
sity and maintained a t  Vassar College). Mouse diabetes and Rat fatty Due T h e  total number of meioses lvas '2724 ill 
to Mutations in the OB (Leptin) Receptor the mice and 1028 in the  rats. 

All obese mice were gellotyped for close- 
Streamson C. Chua Jr., Wendy K. Chung, X. Sharon Wu-Peng, tlankillg markers to identify the rare recornhi- 

Yiying Zhang, Shun-Mei Liu, Louis Tartaglia, Rudolph L. Leibel* "ants. The  flanking markers lvere established 
with the use of a sillall subset of obese Inice 
because the placement of db 011 chromosolne 

Mice harboring mutations in the obese (ob) and diabetes (db) genes display similar 4 is a well-known landlllark (1 7). The  recom- 
phenotypes, and it has been proposed that these genes encode the ligand and receptor, binants defined a -0.5-centimorgan interval 
respectively, for a physiologic pathway that regulates body weight. The cloning of ob, and for db between D412tit155 (telomeric) anii 
the demonstration that it encodes a secreted protein (leptin) that binds specifically to a D4Mit277 (centromeric) (Fig. 1).  A physical 
receptor (OB-R) in the brain, have validated critical aspects of this hypothesis. Here it is rnap of this genetic interval (Fig. 2) was con- 
shown by genetic mapping and genomic analysis that mouse db, rat fatty (a homolog of structed by aligning contiguous geno~nic 
db), and the gene encoding the OB-R are the same gene. clones from D412tIT155 with the use of yeast 

artificial chromosome (YAC) (1 8-20), P1 
(21, 22), and bacterial artificial chrornosorne 
(BAC) (23) genornic clones. 

T h e  autosolllal recessive diabetes mutation strains DBA/2J, SM/Ckc, SM/J, and MA/ T h e  centrolneric end of B A C  ljOL24 
(db) was first detected in progeny of the My! (obtained from the Jackson Laborato- lvas used to identify YAC 21E6, which had 
C57BL/KsJ strain a t  the Jackson Laboratory ry). LVe also generated crosses with dbjJ one end (21E6-F) that contained a simple 
(1)  and mapped to the middle of chrorno- (129/J) (16) anddb""' (DWlPas) (2 )  against sequence repeat (SSR).  This SSR was het- 
some 4. Subsequently, the  nuta at ion has C57BL/6J and CjiBLIKsJ, respectively. For erozygous in all seven centronleric 
been detected at least four more times in the rat studies, we used outcrosses of fa (D4Mit277) db recornbinants from the  
other mouse strains, including DW/Pas (2 ) ,  [segregated on the 13M strain (5)] lvith crosses of BKsJ with Sbt/Cltc or btA/MyJ 
as well as in two rat strains (3) .  T h e  phe- Brolvn Norway (Charles River Labs) and (Fig. 1) .  This YAC includes BACs 43F6 
notype of dbldb mice, which includes se- WKY rats (from H. Ikeda of Kyoto Univer- and 54K10. B A C  43F6 contains a SSR that 
vere, early-onset obesity, extrenle insulin 
resistance, and strain-specific susceptibility 
to diabetes, is identical to  that of oblob lllice Number of recombinant chromosomes 

o n  the salne strain background (4) .  T h e  B K S X  SM (db) I Z  N) I Z  
P 7 6 0 0 N P N P O  NP 0 NP 0 2 2  

(1 526) 

fatty (fa) geJ1e in rats ( 5 ,  6) is thought to be BKSX MA (db) I NP NP 1 1 ,  N D O  o 0 0  1 1 1  I ND I 

a hornolog of db because fa/fa mutants have (492) 
B6 X DBA (db) NP NP NP NP NP NP NP NP NP 0 NP NP NP NP 1 NO ND 

an  identical behavioral and metabolic phe- (434) 
129 x 8 6  (dbm) Np I NP NP NP NP NP NP NP N3 NP NP O ND ND 

notype as dbldb mutants and because fa and (142) 

db map to syntenic chrol~~osomal regions (3) .  DW x BKS (dbPeS) 2 NP NP z NP NP NP NP NP NP NP NP NP o NP NP NP 

