
probed w~th fluorescein-conjugated secondary antl- 
bodes (1 ,100 dllutlon, Jackson ImmunoResearcli 
Labs) and rhodamme-phalodn (0.66 kM, Molecular 
Probes) lmmunosta~n~ng after m~cronjection of MG- 
labeled ant~bodies (1 mglml) into neurons w~th or 
w~thout fluorescent dextran marker was done by di- 
rectly lncubat~ng w~th fluorescent secondary anti- 
body Images were taken with a Ze~ss LSM 410 
confocal mlcroscope equ~pped w~th a 63x plan- 
Apochromat [numerical aperture (NA) = 1 41 oil-~m- 
merslon lens. 

15 D. G Jay, Proc. Natl Acad. Sci. US.A. 85, 5454 
(1988) All antibodies were labeled w~th MG to the 
same ratlos (6 to 9 dyes per IgG molecule) 

16 Sl~dlng actn filament assay was done essentaly as 
described (13). Br~efly, myosn-V (25 kg/ml) was per- 
fused lnto mot~l~ty chambers and allowed to absorb 
onto the nitrocellulose cover s p s  for 10 mln. After 
rlnses w~th bockng buffer to remove unbound myo- 
sins. MG-labeled antbodies (47.5 kg/ml; molar ratlo 
myos~n-V IgG = 1 : 7) were added to the chamber and 
Incubated for 30 mln. After the removal of unbound 
antbodies, half of the mot ty  chambers were marked 
wth nk  and subjected to laser irradiaton for 5 m n  
After the addtion and examinaton of actn filaments 
(rhodamne-phalo~dn F-actin; 12 nM) In the absence 
of ATP, sl~dng was initiated by the additon of mot~lty 
buffer contaning 2 mM ATP. The deiisty of bound 
actln filaments was indstingushable between laser- 
rradated and unlrradated areas before the in~t~aton 
of motity. After the add~ton of ATP, most of the f ~ a -  
ments nsde the Irradiated area were released Intact, 
although a few exhblted Brownian motion and de- 
tached gradually. Mo t ty  was recorded w~th a Nikon 
D~aphot 300 mlcroscope equ~pped w~th epifluores- 
cence optics (Plan Apo I 00X NA 1 4 oil-immers~on 
object~ve) and a Dage-MT SIT carnera. T~melapse 
images were d~g~t~zed w~th MetaMorph Image acqui- 
sltlon software (Unversa Images, PA) and then trans- 
ferred to an opt~cal laser dsc recorder Motlity assays 
were done at 24" i 1 "C. Ayttrium-alurninum-garnet- 
Nd (YAG-Nd)-pumped dye laser (models GCRII 
and PDL2, Spectra Physlcs) was used to generate a 
620-nm g h t  at an energy output of 18 mJ per pulse 
(2-mm-d~ameter laser spot). 
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e~ther MG-antMV or MG-IgG (molar rato myosn-V: 
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cules per myos~n-V head per second 
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mcroscope stage w~th a stage ~ncubator. MG-abeed 
antbodies mxed w~th fluoresce~n-dextran (3 mg/ml; 
Molecular Probes) were microinjected into neurons 
After a 30- to 60-mln incubat~on, healthy neurons 
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Ze~ss Axovert 10 mlcroscope w~th phase-contrast 
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per pulse (I 0-km-diameter laser spot). 
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PTH/PTHrP Receptor in Early Development and 
Indian Hedgehog-Regulated Bone Growth 

Beate Lanske, Andrew C. Karaplis, Kaechong Lee, Arne Luz, 
Andrea Vortkamp, Alison Pirro, Marcel Karperien, 

Libert H. K. Defize, Chrystal Ho, Richard C. Mulligan, 
Abdul-Badi Abou-Samra, Harald Jiippner, Gino V. Segre, 

Henry M. Kronenberg* 

The PTH/PTHrP receptor binds to two ligands with distinct functions: the calcium- 
regulating hormone, parathyroid hormone (PTH), and the paracrine factor, PTH-related 
protein (PTHrP). Each ligand, in turn, is likely to activate more than one receptor. The 
functions of the PTH/PTHrP receptor were investigated by deletion of the murine gene 
by homologous recombination. Most PTH/PTHrP receptor (-/-) mutant mice died in 
mid-gestation, a phenotype not observed in PTHrP (-/-) mice, perhaps because of the 
effects of maternal PTHrP. Mice that survived exhibited accelerated differentiation of 
chondrocytes in bone, and their bones, grown in explant culture, were resistant to the 
effects of PTHrP and Sonic hedgehog. These results suggest that the PTH/PTHrP receptor 
mediates the effects of Indian Hedgehog and PTHrP on chondrocyte differentiation. 

