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A new aspartic protease from Saccharomyces cere�isiae, with

a high degree of similarity with yapsin 1 and yapsin 2 and a

specificity for basic residue cleavage sites of prohormones, has

been cloned. This enzyme was named yapsin 3. Expression of a

C-terminally truncated non-membrane anchored yapsin 3 in

yeast yielded a heterogeneous protein between 135–200 kDa

which, upon treatment with endoglycosidase H, migrated as a

60 kDa form. Amino-acid analysis of theN-terminus of expressed

INTRODUCTION

The yapsin group of enzymes is a recently discovered subfamily

of aspartic proteases [1]. Until now this subfamily has included

yapsin 1 [also known as yeast aspartic protease 3 (Yap3p)]

[2] and yapsin 2 (also known as Mkc7p) [3], both from

Saccharomyces cere�isiae, as well as the mammalian pro-

opiomelanocortin converting enzyme (PCE) (EC3.4.23.17) found

in bovine pituitary intermediate and neural lobe secretory

granules [4]. PCE has recently been renamed yapsin A to indicate

that it is the first mammalian yapsin characterized with specificity

for the basic residues of prohormones [5]. In addition, aspartic

proteases with prohormone cleaving properties from bovine

chromaffin granules and angler-fish islet secretory granules have

been reported [6,7]. So far, the enzymes of the yapsin family have

a common specificity for paired or single basic residue cleavage

sites of proproteins [2–4,8–11]. This is in contrast with other

aspartic proteases, which cleave at hydrophobic residues [12].

Also, the yeast yapsins contain a signal for glycosyl-

phosphatidylinositol (GPI) anchoring [3,13,14], which locates

the proteins in the plasma membrane. Although no physiological

function has been found for the yeast yapsins to date, it has been

suggested that yapsin 1 and yapsin 2 have a role under stress

conditions [3,15]. Recent studies have shown that cholecystokinin

(CCK) mRNA is co-localized with yapsin-1-like immuno-

reactivity in rat cortex and hippocampus [16], suggesting that a

yapsin-1-related aspartic protease, possibly PCE, may play a role

in the processing of pro-CCK and other prohormones in

endocrine}neuroendocrine cells. In the present study we have

identified and characterized a new yeast member of the yapsin

family, yapsin 3, encoded by the YPS3 gene. Yapsin 3 shows

high sequence similarity to yapsin 1 and yapsin 2, and has a

specificity for basic residues distinct from that of yapsin 1.

Abbreviations used: CCK, cholecystokinin ; ACTH, adrenocorticotropic hormone; GPI, glycosylphosphatidyl inositol ; PCE, pro-opiomelanocortin
converting enzyme; ORF, open reading frame.

1 To whom correspondence should be addressed (e-mail ypl!codon.nih.gov).

yapsin 3 revealed two different N-terminal residues, serine-48

and phenylalanine-54, which followed a dibasic and a monobasic

residue respectively. Cleavage of several prohormones by non-

anchored yapsin 3 revealed a specificity distinct from that of

yapsin 1.

Keywords: glycosylphosphatidylinositol-anchors, GPI-anchors,

proprotein processing, yeast proteinases.

MATERIALS AND METHODS

Materials

Adrenocorticotropic hormone (ACTH)
"
–
$*

, human β-endor-

phin
"
–
$"

(β-endorphin
'"

–
*"

), β-amyloid
"
–
#)

and CCK
"$

–
$$

were

purchased from Bachem California (Torrence, CA, U.S.A.). The

CCK
"$

–
$$

analogues were custom synthesized by Peptide Tech-

nologies Inc. (Gaithersburg, MD, U.S.A.).

Comparison of YPS1 homologues

Homologues of the YPS1 gene were found using the Sac-

charomyces Genome Database (SGD) of the S. cere�isiae genome

(http:}}genome-www.stanford.edu}Saccharomyces) [17]. The

homologues obtained were compared using the ‘Genome-wide

Protein Similarity ’ function found in the same database, based

on a Smith–Waterman protein sequence comparison [18,19].

