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Abstract

Regulated nuclear entry of clock proteins is a conserved feature of eukaryotic circadian
clocks and serves to separate the phase of MRNA activation from mRNA repression in the
molecular feedback loop. In Drosophila, nuclear entry of the clock proteins, PERIOD (PER)
and TIMELESS (TIM), is tightly controlled, and impairments of this process produce pro-
found behavioral phenotypes. We report here that nuclear entry of PER-TIM in clock cells,
and consequently behavioral rhythms, require a specific member of a classic nuclear import
pathway, Importin a1 (IMPa1). In addition to IMPa1, rhythmic behavior and nuclear expres-
sion of PER-TIM require a specific nuclear pore protein, Nup153, and Ran-GTPase. IMPa1
can also drive rapid and efficient nuclear expression of TIM and PER in cultured cells, al-
though the effect on PER is mediated by TIM. Mapping of interaction domains between
IMPa1 and TIM/PER suggests that TIM is the primary cargo for the importin machinery.
This is supported by attenuated interaction of IMPa1 with TIM carrying a mutation previously
shown to prevent nuclear entry of TIM and PER. TIM is detected at the nuclear envelope,
and computational modeling suggests that it contains HEAT-ARM repeats typically found in
karyopherins, consistent with its role as a co-transporter for PER. These findings suggest
that although PER is the major timekeeper of the clock, TIM is the primary target of nuclear
import mechanisms. Thus, the circadian clock uses specific components of the importin
pathway with a novel twist in that TIM serves a karyopherin-like role for PER.

Author Summary

In Drosophila, circadian rhythms are driven by a negative feedback loop that includes the
key regulators, period (per) and timeless (tim). To generate this feedback loop, PER and
TIM proteins first accumulate in the cytoplasm and then translocate to the nucleus where
PER represses transcription. Thus, the nuclear import of PER-TIM proteins is a critical
step to separate the phases of activation and repression of mRNA synthesis. In this study,
we discovered that a member of the nuclear import machinery, importin ol is an essential
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component of this feedback loop. Flies lacking importin ol (IMPal) display arrhythmic
behavior and cytoplasmic expression of both PER and TIM at all times. In cultured S2
cells, IMPal expression directly facilitates nuclear import of TIM, but the effect on PER
appears to be indirect. TIM expression is detected at the nuclear envelope and it interacts
with other components of the nuclear transport machinery, which we show are also re-
quired for nuclear expression of TIM-PER and for behavioral rhythms. Our results thus
suggest that TIM functions to link PER to the nuclear import machinery through IMPa1.
Altogether, this study provides the mechanistic basis of a crucial step in the circadian
clock mechanism.

Introduction

The mechanisms that generate a circadian (~24 h) clock within organisms have been a subject
of investigation for many years. In Drosophila, the core clock mechanism consists of a negative
feedback loop comprised of the period (per) and timeless (tim) genes [1]. Transcription of the
per and tim genes is initiated during mid-day by the transcription factors CLOCK (CLK) and
CYCLE (CYC), while the two proteins, PER and TIM, accumulate in the early night and
translocate into the nucleus several hours later, to suppress the activity of CLK and CYC. Deg-
radation of TIM in the early morning promotes progressive phosphorylation and ultimately
degradation of PER, which releases the repression activity in the nucleus and allows re-initia-
tion of per and tim transcription. Delayed nuclear entry of the PER-TIM proteins, relative to
their first appearance, is essential to generating the clock as it separates the phase of mRNA
synthesis from transcriptional repression [2]. Also, precise timing of nuclear entry appears to
be critical for generating a clock that maintains accurate period [3-5]. In fact, the timing of nu-
clear entry and duration of PER and TIM localization in the nucleus are likely among the most
critical determinants of circadian period.

For the reasons noted above, the mechanisms underlying the nuclear entry of PER and TIM
have been of great interest. The two proteins are believed to regulate each other's nuclear entry,
but this has been challenged in many studies conducted both in vitro and in vivo [6-9]. Analy-
sis of this issue in flies has been complicated by the fact that PER is unstable in the absence of
TIM [10,11] making it difficult to assess its localization. In addition, although TIM is stable,
and cytoplasmic in per-null mutants, it actually shuttles in and out of the nucleus, suggesting
that PER is required for its nuclear retention rather than its localization [12]. Overall, the
mechanisms that drive nuclear entry of PER-TIM remain unclear although this event is clearly
very important in the clock mechanism.

The nuclear transport of proteins is fundamental for regulating cell biogenesis, physiological
homeostasis, development and disease [13]. Studies have established a classical nuclear import
pathway in which a macromolecule/cargo (greater than 40kDa) containing a nuclear localiza-
tion signal (NLS) binds to importin o.- IMPo. [14,15], which in turn binds to importin -
IMPB, and this ternary complex targets the nuclear pore complex (NPC) proteins to facilitate
nuclear translocation of the cargo [14]. After translocation into the nucleus, the binding of
nuclear Ran-GTP to IMP dissociates the trimeric complex (cargo-IMPo-IMP) and the free
IMPa and B are recycled back to the cytoplasm by the exportin CAS and Ran respectively
[16,17]. This classical pathway is sometimes modified; for instance, nuclear import can be me-
diated by IMP proteins alone (one or more at the same time) [18,19], IMPa: has also been
shown to carry the cargo protein into the nucleus independent of IMPB [20], and there are also
examples of nuclear translocation through the NPC independent of the involvement of either
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alpha or beta importins [21]. The Drosophila genome encodes a full complement of importins,
including at least four importin o homologs (importin a1, o2, a3, and a4), as well a Ran-
GTPase ortholog [13,14].

Despite what we know about the nuclear import process, none of the classical import factors
has been examined for its role in the nuclear entry of PER or TIM. As both PER and TIM quali-
ty as macromolecules (> 40kDa) and each contains at least one NLS that is functional in cells
[6,22,23], we speculated that the importin system would be involved in their nuclear localiza-
tion. We report here that the nuclear localization of PER and TIM in clock cells, and thereby
behavioral rhythms in Drosophila, depend upon a specific alpha-importin: IMPol. We also
demonstrate roles for other components of the nuclear import machinery—Ran and a nuclear
pore protein, NUP153—in the localization of PER-TIM. Based upon structure-function analy-
sis of the IMPol-TIM interactions, we suggest that TIM is the primary cargo of the importin
system, and it acts in a karyopherin-like capacity to co-transport PER. We also identify the mo-
lecular basis of a previously identified tim mutant as an impaired interaction between TIM and
IMPodl.

Results
A specific Importin a is required for free-running locomotor rhythms

To determine if any member of the importin o family is required for the nuclear entry of PER/
TIM, we used the UAS/GAL4 system to knock down the expression of each importin o via
RNAI in clock cells. We obtained UAS-importin oo RNAi lines from the Vienna-based Drosoph-
ila stock center (VDRC) or the Bloomington stock center, and crossed each one to Pdf-GAL4
and tim-UAS-GAL4 (TUG) to achieve knockdown in central clock neurons, the ventral lateral
neurons (LNvs), and all clock cells, respectively. Dicer was also coexpressed to increase the
efficacy of RNAi. We assayed the locomotor rhythms of these flies under continuous dark con-
ditions (DD) and found that knockdown of importin a1 in PDF-positive LNvs resulted in
weak rhythms, as determined through fast fourier transform (FFT) analysis (Table 1). Use of
stronger drivers (TUG and tim-GAL4) to express importin a:1 RNAi in all clock cells rendered
all flies arrhythmic in DD (Table 1 and Fig. 1A). We used two independent RNA lines for
importin o1, one from VDRC (ol RNAi-1) and the other from the Bloomington stock center
(01 RNAI-2). o1 RNAI-1 expressed by TUG produced arrhythmic behavior, which was accom-
panied by lower mRNA levels of importin ol (~ 64%). TUG driven ol RNAi-2 lines did not
show a behavioral phenotype, which was consistent with lack of an effect on importin a1
mRNA (S1 Fig.).

We found that Pdf-GAL4- and TUG-driven importin 2 RNAIi also produced arrhythmia
or weak rhythmicity, although only after 4-5 days in DD (Fig. 1A). In addition, knockdown of
importin a3 by TUG in clock cells resulted in arrhythmia in 50% of the flies after 5 days in DD,
and knockdown of importin o3 with a stronger tim-GAL4 driver induced lethality (Table 1).
Opverall, the behavioral phenotype produced by knocking down these other two importins was
weaker than that seen for importin a1, even though mRNA levels of the relevant importin
were reduced in the flies tested (S1 Fig.). Knockdown of importin 04 knockdown did not pro-
duce any behavioral phenotype.

Knockdown of Importin a1 in clock cells affects the nuclear entry of PER
and TIM

To determine whether the arrhythmic behavioral phenotype of importin ol knockdown flies
was caused by blocked nuclear entry of PER and TIM, we examined PER/TIM protein
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Table 1. Effects of downregulating importin a genes on free-running circadian locomotor rhythms.

Genotype n Rhythmic Flies (%)? Period (hr) £ SEM Power (FFT) £ SEM
a1 RNAI-1/+; dicer/+ 16 100 23.36 £ 0.07 0.087 £0.012
a1 RNAi-2/dicer 16 100 23.06 + 0.06 0.151 £ 0.009
a2 RNAI-1/+; dicer/+ 16 100 23.22+0.04 0.111 £ 0.011
a2 RNAi-2/dicer 16 100 23.46 +0.12 0.149 £ 0.014
a3 RNAI-1/dicer 16 100 23.80 + 0.06 0.059 + 0.008
a4 RNAI-1/+;dicer 16 100 23.62 £ 0.05 0.075 + 0.009
Pdf-GAL4/+; dicer/+ 12 100 23.77 £ 0.06 0.056 + 0.010
Pdf-GAL4/a1 RNAI-1; dicer/+ 19 84.2 23.98 £ 0.01 0.027 + 0.003°
Pdf-GAL4/+; dicer/al RNAI-2 14 100 23.68 £ 0.05 0.075 * 0.006
Pdf-GAL4/a2 RNAI-1; dicer/+ 15 93.3 23.86 + 0.04 0.071 + 0.010°
Pdf-GAL4/+; dicer/a2 RNAI-2 15 100 24.66 £ 0.07 0.071 £0.010
Pdf-GAL4/+; dicer/a3 RNAI 16 100 2423 +0.12 0.090 + 0.008
Pdf-GAL4/a4 RNAI-1; dicer/+ 15 100 24.04 £ 0.09 0.071 £ 0.007
tim-GAL4/+; dicer/+ 15 100 23.85+0.04 0.056 + 0.008
tim-GAL4/a1 RNAI-1; dicer/+ 14 0 - -

tim-GAL4/+; dicer/al RNAI-2 16 100 23.72 £ 0.02 0.107 £ 0.010
tim-GAL4/02 RNAI-1; dicer/+ 15 100 24.31 £0.10 0.085 + 0.008
tim-GAL4/+; dicer/a2 RNAI-2 16 100 25.17 £ 0.06 0.080 + 0.009
tim-GAL4/+; dicer/a3 RNAi lethal - = =

TUG/+; dicer/+ 15 100 23.68 £ 0.04 0.082 + 0.011
TUG/a1 RNAI-1; dicer/+ 15 0 - -

TUG/+; dicer/al RNAI-2 16 100 23.43 £ 0.06 0.080 + 0.008
TUG/a2 RNAI-1; dicer/+ 15 86.7 24.43 £ 0.09 0.081 + 0.010°
TUG/+; dicer/a2 RNAI-2 16 100 24.92 £ 0.07 0.081 £ 0.009
TUG/+; dicer/a3 RNAI 14 71.4 23.96 + 0.09 0.027 + 0.007°
TUG/a4 RNAI-1; dicer/+ 16 100 2428 +0.13 0.139 £ 0.012

@ Flies with FFT value > 0.01 are counted as a rhythmic.