T h e  PTH/PTHrP receptor responds to  two 
ligands, P T H  and PTHrP. PTH 1s synthe- 
sized by the parathyroid glands and acts on  
kidney and bo~ne to  regulate calcium ho- 
~neostasis (1 ). PTHrP, 111 contrast, is syn- 
thesized in multiple tissues wlth speciflc 
spatial and temporal profiles and has largely 
paracrine f i~l~ct lons  (2 ) .  

C o m p l e l n e ~ ~ t a r ~  D N A  encoding the 
PTH/PTHrP receptor was cloned from hone 
and kidney cells. T h e  receptor hlnds and 
responds eclually to NH,-terminal frag- 
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lnents of PTH and PTHrP (3 ,  4 ) .  T h e  
PTH/PTHrP receptor mRNA is expressed 
in the P T H  target organs, kidney and bone 
( 5 ,  6 ) ,  as well as in organs in which PTHrP 
1s expressed, such as extraembryonic Inern- 
hranes and growth plates of bone (7, 8). 
Physiolog~c studies suggest that other recep- 
tors for PTH and PTHrP exist (9-1 1 ), one 
of which has been cloned (1 2) .  

A t  implantation, the murine PTHlPTHrP 
receptor is expressed in parletal endoderln 
immediately adjacent to PTHrP-expressing 
trophoblastic cells (7, 13). Trophoblastic 
PTHrP induces the differentiation of the pa- 
rietal endoderrn and the subsequent synthesis 
of colnponents of Reichert's membrane in 
vitro (1 3). Nevertheless, lnlce homozygous 
for a targeted deletion of PTHrP are normal 
early in development (1 4)  and later nlanifest 
only abnormalities in endochondral bone de- 
velooment, and then dle at blrth. 

Chondrocytes in the growth regions of 
bones of PTHrP ( - I - )  Inice undergo fewer 
rounds of proliferation than in normal mice 
and differentlate prematurely into hypertro- 
phlc cho~~drocytes (1 4 ,  15). 111 contrast, 
bone explants exposed to PTHrP N H 2 -  
terminal fraglnent have delayed differentl- 
ation of hypertrophic chondrocytes (16) .  
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Fig. 1. Abnormalities in en- 
dochondral bone formation. 
(A) Lateral view of an entire 
skeleton after Alizarin red S 
staining of a wild-type (left) 
and a mutant (right) PTH/ 
PTHrP receptor embryo at 
day 18.5 of gestation. Ab- 
normalities in the mutant are 
apparent throughout the 
whole skeleton: for exam- 
ple, reduced size of the to- 
tal skeleton, domed skull, 
and foreshortened mandi- 
ble. Arrow (up) points to the 
abnormal mineralization of 
the sternum and ribs and 
indicates the lack of unmin- 
eralized cartilaginous tis- 
sue; arrow (down) points to 
the shortened long bones 
of the mutant. (6) Caudal 
view on the base of the skull 
(wild type, left; mutant, 
right). The Alizarin red S 
stain reveals excessive 
mineralization and there- 
fore a synchondrosis be- 
tween the basioccipital 
(bo), exoccipital (eo), and 
basisphenoid (bs). Narrow- 
ing of the foramen magnum 
(fm) and mineralized tym- 
panic bulla (tb) are also ap- 
parent. Histological evalua- 
tion at the level of the fifth 
rib of a wild type (C) and 
mutant (D) at day 18.5 of 
gestation. The quiescent 
hyaline cartilage (hc) in the 
wild type is surrounded by 
perichondrium (pc), where- 
as the mutant cartilage is composed of hypertrophic chondrocytes (hy), surrounded by perichondrial 
bone (pb). Examination of the growth plate of the proximal tibia by light microscopy revealed marked 
anomalies in the homozygous (F) compared with the normal littermate (E), including a marked 
reduction in the zone of proliferating cartilage (p) and irregular and shorter columns of proliferating 
chondrocytes. 

