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Epithelia permit selective and regulated flux from apical to basolateral surfaces 

magnesemia in these kindreds, we genotyped 
polymorphic loci across the human genome 
and analyzed linkage to the trait (12). Initial 
a~lalysis of three consanguineous kindreds 
demonstrated linkage to a segment of chso- 
mosolne 3q, with affected persons homozy- 
gous for Inally consecutive markers in this 
interval and a lod score (logarithm of odds 
ratio for linkage) of 6.8 (11). All other farn- 
ilies also supported linkage to this segment, 
and two provided the basis for a refined 
location of the disease gene. 111 kindred K113. 
11 distantly related affected members were 
studied (Fig. 1B). All shonred homozygosity 
on 3q (estimated lod score, >20); honrever. 
all shared hon~ozygosity for identical alleles 

by transcellular passage through cells or paracellular flux between cells. Tight of o111y two consecut~re markers. D3S1314 
junctions constitute the barrier to paracellular conductance; however, little is and 539-5 (Fig 1C) Analysls of kmdled 
known about the specific molecules that mediate paracellular permeabilities. K114, with two affected siblings from a sec- 
Renal magnesium ion (Mg2+) resorption occurs predominantly through a para- ond-cousin marriage, fill-ther refined the lo- 
cellular conductance in the thick ascending limb of Henle (TAL). Here, positional cation of the trait locus, nit11 one affected 
cloning has identified a human gene, paracellin- I (PCLN- I ) ,  mutations in which sibling losing homozygosity at locus 539-5 
cause renal Mg2+ wasting. PCLN-1 is located in tight junctions of the TAL and (Fig. 1C). Together these findings localize 
is related to the claudin family of tight junction proteins. These findings provide the trait locus to the approxi~nately l-centi- 
insight into MgZ' homeostasis, demonstrate the role of a tight junction protein lnorgan interval flanked by loci 539-5 and 
in human disease, and identify an essential component of a selective paracel- D3S1288. 
lular conductance. We next co~lstructed a physical map of the 

intelval by selection of bacterial artificial 
The coinpositio~l of fluids on opposite sides 
of epithelial cell layers is often different, and 
is maintained by barriers to passage of fluid, 
electrolytes. nutrients, pathogens. and cells. 
Cellular membranes provide a transcellular 
barrier. whereas the tight junctions (zoiz~ricr 
occizrciei~s) have long been recognized to con- 
stitute the intescellular pesmeability barrier 
(1). These tra~lscellular and paracellular bar- 
riers are not absolute, and they often display 

variety of biological activities. The renal re- 
sorption of Mg" occurs predominantly by 
paracellulas flux (4)  in the thick ascending 
l i~nb of He~lle (TAL) (5), a process driven by 
a favorable electrochemical gradient (Fig. 
1A). The co~lducta~lce of this paracellular 
pathway is highly regulated ( 6 ) ,  with renal 
Mg" excretion varying from 0.5 to 80% of 
the filtered load with low or high serum 
MgL' concentrations, respectively (7).  Inter- 

chrornosorne (BAC) clones hybridizing to se- 
que~lce-tagged sites (STSs) and polymorphic 
markers kom the critical inten~al (13). The 
results demo~lstrate a collti~luous map span- 
ning about 1 Mb in genomic DKA (Fig. ID). 
The flanking ~narkers 539-5 and 0331288 are 
contained in the physical map and are sepa- 
rated by no more than 500 kb, which shows 
that the trait locus lies within this short chro- 
rnosornal internal. 

selective and regulated collducta~lces (2). Al- estingly, a l tho~~gh this pasacellular pathway Exarni~latio~l of public databases revealed 
though marly mediators of tra~lscellular flux shows relatively high ~nagnesium co~lduc- no knoan genes in the critical inten-al. Can'di- 
have been characterized, specific detellni- tance, it is highly i~npenneable to water (8). date genes were sought by exon trapping using 
llallts of paracellular permeabilities are un- With these obselvatiolls in mind. a rare au- BACs from the physical map (14). One of the 
knows. Several compollellts of the tight junc- tosoma1 recessive disease, renal hypornag- resulti~lg clones, trapped kom BAC 13 14-14, 
tion have been identified at the ~nolecular nesemia with hypercalciuria and ~lephsocalci- yielded a product colltainillg a putative 54- 
level ( 3 ) ,  but their specific roles have yet to nosis, is an intriguing entity (9). Affected per- a~nino acid open reading kame (OW); which 
be detemlined. sons have profound renal Mg2+ wasting. which ulti~nately proved to be exon 3 of a gene. The 

