
RA Normal 

0 0  - RF IgM RF IgM 

Fig. 3. Leu-l+ B cells secrete a larger amount of 
RI; than Leu- 1- cells but secrete similar amounts 
of IgM. Data are the ratio of amounts secreted by 
Leu-li B cells to that secreted by L e u - 1  B cells 
from ten patients with rheumatoid arthritis and 
six control individuals determined as described in 
Table 1. Corresponding values from the same 
individual are connected by lines. 

with cord blood and with PBLs from nor- 
mal individuals [see also (1 6)]. 

Since our sorting experiments relied on 
depleting Leu-1' or Leu-1- cells that ex- 
press B1, we verified (by depleting total 
B1+ cells) that most of this SAC-induced 
RF secretion is derived from cells initially 
expressing the B 1 (BP35, CD20) molecule. 
Therefore, our observations implv that RF 
secretion is derived from ~ e u - 1 '  B cells 
even in cases where very few of these cells 
are present and that they are capable of high 
levels of RF secretion. Small amou~lts of 
secretion occasionally observed in a B1- 
fraction presumably resulted from preexist- 
ing terminally differentiated secreting cells 
(1 7). There remained the possibility that the 
enriched RF secretion observed in the Leu- 
1' fraction was caused by binding of the 
anti-Leu-1 staining reagent to B cell Fc 
receptors or to surface Ig (since RF cells are 
specific for IgG). However, in similar deple- 
tion-sorting experiments with mouse IgG2a 
control reagents unreactive with any human 
antigens, no significant enrichment (or de- 
pletion) in RF secretion u7as observed. 

Our findings of enriched secretion of RF 
by a subpopulation of B cells has already 
been foreshadowed through fractionation of 
B cells by binding to mouse erythrocytes. 
Human B cells binding to mouse erythro- 
cytes can be induced to secrete rheumatoid 
factor after Epstein-Barr virus stimulation 
(18). Moreover, chronic lymphocytic leuke- 
mia cells (which express Leu-1) also rosette 
with mouse erythrocytes (19), an indication 
that Leu-1' B cells may have been the 
source of RF in this earlier study. However, 
preliminary observations shorn7 that al- 

though such rosetting does enrich for Leu- 
1' B cells, it does not yield a pure popula- 
tion and therefore cannot be conclusive in 
assigning a fi~nctional role to these cells. 

Our observations demonstrate that under 
the conditions we used, a particular subpop- 
ulation of B cells, which appears to be a 
separate lineage from Leu-l- B cells, is 
largely responsible for RF secretion. Al- 
though the significance of the increase in 
Leu- 1 (or Ly- 1 +) B cells in certain autoim- 
mune diseases remains to be resolved, we 
might speculate that triggering to RF secre- 
tion would occur more readily in individuals 
with high levels of Leu-1' B cells, resulting 
in a predisposition to certain types of auto- 
immune diseases such as rheumatoid arthri- 
tis, Sjogren's syndrome, and progressive sys- 
temic sclerosis. It is intriguing that early in 
development, cells with features identical to 
this "autoimmune" population constitute a 
major fraction of B cells. The presence of a 
similar set of B cells in such a phylogeneti- 
cally divergent species as the mouse suggests 
that these cells may have an important func- 
tional role and may provide a key to under- 
standing the mechanism of antibody diversi- 
ty in both mouse and man. 
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Identification of Human Uromodulin as the Tamm- 
Horsfd Urinary Glycoprotein 

The primary structure of human uromodulin, a 616-amino acid, 85-kilodalton 
glycoprotein with in vitro immunosuppressive properties, was determined through 
isolation and characterization of complementary DNA and genomic clones. The amino 
acid sequence encoded by one of the exons of the uromodulin gene has homology to 
the low-density-lipoprotein receptor and the epidermal growth factor precursor. 
Northern hybridization analyses demonstrate that uromodulin is synthesized by the 
kidney. Evidence is provided that uromodulin is identical to the previously character- 
ized Tamm-Horsfall glycoprotein, the most abundant protein in normal human urine. 

u ROMODULIN IS AN 85-KD GLYCO- 

protein isolated from the urine of 
pregnant women that is reported 

to be a potent immunosuppressive molecule 
(1). It inhibits antigen-induced T-cell prolif- 
eration and monoqte qtotoxicity in vitro at . . 

concentrations as low as 30 pM (1). Uromo- 
dulin has also been shown to be a high- 
affinity ligand for interleukin- 1 (IL- 1); .it 
specific all^ inhibits a mouse thymocyte co- 
mitogenic assay dependent on IL- 1 (2). The 
immunosuppressive activities of uromodu- 
lin are repoked to reside predominantlv in 

carbohydrate content (-30%), a tendency 
to form aggregates, and the presence of 
intrachain disulfide linkages (1). 

Another 85-kD polypeptide known as the 
Tamm-Horsfall glycoprotein ( 4 )  has many 
physical and biological characteristics in 
cornmon with uromodulin. The Tamm- 
Horsfall glycoprotein is the most abundant 
protein of renal origin in normal urine and 
contains approximately 30% carbohydrate 
(5). The Tamm-Horsfall glycoprotein has 
also been found to have immunosuppressive 

the N-liked carbohydrate residues of.the 
protein (2, 3). preliminary characterization Departments of Molecular Biolo and Developmental 

Biology, Genentech, Inc., s o u 8  San Francisco, CA 
of the purified protein revealed a very high 94080. 
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a A C T A A C T C T A C C T T T C T G G C T T C A G ~  ' t  
GTGCTATC b GGGGAGGAGAGTTAGATCATGCATTTGTCCCATCCATCTCTGTTCACAGGACACCAGACATCAGAGACAGAGAGAAAAATTCAAAGGGCCAACCCGTCTlTCCTTTGGGCAG) 

