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The circadian rhythm of pineal melatonin requires the nocturnal increment of serotonin N-acetyltransferase
(arylalkylamine N-acetyltransferase [AANAT]) protein. To date, only limited information is available in the
critical issue of how AANAT protein expression is up-regulated exclusively at night regardless of its
species-specific mRNA profiles. Here we show that the circadian timing of AANAT protein expression is
regulated by rhythmic translation of AANAT mRNA. This rhythmic control is mediated by both a highly
conserved IRES (internal ribosome entry site) element within the AANAT 5� untranslated region and its
partner hnRNP Q (heterogeneous nuclear ribonucleoprotein Q) with a peak in the middle of the night.
Consistent with the enhancing role of hnRNP Q in AANAT IRES activities, knockdown of the hnRNP Q level
elicited a dramatic decrease of peak amplitude in the AANAT protein profile parallel to reduced melatonin
production in pinealocytes. This translational regulation of AANAT mRNA provides a novel aspect for
achieving the circadian rhythmicity of vertebrate melatonin.
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Melatonin is the primary marker of circadian rhythm in
vertebrates. The nocturnal increase in circulating mela-
tonin is mirrored by the expression of arylalkylamine
N-acetyltransferase (AANAT) protein, which is the rate-
limiting enzyme in the melatonin biosynthetic pathway
(Coon et al. 1995; Reppert and Weaver 1995; Ganguly et
al. 2001). Interestingly, there are species-specific discrep-
ancies between AANAT protein expression and its
mRNA expression profiles during the circadian cycle
(Klein et al. 1997; Ganguly et al. 2002). In rodents, there
is a lag between a nocturnal increase in AANAT mRNA
levels and an increase in AANAT protein levels (Fig. 1E,
middle panel; Klein et al. 1997; Ganguly et al. 2002; Kim
et al. 2005). In contrast, in primates and ungulates,
AANAT protein levels increase exclusively nocturnally,
despite steady-state, high levels of AANAT mRNAs
(Stehle et al. 2001; Ganguly et al. 2002; Ackermann et al.
2006). Thus, AANAT protein expression is out of phase
with its mRNA expression profile. Previous studies of
nocturnal expression of AANAT protein have described
transcriptional (feedback loop) (Baler et al. 1997; Foulkes

et al. 1997), post-transcriptional (mRNA degradation)
(Kim et al. 2005), and post-translational (proteolysis)
(Gastel et al. 1998; Obsil et al. 2001) regulatory mecha-
nisms. However, little work has been done to understand
the role of translational (protein synthesis) control in the
circadian rhythmicity of AANAT protein expression.
Cued by the observations of species-specific differences
in the circadian timing of AANAT mRNA and AANAT
protein expression, we hypothesized that circadian
phase-specific translational regulation of AANAT
mRNA might be a novel and efficient mechanism for
controlling melatonin production at night.

One mechanism of translational regulation is an inter-
nal ribosome-entry site (IRES), which allows ribosomes
to bind mRNA in a cap-independent manner (Hellen and
Sarnow 2001; Vagner et al. 2001; Gebauer and Hentze
2004). Since the discovery of viral IRESes (Jang et al.
1988; Pelletier and Sonenberg 1988), various cellular
mRNAs have been shown to contain IRESes (http://www.
rangueil.inserm.fr/iresdatabase). IRES-mediated transla-
tion, distinct from the canonical cap-dependent scanning
model, is widely used by specific cellular mRNAs to
regulate protein synthesis under subtle physiological cir-
cumstances (Vagner et al. 2001; Stoneley and Willis
2004), such as apoptosis, cell cycling, development, and
differentiation. Here, we elucidate the molecular mecha-
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nisms for circadian rhythm-dependent AANAT transla-
tion, and provide a novel aspect for framing the circadian
rhythmicity of vertebrate melatonin.

Results

Circadian rhythm-dependent AANAT IRES activity

Translational regulation frequently involves 5� untrans-
lated regions (UTRs) (Hellen and Sarnow 2001; Vagner et
al. 2001; Gebauer and Hentze 2004). To investigate the
translational regulation of AANAT mRNA, we deter-
mined two types of 5�UTRs from rat (Supplementary Fig.
S1) and sheep (Supplementary Fig. S2) AANAT mRNAs
that show quite discrepant mRNA profiles (Coon et al.
1996; Klein et al. 1997; Ganguly et al. 2002; Ackermann
et al. 2006) during the circadian cycle (see Supplemental
Material for details). The newly identified nucleotide se-
quences of rat and sheep AANAT 5�UTRs have been
deposited in GenBank with the accession numbers
DQ075321 and DQ839412, respectively.

To determine whether the AANAT 5�UTR shows
IRES activity in pinealocytes, we generated bicistronic
reporters (Fig. 1A; Jang et al. 1988; Pelletier and Sonen-
berg 1988; Vagner et al. 2001; Kim et al. 2003). In these
constructs, the translation of Renilla luciferase (RLuc)

from the first cistron is directed by cap-dependent ribo-
some scanning, but induction of firefly luciferase (FLuc)
translation is directed by the IRES element in the inter-
cistronic region. Both rat and sheep AANAT 5�UTRs
(r303 and s234, respectively) enhanced Fluc translation
by approximately fourfold, compared with those pro-
duced without the 5�UTR (pRF) (Fig. 1B, open bar in bot-
tom panel). These results suggest that the AANAT
mRNA contains a potential IRES element within its
5�UTR. To verify that the AANAT IRES functions under
physiological conditions, we used isoproterenol (ISO)
(Gastel et al. 1998; Kim et al. 2005). Treatment of pri-
mary rat pinealocytes with ISO elicits activation of �1
adrenergic receptor-mediated cyclic AMP signaling,
which mediates AANAT gene expression and melatonin
biosynthesis in a mode similar to that seen with noctur-
nal pineal glands (Fig. 1B, lane 2 in top panel; Gastel et al.
1998). The night-time environment dramatically in-
creased AANAT IRES activity in reporters containing
either rat or sheep 5�UTRs by approximately twofold,
but did not influence a reporter that lacked a 5�UTR (Fig.
1B, closed bar in bottom panel; Supplementary Fig. S3).
To confirm that phase-dependent AANAT translation
occurs regardless of its mRNA fluctuation, we generated
a bicistronic mRNA reporter (Cho et al. 2005, 2007), the
capped RFr303 mRNA (Fig. 1C). Pinealocytes were
treated with ISO and transiently transfected with the

