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Familial advanced sleep phase syndrome (FASPS) is an autosomal dominant 
circadian rhythm variant; affected individuals are "morning larks" with a 4-hour 
advance of the sleep, temperature, and melatonin rhythms. Here we report 
localization of the FASPS gene near the telomere of chromosome 2q. A strong 
candidate gene (hPerZ), a human homolog of the period gene in Drosophila, 
maps to the same locus. Affected individuals have a serine to glycine 
mutation within the casein kinase I&(CKle) binding region of hPER2, which 
causes hypophosphorylation by CKIe in vitro. Thus, a variant in human sleep 
behavior can be attributed to a missense mutation in a clock component, 
hPER2, which alters the circadian period. 

The identification of genes influencing any 
aspect of human behavior is complicated by 
other genetic influences, behavioral tenden- 
cies, and cultural factors. We recently de- 
scribed a familial abnormality of human cir- 
cadian behavior that segregates in a highly 
penetrant autosomal dominant manner and 
produces a striking 4-hour advance of the 
daily sleep-wake (I) rhythm. In this behav- 
ioral trait, known as familial advanced sleep 
phase syndrome (FASPS), sleep onset occurs 
at approximately 7:30 p.m., when most peo- 
ple are actively socializing. Sleep duration is 
normal but is terminated by a spontaneous 
awakening at approximately 4 :30 a.m., just 
when conventional sleepers are at their sleep- 
iest time of the 24-hour cycle. 

Biological "clocks" that free-run in con- 
stant conditions with an endogenous period 
(7) close to the 24-hour period of the solar 
day are ubiquitious among eukaryotes and 
provide important adaptational advantages by 
anticipating the transitions between night and 
day (2). The mammalian circadian pacemak- 
er resides in the paired suprachiasmatic nu- 
clei (SCN) and influences a multitude of 
biological processes, including the sleep-
wake rhythm (3). The core clock mechanism 
in the SCN interacts with other brain regions 
to form a circadian system that is entrained 
primarily by ambient light levels. Although 
the timing of sleep is strongly influenced by 
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the circadian system, other factors such as 
social schedules and previous sleep depriva- 
tion may predominate. 

Mutagenesis screens in animals and rec- 
ognition of spontaneous mutations led to the 
discovery of short and long T autosomal 
semidominant circadian rhythm mutants in 
fungi, plants, Drosophila, and rodents (2, 4, 
5). Long period mutants are generally found 
to be phase-delayed with respect to an en- 
training light-dark cycle, whereas short T mu-
tants are usually phase-advanced (6 ) .Genetic 
study of these abnormal circadian phenotypes 
led to the identification and characterization 
of clock genes responsible for circadian be- 
havior (2, 4, 5, 7). The encoded proteins 
function in interacting feedback loops com- 
posed of PAS (PER-ARNT-SIM) domain 
transcription factors that are both negatively 
and positively controlled by regulatory phos- 
phoproteins such as PERIOD and CRYPTO- 
CHROME (8). 

To determine the genetic basis of FASPS, 
linkage analysis was performed in a large 
family segregating an FASPS allele (K2174) 
(Fig. 1). Previously described strict criteria 
for classification of patients with FASPS 
were used (I). All participants filled out the 

Fig. 1.ASPS kindred 2 174. I
Horne-Ostberg scores are 
shown below individuals. 
The dotted line marks a 
branch (branch 3) where 
the ASPS DhenotvDe does 
not cose&egate G i th  the 
mutation. Circles, women; 
squares, men; filled circles 
and squares, affected in- 
dividuals; empty circles 
and squares, unaffected 
individuals. Unknown in- 

~orne-0stberg questionnaire, a validated tool 
for evaluation of an individual's tendency 
between the extremes of "morning lark" 
(scores, 70 to 86) to "night owl" (scores, 16 
to 30) (1,9). In the initial automated genome- 
wide scan, highly polymorphic tetranucle- 
otide and dinucleotide repeat markers, dis- 
tributed every -20 cM across the genome, 
were chosen for the mapping set (10). Link- 
age analysis revealed a number of small pos- 
itive lod (logarithm of the odds ratio for 
linkage) scores. These were examined by 
polymerase chain reaction (PCR) amplifica- 
tion of genomic DNA from all members of 
kindred 2 174 with additional markers span- 
ning these loci (11). 

