tors 13, 14, 15, and 17 were ob-
tained by Cromwell synthesis[33]

starting with cinnamic acid
ester, bromination, and ring clo-
sure with benzylamine
(Scheme 4). Racemates of the
cis- and trans-aziridine-2-carbox-
ylates (cis/trans=4:1) were sep-
arated by column chromatogra-
phy. Hydrolysis of the cis-config-
ured esters and DPPA-mediated
peptide coupling yielded the in-
hibitors as diastereomeric mix-
tures. In all cases one diastereo-
mer was formed preferentially.
In two cases (compounds 14
and 17) the diastereomers were
enriched by column chromatog-
raphy and preparative HPLC, re-
spectively.
The synthesis of the aziridine-

2,3-dicarboxylate-derived inhibi-
tor 9a+b started from (R,R)-tar-
trate (Scheme 5). The (S,S)-

bromo alcohol was obtained by
a published two-step proce-
dure.[34] From this intermediate
the azido alcohol[35] was ob-
tained through reaction with
sodium azide as a mixture of
syn (R,R) and anti (R,S) diastereo-
mers (syn/anti=7.3:1). These
were subjected to ring closure

by Staudinger reaction[36] to give the cis- and trans-aziridine-
2,3-dicarboxylates, which were separated by column chroma-
tography. Benzylation of the cis isomer with benzyl bromide

yielded the N-benzylated aziridine-2,3-dicarboxylate,
which was hydrolyzed and coupled with (S)-PheOBn
to give the inhibitor 9a+b as a diastereomeric mix-
ture.
The (S)-phenylalaninol derivative 12 (Scheme 6)

was obtained by coupling of the racemic N-benzylat-
ed 2-phenylaziridine-2-carboxylate (Scheme 4) with
TBDMS-protected phenylalaninol[37] and subsequent
deprotection with TBAF. Only one diastereomer
could be detected with unknown absolute configura-
tion at the ring carbons.

Scheme 2. Synthesis of the epoxide-based inhibitor 4a.

Scheme 3. Synthesis of 2-methyl-2-phenyl-substituted epoxides 6a–d.

Scheme 4. Synthesis of N-benzylaziridine-2-carboxy derivatives 13, 14, 15, 17.

Scheme 5. Synthesis of the aziridine-2,3-dicarboxylate-derived inhibitor 9a+b.
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Finally, the succinic acid derivative 16 (Table 1) was obtained
by hydrolysis of diethyl succinate with KOH (1 equiv) and sub-
sequent DPPA-mediated coupling with (S)-PheOBn. All com-
pounds are listed in Table 1.

New FRET-based enzyme assay and inhibition of SAP2

On the basis of the known substrate specificity of SAP2[38–40] a
new FRET-pair-labeled peptide was used as substrate for easily
practicable fluorimetric enzyme assays: H2N-Dabcyl-Arg-Lys-
Pro-Ala-Leu-Phe-Phe-Arg-Leu-GluACHTUNGTRENNUNG(EDANS)-Arg-CO2H, in which
the Phe-Phe[38] motif serves as scissile P1–P1’ dipeptide se-
quence. At a temperature of 30 8C and a substrate concentra-
tion of 37 mm, the fluorescence increase was found to be linear
over a period of 30 min. The KM value for the substrate was de-
termined to be 28.4�2.8 mm (Figure 5). Mass spectrometry of
the substrate incubated with SAP2 showed the main cleavage
site to be the Phe–Phe bond as expected ([M+H]+ m/z=

967.13 for the N-terminal peptide and [M+H]+ m/z=965.17

for the C-terminal peptide), with
a very small peak for the C-ter-
minal peptide derived from
cleavage between Leu–Phe
([M+Na]+ m/z=1137.3). With
the Phe–Phe dipeptide se-
quence as the major P1–P1’
cleavage site, the substrate is
similar to the one used recently
for cathepsin D.[41]

An initial screening was per-
formed with inhibitor concen-
trations of 100 mm (Table 2).
Compounds showing >50% in-
hibition in these assays were
subjected to detailed studies.
First, IC50 values were deter-
mined to allow an initial crude
structure–activity relationship

(SAR) analysis. Because for time-dependent inhibitors the
second-order rate constants of inhibition (k2) are the parame-
ters of choice to characterize and compare inhibition poten-
cies, these values were determined by dilution assays which, in
a first series, ranged over a period of 30 min.
Analysis of the SARs revealed that the epoxides 1a–d and 2,

with C3-methyl substituents, are inactive independent of the
configuration of the epoxide ring or the amino acid attached.
With 12% inhibition at [I]=100 mm, compound 1c showed the
greatest inhibition within this series. Exchange of the C3-
methyl substituent for the electron-withdrawing ethyl ester
group (compounds 3a+b) does not enhance inhibition poten-
cy. Enlargement of the peptidic substituent (compounds 7a+

b) also does not have any effect, whereas the epoxide 4a with
a phenylethyl moiety at C2 leads to weak inhibition (25% at
[I]=100 mm). This weak inhibition is lost if the electron-with-
drawing ethyl ester substituent is removed (compound 5a).
Only the epoxides 6, which contain an additional phenyl ring
attached to the three-membered ring, show considerable in-
hibition; the diastereomeric mixture 6c+d, in which the
phenyl ring at C3 is trans to the Phe residue at C2, is sixfold
more active.
The aziridines 8, which bear a methyl group at C3 as do the

epoxides 1a and 1c, but which also contain a benzyl moiety
at the aziridine nitrogen, are much more active than the epox-
ides. Both diastereomers are equipotent. Replacing the methyl
group with an ethyl ester (compounds 9a+b) leads to loss of
inhibition, whereas replacement of the methyl group with a
phenyl moiety (in 10) enhances inhibition to a level similar to
that of the epoxides. Both enriched diastereomers (10d1 and
10d2) are equipotent. Replacing Phe for Val (in 11a+b) slight-
ly improves inhibition. Compounds 11a+b, with k2=

56756m
�1min�1, is the most potent inhibitor in the series.

