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AtHESPERIN: a novel regulator of circadian rhythms with poly(A)-degrading activity in

plants
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ABSTRACT

We report the identification and characterization of a novel gene, AtHesperin (AtHESP) that codes for a
deadenylase in Arabidopsis thaliana. The gene is under circadian clock-gene regulation and has similarity
to the mammalian Nocturnin. AtHESP can efficiently degrade poly(A) substrates exhibiting allosteric
kinetics. Size exclusion chromatography and native electrophoresis coupled with kinetic analysis support
that the native enzyme is oligomeric with at least 3 binding sites. Knockdown and overexpression of
AtHESP in plant lines affects the expression and rhythmicity of the clock core oscillator genes TOC7 and
CCAT. This study demonstrates an evolutionary conserved poly(A)-degrading activity in plants and

ARTICLE HISTORY
Received 29 June 2015
Revised 30 September 2015
Accepted 9 November 2015

KEYWORDS

Allosteric; Arabidopsis;
circadian; deadenylation;
nocturnin; RNA stability

suggests deadenylation as a mechanism involved in the regulation of the circadian clock. A role of AtHESP

in stress response in plants is also depicted.

Introduction

Circadian rhythms are ubiquitous time-keeping phenomena in
eukaryotes with a period of ~24 h that represent an adaptive
strategy to daily environmental changes. Three main compo-
nents are recognized in circadian systems: the input pathways,
the central oscillator and the output pathway. The basic mecha-
nism of the oscillator is well conserved and a general principle
of autoregulatory, interconnected feedback loops of “core” gene
transcription and translation applies that further regulate the
expression of downstream targets.'> In Arabidopsis thaliana, 3
genes, LHY, CCAI and TOCI, regulate the master oscillator via
a well-described repressive mechanism at transcriptional level,
which has recently expanded with numerous components.®
Further, post-transcriptional and post-translational regulations,
and chromatin remodeling are critical for maintaining the cir-
cadian rhythmicity in eukaryotic clocks.”” Among these regu-
latory mechanisms, the stability and the turnover rates of
mRNAs involved in the circadian system are key issues in tran-
script oscillations.® For example, in flies, the daily oscillation of
per (a central oscillator gene) depends on its mRNA life time
and stability % in mammals, hnRPN and PTBI bind the 3'-
UTR of Cryptochromel and Period2 causing their degradation
"% in Neurosporacrassa the clock-controlled rrp44 gene, cod-
ing for the 3'—5 exonuclease subunit of exosome, is

implicated in the degradation of the circadian regulated frq
mRNA '% in plants, the light-regulated transcript levels of the
CCAI “core gene,” and the oscillation of various “output” genes
are ascribed to the stability of their mRNAs,">'* although the
steps and the factors that regulate mRNA turnover of circadian
genes remain essentially unknown.

The first and rate-limiting step of cytoplasmic mRNA turn-
over is the shortening of poly(A) tails, catalyzed by Mg**-
dependent, 3'—5' exoribonucleases, known as deadeny-
lases.'>'® They are classified to the DEDD and the exonuclease-
endonuclease-phosphatase (EEP) superfamilies'®; the former
are named after conserved catalytic Asp and Glu residues, while
the latter have conserved Asp and His residues in their active
site.'® The main deadenylase complexes are CCR4-NOT (Car-
bon Catabolite Repressor 4 — Negative on TATA), PARN [poly
(A)-specific ribonuclease] and PAN [poly(A) nuclease] com-
plexes. Of these, CCR4-NOT and PARN have been studied in
Arabidopsis, while studies on PAN are still limited."”"” CCR4
and the CCR4-CAF1 (CCR4-associated factor 1) consist the
major eukaryotic deadenylation complex known in eukaryotes
up to date. Among these, Nocturnin (NOC) is a circadian dead-
enylase, first identified in X. laevis, also present in mammals,
yeast and flies.”**'

Although A. thaliana may have up to 26 deadenylases,'®
deadenylation in plants has not been extensively studied,
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while a poly(A)-degrading enzyme associated to the clock is
still elusive. Herein, we identify a NOC homolog in Arabi-
dopsis that is transcribed at highest levels in the evening.
Due to its expression profile we name it A. thaliana HES-
PERIN (AtHESP) from the Greek word “Eomepoc; (Hes-
peros), the Evening Star. AtHESP is a novel transcriptional
regulator of circadian rhythms with poly(A)-degrading
activity that affects rhythmically expressed mRNAs of the
core oscillator in plants while a negative role in the plant
response against oxidative stress is also evident.

Materials and methods

Identification of AtHESP. For mining the A. thaliana genome
toward the identification of deadenylase genes, the TBLASTN
algorithm of TAIR database (http://www.arabidopsis.org/Blast/
index.jsp) was used against the TAIR10 transcripts dataset. The
presence of cis-elements present in the promoter regions of
genes of interest was investigated using the PLACE plant cis-
elements database (http://www.dna.affrc.go.jp/PLACE/index.
html).>> A PCR amplicon comprising the full-length cDNA
clone of AtHesperin was produced, using cDNA from 7 days
old plants as template and a pair of specific primers HESP-F
and HESP-R (Table 1). The alignment and phylogenetic analy-
sis of the deadenylase protein sequences were performed with
MEGA 5.05 software package.”> The multiple alignment
parameters were adjusted with gap cost 10 and gap extension 1.
The phylogenetic trees were constructed using the neighbor-
joining algorithm with bootstrap analysis of 1000 replicates.

