
The amount of UV-B light used in our 
experiments did not exceed twice the average 
minimal erythema dose, an amount of UV-B 
radiation that causes barely detectable skin 
reddening and is equivalent to 2 to 3 min of 
solar irradiation on a summer day {27). Pro
longed sunlight exposure results in fever and a 
local inflammation. This response may result 
from activation of JNK and related MAPKs, 
leading to stimulation of AP-1 activity and 
cytokine production (23). Prolonged exposure 
to UV-B light causes skin wrinkling, another 
effect that was attributed to AP-1 activation 
{27). Osmotic stress also induces inflammato
ry responses in humans similar to the ones 
induced by IL-1 (28). Our findings provide a 
mechanistic explanation to these observa
tions as well. 
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postural abnormalities, dysautonomia, dys-
tonic cramps, and dementia. The specific 
pattern of neuronal degeneration is accom
panied by eosinophilic intracytoplasmic in
clusions known as Lewy bodies in surviving 
neurons in the substantia nigra, locus cer-
uleus, nucleus basalis, cranial nerve motor 
nuclei, central and peripheral divisions of 
the autonomic nervous system, hypothala-
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mus, and cerebral cortex (2). 
Parkinson's successors speculated on the 

relative roles of environment and heredity. 
Gowers in 1880 noted that 15% of his PD 
patients had affected relatives (3). Modern 
studies of familial aggregation in PD along 
with the observation of an autosomal dom
inant pattern of inheritance seen in multi-
case families have indicated that genetic 
factors play a substantial etiologic role (4). 
The availability of well-documented fami
lies provides an opportunity to carry out 
DNA linkage studies (5). 

The discovery of the parkinsonogenic 
effects of the neurotoxin l-methyl-4-phe-
nyl-l,2,3,6-tetrahydropyridine (MPTP) led 
many investigators to search for an environ
mental factor in the etiology of PD (6). The 
highly selective destruction of the dopami
nergic neurons of the substantia nigra 
caused by MPP+ , the toxic metabolite of 
MPTP, through inhibition of complex I of 
the mitochondrial respiratory chain provid
ed a model that explained how an exoge
nous agent could induce PD (7). However, 
MPTP-induced parkinsonism did not repli
cate either the clinical course or the pathol
ogy of PD. Moreover, subsequent studies did 
not establish a direct link between PD and 
mutations in mitochondrial DNA (8) or 

Mapping of a Gene for Parkinson's Disease 
to Chromosome 4q21-q23 

Mihael H. Polymeropoulos,* Joseph J. Higgins, 
Lawrence I. Golbe, William G. Johnson, Susan E. Ide, 

Giuseppe Di lorio, Giuseppe Sanges, Edward S. Stenroos, 
Lana T. Pho, Alejandro A. Schaffer, Alice M. Lazzarini, 

Robert L. Nussbaum, Roger C. Duvoisin 

Parkinson's disease (PD) is the second most common neurodegenerative disorder after 
Alzheimer's disease, affecting approximately 1 percent of the population over age 50. 
Recent studies have confirmed significant familial aggregation of PD and a large number 
of large multicase families have been documented. Genetic markers on chromosome 
4q21 -q23 were found to be linked to the PD phenotype in a large kindred with autosomal 
dominant PD, with a Zmax = 6.00 for marker D4S2380. This finding will facilitate iden
tification of the gene and research on the pathogenesis of PD. 

SCIENCE • VOL. 274 • 15 NOVEMBER 1996 1197 



Parkinson's disease pedigree 

\ I  1 - - - 3  r r 

Fig. 1. A large famy wth PD The cn~ca l  and pathologcal features of some members of ths klndred 
were prevousy reported ( 7  7 )  

Table 1. Two-po~nt LOD scores between chromosome 4q markers and the PD locus 

Two-po~nt lod scores at recombnaton fract~ons of: 
Locus Z,. .,. 0,.  .,. 

0 00 0.01 0.05 0.10 0.20 0.30 0.40 

D4S2361 -5.60 -0.83 0.30 0.54 0.43 0.21 0.06 0.55 0.12 
D4S2380 6 00 5.90 5.30 4.60 3.00 1.50 0.50 6.00 0.00 
D4S1647 5.22 5.07 4.47 3.71 2.26 1.05 0.30 5.22 0.00 
D4S42 1 -2.42 0.45 0.77 0.65 0.38 0.22 0.09 0.77 0.05 

poly~norphis~ns in nuclear genes int~olt~eil  in 
the  ~nerabolism of potenr~ally n e ~ ~ r o t o x i c  
substances (9 ) .  

