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N-Benzoyl~L-tyrasyl-/?-aminobenzoic acid hydrolase (PPH, human meprin), is a peptidase found in 
the microvillus membrane of human small intestinal epithelial cells. PPH belongs to the astaein family 
of zine-metalloendopeptidases and is a protein complex composed of two glycosylated subunits, a and //. 
The present report describes the cloning of the complete [i subunit and the remaining N»-terminal end of  
the a subunit for analysis of their primary structures in addition to the examination of their biogenesis in 
transfected cell cultures. The complete open reading frame of the PPH/>‘ eDNA translates into 700 amino 
acid residues compared with 746 residues for the PPH« eDNA. The primary structure o f / /  and u subunits 
are 44% identical and 61 % similar. As predicted from their primary structure, the two subunits of PPH 
have identical modular structures; starting at the N2-terminus both contain a signal peptide, a propeptide, 
a protease domain containing the astaein signature, a meprin A5 protein tyrosine phospatase // (M AM ) 
and a meprin and TRA F homology domain (MATH) domain, an epidermal growth factor(I‘GF)-like 
domain, a putative transmembrane anchor domain and a short cytosolic tail. Pulse/chase labelling and 
immuno-Gold electronmicroscopy of recombinant PPH fi and a subunits expressed in transfected Madin- 
Darby canine kidney (MDCK) cells show that post-translational processing and transport o f  the two 
subunits are very different. When expressed alone, the fl subunit acquired complex glycan residues, 
readily formed homodimers and was transported to the plasma membrane. Small amounts o f  PPM// were 
found in the culture medium. In contrast, the cell-bound a subunit, when expressed alone, remained 
primarily in the high-mannose form, was aggregated and not expressed at the cell surface. However, the 
bulk of mostly endo-//-/V-acetylglueosaminidase H-resistanl a subunit was found in the filtered culture 
medium. The proteolytic event that leads to the formation of this soluble transport-competent form occurs 
in the endoplasmic reticulum (ER). Coexpression of the a subunit with the ft subunit allowed the localisa­
tion of the a subunit to the plasma membrane. These studies indicate that assembly of the two subunits 
of PPH is required for the localisation of the a subunit to the plasma membrane. In contrast to rodent 
meprin, both PPH subunits are apieally secreted from M DCK cells.

Keywords: human meprin; AM)enzoyl-L-tyrosyl-/;-aniinoben/.oic acid hydrolase: astaein family; process­
ing; intracellular transport.

A/-Benzoyl-L-tyrosyl-/?-aininobenzoic acid hydrolase (PPH) 
is a metalloendopeptidase isolated from the microvillus m em ­
brane of human enterocytes [1], The enzyme was first identified

N-benzoyl-L-tyrosyl-/Miminobenzoic acid (Bz-Tyr- 
NBzOH), a substrate used to assess exocrine pancreatic function

Correspondence to E. E. S torch h Institute of Biochemistry and Mo­
lecular Biology, University of Berne, Buehlstrasse 28, CH-3012 Bern, 
Switzerland
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E-mail: sterchi@mci.unibe.eh
Abbreviatioiis, B z-Tyr-NBzOH, N-benzoy 1 -L-ty rosy 1 -/j-am i nobcn- 

zoic acid; PPH, /V-benzoyl-L-tyrosyl-/Mumnohenzoic acid hydrolase; 
EGF, epidermal growth factor; ER, endoplasmic reticulum; MAM, me­
prin A5 protein tyrosine phosphatase //; MATH, meprin and TRAF ho­
mology d o ma i n ; TR A F, tu mo r- n e ero sis- lac to r (T N F) - re ce p tor- as so c i a te d 
factors; MEM, minimum essential medium; MHC, major histocompati­
bility complex; PhMeSOiF, phenylmethyl-sulfonyl fluoride; endo H, 
endo-/y-N-acetylglucosaminidase H.

Enzyme. N-Benzoy 1-L-tyrosy 1-p-aminobenzoic acid hydrolase (EC
3.4.24.18).

12], but it is also capable of hydrolysing a great variety of biolo­
gically active peptides including hradykinin, angiotensins and 
substance P 111 Intestinal PPM comprises two subunits, a and /Í, 
with molecular masses of approximately 95 kDa and 105 kDa, 
respectively. Biogenesis of PPH involves dimerisation through 
the format ion of disulphide bridges, as demonstrated by labelling 
studies in organ cultured human small intestinal explants [3|.

Molecular cloning of the a subunit o f  PPH has lead to the 
definition of a new family o f  metalloendopeplidases, named af­
ter astaein, a digestive protease found in the freshwater crayfish 
Astacus Jluviati I is |4 | .  In addition to PPH, members of the as­
taein family include human bone morphogenetic protein BMP!
15], UVS.2 from Xenopus lacvis embryos [6|, tolloid from Dro­
sophila melanogaster embryos |7 | ,  blastula protease 10 (BP 10) 
and SPAN from sea urchin embryos [8, 9], l.CH/HCH (low and 
high choriolytie enzyme) from Oryzias talipes (fish embryo) 
[10], a 1,25-dihydroxy vitamin D3-stimulated peptidase from 
Coturnix japónica  (Japanese quail) [11], flavastacin [12] and 
meprin from rodents. Meprin, also termed endopeptidase 24.18
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is expressed in microvillus m em branes of epithelial cells in kid­
ney proximal tubules and small intestine o f  mouse and rat [ 1 3 -  
15], and has also been found to be excreted in a soluble form in 
mouse urine (1 6 1. In contrast, PPH has so far only been iden­
tified in the human intestine [17], although a similar enzyme 
activity has recently been found in human kidney also [18].

Expression studies in COS-1 (Simian virus 40 transformed 
African green monkey kidney) and M D CK  (Madin-Darby ca­
nine kidney) cells have shown that rat meprin a and a mouse 
meprin-PPH« chimera form disulphide linked homodimers [17, 
19, 20] that are secreted in a complex glycosylated form. How­
ever, the cell-associated « subunit was an immature and trans­
port-incompetent protein which did not reach the cell surface. 
Activation of both the soluble and cell-bound forms of the en­
zyme could be achieved by limited treatment with trypsin 
through the proteolytic removal of the propeptide [20].

Here we report the full-length cD N A  sequence and predicted 
primary structure of the // subunit o f  PPH, together with the 5' 
cDNA sequence and corresponding peptide sequence of the a 
subunit of PPH not previously reported. We further show that 
when expressed in M DCK cells alone, PPH(i matures and 
reaches the cell surface. Moreover, only when the two subunits 
are coexpressed in MDCK cells is PPH« localised to the surface 
of these cells. C-lerminal proteolytic processing of PPH« neces­
sary for its secretion is further shown to occur in the endoplas­
mic reticulum (HR).

E X PE R IM E N T A L  P R O C E D U R E S

M aterials .  Oligonucleotides were synthesised by Micro- 
synth (Switzerland). The UniZAP XR Custom cDNA library, 
pSG5 mammalian expression vector, XL I-Blue Escherichia cod 
host and Taq DNA polymerase were purchased from Stratagene. 
Hybond C extra nitrocellulose membrane, [y-^PIdATP (3000 Ci/ 
mmol), | ;WS|dATP|«S1 (1500 Ci/mmol) and ¡methionine/ 
cysteine (1000 Ci/mmol ) were from DuPont NEN. Sequenase 
version 2.0 DNA sequencing kit, M-MLV reverse transcriptase 
and T4 DNA ligase were from IJ.S.B, The rRNAsin RNAse 
inhibitor, dGTP, dATP, dTTP and dCTP were supplied by Pro- 
mega. Zetaprobe nylon membrane and all SDS/PAGE chemicals 
were purchased from Bio-Rad Laboratories. Herring sperm 
DNA, MP agarose, endoglycosidase H were purchased from 
Boehringer Mannheim. The Nusieve GTG agarose was supplied 
by FMC Bioproducts. Ficoll 400 and protein-A-Sepharose CL- 
4B were purchased from Pharmacia. BSA, phenyl methyl sul- 
fonyl fluoride (PhMeSOjF), pepstatin, aprotinin, leupeptin, ben- 
zamidine and high-molecular-mass protein standards were from 
Sigma. Polynucleotide kinase and restriction enzymes were from 
New England Biolabs. Guanidine isothiocyanate, cell culture 
media, penicillin and streptomycin were obtained from Gibco 
BRL. Geniticin was from Sigma. Foetal calf serum was from 
Biological Industries. All other chemicals were analytical grade 
from Merck.