A maximum lod score of -3 was identified 
for marker D8S366, but extensive genotyping 
of this region revealed this to be a false positive 
(12). An examination of telomeric markers for 
each chromosome (because the high rate of 
recombination at telomeres may have obscured 
linkage with the initial marker set) revealed a 
single marker, D2S395, on chromosome 2qter 
that was linked to FASPS in kindred 2174 
(maximum lod score of 5.25 at 8 = 0.00). 
Simultaneously, an additional set of 400 ge- 
nome-wide markers from the ABI PRISM 
LMS-MD10 Linkage Mapping set was used to 
expand the genome-wide coverage to 600 
markers spaced at an average of 7-cM intervals. 
D2S125, the marker in this set nearest to 
D2S395, had a maximum lod score of 1.75 at 
0 = 0.10 but, otherwise, analysis of this data set 
did not reveal any other loci with significant lod 
scores. We also performed manual linkage 
analysis with seven additional markers previ- 
ously localized to a 19-cM region of chromo- 
some 2qter (13, 14). Evaluation of K2 174 with 
the additional markers yielded a maximum lod 
score of 3.81 at 0 = 0.05. For each of these 
markers, we found that individuals initially 
classified as affected in branch 3 carried a dif- 
ferent allele than the one segregating with 
ASPS in the rest of the family (Fig. 1). The 
haplotype generated using these markers coseg- 
regated with ASPS in all affected individuals of 
K2174 except those in branch 3. 

A homolog (hPer2) of the Drosophila peri- 
od gene resides on chromosome 2qter and is an 
excellent candidate gene for FASPS. Of the 
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three human period homologs, hPer2 is the 
most similar to dper (15). In addition, mutations 
in Per in the fly (I6 )and in the mouse (mPer) 
(17) produce a similar short period phenotype. 
In humans (and other animals), short period 
mutations arepredicted to phase-advance circa-
dian rhythms under entrained conditions (18, 
19). Furthernore,unlike mPerl and mPer3, the 
phase response curve for light induction of 
mPer2 RNA is maximal at CT 14 (20) when 
phase delays are elicited by light. This is con-
sistent with a predominantly phase delay func-
tion for mPER2. Thus, a loss-of-function mu-
tation in hPER2 could, theoretically, lead to a 
phase advance. 

The localiition of P e r 2  on chromosome 
2qter was confirmed by isolating a BAC clone 
(552H8, CITB human BAC library) containing 
the hPer2 gene for use in fluorescence in situ 
hybridization experiments (21). This BAC 
mapped to the tip of chromosome 2q (12). In 
addition, we used a polymorphism in P e r 2  to 
genotype K2174 and performedtwo-point link-
age mapping with nine markers noted previous-
ly (13). A recombination demonstrated the 
hPer2 gene to be distal to marker D2S338. The 
haplotype of the remaining eight markers was 
fully linked to P e r 2  in this family. The indi-
viduals in branch 3 were considered to repre-
sent phenocopies, and mutation analysis of 
hPer2 was performed. 

Human Per2 comprises 23 exons (Fig. 2A) 
(22). A sequencing error of the hPer2 cDNA 
(GenBank accession number, N M 003894) was 
identified; the reported cDNA has a missing 
base at position 3652 that shifts the reading 
frame, predicting translation of 69 amino acids 
that are not homologous to other PER proteins 
before the stop codon. With the corrected se-

quence, the region 3' of that base encodes 78 
amino acids that are 64% identical to mPER2. 

Single-strand conformation polymorphism 
(SSCP) analysis (23) of affected and unaffected 
individuals revealed a complex banding pattern 
in exon 17. Sequencing of this exon from indi-
viduals in K2174 revealed four changes. Three 
of the four changes [base pair 2087 (bp2087) 
A/G, bp2114 A/G, and bp2117 A/G] occur at 
wobble positions and, therefore, preserved the 
amino acid sequence. However, the base 
change at position 2106 (A to G) of the hPer2 
cDNA predicts substitution of a serine at amino 
acid 662 with a glycine (S662G) (Fig. 2). This 
change was not found in 92 controls. The 
S662G change cosegregates with the ASPS 
phenotype in this family, except for the branch 
in which the FASPS-associated marker alleles 
were unlinked (Fig. 1). Four additional at-risk 
individuals in the family carry the mutation but 
did not meet strict affection criteria, although 
they did show a strong tendency of early sleep-
wake preference (Home-Ostberg scores 74.4 f 
7.2; n = 4) (1). 