Figure 1. Nocturnal signaling activates IRES-mediated
AANAT translation in rat pinealocytes. (A) Schematic
diagrams of bicistronic reporter plasmids containing
the full-length rat (r303) or sheep (s234) AANAT
5�UTR. (pRF) Bicistronic reporter plasmid; (Rluc) Re-
nilla luciferase; (Fluc) firefly luciferase. (B) Phase-de-
pendent AANAT IRES activity. Rat pinealocyte cells
were transfected with bicistronic reporter plasmids and
incubated for 48 h before treatment with (ISO, closed
bar) or without (Con, open bar) ISO, and incubated for a
further 12 h before harvesting. Cell lysates were pre-
pared and subjected to immunoblotting (IB), Northern
blotting (Nor), and luciferase assays. The ratio for the
empty vector pRF was set to 1. (C) Schematic diagram
of bicistronic reporter mRNA RFr303. (m7G) 7-Methyl-
guanosine; [Poly(A)20] 20-nt-long poly(A) tail. (D) Pine-
alocytes were treated with ISO and transiently trans-
fected with the capped bicistronic reporter mRNA
RFr303 at intervals and incubated for 2 h. The medium
was then exchanged with complete medium, and the
cells were incubated for a further 4 h before harvesting
at the indicated times. Cell lysates were then prepared
and subjected to luciferase assays, Northern blotting,
immunoblotting, and melatonin assays. (E) The ratio of
Fluc/Rluc activities at zero time was set to 1. Intensi-
ties of AANAT mRNA and its protein levels were quan-
titated with a densitometer, normalized to ribosomal
protein large subunit 32 (RPL32) mRNA and the actin
signals, respectively, and plotted as a percentage of the
maximum. Corresponding melatonin values are ex-
pressed as a percentage of the maximum of net synthe-
sis using a melatonin ELISA kit. All results are ex-
pressed as the mean ± SD of three different experi-
ments.
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capped bicistronic reporter mRNA RFr303 at intervals
(Fig. 1D). While translation of Rluc marginally increased
under nocturnal conditions (data not shown), AANAT
IRES-mediated translation was dramatically enhanced
with a peak at 8 h after ISO treatment and declined
gradually thereafter (Fig. 1E, top panel). Surprisingly, the
rhythmicity of AANAT IRES activity was coupled with
endogenous AANAT protein levels (Fig. 1E, middle
panel) parallel to the profile of melatonin production
(Fig. 1E, bottom panel). These results suggest the closed
relationship between the rhythmic IRES-mediated trans-
lation of AANAT mRNA and the circadian melatonin
production.

Insensitivity of AANAT translation to rapamycin

To gain insight into the mechanism by which rat
AANAT mRNA is translated at night, we inhibited the
mTOR (mammalian target of rapamycin) pathway in
pinealocytes under nocturnal conditions induced by ISO
(Gastel et al. 1998; Kim et al. 2005). Rapamycin causes
inhibition of cap-dependent translation by inducing hy-
pophosphorylation of eIF4E-binding proteins (4E-BPs)
(Pyronnet et al. 2000; Gingras et al. 2004; Hay and
Sonenberg 2004). General inhibition of protein synthesis
(Kullmann et al. 2002) by rapamycin was confirmed in
our study by metabolic labeling under nocturnal condi-
tions; for example, the de novo synthesis rate of actin
was reduced to ∼35% of control level (Fig. 2A). However,
rapamycin had no effect on the AANAT protein kinetics
or mRNA levels, and even marginally up-regulated

AANAT protein expression (Fig. 2B,C). To exclude the
possibility that the apparent insensitivity of AANAT ki-
netics to rapamycin was due to AANAT stabilization via
�-adrenergic signaling (Gastel et al. 1998), we treated rat
pinealocytes with the general translation inhibitor cy-
cloheximide. Cycloheximide induced a dramatic de-
crease in AANAT protein levels despite the ISO-medi-
ated stabilization of AANAT protein (Gastel et al. 1998)
and increased AANAT mRNA stability (Fig. 2B,C; Ber-
nard et al. 1997), which suggests that ongoing AANAT
translation is required for the maintenance of its noctur-
nal protein kinetics. Moreover, rapamycin had no effect
on the overall expression profile of AANAT protein in
this assay, but rather slightly increased AANAT protein
levels despite the hypophosphorylation of 4E-BP (Supple-
mentary Fig. S4). Importantly, these findings can be re-
capitulated with the expression of bicistronic reporter
containing the AANAT 5�UTR for IRES activity. Rapa-
mycin treatment reduced expression of the upstream
Rluc reporter, but had no effect on the induction of
downstream Fluc expression in the presence of the rat
AANAT 5�UTR (pRFr303) (Fig. 2D). Taken together,
these data demonstrate that de novo synthesis of
AANAT protein is mediated by a cap-independent trans-
lation mechanism via an IRES element within its
5�UTR.

AANAT mRNA contains an IRES element within its
5�UTR

The induction of Fluc translation by AANAT 5�UTRs
(Figs. 1B [bottom panel], 3B,E) was shown by Northern

Figure 2. An IRES element of the AANAT 5�UTR
confers resistance to cap-dependent translation re-
pression. (A) Primary pinealocytes were treated with
rapamycin (Rapa), cycloheximide (CHX), and ve-
hicle after 8 h of ISO treatment (0 h) and then har-
vested at the indicated times. Down-regulated de
novo synthesis of actin under Rapa treatment was
seen in radiograms (top panel) as well as radioactiv-
ity of 35S-Met/Cys-actin in ISO-treated rat pinealo-
cytes (bottom panel). (IB) Immunoblotting; (IP) im-
munoprecipitation. (B) Pinealocytes were subjected
to Northern blotting using the AANAT coding re-
gion and RPL 32 cDNA as probes, and subjected to
immunoblotting with specific antibodies as de-
picted on the right. (C) For kinetic analysis of
AANAT protein, AANAT intensities were quanti-
tated with a densitometer, normalized to the
GAPDH signals, and plotted against the duration of
drug treatment. (p4E-BPs) Phosphorylated eIF4E-
binding proteins; (Nor) Northern blotting. (D) Pine-
alocytes were transfected with bicistronic reporter
plasmid pRFr303 and treated with (Rapa) or without
(Con) rapamycin after 4 h of ISO treatment, and fur-
ther incubated for 12 h before harvesting. The cell
lysates were prepared and subjected to luciferase as-
says. The activities of firefly and Renilla luciferases
are depicted in boxes below the graph. The results
are expressed as the mean ± SD of two different ex-
periments.
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Figure 3. AANAT mRNAs contain a highly conserved
IRES element within their 5�UTRs among species. (A)
Schematic diagram of bicistronic reporter plasmids. The
AANAT 5�UTRs and their deletions were inserted into
the intercistronic region of pRF, pHRF, and promoter-
less pRF�CMV vectors. (B,E) AANAT 5�UTRs contain
an IRES element. Pinealocytes were transfected with the
pCMV·SPORT-�-gal control vector and bicistronic plas-
mids containing the rat or sheep AANAT 5�UTRs and
their derivatives. Both Fluc (closed bar) and Rluc (open
bar) activities were normalized to �-galactosidase and
expressed relative to the values obtained from pRF,
which was set to 1. The activities of firefly and Renilla
luciferases are depicted in boxes below the graph in B.
(C,F) Northern blot analysis of bicistronic mRNA ex-
pression. HEK-293T cells were transfected with �-gal as
a control and various bicistronic plasmids containing
the rat or sheep AANAT 5�UTRs and their derivatives,
and incubated for 48 h before harvesting. Cell lysates
were prepared and subjected to Northern blotting (Nor).
Purified mRNA (2 µg) was hybridized with a specific
probe for the Fluc coding region and loading controls
GAPDH or RPL32. (D,G) The 68-kDa protein (p68) spe-
cifically binds to the AANAT IRES element. Radiola-
beled riboprobes and cytoplasmic lysates (Cyto) ex-
tracted from HEK-293T cells were incubated with or
without cold competitor, and subjected to UV cross-
linking. Molecular mass markers are indicated on the
left in kilodaltons. The arrow on the right indicates the
position of p68. (H) Essential role of the AANAT IRES
element in the nocturnal enhancement of the IRES ac-
tivity. Transfection of bicistronic reporter plasmids into
pinealocytes was performed, and the cells were incu-
bated for 48 h and then treated with (ISO, closed bar) or
without (Con, open bar) ISO and incubated for a further
12 h before harvesting. Cell lysates were prepared and
subjected to luciferase assay. The ratio of Fluc/Rluc ac-
tivities was expressed relative the values obtained from
pRF in “Con,” which was set at 1. Each value represents
the mean ± SD of five independent experiments.
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blotting not to be caused by altered mRNA stability,
transcription, or the presence of cryptic promoter activ-
ity (Fig. 3C,F). Moreover, Fluc activity was not detected
when promoter-lacking constructs (Fig. 3A, r303�CMV
and s234�CMV) were used (Fig. 3B,E), confirming that
the AANAT 5�UTR does not contain any cryptic pro-
moters. To exclude alternative translational mecha-
nisms, such as reinitiation, a plasmid (pHRF) was used in
which a palindrome was inserted upstream of the Rluc
gene (Fig. 3A, pHRFr303 and pHRFs234; Cho et al. 2005).
The hairpin reduced expression of the upstream Rluc
cistron, but had no effect on the induction of Fluc ex-
pression in the presence of the AANAT 5�UTRs (Fig.
3B,E, open bar). This argues against reinitiation as a pos-
sible mechanism. Moreover, an inverted sequence of the
rat AANAT 5�UTR (rev-r303) failed to enhance FLuc ac-
tivity, confirming lack of IRES activity in random se-
quences inserted into the intercistronic region of the bi-
cistronic messenger (Fig. 3B, pRFrev-r303).