Cloning of P P H //  cDNA. A 44-amino-acid sequence o f  de­
tergent-solubilised mature PPH//, from human intestinal micro­
villus membrane, was obtained by N ;-terminaI sequencing (17J 
and from overlapping C N B r peptide sequences: NSI1GEKYR- 
W PHTIPYVLBDSLEM NAKGVILNAFERYRLXTXID. The 
residues in positions 10 and 13 have been corrected from that 
previously published due to more consistent sequencing data of 
the N,-terminus. Several degenerate oligonucleotide PCR prim­
ers (1 9 -2 3  nucleotides) were designed from the codons o f  the 
peptide sequence above with the purpose of cloning the corre­
sponding cD N A  fragment for subsequent use in screening a 
cDNA library. First, antisense degenerate primers were used to

perform reverse transcription of total RNA prepared from human 
small intestinal mucosa using a guanidinium thiocyanate method 
[21]. The resulting single-stranded cDNA was then amplified by 
PCR using the antisense and sense degenerate primer pair. An 
expected single PCR product ( « 9 0  bp) was resolved by Nusieve 
agarose-gel electrophoresis and subsequently cloned into the 
pGEM~T vector (Promega), amplified in X L l-B lue  E, coll hosts 
(Stratagene), isolated over a Qiagen column and sequenced by 
the Sanger dideoxynucleotide termination method (Sequenase 
version 2.0) on both strands with M l 3 universal and reverse 
primers. The 90-bp PCR product was found to encode a 22 
amino acid stretch of the mature N2-terminal sequence of PPH [} 
above. Two PPH//-specific oligonucleotide probes (27 nucleo­
tides) were designed from different regions within this stretch 
and used as two independent probes for screening the cDNA 
library and also for cloning the 5 ' cDNA end of PPH/?. Approxi­
mately 900000 plaques from an human intestinal cDNA library 
constructed from an eight month jejunum using the lambda ZAP
II vector (Stratagene) were amplified in X L l-B lu e  E . co/i and 
screened using standard protocols (Stratagene) [22]. Plaques 
were lifted onto duplicate nylon membranes and hybridised, re­
spectively, to the two PPH/kspecific oligonucleotide probes that 
were 5 '-end :,2P- label led with polynucleotide kinase, H ybrid­
isations were carried out at 50 °C for approximately 16 h in 6X 
NaCI/Cit (20XStock solution: 3.0 M  NaCI, 0.3 M sodium ci­
trate), 2XDenhardts [lOOXstock solution: 2%  (mass/vol.) bo­
vine serum albumin, 2%  (mass/vol.) Ficoll, 2%  (mass/vol.) 
poly(vinyl pyrollidone)], SSPE (20Xstock solution: 3.6 M 
NaCI, 0.2 M sodium phosphate, pH 7.7, 0.02 M NaJBDTA), 
SDS 0.05% (mass/vol.), and denatured, fragmented herring 
sperm DNA 100 pg/ml. Washings were in 6XNaCl/Cit, 0 .1%  
SDS (mass/vol.) at 5 0 °C for 30 min, twice, then in 2 XNaCI/Cit, 
0,5% SDS (mass/vol.) at 5 0 °C for 10 min. The membranes were 
then exposed to X-ray film (Fuji) for approximately 16 h at -  
8 0 °C. Plaques were picked and after two rescreenings, only one 
isolated clone was found to consistently hybridise both probes. 
The 2139-bp insert was recovered within the pBluescript S K ( - )  
phagemid by in vivo excision (Stratagene), named pPPH//-3b, 
and further amplified for analysis. To sequence both strands of 
pPPH//-3b, nested deletion mutants were prepared from both 
ends of the cDNA using the Erase-a-Base System (Promega), 
the mutants were then amplified in Novablue (Novagen) hosts, 
isolated and sequenced as previously described with M l  3 uni** 
versal and reverse primers. Overlapping sequences of both the 
sense strand (11 clones) and the antisense strand (9 clones) were 
obtained for the complete pPPH/i-3b cDNA (Fig. 1) using this 
method. The PPH//-3b clone was found to be lacking an in­
frame start codon and hence lacked the extreme 5 '  end of  the 
complete PPH/i cDNA, as was also the case with the a subunit 
of PPH (PPHtt-22.4) previously characterised [17]. Therefore, 
anchored PCR was performed to obtain the remaining 5 '  cDNA 
ends of both PPH// and PPH« as described below.

A nchored  PC R . Total RNA was prepared from human small 
intestinal mucosa with a guanidinium thiocyanate method [21] 
followed by the isolation of polyadenylated mRNA, from 35 pg 
total RNA, using a Dynabeads Oligo (dT)25 kit (Dynal). The 
preparation of mRNA was then used in the 5' RACE System 
(Gibco BRL) to clone the 5' cDNA ends o f  both PPH fi and 
PPH«. Briefly, the mRNA was split into two aliquots, denatured 
at 70°C  for 10 min to reduce secondary structures and the un­
known 5' mRNA ends were reverse transcribed with gene-spe- 
cific antisense primers for PPH// and PPH« cDNAs, respectively. 
The resulting single-stranded cDNAs were then isolated apart 
from the primers and tailed with dCTP. The tailed cDNAs were 
then amplified by PCR using nested gene-specific antisense 
primers and the sense 5' RACE Anchor Primers (Gibco BRL).
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pPPHps VI 200 bp EcoRI

5’ RACE

pPPHP*3b

cDNA-Ubrary

EV Xb Bs P

Fig. 1. Cloning and sequencing strategy of the complete cDNÀ for 
the P  subunit of human PPH. Two overlapping clones were obtained 
encoding the complete cDNA of 2326 bp. The 5' cDNA end, PPH//5', 
obtained by reverse transcription and anchored PCR of human small 
intestinal mRNA, was cloned into the pGEM-T vector and sequenced 
on both strands with M13 universal and reverse primers. The major por­
tion o f  the PPHp  cDNA including the poly(A) tail, PPH//-3b, was ob­
tained from a human intestinal cDNA library and subcloned into 
pBluescript vector. Nested deletion mutants were prepared from each 
end o f  PPH/7-3b for sequencing. Arrows indicate the approximate posi­
tion and direction of each sequence obtained from the deletion mutants. 
Restriction enzyme sites shown were both predicted from the cDNA  
sequence and experimentally verified: EcoRV (EV), Xbal (Xb), /irfjRI
(El), BstXl (Bs), Pstl (P), S a d  (S), Xhol (X).

The PCR products for the PPH// ( «  325 bp) and PPH« 
(*“ 175 bp) 5' cDNA ends were then ligated directly into the 
pG EM -T vector and amplified in Novablue. Two clones from 
each ligation reaction were isolated and sequenced on both 
strands using M13 universal and reverse primers. The sequence 
of  the PPH// 5' cDNA end overlapped with the PPH//-3b cDNA 
sequence by 50 nucleotides. The sequencing strategy of the com ­
plete PPH// cDNA, is shown in Fig. 1.

The previously unknown sequence of the PPH« 5 ' cDNA 
end was obtained using the same strategy as above.

C o n s t ru c t io n  of expression plasmids. The assembled PPH// 
expression plasmid is shown in Fig. 2 A. First, PCR primers 
were designed from the predicted start codon region of PPH// in 
order to obtain the 5 ' cDNA end apart from the dGTP-rieh an­
chor region. The sequence of the sense primers (26 nucleotides) 
was specific for a site 16 nucleotides upstream from the pre­
dicted start codon and contained an ZicwRI site. The sequence of 
the anti sense primers (29 nucleotides) was specific for a region 
located 260 nucleotides downstream from the predicted start co­
don and contained a gene-specific Xbal site. Using the pGEM-T 
plasmid containing the 5' cDNA end of PPH// as a template, 
PCR was performed and the expected product 275 bp) was 
isolated from an agarose gel, digested with the respective restric­
tion enzymes, followed by an additional gel isolation step. Sec­
ondly, an approximately 2050-bp Xbal—BamHl insert [contain­
ing the major portion of the PPH// cDNA from the Xbal site 
downstream to and including the poly(A) tail| was isolated from 
pPPH/i-3b by restriction digest and agarose-gel isolation. Fi­
nally, these two PPH// cDNA fragments, together comprising the 
complete reading frame o f  the PPH// cDNA, were then ligated 
into the EcoRI and Bglll (Bambll compatible) sites of the m am ­
malian expression vector, pSG5 (Stratagene) thus creating the 
expression plasmid, pPPH//.

T he  expression plasmid, pPPH«, was created by a similar 
strategy and is shown in Fig. 2B. First, PCR primers were de­
signed from the 5' cDNA region of PPH«, The sequence of the 
sense primer (21 nucleotides) was specific for the start-eodon 
region of PPH« and contained a BamHl site just upstream of the 
start codon, whereas, the sequence of the antisense primers (20 
nucleotides) was specific for a region 160 nucleotides down­
stream from the predicted start-codon that contained a Pstl site.

