
getically stable stem-loop structures resis- 
tant to processive 3' exonucleases (1 3).  
Biochemical analysis of USS stem-loops is 
needed to determine their potential role in 
lnRNA stabilization or termination. 

USSs are in genetic equilibrium with 
mutated sites containing one or Inore mis- 
matches. In the absence of selection, the 
frequencies of mutated and nonmutated 
sites are simnl\i those found in a random 

& ,  

sequence. Any observed excess of sites must 
be accounted for by some form of selection. 
In H. influenzae, selection for donor DNA 
containing USS occurs at the cell surface. 
Thus, one restoring force for correct sites is 
transfor~nation itself (14). If a cell in the 
population loses a site to mutation, that site 
will tend to be replaced with a correct site 
bv transformation, because donor DNA car- 
rying the correct site is preferentially taken 
up compared to donor DNA carrying the 
incorrect version of the site. A n  additional 
selective advantage might derive from the 
participation of a significant fraction of the 
sites in stem-loop structures with possible 
roles in transcription termination or regu- 
lation. A third selective advantage might 
come from any role that the USSs might 
play as recombinational hotspots, similar to 
the x sites of E .  coli (15). 

The  x sites have the sequence 5'-GCT- 
G G T G G  (nlus orientation) in E ,  coli and 
are recogn';zed by r e c ~ ~ ~ '  exonuclease V 
(15). Exonuclease V moves processively 
along the DNA, unwinding and cleaving 
the DNA until a x site is encountered in , . 
the minus orientation. The enzyme then 
cleaves near the x site and undergoes a 
structural change such that further cleavage 
is suppressed and the strands are unwound, 
producing a free 3' single strand that can 
synapse with homologous DNA to initiate 
recombination with the help of the RecA 
protein (15). In E .  coli, the sites are distrib- 
uted with a strone strand bias such that " 
moving clockwise from the origin of repli- 
cation, the sites are lnostlv in the nlus ori- 
entation and counterclockwise [hey are 
mostly in the minus orientation (15). The 
average spacing of x sites in E.  coli is 5 kb 
(15). H. influenzae has genes homologous to 
the recB, recC, and recD genes of E.  coli ( 1 ), 
and the H.  inflzienzae exonuclease V has 
been purified and extensively studied (16, 
17). Its properties are similar to those of the 
E .  coli enzvme. USSs are freauent but lack 
the regional strand bias characteristic of the 
E.  coli x sites. The plus and minus sites 
appear to be randomly mixed (Fig. 1).  Runs 
of plus USS sites or of minus USS sites do 
not exceed eight repeats in length, and the 
distribution of run lengths is about as ex- 
nected bv chance. O n  the other hand, a 
'search of'the H.  influenzae genome reveals 
98 copies of the sequence 5'-GCTG- 
GTGG,  44 in the plus orientation and 54 in 

the minus orientation, and only eight would Scocca, Gene 31, 187 (1 984). 

be expected in orientation by chance, 8. M. E. Kahn and H. 0. Smith, J. Membr 5/01, 81, 89 
(1 984). 

However, only a weak strand bias of these 9, J,.F, Tomb, H, el-~al l ,  H, 0, smith, Gene 104, 1 
nutative nlus and minus u sites is seen rel- 11991). ,. 
ative to the origin. There are eight plus 
putative x sites and 22 minus putative x 
sites in 600 kb to the left of the ori (origin 
of replication) site, located at position 602 
kb on  the genome sequence ( 1 ), and 18 plus 
versus 21 minus putative x sites in 600 kb to 
the right of ori. Whether H. infl~~enzae and 
E. coli share the same x site specificity will 
have to be determined by complementation 
of recBCD mutants of E. coli with H. influ- 
enzae genes. 
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Effects of the obese Gene Product on Body 
Weight Regulation in ob/ob Mice 

Mary Ann Pelleymounter,* Mary Jane Cullen, Mary Beth Baker, 
Randy Hecht, Dwight Winters, Thomas Boone, Frank Collins 