T 5 0  1 0 0  

- 2 4  - 2 0  - 1 0  
m e t  g l y  g l n  p r o  s e r  l e u  t h r  t r p  m e t  l e u  m e t  v a l  v a l  v a l  a l a  s e r  t r p  p h e  i l e  t h r  t h r  a l a  

TAGACCTGAAGIAGCGGGAAGAGCAGAAAGG UTG GGG CAG CCA TCT CTG ACT TGG ATG CTG ATG GTG GTG GTG GCC TCT TGG TTC ATC ACA ACT GCA 
1 3 0  2DO 

1 2-f 1 0  2 0  
a l a  t h r  A s p  T h r  S e r  G l u  A l a  A r g  T r p  Cys  S e r  G l u  Cys  H i s  S e r  A s n  A l a  T h r  C y s  T h r  G l u  A s p  G l u  A l a  V a l  T h r  T h r  Cys  T h r  Cys  
GCC ACT GAC ACC TCA GAA GCA AGA TGG TGC T C I  GAA TGT CAC AGC AAT  GCC ACC TGC ACG GAG GAT GAG GCC GTT  ACG ACG TGC ACC TGT 

2 5 0  3aO 

3 0  4 0  5 0  
G l n  G l u  G l y  P h e  T h r  G l y  A s p  G l y  L e u  T h r  C y s  V a l  A s p  L e u  A s p  G l u  Cys  A l a  I l e  P r o  G l y  A l a  H i s  A s n  Cys  S e r  A l a  A s n  S e r  S e r  
CAG GAG GGC T I C  ACC GGC GAT GGC CTG ACC TGC GTG GAC CTG GAT GAG TGC GCC ATT CCT GGA GCT CAC AAC TGC TCC GCC AAC AGC AGC 

3 5 0  

6 0  7 0  8 0  
C y s  V a l  A s n  T h r  P r o  G l y  S e r  P h e  S e r  C y s  V a l  C y s  P r o  G l u  G l y  P h e  A r g  L e u  S e r  P r o  G l y  L e u  G l y  C y s  T h r  A s p  V a l  A s p  G l u  C y s  
TGC GTA AAC ACG CCA GGC TCC T I C  TCC TGC GTC TGC CCC GAA GGC TTC CGC C I G  TCG CCC GGT CTC GGC TGC ACA GAC GTG GAT GAG TGC 

4 0 0  4 5 0  

9 0  1 0 0  1 1 0  
A l a  G l u  P r o  G l y  L e u  S e r  H i s  C y s  H i s  A l a  L e u  A l a  T h r  Cys  V a l  A s n  V a l  V a l  G l y  S e r  T y r  L e u  C y s  V a l  C y s  P r o  A l a  G l y  T y r  A r g  
GCT GAG CCT GGG C T T  AGC CAC TGC CAC GCC CTG GCC ACU TGT GTC AAT  GTG GTG GGC AGC TAC TTG TGC GTA TGC CCC GCG GGC TAC CGG 

5 0 0  5 5 0  

1 2 0  1 3 0  1 4 0  
G l y  A s p  G l y  T r p  H i s  Cys  G l u  C y s  S e r  P r o  G l y  S e r  Cys  G l y  P r o  G l y  L e u  A s p  C y s  V a l  P r o  G l u  G l y  A s p  A l a  L e u  V a l  Cys  A l a  A s p  
GGG GAT GGH TGG CAC TGT GAG TGC TCC CCG GGC TCC TGC GGG CCG GGG TTG GAC TGC GTG CCC GAG GGC GAC GCG CTC GTG TGC GCG GAT 

6 0 0  6% 

1 5 0  1 6 0  1 7 0  
P r o  C y s  G l n  A l a  H i s  A r g  T h r  L e u  A s p  G l u  T y r  T r p  A r g  S e r  T h r  G l u  T y r  G l y  G l u  G l y  T y r  A l a  C y s  A s p  T h r  A s p  L e u  A r g  G l y  T r p  
CCG TGT CAG GCG CAC CGL ACC CTG GAC GAG TAC TGG CGC AGC ACC GAG TAC GGG GAG GGC TAC GCC TGC GAC ACG GAC CTG CGC GGC TGG 

7 0 0  7 5 0  

1 8 0  1 9 0  2 0 0  
T y r  A r g  P h e  V a l  G l y  G l n  G l y  G l y  A l a  A r g  M e t  A l a  G l u  T h r  C y s  V a l  P r o  V a l  L e u  A r g  Cys  A s n  T h r  A l a  A l a  P r o  M e t  T r p  L e u  A s n  
TAC CGC TTC G I G  GGC CAG GGC GGT GCG CGC ATG GCC GAG ACC I G C  GTG CCA GTC CTG CGC TGC AAC ACG GCC GCC CCC ATG TGG CTC AAT 

8 0 0  

2 1 0  2 2 0  2 3 0  
G l y  T h r  H i s  P r o  S e r  S e r  A s p  G l u  G l y  I l e  V a l  S e r  A r g  L y s  A l a  C y s  A l a  H i s  T r p  S e r  G l y  H i s  C y s  Cys  L e u  T r p  A s p  A l a  S e r  V a l  
GGC ACG CAT CCG TCC AGC GAC GAG GGC ATC G I G  AGC CGC AAG GCC TGC GCG CtJ TGG AGC GGC CAC TGC TGC CTG TGG GAT GCG TCC GTC 

8 5 0  9 0 0  

2 4 0  2 5 0  2 6 0  + G l n  V a l  L y s  A l a  Cys  A l a  G l y  G l y  T y r  T y r  V a l  T y r  A s n  L e u  T h r  A l a  P r o  P r o  G l u  C y s  H i s  L e u  A l a  T y r  C y s  T h r  A s p  P r o  S e r  S e r  
CAG G I G  AAG GCC TGT GCC GGC GGC TAC TAC GTC TAC AAC CTG ACA GCG CCC CCC GAG TGT CAC CTG GCG TAC TGC ACA GAC CCC AGC TCC 