EcoRI
Pstl
Smal

B

Haell Hlndlll

Pstl
Haell

Haell

Fig. 2. Construction of expression plasmids, pPPH// and pPPHa. (A)
The expression plasmid, pPPH//, was constructed by ligating an EcoRl- 
Xbal PCR fragment (275 bp), from pPPH/tf', and a Xhu\ ~fhmiili  frag­
ment (2050 bp), from pPPH//-3b, into the Ero\{\ sites of the ex­
pression vector, pSG5. The resulting plasmid, pPPH//, contained the 
complete open reading frame of the PPH// subunit cDNA. (B) The ex­
pression plasmid, pPPHi/, was constructed by ligating a IhimHl—Pstl 
fragment (175 bp) from pPPHr<5# and a Pst\ - f f iwMW fragment 
(1205 bp) from pPPH«-22.4 into the /frw/Hl/Mmllll sites of pSGMiV 
which contained the remaining 3' cDNA portion of the PPM« cDNA 
(1440 bp) and the expression vector, pSG5. The resulting expression 
plasmid, pPPH«, contained the complete open reading frame of the 
PPH« subunit cDNA.

Using the newly cloned PPH« 5' cD N A  end as a template, PCR 
was performed and the resulting PCR product ( — 175 bp) was 
isolated and digested with the respective restriction enzymes. 
Secondly, a Pstl -Ifitnl\ll PPH« cD N A  fragment (1200 bp) was 
obtained from pPPH«-22.4 [17|< Finally, a B am lrU —H in M l  
fragment (1600 bp) containing the meprin portion of the PPH- 
meprin« expression plasmid, pSGM P« [20|, was removed and 
replaced by the two PPM« cDNA fragments isolated above, The 
resulting expression plasmid, pPPH«, contained the complete 
open reading frame o f  the PPH« cD N A  in the expression vector, 
pSG5. Both expression plasmids, pPPH// and pPPH«, were se­
quenced to confirm the correct sequence o f  an in-frame 5 ' cDNA 
end.

C o m p u te r  analysis  o fD N A  a n d  p ro te in  sequences .  Nucle­
otide sequences were read with the US EDIT program and 
Reader (C.B.S. Scientific Company) a ml initial comparisons 
made using the DNAid program (F. Daniel and P. Bensoussan,
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Ecole Polytechnique, Palaiseau eedex, France). For computer- 
assisted analysis o f  DNA and protein sequences, programs in the 
GCG (Genetics Computer Group, Madison, Wisconsin) software
package were used.

Cell culture. M D CK  cells were a generous gift from Dr 
Kai Simons (EM BL, Heidelberg). Wild-type M DCK cells were 
grown as monolayers in minimum essential medium (MEM) 
Earles Hepes medium supplemented with 5 %  (mass/vol.) foetal 
calf serum, L-glutamine (2 mM), penicillin (100U/ml), and 
streptomycin (100 pg/ml) at 3 7 °C in an atmosphere of 5% C 0 2 
and 95% air. M DCK cell clones were grown in the same me­
dium except with geneticin (400 pg/ml, Sigma) instead of the 
penicillin/streptomycin mixture. Medium was changed every
2 -3  days and cells passaged when confluent unless otherwise
stated.

Transfection of MDCK culls. Subconfluent M DCK cells of 
a low passage number (under 25) were used for C a P 0 4-DNA 
transfection with PPH « and PPH// expression vectors, separately 
or together. Methods are as described by Grünberg et al, [20]. 
Briefly, 1X10(> cells were plated onto a 10-em dish and incu­
bated overnight followed by trypsinisation and resuspension in 
2 ml medium supplemented with 10% (by vol.) foetal calf serum 
in preparation of  each DNA transfection reaction. A CaPCV 
DNA precipitate was prepared containing 2 pg o f  the neomycin- 
selectable marker plasmid pX T l (Stratagene), together with 20 
(.ig of the experimental plasmids, pPPH a and pPPH//, separate or 
in combination. The cell suspension and CaPO .rD N A  precipitate 
were gently mixed anti allowed to stand at room temperature for 
20 min. 10 ml medium [10% (by vol.) foetal calf serum] was 
then added and the cells incubated for 16 h at 3 7 °C. The trans­
fection medium was removed and the cells shocked with 15% 
(mass/vol.) glycerol in NaCl/Hepes (50 mM Hepes, 280 mM 
NaCl, 1.5 mM N aT lP O ,,  pH 7.1) for I min. The cells were 
rinsed several times and incubated in medium supplemented 
with 10% (by vol.) foetal calf scrum and penicillin/streptomycin 
mixture overnight. The cells were split 1:10 and selection 
started with medium [with 5 %  (by vol.) foetal ca lf  serum] con­
taining Geneticin (400 pg/ml). After 2 weeks approximately 20 
single colonies/transfection reaction were isolated using cloning 
rings for propagation. Each cloned cell line was screened for 
PPH subunit expression by metabolic labelling with [ ^S]methio­
nine and immunoprécipitation with PPH«-specific antisera [17] 
and PPH//-specific mAb |23]. The immunopreeipitates were an­
alysed by SDS/PAGE and fluorography (data not shown). Three 
expressed PPH// alone, two clones expressed PPH// alone, and 
one clone was found to express PPH« and PPH//. The cell clones 
with the highest expression rates, PPHu-4, PPH//-11 and PPHafi-
12 were chosen for subsequent experimentation and not used 
beyond 30 passages.

Metabolic labelling of transfected MDCK cells. The 
transfected cells were plated 1:4 onto plastic culture dishes and 
treated the next day with sodium butyrate (tf mM) for 16 h. The 
normal elullure medium was replaced with methionine-free me­
dium containing 5%  (by vol.) dialyzcd foetal calf serum for 1 h. 
The cells were then labelled with 50 jaCi L-[ ^S]methionine/cys- 
teine for 15 min or overnight. The cells labelled only 15 min 
were either harvested immediately after labelling (0 min chase) 
or incubated in chase medium (methionine-free medium supple­
mented with 10 mM methionine) for different time periods be­
fore harvesting. The cells were harvested for immunoprécipita­
tion, endo-//-yV-acetylgIucosaminidase H (endo H) treatment, and 
analysis by SDS/PAGE and fluorography. The media were col­
lected and filtered (0.2 pm) to remove any dead cells.

Antibodies. All cell and medium samples were subjected 
to immunoprécipitation with one of two antibodies; a mouse 
monoclonal antibody (mAb), HBB 3/716/36 |23], which recog­

nises only the native PPH// subunit, or with a rabbit antisera 
(antiPPHa) raised against denatured PPH a subunit [17], and 
which recognises denatured PPH/i subunit to a lesser extent. A n ­
tibody specificity was previously established by im m unoprécipi­
tation of labelled native and denatured proteins from organ cu l­
ture of human small intestinal mucosa and also from cells 
transfected with pPPH ft or pPPH« (unpublished results). In im- 
muno-gold electron microscopy two polyclonal antibodies, A/1 
(specific for the a subunit) and LDi/1 (recognising the a and // 
subunits), were used.

Immunoprécipitation. Samples were harvested for im m u ­
noprécipitation as previously described [24] with minor modifi­
cations. At the times indicated above, labelled cells were washed 
three times with ice-cold NaCl/Pj (138 mM, pH 7.3) and scraped 
with a rubber policeman into 1 ml ice-cold NaCl/Pj. The pelleted 
cells were solubilised in 300 pi buffer A (Tris/HCl 25 mM, NaCl 
50 mM, pH 8.0) containing 1% (by vol.) Nonidet P-40, 1% 
(mass/vol.) sodium deoxycholate and protease inhibitors (1 mM  
P h M e S 0 2F, 10 pg/ml leupeptin, 2 pg/ml pepstatin, 3.5 jig/ml 
benzamidine, 2 pg/ml aprotinin) and incubated 30 min on ice 
followed by microcentrifugation (15000 g, 5 min at 4°C) to re ­
move nuclei and dense cellular debris. Only protein samples to 
be immunoprecipitated with the anti-PPHa rabbit sera were first 
denatured by boiling 5 min with SDS 0.5%  (mass/vol.) before 
continuing. The cell lysates and collected media were then di­
luted in 3 volumes of homogenization buffer with 1 % (mass/ 
vol.) Triton X-100 and precleared of non-specific binding pro­
teins with 50 Jill protein A insoluble Sepharose suspension 
(Staph A cell suspension) (Gibco) for a minimum of 30 min 
at 4°C followed by microcentrifugation (1 5 0 0 0 # )  for 1 min to 
remove the Staph A cell suspension. The rabbit antisera (20 pi) 
were coupled to Sepharose protein-A beads (50 pi) in 1 ml of 
0,1 M sodium phosphate, pH 8.2, for a m inim um of 2 h at 4 °C  
and washed twice in the same buffer before being added to the 
appropriate samples for immunoprécipitation for 16 h at 4°C. 
Immunopreeipitates were then washed in NaCI/Pj with non-ionic 
detergents as previously described [24] before endo-/?-./V-acetyl- 
glucosaminidase H (endo H) treatment [25] and SDS/PAGE.

