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The circadian clock in eukaryotes controls transcriptional and post-
transcriptional events, including regulation of the levels and
phosphorylation state of translation factors. However, the mecha-
nisms underlying clock control of translation initiation, and the
impact of this potential regulation on rhythmic protein synthesis,
were not known. We show that inhibitory phosphorylation of elF2a
(P-elF2a), a conserved translation initiation factor, is clock controlled
in Neurospora crassa, peaking during the subjective day. Cycling
P-elF2a levels required rhythmic activation of the elF2a kinase
CPC-3 (the homolog of yeast and mammalian GCN2), and rhythmic
activation of CPC-3 was abolished under conditions in which the
levels of charged tRNAs were altered. Clock-controlled accumulation
of P-elF2a led to reduced translation during the day in vitro and was
necessary for the rhythmic synthesis of select proteins in vivo. Fi-
nally, loss of rhythmic P-elF2« levels led to reduced linear growth
rates, supporting the idea that partitioning translation to specific
times of day provides a growth advantage to the organism. To-
gether, these results reveal a fundamental mechanism by which
the clock regulates rhythmic protein production, and provide key
insights into how rhythmic translation, cellular energy, stress, and
nutrient metabolism are linked through the levels of charged versus
uncharged tRNAs.
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Circadian clocks regulate physiology and behavior through the
rhythmic control of gene expression to optimize the timing of
resource allocation for improved fitness (1). Remarkably, up to
50% of the eukaryotic genome is under control of the clock at
the level of rhythmic mRNA abundance (2-8). In addition,
mounting evidence supports circadian posttranscriptional regu-
lation, including clock control of mRNA capping, splicing, pol-
yadenylation, and deadenylation (3, 9-14). Rhythmic proteomic
analysis in mammalian cells revealed that up to 50% of rhythmic
proteins arise from noncycling mRNAs (15-18). Similar results
were observed in the well-established circadian model organism
Neurospora crassa where 41% of the rhythmic proteome arose
from arrhythmic mRNAs (18). These data suggested that cycling
protein accumulation is driven by temporal protein degradation
and/or mRNA translation. In support of clock control of trans-
lation, the levels and modification of several translation initia-
tion factors accumulate rhythmically in N. crassa (18) and
mammals (19, 20), including rhythmic accumulation of trans-
lation initiation factor eIF2« levels in mouse liver and brain (21),
and cycling phosphorylated elF2a (P-eIF2a) levels in the mouse
suprachiasmatic nucleus (22). Furthermore, the activity of
translation elongation factor eEF-2 is controlled by the N. crassa
clock through rhythmic activation of the p38 MAPK pathway
and the downstream eEF-2 kinase RCK-2 (23). However, the
mechanisms and extent of clock regulation of translation initia-
tion are not fully understood. Therefore, we investigated the
connection between the N. crassa clock and translation initiation.

One of the first steps in translation initiation is binding of eIF2
to GTP and the methionyl-initiator tRNA to form the ternary
complex (24, 25). The ternary complex associates with the 40S
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ribosomal subunit to form the 43S preinitiation complex (PIC),
which binds to the mRNA cap to form the 48S PIC. The PIC
scans the mRNA as an open complex, and upon choosing a start
codon in a preferred context, becomes a closed complex with the
start codon paired to the initiator tRNA anticodon (26, 27). In the
process, elF2-GDP is released. The 60S ribosomal subunit then
joins the 40S subunit to form a functional 80S ribosome for pro-
tein synthesis. e[F2-GDP is recycled to eIF2-GTP by the guanine
nucleotide exchange factor eIF2B to enable reconstitution of the
ternary complex for another round of translation (25).

A central mechanism for translational control is phosphory-
lation of the a-subunit of eIF2 (25, 28). In mammalian cells,
elF2a can be phosphorylated by four different kinases (GCN2,
HRI, PERK, and protein kinase A) in response to different types
of extracellular and intracellular stresses (29-31). Among these
kinases, GCN2 is conserved in fungi and mammals (32-34).
GCN2 is activated by chemical and genetic perturbations that
lead to amino acid starvation, and other stresses, which result in
the accumulation of uncharged tRNAs (35). Uncharged tRNA
binds to the histidyl-tRNA synthetase-like (HisRS) domain and
interacts with the C-terminal domain (CTD) of GCN2 to activate
the kinase domain (11, 33, 36, 37). In yeast and mammalian cells,
GCN1 is required for GCN2 activation (38). GCNI1 interacts
with ribosomal protein S10 in the ribosomal A site and is thought
to transfer uncharged tRNA to activate GCN2 kinase (39, 40).
Active GCN2 phosphorylates a conserved serine of elF2a in
fungi and mammals, which inhibits GDP/GTP exchange by

Significance

Circadian clock control of mRNA translation, which contributes
to the daily cycling of at least 50% of the proteins synthesized
in eukaryotic cells, is understudied. We show that the circadian
clock in the model fungus Neurospora crassa regulates rhythms
in phosphorylation and activity of the conserved translation
initiation factor elF2a, with a peak in phosphorylated elF2«
levels during the daytime. This leads to reduced mRNA trans-
lation of select messages during the day and increased trans-
lation at night. We demonstrate that rhythmic accumulation of
phosphorylated elF2a requires increased uncharged tRNA lev-
els during the day to activate the elF2a kinase, coordinating
rhythmic translation initiation and protein production with
nutrient and energy metabolism.

Author contributions: D.B.-P. designed research; S.K., K.C,, Z.D., O.K,, T.M.L,, and C.W.
performed research; S.K., K.C,, Z.D., O.K,, T.M.L, M.S.S., and D.B.-P. analyzed data; and
S.K. and D.B.-P. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email: dpedersen@bio.tamu.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1918459117/-/DCSupplemental.

First published April 30, 2020.

PNAS | May 19,2020 | vol. 117 | no.20 | 10935-10945

n
1]
=
W
=
]
o



https://orcid.org/0000-0001-9189-713X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1918459117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dpedersen@bio.tamu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1918459117

elF2B (28). This reduces translation of many mRNAs, while se-
lectively enhancing the translation of mRNAs that encode pro-
teins required to cope with the stress, including genes encoding
key amino acid biosynthetic enzymes (41). Because P-eIF2a is a
competitive inhibitor of eIF2B, and because elF2a is present in
excess of elF2B, small changes in the levels of P-eIF2a in cells are
enough to substantially alter protein synthesis (30, 42).

Starvation for all or any single amino acid, as well as too much
of any one amino acid, leads to an amino acid imbalance, al-
terations in the levels of charged tRNAs, activation of GCN2,
and synthesis of all 20 amino acids to relieve the imbalance
(43-46). This general amino acid control (30), originally called
cross-pathway control in N. crassa (46), leads to the activation of
GCN2 kinase, phosphorylation of elF2a, and translation of the
bZIP transcription factors CPC-1 in N. crassa, and Gen4 in yeast
(30, 32). Both c¢pc-1 and GCN4 contain upstream open reading
frame (uORF) in the 5 mRNA leader sequence that control
translation of the main ORF in response to amino acid imbal-
ance and the accumulation of P-eIF2a (30, 47-49).