Reducing the Phe benzyl ester to an alcohol (in 12) leads to
complete loss of inhibition. Exchange of PheOBn against the
dipeptide Pro–LeuOBn (in 13a+b) or enlargement of the pep-
tide sequence (compounds 14 and 15 a+b) also decreases in-
hibitory potency. Because 14 d1 is more active than the en-

Scheme 6. Synthesis of the phenylalaninol derivative 12.

Figure 5. Hydrolysis of the FRET-pair-labeled substrate H2N-Dabcyl-Arg-Lys-
Pro-Ala-Leu-Phe-Phe-Arg-Leu-Glu ACHTUNGTRENNUNG(EDANS)-Arg-CO2H by SAP2 from C. albi-
cans. For determination of the KM value, the substrate was used at concen-
trations between 7.5 and 112.5 mm. Fluorescence increase was measured
over a period of 10 min. Values were corrected for the inner filter effect. KM
at 30 8C was determined to be 28.4�2.8 mm.
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riched diastereomer 14 d2, inhibition is likely due to one active
isomer with the other isomer being inactive. Compound 16,
which does not contain an electrophilic building block, is inac-
tive.
In summary, the results show that a phenyl moiety attached

to the three-membered ring is vital for good inhibitory poten-
cy. The N-benzylated aziridines are more active than related
epoxides, which lack the N-benzyl moiety (compare 8 vs. 1, 9
vs. 3, 10 vs. 6). It is evident that both the C3-phenyl substitu-
ent and the N-benzyl moiety are critical for inhibition.

Inhibition of C. albicans growth

C. albicans specifically expresses the SAP2 protease in media
containing protein, such as bovine serum albumin (BSA), as
the sole nitrogen source.[42] SAP2-mediated protein degrada-
tion provides nitrogen for cell growth, and C. albicans mutants
that lack SAP2 are unable to grow in such media.[43,44] To deter-

mine the effect of the inhibitors on SAP2-dependent growth of
C. albicans, strain SC5314 was grown in YCB-BSA medium in
the presence of the various inhibitors or solvent (DMSO) only,
and the optical density of the cultures was determined after
60 h. To verify that suppression of growth was caused by SAP2
inhibition and not by nonspecific toxic effects of the com-
pounds on the C. albicans cells, the same experiments were
also performed in YCB-BSA-YE medium, in which SAP2 activity
is not required for growth.[44]

These assays showed compounds 10d1 and 11a+b to in-
hibit SAP2-dependent growth (85 and 88% inhibition, respec-
tively, at an inhibitor concentration of 500 mm),[45] but not
SAP2-independent growth of C. albicans (Figure 6). With the
exception of compounds 1b and 1d, which showed 10–40%
growth inhibition in both assays, indicating nonspecific toxici-
ty, all other compounds had no or only weak effects (<10%
growth inhibition, data not shown). Because the aziridines
10d1 and 11a+b also turned out to be the most potent SAP2

Table 1. Structures of new epoxide- and aziridine-based SAP2 inhibitors.

Compd (Conf. TMR[a]) X R4 R3 R2 R1

1a (R,R) O H H3C C(=O)-(S)-PheOBn H
1b (R,R) O H H3C C(=O)-(R)-PheOBn H
1c (S,S) O H3C H H C(=O)-(S)-PheOBn
1d (S,S) O H3C H H C(=O)-(R)-PheOBn
2 (R,R) O H H3C C(=O)-(S)-ValOBn H
3a+b
(S,R + R,S ; 1.17:1)

O
O

H
EtO2C

EtO2C
H

C(=O)-(S)-PheOBn
H

H
C(=O)-(S)-PheOBn

4a O EtO2C H H (S)-CH(Bn)-NH-Boc
5a O ACHTUNGTRENNUNG(H3C)2HC-H2C H H (S)-CH(Bn)-NH-Boc
6a+b
(R,R + S,S ; 1:1)

O
O

H3C
phenyl

phenyl
H3C

C(=O)-(S)-PheOBn
H

H
C(=O)-(S)-PheOBn

6c+d
(S,R + R,S ; 1:1)

O
O

phenyl
H3C

H3C
phenyl

C(=O)-(S)-PheOBn
H

H
C(=O)-(S)-PheOBn

7a+b
(R,S + S,R ; 1.44:1)

O
O

H
EtO2C

EtO2C
H

C(=O)-(S)-Phe-(S)-LeuOBn
H

H
C(=O)-(S)-Phe-(S)-LeuOBn

8a+b
(S,S + R,R ; 1:1.2)

N-Bn
N-Bn

H3C
H

H
H3C

H
C(=O)-(S)-PheOBn

C(=O)-(S)-PheOBn
H

8a (S,S) N-Bn H3C H H C(=O)-(S)-PheOBn
9a+b
(R,S + S,R ; 1:1.7)

N-Bn
N-Bn

H
EtO2C

EtO2C
H

C(=O)-(S)-PheOBn
H

H
C(=O)-(S)-PheOBn

10d1
10d2[b]

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(S)-PheOBn
H

H
C(=O)-(S)-PheOBn

11a+b
(R,R + S,S ; 1:1.4)

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(S)-ValOBn
H

H
C(=O)-(S)-ValOBn

12
(R,R or S,S)

N-Bn H phenyl C(=O)-(S)-NH-CH(Bn)-CH2OH H

13a+b
(R,R + S,S ; 1:2.7)

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(S)-Pro-(S)-LeuOBn
H

H
C(=O)-(S)-Pro-(S)-LeuOBn

14d1
14d2[b]

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(S)-Phe-(S)-Ala-(S)-LeuOBn
H

H
C(=O)-(S)-Phe-(S)-Ala-(S)-LeuOBn

15a+b
(R,R + S,S ; 5.3:1)