Table 1. Survival of homozygous offspring (-/-) in different genetic backgrounds. Heterozygws mice 
of the respective strain were interbred to obtain mice homozygous for the PTH/PlHrP receptor gene 
deletion. Cesarean section at the indicated day of gestation was carried out, and genotyping of the 
embryos was performed with Southern (DNA) blot analysis. From the first 10 litters of each group, all 
embryos were analyzed to confirm the expected pattern of Mendelian inheritance for wild-type and 
heterozygous mice. Because survival of wild-type and heterozygous animals was similar, we limited our 
studies to the homozygous mutants. Noninformative (Non-inf.) cases represent degenerated embryos 
that yielded insufficient DNA for analysis. 

Genetic 
background 

Total Days of No. in no. of Alive 
(-I-) 

Dead Non-inf. 
gestation litter embryos (-I-) 

(%) (%I (%I 

C57BU6-129/S~J E9.5 19 153 33 (22) 3 (2) 12 (8) 
C57BU6-129/SvJ El 2.5 10 93 9 (10) 5 (5) 11 (12) 
C57BU6-129/SvJ E14.5 10 69 3 (4) 8 (1 2) 4 (6) 
C57BU6-129/SvJ E18.5 20 124 4 (3) 4 (3) . 10 (8) 
C57BU6 (2nd El 8.5 22 168 4 (2) 4 (2) 0 (0) 

backcross) 
MF-1 (3rd El 8.5 40 37 1 9 (2) 19 (4) 6 (2) 

backcross) 
Black Swiss (1 st E18.5 56 434 51 (1 2) 25 (6) 9 (2) 

backcross) 

Taken together, these data suggest that 
PTHrP delays chondrocyte differentiation, 
thereby allowing more chondrocyte prolif- 
eration. The accompanying research arti- 
cle (16) demonstrates that Indian hedge- 
hog (Ihh), made by prehypertrophic and 
hypertrophic chondrocytes, also delays the 
differentiation of early hypertrophic chon- 
drocytes in a negative feedback loop. Ihh 
stimulates the synthesis of PTHrP in peri- 
chondrial cells near the ends of long bones. 
The PTH/PTHrP receptor is expressed in 
prehypertrophic and hypertrophic chon- 
drocytes and, to a lesser extent, in prolif- 
erating chondrocytes and is thus a candi- 
date mediator of the PTHrP signal in the 
feedback loop that controls the rate and 
sites of chondrocyte differentiation (8). To 
establish the physiologic role of the cloned 
PTHlPTHrP receptor in the growth plate 
and to further explore the role of PTHrP in 
early development, we examined the phe- 
notypes of mice homozygous for the abla- 
tion of the PTH/PTHrP receptor gene. 

Gene targeting in embryonic stem (ES) 
cells was used to delete exons E2 through T, 
which encode most of the PTHlPTHrP re- 
ceptor (17, 18). Mice heterozygous for the 
PTH/PTHrP receptor gene deletion grew 
normally and were fertile. Mice homozygous 
for the PTH/ETHrP receptor gene deletion 
were smaller than normal from at least em- 
bryonic day 9.5 (E9.5) of fetal life (19). His- 
tologic evaluation at E9.5 and E12.5 revealed 
morphologically normal development except 
for proportional diminution of organ size 
(19). Although the number of PTH/PTHrP 
receptor (-I-) fetuses met Mendelian ex- 
pectations at E9.5, only 10% of the living 
fetuses were PTH/PTHrP receptor (-/-) at 
E12.5, and almost all these fetuses had died 
by E14.5 (Table 1). Because the only sites of 
synthesis of PTHrP and the PTH/PTHrP 
receptor before E9.5 are in extraembryonic 
membranes, Reichert's membrane and the 
parietal endoderm were examined (7, 13). 
but no abnormalities in the morphology of 
Reichert's membrane or a-laminin staining 
were noted (19,20). Thus, the small size and 
early death of the PTH/PTHrP receptor (-1 
-) animals remains unexplained and con- 
trasts with the normal phenotype of FTHrP 
(-/-) mice during early gestation. Maternal 
PTHrP-synthesized in large amounts by 
maternal cells in the decidua, located in 
the inner zone directly adjacent to the 
embryo (21, 22)-may complement the 
absence of fetal PTHfP in the PTHrP (-/ 
-) mice but not the absence of the fetal 
PTH/PTHrP receptor. 

