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The eukaryotic circadian oscillators consist of autoregulatory negative-feedback loops. FRQ, WC-1, and WC-2
are three known components of the negative-feedback loop of the Neurospora circadian oscillator. FRQ
represses its own transcription by interacting with the WC-1/WC-2 complex and inhibiting WC’s role in
transcriptional activation. Here we show that all FRQ associates with FRH, an essential DEAD box-containing
RNA helicase in Neurospora. The budding yeast homolog of FRH, Dob1p/Mtr4p, is a cofactor of exosome, an
important regulator of RNA metabolism in eukaryotes. Down-regulation of FRH by inducible expression of a
hairpin RNA leads to low levels of FRQ but high levels of frq RNA and the abolishment of circadian
rhythmicities. FRH is associated with the WC complex and this interaction is maintained in a frq null strain.
Disruption of the FRQ–FRH complex by deleting a domain in FRQ eliminates the FRQ–WC interaction,
suggesting that FRH mediates the interaction between FRQ and the WC complex. These data demonstrate
that FRH is an essential component in the circadian negative-feedback loop and reveal an unexpected role of
an RNA helicase in regulating gene transcription.
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Endogenous circadian (daily) clocks control a wide vari-
ety of physiological and molecular activities in most eu-
karyotic and some prokaryotic organisms. At the mo-
lecular level, autoregulatory negative-feedback loops
composed of positive and negative elements form the
core circadian oscillators (Dunlap 1999; King and Taka-
hashi 2000; Reppert and Weaver 2001; Young and Kay
2001). The rhythmic activation of transcription of the
negative elements by the positive elements is thought to
be the main basis for the generation of the endogenous
rhythmicity.

In the Neurospora frequency (frq)–white collar (wc)-
based circadian negative-feedback loop, a heterodimeric
complex formed by WC-1 and WC-2 (two PAS domain-
containing transcription factors) acts as the positive el-
ement and activates the transcription of frq by binding to
its promoter (Crosthwaite et al. 1997; Cheng et al. 2001b;
Loros and Dunlap 2001; Froehlich et al. 2003). FRQ pro-
teins (large FRQ [lFRQ] and small FRQ [sFRQ] resulting
from alternative translation initiation) form homodi-
meric complexes and function as the negative elements
in the loop by repressing their own transcription (Aron-
son et al. 1994a; Garceau et al. 1997; Liu et al. 1997;
Cheng et al. 2001a). To close the negative-feedback loop,
FRQ forms a complex with the WC proteins and pre-

vents WC from binding to the frq promoter and activat-
ing frq transcription (Cheng et al. 2001a; Denault et al.
2001; Merrow et al. 2001; Froehlich et al. 2003). In
strains lacking a functional FRQ protein, the negative-
feedback loop is impaired, resulting in high frq mRNA
levels (Aronson et al. 1994a; Merrow et al. 1997; Yang et
al. 2002). How FRQ inhibits the activity of WC complex
is unclear. In frq null strains, in addition to their loss of
circadian rhythmicities, less conidia and aerial hyphae
are produced than a wild-type strain (Aronson et al.
1994b), suggesting that FRQ has functions outside the
circadian feedback loops. In this study, we show that all
FRQ proteins are in complex with FRH, a conserved
RNA helicase. We demonstrate that FRH is an essential
clock component in the Neurospora circadian negative-
feedback loop.

Results

All FRQ proteins are associated with FRH, an
RNA helicase

To understand how FRQ functions in the Neurospora
circadian clock, we purified FRQ from a frq null strain
that carries a c-Myc epitope-tagged FRQ construct (frq−,
Myc–FRQ) (Cheng et al. 2001a) using a combination of
anion exchange chromatography and immunoprecipita-
tion. The Myc-tagged FRQ can rescue the circadian co-
nidiation rhythm of the frq null strain, indicating that it
functions like the wild-type FRQ. Purification using the
protein extracts from a wild-type strain (lacking the My-
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c–FRQ) was used as the control. Figure 1A shows a
silver-stained SDS-PAGE gel of the anti-Myc immuno-
precipitates. Three specific bands were present in the
Myc–FRQ sample (indicated by the large arrows). Mass
spectrometric analysis of the excised bands revealed that
the top band is Myc–FRQ and the 40-kDa minor band is
CK-1a. The latter was previously shown to bind FRQ in
vivo and can phosphorylate FRQ in vitro (Gorl et al.
2001). The protein at 130 kDa is a Neurospora hypotheti-
cal protein (NCU03363.1) that exhibits strong sequence
similarity to eukaryotic ATP-dependent RNA helicases
(Fig. 1B). Because it forms a complex with FRQ, it is
named FRH (FRQ-interacting RNA helicase). There were
no significant amounts of WC-1 and WC-2 found in the
purification products (by Western blot and mass spectro-
metric analyses), suggesting that most of the FRQ/FRH
complex is not associated with the WC proteins.