The critical role for eIF2a in cap-dependent translation initia-
tion led us to examine if, and how, the N. crassa circadian clock
regulates translation initiation by regulating the phosphorylation
state and activity of e[F2a. We show that ~30% of available N.
crassa elF2a is phosphorylated during the subjective day under
control of the circadian clock. CPC-3 rhythmic activity, which was
altered by chemical and/or genetic perturbation of amino acid
levels and the levels of uncharged tRNA, was necessary for
rhythmic accumulation of P-eIF2a. This daytime peak in P-eIF2a
levels corresponded with increased levels of uncharged tRNA
during the day, and to reduced translation in cell-free translation
assays prepared from those cells. Furthermore, while the core
clock component FREQUENCY (FRQ) accumulated rhythmi-
cally in Acpc-3 cells, indicating the circadian oscillator was not
impacted by P-eIF2a levels, we confirmed that one gene whose
expression was predicted to be controlled at the level of trans-
lation by P-eIF2a levels, ALG-11, had protein rhythms that were
dependent on CPC-3 and rhythmic P-eIF2a levels in vivo. These
data suggested that clock regulation of P-eIF2a levels by CPC-3
drives rhythmic translation of specific mRNAs, rather than con-
trolling global rhythmic translation, uncovering potential clock
control of select mRNA translation by conserved mechanisms.

Results

elF2a Phosphorylation Is Clock Controlled. To determine whether
the N. crassa circadian clock regulates translation initiation,
rhythms in phosphorylation of elF2a (NCU08277) were in-
vestigated. Protein extracts were isolated from N. crassa cells
grown in constant dark (DD) over a 2-d circadian time course.
The protein extracts were used to assay the levels of total and
P-eIF2a with anti-mammalian eIF2a antibodies directed against
conserved epitopes (Fig. 1 and SI Appendix, Fig. S14). elF2a is
essential; therefore, the specificity of the antibodies could not be
confirmed using a deletion of elF2a. Instead, antibody directed
against total elF2a was confirmed to cross-react with N. crassa
elF2a expressed and purified from bacteria with a band corre-
sponding to the appropriate molecular weight (36 kDa) (SI
Appendix, Fig. S1B). The specificity of the phosphospecific eIF2a
antibody (P-eIF2a antibody) was confirmed by the signal being
dependent on CPC-3 kinase (NCUO01187) (Fig. 24), and by
stimulation of the signal during histidine starvation using
3-amino-1,2,4-triazole (3-AT) treatment (50) (see Fig. 44).

In wild-type (WT) cells, P-eIF2a levels (Fig. 14 and SI Ap-
pendix, Fig. S1C), but not total elF2a levels (Fig. 1B and SI
Appendix, Fig. S1D), cycled with a daily rhythm, reaching peak
levels in the subjective late morning (DD16 and DD40). The
levels of P-eIF2a and total elF2« fluctuated in clock mutant Afrg
cells, but rhythmicity of P-eIF2a accumulation was abolished
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(Fig. 1C). These data demonstrated that the rhythm in P-eIF2«
accumulation is controlled by the circadian clock.

CPC-3 Is Required for Phosphorylation of elF2a. To determine
whether CPC-3 kinase is required for phosphorylation of elF2a in
N. crassa, the levels and phosphorylation status of elF2o were
examined in Acpc-3 cells grown in a circadian time course in DD
(Fig. 2). No P-eIF2a was detected in Acpe-3 cells in DD (Fig. 24),
whereas elF2a was detected at all time points (Fig. 2B). Fur-
thermore, complementation of Acpc-3 cells with a WT copy of
cpc-3 rescued P-elF2a to a level similar to that observed in
WT cells in DD (Fig. 2C). These data supported that CPC-3 ki-
nase is necessary for elF2a phosphorylation when cells are grown
in DD.

Because elF2a is a general translation initiation factor that
may be critical for expression of components of the molecular
circadian oscillator, we examined whether Acpc-3 cells retain a
functional clock by assaying canonical FRQ protein rhythms (51)
from the same extracts used to examine P-eIF2a levels (Fig. 24).
FRQ protein levels were rhythmic in both WT and Acpe-3 cells
(Fig. 2D and SI Appendix, Fig. S1E). In addition, Acpc-3 had no
significant effect on the period of the circadian rhythm of de-
velopment in strains carrying the ras-1° mutation (Fig. 2E),
which slows growth rate and clarifies the rhythm in asexual spore
development (52). However, the linear growth rate in ras-1"¢,
Acpc-3 was slower compared to ras-1 b cells. The growth rate of
Acpc-3 was also slower than WT cells grown in DD (Fig. 4C).
Thus, CPC-3 is necessary for phosphorylation of eIF2a, and for
normal linear growth rate in DD. However, neither CPC-3 nor
rhythmic P-eIF2a levels are required for a functional circadian
oscillator.

Rhythmic Phosphorylation of elF2«a Is Not Dependent on Rhythmic
CPC-3 Levels. Phosphorylation of elF2a is rhythmic and requires
CPC-3 in DD. Rhythmic control of elF2a phosphorylation might
be due to clock control of the levels and/or activity of CPC-3 ki-
nase. To first establish whether the clock controls the levels of cpc-
3 mRNA and protein, WT and Afirg cells were transformed with
either a ¢pc-3 promoter::luciferase transcriptional fusion (Pcpc-
3::luc), or a CPC-3::V5 translational fusion. Pcpc-3::luc and CPC-
3::V5 accumulated rhythmically in WT, but not in Afig, cells
grown in DD (Fig. 3 A and B and SI Appendix, Fig. S2 A and B).
The peak in CPC-3::V5 levels occurred during the subjective day
(DD12-DD16 and DD40), similar to the peak in P-eIF2a levels
(Fig. 14), and consistent with the data from a proteomics study
demonstrating that CPC-3 protein levels cycled under control of
the clock (18). Clock control of CPC-3 protein levels supported
the possibility that rhythmic accumulation of CPC-3 is necessary
for rhythmic P-eIF2a accumulation. To test this possibility, CPC-3
was constitutively expressed from a copper regulatable Prcu-1
promoter (53), and in the presence of Pfcu-I inducer bath-
ocuproinedisulfonic acid (BCS), constitutive expression of CPC-
3::V5 protein was observed over a circadian time course (Fig. 3C
and SI Appendix, Fig. S2C). However, constitutive expression of
CPC:-3 protein did not alter rhythmic P-eIF2« levels (Fig. 3D and
SI Appendix, Fig. S2D). These data indicated that rhythmic ac-
cumulation of CPC-3 protein is not sufficient to explain the
rhythms in P-eIF2a levels. Instead, these data raised the possibility
that the activity of CPC-3 is clock controlled, and that it is the
control of CPC-3 activity, not levels, that accounts for the rhythm
in P-eIF2a levels.

Constitutive Activation of CPC-3 Abolished Rhythmic P-elF2a Levels.
In Saccharomyces cerevisiae, GCN2 kinase is activated upon
binding of uncharged tRNA to the regulatory domains (33, 36,
37). In addition, activation of GCN2 by uncharged tRNA re-
quires the transacting positive effector protein GCN1 (54). The
regulatory domains of S. cerevisiee GCN2 are conserved in N.

