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ABSTRACT. Yapsin 1, a novel aspartic protease with unique specificity for basic residues, was shown to
cleave CCKs-33at Lyss. Molecular modeling of yapsin 1 identified the active-site cleft to have negative
residues close to or within the S6, S3, S2, S1, SZ, and S3pockets and is more electronegative than
rhizopuspepsin or endothiapepsin. In particular, thestBsite has three negative charges in and close

to this pocket that can provide strong electrostatic interactions with a basic residue. The model, therefore,
predicts that substrates with a basic residue in the P1 position would be favored with additional basic
residues binding to the other electronegative pockets. A deletion of six residues close to the S1 pocket
in yapsin 1, relative to rhizopuspepsin and other aspartic proteases of known 3D structure, is likely to
affect its specificity. The model was tested using G&ks analogues. We report that yapsin 1
preferentially cleaves a CGK 33 substrate with a basic residue in the P1 position since the substrates
with Ala in P1 were not cleaved. Furthermore, the cleavage efficiency of yapsin 1 was enhanced for
CCK;j3-33 analogues with arginine residues flanking the P1 position. An alanine residue, substituting for
the arginine residue in the P6 position in CGkss, resulted in a 50% reduction in the cleavage efficiency.
Substitution with arginine residues downstream of the cleavage site at'{ie3ar P6 position increased

the cleavage efficiency by 21-, 3- and 7-fold, respectively. Substitution of ity€CKj3-33 with arginine
resulted not only in cleavage after the substituted arginine residue, but also forced a cleavage after Met
suggesting that an arginine residue in the@tket is so favorable that it can affect the primary specificity

of yapsin 1. These results are consistent with the predictions from the molecular model of yapsin 1.

Peptide hormones and neuropeptides are synthesized aand are related to the yeast yapsin 1 (Yag3p)here are
larger polypeptides that undergo a series of posttranslationaltwo members from yeast, yapsin 18} and yapsin 2 (Mkc7)
modifications to produce bioactive peptidds-@). Impor- (19). In mammals, there is yapsin 3 (Pro-opiomelanocortin-
tant among these modifications is the limited proteolytic Converting-Enzyme (PCER(), which has been well charac-
cleavage performed by endoproteases at specific basic residuterized and shown to be related to yapsir1)( In addition,
sites of the precursors. This type of processing is performedan aspartic protease from bovine chromaffin granules (CG)
by endoproteases belonging to the subtilisin-like serine with properties similar to yapsin 3 has been repori).(
protease family, the proprotein convertases14), as well The molecular modeling studies presented here provide
as thiol- (L5, 16), metallo- (L7), and aspartic proteasek3- the first insight into the nature of this unusual family of
23), most notably the yapsins. The yapsins form a novel aspartic proteases. They reveal that the yapsin 1 structure
class of aspartic proteases with specificity for basic residuescontains several electronegative active-site pockets, including
the S1 pocket, thereby supporting early results suggesting
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Table 1: Selection of Fragments for Structurally Conserved Regions (SCRs) and Structurally Variable Regions (SVRs) in the Model of

Yapsin ®
fragment type PDB code fragment type PDB code

Glu2-Thr7 SCR 6APR GIn189-Gly198 SCR 6APR
Asn8-GInl1l SVR 4APE:Phe257 lle199-Lys203 SVR *2YPR:A/Tyrl5
Serl2—Asp44 SCR 4APE Thr204-Leu235 SCR 4APE
Asn44a-Tyr53 SVR not modeled Gly236 SVR 6APR:E/Arg236
Gly54-Ser66 SCR 6APR Ala237-Ser241 SCR 4APE
Asn67-Asn68 SVR 6APR:E/Tyr66 Arg242-lle242a SVR 4APE:Ser239
Thr69-Glu106 SCR 6APR Gly243-Cys249 SCR 4APE
Thr107-Met111 SVR 1GOF:Phel94 Pro250-Glu257 SVR 6APR:E/lle250
Gly119-Thr131 SCR 4APE 1le258-Ser277 SCR 6APR
Tyrl3la-Serl31i SVR 4AMDH:B/Asn195 Thr278-Gly279 SVR 2LDX:Val24
Gly132-Pro141 SCR 6APR Thr280-Thr289 SCR 4APE
llel41a-Glyl44 SVR not modeled Ser290-Gly294 SVR 4APE:GIn288
Alal45-Ser158 SCR 6APR Thr295-Leu315 SCR 6APR
Asp159-Alal60 SVR * 2YPRA/Phe291 Glu316-Leu318 SVR 6APR:E/Phe311
Met161-1le184 SCR 6APR Glu319-Ala325 SCR 6APR
Vall85-1le188 SVR not modeled Arg326 SVR 5PEP:Lys320

a Residues are numbered according to porcine pepsin (PDB code, S5PEP) as in FigiteelPDB codes for modeling the SCRs, and the PDB
code, chain identifier, starting residue and residue number for modeling SVRs are Sht®PR: coordinates of yeast protease A complexed
with an inhibitor (personal communication, Dr. Nora Cronin, Birkbeck College, U.K).

substrates to test the model. CGkg; was chosen as the  sequence of yapsin 1 to the sequences of the known three-
model substrate, since recent studies showing the colocal-dimensional structures. A structural template was derived
ization of CCK mRNA with yapsin-1-like immunoreactivity by alignment of aspartic proteases of known three-dimen-
in rat cortex and hippocampugl), and the ability of yapsin ~ sional structure using the structure comparison program
1 to cleave CCl; to CCKy, and CCKs (25), suggests that COMPARER (34). The sequence of yapsin 1 was then
yapsin 1-related aspartic proteases are likely to play a rolealigned with this template using the programs SPROF/
in the processing of pro-CCK and other prohormones in QSLAVE (28). The 3D structures of rhizopuspepsin and
endocrine/neuroendocrine cells in vivo. endothiapepsin were superimposed using MNYRU0) @nd

the alignment of yapsin 1 derived from the template
EXPERIMENTAL PROCEDURES alignment was used to designate the position of loops in
yapsin 1. The sequence alignment used for modeling is
shown in Figure 1. The structurally conserved regions
(SCRs) and the structurally variable regions (SVRs) used to
model yapsin 1 are shown in Table 1. The model was refined
using energy minimization techniques in the SYBYL soft-
ware (Tripos Inc.).