To identify a generlc locus responsible 
for the  PL) phenotype \ye performed a ge- 
nome scan ( I$ )  In a large kincireil i)f Italian 
descent with pathi>logically confirmeii PLI 
(Fig. 1 )  ( 1  1 ) .  T h e  average age of onset for 
the illness In thia pedigrce is 46 % 11 years. 
A total of 140 generic markers \yere typed 
in thia pecligree at an  average spacing of 
-70 cM. Genetic markers a t  the cytogenet- 
ic li,cation 4~1.2 1-11! 3 \\ere the only ones to 
ZIIOLV 1lnk;ige to  the Jiseaw plienc~t\pe \vith 
a Z,,,,, [~n;lxirnun~ logarithm of the  likeli- 
hoocl ratio for linkage (loil) score] = 6.00 at 
recombination fraction 8 = 0.00 for marker 
D4S2.38~7 (Table 1 ) .  Recolnhinatic~ns he- 
tlveen the  i l iseae phenc~type anii generic 
markers \yere ohserveel in the prc~xirnal re- 
gion fix ~narker  11452361 ancl in the  distal 
region fix marker D4S421. Genetic ~narkers 
D4S238P anil D4S1647 sho\veil no ohligate 
reci>mbinatii>n events in the  ~ffecreil  incii- 
viiluals. hIultipoint loci score analysis be- 

tueen milrkers D452361-13cM-11451647- 
3cM-114S421 and the  disease locus places 
the  P D  gene hertveen markers D4S2.361 anil 
04x421 at a recombination distance of0.00 

- cM f r im marker 11451 647 \vith a Z,,,, - 

6.04 (Fig. 2).  This loca t~on  is favored trom 
the  alternative eeneric in t e r~x l s  b\. a differ- 
ence in the  lod score of greater than 3 lod 
units. 

Althc1~1g11 expansions of unstable rri- 
nucleotide renears are founil in a number of 
human neuroilegenerariw conclirions, there 
1s n c ~  evi~ience for an association of a C A G  
trinucleoticle repeat expansion in farnilies 
\vith PL3 (12).  In ailciition, genetic linkage 
stuciies in other farnilies with PLI-like illness- 
es do not support the involvement of several 
ca~niliclate genes (glutathione perc)xidase, ty- 
rosine hyilroxylase, brain-ilerivecl neurotro- 
phic factor, caralase, amyloij  precursor pro- 
tein, CuZn superox~cle ilismutase, and ~ l e -  
brisocluine 4-hy~lri1xylilsc) in the  etiolog\ of 
the  clisoriler (13).  Genes previously mapped 
in the general region of linkage include the 
loci for alcohol ciehyilrogenase, fi>rmalile- 

3 

Fig. 2. Multipo~nt lod score analysis between 
chromosome 4q markers and the PD locus 

hycle Llehyclrogenasc, synuclein, ULJP-K- 
acetylglycosamine phosphotransferase, ancl 
othel-s. Othel- distinct cl~nicoparlioli~gical 
entitles associateil w ~ t h  pa~-k~naoni ; l~i  fea- 
tul-es al-e Firob;lbly l~nkcil  to orher gencrls 
l o c ~ .  For example, Wilhelmen-Lynch ells- 
ease (ilisinhib~tion-cie~ne~it~;~-p:lrkin\on~:in- 
amyotrophy complex) I linkeil to the  
171121~122 chromosomal reqoii (14).  If the 
pathogenesis eliseases affect~nq the nlgro- 
striatal path\v:iy incluilea envil-onmental In- 
fluences, then a I - a n y  of mutations affecting 
vulnerable sites in the  electron transport 
chain or enz\lne polymorph~smi influencing 
neurotoxin metabolism may v:iry the pcn- 
etl-ance of PD b \  ;llterlnc ;in ~ni l~vi~lual ' s  
rehistance ti> excIgenou or cniiogenoua 
agents. However, c>ur fincllng of a highly 
penetrant genetic locus linkcil t o  I'D sug- 
gests that abnormalit~es c)f ,I s~ne le  gene In:>\ 
he sufficient to cause the P1I phenotype. 
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Identification of BIME as a Subunit of the 
Anaphase-Promoting Complex 