Cloning of the YPS3 gene

The YPS3 gene was cloned from a gene library, as described by

Egel-Mitani et al. [2]. From a positive yeast transformant, an

8 kb fragment (pME719), containing YPS1 [open reading frame

(ORF)-YLR120C, previously called YAP3] and YPS3 (ORF-

YLR121C), was re-isolated. YPS3 was subcloned into the

expression vector pEMBLyex4 [20] in a truncated form, the 35

amino acid residues nearest the C-terminal having been deleted,

creating the construct pYps3–∆35. Transformation into S.

cere�isiae strain BJ3501 (MATα, pep4: :HIS3 prbl–∆1.6R,

his3 ∆200, ura3–52, can1, gal 2) [21] was performed as described

by Gietz et al. [22].
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Expression of pYps3-∆35

Expression of pYps3–∆35, using the galactose-inducible pro-

moter on pEMBLyex4, was performed as described previously

[21]. After incubation for 20 h in galactose medium (0.5 l), the

whole of the culture supernatant was concentrated to approx.

100 µg of protein}ml (E 15 ml) by centrifugation filtration using

aFiltron 50 kDaMacrosepOmegamembrane filter.As a negative

control, cells transformed with the empty vector were grown in

parallel and treated in the same manner.

Analysis of expressed yapsin 3

Concentrated culture media (15 µg of protein) was run on a

Tris}glycine precast SDS}8–16% (w}v) polyacrylamide gel

(Novex) and analysed by Coomassie Blue staining. Aliquots

containing 15 µg of protein (approx. 150 µl) were treated with

0.001 unit of endoglycosidase H (Endo H, Sigma) in 0.05 M

sodium phosphate buffer, pH 6.5, containing 4.2 mM 4-(2-

aminoethyl)benzenesulphonyl fluoride protein inhibitor at 37 °C
for 1 h, and analysed in the same manner. A similar gel was

run in parallel except that the proteins, after transfer to a

poly(vinylidene difluoride) membrane (Novex), were analysed by

N-terminal amino-acid sequencing in 25 mM Tris}200 mM gly-

cine}0.1% SDS buffer containing 20% (v}v) methanol. The

proteins were revealed by staining with 0.2% (w}v) Ponceau S in

1% (v}v) acetic acid and the gels were destained in water. Direct

N-terminal amino acid sequencing of the bands was carried out

by Edman degradation using a Procise 228 Protein Sequencer

(model 494A; Perkin-Elmer–Applied Biosystems). β-Lacto-

globulin was used to determine the sequence efficiency.

Enzyme assays

Non-anchored yapsin 3 (pYps3–∆35) (1 µg total protein from

concentrated medium) was incubated with 100 µM of substrate in

a total volume of 100 µl (0.1 M sodium acetate, pH 5.3) at 37 °C
for 1 h, unless otherwise indicated. The reaction was stopped by

the addition of 10 µl glacial acetic acid. Products and substrate

were separated by HPLC (LKB 2150) using a Bio-Rad HiPore

RP-318 column (5 mm¬250 mm). Solution A was 0.1% (w}v)

trifluoroacetic acid and solution B was 80% (v}v) acetonitrile}
0.1% (w}v) trifluoroacetic acid. For β-amyloid

"
–
#)

, a linear

gradient of 10–40% solution B in 30 min at 1 ml}min was used.

β-Endorphin
"
–
$"

and its products were separated using a two-step

gradient : 10–35% of solution B in 30 min at a rate of 1 ml}min

followed by 35–45% of solution B in 30 min at 1 ml}min.

ACTH
"
–
$*

, CCK
"$

–
$$

and the CCK analogues were separated as

described previously [23]. Quantification of the products

generated from each substrate was performed by measuring the

peak height (in mm) at A
#"%

and converting into nmol of product

using standard curves generated using identical gradient con-

ditions. Identification of the cleavage products was performed by

directN-terminal amino acid sequencing of the collected products

as described above.