9 3 0  10DO 

2 7 0  2 8 0  2 9 0  
V a l  G l u  G l y  T h r  Cys  G l u  G l u  C y s  S e r  I l e  A s p  G l u  A s p  Cys  L y s  S e r  A s n  A s n  G l y  A r g  T r p  H i s  C y s  G l n  C y s  L y s  G l n  A s p  P h e  A s n  
G I G  GAG GGG ACG TGT GAG GAG TGC AGT ATA GUC GAG GAC TGC AAA TCG AAT AAT  GGC AGA TGG CAC TGC CAG TGC AAA CAG GAC T I C  AAC 

1 0 5 0  
A l 11DO 

3 0 0 r t  3 1 0  3 2 0  
I l e  T h r  A s p  I l e  S e r  L e u  L e u  G l u  H i s  A r g  L e u  G l u  Cys  G l y  A l a  A s n  A s p  M e t  L y s  V a l  S e r  L e u  G l y  L y s  C y s  G l n  L e u  L y s  S e r  L e u  
ATC ACT GAT ATC TCC CTC CTG GAG CAC AGG CT! GAA TGT GGG GCC AAT  GAC ATG AAG GTG TCG CTG GGC AAG TGC CAG CTG A&G AGT CTG 

1 1 5 0  1 2 0 0  

3 3 0  3 4 0  3 5 0  
G l y  P h e  A s p  L y s  V a l  P h e  M e t  T y r  L e u  S e r  A s p  S e r  A r g  C y s  S e r  G l y  P h e  A s n  A s p  A r g  A s p  A s n  A r g  A s p  T r p  V a l  S e r  V a l  V a l  T h r  
GGC TTC GAC AAG GTC TTC ATG TAC CTG AGT GAC AGC CGG TGC TCG GGC TTC AAT GAC AGA GAC AAC CGG GAC TGG G I G  TCT GTA G I G  ACC 

1 2 5 0  

3 6 0  3 8 0  
P r o  A l a  A r g  A s p  G l y  P r o  Cys  G l y  T h r  V a l  L e u  A s n  G l u  T h r  H i s  A l a  T h r  T y r  S e r  A s n  T h r  L e u  T y r  L e u  A l a  A s p  G l u  I l e  
CC& GCC CGG GAT GGC CCC TGT GGG ACA G I G  TTG AAT  GAA ACC CAT GCC ACT TAC AGC AAC ACC CTC TAC CTG GCA GAT GAG ATC 
1 3 0 0  1 3 5 0  

3 9 0  4 0 0  4 1 0  
I l e  I l e  A r g  A s p  L e u  A s n  I l e  L y s  I l e  A s n  P h e  A l a  C y s  S e r  T y r  P r o  L e u  A s p  M e t  L y s  V a l  S e r  L e u  L y s  T h r  A l a  L e u  G l n  P r o  M e t  
ATC ATC CGT GAL CTC AAC ATC AAA ATC AAC TTT  GCA TGC TCC TAC CCC CTG GAC ATG AAA GTC AGC CTG AAG ACC GCC C I A  CAG CCA ATG 64 14" 1 4 5 0  

4 2 b  4 3 0  4 4 0  
V a l  S e r  A l a  L e u  A s n  I l e  A r g  V a l  G l y  G l y  T h r  G l y  M e t  P h e  T h r  V a l  A r g  M e t  A l a  L e u  P h e  G l n  T h r  P r o  S e r  T y r  T h r  G l n  P r o  T y r  
bTC  AGT GCT CTU UAC ATC AGA G I G  GGC GGG ACC GGC ATG T I C  ACC G I G  CGG ATG GCG CTC T I C  CAG ACC CCT L C C  TAC ACG CAG CCC TAC 

1 5 W  1 5 5 0  

4 5 0  4 6 0  4 7 0  
G l n  G l y  S e r  S e r  V a l  T h r  L e u  S e r  T h r  G l u  A l a  P h e  L e u  T y r  V a l  G l y  T h r  M e t  L e u  A s p  G l y  G l y  A s p  L e u  S e r  A r g  P h e  A l a  L e u  L e u  
CAA GGC TCC TCC G I G  ACA CTG TCC ACT GAG GCT T I T  CTC TAC GTG GGC ACC ATG TTG GAT GGG GGC GAC CTG TCC CGA T I T  GCA CTG CTC 

1 6 3 0  
- ,  1 6 5 0  

4 8 0  4 9 0  5 0 0  ' f 
M e t  T h r  A s n  Cys  T y r  A l a  T h r  P r o  S e r  S e r  A s n  A l a  T h r  A s p  P r o  L e u  L y s  T y r  P h e  I l e  I l e  G l n  A s p  A r g  C y s  P r o  H i s  T h r  A r g  A s p  
ATG ACC AAC TGC TAT  GCC ACA CCC AGT AGC AAT GCC ACG GAC G C  CTG AAG TAC T I C  ATC ATC CAG GAC AGA TGC CCA CAC ACT AGA GAC 

1 7 0 0  

5 1 0  5 2 0  5 3 0  
S e r  T h r  I l e  G l n  V a l  V a l  G l u  A s n  G l y  G l u  S e r  S e r  G l n  G l y  A r g  P h e  S e r  V a l  G l n  M e t  P h e  A r g  P h e  A l a  G l y  A s n  T y r  A s p  L e u  V a l  
TCA  ACT ATC CAA G I G  GTG GAG AAT GGG GAG TCC TCC CAG GGC CGA T T T  TCC G l C  CAG ATG TTC CGG T T T  GCT GGA AAC TAT  GAC C I A  GTC 
1 7 5 0  1 ROO .... 