PP <0.005 compared to both a1 RNAI-1/+; dicer/+ and Pdf-GAL4/+; dicer/+ controls, by Student's t-test.

¢ These flies showed arrhythmicity or weak rhythmicity 4-5 days after transferring to DD. Periods and FFTs during first 4-5 days in DD are shown.
9P < 0.01 compared to both a3 RNAi-1/dicer and TUG/+; dicer/+ controls, by Student's t-test

doi:10.1371/journal.pgen.1004974.t001

localization in adult LNvs. In control flies, PER and TIM were nuclear at zeitgeber time

0 (ZT0) (ZT0 = lights on and ZT12 = lights off), as has been reported in several previous stud-
ies [24-26]. However, both proteins were cytoplasmic at ZT0 in TUG driven ol RNAi-1 flies
(Fig. 1B). We did not observe any anatomical defects in the PDF+ cell bodies or in the PDF
projections of LNvs in these flies, suggesting that the observed behavioral and molecular phe-
notype is not due to gross developmental defects (S2 Fig.).

As mentioned above, flies in which expression of importin o2 or 03 was reduced in adult
LNvs or in all clock neurons were also arrhythmic 4-5 days after transferring to DD. To inves-
tigate whether importins o2 or 0.3 also play a role in the nuclear entry of clock proteins, we
immunostained whole-mount brains of a2 and 03 knockdown flies using a PER antibody at
ZT1. In both fly lines, PER was expressed in the nucleus at ZT1 (S2 Fig.), indicating that neither
importin o2 nor a3 is required for the nuclear translocation of PER in LNvs. However, the dis-
tal layer of the optic medulla, including the PDF projections of large LNvs into the medulla,
was impaired in these flies, suggesting that importin o2 and 0.3 contribute to the development
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Figure 1. Downregulation of IMPa1 in clock neurons disrupts rest:activity rhythms and nuclear
translocation of clock proteins, PER and TIM. (A) IMPa1 knockdown leads to arrhythmia in constant
darkness (DD). Genotypes are indicated on the top of each panel. The gray and black bars indicate
subjective day and night, respectively. Representative activity records are shown. (B) Downregulation of
IMPa1 impairs nuclear translocation of clock proteins, PER and TIM. Control flies and IMPa1 knockdown flies
were collected at ZTO and brains were dissected and stained with antibodies to PER or TIM (green) and PDF
(red).

doi:10.1371/journal.pgen.1004974.g001

of the LNvs. Thus, the arrhythmic phenotype observed after a few days in DD in flies with re-
duced importin 02 and o3 may derive from developmental problems. We infer that only
importin o1 affects the nuclear entry of PER and TIM in central clock cells.

The importin a1 deletion mutant, Df(3L)a1S1, recapitulates the
phenotypes of RNAI flies

Given the limitations with RNAi technology, such as nonspecific and off-target effects [27], we
sought to verify the results of RNAi knockdown using a complete loss-of-function allele of
importin o.1- Df(3L)a1S1. This allele consists of a deletion, which removes the entire importin
ol gene and several other genes, and is homozygous viable [28]. Consistent with the phenotype
obtained by knocking down importin o1, Df(3L)a1S1 flies were arrhythmic in DD. These flies
also showed reduced rhythmicity in the presence of light:dark cycles, with ~60% of flies scored
as arrhythmic (Table 2 and Fig. 2A). As the deletion in Df(3L)a1S1 flies includes multiple
genes besides importin a1, we sought to determine whether the mutant phenotype derived ex-
clusively from the loss of importin a.1. We tagged a cDNA encoding wild type importin ol
with an HA epitope and cloned it under control of a UAS sequence and then expressed in the
Df(3L)a1S1 background using the GAL4 system. In DD, expression of importin ol in clock
neurons using TUG restored rhythmicity in 84% of Df(3L)a1S1 flies (Table 2 and Fig. 2B). We
were also able to rescue rhythmicity in 70% of mutant flies using the Pdf-GAL4 driver, suggest-
ing that expression of importin o1 is predominantly required in LNvs for free running
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Table 2. Free-running circadian locomotor rhythms in the importin a deletion mutant, Df(3L)a1S1, and rescue lines.

Genotype n Rhythmic Flies (%) Period (hr) = SEM Power (FFT) £ SEM
LD iso®! 16 100 23.68 + 0.04 0.104 + 0.007
Df(3L)a1S1 14 417 23.97 + 0.04 0.038 + 0.002
DD iso®! 15 100 23.96 + 0.07 0.089 + 0.006
Df(3L)a1S1 91 0 - -
UAS-importin a1-HA/TUG; Df(3L)a1S1 56 83.9 23.78 + 0.05 0.062 + 0.005
UAS-importin a1-HA/Pdf-GAL4; Df(3L)a1S1 44 70.5 2448 +0.13 0.059 + 0.009

doi:10.1371/journal.pgen.1004974.1002

locomotor rhythms (Table 2). These results demonstrate that importin o1 is essential for main-
taining rhythms in DD and LD.

To investigate whether nuclear translocation of PER/TIM was affected in Df(3L)at1S1 mu-
tant flies, we performed immunostaining. At ZT0, PER and TIM were completely cytoplasmic
in mutant flies while they were nuclear in wild-type flies, recapitulating the result obtained
with importin o1 RNAi flies (TUG > importin a1 RNAi-1) (Fig. 2C). Over a 24 hour cycle, as
expected, the localization and expression of PER was rhythmic in wild type flies, such that it

A Df(3L)a1S1

T |
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Figure 2. An IMPa1 deletion mutant, Df(3L)a1S1, recapitulates the phenotypes of IMPa1 knockdown
flies. (A) Complete loss of IMPa1 results in weak rhythms in LD and complete loss of rhythms in DD. Flies
were categorized as arrhythmic (AR), or having weak or robust rhythms based on FFT values as indicated
beneath the panels. The white and black bars indicate day and night in LD cycles and the gray and black bars
indicate subjective day and night in DD. (B) Activity records of individual UAS-importin a1-HA/+; Df(3L)a1S1
(left) and UAS-importin a1-HA/TUG; Df(3L)a1S1 (right) in DD. Expression of IMPa1 in all clock neurons using
TUG in Df(3L)a1S1 flies rescues behavioral rhythms in DD. Rescue experiments were also conducted using
pdf-Gal4 (Table 2). (C) Blocked nuclear entry of PER and TIM in LNvs of Df(3L)a1S1 flies. Brains were
dissected from wild-type flies (iso®") and Df(3L)a1S1 flies and then stained for PER or TIM (green) and PDF
(purple) on the 3™ day of LD at ZT0.

doi:10.1371/journal.pgen.1004974.9002
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was nuclear at ZT0 and ZT6 (with lower levels at ZT'6 than ZT0), cytoplasmic at ZT18 and
practically undetectable at ZT'12 (S3A Fig.). In mutant flies, PER was cytoplasmic whenever de-
tected, but expression was undetectable at ZT12, indicating that its levels are regulated in the
cytoplasm. Under DD conditions, in wild type flies, the pattern of localization and expression
of PER were similar to those in LD. However, in mutants PER was cytoplasmic at all times and
levels did not cycle (S3B Fig.). Likewise, the TIM expression pattern in wild-type flies (nuclear
at ZTO0, expressed at very low levels at ZT6 and 12 and cytoplasmic at ZT18) was similar in LD
and DD except that expression was slightly higher at CT12 than ZT12 (S3C/D Fig.). In mutant
flies, TIM was cytoplasmic at ZT0 and ZT18 and undetectable at ZT6 and ZT12, presumably
due to its degradation by light. However, in DD TIM was detected in the cytoplasm at all times
(S3D Fig.). These data are also supported by studies of temporal patterns of PER and TIM pro-
tein accumulation in fly heads as discussed below.

The deletion mutant of importin o1, Df(3L)01S1, confirmed that importin ol is important
for mediating the nuclear entry of clock proteins, PER and TIM, and thus maintaining behav-
ioral rhythms. We also determined if IMPol produces an over-expression phenotype in impal
heterozygotes (Df(3L)a1S1/+), which show wild type behavior, or in period-altering per mu-
tants, per” and per®. The per” mutation, which increases circadian period, was of particular in-
terest as it is associated with delayed nuclear entry of PER and TIM. However, IMPo1
expression did not affect rhythms of “wild type” flies (S4A Fig.) or the periodicity of per mu-
tants (S4B/C Fig.). These data suggest that while IMPal is required for nuclear expression of
PER and TIM, it is typically not a limiting factor in flies.

Molecular oscillations of PER and TIM are abrogated in Df(3L)a1S1 flies

From the late night to early morning, nuclear PER and TIM inhibit their own transcription, re-
sulting in low levels of both mRNAs. As nuclear TIM is degraded in response to light at day-
break and then PER is hyperphosphorylated and also degraded, repression activity is released
and levels of per and tim mRNA rise [1,2]. We examined whether blocked nuclear entry of PER
and TIM in Df(3L)a1S1 mutant flies affects cycling of their mRNAs. We expected that RNA
levels of per and tim in mutant flies would not cycle and levels would be higher than those of
wild-type flies at all times over the course of a day due to reduced repression. Consistent with
our expectation, mRNA levels did not cycle. However, we noticed higher levels of per and tim
mRNA, relative to wild type, only during the normal trough of mRNA expression, which corre-
sponds to nuclear expression of TIM and PER (ZT21-ZT1) (Fig. 3A). At other times, RNA lev-
els were lower in the mutant. It is possible that release of transcriptional repression in wild type
flies leads to more efficient gene expression than constitutive transcription, which could ac-
count for this effect. We also tested whether mRNA levels of importin a1 are expressed cyclical-
ly. Quantitative PCR (qPCR) revealed that importin a1 transcript levels do not cycle.