Karki et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918459117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1918459117

A
wT

Hrs DD 8 12 16 20 24 28 32 36 40 44 48 52

P-elF2a
amido

B wT

Hrs DD 8 12 16 20 24 28 32 36 40 44 48 52

Lo B ————

amido

C Afrq
Hrs DD 8 12 16 20 24 28 32 36 40 44 48 52

|l e —

amido

Fig. 1.

2. Hrs DD

Hrs DD

21

o

o~

w14

k3

o

O p—— N—  S——

4 8 1216 20 24 28 32 36 40 44 48 52

Hrs DD

The circadian clock regulates the activity of elF2a. Representative Western blots of protein extracts isolated from WT (A and B) or Afrg (C) strains

grown in a circadian time course and probed with anti-P-elF2a antibody (A and C) or total elF2a antibody (B and C). The same protein extracts were used in A
and B. Amido black-stained protein is shown as a loading control. Plots of the data (mean + SEM; n = 3) on the Right show the average P-elF2u (A and C) or
elF2a (B) signal normalized to total protein (solid black line). Rhythmicity of P-elF2a in WT cells (A) was determined using F tests of fit of the data to a sine
wave (dotted black line; P < 0.001), while elF2a in WT cells (B), and both elF2a and P-elF2a in Afrqg cells (C) were arrhythmic as indicated by a better fit of the
data to a line (dotted black lines). The black and white bars at the Bottom of the plots designate subjective day (gray) and night (black) in this and all
subsequent figures. See SI Appendix, Fig. S1 for the full gels in WT cells. The Western blots were done separately; therefore, the levels of P-elF2a (A and C) and
elF2a (B and C) are not comparable between WT and Afrq cells (see Fig. 6A for a comparison of P-elF2a levels in WT and Afrq cells).

crassa CPC-3 (34); therefore, we hypothesized that CPC-3 is
similarly activated by uncharged tRNA and GCN1 (NCU05803).
To first establish whether CPC-3 is activated by amino acid
starvation, 3-AT, a competitive inhibitor of imidazoleglycerol-
phosphate dehydratase enzyme necessary for histidine pro-
duction (55), was added to N. crassa cultures 8 h prior to harvest
at the peak (DD40) and trough (DD28) of P-elF2a levels
(Fig. 14). As a result of clock control, the levels of P-eIF2a were
twofold higher in untreated WT cells at DD40 compared to
DD28 (Fig. 44). However, in 3-AT-treated cells, the time-of-day
difference in P-eIF2a levels was abolished, and the overall levels
of P-eIF2a were approximately threefold higher than the peak at
DD40 in WT cells. As expected, no significant change in total
elF2a levels was observed in 3-AT-treated versus untreated cells
at either time point. These data demonstrated that up to 30% of
elF2a is phosphorylated by the clock during the day (DD40)
compared to maximum levels of P-eIF2a during amino acid
starvation. Consistent with the requirement for binding of un-
charged tRNA for activation, CPC-3 required GCNI1 for acti-
vation of the kinase domain to phosphorylate eIF2a, but deletion
of GCNI1 had no effect on total elF2a levels (Fig. 4B and SI
Appendix, Fig. S34), or on FRQ:LUC protein rhythms (SI Ap-
pendix, Fig. S3B). However, compared to WT cells, the linear
growth rate of Agen-I was reduced to a level comparable to
Acpc-3 cells (Fig. 4C). These data are consistent with the idea
that, similar to S. cerevisiae GCN2, N. crassa CPC-3 requires
uncharged tRNA and GCNI for activation. Therefore, we pre-
dicted that the corresponding mutations known to constitutively
activate GCN2 in S. cerevisiae would constitutively activate N.
crassa CPC-3, and provide the tool needed to examine whether
rhythmic CPC-3 activity is required for cycling P-eIF2a levels.

Karki et al.

In S. cerevisiae, the F835L mutation leads to constitutive ac-
tivation of GCN2, independent of uncharged tRNA binding,
dimerization, association with ribosomes, and association with
GCNI1 (56). The homologous mutation generated in N. crassa
CPC-3, cpc-39, led to a greater than threefold increase in P-eIF2a
levels but had no significant effect on total elF2a levels com-
pared to WT cells grown for 28 h in DD (Fig. 4D). To validate
that the ¢pc-3° mutation bypasses the requirement for activation
by binding of uncharged tRNA, we showed that P-eIF2a levels
were similar to WT levels in Agenl; cpc-3¢ cells (Fig. 4B). These
data supported that, in ¢pc-3° mutant cells, CPC-3 is constitu-
tively active, and this activity is independent of the requirement
for GCNI1 and uncharged tRNA.

Next, to determine whether P-eIF2a rhythmicity requires
rhythmic activation of CPC-3, we examined P-eIF2a levels in
¢pc-3° strains in a circadian time course in DD. If clock control of
the activity of CPC-3 is necessary for rhythmic P-eIF2a accu-
mulation, then the levels of P-eIF2a should be high and ar-
rhythmic in ¢pc-3° cells. Indeed, in the ¢pc-3 mutant, the levels
of P-eIF2a were higher compared to WT (Fig. 4D) and ar-
rhythmic (Fig. 4F), with no corresponding change in the levels of
total elF2a (Fig. 4D and SI Appendix, Fig. S3C). Furthermore,
the clock functioned normally in the mutant, as demonstrated by
robust FRQ::LUC protein rhythms in ¢pc-3 cells (SI Appendix,
Fig. S3B). Similar to the reduced growth in Acpc-3 and Agcenl
that lack P-eIF2a accumulation, constitutive activation of CPC-3,
and the resulting high and arrhythmic accumulation of P-eIF2q,
also led to a reduction in linear growth rate compared to
WT cells (Fig. 4C). Thus, CPC-3 activity is regulated by the
clock, and this regulation is necessary for the rhythmic accu-
mulation of P-eIF2a and normal linear growth rate.
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3-AT and harvested in the subjective day (DD40) or night (DD28). The data are plotted below. (B) Western blot of protein from the indicated cells harvested in
the subjective day (DD28). The blots were probed with anti-P-elF2a antibody or total elF2« antibody. Amido black-stained protein is shown below as a loading
control. (C) Linear growth (millimeters per day) was determined for the indicated strains cultured on race tubes in DD. The data are plotted (mean + SEM; n =
9; *P < 0.01). (D) Western blot of protein from the indicated cells harvested in the subjective day (DD28) and probed with anti-P-elF2« antibody or total elF2«
antibody. Amido black-stained protein is shown below as a loading control. The data are plotted below. The graphs in A and D show the average signal
normalized to total protein loaded (mean + SEM; n = 3; *P < 0.004, Student t test). (E) Western blot of protein isolated from cpc-3° cells grown in a circadian
time course, and including a WT sample harvested at DD40, and probed with anti-P-elF2a antibody. The data are plotted below (mean + SEM; n = 3). P-elF2a
levels were arrhythmic as indicated by a better fit of the data to a line (dotted black lines).

be expected if GCN1 directly controlled rhythmic CPC-3 activity,
given that CPC-3 activity peaks during the subjective day. However,
to rule out the possibility that the daytime accumulation of GCN1
might be sufficient for rhythmic CPC-3 activity, GCN1 was tagged
with the HA epitope, and GCN1::HA was constitutively expressed
from Ptcu-1 (53). In the presence of the Ptcu-I inducer BCS,
GCN1::HA levels were arrhythmic (S Appendix, Fig. S4B), but the
loss of rhythmic accumulation GCN1::HA had no effect on cycling
P-eIF2a levels (SI Appendix, Fig. S4C). Therefore, while these data
cannot rule out clock control of the activity of GCN1, we suspected
that rhythms in the levels of uncharged tRNA accounts for rhythmic
activation of CPC-3 during the subjective day.