Magnesium is a critical cofactor in a wide results in severe hypomagnesernia that is not cornplete ORF of this gene. which we have 
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corrected by oral or intravenous Mg" ssupple- 
mentation. They also have renal Ca2+ wasting. 
resulting in renal parenchymal calcification and 
renal failure. Other feahlres include urinaly 
tract infections. kidney stones. l~ypemricemia. 
and ocular findings. These patients do not dis- 
play salt wasting, and renal transplantation 
cures the defects in electrolyte homeostasis. 
Because the massive renal Mg2+ loss suggests 
a defect in paracellular reso~ytion. identification 
of the disease gene could provide insight into 
the nature of paracellular perrneabilities and 
regulation of magnesium homeostasis. 

Twelve kindreds with typical recessive 
renal hypomagnesemia were recruited for 
study (10, 11): in 10 families affected persons 
were the offspring of consanguineous uaions. 
To map the gene (or genes) causing hypo- 

tesmedprrrncellin-1 (PCL,V-1), was determined 
(14) and sequence analysis shonred that it en- 
codes a protein of 305 amino acids (Fig. 2A) 
with four transnlembra~le dornains and intracel- 
lular KH,- and COOH-termini (11, 15). The 
PCLN-1 protei~l shows sequence and struc- 
tural similarity to members of the claudin 
family (Fig. 2A) (15, 16)  and is the most 
distantly related rnernber of this family (Fig. 
2B). More than a doze11 members of this 
family have been identified; all localize to 
tight junctions and appear to bridge the inter- 
cellular space by homo- or heterotypic inter- 
actions (17). PCLN-1 shows 10 to 18% ami- 
no acid identity with individual claudins (1 l) ,  
with the highest honlology in a segment of 
the first extracellular domain that is thought 
to bridge the intercellular space (1 7). In addi- 
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K113 tion, PCLN-1 has a consensus Thr-X-Val PDZ- 
binding domain at the COOH-terminus (18). 
Although the intracytoplasmic NH2-termini of 
the claudins are only six or seven amino acids 
in length, PCLN-I encodes a cytoplasmic NH2- 
terminus of 73 amino acids. This segment is 
highly hydrophilic with a net positive charge. 
Interestingly, PCLN-I encodes a methionine 
with a suitable Kozak consensus sequence at 
the position analogous to the start site of other 

K113 claudins; it is not yet known which of these 
alternative translation initiation sites is used in 

Fig. 1. (A) Paracellular resorption 
of MgZ+ and CaZ+ in the renal 

'h '1 '1 4 'IOJ 9h "1 'h vivo. Northern (,A) blots revealed that 

TAL A cell of the TAL is depicted 
along with portions of adjacent 
cells. A lumen-positive potential 
isestablishedbytheNaa-l(- 3 ~ . ~ ~ - ~ ~ ~ 5 ~ ~ ~ : 2  2 : 2 2  2 2 2 2 2 2  Z J 2 J  I?  I consists of five exons, each flanked by canon- 
23- cotransporter bringing hCI)3\ILM ; : ; j 3 ?. 1 : : ? 2 J 2 J I I ‘ ' : I ? ? 4 4  4 . 1  

311.3.2-+7 1 1  I t  I !  1 1  1 1  1 1  I =  I ,  ) I  ., ., ., ical splice donor and acceptor sequences (Fig. 
these ions into the cell and the l>3\l601 2 :  2 2  J 2 . * ?  3 :  I 2  2 :  Z 2  :* : 5  q :  I 1  I I  

D l i l l l l  I 2  2 2  2 :  1 I 1 1  1 2  3: 21 t l  1 2  2 1 

Ki channel ROMK recycling K- l"Clu'1.811 1111 8 8 8  + I D u 5 6 I .% I .+ I .' -.$ IY  u o 
., .* .L.I  2D) (20). 
1/18 181, 

back into the lumen. This posi- To determine whether mutations in PCLN-1 

tive potential and the favorable D 
cause renal hypomagnesemia, we screened the 

chemical gradient provide the c H y p m a ~ n e s e m i a +  coding region and intron-exon junctions for 
driving force for paracellular re- s !?? ' - k a  ' g a s ;  