We then assayed the expression of PER and TIM proteins in whole heads of Df(3L)o1S1
mutant flies. Western blots of fly head extracts from different time points indicated 24 hour os-
cillations of PER and TIM protein levels in LD. However, the amplitude of the oscillation was
blunted relative to wild type (Fig. 3B). As reported previously [25], hyperphosphorylated forms
of PER, detected as low mobility forms on the gel, are observed predominantly at times of nu-
clear expression e.g. at ZT'1. These are the forms that are subsequently targeted for degradation.
PER in mutant flies was less phosphorylated at ZT1 and more stable at ZT7 than in wild-type
(Fig. 3B). In DD, it appeared that PER stability, but not its phosphorylation, still cycled in mu-
tant flies, albeit with an aberrant and variable phase (Fig. 3C). Thus, the stability of PER may
fluctuate in the cytoplasm. It is also possible that the translocation of PER is regulated in an
importin o.l-independent manner in some cells that contribute to the signal on whole head
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Figure 3. Molecular oscillations of PER and TIM are dampened in Df(3L)a1S1 flies. (A) Quantitive PCR
(gPCR) reveals that per and tim mRNA oscillations are blunted in Df(3L)a1S1 flies relative to those in wild-
type flies. importin a7 mRNA levels do not cycle. actin was used as an internal control to normalize transcript
levels. The quantification curves in each panel were plotted as average * standard error of the mean (SEM) of
three independent experiments. (B and C) Western blots of adult fly heads of wild-type (iso®'), heterozygous,
and homozygous Df(3L)a1S1 flies were probed for PER and TIM. Flies of the indicated genotypes were
collected (B) at different zeitgeber times (ZT) on the 3™ day of LD (LD3) and (C) at different circadian times
(CT) on the 1% day of DD (DD1). The blots were also probed with antibody to Hsp70 as a loading control.
Similar results were obtained in two or three independent experiments. The quantification of TIM expression
levels is shown in S5 Fig.

doi:10.1371/journal.pgen.1004974.g003

western blots. Based upon the lack of cyclic phosphorylation, however, we favor the explana-
tion that PER remains in the cytoplasm.

As for PER, TIM cycling was dampened in importin ol mutants. TIM levels were reduced
at daybreak in mutant flies, suggesting that light can degrade cytoplasmic TIM; indeed, the
weak cycling seen for PER could be driven by light-induced cycling of TIM, as TIM stabilizes
PER [10,11,29]. However, some TIM remained in mutant flies at ZT1 while TIM in wild type
flies was completely gone (Fig. 3B and S5A Fig.). It is possible that cytoplasmic TIM is less sen-
sitive to light-driven degradation. On the other hand, as TIM degradation around dawn is also
regulated by circadian clock mechanisms, which persist in constant darkness [30], we speculate
that clock-dependent degradation of TIM requires nuclear expression. Consistent with this
idea, TIM cycling was completely abolished in DD (Fig. 3C and S5B Fig.).

IMPa1 affects PER/TIM nuclear translocation in S2 cells

Given the importance of IMPol in the nuclear translocation of PER/TIM in clock cells, we
sought to determine if its effect on the subcellular localization of clock proteins could be reca-
pitulated in S2 cells. Both per and tim were tagged with CFP and YFP respectively, and their ex-
pression was induced by heat-shock as previously described [9,25]. Previous studies have
shown that either PER or TIM alone is cytoplasmic when transfected into S2 cells, but each
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Figure 4. IMPa1 overexpression increases PER/TIM nuclear translocation in S2 cells. (A and B) S2
cells were transiently transfected with pCaspeR-per-cfp, pCaspeR-tim-yfp, and plZ-importin a1-VSV as
indicated. (A) Cells were fixed 8 hrs after heat shock induction and then scored as nuclear (blue), cytoplasmic
(orange), and uniform (both nuclear and cytoplasmic; gray). At least 100 cells were counted for each
condition in two independent experiments. (B) Examples of each condition. The white arrowhead indicates
nuclear envelope association of TIM (see also Results and S7B Fig.). (C) S2 cells were transfected as in

Fig. 4A and then fixed every two hours after heat shock induction. S2 cells were counted as shown above.

doi:10.1371/journal.pgen.1004974.g004

shows more nuclear expression when the other protein is co-expressed [12,22,25]. However,
even under these conditions, neither protein becomes completely nuclear in the S2 cells we use
[25]. As these cells likely express very low levels of IMPol, we wondered if it was the missing
component, and so added IMPal in these experiments. The addition of IMPal had no signifi-
cant effect on PER localization by itself, but it increased uniform (nuclear and cytoplasmic)
expression of TIM up to almost 50% (Fig. 4A/B). As previously reported [22,25], co-expression
of PER and TIM also increased nuclear and uniform expression of both proteins (40-50%). In-
terestingly, co-transfection of all three proteins (PER, TIM and IMPa1) resulted in strong and
specific nuclear localization of PER/TIM in ~70% of cells, with most other cells showing uni-
form expression (Fig. 4A/B). These results suggested that IMPol primarily facilitates nuclear
entry of TIM in S2 cells.

Previous studies have found a delay in the nuclear translocation of PER/TIM following in-
duction of their expression in S2 cells. Thus, they remain in the cytoplasm for 5-6 hours and
then transfer into the nucleus [9,22]. This delay is reminiscent of the delay in nuclear entry ob-
served in clock cells, a delay that is thought to be critical for clock function [24]. To investigate
whether IMPal might be a rate-limiting factor that causes the delay in nuclear transport of
PER/TIM in S2 cells, we followed subcellular localization every 2hr after heat-shock induction
of both proteins. When PER and TIM were expressed together without IMPal, they were
mainly cytoplasmic 2hr after induction and showed increased uniform and nuclear expression
4hr after induction. However, increased nuclear and uniform expression of PER and TIM was
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detected even 2hr after induction when IMPal was co-expressed with PER/TIM (Fig. 4C).
Thus, the delay in S2 cells may typically result from low expression levels of endogenous
IMPodl.

As S2 cells vary from batch to batch, we also examined a different sub-culture that shows
higher nuclear expression (~85%) of co-expressed PER and TIM [9]. Interestingly, these cells
express detectable levels of IMPaul (S6A Fig.), which may account for the increased nuclear ex-
pression. To determine if this was the case, we down-regulated IMPa.l via RNAi, and found
that it confined the expression of PER and TIM to the cytoplasm; however, it did not affect nu-
clear expression of dCLK in S2 cells (S6A/B Fig.). Together these data support the idea that
IMPal is specifically required for the nuclear translocation of PER/TIM in S2 cells.

The nucleoporin, NUP153, and Ran-GTP are also required for nuclear
entry of PER and TIM

Importins typically drive nuclear transport of cargoes in concert with a number of other pro-
teins, including nuclear envelope proteins (nucleoporins). Interestingly, we have frequently no-
ticed nuclear envelope association of TIM in LNvs of adult flies at ZT20 (S7A Fig.). This
expression of TIM at the nuclear rim was also observed for TIM transfected in S2 cells (Fig. 4B
and S7B Fig.). To investigate whether nucleoporins (NUPs) are part of the circadian mecha-
nism, we knocked several NUPs (NUP214, 88, 153, 154 and Megator) down in all clock cells
using TUG with dicer and assayed rest:activity behavior. None of these showed significant
change in circadian behavior compared to control flies. However, knockdown of NUP153 re-
sulted in lethality. To circumvent the lethality, we restricted the expression of nup153 RNAi to
adult clock neurons by coupling the TUG driver with tublin-GAL80". We found that these flies
also died 3-4 days after being moved to 29°C. However, they were arrhythmic before they died
(S7C Fig.). Use of the weaker Pdf-GAL4 driver (along with dicer) to downregulate NUP153 ex-
pression dampened rhythmicity of flies without causing any lethality (Fig. 5A and S1 Table).
As with the importins, we assayed expression of PER in the PDF" cells of flies that had
NUP153 knocked down. Knockdown of NUP153 disrupted the s-LNvs, and so we assayed PER
in I-LNvs and found that it was cytoplasmic at ZT1, when PER is nuclear in control flies

(Fig. 5B). These data indicate that while important for development, NUP153 is also required
for the nuclear entry of clock proteins.

Given the nuclear envelope localization of TIM, sought to determine if NUP153 binds TIM.
Co-immunoprecipitation assays in S2 cells revealed a specific interaction between V5-tagged
TIM and endogenous NUP153, which we confirmed through GST-pull down assays. A GST-
NUP153FG fusion protein, in which phenylalanine glycine (FG) repeats of NUP153 were fused
to GST and expressed in E. coli, interacted with TIM-V5 expressed in S2 cells (Fig. 5C).

Another key regulator of importin-mediated nuclear transport is the small GTPase Ran,
which is predominately GDP-bound in the cytoplasm and GTP-bound in the nucleus. In the
nucleus Ran-GTP dissociates the IMPo/IMPp/cargo complex by binding to IMPp [17,31]. To
examine the role of Ran in flies, we expressed a dominant negative form of Ran (RanDN) in
adult PDF" neurons using the inducible PdfGeneSwitch (Pdf-GS) driver. RU486-induced ex-
pression of RanDN caused arrhythmia under DD conditions (Fig. 5D and S1 Table). To inves-
tigate whether this behavioral phenotype was related to altered nuclear translocation of clock
proteins, we determined the localization of PER in Pdf-GS > UAS-RanDN flies at ZT1 on the
3" day after RU486 treatment. In these flies PDF expression and the dorsal projection from
sLNvs were severely impaired. Also, PER was difficult to detect, presumably due to low expres-
sion levels. To minimize these effects of Ran, we assayed the localization of PER at ZT1 on the
1* day after RU486 treatment, as morphological effects were not visible at this time. PER was
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Figure 5. NUP153 and RAN are required for circadian rhythms and interact with TIM. (A) Knockdown of
Nup153 disrupts rest:activity rhythms. Representative activity records of individual pdf-Gal4/+; dicer/+ (left)
and pdf-Gal4/nup 153 RNAI; dicer/+ (right) flies are shown. (B) PDF expression in nup153 knockdown flies
was detected in I-LNvs, but not in the s-LNvs. In nup153 knockdown flies (right), the s-LNv dorsal tract was
impaired as indicated by the white arrow. Low, but cytoplasmic expression of PER (green) was detected in |-
LNvs at ZT1. In control flies (left), PER (green) was nuclear in both s- and I-LNvs at ZT1. (C) S2 cells were
transfected with plZ-V5 or plZ-tim-V5 constructs. After 60 hours, cell lysates were immunoprecipitated with
an anti-V5 antibody and western blots were probed with an anti-NUP153 antibody (left). GST pulldown
assays were also conducted to test for an interaction between the FG repeat of NUP153 (GST-FG) and TIM
(right). Cell extracts from S2 cells transfected with plZ-tim-V5 were incubated with purified recombinant GST-
FG ora GST control. Proteins pulled down by GST were analyzed with an anti-V5 antibody (that recognizes
TIM-V5). Similar results were obtained in three independent experiments. (D) Expression of a dominant
negative form of Ran (RanDN) in PDF* cells during adulthoods leads to arrhythmia in DD. RanDN was
expressed under control of an RU486-inducible Pdf-GS driver. Flies were fed either 500 mM RU486 or
ethanol (EtOH, vehicle control) from the time of entrainment. (E) GST pulldown experiments detect
interactions between TIM expressed in S2 cells and purified GST-RAN fusion proteins. RAN was tested in
GDP-bound (RanGDP) and GTP-bound (RanGTP) forms. GST alone served as a control. The bound protein
was analyzed with an anti-V5 antibody. In five independent experiments we have confirmed that TIM shows
slight preference (1.64 + 0.18) for Ran GTP over Ran GDP. (F) Expression of RanDN in central clock cells
leads to severe morphological defects (white arrow) on the 3™ day after RU486 treatment. On the 15! day after
RU486 treatment, morphological effects were not visible and PER (green) was cytoplasmic in both I-LNvs
and s-LNvs at ZT1.

doi:10.1371/journal.pgen.1004974.g005

cytoplasmic at ZT1 in RanDN flies whereas it was nuclear in control flies (Fig. 5F), suggesting
that Ran is needed for nuclear translocation of clock proteins. Interestingly, we found that TIM
expressed in S2 cells also interacts with GST-Ran and this interaction is enhanced when Ran is
in the GTP-bound form (Fig. 5E).