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(S)-Phe-(S)-Leu-(S)-Ala-(S)-ProOMe
H

H
C(=O)-(S)-Phe-(S)-Leu-(S)-Ala-(S)-ProOMe

16[c] – H EtO2C C(=O)-(S)-PheOBn H
17d1
17d2[b]

N-Bn
N-Bn

H
phenyl

phenyl
H

C(=O)-(R)-ValOBn
H

H
C(=O)-(R)-ValOBn

[a] Conf. TMR: absolute configuration of the three-membered ring and ratio of diastereomers in case of diastereomeric mixtures. [b] Column chromatogra-
phy or preparative HPLC yielded the enriched or pure diastereomers d1 and d2 with either R,R or S,S configuration at the TMR in the following ratios of
diastereomers: 10 d1, 3.3:1; 10d2, 1:2.4; 14 d1, 3.3:1; 14d2, 1:10.4; 17d1, single diastereomer; 17 d2, 1:3. [c] Succinic acid derivative without TMR.
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inhibitors in the fluorimetric enzyme assay, these results corre-
late very well. These compounds do not exhibit nonspecific cy-
totoxicity at concentrations up to 500 mm. Compound 11a+b
was also tested for cytotoxicity using human macrophages.[26]

At concentrations up to 100 mm no effects were detected, fur-
ther proving the low cytotoxicity of the inhibitor.

Time-dependent inhibition in fluorimetric enzyme assays

In a second series with the most active aziridine-based inhibi-
tors 11 and 17, the incubation times of enzyme and inhibitors
prior to substrate addition were extended to 65 min. These
assays showed an exponential decrease in enzyme activity
over the course of 30–35 min followed by partial recovery,
reaching an activity plateau after 50–65 min (Figure 7).[65]

This led us to the hypothesis that the product of the reac-
tion between the enzyme and inhibitor, which represents an
aspartic acid ester, might be hydrolyzed under the acidic assay
conditions. This would lead to the free enzyme and an amino
alcohol which could act as a reversible transition-state-mimetic

inhibitor (Scheme 7). To verify
this hypothesis, we incubated
the enzyme with inhibitor 17
for a period of 65 min under the
assay conditions and performed
LC–MS studies of the reaction
mixture. This assay indeed
showed the appearance of a
product peak (see Supporting
Information) with a molecular
weight corresponding to the ex-
pected amino alcohol ([M+H]+

m/z=461.3) proving the
pseudo-irreversible inhibition of
SAP2 by the aziridine-based in-
hibitors. Ring opening was not

observed under the assay conditions in the absence of
enzyme, as confirmed by NMR (see Supporting Information)
and LC–MS studies. In contrast to other transition-state-mimet-
ic inhibitors based on hydroxy groups (such as pepstatin) the

Table 2. Inhibition of SAP2 isolated from C. albicans strain 5314 by epox-
ide- and aziridine-based inhibitors as determined in fluorimetric enzyme
assays.

Compd Inhibition [%][a] IC50 [mm][b] k2 [m
�1min�1][c]

3a+b 0 nd nd
4a 25�2 nd nd
5a 14�1.5 nd nd
6a+b 88�5 40�7 1610�230
6c+d 100 30�4 9890�760
7a+b 0 nd nd
8a+b 100 58�5 14030�3520
8a 100 22�2 15180�2070
9a+b 17�2 nd nd
10d1[d] 100 12�3 47955�529
11a+b 100 11�1 56756�1150
13a+b 90�4 55�3 3220�425
14d1[d] 43�4 nd nd
17d1+d2 100 nd 97440�19970
17d1[e] 100 11�2 96923�4323
17d2 100 7.8�2.5 121674�5088
EPNP 67�3 nd 1083�44
Pepstatin A 100 0.042�0.006[f] nd

[a] Inhibition of SAP2 at an inhibitor concentration of 100 mm ; values rep-
resent the mean of two independent assays; all other compounds listed
in Table 1 showed no or only weak (<10%) inhibition at [I]=100 mm.
[b] IC50 values determined after 30 min; inhibitors were used at concen-
trations between 1 and 100 mm ; values represent the mean of at least
two independent assays. [c] Determined by dilution assays after incuba-
tion times of 5, 10, 15, 20, 25, and 30 min; inhibitors were used at con-
centrations between 1 and 100 mm ; because kobs vs. [I] plots were restrict-
ed to the linear range owing to low inhibitor solubility, the individual in-
hibition constants ki and Ki could not be determined (except for inhibitor
17d1), and k2 values were obtained by k2�kobs [I]�1 (1+ [S]KM

�1) ; values
represent the mean of at least two independent assays. [d] The enriched
diastereomer 10d2 showed equipotent inhibition, indicating no differ-
ence in inhibitory activity between the two diastereomers; the enriched
diastereomer 14 d2 showed no inhibition at 100 mm, indicating that the
weak inhibition by 14d1 is due to only one active diastereomer; nd=not
determined. [e] ki=0.61�0.099 min�1; Ki=6.3�2.3 mm. [f] Ki=0.0183�
0.0026 mm ; the inhibitor was used at concentrations between 1 nm and
1 mm ; published values: IC50=0.027 mm,[63] and Ki=0.006 mm,[64]

0.0029 mm,[63] and 0.017 mm.[38]

Figure 6. A) Inhibition of SAP2-dependent growth of C. albicans in YCB-BSA medium by the indicated protease in-
hibitors. B) SAP2-independent growth in YCB-BSA-YE was not inhibited. The concentration of inhibitors 10d1 and
11a+b in the growth medium was 500 mm ; pepstatin A (PepA) was used at 7.3 mm. The strains were grown for
60 h, and the optical densities of the cultures grown in the absence of inhibitors (control, 0.5% DMSO) were set
as 100%.

