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INTRODUCTION

Aspartic proteinases are found in plants, retroviruses, mammals, and fungi. There are

several distinct groups, including pepsins, chymosins, cathepsins, renins, retroviral pro-

teinases, and fungal aspartic proteinases.1, 2 The role of the secreted aspartic proteinases

(Saps) of Candida albicans (C. albicans) encoded by 10 SAP genes has been intensively

characterized in the last years by several groups.3 The Saps are essential for the fungal

nutrition process and are important virulence factors for localized and disseminated can-

didal infections.4,5 Sap2 has a very broad spectrum of activity degrading many human

proteins, such as extracellular matrix, keratin, collagen, and many others.6 These sub-

strates can either be macromolecular or of low molecular weight.7 Saps are differentially

regulated during distinct stages of the infection process. Sap1–3 appear to play a role in

the adherence and tissue damage of localized infection, whereas Sap4–6 may be of im-

portance in systemic disease.8–10 The different roles of the Sap1–3 and Sap4–6 isoen-

zyme subgroups are explained by variations in amino acid sequences as well as by differ-

ent enzymatic characteristics, such as the optimum pH and the net charge. The role of

Sap9 and Sap10 for cell surface integrity, cell separation, and adhesion has been recently

characterized, while almost nothing is known about Sap7 and Sap8.11,12 Insights into

the contributions of the Sap family to C. albicans pathogenicity have also been obtained

studying Sap-deficient C. albicans strains; Sap1–3 have been implicated in mucosal infec-

tions and Sap4–6 in systemic infections.3 Based on the role of Saps as virulence factors,

therapy or even better prevention of C. albicans infections in immunocompromised

patients (e.g., patients with AIDS, organ transplants, and cancer) should be feasible

using specific Sap inhibitors.13 A crucial element in the process of Sap-specific inhibitor

design is the determination of the exact enzyme structures, which is only known for

Sap2.14–16 Sap2 is the most abundantly secreted protein in vitro when grown in the

presence of protein as the sole source of nitrogen,17–19 and was the first member of the

Sap gene family to be structurally studied as complexes with pepstatin A (pepA) and A-
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ABSTRACT

The family of secreted aspar-

tic proteinases (Sap) encoded

by 10 SAP genes is an impor-

tant virulence factor during

Candida albicans (C. albi-

cans) infections. Antagonists

to Saps could be envisioned to

help prevent or treat candido-

sis in immunocompromised

patients. The knowledge of

several Sap structures is cru-

cial for inhibitor design; only

the structure of Sap2 is

known. We report the 1.9 and

2.2 Å resolution X-ray crystal

structures of Sap3 in a stable

complex with pepstatin A and

in the absence of an inhibitor,

shedding further light on the

enzyme inhibitor binding. In-

hibitor binding causes active

site closure by the movement

of a flap segment. Comparison

of the structures of Sap3 and

Sap2 identifies elements re-

sponsible for the specificity of

each isoenzyme.

Proteins 2007; 68:000–000.
VVC 2007 Wiley-Liss, Inc.

Key words: Candida albicans;

inhibitor design; pepstatin A;

secreted aspartic proteinase;

X-ray crystal structure.

VVC 2007 WILEY-LISS, INC. PROTEINS 1



70450.14 A-70450 was designed by Abbott to act against

renin but is also able to inhibit C. albicans aspartic pro-

teinases.20 The classical aspartic proteinase inhibitor

pepA is a microbial pentapeptide produced by Streptomy-

ces.21 The crystal structure of the closely related clinical

isolate Sap2X with an amino acid sequence identity to

Sap2 of 96% in complex with A-70450 was reported

later.20 Knowledge of the structures of further Sap isoen-

zymes will facilitate specific structure-based inhibitor

design. Here, we present the X-ray crystal structure of

Sap3 at 1.9 and 2.2 Å resolutions in a stable complex with

pepA and in the absence of the inhibitor. We also com-

pare the structures of Sap3 and Sap2.

MATERIALS AND METHODS

Expression of the Sap isoenzymes
in Pichia pastoris

Sap3 was expressed as a recombinant protein using the

Pichia pastoris (P. pastoris) expression system.22 In short,

P. pastoris transformants were grown to cell densities

near saturation (OD600 ¼ 20) at 308C in 1000 mL of

glycerol-based yeast media [0.1M potassium phosphate

buffer at pH 6.0, containing 1% (w/v) yeast extract, 2%

(w/v) peptone, 1.34% (w/v) YNB without amino acids

(Difco, Sparks), 1% (w/v) glycerol and 4 3 10�5% (w/v)

biotin]. Cells were harvested and resuspended in 200 mL

of the same medium containing 0.5% (w/v) methanol,

instead of glycerol, and incubated for 2 days. Thereafter,

the supernatant was harvested by centrifugation.