TIM is primary cargo for IMPa1 and serves to co-transport PER

Our cell culture data indicated that TIM was required for the nuclear localization of PER by
IMPo. This could reflect co-transport of two cargoes, or perhaps even an IMP like function
for TIM. To further test this idea, we sought to determine whether TIM interacts with IMPol
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Figure 6. TIM is primary cargo for IMPa1. (A) S2 cells were transiently transfected with plZ-tim-V5 (wt),
plZ-tim_mNLS-V5 (tim carrying a mutant NLS), plZ-imp_a1-VSV, or plZ-imp_a1AIBB-VSV as indicated.
After 60 hours, cell lysates were immunoprecipitated with an anti-VSV antibody (against IMPa1 or IMPa11BB)
and detected with an anti-V5 antibody. Similar results were obtained in three independent experiments.

(B) S2 cells were transiently transfected with plZ-tim-V5, pAc-per-HA, plZ-imp_a1-VSV, or plZ-imp_a1AIBB-
VSV as indicated. After 60 hours, cell lysates were immunoprecipitated with an anti-HA antibody (against
PER) and detected with an anti-V5 antibody or with an anti-VSV. Similar results were obtained in three
independent experiments. IMPa1 co-immunoprecipitated with PER is indicated with an asterisk. (C) S2 cells
were transfected with plZ-tim-V5 (wt), plZ-tim"--V5, or plZ-tim™-V5 in the presence or absence of plZ-
imp_a1AIBB-VSV as indicated. After 60 hours, cells were subjected to IP using an anti-VSV antibody
(against empty vector or IMPa1AIBB) and detected with an anti-V5 antibody. Similar results were obtained in
three independent experiments. The quantification of interaction between IMPa1 and TIMYWTPYTA s shown in
S9 Fig.

doi:10.1371/journal.pgen.1004974.9g006

in a manner that would be predicted for an IMP. IMPo. proteins bind IMP through the
Importin-B-binding (IBB) domain and this interaction modulates the binding of cargo to
IMPo. [32]. Specifically, the IBB domain folds over and interacts with the NLS-binding site on
IMPa and so it competes with cargo for binding to this site [32]. Cargo binding is facilitated
when the IBB domain binds IMPJ and releases the NLS-binding site [33,34]. We hypothesized
that if TIM functioned as an IMP it would not bind to an IMPa1 that lacked the IBB domain.
Contrary to our expectations, V5-tagged wild-type TIM showed strong binding to VSV-tagged
IMPa1AIBB whereas it did not bind to wild-type IMPal (Fig. 6A). Previous work has
shown that the binding affinity of IMPa for cargo increases when the IBB domain is mutated
[35]. This result suggests that TIM is cargo for IMPal rather than an IMPf- like molecule.
The idea that TIM is classical cargo for importins is also supported by the finding that muta-
tion of the TIM NLS lengthens the circadian period in flies (~30hr), significantly delays nuclear
accumulation of both TIM and wild-type PER in S2 cells, and affects molecular oscillations of
PER and TIM in the same manner as the importin o1 mutation [23]. Also, previous work indi-
cated that the nuclear entry of mCRY2, a mammalian clock component that acts as a PER part-
ner, is mediated by the importin o/ system through a bipartite NLS [36]. To determine if the
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interaction between TIM and IMPo.1 AIBB was dependent on the TIM NLS, we mutagenized
basic residues of the NLS to alanines. TIM carrying this mutated NLS did not bind IMPa.1AIBB
(Fig. 6A), suggesting, as expected for a typical cargo protein, that the NLS mediates the interac-
tion with IMPal. In addition, we found that mutation of the TIM NLS prevented nuclear ex-
pression of TIM and PER co-expressed in S2 cells with IMPa.1 (S8A Fig.).

We also assayed interactions between PER and IMPo1 by immunoprecipitating PER with
an anti-HA antibody (against PER) and assaying the pellets for expression of IMPal. Wild
type IMPal was not pulled down with PER regardless of the presence of TIM. IMPa.1AIBB
was pulled down by PER, but only when TIM was co-expressed, suggesting that TIM serves as
a bridge between PER and IMPa.1AIBB (Fig. 6B). Based upon sequence analysis, PER has at
least two monopartite NLSs: one near the N-terminus (aa 73-77) and the other in the middle
of the protein (aa 788-791). However, mutations in these NLSs have little to no effect on the
nuclear localization of PER [6]. Chang et al. identified a functional bipartite NLS near the
C-terminus between amino acids 813-840. However, mutations in this NLS did not affect the
nuclear entry of PER and TIM co-expressed with IMPa1 (S8A Fig.). Thus, TIM is likely the
primary target of IMPal and its nuclear entry is regulated by the canonical nuclear entry
mechanism described above; however, at the same time TIM acts as a carrier for PER.

To assay the interaction between IMPo.1 and PER/TIM in flies, we immunoprecipitated
HA-tagged IMPal from head extracts of flies expressing IMPol-HA under control of the TUG
driver. TIM was pulled down in the early night as well as the late night (S8B Fig.). PER was
only detected over background in the late night, but we note that PER levels are also substan-
tially higher at this time.

Although the TIM structure has not been experimentally determined yet, it was previously
proposed to belong to an ARM/HEAT protein superfamily [37]. ARM (for Armadillo) and
HEAT (for Huntingtin, Elongation factor 3, regulatory subunit A of Protein phosphatase 2A,
and Target of rapamycin) repeats are structural units of two (HEAT) or three (ARM) o-helices
which form one turn of a superhelix [38]. Intriguingly, karyopherins (both importins and
exportins) and even some nuclear pore complex proteins belong to the ARM/HEAT family.
Using diverse up-to-date homology modeling programs, we also observed that TIM is weakly
homologous to proteins in the ARM/HEAT superfamily or more specifically to karyopherins
(S8C Fig.). In addition, TIM shuttles in and out of the nucleus, as do importin molecules [12].
Taken together, these data (requirement of TIM for PER nuclear entry, TIM expression at the
nuclear rim, TIM binding with NUP153 and Ran, and homology modeling of TIM) support
the idea that TIM serves as a karyopherin-like protein for PER.

The timP"- mutation affects the interaction between TIM and IMPa1

We sought to determine if the mechanism uncovered here contributes to the cytoplasmic expres-
sion of TIM and PER caused by the mutant tim"" allele. This proline 115 to leucine mutation
leads to behavioral and molecular phenotypes similar to those observed in IMPa:1 mutant flies.
In addition, mutation of a nearby threonine residue at 113 (TIM'*) recapitulates the cytoplasmic
expression of TIM"" in S2 cells and the behavioral/molecular phenotypes of tim"" mutant flies
[25]. We assayed interactions of each of these proteins with IMPo.1 AIBB. In transfected S2 cells,
we observed interactions between wild-type TIM and IMPa.1 AIBB, but neither mutant TIM,
TIMP" or TIM™, bound IMPa1AIBB (Fig. 6C and S9 Fig.). Lack of an interaction with IMPar1
likely accounts for the cytoplasmic localization, and thereby arrhythmic behavior, of the tim"™"
mutant. These data suggest that the interaction with nuclear transport machinery is dependent
on the phosphorylation state of TIM. Phosphorylation likely drives a conformational change in
TIM, exposing the NLS for interaction with the cargo-binding site on IMPal.
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Together these data indicate that TIM is primary cargo for IMPal and it is transported
through a classical nuclear entry mechanism, but at the same time, it co-transports PER and
thus acts as a karyopherin-like molecule.

Discussion

The mechanisms underlying the nuclear translocation of PER and TIM have been debated ever
since the tim mutation was identified in 1994 [39]. At the time, cytoplasmic localization of a
PER- galactosidase fusion protein in tim”' mutants and nuclear expression of this fusion pro-
tein in wild type was taken as evidence that TIM was required for nuclear expression of PER
[29]. Efforts to examine endogenous PER were unsuccessful as PER was found to be very unsta-
ble in tim°! mutants [10,11]. Subsequent cell culture studies indicated that PER and TIM are
required for each other's nuclear expression in S2 cells [22], but this result was also questioned
by reports indicating that high expression of PER alone represses transcription [6,7,12], and
hence enters the nucleus. In addition, studies in Drosophila suggested that PER enters the nu-
cleus before TIM [24], and that PER is nuclear in tim’’ mutants when the destabilizing kinase,
casein kinase le (known as double-time (DBT) in Drosophila), is also removed [8]. However,
we found that when PER is stabilized in tim’’ mutants through mutation of a critical destabiliz-
ing phosphorylation site (547), it is cytoplasmic [25,40]. Moreover, we identified a new muta-
tion in tim, tim"", that allows stable expression of TIM and PER, but prevents their nuclear
localization, indicating that TIM is required for nuclear expression of PER [25]. Also, mutating
the putative NLS in TIM delays the nuclear entry of TIM and PER [23]. Together, these recent
findings supported an important role for TIM in the nuclear expression of PER. Here we
identified the mechanisms by which TIM and PER are transported to the nucleus (Fig. 7).

We show that TIM is primary and classical cargo for the importin pathway, and it may act in a
karyopherin-like capacity to transport PER. We also find that deficits in the interaction with
this pathway underlie the phenotype of the tim"" mutant.

While some of our data suggested the possibility that TIM serves as an IMP for nuclear
entry of PER/TIM (Fig. 5), additional tests show that TIM is the primary clock cargo of a spe-
cific importin o: IMPal. In addition, an IMP is likely required, indicated by the finding that
the IBB domain is required for IMPa1-driven nuclear localization of PER-TIM (S8A Fig.)
(note that cargo binding is actually better without the IBB domain).

Although we detected interactions of TIM with NUP153 and Ran proteins using immunopre-
cipitation (IP) assays, binding of TIM to these proteins may not necessarily be direct. The source
of TIM for the immunoprecipitation experiments was transfected protein from S2 cells, which
also express many endogenous proteins. Thus, even though we expressed NUP153/RAN in E.
coli, we cannot exclude the possibility that other proteins from S2 cells bridged the interaction.
As noted above, both NUP153 knockdown flies and RanDN flies showed morphological defects
in clock cells as well as low expression of PER, suggesting that NUP153 and RAN also regulate
clock proteins other than PER/TIM. These other proteins could well be CLK and CYC, as loss of
these yields morphological defects similar to those seen with reduced NUP153 and mutant RAN
[41]. Thus, we believe that only IMPal is specific for the nuclear entry of PER/TIM, and other
components we tested (nup153 and Ran) have a more general role in clock cells.