Figure 7. Time-dependent inhibition of SAP2 by aziridine 17d1. Enzyme and
inhibitor (at the following concentrations: * 10, * 20, & 40, & 50, ~ 60, ~

80, ! 100 mm) were co-incubated, and aliquots were taken at the indicated
time points. The aliquots were diluted with buffer, and the residual enzyme
activity was measured by adding substrate. After an exponential decay of
the enzyme activity over a period of 30–35 min, the enzyme activity recov-
ered to a certain degree, reaching a plateau after ~50–65 min.

ChemMedChem 2008, 3, 302 – 315 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 307

Aziridine Inhibitors of C. albicans SAP2

www.chemmedchem.org


inhibitors responsible for the reversible inhibition of SAP2 after
longer incubation times are produced within the enzyme itself.
According to the classification of enzyme inhibitors[46] this in-
hibition mechanism is similar to “alternate substrate inhibi-
tion”, which is normally represented by the reaction:

EþI $ E�I ! Efree þ P ð1Þ

However, the covalent step leading to the covalently
blocked enzyme E�I is reversible in the case of true alternate
substrate inhibitors, whereas in the case of the aziridine-based
inhibitors, the covalent step—the ring opening—is irreversible.
Furthermore, in the case of alternate substrate inhibitors, the
enzyme is not reversibly inhibited by the processed product P
of the inhibitor.
In summary, the dual inhibition mechanism in Scheme 7 can

be postulated: This inhibition mechanism has not been de-
scribed for the previously published epoxide-based inhibitors
of other aspartic proteases (such as HIV-1 protease). In our
case, the more acidic conditions of the assay medium used for
SAP2 might be the reason for the hydrolysis of the intermedi-
ately formed Asp ester, because assays at pH 7.0 showed no
recovery of the enzyme after 65 min incubation time of
enzyme and inhibitor.

pH-dependent inhibition

SAP2 exhibits its maximum ac-
tivity at pH values between 3.5
and 3.8.[8, 38] During Candida in-
fections, the fungus produces
acidic micro-niches around cells
that promote the activity of the
SAPs.[4] In contrast to epoxide-
based inhibitors, the heteroa-
tom of the three-membered
ring, the aziridine nitrogen, rep-
resents a basic center of the in-
hibitor. Former quantum chemi-
cal calculations[47] and experi-
ments[48] with aziridines as in-
hibitors of cysteine proteases
have shown that in acidic
media the inhibition potency is
strongly enhanced, as both the
thermodynamics and kinetics of
the ring-opening reaction are
highly improved. Thus, aziri-
dine-based protease inhibitors
represent a class of prodrugs
that are activated in acidic
media. To evaluate the pH-de-
pendence of inhibition by aziri-
dine-based inhibitors, we mea-
sured the residual enzyme activ-
ity in comparison with a control
at an inhibitor concentration of

50 mm after an incubation time of 5 min (Figure 8).
As expected, the inhibition potency is highest at pH 3.2,

where the aziridine nitrogen atom is protonated. This also
means that in contrast to the mechanism postulated for cis-
configured epoxides (Figure 3), the second (protonated) active
site aspartic acid residue is not necessary as proton donor.

Scheme 7. Model for the pseudo-irreversible dual-mode inhibition of SAP2 by aziridine-based inhibitors. Accord-
ing to the docking studies (see below), Asp218 is the deprotonated active site Asp residue that attacks the aziri-
dine ring at C2.

Figure 8. pH-dependent inhibition of SAP2 by aziridine 17 at 50 mm.
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Molecular modeling

Docking studies were performed with the X-ray structure of
SAP2 (PDB: 1EAG)[5,6] and the most active aziridines 10 and 11
using Schrçdinger Glide.[49] Both diastereomers were docked
for each inhibitor, and the pyramidal inversion of the aziridine
nitrogen atom was also taken into account. A two-step ap-
proach was taken for docking in order to account for the cova-
lent nature of the inhibition mechanism. In an initial step, the
ligands were docked in their intact (ring-closed) structures.
This simulates the positioning of the ligand in the binding
pocket, which is a prerequisite for the formation of the cova-
lent bond. Positioning is dominated by noncovalent interac-
tions that can be readily modeled with the Glide docking soft-
ware. In the second step, which accounted for the subsequent
hydrolysis reaction within the protein, the resulting amino al-
cohol of each ligand was docked again (see results below).
The scores obtained for all docking solutions were found to

be very similar. As a consequence, it was not possible to deter-
mine the most likely binding modes by docking score alone.
Therefore the 40 best-scoring docking poses resulting from
the docking of each ring-closed ligand were visually inspected
for enzyme–ligand interactions described by Cutfield et al.[5]

and Abad-Zapatero et al.[6] as crucial for the inhibition of SAP2
by A-70450. The most important of these interactions are:
1) hydrogen bonds to the side chain oxygen atoms of both
active site aspartates (Asp32 and Asp218), 2) a double hydro-
gen bond to the backbone nitrogen of Gly85, 3) a hydrogen
bond to a well-ordered water molecule between S2 and S3,
and 4) hydrophobic interactions in the S1, S2, S1’, and S2’
pockets of the protein (Figure 9).
The aziridines 10 and 11 are considerably smaller than the

co-crystallized ligand A-70450 and therefore mainly address
the S1, S2, S1’, and S2’ pockets (Figure 10). They do not form

the hydrogen bond to the conserved water molecule; howev-
er, the important double hydrogen bond to Gly85 as well as
the hydrogen bond to the active site Asp218 is formed in
both cases. Moreover, hydrophobic contacts are established in
all pockets, and there is considerable potential for favorable p–
p interactions of the N-benzyl and 3-phenyl rings with Tyr84 in
S1 and Tyr225 in S2, respectively (Figure 10). The importance
of these hydrophobic interactions is further demonstrated by
the fact that compounds lacking phenyl rings in their substitu-
ents (such as aziridines 8 and epoxides 6c,d) are less active.
From the analysis of the docking poses, no significant differ-

ence between the binding modes of the R,R- and S,S-config-
ured diastereomers was apparent, which is mostly due to the
symmetry of the substituents. The N-benzyl and 3-phenyl moi-
eties can simply swap places and address the S1 or S2 pocket,
respectively (Figure 10).