Rhythms in uncharged tRNA levels could arise from rhythms
in amino acid levels or aminoacyl-tRNA synthetase (aaRS) lev-
els. Metabolic analysis of free amino acid levels in N. crassa
WT cells did not reveal a significant rhythm for any of the 19
amino acids detected under our growth conditions (SI Appendix,
Fig. S5), despite reported circadian rhythms in amino acid bio-
synthetic enzymes and their corresponding mRNAs (2, 18, 57).
However, several aaRSs, including valyl-tRNA synthetase (ValRS)
(NCU01965), were reported to cycle in abundance at the mRNA
and/or protein levels (18, 57), which could lead to a rhythm in the
balance of uncharged versus charged tRNAs. A translational
fusion of ValRS to LUC (ValRS::LUC) confirmed that ValRS
protein levels are rhythmic in WT, but not in clock mutant Afrg
cells, with a peak in the subjective night (SI Appendix, Fig. S6A4).
We predicted that the trough in ValRS during the subjlective day
would lead to increased levels of uncharged tRNAY* and acti-
vation of CPC-3 during the subjective day. To first test this
prediction, P-eIF2a levels were assayed in the temperature-
sensitive ValRS mutant un-3“, which leads to an ~50% re-
duction in ValRS activity when cells are grown at the permissive
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temperature (25 °C) (58). Consistent with a role for uncharged
tRNA in activating CPC-3, the levels of P-eIF2a were high and
arrhythmic in the un-3* mutant over a circadian time course
(Fig. 54), whereas FRQ protein level cycling was unaffected in
the mutant (Fig. 5B and SI Appendix, Fig. S6B). Complementa-
tion of un-3* with a WT copy of valRS rescued P-eIF2a rhyth-
micity (SI Appendix, Fig. S6C). Next, the levels of uncharged
ValRS were measured over a circadian time course. The levels of
uncharged ValRS cycled with a low amplitude, with a peak
during the subjective day in WT cells (Fig. 5C), but were ar-
rhythmic in clock mutant Afrg (Fig. 5D) and un-3" (SI Appendix,
Fig. S6D) cells. The levels of total tRNA'* did not cycle (SI
Appendix, Fig. S6E). Together, these data supported that circa-
dian rhythms in the ratio of charged versus uncharged tRNAs
drive rhythmic CPC-3 activity, which in turn directs the daytime
peak in P-eIF2a levels.

Clock Control of P-elF2a Activity Is Required for Rhythmic Translation
of Select Transcripts In Vitro and In Vivo. Phosphorylation of elF2a
leads to an overall decrease in protein synthesis (28), and the
clock regulates rhythms in the levels of P-eIF2a in N. crassa.
Thus, we predicted that translation of some mRNAs would be
reduced during the subjective day when the levels of P-eIF2a are
high, and that translation would be increased during the sub-
jective night when the levels of P-eIF2a are low. As an initial test
of this prediction, we carried out in vitro translation assays using
cell-free extracts isolated from WT, Afrg, and Acpc-3 cells har-
vested at the peak (DD40) and trough (DD28) of rhythmic
P-eIF20 levels, that were programmed with capped poly-
adenylated mRNA encoding firefly luciferase (LUC). Trans-
lation was monitored by quantitating LUC activity (Fig. 64). As
predicted, LUC translation was higher when P-eIF2a levels were
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Fig. 5. Rhythms in uncharged tRNA levels are necessary for rhythmic CPC-3 activity and P-elF2a accumulation. (A) Western blot of P-elF2a« levels in the un-3*
mutant grown in a circadian time course and harvested at the indicated times (Hrs DD). A WT sample harvested at DD28 is shown to demonstrate high levels
of P-elF2a in the mutant, and amido-stained protein is shown below as a loading control. The data are plotted below (mean + SEM; n = 3). P-elF2«a levels were
arrhythmic as indicated by a better fit of the data to a line (dotted black line). (B) FRQ protein was analyzed by Western blot in WT and un-3% mutant cells
over a circadian time course (S/ Appendix, Fig. S6B), and FRQ protein levels are plotted (mean + SEM; n = 3). FRQ rhythmicity in both strains was determined
using F tests of fit of the data to a sine wave (dotted lines; P < 0.001). Plot of the levels of uncharged tRNA"?' over a circadian time course in (C) WT (mean +
SEM; n = 3) and (D) Afrq cells (mean + SEM; n = 2). The data for WT was fit to a sine wave (dotted lines; P < 0.001), whereas the data for Afrq was fit to a line.

low during the subjective evening (DD28), and translation was
reduced at the peak of P-eIF2a levels in the subjective day
(DDA40). In Afrgq cells, LUC translation was similar to WT DD28
at both times of the day, supporting that the clock is necessary
for increased P-eIF2a during the day. In Acpc-3 extracts, LUC
translation was significantly higher at both times of day,
reflecting the absence of P-eIF2a under these growth conditions
(Fig. 2). These data supported that clock control of the levels of
P-eIF2a provides a mechanism to regulate rhythmic translation
initiation.

To investigate a role for rhythmic P-eIF2a accumulation on
mRNA translation in vivo, we examined rhythmicity of alg-11
(NCU06779) mRNA and ALG-11 protein levels in WT, Afrg,
and Acpc-3 cells. ALG-11, a mannosyl transferase involved in
N-linked glycosylation of proteins, was chosen based on its
conserved role in posttranslational modifications important in
cell wall stability, signaling, and endoplasmic reticulum protein
quality control (59). In addition, our preliminary RNA-seq and
ribosome profiling data showed that while alg-17 mRNA levels
are arrhythmic, the clock controls rhythms in ribosome occu-
pancy on alg-11 mRNA. These data suggested that alg-11, which
contains a uORF (SI Appendix, Fig. S7), is regulated at the
translational level by the clock. In WT cells, an ALG-11::LUC
translational reporter fusion was rhythmic in DD, peaking during
subjective night when P-eIF2a levels are low, whereas an alg-11
promoter luc fusion (Palg-11::luc, a transcriptional reporter) was
arrhythmic (Fig. 6B). Consistent with translation regulation by
the clock and rhythmic elF2a activity, ALG-11::LUC was ar-
rhythmic in Afrq and Acpc-3 cells (Fig. 6 C and D), as well as in
un-3* cells (SI Appendix, Fig. STC). These data demonstrated
that ALG-11 protein rhythms, which arise from constant mRNA
levels, require a functional clock and rhythmic eIF2a activity.
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Discussion

Translation initiation is a tightly regulated process that requires
several translation initiation factors. One of the main targets of
translational control is eIF2a. We established that the N. crassa
clock regulates the activity of eIlF2a (Fig. 1), with inhibitory
P-eIF2a levels peaking during the subjective day and active
elF2a levels peaking during the subjective night. The nighttime
activity of eIF2a parallels the peak activity of eEF-2 (23), sug-
gesting coordinate control of mRNA translation initiation and
elongation at night.