Modeling Peptide Substrates/Inhibitor in the Binding
Subsites. To try to understand the basis for the substrate
specificity of yapsin 1, we used the three-dimensional
structure of mouse renin complexed with the decapeptide
inhibitor CH-66 (PDB Code, 1SMR at 2.0 A3%) to model
the CH-66 inhibitor in yapsin 1. The structure of CH-66
was chosen because it is the longest inhibitor defined by
X-ray analysis (as a complex with mouse renin) and was
valuable in defining S6 to $3 The inhibitor modeling was
achieved by superimposing the yapsin 1 model onto the
crystal structure of the mouse renimhibitor complex and
transferring the coordinates of the inhibitor onto the model.
Residues in positions P@3 of CH-66 were replaced to

Materials

Peptide Substrates.CCKj3-33 and its analogues were
custom synthesized by Peptide Technologies Inc. (Gaith-
ersburg, MD). ACTH-3 was purchased from Bachem
California (Torrence, CA).

Yapsin 1. Secreted yapsin 1 frorBaccharomyces cere-
visiaewas purified as described?). The concentration of
the enzyme was determined by N-terminal sequence analysis
The specificity of secreted yapsin 1 has been compared to
the membrane bound form and no evident difference in
specificity was observed6).

Methods

Modeling Yapsin 1.The sequence of yapsin 1 was aligned
with the sequences of other aspartic proteases of known
three-dimensional structure obtained from the SWISSPROT
protein sequence databari’) using the program MALIGN
(28). A phylogenetic tree was constructed on the basis of

%\;Oriltjizlogix g:}sstsggejsigeqxzdmggg d %?Igi\{(lssceh ‘Zigu&g?_e correspond to equivalent residues in a modified G&Llg
Y P 9 peptide with arginine residues at the' R2dd P3 positions

goliash @9). The three-dimensional model was constructed . 3
X ; ) in the place of Lept® and GIng. The geometry around the
using the rule-based comparative modeling approach encoded’ '€ : , X .
in the COMPOSER suite of computer prograraé, 31) that Scissile peptide bond P11 was fixed as in the crystal
are available in SYBYL sof arg(Tri %s?nc) ’The model structure complex of mouse renin in order to mimic a
; p -/ transition-state analogue. Replacements and small adjust-
was based on the three-dimensional structures of the

homologous rhizopuspepsin (29.7% sequence identity) (PDBments that were required to optimize the fit were carried
code, GAPR at 2.5 A resolution8?) and endothiapepsin out using FRODOJ6) and further refinement was achieved

(28.2% sequence identity) (PDB Code, 4APE at 2.1 A

resolution) 83). As the sequence identity of the model to . ; > NUTTLE: A

Y . . o porcine pepsin numbering, is displayed as normal sized characters
the known three-dimensional structures is less than 30%,yhereas the numbering of the amino acid residues of the substrates
template-based methods were used as a guide to align there shown as subscript.