Purification of recombinant proteinases

400 milliliters of P. pastoris culture supernatant of

Sap3 was concentrated to 100 mL using an Amicon

concentrating cell (10 kDa MWCO). For desalting, the

concentrate was dialysed against a 100-fold volume of

10 mM citric acid/NaOH pH 7.0. Sap3 was first purified

by anion-exchange. Therefore the dialysate was loaded on

a DEAE-column (DE 52, Whatman1), washed with

10 mM citric acid/NaOH pH 7.0, and eluted with a

gradient running from 10 to 100 mM citric acid/NaOH

at the same pH.

Pooled fractions were concentrated to a volume of

1.0 mL and further purified on a gel filtration-column

(Superdex 75 HiLoad 26/60 prep grade, Amersham

Pharmacia Biotech, Piscataway) using a 10 mM citric

acid/NaOH containing 150 mM NaCl, pH 7.0.

Finally, the protein was transferred into 10 mM MES/

NaOH, pH 6.5 via a NapTM10 column (Amersham

Pharmacia Biotech).

Protein extract analysis

Protein concentrations were calculated from the absorp-

tion of protein at 280 nm (OD280) by using the extinction

coefficient (Abs 0.1% at 280 nM ¼ 0.949 M�1 cm�1) as

given in Expasy—ProtParam Tool. Protein extracts were

analyzed by SDS-PAGE23 with a separation gel of 12%

polyacrylamide. Gels were stained with Coomassie

brilliant blue R-250 (Bio-Rad).

Peptide mass fingerprinting

The identity of Sap3 was confirmed by its peptide

mass fingerprint. The putative band in SDS-PAGE con-

taining the protein was analyzed by trypsin digestion

followed by MALDI-TOF mass spectrometry. Measured

peptide masses were compared with peptide masses from

an in silico digestion of the protein database using the

search engine MASCOT.

Activity assays

The proteolytic activity of Sap3 was measured with

0.02% resorufin-labeled casein as substrate at the pH

optimum in citric acid/NaOH (50 mM citric acid/NaOH,

pH 3.5)22 in a total volume of 0.1 mL. After incubation

at 378C for 30 min, the undigested substrate was precipi-

tated with trichloroacetic acid (5% final concentration)

and separated from the supernatant by centrifugation.

The absorbance of the supernatant was measured in the

alkaline range at 574 nm after addition of 100 lL 1M

Tris/HCl, pH 10.0. For practical purposes, one unit of

Sap activity was defined as that producing an absorbance

of 0.001/min.

Crystallization

Samples recovered from buffer exchange were concen-

trated to about 10 mg/mL using Centricon 10 filtration

units (Amicon, Charlotte). PepA (Sigma) was added to

samples in a 1.5-fold molar excess. Crystals appeared in

the presence of Zn2þ (10 mM zinc acetate). Sap3 without

inhibitor crystallized in the presence of 0.2M potassium

bromide, 8% PEG 20000, 8% PEG 550MME, and 0.1M

cacodylic acid/NaOH, pH 6.5. Sap3 in complex with

pepA formed crystals in the presence of reservoir buffer

containing 0.2M potassium bromide, 15% PEG 4000,

and 0.1M cacodylic acid/NaOH, pH 6.5.

The crystals grew within a few days after the addition

of 100 lL 5M NaCl at day 3 to the reservoir buffer (300 lL)

reaching full size within several weeks.

For data collections, crystals were shock frozen under

a stream of nitrogen at 100 K (Oxford Cryosystems

Cryostream).

Data collection, structure solution,
and refinement

X-ray data were collected using synchrotron radiation

at the beamline BW6 of the DESY (Deutsches Elektronen

Synchrotron, Hamburg, Germany) using a Mar Research

CCD detector (Mar Research, Hamburg, Germany). Two
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complete native data sets to 1.8 and 2.2 Å were collected

from the Sap3–pepA complex and the native enzyme,

respectively, using X-ray radiation with a wavelength of

1.05 Å. Both crystals were of space group P3221 and con-

tained one molecule per asymmetric unit.

