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Polycystic Kidney Disease:

The Complete Structure of the PKD1 Gene

and Its Protein

The International Polycystic Kidney Disease
Consortium*

Summary

Mutations in the PKD1 gene are the most common
cause of autosomal dominant polycystic kidney dis-
ease (ADPKD). Other PKD1-like loci on chromosome
16 are approximately 97% identical to PKD1. To deter-
mine the authentic PKD1 sequence, we obtained the
genomic sequence of the PKD1 locus and assembled
a PKD1 transcript from the sequence of 46 exons. The
14.5 kb PKD1 transcript encodes a 4304 amino acid
protein that has a novel domain architecture. The
amino-terminal half of the protein consists of a mosaic
of previously described domains, including leucine-
rich repeats flanked by characteristic cysteine-rich
structures, LDL-A and C-type lectin domains, and 14
units of a novel 80 amino acid domain. The presence
of these domains suggests that the PKD1 protein is
involved in adhesive protein-protein and protein-car-
bohydrate interactions in the extracellular compart-
ment. We propose a hypothesis that links the predicted
properties of the protein with the diverse phenotypic
features of ADPKD.

Introduction
Autosomal dominant polycystic kidney disease (ADPKD)

is one of the most common monogenic disorders in hu-
mans, affecting 1 in 1000 individuals. Its major manifesta-

tion is progressive cystic dilatation of the renal tubules,
leading to renal failure in half of affected individuals by
age 50. ADPKD is also associated with hepatic, pancre-
atic, and splenic cysts, cardiac valve abnormalities, and
an increased incidence of cranial aneurysms and sub-
arachnoid hemorrhage (Gabow, 1990).

Despite intensive investigation, the underlying biochem-
ical defect in ADPKD remains unknown. A series of appar-
ently unrelated abnormalities has been detected at the
cellular and tissue levels both in ADPKD and in other forms
of renal cystic disease. The most carefully documented
of these findings are abnormalities in the composition of
the tubular basement membrane, proliferation of tubular
epithelial ceils, and a reversal of the normal poiarized dis-
tribution of cell membrane proteins such as the Na*/K*
ATPase (Wilson et al., 1986).

Phenotypically indistinguishable forms of ADPKD are
caused by mutations in three separate loci (Reeders et
al., 1985; Kimberling et al., 1993; Peters et al., 1993). Two
of these loci, PKD1 and PKD2, have been mapped to the
short arm of chromosome 16 and chromosome 4, respec-
tively. The third locus has not been mapped (Fossdal et
al., 1993; Daoust et al., 1995). Mutations in PKD7 account
for approximately 90% of ADPKD cases. This locus pre-
viously had been mapped to a gene-rich 500 kb interval
in band 16p13.3 (Germino et al., 1992) that includes the
TSC2locus for tuberous sclerosis (TS) (European Chromo-
some 16 Tuberous Sclerosis Consortium, 1993). Some
TS patients are known to develop renal cystic lesions that
resemble those of ADPKD, which led investigators to ex-
amine families with TS for positional segregation of
ADPKD. One unusual family had members with polycystic
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Figure 1. Schematic Representations of the
PKD1 Genomic Region and the Full-Length
PKD1 cDNA

(A) Schematic representation of the PKD7 ge-
nomic region. The large bold numbers indicate
the numbers of selected exons. The numbers
outside of the semicircle denote the size of the
introns. The small numbers inside the circle
represent the size of the exons. Solid lines in-
side the semicircle represent the cosmids from
this region. N54T denotes a Notl site in
¢GGG10. The distance between exons 1 and
2 is larger than 15,377 bp by at least 1000 bp.
The distance between exons 22 and 23 is larger
than 796 bp by at least 2000 bp. These repre-
sent the genomic gaps not sequenced.
(B) Schematic representation of the full-length
PKD1 ¢cDNA. The numbers above the rectan-
gles indicate selected exons. Below is a physi-
cal representation of the partial cDNAs de-
P scribed in the Experimental Procedures.

kidney disease who were found to have inherited a bal-
anced translocation near the TSC2locus, with a breakpoint
in a novel gene named the polycystic breakpoint protein
gene (PBP). PBP codes for a 14 kb mRNA (European Poly-
cystic Kidney Disease Consortium, 1994). Deletions and
point mutations confined to the PBP gene confirmed its
identity as the PKD7 gene (European Polycystic Kidney
Disease Consortium, 1994; Schneider et al., 1994, Am.
J. Hum. Genet., abstract). cDNA clones comprising the
terminal 5.6 kb of the PKD1 transcript were found to con-
tain an open reading frame (ORF) of 4.8 kb. Analysis of
the deduced peptide encoded by the last third of the gene
did not reveal any homologies to known proteins and,
therefore, did not suggest a biochemical function for the
product of the PKD7 gene.

A major problem in the isolation and sequencing of the
remaining part of the PKD17 gene has been the presence
of several transcriptionally active copies of closely related
PKD1-like sequences that map centromeric to PKD7 on
chromosome 16p13.1 (European Polycystic Kidney Dis-
ease Consortium, 1994). This has posed great difficulty
in distinguishing the PKD1 locus transcript from those of
the PKD1-like loci.

Here we describe a strategy leading to the identification
of the complete PKD1 gene sequence. We also provide
the genomic structure of the gene and show that the mRNA
transcripts are alternatively spliced. One form of the PKD7
transcript encodes a 4304 amino acid polypeptide with
five distinct extracellular peptide domains that are likely to
be involved in protein—protein and protein-carbohydrate
interactions. Although the PKD1 protein shares domains
with a number of extraceltular proteins, the combination of
domains found in PKD1 has not been found in any known
protein.

Resulits

A series of overlapping cosmid clones spanning the pre-
dicted PKD1 genetic interval has been described (Germino
et al., 1992). The integrity of the cosmid contig was con-
firmed by long-range restriction mapping and genetic link-
age analysis of polymorphic sequences derived from the
cosmids. Three cosmids (cGGG1, cGGG10, and cDEB11
from centromere to telomere) form a contig that includes
the 3’ end of TSC2 (cDEB11) and extends over 80 kb cen-
tromeric to it. At the proximal end of cGGG10, there is a
CpG island represented by a Notl site, N54T (Himmel-
bauer et al., 1991) (Figure 1A).

To identify transcripts from the region, the cosmid
clones were hybridized to a set of five cDNA libraries.
KG8, a cDNA clone containing the last 3.2 kb of the PBP
sequence and located on cDEB11, was mapped by use
of a panel of somatic cell hybrids and found to hybridize
to a single locus on chromosome 16p13 (data not shown).
Sequence analysis showed that KG8 contains the poly-
adenylated 3’ end of a gene and has an ORF of 2100 bp
and a 1019 bp 3' untranslated region. KG8 was also found
to contain a polymorphic microsatellite repeat (Snarey et
al., 1994). Analysis of this repeat in a large number of
PKD1 kindreds revealed no recombination in the disease
locus (S. Somlo, unpublished data).

To obtain clones extending 5 of KG8, the cosmids
¢GGG10 and cDEB11 were hybridized to a series of differ-
ent cDNA libraries (see Experimental Procedures). in con-
trast with KG8, when some of the resulting cDNA clones
were analyzed using somatic cell hybrid panels (data not
shown), they were found to hybridize strongly to several
loci on chromosome 16 as well as to the PKD7 region.
The restriction maps of the hybridizing loci were so similar
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that we concluded that a series of recent duplications of
part of the PKD1 gene had occurred (excluding the KG8
segment) and had given rise to several PKD7-like genomic
segments.