S For clarification, the numbering of yapsin 1, corresponding to
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ablo 20 30 40
PORC PEPSN --~--- IGDEPLENY--LDTEYFGTIGIGTPAQDFTVIFDTGSSNLWVPSV
CARP YEAST ----GGHDVPLTINY--LNAQYYTDITLGTPPQNFKVILDTGSSNLWVPSN
CARP CRYPA ----STGSATTTPIDSLDDAYITPVQIGTPAQTLNLDEDTGSSDLWVFESS
CARP RHINI ----ASGSVPMVDYE-NDVEYYGEVTVGTPGIKLKLDFDTGSSDMWFAST
Yapsin 1 =~ ------ EEIIITN---QQSFYSVDLEVGTPPQNVTVLVDTGSSDLWIMGS
10 20 30 40
abc4db
PORC PEPSN Y- --C8S8——— - - —— - m - mm m m m mmmm e mm e
CARP YEAST E---CGS - == -m == mmmmmm o m o oo e e e e e e e e -
CARP CRYPA E-—-TT - - — - — - - — = - —m— - — - — - —m—m —— —— —— ———— -
CARP RHINI L-=-C88—-——— - - - - ——mm - m - mmmmm o —m —— —— —— —— oo~ -~ —
Yapsin 1 DNPYCSSNSMGSSRRRVIDKRDDSSSGGSLINDINPFGWLTGTGSAIGPT
50 60 70 80 90
50 60 a 70
PORC PEPSN - ———-——-—-——--—-——-———-———— LACSDHNQFNPDDSSTFEAT-SQELSITY
CARP YEAST ——--==——-=——=——=——-————- LACFLHSKYDHEASSSYKAN-GTEFAIQY
CARP CRYPA - —-—=-———-——-——-—--——-———~ ASEVDGQTIYTPSKSTTAKLLSGATWSISY
CARP RHINI  ——=— == - == - = —————— —— —— CSNSHTKYDPKKSSTYAAD-GRTWSISY
Yapsin 1 ATGLGGGSGTATQSVPASEATMDCQQYGTFSTSGSSTFRSN-NTYFSISY
100 110 120 130 138
80 90 100 110 120
PORC PEPSN GTG-SMTGILGYDTVQVEGISDTNQIFGLSETEPGSFLYYAPFDGILGLA
CARP YEAST GTG-SLEGYISQDTLSIGDLTIPKQDFAEATSEPGLTFAFGKFDGILGLG
CARP CRYPA GDGSSSSGDVYTDTVSVGGLTVTGQAVESAKKVSSSFTEDSTIDGLLGLA
CARP RHINI GDGSSASGILATDNVNLGGLLIKKQTIELAKRESSAFATDV-IDGLLGLG
Yapsin 1 GDGTFASGTFGTDVLDLSDLNVTGLSFAVANETNSTM---~~—~ GVLGIG
150 160 170 180
129abcdefghi 139abcd 150 abc
PORC PEPSN YPSISAS--------- GATPVFDNLW----DQGLVSQDLFSVYLSSN---
CARP YEAST YDTISVD--------- KVVPPFYNAI----QQDLLDEKRFAFYLGDTS-K
CARP CRYPA FSTLNTVSP------ TQQKTFEDNAKA------ SLDSPVFTADLGYH---
CARP RHINI  FNTITTV-------- RGVKTPVDNLI----SQGLISRPIFGVYLGKQ---
Yapsin 1 LPELEVTYSGSTASHSGKAYKYDNFPIVLKNSGAIKSNTYSLYLNDS -~ -
190 200 210 220 230
d 160 170 180 abcdefghi 190
PORC PEPSN -DDSGSVVLLGGIDSSYYTGSLNWVPVSVE--------- GYWQITLDSIT
CARP YEAST DTENGGEATFGGIDESKFKGDITWLPVRRK--------- AYWEVKFEGIG
CARP CRYPA ---APGTYNFGFIDTTAYPGSITYTAVSTRKQ-~~~---~- GFWEWTSTGYA
CARP RHINI  SNGGGGEYIFGGYDSSKFKGSLTTVPIDNSE-------- GFWGVTVKSTK
Yapsin 1 -DAMHGTILFGAVDHSKYTGTLYTIPIVNTLSASGFSSPIQFDVTINGIG
240 250 260 270
abcd200 210 220 230 a 240a
PORC PEPSN M----DGETIACSGGCQAIVDTGISLLTGPTSAIANIQSDIG-ASENSY-
CARP YEAST L----- GDEYAELESHGAAIDTGTSLITLPSGLAEMINAEIG-AKKGWT -
CARP CRYPA V----- GSGTFKSTSIDGIADTGTTLLYLPATVVSAYWAQVSGAKSSSSYVY
CARP RHINI I~------ GGTTVSASFDAILDTGTTLLLLPDDVAAKVARSYG-ASDNGD-
Yapsin 1 ISDSGSSNKTLTTTKIPALVDSGTTLTYLPQTVVSMIATELG-AQYSSRI
280 290 300 310 320
250 260 270 abcd 280
PORC PEPSN GEMVISCSSIDSLPDIVETINGVQYPLSPSAYILQ----DDDSCTSGFEG
CARP YEAST GQYTLDCNTRDNLPDLIFNFNGYNFTIGPYDYTLEV----SGSCISAITP
CARP CRYPA GGYVFPCSA-T-LPSFTFGVGSARIVIPGDYIDFGPISTGSSSCFGGIQS
CARP RHINI GTYSITCDT-SKLQPLVFTLGSSTFEVPSDSLIFE---~-KDGNKCIAGF-
Yapsin 1 GYYVLDCPS-DDSMEIVFDFGGFHINAPLSSFILS----TGTTCLLGIIP
330 340 350 360 370
290 300 310 a 320
PORC PEPSN MDVPTSSGELWILGDVEIRQYYTVFDR-ANNKVGLAPVA-*
CARP YEAST MDFPEPVGPLAIVGDAFLRKYYSIYDL-GNNAVGLAKAI-*
CARP CRYPA S----AGIGINIFGDVALKAAFVVENGATTPTLGFASK--*
CARP RHINI ----AAGGDLAILGDVFLKNNYVVFNQ-EVPEVQIAPVAN®*
Yapsin 1 TSDDTGT----ILGDSFLTNAYVVYDL-ENLEISMAQAR-*
380 390 400

Ficure 1: Alignment of the yapsin 1 with other aspartic proteases. The yapsin 1 sequence was aligned with the sequences of porcine
pepsin (SWISSPROT Code: PORC PEPSN), rhizopuspepsin (CARP RHINI), endothiapepsin (CARP CRYPA), and yeast proteinase A
(CARP_YEAST) using the program MALIGN2@). Only the mature sequences were used in the alignment. The numbering above
PORC PEPSN corresponds to the numbering in porcine pepsin as in the Brookhaven PDB code 5PEP and is corrected after residue number
230. The lowercase letters indicate insertions in the yapsin sequence compared with other sequences. The numbering below yapsin 1
corresponds to the sequential numbering in yapsin 1. The first 71 amino acid residues corresponding to the signal peptide and the propeptide,
and the 91 C-terminal residues are not shown and these residues were not modeled, since appropriate fragments to model these regions
were not available in the protein structure databank.