Figure 9. The co-crystallized ligand A-70450 bound to SAP2 (PDB: 1EAG).
Substrate binding sites are denoted S1–S3 and S1’–S2’ in orange. Hydrogen
bonds between ligand and enzyme are indicated with green dashes. Most
notably, these include bonds to Gly85, Asp218, Thr221, and a well-ordered
water molecule. Binding to the S1, S2, S1’, and S2’ sites is dominated by hy-
drophobic interactions.

Figure 10. A) Predicted binding mode of inhibitor 10 (R,R) to the SAP2 bind-
ing pocket. Hydrogen bonds to Gly85 and Asp218 are formed, and hydro-
phobic moieties are directed toward the S1, S2, S1’, and S2’ sites. However,
the ring in the (S)-Phe residue of 10 is too bulky to completely fit into the
S1’ pocket and is exposed to the solvent. The S3 pocket is not addressed.
B) The binding mode of inhibitor 11 (S,S) is analogous to that of 10, but the
(S)-Val side chain fits better into the S1’ pocket. Note the difference between
the R,R and S,S configurations: the N-benzyl and 3-phenyl groups swap
places between the S1 and S2 sites.
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Comparing the binding modes of 10 and 11 shows that the
phenyl ring in the (S)-Phe side chain of 10 is too bulky for the
S1’ pocket and is therefore considerably exposed to the aque-
ous solvent, explaining the gain in potency by the substitution
of Phe by the smaller Val in inhibitor 11. These findings sug-
gest the potential for optimization of the inhibitors. (R)-Val, for
instance, should fit better into the S1’ pockets than (S)-Val, es-
tablishing closer contacts with less exposure to the aqueous
solvent (Figure 11A).
To verify these predictions, we included a new inhibitor 17,

namely the analogue of inhibitor 11a+b, which contains (R)-
Val instead of (S)-Val. Dilution assays with SAP2 resulted in a k2
value of 97440m

�1min�1, turning the new inhibitor into the
most potent within the tested series (Figure 12). The values
obtained for the single diastereomers obtained by separation
with preparative HPLC do not differ much, indicating that both
diastereomers are nearly equipotent, as predicted by the dock-

ing studies as well. These experimental results show that the
docking studies give a suitable picture of the binding modes
of the scrutinized inhibitors.
The docking studies can also be applied to explain why the

trans-configured epoxides 6c+d are better inhibitors than
6a+b : as shown in Figures 10A and 11A, the epoxide 6c+d,
with the phenyl moiety and the Phe ester configured trans to
each other, could address the S2’, S1’, and S2 pockets, with the
C3 phenyl moiety replacing the N-benzyl moiety of the aziri-
dine-based inhibitors. The S1 pocket, then, would not be ad-
dressed, explaining the lower inhibition potency relative to the
aziridine-based inhibitors.
Docking of the ring-opened and hydrolyzed amino alcohol

forms of the inhibitor 17 predicted binding modes analogous
to the respective intact ring-closed aziridine forms of the inhib-
itor (Figure 11). Thus, no considerable rearrangement of the in-
hibitor in the binding pocket is necessary after the ring open-
ing and subsequent ester hydrolysis. Moreover, the hydroxy
group resulting from the hydrolysis reaction forms tight hydro-
gen bonds to the active site aspartate groups, rendering the
processed form of inhibitor 17 a full-fledged transition-state-
mimetic inhibitor (Figure 11B). For inhibitors 10 and 11 the
docking of the ring-opened amino alcohols predicted binding
modes substantially different from the ring-closed forms (not
shown), which means that rearrangements of the reversible in-
hibitors within the enzyme are necessary.
To assess the potential of inhibitors 10, 11, and 17 for cross-

reactivity with other aspartate proteases, the structure of SAP2
(PDB: 1EAG) was aligned with the structures of renin (PDB:
1RNE), plasmepsin II (1LEE), pepsin (1PSO), and BACE (1W51)
using MOE[50] (Figure 13). The binding pockets of all five pro-
teins share considerable similarity, especially in the S1, S1’, and
S2’ sites. Because these are the regions mainly addressed by
our inhibitors, a certain amount of cross-reactivity cannot be
excluded. On the other hand, Figure 13 shows that a substan-
tial degree of dissimilarity is present in the S2 pocket. Regard-
ing future efforts for optimization, the selectivity of the inhibi-
tors might well be enhanced by addressing the S3b pocket,
which is completely collapsed in renin and pepsin (Figure 13).

Figure 11. Docking results for A) the intact form and B) the ring-opened
form of inhibitor 17. A) The intact form binds tightly to the SAP2 binding
pocket with especially tight van der Waals contacts in S2’ and S1’. B) The
ring-opened form of 17 establishes additional hydrogen bonds to both
active site aspartate groups and Thr221. The processed form of 17 can
therefore be considered a full-fledged transition-state analogue.

Figure 12. SAP2 inhibition by 17 d1: kobs vs. [I] . The following inhibition con-
stants were obtained: ki=0.61 min�1, Ki=6.3 mm, k2=96923m

�1min�1. kobs
values were obtained by dilution assays at incubation times between 5 and
30 min.
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Inhibition of other aspartic proteases

Compounds 10d1, 11a+b, and 17 d1+d2 were also tested
against pepsin and plasmepsin II from Plasmodium falciparum ;
both enzymes also belong to the pepsin family of aspartic pro-
teases. At concentrations of 100 mm, only weak inhibition of
plasmepsin II (4–26%) and pepsin (15%) was observed. Ac-
cording to the docking studies described above, this might be
due to the dissimilarities within the S2 pockets of the respec-
tive enzymes.