Diffraction data were processed and scaled with the

programs DENZO/SCALEPACK.24 Model building was

performed using the modeling program O.25 Statistics

for the data collection and refinement are summarized in

TableT1 I.

The Sap3–pepA complex was solved by molecular re-

placement with the program Molrep,26 where the struc-

ture of Sap2X served as a search model. One solution

was obtained resulting in a correlation coefficient of

50.4% and an R-factor of 45.2%.

The calculation of the electron density map and the

crystallographic refinement were performed using CNS.27

During the last steps of refinement, one zinc atom per

molecule was tentatively built into the density occurring

between residues His131Sap3 and Asp191Sap3 of one

Sap3 molecule and residues His197Sap3 and Asp214Sap3

of a symmetrically related neighbor molecule. Three hun-

dred eighteen water molecules were automatically built

with CNS27 and pepA was modeled into the extra

density extending along the active site cleft. The model

of the Sap3–pepA complex was refined to 1.9 Å to a final

Rfree of 25.2% and an R-factor of 23.9%.

The final model of the Sap3–pepA complex was used

as a search model for the replacement by Molrep26 for

the dataset of the apoenzyme of Sap3. The replacement

resulted in one solution with a correlation factor of

64.8% and an R-factor of 38.6%. Refinement of this

model was done in the same way as for the pepA-com-

plexed structure. Two hundred fifty water molecules were

automatically built with CNS.27 Refinement was per-

formed to 2.2 Å to a final Rfree of 26.1% and an R-factor

of 23.5%.

The quality of measured data did not allow for refine-

ment to lower R-factors despite the huge effort put into

structure refinement.

The main-chain angles of the refined structures were

analyzed by the program PROCHECK28 and plotted in a

Ramachandran diagram.29 Accordingly, 99.3% of all

main-chain angles in each structure exhibit most favored

or additionally allowed conformations, while residues

Ala133 and Asn160 exhibit a generously allowed confor-

mation in both structures.

Accession codes

The coordinates of the Sap3 apoenzyme and Sap3

complexed with pepA have been deposited at the RCSB

Protein Data Bank under the accession codes 2H6S and

2H6T, respectively.
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Table I
Statistics for Data Collection and Refinement

Data collection
Crystal content Sap3-pepstatin A complex Sap3 apoenzyme
Space group P3221 P3221
Cell constants (�) a ¼ 61.10, b ¼ 61.10, c ¼170.74 a ¼ 61.35, b ¼ 61.35, c ¼171.98
Resolution range (�) 20–1.8 20–2.2
Reflections measured 133,783 71,472
l/r 13.7 18.4
Unique reflections 35,196 19,792
Rmerge (%)a (last shell, 1.86–1.80/2.28–2.20) 5.0 (34.8) 6.0 (16.8)
Completeness (%) (last shell, 1.86–1.80/2.28–2.20) 99.3 (100.0) 99.8 (99.7)

Refinement
Resolution 19.86–1.9 19.95–2.2
Reflections used for refinement 28,626 18,790
Solvent content (%, v/v) 51.13 51.88
Residue number per asymmetric unit 340 340
Water molecules per asymmetric unit 318 250
Zinc ions per asymmetric unit 1 1
Rfactor (%)b/Rfree (%)c 23.9/25.2 23.40/26.0
rmsd bond length (�) 0.009 0.008
rmsd bond angles (deg.) 1.7 1.7
Average B-factors

Overall (�2) 28.949 33.303
Protein atoms (�2) 27.996 32.834
Water molecules (�2) 36.604 38.152
Zinc ion (�2) 20.97 28.00
Inhibitor atoms (�2) 29.378 n.d.

aRmerge ¼ Shkl jhIi � Ij/Shkl jIj.
bRfactor ¼ Shkl jjFobsj � jFcalcjj//Shkl jFobsj.
cRfree is the cross-validation R-factor computed for the test set of reflections (5.0% of total).

Crystal Structure of SAP3 and its complex with PepA
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RESULTS AND DISCUSSION

With the establishment of the recombinant P. pastoris

expression system, we obtained a useful tool to produce

an isolated Sap3 protein in sufficient amounts for crystal-

lization trials.22 The protein could be produced with a

yield of up to 80 mg L�1.

The protein crystallizes in the trigonal space group

P3221 containing one molecule per asymmetric unit.

The superposition of the Sap3 apoenzyme (aSap3) and

the pepA–Sap3 complex (pSap3) exhibits an rms devia-

tion of all 340 Ca atoms of 0.70 Å. The largest confor-

mational change of Sap3 on binding pepA occurs

between residues 81 and 91, that is, the active site flap

residues.