Consistent with the idea of coordinate circadian control of
initiation and elongation, translation peaked at night in vitro when
P-elF2a (Fig. 64) and PeEF-2 (23) levels are low. Similarly, the
level of ALG-11 protein expression, which requires CPC-3 for
rhythmic mRNA translation, peaked at night (Fig. 6B). In in-
dependent studies, mass spectroscopy analyses of rhythmic protein
accumulation in N. crassa revealed that about 27% of the identi-
fied proteome accumulated with a circadian rhythm, with an ap-
proximately twofold increase in rhythmic protein accumulation at
night compared to the day (2). In contrast, the peak in rhythmic
mRNA levels was biphasic, with most transcripts peaking during
the late night to early morning (2, 18, 57, 60).

Interestingly, N. crassa clock-controlled genes involved in ca-
tabolism generally peak during the day to provide energy for
anabolic functions that occur at night (2, 57). As protein syn-
thesis is energetically costly, it makes sense for the organism to
synchronize most translation to the night when energy resources
are at their maximum to support growth. Indeed, disruption of
rhythmic P-eIF2a levels in N. crassa led to a significant reduction
in linear growth rate (Fig. 4C). Conversely, some proteins ac-
cumulate to high levels during the day under control of the clock
(18). A daytime peak in protein levels may be, in part, due to
only up to one-half of available eIF2a and eEF-2 reaching peak
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Fig. 6. Clock control of P-elF2a levels is required for rhythmic translation in vitro and in vivo. (A) In vitro translation of Juc mRNA using N. crassa cell-free
extracts from WT, Afrq, and Acpc-3 cells harvested in the subjective day (DD40) or night (DD28). Western blots (Top) of the indicated strains were probed with
anti—P-elF2a antibody. Amido-stained protein is shown below as a loading control. The plot below shows the average bioluminescence signal from translation
of Juc mRNA (*P < 0.05; n = 3). (B) Luciferase activity from ALG-11::LUC translational (black line) and Palg-11::luc transcriptional (gray line) fusions in WT cells,
and (C) ALG-11::LUC in Afrq and (D) Acpc-3 cells grown in DD and recorded every 90 min over 4 d (Hrs DD). The average bioluminescence signal is plotted
(mean + SEM; n = 12). ALG-11::LUC in Afrq and Acpc-3 cells was arrhythmic as indicated by a better fit of the data to a line (dotted black lines). (E) Model of
how the circadian clock regulates of mRNA translation through daytime activation of CPC-3. See Discussion for details of the model.

phosphorylation levels under control of the clock in constant
environmental conditions (Fig. 44 and ref. 23), allowing some
mRNAs to escape the daytime inhibition of translation. More-
over, phosphorylation of eIF2a selectively enhances translation
of some target mRNAs, particularly those with uORFs in the
leader sequence (49, 61, 62). Similar situations are observed in
mice, in which some neuronal mRNAs involved in memory
processing have increased translation when eEF-2 is hyper-
phosphorylated (63), and in Aplysia neurons, where eEF-2
phosphorylation promotes the translation of some messages,
while repressing others (64). Taken together, these data support
that certain mRNAs are more sensitive to increased daytime
P-eIF2a and P-eEF-2 levels, and therefore peak in translation at
night when energy levels are predicted to be high, whereas others
are less sensitive, or are specifically activated, and peak in levels
during the day, possibly to deal with predictable increases in
environmental stress during the daylight hours. However, acute
stress at any time of the day overrides circadian regulation of
eEF-2 activity (23), and elF2a activity as demonstrated by con-
stitutive phosphorylation of elF2a in the presence of 3-AT
(Fig. 44).

While P-eIF2a rhythms are necessary for the rhythmic accu-
mulation of ALG-11 (Fig. 6), they are not required for rhythmic
FRQ protein accumulation and a functional clock (Fig. 2 D and
E), supporting that some, but not all, rhythmic proteins are de-
rived from rhythmic translation. However, the full impact of
clock-control of eIF2a activity on translation across the genome,
and the mechanisms underlying whether or not an mRNA is
sensitive to increased P-eIF2a levels during the subjective day,
are not yet known. Interestingly, FRQ (65) and ALG-11 (SI
Appendix, Fig. S7T) mRNAs contain uORFs. While uORFs have
been associated with increased translation when P-eIF2a levels
are high (30, 49, 62), their presence alone in mRNAs would not
be sufficient to predict regulation by rhythmic P-eIF2a levels.

Karki et al.

Although our data show that rhythmic P-eIF2a does not signif-
icantly alter the core clock mechanism in N. crassa, a recent study
of the mammalian circadian clock found that a similar daytime
peak in levels of P-eIF2a in the suprachiasmatic nucleus (SCN)
promoted the translation of A#4, which in turn, activated tran-
scription of the core clock gene Per2 (22). As a result, mutations
or drugs that decreased P-eIF2u levels in the SCN lengthened
circadian period, whereas mutations or drugs that increased
P-elF2a levels shortened the period. Despite differences in the
effect of rhythmic P-eIF2a on the clock between N. crassa and
mice, these data demonstrate a significant and conserved role for
the regulation of translation initiation through elF2a activity by
the clock and its impact on the physiology of the organism.
Rhythmic CPC-3 activity (Fig. 4E), but not cycling CPC-3
levels (Fig. 3 C and D), is necessary for the daytime peak in
P-eIF2a levels. Activation of GCN2 requires binding of un-
charged tRNA to the HisRS domain and the CTD, leading to a
conformational change, activation of GCN2 protein kinase do-
main, and phosphorylation of eIF2a (25, 36, 37, 66). Because the
HisRS domain is conserved in all GCN2 homologs (37), we
speculated that CPC-3 in N. crassa is similarly activated by
rhythmic binding of uncharged tRNA. Consistent with this idea,
histidine starvation, induced by the addition of 3-AT to N. crassa
cells, abolished the time-of-day difference in P-eIF2a levels
(Fig. 44). Amino acid levels accumulate rhythmically in the
mouse brain under control of the clock (67), and in N. crassa,
genes involved in amino acid biosynthesis are clock controlled (2,
18, 57). However, we did not observe a rhythm in free amino acid
levels when N. crassa cells were cultured in DD. Alternatively,
several aaRS mRNAs and proteins were reported in genome-
wide studies to be clock controlled (2, 18, 57), and we validated
that ValRS protein levels are rhythmic, peaking at night (S/
Appendix, Fig. S64). We found that reduced activity of ValRS
led to high and arrhythmic P-eIF2« levels (Fig. 5A4). In addition,
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3-AT treatment of N. crassa cells results in inhibition of His-
tRNA charging (68), and consistent with a role for uncharged
tRNAs in CPC-3 activity, we showed that P-eIF2a levels were
high and arrhythmic in cells treated with 3-AT (Fig. 44). Fur-
thermore, we discovered that uncharged tRNA levels, but not
total levels of tRNAY?, cycle under control of the clock with a
peak during the subjective day, corresponding to daytime acti-
vation of CPC-3 (Fig. 5 C and D and SI Appendix, Fig. S6E).
Although surprisingly little is known about the regulation of
aaRS genes, these data suggest that the levels of aaRSs are rate
limiting. This might be expected given that the K;,, of aaRSs for
their respective amino acids are typically low, in the micromolar
range, whereas the amount of free amino acids are typically in
molar concentrations (69). While starvation for amino acids
(e.g., through exposure to chemical inhibitors, or through mu-
tation) induces CPC3/GCN?2 activity, modulating cellular amino
acid levels to the extent needed to achieve a change in avail-
ability required to affect tRNA charging for circadian regulation
would be more difficult than limiting the activity of the aaRSs
themselves. Taken together, our data support that a change in
the levels or activity of an aaRS, such as what occurs on a daily
basis under control of the circadian clock, has systemwide con-
sequences for tRNA charging and activation of CPC-3. Future
experiments will focus on determining the mechanisms of clock
control of the aaRS genes. Last, in S. cerevisiae, protein phos-
phatases Sit4 and Glc7 remove the phosphate from P-eIF2a (70,
71). We are currently testing whether the homologous phos-
phatases in N. crassa are active at night to remove the phosphate
from P-eIF2a to augment nighttime translation initiation.