C57BU6J mice with a mutation in the obese (ob) gene are obese, diabetic, and exhibit 
reduced activity, metabolism, and body temperature. Daily intraperitoneal injection of 
these mice with recombinant OB protein lowered their body weight, percent body fat, food 
intake, and serum concentrations of glucose and insulin. In addition, metabolic rate, body 
temperature, and activity levels were increased by this treatment. None of these param- 
eters was altered beyond the level observed in lean controls, suggesting that the OB 
protein normalized the metabolic status of the oblob mice. Lean animals injected with OB 
protein maintained a smaller weight loss throughout the 28-day study and showed no 
changes in any of the metabolic parameters. These data suggest that the OB protein 
regulates body weight and fat deposition through effects on metabolism and appetite. 

M u t a t i o n  of the obese gene in the C57BL/ 
6J mouse results in a syndrome that includes 
obesity, increased body fat deposition, hy- 
perglycemia, hyperinsulinernia, and hypo- 
therlnia (1 ). Parabiosis studies have suggest- 
ed that the mutant obese mouse (oblob) 
lacks a blood-borne factor that could regu- 
late adiposity by modulation of appetite and 
rnetabolis~n (2) .  Here we test the hypothesis 

that the recently cloned obese gene (3) is 
involved in the regulation of adiposity by 
administering the OB protein to oblob mice. 

The OB protein was expressed in Esche- 
richia coli and purified to homogeneity as a 
16-kilodalton monomer (4) .  The  protein 
was dissolved in phosphate-b~~ffered saline 
(PBS) (pH 7.4) and administered by daily 
intraperitoneal injection (0.1, 1.0, or 10.0 
mg/kg) to 5-week-old C57BLI61 mice that - - 

M. A. Peeymounter, M. J. Cullen, M. B. Baker, F. Coins, were either homozygous (oblob) or heterozy- 
Department of Neurob~ology, Amgen, nc . ,  1840 D e  gous (+ I?)  for the obese gene mutation. The 
Hav~lland Dr~ve, Thousand Oaks, CA 91 320, USA. 
R. Hecht, D. W~nters T. Boone, Department of Recovery O B  protein was also administered to 8- 
Process Develoument. Amaen, nc . .  Thousand Oaks. CA week-old, weight-stabilized normal C57BLI 
91320, USA. 6J mice. Controls received equivoliune (10 
*To whom correspondence should be addressed. ml/kg) injections of PBS. Body weight, food 
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intake, and water intake were measured 
every 24 hours during a 6-day, preinjection 
baseline period, and throughout the 28-day 
iniection neriod (5). , , 

Injection of the OB protein resulted in a 
dose- and time-denendent reduction in 
body weight for all groups of mice (Fig. I ) .  
A nlixed design, repeated measures analysis 
of variance (ANOVA) revealed a signifi- 
cant overall effect of dose [F(3,102) = 
17.92; P < 0.00011 and group [F(2,102) = 

13.64; P < 0.0001], along with a significant 
(dose x group X time) interaction 

[F(84,1428) = 11.12; P < 0.0001]. Body 
weight increased at different rates in the 
three groups of PBS-treated mice, with the 
ob/ob mice gaining weight most rapidly (P  
< 0.003 to < 0.04). Furthermore, all groups 
of mice showed a dose-dependent decrease 
in body weight gain over time with injec- 
tion of the OB protein (P < 0.0001). The 
ob/ob mice that received the highest dose 
(10 mg/kg per day) decreased their body 
weight by 22.2% from preinjection baseline 
values, whereas those receiving PBS or the 
lowest dose of OB (0.1 mg/kg per day) 

