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ABSTRACT. Pancreatic carboxypeptidase Al (CPAL) is synthesized as an inactive precursor, proCPAL,
which is processed to the active enzyme by the proteolytic removal of the 95-amino acid N-terminal
prodomain. Purified rat proCPAL is renaturiedvitro after denaturation in guanidine or in guanidine

plus reducing agents. In contrast, purified CPA1 is not renatured under any of the conditions tested.
While proCPAL is secreted in yeast when fused todHactor signal sequence in place of its endogenous
signal sequence, mature CPA1 is not secreted and is trapped and degraded intracellularly. Thus, in addition
to maintaining CPA1 in the inactive state, the prodomain promotes folding and secretion of the proenzyme.
Neither of these functions can be restored by supplying the prodomain to CPAL in trans. The three-
dimensional structure of porcine proCPA reveals a number of extensive contacts made between the
prodomain and the enzyme active site which account for its inhibitory properties [Guasch et al.J1992)
Mol. Biol. 224 141-157]. Among these contacts are salt bridges formed between Arg-71 and¥&sp-

and between Arg-124 and AgjB9. Mutation of any of these four residues inhibits secretion of proCPAL
from yeast and results in its intracellular degradation. The effect of the mutations on secretion suggests
that interactions which stabilize the binding of prodomain to the native enzyme active site may also be
important for the successful folding of proCPAL.

Proteases are most commonly secreted as inactive precura large kinetic barrier; upon addition of the prodomain, the
sors or proenzymes. The propeptide maintains the proteasentermediate is rapidly converted to the active enzyme (Baker
in the inactive state until delivery to the site of action where etal., 1993). The requirement of the prodomain for secretion
the propeptide is cleaved off to produce active enzyme has also been demonstrated for papain in insect cells (Vernett
(Neurath, 1984). This mechanism of enzyme regulation is et al., 1990) and foYarrowia lipoyticaalkaline extracellular
found for proteases from both eukaryotic and prokaryotic protease from native cells (Fabre et al., 1991); in the latter
sources and for all mechanistic classes of proteases. Twocase, enzyme secretion is restored when the prodomain is
types of propeptides have been identified, and their functions supplied in trans (Fabre et al., 1992).
and properties have been recently reviewed (Baker et al., The role of the propeptide in folding and secretion of the
1993). The first type of propeptide is illustrated by trypsin; pancreatic carboxypeptidases (CPs) has not been experimen-
the propeptide is small (16 amino acids), it functions by ta|ly studied. It appears likely however that both classes of
maintaining the enzyme in an inactive conformation, and it propeptides are found within the family of Zndependent
is not required fom vitro refolding or for secretion of trypsin  cps, which includes the pancreatic and mast cell CPs as well
from yeast or bacteria (Higaki et al., 1989). The propeptides a5 the more distantly related regulatory CPs. The propeptides
of the second type are large enough to form an independeniof the pancreatic and mast cell CPs share similarities to the

domain (e.g., 77 amino acids for subtilisin and 166ddytic “subtilisin like” class of proenzymes, suggesting that these
protease), function by binding to the enzyme active site as prodomains will be required for folding. In contrast, the
an inhibitor, and are required for foldinig »itro and for  yegulatory CPs have short propeptides which are not required

secretionn vivo [e.g., subtilisin (Ikemura et al., 1987, Zhu for expression of the active enzyme (e_g.' CPE has a 16-
et al., 1989),(1—|ytIC protease (Baker et a.l., 1992, Silen & amino acid propeptide; Manser et aL’ 1990)
Agard, 1989), and yeast carboxypeptidase Y (Ramos et al., : . . .
R ! o The prodomain of pancreatic CPA 95 amino acids,
;9?4' nggthgr & S(_)rz_nsei_n, 19?%)I||—he sefctrﬁtlon dech[t 'St and it inactivates the enzyme by binding as an inhibitor to
I’GOIe;/ﬁ f?)l dea?gnm t'ﬁ: Iggc?etoa:l ureat(l)qwaeseFFgl:l) ‘E'QS © the fully formed and functional active site (San segundo et
properly 9 y P Y y al., 1982). The structure of porcine proCPA reveals that

protease_an(_j subt|I|§|n, these functions can be restored if theextensive contacts are made between CPA active site residues
prodomain is supplied in trans. In the absence of the

prodomain,a-lytic protease folds into an intermediate state and the prodomain, providing the structural basis of pro-
which is prevented from folding into the native structure by