(130) 
T h e  weight loss of oblob mice that are Total. all crosses 2 '3 '3 i L L - 1 , )  - - 2 2 3  - - -  

joined by parabiosis to db/db mice (4) ,  the (2724) 2148 142 1068 2290 2018 2018 1526 2018 4e? e?6 2018 492 2018 622 2594 I526 2018 

failure of dbldb mice to respond to injection Old 0 1 6  0 f f i  0 34 o ~5 ODJ 0 07 

of O B  protein (leptin) (7-9), the high lev- -// 
els of O B  nlRNA in adipose tissue (1 0, 1 1 ), I I I I I I I I 

MN 0 8  
n P A s l  

gdMn 2362.Bam7 D4U1'167 
and the high serum levels of O B  protein in D4U277 [ 2 Y i l  :grc, 5 'Mn  5,33-2513i4] [ Bdt2-F Hm5CI [ DLW~SI EtR!:? ] DAU1'187 D4Llit176 21EbF 2 u A C 1  D1Mtt219 

dbldb and fa& anilnals (12) together pro- 
vide colnpelling evidence that the db gene db --------+ 
product acts distally to the  O B  product in I fa I 
the same regulatory pathway for body fat. D. Fig. 1. Genetic map of the mouse chromosome 4 region surrounding the db locus. The number of 
L. Colelnan postulated that db encodes a recombinant chromosomes is listed by F, ~ntercross for each marker on the map and summed over the 
receptor for O B  (1 3) .  T h e  recent total number of meioses from all crosses in the bottom row. Total numbers of meioses from each cross 

,-lonillg of a translllelnbrane receptor (OB. are indicated in parentheses below the identity of the F, ntercross. "NP" indicates that the marker was 

R )  (14) for OB (15) has made it possible to not polymorphic and therefore not informative for the cross. The order of the markers along chromosome 

test hypothesis that the diabetes 4 from centromere to teomere is indicated below the map and was determined by minimizing double 
recombinants. Markers unresolvabe by genetic means are indicated w ~ t h  brackets. Distances between 

and rat fatty phenotypes are due to muta- markers are indicated above the chromosome n centimorgans. The maximum intetval containing db was 
tions in the receptor fur OB. determined on the basis of single recombination events. The maximum interval containing fa was similarly 

We gelletic determined and IS based on 8 recombinants w~ th  D4Mitl19 and 12 with 2362-Bam7 in 1028 meioses. 
and physical maps of the regions containing  he breeding stocks of db on C57BUKsJ mice, db3'on 129/J mce,  as well as on DBA/2J, C57BU6J. 
the db and fa loci using a large genetic MNMyJ, SM/Ckc, and SM/J mice were obtained from the Jackson Laboratory The colony of dbPas on 
resource including these db alleles (db, db3J, DW/Pas (2) was obtaned from the Pasteur Institute (Paris). All mice were maintained on Purina Rodent 
and dbl'"'). T h e  largest crosses segregated Chow 5001 and fresh water under specifc pathogen-free condtions. Obese m c e  were k l e d  by CO, 

for the db B K ~  allele (1 ) against counter- asphyxiation at 3 to 4 months of age, at which time their weights and lengths were recorded and blood 
was collected by cardac puncture. The rat crosses have been described (27). Obesity was assessed by 
visual nspection by four experenced observers and was confirmed by calculation of body mass ndex 