401 D - PRS 

-30 - 
-40 - 

PBS 
-50 - - 0.1 

. - 1.0 
-60-  - 10.0 

- 0 1  - PBS 
-50 - 0.1 

Day of measurement 

Fig. 1. Effects of OB protein admlnlstratlon on body weight in (A) C57BU6J ob/ob mlce, (B) C57BU6J 
+/? mice, and (C) C57BU6J +/+ mice. Numbers indlcate doses (mg/kg per day). Body welght is 
expressed as the percent difference from the body weight on day 6 of baseline measurement. The first 
lnjectlon was given on day 1.  Basellne we~ghtsfor each group of PBS-treated animals were: ob/ob, 27.95 
? 1.34 g: +/?, 18.8 5 0.23 g; and +/+, 21.7 ? 0.25 g. Shown in (D), (E), and (F) is food intake as a 
percentage of baseline consumption for the three groups of mice. The average baseline food Intake 
values per day for PBS-treated mice were: ob/ob, 4.23 -t 0.1 6 g; +/?, 2.97 * 0.075 g; and +/+, 4.0 5 
0.1 2 g. The basellne body weights and food intake of other dose groups were not statistically different 
from those of the PBS groups. Each test group contained 8 to 10 mice. 

increased their body weight by 7.2% and 
17.13%, respectively. The  reason for the 
apparent weight gain in the latter group is 
not clear. It should be emnhasized, how- 
ever, that there was a trend for other 
nararneters normallv associated with obe- 
sity (serum glucose and insulin levels, ad- 
iposity, and food intake) to be decreased 
in the oblob mice receiving the lowest dose 
of OB (0.1 mg/kg per day) relative to PBS 
controls. 

The rate of weight galn was also signif- 
icantlv altered bv the OB nrotein in the 
age-mitched +/?' mice, as ivell as in the 
older +/+ mice. The +/? mice receiving 
the highest dose of OB (10 mglkg per day) 
showed a loss of 3.3% from their baseline 
weight, whereas the PBS controls showed a 
7.7% increase from their baseline weight (P  
< 0.001). Although injection of the OB 
protein did not significantly decrease 
weight gain in +/+ mice, there was a non- 
significant trend toward weight loss: +/+ 
mice injected with the highest dose (10 
~ngikg per day) maintained a loss of 5.3% 
from their baseline weight, and those in- 

PBS 
ob (10.0 mglkg) 

PBS 
ob (10.0 mgikg) 

Genotype 

Fig. 2. Effects of OB protein administration on (A) 
0, consumption and (B) body temperature in 
+/+, ob/ob, and +/? mice. Body temperature 
was measured with a rectal thermistor. Oxygen 
consumpton corresponds to the average volume 
of 0, (vO,) consumed during 15 1 -min sampling 
periods. Measurements were taken In an airtight 
Oxymax chamber (30.6 x 10.2 x 15.2 cm) with 
an 0, flow rate of 0.75 Umin (Columbus Instru- 
ments, Columbus, Ohlo). Statistical differences 
were assessed by two-way ANOVA. 
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iecteil 1\-1th PBS shii\\-e~l a 3.6% pain from Food ~ntalce tor oh/ol~ mice injecteil lvith the 
hiehest dose of the LIB protein (10 mg/lcg 
per day) had ilropped 52.6%) helon. preln- 
j e c t i ~ ~ n  levels hi- day 29 of ~njection. ,%I- 
tho~li-'h +/! mice shon.ed a decrease in fooil 

iP < 9.9001). Ho\vel,er, treatment with 
their haheline weight. 

These reaults illgyest that ohlob  nice are 
Inore sensiti\.e to the OR protein than are 
lean controls. The pharmacok~netic charac- 
teristics ot the OR protell1 are currently 
~lnki lonn,  SO ~t remains possible, that ~ t s  
actlvlty in lean nuce co~lld be ~ncreaseil by 
a different methoil of ,iJm~nistration. Inter- 
est~ngly, constant ~ n f i ~ s ~ o n  of the OR pro- 
tein at a low Jose (9.3 mg/kg/ilay) ~ n t c  
5-n-eel<-old +/+  nice resulted 111 a maximal 
me~yht loss of 4.6"o hy Jay 6 of ~nhlsinn ( P  
< 3.3031). These lnlce maintained ,I <mall 
hut s~gnif~cant  ~ v e ~ g h t  loss (2.2"0 -t 1.3; P 
< 3.3CL71) throughout the 21 days L ) f  ~nfil- 
sion (5). 