1 Abbreviations: proCPA1, rat procarboxypeptidase A1, amino acid
residuesA1—-95 plus residues 4307; CPA1L, activated rat carboxypep-
* Corresponding author. Phone: (214) 648-3637. Fax: (214) 648- tidase Al, amino acid residues-307. Mutant proCPA1s are abbrevi-

2971. ated by their single letter codes; e.g., R71D is proCPA1 with Arg-71
* University of Texas Southwestern Medical Center. replaced with Asp. Prodomain residudsl{-95) are proceeded by an
§ University of California. A and displayed in italics, and amino acid residues from the active
® Abstract published ilAdvance ACS Abstractdjay 1, 1996. enzyme domain (£307) are displayed in normal type.
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A a0 20 230 20 250 250 bp Kpnl/BsEll fragment was generated by PCR and contains
| I * H
ratAl NENFVGHQVLRISAADEAQVQKVKELEDLEHLQLDFWR-DAARAGIP---IDVRVPFPSIQSVK the prOtease Slte fm_faCtor Ieader Cleavage (LyS-Arg at
igA KEDFVGHQVLRISVDDEAQVQKVKELEDLEHLQLDFWR-GPARPGFP- - - IDVRVPFPSIQAVK .
ggvgvl-\ KEDFVGHQVLRITAADEAEVQTVKELEDLEHLQLDFWR-GPGQPGSP--- IDVRVPFPSLQAVK _2, _1 belOW) fo”OWed by the COd'ng Sequence for CPAl
ratA2 QETFVGDQVLEIIPSHEEQIRTLLQLEAEEHLELDFWK-SPTIPGET~--VHVRVPFASIQAVK . . . . .
pigB  GEHFEGEKVRFVNVEDENDISELHELASTR--QIDFWKPDSVTQIKPHSTVDFRVKAEDILAVE Startlng at Ala-l and endlng at amino aCId 74, the sSite Of a
ratB EEHFDGNRVYRVSVHGEDHVNLIQELANTK - -EIDFWKPDSATQVKPLTTVDFHVKAEDVADVE natural BSEI' Site in the gene The’&equence Of this
a70 a80 a0 . : A 3
! ! ‘| fragment which corresponds to theBCR primer is
ratAl AFLEYHGISYEIMIEDVQLLLDEEKQQMSAFQAR
piga VFLEAHGIRYTIMIEDVQLLLDEEQEQMFASQGR
COowA VFLEAHGIRYRIMIEDVQSLLDEEQEQMFASQSR
ratA2 VFLESQGIDYSIMIEDVOVLLDQEREEMLFNQOR Kpn site 1
pigB  DFLEQNELOYEVLINNLRSVLEAQ----FDSRCR val Pro Leu Asp Lys Arg Ala Leu Ser Thr Asp Ser Phe Asn Tyr Ala
ratB  NFLEENEVHYEVLISNVRNALESQ----FDSHTR 5'-GGG GTA CCT TTG GAT AAA AGG GCC TTG TTC ACT GAC TCT TTC AAT TAT GCC-3'

70 80 90 100 110 120 130

cowAl IHg;{EWITQATG\'}WFAKKFTEN‘IIGQNPSFTAILDSM»DIFLE‘IVTNPNG 77777 FAFTI‘-XSEN;LWRKT)LS The 3-PCR prlmer Was ISAGCCTGGGTGACCCACTC_

ratal IHSREWVTQASGVWFAKKITKDYGQDPTFTAVLDNM-DIFLEIVINPDG- - - - - FAYTHKTNRMWRKTRS . . .