Next, we generated reporter constructs containing de-
letions of either rat or sheep AANAT 5�UTRs (Fig. 3A,
pRFr174 and pRFs134) in order to identify the functional
element of the AANAT 5�UTR that is responsible for
IRES activity. Pinealocytes transfected with both
pRFr174 and pRFs134 exhibited Fluc activity similarly
to those transfected with pRF (Fig. 3B,E). Interestingly,
the 5� end of the AANAT 5�UTR contains a purine-rich
sequence and is highly conserved among vertebrate spe-
cies (data not shown). Both human and bovine AANAT
5�UTRs also contain the homologous regions for IRES
activity. IRES activity in the human and bovine is simi-
lar in structure and function to IRES activity in the rat or
sheep (T.D. Kim and K.T. Kim, unpubl.). These results
suggest that the 5� end of the AANAT 5�UTR is essential
for the AANAT IRES activity and that IRES-mediated
AANAT translation is a common mechanism of regula-
tion among vertebrate species.

Importantly, IRES-mediated translation usually re-
quires IRES trans-acting factors (ITAFs) that regulate ri-
bosome recruitment (Vagner et al. 2001; Stoneley and
Willis 2004). To analyze the relationship between
AANAT IRES function and the binding patterns of cel-
lular proteins to the AANAT 5�UTR, we performed UV
cross-linking assays. Both rat and sheep AANAT 5�UTRs
specifically bound to four major cellular proteins in a
similar manner (Fig. 3D [lanes 1,3,4], F [lane 1]). Among
them, a 68-kDa protein (p68) showed strong binding to
full-length r303 and s234, but not to the deletion con-
structs r174 and s134 (Fig. 3D,G, lane 2), which showed
weak IRES activities. Consistent with AANAT IRES ac-
tivity, UV cross-linking assays showed that p68 specifi-
cally bound to the 5� end of the AANAT 5�UTR essential
for the IRES activity. Moreover, the r174 and s134 con-
structs showed little induction of Fluc translation in
spite of the nocturnal conditions in pinealocytes (Fig.
3H, closed bar). This suggests that p68 plays a major role
in the nocturnal AANAT translation via the IRES ele-
ment as an ITAF despite the possibility that additional
factors are involved in the process. It was therefore of
interest to identify p68.

Identification of p68 as heterogeneous nuclear
ribonucleoprotein Q (hnRNP Q)

To isolate p68 interacting with the AANAT 5�UTR, we
generated a biotinylated rat AANAT 5�UTR (r303-Bio-
tin) by in vitro transcription and performed RNA affinity
chromatography with nuclear extracts from rat pineal
glands and the biotinylated RNA. After precipitation and
washing of the RNA–protein complex, RNA-bound pro-
teins were analyzed by SDS-PAGE (Fig. 4A). The p68 was
excised from the gel and analyzed by peptide mass fin-
gerprinting via MALDI-TOF. Figure 4B shows the
MALDI mass spectrum of the peptides generated by tryp-
sinization of the p68. The obtained masses were com-
pared with those of proteins in the SWISS-PROT data-
base by use of the MS-Fit peptide mass search program.
As shown in Figure 4C, the peptides exhibited molecular
masses that were in good agreement with the theoreti-
cally predicted tryptic peptides of hnRNP Q. The ana-
lyzed peptides covered 14% of the mouse hnRNP Q se-
quence. On the basis of these results, we concluded that
the 68-kDa protein is hnRNP Q.

The identity of hnRNP Q was confirmed by immuno-
precipitation of UV cross-linked proteins with radio-la-
beled r303 and s234 (Fig. 4D, lanes 3,4, respectively) us-
ing anti-hnRNP Q antibody. HnRNP Q was detected by
the antibody, suggesting that the protein interacts di-
rectly with the AANAT 5�UTR (Fig. 4D, lanes 2,5). No
bands were detected when an anti-Flag antibody was
used as a negative control (Fig. 4D, lanes 1,6). RNA pull-
down experiments were performed by using cytoplasmic
extracts of rat pineal glands and biotinylated AANAT
5�UTRs. Immunoblot analyses of purified proteins
showed that hnRNP Q is specifically associated with the
5�UTR (Fig. 4E, lanes 2,4), whereas the truncated r174 is
weakly associated with the protein (Fig. 4E, lane 3).
Moreover, direct binding between hnRNP Q and the
AANAT 5�UTR was assessed by UV cross-linking with a
purified hnRNP Q (hnQ437) and 32P-labeled riboprobes.
Purified hnRNP Q interacted strongly with r303 and
s234 RNAs but only weakly interacted with r174 or s134
RNA (Fig. 4F), consistent with the deletion analyses (Fig.
3D,G). Taken together, these results demonstrate that
hnRNP Q directly interacts with the 5� end of the
AANAT IRES.