To establish whether this mutation causes 
FASPS, the S662G mutation was functionally 
characterized (24). To determine whether S662 
is located within the CUE binding site of 
WEN, CUE, myc-epitope tagged mPER2, 
and the indicated truncation mutants of mPER2 
(Fig. 3) were expressed in rabbit reticulocyte 
lysates and mPER2 peptides were immunopre-
cipitated with antibodies to myc (25). CKk was 
coprecipitated with mPER2(1 to 763) but not 
mPER2(1 to 554), thus demonstrating that the 
CKIEbinding site of mPER2 is locatedbetween 
residues 554 and 763, correspondingto residues 
556 to 771 of hPER2 (Fig. 3). 

Studies of doubletime(dbt) mutants in Dro-

sophila (26) and the tau mutant in the golden 
hamster (27) indicate that mutations affecting 
the function of CKTE disrupt endogenous circa-
dian clock function leading to altered period 
lengths or arrhythmicity. In addition, hPER2 
and mPER2 are substrates of CKIE. Because 
the S662G mutation is located within the CKk 
binding region, hPER2 and mPER2 fragments 
extendingfrom amino acids 474 to 815and 472 
to 804, respectively, were used to evaluate the 
effect of the mutation on PER2phosphorylation 
(28). To test whether the S662Gmutation elim-
inates a potential phosphorylation site, reticulo-
cyte lysates containing 35S-labeledhPER2 frag-
ments were incubated with a low concentration 
of CKIE (0.25 ngIp.1). An electrophoretic mo-
bility shift was observed when wild-type 
(S662) but not mutant (G662) fragments were 
treated with CKk (Fig. 4A). A similar result 
was obtained with wild-type and mutant 
mPER2 fragments (12). Phosphatase treat-
ment confirmed that this shift was due to 
phosphorylation (Fig. 4). When the experi-
ment was repeated with a higher concentra-
tion of CKIE(6.5 ng/p.l), mobility shifts were 
observed for both the wild-type and mutant 
hPER2 fragments (Fig. 4B). Thus, regardless 
of the phosphorylation status of S662, other 
residues in the peptide can be phosphorylated 
with excess kinase. 

CKk preferentially phosphorylatespeptides 
with acidic [for example, DDDD-X-X-S] or 
phosphorylated residues [for example, S@)-X-
X-S] immediately upstream of the target resi-
duF(where D is aspartate, S is serine, S(P) is a 
phosphoserine, X is any amino acid, and the 
underlined "S" is the target of the subsequent 
phosphorylation) (29, 30). Analysis of the 
hPER2 sequence reveals four additional serine 

Fig. 2. (A) Genomic 
ATG 56626 structure of hPer2. 

4 4 The hPer2 gene con-
tains 23 exons (col-

5' poly* ored rectangles). The
~ntervening introns - - are not drawn to 
scale. The mutationin 

PAS CKle Binding Site kindred 2174 (S662C) 
occurs in exon 17. 

C The "A" above exon 

T C T O Mutant 
hPER1 
mPER1 
hPERZ 
mPER2 
hPER3 
mPER3 

VSVTSQCSFS 
VSVTSQCSFS 
ASLTSQCSYS 
VSLTSQCSYS 
aSo1sQCaxs 
ASGISQCSCS 

STIVBVGDKKP 
STIVBVGDKKP 
STIVHVODKKP 
STIVBVODKKP 
STIVBVPPPET 
STSGHAPPLQS 

22 shows the location 
of the sequence error 
(a 1 base pair dele-
tion) in the hPer2 
cDNA CenBank se-
quence. (B) The hPer2 
mutation in kindred 
2174. DNA seauences 
from the hPei2 gene 