rata2 THAREWVTQATALWTANKIASDYGTDPAITSLLNTL -DIFLLPVTNPDG -~ - -~ YVFSQTTNRMWRKTRS CCT-3 , with the BstEll site underlined. ThEKpnI/ BstEll

ratme IHAREWVS PAFCQWFVYQAAKSYGKNNIMTKLLDRM-NFYVLPVENVDG- - - - = Y IWSWTKDRMWRKNRS i . .

ratB FHAREWISPAFCQWFVREAVRTYNQEI HMKQLLDEL - DFYVLPVVNIDG-- -~ YVYTWTKDRMWRKTRS frag ment was verified by sequence analyS|S and cloned into
cowB FHAREWISPAFCQWFVREAVRTYGRETHMTEFLDKL -DFYVLPVVNIDG-- -~ YIYTWITNRMWRKTRS . -

CfishB  IHAREWIAPSTVTYIVNEFVSNSATYDDILSNV----NFYVMPTINPDG--- -~ YAYTFTDDRLWRKTRS the Kpnl/ BstEll -d|gested shuttle vector (pM P36, Ph||||ps et
s.g. OHAREHLTVEMALYLLRELGQGYGSDSRITQAVNGR - ELWIVPDMNPDGGE- - - YDIASGSYRSWRKNRQ R

T.v. HHAREQLTVEMALYTLDLFTONYNLDSR ITNLGNNR-EIY IVFNINPDGGE - - - YDISSGSYKSWRKNRQ a|_’ 1990) in frame to thex-factor leader sequence and

H-CPE MHGNEAVGRELLIFLAQYLCNEYQKGNETIVNLIHSTRIHIMPSLNPDGFEKAASQGELKDWFVGRSNAQ

. . downstream from the ADH/GAPDH promoter element to
Ficure 1: Alignment of selected carboxypeptidases: (A) pro-
domains and (B) partial alignment of the enzyme domain. Standard ¢réate pMP70. ThéanHI fragment from pMP70 was
bovine pancreatic CPA numbering is used; the prodomain is cloned into the yeast @m circle YEp420 (Rose & Broach,
numberedAl—95 and the CPA domain-1307. Sequences were  1991) which contains the URA selectable marker for
obtained from the Prosite entry PS00132: Al, carboxypeptidase maintenance of the plasmid in yeast. This construct (pMP72)

Al; A2, carboxypeptidase A2; A, carboxypeptidase A; B, carboxy- . .
peptidase B; ratmc, rat mast cell carboxypeptidase A; CfishB, was transformed into yeast DLM1@ells, and the protein

crayfish carboxypeptidase B; S.&treptomyces griseusrboxy- was expressed as described for proCPA1 except that the
peptidase; T.v.Thermoacitnomyceaulgris carboxypeptidase; and  selective media was SD-ura.

H-CPE, human carboxypepitidase E (enkephalin convertase or .
CPH). Residues which have been mutated are indicated by an Prodomain The 300 bKpnl/Bgll fragment from pMP36

asterisk, essential active site residues His-69 and Asp-72+(zn Which contains theo-factor proteolysis site fused to the
binding residues) and Arg-127 (stabilizes the oxyanion intermediate; prodomain ending at amino acid 92 of the prodomain (Phe-

Phillips et al., 1990) are displayed in bold. A92) was cloned into th&pnl/Sal fragment of pMP36 in a
S . three-piece ligation with Bgll/Sal adapter (below), and the
domain inhibition (Guasch et al., 1992). The triad ASp6, P g ¢ pter ( )

PheA37, Trp-A38 invariant among all known pancreatic and stop codon is underlined.

mast cell CP prodomains (Figure 1A), is the site of several 5" -AGGCCAGGLGAG-3'
interactions between the prodomain and the S1 subsite of 3 AcaTCCaGTeCACTCRGET 5!
the enzyme, including a salt bridge between Arg-71 and Asp- .
A36 A 'salt bridge is also observed between @89, which 1€ BanH1 fragment from this construct (pMP71) was

is conserved in the proenzymes with A-type specificity, and ¢loned into the yeast 2m circle YEp13 (Rose & Broach,
Arg-124. Arg-71 and Arg-124 are invariant among the 1991) which contains the Leu selectable marker. Tjen2

pancreatic CPs but are not conserved in the related regulatonyfiT¢l€ containing the prodomain (pMP73) was transformed
CPs (Figure 1B). As the prodomain structure is not into yeas_t DLM10#& cells, and the protein was expressed
conserved between the pancreatic and regulatory CPs, thi€S described for proCPAL.
observation suggests that one possible function of Arg-71
and Arg-124 in the pancreatic enzymes is to stabilize the
interaction with the prodomain.