HnRNP Q specifically interacts with the 46-nucleotide
(nt)-long element within the rat AANAT 5�UTR

In order to identify the region of the AANAT IRES that
interacts with hnRNP Q, we generated serially deleted
RNAs (Fig. 5A) and then performed UV cross-linking ex-
periments. As shown in Figure 5C, purified hnRNP Q
strongly bound to riboprobes containing the 46-nt-long
region corresponding to nucleotides 61–106 of the rat
AANAT IRES (Fig. 5C, lanes 1,2,4). In contrast, hnRNP
Q bound only weakly to the probe r196 lacking the 46-
nt-long region (Fig. 5C, lane 3). These results were fur-
ther confirmed by competition assays. The interaction
between hnRNP Q and probe r303 was strongly inhibited
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by poly(A) and unlabeled RNA probe r46 (Fig. 5C, lanes
7–9). The binding pattern for purified hnRNP Q was in
good agreement with the binding patterns of the 68-kDa
protein to the AANAT IRES observed by UV cross-link-
ing with cytoplasmic extract from HEK-293T cells
(Supplementary Fig. S5), suggesting that hnRNP Q di-
rectly interacts with the AANAT IRES and that a spe-
cific RNA–protein interaction can occur in cells in
which numerous proteins exist together with hnRNP Q.
The RNA-binding data demonstrate that the AANAT
RNA fragment spanning nucleotides 61–106 is necessary
and sufficient for the interaction with hnRNP Q. More-
over, homopolymeric RNA competition results and a
previous report showed that hnRNP Q has a strong af-
finity for adenosine-rich RNAs (Mizutani et al. 2000;
Mourelatos et al. 2001; Bannai et al. 2004; Kim et al.
2004). Interestingly, the 46-nt-long element contains
highly conserved sequences involving an adenosine-rich
region among species (Fig. 5B). In order to confirm that
the 46-nt-long region participates in direct interaction
with hnRNP Q, we generated a mutant construct in
which adenosines of the element were replaced with cy-
tosines (Fig. 5B, asterisks). The effect of the site-directed
mutagenesis on hnRNP Q binding was measured by a

UV cross-linking experiment. In these experiments, the
binding affinity of the mutated RNA was dramatically
reduced to a similar level as shown with the AANAT
RNAs lacking the 46-nt-long element (Fig. 5C, lanes
3–6). Taken together, these data indicate that some or all
of the adenosine residues in the 46-nt-long element play
a key role in the interaction of the AANAT IRES with
hnRNP Q.

To further characterize the IRES element and to inves-
tigate the effect of the hnRNP Q-binding site on the
AANAT IRES activity, we analyzed the effect of dele-
tions in the 5�UTR of AANAT mRNA on translation in
primary pinealocytes. Truncation of the IRES element
from nucleotides 61–106 (pRFr196) dramatically dimin-
ished IRES activity, indicating that the 46-nt element is
required for maximal IRES activity. Moreover, the mu-
tation in the AANAT IRES [pRFr303(A–C)] showed a de-
creased IRES activity to <50% (Fig. 5D). These results
were correlated with the binding affinity of the AANAT
IRES to hnRNP Q as shown in Figure 5C. Interestingly,
the 46-nt-long region containing the hnRNP Q-binding
domain had only minimal IRES activity (Fig. 5D,
pRFr46), indicating that additional factors, not identified
yet, are necessary to function as cofactors in the AANAT

Figure 4. Identification of p68 as hnRNP Q. (A–C) Nuclear extracts from pinealocytes (PG-Nuc) were incubated with or without a
biotinylated probe (r303-Biotin), and then the resin-bound proteins were fractionated by SDS-PAGE, and silver stained in A. Peptide
mass fingerprinting via MALDI-TOF was performed. (B) The peaks labeled with arrows match the estimated tryptic peptide masses
of hnRNP Q with an error of <50 ppm. (C) Oligopeptide sequences from mass fingerprinting analysis. (D) Cytoplasmic extracts labeled
by UV cross-linking with radiolabeled AANAT 5�UTRs were subjected to immunoprecipitation with antibodies against hnRNP Q or
Flag as a control, separated by SDS-PAGE, and autoradiographed. (E) RNA pull-down experiments were performed with cytoplasmic
extracts of rat pineal glands and biotinylated RNA (r303-Biotin and r174-Biotin) in the presence or absence of competitor r303. Purified
proteins were immunoblotted using anti-hnRNP Q antibody. Cytoplasmic extract (Cyto) was loaded onto the “Input” lane. (F) The
radiolabeled riboprobes (r303, r174, s234, and s134) were incubated with purified hnRNP Q (hnQ437) or GST, subjected to UV
cross-linking analysis, and autoradiographed.
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IRES activation. Taken together, we concluded that the
characterized hnRNP Q-binding region is essential for
IRES activity of the AANAT 5�UTR.

Rhythmic control of AANAT IRES activity
by hnRNP Q

HnRNP Q is involved in various aspects of mRNA me-
tabolism, such as pre-mRNA splicing (Mourelatos et al.
2001), degradation of AANAT mRNA (Kim et al. 2005)
and c-fos mRNA (Grosset et al. 2000), and HCV IRES-
mediated translational enhancement (Kim et al. 2004).
Here, the role of hnRNP Q in AANAT mRNA transla-
tion was determined by RNA interference (RNAi) using
the adenoviral RNAi system (Kuninger et al. 2004) in the
rat pinealocytes. To create the adenoviral RNAi system,
we generated adenoviral particles expressing small inter-
fering RNA (siRNA) against hnRNP Q (AV_hnQsi) and
mutated (AV_hnQsiSDM) or no (AV_mocksi) siRNA se-
quence (see Materials and Methods for details). Pinealo-
cytes transiently transduced with AV_hnQsi showed a
dramatic decrease in hnRNP Q level compared with
those transduced with AV_hnQsiSDM and AV_mocksi
(Fig. 6A). Knockdown of the hnRNP Q level dramatically
decreased IRES activity of the AANAT IRES-element-
containing mRNAs (r303 and s234) (Fig. 6B, closed bar).
Importantly, pinealocytes lacking hnRNP Q protein
showed little enhancement of the AANAT IRES activi-
ties despite nocturnal conditions (Fig. 6C, closed bar). In
contrast, adenoviruses containing the mutated siRNA of
hnRNP Q (AV_hnQsiSDM) had no effect on AANAT
IRES activity (Fig. 6B,C, open bar).

To further analyze the role of hnRNP Q in AANAT
IRES-dependent translation, we additionally used an
overexpression approach in HEK293T cells. HnRNP Q
overexpression augmented the IRES activity of r303-
containing mRNA more than twofold, but did not in-
fluence that of rev-r303-containing mRNA (Supplemen-
tary Fig. S6A,B). The activity of the control, polioviral
IRES (polio), was not affected by hnRNP Q, as has been
described elsewhere (Supplementary Fig. S6B,D,
pRFpolio; Kim et al. 2004; Cho et al. 2005, 2007). The
integrity and abundance of the reporter mRNAs under
knockdown of hnRNP Q level were confirmed by North-
ern blots (Supplementary Fig. S6D, bottom panels).
Taken together, these results suggest that hnRNP Q
plays an essential role in the activation of the AANAT
IRES.