Inhibition of cysteine proteases

The compounds that are active against SAP2 (Table 2) were
also tested against the cysteine proteases cathepsin B and L,
which belong to the papain-like enzymes (clan CA, family
C1).[51] At inhibitor concentrations of 200 mm, none of the com-
pounds exhibited a percentage inhibition greater than 25%,
with compound 8a+b being the most active against cathe-
psin L (25% inhibition at 200 mm, no inhibition of cathepsin B).
This result was expected, as it is known that the three-mem-
bered heterocycle needs to be in the trans configuration for
the inhibition of cysteine proteases of clan CA.[25] This is also in
agreement with previously published assays that showed the
compounds to be only weakly active against viral cysteine pro-
teases (8a+b : 34% inhibition at [I]=100 mm, 10a+b : 30%,
1c : 28%).[26]

Conclusions

The aspartic acid protease SAP2 is the major secretory pro-
tease expressed during in vitro cultivation of C. albicans. Be-
cause SAP2 is required for growth of the fungus on a protein
food source and for full virulence, this enzyme is considered to
be a new potential target for antimycotic drugs with a novel
mode of action. A new approach of inhibitor design was pur-
sued: according to cis-configured epoxides known to irreversi-
bly inhibit HIV-1 protease by alkylation of one active site Asp
residue, this three-membered electrophilic heterocycle was
taken as a building block for new inhibitors. Because SAP2 pre-
fers hydrophobic amino acids in the P1 and P1’ positions, the
epoxide was derivatized with the benzyl esters of the amino
acids Phe and Val. To allow facile and accurate determination
of inhibition constants, a fluorimetric protease assay using the
novel FRET-pair-labeled substrate H2N-Dabcyl-Arg-Lys-Pro-Ala-
Leu-Phe- j j -Phe-Arg-Leu-Glu ACHTUNGTRENNUNG(EDANS)-Arg-CO2H (KM=28.5 mm)
was developed. Initial screening assays showed epoxides with
an additional phenyl moiety attached to the ring to be the
most active. As the electrophilic aziridine ring allows additional
substitution at its nitrogen atom, the aziridine building block
was used as novel electrophilic moiety. Thus, a series of N-
benzyl-substituted aziridines was synthesized and tested. Com-
pounds with a phenyl ring attached to C3 of the aziridine ring
and with a Phe or Val ester at C2 (compounds 10 and 11)
turned out to be the most potent inhibitors (k2�48000–
57000m

�1min�1) in a first test series with incubation times up
to 30 min. In a second test series using prolonged incubation
times, these inhibitors were found to be pseudo-irreversible,
exhibiting a dual inhibition mode. The esterified enzyme
formed during the aziridine ring opening is hydrolyzed, thus
yielding recovered enzyme and transition-state-mimetic amino
alcohols that reversibly inhibit the enzyme with Ki(2) values in
the low micromolar range.
At concentrations of 100 mm, only weak inhibition of the as-

partic proteases pepsin and plasmepsin II was observed. Be-
cause aziridine- and epoxide-based inhibitors are also known
to inactivate cysteine proteases, the compounds were also
tested against cathepsins B and L, and were found to be inac-
tive because of the different stereochemical requirements.
Aziridines 10 and 11 (or rather the respective amino alcohols

produced during the inhibition) also inhibit the growth of
C. albicans in SAP2-dependent in vitro assays while being inac-
tive in SAP2-independent assays, proving their low cytotoxicity.
The low cytotoxicity was also proven by studies with human
macrophages. In addition, modeling studies predict binding
modes dominated by hydrophobic interactions with the S1, S2,
S2’, and S1 pockets of the enzyme, whereas no contacts are
made to the S3 pockets. In a subsequent study, a new inhibitor
(compound 17) containing (R)-Val instead of (S)-Val, which—ac-
cording to the docking studies—should fit better into the S1’
pocket, was included and was shown to be more potent than
its diastereomeric counterpart, 11. Docking studies with the
processed inhibitor forms, the amino alcohols, predict addi-
tional hydrogen bonds to both active site Asp residues. Thus,
these can be considered full-fledged transition-state-mimetic

Figure 13. Structural alignment of the binding pockets of SAP2 (red), pepsin
(green), plasmepsin II (yellow), renin (magenta), and BACE (orange). Al-
though the binding pockets are quite similar in many regions, considerable
differences can be observed for the S2 and S3b pockets.
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inhibitors. According to the docking studies, the affinity of
these inhibitors should be improved by extending the inhibitor
structures to the S3 pockets as is the case for A-70450, which
exhibits nanomolar affinity.
In conclusion, we showed that cis-configured aziridines de-

rivatized with hydrophobic moieties can serve as building
blocks for pseudo-irreversible SAP2 inhibitors that show a
novel dual-mode mechanism of inhibition. The compounds
also display antifungal activity, which is due to the inhibition
of SAP2. These compounds are very good starting points for
further inhibitor development.

