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

Mihael H. Polymeropoulos,* Joseph J. Higgins,
Lawrence 1. Golbe, William G. Johnson, Susan E. Ide,
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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.

The first clear description of the common
neurodegenerative disorder designated as
Parkinson's disease (PD) was provided by
James Parkinson in 1817 (1). Clinical man-
ifestations include resting tremor, muscular
rigidity, bradykinesia, and postural instabil-
ity. Additional features are characteristic
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 donm-
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 1-methyl-4-phe-
nyl-1,2,3,6-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
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Fig. 1. A large family with PD. The clinical and pathological features of some members of this kindred
were previously reported (11).

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

Two-point lod scores at recombination fractions of:
Locus Zl 0ax ax

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
D4S421 -2.42 0.45 0.77 0.65 0.38 0.22 0.09 0.77 0.05

polymorphisms in nuclear genes involved in
the metabolism of potentially neurotoxic
substances (9).

To identify a genetic locus responsible
for the PD phenotype we performed a ge-
nome scan (10) in a large kindred of Italian
descent with pathologically confirmed PD
(Fig. 1) (I 1). The average age of onset for
the illness in this pedigree is 46 + 13 years.
A total of 140 genetic markers were typed
in this pedigree at an average spacing of
-20 cM. Genetic markers at the cytogenet-
ic location 4q21-q23 were the only ones to
show linkage to the disease phenotype with
a Z,.,,, [maximum logarithm of the likeli-
hood ratio for linkage (lod) score] = 6.00 at
recombination fraction 0 = 0.00 for marker
D4S2380 (Table 1). Recombinations be-
tween the disease phenotype and genetic
markers were observed in the proximal re-
gion for marker D4S2361 and in the distal
region for marker D4S421. Genetic markers
D4S2380 and D4S1647 showed no obligate
recombination events in the affected indi-
viduals. Multipoint lod score analysis be-

tween markers D4S236 1-1 3cM-D4S 1 647-
3cM-D4S421 and the disease locus places
the PD gene between markers D4S2361 and
D4S421 at a recombination distance of 0.00
cM from marker D4S1647 with a ZMx =
6.04 (Fig. 2). This location is favored from
the alternative genetic intervals by a differ-
ence in the lod score of greater than 3 lod
units.

Although expansions of unstable tri-
nucleotide repeats are found in a number of
human neurodegenerative conditions, there
is no evidence for an association of a CAG
trinucleotide repeat expansion in families
with PD (12). In addition, genetic linkage
studies in other families with PD-like illness-
es do not support the involvement of several
candidate genes (glutathione peroxidase, ty-
rosine hydroxylase, brain-derived neurotro-
phic factor, catalase, amyloid precursor pro-
tein, CuZn superoxide dismutase, and de-
brisoquine 4-hydroxylase) in the etiology of
the disorder (13). Genes previously mapped
in the general region of linkage include the
loci for alcohol dehydrogenase, formalde-
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Fig. 2. Multipoint lod score analysis between
chromosome 4q markers and the PD locus.

hyde dehydrogenase, synuclein, UDP-N-
acetylglycosamine phosphotransferase, and
others. Other distinct clinicopathological
entities associated with parkinsonian fea-
tures are probably linked to other genetic
loci. For example, Wilhelmsen-Lynch dis-
ease (disinhibition-dementia-parkinsonian-
amyotrophy complex) is linked to the
17q21-q22 chromosomal region (14). If the
pathogenesis of diseases affecting the nigro-
striatal pathway includes environmental in-
fluences, then a range of mutations affecting
vulnerable sites in the electron transport
chain or enzyme polymorphisms influencing
neurotoxin metabolism may vary the pen-
etrance of PD by altering an individual's
resistance to exogenous or endogenous
agents. However, our finding of a highly
penetrant genetic locus linked to PD sug-
gests that abnormalities of a single gene may
be sufficient to cause the PD phenotype.
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Identification of BIME as a Subunit of the
Anaphase-Promoting Complex
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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.