RESULTS AND DISCUSSION

YPS1, previously named YAP3 [2], encodes a basic-residue-

specific aspartic protease, yapsin 1. A search for genes homo-

logous to YPS1 in the yeast genome (using the Saccharomyces

Genome Database) [17] revealed six different genes encoding

aspartic proteases. Three have been described previously : BAR1

[24], PEP4 [25], and YPS2 (MKC7) [3]. The three unknown

homologues, ORF-YLR121C, ORF-YIR039C and ORF-

YDR349C, were designated YPS3, YPS6 and YPS7 respectively,

as they represented potential homologues of YPS1 and YPS2. A

pseudogene (ORF-YGL259W) encoding 165 amino acids was

also found and designated YPS5. Comparison of protein simi-

larity (Table 1) shows that YPS3 appears to fall within a group

composed of the yeast yapsins characterized previously, i.e.

YPS1 and YPS2. In this group, sequence identity between the

members is E 50%. YPS6 and BAR1 can be grouped together,

based on their identity with the yapsins of E 35%, and YPS7

and PEP4 make up a third group with E 25% amino-acid

identity with the yapsins. These results alone would indicate that

yapsin 3, encoded by the YPS3 gene, is a probable member of

the yapsin family. Interestingly, YPS3 is located next to YPS1

on chromosome XII. The proteins encoded by YPS6 and YPS7

have sequence similarities to yapsin 1, 2 and 3, which are not

greater than those encoded by BAR1 and PEP4 respectively

(Table 1), but do share with yapsins 1, 2 and 3 the property of

having a putative GPI-anchoring signal. It would be necessary

therefore, to express and characterize the activities of these new

aspartic proteases to accurately classify them as yapsins, since

the primary criteria for being a member of the yapsin family of

aspartic proteases is the ability to specifically cleave substrates at

basic amino acids.

An alignment of the protein sequence of yapsin 3 with yapsin

1 and yapsin 2 shows a high degree of similarity throughout the

entire protein sequence (Figure 1). Yapsins contain a signal

peptide within the N-terminus that directs the newly synthesized

proteins to the secretory pathway; this is followed by a

propeptide. Unlike yapsin 1 and yapsin 2, yapsin 3 does not

contain a large loop insertion almost immediately after the first

active-site aspartic acid residue. The function of this loop has not

yet been determined, but for yapsin 1 it has been predicted by

molecular modelling to be located on the surface of the protein

[23]. Removal of the loop from yapsin 1 resulted in no change in

the specificity of yapsin 1 (N. X. Cawley and V. Olsen, un-

published work). Cleavage of yapsin 1 into an α- and β-subunit

occurs in this loop region [26] and, since yapsin 3 does not

contain this loop it probably remains as one polypeptide chain.

The protein sequence of yapsin 3 contains 11 potential N-

linked glycosylation sites as well as a serine}threonine rich

domain, which is likely to be O-linked glycosylated as has been

suggested for yapsin 1 and Bar1p [13,15,27]. The C-termini of

yapsin 1 and yapsin 2 have been shown to function as a GPI-

anchoring signal, allowing the proteins to be bound to the

plasma membrane [3,13,14]. Removal of this tail from yapsin 1

results in secretion of the truncated protein to the medium [13].

The high degree of similarity of yapsin 3 to yapsin 1 and yapsin

2 in this region of the protein, makes it very likely that yapsin 3

is located in the plasma membrane in �i�o through the same

mechanism, which also has been suggested by Caro et al. [28].

To verify that yapsin 3 is a member of the yapsin family,

characterization of the specificity of yapsin 3 was performed. In

order to avoid the predicted GPI anchoring of the enzyme to the

plasma membrane, and to facilitate the acquisition of an enriched

preparation of the expressed protein in the medium, a non-

anchored yapsin 3 with the putative GPI-anchoring signal

deleted was expressed. Analysis of the gel following SDS}PAGE

confirmed that yapsin 3 was overexpressed, secreted into the

culture medium and appeared as a diffuse band with an apparent

molecular mass of 135–200 kDa (Figure 2, lane 1). Upon

treatment with Endo H, yapsin 3 was converted into a major

band with a molecular mass of approx. 60 kDa (Figure 2, lane 3),

whichwas not observed inmedium fromcontrol cells transformed

with vector without an insert (negative control) (Figure 2, lane

4). These results were very similar to those obtained for yapsin 1
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Table 1 Protein sequence similarity of yeast aspartic proteases

