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the beads for 90 min at 4'C, washed four times with 
buffer B (buffer A plus 100 mM NaCI), resuspended in 
loading buffer, and fractionated by SDS-8% polyactyl- 
amide gel electrophoresis (PACE). For CST fusion pro- 
tein interaction assays, cDNAs encoding full-length or 
truncated BARD1 were inserted into pCEX-2TK and 
expressed in E, coli. Proteins were purified by binding to 
and eluting from glutathione-agarose beads, and 1 mg 
of the indicated protein was incubated with 35S-labeled 
CstF-50. Conditions were as in the coimmunoprecipita- 
tion assays, except washing was with buffer B contain- 
ing 300 mM NaCI. 

24. HeLa cell NE was subjected to a 20% to 40% 
(NH ),SO, cut and fractionated by Superose-6 chro- 
matdgraphy (25). Selected fractions were analyzed 
by immunoblotting with mAbs targeted against 
BARD1 (EE 6) (16) ,  CstF-64 (9), or BRCAI (MS110) 
(33). NE and fractions eluting from Superose-6 were 
immunoprecipitated with the anti-BARD1 polyclonal 
antibody, or the anti-CstF64 or BRCA1 mAbs, bound to 
protein A-Sepharose beads, lmmunoprecipitations were 
carried out in buffer B at 4'C for 90 min, and washing 
was with buffer B. Aliquots of pellets and supernatants 

were analyzed by SDS-PAGE and immunoblotting. The 
anti-BARD1 and CstF-64 antibodies did not cross-react 
with CstF-64 and BARDI, respectively, as judged by 
experiments with purified (BARDI-free) CstF and re- 
combinant CST-BARD1 (22). 

25. Y. Takagaki, L. C. Ryner, J. L. Manley, Cell 52, 731 
(1988). 

26. 32P-labeled pre-mRNA substrates were prepared as in 
(34). Cleavage assays in NE were carried out in 
reaction mixtures containing 0.2 to 0.5 ng of labeled 
RNA, 250 ng of tRNA, 0.25 unit of RNasin (Promega), 
9.6 mM Hepes.NaOH (pH 7.9), 9.6% glycerol, 24 mM 
(NH,),SO,, 20 mM creatine phosphate, 0.24 mM 
dithiothreitol, 2.5% polyvinyl alcohol, 0.24 mM phe- 
nylmethylsulfonyl fluoride, and either 2 mM EDTA or 
1 mM MgCI,. NE and added proteins or antibodies 
were preincubated for 15 min at 30°C, after which 
the pre-mRNA was added and incubation continued 
for an additional 90 min. RNA products were isolated 
and fractionated on 5% polyacrylamide, 8.3 M urea 
gels. 

27. R. Scully et al., Proc. Natl. Acad. Sci. U.S.A. 94, 5605 
(1997). 

Control of Circadian Rhythms 
and Photoperiodic Flowering by 
the Arabidopsis GIGANTEA Gene 

Deok Hoon park,'" David E. ~omers,'" Yang Suk ~ i m , '  
Yoon Hi Choy,' Hee Kyun ~ i m , '  Moon Soo Soh," Hyo Jung Kim,' 

Steve A. ~ a y , '  Hong Gil Nam"? 

Photoperiodic responses in plants include flowering that is day-length-depen- 
dent. Mutations in the Arabidopsis thaliana GIGANTEA (GI) gene cause pho- 
toperiod-insensitive flowering and alteration of circadian rhythms. The GI gene 
encodes a protein containing six putative transmembrane domains. Circadian 
expression patterns of the GI gene and the clock-associated genes, LHY and 
CCAI, are altered in g i  mutants, showing that GI is required for maintaining 
circadian amplitude and appropriate period length of these genes. The g i - I  
mutation also affects light signaling to the clock, which suggests that GI 
participates in a feedback loop of the plant circadian system. 