2 23 $2 ~ 8 ;  $i 
variants and then sequenced the variants (21). 

sorption of Mg2+ and Ca". (9) 3 - 2 52 8T c C =  z z  We identified 10 different mutations that alter 
Family structure of kindred I I  1 7  ITI I I I  f the protein in 10 kindreds (Fig. 3). Patients 
K113. Family members with re- -I= 

cessive renal hypomagnesemia -1~81-3 
were homozygous for mutations in eight kin- - I Pa-2 

are indicated by solid symbols I 1 3 1 6 5  dreds and compound heterozygotes in two out- 
and numbered as in (C). (C) 

I 1 3 1 4 1 4  
- 4 0 5 ~  bred kindreds. The mutations cosegregated with 

Mapping the recessive renal hy- 
~ m ~ l l  -11m-10 

the disease, and none were identified in 160 
pomagnesemia locus. Affected - 1 2 ~ 1 3  control chromosomes. Mutations included pre- 
persons from kindreds K113 and mature termination as well as splice site and 
K114 are shown with genotypes 
from chromosome 3q marker loci. The distances between adjacent loci are indicated. Homozy- nOnconservative mutations. For ex- 
gous segments are indicated by gray boxes. ALL of the affected persons show segments of amp1e, affected members kindred K1 l4 are 
homozygosity within this interval; however, only one marker (D3S1314) is homozygous in all homozygous fora~rematureterminationcodon 
of these individuals, suggesting a Location of the disease gene between loci 539-5 and at position 149, resulting in a protein missing 
0357288. (D) Overlapping BAC clones spanning the interval containing the disease gene (73). the last three transmembrane domains (Fig. 
The locations of STSs and polymorphic loci are indicated at the top. The location of the disease 3 4 .  similarly, apparently unrelated patients 
Locus inferred from genetic studies is indicated. K118-1 and K119-1 both have a homozygous 

missense mutation substituting arginine for gly- 
Fig. 2. Sequence, structure, and expression of A 
PCLN-1. (A) The deduced amino acid sequence ~ S R ~ L L V T A C L ~ ~ Y ~ ~ ~ ~ R ~ ~ ~ K ~ ~ S R C Q V P E T Q K T ~ T R R L ~ Q ~ ~ ~ C P ~ C R P W L L A ~  72  
of PCLN-1. Locations of putative transmem- TM1 
brane domains are indicated as TM1 to  TM4. D L L Q Y I A C F F A F F ~ A ~ F L N A ~ ~ S L ~ S ~ C R ~ ~ ~ ~ ~ R ~ ~ ~ P L I (  144 
Amino acids that are identical to  highly con- TM2 TM3 
served residues among claudin family members L V V T ~ ~ ~ G F G F L T L L ~ ~ L ~ P Y ~ C P V ~ T L L I A % ~ P Q I I G S ~ A ~  218 

are highlighted (77, 29). (9) Dendrogram of TM4 

members of the claudin familv. whose relation- S T L ~ P L ~ I Q ~ ~ S C ~ S L M I F L ~ ~ ~ ~ P ~ Y S L R ~ V I Y S U O Y S ~ ~ U S Y  288 

ships were determined usi& the MegAlign SAPRTET-A- 305 
Clustal method (75) (h, human; m, mouse; OSP, B ' claudin-3 C d 
oligodendrocyte-specific protein). (C) Northern -claudln4 ! 

E 
claud~n-6 - 

blot of PCLN-7. An autoradiogram of PCLN-7 
-c~audln-5 z ; - =  " g ~ t -  g g !  

hybridized to  polyadenylated [poly(A)+] RNA P -I z 2 z m  I-c:aud~nd 
I-claud~n-7 

9,5- f - w F 7 - -  -7 -\ 
from indicated human tissues is shown; loca- 
tions of size standards in kilobases are indicated claud~n-9 7,5- . 