S. C. Chua Jr. VV. K. Chung X. S. Wu-Peng Y. Zhang. 
S,-M, Liu, R, L, Leibel, Human Behavior (weight/nasoanal length2). All genotypes were determned by PCR ampf~ca ton  of genomc DNA w~ th  the 

and ~~~~b~~~~ ~ ~ ~ k ~ f ~ ~ ~  unverslty, 1230 york , A , ~ ~  appropriate prlmer pairs (27). Alleles were detected by agarose or polyacrylam~de gel electrophoress of 
nue, Box 181, New York, NY 10021, USA. the a m p f e d  DNA directly or after restrcton enzyme dgestion. The DNA fragments were vsuaized by 
L. Tariagia M~llennurrl Pharmaceutcals, 640 Memorial ethidum bromide. All obese m c e  were initially genotyped with Informative fankng markers: D4Mit58 or 
Drlve, Cambrdge, MA, 02139, USA. D4Mit28 on the centromc side of db and D4Mit31, D4Mt12, or D4Mt43 on the telomerc side. All mice 
*To whom correspondence should be addressed. that were heterozygous at ether side were subsequently genotyped for all nformatve markers. 
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is nonrecombinant in the seven centromer- 
ic recombinants. T h e  region defined by the 
set of 18 BACs and 1 YAC defines the 
chromosomal interval within which the db 
locus resides (Fig. 2). Furthermore, the 
YAC in this contig does not contain 
D4Mit277 (Fig. I ) ,  the SSR that is closest 
to db o n  the centrorneric side ( 1  7), which 
suggests that the apparent genetic distances 
in this interval may be inflated by a recom- 
bination hotspot. T h e  fa l n ~ ~ t a t i o n  was 
flanked by D41vIit119 ( 8  recombinants in 
1028 meioses) and hy 2362-Barn7 (12 re- 
colnbinants in 1028 meioses) and rvas non- 
recolnbinant with 218-Sp6 ( 0  recombinallts 
in 1028 meioses) (Fig. 2). 

Polylnerase chain reaction (PCR) primers 
for 5 ' [3F (forward): 5 ' -GCTGCACTTAAC- 
CTGGC;  3R (reverse): 5 '-GGATAACT- 
CAGGAACG] and 3 '  untranslateci region 

(UTR) (mapF: 5 ' -CACTATTTGCCCTTC- 
AG, mapR: 5 ' -GCCTGAGATAGGGGT- 
G C )  portions of the mouse Obr gene were 
used to amplify D N A  from selected BACs 
and YACs in the contig containing db. Prod- 
ucts of the predicted size \yere generated from 
YAC 21E6 by both sets of primers. BACs 
43F6 and 54K10 are fully contained within 
YAC 21E6 and generated products lvith the 
5' prirners. BACs 242F3, l50L24, and 250K6 
were positive for the 3'  L T R  primers (see 
Fig. 2 for relative positions of these clones). 
Marker 250-L (obtained froln BAC 250K6) 
is nonrecombinant with db. Marker 250-L is 
also contained in BACs 116Pl1, 242F3, and 
l50L24. Marker 247-Ti ( an  end of BAC 
247C19) is nonrecomhinant lvith db and is 
contained within three of the four BACs 
that are positive for 250-L (242F3, 150L24, 
and 250K6). The  Obr 3' U T R  is positive for 

W" 

Chromosome 4 Obr-3Fl3R Obr map - // I I 

I I I I I I l l  I 1  I I 1  I I 

VAC21E6 VAC lIZ2M ---- a=----- 
VAC 'ad 
P c - w A P - - P  

hiCd_iib YAC 1762 = *----r' 
VAC M%G3 YAC 151E2 

wI, 
,-m--mrmx 

YAC MBA3 -- P 
VAC88E2 _____ 

W i M d  YAC 3 8 M  

wc1w4 VAC 17eG5 
w .  