The circadian clock system is a self-sustained 
biological oscillator with a period of -24 hours 
that operates ubiq~litously in animals, plants, 
and microorganisms (I, 2) and controls a wide 
range of rhgrthmic processes (3, 4). In plants, 
the circadian clock controls daily changes of 
photosynthetic activities, leaflet movement, cell 
growth, and expression of several genes, in- 
cluding the chlorophyll a/b binding protein 
(CAB) genes (2, 5). Several components regu- 
lating the circadian system have been genetical- 
ly defined in Avabidopsis thalialza (6, 7). How- 
ever, molecular components controlling the 
plant circadian system are largely unknown, 
except for the two clock-associated factors, 
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LHY and CCAl (8, 9). 
The ability to perceive changes in day 

length (7, 10-I2), photoperiodism, is essen- 
tial for organisms to recognize seasonal 
changes and is associated with the circadian 
clock system (4, 7-9). A?.abidopsis is a fac- 
ultative long-day plant, flowering in a fewer 
number of days under long photoperiods than 
under short photoperiods. Ceitain alleles of 
the Ai.abirlopsis gi mutants are insensitive to 
photoperiod (11, 13, 14).  Here, we report an 
impoltant role for GI in plant circadian func- 
tion and molecular nature of the Avabidopsis 
gi mutations. 

Cotyledons and leaves of Arabidopsis 
show circadian movement, rising and falling 
in relative position during subjective night 
and day, respectively (7). Measurement of 
leaf movenlent rhythms (15) revealed that 
both the gi-1 and gi-2 mutants have shorter 
circadian periods than wild-type plants (Fig. . . 
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To characterize the effects of the g~ mutations 
on the circadian system, we crossed the clock- 
controlled reporter consm~ct, cab2::lucifei.ase 
(cab2::luc) (6), into the gi-1 and gi-2 back- 
gounds. Both mutants alter the circadian peri- 
od of cab2::luc expression (Fig. 1C and Table 
1) (15). The period is substantially shorter in the 
homozygous gi-1 mutant than in the wild type, 
and this effect is dependent on gene dosage 
(Fig. 2A and Table 1). In contrast, the gi-2 
in~ltation causes the period to lengthen and is 
fi~lly recessive (Fig. 2B and Table 1). Lumines- 
cence cycling in the gi-2 background remained 
in phase with the wild type for up to 60 hours 
after transfer to contin~lo~ls white light (LL), 
after which the period lengthened (Fig. 1C) (15, 
16). There was no apparent lag in the period- 
sholtening effects of the gi-1 mutation (Fig. 
1C). Both mutations caused an abnormally rap- 
id damping of rhythm amplitude. 

We cloned the GI  gene with a map- 
based approach. The GI  locus is linked to 
the THIAi14IAE REQUIRING 1 (THI) locus 
on chromosome 1 (1 7). We thus used the THl 
gene to screen an A. flzaliana bacterial artificial 
chromosome (BAC) library, identifying the 
BAC clone T23L3 (18). Subsequent probing 
with T23L3 identified two contiguous BAC 
clones, T14K14 and T22J18 (19). Thegi-I and 
gi-2 alleles were generated by x-ray mutagen- 
esis (13), which frequently generates deletion 
mutants. When wild-type (Columbia), gi-I, and 
gi-2 genomic DNA were digested with Stu I 
and probed with theT22J18 clone, two restric- 
tion fragments (7.1 and 1.1 kb, respectively) 
detected in the wild-type and gi-2 lines ap- 
peared as a single 8.2-kb band in the gi-1 
mutant (19). End sequences of the 7.1- and 
1.1-kb fragments (20) matched a genomic se- 
quence (GenBank accession number Y 12227) 
that contains a predicted open reading frame 
(OW) of 1167 amino acids. Sequence compar- 
isons in this region between the wild-type, gi-I, 
and gi-2 lines revealed small deletions within 
the predicted O W  in both mutants (19). 
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Using a probe generated by polymerase codes for a 1173-amino acid polypeptide (19, ing region in the gi-2 mutant is likely to 
chain reaction (PCR), we identified a 111- 21, 22). The gi-1 mutant has a 5-bp deletion, produce a nonfunctional polypeptide. In con- 
length cDNA clone of 3522 base pairs (bp) resulting in a putative premature translation trast, the gi-1 mutant lacks only a small por- 
(GenBank accession number AF105064) that stop with a loss of the 171 COOH-terminal tion of the COOH-terminus of GI, and a 

amino acids (19). The gi-2 mutant has a 7-bp peptide with partial function or a modified 
deletion, resulting in a putative premature activity may still be produced. GI appears to 
translation stop with a loss of all but the 142 be a single-copy gene and is expressed in all 
NH,-terminal amino acids of the polypeptide the organs examined (19). The predicted nor- 
and an addition of 16 new amino acids at the mal polypeptide contains six potential mem- 
COOH-terminus. brane-spanning domains, strongly suggesting 