5 4 0  5 5 0  5 6 0  
T y r  L e u  H i s  C y s  G l u  V a l  T y r  L e u  C y s  A s p  T h r  M e t  A s n  G l u  L y s  C y s  L y s  T h r  C y s  S e r  G l y  T h r  A r g  P h e  A r g  S e r  G l y  S e r  V a l  
TAC CTG CAC TGT CAA GTC TAT  CTC TGT GAC ACC ATG AAT  GAA AAG TGC AAG CCT ACC TGC T C l  GGG ACC AGA TTC CGA AGT GGG AGT GTC 

1 8 5 0  1 9 0 0  

5 7 0  5 8 0  + 5 9 0  
I l e  A s p  G l n  S e r  A r g  V a l  L e u  A s n  L e u  G l y  P r o  I l e  T h r  A r g  L y s  G l y  V a l  G l n  A l a  T h r  V a l  S e r  A r g  A l a  P h e  S e r  S e r  L e u  G l y  L e u  
ATA GAT CAA TCC CGT GTC CTG AAC TTG GGT CCC ATC ACA CGG AAA GGT GTC CAG GCC ACA GTC TCA AGG GCT T T T  AGC AGC TTG GGG CTC 

1 9 5 0  2 0 3 0  

6 0 0  6 1 0  
L e u  L y s  V a l  T r p  L e u  P r o  L e u  L e u  L e u  S e r  A l a  T h r  L e u  T h r  L e u  T h r  P h e  G l n  OP 
CT6  AAA GTC TGG CTb  CCT CTG CTT CTC TCG GCC ACC TTG ACC CTG ACT T T T  CAG TGA CTGACAGCGGAAAGCCCTGTGCTCCATGGCTGCCATCTCACCT 

2 0 5 0  21DO 

CCTGCTGGGCAGGGGGCATGATGCGGGCCAGTGCTCCAGCCACAGAAAAGAAAGTTCATGCTTTGTTCAGCCTGCCTTCTTTTCTCCCTTTTAATCCTGGCTGTCGAGAAACAGCCTGTG 
2 1 5 0  2 2 3 0  

T C T T T A A A T G C T c C T T T T T C T C A A A A T G G b A C T T G T G A C G G T G T A C C T G A G G C C C C C A T C T C C T T A A A G A G T G T G G C A A ~ G A T T T T T A A A T C T C - p o l y A  
2 2 5 0  23DO 

activities that are apparently localized to its 
carbohydrate moiety (6-8). We report here 
that uromodulin is in fact the previously 
described Tamrn-Horsfall urinary glycopro- 
tein. 

Purified human uromodulin ( I )  was re- 
duced and carboxymethylated and desalted 
by gel filtration. ~ l i ~ u o t s  of this preparation 
were treated with either trypsin or Staphylo- 
coccus auveus V8 protease. The sequences of 
some of the proteolytic fragments as well as 
the sequence of the NH2 terminus of intact 
uromodulin were determined by automated 
protein sequence analysis (9). Deoxyoligo- 
nucleotide probes corresponding to six of 
the peptides and ranging from 33 to 54 
nucleotides in length were chemically syn- 
thesized. 

Since the site of synthesis of uromodulin 
was unknown, the strategy we pursued was 
to screen a human genomic DNA library for 
the uromodulin gene. Southern blots of 
human genomic DNA were hybridized with 
the six synthetic probes at low stringency 
and washed under gradually increased strin- 
gencies. When the washes were performed 
at 55°C with 0 . 5 ~  SSC (standard saline 
citrate), probes B and C (9) hybridized to a 
single 2.3-kb Eco RI fragment. No hybrid- 
ization signal was seen with the other four 
probes. Human DNA was digested with 
Eco RI, and the fragments from 2 to 3 kb 
were isolated and used to prepare a library of 
200,000 clones in the vector AgtlO. Twen- 
N-seven clones were found to hvbridize 
with probe C and five clones with probe B. 
None of the clones, however, hybridized 
with both probes, indicating that the se- 
quences that hybridized with the two probes 
are on independent Eco RI fragments. 

DNA seauence analwis demonstrated 
that the probe Gpositive clones did not 
encode uromodulin. The DNA sequence of 
a 700-bp Sau 3A fragment from one of the 
probe B-positive clones (AD) revealed a 
match of 41  out of 48 positions with the 

Fig. 1. Nucleotide sequence and deduced amino 
acid sequence of uromodulin cDNA. Nucleotides 
are numbered below each line, and amino acid 
positions are numbered above each line. The 
putative signal peptide is represented by the resi- 
dues labeled -24 to - 1; the predicted mature 
protein is numbered from 1 to 616. TGA at 
positions 2072-2074 indicates the translation 
stop codon. The putative polyadenylation signal 
AATAAT is underlined. The complete DNA se- 
quence of the protein coding region of the uro- 
modulin gene was also determined by sequencing 
the genornic clones described. The positions of 
inuons were determined from genomic clone se- 
quences and are indicated by arrows. The entire 
cDNA sequence was determined by the dideoxy 
chain termination method with restriction frag- 
ments subcloned into single-stranded M13 vectors 
(32). The a and b sequences denote the 5' termini 
of cDNA clones A33 and A49, respectively (33). 
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 robe. Furthermore, all 16 of the amino 
acids of the tryptic fragment from which 
probe B was designed were found encoded 
bv this Sau 3A fragment. The entire 2.3-kb " 
ECO FU fragment from the genomic clone 
AD was sequenced. Inspection of its largest 
open reading frame revealed matches with 
the amino acid sequence of eight additional 
uromodulin peptides derived from t q  p tic ' or 
sta~hvlococcal V8 Drotease treatment as 

I i 

well as a portion of the NH2-terminal se- 
quence beginning with residue 7 of mature 
uromodulin. Only six amino acids from the 
NH2-terminal sequence of mature uromo- 
dulin were not encoded by the AD Eco FU 
fragment. The presence in the gene sequence 
of a consensus splice site (10) in the sixth 
codon suggested that a1 intron interrupts 
the coding sequence at this point. 