YAC IBB3 

hicim 
. , 

vAC17G2 YEEFy- , ,, , 

-9 
P P  

S"" Pl jm - 
1' a 1  - 

wc2w15 
P I  %I - 

&C23Uid 
P ,  2m =mar - 

hicam 
&CIS ISP  

&CZFII 

MC = I 4  

w- 

hi- 

% W I P  - 
Fig. 2. Physical map of the mouse chromosome 4 region containing db. Genomic clones and markers 
were aligned by determination of sequence tagged ste content. The contig is composed of YACs, BACs, 
and Pls. Two rat genomic clones are shown; all others are mouse clones. The maximum interval 
containng db is indicated above the physical map. Positions of the 5' (Obr-3Fi3R) and 3' (Obr map) ends 
of Obr reatve to genetic markers and wthin the interval containing db are indicated above the contig. All 
libraries were ordered or semi-ordered arrays that were screened by a top-down PCR approach. YAC 
clones (78-20) were identfied by unque addresses. P1 (21, 22) and BAC (23) clones were dentfed by 
a secondary hybridization of a subpoo of candidate clones. Positive clones were colony-purified and 
verifed by colony PCR. Techniques for subclonng of the BAC and P1 clones as well as identfcation of 
SSR motifs, sequencing of plasmids, and development of primer pairs fankng SSRs have been de- 
scrbed (27). End fragments were obtaned by a modfied ligation-mediated PCR technque (28, 29) 
involving four steps: (i) primer extension; (ii) restriction enzyme digestion; (lii) linker igatlon: and (IV) 

ampifcation. Briefly, primer extension was performed by boillng DNA In the presence of the vector- 
speclfic primers (0.25 ng/p.l) in Taq buffer, cooling to 94°C (at which point Taq DNA polymerase was 
added), annealing the primers at the approprate temperature, and extending the primer at 72°C for 5 to 
10 min One microlter of the primer extenson product was used for restriction enzyme digestion In a 
volume of 10 p.1. Usually, six enzymes were used: Dra I, Hae I ,  Pvu I ,  Rsa I,  Sca I,  and Stu I.  After 30 to 
60 min at 37"C, 1 p.1 of the dgest was used to ligate to pre-annealed double-stranded nkers (JRsal2 and 
JCa24 at concentratons of 0.5 ngip. and 1.0 ng/p.l) with T4 DNA ligase at room temperature (JRsal2 = 

ATGTTCATGGATAGT; JCla24 = CCGACGTCGACTATCCATGAACAT). After 30 to 60 mn,  1 p. of the 
Igation reaction was used for PCR amplification for 35 cycles. For P I  and BAC clones, the vector primers 
were based on the Sp6 and T7 promoter sequences flanking the cloning sites. For YAC clones, a set of 
nested primers was used, wlth the n ~ t ~ a l  prlmer extension primers based on the pBR322-derived 
sequence and the PCR prmers based on the transfer RNA-derved sequence. When multpe fragments 
were ampifed, an unrelated clone or host Escherichia coh or Saccharomyces cerevisiae DNA was used 
to Identify fragments uniquely derived from the desired clone. Fragments were isolated by gel electro- 
phoresis, reamplified. purlfied by gel electrophoresis and captured on diethylaminoethyl paper, and 
sequenced wth Taq DNA polymerase. 
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these three BACs but not for 247C19. 
Therefore, the Obr 3 '  UTR is hetween 250-L 
and 247-Ti,  two markers in the interval that 
is n ~ ~ l r e c ~ m h i n a n t  with db (0  recombinants 
per 1526 meioses). 

As constituent genomic clones were 
identified, lye tested for the  presence of 
large deletions or rearrangements in the 
D N A  of the  various db mutants by using 
entire B A C  or P1 clones as probes o n  re- 
striction digests (Barn HI, Bgl 11, Eco RI, 
and Hind 111) of genornic DNA.  W e  sup- 
pressed the repetitive sequence hybridiza- 
tion by pre-annealing the labeled D N A  
probe with a 10,000- to 100,000-fold excess 
of mouse genomic D N A  befi~re hybridiza- 
tion to the filters. This method shelved that 
there \yere no  gross deletions in any of the  
mouse mutants, hut the signal from rat 
D N A  was too weak to interpret. T h e  con- 
tiguous segment that was tested extends 
from B A C  29F3 to B A C  43F6. B A C  43F6 
detected a 7.5-kb Baln HI fragment that lvas 
unique to dbl'"'/dbl'"'. 