The flowering time phenotype suggests that GI is a membrane protein (19). A data- 
that gi-1 is a weak allele, still possessing base search with the predicted peptide se- 
some photoperiodic responses, whereas the quence did not reveal any related sequences. 
gi-2 mutation acts as a strong allele, showing We tested the effects of the gi mutations 
complete insensitivity to photoperiod (11, on GI expression and on two clock-associated 
14). The sequence data are consistent with genes, CCAl and LHY (8, 9). After entrain- 
these phenotypes. A loss of most of the cod- ment under 12 hours of light and 12 hours of 

Table 1. Circadian periods of leaf movement and cab2::luc expression in the gi  mutants. Period length 
estimates (variance-weighted mean period 2 variance-weighted SD) were obtained as described (6, 27). 
n, number of rhythmic leaves (leaf movement) or seedlings (cab2::luc) contributing to a mean; Col, 
Columbia ecotype; gi-7 F, and gi-2 F, indicate the segregating population from which the indicated 
genotypic subclass was sampled (28); ND, not determined. 

Mean period length (hours) 
Genotype 

Leaf movement (n) cab2::luc (n) 

Fig. 1. Representative traces of (A and 0) cir- Wild type (Col) 25.2 5 0.2 (18) (gi-1 F,) 23.4 2 0.4 (21) 
cadian rhythms of leaf movement and (C) gi-l/gi-7 (Col) 22.4 2 0.3 (4) (gi-7 F,) 21.8 2 0.4(21) 
cab2::luc expression in wild-type (W), gi-7, Cl/gi-7 ND (gi-1 F,) 22.9 2 0.6 (27) 
and gi-2 mutant backgrounds under constant Wild type (Col) 25.2 2 0.2 (18) (gi-2 F,) 24.0 2 0.6 (8) 
white light (LL). Plants were germinated and gi-2/9i-2 (Col) 21.1 2 0.7 (7) @i-2 F,) 26.2 2 0.5 (10) 
grown for 6 to  7 days under light and dark Cl/gi-2 ND (gi-2 F,) 23.9 2 0.4 (18) 
cycles as previously described (25) before they 
were transferred to  continuous white light for 
>I10 hours. Leaf movements were recorded 
(7), and luminescence assays were conducted 4 
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Fig. 3. Circadian expression of the b, 
CCAI, and LHY genes in  (A) continuous 
light or (0) continuous darkness in wild 
type, gi- 7, and gi-2. Plants were entrained 
in 12 houn of light and 12 houn of dark 
cycles for 2 week before transfer t o  con- 
tinuous light (LL) or dark (OD). The open 

Period (hours) ,I,.,; .. and hatched boxes in (A) represent the 
subjective day and night, respectivdy. 

Fig. 2. Period length distribution in F, popula- The solid and hatched boxes in (0) represent the subjective night and day, respectively. Seedin* 
tions segregating for (A) gi-7 or (0) 91-2 (28). were sampled every 3 hours, and RNA expression Lwels were measured by dot blotting. Tbg 
Plants were entrained and assayed as described Brasica BCBl clone (29) corresponding to  the Arabidopsls AtarcA gene was used as a control 
in Fig. 1. Period bins are labeled with the upper Values are normalized to  the lowest value of the wild-type samples in each set. The LL and DD 
bound. experiments were'performed three times and twice, respectively. Representative data are shown. 

3 SEPTEMBER 1999 VOL 285 SCIENCE www.sciencemag.org 



R E P O R T S 

darkness (LD), a strong free-running oscilla­
tion of GI gene expression persisted in LL in 
the wild type (Fig. 3A), with peak expression 
in the subjective evening and with a mean 
estimated period length of 24.9 ± 0.5 hours 
(23). In contrast, the gi-1 mutation confers a 
shorter period (21.3 ± 1.4 hours) than the 
wild type, whereas in gi-2 the abundance of 
GI transcript cycles at low amplitude with a 
longer period length (26.3 ± 3.2 hours) (23). 
Unlike other clock component genes that 
negatively regulate their own expression (3, 
24), the expression level of the GI gene is 
much lower in both gi alleles than in the wild 
type, suggesting that GI positively regulates 
its own expression. 