During the course of refinement, well-defined density

occurred between residues His131 and Asp191 of one

Sap3 molecule and residues His197 and Asp214 of a

symmetrically related neighboring molecule. The residues

build a tetrahedral coordination sphere with the liganded

atom. Sap3 forms ordered and well diffracting crystals

only in the presence of zinc. As no other cations were

added during crystallization, a zinc ion was tentatively

built into the density.

Overall structure of Sap3–Sap3 and Sap2,
members of the aspartic proteinase family

Sap3 structurally appears as a kidney-shaped bilo-

bed globular protein mainly consisting of b-strands

[Fig. F11(A)] clearly divided into an N-terminal and a C-

terminal domain. Each domain contributes one catalytic

aspartic acid to the active site.32 The active site cleft is

partly covered by an antiparallel b-hairpin (s9,8) com-

prising residues 81–91, which is commonly known as the

active site flap in aspartic acid proteinases15,32,33 and

which plays an important role in inhibitor or substrate

binding.

Sap2/Sap2X—the closely related clinical isolate to

Sap2—and Sap3 show very high sequence identity [74%/

71%, Fig. 1(B)]. The total electrostatic charges of both

Sap2 and Sap3 are highly negative with a net charge of

�21 and �20, respectively.34 The optimal superposition

of Sap3 with Sap2 reveals topological equivalence of
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Figure 1
Structure of Sap3 complexed with pepstatin A (pepA). (A) Stereo overall view of Sap3 shown in ribbon structure. The side chains of the two catalytic aspartates are

shown in blue, the two disulphide bridges (Cys47–Cys59, Cys256–Cys294) are displayed in orange. Sap3 structurally appears as a kidney-shaped bilobed globular protein

mainly consisting of b-strands. The structure clearly divides into an N-terminal (bottom) and a C-terminal (top) domain. The figure was generated with Pymol.30 (B)

Sequence alignment of Sap3 and Sap2/Sap2X together with typical mammalian and fungal members of the aspartic proteinase family. b-Sheets, a-helices and loops found

in Sap3 are represented by arrows, cylinders, and lines, respectively. The catalytic aspartic acids are highlighted in orange. Residues that are identical within the sequences

of Sap3 and Sap2/Sap2X are colored in green. The amino acids highlighted in cyan exhibit 100% identity within the sequences of all aspartic proteinases listed. Marked

with black and white dots are those residues which build hydrogen bonds and hydrophobic interactions, respectively, with pepA when complexed with Sap3. The

numbering system is based on Sap2. The figure was created using ClustalW.31 (C) Superimposition of structures Sap2 and Sap3. Sap2 is shown in green whereas Sap3 is

colored in yellow. PepA bound to Sap3 is shown as sticks (purple). The side chains of the two catalytic aspartates of Sap3 are shown in blue. The salt bridge formation

between Lys129Sap3 and Asp37Sap3 subsequent to the loop movement that stabilizes this loop conformation is indicated as black dashed lines. In contrast to Sap3, the

loop in Sap2 is directed towards the active site cleft. While Asn131Sap2 and Ala133Sap2 are part of the S20 binding site in Sap2, Lys129Sap3, and Glu132Sap3 contribute

to S20 of Sap3. The loop movement of Sap3 may be supported by the observed Zn-binding.
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a-carbon atoms of 337 out of 340 with an rms deviation

of 1.594 Å. Indeed, most secondary structural elements

are highly conserved within Sap2 and Sap3. With their

bilobed, mainly b-sheeted secondary structure, the two

enzymes Sap2 and Sap3 follow the classical aspartic pro-

teinase fold observed in several mammalian aspartic pro-

teinases (e.g., pepsin,33 renin,35 cathepsin D36) and fun-

gal aspartic proteinases (e.g., penicillopepsin,37 rhizopus-

pepsin38). Nevertheless, several features detected by

structure superposition make them unique among the

aspartic proteinase family.15, 16 The most striking dif-

ference from other aspartic proteinases is the disulfide
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loop enclosed by Cys47 and Cys59, which builds up the

N-terminal loop (N-ent loop, i.e., s9–8 loop). Stewart

and Abad-Zapatero13 have specified this new flap as a

second active site flap. Together with the N-ent loop, the

C-terminal loops (C-ent loops, i.e., s19–20 loop and s24–

25 loop) form a funnel-like extended active site. Because

of high B-factors and weak density observed during

structure refinement, the N-terminal s9–8 loop and the

C-terminal s19–20 loop are likely highly flexible. A 7–8

residue deletion enlarges the substrate binding sites S1

and S3 because of the loss of a small helical segment.