To confirm the FRQ–FRH interaction, FRH was im-
munoprecipitated from wild-type cell extract using an
FRH-specific antibody. As shown in Figure 2A, FRH in-
teracts strongly with FRQ, suggesting that they form a
complex in vivo. To determine whether both proteins
are in complex with each other quantitatively, immuno-
depletion experiments were performed using cultures
grown in constant light (LL, when FRQ level is high)
(Fig. 2B). Immunodepletion of FRH in the Neurospora
cell extracts also led to complete depletion of FRQ, in-
dicating that the entire pool of FRQ forms a complex
with FRH. Based on the relative amounts of FRQ and
FRH shown in Figure 1A and the fact that FRQ self-
associates (Cheng et al. 2001a), we estimate that one
FRH molecule binds to two FRQ molecules. Immuo-
depletion of FRQ in the cell extracts only resulted in

∼40% reduction of the FRH level, suggesting that ∼40%
of cellular pool of the FRH protein is in complex with
FRQ. Immunodepletion using the preimmune antisera,
however, did not change the levels of FRH and FRQ in
the extracts, indicating the specificity of our FRH and
FRQ antisera. In addition, depletion of FRH or FRQ did
not significantly alter the levels of WC-1 and WC-2 in
the extracts. This data is consistent with our previous
purification results of the WC complex from Neurospora
(He et al. 2002), indicating that most of the WC proteins
are not associated with FRQ and FRH.

The putative open reading frame of FRH encodes a
protein of 1106 amino acids with a predicted molecular
weight of 124 kDa, consistent with its mobility on SDS-
PAGE. It contains a DEAD/DEAH box (ATP binding and
hydrolysis) and a helicase C domain (Fig. 1B), both of
which are found in members of the DExD/H family of
RNA helicases (Rocak and Linder 2004). Comparison of
FRH with other eukaryotic RNA helicases revealed that
it belongs to the SKI2 subfamily of RNA helicases (ac-
cording to the classification in yeast) (Rocak and Linder
2004), and it has sequence homologs in fungi, plants,
insects, and mammals. The homolog of FRH in Saccha-
romyces cerevisiae is the nuclear protein Dob1p (also
called Mtr4p) with 56% identity and 73% similarity
across the entire open reading frame (Liang et al. 1996; de
la Cruz et al. 1998). Dob1p or its cytoplasmic counter-
part, Ski2p, has been shown to be an essential nuclear
(Dob1p) or cytoplasmic (Ski2p) cofactor for the yeast exo-
some complex. The exosome is a large complex consist-
ing of several 3� → 5� exonucleases and is an important
regulator of RNA metabolism in eukaryotes, It is in-
volved in 3�-to-5� RNA (rRNA and mRNA) processing

Figure 1. Identification of FRH as a FRQ-interacting protein.
(A) Silver-stained SDS-PAGE gel showing the affinity purified
FRQ–FRH complex. Cell extracts (prepared from LL cultures) of
the wild-type and frq10, Myc–FRQ strains were used for purifi-
cation (described in the Materials and Methods). The Myc–FRQ-
containing fractions from a Q-Sepharose column purification
were pooled together and immunoprecipitated with the c-Myc
monoclonal antibody-coupled agarose beads. (B) The domain
structure of the FRH protein.