Jan-Michael Peters,*? Randall W. King,* Christer Hoog, 
Marc W. Kirschnert 

The initiation of anaphase and exit from mitosis require the activation of a proteolytic 
system that ubiquitinates and degrades cyclin B. The regulated component of this 
system is a large ubiquitin ligase complex, termed the anaphase-promoting complex 
(APC) or cyclosome. Purified Xenopus laevis APC was found to be composed of eight 
major subunits, at least four of which became phosphorylated in mitosis. In addition to 
CDC27, CDC16, and CDC23, APC contained a homolog of Aspergillus nidulans BIME, 
a protein essential for anaphase. Because mutation of bimE can bypass the interphase 
arrest induced by either nimA mutation or unreplicated DNA, it appears that ubiquiti- 
nation catalyzed by APC may also negatively regulate entry into mitosis. 

M i t o t l c  cycllns h ~ n d  to the proteln kinase 
p34""' to promote entry into m~tosls  in all 
eukaryotic cells ( I ) .  Lluring anaphase, 1111- 
totic cyclins are rapiilly ilegracleil by uhiil- 
umn-clepenilenr proteolysis, leaiilng to the  
inacrivatlon of CLlc2 ancl allo\ving exit from 
lnitosis ( 2 ) .  This pri)teolytic system is also 
thought to initiate anaphase hy uh i~~u i t ina t -  

ing a hypothet~cal  inhibitor ot chromi)some 
segregation (3,  4 ) .  Cyclin R rlbicluitinatii)~~ 
can he reconstiruteel in reactions contain- 
Ing the  ~ ~ b i i l ~ ~ ~ t l n  ac t ivat~ng enzyme E l ,  ei- 
ther one of the u b ~ i ~ u ~ r ~ n  conjugating en-  
:ymes UBC4 or UACx ( 5 ,  6 ) ,  ancl A P C  (5, 
7). ?(enoptis A P C  contains homologs i)t 
CDC27  anil C D C l 6  ( 5 ) ,  p ro te~ns  that are 
essential tor the  met;lp11;1<e-an;1~11r15e tran- 

J -M Peters. R. W. King M. W Kirschner. Department of sitic)n In yeast lllalnlnallan cells ( 4 ,  8 ) .  
Cell B~ology, Harvard Med~cal School. 240 Longwood 
Avenue, Boston, MA 021 15, USA Ho\vever, the  precise s ~ ~ h r l n i t  conlposltlon 
C. Hooq. Department of Cell and Molecular B~ology, of A P C  anel the mechan~sms of its activity 
Medcal Nobel lnst~tute. Karonska nst~tutet, S-17177 anL] cell-cycle regrllatlon renlain Llnkno\vn, 
Stockholm. Sweden. W e  ~ m n ~ ~ i o p ~ r ~ f i e  A P C  from inrerphase 
'These authors contr~buted equally to t h~s  work anel mltotlc Xenopus egg extracts anLi analyleii 
+Present address: Research Institute of Molecular Pa- 
thology, Dr Bohr.Gasse 7, A.l030 Vienna, Austria irs xd?unlr composition anii actlvlty (9) .  Both 
:To whom correspondence should be addressed. forms contalneLI e ~ g h t  major polypepticles, 