In this paper, we demonstrate that the prodomain of rat
pancreatic CPA1 is required to facilitate foldiirgeitro and
for secretion in yeast. Neither of these functions is restored
by supplying the prodomain in trans. Mutation of residues
which form ionic interactions between the active site (Arg-
71 and Arg-124) and the prodomain (A$36and GInA89
causes a loss of secretion in yeast. In the cells where the cpA1 was purified from the media by phenyl-Sepharose
enzyme is not secreted, proteolytic fragments of CPAL are cojumn chromatography followed by trypsin activation to
found intracellularly by immunoblotting, suggesting that the remove the prodomain, affinity column chromatography on
enzyme is improperly folded and is targeted for degradation. penzylsuccinic acid-Sepharose, and Mono Q column chro-

MATERIALS AND METHODS matography as described (Phillips et al., 1990).

Coexpression of the Prodomain and CPA in Yeast

pMP72 and pMP73 were simultaneously transformed into
yeast DLM10% cells, and the two plasmids were selected
and maintained by plating transformants on SD-ura, -leu.

Purification of Wild-Type CPAL from Yeast after
Expression as proCPA1l

Expression of proCPA1, CPA1, and the Prodomain in Purification of proCPA1 from Yeast

Yeast The first step in the purification of proCPAL, phenyl-

proCPA1.Rat proCPAl was expressed and secreted in Sepharose column chromatography, was performed in a
yeast DLM10&x cells from the ADH/GAPDH promoter as  manner identical to what is described above for active CPA1.
a fusion protein with thea-factor leader sequence as proCPA1-containing fractions, as monitored by SEFAGE
described (Phillips et al., 1990). analysis were pooled and dialyzed against buffer A [20 mM

CPAL. A yeast vector for the expression of CPA1 in the Tris-HCI (pH 7.5) and 20 mM NacCl]. The pooled fractions
absence of its prodomain was constructed as follows. A 250were applied to a DEAE-Sepharose column (20 mL). The
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column was washed in buffer A, and the protein was eluted Refolding Conditions

using a salt gradient from 20 to 250 mM NaCl. The .
proCPA1-containing fractions were again dialyzed against gugrr%giigt;(;rggﬁolr i;veazud;?ﬁtglr%?oizaacr(;r:r;eitgt'i\gn of
buffer A and applied to a Mono Q column, where the protein 0.35-1.3 mg/mL (10-40 uM) both in the absence and in

was again eluted with a 20 to 250 mM NaCl gradient. the presence of the reducing agent DTT (8 mM) or
Approximately 4 mg of pure proCPAL was obtained from 2 p-mercaptoethanol (1 mM). Several different methods were

L of culture. employed to refold the proteins. (1) The first was rapid
dilution of the denatured protein sample by renaturing buffer.

Expression and Purification of the Prodomain from An excess of renaturation buffer (5@00-fold) was added