RNAs isolated from approximately 150 
different epithelial, connective, and hemato- 
poietic tissues and tumor-derived cell lines 
were screened for the presence of uromodu- 
lin messenger RNA (mRNA) with a 400-bp 
Bam HI-Pst I fragment isolated from the 
genomic clone AD. RNA from onlv one 
source, h u m a ~  adult kidney, hybridized to 
the probe. The size of this mRNA was 
determined to be approximately 2600 nucle- 
otides. We constructed a AgtlO cDNA li- 
bray using kidney poly(A)+ mRNA and 
screened the library with the 400-bp Bam 
HI-Pst I probe and an NH2-terminal syn- 
thetic oligbnucleotide encoding the first-20 
nucleotides of the coding exon of AD. When 
we used the Bam HI-Pst I probe, approxi- 
mately 5% of the cloned complementary 
DNAs (cDNAs) gave a positive hybridiza- 
tion signal, suggesting that uromodulin 
mRNA is very abundant. The NH2-terminal 
synthetic prdbe hybridized with approxi- 
mately 1% of the cDNA clones. Three 
cDNA clones that hybridized with both 
probes were sequenced and found to encode 
all of the tryptic and staphylococcal V8 
protease peptides as well as the mature NH2 
terminus of uromodulin (Asp-Thr-Ser-Glu- 
Ala . . .) in a single open reading frame (Fig. 
1). 

The uromodulin cDNA sequence deter- 
mined from the three independent clones is 
2352 bp in length. The open reading frame 
begins with the ATG at nucleotide positions 
152 to 154 and extends for 1917 b ~ .  The 
initiator methioxline codon is followed by a 
sequence of 69 bp coding for a 23-amino 
acid signal peptide before the mature uro- 
modulin sequence is encountered. There are 
615 amino acids encoded after the NH2- 
terminal aspartic acid of the mature protein. 
The molecular weight of the mature uromo- 
dulin polypeptide deduced from the amino 
acid seauence is 67.146. The TGA termina- 
tion codon for uromodulin is followed by a 

Fig. 2. Map of the human uromodulin gene. The structure of the uro~nodulin gene is schematically 
represented. The 11 exons are depicted as boxes and are drawn approximately to scale. The coding 
regions of the exons are indicated by shaded boxes, noncoding regions by open boxes. Restriction 
enzyme recognition sites for Bam HI, Bgl 11, Eco RI, Hlnd 111, and Xba I are shown. Additional sites 
for these enzymes may be present in unsequenced intron regions. The size scale in lulobases is indicated 
above the gene. The direction of transcription is from left to right. 

UM R L - S P ~ L G C T D V D E C A E P G L S H C H A L A T C V N V V - G S Y L  75-110 
L D L R  Q L V A Q - R R C E D I D E C Q D P D T - - C S Q L - - C V N L E - G G Y K  324-355 
E G F P  V L E R D ~ K T C S  1 - - -  s N G - - P 434-466 

Fig. 3. Comparison of human uromodulin (UM), the human LDL receptor (LDL R), and human EGF 
precursor (EGF P) sequences (19). Amino acid residues that are identical ul two of the three sequences 
are boxed. The numbering at the right indicates position in relation to the NH2-termini. *, Cysteine 
residues. The positions at which introns interrupt the sequence are denoted by the encircled amino 
acids. The single-letter amino acid abbreviations are those recommended by the Commission on 
Biochemical Nomenclature (34). 

260-bp 3'-untranslated region that contains feature to the DNA (15, 16). 
the polyadenylation signal AATAAT (1 1) at A comparison of the uromodulin cDNA 
positions 2317 to 2322. sequence with the genomic clone AD re- 

Uromodulin contains an unusually high vealed that this 2.3-kb genomic Eco FU 
number of cysteine residues. Forty-eight fragment contains two coding exons. The 
qlsteines give uromodulin the potential to fir; is 777 bp in length and encodes amino 
be stabilized by 24 disulfide bridges. There acids 6 through 264 of the mature protein 
are eight potential Asn-linked glycosylation and the second exon is 108 bp and encodes 
sites (12) located at positions 14, 52, 56, amino acids 265 through 300. These two 
208, 251, 298, 372, and 489. This is con- exons are separated by a small intron of 105 
sistent with the relati\~ely high carbohydrate bp. 
content (-30%) reported for uromodulin To find the remaining uromodulin geno- 
(1). mic sequences, we screened a complet~ hu- 

Another interesting feature of the uromo- man genomic DNA library (17), using ei- 
dulin cDNA sequence is an unusually high ther the 400-bp Bam HI-Pst I fragment 
proportion of CpG dinucleotides (13). Sev- from the first exon of AD or a deoxyoligonu- 
enty-four of the CpG dinucleotides occur in cleotide (30mer) encoding amino acids 605 
exon 2. In this exon alone, the frequency of to 614 of the mature protein. Six different 
CpG pairs, if we take into account base 
composition and the expected CpG suppres- 
sion (14), is four times as high as that 
occurring in most vertebrate DNA se- 
quences. The existence of CpG clusters has 
also been seen in the polymorphic exons of 
major histocompatibility complex (MHC) 
genes and in the 5' regions of the mouse 
dihydrofolate reductase (DHFR) gene and 
the chicken a 2  collagen gene (15). In these 
genes, as also obsenred for uromodulin, 
there is an asymmetrical CpG distribution 
with more in the 5' exons than in the 3' 

classes of o\~erlapping clones, spanning ap- 
proximately 20 kb of the human chromo- 
some, were obtained. The restriction endo- 
nuclease map of the human uromodulin 
gene is depicted in Fig. 2. The DNA se- 
quence of the 11 exons of the uromodulin 
gene represented in the cDNA clones was 
determined. The gene consists of ten coding 
exons ranging in size from 38 to 777 bp 
(-2.3 kb total) and at least one noncoding 
exon; the ten intron sizes range from 105 bp 
to approximately 3.5 kb (-16 kb total). 
Four nucleotide differences were found be- 