Two short insertions corresponding to residues 247–249

and residues 286–290, respectively, enlarge the C-ent

loops. At the end of the carboxy terminus, an addition of

about 10 residues is special for Sap2 and Sap3.

As a result of the changes regarding the active site

cleft, both Sap2 and Sap3 comprise an enlarged and

more extended binding site compared with the other

members of the aspartic proteinase family. The conserva-

tion of these structural features in Sap2 and Sap3 identi-

fies them as signatures of a subfamily. Nevertheless, some

conformational changes between Sap2 and Sap3 can be

observed, which have functional significance.

Overall conformational differences
between Sap3 and Sap2

The amino acid sequence of Sap3 following the align-

ment of Stewart et al.34 shows two deletions (residues 51

and 212) compared with Sap2. At residue 212 (Sap2

numbering), the structural change causes a truncation of

a small loop in s17 in Sap3, whereas the secondary struc-

ture is retained. A more dramatic change in the N-ent

loop is caused by the second deletion of Tyr51 in Sap3

leading to a less restricted entrance to the active site cleft

of Sap3, and this partly contributed by residues with

smaller side chains such as Ala (Val in Sap2) or Gly (Thr

and Asp in Sap2).

Presumably the most striking difference in Sap3 is

caused by the replacement of the Sap2 residues Asn131-

Sap2 and Gly134Sap2 by His131Sap3 and Glu134Sap3 in

Sap3. More favored interactions with solvent molecules

of those residues apparently cause the movement of the

loop comprising residues 129–135 to the solvent exposed

area. The salt bridge formation between Lys129Sap3 and

Asp37Sap3 subsequent to the loop movement stabilizes

this loop conformation. In contrast to Sap3, the loop in

Sap2 is directed towards the active site cleft and contrib-

utes to S20 [Fig. 1(C)]. Consequences of the loop transla-

tion for the S20 binding site in Sap3 will be discussed in

detail in the next sections. Although the new loop con-

formation seems to be stabilized by the salt bridge for-

mation, it may also be supported by the Zn-binding,

which links neighboring molecules in the crystal and is

unlikely to be of physiological relevance.

Active site, substrate specificity,
and inhibitor binding

Active site and substrate binding site

The active site of Sap3, which is located in a deep cleft

of the protein is highly negatively charged. Following

standard orientation, the substrate binding sites S4 to S20

are aligned from the upper left to the lower right side of

Sap3. The N-terminal front of the active site cleft is cov-

ered by the active site flap providing supplementary resi-

dues for substrate binding (Fig. F22).

The active site cleft of the Sap3 apoenzyme is filled

with water molecules mainly clustering around the cata-

lytic aspartates Asp32 and Asp218 (Fig. 2). Water mole-

cule W50 directly binds to both catalytic aspartates

Asp32 and Asp218 surrounded by other water molecules,

which make contacts to active site residues Gly34 (O),

Gly220 (O), Thr222 (OG1). Notably, just a few water

molecules are in contact with the residues of the active

site flap. The residues Tyr84 (OH) and Gly85 (N) which

are important hydrogen bonding partners for bound

inhibitors/substrates are ligated to the water molecules

W170 and W5.

Peptides of seven to nine residues might be accommo-

dated in the substrate binding region of Sap3. Relatively

large binding sites are found at the edges (S4, S3, S20),

while those lying in the center region appear to be

smaller (Fig. F33). Interestingly, the N-terminal binding

sites S4–S1 contain only hydrophobic and/or acidic

amino acids, while the only two basic amino acids, that is,

Arg195 and Lys129, belong to the primed site (Table T2II).

Altogether the active site of Sap3 retains a strong nega-

tive overall charge.

The substrate binding sites of Sap2 and Sap3 appear

quite similar in their character, sizes, and shapes. Sev-

enty-five percent of the amino acids that form the sub-

strate binding site are conserved within the sequences of

Sap2 and Sap3 [Table II, Fig. 1(B)]. A detailed analysis—

illustrated by the superposition of Sap2 and Sap3 in Fig-

ure 3—reveals some differences though. Compared with

Sap2, the polar character of the S4 binding site in Sap3 is

reduced by one polar side chain and its size is enlarged

with the exchange of Asp299Sap2 by Gly299Sap3.