Figure 2. All FRQ proteins are in complex with FRH. (A) Im-
munoprecipitation (IP) assay using the FRH antiserum or the
preimmune serum (PI). Extracts of a wild-type strain grown in
LL were used. (B) Immunodepletion assay showing that all FRQ
proteins are in complex with FRH. IP indicates the antiserum
indicated above was used in the assay; PI indicates the preim-
mune serum was used. (WCL) Whole-cell lysate. (C) Nuclear
and cytoplasmic distribution of FRH, FRQ, and WC proteins.
(N) Nuclear fraction; (C) cytoplasmic fraction. �-tublin was
used as a cytoplasmic control. Equal amounts of nuclear or cy-
toplasmic proteins were loaded.
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and degradation (de la Cruz et al. 1998; Jacobs et al.
1998; Allmang et al. 1999; Mitchell and Tollervey 2000;
Torchet et al. 2002; Hilleren and Parker 2003).

Dob1p/Mtr4p was only found in the nucleus in S. cer-
evisiae (Liang et al. 1996; de la Cruz et al. 1998). As
shown in Figure 2C, FRH is enriched in the nuclear frac-
tion, but it is also present in the cytoplasmic fraction.
Most WC-1 and WC-2 were seen in the nuclear fraction
(Schwerdtfeger and Linden 2000). Similar to earlier re-
sults (Luo et al. 1998; Cheng et al. 2001a; Yang et al.
2002), although FRQ was found in both nuclei and cyto-
plasm, most of FRQ was in the cytoplasm. Based on the
protein yields of our fractionation experiments, we esti-
mate that >90% of Neurospora soluble proteins are cy-
toplasmic. Thus, although the concentration of the cy-
toplasmic FRH is low, it contributes 40%–50% of the
total cellular pool of FRH, consistent with the result of
the immunodepletion experiment. These data, com-
bined with the immunodepletion data shown in Figure
2B, the different ion-exchange column elution profiles of
FRQ and the WC proteins (data not shown), and our data
on FRQ/FRH (Fig. 1A) and WC purifications (He et al.
2002), indicate that the majority of FRQ–FRH complexes
are not associated with the WC proteins.

Down-regulation of FRH leads to low FRQ levels and
arrhythmicity of the clock

Because FRQ forms a complex with FRH, we then tested
whether FRH regulates FRQ in Neurospora cells in vivo.
The DOB1/MTR4 gene is an essential gene in S. cerevi-
siae (Liang et al. 1996; de la Cruz et al. 1998). Even
though we were able to create heterokaryon frh knock-
out strains, we were unable to obtain any homokaryon
Neurospora strains in which the frh gene is disrupted by
gene replacement, indicating that frh is also an essential
gene in Neurospora. To study the functions of essential
genes in Neurospora, we developed a method to knock
down gene expression by inducibly expressing a hairpin
RNA against the gene of interest (Fig. 3A; Kalidas and
Smith 2002). After the induction of the hairpin double-
stranded RNA (dsRNA, ∼500 bp) by an inducer, the
dsRNA will be digested by the dicer enzyme in the cell
to produce small interference RNA (siRNA) that triggers
RNA interference (RNAi) to specifically degrade the en-
dogenous mRNA for the gene of interest. Previously, we
have successfully used this gene silencing approach to
knock down gene expression of albino-3 and frq genes
(P. Cheng and Y. Liu, unpubl.). To down-regulate frh, a
hairpin construct specific for frh under the control of the
qa-2 promoter (quinic acid inducible) (Giles et al. 1985)
was transformed into a wild-type strain at the his-3 locus
to create the dsfrh strain (described in Materials and
Methods). Western and Northern blot analyses were
then performed for cultures grown in the presence or
absence of the quinic acid (QA) inducer (Fig. 3B,C). As
shown in Figure 3B, in the absence of QA, the levels of
FRQ and FRH in this strain were similar to those in a
wild-type strain. The addition of QA, however, led to
>90% reduction of frh protein and mRNA levels (Fig.