Because of the high degree of similarity between PKD1
and PKD1-like loci and because they all are transcription-
ally active, it was not possible to determine the correct
full-length PKD1 cDNA sequence by assembling overlap-
ping partial cDNA clones. To determine the sequence of
the authentic PKD17 transcript, we sequenced cGGG10
entirely and parts of cDEB11 containing PKD7 exons.

Sequence of the Genomic Region of the

PKD1 Locus

The duplicated portion of the PKD7 gene is largely con-
tained within the cGGG10 cosmid. Prior to sequencing
cGGG10, we established the integrity of the clone in sev-
eral ways. First, the restriction map of cGGG10 was com-
pared with a map of the genomic DNA from the PKD7
region and was found to be identical. Second, restriction
maps of the overlapping portions of cGGG1 and cDEB11
were compared with cGGG10 and were also found to be
identical. Third, sequences derived from ¢GGG10 and
overlapping portions of cDEB11 showed 100% identity.
Finally, aP1 phage, PKD 1521, was obtained by screening
a genomic P1 library with primers from the T7SC2 gene.
No sequence differences were observed between PKD
1521 and ¢cGGG10 in the regions sampled.

Several approaches were taken to obtain the sequence
of cGGG10 (see Experimental Procedures). A final 10-fold
sequence redundancy was achieved for this cosmid in
order to compare the genomic sequence accurately with
that of the PKD1-specific and PKD1-like cDNAs (homolo-
gous to this cosmid). The cGGG10 sequences were as-
sembled into three contigs of 8 kb, 23 kb, and 4.4 kb,
separated by 1 kb and 2.2 kb gaps (Figure 1). The cosmid
c¢DEB11 was also sequenced and assembled to a 2-fold
redundancy and compared with PKD1-specific cDNAs in
order to obtain intron/exon boundaries of the unique 3’
end of the gene.

cDNAs from the PKD1 and the PKD1-like Loci
To identify putative coding regions and intron/exon bound-
aries, geromic and cDNA sequences were compared (see
Experimental Procedures). When the sequences of over-
lapping cDNAs were assembled, atranscriptiength of 14.5
kb was obtained. The predominant transcript detected by
Northern blot analysis using the unique sequence KG8
probe is ~14 kb (data not shown), suggesting that the
cDNA clones represent the full length of the PKDT tran-
script. Restriction and sequence analyses indicate that a
CpG island overlaps the 5' end of the sequence. CpG is-
lands have been found to mark the 5’ ends of many genes
(Antequera and Bird, 1993). The most 5’ cDNA clones
(UN53, UN54, and UN59) all have identical 5’ ends, provid-
ing further evidence that no additional upstream exons
were missed (see Experimental Procedures).

The cDNAs used to assemble the PKD1 transcript, along

with genomic exon/intron structure, are shown in Figures
1A and 1B. By comparing the sequences of overlapping
cDNAs with the PKD1 genomic sequence, PKD1-specific
cDNAs were distinguished from those encoded by the
homologous loci (see Experimental Procedures). We iden-
tified 46 exons and their exon/intron boundaries. The
full-length transcript constructed from the genomic se-
quence of the exons produces a large continuous ORF of
12,912 bp.

Alternative splicing of the primary PKD1 transcript is
apparent from the sequences of the cDNAs. For this rea-
son, we sought to isolate a minimum of two cCDNAs con-
taining each exon, thereby increasing the probability that
all exons that contribute to the PKD7 transcript were de-
tected. Despite this degree of coverage, it is possible there
are PKD1 transcripts containing exons that are not present
in any of the cDNAs we sampled.

Exon 17 was found in two cDNAs (UN34 and BK156)
and in cGGG10, but was notincluded in the final transcript
for a number of reasons. First, the cDNAs in which this
exon is found differed in sequence from the cosmid and
are likely to represent PKD17-like genes (see Experimental
Procedures). Second, this exon is not found in FK7 (a
cDNA that was cloned by using a PKD1-specific probe; see
Experimental Procedures), whose sequence is identical
to the genomic sequence. Finally, when included in the
full-length cDNA, this exon introduces a stop codon (743
nt downstream of exon 17) that would produce a truncated
protein of 2651 amino acids. We have recently identified
an ADPKD patient with a heterozygous mutation that intro-
duces a stop codon at position 10,601 of the ORF (Schnei-
der et al., 1994, Am. J. Hum. Genet., abstract). Other mu-
tations that truncate the PKD1 protein downstream of this
exon have also been reported by the European Polycystic
Kidney Disease Consortium. Therefore, it is unlikely that
transcripts that include exons 17 are predominant forms
in the kidney. Further studies are needed to determine
whether this exon is included in other spliced forms of the
PKD1 transcript.

Sequence Analysis of the Predicted PKD1 Protein
The assembly of 46 exons yields a predicted transcript of
14.5 kb in length with 228 nt of 5’ untranslated and 1019
nt of 3’ untranslated sequence. This transcript differs from
the PBP sequence (European Polycystic Kidney Disease
Consortium, 1994) because of the presence of two ex-
tra cytosines at positions 12,873 and 12,874 of the ORF
described in this paper (position 4563 of PBFP). The poly-
peptide encoded by the assembled transcript is 4304
amino acids in length, with a predicted molecular weight
of 462 kDa.

The nucleotide sequence encompassing the putative
Met-1 codon, CTAACGATGC, is an uncommon translation
start site (Kozak, 1984). Nevertheless, this methionine is
chosen as the probable start site because it is preceded
by an in-frame stop codon 63 bases upstream. The PKD1-
coding region begins with a 23 amino acid sequence with
many of the properties of a signal peptide and is followed
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LALGLGLRLG A AGGPGRGC GPCEPPCLC PAPGAACRYN CSCROLRTLG. EALRIFADAT ELDVSHNLLR 30
signal pept LRR cyteine-rich emino termous
91 ALOVGLLANL SASARLDLAN NCISTLEEG] FANMNLSET S e WSS Loalibltes T
Lrni AR cyteinme-rich carboxy termaus

161 LAGOPLLGIP LIDSGCGEEY VACLPDNSSG TVAAVSESAA HEGLUGFEAC SARCFTO0S LAALSEGOHC. LCGRAQPSSA 248
241 SFACLSLCSG PPAPPAPTCR GPTLLQHVEP ASPGATLVGP HGELASGOLA AFHIAAPLP! s 128
521 ASHRYVLEGR YHVIAVLALG AGSALLGTOV QVEAAPAALE LVCPSSVQSD ESLDLSIQNR GOSGLERAYS TVALGEEPAR 400

401

C-type lecein auuu 4u
48 AWWGGWQD AENLLVGAPS GDLQGPLTPL 560
56. AQUDGLSAPH EPVEVMVFPG LRLSREAFLT TAEFGTQELR RPAQLRLQVY RLLSTAGTPE NGSEPESRSP ONRTQLAPAC 640
64. MPGGRWCPGA NICLPLDASC HPOACANGCT SGPGLPGAPY ALWREFLFSV PAGPPAQYSY TLHGQDVLML PGDLVGLGHD 720

721 AGPGALLHCS PAPGHPGPRA PYLSANASSW LPHLPAQLEG TWGCFACALR LLAQREQLTY LLGLRPNPGL RLEGRYEVRA 800
501 FEVGNGVSEHN L3CSFDVVSP VAGLRVIYPA PRDGRLYVET NGSALVLQVD SGANATATAR WPGGSLSARF ENVCPALVAT 88C
281 FVPACPWETN DTLFSVVALP WLSEGEHVVD VVVENSASRA NLSLRVTAEE PICGLRATPS PEARVLQGVi, VRYSPYVERG 960
961 SDMVFRWTIN DKQSLTFONV VFNVIVQSAA VFKLSLTASN HVSNVIVNYN VIVERMNRMQ GLOVSTVPAV LSPNATLALT 104¢