Cell surface immunoprécipitation. Transfected MDCK 
cells were metabolically labelled 16 h then washed in NaCl/P| 
3 7 °C and incubated for 30 min at 3 7 °C in serum-free medium. 
After washing the cells four times in ice-cold NaCl/Ph 20 pi 
anti-PPFI// mAb in 1 ml NaCl/Pj was added and incubated 
30 min at 4°C  with gentle shaking. The cells were washed and 
400 pg of unlabelled transfected cell protein in 1 ml NaCl/Pj was 
added to saturate the remaining free binding sites o f  the anti­
body. After 15 min at 4°C  the cells were washed again, har­
vested and lysed as above, After centrifugation to remove cell 
debris, the antigen-antibody complex was adsorbed to protein-A 
beads and analyzed by SDS/PAGE.

Carbonate extraction of microsomal proteins- Carbonate 
extractions of microsomal proteins was essentially as described 
by Fujiki et al.[26], Briefly, membranes were prepared by hom o­
génisation in 0.1 M Na2C 0 3, pH 11, low-speed centrifugation to 
remove large cellular components, followed by ultracentrifuga­
tion at 15000 g for 1 h. The pellet was resuspended in carbonate 
buffer, left on ice for 30 min and ultracentrifuged again. Pellet 
and supernatant were analysed for labelled PPH protein by im­
munoprécipitation, SDS/PAGE and fluorography.

SDS/PAGE. Immunopreeipitates were dissolved in 40 pi 2 X 
sample buffer [0.16 M Tris/HCl, pH 6.8, 4 %  (mass/vol.) SDS, 
20%  (by vol.) glycerol, 0 .002%  (mass/vol.) bromophenol blue] 
and boiled 5 min in the absence or presence of dithiothreitol 
(1 mM) which reduces disulphide bonds. Proteins were resolved 
by SDS/PAGE [7.5% (mass/vol.) polyacrylamide] according to 
Laemmli. The Mr standards used were myosin, 205000 ; //-galac-
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1 CAACCCTGAATGTCATAGTTAGCTACTTTCAACTGGAAGCTACAAC 4 6

47 ATGGATTTATGGAATCTGTCTTGGTTTCTGTTCTTGGATGCTCTTCTCGTGATTTCTGGCTTGGCAACTCCAG AAAACTTTGATGTAGAT 136
1 M D L W N L S W F L F L D A L L V I S G L A T P E N F D V D  30*******

137 GGCGGAATGGACCAGGACATATTTGATATCAATGAAGGTTTGGGACTGGATCTTTTTGAGGGTGACATCAGACTTGATAGGGCACAAATT 226
31 G G M D Q D I F D I N E G L G L D L P E G D I R L D R A Q I  60

227 AGAAATTCCATCATTGGAGAAAAGTATAGATGGCCTCATACCATTCCATATGTTCTAGAAGATAGCTTGGAAATGAATGCTAAGGGAGTT 316

o
317 ATCCTCAATGCATTTGAACGTTATCGCCTTAAAACA'TGTATTGACTTTAAGCCTTGGGCTGGAGAAACAAACTATA'r ATCAGTGTTCAAG 406

91 F K P W A G E T N Y I S V F K  120

407 GGCAGTGGCTGCTGGTCTTCAGTAGGAAATAGGCGGGTTGGGAAGCAAGAACTTTCCATCGGGGCAAACTGTGACCGAATAGCAACAGTT 4 96
121 G S G C W S S V G N R ’ R V G K Q E L S I G A N C  D R X A T V  150

497 CAACACGAGTTCCTCCACGCTCTGGGATTCTGGCATGAGCAGTCGCGTTCTGACCGGGATGACTATGTCAGGATAATGTGGGACAGAATT 586
151 Q H E F L H A L G F W H E Q S R S D R P P Y V R  I  M w D R I 180

5B7 CTGTCAGGCAGAGAGCACAATTTTAACACCTATAGTGACGATATATCAGATTCCCTGAATGTTCCCTATGATTACAC'T'iCAGTAATGCAC 676
181 L S G R E H N F N T Y S D D I S D S L N V P  Y D Y T S V M H  210

677 TACAGTAAAACTGCATTCCAAAATGGAACAGAGCCGACAATTGTCACAAGAATCTCAGACTTTGAGGATGTGATCGGCCAACGAATGGAT 766
211 Y S K T A F Q N G T E P T I V T R I S D F E D V I G Q R M D  240*******
767 TTCAGTGACTCTGATCTCCTAAAGTTGAATCAACTGTATAACTGCTCCTCTTCCTTGAGTTTTATGGACTCATGCAGTTTTGAACTGGAA 856
241 F S D S D L L K L N Q L Y N C S S S L ] S F M D S C S F E L E  270

*******
857 AATGTGTGTGGCATGATCCAAAGTTCAGGAGATAATGCTGACTGGCAACGGGTTTCACAGGTTCCCAGGGGGCCAGAGAGTGATCACTCC 94 6
271 N V C G M I Q S  S G D N A D W Q R V S Q V P R G P E S D H S  300

947 AACATGGGCCAGTGCCAAGGTTCTGGTTTCTTCATGCATTTCGATAGCAGCTCTGTAAATGTGGGGGCCACAGCAGTGCTGGAAAGTAGA 103 6
301 N M G Q C Q G S G F F M H F D S S S V N V G A T A V L E S R  330

1037 ACGCTGTACCCTAAAAGAGGATTTCAGTGCCTGCAATTTTACTTATATAACAGTGGCAGTGAAAGTGATCAACTGAACATCTATATCAGG 112 6
331 T L Y P K R G F Q C L Q F Y L Y N S G S E S D Q L N I Y I R  360

1127 GAGTATTCTGCAGACAATGTGGATGGCAATTTAACCCTTGTGGAAGAAATAAAAGAAATACCCACTGGGAGCTGGCAACTTTATCATGTA 1216
361 E Y S A D N V D G N L T t .  V E E I K E I P T G S W Q L Y U V  390*******

1217 ACATTGAAAGTGACCAAGAAGTTTAGAGTGGTGTTTGAAGGACGCAAAGGCTCTGGTGCATCACTGGGTGGfCTGTCTATTGATGACATC 1306
391 T L K V T K K F R V V F E G R K G S G A S L G G L S X D D I  420

1307 AATCTTTCGGAAACACGGTGCCCTCATCATATCTGGCATATAAGGAATTTCACACAGTTCATTGGCAGCCCAAATGGAACTCTGTATAGC 1396
421 N L S E T R C P  H H I W H I R N F T Q F I G  S P N G T L Y 5  450 

******* ******* *******
1397 CCTCCATTTTACTCTTCT AAAGGTTATGCCTTTCAG ATTTACTTAAATCTAGCCCATGTG ACTAATGC AGGGATATATTTCCACTTG ATC 148 6

451 P P F Y 5 5 K G Y A F Q I Y L N L A H V T N A G  I Y F H L I  480

1487 TCTGGAGCCAATGATGATCAATTACAGTGGCCATGTCCTTGGCAACAAGCCACAATGACACTTTTGGATCAAAATCCTGACATTCGACAG 157 6
481 s g a n d d o l q w p c p w o o a t m t l l d o n p d x r o  510

1577 CGTATGTCCAATCAGCGGAGTATAACTACAGACCCATTTATGACCACCGATAATGGAAACTATTTCTGGGACAGGCCTTCTAAAGTGGGA 166 6
511 R H S N Q R S  I T T D P F M T T D N G N Y F W D R P  S K V G  540

1667 ACAGTGGCTTTGTTCTCTAATGGAACTCAGTTTAGAAGAGGTGGGGGCTATGGAACCAGTGCCTTTATAACCCACGAAAGGCTGAAAAGC 1756
541 T V A L F S N G T Q F R R G G G Y G T S A F X T H E R L K S  570* * * * * * *

1757 AG AGATTTTATAAAAGGAGATG ATGTTTATATCCT ACTGACAGTGGAAGAC ATATCTCACCTCAACTCT ACACAAATCCAGCTAACACCA 184 6
571 R D F I K G D D V Y I L L T V E D I S H L N S T O I O L T P  600* * * * * * ft

1047 GCCCCTAGTGTTCAAGACCTCTGCTCAAAAACCACCTGTAAAAATGACGGTGTCTGCACTGTTCGAG ATGGC AAAGCTGAGTGCAGGTGC 1936
601 A P S V Q D 1, C S K .T . T C K N P G V C T V R D G K A__-E-_C__B^_C 630

1937 CAGTCAGGGGAAGACTGGTGGTACATGGGAGAAAGGTGTGAAAAGAGAGGCTCCACCCGAGACACCATAGTCATTGCTGTTTCATCTACT 2026
631 Q . S G E D .  H H Y M q  E...R C E K R G S T R D T X V J A V S S T  660