by using options in SYBYL (Tripos Inc.) and the energy Assay of Yapsin 1 and Identification of Products
minimization procedures therein. Interactions with residues

in the peptide binding subsites were identified by defininga  CCKis-33 and Its Analogues.Yapsin 1 (0.2-6 nM) was
4.0 A cutoff value between yapsin 1 and the peptide substrateincubated with an appropriate amount of peptide<300
atoms and these are listed in Table37,(398). uM) in a total volume of 10Q«L (0.1 M sodium citrate, pH
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Table 2: Binding Subsite Interactions in the Model of Yapsin 1 with Modified G{Ci¢*

binding subsites yapsinl residues
S6 GInl11S Serl2, Serl58, Ser277
S5 Serl2
S4 Thr219, Leu220
S3 Phel3, Asp77, Gly217, Thr218, Thr219
S2 Tyr75, Gly76, Asp77, Gly217, Thr218, Tyr222
S1 Phel3, Leu30, Asp32, Gly34, Ser35, Tyr75, Val120, Asp215, Gly217, Thr218
ST Gly34, GIn189, Leu213, Asp215, Thr218
S2 Gly34, Ser35, Ser36, Asp37, lle73, Tyr75, Val120, Leu128, GIn189
S3 Leul28, GIn189, Leu213, Asp292

a Modified CCKyo2s: Arg(P6)-Val(P5)-Ser(P4)-Met(P3)-lle(P2)-Lys(P1)-Asn(PArg(P2)-Arg(P3). ® A distance cutoff (4.0 A) was used to
define the binding subsite$. Residues are numbered according to porcine pepsin (Protein Data Bank code SPE3B)(

4.0) at 37°C for 5-60 min. The reaction was stopped by enzyme concentration was used to calcukaiethese values

the addition of 10uL glacial acetic acid. Products were may be underestimates. However, this will not affect the
separated from substrate on an LKB 2150 HPLC system comparison of the relative cleavage efficiencieg/Km) for
using a Bio-Rad HiPore RP-318 column ¢ 250 mm). the different substrates in this study, since the same prepara-
Buffer A was 0.1% trifluoroacetic acid, and buffer B was tion of enzyme was used for all assays and was shown to
80% acetonitrile in 0.1% trifluoroacetic acid. For the maintain its initial specific activity throughout the study.
synthetic CCKs-33 peptides, a linear gradient of $+@0%

buffer B in 30 min at 1 mL/min was used, except for CCK- RESULTS

(P2 Arg) and CCK(P2 Arg, P8 Arg), where a two-step
gradient was used: 10 min at 1 mL/min of 5% buffer B
followed by 5-40% buffer B in 30 min at 1 mL/min.
Products were monitored by absorbance at 214 nm, and
individual peaks were collected for identification by direct
N-terminal amino acid sequencing. The N-terminal sequence
analysis was carried out by Edman degradation using a
Perkin-Elmer/Applied Biosystems Model 494A Procise

Yapsin 1 Model. Yapsin 1 was modeled to identify and
predict the characteristics of the substrate binding subsites
of this enzyme. A superposition of tleecarbon atoms in
the main chain of the yapsin 1 model and the crystal structure
of rhizopuspepsin (Figure 2) identifies the sites of insertions
and a deletion in yapsin 1 relative to rhizopuspepsin. The
model contains 311 of the 407 aligned amino acid residues
. . X of the yapsin 1 sequence. The breaks in the polypeptide
Protein Seqqencerﬁ—.LactoglobuI|n was used to determine chain gf tF;]e modeﬁ of yapsin 1 correspond, in pseéﬁeﬁtial
the sequencing efficiency. numbering, to Asn43-Tyrll8 (76 amino acid residues),

ACTH 5. For a standard assay, 1y (22 uM) of le210-Gly216 (seven residues) and Val257-1e269 (13
ACTH:s0 was m_cubated with enzyme (0.2 nM) n 1p0, residues). The equivalent porcine pepsin numbers (PDB
0.1 M sodium citrate, pH .4'0’ at 3% fo_r 30 min. The code, 5PEP), which will be used in the rest of this paper (as
reaction was stopped with 1@L glacial acetic acid.-  gpon in Figure 1), are Asn44a-Tyr53, llel4la-Gly144, and
Cleavage products were identified by HPLC as described/5)185.11e188, respectively. These insertions in yapsin 1
previously @s). could not be modeled, since appropriate fragments were not
available from database searches. The long insertion (Asn44a-
Tyr53) may correspond to a domain insertion that is probably

Determination of I and Mo The method of Line- stabilized by the disulfide bridge Cys45-Cys50. In the
weaver-Burk (39) was used to calculateé, andVmax values related yeast Barlp4(), this is a much smaller insertion
for the generation of products from each substrate. The (26 residues). Such large insertions are also observed in the
amount of enzyme to be used for each substrate wasplant aspartic proteases and range between 99 and 104 amino
determined individually to ensure thaB0% of the substrate  acid residues, but are located elsewhere in the three-
remained at the end of the reaction, to minimize product dimensional structure4q). It may be possible that such
inhibition. Substrate concentrations spanning approximate domains have a functional role. In yapsin 1, this domain is
Km values were from our previous repo2f]. Products from predicted to be distant from the active-site cleft and therefore
each substrate were measured in millimeters of peak heightnot likely to be directly involved in the enzyme specificity.
of absorbance at 214 nm and converted to nanomoles of Binding Subsite InteractionsThe yapsin 1 model was
product using standard curves generated under identicalsuperimposed onto the crystal structure complex of mouse
gradient conditions. The assays were done in triplicate, with renin with the CH-66 decapeptide inhibitor (PDB code,
an accompanying ACTH3g Standard assay to demonstrate  1SMR). This positions the CH-66 decapeptide in the active-
that the specific activity of the enzyme was constant site cleft of the yapsin 1 model. The residues corresponding
throughout this study. The kinetic parametétg,andVmax, to P6-P3 of CH-66 were replaced with modified CGK s
were determined directly from LineweaveBurk plots residues. The interactions between atoms in the peptide and
created in SigmaPlot. yapsin 1 model were optimized using energy minimization

Determination of k. The absolute concentration of techniques in SYBYL. Residues in each of the binding
yapsin 1 was determined by N-terminal sequence analysissubsites (S6S3) were indicated by a 4.0 A cutoff values
of a purified preparation of the enzyme., values were between atoms in the peptide and yapsin 1 (Table 2.) The
obtained fromVma/[E]T = keay Where [E} = total enzyme. S6 pocket is exposed and likely to accommodate a residue
Since the protein concentration of yapsin 1 and not the activewith a big side chain. Near the S6 pocket, but outside the

Kinetic Analysis of Products Generated



2772 Biochemistry, Vol. 37, No. 9, 1998 Olsen et al.

e idues
H11-Giy119

Ficure 2: Structural superposition of theoCtrace of yapsin 1 and the crystal structure of rhizopuspepsin (PDB code, 6APR) showing
spatial location of the sites of insertions and deletions in the model. Color codetra€e of yapsin 1 model (brown),cCtrace of
rhizopuspepsin (blue), side chains of catalytic aspartates (red), and disulfide bridges (yellow).