We next investigated the physiological relevance of
rhythmic IRES-mediated AANAT translation to circa-
dian expression of hnRNP Q. In vivo hnRNP Q is ex-
pressed in both rat and sheep pineal glands in a circadian
rhythm-dependent manner (Fig. 6D,E, respectively; Kim
et al. 2005). HnRNP Q displayed relatively significant
basal levels at all times, which reach a maximum at ∼8 h
after ISO treatment, to about two times that observed at
zero time, and they gradually decline to basal levels in
rat pinealocytes (Fig. 6D). Moreover, the night-time
hnRNP Q level in sheep pineal glands increases in a
mode similar to that seen with rat pineal glands (Fig. 6E).
Thus, it is expressed concurrently with AANAT protein

Figure 5. hnRNP Q specifically interacts with an adenosine-
rich region in the 5� end of the AANAT IRES. (A) Schematic
diagram of the full-length rat AANAT IRES and its various mu-
tant RNAs used for UV cross-linking experiments and monitor-
ing efficiency of IRES-dependent translation in vivo. The con-
served hnRNP Q-binding region among vertebrate species is
represented as a closed box. Their locations in the AANAT
5�UTR are indicated as numbers from the 5� end. (B) Three
adenosine residues, within the conserved hnRNP Q-binding el-
ement, were replaced with cytosine residues. The asterisk de-
notes the nucleotide changes in the hnRNP R-binding region.
Accession numbers for the AANAT 5�UTRs shown are as fol-
lows: rat, DQ075321; mouse, NM_009591 and U83462; human,
U40347 and U40391; monkey, XM_523725; and sheep,
DQ839412. (C) Radiolabeled riboprobes and purified hnRNP Q
(hnQ437) were incubated with or without competitor RNAs
[homopolymer(A) or cold r46], and subjected to UV cross-link-
ing. (D) Rat pinealocyte cells were transfected with bicistronic
reporter plasmids and incubated for 48 h before harvest. Cell
lysates were prepared and subjected to luciferase assays. The
ratio for the empty vector pRF was set to 1.
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under nocturnal conditions (Fig. 6D,E). Interestingly, in-
teractions between r303 and hnRNP Q were nocturnally
enhanced in parallel with the hnRNP Q level. In con-
trast, truncated r174 showed no changes in its binding to

hnRNP Q (Fig. 6F). These results indicate that the noc-
turnal enhancement of AANAT IRES activity is medi-
ated by the rhythmic expression of hnRNP Q, with a
peak in the middle of night.

Figure 6. hnRNP Q mediates rhythmic AANAT trans-
lation via the IRES element. (A) Pinealocytes were
transduced by adding adenoviral particles expressing
siRNA against hnRNP Q (AV_hnQsi) and mutated
(AV_hnQsiSDM) or no (AV_mocksi) siRNA sequence,
and the cells were incubated for 48 h before harvesting.
Cell lysates were prepared and subjected to immuno-
blotting. Intensities of hnRNP Q level were quantitated
with a densitometer, normalized to the 14–3–3 signals,
and plotted as a percentage. (B,C) Transfections of pine-
alocytes with bicistronic reporter plasmids were per-
formed by overlaying the cells with a precipitate of
Metafectene and reporter DNAs for 20 min before add-
ing adenoviral particles expressing siRNA against
hnRNP Q (AV_hnQsi) or mutated siRNA sequence
(AV_hnQsiSDM). The cells were incubated for 48 h and
treated with or without ISO for a further 12 h before
harvesting. Cell lysates were prepared and subjected to
immunoblotting using antibodies against hnRNP Q and
GAPDH. The ratio of Fluc/Rluc activities was ex-
pressed relative to the values obtained from pRF in
“Con,” which was set at 1. The values represent the
mean ± SD of four transfections. (D) Rat pinealocytes
were treated with ISO and then harvested at the indi-
cated times. Cells lysates were subjected to Northern
blotting and immunoblotting. For kinetic analysis of
hnRNP Q protein, hnRNP Q intensities were normal-
ized to the actin signals, and plotted as a percentage.
The value at zero time was set to 100%. (E) Sheep were
field-maintained (11 h light, 13 h dark). The day sheep
(Day) in this group were sacrificed at noon, and the
night sheep (Night) at midnight. Cell lysates extracted
from sheep pineal glands were subjected to Northern
blotting and immunoblotting. hnRNP Q intensities
were normalized to the GAPDH signals, and plotted as
a percentage. The value at the daytime (Day) was set to
100%. (F) Representative UV cross-linking using cell
lysates extracted from rat pineal glands (PG) isolated at
different time points as indicated (ZT05, ZT15, and
ZT20) and radiolabeled riboprobes (r303 and r174). The
UV cross-linked complexes were immunoprecipitated
with anti-hnRNP Q antibody (lane “IP”). The samples
were fractionated by SDS-PAGE and autoradiographed.
The arrows on the left indicate the 71-kDa protein (p71)
and hnRNP Q. hnRNP Q intensities were normalized
to the p71 signals, and plotted as the ratio of hnRNP
Q/p71 bindings. The value at ZT05 was set to 1. Each
result represents the mean ± SD of two independent ex-
periments.
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Essential role of rhythmic AANAT translation in
robust melatonin production

To verify that the circadian rhythmicity of the AANAT
protein level is due to hnRNP Q-mediated AANAT IRES
activities, we performed a knockdown experiment of
hnRNP Q in pinealocytes. Adenoviral particles express-
ing siRNA against hnRNP Q (AV_hnQsi) efficiently re-
duced the hnRNP Q level. Time course experiments of
hnRNP Q in AV_hnQsiSDM-transduced pinealocytes
showed that its level reaches a maximum after 8 h of ISO
stimulation and declines gradually thereafter (Fig. 7A,B,
open circle). Similarly, the reduced hnRNP Q level in
AV_hnQsi-transduced cells marginally fluctuated in a
circadian rhythm-dependent manner (Fig. 7A,B, closed
circle). The reduced hnRNP Q level elicited an increase
of peak amplitude and a delay of peak time in the
AANAT mRNA profile as previously reported (Kim et al.
2005; Fig. 7C, closed circle). Surprisingly, the AANAT
protein levels showed a dramatic decrease of peak am-
plitude despite sustained high levels of AANAT mRNA
in hnRNP Q-reduced cells (Fig. 7D, closed circle). More-
over, the melatonin production profile in hnRNP Q-at-
tenuated pinealocytes was concomitant with the re-
duced level of AANAT protein (Fig. 7E, closed circle).
Importantly, these results provide the first evidence that
the circadian timing of AANAT protein expression by
hnRNP Q is essential for the robustness of melatonin
rhythmicity.

Discussion

The net amount of protein is determined by the balance
between protein synthesis (translation) and protein deg-

radation (post-translational regulation) (Gebauer and
Hentze 2004; Shu and Hong-Hui 2004). As translation of
mRNA into protein represents the final step in the gene
expression pathway, its regulation is an important
mechanism that enables spatiotemporal modulations of
protein levels (Gebauer and Hentze 2004). The molecular
mechanism that governs melatonin rhythmicity is based
on the nocturnal increment of AANAT protein (Klein et
al. 1997; Ganguly et al. 2002). In this study, we demon-
strate that the rhythmic control of AANAT IRES activ-
ity by hnRNP Q is an indispensable mechanism for the
robustness of circadian melatonin rhythmicity.