of control (upper) and FASPS (lower) individuals are shown. An arrow marks a double peak at 
position 2106 in the hPer2 sequence obtained from an affected individual. This A to G 
transition (sequence shown is of inverse complementary strand) predicts substitution of a 
highly conserved serine residue at amino acid position 662 by a gl cine. A double peak was 
noted when each DNA strand was sequenced in both directions. (=!Amino acid sequence of 
various PER homologs from the region harboring the FASPS mutation (37). The serine at 
position 662 is replaced by a glycine (G) on the mutant allele. Four asterisks mark four 
subsequent conserved serine residues each with two interveningamino acids. 
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residues, COOH-terminal to S662, which fol- 
low the pattern S-X-X-S (Fig. 2C). We specu- 
lated that after S662 is phosphorylated, it would 
create a CKIE recognition site facilitating the 
phosphorylation of S665, and so on. This entire 
series of serines could, therefore, be modified 
by CKIE after S662 is phosphorylated in a 
cascade of subsequent phosphorylations, as de- 
scribed previously for phosphorylation of p53 
by CKI (Fig. 4A) (31,32). 

To test this idea further, we mutated the 
serine residue at position 662 to aspartate, 
reasoning that the presence of a negative 
charge from the acidic residue would mimic a 
phosphoserine. Supporting this hypothesis, 
the CUE-dependent phosphorylation was re- 
stored in the S662D mutant (Fig. 4C). At 
levels of CUE that were not sufficient to 
cause a mobility shift in the S662G protein, 
both wild-type and S662D hPER2 had robust 
mobility shifts. Therefore, phosphorylation of 
S662 may regulate the subsequent phospho- 
rylation of a series of downstream residues. 

Interactions between PER2 and CKIE also 
provide a strong rational'e for hPer2 being 

Fig. 3. Mapping of the CKle 
binding domain of PER2. 
CKIe, iyc-epitope tagged 
mPER2, and the indicated 
truncation mutants of 

involved in the molecular pathogenesis of 
FASPS. In a current mammalian clock mod- 
el, rnPER2 is a positive regulator of the 
Bmall .feedback loop, raising the possibility 
that phase-advance of hPer2 could phase- 
advance the feedback loop (8). Semidomi- 
nant mutations in CKIE can advance activity 
phases and shorten T in Drosophila and ham- 
ster (26, 27). The tau R178C mutation sub- 
stitutes cysteine for arginine in an anion- 
binding pocket on the structure of the kinase, 
potentially decreasing the ability of the ham- 
ster kinase to recognize acidic or phosphoryl- 
ated residues that define the CKI recognition 
motif (27). Thus, the tau mutation may de- 
crease phosphorylation of PER residues 
downstream of S662 due to diminished rec- 
ognition of phosphoserine 662, and the 
FASPS mutation S662G mirrors this effect 
by preventing phosphorylation of residue 
662. 

Taken together, the dbt and tau mutant 
CKIE and the FASPS mutation in hPER2 sug- 
gest that one critical function of CKIE is to 
phosphorylate hPER2. However, we do not yet 

Input mPER2 immunoprecipttate 
(+CKlt) 

mPER2 (lanes 1 to  6) were 
expressed in rabbit reticu- 
locyte lysates in the pres- 
ence ~f.~~S-methionine, as 
described (25). Lysates 
containing CKle were 1 

mixed with the indicated 
mPER2 construct, incubat- 
ed for 60 min at 30°C, and 

- - t CKle 

the mPER2 protein immu- 
noprecipitated. The pres- 
ence or absence of co- 
immunoprecipitating CKle PAS domain CKL binding 
was assessed by SDS-PAGE i PER1 

and Phosphorlmager anal- 1 PER2 
554 763 

ysis (lanes 7 to 11). The 
CKle binding sites on mPERl and mPER2 are 51% identical. The light gray bars indicate regions of 
homology to the cytoplasmic localization domain (CLD) of dper. 

Fig. 4. In vitro CKle phosphowl- A - .  
atTon of wild-type and m u t h t  

10 20 30 60 60+AP hPER2. In vitro transcribed and Om1" 

translated hPER2 (WT), mutant ,w fl-~-m-~-fl*w_m-WT_m-w_~T-WT_~~_ 
S662G (MT), and S662D were 
incubated h t h  purified CKle at 
0.25 ng/kl in (A) and (C) and at , 6.5 ng/pl in (B). Times at which 
reactions were terminated are 
shown. + AP, alkaline phospha- 
tase added at the end of the 
reaction; -, no CKle added; +, 
CKle added. B - - 

WT MT -- 0 m h  60 min 60 mln + AP 
- + - +  WT MT 6820 WT MT 662D WT MT 662D 

fully understand the functional consequences of 
hPER2 phosphorylation. Phosphorylation of 
PER by CKI may promote its degradation dur- 
ing the circadian cycle (25,26, 33, 34). Defi- 
cient phosphorylation of hPER2 in the cyto- 
plasm could impair its degradation andfor ac- 
celerate its nuclear entry and thus hasten its 
accumulation. This would phase-advance the 
rhythm of hPer2, perhaps in part by increasing 
transcription of Bmall (8). The net result might 
be a shortening of T and an advance of the 
sleep-wake rhythm, as seen in FASPS. It is also 
possible that the mutation affects not only pe- 
riod length, but also clock-output coupling. 