4.0 A cutoff distance, two negatively charged residues A view of the charge distribution calculated by GRASP
(Asp157 and Asp159) may influence the preference for basic (42) is shown in Figure 3. Overall the active-site cleft of
residues at the P6 position. The S5 subsite is exposed toyapsin 1 appears to be electronegative, with negatively
the solvent. charged residues either close to or within the S6, S3, S2,
The S3 pocket is large and would possibly prefer a large S1, S1, S2 and S3pockets (see Table 2). This is likely to

hydrophobic group such as methionine, whereas a phenyl-lead to a general preference for positively charged residues
alanine may not be accommodated due to steric hindrancegc|gse to the scissile bond.

with Phel3. Asp77, also present in rhizopuspepsin and Eff ; : .

. . . . e ect of Lysineersus Alanine at the P1 Site of C&Kas
f—:-ndothlapepsm (Figure 1) is located on a "flap” that 1on Cleavage by Yapsin 1Kinetic studies were performed
influences residues accommodated by the S3, S2, and ST . X

using synthetic CClkg-33 analogues as substrates to test the

pockets. - . o X
. . . : ; ; predicted properties of the substrate binding subsites deter-
The deletion of six residues (forming a helix) relative to mined from the yapsin 1 model. Incubation of CGks

hi in, bet Met111 and Gly119 i inlis . . . .
rizopuspepsin, between vie anc >V in yapsin -, 1S with yapsin 1 generated two products in a time dependent

predicted to affect yapsin 1 specificity. In other aspartic . inal vsis of th
proteases, this region contributes to the S1 subsite interac"@NNer (Figure 4A). N-terminal sequence analysis of the

tions. In yapsin 1, the absence of residues close to the siProducts identified two peptides (KAPSGRVSMiand
pocket is likely to result in a more open and less hydrophobic N-QSLDPSHRY), indicating cleavage on the carboxyl side
pocket. of Lys,s. The kinetic studies determined the paramet&ts:

The side chain of an arginine residue in the pasiton Ko aNdkealKm @s shown in Table 3. This resultis consistent
of a peptide substrate is likely to interact with the negatively With the model predicting the ability of the S1 subsite to
charged Asp37, also present in rhizopuspepsin and endo-2ccommodate a residue with a long basic side chain, such
thiapepsin (Figure 1). On the basis of the CH-66 inhibitor, &S Lyss. Substitution of Lyss with an alanine residue
two negatively charged residues, Glu127 and Glu129, could resulted in minimal cleavage of the peptide (CCK P1 Ala)
also provide electrostatic interactions with the R&sidue. by yapsin 1. The two generated products were identified as
The insertion of nine residues between Leu188 and GIn189, KAPSGRVSMs and IANLQSLDPSHR; (Figure 5A). The
not modeled, is likely to affect the Saocket further, poor cleavage of this substrate was demonstrated by cleavage
possibly by providing a more hydrophobic environment. The of 50uM CCKi3-33and CCK(P1 Ala) fo 1 h with 2.1 pmol
presence of Asp292 in the SBocket is likely to favor the  of yapsin 1 resulting in 71% cleavage of CGKgs, and<1%
presence of a basic residue in the B8sition. cleavage of CCK(P1 Ala). (Data not shown).
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Ficure 3: Modified CCKyg-2g peptide substrate in the active-site cleft of yapsin 1. (A) The molecular surface drawn by using GRASP (
showing the relative charge distribution; (B) view of S6 pocket showing accommodation of Arg (P6); (A) view of the S1 pocket showing
accommodation of Lys (P1); (D) view of the 'S2ocket showing accommodation of Arg (Pand the P3close to Asp292. Color code:
negative charges (red), positive charges (blue).

Effect of Substituting P6 Arg with Ala in CGKs3 on significant 20.8-fold increase i.{Km compared to CClg-33.
Cleavage by Yapsin 1.The yapsin 1 model predicts that Since the presence of an arginine in theé Pasition so
the S6 pocket is likely to show a preference for interaction dramatically enhanced the catalytic efficiency, we also
with a residue having a long side chain. A CQlkss investigated the effect of introducing a negative charge in
analogue was synthesized with an alanine in the P6 position,the P2 position. The analogue CCK(P&sp) was cleaved
CCK(P6 Ala), to examine the effect of a residue with a short by yapsin 1 after Lyg to yield two products: KAPS-
side chain in this subsite as opposed to the arginine residueGRVSMIK;3 and NDQSLDPSHR; (Figure 4D). Kinetic
found in the original substrate. Incubation of this peptide analysis of the cleavage efficiency of peptide CCK(R&p)
with yapsin 1 resulted in the generation of two products: revealed a decrease of 60% compared to GCK (Table

KAPSGAVSMIK;3 and NLQSLDPSHR; (Figure 4B). Ki- 3). To investigate whether a lysine in the'Rsition
netic analysis of the cleavage of this substrate showed a 50%enhances the catalytic efficiency of yapsin 1 to the same
decrease ifko/Km compared to CClg_33 (Table 3). degree as arginine, the peptide CCK(Bgs) was synthe-