Based on these and published data, our current working model
is that increased uncharged tRNA levels during the subjective
day, resulting from clock control of aaRS genes, and their de-
livery by GCN1 to CPC-3 lead to activation of CPC-3, increased
P-eIF2a levels, and reduced translation initiation (Fig. 6E). In
addition, decreased charging of tRNAs would be expected to
slow translation elongation rates in the context of high P-eEF-2
levels. As a result, during the day, mRNA translation would be
generally low, and protein catabolism would rise. Nighttime
peaks in aaRSs would lead to increased charged tRNA levels,
low CPC-3 activity and inhibitory P-eIF2a levels, and enhanced
mRNA translation at night. While our data cannot rule out the
possibility that rhythmic GCNI activity might be required for
cycling CPC-3 activity, the finding that CPC-3 and GCNI1 levels
cycle, but that rhythmic accumulation is not necessary for the
daytime peak in CPC-3 activity and P-eIF2a levels, suggest that
cycling CPC-3 and GCNI1 levels may have additional functions in
the cell and/or increase the robustness of CPC-3 activity rhythms.

Reprogramming protein production through CPC-3/GCN2
activity provides a conserved mechanism for organisms to quickly
adapt to significant changes in the levels of amino acids, energy,
and the ratio of charged versus uncharged tRNAs, such as during
acute nutrient deprivation. Control of the activity of initiation
and elongation factors and their kinases by the clock under
normal physiological conditions adds a further level of regulation
to allow integration of nighttime anabolic and daytime catabolic
cellular pathways with protein translation to effectively utilize
available energy resources, and to contend with predictable
daily stress.

Materials and Methods

N. crassa Strains and Growth Conditions. A list of strains, key reagents, and
oligonucleotides are listed in S/ Appendix, Table S1. Vegetative growth
conditions and crossing protocols were as previously described (72). All
strains containing the hph construct were maintained on Vogel's minimal
media (72), supplemented with 200 pg/mL hygromycin B. Strains containing
the bar cassette were maintained on Vogel's minimal media lacking NH;NO3
and supplemented with 0.5% proline and 200 pg/mL Basta. Race tube assays
to monitor developmental rhythms in strains carrying the ras-7°? mutation,
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and linear growth rates, were accomplished using 1x Vogels salt, 0.1%
glucose, 0.17% arginine, and 50 pg/mL biotin media as previously
described (53).

To assay cpc-3 mRNA rhythms, a Pcpc-3::luc transcriptional fusion was
generated by first amplifying a 1.5-kb promoter fragment upstream of the
cpc-3 coding region using primers LUCF1 and LUCR1 containing Notl and
Ascl restriction sites. The resulting 1.5-kb fragment was cloned into pRMP57
containing an N. crassa codon-optimized luciferase gene (26), linearized
with Ndel, and transformed into WT cells (Fungal Genetics Stock Center
#4200 [FGSC#4200]), and transformants were assayed for luciferase activity.
Pcpc-3::luc transformants were crossed with WT (FGSC#2489) and Afrq::bar
(DBP1228) strains to generate Pcpc-3::luc (DBP2439) and Pcpc-3::luc, Afrq::bar
(DBP2442) homokaryons.

A GCN1:LUC translational fusion was generated by three-way PCR with
1.5 kb of gcn1 (73) ORF (gen1 F1 and R1 primers), 1.65 kb of N. crassa codon-
optimized luciferase gene (gcn1 F2 and R2 primers), 1.0 kb of 3’ genT (gen1
F3 and R3), and cotransformed into WT cells (FGSC#4200) with plasmid for
PBARGEM7-2 (74) for Basta selection. The gcn1 gene was targeted for re-
placement by the GCN1:LUC construct via homologous recombination.
Basta-resistant transformants were picked, screened for luciferase activity,
and endogenous integration of GCN1::LUC was validated using gcn1 F4, R4,
F5, and R5 primers.

cpc-3::v5::hph was generated by three-way PCR with 1.4 kb of the cpc-3
ORF (primers V5F1 and V5R1), 1.8 kb 10x glycine linker-V5-hygromycin-B
resistance gene (hph) (primers V5F2 and V5R2), and 1 kb of the 3’ end of cpc-
3 (primers VF3 and V5R3). PCR was used to verify endogenous integration of
the construct into the cpc-3 locus using V5F4 and V5R4 primers, and ex-
pression of CPC-3::V5 was validated by Western blot using anti-V5 antibody.
A cpc-3::v5::hph homokaryon (DBP2717) was generated by transforming WT
with cpc-3::v5::hph, followed by crossing with WT (FGSC#2489). For over-
expression of CPC-3::V5, a bar::Py,.1::cpc-3::v5::hph strain was generated by
transforming a three-way PCR product containing 1.5 kb of the 5’ cpc-3 ORF
(primers tcu1F1 and tcuR1), bar::Ps.,.; from plasmid DBP450 (primers tcu1F2
and tcuR2) (53), and 1 kb of 3’ end of ¢pc-3 (primers tcu1F3 and tcuR3) into
the DBP2717 strain. Following validation of integration by PCR (primers
tculF4 and tcuR4), a bar:Py, 1::cpc-3::v5::hph homokaryon (DBP2742) was
obtained by microconidia filtration (75).

For overexpression of GCN-1::HA from the tcu-1 promoter, 5" and 3’ in-
tegrating fragments of DNA, consisting of 5’ flank gcn1::3'bar (primers
gcn1°8F1 and barR), and 5'bar::Py.1::gcn1 ORF (primers barF and gen1°5R3),
respectively, were transformed into WT cells (FGSC#4200), creating
DBP3473. Colonies were selected on 250 pg/mL glufosinate ammonium, and
proper integration was confirmed by PCR using primers gcn1°E-validF and
gcn1%E-validR.