claudln-1 
(79). Skel. Mus., skeletal muscle; other tissues I-c~audln-2 

showing no detectable expression were spleen, <laudin-14 4.4- 
-claudln-10 

thymus, prostate, testis, ovary, small intestine. -OSP 
colon, and per~pheral blood Leukocyte. (D) I,-parace~~~n-1 2.4- 
Genomic organization of the PCLN-7 gene. The D PCLN-1 protein is encoded in five exons (gray - n f  $ d ' e  N C3 

boxes). The codon at the beginning of each exon 1.4- 

is indicated. and the base within the codon is 
denoted by the subscript. (E) Localization of E g -1 -I 
PCLN-1 to specific nephron segments. Rabbit c 

nephron segments were microdissected and tested for the presence of PCLN-7 mRNA by RT-PCR 
(22). The products were fractionated on agarose gel. PZ and P3, segments of proximal tubule; MTAL 
and CTAL, medullary and cortical thick ascending limb, respectively; DCT, distal convoluted tubule; 
CNT, connecting tubule; CCD, cortical collecting duct; OMCD and IMCD, outer and inner medullary 
collecting duct, respectively. 

104 2 JULY 1999 VOL 285 SCIENCE www.sciencemag.org 



R E P O R T S  

daabcdbyuvari- 
antsahdQaedty 
~ l k t r m , , t k o w -  

-of- 
W)ad-* 
k(?$lt)=.* 
mutabonraemdkat- 
d b y d W - w w i t h t k f r s t b a r e d a c o d c n , M t h e - d ( D )  
whkhbepdminmhbm (A)CGA@149)toTI;A(Taml49] mrtaPbn (B) GGA(C239)to 
AG4 (R23B) mutat&m (C) GGA(G19l)?a AWI @191) mutatkn (0) G to A mutation &ages 
thefkberedr##l4rnhich&thcdbased&l~RwnCCT(GlSB)'tnCAT 
( D 1 9 8 ) . T h e m n a k n k ~ I n K l O 6 - 1  u d ~ k K l O b 1 , v h i E f i a n a  
c u t k e d l d n d r e d a n d m n t a i n s a r r J l h e r ; ~ ~ , ~ ~ ~ d k k . O ~ i n  

Fig. +. ImrnuIKnocaumon or KWI. w 
Protein irnrnunoblot of bacteria expmdhg 
PCW-1 probed with antIPtUJ-1 (23). A 1 
specific band with an appwent mokcular 
mass of 36 kD ( a m )  is detected fh* 
remaining pan& show irnmundocalimion 
of PCLN-1 in frozen human kidnev scdons. 
Sections were stained with the-indicated 
antibodies and subjected ta confocal rn- (24). bhgM& 
X630. (B) Three cells in longitudinal sedion of r e d  tubuk adned with 
anti-PaN-1, showing staining of inkrdular junctions (C).Tmge!nthI 
section of tubule stained with anti-PCLN-1, showing stairtikg of 'mtercellular 
junctions (D) Croa section of tubule stained with anti-PCLN-1, showing . . 
l o d m t m  to apical intercdbrlar junctions (arrow indiies one jurrction). 
Each of these jundions costains with antiocdudin (30). (E) Tangential 
section of tubule stained with indocarbocyanine (CY3)4abekd anti-Tarnrn- 
Horsfall protein (a TAL marker) and fkmcein k o t h p m e  (FlTC)- 
bbebed anti-PClN-1. AU THP-positive tubules a h  stain for PUN-1. The 

remain@ show cdoeliBtion of ocdudin (FiTC-labeled) and PCLN-1 
(CIUakhd) m renal tubules. ( Composite of 36 confocal images dern- 
ambatkg d o c a h t h  (-7 of &in and KWl in intedlubr 

(G to I) A confocal section from (F), M q  staining for 
ocdudin . (C). . P w - 1  T (1, and the two stpetimpwed (H), 
~ ( j t o 4 ~ o a u * ~ m w r i n g E t a i n i W ~ $  
PCLN-1 (L), and the two superhnpassd K). (M to 0) A vertkal section 
-& i-jmctionsstmvm in (At0 (1) -d93- 
seaions (in z axis), showiq staining for ocdudln (M), PCLN-1 (0). and the 
two e m p a r e d  (N), d n n i n g  cok&ation tim@mut the jlnction 
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cine at codon 239 (Fig. 3B). This nlutation 
introduces a charged residue into the fousth 
tra~lsmelnbralle domain, replacing the nolmal 
glycine residue that is conserved ainong all 
melnbers of the claudin family (11, 17) .  The 
GIy'" + Arg  nuta at ion in K112 (Fig. 3C) 
alters aaother conlpletely conserved glycine 
in the third transmembrane domain. 