To search for genetic backgrounds that 
might allow evaluation of older fetuses, we 
backcrossed heterozygous mice of C57BL/ 
6-129/SvJ background into different mouse 
strains. Only crosses with the Black Swiss 
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strain (Table 1) increased the survival of 
PTHIPTHrP receptor (-/-) embryos until 
birth. Although the Black Swiss background 
partially suppressed the early death pheno- 
type, in all genetic backgrounds the PTH/ 
PTHrP receptor (-/-) mice were propor- 
tionally smaller than normal. If allowed to 
complete gestation, all PTHIPTHrP receptor 
(-/-) animals died within a few minutes of 
birth. The appearance of the PTH/PTHrP 
receptor (-I-) animals at E18.5 of gestation 
was similar to that of the PTHrP (-I-) 
mice, in that they exhibited a domed skull, 
short snout and mandible, protruding tongue, 
and disproportionately short limbs (Fig. 1A) 
(14). Alizarin Red S staining (23) of skele- 
tons of P T H m H r P  receptor (-/-) mice 
revealed inappropriately accelerated mineral- 
ization exclusively of bones formed by endo- 
chondral replacement (Fig. 1, A and B). 

Histological examinations of 18.5-day- 
old PTH/PTHrP receptor ( -1- ) fetuses 
(24) revealed a phenotype similar to that 
observed in the PTHrP (-I-) animals, in 
that the hyaline cartilage in the ribs adja- 
cent to the sternum was differentiated into 
hypertrophic cartilage surrounded by pre- 
maturely mineralized osteoid matrix and ac- 
tive osteoblasts (Fig. 1, C and D) (14). The 
growth plate of the proximal tibia, like 
that of the PTHrP (-I-) fetuses, revealed 
irregular and markedly short columns of 
proliferating chondrocytes (Fig. 1, E and 
F). The similarities between the pheno- 
types of PTHrP (-/-) and PTH/PTHrP 
receptor (-I-) mice suggest that the 
PTH/PTHrP receptor mediates the actions 
of PTHrP on chondrocytes. This hypoth- 
esis is further supported by the presenta- 
tion of humans with Jansen osteochondro- 
dystrophy. These patients, with activating 
point mutations of the PTH/PTHrP recep- 
tor, exhibit growth plate abnormalities 
similar to those seen in the murine growth 
plate explants exposed to excess PTHrP 
(25). Our results support the hypothesis 
that this pathology reflects inappropriate 
PTHrP-like, but ligand-independent, acti- 
vation of the PTHIPTHrP receptor. 

In the accompanying research article 
(1 6), Ihh and PTHrP are shown to partici- 
pate in a feedback loop that controls the pace 
of differentiation in the chicken and murine 
growth plates. To verify that the PTH/ 
PTHrP receptor, which is expressed in a re- 
gion that overlaps that of Ihh expression (Fig. 
2, A to D) (16), mediates the actions of 
PTHrP in this feedback loop, we treated low- 
er limb explants from PTH/PTHrP receptor 
(-I-) E16.5 fetal mice with PTHrP, with 
partially purified Sonic helgehog (Shh) (the 
actions of which resemble those of Ihh on the 
growth plate), or with control media (26). 
Treatment with control media showed that 
chondrocytes in PTH/PTHrP receptor (-1 

-) limbs became hypertrophic more rapidly 
in culture and expressed more type X collag- 
en mRNA than those in normal limbs (Fig. 
3,  A and D), consistent with the hypothesis 
that the PTH/PTHrP receptor regulates the 
rate of hypertrophic conversion. Whereas in 
normal limbs, addition of either PTHrP or 
Shh resulted in expansion of the less differ- 
entiated chondrocyte population and sup- 
pression of differentiation into hypertrophic, 
type X collagen-producing chondrocytes 
(Fig. 3,  B and C), neither PTHrP nor Shh 
had any effect on limbs from PTHmHrP 

Fig. 2. Ihh mRNA expres- 
sion in the humerus of E l  8.5 
mouse embryos. In both 
wild-type (A, bright field; B, 
dark field) and mutant PTH/ 
PTHrP receptor (-/-) fetus- 
es (C, bright field; D,dark 
field), Ihh mRNA is ex- 
pressed in prehypertrophic 
and hv~ertro~hic chondro- , , 
cytes, in a manner similar to 
its expression in chicken 
limbs (16). This pattern of 
expression is unchanged in 
the PTH/PTHrP receptor 
(-/-) embryos, although 
the cells expressing Ihh are 
nearer the articular end of 
the bone in mutant than in 
normal embryos. The yellow 
staining in the periosteum is 
an artifact (B). 

receptor (--I--) fetuses (Fig. 3, E and F). This 
result supports those obtained with PTHrP 
(-I-) explants and suggests that PTH/ 
PTHrP receptor-expressing chondrocy tes are 
the targets of PTHrP in this pathway (16). 