A GCN1::HA translational fusion was created by three-way PCR with 1.8 kb
of the gcn1 ORF (primers gcn1-F1 and gen1-R1), 0.183 kb of 3x glycine linker-
HA (primers gcn1-F2 and gcn1-R2), and 2.1 kb (primers gcn1::HA-F3 and
gcn1::HA-R3) of the 3’ flank of gcn1. The GCN1::HA construct was cotrans-
formed into DBP3473 with hyg® plasmid pCSR1::hph (76). Transformants
were selected on plates containing hygromycin B and were validated for
endogenous integration using gcn1:HA-validF and HA-validR. GCN1:HA
expression was confirmed by Western blotting using anti-HA primary anti-
body. A ValRS::LUC translational fusion was generated by three-way PCR
(valRSF1 and valRSR1, and valRSF3 and valRSR3 primers) using the N. crassa
codon-optimized luciferase gene from pRMP57 (primers valRSF2 and
valRSR3) (26, 73), and cotransformed with hyg® pBP15 (77) into WT
(FGSC#4200) cells. Hygromycin-resistant transformants were screened for
luciferase activity and homologous insertion into the valRS gene (primers
valRSF4 and valRSR4).

To generate the constitutive active cpc-3° mutation, phenylalanine at
codon 835 (TTC) and serine 837 (TCT) of CPC-3 was changed to leucine (CTG),
and serine (TCT), respectively, to create a Bcll restriction enzyme site. The
mutant 3.8-kb fragment was generated by two-way PCR using primers cpc-3¢
F1, ¢pc-3R1, cpc-3F2, and c¢pc-3°R2, verified by sequencing, and then
cotransformed with the hyg® pBP15 plasmid (77) into Amus-52::bar (FGSC#9719).
A transformant containing cpc-3° was crossed to WT (FGSC#4200) and AgcnT
(FGSC#14201) to obtain DBP3290 (cpc-39) and DBP3292 (Agcnl, cpc-3°)
homokaryons, respectively. Progeny from the crosses were screened by
PCR using primers cpc-3F3 and cpc-3°R3, followed by restriction digestion
with Bcll.

The ALG-11::LUC translational fusion was generated by three-way PCR
(alg-11F2 and alg-11R2, and alg-11F4 and alg-11R4 primers) using the N.
crassa codon-optimized luciferase gene from pRMP57 (primers alg-11F3 and
alg-11R3) (26, 73), and cotransformed with either hyg® pBP15 (77) into WT
(FGSC#2489), Afrq (DBP1320), and un-3% (FGSC#81) strains, or with BASTAR
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PBARGEM7-2 (74) into Acpc-3 cells (FGSC#10697). Hygromycin or Basta-
resistant transformants were screened for luciferase activity and homolo-
gous insertion into the alg-11 gene (primers alg-11F5 and alg-11R5).

To generate the Palg-11:luc transcriptional fusion, a 1.3-kb promoter
region of alg-11 was amplified with primers alg-11F1 and alg-11R1 con-
taining Xmal restriction sites. The PCR product was digested with Xmal and
cloned into plasmid pRMP57 containing the codon-optimized luciferase
gene (73). The resulting plasmid was linearized by digestion with Pcil,
cotransformed with hyg® pBP15 (77) into WT (FGSC2489) cells, and
hygromycin-resistant transformants were screened for luciferase activity.

To assay FRQ:LUC protein rhythms, strains FGSC#14201, FGSC#10697, or
DPB3290, were crossed to strains containing a FRQ::LUC translational fusion
linked to bar (78). Hygromycin and Basta-resistant progeny were screened
for luciferase activity to generate frq::luc, Agcn1 (DBP3321), frq::luc, Acpc-3
(DBP2789), and frq::luc, cpc-3¢ (DBP3315) strains. cpc-3° was validated by PCR
using cpc-3°F3 and cpc-3°R3 primers followed by restriction digestion
with Bcll.

Circadian Time Courses. Circadian time course experiments for Western blots
and amino acid analyses were accomplished according to published methods
(79) as follows. Mycelial mats in Vogel’s minimal media containing 2% glu-
cose (pH 6.0) were synchronized to the same time of day by a shift from
30 °C light (LL) to 25 °C dark (DD). The cultures were grown in LL for a
minimum of 4 h and transferred to DD on day 1 (for collection at DD36, -40,
-44, -48, -52), day 2 (for collection at DD12, -16, -20, -24, -28, -32), day 3 (for
collection at DD8), and harvested either at 9:00 AM (DD12, -16, -20, -36, -40,
-44) or 5:00 PM (DD8, -24, -28, -32, -48, -52) on day 3. Harvested tissue
was immediately frozen in liquid N,. For constitutive expression of
bar::Py,.1::cpc-3::v5::hph, cells were grown in Vogel’s medium containing 30 pM
of the copper chelator BCS to induce the tcu-7 promoter (53).

Complementation of Acpc-3 and un-3*. Complementation of Acpc-3 was done
to validate that CPC-3 was required for P-elF2a rhythms. A WT copy of cpc-3
was amplified from the genome by PCR (primers cpc-3F1and cpc-3R1) using
Phusion Hot Start High-Fidelity DNA polymerase. The primer pair amplified
1.5 kb upstream of the cpc-3 coding region, the 5.8 kb ¢pc-3 ORF, and 1 kb
downstream of the cpc-3 coding region. The PCR product was cotransformed
with a Basta-resistant plasmid pBARGEM7-2 (74) into Acpc-3 (FGSC#10697).
Transformants were selected for Basta resistance and validated for having a
WT copy of ¢pc-3 by PCR using primers cpc-3F2 and cpc-3R2. Complemen-
tation of un-3% was done to validate that valRS was required for P-elF2a
rhythms. A WT copy of valRS was amplified from WT genomic DNA by PCR
(primers un3compF1 and un3compR1) using Phusion High-Fidelity DNA po-
lymerase. The primer pair amplified 1.2 kb upstream of the valRS coding
region, the 5.9-kb cpc-3 ORF, and 1.4 kb downstream of the valRS coding
region. The construct was cotransformed with hyg® pBP15 (77) into the un-
3" strain (FGSC#81). Hygromycin-resistant transformants were selected and
validated for having a WT copy of valRS by growth at 30 °C and for rhythmic
P-elF2u levels.

3-AT Treatment. To determine whether CPC-3 is activated by amino acid
starvation, germinating conidia were treated with 3-AT. Conidia (1 x 10°)
from WT and Acpc-3 strains were inoculated in 500 mL of Vogel’s minimal
media containing 2% glucose. Conidia were germinated in LL at 25 °C for
4 h, and then transferred to DD at 25 °C. A final concentration of 9 mM 3-AT
was added to the cultures 8 h before harvesting at the indicated time points
for Western blotting.