S3 represents a notably large binding site compared

with the known mammalian and fungal aspartic protein-

ases, which are conserved within both enzyme structures.

Substitution of Thr13Sap2 by Ser13Sap3 and Ser88Sap2

by Thr88Sap3 can be detected.

Based on modeling studies of Sap isoenzymes Sap1–6,

Stewart et al.34 proposed that the exchange of Ala303-

Sap2 by Tyr303Sap3 limits the access to S2 and/or S10 to

residues with small side chains, such as Val, Ala, and Thr.

The crystal structure, however, shows that Tyr303Sap3

points away from the S2 site. It contributes to the forma-

tion of a ‘‘new’’ binding site—S30. Since S2 already con-

tains many polar and hydrophilic residues (Asp86,
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Thr221, and Tyr225) in both Sap2 and Sap3, the amino

acid change from Asn301Sap2 to Ser301Sap3 might have

little influence on the overall character of S2.

The S1 site shows most differences with three residues

out of six exchanged (Table II). The replacement of

Ile30Sap2 and Ile119Sap2 by the smaller Val30Sap3 and

Val119Sap3, respectively, enlarge it. Consequences of the

substitution of Ser88Sap2 by Thr88Sap3 for substrate

specificity will be discussed in the next section.

The modification of S20 subsequent to the loop turn

comprising residues 129–135 represents the most striking

difference between the two structures of Sap2 and Sap3.
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Figure 3
Stereo superimposition of the active site of Sap3 (yellow) and Sap2 (green). Residues that are identical in both sequences

are shown as lines while distinct residues are displayed as sticks. The catalytic aspartates of Sap3 are shown in cyan and

those of Sap2 are colored in orange. For clarity reasons, the bound inhibitors (pepA in Sap3, A-70450 in Sap2) are not

included. Figure made with Pymol.30

Figure 2
Stereo plot of the substrate binding site of the Sap3 apoenzyme. Water-filled active site of Sap3. Waters are shown in

green, the catalytic aspartates are highlighted in cyan, and surrounding residues are shown in yellow. Black dashed lines

represent hydrogen bonding between active site residues and water molecules, while orange dashed lines indicate an

interaction within water molecules. Residues belonging to the active site loop are shown in grey. W50 is tightly bound to

both catalytic aspartic residues; W5 and W170 form hydrogen bonds with the active site flap residues Gly85 and Tyr84,

respectively. The figure was made with Pymol.30
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While both Asn131Sap2 and Ala133Sap2 are part of the

S20 binding site in Sap2, the analog residues in Sap3

point toward the solvent exposed area, and Lys129Sap3

and Glu132Sap3 contribute to S20 of Sap3 instead [Fig.

1(C)]. With these ‘‘new’’ charged residues, the rather

neutral character of S20 in Sap2 changes to a more polar

one in Sap3. Strikingly, the loop turn does not only max-

imize the size of the S20 binding site but even enables

access to some deeper located aromatic amino acids, that

is, Phe80Sap3, Trp94Sap3, and Tyr137Sap3 (Fig. 3).

Thus, the cavity of S20 in Sap2 structure changes to a

channel in Sap3 with a polar entrance and an aromatic

base. The alteration of the S20 binding site was not

caused by substitution within the amino acid sequence

of the particular residues which arrange to the S20 site

but by changes in adjacent residues.

Substrate specificity

Aspartic proteinases usually display preference of

cleavage between large hydrophobic amino acids such as

Phe–Phe, but fungal aspartic proteinases have been

shown to be distinct from mammalian enzymes in that

they cleave substrates with polar residues such as His or

Lys in the P1 position.39 Only one study on substrate

specificities at the P1 and P10 sites for the different Sap

isoenzymes Sap1, 2, 3, and 6 exist.40 Koelsch et al.40

have observed that Sap3 significantly prefers Leu closely

followed by Arg at P1. By cleaving after 10 different

amino acids with the preference (Leu > Arg >> Phe >
Glu > Asp > Tyr > Lys > Gln > Ala > Asn), Sap3 dis-

plays less specificity in its P1 position than Sap2. The

preferred residue for Sap2 in the P1 position is Phe or

Leu, but it also cleaves after Lys and Tyr in the order

(Phe > Leu > Lys > Tyr). The slightly larger Sap3-S1

site might be one reason for its broader range of sub-

strate specificity. Another reason might be the conforma-

tional alteration of residue 88. In both structures, residue

88 is located at the edge of S1 and S3, thus contributing

to both sites. While the hydroxyl group of Ser88Sap2

contributes to S3 in Sap2, the hydroxyl group of

Thr88Sap3 sticks into S1 in Sap3. Therefore, the addi-

tional hydroxyl group of Thr88Sap3 in the Sap3-S1 site

may contribute to the preference of Arg, which has its

highly polar and space filling guanidinium group flanked

by the carboxyl group of Asp86Sap3 from one side and

by the hydroxyl group of Thr88Sap3 from the other.