Mitotic cyclins bind to the protein kinase
p34cdlc2 to promote entry into mitosis in all
eukaryotic cells (1). During anaphase, mi-
totic cyclins are rapidly degraded by ubiq-
uitin-dependent proteolysis, leading to the
inactivation of Cdc2 and allowing exit from
mitosis (2). This proteolytic system is also
thought to initiate anaphase by ubiquitinat-
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ing a hypothetical inhibitor of chromosome
segregation (3, 4). Cyclin B ubiquitination
can be reconstituted in reactions contain-
ing the ubiquitin activating enzyme El, ei-
ther one of the ubiquitin conjugating en-
zymes UBC4 or UBCx (5, 6), and APC (5,
7). Xenopus APC contains homologs of
CDC27 and CDC16 (5), proteins that are
essential for the metaphase-anaphase tran-
sition in yeast and mammalian cells (4, 8).
However, the precise subunit composition
of APC and the mechanisms of its activity
and cell-cycle regulation remain unknown.
We immunopurified APC from interphase

and mitotic Xenopus egg extracts and analyzed
its subunit composition and activity (9). Both
forms contained eight major polypeptides,

that we refer to as APC1 through APC8, in
approximately stoichiometric amounts (Fig.
IA and Table 1). The electrophoretic mobil-
ities of APC1, APC3, APC6, and APC8 were
reduced in APC purified from initotic ex-
tracts. These mobility differences were appar-
ently caused by phosphorylation because
treatment of purified mitotic APC with X
protein phosphatase (X-PPase) (10) produced
a subunit pattern resembling the interphase
form (Fig. ID). Mitotic APC supported cyclin
B ubiquitination in the presence of either an
interphase 1OO,OOOg supematant fraction
(S100) or a mixture of purified El with UBC4
or UBCx (Fig. IC) (9). Interphase APC had
approximately 20% of the activity of mitotic
APC. Treatment of mitotic APC with
X-PPase (10) resulted in a similar reduction of
cyclin ubiquitination activity (Fig. IE), sug-
gesting that phosphorylation of APC subunits
is essential for mitotic levels of activity. Sim-
ilarly, the ubiquitination activity of partially
purified cyclosome from clam is inhibited by
addition of a phosphatase-containing fraction
(11).

Protein microsequencing of individual
APC subunits revealed that APC1, APC3,
APC6, and APC7 are similar to previously
described cell-cycle proteins (Table 1) (12).
Peptide sequences obtained from APC3 and
APC6 were 50 to 100% identical to se-
quences of human CDC27 and CDC16 (8),
respectively, confirming our previous con-
clusion (5) that these proteins are subunits of
APC. A peptide derived from APC7 was
identical to a sequence encoded by the hu-
man expressed sequence tag H59410, which
showed highest similarity to Saccharomyces
cerevisiae Cdc23p (13). This suggests that
APC7 is a Xenopus homolog of Cdc23p,
which has previously only been found in
budding yeast, where it interacts with
Cdc27p and Cdcl6p (8) and is required for
cyclin degradation (4).

None of the peptide sequences revealed
any similarity to Cselp or Cdc26p-proteins
required for cyclin degradation in budding
yeast (4, 14). We have found that a Xenopus
homolog of Cse 1 p does not cofractionate with
APC during column chromatography or den-
sity gradient centrifugation (15). It remains
possible that a homolog of Cdc26p, which
appears to be a component of yeast APC (14),
is only loosely associated with the Xenopus
complex, and is therefore lost during affinity
purification. However, in Xenopus, neither
Cselp nor Cdc26p is essential for the recon-
stitution of cyclin B ubiquitination in vitro.
We obtained four peptide sequences from

APC1 (12), all of which showed 60 to 83%
identity to mouse Tsg24, a 216-kD protein
that is 30% identical to Aspergillus nidulans
BIME (16). In immunoblot experiments, an-
tibodies to Tsg24 recognized a 2 10-kD protein
in crude Xenopus interphase extracts and a
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