The Arabidopsis CCA1 and LHY genes en­
coding the MYB-related transcription factors 
that may be central to normal circadian function 
(8, 9) show circadian expression patterns. The 
circadian expression patterns of both genes 
were altered in the gi mutants (Fig. 3A). Con­
sistent with the cab2::luc results (Table 1 and 
Fig, 1C), the gi-1 mutation shortened the free-
running period (23) of both cycling transcripts 
(22.7 ± 1.2 and 21.8 ± 0.9 hours for CCA1 and 
LHY, respectively), relative to wild type 
(24.5 ± 0.4 and 24.6 ± 0.4 hours for CCA1 and 
LHY, respectively), and also reduced amplitude. 
A greater reduction in amplitude was observed 
for transcript levels of both genes in the gi-2 
background (Fig. 3A). This resulted in period 
estimates (25.7 ± 2.6 and 25.3 ± 2.2 hours for 
CCA1 and LHY, respectively) that are less pre­
cise but consistent with the effects of gi-2 on 
cab2::luc expression (Table 1 and Fig. 1C). 

In sum, the gi-1 mutation shortened period 
lengths of leaf movement, cab2::luc lumines­
cence, and RNA transcript abundance rhythms. 
In contrast, gi-2 caused a shortening of the leaf 
movement period but caused a gradual length­
ening of the luminescence and RNA transcript 
abundance rhythms. Independent circadian os­
cillators might separately control different out-

log [red-light fluence rate (|j.mol m-2 s-1)] 

Fig. 4. Effect of red-light fluence rate on free-
running period length of cab2::luc expression in 
the wild type and the gi- 7 mutant. Seedlings 
were entrained as described (25), then trans­
ferred for >110 hours to continuous red light 
(600 to 700 nm) at the fluence rates indicated. 
Period estimates were obtained as previously 
described (6, 27). Error bars indicate ±SEM 
(n = 8 through 20). Representative data are 
shown from two independent experiments with 
similar results. 

puts, and GI may affect input pathways feeding 
into these clocks. Alternatively, the input path­
ways to a common clock may differ between 
tissues (for example, leaf blade and petiole), 
and GI may contribute to these pathways dif­
ferently in each location. 

Of the three components of a circadian 
system [an input pathway (or pathways), cen­
tral oscillator, and output pathways (1, 3)], GI 
is unlikely to be a central oscillator compo­
nent because the putative null mutation (gi-2) 
does not abolish rhythmicity but alters period 
and reduces amplitude. In wild-type Arabi­
dopsis, the free-running period of a circadian 
clock lengthens with decreasing light intensi­
ty in LL (25). The rate of period length 
increase with decreasing light is less in gi-1 
than in the wild type (Fig. 4). This results in 
an increased relative difference in period 
lengths between the wild type and mutant at 
fluence rates between 2 to 5 /xmol m~2 s_1 , 
consistent with the notion that gi-1 increases 
the sensitivity of the circadian system to the 
controlling effects of light on period length. 
Only at the lowest intensity tested (0.6 
fjimol m~2 s~l) was there a lengthening of 
period in gi-1, demonstrating that the mu­
tation has shifted the threshold at which 
light becomes limiting (16, 25). This 
change in the fluence-dependent period 
lengthening in gi-1 suggests that GI func­
tions, at least in part, in controlling light 
signaling to the clock. When we examined 
the circadian expression pattern of the GI 
gene in continuous darkness (DD) after 
entrainment in LD (Fig. 3B), the effect of 
the gi-2 mutation on the amplitude and 
sustainability was less severe than that un­
der LL (Fig. 3A). The period-shortening 
effect of gi-1 on cycling of the GI transcript 
was also less severe in DD than in LL (Fig. 
3B) (26). This light-dependent conditional 
effect of the gi mutations further supports 
the notion that GI functions in a light input 
pathway. 

However, the cyclic expression of the 
GI transcript shows that it is also under 
circadian control. In the absence of GI in 
the gi-2 mutant, the cyclic expression of the 
GI gene as well as known clock-associated 
genes and simple output genes (for exam­
ple, CAB) shows a reduced amplitude and a 
gradual increase of period length. Together, 
these results suggest a model in which GI 
defines an outer feedback loop that is re­
quired to maintain circadian amplitude and 
proper period length. In this view, yet un­
identified circadian clock components 
would form the core of an oscillator but 
would be unable to sustain a sufficient 
amplitude or a proper period length under 
continuous light to act as a robust timer: An 
outer feedback loop involving GI could be 
a mechanism to sustain the necessary am­
plitude and period length. 
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Real-Time Tracking of Memory 
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Cortex and Hippocampus 
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A fundamental question about human memory is which brain structures are 
involved, and when, in  transforming experiences into memories. This experi- 
ment sought t o  identify neural correlates of memory formation wi th  the use 
of intracerebral electrodes implanted in  the brains of patients wi th  temporal 
lobe epilepsy. Event-related potentials (ERPs) were recorded directly from the 
medial temporal lobe (MTL) as the patients studied single words. ERPs elicited 
by words subsequently recalled in  a memory test were contrasted with ERPs 
elicited by unrecalled words. Memory formation was associated wi th  distinct 
but interrelated ERP differences within the rhinal cortex and the hippocampus, 
which arose after about 300 and 500 milliseconds, respectively. These findings 
suggest that declarative memory formation is dissociable into subprocesses and 
sequentially organized within the MTL. 