1041 AGVLVDSAVE VAFLWTFGDG EQALHOFOPP SVAQVINEHN VIHTYAAPGE YLLTVLASNA FENLTOOVPY 1120
0 r2
1121 SYRASLPSVA VGVSDGY) RPVTFYPHP LRSPGGVLYT
0 83
1201 AADADVRVFE ELRGLSVDMS L

TOSOPAANHT YASRGTYHVR LEVNNTVSGA 1200

ITWIFDMGDC TVLSGPEATY EHVYLRAQNG TVIVGAGSEA 1280

240 R¢
281 GHLARSLHVL VEVLEVLRVE PAACIPTOPD ARLTAYVIGN PAHYLEDWIE GOGSSNTTVR GCRTVIHNET RSGTFRIALV 1360

Pxn RS

1361 LSSRVNRAWY FTSICVEPEV GNVTLQPERQ FVOLGDEAWL VACAWFPFPY RYTWDFGTEE AAPTRARGPK VIFIYRUEGS 1440
20 Rs

1441 YLVTVTASNN ISAANDSALV EVOEPVLVTS [KVNGSLGLE LOOPYLFSAV GRGRPASYLW DLGDGGWLEG PEVTHAYNST 1520

P50 R7
1521 GDETVRVAGH NVTVKRRVRG LVVNASRTVV PLNGSVSFST SLEAGSDVRY SWVICDECTE IPGGPTISYT 1600

1601 ERSVGTFNIL

0 28
ODSIFVYVLQ LIEGLQVVGG GRYEPTNHIV OLOAVVRDGT 5 1689
#x0

1681 KGESLIVLEA GTYHVOLRAT EPVGW LMVAASPNEA AVNTSVTLSA ELAGGSGVVY TWSLEEGLSW 1760

»
1761 ETSERFTTHS FPTPGLHLVT M PVSGLSIRAS EPGGSEVAAG SSVEFWGOLA TGINVSWCWA 1840

1641 YPGGHSKRGP HVIMVERDAG TFSIRLNASN AVSWVSATYN LTAEEPIVGL VLWASSKVVA PGOLVHFOIL LAAGSAVTFR 1920

1921 | NPEV 1 PRVGDH! OVRIVVLEA VSGLQVENCC EPGIATGTER NETARVORGE 2000
XD R13

23] EVAYAWYESZ, QKVOGDSLYI LSGEDVSYTP VARGLLEIOV SAFNALGSEN RTLVLEVODA VOVVALQSGE CRTNRSAOFE 2080

EELE HWDFGOGS EHSYLREGDY RVOVNASNLY SEEVAQATVT VOVLACREPE VOVVLPLQVL 2160

PED RIZ
HVDLRDCVT YQTEYRWEVY RTASCQRPGR PARVALPGVD VSRPRLVLPR LALPVGHYCF VFVVSEGDTP 2240
APERLVP11 EGGSYRVWSD TRDLVLDGSE SYDPNLEDGD QTPLSFHWAC VASTQREAGG CALNFGPRGS 2320
GVEYTFSL TUWKAGRKEE ATNQTVLIRS GRVPIVSLEC VSCKAQAVYE VSRSSYVYLE GRCLNCSSGS 2400
2401 KRGRWAARTF SNKTLVLDET TTSTGSAGMR LVLRRGVLRD GEGYTFTLTV LGRSGEEEGC ASIRLSPNRP PLGGSCRLFP 2480
2481 LGAVHALTTK VHFECTGWHD AEDAGAPLVY ALLLRRCRQG HCEEFCVYKG SLSSYGAVLP PGFRPHFEVG LAVVVQDQLG 2560

2161 MRRSQRN!

2561 AAVVALNRSL AITLPEPNGS ATGLTVWLHG LTASVLPGLL RQADPQHVIE YSLALVTVLN EYERALDVAA EPKHERQHRA 2640
2641 QIRKNITETI, VSLRVHTVOD 1QQIAAALAQ CMGPSRELVC RSCLKQTLHK LEAMMLILQA ETTAGTVTPT AIGDSILNIT 2720
2721 GDLTKLASS0 VRAPQPSELG AESPSRMVAS QAYNLTSALM RILMRSRVLN EEPLTLAGEE IVAQGKRSDP RSLLCYGGAP 2800
2801 GPGCHFSIPE AFSGALANLS DVVQLIFLVO SNPFPFGYLS NYTVSTKVAS MAFQTQAGAQ IPTERLASER AITVKVPNNS 2880
881 PQASVGAVVT L1 HLQLNYTLLD GHYLSEEPEP YLAVYLHSEP RPNEHNCSAS 2960
2961 RRIRFESLGG ADHRPYTFFI SPGSROPAGS YHLNLSSHFR WSALQUSVGL YTSLCQYESE EOMVWRTEGS LPLEETSDRQ 3040

3041 AVCLTRHUTA FCASLFVPPS HVRFVFPEPT ADVNYIVMLT CAVCLVTYMV MAALLHKLDQ LOASRGRAIP FCGQRGRFKY
3121 EIZVKTOWGR GSGTTAHVGI MLYGVOSRSG HRHUDGDRAF HRNSLDIFRI ATPHSLGSVW KIRVWHDNKG LSPAWFLQHV 3200
TEANGGLY EKEVLAASDA ALLRFRRLLV AELQRGFFDK HIWLSIWDRP PRSRETRIQR
SAYSTG HVSRLSPLSV DTVAVGLVSS VVVYPVYLAI LFLFRMSRSK VAGSFSPTRA 1160
SLHAFQ AFVGQUKSDL FLDDSKSLVC WPSGEGTLSW POLLSDPSIV GSNLRQLARG
SOE DLIQQVLAEG VSSPAPTQDT HMETDLLSSL SSTPGEKTET Ly
LVKGLRKRLL PAWCASLAHG LSLLLVAVAV AVSGWVGASF PPGVSVAWLL S
HPDEDDTL VESPAVTPVS ARVPRVRPFH GFALFLAKEE ARKVKRLHGM Li ¥y
LGSAIKQELH SRAFLAITHS EELWPWMAINV LLPYVHONQS SPELGPPRLR QURLQEALYP 31760
AWSWGS CAVYDSGGYV QELGLSLEES RORLRFLQLE 3840

VGLHAAVTLR LEFPAAGRAL AALSVRFFAL RRLSAGLSLP LLTSVCLLLF AVKFAVAEAR 1920
UVALTAATAL VRLAQLGAAD RQWTRFVRGR PRRFTSFDQV AHVSSAARGL AASLLFLLLV 4000
R QWSVFGKTLC RALPELLGVT LGLVVLGVAY AQLAILLVSS CVDSLWSVAQ ALLVLCPGTG LSTLCPAESW 4087
, WALRLWGALR LGAVILRWRY HALRGELYRP AWEPQDYEMV ELFLRRLRLW MGLSKVKEFR HKVRFEGMEP 4163
SFOVPPESA GSDASHPSTS SSQLDGLS
SRAPAGSSR GPSPGLRPAL PSRLARAS!

LGRLGTRCEP EPSRLQAVFE ALLTQFDRLN QATEDVYQLE 424(
VDLATGFSRT FLRAKNKVEP SSTZ 4304

Figure 2. PKD1 Open Reading Frame
The different domains are underlined. See text.

by a predicted cleavage site (von Hejne, 1986) (Figure 2).
In addition to the signal sequence, the identification of five
domains that have been identified in other extracellular
proteins strongly suggests the extracellular location of at
least the amino-terminal half of the protein.