The a-e~qht  loss ol-served after ~njection 
of the OF- protein nab attriliutahle 111 part tc-i 
;I re~luction in tooil ~nt,llie. A rnixeil-~le.;~:,.~~ 
,%NO\'A revealeil that the OR protein GI:- 

n ~ t ~ c a n t l y  clecrcasc~l food ~ntakc  ~n a ilo,<e- 
ilzpen~lent llianncr [F(3,104) = 18.43: P < 
0.0901] (Fig. 1, I> to F). This eftect n.as 
1nore ~ r o n o ~ ~ n c e ~ j  111 ob/o/~ lnice th,ln in 
either grollp of lean m c e  ( P  < i7.CO01). 

even tlie loa~est dose of the OR protein 
raised the lioJy temlierature ofoh/ob m c e  to 
that of lean mice (Fig. 2B). The OR prote11-i 
ilid not affect Iioily temperature In e ~ t h e r  

intake d ~ l r ~ n g  the f~rs t  4 day\ of treatment, 
their foi)~l consumction was not d~fferent 

groql of lean mice. 
Locomcltor activity ~vas assessed In these 

from e ~ t h e r  their 0n.n lyasel~ne levels or 
from PRS-treated controls hy L ~ ~ I !  12 of 
treatment. '4 ;imil;lr pattern was ohserved 

Inice (7) iluring the salne lveek that LIZ 
consulnptlun anil liody temperat~~re were 
mon~tored. PRS-treated (ob/oh)  nice lvcre 
sign~f~cantly hypLiact~ve ( P  < 0.9001) in 
com~iarison to lean +/+ or +/I mice, hut 

with the +/+ mlce. 
LVater intake naa also \iirnificantlv ile- 

creaseil hy ailm~n~stratiiin of the OB pro- 
tein, hut only In the obioh m ~ c e .  Th~b effect 

the grollp of ohlob lnlce receiling the high- 
ebt Jo\c of O R  protein (13 mg/kg per day) 
~ncrc,l\ecl their total actlvlty to the lel,el 
ohserved in their lean counterparts (P  < 
3.3001). The LIB protein idid not ,iffect 
total activity In lean lnlce ancl i l ~ d  not 

1v,1s Juc pr~mar~ly  to the fact that OR pro- 
te~n-treated o/1/o11 nuce dicl not increase Iva- 
ter intake o\-er time, as i11i1 thelr d~abctlc 
PRS-treateil oh/oh counterparts (P < 0.999 
to < i?.0091). The Ivater intake c ~ f  +/? or 
+I+  nice n.,ls not affected lii- the LIB pro- 

~niluce any form of stereotypic L-ehav~or. 
These act~vitv data, alone lvith the obser- 

tein. Thua, the etfect of the protein on 
aater  ~n take  \vas ilifferent from ~ t s  cffecta on 

vation that metaliolic indices were nc-irmal- 
i:eil in ohlob nlice anil were unaltereil in 

hoi i  intake anil hoilj- a -c~gl~ t ,  both of n.hic11 
ilecreasecl in a dose-clel~en~lcnr lnanncr 01-er 
tinie 111 a11 groups of mice. 

T o  teat ~vhethcr  the OR protein altercii 
lnetabolic or enilocr~nological parametel-.j 
in a~lcl i t~on ti) c~llpetite, we mea.;ured 0- 
c ~ ) n s u ~ n p t ~ ~ ) n ,  boil\. temlier,lt~re, total lo- 
comotor ;~cr~ \ . i ty ,  ,lnd serum 1nsu11n anil 
gl~~co,>c. levels during the thiril \yeel< ot O R  
protein ailm~nistration. The  PRS-treateil 
ohlob lnlce >ho\vecl aignificantlv lo\\-cr LI. 
consumyt~on than lcan counterparts ( P  < 
c?.001), hut t h ~ s  l-ar,~metcr n.as normal~recl 
in oh/ob lnice recelvlng the highest ilose of 
OR proteln (10 ~ng/kg per day) (Fig. 2.4). 
In conrr~lst, the OR protein d ~ l  not affect 
0, consumption in elrher grouii i)t lean 
1111ce. 