How do brain processes during an experience 
that will be remembered differ from those dur- 
ing an experience that will be forgotten? An- 
swering this question might elucidate memory 
formation or memory encoding, a process trans- 
forming sensory representations of an experi- 
ence into the code of the declarative memory 
system. This system mediates conscious recol- 
lection of past events and facts (1, 2). It depends 
on the structural integrity of the MTL (3), and 
neuroimaging studies suggest that the MTL 
plays a crucial role during memory formation 
(4, 5). Efferences from association areas enter 
the MTL primarily via the perirhinal and para- 
hippocampal cortices, providing the major in- 
put to the entorhinal cortex, which in turn pro- 
vides the main input to the hippocampus (6). 
However, imaging (7), patient (B), and animal 
studies (1, 9) have produced inconsistent results 
regarding specific functions of and interactions 
between MTL substructures. This inconsisten- 
cy has given rise to different ideas about the 
organizational structure of the MTL memory 
system, contrasting a rather unitary model with 
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modular models featuring either serial or paral- 
lel processing modes (1, 9). 

The question of when the process of de- 
clarative memory formation is initiated also 
remains unresolved. Neural processing at the 
time of stimulus encoding is critical for later 
retrievability (IO), and functional magnetic 
resonance imaging (MRI) has offered evi- 
dence for time-locked posterior parahip- 
pocampal activity related to subsequent 
memory performance (4). Yet the exact time 
course of this activity cannot be assessed by 
this technique because functional MRI is 
based on indirect, hemodynamic measures. 
By contrast, ERPs enable direct, real-time 
monitoring of brain activity. Scalp ERPs re- 
corded at the time of stimulus encoding and 
associated with subsequently recalled words 
begin to separate from those associated with 
subsequently forgotten words about 200 ms 
after stimulus onset (11, 12). This subsequent 
memory effect or difference due to memory 
(dm-effect) (1 I )  has been differentiated from 
processes of implicit memory, semantic pro- 
cessing, and detection of distinctiveness (12). 
Hence, this effect may be related specifically 
to declarative memory formation. However, 
it remains unclear where this effect is gener- 
ated because the generators of scalp ERPs are 
notoriously difficult to localize (13). ERPs 
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recorded invasively from depth electrodes 
placed directly into the MTL eliminate or 
mitigate the limitations of scalp-recorded 
ERPs and functional MRI by combining their 
advantages: direct measure of neural activity, 
real-time temporal resolution, and fine- 
grained spatial resolution within the MTL 
(14, 15). 

In certain patients with medically refractory 
temporal lobe epilepsy, it is necessary to insert 
bilateral depth electrodes to define the zone of 
seizure origin for resective surgery (Fig. 1). If 
seizures are proved to originate unilaterally, 
contralateral electrodes enable recordings of 
MTL activity unrelated to epilepsy (1 6). We set 
out to use ERP recordings from such nonepi- 
leptic MTLs to defme the time course of the 
initial steps of human declarative memory for- 
mation. Because electrodes enabled separate 
recordings within the hippocampus and the an- 
terior parahippocampal gyms (Figs. 1 and 2), 
we also examined whether memory formation 
is dissociable into subprocesses performed by 
these structures. 

We recorded ERPs invasively (1 7) from 
12 patients (18) with unilateral temporal lobe 
epilepsy (19). Each patient participated in 20 
study-test blocks of a direct single-trial word 

axial 

Fig. 1. Schematic drawings of multicontact depth 
electrodes reaching the anterior parahippocampal 
gyrus and the hippocampus on both sides (Am, 
amygdala; Elec, electrode; Hi, hippocampus). 
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