Study of other FASPS families in our data- 
base demonstrated that some are unlinked to the 
hPer2 locus, thus establishing the existence of 
locus heterogeneity in FASPS (12). Additional 
hPer2 mutations in other ASPS probands were 
not identified. It is possible that we have missed 
mutations in intronic DNA that lead to alter- 
ations of hPer2 expression. Short-period animal 
models caused by mutations in other genes, 
along with our failure to find other hPer2 mu- 
tations in FASPS kindreds, predict that addi- 
tional FASPS genes remain to be identified. 

The following lines of evidence support 
the conclusion that the S662G mutation is 
responsible for FASPS in this family: (i) the 
FASPS allele in K2174 is linked to chromo- 
some 2qter with significant lod scores despite 
the recombinant branch, (ii) hPer2 is a phys- 
iologically relevant gene on chromosome 
2qter and harbors the S662G mutation in all 
affected and genetically linked individuals, 
(iii) genome-wide linkage analysis with 600 
markers spaced at average intervals of 7 cM 
did not identify another linked locus, (iv) the 
S662G mutation was not found in a large 
number of control chromosomes, and (v) the 
mutation leads to decreased phosphorylation 
by a kinase (CUE) that, when mutated, caus- 
es a similar phenotype in Drosophila and the 
golden hamster. Taken together, these data 
demonstrate that hPer2 is an ortholog of the 
dper gene and is a physiologically relevant 
target of CUE, providing the first direct link 
between human clocks and those of model 
systems. The ASPS individuals in branch 3 
did not carry the S662G mutation and there- 
fore represent phenocopies of the ASPS phe- 
notype (35). 

The recognition that Mendelian circadian 
rhythm mutations occur in humans predicts that 
the elements of the human clock can now be 
systematically dissected. Other families in 
which an FASPS allele is not cosegregating 
with hPer2 will provide an opportunity to iden- 
tify mutations in other genes that lead to alter- 
ations of human circadian rhythms. Such dis- 
coveries will likely provide insights into human 
sleep and may ultimately improve our ability to 
treat not only ASPS, but also other sleep-phase 
disorders such as sleep-phase delay, ASPS of 
aging, jet-lag, and shift work. 
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TRP-PLIK, a Bifunctional Protein 
with Kinase and Ion Channel 

Activities 
Loren W. Runnels, Lixia Yue, David E. Clapham* 

We cloned and characterized a protein kinase and ion channel, TRP-PLIK. As part 
of the long transient receptor potential channel subfamily implicated in control 
of cell division, it is a protein that is both an ion channel and a protein kinase. 
TRP-PLIK phosphorylated itself, displayed a wide tissue distribution, and, when 
expressed in CHO-K1 cells, constituted a nonselective, calcium-permeant, 105-
picosiemen, steeply outwardly rectifying conductance. The zinc finger contain- 
ing a-kinase domain was functional. Inactivation of the kinase activity by 
site-directed mutagenesis and the channel's dependence on intracellular aden- 
osine triphosphate (ATP) demonstrated that the channel's kinase activity is 
essential for channel function. 

Phototransduction in Drosophila invokes 
phospholipase C (PLCFmediated activation 
of transient receptor potential (TRF') chan- 
nels, leading to membrane depolarization ( I ,  
2). The mammalian TRF' channel family may 
be divided by sequence similarity into short, 

long, and osm 9-like subfamilies [reviewed 
in (3)]. Receptor-mediated stimulation of 
PLC activates many members of the short 
TRF' channels, and physical or chemical stim- 
uli activate isoforms of the osm 9-like TRP 
channel. Long TRP channels (LTRPC), such 

www.sciencernag.org SCIENCE VOL 291 9 FEBRUARY 2001 	 1043 