We next detellnined where PCLN-1 is ex- 
pressed in the kidney. Using nlicrodissected 
neplron segments (22); we detected PCLIV-I 
mnFXA only in TAL and the distal co~lvoluted 
tubule (DCT) (Fig. 2E). PCLN-1 protein was 
next localized in kidney sections nit11 the use of 
an antibody to PCLN- 1 (anti-PCLN- 1) (Fig. 
4A) (23). The protein n7as detected at intercel- 
lular junctions of a subset of renal h~bules (Fig. 
4; B to D). including all hibule segments stain- 
ing for the TAL-specific Ta~lxn-Horsfall pro- 
tein (Fig. 4E). Finally, we perfo~n~ed confocal 
~llicroscopy using antibodies to both PCLN-1 
and occludin. a ubiquitous tight junction protein 
(24). PCLN-1 and occludi~l were found to co- 
localize. indicating that PCLN-1 is a compo- 
nent of the tight junction (Fig. 4; F to 0). 

These results identify PCLN-1 as a renal 
tight junction protein that when mutated 
causes ~nassive renal magaesium wasting 
~vit11 hypo~nagnesemia and hypercalciuria, re- 
sulting in nephrocalcinosis and renal failure. 
We infer that these mutatio~ls cause loss of 
noinla1 PCLN-1 f ~ ~ ~ l c t i o n ;  and that no other 
genes are redundant in function to PCLIZ'-I. 

Despite its critical role in Inany biological 
filnctions. the mechanisms underlying Mg2'- 
homeostasis have remained obscure. Genetic 
studies are non7 providing new insight into 
homeostatic determinants. In additio~l to 
PCL:\T-l-I; mutations in the gene e~lcodi~lg  the 
Na---Cl-  cotranspol-ter of the DCT have been 
shown to indirectly cause hypomagnesemia 
(25). Although the mechanism of Mg2+ re- 
so~ption in the DCT is uncertain, it is of 
interest that PCLIV-I 1nRNA is expressed at 
this site. In addition, two other genes altering 
either intestinal or renal Mg2-'- handling have 
been mapped but not yet identified (26). 

Our results suggest that PCLN- 1 is required 
for a selective paracellular conductance. We 
propose that PCLN-1. alone or in pal-tnership 
with other constituents, forrns an i~ltercellular 
pore peinlitti~lg paracellular passage of Mg2- 
and Ca2+ do~vn their electsochernical gradients. 
The existence of such pores was predicted from 
prior physiologic shldies characterizing para- 
cellular conductances (27). Such a concl~~sion 
is supported by PCLN-1's similarity to clau- 
dins; \vhich fo1111 intercellular bridges in tight 
junctions; the location of PCLN-1 in tight junc- 
tions of the TALI the phenotype of patients with 
 nuta at ions in this gene; and the prior physiology 
implicating the paracellular pathway of the 
TAL in Mg2+ ho~i~eostasis. The hypercalci~uia 
seen in patients ~vith mutations is consistent 
with physiologic evidence that the paracellular 

pathway of the TAL lnediates resoiytio~l of 
both Mg2- and Ca'? The lesser dependence 
of Ca2- homeostasis on this paracellular 
pathway, as well as the ability of parathyroid 
hom~one to increase intestinal absolption and 
renal transcellular reso~ption of Ca2-, inay 
account for patients' maintenance of noinla1 
serum Ca2+ (28). Alternatively, given phys- 
iologic evidence that this paracellular path- 
way is regulated by Mg2+ concentration; 
PCLN-1 could be a sensor of Mg2+ concen- 
tration that alters a paracellular pernleability 
mediated by other factors. PCLN-1 could 
conceivably mediate both functio~ls, because 
tight ju~lctio~ls are in contact with fluid 011 

both sides of epithelial layers. It is noten7or- 
thy that the first extracellular domain of 
PCLN- 1 is by far the most negatively charged 
of the claudin family; with 10 negatively 
charged residues and a net charge of -5 (Fig. 
3E). This high density of negative charges 
may contribute to the cationic selectivity of 
this paracellular pathway and could also bind 
Mg2- or Ca2+ (or both). Finally, these results 
raise the possibility that other ~nernbers of the 
claudin family also mediate specific paracel- 
lular conductances and detelu~ine the perme- 
abilities of different epithelia. 
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