Protein Extraction and Western Blotting. Protein was extracted as previously
described (80) with the following modification: the extraction buffer con-
tained 100 mM Tris pH 7.0, 1% SDS, 10 mM NaF, 1 mM PMSF, 1 mM sodium
ortho-vanadate, 1 mM p-glycerophosphate, 1x aprotinin, 1x leupeptin
hemisulfate salt, and 1x pepstatin A. Protein concentration was determined
by the Bradford assay. Protein samples (50 pg) were separated on 8% SDS/
PAGE gels and blotted to an Immobilon-P nitrocellulose membrane
according to standard methods.

The levels of P-elF2a were detected using rabbit monoclonal anti-EIF251
antibody diluted 1:5,000 in 5% BSA, 1x TBS, 0.1% Tween, and anti-rabbit
I9G HRP secondary antibody diluted 1:10,000. Total elF2a levels were de-
tected using rabbit polyclonal anti-EIF2S1 antibody diluted 1:5,000, and anti-
rabbit IgG HRP secondary antibody diluted 1:10,000. CPC-3::V5 was detected
using mouse monoclonal anti-V5 antibody diluted 1:5,000 in 5% milk, 1x
TBST, 0.1% Tween, and anti-mouse IgG HRP secondary antibody diluted
1:10,000. FRQ protein was detected using mouse monoclonal anti-FRQ an-
tibody diluted 1:200 in 7.5% milk, 1x TBS, 0.1% Tween, and anti-mouse IgG-
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HRP secondary antibody diluted at 1:10,000. All proteins except FRQ were
detected using chemiluminescence SuperSignal West Pico Substrate. FRQ
was detected using SuperSignal West Femto Maximum Sensitivity Substrate.
Densitometry was performed using NIH Image) software (81) and normal-
ized to protein loading using amido black-stained protein.

Purification of elF2a. To validate the specificity of total elF2a antibody, elF2a
was first amplified from N. crassa ¢cDNA with primers elF2F1 and elF2R1
containing restriction sites for Ndel and Notl. The PCR product and pET30b
vector were digested with Ndel and Notl prior to ligation to create pDBP607,
which creates an IPTG inducible elF2a-6His fusion plasmid for expression in
Escherichia coli. pDBP607 was transformed to E. coli BL21 cells and trans-
formed cells were grown at 37 °C overnight in 5 mL of Luria broth (LB),
supplemented with 30 pg/mL kanamycin for selection. For purification of
elF2a, 1 mL of the overnight culture was inoculated into 50 mL of LB at 37 °C
with shaking at 250 rpm until an OD of 0.63 was reached. A final concen-
tration of 1 mM IPTG was added to induce expression, and cells were chilled
and harvested 3 h after IPTG addition. Total elF2a was purified by batch
binding of a guanidinium buffer lysate to a Ni-NTA column and eluting with
denaturing elution buffer according to published methods (82). After puri-
fication, the protein was dialyzed against multiple volumes of 10 mM Tris-Cl,
pH 8.0, 0.1% Triton X-100, and then brought up to a final concentration of
20 ng/pL in 10% glycerol, 100 mM NacCl, and 0.1 mM EDTA. Purified protein
was visualized by Western blot using total elF2a antibody.

Luciferase Assays. To examine bioluminescence rhythms arising from strains
containing luciferase fusions, 1 x 10° conidia were inoculated into 96-well
microtiter plates containing 150 pL of 1x Vogel's salts, 0.01% glucose, 0.03%
arginine, 0.1 M quinic acid, 1.5% agar, and 25 uM firefly luciferin, pH 6. After
inoculation of conidia (1 x 10° conidia), the microtiter plate was incubated at
30 °Cin LL for 24 h and transferred to DD at 25 °C to obtain bioluminescence
recordings using EnVision Xcite Multilabel Reader, with recordings taken
every 90 min over 4 to 5 d. Raw luciferase activity data were analyzed for
period, phase, and amplitude using BioDARE (83). Raw reads were normal-
ized to the mean to graph the data.

Amino Acid Analysis. Free amino acid levels were measured in WT and Afrg
cells over a circadian time course in Vogel's 2% glucose medium. Cells were
washed with cold water and harvested using vacuum filtration, followed by
flash freezing in liquid nitrogen. Frozen tissue was crushed into a thin
powder using a mortar and pestle. Crushed cells (0.35 g) were boiled in
600 pL of distilled water for 20 min, followed by centrifugation for 15 min at
14,000 rpm. Supernatant (500 pL) was transferred to a VIVASPIN 500 column
concentrator with a molecular weight cutoff of 5,000 Da, followed by cen-
trifugation at 4° for 45 min at 14,000 rpm. The samples were analyzed for
free amino acid levels by HPLC in the Protein Chemistry Lab Core Facility,
Texas A&M University. Ten microliters of the sample were used for amino
acid quantification.

In Vitro Translation. In vitro translation of /Juc mRNA was accomplished as
previously described (23, 84).

tRNA Charging Assay. To examine rhythms in the levels of tRNA"?, a tRNA
charging assay was performed (85). Total RNA was extracted from ground
tissue obtained from circadian time courses of WT (FGSC#4200) and un-3%
(FGSC#81) strains. The pH was maintained at 4.5 throughout the RNA iso-
lation to prevent deacylation. Two micrograms of RNA was treated with
12.5 mM NalO4 or 12.5 mM NaCl in sodium acetate buffer (pH 4.5) in the
dark for 20 min, and then quenched with 0.25 M glucose for 10 min at 25 °C.
Each sample was spiked with 7.3 ng of deacylated yeast tRNAP"® and pro-
cessed using MicroSpin G-25 columns to remove the salt. Desalted RNA was
subjected to deacylation by resuspension in 50 mM Tris-HCl (pH 9.0), in-
cubation at 37 °C for 45 min, followed by precipitation with cold 100%
ethanol. Four hundred nanograms of tRNA was ligated to a 5’-adenylated
linker (primer tRNAQPCR-linker) using T4 RNA ligase 2 truncated. An oligo
(primer tRNAgPCR-GSP) complementary to the linker was used to generate
cDNA with SuperScript RT Il First-Strand Synthesis System. cDNA was diluted
1:10 and used as a template for quantitative PCR to detect val-specific tRNA
using the corresponding primer pairs: yeast tRNAP"® (primers sc-tRNAPMS-F
and sc-tRNAP"®-R) and N. crassa tRNA'?' (primers nc-tRNAY2-F and sc-tRNA2-
R). The data were normalized to yeast tRNAP"S, and the uncharged tRNA"?!
fraction was calculated by subtracting the charged fraction (NalO,-treated)
from total tRNAY? (NaCl-treated).
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Statistical Analysis. Rhythmic data were fit to a sine wave or a line as pre-
viously described (79). Nonlinear regression to fit the rhythmic data to a sine
wave (fitting period, phase, and amplitude) and a line (fitting slope and
intercept), as well as Akaike’s information criteria tests to compare the fit of
each dataset to the two equations, were carried out using the Prism soft-
ware package. The P values reflect the probability that, for instance, the sine
wave fits the data better than a straight line. The Student t test was used to
determine significance in changes in the levels of P-elF2a when compared
between DD28 and DD40, and after induction with 3-AT. Error bars in all
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