exons. It has been suggested that these tween the genomic and cDNA sequences, all 
clusters are related to the absence of methyl- of which are silent substitutions. 
ation at these regions in the gerrnline and The NH2-terminal region (amino acids 
probably confer some significant structural 37 to 135) of uromodulin has significant 
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homology (18) to the human low-density 
lipoprotein (LDL) receptor (amino acids 
290 to 380) and to the human epidermal 
growth factor (EGF) precursor (amino acids 
399 to 491) (Fig. 3). In these regions, 
uromodul'i is 33% homologous to the 
LDL receptor, 32% homologous to the 
EGF precursor, and 37% homology was 
observed between the LDL receptor and the 
EGF precursor (19). The homology be- 
tween the LDL receptor and EGF precursor 
continues for an additional 300 amino acids 
in the COOH-terminal direction. whereas 
for uromodulin it diverges fro& the se- 
quence of these two proteins after amino 
acid 135. For the structurally important 
amino acid cysteine, 13 residues can be 
aligned in the three proteins. 

In the regions compared, three introns 
interrupt the coding sequence of both the 
LDL receptor and the EGF precursor in 
identical msitions. whereas for uromodulin 
the homd~ogous domain is entirely encoded 
within a single exon (exon 2). The similarity 
in inmn positions between the EGF prccur- 
sor and the LDL recemor has led to the 
suggestion that the hoAo~ogous regions in 
these two genes arose by duplication of an 
ancestral gene (19). The different intron 
saucturc found in the uromodulin gene 
suggests that it may have evolved indepen- 
dently of the other two genes. 

The s idcance  of the structural homolo- 
gies in k e  t h m  proteins is ~ c ~ l t  to 
determine. Uromodulin, the EGF precur- 
sor. and the LDL receotor have no obvious 
funkional similarities: ' Structure-function 
relations of the LDL receptor have been 
studied extensively, but the function of this 
homologous domain has not been elucidat- 
ed (20). 

Uromodulin was originally desuibed as a 
pregnancy-specific immunosuppressive gly- 
coprotein (I). We obtained evidence sug- 
gesting that uromodul'i may not be preg- 
nancy-specific from a Northern blot of kid- 
ney &A isolated from male, female, and 
pregnant h a l e  rats. In all three samples, a 
2.6-kb mRNA hybridized with approxi- 
mately equal intensity to a human uromodu- 
lin cDNA probe. We next attempted to 
d d e  whether uromodulin could be 
purified from male or nonpregnant female 
human urine. Urine samoles from a male. 
female, and pregnant h k e  were dialyzed 
concentrated, and subjected to SDS-ply- 
acrylarnide gel electrophoresis (SDS-PAGE) 
and NH2-terminal sequence analysis. SDS- 
PAGE revealed a major polypeptide in all 
three urine samples that had an M, of ap- 
proximately 85,000 and comigrated with 
purified ,urornodulin (Fig. 4). Convincing 
evidence'establishing the identity of this 
major urinary prote& as uromoddin came 

from NH2-terminal sequence data. The 
NH2-&al residues from this major 
protein in all three samples were identical 
to those of purified uromodulin. Our find- 
ing that uromodulin is not pregnancy-spe- 
cific is supported by its recent detection in 
urine from males and nonpregnant fcmales 
(3). 

The most abundant protein in human 
urine has long been known as the Tamm- 
HorsfiU glycoprotein (TH-GP) (4, 5). Ap- 
proximately 15 to 37% of total urinary 
protein consists of this glycoprotcin (21). 
First described in 1950 as an inhibitor of 
viral hernagglutination, the TH-GP is a nor- 
mal constituent of human urine. It is synthe- 
sized by the kidney and localized in the cells 
lining the ascending limb of Henk's loop 
and the distal convoluted tubule (22). Up to 
100 mg per day are excreted in healthy 
individuals, an amount apparently uninffu- 

a b c  d e 
-d 

Fig. 4. SDS-polyaccylamide gel electrophoresis 
of humah urine samples and ed uromodulin. 
Urine samples fiom a male, E e, and pregnant 
fanale were collected and stored at 4%. The urine 
was dialyzed against phosphate-butfercd saline 
and concentrated by means of the reverse side of a 
YMlO Amicon filter membrane in a single step. 
The samples were concentrated approximately 
23-, 27-, and 15-fold for the female, male, and 
pregnant female samples, respectively. Samples 
were separated by electrophoresis on a 10% SDS- 
polyacrylarnide slab gel with the buffer system of 
Laemrnli (35), and the gel was stained with silver 
stain (36). The far left of the figure indicates the 
position of migration of protein standards 
(M, x lo-'): phosphorylase b (92.5), bovine 
serum albumin (66.2), ovalbumin (45.0), carbon- 
ic anhydrase (31.0), soybean trypsin inhibitor 
(21.5), and lywzyme (14.5). Lane a, male urine 
(52 ng); lane b, female urine (360 ng); lane c, 
pregnant fanale urine, concentrated only (500 
ng); lane d, pregnant h a l e  urine concentrated 
and dialyd (260 ng); and lane e, 1.5 pg of 
puri!ied uromodulin (1.5 pg; 1). 

enced by age or sex (23). TH-GP may also 
be synthesized in the central nervous system 
since immunohistochcmical studies on rat 
brain h e  sections have shown that epen- 
dymal cells and astrocytic proceses react 
with a n t h u m  to TH-GP (24). 