3B,C). The down-regulation of FRH also led to a dramatic
reduction of the levels of FRQ proteins (FRQ amounts
were reduced by ∼80%), suggesting that FRH is impor-
tant for maintaining the steady-state levels of FRQ, pos-
sibly by stabilizing FRQ through direct association. In
contrast to the dramatic decrease of FRQ protein, the frq
mRNA level was significantly elevated in the presence
of QA (Fig. 3C). The high level of frq RNA suggests that
the circadian negative-feedback loop is impaired when
FRH is down-regulated (Aronson et al. 1994a; Yang et al.
2002). The levels of WC-1 and WC-2 were also each re-
duced ∼30% in the presence of QA (Fig. 3B), suggesting
that the positive feedback loops were also affected due to
the decrease of FRQ levels (Lee et al. 2000; Cheng et al.
2001b). The reductions of FRQ and WC proteins after the
down-regulation of FRH were specific, since the levels of
many other proteins that cross-reacted with our antisera
did not change with the addition of QA (data not shown).
Previous studies have shown that the addition of QA has
no effect on FRQ expression and clock function in a
wild-type strain (Aronson et al. 1994a; Cheng et al.
2001b; data not shown). Because of the inducible nature
of this dsRNA-mediated gene silencing approach, it
should be a simple and efficient method to study gene
functions, especially for essential genes, in Neurospora.

To examine whether FRH plays a role in the genera-
tion of circadian rhythmicity, circadian conidiation
rhythms of the dsfrh strain were monitored using race
tube assay in the presence of various concentrations of
QA (Fig. 4A). It has been previously shown that the pres-

Figure 3. Down-regulation of FRH results in low levels of FRQ
protein and an increase of frq RNA level. (A) A schematic dia-
gram showing the inducible gene-silencing approach by express-
ing a hairpin RNA. (B) Western blot analyses showing the ex-
pression of FRQ, FRH, and WC proteins. Cultures were har-
vested in LL or at DD24 (24 h in DD). The dsfrh strain was used.
When QA was used, 1 × 10−2 M of QA was added to the liquid
medium. (C) Northern blot analyses showing the expression of
frq mRNA for cultures harvested at DD24.
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ence of QA (up to 1 × 10−2 M) does not significantly af-
fect the circadian conidiation rhythms of a wild-type
strain in constant darkness (DD) (Aronson et al. 1994a;
Cheng et al. 2001b). In race tubes without QA or con-
taining 1 × 10−7 M QA, the dsfrh strain exhibited robust
conidiation rhythms similar to those of a wild-type
strain (data not shown). When QA concentration was
increased to 1 × 10−6 M QA, however, conidiation be-
came arrhythmic, suggesting that the clock was not
functional. The growth rate of the strain was only
slightly slower (15%–20%) than that of the wild-type at
this concentration of QA, suggesting the loss of the clock
function is not due to the severe growth and develop-
mental phenotypes. When higher QA concentrations
were used, further reduction of the growth rate was seen
and no apparent circadian conidiation rhythms were ob-
served (data not shown), consistent with frh being an
essential gene in Neurospora. These data indicate that
partial reduction of FRH leads to arrhythmicity of the
conidiation rhythm and that the role of FRH in regulat-
ing the clock is separated from its essential cellular func-
tions.

At the molecular level, FRQ protein levels and their
phosphorylation states exhibit robust oscillations in
constant darkness in a wild-type strain (Fig. 4B; Garceau
et al. 1997). In contrast, the down-regulation of frh abol-
ished the oscillations of FRQ levels and FRQ phosphory-
lation states in DD and resulted in constant low levels of

FRQ in its extensive phosphorylated forms (Fig. 4B,C).
The levels of FRH appear to be constant in DD in the
wild-type strain, suggesting that its expression is not
clock controlled. The loss of FRQ oscillation suggests
that the clock is not functioning at the molecular level
when the FRH level is low.

We then examined the oscillation of frq mRNA in DD
after the down-regulation of frh by Northern blot analy-
sis. In contrast to the low levels of FRQ seen in Figure
4B, frq mRNA levels remained elevated and were not
rhythmic in DD in the dsfrh strain (Fig. 5A). In addition,
the circadian rhythm of clock-controlled gene 2 (ccg-2)
(Bell-Pedersen et al. 1992) was also abolished in the mu-
tant strain (Fig. 5A). The high levels of frq after the
down-regulation of frh are reminiscent of the high frq
levels observed in a frq9 strain (a strain making a trun-
cated FRQ and lacking a functional circadian negative-
feedback loop) (Aronson et al. 1994a; Merrow et al. 1997).
To examine whether the high levels of frq after the
down-regulation of frh in a wild-type strain is mostly due
to the lack of a functional negative-feedback loop, the
dsfrh construct was introduced into a frq9 strain
(frq9,dsfrh) and its frq levels were examined in the pres-
ence or absence of QA after a light-to-dark transition. If
the effect of the down-regulation of frh on frq mRNA is
independent of the existence of a circadian negative-
feedback loop, we expect that the down-regulation of frh
in the frq9 strain would dramatically increase frq mRNA
levels similar to the data shown in Figure 5A. As shown
in Figure 5B, the down-regulation of frh by the addition
of QA in the frq9,dsfrh strain only resulted in a small
increase of frq levels, suggesting that the high frq levels