HnRNP Q shows multiple functions in the circadian
rhythmicity of AANAT expression: It has been identi-

Figure 7. Essential role of rhythmic AANAT translation in
robust melatonin production. (A–D) Pinealocytes were trans-
duced with adenoviral particles expressing either siRNA against
hnRNP Q (AV_hnQsi, closed circle) or mutated siRNA se-
quence (AV_hnQsiSDM, open cirlce), incubated for 48 h, and
treated with ISO before harvesting at the indicated times. (A)
Cell lysates were extracted and subjected to immunoblotting
(IB) and Northern blotting (Nor). The intensities of proteins
(hnRNP Q in B and AANAT in D) and AANAT mRNA in C
were quantitated with a densitometer, normalized to the
GAPDH and 18S rRNA signals, respectively, and plotted as a
percentage. The maximum value in the AV_hnQsiSDM-trans-
duced pinealocytes was set to 100%. (E) Corresponding melato-
nin values are expressed as a percentage. The maximum value
in the AV_hnQsiSDM-transduced pinealocytes was set to
100%. The values represent the mean ± SD of four independent
experiments. (F,G) Proposed model for rhythmic AANAT trans-
lation as a key regulatory mechanism in nocturnal melatonin
production. The circadian timing of AANAT protein expression
can be explained by two cooperative nocturnal processes: (1)
IRES-mediated AANAT synthesis up-regulated by rhythmic
hnRNP Q, which peaks in the middle of the night; and (2) post-
translational AANAT phosphorylation mediated by �-adrener-
gic signaling, which is required for its stability and enzymatic
activity in melatonin biosynthesis. (hnQ) hnRNP Q; (p-
AANAT) phosphorylated AANAT.
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fied as a factor involved in the destabilization (Kim et al.
2005) and IRES-mediated translation of AANAT mRNA
via its 3�UTR and 5�UTR, respectively. This raises an
interesting question of whether specific functions of
hnRNP Q are a consequence of its binding to distinct
A-rich sequences in the 3�UTR or 5�UTR of AANAT
mRNA and/or of additional binding proteins in rat pine-
alocytes. Most RNA-binding proteins show the broad
range of RNA-binding specificity and exhibit diverse bio-
logical roles that are general characteristics of hnRNPs
(Dreyfuss et al. 1993; Wilkinson and Shyu 2001; Drey-
fuss et al. 2002), as an example shown by the functions of
hnRNP E1/E2 in translational inhibition and stabiliza-
tion of specific mRNAs in hematopoiesis (Weiss and Li-
ebhaber 1994; Ostareck et al. 1997; Ostareck-Lederer et
al. 1998; Ostareck-Lederer and Ostareck 2004). The bind-
ing region of hnRNP Q in the AANAT 5�UTR is the
46-nt-long region that contains adenosine-rich sequence,
but shows no sequence homology with the rat AANAT
3�UTR. Since hnRNP Q can bind the rat AANAT
3�UTR, it would be highly informative if the 3�UTR
were evaluated for IRES activity. Importantly, rat
AANAT 3�UTR within the bicistronic context showed
no IRES activity in pinealocytes (Supplementary Fig. S7).
We previously showed that hnRNP R, hnRNP Q, and
hnRNP L are associated as a complex with the rat
AANAT 3�UTR to mediate the AANAT mRNA degra-
dation (Kim et al. 2005). However, overexpression of
hnRNP L showed little effect on AANAT IRES activity
(data not shown). Taken together, these results suggest
that two distinct functions of hnRNP Q in the transla-
tion and degradation of AANAT mRNA are due to dif-
ferent binding partners corresponding to distinct binding
sequences. Therefore, it cannot be excluded that addi-
tional factors, not identified yet, function as cofactors in
the IRES-dependent translation of AANAT mRNA.

Although it is not clear how hnRNP Q augments
translation of AANAT mRNA, we can speculate on sev-
eral modes of action. First, hnRNP Q may conformation-
ally change the IRES into a structure that enables it to
interact with the translational machinery such as the
40S ribosomal subunit. That is, a putative hnRNP Q–ri-
bosome interaction may assist in binding and/or guiding
ribosomes to the IRES. Second, hnRNP Q may enhance
IRES-mediated AANAT translation through interactions
with other unknown ITAFs. Third, it is possible that
hnRNP Q recruits a canonical translation factor through
a putative protein–protein interaction.

Next, we had a question regarding the functional rel-
evance of hnRNP Q to the circadian AANAT protein
profile. There is no evidence of a regulatory mechanism
that coordinates the two different actions through
hnRNP Q in AANAT gene expression. However,
AANAT mRNA degradation would be dependent on the
AANAT translation, as shown in stabilization of
AANAT mRNA by CHX treatment (Fig. 2B; Bernard et
al. 1997). AANAT protein expression is apparently out of
phase with its mRNA level after midnight. During this
phase, the IRES-mediated translational enhancement
could compromise the decline of AANAT mRNA levels

to maintain the nocturnally high level of AANAT
protein. Interestingly, the reduced hnRNP Q level in
AV_hnQsi-transduced pinealocytes showed a tendency
to induce a putative lag of peak time in AANAT protein
level (Fig. 7A,D, closed circle). This suggests the possi-
bility that the delayed shift of the AANAT protein pro-
file is due to translation of sustained high levels of
AANAT mRNA with a delayed peak time in hnRNP
Q-reduced cells. In summary, the nocturnal condition
causes an increase of hnRNP Q in rat pinealocytes. Up-
regulated hnRNP Q concentration-dependently binds to
the 3�UTR or 5�UTR of AANAT mRNA according to the
specific binding sequence with presumably additional
binding partners. Distinct complexes regulate the stabil-
ity and translation of AANAT mRNA via its 3�UTR and
5�UTR, respectively. HnRNP Q causes the remarkable
differences in AANAT mRNA profiles via their species-
specific 3�UTRs (Kim et al. 2005), but it induces conver-
gence of nocturnal AANAT protein elevation via its
highly conserved 5�UTR among species. Thus, hnRNP Q
plays a key role in controlling the circadian rhythmicity
of AANAT expression at the level of post-transcriptional
regulation. Now, the nocturnal increment of AANAT
protein can be explained by two cooperative nocturnal
processes (Fig. 7F,G): (1) translational regulation—IRES-
mediated AANAT synthesis regulated by rhythmic
hnRNP Q, which peaks in the middle of the night; and
(2) post-translational regulation—AANAT phosphoryla-
tion mediated by mainly adrenergic signaling, which is
required for its stability and enzymatic activity in mel-
atonin biosynthesis (Gastel et al. 1998; Ganguly et al.
2001; Obsil et al. 2001; Zheng et al. 2003; Choi et al.
2004).

Circadian rhythms are fundamental biological phe-
nomena in most living organisms (Dunlap 1999; Harms
et al. 2004; Bell-Pedersen et al. 2005). The molecular ma-
chinery that governs the rhythmicity is based on circa-
dian phase-specific expressions of clock proteins (Harms
et al. 2004; Shu and Hong-Hui 2004). Importantly, there
is still an open question in clock gene expression—the
regulatory mechanisms mediating the dissociation be-
tween mRNA and protein level. The present study re-
veals a yet unappreciated level of regulation within the
core mechanism of circadian melatonin production:
rhythmic IRES-mediated AANAT synthesis. Similar cir-
cadian rhythm-dependent translation could possibly
function as rhythmic switches in other clock genes that
have discrepancies between their mRNA and protein os-
cillation profiles, as the 5�UTRs of various clock genes
also appear to have IRES activities (K.H. Lee, D.Y. Kim,
T.D. Kim, and K.T. Kim, unpubl.). Thus, this example of
rhythmic AANAT translation defines a new paradigm
for circadian phase-dependent protein oscillation in the
biological clock system.