Effect of a Charged Residue in the 'PRosition of sized. Cleavage by yapsin 1 resulted in the generation of
CCKjy3-330n Cleaage by Yapsin 1According to the model,  two peaks (Figure 4E) identified as KAPSGRVSMikand
the negatively charged residues Asp37, Glu127, and Glu129NKQSLDPSHR; by N-terminal amino acid analysis, indi-
in the S2 subsite are likely to interact favorably with a cating that yapsin 1 cleaved after Lysbut not after the
positive charged residue in the'Rsition. This hypothesis  introduced lysine residue in the Risition. Kinetic analysis
was tested by introduction of an arginine in the p@sition. of the cleavage efficiency did, surprisingly reveal a 40%
This analogue, CCK(P2Arg), was cleaved after Lys by reduction compared to CGK 33 (Table 3). To investigate
yapsin 1 as determined by N-terminal sequence analysisfurther the degree of influence of the 'Parginine on
of the two generated products (KAPSGRVSMiKand cleavage, the Lys was substituted for an alanine while
NRQSLDPSHRs) (Figure 4C). Kinetic analysis of the having Arg; located in the P2position, relative to the
cleavage of this CClk-33 analogue by yapsin 1 showed a original cleavage site. Incubation of CCK(P1 Ala, R2g)
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FIGURE 4: Proteolytic processing of synthetic C&Ks; peptides. HPLC profiles of products generated from synthetic 3GlKpeptides
incubated with yapsin 1. (A) ig CCK incubated with 0.42 pmol of yapsin 1 for 1 h; (Bu§ of CCK(P6 Ala) incubated with 0.84 pmol
of yapsin 1 for 1 h; (C) g of CCK(P2 Arg) incubated with 0.04 pmol of yapsin 1 for 40 min; (D) 48 of CCK(P2 Asp) incubated
with 2.1 pmol of yapsin 1 for 1 h; (E) @g of CCK(P2 Lys) incubated with 2.1 pmol of yapsin 1 for 1 h; (F)u@ of CCK(P3 Arg)
incubated with 0.42 pmol yapsin 1 for 1 h; (Gug of CCK(P3 Asp) incubated with 2.1 pmol of yapsin 1 for 1 h; (Hu§ of CCK(P6
Arg) incubated with 0.21 pmol yapsin 1 for 40 min; (Ix® of CCK(P6 Ala, P6Arg) incubated with 0.21 pmol yapsin 1 for 40 min; (J)
4 ug of CCK(P2 Arg, P8 Arg) incubated with 0.21 pmol yapsin 1 for 20 min.

Table 3: Kinetic Constants of Yapsin 1 for the Hydrolysis of Synthetic GC# Peptides

K33 Az Py S30 G Rag Va7 Sz Mas Ig

P6 P5

P4 P3 P2 P1 PI’ P2’ P3’ P4’ P5' P¢’

Kas Noz Lot Qao Siv Lis Di7 Pie Sis Hia Pis

KeatS™t Km mol/L Keal Km (Mol/L) "1 s72 relativekca/Km
CCK 5.4+ 1.2 (2.1x 104 £ 0.6 (2.5% 100 £ 0.1 1.0
CCK(P6 Ala) 1.7£0.6 (15x 104 £ 0.4 (1.3x 10y £ 0.4 0.5
CCK(PZ Arg) 22.0+3.9 (4.3x 109 £ 1.4 (5.2x 10F) £ 0.8 20.8
CCK(P2 Asp) 3.0£0.7 (2.7x 105 £ 0.8 (1.1x 10 £ 0.1 0.4
CCK(PZ Lys) 40+1.7 (3.0x 104 £ 1.6 (1.4x 10 £ 0.2 0.6
CCK(P3 Arg) 8.5+ 0.7 (1.1x 104 £ 0.2 (8.1x 109 £ 0.5 3.2
CCK(P3 Asp) 45+ 0.6 (2.5% 105 £ 0.5 (1.8x 109 £ 0.1 0.7
CCK(P6 Arg) 8.0+ 15 (47x 109 +£1.6 (1.7x 105 £ 0.2 6.8
CCK(P6 Ala, P6Arg) 6.0+ 0.3 (5.5 109 £ 0.5 (1.1x 10°) £ 0.1 4.4
CCK(P2 Ala, P8 Arg) 25.4+ 3.8 (4.4x 105 £ 1.3 (5.8x 105 £ 0.9 23.2

with yapsin 1 resulted in two product-peaks:
GRVSMIANR;; and QSLDPSHR; (Figure 5B), i.e., cleav-

KAPS- age after Arg.. The cleavage rate of this substrate was,
however, so slow that kinetic analysis was not performed.
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FIGURE 5: Proteolytic processing of synthetic C&Ks; peptides. HPLC profiles of products generated from synthetic 3GlKpeptides
incubated with yapsin 1. The cleavage site of the individual peptides are indicated by arrows. An arrowhead indicated a minor cleavage
relative to a second (major) in the same substrate. (Axd®f CCK(P1 Ala) incubated with 2.1 pmol of yapsin 1 for 4 h; (Bug of

CCK(P1 Ala, P2 Arg) incubated with 21 pmol of yapsin 1 for 30 min; (C) 4§ of CCK(P1 Arg) incubated with 0.21 pmol of yapsin 1

for 1 h; (D) 15ug of CCK(P6 Ala, P1 Arg) incubated with 0.21 pmol of yapsin 1 for 30 min; (Exg=f CCK(P3 Ala, P1 Arg) incubated

with 2.1 pmol of yapsin 1 for 1 h; (F) 1&g of CCK(P3 Leu, P1 Arg) incubated with 0.21 pmol of yapsin 1 for 50 min.