Figure 4. Down-regulation of FRH results in the loss of circa-
dian conidiation rhythm and FRQ protein rhythms in constant
darkness. (A) Race tube assays showing the conidiation rhythms
of the dsfrh strain in DD on race tubes containing different
concentrations of QA. Black lines indicate the growth fronts
every 24 h. (B) Western blot analyses showing the expression of
FRQ and FRH in DD in the wild-type strain or the dsfrh strain.
Cultures were harvested at the indicated hours in DD. QA was
present in the medium for both strains. (C) Densitometric
analysis of FRQ Western blot result shown in B.

Figure 5. (A) Northern blot analyses showing the expression of
frq and ccg-2 in DD. Cultures were harvested at the indicated
hours in DD. QA was present in the medium for both strains.
The RNA samples at DD24 for ccg-2 were mishandled. (B)
Northern blot analyses showing the expression of frq in the
frq9,dsfrh strain in the presence or absence of QA. Densitomet-
ric analysis of the Northern blot result is shown at the bottom.
The cultures were grown for 2 d with or without QA in LL
before they were transferred into DD.
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after the down-regulation of frh in a wild-type strain is
mostly due to the lack of a functional negative-feedback
loop. Together, these physiological and molecular data
demonstrate that FRH is an essential clock component
in the Neurospora circadian clock. Moreover, down-
regulation of FRH impairs the frq–wc based circadian
negative-feedback loop.

FRH mediates the interaction between FRQ and the
WC proteins

Since FRQ interacts with the WC complex to inhibit frq
transcription and to close the circadian negative-feed-
back loop (Aronson et al. 1994b; Cheng et al. 2001a;
Denault et al. 2001; Froehlich et al. 2003), the high frq
levels after the down-regulation of frh suggest that FRH
may mediate the closing of the negative-feedback loop.
If so, FRH should be present in the FRQ–WC complex.
Indeed, an immunoprecipitation assay using our WC-2
(or WC-1) antiserum showed that, like FRQ, FRH was
associated with WC-1 and WC-2 (Fig. 6A; data not
shown). We then checked whether the FRH–FRQ com-
plex is maintained in the wc mutants. Because FRQ
expressed at very low levels in wc mutants (Cros-
thwaite et al. 1997), we used strains (wc-1RIP,qaFRQ and
wc-2KO,qaFRQ) in which FRQ expression is controlled
by a QA-inducible promoter (Cheng et al. 2002, 2003). As
seen in Figure 6B, FRQ still forms a complex with FRH
in these strains, indicating that the FRQ–FRH interac-
tion is independent of the WC complex.

To examine whether the interaction between FRH and
the WC complex requires FRQ, the FRH–WC interaction

was examined in a frq10 strain (a frq knockout strain)
(Aronson et al. 1994b). As shown in Figure 6C, FRH was
coprecipitated with the WC complex. Thus, the interac-
tion between the FRH and WC complex can occur inde-
pendently of FRQ. These data, and the fact that most of
FRQ is not associated with the WC complex, suggest
that FRH may mediate the interaction between FRQ and
the WC complex.

To further investigate this possibility, we mapped the
FRQ–FRH interaction domain on FRQ using a series of
mutants containing various internal in-frame deletions
of the sFRQ form covering the entire sFRQ ORF (Gar-
ceau et al. 1997; Liu et al. 1997, 2000). Immunoprecipi-
tation assays revealed that deletion of only one domain
in the middle of the sFRQ ORF (sFRQ6, deletion of FRQ
residues 695–781), but not other regions, eliminated the
interaction between FRQ and FRH (Fig. 7A; data not
shown). These data suggest that this domain is necessary
for the interaction of FRQ with FRH. In addition, the
level of sFRQ6 is significantly lower than the wild-type
sFRQ, consistent with FRH being important in main-
taining the steady-state level of FRQ.