The  genomic Southern (DNA) blots de- 
scribed above \yere probed lvith a mouse Obr 
complementary DNA (cDNA) corresponding 
to the first 837 of the 839 amino acids com- 
prising the proposed extracellular dornain of 
the receptor (14). The 7.5-kh fragment de- 
tected with BAC 43F6 was present in the 
Bam HI digest of db""/dbl'"-' but not the 
DW+/+  (coisogenic) DNA. Thus, the alter- 
ation in the restriction fragment pattern of 
Obr in the dbP"'/dbPaS mutant must reflect the 
sequence variation in the region of the Obr 
gene that is mutated in db'" and produces the 
obese phenotype. Bgl 11, Eco RI, and Hind 111 
digests of genornic DNA generated identical 
numhers and sizes of fragments for dbPas/dbPa\ 
and D W + / + ,  but the relative intensities of 
the 5-kb Bgl 11, 2-kb Eco RI, and 0.8-kh Hind 
I11 fragments were increased in the mutant 
(Fig. 3 ) .  In addition, the normal 3.5-kb band 
in the Barn HI digest was increased in inten- 
sity. We  detected no  restriction fragment 
length variations (RFLVs) or differences in 
hybridizing band intensities in db or db" DNL4 
using this probe for the putative extracellular 
domain (24).  

Comparison of genomic D N A  from 
Zucker falfa rats and +/+ rats o n  Southern 
blots probed with the  mouse OB-R cDNA 
also revealed different hybridization pat- 
terns. In  the  Bgl I1 digest, the fnlfa D N A  
showed loss of a 9.0-kb band and the ap- 
pearance of a new 6.0-kb band; in the  Bam 
HI digest, there was loss of a 15-kb band 
and the appearance of a new 14-kb band; 
and in the  Hind 111 digest, there was loss of 
a 1.5-kb band and the  appearance of a new 
3.5-kb band (Fig. 3 ) .  

Semiquantitative reverse transcriptase- 
polymerase chain reaction (RT-PCR) of 
lung cDNA with primers 2 (nucleotides 
1546 to 1576) and A (nucleotides 1268 to 
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1285) (14) indicated that the levels of OB-R 
mRNA in dbp" mice were at most one- 
twentieth of that in DW/Pas mice (Fig. 4). 
Similar results were obtained with whole 
brain cDNA RT-PCR and Northern (DNA) 
blot analysis of lung, whole brain, liver, kid- 
ney, adrenal, hypothalamus, ovary, and heart 
tissue probed with the putative extracellular 
domain of the mouse OB-R cDNA (24). 

The db and fa mutations and the Obr 
gene have all been mapped to a physical 
contig that encompasses only -600 kb of 
DNA. The 3' UTR of the Obr gene maps to 
the nonrecombinant region of the contig 
because none of the seven meiotic recombi- 
nations of db with D4Mit277 is as close to 
the telomere as marker 250-L from BAC 
250K6. 

The increased intensity of a single band in 
dbp" with each of four restriction enzymes in 
the Southern blots probed with OB-R cDNA 
suggests that this mutation is due to a partial 
duplication of the coding sequence for the 
putative extracellular domain of the Obr gene. 
The existence of the extra 7.5-kb fragment in 
the Bam HI digest of dbp" DNA is consistent 

with this possibility. Because the dbP" and 
DW/Pas mice are otherwise genetically iden- 
tical, the detection of these differences in 
band pattern and intensity strongly suggests 
that the db phenotype results from disruption 
of the Obr gene. The reduction of OB-R 
mRNA in the dbP" mice could be due to the 
effects of the apparent duplication on tran- 
scription or mRNA stability. The RFLV pat- 
terns of the Bgl 11, Bam HI, and Hind 111 
digests of fdfa genomic DNA suggest that the 
fa phenotype is the result of a small insertion 
or deletion in the Obr gene. 