The P10 specificities of Sap2 and Sap3 are similar and

very broad comprising all amino acids except Asn, His,

Arg, Lys, and Pro. This is expected, as the residues form-
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Table II
Sap3 and Sap2 Residues Forming the Substrate Binding Site Pockets

Pocket Residue Sap3 Sap2

S4 12a Val Val
222a Thr Thr
223 Ile Ile
225 Tyr Tyr
295 Gln Gln
297 Leu Leu
299 Gly Asp

S3 12 Val Val
13 Ser Thr
86 Asp Asp
88 Thr Ser

118 Ser Ser
120 Asp Asp
220a Gly Gly

51 Tyr
S2 85a Gly Gly

86a Asp Asp
221 Thr Thr
225 Tyr Tyr
301 Ser Asn
303 Tyr Ala
305a Ile Ile

S1 30a Val Ile
84a Tyr Tyr
86 Asp Asp
88 Thr Ser

119 Val Ile
123a Ile Ile

S10 34a Gly Gly
193 Glu Glu
195 Arg Arg
216 Leu Leu
303 Tyr Ala
305 Ile Ile

S20 35a Ser Ser
37 Asp Asp
82 Ile Ile
83a Glu Gly
84 Tyr Tyr

129 Lys 131 Asn
132 Glu 133 Ala
80 Phe
94 Trp
137 Tyr

S30 303 Tyr

aResidues involved in pepstatin A binding.

Residues distinct in the sequence of Sap3 and Sap2 are given in italic.

Figure 4
Chemical structure of pepstatin A (pepA), the classical aspartic proteinase

inhibitor. The hydroxyl group of the central statin moiety (��CHOH��CH2��)

forms two hydrogen bonds with the catalytic aspartic residues Asp32 and

Asp218.
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ing S10 are highly conserved within both enzymes. The

exclusion of Lys or Arg is explained by repulsion by

Arg195 in both enzymes.

Comparative data addressing Sap2 and Sap3 substrate

specificities at S4–S2 and S20 subsites do not exist. Resi-

due 83 may influence the substrate specificity of S2 in

different Sap enzymes of Candida albicans, Candida tro-

picalis, and Candida parapsilosis.7 As residue 83 (Sap

numbering based on Sap2, i.e., analog residue 74 in pep-

sin numbering) is at the margin of the substrate binding

sites S2 and S20, Fusek et al. stated that during the initial

fitting steps of substrate binding, residue 83 (residue 74,

J_ID: Z7E Customer A_ID: 00512-2006.R1 Cadmus Art: PROT 21425 Date: 9-MAY-07 Stage: I Page: 9

ID: kannanb Date: 9/5/07 Time: 03:45 Path: J:/Production/PROT/Vol00000/070114/3B2/C2PROT070114

Figure 5
Pepstatin A (pepA) binding in the active site of Sap3. (A) Active site of the Sap3–pepA complex, superimposed with the difference electron density map of pepA. PepA is

shown as a stick model in green. Black dashed lines indicate polar interactions between pepA and active site residues. The active site loop which would cover the active

site cleft as seen in Figure 2 has been omitted for the sake of clarity, only residues 85 and 86 which take part in inhibitor binding are presented in grey. (B) Stereo ribbon

superimposition of aSap3 and pSap3. The active site loop of aSap3 (blue) is shifted towards the outside while the analogue loop of pSap3 (kept in yellow) is lowered down

onto the active site when the enzyme binds pepA (green). The active site flap movement significantly narrows the active site region and allows for polar interactions

between pepA and Gly85 and Asp86 in pSap3 (black dashed lines). The figures were created with Pymol.30
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respectively) may come into close proximity with the P2

residue of substrate.7 With Glu83 in the C. tropicalis’

Sap, the enzyme was found to discriminate against acidic

residues in P2. Sap3 has also Glu83 and may share this

specificity. In contrast, the C. albicans’ Sap2 with Gly83

at this position tolerated a variety of side chains.