YPS5/YGL259W

YPS1/YLR120C

YPS2/YDR144C

YPS3/YLR121C
YPS6/YIR039C

BAR1/YIL015W

YPS7/YDR349C
PEP4/YPL154C

Gene/ORF
YPS1/
YLR120C

YPS2/
YDR144C

YPS3/
YLR121C

YPS6/
YIR039C

BAR1/
YIL015W

YPS7/
YDR349C

PEP4/
YPL154C

YPS5/
YGL259W

1 Percentage alignment

2  P
er

ce
nt

ag
e 

id
en

tit
y

The data shown are based on a Smith–Waterman protein-sequence comparison [18,19] according to the Saccharomyces Genome Database (SGD). 1Percentage alignment indicates the percentage of
the gene/ORF shown at the top of the Table which aligns with the gene/ORF shown on the left of the Table. 2Percentage identity indicates the percentage identity within the aligned portion of the
sequences. N.D., not determined because the percentage alignment/identity was below the threshold used in the Saccharomyces Genome Database, i.e. P!0.1.

Figure 1 Alignment of the deduced amino acid sequence of yapsin 3 with
yapsin 1 (Yap3p) and yapsin 2 (Mkc7p)

Asterisks denote identical amino acid residues. Arrows denote the determined N-terminal

residues for yapsin 1 and 3 (bold and underlined). The two catalytic asparatyl residues are

shown in bold type, the hydrophobic C-termini are shown in italics and the potential N-

glycosylated asparagine residues are underlined.

[13], and demonstrated that the 135–200 kDa band of yapsin 3

represented the differentially N-linked glycosylated form of the

enzyme.

N-terminal amino-acid sequencing of glycosylated and

deglycosylated yapsin 3 resulted in two yapsin 3 sequences : (1)

Figure 2 Analysis of culture medium following SDS/PAGE

Concentrated culture medium (15 µg) was loaded under reducing conditions into each lane and

after PAGE the gel was stained with Coomassie Blue. Lanes 1 and 3 contained medium from

cells expressing yapsin 3. Lanes 2 and 4 contained medium from cells transformed with the

empty expression vector. The medium used in lanes 3 and 4 was treated with Endo H before

gel electrophoresis. The mobilities of molecular mass markers (SeeBlue ; Novex) are shown on

the right of each panel.

Figure 3 Influence of pH on the activity of yapsin 3

Protein (4.2 µg) from concentrated culture medium containing yapsin 3 was incubated with

10 µg of CCK13–33 for 1 h at 37 °C, and at various pH values (attained by adjusting 0.1 M

sodium acetate and 0.1 M sodium phosphate buffers).
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Table 2 Cleavage specificity of yapsin 3

52

6

32

112

N.D.

22

12CCK(P2′ Arg)

CCK(P1 Arg)

CCK(P1 Ala)

1â-Endorphin1–31

â-Amyloid1–28

ACTH1–39

CCK13–33 6

7

5

10

N.D.

8

25

Product generated
(pmol/min per lg of protein) Cleavage site

P4 P3 P2 P1 P1′ P2′ P3′ P4′Yapsin 3Substrate Negative control

1Sequence of β-endorphin1–31. TGGFMTSEK9SQTPLVTLFK19NAIIK24NAHK28K29GQ. 2The products generated in the negative control were from cleavage after the P1 arginine and after the P3
methionine residues. N.D., no cleavage activity was observed within the assay time.

S%)NGHEKFVLANEQSF and (2) F&%VLANEQSFYSVELA.

S%) represents the mature N-terminus predicted to result from the

activation of proyapsin 3 upon removal of its putative propeptide

at K%'R%( $S%), which is identical to that of proyapsin 1 [26],

whereas K&$ $F&% represents an additional and novel processing

site.