On the basis of our mapping data and 
mutation analysis, we conclude that db, fa, 
and Obr are the same gene. The determina- 
tion of the molecular genomic organization 
of the Obr gene, its expression characteris- 
tics. and the exact nature of the mutations in 
the various mouse and rat alleles are goals of 
ongoing analysis. The precise mechanisms by 
which the mutations described here-and 
those that must also be present in the db, 
C#J, and fak animals-produce the apparent 
loss of function of OB-R remain to be de- 
fined. The absence of gross structural varia- 

Fig. 3. Genomic Southern blot analysis of dbPaS and f a .  " Y) 3 Y) 

Southern blots were probed with a cDNA encoding the 8 8 3 &? & 
proposed extracytoplasmic domain of the mouse 06-R. + a $ %  n $ % 
Samples from dbPas/dbPas mice and a lean littermate of 5 2 % 5 s2 $ 5  
the coisogenic strain, DW/Pas, are shown in the top . - . .  
panels, and samples from +/+ and fdfa rats in the lower 
panels. Arrows indicate novel size bands or normal size - 0;s 

"1 

bands of greater intensity for dbPas, and the absence of bu W U  
C a #  .< -. 

normal size bands and their replacement with aberrantly , , 
sized bands for fa. A Southern blot with dbPas/dbPas, e- 

w- 
dbPas/+, and +/+ DNAs replicated the results shown, - e L e t  -.- 

"I 

making it unlikely that the restriction digestions were 
incomplete. Southern blots of YAC 21 E6 and BAC 43F6, 
54K10, 1 16P11,242F3, 150L24, and 250K6 have the - 4 

same sizes and number of bands observed in the 
mouse genomic Southern blots, which indicates that $ + ?  + d d 

7 s 2 s 5 3 
the hybridizing fragments map back to the interval con- F-- 1 v --+ 

taining db. DNA from mouse or rat (1 0 pg) was digested r . d  - '- w 
C C  " with the appropriate restriction enzyme for 8 hours and 

transferred to Genescreen Plus membrane. A A Hind I l l  .. . - .'.v 
ladder was used to determine fragment sizes. The (F- 

-' 4 

probe (10 to 50 ng) was labeled by random hexamer .- 

priming in the presence of [a-32P]deoxycytosine 
triphosphate in a 25-pl reaction. The labeling reaction 4 

was heated to 65°C to inactivate DNA polymerase. The 
probe was added to pre-warmed hybridization solution Barn HI B g  JI Eco RT Hind In 
containing 5x saline sodium citrate (SSC), 1% SDS, 
and 5% polyethylene glycol 8000. Hybridization was for at least 18 hours at 65°C. The filters were washed 
twice at 65°C in 0.4x SSC and 1 % SDS and then exposed to film with intensifying screens at -70°C. 

Fig. 4. Semi-quantitative RT-PCR of the Obr gene in dbPaS mice. After DW,,,as dbpasldbpas 
determining the linear range of amplification for each set of primers by 
varying the number of cycles six times between 15 and 30 cycles for Obr 
and between 15 and 25 cycles for actin, we amplified lung double-stranded Obr 

cDNA for 25 cycles with Obr primers 2 (5'-CAGATAATAGAAAGATTG- 
GCTGGA) and A (5'-TATGACGCAGTGTACTGCTGCAAT), producing a 
309-bp product, and for 20 cycles with actin primers, producing a 219-bp 
product. PCR products were subjected to electrophoresis on a 2% aga- Actin 

rose gel and visualized with ethidium bromide. Similar results were obtained 
from multiple preparations of whole brain RNA (24). 

tion in db or db31 makes it more likely that 
these alleles are the result of point muta- 
tions. Such mutations may provide addition- 
al evidence about the domains of the recep- 
tor necessary to transduce the OB signal or 
the relevant tissues of expression if the mu- 
tation affects only a subset of the alternative- 
ly spliced forms. Likewise, it will be of great 
importance to assess the possible role of mu- 
tation and allelic variation at this locus in 
the regulation of body fat content in humans 
(25). Synteny relations between the rodent 
and human genomes suggest that the human 
homolog of Obr (14) is likely to reside on 
chromosome lp3 1 (26). 
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