Incubation of 5QuM CCKj3-33 and CCK(P1 Ala, P2Arg) 1, generating two products, KAPSGAVSMiKand NLQS-
for 1 h with 2.1 pmol of yapsin 1 resulted in 71% cleavage LRPSHR3 (Figure 41). Kinetic studies showed a 4.4-fold
of the CCKis-33, whereas only 11% of CCK(P1 Ala, P2 increase irk.a/Kn, for this substrate compared to C&Kss
Arg) was cleaved (data not shown). (Table 3). To determine if several arginine residues sur-
Effect of a Charged Residue in the 'PBosition of rounding the cleavage site will increase the cleavage ef-
CCKi3 33 0n Cleaage by Yapsin 1The model predicts that ~ ficiency of yapsin 1 further, the peptide CCK(P®g, P6
Asp292 in the S3subsite may significantly influence Arg) was synthesized. Incubation with yapsin 1 generated
substrate interactions thereby favoring a basic residue in thetwo products, KAPSGRVSMIK and NRQSLRPSHR
P3 position. Arginine in the P3position, CCK(P3Arg), (Figure 4J). Kinetic studies showed a 23.2-fold increase in
produced two products, KAPSGRVSMiKand NLRSLDP-  thekea/Km of CCK(P2 Arg, P6 Arg) compared to CClg-33
SHRy;, after cleavage by yapsin 1 (Figure 4F). A 3-fold (Table 3).
increase irk.a/Km was determined by kinetic analysis (Table  Effect of Substituting Arg for Lys at the P1 Position in
3). The effect of a negative charged residue in the P3 CCK;3 330n Cleaage by Yapsin 1To investigate whether
position was determined by examining the cleavage of CCK- an arginine residue in the P1 position of Czks will be
(P3 Asp) by yapsin 1. After incubation with yapsin 1 the recognized as a cleavage site, yapsin 1 was incubated with
two generated products (Figure 4G) were identified as CCK(P1 Arg). Surprisingly, four product peaks were
KAPSGRVSMIKzs and NLDSLDPSHRs;. As shown in generated from this substrate, suggesting cleavage at two
Table 3 the catalytic efficiency was decreased 30% compareddifferent sites (Figure 5C). The presence of pepstatin A
to CCKys-33. completely inhibited the formation of these products (data
Effect of an Arg in the P6Position of CCKs33 on not shown), verifying that all products are a result of yapsin
Cleavage by Yapsin 1.Although no predictions could be 1 cleavage. N-terminal sequence analysis of the generated
made from the modeling studies with regard to thessbsite products determined the cleavages to occur aftepfand
of yapsin 1, which is exposed to the solvent, previous studiesafter Mebs. On the basis of the relative amount of the four
have suggested that basic residues downstream of theproducts generated (data not shown), it appears that yapsin
cleavage site (P2P8) enhance the cleavage by yapsin 1 1 cleaves at the two positions without any preference of one
(25). Toinvestigate this, CCK(P&rg) was incubated with  over the other. Substitution of the P6 arginine with an
yapsin 1, generating one product peak (Figure 4H). N- alanine also resulted in the generation of four products after
terminal amino acid analysis revealed two different species, incubation of CCK(P6 Ala, P1 Arg) with yapsin 1 (Figure
KAPSGRVSMIK;; and NLQSLRPSHR. Kinetic analysis 5D). The cleavage sites were determined to be similar to
of the cleavage of this peptide showed an overall 6.8-fold those found for CCK(P1 Arg). A preference for cleavage
increase ink:.o/Kyn compared to CClg 33 (Table 3). The after Mets was, however, found. To determine whether
peptide CCK(P6 Ala, PBArg), was incubated with yapsin  Met,s is accommodated well in the S1 pocket, substitution
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of this residue with alanine and leucine was performed. The peptide analogue, when an arginine was substituted for an
peptides CCK(P3 Ala, P1 Arg) and CCK(P3 Leu P1 Arg) Alain the P2 position @4). Interestingly, introduction of a
were cleaved by yapsin 1 after Asgand Alas/Lews (Figure lysine residue in the Pdosition resulted in 40% reduction
5E and 5F). Like CCK(P1 Arg), CCK(P3 Ala, P1 Arg) was of the cleavage efficiency compared to Cglkss. The clear
cleaved without a preference of one site over the other, distinction of yapsin 1 between the binding of lysine versus
whereas yapsin 1 cleaved CCK(P3 Leu P1 Arg) preferentially arginine to this pocket could be due to the different properties
after Argys. Incubation of 25«M CCK;3-33, CCK(P1 Arg), of the two amino acids; arginine is less flexible and hydro-
CCK(P6 Ala, P1 Arg), CCK(P3 Ala, P1 Arg), and CCK(P3 phobic due to the presence of the guanadinium group, and
Leu, P1 Arg) fa 1 h with 0.21 pmol of yapsin 1 resulted in it has the capability to form more hydrogen bonds than lysine.
29,79, 83, 6, and 70% cleavage, respectively of the substratesAs shown in Table 3, the binding constant of CCK(R2g)
(data not shown). was 10-fold lower than for CCK(P2.ys), supporting this
interpretation. Introduction of a negatively charged residue
DISCUSSION in the P2 position, peptide CCK(PZAsp), resulted in a 60%
Yapsin 1 is the model enzyme of a new subclass of asparticdecrease in the catalytic efficiency of yapsin 1 for this sub-
proteases which differs from the traditional aspartic proteasesstrate compared to CGl 3, probably due to electrostatic
by having specificity toward basic residues as opposed to repulsion of the aspartic acid residue from Asp37 in this sub-
the usual hydrophobic preference. To gain insight into the site. Like yapsin 1, rhizopuspepsin has an aspartic acid in
unique specificity of yapsin 1 for basic residues, modeling position 37 (Figure 1); however, a preference for an arginine
studies were carried out. The model revealed that yapsin 1residue over alanine in the P@osition is not observed).
has a more open S1 pocket than other aspartic proteases dughe high affinity for an arginine residue in the 'S2ibsite
to a deletion of six residues in the yapsin 1 sequence betweerof yapsin 1 could therefore in addition to Asp37 be due to