PRS-treated oh/ob lnlce \\,ere signiticant- 
17 hylyotherm~c In comllar~son to lean Inice 

lcan mice, argue ag.linst generalized toxlcity 
21s a ~ n e c h a n ~ s m  for weight loss by the OR 
l~rorelll. 

Serum insulin and glucose levels lvere 
also &creased in a close-depenclent manner 
131- the OB pri~tein in the oh/ob mice, sug- 
qcstlnq that llancreatlc tunctio~l tvas nor- 
m,ilireii in these usually hy~ierinsulinemic 
ancl hyl-erglycemic ,~nimals (Fig. 3,  .% and 
R). Incleed, oh/ob  nice had significantly 
h~gher  serum ~nsulln and glucose levels 
than +/! or +/+ lnlce (P  < 9.9901). Ail- 

D ob (0.1 mgtkg) 
ob (1.0 mg!kg) 
ob (10.0 mglkg) 

+/+ ob/ob +/? 

m~n~st ra t ion  of even the lo\ve\t iioae of OR 
protein reduceil glucose levels 11-i oh/oh lnlce 
1-7. 6600 anil ~nsulin lel,els by 41%. .%t the 
h~ghest  dose (10 q / k g  per clay), the OR 
1-rc~tcin normal~red ~nsulln and glucose lev- 
els to tho,qe seen in +/+  nice (P < 
0.C7301). Neither ~nsulin or glucose levels 
\{-ere biqnificantly altered in lean mice. 

C ob (0.1 mglkg) 
3 ob (I 0 mgikg) 

ob (10 0 mglkg)  Table 1. Effects of OB protein adrnnistratio- on carcass composition n C57BL16J +/+. ob/ob. and 
-I? i nce.  Carcass compoiients are presented as percentages of total body weght and as absolute 
irveghts. 

Dose of 

OB Water 1 ~ 3 1  
Lean mass Water Igi 

Fat (g) Lean inass 
Fat lC4) 

(malkg P C )  

per da\il! 

0 (PBS! 
0.1 

Genotype 

Fig. 3. Effects of OB proten adinnstratioti on 
serurn eves of IA! nsuin and 151 g l~~cose  t i  +i- 
obiob. anil + i?  mce,  n s u n  was rieasured by a 
radioi~inurioassay system ~ L ~ t i c o  Research Lab- 
orator~es, St. Charles, Missouri). Glucose vias 
rneasured ?vith a Htaclii 71 7 blood chei~iistiy an- 
alyzer Llsng the hexokinase method (Boetiringer 
Manrihe~rr B~ochein~cals rid~anapolis Indiana). 
Serui7i u!as taken by retro-orb~tal bleeds from fed 
nice.  Stat~stical d~tierences irvere assessed by 
tirvo-?,lay ANO\/A. 

0 (PBS) 
0.1 



If the  O B  protein is a "sensor" of adi- 
posity ( 3 ,  B ) ,  exogenous O B  protein 
should reduce adiposity i n  ohlob tnice. T h e  
percent body fat (9 )  was normalized in  
oblob mice injected with O B  protein in  a 
dose-dependent fashion as assessed by 
two-way A N O V A  (Table 1 ) .  T h e  percent 
body fat was s~gnificantly decreased both  
in ob/ob mice (treated with O B  protein a t  
10  mg/kg per day or 1 mg/kg per day; P < 
0.0001) and in  +/? mice (treated wi th  O B  
protein at 10 tng/kg per day; P < 0.002).  
T h e  percent body fat of +I+ mice was no t  
significantly changed by the  O B  protein a t  
any dose. 