We show here that the TIM"" mutant and the TIM™* mutant are defective in their interac-
tion with IMPal, which most likely accounts for the cytoplasmic localization of these proteins.
Given our data showing that the interaction between TIM and IMPol is dependent on the
TIM NLS, these mutations probably affect the conformation of TIM and block access to the
NLS. We hypothesize that phosphorylation at threonine 113, which is also affected by the PL
mutation, is required to expose the NLS and allow TIM binding to IMP o.1. This suggests that
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Figure 7. A model for nuclear translocation of Drosophila clock proteins, PER and TIM. Left: In the
early night, TIM shuttles in and out the nucleus. TIM is recognized by IMPa1 in the cytoplasm and
translocated into the nucleus. The interaction between TIM and IMPa1 is regulated by phosphorylation of
TIM. Nuclear entry of the TIM- IMPa1 complex may involve other components like Ran or NUP153 in the
nuclear pore complex (green dotted line). In the nucleus, TIM binds to an unknown exportin and is
transported back to the cytoplasm, a process that is inhibited by Leptomycin. Right: In the middle to late night,
the TIM-IMPa1 complex transports PER into the nucleus, which then leads to the retention of TIM. Note that
we cannot exclude the possibility that PER is also transported earlier in the night, but not retained in the
nucleus. We speculate that at a specific time, TIM and/or PER is modified by phosphorylation events, which
alters the conformation of the PER-TIM-IMPa1 complex and promotes nuclear expression of first PER and
then TIM. The PER-TIM-IMPa1 complex binds to IMPB and passes though the nuclear pore complex
containing NUP158. In the nucleus, RanGTP binds to IMP, dissociating the complex and releasing the
cargo proteins, PER and TIM (a possible direct interaction between TIM and RanGTP is indicated by a red
dotted line). After its release from the importin machinery, PER retains TIM in the nucleus. As per the
canonical nuclear entry mechanism, IMP a1 and {3 are likely recycled back to the cytoplasm by exportin Cas
and RanGTP, respectively. Question marks indicate unknown processes or components that need to be
experimentally validated.

doi:10.1371/journal.pgen.1004974.g007

phosphorylation is important for nuclear entry by regulating the interaction of TIM with the
nuclear import machinery, thus providing a specific new function for phosphorylation in circa-
dian clock function.

Our cell culture experiments showed that IMPol had no effect on PER localization (PER +
IMPal) but dramatically increased nuclear expression of PER/TIM when TIM was added
(PER + TIM + IMPa.1), supporting the idea that TIM is required for PER nuclear entry. Also,
IMPal increased nuclear expression of TIM in the absence of PER (TIM + IMPal), although
more nuclear localization of TIM was detected when PER was co-expressed. These results are
consistent with the idea that (1) TIM is needed for the nuclear translocation of PER [22,25]
and (2) PER retains TIM in the nucleus [12]. Once PER is transported, TIM may not immedi-
ately be retained in the nucleus, which would explain the slightly earlier nuclear expression of
PER [24]. The requirement of TIM for the nuclear entry of PER is a surprising new twist in the
classical nuclear import pathway- the cargo molecule (PER) needs an adapter molecule (TIM)
to bind to the classic adapter molecule (IMPal). We suspect that this unusual modification of
the classic import pathway has to do with the need to tightly regulate the nuclear translocation
of PER in order to generate a clock.

As mentioned earlier, TIM shuttles in and out of the nucleus, regardless of whether PER is
present [12]. While the export is leptomycin-dependent, and therefore likely mediated by
exportins, the nuclear import is probably dependent on the pathway we report here. The mu-
tant TIM"" protein is cytoplasmic even in the presence of leptomycin [25], suggesting that lack
of an interaction with IMPal prevents its shuttling. As noted above, TIM is only retained in
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the nucleus when PER is nuclear. So is the timing of nuclear expression of TIM-PER, in the
middle of the night, controlled only by PER? We do not believe this is the case based upon the
phenotype of a new dbt mutation (dbt™Y0%10) ywe recently characterized [42]. In this mutant,
PER can be detected in the nucleus at all times, and yet TIM still shows temporal nuclear ex-
pression in the presence of light:dark cycles [42]. We suggest that normally TIM, and perhaps
PER, is modified in the middle of the night, and subsequently PER is recruited into the TIM-
IMPal complex and PER and TIM are retained in the nucleus. Prior to this, PER is likely
anchored in the cytoplasm by DBT, and even when it is nuclear (in the dbt mutant) it cannot
retain TIM. The modifications probably include phosphorylation, given the data implicating
specific kinases [8,30,43,44] and phosphatases [45] in the timing of nuclear entry. In the ab-
sence of DBT, PER may be recruited into the TIM-IMP complex at all times, so it is constantly
nuclear, while TIM continues to shuttle until a specific time. Interestingly, PER is even nuclear
in the tim®!; dbY°%°1° double mutant flies at ZT21 [42]. Thus, in the absence of DBT and
TIM, PER may be transported into the nucleus by non-regulated nuclear import pathways.

At this point, we do not know why TIM is retained in the nucleus given that PER appears to
be the major component required for negative feedback [3]. Nevertheless, TIM must have an
important function in the nucleus as its nuclear expression is tightly regulated. Loss of circadi-
an cycling of TIM in IMPoal mutants suggests that clock-controlled degradation of TIM occurs
only in the nucleus (note that light-driven cycling can occur in the nucleus or cytoplasm). As
maximal phosphorylation of PER as well as maximal repression by it occur only after TIM is
degraded at daybreak, TIM may serve to delay maximal feedback. Such delays are thought to
be essential for maintaining a clock per se, and also for the circadian timing of it. Thus, TIM
may be required to transport PER to the nucleus and to delay feedback by it. Consistent with
this idea, the interaction between PER and CLK, which is thought to be critical for transcrip-
tional repression, is TIM-dependent [46]. In addition, the functions of TIM in PER stability
[10,47] and in entrainment to light are well-known [48,49]. Together these and other findings
are providing a mechanistic, step-by-step account of how a clock might be generated.

Materials and Methods
Fly strains and behavioral assays

RNAi stocks were obtained from VDRC and Bloomington stock centers. Df(3L)a1S1, importin
ol null mutant, flies were kindly provided by Dr. R. Fleming [28]. RanDN flies were kindly
provided by Dr. W. Odenwald [50]. The UAS-importin a1-HA construct was generated by in-
serting the coding region of importin al tagged with HA epitope into the pUAST-attB vector.
Transgenic fly lines carrying this construct were generated by the site-specific PhiC31 Integra-
tion System (Rainbow Transgenics) using the attP on the 2°d chromosome [51]. These trans-
genic flies were outcrossed 5-6 times into an isogenic w'''® (iso’") strains. For the behavioral
assay, male flies were entrained to 12 h light/dark cycles at 25°C for a least 3 days. Locomotor
activity rhythms were measured for 7 to 12 days in DD or LD as previously described [52].

Whole-mount immunohistochemistry

3-5 day old flies were collected at indicated Zeitgeber times (ZT) on the 4th day of LD entrain-
ment or on the indicated day of LD after drug (RU486 or EtOH) treatment. Fly heads of each
genotype were dissected open, and brains were immediately fixed with 4% paraformaldehyde
(in 1x PBS) for 15-20 minutes, followed by dissection in 1x PBST (0.3% Triton X-100 in PBS)
at room temperature. After a 30min-wash with 1x PBST at room temperature, brains were
blocked with 5% normal donkey serum (NDS) for 20 minutes, and then incubated overnight at
4°C with primary antibody: rat anti-PER (UPR34, 1:1000), anti-TIM (UPR42, 1:500), and
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mouse anti-PDF (C7, Developmental Studies Hybridoma Bank, 1:500). After a 30-min wash in
1x PBST at room temperature, brains were incubated with secondary antibodies (Jackson
ImmunoResearch Laboratories, 1:500) for two hours in NDS at room temperature, followed by
an extensive 30min-wash. Samples were imaged using a Leica TCS SP5 confocal microscope.
Eight to ten brains were examined for each time point.

Quantitative real-time PCR

Fly heads were collected on dry ice at indicated time points in LD. Total RNA was isolated
using the Trizol isolation system (Life Technologies). After DNase treatment, cDNAs were syn-
thesized by using a high-capacity cDNA Reverse Transcription kit (Applied Biosystems). RT-
PCR was performed on an ABI prism 7100 using a SYBR Green kit (Applied Biosystems). The
sequences of primers used for real-time PCR are as follows: per (fwd: 5'- CCAGATTCCCG
AACGTCCGT-3'; rev: 5'- GCAGGAGTGGTGACCGAGTG-3'), tim (fwd: 5'-CCAATGG
ACAAAAAGGAGCTTAGA-3; rev: 5-GTAACCCTTG AGGAGGAAATCCAC-3"), importin
al (fwd: 5-CCAATGATAAAATCCAGGCT GTAA-3'; rev: 5-GGCTAATGCAGGT CAAAG
CGTTGT-3'), importin a2 (fwd: 5-GGCACAGATCAACAGACTGACG-3; rev: 5'- TG
CTTCTGGTTACCTGCTGT GA-3'), importin 03 (fwd: 5- ACCTTGATCAAGGAGGGCG
TCATT-3; rev: 5- TTCCTCAATGCAGTTGGCCACCGC-3'), importin o4 (fwd: 5'- CAAAA
TTC GAGCCGACGCCGCAGA-3'; rev: 5- AATATACCCTTTTCGCAGACTTCA-3'), and
actin (fwd: 5-GCGCGGTTACTCTTTCACCA-3'; rev: 5-ATGTCACG GACGATTTCACG-3").

Western blot analysis

At the indicated time points in LD or DD, eight to ten fly heads were collected on dry ice and
homogenized in EBL1 lysis buffer (1X CompleteEDTA-free Protease Inhibitor (Roche), 20mM
HEPES pH 7.5, 100mM KCI, 5% glycerol, 2.5mM EDTA, 5mM DTT, 0.1% Triton X-100,
25mM NaF, 0.5mM PMSF) [53]. After 30-minute incubation on ice, fly head extracts were
spun down, boiled and resolved on 4-12% Tris-Glycine gels (Novex; Life Technologies). Gels
were transferred to nitrocellulose membrane and probed with the following antibodies: guinea
pig anti-PER (PA1141, 1:1000), rat anti-TIM (UPR42, 1:1000), and mouse anti-Hsp70 (sigma,
1:5000). Western blot assays were repeated two or three times with similar results.