Materials and methods

Rats and analyses of primary pinealocyte cells

Rats were maintained in a controlled environment (12 h light,
12 h darkness; lights on Zeitgeber time, ZT, ZT0–12). Dissoci-

Kim et al.

806 GENES & DEVELOPMENT



ated primary pinealocyte cells were prepared and maintained as
previously described (Han et al. 2005; Kim et al. 2005). To de-
termine the de novo protein synthesis rate under rapamycin
treatment, metabolic radiolabeling experiments were per-
formed as described previously (Cho et al. 2005). Treatment of
rat pinealocytes with norepinephrine or the �-adrenergic ago-
nist ISO induces AANAT expression and melatonin biosynthe-
sis in a mode similar to that seen with nocturnal pineal glands
(Gastel et al. 1998; Han et al. 2005; Kim et al. 2005). In brief,
pinealocytes were treated with 5 µM ISO for 8 h before adding
5 µg/mL actinomycin D (Act D) and 20 nM rapamycin. Cells
were washed twice in methionine- and cysteine-free Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen), incubated for 60
min, and further incubated for 90 min following supplementa-
tion with 35S-labeled methionine (35S-Met) and cysteine (35S-
Cys) (500 µCi/mL; NEN Life Science Products). Cells were then
harvested at the times indicated relative to addition of rapamy-
cin (0, 3, and 6 h). Cell lysates were prepared and subjected to
immunoprecipitation and immunoblotting with a monoclonal
antibody against actin (Cell Signaling). Immunoprecipitates
were subjected to SDS-PAGE and transferred to a nitrocellulose
membrane. After autoradiography, the band corresponding to
actin was excised, and radioactivity was measured using a liquid
scintillation counter. Incorporation of radioactivity into actin
was represented by values relative to that measured at time
zero, to which a value of 100% was assigned. Due to the lack of
the capacity of AANAT antibody to be immunoprecipitated,
the kinetics of AANAT protein were determined under rapa-
mycin or cycloheximide treatment as described above. Pinealo-
cytes were treated with ISO for 8 h before Act D was added in
the absence or presence of rapamycin or 50 µg/mL cyclohexi-
mide, and then harvested at the indicated times (0, 3, and 6 h).
Cell lysates were subjected to immunoblotting and Northern
blot analyses with specific antibodies and 32P-labeled probes,
respectively, as depicted in Figure 2B. For kinetic analysis of
AANAT protein, its intensities were quantitated with a densi-
tometer, normalized to the GAPDH signals, and represented by
values relative to that measured at time zero, to which a value
of 100% was assigned.

Transfections of pinealocytes with bicistronic reporter DNAs
and pCMV · SPORT-�-gal were performed by overlaying the
cells with a precipitate of 1.5 µL of Metafectene (Biontex) and
0.2 µg of DNA for 20 min before adding ∼4 × 105 adenovirus
shuttle particles as previously described (Kim et al. 2005), and
the cells were incubated for 48 h and then treated with or with-
out ISO and incubated for a further 12 h before harvesting at the
indicated times. Cell lysates were prepared and subjected to
immunoblotting, Northern blotting, and luciferase assay. The
ratio (Fluc/Rluc activities) between firefly and Renilla luciferase
activities was calculated. The ratio for the empty vector pRF
was set to 1. Adenovirus-mediated RNA transfection was per-
formed as described above (Kim et al. 2005). In brief, pinealo-
cytes were treated with ISO and transiently transfected with 0.8
µg of the capped bicistronic reporter mRNA RFr303 at intervals
and incubated for 2 h; the medium was then exchanged with
complete medium, and the cells were incubated for a further 4
h before harvesting at the indicated times. Cell lysates were
then prepared and subjected to luciferase assays, immunoblot-
ting, Northern blotting, and melatonin assay (Pfeffer et al.
1999). The ratio of Fluc/Rluc activities at zero time was set to 1.
Intensities of AANAT mRNA and its protein levels were quan-
titated with a densitometer, normalized to RPL32 mRNA and
the actin signals, respectively, and plotted as a percentage of the
maximum. Corresponding melatonin values are expressed as a
percentage of the maximum of net synthesis using a melatonin
ELISA kit. Pinealocytes were transduced with adenoviral par-

ticles expressing siRNA against hnRNP Q (AV_hnQsi) or mu-
tated siRNA sequence (AV_hnQsiSDM) and incubated for 48 h,
and the cells were treated with ISO before harvesting at the
indicated times. Cell lysates were extracted and subjected to
immunoblotting and Northern blotting. Intensities of proteins
(hnRNP Q and AANAT) and AANAT mRNA were quantitated
with a densitometer, normalized to the GAPDH and the 18S
rRNA signals, respectively, and plotted as a percentage. The
maximum value in the AV_hnQsiSDM-transduced pinealo-
cytes was set to 100%.

Plasmid constructions

In the absence of convenient restriction sites for cloning, stan-
dard PCR techniques were used to amplify the desired se-
quences. Amplification of cDNA was performed with Pfu poly-
merase (SolGent) and confirmed by sequencing. To construct
chimeric reporter plasmids, the rat and sheep AANAT 5�UTRs
were amplified from full-length rat AANAT cDNA (accession
no. DQ075321) and sheep AANAT cDNA (accession no.
DQ839412), respectively. The resulting products were digested
with SalI and SmaI and then cloned into the SalI/SmaI site of the
intercistronic region of a pRF bicistronic vector containing Re-
nilla (Rluc) as the first cistron and firefly luciferase (Fluc) as the
second cistron (Kim et al. 2003; Cho et al. 2005), yielding
pRFr303 and pRFs234. To create pHRFr303 and pHRFs234 re-
porters, a palindrome was inserted at the NheI site upstream of
the pRFr303 and pRFs234, respectively (Cho et al. 2005). To
generate the deletion constructs as shown in Figures 3A and 5A
and the inverse construct pRFrev-r303, the rat and sheep
AANAT 5�UTR fragments were amplified from pRFr303 and
pRFs234, respectively, and then inserted into the SalI/SmaI site
of the mock vector pRF. For the construction of the promoter-
lacking reporter plasmids pRFr303�CMV and pRFs234�CMV,
the CMV promoter region was removed from pRFr303 and
pRFs234 via BglII/NheI digestion, and then the DNA fragment
was self-ligated. To create the construct of point mutations
[pRFr303(A–C)] as shown in Figure 5, A and B, two-step PCR
amplification was performed with the following primers (Kwak
et al. 2006): former fragment (5�-AAGTCGACTCAGCAGGAT
TGGGTCAG-3� and 5�-GTGATGGCTCAGAGAGGCGAAT
CCC-3�) and latter fragment (5�-GCAGGGCCAGGGGGGATT
CGCCTCTCTGAGC-3� and 5�-GGGCATGGGTATCTGGC
CACTGACC-3�) (the flanking sequences for cloning purposes
are underlined, and mutated sequences are italic). The second
PCR fragment was digested and cloned in the SalI/SmaI site of
the mock vector pRF. For the construction of pRFr46(A–C), PCR
was performed with pRFr303(A–C) as a template and the oligo-
mers (5�-AAGTCGACATGGGAGGCAGGGCCA-3� and 5�-
GGGTGATGGCTCAGAGAGGCGAATC-3�) (the flanking se-
quences for cloning purposes are underlined, and mutated se-
quences are italic). Then the amplified fragments were digested
and inserted into the SalI/SmaI site of the mock vector pRF. To
perform in vitro binding assays using AANAT 5�UTRs and cell
extracts, fragments of the rat and sheep AANAT 5�UTRs were
amplified as described above. The PCR products were digested
with EcoRI and XbaI and then subcloned into the pSK� vector
(Kim et al. 2005) to generate pSK�-r303, pSK�-r303(A–C), pSK�-
r242, pSK�-r196, pSK�-r174, pSK�-r46, pSK�-r46(A–C), pSK�-s234,
and pSK�-s134. Sense strands were transcribed with T7 RNA
polymerase (Roche). Plasmids pEGFP-hnRNP Q and pRFpolio
have been described elsewhere (Kim et al. 2004; Cho et al. 2005,
2007). For the generation of pKJ-Tev-hnQ437 for purification of
hnRNP Q (amino acids 1–437), PCR was performed with plas-
mid pEGFP-hnRNP Q as a template and hnRNP Q-specific
primers (5� primer, 5�-GCGCGCATATGGTGAAGATGGCG
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GCGGCG-3�; and 3� primer, 5�-CCCTCGAGCTAATAATAG
TAGTAATCATC-3�) (the flanking sequences for cloning pur-
poses are underlined). The amplified DNA fragment was di-
gested with NdeI and XhoI and cloned into pKJ-Tev (Kwon et al.
2005). For the generation of the bicistronic mRNA reporter us-
ing in vitro transcription, pCY2-RFr303 was constructed as fol-
lows: A DNA fragment composed of tandem arrays of the Re-
nilla luciferase gene and rat AANAT 5�UTR as the intercis-
tronic region and the firefly luciferase gene was amplified with
plasmid pRFr303 as a template and primers 5�-AAAGCTTGC
TAGCCACCATGACTTCG-3� and 5�-AACTCGAGTCTAGC
TAGAATTACACG-3�; this was then inserted into the HindIII/
XhoI site of pCY2 (Chen et al. 2001). Sense strands were tran-
scribed with SP6 RNA polymerase (Roche).