2027 GTTGCTGTGTTTGCCTTGATGCTGATCATCACCCTTGTCAGTGTCTATTGCACCAGGAAGAAATATCGTGAAAGGATGAGCTCAAATCGA 2116
661 V A V F A L W L I / T L V S V y C T R K K Y U E R M S S N R  690

2117 C C A A A T T T G A C T C T G C A A A A T C A T G C T T T T tg a a g a t t a a c t c g a c a a t a t g g c c a g c t a a t g a a a t t a n a a a g g a t  t c t t c a t c a t g g a  2206
691 P N L T L Q N H A F******* 700

2207 t t t c g c c t a a g t g a t a t t a c a g c c a c c t c a t t c t t c t a a f t a g t g g a t a t t t t t c t g t a a a t a g c t g g a a a t a f . t a t . a a a t c f t c t a t c . t t < ; i  22 96 
2297 g t c a a a g t c a a a a a a a a a a a a a a a a a a a a a  2326

Fig. 3. cONA and deduced amino acid scqucncc of the /i subunit of human intestinal PPII. The 2326 bp PPH/i eDNA contains an open reading 
frame o f  700 amino acids beginning from an AUG start-eodon and ending at a TGA stop codon, The dotted underline indicates the amino acid 
sequence obtained by sequencing of the N.-terminus and of an overlapping CNBr-peplide fragment of immunoprecipitated detergent-solubilised 
PPH. The start of the N r terminal sequence (Asn62) of mature PPM// is indicated by an open circle. In brackets is the astacin domain containing 
the zinc-binding site (HEXXH) and astacin signature which is double underlined. The simile underline indicates the FGI'dike domain. Conserved 
cysteines in the astacin and EGF-like domains are in bold type. Potential N-glycosylation sites are underlined with stars, The putative membrane 
anchor domain is italicised.

tosidase, 116000; phosphorylasc />, 97400 ;  albumin, 66000 ; 
ovalbumin, 45000 ;  carbonic anhydrase, 29000. Gels were 
stained with Coomassie blue R-250 (Bio-Rad) in 10% (by vol.) 
acetic acid and 40%  (by vol.) isopropanoi then destained. For 
fluorography, gels were rinsed 5 min in distilled H.X), incubated 
in I M sodium salicylate 20 min, rinsed again and vacuum dried 
at 8 0 °C before exposure to X-ray film (Fuji) at - 8 0 ° C  and
11 uorography. Exposure times of the fluorographs were varied 
with each experiment to maximise visualisation of the protein 
bands.

Im m u n o cv to ch em is try .  For the inmuinolocalisation of PPH 
in stable transfected M DCK cells, cells were fixed 5 days after 
con Hue nee in 1 % (by vol.) formaldehyde (freshly prepared from 
para-formaldehyde) in 0.1 M sodium phosphate, pH 7.4, for I b 
at room temperature. After fixation cells were washed and gently 
scraped with a spatula with a rubber tip, pelleted in lO'/fr (mass/ 
vol.) gelatin, post-fixed and stored for at least 24 h at 4°C  in 
i (7c (by vol.) formaldehyde in 0.1 M sodium phosphate buffer. 
UUrathin crvoseetions were cut on a Leica crvoultramierotorne

#  w

and incubated with specific polyclonal antibodies A/1 and LDi/
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] against PPM« and PPH// subunits, respectively, and with pro­
tein A complexed to colloidal gold particles [27], Sections were 
observed in a JEO L JHM1010 electron microscope operating at
BO kV.

RESULTS

PPHff 5' cDNA cloning. The 5 ' end of PPH« eDNA contained 
an open reading frame starting with the consensus AUG start- 
codon and overlapped by 60 nucleotides with the near-full- 
length PPH« eDNA sequence previously obtained [17]. Thus, 
the complete open reading frame o f  the PPH« cDNA of 2920 bp 
encodes 746 amino acid residues (EM BL sequence database, ac­
cession no. MK2962). The complete cDNA-dedueed amino acid 
sequence of PPH « is shown in Fig. 4 in alignment with the 
PPHfi subunit. It contains a putative signal peptide and propep­
tide as predicted by sequence alignment with sequences of chim­
eric mouse-PPH« (20], mouse meprin« 128] and rat meprin«
[29].

PPH/i cDNA cloning. The complete eDNA sequence and de­
duced amino acid sequence for the // subunit of PPH is shown 
(Fig. 3). The open reading frame (nucleotides 4 7 —2149) starts 
with the consensus sequence R X X A U G G for the initiation of 
translation in vertebrates [30] and ends with a TG A  stop codon. 
The primary structure o f  PPH// contains 700 residues. The 44- 
amino-acid sequence of the N.-lerminus and overlapping CNBr 
fragment of the mature // subunit isolated from human intestine 
is present in the deduced sequence (Fig. 3) thus, confirming the 
identity of this eDNA. Hydropathy analysis [31 ] of PPH/Ì re­
vealed a hydrophobic region (Leu6 —Leu21) containing several 
potential signal-peptidase-cleavage sites |32 | .  The Ni-terminal 
sequence (LATPFNF...) of one such putative propeptide of PPH// 
aligns with that empirically determined lor mouse meprin// [28]. 
Another hydrophobic stretch consisting of 25 residues (Thr652~ 
Tyr676) exists near the C-terminus and constitutes a potential 
membrane anchor domain similar to that found in the predicted 
sequence of the « subunit [ 17|, These fndings are also consistent 
with observations in the intestinal mucosa that PPH is an integral 
mierovillar membrane protein with an extracellular orientation 
of its catalytic site 11 ).

The proteolytic astacin domain of the // subunit spans 198 
residues starting from the N.rlcrminus o f  the mature intestinal 
subunit (Asn62) and ending with Leu259. This astacin domain 
contains the extended /.inc-binding motif, HEXXHXXGFXHE, 
which is found within the extended astacin signature sequence, 
HEXXHXXGFXHli(Q,H)XRXDRDX(YfH)(VJ)X(I,V) specific 
for /inc-metallo-endopeptidases of the astacin family |4, 33]. 
Also within the astacin region are the lour conserved cysteine 
residues (C ysf03 , C ysl24 ,  C ys!44 ,  Cys255) which in astacin 
have been shown to form two disulphide bonds important in 
protein folding [34, 35).

Following the astacin domain in PPH //are  several potentially 
important functional domains in protein adhesion, MAM, 
MATH, and an epidermal-growth-factor (EGF)-like domain, that 
also exist in PP11«. The M AM  domain spans a 170 amino-acid-
segment (S e r2 6 0 ..Hix429) and is named after the functionally
diverse proteins meprin, À5, protein tyrosine phophatase /1 
which contain the extensive consensus sequence [361. A se­
quence of 75 amino acid residues following the MAM domain 
has approximately 30'* identity to tumor-neerosis-faetor(TNF)- 
receptor-associated factors (TRAF) and has been named meprin- 
and TRAF-homology (MATH) domain |37 | .  After an interven­
ing segment of approximately 100 amino acids and abutting the 
putative membrane anchor is an EGF-like domain with six eon-

1 .............M D L i iN LS W F LF LD A LL V IS G LA T P E N F D V D G G M D Q D IF D IN E G L  4 4
: : : . : : : I : . I . | : . . : I . I I :. j I : I I :

1 M A W IR S T C I L F F T L L F A H IA A V P IK H L P E E N V H D A D F G E Q K D IS E IN L A A  50

45 G L D L F E G D IR L D R A Q IR N S I IG E K Y R W P H T IP Y V L E D S I jEM N A K G V I I jNA 9 4
! I I I I : I 1 I ! : ;. I I : : : . . I 1 - . I I 1 : 1 .U  : : I 111 . 1 I I

51 G L D L F Q G D I L L Q K S . .R N G L H D P N T R W T F P I P Y I L A D N L G L N A K G A I L Y A  98
^ • 1 4 »

95 FER Y R LKTC ID FK& W A G ETN Y ISV FKG SG CW SSV G N R R VG K Q ELS IG A N C  144

99 FEMFRLKSCVDFKPYEGESSYIIFQQFDGCWSEVGDQHVG.QNISIGQGC 147

145

148

195

190

244

248

294

297

344

347

DRIATVQHEFLHALGFWHEQSRSDRDDYVRIMWDRILSGREHNFNTXSDD
• I I I  I l : i t  I I  t . H l l l l ' l  I M  I J I : 1 | | : I |.| .
AYKAIIEHEILHATjGFYHEQSRTDRDDYVNIWWDQXLSGYQ h n f d t y d d s

I  •  « * I

ISD S L N V P Y D Y T S V M H Y S K T A F.QNGTEPTIVTRISDFEDVIGQRMDFSD
: ..I M  I ! M  :| I 1 . .1 -I : * t I 1 . . : I . : 1 : . : I II I : I I I .
LITDLNTPYDYESLMHYQPFSFNKNASVPTITAKIPEFNSIIGQRLDFSA