S2 cell transfection and scoring of subcellular localization

The PCR-amplified-coding region of importin a:1-VSV was cloned into a pIZ/V5-His vector
(Invitrogen). pCaspeR-hs-per-CFP and pCaspeR-hs-tim-YFP were used as previously de-
scribed [9], and also with advice of Taichi Hara (former Sehgal lab member). S2 cells were cul-
tured in a standard Schneider medium and transfected with these constructs as indicated using
an Effectene kit (Qiagen) according to manufacturer's protocol. For RNA interference of
importin ol in S2 cells, the first 400 bp and last 400 bp of a full-length Drosophila importin o1
c¢DNA was PCR amplified using standard PCR techniques and primers encoding a T7 tran-
scription promoter sequence in both directions. In vitro transcription followed by DNAse I di-
gestion was used to generate double stranded RNA (Ambion), as per manufacturer's protocols.
Medium from cells transfected in a 6-well plate was replaced with 1 ml Schneider's medium
lacking FBS a day after transfection and 1 ug of each RNA preparation was added to each well.
After 1 hour of shaking incubation at room temperature, 1 ml of Schneider's medium with 20%
FBS was added to the cells to bring the FBS levels to 10%. After 48 h, cells were treated with
heat shock (37°C) for 30 minutes and then fixed 8 h or at indicated times after heat shock in-
duction. S2 cells were scored as previously described [25]. At least 100 cells were scored for
each condition in two or three independent blind tests.
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Immunoprecipitation (IP) and GST pull-down assays

For immunoprecipitation assays in S2 cells, cDNAs encoding per and tim were cloned into the
expression vectors pAc-HA and pIZ/V5-His, respectively. NLS mutants for each construct
(pAc-per_mNLS-HA and pIZ-tim_mNLS-V5) were generated by site-directed mutagenesis
with the Quick Change mutagenesis kit (Stratagene). The cDNAs of importin a1 lacking the
IBB domain (importin ol AIBB) and wild-type were amplified and tagged with a VSV epitope
using PCR and cloned into a pIZ/V5-His vector. Both pIZ-tim""-V5 and pIZ-tim"*-V5 were
generated as previously described [25]. S2 cells were transfected with various combinations as
indicated. After 60 h, cells were collected and lysed in lysis buffer (1X CompleteEDTA-free
Protease Inhibitor (Roche), 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton
X-100). Extracts were incubated with anti-V5 or anti-VSV antibodies at 4°C for 4 h and fol-
lowed by 2 h-incubation with Protein G or A Dynabeads (Invitrogen). After washing, bound
proteins were eluted and subjected to western blot analysis with the following antibodies: rabbit
anti-NUP153 antibody (a gift from Dr. M. Capelson [54], 1:1000), mouse anti-V5 (Invitrogen,
1:1000), anti-HA (Sigma, 1:1000) and anti-VSV (Sigma, 1:1000). To perform the immunopre-
cipitation from fly head extracts, fly heads were homogenized in EB1 lysis buffer. Extracts were
incubated overnight with anti-HA beads (sigma) at 4°C and washed three times with lysis buft-
er. Proteins were eluted and subjected to western blot analysis. For the GST pull-down assay,
the FG repeat of Nup153 or Ran (for GDP-bound) or Ran Q69L (for GTP-bound) was cloned
into a pGEX-4T-1 vector (GE Healthcare). These GST-fusion proteins were expressed in

E. coli and purified using glutathione-Sepharose 4B beads (GE Healthcare). GST-Ran proteins
were loaded with GDP or GTP vS using the Ran activation assay kit from New East Biosci-
ences. GST alone (control) or GST-fusion proteins on beads were incubated with TIM-V5 ex-
pressed in S2 cells for 4 h at 4°C. After washing, bound TIM-V5 was detected by using a mouse
anti-V5 antibody (Invitrogen).

TIM homology modeling

Secondary structure prediction programs detected two alpha-helical regions in TIM. These two
regions were threaded with different homology modeling programs: PHYRE [55], Robetta
[56], ITasser [57], pGenThreader [58], HHPred [59] and Raptor X [60].

Supporting Information

S1 Fig. Knockdown efficiency of the different importin as by RNAi. qPCR analysis of total
RNA prepared from fly heads of the indicated genotypes. Levels of each importin a were nor-
malized to actin mRNA and then to levels of that importin in TUG/+; dicer/+ flies. Results
from three independent experiments are plotted as mean + SEM (xp < 0.005, *xp < 0.0005, by
Student's t-test).

(TIF)

$2 Fig. Knockdown of IMPal, but not other importins, affects the nuclear translocation of
PER and TIM in LNvs. Five- to six-day-old files expressing various importin 0. dsSRNAs (geno-
types of flies are indicated above the panels) in all clock neurons were entrained to LD for 3
days. Brains were dissected and stained with anti-PDF (purple) and-PER (green) antibodies at
ZT1 on the 4™ day in LD. Eight to ten brains were examined. Impaired PDF projections of I-
LNvs in the medulla are indicated with white arrows.

(TIF)

S3 Fig. (Related to Fig. 2C) Expression patterns of PER/TIM in s- and 1-LNVs under LD
and DD. Wild-type and Df(3L)a1S1 mutant flies were collected every 6 hrs in LD (A, C) and
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in DD (B, D). Whole-mount brains were stained with anti-PER (green; A, B), anti-TIM (cyan;
C, D). PDF signal (purple) was used to mark the s- and I-LNvs.
(TIF)

S$4 Fig. IMPal over-expression does not affect rhythms of importin o heterozygotes or the
periodicity of per mutants. IMPo1 was over-expressed in all clock cells using TUG in importin
a heterozygotes (A), per” (B), and per® (C) mutant flies. Genotypes are indicated on the top of
each panel. Average periods (1) + SEM of rhythmic flies are shown at the bottom of each panel.
Representative activity records are shown.

(TIF)

S5 Fig. (Related to Fig. 3B/C) Quantification of TIM protein oscillations in Df(3L)a1S1
and wild-type flies in LD (A) and DD (B). TIM cycling was blunted in Df(3L)a1S1 flies, com-
pared to wild-type flies, in LD and even more severely disrupted in DD. Protein extracts of fly
heads at indicated time points were subjected to western blot analysis using antibodies for TIM
and a loading control (Hsp70). Relative TIM levels were normalized to the corresponding load-
ing control bands. The quantification depicts mean + SD from three independent experiments
(A) and two independent experiments (B) (s*p < 0.01, by Student's t-test).

(TIF)

S6 Fig. (Related to Fig. 4) Downregulation of IMPal affects nuclear translocation of PER
and TIM in S2 cells. (A) S2 cells were transiently transfected with pCaspeR-per-cfp and pCas-
peR-tim-yfp with dsRNA of importin a1. Cells were monitored over a 9 hours period after heat
shock induction and then scored as nuclear (blue) and cytoplasmic (orange). The knockdown
efficiency of IMPal was confirmed by standard immunoblotting methods. The cell lysates
were probed with polyclonal rabbit antibody to Importin a1 (a gift from Dr. Bernard Mechler,
Deutsches Krebsforschungszentrum). Western blots were performed as previously described at
an antibody dilution of 1:1000 [61]. Antibodies to tubulin were obtained from Sigma and used
in a 1:10,000 dilution. (B) PER-CFP, TIM-YFP, and dCLK-YFP were imaged using an inverted
Olympus IX70 microscope (60X oil objective, 1.42 N.A.), a CFP/YFP/mCherry filter set and di-
chroic mirror (Chroma), a CCD camera (Photometrics), and an XYZ piezoelectric stage for lo-
cating and revisiting multiple cells. mCherry expression demarcates the nucleus and also
indicates the outline of the cell.

(TIF)

S7 Fig. (Related to Fig. 5) NUP153 is required for the nuclear translocation of PER and
TIM. (A) TIM is expressed at the nuclear rim in I-LNvs of wild-type flies. Brains were dissected
and stained with TIM (green) and PDF (purple) antibodies at ZT20 on the 4™ day in LD. Nu-
clear envelope association of TIM is indicated with a white arrow. (B) TIM is expressed at the
nuclear rim in S2 cells. S2 cells were transiently transfected with pCaspeR-tim-yfp and pIZ-
importin al-VSV. Cells were fixed 8 hrs after heat shock induction and then stained with anti-
Lamin antibody (blue) to mark the nuclear envelope in S2 cells. (C) NUP153 downregulation
in all clock neurons during adulthood renders flies arrhythmic and causes lethality. For the be-
havioral assay of flies with reduced NUP153 only as adults, flies were crossed at 25°C and then
reared at 18°C until eclosion. The eclosed flies were entrained to LD cycles at 29°C for 4 days
and then assayed for locomotor activity under DD at 29°C.

(TTF)

S8 Fig. (Related to Fig. 6) TIM is primary cargo for IMPal and serves to co-transport PER
(A) Nuclear entry of PER and TIM is affected by deletion of the IPP domain on IMPa1 and
also by NLS mutation in TIM. S2 cells were transiently transfected with pIZ-importin o1-
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VSV, pIZ-importin a1 AIBB-VSV, and various combinations of wild type or NLS mutants of
pCaspeR-per-cfp and pCaspeR-tim-yfp as indicated. Cells were fixed 8 hrs after heat shock in-
duction and then scored as nuclear (blue), cytoplasmic (orange), and uniform (both nuclear
and cytoplasmic; gray), respectively. At least 100 cells were counted for each condition in

two independent experiments. (B) Interaction between IMPa.1 and PER/TIM in flies. HA-
tagged IMPol was immunoprecipitated from head extracts of TUG driven IMPa1-HA flies
(TUG>0al1-HA) and control flies (a1-HA/+) at indicated time points. The pellets were assayed
for expression of PER and TIM. The levels of PER or TIM that co-immunoprecipitated

with IMPal (dark green bars) were normalized to background levels in the IP control

samples that lacked IMPol expression (light green bars). The quantification bars indicate the
average + standard deviation (SD) of two independent experiments. (C) TIM is a karyopherin-
like protein. Upper left: Secondary structure prediction programs detect two alpha-helical re-
gions (1-275aa and 570-1148aa) in TIM. Here we show the secondary structure prediction
from Psi-PRED [62] with the two regions highlighted in blue and red. The nuclear localization
sequence is highlighted in green and it abuts the C-terminal alpha-helical region. T113 and
P115, which abrogate IMPal binding when mutated, are found in the N-terminal alpha-helical
region and are also highlighted in green. Upper right: TIM structural model obtained with
RaptorX [60]- the two regions modeled are colored corresponding to the secondary structure
presented on the left. Bottom: Since TIM is too large for ab intio modeling approaches we
threaded the noted TIM sequences with available homology modeling programs. Threading re-
sults are shown in the table and include the template (or templates) selected by the programs,
region modeled and sequence identity (if available) as well as score to evaluate the obtained
model (see below for explanation). All programs predict an alpha-helical ARM/HEAT repeat
like region within the 1-275aa region and most predict these repeats for the 570-1148aa re-
gion. Intriguingly, most programs selected karyopherin-like molecules as templates. It has to
be pointed out that due to the low sequence homology with the templates the model scores
obtained with the different programs are marginal at best and should only be regarded as
suggestive. The programs utilized were as follows: PHYRE [55]: a confidence score over 90%
indicates true homology; Robetta [56]: a score >0.8 would be considered high; ITasser [57]:
TM score >0.5 indicates correct topology and <0.17 random similarity; pGenThreader [58]:
threading suggests ARM/HEAT repeats with high confidence; HHPred [59]: E value is the av-
erage expected number of non-homologous proteins with a score higher than the one obtained
for the database match whereas probability includes the secondary structure score as well; Rap-
tor X [60]: Score is the alignment score falling between 0 and the domain sequence length with
0 indicating the worst. A P value is the likelihood of a predicted model being worse than the
best of a set of randomly-generated models for this domain; for mainly alpha proteins P value
less than 10/-3 is a good indicator.