Adenoviral RNAi system

To create the modified adenoviral RNAi system (Kuninger et al.
2004; Cho et al. 2007), vector backbone was made by PCR am-
plification with two primers specific for the pShuttle-IRES-
hrGFP vector (Stratagene) (5� primer, 5�-AACTCGAGGGG
TGGGAAAGAATATATA-3�; and 3� primer, 5�-AAAGGCCT
TACGCGCTATGAGTAAGTG-3�) (the flanking sequences for
cloning purposes are underlined). The amplified DNA fragment
was digested with XhoI and StuI. The H1 promoter fragment
from the pSuper RNAi system (Oligoengine) was digested with
EcoR1-T4 DNA polymerase followed by XhoI and cloned into
the XhoI/StuI site of pShuttle backbone, and designated
pShuttle-RNAi vector. The sequence of siRNA against hnRNP
Q (hnQsi) is 5�-ACTGGAACGAGTGAAGAAG-3� (accession
no. AY034483). To generate short hairpin RNA (shRNA) against
hnRNP Q, the sequences of synthesized oligomers were as fol-
lows: sense, 5�-GATCTCCACTGGAACGAGTGAAGAAGT
TCAAGAGACTTCTTCACTCGTTCCAGTTTTTTGGAAA-3�;
antisense, 5�-AGGTGACCTTGCTCACTTCTTCAAGTTCTCT
GAAGAAGTGAGCAAGGTCAAAAAACCTTTTCGA-3� (the
flanking sequences for cloning purposes are underlined; hnQsi
sequences are italicized). Two oligomers were annealed and
cloned into the BglII/HindIII site of the pShuttle-RNAi vector to
generate pShuttle-hnQsi. For constructing mutated shRNA
against hnRNP Q, the hnQsi sequence was mutated by site-
directed mutagenesis (SDM) as follows: 5�-AGTCGAACGA
GTCAACAAC-3� (mutated sequences are bold). Two oligomers
were annealed and cloned into the BglII/HindIII site of the
pShuttle-RNAi vector, and named pShuttle-hnQsiSDM. The
next steps (Generating AdEasy recombinants of pShuttle-
mocksi, pShuttle-hnQsi, and pShuttle-hnQsiSDM, and am-
plification of adenoviral particles containing recombinants)
were performed according to the manufacturer’s recom-
mendations (Stratagene) to generate three types of adenoviral
RNAi systems, and abbreviated AV_mocksi, AV_hnQsi, and
AV_hnQsiSDM, respectively.

Melatonin assay

Melatonin content in pinealocytes was measured with a mela-
tonin ELISA kit (IBL). Homogenized samples in phosphate
buffer (pH 6.8) were diluted and extracted according to the
manufacturer’s instructions. The detection limit for melatonin
in this assay is 1.6 pg/mL. Melatonin content was calculated
against standard values provided by the manufacturer and nor-
malized to protein content.

In vitro RNA synthesis and in vitro binding assay

For in vitro binding assays, [32P]UTP-labeled RNAs, unlabeled
competitor RNA, and biotinylated RNAs were transcribed in

XbaI-linearized recombinant pSK� vectors with T7 RNA poly-
merase (Roche) as described elsewhere (Kim et al. 2005). For
mRNA transfection, the bicistronic construct pCY2-RFr303
was linearized with EcoRI. This plasmid contains a 20-nt-long
poly(A) stretch between XhoI and EcoRI restriction sites. Re-
porter mRNA was generated in vitro from the linearized plas-
mid with SP6 RNA polymerase (Roche) in the presence of the
cap analog m7G(5�)ppp(5�) (Roche). UV cross-linking experi-
ments, biotinylated RNA-affinity purification using rat pineal
extracts, peptide sequencing using MALDI-TOF mass spec-
trometry, and immunoprecipitation of UV cross-linked proteins
were performed as previously described (Kim et al. 2003, 2005;
Cho et al. 2005, 2007), except that radiolabeled RNAs corre-
sponding to AANAT IRES elements and purified hnRNP Q were
used as interacting RNA and protein, respectively. Rhythmic
binding of hnRNP Q to the AANAT 5�UTR was confirmed by
UV cross-linking analyses between [32P]UTP-labeled RNAs and
cell lysates extracted from rat pineal glands isolated at different
Zeitgeber times, and calculated as the relative value to p71
binding to AANAT 5�UTRs. The ratio for ZT05 was set at 1.

Protein preparation and immunoblot analysis

Fractionation of pineal glands and HEK-293T cells into cyto-
plasmic and nuclear extracts was performed as previously
described (Kim et al. 2005). Immunoblot analyses were per-
formed with polyclonal anti-hnRNP Q (anti-SYNCRIP-N anti-
body), polyclonal anti-phospho-4EBP (Cell Signaling), monoclo-
nal anti-EGFP (Santa Cruz Biotechnology), polyclonal anti-
AANAT, monoclonal anti-actin (Cell Signaling), and
monoclonal anti-GAPDH (ICN) as primary antibodies. The sec-
ondary antibodies were visualized using a SUPEX Kit (Neu-
ronex) (Kim et al. 2005), according to the manufacturer’s in-
structions.
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