Escherichia coli to 5 uL of denatured protein sitting in a 1.5 mL Eppendorf

tube. The ionic strength and pH of the renaturation buffer

TheHindlll/ Sal fragment from MP71 which contains the were varied as described in Figure 2. Unless otherwise
prodomain was cloned into the pFlag vector (IBl), cut with indicated, the standard renaturation buffer was 50 mM Tris-
the same restriction enzymes, where hidthdlll sites were HCI (pH 7.5) and 500 mM NaCl. (2) For samples which
blunted with T4 polymerase. The vector, which directs the were reduced witjf-mercaptoethanol, the renaturation buffer
expression of the prodomain as a fusion protein to the Flagincluded 200 mMg-mercaptoethanol and 50 mM sodium
epitope into the periplasm d@&. coli, was transformed into  thiosulfate. (3) For samples which had been reduced with
DH5a. cells. An overnight culture grown at 38C was DTT, the sample was first brought to 2.5 mM cystine by
diluted 10-fold, and protein expression was induced by the the addition of'/;o of volume of 250 mM cystine dissolved
addition of 1 mM IPTG. After induction, cells were grown in 0.5 N NaOH. An equal volume of 50 mM Tris-HCL (pH
for 4 h at 30°C. 7.5) and 5 mM cysteine was added and the reaction incubated
overnight. The sample was than dialyzed against 50 mM
Tris-HCI (pH 8.0) and 250 mM NacCl. (4) The last method
was dialysis of the denatured protein (0.6 mg/mL) against
buffer containing successive decreases of guanidine hydro-
chloride in 50 mM Tris (pH 8.0). The guanidine hydro-
chloride steps were 8, 4, 1, and 0.25 M and no guanidine
hydrochloride plus 250 mM NaCl. Dialysis was for-42
h. After refolding, the samples of proCPA1 were incubated
for 30 min with trypsin (2ug/mL) before assay.

For attempts to renature CPA in the presence of the
prodomain supplied in trans, 0.35 mg/mL (L®&1) CPA
denatured in 6 M guanidine was rapidly diluted with a 100-
fold excess of standard renaturation buffer containing
propeptide (0.£10«M). Trypsin was added at the end of
the reactions to degrade the propeptide. Control samples
were fully active after this procedure.

Cells were lysed by resuspending the cell pellet in water
and lysozyme (1 mg/mL) for 15 min at room temperature.
The cell pellet was removed by centrifugation, and the
supernatant which contains the periplasmic fraction was
mixed with an equal portion of 10 mM Tris-HCI (pH 7.5)
and 300 mM NacCl. The periplasmic fraction was heated to
65 °C for 15 min, and the precipitated protein was removed
by centrifugation. The soluble fraction which contains the
prodomain was applied to a Mono Q HR 5/5 column
(Pharmacia), and the protein was eluted with a 0.15to 1 M
NaCl gradient. The fractions which contained CPA inhibi-
tory activity were pooled and applied to a phenyl-Superose
HR 5/5 column (Pharmacia) after mixing with an equal
volume of 20 mM Tris-HCI (pH 7.5) and 3 M ammonium
sulfate. The protein was eluted with a 1.5 to 0 M ammonium
sulfate gradient. The prodomain was approximately 98%
pure by SDS-PAGE analysis. Propeptide purification from  \ytagenesis
the periplasmic fraction was monitored by following the
inhibition of CPA1 activity and by Western analysis with  Oligo-directed mutagenesis was performed as described

the M1 and M2 antibodies to the Flag epitope as recom- (Kunkel, 1985) in the wild-type proCPA construct pMP36
mended by the manufacturer (|B|) (Phl"lpS et al., 1990) Th8anH1/Sal fragment from this

construct, containing proCPA1 mutants in frame to the
o-factor leader sequence and downstream from the ADH/
GAPDH promoter element, was cloned into the yeash®?

i circle pBS24.1 [a derivative of pC1/1 (Rose & Broach, 1991)
Samples were prepared for analysis as follows. Yeastich contains both URA3 and leu2-d selectable markers].

cultures (2 mL) harboring the indicated proCPAL construct The expression constructs were transformed into yeast
were grown and induced for CPA1 expression as describedp| pM1010. cells, and protein expression was induced as

above. The yeast pellet was resuspended in-SESGE described for wild-type proCPAL.

sample buffer (20QwL), and the pellet was disrupted by

vortexing in the presence of glass beads. The cell mediaEnzyme Assays

was precipitated with 10% trichloroacetic acid (TCA) and . , .
resuspended it of volume of SDS-PAGE sample buffer. CPAl activity was r_neas_ured by following the hydroly5|s
The cell pellet (3uL) and media (2uL for wild-type of hlppuryI-L-phe_nyIaUc acid _(25¢¢M) spectrophotometri-
proCPA1 and 1QuL for mutant constructs) were analyzed Cally at 254 nm in 50 mM Tris-HCI (pH 7.5) and 500 mM
by SDS-PAGE (Laemmli, 1970) followed by Western blot  NaCl at 25°C.