To test whether this domain of FRQ is sufficient for
the FRQ–FRH interaction, a Neurospora strain (tFRQ)
was created in which a truncated FRQ form (residues
656–910, tagged by c-Myc epitope) containing the do-

Figure 6. FRH interact with the WC complex independent of
FRQ. Cultures were harvested in LL. (A,C) Immunoprecipita-
tion assay showing that FRH is associated with the WC com-
plex in a wild-type strain (A) and in a frq null (frq10) strain (C).
The IP assays were performed using the WC-2 antiserum (IP) or
the preimmune serum (PI). (WCL) Whole cell lysate. (B) IP assay
showing the FRQ–FRH interaction in wc-1 or wc-2 mutants
expressing QA-inducible FRQ. FRH antiserum was used for IP.

Figure 7. The interaction between FRQ and FRH is necessary
for the complex formation between FRQ and the WC proteins.
(A) IP assay showing the loss of FRQ–FRH interaction in the
sFRQ6 mutant (frq10,sFRQ6). In the sFRQ3 strain (frq10,sFRQ3),
FRQ amino acids 328–422 were deleted from the sFRQ ORF and
its FRQ level is comparable to that of sFRQ6. (B) IP assay show-
ing that, in the tFRQ strain, the c-Myc-tagged truncated FRQ
protein (FRQ amino acids 656–910) can form a complex with
FRH. (C) IP assay showing the loss of FRQ–WC interactions in
the sFRQ6 mutant. (D) An updated model of the Neurospora
frq–wc-based circadian negative-feedback loop.
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main deleted in sFRQ6 is expressed under the control of
the qa-2 promoter at the his-3 locus (He et al. 2003). As
shown in Figure 7B, this truncated FRQ could form a
complex with FRH. Thus, this region of FRQ is neces-
sary and sufficient for the interaction between FRQ and
FRH.

If FRH mediates the FRQ–WC interaction, this inter-
action should be abolished in the sFRQ6 mutant since its
FRQ–FRH interaction is abolished. As expected, no
FRQ–WC interaction was observed in this mutant (Fig.
7C). Furthermore, the conidiation rhythm of this mutant
is very similar to that of frq null strains (data not shown),
indicating an essential role for this domain of FRQ in
FRQ functions. The ability of FRH to interact with the
WC complex independent of FRQ and the requirement of
the FRQ–FRH interaction for the FRQ–WC interaction
are consistent with a model that FRH helps to recruit
FRQ to WC complex to close the circadian negative-feed-
back loop (Fig. 7D). Thus, FRH is a critical component in
the Neurospora circadian negative-feedback loop.

Discussion

In this study, we identified FRH, an essential RNA he-
licase that forms a complex with FRQ, as a new core
circadian clock component in Neurospora. To under-
stand the role of FRH, we developed an approach to
knock down frh expression by inducibly expressing frh-
specific dsRNA. Based on the data presented above, FRH
appears to have at least two roles in the clock. First, the
formation of the FRQ–FRH complexes is important for
maintaining the steady-state level of FRQ, since all FRQ
forms a complex with FRH and down-regulation of FRH
led to low FRQ levels. A similar situation was also ob-
served with WC-1 and WC-2, as low levels of WC-1 were
found in the wc-2 null mutant (Cheng et al. 2002). Sec-
ond, FRH mediates the interaction between FRQ and the
WC complex to close the negative-feedback loop. FRH is
present in the FRQ–WC complex and the interaction be-
tween FRH and WC is independent of FRQ. In addition,
deletion of a domain of FRQ that disrupts the FRQ–FRH
interaction eliminated the FRQ–WC interaction, sug-
gesting that the FRQ–FRH interaction is important for
the FRQ–WC interaction. Furthermore, the down-regu-
lation of FRH led to high levels of frq RNA, an indication
that the negative-feedback loop is dysfunctional. How-
ever, we could not rule out the possibility that the func-
tion of FRH in regulating RNA metabolism may also
partly contribute to the changes of frq expression when
FRH is down-regulated.