(TIF)

S9 Fig. (Related to Fig. 6C) The tim"" / tim™ mutation affects the interaction between
TIM and IMPal. S2 cells were transfected with pIZ-tim-V5 (wt), pIZ-tim""-V5, or pIZ-
tim"*-V5 in the presence or absence of pIZ-imp_a1AIBB-VSV as indicated. After 60 hours,
cells were subjected to IP using an anti-VSV antibody and detected with an anti-V5 antibody.
MWTPLTA and empty vector or IMPail AIBB was measured by di-
viding IP signals by corresponding input signals from three independent experiments.

(TIF)

The interaction between TI

S1 Table. Effects of NUP153 downregulation and RanDN expression on free-running circa-
dian locomotor rhythms.
(DOCX)

PLOS Genetics | DOI:10.1371/journal.pgen.1004974 February 12,2015 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004974.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004974.s010

@’PLOS | GENETICS

Mechanisms Underlying Nuclear Import of Clock Proteins

Acknowledgments

We thank Maya Capelson for the NUP153 antibody and members of our laboratories for intel-
lectual and technical support.

Author Contributions

Conceived and designed the experiments: AR] KM LS MWY AS. Performed the experiments:
ARJ KM LS. Analyzed the data: AR] KM LS MWY AS. Contributed reagents/materials/analysis
tools: AR] KM LS. Wrote the paper: AR] KM AS. Edited the manuscript: MWY.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Zheng X, Sehgal A (2012) Speed control: cogs and gears that drive the circadian clock. Trends Neu-
rosci 35:574-585. doi: 10.1016/.tins.2012.05.007 PMID: 22748426

Hardin PE (2011) Molecular genetic analysis of circadian timekeeping in Drosophila. Adv Genet 74:
141-173. doi: 10.1016/B978-0-12-387690-4.00005-2 PMID: 21924977

Rothenfluh A, Young MW, Saez L (2000) A TIMELESS-independent function for PERIOD proteins in
the Drosophila clock. Neuron 26: 505-514. PMID: 10839368

Curtin KD, Huang ZJ, Rosbash M (1995) Temporally regulated nuclear entry of the Drosophila period
protein contributes to the circadian clock. Neuron 14: 365-372. PMID: 7857645

Ko HW, Kim EY, Chiu J, Vanselow JT, Kramer A, et al. (2010) A hierarchical phosphorylation cascade
that regulates the timing of PERIOD nuclear entry reveals novel roles for proline-directed kinases and
GSK-3beta/SGG in circadian clocks. J Neurosci 30: 12664—12675. doi: 10.1523/JNEUROSCI.1586-
10.2010 PMID: 20861372

Chang DC, Reppert SM (2003) A novel C-terminal domain of drosophila PERIOD inhibits dCLOCK:
CYCLE-mediated transcription. Curr Biol 13: 758-762. PMID: 12725734

Nawathean P, Rosbash M (2004) The doubletime and CKIl kinases collaborate to potentiate Drosophi-
la PER transcriptional repressor activity. Mol Cell 13: 213-223. PMID: 14759367

Cyran SA, Yiannoulos G, Buchsbaum AM, Saez L, Young MW, et al. (2005) The double-time protein ki-
nase regulates the subcellular localization of the Drosophila clock protein period. J Neurosci 25: 5430—
5437. PMID: 15930393

Meyer P, Saez L, Young MW (2006) PER-TIM interactions in living Drosophila cells: an interval timer
for the circadian clock. Science 311:226-229. PMID: 16410523

Price JL, Dembinska ME, Young MW, Rosbash M (1995) Suppression of PERIOD protein abundance
and circadian cycling by the Drosophila clock mutation timeless. EMBO J 14: 4044—-4049. PMID:
7664743

Suri V, Lanjuin A, Rosbash M (1999) TIMELESS-dependent positive and negative autoregulation in the
Drosophila circadian clock. EMBO J 18: 675-686. PMID: 9927427

Ashmore LJ, Sathyanarayanan S, Silvestre DW, Emerson MM, Schotland P, et al. (2003) Novel in-
sights into the regulation of the timeless protein. J Neurosci 23: 7810-7819. PMID: 12944510

Mason DA, Goldfarb DS (2009) The nuclear transport machinery as a regulator of Drosophila develop-
ment. Semin Cell Dev Biol 20:582-589. doi: 10.1016/j.semcdb.2009.02.006 PMID: 19508860

Goldfarb DS, Corbett AH, Mason DA, Harreman MT, Adam SA (2004) Importin alpha: a multipurpose
nuclear-transport receptor. Trends Cell Biol 14: 505-514. PMID: 15350979

Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, et al. (2007) Classical nuclear localization signals:
definition, function, and interaction with importin alpha. J Biol Chem 282: 5101-5105. PMID: 17170104

Cook A, Bono F, Jinek M, Conti E (2007) Structural biology of nucleocytoplasmic transport. Annu Rev
Biochem 76: 647—671. PMID: 17506639

Stewart M (2007) Molecular mechanism of the nuclear protein import cycle. Nat Rev Mol Cell Biol 8:
195-208. PMID: 17287812

Xu D, Farmer A, Chook YM (2010) Recognition of nuclear targeting signals by Karyopherin-beta pro-
teins. Curr Opin Struct Biol 20: 782—790. doi: 10.1016/j.sbi.2010.09.008 PMID: 20951026

Chook YM, Suel KE (2011) Nuclear import by karyopherin-betas: recognition and inhibition. Biochim
Biophys Acta 1813: 1593-1606. doi: 10.1016/j.bbamcr.2010.10.014 PMID: 21029754

Kotera |, Sekimoto T, Miyamoto Y, Saiwaki T, Nagoshi E, et al. (2005) Importin alpha transports CaM-
KIV to the nucleus without utilizing importin beta. EMBO J 24: 942-951. PMID: 15719015

PLOS Genetics | DOI:10.1371/journal.pgen.1004974 February 12,2015 21/23


http://dx.doi.org/10.1016/j.tins.2012.05.007
http://www.ncbi.nlm.nih.gov/pubmed/22748426
http://dx.doi.org/10.1016/B978-0-12-387690-4.00005-2
http://www.ncbi.nlm.nih.gov/pubmed/21924977
http://www.ncbi.nlm.nih.gov/pubmed/10839368
http://www.ncbi.nlm.nih.gov/pubmed/7857645
http://dx.doi.org/10.1523/JNEUROSCI.1586-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1586-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20861372
http://www.ncbi.nlm.nih.gov/pubmed/12725734
http://www.ncbi.nlm.nih.gov/pubmed/14759367
http://www.ncbi.nlm.nih.gov/pubmed/15930393
http://www.ncbi.nlm.nih.gov/pubmed/16410523
http://www.ncbi.nlm.nih.gov/pubmed/7664743
http://www.ncbi.nlm.nih.gov/pubmed/9927427
http://www.ncbi.nlm.nih.gov/pubmed/12944510
http://dx.doi.org/10.1016/j.semcdb.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19508860
http://www.ncbi.nlm.nih.gov/pubmed/15350979
http://www.ncbi.nlm.nih.gov/pubmed/17170104
http://www.ncbi.nlm.nih.gov/pubmed/17506639
http://www.ncbi.nlm.nih.gov/pubmed/17287812
http://dx.doi.org/10.1016/j.sbi.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20951026
http://dx.doi.org/10.1016/j.bbamcr.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21029754
http://www.ncbi.nlm.nih.gov/pubmed/15719015

@’PLOS | GENETICS

Mechanisms Underlying Nuclear Import of Clock Proteins

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fagotto F, Gluck U, Gumbiner BM (1998) Nuclear localization signal-independent and importin/
karyopherin-independent nuclear import of beta-catenin. Curr Biol 8: 181—190. PMID: 9501980

Saez L, Young MW (1996) Regulation of nuclear entry of the Drosophila clock proteins period and time-
less. Neuron 17:911-920. PMID: 8938123

Saez L, Derasmo M, Meyer P, Stieglitz J, Young MW (2011) A key temporal delay in the circadian cycle
of Drosophila is mediated by a nuclear localization signal in the timeless protein. Genetics 188: 591—
600. doi: 10.1534/genetics.111.127225 PMID: 21515571

Shafer OT, Rosbash M, Truman JW (2002) Sequential nuclear accumulation of the clock proteins peri-
od and timeless in the pacemaker neurons of Drosophila melanogaster. J Neurosci 22: 5946-5954.
PMID: 12122057

Hara T, Koh K, Combs DJ, Sehgal A (2011) Post-translational regulation and nuclear entry of TIME-
LESS and PERIOD are affected in new timeless mutant. J Neurosci 31: 9982—9990. doi: 10.1523/
JNEUROSCI.0993-11.2011 PMID: 21734289

Garbe DS, Fang Y, Zheng X, Sowcik M, Anjum R, et al. (2013) Cooperative interaction between phos-
phorylation sites on PERIOD maintains circadian period in Drosophila. PLoS Genet 9: e1003749. doi:
10.1371/journal.pgen.1003749 PMID: 24086144

Sledz CA, Williams BR (2005) RNA interference in biology and disease. Blood 106: 787—-794. PMID:
15827131

Ratan R, Mason DA, Sinnot B, Goldfarb DS, Fleming RJ (2008) Drosophila importin alpha1 performs
paralog-specific functions essential for gametogenesis. Genetics 178: 839-850. doi: 10.1534/
genetics.107.081778 PMID: 18245351

Vosshall LB, Price JL, Sehgal A, Saez L, Young MW (1994) Block in nuclear localization of period pro-
tein by a second clock mutation, timeless. Science 263: 1606—1609. PMID: 8128247

Meissner RA, Kilman VL, Lin JM, Allada R (2008) TIMELESS is an important mediator of CK2 effects
on circadian clock function in vivo. J Neurosci 28: 9732-9740. doi: 10.1523/JNEUROSCI.0840-08.
2008 PMID: 18815259

Mosammaparast N, Pemberton LF (2004) Karyopherins: from nuclear-transport mediators to nuclear-
function regulators. Trends Cell Biol 14: 547-556. PMID: 15450977

Cingolani G, Petosa C, Weis K, Muller CW (1999) Structure of importin-beta bound to the IBB domain
of importin-alpha. Nature 399:221-229. PMID: 10353244