analysis using the ECL kit (Amersham) as recommended
by the manufacturer. Antibodies to CPA1 were generated
to enzyme purified from rat pancreatic acetone powder as Structures were displayed with the INSIGHT program
described (Gardell et al., 1988) by Berkeley Antibodies, Inc., (Biosym Technologies). Coordinates for the structures of
and were used at a 1:1000 dilution. cow CPA were obtained from the Protein Data Base file

SDS-PAGE and Western Blot Analysis

Molecular Modeling
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Ficure 3: Time course of proCPAL renaturation. proCPA (0.35
mg/mL) denatured in 6 M guanidine was renatured by rapid dilution
with a 100-fold excess of 50 mM Tris-HCI (pH 7.5) and 500 mM

NaCl. Aliquots were removed at the specified time point, treated
with trypsin, and assayed for CPA activity.

40

304 agents (8 mM DTT or 1 mMB-mercaptoethanol). The
standard renaturation condition was rapid dilution of the
denatured protein sample (&) with a 100-fold excess of
renaturing buffer. The composition of the renaturing buffer
was varied as described in Figure 2 and in Materials and
Methods. Stepwise dialysis was also tested (Figure 2A). The
extent of renaturation was monitored by following the
0 restoration of CPAL activity; samples containing proCPAl
oH 75 75 75 75 75 75 60 91 were activated with trypsin prior to assay. Control samples
[NaCL} 50 100 250 500 750 1000 500 500 which had not been denatured were incubated under identical

FiGure 2: Testing ofin vitro renaturation conditions. (A) Com- renaturation_conditions' ) N

parison of conditions for the refolding of proCPA (dotted boxes)  proCPAL is renatured under a variety of conditions after
with those of CPA (solid boxes). The results are presented in pairs denaturation in guanidine hydrochloride—{8 M) or in

with proCPA first and CPA second. No CPA activity was observed guanidine hydrochloride plus reducing agents (Figure 2). In

under any conditions for the refolding of CPA. Protein was .
denatured in 8 M guanidine for 2 h at a protein concentration of contrast, CPAL is not renatured under any of the tested

1.2 mg/mL; reducing agents were included when indicated. Rena- conditions (Figure 2), supporting the hypothesis that the
turation for columns +6 was by rapid dilution of the denatured prodomain is required for folding. The optimal conditions
protein sample with a 100-fold excess of renaturation buffer. The fgor proCPA1 refolding are rapid dilution of the sample by a
renaturation temperature was 25, and renaturation was carried 100-fold or greater excess (a range from 50- to 400-fold was

out for 2 h prior to assay unless indicated. The renaturation buffer X .
was varied as follows: column 1, 50 mM Tris-HCI (pH 7.5) tested) of renaturation buffer at 2& and pH 7.5 (Figure

500 mM NaCl; column 2, as in column 1 except renaturation was 2). Folding occurred over a range of NaCl concentrations,
performed at #C; column 3, as in column 1 plus 1OM ZnCly; but the highest yield of refolded proCPA1 was obtained at
column 4, as in column 1 plus I®M ZnCly; column 5, as in 500 mM NaCl (Figure 2B). The addition of Zngilid not

column 1 plus 168 M ZnCly;, column 6, sample denatured in . . .
guanidine plus 2 mNB-mercaptoethanol and renatured as described improve the yield of refolded protein and at high concentra-

in Materials and Methods; column 7, denatured in guanidine plus fions had an inhibitory effect. Higher recovery of activity

8 mM DTT, renatured with cysteine/cystine as described in was also observed after the sample had been denatured in 6
Materials and Methods; column 8, renature by slowly adding M guanidine as compared to that in 8 M guanidine. The
denatured protein to a 100-fold excess of 50 mM Tris-HCI (pH  sjngle disulfide bond could be reduced during denaturation

7.5)+ 500 mM NacCl; and column 9, renatured by stepwise dialysis . . :
as described in Materials and Methods. (B) Further analysis of the and reformed during renaturation, though this procedure

conditions for proCPA renaturation. Protein was denatured in 6 M lowered the yields of refolded material by about 50% (Figure
guanidine and renatured by rapid dilution with a 100-fold excess 2A). A time course for the renaturation of proCPA1 under
of renaturation buffer at 25C. Renaturation buffer included either  gptimal conditions is displayed in Figure 3.