Inhibitor binding

Similar binding affinities for pepA (Fig.F4 4) to Sap2

and Sap3 indicated by Ki values being 17 nM (or IC50 27

nM, respectively41) for Sap2 and 60 nM for Sap340 have

been reported.

During the course of refinement of the pepA inhibited

Sap3 structure, well-defined density appeared along the

substrate binding groove so that pepA could easily be

built into the density. Only the nonbound primed site

end of the inhibitor, which sticks out toward the en-

trance loops of the cavity, exhibited partly weak density

indicating higher flexibility at this end.

The hydroxyl group of the central statin moiety of

pepA points towards the catalytic aspartic residues Asp32

and Asp218 [Fig.F5 5(A,B)], forming two hydrogen bonds

with these residues, characteristic for pepA-inhibited as-

partic proteinase structures,36-38, 42 where pepA acts as

a tetrahedral transition-state mimic. Further hydrogen

bonds are built between pepA and residues Gly34 (O),

Gly85 (N), Asp86 (N, OD2), Gly220 (O), Thr222 (N, OG1),

and Glu83 (O) but also many hydrophobic contacts con-

tribute to the interaction of pepA and Sap3 [Fig. 5(A), Table

II]. Residues that are responsible for pepA binding are

highly conserved within the structures of Sap2 and Sap3

(Table II). Within the residues taking part in inhibitor bind-

ing Ile30Sap2 is replaced by Val30Sap3 and Gly83Sap2 by

Glu83Sap3 in Sap3. At position 83, the hydrogen bond

between pepA and the enzyme is built via the main chain

peptide oxygen so that the alteration of the side chains of

residue 83 in Sap2 and Sap3 will probably not change the

pepA binding in both enzymes. The contact between pepA

and Val30Sap3 might be not as tight as with Ile30Sap2 in

Sap2, but still, Val30Sap3 is sufficient to interact hydro-

phobically with the inhibitor at P1 (3.99 Å).

PepA in Sap3 fills suboptimally several binding sites,

especially S4, S3, and S10, which was also true for Sap2.

It was shown for the Sap2 inhibitor complex with A-

70450 containing a branched side chain at the S3 subsite

that exploiting the S3 site is critical for the high inhibi-

tion potency (IC50 ¼ 1.3 nM41) of A-70450 for Sap2.

Thus, optimal subsite filling offers an opportunity of

increasing binding strength and specificity.

In contrast to Sap2 where the voluminous inhibitor A-

70450 contacts Tyr51Sap2, which is part of the N-ent

loop, and contributes to S3, no participation of the N-

ent loop of Sap3 can be observed in the pepA binding.

As mentioned in the beginning, there is a conforma-

tional change of Sap3 on binding pepA with an rms devi-

ation of all 340 Ca atoms of 0.70 Å after superposition

of aSap3 and pSap3, where the largest conformational

change occurs within the active site flap (residues 81–

91). The flap closes down onto the inhibitor by up to

5.9 Å at its maximum and significantly narrows the

active site region [Fig. 5(B)]. We designate this as the

‘‘closed’’ conformation of the enzyme. The flap move-

ment allows the formation of hydrogen bonds and

hydrophobic interactions with pepA.

CONCLUSION

We have solved the structure of a second enzyme-Sap3-

out of the 10 member Sap family. The overall secondary

structure contains features similar to Sap2, confirming the

unique position of the Sap family among the aspartic pro-

teinases. Despite the highly conserved secondary structure

of Sap2 and Sap3, differences between both structures were

observed, which are consistent with particular substrate

specificities. The most striking alteration in the structure of

Sap3 consists of the S20 binding site becoming channel-

shaped subsequent to the turn of the loop with residues

129–135. This feature of S20 might be exploited best by a

more voluminous inhibitor than pepA, which would also

perhaps work better at subsites S4 and S3. The conforma-

tional move of the flexible active site flap as observed in the

structure of Sap3 when bound to pepA newly revealed the

importance of the active site flap for inhibitor binding.

With the determination of Sap3, we provide a broader ba-

sis for structure-based inhibitor design. Utilizing regions of

similarity within the structures of Sap2 and Sap3, inhibitors

acting on both enzymes can be designed. It will certainly be

of importance to solve the structure of Sap1 in order to

obtain the full set of the subgroup comprising Sap1–3 isoen-

zymes. Moreover, it will be interesting to see to what extent

the structures of Sap4-6 differ to those of Sap1–3.
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