Previously, in vitro gel-shift experiments showed that
the WC complex binds to the frq promoter, and this
binding was reduced when the in vitro-expressed FRQ
was added (Froehlich et al. 2003). Thus, it is possible that
FRQ may also be able to interact with the WC complex
in the absence of FRH in the cell. Because down-regula-
tion of FRH leads to a low level of FRQ and residual FRH
expression, we were not able to examine this possibility
in vivo. Although it is unclear which protein, FRQ or
FRH, plays the principal role in transcription repression,

the current results are consistent with a model that the
FRQ–FRH complex functions as the negative element in
the Neurospora circadian negative-feedback loop.

RNA helicases are known to unwind RNA and regu-
late RNA metabolism. Our results presented here reveal
a surprising role of an RNA helicase in regulating gene
transcription. Most of the FRQ–FRH complexes are in
the cytoplasm and are not associated with the WC com-
plex. What are their functions? Since the levels of FRQ
are rhythmic in a circadian fashion in the cell and all
FRQ proteins are associated with FRH, the amount of
FRQ–FRH complex should oscillate daily. The FRH ho-
molog in yeast, Dob1p/Mtr4p, has been shown to bind
RNA and function as an essential cofactor for the exo-
some, an important regulator of RNA (rRNA and
mRNA) metabolism (Liang et al. 1996; de la Cruz et al.
1998; Jacobs et al. 1998; Allmang et al. 1999; Mitchell
and Tollervey 2000; Torchet et al. 2002; Hilleren and
Parker 2003). Although the role of FRH as an RNA heli-
case in the circadian regulation is unclear at the mo-
ment, it is likely that the daily fluctuation of the FRQ–
FRH complex may provide a mechanism for the circa-
dian clock to directly control RNA processing and
degradation in Neurospora. It is possible that the FRQ–
FRH complex can bind RNA and regulate circadian
rhythms in this organism.

Materials and methods

Strains and growth conditions

The bd, a strain was used as the wild-type strain in this study.
The frq− strain is also designated as frq10 (Aronson et al. 1994b).
The 301-6 (bd, his-3, A), 303-10 (bd, frq10, his-3, A), and 94-1
(bd, frq9, his-3) strains were the host strains for the his-3 tar-
geting constructs. The sFRQ3 (deletion of FRQ amino acids
328–422) and sFRQ6 (deletion of FRQ amino acids 695–781)
strains were created by transforming frq10 strains with sFRQ
constructs containing the in-frame deletions (Liu et al. 2000).
The wc strains expressing qaFRQ were described previously
(Cheng et al. 2002, 2003). To create the tFRQ strain, a construct
was made by inserting a PCR fragment containing FRQ amino
acids 656–910 into the pqa.5Myc vector (He et al. 2003), and it
was transformed into the his-3 locus of the 301-6 strain. Liquid
culture conditions were the same as described previously unless
otherwise noted (Aronson et al. 1994a). For liquid cultures con-
taining QA, 0.01 M QA (pH 5.8) were added into liquid culture
medium containing 1× Vogel’s, 0.1% glucose, and 0.17% argi-
nine (Cheng et al. 2001b). For race tubes containing various
concentrations of QA, no glucose was added into the medium.

Creation of the dsfrh strain

The dsfrh strain was made by introducing a construct express-
ing a frh-specific RNA hairpin under the control of the qa-2
promoter into a wild-type strain. The construct plasmid (pdsfrh)
was constructed by inserting an inverted repeat corresponding
to the frh gene under the control of the qa-2 promoter. Two
frh PCR fragments sharing ∼500-bp overlap were generated cov-
ering FRH amino acids 696–901 (primers FRH.forHindIIIa and
FRH.revEcoRI) and amino acids 730–901 (primers FRH.forHindIIIb
and FRH.revSmaI), respectively. The longer fragment contains

An RNA helicase in the neurospora clock

GENES & DEVELOPMENT 239



∼100-bp unique sequence that functions as the loop in the hair-
pin. These primers contain unique restriction enzyme sites and
the primer sequences are FRH.forHindIIIa: 5�-CCCAAGCTTTG
TCATTCAGCACCCCCAAAAC-3�; FRH.revEcoRI: 5�-CCGGA
ATTCGGCCTTCTTCTTTTCCTTGATC-3�; FRH.forHindIIIb:
5�-CCCAAGCTTCAAACACATCCAGCGACAAACC-3�; and
FRH.revSmaI: 5�-TCGTTGATGAAGCCCAGTCTGC-3�. The
larger fragment was digested with HindIII and EcoRI while the
shorter one was digested with HindIII and SmaI. Afterward, three-
way ligation was performed by mixing these two digested PCR
products with the EcoRI/SmaI digested vector pDE3dBH.qa
(Cheng et al. 2001b). The resulting plasmid pdsfrh that contains
the inverted repeat was targeted to the his-3 locus by transfor-
mation into 301-6 (bd, his-3, A) and 94-1 (bd, frq9, his-3) strains.