Experimental Section

Enzyme assays

The fluorimetric enzyme assays with SAP2 were performed on a
Cary Eclipse fluorescence spectrophotometer (Varian, Darmstadt,
Germany) using a microplate reader (lex=355 nm, lem=540 nm)
using 96-well microplates (Nunc GmbH, Wiesbaden, Germany). The
FRET-pair-labeled substrates were products from JPT Peptide Tech-
nologies GmbH, Berlin, Germany, or from GenScript Corporation,
NJ, USA. SAP2 was obtained as solution from the supernatant of a
C. albicans culture (see below). This solution was diluted with cit-
rate buffer in such a way that 10 mL dilution (in a total assay
volume of 200 mL) gave a linear fluorescence increase of DFmin�1

�20 over a period of 20 min. A citrate buffer (50 mm, pH 3.2) con-
taining 50 mm NaCl was used as buffer. Substrates and inhibitors
were dissolved in DMSO (5% final concentration). The final sub-
strate concentration for the determination of inhibition constants
was 37.5 mm. The assays were performed at 30 8C. The first screen-
ing was performed with inhibitors at a concentration of 100 mm.
The residual enzyme activity in the presence of 100 mm inhibitor
was determined against a control assay in the absence of inhibitor
after co-incubation of enzyme and inhibitor for 30 min prior to
substrate addition. For the determination of IC50, Ki, and k2 values,
the inhibitors were used in a final concentration range of 1–
100 mm (100 nm to 100 mm for pepstatin A). IC50 values were deter-
mined by co-incubating enzyme and inhibitor for 30 min prior to
the addition of substrate. Second-order inhibition rate constants
(k2 values) were determined by dilution assays according to Kitz
and Wilson.[52] Enzyme and inhibitor in a defined concentration
were incubated, and aliquots were taken after 5, 10, 15, 20, 25, and
30 min. The aliquots were diluted with buffer, substrate was
added, and the residual enzyme activities [E]a were determined.
These were fitted against the incubation times t using the expo-
nential decay equation

½E�a ¼ ½E�0�kobs t þ offset ð2Þ

to yield the pseudo-first-order rate constant of inhibition kobs. This
was repeated for several inhibitor concentrations [I] ranging be-
tween 1 and 100 mm. Because plots of kobs against [I] were, in most
cases, restricted to the linear range, the individual constants ki
(first-order inhibition rate constant) and Ki (dissociation constant of
the noncovalent enzyme–inhibitor complex) could not be deter-
mined, and k2 values were calculated using the equation:

k2 � kobs ½I��1 ð1þ ½S� KM�1Þ ð3Þ

For inhibitor 17d1 the individual constants ki and Ki could be cal-
culated using the hyperbolic equation

kobs ¼ ki ½I�=ðK iapp þ ½I�Þ ð4Þ

and correction to zero substrate concentration from:

K i ¼ K iapp=ð1þ ½S� KM�1Þ ð5Þ

The second-order rate constant was then obtained by k2=ki/Ki.
The Ki value for inhibition by pepstatin A was obtained by Dixon
plots[53] using equation

½E�0=½E�a ¼ 1þ ½I�=K iapp ð6Þ

and correction to zero substrate concentration from:

K i ¼ K iapp=ð1þ ½S� KM�1Þ ð7Þ

The pH-dependent inhibition by inhibitor 17 was determined in
50 mm citrate buffers adjusted to the appropriate pH values with
an inhibitor concentration of 50 mm and an incubation time of
5 min. In all cases, fluorescence increase was measured over a
period of 20 min.

The KM value (28.4�2.8 mm) to correct Ki
app and k2 values was de-

termined using the substrate in concentrations between 7.5 and
112.5 mm. Fluorescence increase was measured over a period of
10 min for each substrate concentration. Values were corrected for
inner filter effect according to Ref. [54].

KM, IC50, kobs, Ki, and k2 values were calculated by nonlinear or linear
regression analyses using the program GraFit.[55] All values are
mean values from at least two independent assays.

Assays with plasmepsin II were performed under the same condi-
tions (buffer, substrate, substrate concentration, and temperature)
as described for SAP2. Assays with pepsin were performed accord-
ing to Ref. [56]. Assays with the cysteine proteases cathepsin B and
L were performed as described previously.[57]

LC–MS studies: quantitation of the amino alcohol

The LC–MS studies to detect the hydrolysis product, that is, the re-
spective amino alcohol, were performed with inhibitor 17 (diaste-
reomeric mixture). SAP2 and 17 (final concentration 285 mm) were
incubated for 65 min under the standard assay conditions (total
volume 700 mL, 50 mL enzyme solution) described above, except
that the inhibitor stock solution was prepared with acetonitrile
(final concentration in the assay 5%) instead of DMSO. The reac-
tion mixture was then filtered (Millipore filter: 0.2 mm, hydrophobic
PTFE membrane) and subjected to LC–MS: HPLC system 1100, Agi-
lent Phenomenex Jupiter 4 m Proteo 90A RP C18 column (4.5N
150 mm), H2O/MeCN gradient (40% MeCN containing 0.1% formic
acid for 5 min, 40–95% for 25 min, 95% for 15 min), and detection
at 215 nm. The peaks at tR=10.5 and 10.9 min possessed a mass of
[M+H]+ m/z=461.3 corresponding to the diastereomeric amino al-
cohols with the molecular formula C28H32N2O4 (Mr=460.58; see
Supporting Information). The assays were repeated in the absence
of enzyme with an incubation time of 65 min with inhibitor 17 in
the buffer solution pH 3.2. After 65 min only 1.7% amino alcohol
could be detected. To quantify the amino alcohol in the presence
of SAP2, the assays were repeated as described above, and ali-
quots were taken after 15, 30, 60, 120, 180, 240, and 300 min and
subjected to LC–MS analysis. The amino alcohol/aziridine ratio was
determined by integrating the respective peaks (tR for aziridines
17: 25.3 and 25.8 min; see Supporting Information).
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NMR studies

To prove the stability of aziridine 17 (diastereomeric mixture)
under the assay conditions, additional 1H NMR studies were per-
formed. A buffer prepared with 50 mm deuterated sodium acetate
(pH 3.2) and NaOD was used. The inhibitor stock solution (4.5 mm)
was prepared with deuterated acetonitrile. 1H NMR spectra were
recorded after 10, 20, 30, 40, 50, 60, 75, and 90 min, as well as after
5 h. The integrals of the signals for the aziridine ring protons (dou-
blets at d : 3.10, 3.14, 3.68, and 3.73 ppm) were measured. No
changes in the NMR spectra were observed (see Supporting Infor-
mation).