Catimel B, Teh T, Fontes MR, Jennings IG, Jans DA, et al. (2001) Biophysical characterization of inter-
actions involving importin-alpha during nuclear import. J Biol Chem 276: 34189-34198. PMID:
11448961

Fanara P, Hodel MR, Corbett AH, Hodel AE (2000) Quantitative analysis of nuclear localization signal
(NLS)-importin alpha interaction through fluorescence depolarization. Evidence for auto-inhibitory regu-
lation of NLS binding. J Biol Chem 275:21218-21223. PMID: 10806202

Harreman MT, Hodel MR, Fanara P, Hodel AE, Corbett AH (2003) The auto-inhibitory function of impor-
tin alpha is essential in vivo. J Biol Chem 278: 5854-5863. PMID: 12486120

Sakakida Y, Miyamoto Y, Nagoshi E, Akashi M, Nakamura TJ, et al. (2005) Importin alpha/beta medi-
ates nuclear transport of a mammalian circadian clock component, mCRY2, together with mPER2,
through a bipartite nuclear localization signal. J Biol Chem 280: 13272-13278. PMID: 15689618

Vodovar N, Clayton JD, Costa R, Odell M, Kyriacou CP (2002) The Drosophila clock protein Timeless
is a member of the Arm/HEAT family. Curr Biol 12: R610-611. PMID: 12372263

Andrade MA, Petosa C, O'Donoghue SI, Muller CW, Bork P (2001) Comparison of ARM and HEAT pro-
tein repeats. J Mol Biol 309: 1-18. PMID: 11491282

Sehgal A, Price JL, Man B, Young MW (1994) Loss of circadian behavioral rhythms and per RNA oscil-
lations in the Drosophila mutant timeless. Science 263: 1603—-1606. PMID: 8128246

Chiu JC, Vanselow JT, Kramer A, Edery | (2008) The phospho-occupancy of an atypical SLIMB-binding
site on PERIOD that is phosphorylated by DOUBLETIME controls the pace of the clock. Genes Dev
22:1758-1772. doi: 10.1101/gad. 1682708 PMID: 18593878

Park JH, Helfrich-Forster C, Lee G, Liu L, Rosbash M, et al. (2000) Differential regulation of circadian
pacemaker output by separate clock genes in Drosophila. Proc Natl Acad Sci U S A 97: 3608—-3613.
PMID: 10725392

Zheng X, Sowcik M, Chen D, Sehgal A (2014) Casein kinase 1 promotes synchrony of the circadian
clock network. Mol Cell Biol.

Martinek S, Inonog S, Manoukian AS, Young MW (2001) A role for the segment polarity gene shaggy/
GSK-3 in the Drosophila circadian clock. Cell 105: 769-779. PMID: 11440719

PLOS Genetics | DOI:10.1371/journal.pgen.1004974 February 12,2015 22/23


http://www.ncbi.nlm.nih.gov/pubmed/9501980
http://www.ncbi.nlm.nih.gov/pubmed/8938123
http://dx.doi.org/10.1534/genetics.111.127225
http://www.ncbi.nlm.nih.gov/pubmed/21515571
http://www.ncbi.nlm.nih.gov/pubmed/12122057
http://dx.doi.org/10.1523/JNEUROSCI.0993-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.0993-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21734289
http://dx.doi.org/10.1371/journal.pgen.1003749
http://www.ncbi.nlm.nih.gov/pubmed/24086144
http://www.ncbi.nlm.nih.gov/pubmed/15827131
http://dx.doi.org/10.1534/genetics.107.081778
http://dx.doi.org/10.1534/genetics.107.081778
http://www.ncbi.nlm.nih.gov/pubmed/18245351
http://www.ncbi.nlm.nih.gov/pubmed/8128247
http://dx.doi.org/10.1523/JNEUROSCI.0840-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0840-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815259
http://www.ncbi.nlm.nih.gov/pubmed/15450977
http://www.ncbi.nlm.nih.gov/pubmed/10353244
http://www.ncbi.nlm.nih.gov/pubmed/11448961
http://www.ncbi.nlm.nih.gov/pubmed/10806202
http://www.ncbi.nlm.nih.gov/pubmed/12486120
http://www.ncbi.nlm.nih.gov/pubmed/15689618
http://www.ncbi.nlm.nih.gov/pubmed/12372263
http://www.ncbi.nlm.nih.gov/pubmed/11491282
http://www.ncbi.nlm.nih.gov/pubmed/8128246
http://dx.doi.org/10.1101/gad.1682708
http://www.ncbi.nlm.nih.gov/pubmed/18593878
http://www.ncbi.nlm.nih.gov/pubmed/10725392
http://www.ncbi.nlm.nih.gov/pubmed/11440719

@’PLOS | GENETICS

Mechanisms Underlying Nuclear Import of Clock Proteins

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lin JM, Kilman VL, Keegan K, Paddock B, Emery-Le M, et al. (2002) A role for casein kinase 2alpha in
the Drosophila circadian clock. Nature 420: 816-820. PMID: 12447397

Sathyanarayanan S, Zheng X, Xiao R, Sehgal A (2004) Posttranslational regulation of Drosophila PE-
RIOD protein by protein phosphatase 2A. Cell 116: 603-615. PMID: 14980226

Sun WC, Jeong EH, Jeong HJ, Ko HW, Edery |, et al. (2010) Two distinct modes of PERIOD recruit-
ment onto dCLOCK reveal a novel role for TIMELESS in circadian transcription. J Neurosci 30: 14458—
14469. doi: 10.1523/JNEUROSCI.2366-10.2010 PMID: 20980603

Ko HW, Jiang J, Edery | (2002) Role for Slimb in the degradation of Drosophila Period protein phos-
phorylated by Doubletime. Nature 420: 673—-678. PMID: 12442174

Koh K, Zheng X, Sehgal A (2006) JETLAG resets the Drosophila circadian clock by promoting light-in-
duced degradation of TIMELESS. Science 312: 1809—-1812. PMID: 16794082

Peschel N, Chen KF, Szabo G, Stanewsky R (2009) Light-dependent interactions between the Dro-
sophila circadian clock factors cryptochrome, jetlag, and timeless. Curr Biol 19: 241-247. doi: 10.1016/
j-cub.2008.12.042 PMID: 19185492

Koizumi K, Stivers C, Brody T, Zangeneh S, Mozer B, et al. (2001) A search for Drosophila neural pre-
cursor genes identifies ran. Dev Genes Evol 211: 67-75. PMID: 11455416

Bischof J, Maeda RK, Hediger M, Karch F, Basler K (2007) An optimized transgenesis system for Dro-
sophila using germ-line-specific phiC31 integrases. Proc Natl Acad Sci U S A 104: 3312-3317. PMID:
17360644

Williams JA, Su HS, Bernards A, Field J, Sehgal A (2001) A circadian output in Drosophila mediated by
neurofibromatosis-1 and Ras/MAPK. Science 293: 2251-2256. PMID: 11567138

Chiu JC, Ko HW, Edery | (2011) NEMO/NLK phosphorylates PERIOD to initiate a time-delay phosphor-
ylation circuit that sets circadian clock speed. Cell 145: 357-370. doi: 10.1016/j.cell.2011.04.002
PMID: 21514639

Capelson M, Liang Y, Schulte R, Mair W, Wagner U, et al. (2010) Chromatin-bound nuclear pore com-
ponents regulate gene expression in higher eukaryotes. Cell 140: 372—-383. doi: 10.1016/j.cell.2009.
12.054 PMID: 20144761

Kelley LA, Sternberg MJ (2009) Protein structure prediction on the Web: a case study using the Phyre
server. Nat Protoc 4: 363-371. doi: 10.1038/nprot.2009.2 PMID: 19247286

Kim DE, Chivian D, Baker D (2004) Protein structure prediction and analysis using the Robetta server.
Nucleic Acids Res 32: W526-531. PMID: 15215442

Roy A, Kucukural A, Zhang Y I-TASSER: a unified platform for automated protein structure and function
prediction. Nat Protoc 5: 725-738. doi: 10.1038/nprot.2010.5 PMID: 20360767

Lobley A, Sadowski MI, Jones DT (2009) pGenTHREADER and pDomTHREADER: new methods for
improved protein fold recognition and superfamily discrimination. Bioinformatics 25: 1761-1767. doi:
10.1093/bioinformatics/btp302 PMID: 19429599

Soding J, Biegert A, Lupas AN (2005) The HHpred interactive server for protein homology detection
and structure prediction. Nucleic Acids Res 33: W244-248. PMID: 15980461

Kallberg M, Wang H, Wang S, Peng J, Wang Z, et al. Template-based protein structure modeling using
the RaptorX web server. Nat Protoc 7: 1511-1522. doi: 10.1038/nprot.2012.085 PMID: 22814390

Giarre M, Torok |, Schmitt R, Gorjanacz M, Kiss |, et al. (2002) Patterns of importin-alpha expression
during Drosophila spermatogenesis. J Struct Biol 140: 279-290. PMID: 12490175

Buchan DW, Minneci F, Nugent TC, Bryson K, Jones DT Scalable web services for the PSIPRED Pro-
tein Analysis Workbench. Nucleic Acids Res 41: W349-357. doi: 10.1093/nar/gkt381 PMID: 23748958

PLOS Genetics | DOI:10.1371/journal.pgen.1004974 February 12,2015 23/23


http://www.ncbi.nlm.nih.gov/pubmed/12447397
http://www.ncbi.nlm.nih.gov/pubmed/14980226
http://dx.doi.org/10.1523/JNEUROSCI.2366-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20980603
http://www.ncbi.nlm.nih.gov/pubmed/12442174
http://www.ncbi.nlm.nih.gov/pubmed/16794082
http://dx.doi.org/10.1016/j.cub.2008.12.042
http://dx.doi.org/10.1016/j.cub.2008.12.042
http://www.ncbi.nlm.nih.gov/pubmed/19185492
http://www.ncbi.nlm.nih.gov/pubmed/11455416
http://www.ncbi.nlm.nih.gov/pubmed/17360644
http://www.ncbi.nlm.nih.gov/pubmed/11567138
http://dx.doi.org/10.1016/j.cell.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21514639
http://dx.doi.org/10.1016/j.cell.2009.12.054
http://dx.doi.org/10.1016/j.cell.2009.12.054
http://www.ncbi.nlm.nih.gov/pubmed/20144761
http://dx.doi.org/10.1038/nprot.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19247286
http://www.ncbi.nlm.nih.gov/pubmed/15215442
http://dx.doi.org/10.1038/nprot.2010.5
http://www.ncbi.nlm.nih.gov/pubmed/20360767
http://dx.doi.org/10.1093/bioinformatics/btp302
http://www.ncbi.nlm.nih.gov/pubmed/19429599
http://www.ncbi.nlm.nih.gov/pubmed/15980461
http://dx.doi.org/10.1038/nprot.2012.085
http://www.ncbi.nlm.nih.gov/pubmed/22814390
http://www.ncbi.nlm.nih.gov/pubmed/12490175
http://dx.doi.org/10.1093/nar/gkt381
http://www.ncbi.nlm.nih.gov/pubmed/23748958


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