Although the amino acid sequence of TH- 
GP has not been desuibed, a comparison of 
the e~rpcrimentally determined amino acid 
composition of TH-GP with the amino acid 
composition of uromodulin predicted from 
the DNA sequence shows a striking similar- 
ity (Table 1). In addition, preliminary NHr 
terminal analysis (5) of TH-GP shows the 
k t  two amino acids (Asp-Thr) to be identi- 
cal to those of uromodulin. Furthermore, 
the NHTterminal amino acid residues of the 
unqarated methionyl peptides of TH-GP 
(5) are the same as 10 out of 12 of the 
methionyl peptide NH2-terminal residues of 
uromodulin. 
Some of the previously described chemi- 

cal and physical characteristics of TH-GP 
(5) that closely resemble the properties de- 
scribed for uromodulin (1-3) indude (i) an 
M, estimated to be between 76,000 and 
90,000, (ii) a unique tendency to form large 
aggregates of several million daltons in 
aqueous solution, (iii) the presence of 25 to 
30% carbohydrate with a very high content 
of sialic acid, and (iv) an extremely high 
number of cysteine residues relative to other 
glycoproteins. Uromodulin has an M, of 
85,000, tends to aggregate in solution, con- 
tains 30% carbohydrate with 7 to 10% by 
weight sialic acid, and has 48 cysteine resi- 
dues. 

Consistent with the findings for uromo- 
dulin, TH-GP has also been found to have 
iinmunosuppressive activities (6-8). Both 
proteins inhibit antigen-induced prolifera- 
tion of human lymphocytes. Certain oligo- 
saccharides such as N-acetylgalactosamine 
uan also block early events necessary for the 
expression of antigen-specific proliferation 
by human lymphocytes (25), but, as also 
observed for uromodulin, only if present 
during the first 24 hours of culture. In 
addition, the carbohydrate moieties of TH- 
GP have been characterized, and it has been 
found that N-acetylgalactosamine is the im- 
munodominant sugar associated with this 
protein (26). Another common charaaeris- 
tic is that neither uromodulin, TH-GP, nor 
cutain ohgosaccharides have any effect on 
cell viability even after prolonged (6 to 7 
days) incubation in vitro. 

It has been suggested that the immuno- 
suppressive activity of uromodulin resides 
solely in its carbohydrate moiety (3). Com- 
plete digestion of uromodulin with pronase 
or succinylation and carboxymahylation fiil 
to inhibit its in vitro bioactivity. On the 
other hand, periodate treatment completely 
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Table 1. Amino acid composition of TH-GP and 
uromodulin. 

Residues per 100 residues 

Amino in protein 

acid Tanm-Horsfd Uro- 
glycoprotein* modulint 

Asp + Asn 
Thr 
Ser 
Glu + Gln 
Pro 
Gly 
Ala 
V a1 
cys 
Met 
Ile 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 
Trp 

*From (37). tCalculated from the acmal616-amino 
a i d  uromodulin sequence (see Fig. 1) 

abolishes the i m u n o s u ~ ~ r e s s i v e  activity. 
L L 

Purified oligosaccharides from N-glycanase- 
digested uromodulin appear to be responsi- 
ble for the maiority of the in vitro immuno- , , 

suppression. It is consistent with this infor- 
mation that the major glycopeptide fraction 
from TH-GP has also been found to be 
responsible for its immunosuppressive activ- 
ity (6, 7). This inhibitory activity of TH-GP 
is thought to result from competition be- 
tween the carbohvdrate l n o i e ~  of TH-GP 
and the carbohydrate receptor on lympho- 
cytes for mitogens (7). 

Urolnodulin has also been found to inhib- 
it in vitro assays dependent on IL-1, appar- 
ently by a specific high-affinity binding of 
uromodulin to IL-1 (2). The N-linked car- 
bohydrate sequences are again implicated in 
this interaction based on the observations 
that deglycosylated uromodulin fails to bind 
IL-1 and that a partially purified oligosac- 
charide from urolnodulin blocks the bind- 
ing. On the basis of these results, Muchmore 
and Decker (2) have suggested that uromo- 
dulin may be a soluble form of the IL-1 
receptor. Our failure to find uromodulin 
 ma^ in any tissue except ludney argues 
against this possibility. 

Although the physiological role of TH- 
GP is unknown, one suggestion is that it 
might be responsible for maintaining the 
water impermeability of the ascending limb 
by trapping \vater molecules, but allowing 
the passage of ions (27). TH-GP has been 
implicated as playing a role in a number of 
pathologic conditions. For example, cell- 
mediated and humoral responses directed 
against TH-GP have been demonstrated in 

patients with autoimmune liver disease and 
renal tubular acidosis (28). Autoantibodies 
to TH-GP have been found in uatients with 
urinaly tract infections (29), liver diseases 
(30), and hepatitis (31). 

In summary, \lie have provided evidence 
to support our conclusion that uromodulin 
is identical to the previously characterized 
TH-GP. (i) Both are synthesized in the 
kidnev and isolated from urine. (ii) The 
amino acid composition of uromodulin pre- 
dicted bv the DNA sequence closelv fits the 
experimkntal data determined for the amino 
acid composition of the Tam-Horsfal l  gly- 
coprotein. (iii) Their NH2-terminal amino 
acid residues are identical and so are most of 
the NH2-terminal amino acids of their 
methionyl peptides. (iv) Both have similar 
M, values, carbohydrate composition, an 
unusually high cysteine content, and a ten- 
dency to aggregate in solution. (v) Both 
possess in vitro immunosuppressive activi- 
ties that appear to reside predominantly in 
the carbohydrate moiety of the proteins. 
Taken together, these data provide strong 
evidence that these two proteins are identi- 
cal and probably do not function physiolog- 
ically as immunosuppressive agents. 
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Identification of an a Subunit of Dihydropyridine- 
Sensitive Brain Calcium Channels 

Voltage-sensitive calcium channels in Merent tissues have diverse functional proper- 
ties. Polyclonal antibodies (PAC-2) against the a subunits of purified rabbit skeletal 
muscle calcium channels immunoprecipitated calcium channels labeled with the 
dihydropyridine PN200-110 from both skeletal muscle and brain. The immunoreac- 
tivity of PAC-2 with the skeletal muscle channel was greater than that with the brain 
calcium channel and was absorbed only partially by prior treatment with the brain 
channel. PAC-2 specifically recognized a large peptide in synaptic plasma membranes 
of rabbit brain with an apparent molecular size of 169,000 daltons. This protein 
resembles an a subunit of the skeletal musde calcium channel in apparent molecular 
weight, antigenic properties, and electrophoretic behavior after reduction of disulfide 
bonds. Thus, the dihydropyridine-sensitive calcium channel of rabbit brain has an a 
subunit that is homologous, but not identical, to those of the skeletal muscle calcium 
channel. The Merent functional properties of these two calcium channels may result 
from minor variations in structurally similar components. 