Our results, which show that neither 
Shh nor PTHrP slows differentiation of 
chondrocytes in bone explants of PTH/ 
PTHrP receptor (-I-) limbs, establish that 
PTHIPTHrP receptor-expressing chondro- 
cytes are the relevant physiologic target of 
the Ihh/PTHrP pathway. In the absence of 
PTHIPTHrP receptors, Ihh expression is 

Fig. 3. Null response of 
PTH/PTHrP receptor (-/-) 
cartilage to PTHrP and Shh. 
E16.5 hind limbs from nor- 
mal (A to C) and PTH/PTHrP 
receptor (-/-) mice (D to F) 
were cultured and treated 
with 1 0-7 M PTHP (B and 
E), recombinant Shh (5 kg/ 
ml) (C and F), or vehicle (A 
and D). Chondrocytic differ- 
entiation was assessed by 
type X collagen mRNA ex- 
pression. PTH/PTHrP re- 
ceptor (-/-) explants ex- 
hibited substantially ad- 
vanced chondrocytic differ- 
entiation in vitro (D) com- 
pared with normal litter- 
mates (A). Whereas PTHrP 
or Shh suppressed hyper- 
trophic differentiation in nor- 
mal cartilage (B and C), nei- 
ther had any effect on PTH/ 
PTHrP receptor (-/-) carti- 
lage (E and F). 
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found in  cells much closer to  the  articular 
surface than normal. W e  conclude that 11111, 
produced hy differentiating chondrocytes, 
delays the  differentiation of growth plate 
chol~drocytes by stimulating the  syllthesis 
of perichondrial PTHrP, which then acts o n  
the  PTH/PTHrP receptor o n  chondrocytes. 
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Emergence of Preferred Structures in a 
Simple Model of Protein Folding 

Hao Li, Robert Heling,* Chao Tang,? Ned Wingreen 

Protein structures in nature often exhibit a high degree of regularity (for example, sec- 
ondary structure and tertiary symmetries) that is absent from random compact confor- 
mations. With the use of a simple lattice model of protein folding, it was demonstrated 
that structural regularities are related to high "designability" and evolutionary stability. 
The designability of each compact structure is measured by the number of sequences 
that can design the structure-that is, sequences that possess the structure as their 
nondegenerate ground state. Compact structures differ markedly in terms of their de- 
signability; highly designable structures emerge with a number of associated sequences 
much larger than the average. These highly designable structures possess "proteinlike" 
secondary structure and even tertiary symmetries. In addition, they are thermodynam- 
ically more stable than other structures. These results suggest that protein structures are 
selected in nature because they are readily designed and stable against mutations, and 
that such a selection simultaneously leads to thermodynamic stability. 

N a t u r a l  proteins fold into specific compact 
structures despite the huge number of pos- 
sible configurations ( I ) .  For most single- 
domain proteins, the  information coded in  
the  amino acid sequence is sufficient to 
determine the  three-dimensional (3D) fold- 
ed structure, which is the minimum free- 
energy structure (2 ) .  Protein sequences 
must undergo selection so that they fold 
into unique 3 D  structures. Because folding 
maps sequences to  structures, it is relevant 
to  ask whether selection principles also ap- 
ply to  structures that have evolved in na- 
ture. Protein structures often exhibit a high 
degree of regularity-for example, second- 
ary structures such as a helices and P sheets 
and tertiary symmetries-that is absent 

NEC Research Institute, 4 Independence Way, Prince- 
ton, NJ 08540, USA. 

'Present address: Second Institute for Theoretcal Phys- 
ics, DESYIUniversty of Hamburg. Hamburg. Germany. 
?To whom correspondence should be addressed. E-ma: 
tang@research.nj.nec.com 

from random compact structures. W h a t  is 
the  origin of these regularities? Does nature 
select special structures for design? W h a t  
are the underlying principles that govern 
the selection of structures? 

Here we describe results from a simple 
model of protein folding that suggest some 
answers to these questions. W e  focus o n  the 
properties of each individual compact struc- 
ture by determining the  sequences that 
have the  given structure as their nondegen- 
erate ground state. W e  show that the  num- 
ber of sequences (hi,) associated with a 
given structure (S) differs from structure to  
structure and that preferred structures 
emerge with N s  values much larger than 
the  average. These preferred structures are 
"proteinlike," with secondary structures and 
symmetries, and are ther~llodynamically 
more stable than other structures. 

Our  results are derived from a minimal 
model of protein folding, which we believe 
captures the  essential components of the  
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