Initial characterization of the overexpressed enzyme dem-

onstrated its ability to cleave CCK
"$

–
$$

specifically at lysine-23,

with an optimum pH of E 5.3 (Figure 3). This activity was

completely inhibited by pepstatin A, an active-site-specific

aspartic protease inhibitor (results not shown). These results

were identical to the specificity [8] and pH optimum (results not

shown) of yapsin 1 for this substrate. The low level of protease

activity detected in the negative control was most likely due to

endogenous yapsins expressed from their natural promoters in

the genome and not due to other class-specific proteases. This

conclusion was based on the basic residue cleavage specificity of

the activity and on the observation that pepstatin A completely

inhibited this background activity.

The cleavage specificity of yapsin 3 is shown in Table 2.

Without exception, where cleavage had occurred, cleavage only

after specific basic residues was observed. In contrast to yapsin

1, which cleaves ACTH
"
–
$*

almost 200-fold more efficiently than

CCK
"$

–
$$

[8], no cleavage of ACTH
"
–
$*

was observed with yapsin

3, but a 10-fold increase in CCK
"$

–
$$

cleaving activity above that

of the negative control was apparent. This represents a distinct

difference between the enzymic properties of these two enzymes.

A second distinction was found in the preference of yapsin 3 for

lysine-9 of β-endorphin
"
–
$"

, whereas yapsin 1 preferred lysine-19

(results not shown). The difference between lysine-9 and lysine-

19 is the presence of a lysine residue in the P5« position relative

to lysine-19 (see the caption to Table 2 for the β-endorphin
"
–
$"

sequence). A third and perhaps more dramatic distinction was

found with the CCK analogues, described previously by Olsen et

al. [23]. Whereas yapsin 1 activity has been shown to be enhanced

21-fold by placing an arginine residue in the P2« position [23]

relative to wild-type CCK
"$

–
$$

, yapsin 3 activity was significantly

reduced for this substrate [CCK(P2« Arg)] .

The common motif for the substrates tested, where a difference

between the specificity of yapsin 1 and yapsin 3 was observed,

was the presence of additional basic residues flanking the cleavage

site. Although these residues have been found to enhance the

cleavage efficiency of yapsin 1 [8,23], they appeared to decrease

the efficiency of or to prevent yapsin 3 cleavage.

Incubation of β-amyloid
"
–
#)

with yapsin 3 resulted in cleavage

after the single lysine-16 residue which was about 6-fold greater

than that of the negative control. Interestingly, it has been

reported previously that yapsin 1 and yapsin 2 cleaves the β-

amyloid precursor in �i�o [29,30]. However, disruption of both

YPS1 and YPS2 reduced the β-amyloid cleaving activity by only

approx. 85%, suggesting that yeast contains an additional

protease capable of cleaving this precursor [29]. The results of the

present study suggest that yapsin 3 can perform this task. The

role of the yapsins as α-secretase-like enzymes, involved in the

processing of cell-associated precursors to secreted forms, is

therefore likely, not only in yeast but also in mammals. So far the

enzyme(s) responsible for liberating the ectodomain of the

β-amyloid peptide precursor in �i�o have not been identified,

however, one can speculate on the role of mammalian yapsins in

this process.

In conclusion, the results of the present work allowed the

identification of three new aspartic proteases in S. cere�isiae

encoded by the genes YPS3, YPS6 and YPS7. However, only

YPS3 showed a higher degree of sequence identity with YPS1

and YPS2 than with BAR1 and PEP4, suggesting that this

protein is a member of the yapsin family. Compared with the

other members of the yapsin family, yapsin 3 showed a high

degree of similarity throughout the sequence. The results of this

study furthermore demonstrate that the putative propeptide of

yapsin 3 is removed at a similar position to that of the propeptide

of yapsin 1. Although the sequences of yapsin 1 and yapsin 3

appear to be homologues and both are capable of prohormone

cleavage, their specificities are quite distinct, as shown by

differences in their affinity for substrates with basic residues

governing the cleavage site. Presently, modelling studies of the

yapsin family are being carried out in our laboratory in order to

understand the overlapping, yet different, specificities of members

of the yapsin family.
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