T HE VOLTAGE-SENSITNE CALCIUM 

channel is one of the key factors in 
the control of calcium-linked cellular 

functions such as action-potential genera- 
tion, muscle contraction, and secretion of 
hormones and neurotransmitters (1). In 
neurons, three different classes of Ca2+ 
channels have been described in electro- 
physiological experiments (2, 3) .  One of 
these, termed the L channel, mediates slowly 
activated, long-lasting Ca2+ currents that are 
blocked by dihydropyridine Ca2+ channel 
antagonists and enhanced by dihydropyri- 
dine Ca2+ channel agonists (3). Dihydro- 
pyridine-sensitive Ca2+ channels also medi- 
ate ca2+  entry during the action potential 
in muscle tissues. High-affinity dihydropyri- 
dine receptors have been identified in skele- 
tal, smooth, and cardiac muscles and in 

brain (4). They have been successfully solu- 
bilized (5-8) and purified to near homoge- 
neity from skeletal muscle T-tubular mem- 
branes (6, 9). The purified dihydropyridine 
receptors consist of a noncovalent complex 
of a, p, and y subunits having apparent 
molecular sizes of 160,000, 50,000, and 
33,000 daltons, respectively (6). The appar- 
ent size of a fraction of the a subunits is 
reduced to 135,000 daltons by cleavage of 
disulfide bonds (6, 10). The purified dihy- 
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Fig. 1. Immunoblott~ng of T-tubule membranes 
from rabb~t skeletal muscle by PAC-2. T-tubule 
membrane protelns (190 pg per lane) were 
transblotted from SDS-polyacn~lam~de gel to a 
n~trocellulose sheet and ~rnmunosta~ned by PAC- * t 
2 (lane l) ,  preu-nmune serum (lane 2), and PAC-2 
absorbed wlth purlfied rabb~t skeletal muscle p- • 
Ca" channel (lane 3).  The concentratlons of all 
the antlsera were 0.3% by volume. The mlgratlon *ws-g 
posltlons of a, p, and y subunlts of the skeletal 
muscle CaZ+ channel are lnd~cated on the left The 

r, 
4' 

mlgratlon posltlons of standard protelns lndlcated Y' 
by horlmntal bars correspond, from top to bot- 
tom, to the foUowlng molecular we~ghts: * * 
200,000, 116,000, 68,000, 42,000, and 30,000. 

dropyridine receptor from skeletal muscle 
has also been incorporated into phospholip- 
id vesicles and bilayers and been shown to 
mediate dihydropyridine-sensitive Ca2+ 
conductance, which provides evidence that 
the three subunits are sufficient to mediate 
the physiological functions of the Ca2+ 
channel (10). 

Although the Ca2+ channels of skeletal 
muscle T-tubules have served as a valuable 
model system for biochemical studies, Ca2+ 
channels in other tissues have man" different 
properties. For example, dihydropyridine- 
sensitive Ca2+ channels in neurons have a 
higher affinity for dihydropyridine Ca2+ an- 
tagonists (11), high sensitivity to inhibition 
by o-conotoxin (12), higher single-channel 
conductance (3, 13), faster kinetics of open- 
ing and closing (2, 3, 14), and different 
regulation by protein phosphorylation (1, 
10, 15). In view of the importance of Ca2+ 
channels in neurons and the man" functional 
differences between Ca2+ channels in neu- 
rons and skeletal muscle, it is of considerable 
interest to determine the molecular proper- 
ties of dihydropyridine-sensitive Ca2+ chan- 
nels in the brain. Here we describe polyclo- 
nal antibodies that recognize the a subunits 
of the purified skeletal muscle Ca2+ channel 
and use those antibodies to identify and 
compare a corresponding polypeptide com- 
ponent of the dihydropyridine-sensitive 
ca2+  channels in the brain. 

As a first step, we purified the brain 
dihydropyridine-sensitive Ca2+ channel by 
applying the methods used for T-tubule 
Ca2+ channels (6) (Table 1). The synaptic 
plasma membrane fraction purified from 
rabbit brain homogenate specifically bound 
0.16 pmol of [ 3 ~ ] ~ ~ 2 0 0 - 1  10 per milli- 
gram of protein at saturation. Treatment 
with 1% digitonin solubilized 46% of the 
protein and 32% of the [3~]PN200-110- 
channel complex (5). The solubilized chan- 
nel was purified by chromatography on 
wheat germ agglutinin (WGA)-Sepharose 
and velocity sedimentation through a su- 
crose density gradient. The specific activity 
of final preparation was 2.91 pmol of 
[ 3 ~ ] ~ N 2 0 0 - 1 1 0  bound per milligram of 
protein, representing an overall 18.2-fold 
purification from the synaptic plasma mem- 
branes. If the molecular weight of dihydro- 
pyridine receptor in brain is 210,000 [as 
determined by radiation inactivation (16)], 
the specific activity of a homogeneous prep- 
aration would be 4760 pmol per milligram 
of protein, indicating that 1600-fold further 
purification is required to achieve homoge- 
neity. Evidently the low concentration of 
dihydropyridine-sensitive ca2+ channels in 
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