that \ve refer to ,IS APC1 throllgh .4PC8, In 
approximately to ichio~netr ic  ,lmoLlnt\ (Fig. 
1A and T ~ b l c  1). The  elecrl-ophoretic mol?il- 
itics of ,4PC1, ,4P(:3, APC6, irnci .4PC:H \\ere 
reLluceLl in APC p ~ ~ r i f i c ~ i  fl-om rn~totic ex- 
tracts. These mohiliry clifferenee, \r.ere appar- 
ently c,luscci by pho\phorylatic,n I?ecause 
treatlnent of pul-if~eil mitotic APC with A 
protein p h i ~ s p h ~ ~ t a ~ e  ( X-PPasc) ( 10) PI-o~luceil 
a subunit pattern I-csc~nhling the ~n te rphav  
fol-m (Fig. 11)). Mitotic APC s~~ppol-tcci cyclin 
B ubi i l~~i t inat~on in the presence of e ~ t h e r  an  
inrerphase lC?C?,C?C?C?g SLlpernatnnt traction 
(SlOL?) or a ~nixrure ot pl~r~fieLI El \ v~ th  UBC4 
or URCx (Fig. 1C) (9) .  Interphase APC hacl 
approximately 2O')h of the ;~cti\.iry ot mlrotic 
APC. TI-eatnlent of ~nirorlc APC with 
A-PP,lae ( I$ )  resulteii in ,I ~irnilar I - e ~ i ~ ~ c t i o n  of 
cyclin ~ ~ h i i l ~ ~ i t i n ; r r l o ~ ~  ;rctivlty (Fig. lE ) ,  sug- 
cesting rhirr phosphoryl;rtlon of APC: suhun~ts 
1s essential f i~ r  ~lliroric levela ot activity. Sim- 
ilarly, the ~ ~ h l i ~ ~ ~ ~ r ~ ~ i ; ~ t i o i  ,~cti\.ity of partially 
1x11-itieil cyc loo~ne  from cl;r~n 1s inhihitecl hy 
aiiiiition of a p h o . ; l ? h a t a r e - c c ~ ~ ~ t i ~ i ~ ~ i ~ ~ g  traction 
(11).  

PI-oreln m~cro.eil~~encing of iniilviLIual 
A P C  subunit, I-eve;lleLl t h , ~ t  APC1, A P C I ,  
APC6,  ancl APC7 ;Ire imilal-  to pl-c\.iously 
Llescriheii cell-cycle proteins (T;lble 1) (1 2) .  
Peptiiie seilLlences oht,linecl tl-om APC?  ancl 
APC6 \Yere iC? to 1OQ'Kl iclentical to se- 
ilrlences ot 11~1nl;ln C:L)C:27 ,~ncl C I I C l h  (8) ,  
respectively, confirmint: ollr prevloL1s con- 
c l ~ ~ s ~ o n  (5) that these pl-otelns ;rrc wbunits i ~ t  
APC.  A peptlcle iierlveLI from .4PC7 \v;is 
iclenrical to ;I \ecluence encoclcil l?y the hu- 
nlan exprt.secl seilucnce tag Hi941L7, ~vhich 
sho~veil highest <imil;rl-ity to Succh~romyces 
cere~,is[ite CLlc23p (13) .  This \ ~ ~ g g c s t  that 
APC7 IS a X e n o j ~ ~ ~ s  homolog of Cclc23p, 
~vh ich  has previo~~sly only heel1 fc~uncl In 
huililing yea r ,  ~vhel-e it Interacts \virh 
Cilc27p anil CLlc16p (8 )  irncl i \  reiluireLI for 
cyclin iiegr;riiatlon (4 ) .  

None of the pepticle reiluence. re\.ealecl 
any simi1;lrity to Cselp  or Ccic26p-proteins 
reiluil-eil for cyclin iiegfi~clation in h~liicling 
yea\r (4 ,  14). We  ha\.e follncl that ,1 Xenopus 
ho111oIog ofC\e11? iloes not cotl-;ictlonate \r.ith 
A P C  i i~~l- inc  column ch~-ornatoj i~-a~~I~y or elen- 
, ~ t y  grailicnt centritl~jiatlon (15). It remains 
pos\il?le that ;I homolog of Cclc?hp, \vhlch 
appears to he ;r component ot ye;i\t APC (14),  
is only loosely ;rs,ocl:~tecl w ~ t h  rhc ?(enopus 
col~lplex, ancl is thel-efol-e lo\t iiurlng affinity 
p~~rificarion. Ho\vever, in Xenoj~tir, nelrhel- 
Cse 1 p IIOI- CJc26p I\  ehcnti;rl for the I-econ- 
\ t ~ t ~ ~ t l o n  of cyclin R u h i i l l ~ i t i n , ~ r ~ o ~ ~  In \.itro. 

W e  ohta~necl tour pept~iie ,eilllences tl-orn 
APCl  (12),  all ot Lvhich ~ho\r.ccl hC? to 83');) 
iiient~ty to moL1.e T d 4 ,  21 216-kt) protein 
r h ~ t  IS 301% iclentic~11 to A\l~er,~illu\ nidtiiuni 
RILIE ( I  6).  In ~mmunoblot experiments, an- 
tihoelies to T\g24 I-ecogn~:ecl ,I 2 1O-kI) protein 
in cruJe Xenopu. interph;l,e exrl-<lct\ ;rncl a 