SDLLKLNQLYNCSSSLSFMDSCSFELENVCGMIQSSGDNADWQRVSQVPR
II ; 1 I • : 1 I I■ : : 1 1*11 I : I I I I I • I: * 1 I * • : ' •

IDLERLNRMYNCTTTHTLLDHCTFEKANICGMIQGTRDDTDWAH,QDSAQ 

GPESDHSNMGQCQGSGFFMHFDSSSVNVGATAVJLESRTLYPKRGFQCLQF
: • I I 1 . Mil M  : 1 I : I .. I I . .1 : I I I M I I 1 I I I I I I
AGEVDHTLLGQCTGAGYFMQFSTSSGSAEEAALLESRILYPKRKQQCLQF

YXjYNSGSESDQLNIYIHEYSADNVDGNLTLVEEIKEIPTGSWQLYHVTLK 
i . I I . I I . I : ; : I . . . .  I | : . : . : . . | . : i I . 1 I
f y k m t g s p s d r l v v w v r r d d s t g n v r k x v k v q t f q g d d d h n w k i a h v v l k

194

197

243

247

293

296

343

346

393

396

394 VTKKFRVVFEGRKG.SGASLGGLSIDDINLSETRCPHHIWHlttNFTQFlG 442

. . 1 1 1  : I : I I I  . . .  I I I : : U  I . I . I I . I I : I : | | | . |  . i :
397 EEQKFRYLFQGTKGDPQNSTGGIYLDDITLTETPCPTGVWTVRNFSQVLE 446 

443 . , SPNGTLYSPPFY5SKGYAFQIYLNLAHVTNAG...  IYFHlISGAtiDDQ 487

I M  M  • I I : I . : I - . . . I : I I ‘ • ! ! • I ! •
447 NTSKGDKLQSPRFYNSEGYGFGVTLYPNSRESSGYLRLAFHVCSGENDAI 496

t  •  « f  I

400 LQWPCPWQQATMTLLDQNPDIRQRMSNQRSITTDPFMTTD. .NGNYFWDR 535

I : I I • - ■ I : I : I ! I : I I : I . 11 I • . ¡11.. I
4 97 LEWPVENRQVIITILDQEPDVRNRMSSSMVFTTSKSHTSPAINDTVIWDR 54 6

536

547

PSKVGTVALFSNGTQFRRGGGYGTSAFITHERLKSRDFIKGDDVYXLLTV 58 5

p s r v g t . . .y h t d c n c f r s x d l g w s g f Ì s h q m l k r r s f l k n d d l i i f v d f  593

Q L T P A P S V Q D L ..........  607506 E D I S H L N S T Q I ......................

111.11. I ::
594 EDITHLSQTEVPSKGKRLSPQGLILQGQEQQVSEEGSGKAMLEEALPVSL 64 3

t  > i  •  «

608 ..................................... CSKTTCKNDGVCTVRDGKAE 627
I ---- 1.111:1. .1.1,

644 SQGQPSRQKRSVENTGPLEDHNWPQYFRDPCDPNPCQNDGXCVNVKGMAS 693

628 CUCQSGEDWWYMGERCEKRGSTRDTIVIAVSSTVAVFALMI.IITLVSVYC 677
| | |  t| * * * I l l l l* * | 1 | , I '*

694 CRCISGHAFFYTGERCQSAEVHGSVLGMVIGGTAGVXFLTFSIIAILSQR 743
ft I

678 TRKKYRERMSSNRPNLTLQNHAF 700

. I I
744 P U K ........................  746

Fig. 4. Optimal alignment of the amino acid sequences of the fi su b ­
unit (upper) and a  subunit (lower) o f human PPH. The complete 
primary structure of the fi subunit and the a subunit were aligned using 
the algorithm of Needleman and Wunsch [38]. Gaps (• • •) were inserted 
for optimal alignment. A line is present between identical residues, two 
dots are present between chemically very similar residues, one dot be­
tween similar residues.

served cysteines (C ys608-C ys643).  Extending beyond the h y ­
drophobic region is then the C-terminus composed o f  24 mostly 
polar residues (Cys677—Phe700) constituting the putative cyto­
solic domain.

Consistent with previous experiments showing PPH from in­
testinal biopsies to be glycosylated [3], the primary structure of 
the // subunit contains 10 potential N-glycosylation sites. Opti­
mal alignment (GAP program) [38] of the deduced amino acid 
sequences of PPH and meprin showed the fi subunits to be ho­
mologous, with the mouse equivalent being 7 8 %  identical and 
86% similar, and the rat equivalent being 7 8 %  identical and 
87 % similar.

Fig. 4 shows optimal alignment of the complete translated 
reading frames of PPH fi and « subunits with an overall 44%  
identity and 61 % similarity. Although the multidomain structure
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.Fig. S. Pulse-chase labelling of the PPHa subunit (A) and the
e x p re s s i n g either PP H a (A ) or PPM// ( B ), w ere m e t a b o I i c a 11 y I a be 11 e d vv i t h [ ' S J iVI e t 
I li. I..5 h, 2 h, 3 h, 5 h, and 24 h in Met-free medium. Cells and media from each 
subuni t -specif ic  ant ibodies  and divided into two aliquots.  One aliquot was reduced 
ace ty lg lucosamin idase  H before being reduced with dithiothreitol.  The immunopreci  

, Molecula r  mass  (kDa) markers are indicated on the left.

in transfected MOCK cells, M O C K  cells,  pcrmanently- 
in a 15 -nun pulse fol lowed by a chase of  0 ruin, 15 ruin, 30 min, 

lime point were harvested and proteins mmumopree ip iu t ted  with 
with dithiothreitol  0 , 1 M, the other was  treated with e

visualised bv Huoroirraales were v b. .< \ ' I >
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Expression of PPHa and PPH/i in polarised MOCK cells.
With the comple te  reading frames o f  both P P H a  and PPM// 
c D N A s  available,  individual expression plasmids were c o n ­
structed for  each  subunit:. To examine the biosynthetic pathways 
o f  the subunits  o f  PPM in a polarised mammal ian  
M D C K  cells were  transfected with the expression 
p P P I Ia and  p P P H />, and cell lines that permanent ly  expressed

between various subunit  species formed early and late durin OÓ
\ ¡n a /A i l a n

anti sera (anti-a) raised against  the denatured a subunit,  PPH/>
°  s is

;;; np^
ì a m A h

the native fj subunit  and does not recognise the a 
subunit .  Subun i t  specificity of  the antibodies was verified using 
i m m it no precip i tatio n , western h I o ts a nd ‘un m unofl uoresce nee

maturation oflata not s :s

glucosaminida.se H that cleaves only the h ig h m u m n o s e  species 
found primarily in the HR,

Results o f  the pPPHa- t ransfee ted  M D C K  cells are 
in Fig. 5 A. Initially, a single PP1 h/ po lypept ide  { 100 kDa) was

i'A a was sensi t ive to en e l u c n s a m i n i d a s e
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However,  the intensity o f  the 100-kDa polypept ide  in cell ex 
tracts decreased during the chase period, A sec

=90 kDa) appeared after 15 min of  chase  which  was re­
in size to approximately  70  kDa by endo-/)'--N"aeeiy]glu~ 

eosamtnidase H (Fig. 5 A. 5 h chase),  T he  intensity o f  this form 
increased over a 5-h chase period. After  24 h o f  chase  no DDl-
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PPHa PPHaB
Fig. 6, S u r f a c e  e x p r e s s i o n  a n d  p o l a r i s e d  s e c r e t i o n  of  PPH in M .D C K  
cells, (A.) Sur face  ex press ion o f  PPH subuni ts  in M D C K  ceils transfected 
with PPH/)1 or P P H a / /  c D N A ,  Cells  were labelled for  16 h then washed 
in NaCI/P, at 37 °C and serum-f ree  m ed iu m ,  foMowed by surface i m m u ­
nopreci pit*) l ion a! 4 ° C  as descr ibed  in Exper imenta l  Procedures .  Int racel­
lular labelled protein was  imniunopree ipHated  in a sec 
expressing cells ; a//, PPHtf / j -expressing cells,  5 D 5 / P A G E  was under  re-

ee Exper imen ta l  Procedures)  fol lowed by fluorogra- 
phy, (B) Polar i sed  secret ion o f  P P H a  from fi l ter-grown M D C K  ceils. 
Fil ter-grown cells (see Exper imenta l  Procedures )  were  labelled 16 h and 
media f rom the apical  and basolateral  c o m p ar tm en t s  collected for Imnru- 
noprecipifation of  PPH«,  P P H a ,  PPI l a -express ing  cel ls;  PPH a/i PPHaf}- 
expressing cel ls ;  A, apical  m ed iu m  c o m p a r tm e n t ;  BL,  basolateral  m e ­
dium com par tm en t ,  S D S / P A G E  was  under  reducing condit ions (see E x ­
perimental Procedures )  fo l lowed by f luorography,

occured but that som e  co reg lycosy la ted  side chains persisted,
.5 h o f  chase  an in te rmedia te  fo rm  between the eoregly-  

cosylatecl and com plex  g lycosy la ted  species appeared and at the 
same t ime traces o f  PPH/? were de tec ted  in the culture medium. 
The am o u n t  o f  PPH/? in the m ed iu m  was  less than P P H a  
(Fig. 5 A). PPH/? also fo rmed  d isu lph ide-br idged  hom o  cl inters 
immedia te ly  af ter  synthes is  as s h o w n  by  analysis on non - reduc ­
ing pels and was  secre ted  in d im er ised  form into the m ed ium  h>l‘‘