Immediately downstream of the signal sequence, there
are two leucine-rich repeats (LRRs) (Figure 2). These
LRRs (in exons 2 and 3) are flanked on both sides by
cysteine-rich regions that have homology to the flanking
regions of a subset of other LRRs. LRRs occur in numer-
ous proteins (Figure 3) and have been shown to be in-
volved in diverse forms of protein—protein interaction. The
number of LRRs within the respective proteins varies be-
tween 2 and 29 (Kobe and Deisenhofer, 1994). Adhesive
platelet glycoproteins form the largest group in the LRR
superfamily (Kobe and Deisenhofer, 1994). The structure
of the array of 15 LRRs in porcine ribonuclease inhibitor
(RI) has recently been determined (Kobe and Deisenhofer,
1995); the LRRs form a horseshoe-like structure that sur-
rounds and binds to RNase A (Kobe and Deisenhofer,
1995). It has been suggested that proteins containing only
a few LRRs, such as the PKD1 protein, interact with other
proteins via the LRRs in order to form the horseshoe-like
superstructure for protein binding (Kobe and Deisenhofer,
1994).

Although LRRs occur in various locations in different
proteins, the additional flanking cysteine-rich domains de-

iINLLRALDVGLLANLSALAE
KISTLEEGIFANLFNLSE
QLRSLSAGTFAHTPALAS
WNMLRVLPAGLFAHTPCLVG
LSGNOLHCSCALRWLQRWEEEG
_DLSGNRLRKLPPGLLANFTLLRT
RLTSLPLGALRGLGELQE

LTQILPGTLINLTNLTN
FNSISAVDNGSLANTPHLRE
SNHFLYLPRDVLAQLPSLRH
SNEIEQIHYERIRHLRSLTR
_DLSNNRLTHLPDSLFAHTTNLTD
LJSNL L G ANL LE

Figure 3. LRRs

LRRs are coded by exons 2 and 3 on the PKD? transcript. Examples of
proteins that also contain LRRs are human insulin-like growth factor—
binding protein complex acid-labile chain precursor (ALS); human car-
boxypeptidase 83 kb chain (CBP8); human high affinity nerve growth
factor receptor (trkA); leucine-rich a-2-glycoprotein (A2GL); platelet
membrane glycoprotein 1B a chain precursor (GP1A); platelet glyco-
protein V precursor (HSGPV); human garp gene product (garp); human
oligodendrocyte-myelin glycoprotein precursor (OMPG); human bone
proteoglycan, decorin (PGS2); human 5T4 oncofetal antigen (5T4G);
and Drosophila slit and Toll proteins. Conserved amino acids are repre-
sented in the bottom line of the figure.

fine asubgroup of extracellular proteins (Kobe and Deisen-
hofer, 1994). Only a few proteins contain both the distinct
amino-terminal and carboxy-terminal flanking cysteine-
rich domains (Figures 4 and 5). Among this group are Toll,
slit, Trk, TrkB, and TrkC. This set of proteins all have intra-
cellular domains that could relay signals to the cytoplasm.
For example, the Drosophila Toll protein is required for
mediating dorsoventral patterning (Hashimoto et al.,
1988). The Drosophila slit protein is believed to mediate
interactions between growing axons and the surrounding
extracellular matrix (Rothberg et al., 1990). In vertebrates,
these domains are found in the Trk family of tyrosine ki-
nase receptors (Schneider and Schweider, 1991); the
platelet glycoproteins | and V, which mediate the adhesion
of platelets to sites of vascular injury (Roth, 1991); and
the 5T4 oncofetal trophoblast glycoprotein, which appears
to be highly expressed in metastatic tumors (Myers, 1994).

The PKD1 protein also contains a single domain with
homologies to C-type (for calcium-dependent) lectin pro-
teins (Drickamer, 1988) (see Figure 2). These domains
are believed to be involved in the extracellular binding
of carbohydrate residues for diverse purposes, including
internalization of glycosylated enzymes (asialoglycopro-
tein receptors) and cell adhesion (selectins) (Weis, 1992).
The classification of C-type lectins has been based on
exon organization and the nature and arrangement of do-
mains within the protein (Bezouska et al., 1991). For exam-
ple, class | (extracellular proteoglycans) and class Il (type Il
transmembrane receptors) all have three exons encoding
the carbohydrate recognition domain (CRD), whereas in
classes Il (collectins) and IV (lectin cell adhesion mole-
cules [LEC-CAMSs])), the domains are encoded by a single
exon. The C-type lectin CRD in the PKD1 protein does
not fit into the above classification, because it has a novel
combination of protein domains and because it is encoded
by two exons (exons 6 and 7; Figure 6). Previous analysis
has failed to establish a correlation between the type of
carbohydrate bound to each C-type lectin and the primary
structure of its CRD (Weis, 1992).
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PKD1 exon 1 PCEPPCLCGP APGAACRVNCSG  RGLRTLGPALRI

ALS/Human ACPAACVCSYDDDADELSVFCSSRNLT - -RLPDGVPGGTQA
TrkA/Human QCPALCECS- - - - EAARTVKCVNRNLT - -EVPTDLPAYVRN
GP1B/Human GCPAPCSCA------ GTLVDCGRRGLTWASLPTAFPVDTTE
OMGP /Human ICPLQCICTE- - - -RHRHVDCSGRNLS - - TLPSGLQENITH
HSGPV/Human PCPPACKCV- - - - -FRDAAQCSGGDVA- -RISA-LGLPTNK
PGS2/Human VCPFRCQCH- - - - - ~-LRVVQCSDLGLD- ~KVPKDLPPDTTL
slit/Dos SCPHPCRCA- - - - - -NGTVDCREKELT - - SVPVTLPDDTTD
Toll/Dros KCPRGCNCHVRTYDKALVINCHSGNLT - -HVPR-LPNLHKN

c cc c L

Figure 4. Amino-Terminal Cysteine-Rich Domain

This repeat is encoded by exon 1 in the PKD1 transcript. Examples of
proteins that also contain these repeats are human insulin-like growth
factor-binding protein complex acid-labile chain precursor (ALS); hu-
man high affinity nerve growth factor receptor (trkA); platelet mem-
brane glycoprotein 1B a chain precursor (GP1B); human oligodendro-
cyte-myelin glycoprotein precursor (OMPG); platelet glycoprotein V
precursor (HSGPV); human bone proteoglycan, decorin (PGS2); and
Drosophila slit and Toll proteins. Conserved amino acids are repre-
sented in the bottom line of the figure (conserved amino acids are not
aligned).

Exon 10 encodes a low density lipoprotein A (LDL-A)
module (see Figure 2), a cysteine-rich domain of about 40
amino acids in length. This module was originally identified
in the LDL receptor (Sudhof et al., 1985), but it is also
present in the extracellular portion of many other proteins,
often in tandem arrays (Bork and Bairoch, 1995) (Figure
7). Because of their hydrophobic nature, these domains
have been implicated as ligand-binding regions in LDL
receptor-related proteins (Krieger and Herz, 1994).