Met1ll and Gly119, relative to rhizopuspepsin, thereby Glu127 and Glu129, not found in rhizopuspepsin.
facilitating the accommodation of a large residue in this  As predicted by the model, an arginine residue in the P3
pocket (Figures 1 and 3C). The nature of the S1 pocket position was found to be favorable, possibly due to interac-
therefore suggests that a small neutral amino acid residuetion with Asp292 in the S3subsite. However, the effect of
such as alanine would not fully occupy this pocket. More- an arginine in the P3osition is not as favorable as in the
over, Asp77, which has been demonstrated to be very im- P2 position; likewise, an aspartic acid is not as unfavorable
portant for the cleavage of peptides with a lysine residue in in the P3 position as in the P2osition, indicating that an
the P1 position by rhizopuspeps#d], is located on the end  arginine residue in the Pposition has more influence on
of a flap pointing down into the active-site cleft. Similarly, enhancing the catalytic efficiency of yapsin 1 than in the
Asp77 is also likely to affect the binding at P1 in yapsin 1, P3 position. Introduction of an arginine in the Ribsition
which is close to the S1 pocket, although, slightly more than resulted in an almost 7-fold increase in the catalytic ef-
4.0 A. Indeed, in this study, we show that yapsin 1 cleaved ficiency. Since this pocket is exposed to the solvent and
CCKyz-33and CCK(P1 Arg) preferentially at the basic resi- there is no suitable crystal structure complex available, no
due cleavage site, and substitution of jysith Ala resulted attempt was made to model the' Sfibsite.
in a substrate that was very poorly cleaved (Figure 5A). The catalytic efficiency of yapsin 1 appears to be enhanced
Furthermore the model revealed that most of the other even more when the substrate has more than one arginine
pockets within the active-site cleft of yapsin 1 were also flanking the basic residue as predicted by the model. This
highly electronegative (Table 2 and Figure 3), indicating that is exemplified by the finding that the cleavage of CCK(P2
the enzyme not only prefers substrates with a basic residueArg, P8 Arg), which has a total of three arginine residues
in the P1 position but the catalytic efficiency will likely be  (in the P6, P2 and P6positions) flanking the cleavage site,
enhanced for substrates with additional basic residues in thehas an overall catalytic efficiency that was 23-fold better
P6, P2, or P3 positions. Since S3, S1, and'S$2e contig- than CCHKs-33 due to higher binding affinity (loweKp;
uous on one side, whereas S2,,Sihd S3are contiguous  Table 3). This also explains why the cleavage of AGT4d
on the other side, interactions between residues forming oneby yapsin 1 occurs after the first of four basic residues
pocket and the substrate can influence binding at adjacent(KKRR) (46) in high efficiency @5), since there is one
pockets. To test this prediction, the effects of deleting the arginine residue interacting with the 'S#bcket and another
arginine residue in the P6 position and introduction of an with the S3 pocket.
arginine in the P2 P3, and P6 position of CCK3-33 were Our present study also showed that an arginine at the P2
analyzed. Substituting the P6 Arg with an alanine resulted position not only had a strong effect in enhancing the
in a decrease of the cleavage efficiency by 50% (Table 3), catalytic efficiency but would also influence the primary
similar to that observed for proalbumin peptides described specificity of yapsin 1. This was exemplified by the cleavage
by Ledgerwood et al.44). In light of the yapsin 1 model,  of CCK(P1 Arg) by yapsin 1. CCK(P1 Arg) was equally
an alanine residue can be accommodated in the S6 pocketcleaved at two positions: Agg the usual cleavage site, and
but probably does not interact favorably with residues after Mebs (Figure 5C). Furthermore, CCK(P6 Ala, P1 Arg)
forming the S6 pocket. In contrast, an arginine residue canwas preferentially cleaved after Mgt resulting in Args
interact favorably with residues in the electronegative S6 being in the P2position (Figure 5D). Thus, the lack of the
pocket resulting in more efficient cleavage (Figure 3B).  upstream P6 arginine residue which causes a loss of favorable
Compared to CClg-33, the cleavage efficiency of CCK-  interaction in the S6 pocket appears to have rendered yapsin
(P2 Arg) was almost 21-fold higher, indicating a strong 1 to prefer binding the substrate with the arginine residue in
preference for an arginine residue in thé p&sition (Figure the P2 position. Substitution of Mef with leucine, in CCK-
3D). Similar results were also observed for a pro-albumin (P3 Leu, P1 Arg), also resulted in cleavage atAm@nd at
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Lews (Figure 5F), showing that the cleavage at the et 17.
Lews was due to the strong affinity of the Sfubsite for an
arginine residue in competition with the S1 subsite for the
same residue, rather than to a direct specificity for methionine
in the P1 position per se. This is further supported by the 19.
result showing that CCK(P3 Ala, P1 Arg), which has the
Metys substituted for an alanine, was cleaved after,la
albeit inefficiently (Figure 5E), due to the small size of this
residue which interacts poorly with S1 pocket.

In conclusion, the kinetic and molecular modeling studies 22.
presented here have provided the first understanding of how
the novel aspartic protease, yapsin 1, interacts with its sub- 23-
strate at the active-site cleft. The model presented shows a
more open S1 pocket and an overall electronegative charge
of several pockets in the active-site cleft, thus accounting 25.
for the unique accommodation of a basic residue at the P1
site and the enhancement of the catalytic efficiency for sub- 26-
strates having additional basic residues surrounding the P1.
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