ï 'W - x  t  t
* <

PPH/? f o r m s  he lerof j i i i je i  s w i th  P P H a  a n d  ho lds  th e  l a t t e r  
on th e  cell s u r f a c e .  To e x a m in e  if the PPH  subunits assemble 
when coexpressed ,  M D C K  ceils t ransfected with pPPH/i  alone 
or together  with pPPlia were continuously  label led for 24  h and 
the subuni ts  im m u n o p rec i  pi t ate cl f rom  the cell surface using

PPH/) subunit  specific anti bodies.  Fig. 6 A show s  that in M D C K  
ce lls expressing P P H a  and PPH/i  both  forms cou ld  be  im m u no­
precipi tated f rom the surface using this PPH//-specif ic  antibody.

at ion was per fo rmed  under  nat ive  c
this clearly shows that the two subunits fo rm ed  he terodimers .  
This  was further  verified by S D S/PA G E  under  non - reduc ing  
condit ions (data not shown).  Furthermore,  h etero d imer  si zation 
was also observed  by im nm noprecipitation o f  in t race l lu lar  forms 
and is thus an early event.

PP H « '  is s e c r e t e d  f r o m  the a p ic a l  m e m b r a n e  d o m a i n ,  
cells expressing P P H a  or together  with PPH//  were  cu l tured  on

arts (see n  . v  I t  -\

basolateral  and apical m ed ia  compar tments  ana lysed  by i m m u ­
noprécipi tat ion and SDS/PAGE.  In cells w h ich  only expressed  
the a-subunit ,  P P H a  was  almost  exclusively secreted f rom the 
apical p lasma m em brane  domain  (Fig. 6 B). W h e n  exp ressed  to­
gether  with PPH//, due to its retention on the cell surface  by the

it, only traces o f  the P P H a  subunit  were  de tec ted  in the 
medium.

I n t r a c e l l u l a r  localisation of P P H  s u b u n i t s  in M D C K  ceils by 
imimino-gold e 1 eelronrnicroseopy .  Figs 7 and 8 sum m ar i se  inv  
mu no-go Id labelling data in c ryosecdons  o f  t ransfected M D C K  
cells. The  results in Fig. 7 were obtained using the LDi/1 anti-

’- subuni t
was present  in
ing PPH/; alone or together with P P H a  (Fig. 7 A, and B). N o  
labell ing was observed in the basolateral  m e m b ra n e  (Fig. 7 A ~  
D), Som e  labell ing was  seen in vacuolar  structures (Fig. 7 C  and 
D). Fig* 8 shows the results obtained with the PPHa-speci . f ic 
ant ibody A/1 (see Exper imenta l  Procedures)  and show that  in 
M D C K  cells expressing only PPHa,  this subunit  was not present  
in the microvi l lus m em brane  (Fig. 8A).  In trace! lularly, the sub-
tmit  was Û1 IS** .‘A "* f i \  iar e 3e i
In M D C K  cells expressing both subunits,  P P H a  was also present  
on the microvil lus m embrane  (Fig. 8 B). in addi t ion,  s o m e  pos i ­
tive labell ing o f  lysosomes was observed (Fig. 8D ) .  N o  P P H a

on the basolateral  m em brane  (Fig. 8 A - C ) .:% t  i-:.» /■> f

Intracellular transport and secretion of PPHa requires pro 
teolytic removal of the transmembrane domain, In
chase exper iments  with P P H a  a smaller form o f  this 
(90 kDa) was observed  which increased in intensity on  
graphs  (Fig. 3 A). To investigate the nature of  this m o le cu la r  
form and the intracellular localisation w here  it is fo rmed  w e

sn m e n ts  at
ati)res of  J5 °C  and 18°C to block intracellular transport ,  
express ing M D C K  cells were pulse-labelled for  30 min at 3 7 °C  
and chased at reduced temperatures  for zero and 24 h, fo l lo w ed  
by irnrnunoprecipitation. Fig. 9 A shows the 100-kD a  form s y n ­
thesised at 37 °C (Fig, 9 A, lane 1). Only a faint band  (90 -kD a)  
is seen at this incubation temperature.  After  24 h o f  chase  at 
37 °C, ail protein had left the cells’ (Fig. 9 A, lane 2) and w as  
present  in the culture medium (Fig. 9 A, lane  5). in contras t ,  at 
temperatures  o f  15°C (Fig. 9 A, lane 3) and 18°C (Fig. 9 A S lane 
4), t h e 9 0 k D a fo r m h a d ac c u m u 1 a ted (F  t g . 9 A , .1 an e s 3 a n d 4)  
and no protein was secreted into the m ed iu m  (Fig. 9 A ,  lanes 6 
and 7). At 18°C a 
pi ex 
lane 4).

Temperature-shif t  exper iments  were  pe r fo rm ed  to con f i rm  
this precursor/product  relationship.  PPFIa --expressing M D C K  
cells were pulse-labelled for  30 min at 3 7 °C and chased  at 13 °C 
overnight ,  Thereaf ter  the incubat ion tempera tu re  w a s  raised to

i  to
form in the m ed ium  w as

e corn- 
(F ie .  9 A,

37 °C and the cells chased for up to 6 h. Af ter  the ex tended
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F i g . 7, Iiiimuiiocytochemical localisation of PP H / i .  Immunocytochemica l  localisation in M D C K  cells siahly transfected with (IMI//  alone (A, C) 
or together  wi th  I MM In: (B, D). IMM I was localised in ultrathin cryosecl ions using the polyclonal  ant ibody Ldi/1 raised against  die ƒ) subuni t  I ol lowed 
by .incubation with protein A cornpJexed colloidal  gold particles, Arrows indicate the basolatcrai  manibrane,  Bar ■■ 0.2.5 uni ; V, vacuole ;  N, nuclei!,s.

15 ° C c li a se an a e c u m u 1 a t i o n o f t h e 90 ~ k D a io r i n w a s o I:) served DIS C U S SI () N
(Fig. 9 B ,  lane 1). During the chase period at 3 7 QC the 100-kDa 
precursor  vanished,  while  the 90-kDa form was  largely retained 
in a constant  amount  (Fig. 9 6,  lanes 2 — 5). After  the pulse at 
15°C no protein was detectable in the culture medium (Fig. 9 B ,  
lane 6). Af ter  raising the temperature  to 3 7 °C increasing 
am ounts  of  protein were secreted into the m edium  (Fig. 9 B ,  
lanes 7 — 10). We conclude from these data that the 90-kDa spe­
cies is a proteolytic ally processed form of the 100-kDa P P lb /  
precursor.

To invest igate this further  PPH«~, PPH//-.  and PPH «/ / -ex ­
press in g M D C K  cells were labelled for 30 in in at 37 °C. After  
harves t ing  the cells m em brane  vesicles were prepared which 
were subsequent ly  extracted with sodium carbonate  to separate 
m em brane  bound  from soluble proteins (see Exper imenta l  P ro ­
cedures) ,  After  ultraeentrifugation, proteins in the pellet ( m e m ­
brane-bound)  and the supernatant  (soluble) were denatured and 
imrnunoprec ip i ta ted  prior  to analysis by SD S/PA G E.  The  results 
a  re s u m in art s e d i n F ig. 9 C . rF h e 100 - k D a p re e u r s o r o f P P H a w a s 
fou nd to be membrune  bound (F ig , 9 C , 1 ane 1), whi 1 e the 90- 
k D a i n t e r m e d i at e fo r m w a s s o luble (F ig, 9 C . I a n e 2), In c o n t r a s t, 
PPl I// was  exclusively mernbane bound (Fig. 9C ,  lane 3), 
Analys is  of cells  coexpressing the two subunits  showed the 90- 
kDa in termediate  form of  P P H a  also to be m em brane  bound 
(F ig , 9 C , Jane 5). a cIear indicatio ti that the processecl P P H a was 
ass oc i a t e d w i th tl i e m e n i b r a n e - b o u n d P P H //,

With the c loning o f  the two subunits  o f  PPM comple te ,  ques­
tions can now be addressed with respect to process ing  and as­
sembly of  this protein.  Also with the k n o w led g e  o f  the deduced 
protein structures and their putative functions,  insight into the 
physiologic role o f  this human intestinal pept idase  may be o b ­
tained.