In addition to the five extracellular protein modules that
have been recognized previously, the PKD1 protein con-
tains 14 copies of a novel domain of approximately 80
amino acids (see Figure 2). We named this domain the
PKD domain. The first such domain is encoded by exon
5 between the LRRs and the C-type lectin module. The
other 13 PKD domains are arrayed in tandem, starting
at amino acid 1031 and ending at amino acid 2142 and
contained in exons 13, 14, and 15. Profile and motif
searches (see Experimental Procedures) identified sev-
eral other extracellular proteins that also contain one or
more copies of this novel domain. The PKD domains are
unusual in that they are found in the extracellular parts of
proteins from higher organisms, eubacteria, and archae-
bacteria. In general, extracellular modules of proteins from
higher organisms are not found in bacteria. The few excep-
tions appear to be the result of horizontal gene transfer
(Doolittle and Bork, 1993) (Figure 8). The animal proteins
containing an individual PKD domain are heavily glycosy!-
ated, melanoma-associated cell surface proteins, such as
melanocyte-specific human Pmel17 (Kwon, 1993), the

SGNPFECDCGLAWLPQWAEE -QQVRVVQPE - - - - - AATCAGPGSLAGQPLLGIP-LLDSGCG
EGNPWDCGCPLKALRDFALQN - - PSAVPRFV - - - -QAICEGGDDCQPPAYTYN- - - -NITCA
SGNPLHCSCALRWLQRWEEE - -GLGGVPEQ- - - - -
SGNPWICDQNLSDLYRWLQA - QKDKMFSON - - - - - DTRCAGPEAVKGQTLLA - - - ~VVAKSQ
GHNSWRCDCGLGPFLGWLRQ- -HLGLVGGEE - - - - PPRCAGPGAHAGLPLWALPG-GDAECP
DNNPWVCDCHMADMVTWLKE - - - TEVVQGKD- - - -RLTCAY PEKMRNRVLLELNS - ADLDCD
SDNPFACDCHLSWLSRFLRS - -ATRLAPY -~ - -~ - TRCQSPSQLKGQNVADLHD-QEFKCS
NDNPLVCDCTLLWFVQLVRGVHKPQYSRQFKLRTDRLYVC SQPNVLEGTPVRQIEP - QTLICP
ttNPh CDCtL bk hht € tPt htt ct

PKD1 exon 4
ALS/Human

TrkA/Human
A2GL/Human
HSGPV/Human
ST4G/Human
slit/Drosl
Toll/Dros

Figure 5. Carboxy-Terminal Cysteine-Rich Domain

This repeat is encoded by exon 4 in the transcript. Examples of other
proteins that contain these domains are also listed, such as human
insulin-like growth factor-binding protein complex acid-labile chain
precursor (ALS); human high affinity nerve growth factor receptor
(trkA); leucine-rich a-2-glycoprotein (A2GL); human heparin sulfate
glycoprotein V (HSGPV); human 5T4 oncofetal antigen (5T4G); and
Drosophila slit and Toll proteins. The hydrophobic and turn-like or
polar amino acids are denoted by h and t, respectively. Conserved
amino acids are represented in the bottom line of the figure.

melanosomal matrix protein (MMP) 115 protein (Mochii et
al., 1991), and the Nmb protein (Weterman et al., 1995).
The physiological functions of these glycoproteins remain
to be elucidated. Four eubacterial extracellular enzymes,
including three distinct collagenases (Yoshihara et al.,
1994) and lysine-specific Achromobacter protease | (API),
also contain a single copy of the domain adjacent to their
catalytic domains. Four copies of the PKD domain are also
present in the heavily glycosylated surface layer protein
(SlpB) from Methanothermus (Brockl et al., 1991; Yao et
al., 1994).

The PKD domain is predicted to be a globular domain
that contains an antiparallel p sheet. Although the PKD
domains do not contain conserved cysteines, we believe
they are extracellular domains, first because all homolo-
gous domains are extracellular; second, because the first
such domain in PKD1 (amino acids 281-353) is located
between other known extracellular modules; and third, be-
cause there are no predicted transmembrane regions be-
tween the other identified (extracellular) modules in PKD1
and the 13 remaining PKD domains. Whereas the PKD
domains in SIpB are very similar (Brockl et al., 1991), point-
ing to a rather recent duplication, the 14 domains in PKD1
are quite divergent. Even the most conserved (WDFGDG)
motif is considerably modified in some of the PKD domains
(Figure 8). Therefore, it is unlikely that unequal recombina-
tion between genomic sequences encoding these do-
mains is a common source of mutations in this disease.

In the carboxy-terminal half of the protein, we found re-
gions of similarity to a putative Caenorhabditis elegans
protein (GenBank accession number Z48544) encoded by

PKD1 exons &/7

LCPSDTEIFPGNGHCYRLVVEKAAWLQAQ- - EQCQ-AWAGAALAMVDS PAVORFLVSRV- - - ~TRSLDVWIG

RegII/Human SCPE--GSNAYSSYCYYFTEDRLTWADAD- -LFCQ-NMNSGYLVSVLSQAEGNFVASLIKESGTTDANVWTG
Botb/Human DCPP - -DWSSYEGHCYRFFKEWMHWDDAE - - EFCTEQQTGAHLVSFQSKEEADFVRSLTSEMLKGDV -VWIG
Manr /Human HCPS - -QWWPYAGHCYKI -HRDEKKIQRDALTTCR - -KEGGDLTSTHTIEELDFIISQL - -GYEPNDELWIG
Lec/Rat CCPI--NWVEYEGSCYWFSSSVKPWTEAD--KYCQ-~LENAHLVVVTSWEEQRFVQQHM- - - -~ GPLNTWIG
Protc/Chicken NCEE- -GWIKFQGHCYR - -HF EERETWMDAESRCR - -ERQAHLSSITITPEEQEFVNSH- - - - - -AQDYQWIG
Lec3/Megro TCPGNLDWQEYDGHC YWASTYQVRWNDAQ- - LACQTVHPGAYLATIQSQLENAFISETV--- - - SNNRLWIG

cp GHCY tW A Cct ttA L ho tFh t t WIG
PKD1 exons 6/7 FSTVQGVEVGPAPQGEAFSLESCQNWLPGEPHPA - -TAEHCVRLGP - - - -~ TGWCNTDLCSAPHSYVCELQP
RegII/Human LHDPKRNRRWHWSSGSLFLYK- - - SWATGSPNSS-NRG-YCVSLTSN - ~-TGYKKWKDDNCDAQY SFVCKFKG
Botb/Human LSDVWNKCRFEWTDGMEFDYD---DYYLIAEY------- ECVASKP- - - -TNNKWWIIPCTRFKNFVCEFQA
Manr/Human LNDIKIQMYFEWSDGTPVTFT - - -KWLRGEPSHENNRQEDCVVMKG - - - -KDGYWADRGCEWPLGY ICKMKS
Lec/Rat LTDQNGPWKWVDGTDYETGFK - - -NWRPGQPDDWYGHG - LGGGEDCAHF TTDGHWNDDVCRRPYRWVCETEL
Protc/Chicken LSDRAVENDFRWSDGHSLQFE - - -NWRPNQPDNFF SAGEDCVVMIWH - - -EQGEWNDVPCNYHLPFTCKKGT
Lec3/Megro LNDIDLEGHYVWSNGEATDFET - - - YWS SNNPNNW - - ENQDCGVVNY D~ - TVTGQWDDDDCNKNKNFLCKMPI