During the review process of this article, a similar method for
silencing gene expression in Neurospora was reported (Goldoni
et al. 2004).

Purification of the FRQ–FRH complex from Neurospora

All purification procedures were carried out at 4°C. Twelve
grams of Neurospora tissue from the frq−, MycFRQ strain or the
wild-type strain grown in LL were harvested. Whole-cell lysate
(∼200 mg) in lysis buffer (20 mM Tris.Cl at pH 7.4, 50 mM NaCl,
and 10% glycerol plus protease inhibitors) was applied to a Hi-
trap-Q Sepharose column (5 mL bed volume) (Amersham Phar-
macia Biotech) that has been equilibrated with buffer A (20 mM
Tris.Cl at pH 7.4, 50 mM NaCl). After washing with buffer A,
the bound materials on the column were eluted with 50 mL
linear gradient from 50 mM NaCl to 650 mM NaCl in buffer A.
After Western blot analysis, fractions containing FRQ (∼450
mM NaCl) were pooled together and concentrated to 1 mL using
Centricon YM-30 (Millipore). Immunoprecipitation was per-
formed by adding 15 µL c-Myc monoclonal antibody-coupled
agarose beads (9E10AC, Santa Cruz Biotechnology). After incu-
bation at 4°C with gentle rotation for 3 h, the beads were
washed with 20 mM Tris.Cl (pH 7.4), 50 mM NaCl, and 20 mM
Tris.Cl (pH 7.4), 500 mM NaCl three times alternately before
being washed with water once. The beads were boiled for 3 min
in 30 µL 1× SDS loading buffer and analyzed by SDS PAGE
(4%∼20%). The gel was subsequently silver stained according to
the manufacturer’s instructions (SiverQuest, Invitrogen). The
specific bands were excised and subjected to tryptic digestion
and Nano-HPLC/electrospray mass spectrometry analysis (Uni-
versity of Texas Southwestern Protein Chemistry Core facility).
The resulting MS files were searched against NCBI-nr protein
sequence databases for protein identification.

Generation of antiserum against FRH

GST–FRH (containing FRH amino acids 1–374) fusion protein
was expressed in BL21 cells and the inclusion bodies containing
the recombinant protein were purified and used as the antigen
to generate rabbit polyclonal antiserum as described previously
(Cheng et al. 2001a).

Immunodepletion

The preimmune serum, FRQ or FRH antiserum (100 µL) was
first coupled to 50 µL of protein G beads overnight at 4°C in the
presence of 10 mg/mL BSA and 0.1% NP-40 in 1 mL lysis buffer
(50 mM HEPES at pH 7.4, 137 mM NaCl, and 10% glycerol).
The protein G-coupled IgGs (20 µL, packed volume) were
washed with lysis buffer four times and then incubated with 1
mg whole-cell lysates in the lysis buffer containing 0.05% NP-

40 overnight at 4°C. After centrifugation, supernatants were
resolved by SDS-PAGE and analyzed by Western blot analysis.

Protein and RNA analyses

Protein extraction, quantification, Western blot analysis, and
immunoprecipitation assays were performed as previously de-
scribed (Garceau et al. 1997; Cheng et al. 2001a). Equal amounts
of total protein (40 µg) were loaded in each protein lane, and
after electrophoresis, proteins were transferred onto PVDF
membrane and Western blot analysis was performed. Nuclear
and cytoplasmic protein extracts were prepared as previously
described (Luo et al. 1998) and equal amounts (5 µg) of nuclear
and cytoplasmic proteins were loaded in SDS-PAGE.

RNA extraction and Northern blot analyses were performed
as described previously (Aronson et al. 1994a). Equal amounts of
total RNA (20 µg) were loaded onto agarose gels for electropho-
resis, and the gels were blotted and probed with an RNA probe
specific for frq, frh, or ccg-2.
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