T h e  oblob mice injected with the  O B  
nrotein also showed a dose-denendent in- 
crease in  lean mass as a percent of body 
weight (P  < 0.017 to  < 0.0001).  There  
was also a significant increase in  percent 
lean tnass in  +I+ mice injected with the  
highest dose of O B  protein (10  mg/kg per 
day) ( P  < 0.026),  and a nonsignificant 
trend toward the  same effect in  the  + I ?  
mice. There  were n o  sigllificant changes 
in  a b s o l ~ ~ t e  lean Inass for any group, how- 
ever. Water  as a percentage of carcass 
weight was not  affected in  a consistent 
dose-dependent manner by the  O B  pro- 
tein in  anv groun of mice. 

, u  

O u r  data support the  hypothesis tha t  
t h e  O B  protein plays a pivotal role in  the  
regulation of body weight and adiposity in  
mice. Its mechanism of action is likely to  
be Inore complex than appetite suppres- 
sion, since ( i )  lean +/+ and +/? mice 
lnaintailled a lower bodv weieht even 
though their food intake had recovered to  
baseline values early in  the  course of the  
study, and (ii)  t he  lowest dose of O B  
protein normalized both body temperature 
and serutn glucose levels in  oblob mice 
even though weight and food intake were 
no t  significantly reduced. T h e  latter ob- 
servation may indicate that  the  metabolic 
and hormonal effects of the  O B  protein 
precede its effects o n  appetite and body 
weight. Further understanding of the  pro- 
tein's mechanisln of action will require a 
tnore direct examination of its effects on 
hypothalamic-pituitary function and iden- 
tification of its receptor. 
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t~ons).  There were no dose-related dfferences In 
the number of stereotypc actvt les observed for 
any group. 
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port~on of the ground, dr~ed carcass, so that per- 
cent fat could be calculated from the amount of 
mater~al remalnlng after the extracton procedure. 
Lean mass was defned as the proport~on of ground 
carcass that remaned after dehydraton and ether 
extracton. 
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Weigh t-Reducing Effects of the Plasma Protein 
Encoded by the obese Gene 

Jeffrey L. Halaas, Ketan S. Gajiwala, Margherita Maffei, 
Steven L. Cohen, Brian T. Chait, Daniel Rabinowitz, 

Roger L. Lallone, Stephen K. Burley, Jeffrey M. Friedman* 

The gene product of the ob locus is important in the regulation of body weight. The ob 
product was shown to be present as a 16-kilodalton protein in mouse and human 
plasma but was undetectable in plasma from C57BV6J oblob mice. Plasma levels of 
this protein were increased in diabetic (db) mice, a mutant thought to be resistant to 
the effects of ob. Daily intraperitoneal injections of either mouse or human recombinant 
OB protein reduced the body weight of oblob mice by 30 percent after 2 weeks of 
treatment with no apparent toxicity but had no effect on dbldb mice. The protein 
reduced food intake and increased energy expenditure in oblob mice. Injections of 
wild-type mice twice daily with the mouse protein resulted in a sustained 12 percent 
weight loss, decreased food intake, and a reduction of body fat from 12.2 to 0.7 percent. 
These data suggest that the OB protein serves an endocrine function to regulate body 
fat stores. 

H i g h e r  vertebrates rna~n ta in  a constant anisrn for this regulation (3 ) .  Defects in  
adipose tlssue mass with precision ( I ,  2 ) .  the  oh gene lead to  a marked increase in  
T h e  characteristics of the  c loned mouse adipose tissue tnass as part of a syndrotne 
obese gene ( o h )  sllggest a tnolecular tnech- that  resembles morbid obesity in  humans 
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with a mglecular size of -16 kD, but was 
no t  detected i n  from C57BL/6J 
ob/ob tnice that  have a nonsense mutation 
a t  codon 105 (Fig. 1 A )  (5-7). A n  increase 
i n  the  level of circulating protein was 
obser~red in  dbldb mice relative to  lean 
control animals (Fig. I A ) .  T h e  db muta- 
t ion results in a n  obese phenotype identi- 