Lt h ttG h ht W tP v G W Cct tahCtht

Figure 6. C-Type Lectin Domain

This repeatis encoded by exons 6 and 7. Exam-
ples of other proteins that contain these re-
peats are also listed, such as human regenerat-
ing islet cell factor (Regll); human botrocetin
(Botb); human mannose receptor (Manr); rat
C-lectin (Lec); chicken proteoglycan core pro-
tein (Protc); and barnacle lectin BRA3 (lec3).
The hydrophobic and turn-like or polar amino
acids are denoted by h and t, respectively. Con-
served amino acids are represented in the bot-
tom line of the figure. A lowercase letter o repre-
sents serine, threonine, or both; a lowercase
letter a represents aromatic amino acids.
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PKD1 exon 10 ACMPGGRWCPGANICLPLDASCHPQ-ACANG------~- CTS§
Enterol/Pig ECLPGSRPCADALKCIAVDLFCDGELNCPDGSNDEDSKICAT
AM2/mouse RCPPNEHSCLGTELCVPMSRLCNGIQDCMDGSDEGA -HCRE
LDLrell/Ceano. RCPPGKWNCPGTGHCIDQLKLCDGSKDCADGADEQQ--CSQ
HSPG/Human PCGPQEAACRNGH-CIPRDYLCDGQEDCEDGSDELD--CGP
C8com/Human RCEG- - FVCAQTGRCVNRRLLCNGDNDCGDQSDEAN--CRR

tc t C tt Ch LCtG tC DGsSDE t C t

Figure 7. LDL-A Domain

The LDL-A domain is encoded by exon 10. Examples of other proteins
that contain these domains are also listed, such as pig enteropepti-
dase, mouse AM2 receptor, C. elegans LDL-related receptor, human
basement membrane proteoglycan (HSPG), and human C8 comple-
ment B chain. The turn-like or polar amino acids are denoted by t.
Conserved amino acids are represented in the bottom line of the figure.

chromosome Ill (Wilson et al., 1994). The differences in
the amino termini of these proteins imply that they are
paralogs (i.e., not the equivalent genes in different spe-
cies) and thus hint at the presence of a multigene family.

Between positions 3986 and 4040 there are several hy-
drophobic regions that might represent possible trans-
membrane domains, but without any clear resemblance
to other such domains. Since the overall architecture of
the PKD1 protein does not resemble other known proteins
in which membrane domains are present, future indepen-
dent data will be required to determine whether this seg-
ment spans the cell membrane.

Discussion

We report the DNA sequence and deduced protein se-
quence of PKD1, the gene that is commonly mutated in
autosomal dominant polycystic kidney disease (ADPKD).
The sequence presented in this paper extends the pre-
viously published partial sequence (by 2689 amino acids)
and shows that the PKD7 gene encodes a 4304 amino
acid protein whose amino-terminal portion is made up of
a series of extracellular protein domains. Since these do-
mains are present in a combination that has not been seen
in other multidomain proteins, the product of the PKD1
gene cannot be assigned to an existing protein family. The
recognizable modules include two leucine-rich repeats

PKD1 exon 5 RI1 GPLASGQLAAFHIAAPLPVTDTRWDFGDGSA------- EVDAAGPA--------

flanked by cysteine-rich domains, a C-type lectin carbohy-
drate recognition domain, an LDL-A domain, and a novel
80 amino acid domain present both as a single unit and
separately as a tandem array (Figure 9).

In view of its enormous length and the presence of multi-
ple adhesive domains, the PKD1 protein appears to be a
multifunctional protein that is involved in various protein—-
protein and protein-carbohydrate interactions in the extra-
cellular compartment. The presence of several distinct
binding domains suggests that the PKD1 protein binds
to more than one molecule or to several parts of a large
extracellular molecule. It is unclear whether the PKD1 pro-
tein contains a cytoplasmic segment or whether the pro-
tein is wholly extracellular. Nevertheless, the structure of
the PKD1 protein suggests that it binds to components of
the extracellular matrix or to cell membrane-associated
proteins. Therefore, the PKD1 protein may mediate cell-
cell or cell-matrix interactions, or may itself be an intrinsic
component of the extracellular matrix.

Although a number of defects have been observed at
both the cellular and the tissue levels in ADPKD and in
rodent models of renal cystic disease, it has been unclear
whether they represent primary or secondary events (Calvet,
1993; Carone et al., 1994). One such defect is the abnor-
mal distribution of cell membrane components between
the apical and the basolateral surfaces of the polarized
tubular epithelium. For example, Na*/K* ATPase is found
on the basolateral surface of normal tubules and nondi-
lated tubules in ADPKD samples, but is present on the
apical surface of cystic epithelia (Wilson et al., 1991). It
has been suggested that mislocalization of membrane pro-
teins results from a defect in protein sorting. However, the
structure reported here makes it unlikely that the PKD1
protein is involved in the primary sorting of proteins (Car-
one et al., 1994).

Another hypothesis is that the PKD7 gene encodes a
growth factor or growth factor receptor and that mutations
in the PKD1 gene result in epithelial proliferation (Gran-
tham, 1990; Wilson et al., 1986). Anincrease in the number
of cells lining the tubules inevitably leads to dilatation in all

————— ASHRYVLPGRYHVTAVLALGAG-SALLGTDVQVE

PKD1 exon 13 R2 SPNATLALTAGVLVDSAVEVAFLWTFGDGEQALHQFQPPYNESFPVPDPSVAQVLVEHNVTHTYAAPGEYLLTVLASNAFE-NLTQQVPVSVR

PKD1 exon 14 R3 VAGRPVTFYPHPL-PSPGGVLYTWDFGDGSP------- VLTQSQPA~-------

PKD1 exon 15 R4 AVEQGAPVVVSAAVQTGDNITWTFDMGDGT - - -
PKD1 exon 15 RS IPTQPDARLTAYVTGNPAHYLFDWTFGDGSSN~
PKD1 exon 15 R6 FVQLGDEAWLVACAWPPFPYRYTWDFGTEEA
PKD1 exon 15 R7 LGLELQQPYLFSAVGRGRPASYLWDLGDGG-
PKD1 exon 15 R8 VVPLNGSVSFSTSLEAGSDVRYSWVLCDRCT
PKD1 exon 15 RS YFPTNHTVQLQAVVRDGTNVSYSWTAWRDRG- -
PKD1 exon 15 R10 PAAVNTSVTLSAELAGGSGVVYTWSLEEGLS--
PKD1 exon 15 R11l FVAAGSSVPFWGQLATGTNVSWCWAVPGGSS--
PKD1 exon 15 R12 VVAPGQLVHFQILLAAGSAVTFRLQVGGAN-------- PEVLPGPR---

PKD1 exon 15 R13 GIATGTERNFTARVQRGSRVAYAWYFSLQKVQG---DSLVILSGRD---
PKD1 exon 15 R14 FTNRSAQFEAATS-PSPRRVAYHWDFGDGSP------- GQDTDEPR--~
Pmel/Human PLTFALQLHDPSGYLAEADLSYTWDFGDSSG- -