50 mM Tris (pH 7.5, 9.1) or 50 mM Mes (pH 6.0) at the indicated To test if th d . Id v its folding functi
NaCl concentration. Samples were treated with trypsin and assayed 0 test irthe prodomain could supply Its Tolding tunction
for CPA activity as described in the Materials and Methods. to CPALl in trans, the prodomain was expressed and purified
, i . from the periplasm oE. coli DH5a cells as described in
6CPA, and coordinates for porcine proCPB were kindly \jaterials and Methods. The isolated prodomain inhibited
provided by Dr. R. Huber. rat CPA1 activity (in the low nanomolar range), in agreement
RESULTS with previous reports for porcine and bovine CPA (San
segundo et al., 1982). The addition of prodomain {d.Q
The Prodomain Facilitates Renaturation of proCPA in  uM) to the renaturation buffer did not aid in the refolding
Vitro. Purified proCPA1 and CPA1l were denatured in of CPA1, and again no enzyme activity was restored. To
guanidine (6-8 M) in the absence or presence of reducing test if small molecules which bind the active site could

20

% Control Activity
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A. Mutagenesis of Residues Which Form lonic Interactions
12345 6789101112 between the Prodomain and the AetiSite Inhibits Secretion

of proCPA1. The structure of proCPA1 elucidated specific

- - interactions which occur between the prodomain and the
enzyme active site (Guasch et al., 1992). The importance
of two salt bridges, Arg-71 with Asg36and Arg-124 with
Glu-A89 to prodomain function was examined by site-
directed mutagenesis. Mutant proCPAs (R71M, D; R124M,
E; DA36F, A, R EA89R were cloned into the yeast

B. C. expression vector, and DLM16Xcells harboring the plasmid

50 —
34—

"
(R

L2 it 2 8 12345678910 were induced for protein expression. The distribution of
= =8 i proCPA or CPA between the secreted fraction (media) and

-  —50 : - - —50 the intracellular fraction (pellet) was analyzed by SBS
- - g =T W S PAGE and Western blotting for the wild-type and mutant
= = ' = k& v & & enzymes (Figure 4). The substitution of any one of these
l:.‘ - residues with neutral (Figure 4A) or amino acids of the

_ opposite charge (Figure 4B,C) inhibited the secretion of the
FiGURE 4: Secretion of proCPA1, CPAL, and proCPAl mutants proenzyme in yeast, resulting in the intracellular degradation

from yeast. Samples of media and intracellular protein extracts were i
prepared as described in Materials and Methods. Samples wereOf the expressed product. Attempts to restore secretion by

analyzed by SDSPAGE and Western blot analysis with rabbit reversing the charge pairs (Figure 4B,' lanes 3 and 4, and
anti-rat CPA1 antibody. Detection was by the ECL kit (Amer- Figure 4C, lanes 5 and 6) or by replacing both members of
sham): (A) lanes 1 and 2, wild-type proCPAL, media and pellet; the charge pair with hydrophobic amino acids (data not
lanes 3 and 4, R71M, media and pellet; lanes 5 and 6, R124M, shown) were unsuccessful.