The  present c loning results show that (he PPl 1// subunit  con­
tains the same series of  domains  that have most ly  been discussed

V*

for the PPl b/ subunit  | 17], The  predicted pr imary structure con ­
firms that this subunit  is a type I i r an sm em braue  protein in 
which the bulk o f  the domains  appear  ex t race l lu la r  with a rela­
tively short C- terminus  in the cytosol.

Hydropathic  analysis  of  the N r termim of  PPH/7 and PPHa 
indicate the presence o f  a signal peptide,  expec ted  o f  membrane-  
spanning proteins,  fol lowed by a hydrophi l ic  propept ide  seg ­
ment. Sequence  a l ignment  of  the empir ical ly  de te rm ined  N..-ter­
mini o f  the mouse  subuni ts  with the predic ted  .sequences of 
PPHa and PPM// show  there to be puta t ive  prepept ides  and 
propeptides  in PPH also, it has been sugges ted  by G orbea  et al. 
[ 2 8 1 that the propept ide  of  mouse  m epr in //, a related enzym e 
subunit from mouse  kidney ¡4|,  must he proteoivl iea l ly  removed  
to allow lor an active conformat ion  of  the protca.se domain .  Re­
cent exper iments  have establ ished prop to tem forms o f  a meprin-  
PPHa chimeric enzym e  [2 0 j and also o f  the mouse  m e p r i n / / s u b ­
unit in which tryptic digest ion in vitro leads to their act ivat ion
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In in iu i iocy ioch t 'm ica l  l o c a l i s a t i o n  o f  PPHcr.  Cryosect ions of  M D C K  cells stable-expressing PPM« alone (A, C) or  together  with PPI1//  ( 13. 
D), The ul trath’m cryosect ions  were  incubated with the «-subunit-specific polyclonal  antibody A/1 before incubation with protein A c o m p l e t e d  gold 
particles. Bar -  0,25 p m ;  V, vacuo le ;  N, nuc leus ;  L, iysosorne,
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[15, 20, 28). A potential c leavage  site for a trypsin-like protease which may resemble proteins 
(Arg-Asn) exists at the mature  M r terminal sequence of  both 
PPM subunits suggest ing that proteolyt ic  processing by such a 
protease occurs for intestinal  PPM. Such a m ode  of  activation 
for PPM may take [dace in vivo e i ther  within the enteroeyte or in 
the lumen of the small intest ine know n to have abundant  trypsin 
activity, Further  s tudies are neeessarv  to determine the mecluo 

-

nisrns and sites of  propept ide  process ing  during PPH biosynthe­
sis.

m tia l  f u n c t i o n a l  d o m a i n s ,  M A M ,  M A T H  a n d  E G F -  
ke, exist  in b o t h  s u b u n i t s  o f  P P H  a n d  m a y  p l a y  a ro le  in p r o t e i n  

binding. M A M ,  o c c u r s  in s e v e r a l  f u n c t i o n a l l y  d i v e r s e  t y p e  I 

I r ans rnem brane  p r o t e i n s  a n d  h a s  b e e n  s u g g e s t e d  to b e  i n v o l v e d  
in p r o t e i n - p r o t e i n  i n t e r a c t i o n s  [ 3 6 | .  C o n s e r v e d  c y s t e i n e  r e s i d u e s  
within the M A M  d o m a i n  h a v e  r e c e n t l y  b e e n  i d e n t i f i e d  w h i c h  
are i n v o lv e d  in the  c o v a l e n t  d i m e r s  f o r m a t i o n  o f  the  a a n d  ji 
subunits  [40,  41 | , T h e  M  /VI ’ H clo m  a i n h as  o  n 1 y r e c e n  11 y b e e  n
r i . ..

U r e n  a n d  V a n x  as  a m e p r i i v  a n d  T R A F - h o m o l o g y  
. D u e  to th e  d i f f e r e n t  m e m b r a n e  o r ien ta l . ion  o f  P P H /

meprin and T R A F  proteins  ( tumen.ir-neerosis-faelor-receptor-as 
»

 ̂ s ign i f icance  o f  this sequence conservation 
is not clear. In T R A F  proteins ,  the T R A F C  (MATH) domain 
^  probably involved in prote in-prote in  interactions required for 
Ending ot T R A F  proteins to their receptors.  Thus,  the M A T H  
domain in PPH/mepr in  may serve a s imilar  function, al lowing 
•s(abiI/Nation ol dimers .  Alternatively,  it may mediate  binding of 
PPH/ineprin to other, at present  unidentif ied proteins some of

that bind T R A F  proteins,  
other domain,  EGF-like,  is better characterised [42] and appears  
to be involved in receptor-ligand binding or calcium b ind ing  
[43]. Some members of  the astacin family that contain  the EGF-  
like domain  are also known to function in m orphogene t ic  p ro ­
cesses such as human bone morphogenic  protein I [5, 44], tolloid 
o f  fruit fly [ 7 1, and BP10 o f  sea urchin [4 5 J. Thus,  it m a y  be 
speculated t; h a t PP  H is i n v o 1 v e cl in t h e re g id a 11 o n o f cell g r o w t; h 
and differentiation during rapid proliferation that occurs  in the 
epithel ium of  the human intestine, by proteolytical.1 y m od i fy ing  
peptide growth factors.

it has been reported that assembly of  specific subuni ts  o f  the 
4-amino butyric acid receptor determine sort ing o f  the recep to r  
in polarised cells [46]. The  present  exper iments ,  express ing  the 
PPH subunits individually and together in polarised M D C K  
cells, s how P P H to be a rnocleI fo r s tudying sort i n g an d as se mb I y 
mechanisms.  Differences in post- translational  p rocess ing  and 
trafficking of  the a and ft subunits  were conf i rm ed  us ing  two 
approaches;  pulse/chase labelling and im im inocy tochem ica l  
staining. The fi subunit  alone was shown to be syn thes ised  and 
tratisp o r t e d th ro u g h I; h e G o I g i to t h e pi as m a m  e m brane.  vv h ereas.  
the a subunit,  when expressed alone, was e i ther  cell b o u n d  in 
the ER or cv.v-Golgi, or  was rapidly secreted via the Golgi .  The  
inability of  the a subunit,  expressed alone, to be found at the 
p 1 a s m a m e m b r a n e has previous I y b e e n obse r  v e d w i t h the i n o use 
mepr in-PPH« chimera  in M D C K  cells [20] and with rat rnepr ina  
in C O S - 1 cells [ I9| .  The present coexpress ion  studies d e m o n -
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s o d i u m  c a r b o n a t e  e x t r a c t i o n  of  P P H  s u b u n i t s .  (A) Metabol ic  label­
l ing at 15°C and  18°C. PPH «-expressing cells were  pulse labelled for 
30 min at 37 °C  and chased for 24 h at low temperatures ,  after which 
cell  s w e re I y s eel and P P il a w a s inn n lino p re cipi tated fro i n the cells (lane 
! • 4) and the media (lane 5 —7). Lane 1, P P H «  after 30 min pulse at 
3 7 °C;  lane 2 and  5, P P H «  after 24 h chase at 3 7 °C;  lane 3 and 6, PPH« 
after  24 h chase  at I 5 °C ;  Jane 4 and 7, PPH« after 24 h chase at 18 : C.

was  under  reducing condit ions (see Exper imenta l  P ro ­
cedures)  fol lowed by f luomgraphy.  (B) Tempera  tu re-shift assay. M D C K  
ce 1 Is s tab 1 e tra ns fee led w i t h PR11« were pu 1 sc I abe 1 led for 30 mi n a t 
37 °C and chased  at 15°C overnight.  The  incubat ion tempera ture was 
raised to 3 7 °C and the cells were incubated for addit ional  I h (lane 2 
and 7), 2 h ( lane  3 and 8), 41) (lane 4 and 9) and 61) (lane 5 and 10). 
Lane 1 and 6 s h o w  the immunopreeip i ta ted  PPH« after overnight  incuba­
tion at L5°C. Lanes  2-.5 and 1 — !0 show the amount  of  PPH« duriim
the chase  at 3 7 °C present in the cells and the media,  respectively.  SOS/  
PA G E w a s ri n d e l' r e  d u e i n g c o n d ìtions ( s e e E x p e r i m e n t a 1 Procedures)  f o b
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subunit  of  mouse  mepr in  lacks an ep i tope  near  the C-terminus.  
As ev idenced  by our  pulse /chase  exper iments ,  lovv- temperature 
incubations,  tempera ture-sh if t  assays, and carbona te  extraction 
we predict that such an event  occurs early in protein processing, 
in the ER, and is required for  the a subuni t  to - >  T l ' *
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PPH via the a C-terminal  region with ca lnex in  s trongly suggests 
that this chaperonine  is involved in L4< retention o f  P P H « .  The 
proteolytic process leading to truncation and subsequent  secre­
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