Pmel/Bovine PLTFALQLHDPSGYLAGADLSYTWDFGDSTG- -

Nmb/Human PIMFDVLIKDPSHFLNYSTINYKWSFGDNTG- -

Coll/vibal VGESITFSSENSTDPNGKIVSVLWDFGDGST- -

Slpb/Methl TSGTAPLNVLFTDTSTGS PTTWKWNFGDGTS

Slpb/Meth2 RSGIAPLTVTFKDNSSGSPTAWNWSFGDGAY

Slpb/Meth4 RSGTAPLTVTFKDNSSGSPTAWNWSFGDGAY

Coly/Clope VEEEINFDGTESKDEDGEIKAYEWDFGDGEX - -

Api/Achly SGLTATFT-DSSTDSDGSTASRSWNFGDGST -~ -~ - -~

hh t hh tttth a WDhGDGt tt t

Figure 8. PKD Domains

----- ANHTYASRGTYHVRLEVNNTVS-GAAARQADVRVF

VEHVYLRAQNCTVTVGAGSPAG-HLARSLHVLVF
VTHNFTRSGTFPLALVLSSRVN-RAHYFTSICVE
VTFIYRDPGSYLVTVTASNNIS~AANDSALVEVQ
VTHAYNSTGDFTVRVAGWNEVS -RSEAWLNVTVK
ISYTFRSVGTFNIIVTAENEVG-SAQDSIFVYVL
- -FSLTVLEAGTYHVQLRATNMLG- SAWADCTMDFV
- -TTHSFPTPGLHLVTMTAGNPLG- SANATVEVDVQ
- -VTMVFPDAGTFSIRLNASNAVS-WVSATYNLTAE
- -FSHSFPRVGDHVVSVRGKNHVS -WAQAQVRIVVL
~-VTYTPVAAGLLEIQVRAFNALG - SENRTLVLEVQ
--AEHSYLRPGDYRVQVNASNLVS -FFVAQATVTVQ
- -VTHTYLEPGPVTAQVVLQAALP-LTSCGSSPVPG
- -VTHTYLESGPVTAQVVLQAAIP-LTSCGSSPVPG
VNHTYVLNGTFSLNLTVKAAAP--GPCPPPPPPP
HQYGSEGEYSVSLSVTDSEG-LTATATHTVVI
HAYSTAGTYTVTLTVTNSAGSNTATKTNYVTV
HTYTAPGSYTISLTASNAAGSNTLTKSNYIVV
HTYMAPGSYTISLTASNAAGSNTLIKNNYIVV
- -HKYNKTGEYEVKLTVTDNNG -GINTESKKIKV

——————— KTYAAAGTYTVTLTVTDNGG-ATNTKTGSVTV

htH aht G h h h htN ht hhh

These domains are present in exons 5, 13, 14, and 15. Other proteins that contain PKD domains are also listed, such as human and bovine
melanoma antigen Pmel17, human Nmb protein, Clostridium perfringens collagenase, four domains of the Methanothermus fervidus Sipb protein,
and Achromobacter lyticus protease (API). The hydrophobic and turn-like or polar amino acids are denoted by h and t, respectively. Conserved

amino acids are represented in the bottom line of the figure.
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Figure 9. A Schematic Representation of the PKD1 Protein

The figure depicts the location of the LRRs, flanked by cysteine-rich domains, the C-lectin domain (C-LEC), the LDL-A domain, and the fourteen
PKD domains represented by numbers. The amino acid sites for predicted cysteine disulfide bonds in the C-lectin domain are identified with
arrows. The cysteines represented by the numbers 298, 387, 401, and 409 should be represented instead by the numbers 419, 507, 622, and

530. The carboxyl! half of the protein has no identifiable domains.

forms of cystic disease, including ADPKD. The structure of
PKD1 protein makes it unlikely that the primary defect in
ADPKD involves a growth factor or classical receptor-
mediated signal transduction pathway.

A number of reports have suggested that defects in ex-
tracellular matrix components or cell-matrix interactions
are involved in the pathogenesis of ADPKD (Haverty and
Neilson, 1988). First, it is known that the ADPKD pheno-
type encompasses nonrenal abnormalities such as vascu-
lar aneurysms and cardiac valve defects (Gabow, 1990).
These abnormalities are also prominent features of dis-
eases such as Ehlers-Danlos syndrome and Marfan syn-
drome that result from mutations in extracellular matrix
components such as collagen and fibrillins (Kontusaari et
al., 1990; Tsipouras et al., 1992). Analysis of ADPKD tis-
sue reveals variably thickened basement membrane with
decreased amounts of proteoglycans and increased
amounts of fibronectin relative to those of normal individu-
als (Carone et al., 1989). A well-studied rodent model of
acquired cystic disease provides further evidence that ex-
tracellular matrix abnormalities are involved in cyst forma-
tion (Butowski et al., 1985).

One hypothesis linking extracellular matrix abnormali-
ties and ADPKD postulated that the mechanical compli-
ance of the tubular basal membrane is altered, allowing
tubules to distend (Welling and Grantham, 1972). How-
ever, in this study, altered elasticity in cystic tubules was
not detected. A second hypothesis relies on a growing
body of evidence that the extracellular matrix influences
the development and morphology of the cells in contact
with it (Rodriguez-Boulan and Nelson, 1989). The extracel-
lular matrix interacts with the cell cytoplasm through cell
adhesion molecules known as integrins (Hynes, 1992).
During normal tubular development, coordinated interac-
tions between the extracellular matrix and epithelial cells,
mediated by cell-extracellular matrix adhesion, are critical
for tubular morphogenesis. These interactions lead to a
specific pattern of gene expression that in turn results
in normal cell differentiation. Cell differentiation in turn
modulates the synthesis of matrix components.

Our data suggest thatthe PKD1 protein presents several
adhesive domains to the extracellular space. We hypothe-
size that these domains bind matrix or cell membrane-
associated ligands, and that these interactions mediate
normal epithelial differentiation. One property of the differ-
entiated state is the maintenance of tubular architecture

and an epithelial cell morphology that is appropriate for
each tubular segment. Mutation of the PKD1 protein leads
to failure of these interactions, so that epithelial differentia-
tion does not occur or is not maintained.

The abnormal state of differentiation accounts for the
range of features of the ADPKD phenotype; although cyst-
lining cells are arranged in a monolayer and have well-
defined tight junctions and other features of a differenti-
ated epithelium, gene expression is abnormai for a mature
epithelium (Carone et al., 1993). Epithelia fail to acquire,
or maintain, critical properties of the differentiated state,
such as the synthesis of extracellular matrix components
that define the mature tubular basement membrane
(Klingel et al., 1993; Dvergsten et al., 1994). The increased
cell proliferation and occasional micropolyp formation
seenin ADPKD (Evan et al., 1979) also reflect aless devel-
oped state. Another characteristic of cystic epithelium that
more closely resembles the undifferentiated state is the
distribution of cell membrane markers: the apical location
of Na*/K* ATPase, for example, is similar in cystic and
fetal kidneys.

A number of experimental approaches can be used to
test the hypotheses that arise from our predicted protein.
First, antibodies raised against the PKD1 protein can be
used to determine the cellular localization of the protein
and will also help to dissect the molecules interacting with
the extracellular domains of the protein. Second, these
antibodies may block interactions in cell culture, where
properties such as cell adhesion, cell polarity, synthesis
of matrix components, and morphology could be as-
sessed. A cell culture approach has been used success-
fully to determine the functions of integrins (Ruoslahti and
Pierschbacher, 1987). Identification of the PKD1 protein
ligands will allow the definition of the pathways that lead
to normal epithelial morphogenesis.

Further study is also needed to determine the spectrum
of mutations and the basis for the dominant inheritance
of ADPKD. The distribution of mutations reported to date
is biased by the relative ease of analyzing the unique 3'end
of the PKD1 gene. The great majority of PKD7 mutations
remain uncharacterized and may be distributed through-
out the gene. The genomic sequence did not provide clues
that might account for the high new mutation rate observed
in PKD1 (Snarey et al., 1994). The intron/exon structure
reported here will expedite the analysis of mutations in
the duplicated part of the PKD17 gene.
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ADPKD is only one of many genetic forms of renal cystic
disease. Mutations in at least fifteen nonallelic loci in hu-
man and mouse have been shown to cause the disease
(Reeders, 1992; Calvet, 1994). It is clear that a large num-
ber of genes, involved in one or more biochemical path-
ways, are responsible for maintaining normal tubular mor-
phology. Determination of the structure of the PKD7 gene
and its protein provides an important entry point for the
dissection of these pathways.