media and pellet; lanes 7 and 8, wild-type CPA1, media and pellet;

lanes 9 and 10, coexpressed wild-type CPA1 and prodomain in DISCUSSION

trans, media and pellet; lanes 11 and 12, prodomain alone, media ) ] - )
and pellet; (B) lanes 1 and 2 ABR, pellet and media; lanes 3 In this paper, we demonstrate that, in addition to regulating
and 4, R124E/B8WR, pellet and media; lanes 5 and 6, R124E, enzyme activity, the prodomain of pancreatic CPAL promotes
%er]'gest ;gg drﬂe?e'?iéc%q :fdf}gsanl d%r:e(ljle%-AI?ﬁSé g“:ﬁéaGaggA%eti in vitro folding and secretion of the enzyme from yeast.
media and pellet; lanes 7 and 8ABGF, media and pellet; lanes 9 These obsgrvaﬂons extend preV|c_)us reports WhICh demon-
and 10, DA36A, media and pellet. strated the importance of prodomains for the folding of some

bacterial and yeast proteases to proteases from mammalian
promote the refolding of CPAL, substrate, Cbz-Gly-Gly-Phe cells. In addition, the lack of CPA1 secretion from yeast
(25 and 25QuM), and a CPA inhibitorp,L-benzylsuccinic cells in the absence of its prodomain is likely to be caused
acid (10uM), were added to the renaturation buffer and again by the inability of CPAL1 to foldin zivo. In a number of
no CPA activity was recovered. SB®AGE analysis of examples, mutation or deletion of prodomains leads to the
samples at the end of the folding reactions was done to&ccumulation and degradation of the precursor proteins
demonstrate that CPA1 had not been degraded during the?iv0, Suggesting that the proteins were not properly folded.

course of the reaction: CPA was recovered intact and in the D€letion mutants of the prodomains of carboxypeptidase Y
same quantities as for the control samples. (Ramos et al., 1994) and ofarrowia lipolytica alkaline

The Prod in Is Reauired for S " iy textracellular protease (Fabre et al., 1991) were not secreted
e rrodomain IS Required for Secretion in Yeast g, i 5 The deletion mutants of. lipolytica alkaline

Additional yeast expression vectors were constructed Inde'extracellular protease accumulated in the ER (Fabre et al.,
pendently for the expression and secretion of CPA1 and thelggl), while the carboxypeptidase Y mutants were not

prodomain (see Materials and Methods for details). The yansnarted to the Golgi apparatus and were instead degraded
constructs were transformed into DLMIDtells. To test  Ramos et al., 1994). Analogously, the lack of secretion of
if the prodomain could supply its function in trans, these cpa1 and of the salt bridge proCPAL mutants suggests that
plasmids were also cotransformed into DLM#&0dells. Cells these enzymes are retained in the ER and targeted for
containing these constructs were induced for protein expres-qdegradation because they are improperly folded.

sion (see Materials and Methods), and the cell pellet and  These data suggest that all members of the metallo CP
media were examined by Western blot analysis for evidence family (Figure 1) which have prodomain structures similar
of CPA1 expression. While proCPA1 (50 kDa band) is to pancreatic CPAL (e.g., approximately 95 amino acids in
abundantly secreted into the yeast media (Figure 4A, lanesjength) will also require their prodomains for folding. In

1 and 2; lane 1, the 34 kDA band represents partial support of this hypothesis, mast cell CPA1 could not be
processing of proCPAL to CPA1 by the yeast), CPAl was expressed in COS cells as an active enzyme in the absence
not secreted in the absence of the prodomain (Figure 4A, of its prodomain (Dikov et al., 1994). Recently, mRNA
lanes 7 and 8) or when the prodomain was supplied in transtranscripts of CPA2 which lack the prodomain and the first
(Figure 4A, lanes 9 and 10). CPA1 expressed from this 18 amino acids of the mature enzyme were found in the brain
construct is found intracellularly; the presence of multiple (Normant et al., 1995), and our results would suggest that
bands which react with CPA1 antibody suggests that the these transcripts are unlikely to encode functional CP.
intracellular CPA1 has been targeted for degradation (FigureInterestingly, while the regulatory CPs (Figure 1) are
4A, lanes 8 and 10). Enzyme activity is not detectable in members of the metallo CP family, they do not have similar
the intracellular extracts, suggesting that the intracellular prodomain structures and do not require the prodomain for
CPAL1 is not properly folded. secretion (e.g., CPE; Manser et al., 1990). This observation
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