C. albicans assays

A pre-culture of C. albicans strain SC5314 was grown overnight in
10 mL SD medium [6.7 g yeast nitrogen base without amino acids
(YNB; Bio101, Vista, CA, USA), 20 g glucose per liter] . Subsequently,
the cells were diluted 1:100 in 5 mL SAP2-inducing medium YCB-
BSA [23.4 g yeast carbon base (Becton Dickinson, Heidelberg, Ger-
many), 4 g BSA per liter, pH 4.0] and grown for 60 h in a rotary
shaker at 225 rpm and 30 8C. To monitor SAP2-independent
growth, YCB-BSA-YE medium [YCB-BSA supplemented with 0.2%
yeast extract (Oxoid, Basingstoke, UK)] was used. For growth
assays, the optical density of the cultures was measured photomet-
rically at a wavelength of 600 nm. Stock solutions of inhibitors
were prepared in DMSO at a concentration of 100 mm and used at
a final concentration of 500 mm except for pepstatin A, which was
dissolved in CH3OH (1 mgmL�1) and used at a final concentration
of 5 mgmL�1 (7.3 mm).

For enzyme tests, YCB-BSA cultures of strain SC5314 were centri-
fuged for 5 min at 4000 rpm. The supernatant, containing SAP2,
was sterile filtered and used in the protease assays (see above).
SDS-PAGE (12% polyacrylamide; Figure 14) showed the filtrate to

contain only SAP2 as protein. Thus, the enzyme preparation used
can be considered pure. Assays with human macrophages (J774.1)
were performed as described previously.[26]

Docking

Preparation of the ligand structures. All molecules were drawn
using Chemaxon MarvinSketch.[58] For the ring-closed forms R,R

and S,S configurations at the aziridine ring were enumerated man-
ually. For the ring-opened forms, all possible positions of the intro-
duced hydroxy group (C2, C3) were enumerated manually as well.
After export to MDL SD file format[59] implicit hydrogen atoms
were added, and ionization states for a pH range of 5�2 were
enumerated using Schrçdinger LigPrep.[60] This pH range includes
the conditions of the assay, while allowing for a certain range of
local basicity in the protein environment. All aziridine ring nitro-
gens were predicted to be protonated, and consequently all possi-
ble stereoisomers were enumerated for the resulting stereocenter
with LigPrep. The same was done for all unspecified chiral centers
of the ring-opened forms.

Preparation of the protein target. The structure of SAP2 (PDB:
1EAG) was downloaded from the PDB. Except for the well-ordered
water molecule described to be involved in ligand binding by Cut-
field et al. ,[5] all waters were removed using MOE.[50] After adding
hydrogen atoms, the structure was loaded into Schrçdinger Maes-
tro.[61] H-bond orientation was optimized, and the structure relaxed
by a minimization to RMSD=0.30 using the Schrçdinger Protein
Preparation wizard.

It is assumed that during proteolysis, one of the active site aspar-
tate residues is present in its protonated form. For SAP2, it is not
known which one of the two residues in question (Asp32 or
Asp218) is actually protonated. Therefore, all steps described
herein, as well as the docking runs, were carried out with both
forms: Asp32 or Asp218 protonated. Docking results were similar
for both states, but seemed a bit more stable for Asp32 being pro-
tonated and Asp218 being deprotonated and thus the residue
that attacks the aziridine ring. Moreover, Asp32 is buried deeper
than Asp218 and is therefore more likely to be uncharged. There-
fore, all figures in this study are based on this form of the protein.

Docking simulations. The ligands were docked into the protein
active site using Schrçdinger Glide[49] with default parameters. For
the ring-closed forms, a pharmacophore constraint was applied to
filter out poses with both aziridine ring carbon atoms more than
3.5 U away from the deprotonated aspartate residue. No pharma-
cophore filters were applied for the ring-opened forms. The 40
best scoring poses for each ligand were inspected visually with
OpenEye VIDA2,[62] which was also used for the generation of all
3D figures for the illustration of the docking results.

Abbreviations

Bn, benzyl; Boc, tert-butyloxycarbonyl ; Dabcyl, 4,4-dimethyl-
aminoazobenzene-4’-carboxylic acid; DBU, 1,8-diaza-bicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene; DIBAH, diisobutylaluminum hydride; DIEA,
diisopropylethylamine; DME, 1,2-dimethoxyethane; DPPA, di-
phenylphosphorylazide; EDANS, 5-[(2-aminoethyl)amino]naph-
thalene-1-sulfonic acid; EPNP, 1,2-epoxy-3-(p-nitrophenoxy)pro-
pane; FRET, fluorescence resonance energy transfer ; IBCF, iso-
butylchloroformate; mCPBA, m-chloroperbenzoic acid; NMM,
N-methylmorpholine; PLE, pig liver esterase; PyBOP, 1-benzo-
triazolyloxytris(pyrrolidino)phosphonium hexafluorophosphate;
SAP, secreted aspartic acid protease; TBAF, tetrabutylammoni-
um fluoride; TBDMS, tert-butyldimethylsilyl ; TEA, triethylamine;
YCB-BSA, yeast carbon base–bovine serum albumin; YCB-BSA-
YE, YCB-BSA supplemented with yeast extract.

Figure 14. Electrophoretic separation of the components of the supernatant
of the YCB-BSA culture of strain SC5314 of C. albicans : Lane 1) 15 mL super-
natant of the strain SC5314, cultivated for 30 h at 30 8C in YCB-BSA medium
in the presence of pepstatin A, which inhibits C. albicans growth by SAP2 in-
hibition, thus BSA is not degraded. Lane 2) 15 mL supernatant of the strain
SC5314, cultivated for 30 h at 30 8C in YCB-BSA medium; the supernatant
was used for the enzyme assays. Lane 3) standard Mr values (10 kDa protein
ladder, Gibco BRL). Samples were subjected to SDS-PAGE (12% polyacryl-
amide) and stained with Coomassie blue.
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