Experimental Procedures

Genomic Clones

The P1 phage named PKD 1521 was obtained from a human genomic
library (Genome Systems, St. Louis, MO) and was isolated by use of
primers from both the 5’ end of the TSC2 gene and the 5’ end of KG8.
The cosmid cGGG10 has been described (Germino et al., 1992). A
random library of the cosmid was constructed by cloning sheared DNA
fragments into the Smal site of pUC 19. Initial sequence assembly for
the cosmid cGGG10 was performed with forward and reverse se-
quences from approximately 1000 random cloned fragments. A prelim-
inary map was constructed by using the restriction map of the cosmid.
Directed subclones of cGGG 10 were made in pBluescript in order to
create sequencing islands anchored to specific restriction enzymes.
These large subclones from cGGG 10 were then restricted with more
frequent cutter enzymes and cloned into M13mp19 and mp18. Di-
rected sequencing employing primer walks to form large anchored
contigs was also performed by using the appropriate subclones of
cGGG10. A contig of 34.3 kb was constructed, with two gaps that
contain highly repetitive regions with no identifiable coding sequence.
c¢DEB11 has been described (Germino et al., 1992). A random library
was constructed with sheared cDEB11 DNA and cloned into the Smal
site of pUC 19. This cosmid was sequenced to obtain at least 2-fold
coverage.

The products of cycle sequencing were separated on automated
sequencers (Applied Biosystems, Incorporated) according to the in-
structions of the manufacturer, with modifications described below.
Because of the difficulty of sequencing certain regions, the standard
chemistry needed to be modified. We used both dye terminator and
dye primer methods when appropriate for sequencing different re-
gions. We also used a range of polymerases, different melting temper-
atures, and polymerization conditions to optimize the quality of the
sequence. When sequencing across the CpG island at the 5’ end of
the PKD1 gene, we obtained the best sequencing results by adding
5% dimethyl sulfoxide to the polymerization step and sequencing sin-
gle-stranded templates.

cDNA Library Screening

cDNA clones were identified in two ways. First, fragments of cosmids
c¢GGG10 and cDEB11 were hybridized to five cDNA libraries
(lymphoblast, fetal kidney, adult kidney, brain, and teratocarcinoma).
Second, each cDNA clone was hybridized to fetal kidney and lympho-
cyte cDNA libraries to obtain overlapping clones to extend the se-
quence. The first cDNA used to screen libraries was KG8, which maps
to the unique region of the PKD1 locus and was recovered from an
adult lymphocyte library. To obtain the rest of the PKD7 transcript, 14
new cDNAs were sequenced to completion, 4 cDNAs were partially
sequenced, and an additional 20 cDNAs were mapped with respect
to cGGG10. Additional data were obtained from polymerase chain
reaction (PCR) products of the renal cell carcinoma library as a tem-
plate (American Type Culture Collection).

Overlapping partial cDNAs described below were isolated from lym-
phocyte and fetal kidney libraries. In this way, we assembled a 14.5
kb transcript starting from the 3’ end until we reached the CpG island.
We assumed we had reached the 5’ end of the transcript, not only
because of the presence of the CpG island, but because three cDNAs
isolated (UN53, UN54, and UN59, described below) all had the same
5 end. No further upstream clones were recovered upon further
screening (with UN53) the libraries that provided most of the cDNAs
used to build the full-length cDNA.

FK7 and FK11 were recovered from a 14-16 week fetal kidney cDNA
library by using KG8. This library was oligo(dT) primed and constructed
with the Superscript Lambda System (GIBCO BRL). FK7 and FK11
were recovered as Sall inserts. BK156, BK194, and UN49 and UN52
were recovered from a Jurkat library by using FK7 as a probe.
UN34 was recovered from the same library by hybridizing a Scal-Sall
probe from the 5 end of FK7. UN53, UN54, and UN59 were recovered
from the same library by double screening for clones that were both
negative when probed with an FK7 and positive when screened with
BK156 and UN52. This Jurkat library was a gift of the laboratory of
M. Owen at the Imperial Cancer Research Fund. NKG11 was recov-
ered from a lymphocyte library screened with cGGG 10 and has been
described previously (Germino et al., 1992). Fhkb21 was isolated from
a fetal kidney library by using BK156 as a probe (Clontech). MSK3
was obtained by probing an adult kidney library (Clontech) with the
5’ end of KG8. MSK4 was obtained by nested reverse transcription—
PCR with primers spanning from exons 7 to 8 and exons 13 to 14,
followed by a second round of PCR with internal primers in exons 8
and 13.

cDNA Sequencing

The cDNAs were sequenced to 5-fold coverage by primer walking
and by subcloning small fragments into M13 or pBluescript. All cDNA
sequences were compared with cGGG10 sequence to assess whether
they were from the correct locus and to determine intron/exon bound-
aries. Regions of discrepancy were sequenced again to determine
whether the differences were genuine. Some of the cDNAs described
above were unequivocally different from the genomic sequence (more
than 3 bp difference for every 100 bp), suggesting that these cDNAs
were encoded by another locus.

MSKS3, FK7, and FK11, obtained by using a PKD1-specific probe
(KG8), were found to be 100% identical to the genomic sequence.
UN49 showed 99% identity and is possibly PKD7 specific. BK241,
BK194, UN52, UN53, UN54 and UN59, BK156, Fhkb21, and NKG11
were 97%-98% homologous to the cGGG10-defined exon sequence
and therefore were assumed to have originated from the duplicated
loci. In general, differences between genomic and cDNA sequences
were nucleotide substitutions scattered throughout the cDNA se-
quence. One exception is BK194, which has an extra CAG at position
1863 of the published sequence and arose from aiternative splicing
of exon 33. Another exception is BK241, which has a tandem repeat
of TTATCAATACTCTGGCTGACCATCGTCA inserted at position
1840 of the previously published sequence {(European Polycystic Kid-
ney Disease Consortium, 1994) and was not included in the full-length
cDNA because it arose from a duplicated locus. Except for BK241,
cDNAs in the UN and BK series that overlap each other are more
similar to themselves than to the cGGG10 sequence.

All sequence assembly was performed by using the Staden pack-
age, XBAP (Dear and Staden, 1991).

Protein Homology Searches

The PKD1 sequence was subjected to a number of sequence analysis
approaches (Koonin et al., 1994; Bork et al., 1994). To identify homo-
logs, initial (SwissProt, PIR, GenPept, TREMBL, EMBL, GenBank,
and NRDB) database searches were performed by use of the BLAST
series of programs (Altschul and Lipman, 1990) by applying a filter
for compositionally biased regions (Altschul et al., 1994). By default,
the BLOSUM®62 amino acid exchange matrix was used (Henikoff and
Henikoff, 1993). To detect additional candidate proteins that might be
homologous to PKD1, the BLOSUMA45 and PAM240 matrices were
also applied. Putative homologs with a BLAST p value below 0.1
were studied in detail. Multiple alignments of the candidate domains
were carried out using CLUSTALW (Thompson et al., 1994), and pat-
terns (Rohde and Bork, 1993), motifs (Tatusov et al., 1994), and pro-
files (Gribskov et al., 1987) were derived. With all these constructs,
iterative database searches were performed. Results of these data-
base searches were used for improving the multiple alignments that
were then used for the next round of database searches. The final
multiple alignment, containing all retrieved members of a module fam-
ily, was then used as input for the secondary structure predictions
(Rost and Sander, 1994).
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