Cloning, expression and purification of recombinant AtHESP.
For AtHESP overexpression, the complete cDNA sequence was

Table 1. Primers used in experimental procedures.
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subcloned into pET15b vector and used to transform E.coli
cells. Expression was induced at Ago 0.6 with 1 mM IPTG and
culturing for 4 more hours. The AtHESP polypeptide was puri-
fied using Ni-NTA Agarose affinity chromatography matrix
(QIAGEN) equipped on an AKTApurifier (GE Healthcare) fol-
lowing the manufacturer’s instructions.

Size exclusion chromatoghraphy (SEC) analysis. SEC analysis
was carried out using a Tricorn Superose 12 10/300 GL column
(GE Healthcare) adapted on an AKTApuriﬁer (GE Healthcare).
The column was pre-equilibrated for 2 column volumes using
Buffer A (0.1 M Sodium Phosphate Buffer, pH 6.0, 0.5 M
NaCl) with a flow rate of 0.4 ml/min on average. About 500 ul
of sample was loaded on the injection valve. Elution was per-
formed using the same Buffer. The absorbance was monitored
at A,go. The SEC profile was analyzed using the software Uni-
corn™ (Amersham). Protein concentration was 16 mg/ml.
Glucogen phosphorylase from rabbit muscle (97 kDa, 3 mg/ml)
and lysozyme (14.3 kDa, 2 mg/ml) were used as size markers.

Assays for poly(A) degradation. The enzymatic activity of
recombinant AtHESP was determined by a colorimetric assay
as described with some modifications.**® Briefly, the reactions
were performed with 0.1-0.15 nM recombinant AtHESP in
1 ml reactions. The absorbance of poly(A), poly(U), poly(C) or
poly(G) (all from Sigma-Aldrich) was measured at appropriate
wavelengths [poly(A), 662 nm; poly(U), 663 nm; poly(G),
665 nm; poly(C), 667 nm]. Deadenylation reactions with in
vitro transcribed L3A;, and L3A30X49 RNAs were performed as
described elsewhere *7**; reacted RNA was purified, analyzed
in 3% agarose gels and developed with GelRed (Biotium)

Experimental procedure Primer Sequence
Expression cloning in pET15b HESP-F 5'-GGGTCGCATATGTTTAGTTCTACAACTCTG-3
HESP-R 5'-GGGCTCGAG CGAAACTTCCTATTCCCGAC-3'
Expression cloning in HESPSall-F 5'-GTAGGTCGACATGTTTAGTTCTACAACTCTG-3
pCambia355eGFPn
HESPBstEII-R 5’-CGTCGGTCACCCGAAACTTCCTATT-3
Genotyping LBb1.3 5'-ATTTTGCCGATTTCGGAAC-3’
104803-L 5'-CGGAATCTGATACCTGAAAACAC-3
104803-R 5'-TCATTTACGTCAATCCCCTTG-3'
74535-L 5-AAAAAGGTTCTCAAGGGAAGC-3/
74535-R 5-AATTCCTGGGGATATGGTTTG-3'
105290-L 5'-CGGAATCTGATACCTGAAAACAC-3'
105290-R 5'-ATTGGTGTGAAGCTTTTTGGG-3/
127310-L 5'-AAAAAGGTTCTCAAGGGAAGC-3
127310-R 5'-AATTCCTGGGGATATGGTTTG-3'
37900-L 5’-AAGCTCAGAAATTCGTAAGATCG-3'
37900-R 5'-CGCAATAGTGTATATTGGTCCG-3
RT-PCR UBQ-F 5'-TCCAGCGAAGATGAGACG-3
UBQ-R 5’-CCGACACCATTGACAACG-3'
Q-PCR RtUBQ-F 5'-TCCAGCGAAGATGAGACG-3
RtUBQ-R 5-CCGACACCATTGACAACG-3
RtHESP-F 5'-TTCAATTCCTGGGGATATGG-3'
RtHESP-R 5-TGTTTGTGAAGCCAGGAGTG-3'
RtTOCI-F 5'-GTGTTCTTATCAAGGACTGCAGTG-3
RtTOCI-R 5’-CAAGTCCTAGCATGCGTCTTCTTC-3
RtCCAI-F 5'-ATCTGGTTATTAAGCTCGGAAGCC-3
RtCCAI-R 5’-GCCTCTTTCTCTACTTGGAGAAAA-3
RtLHY-F 5" -GACTCAAACACTGCCCAGAAGA-3’

RtLHY-R

5'- GTCACTCCCTGAAGGTGTATTT-3'
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staining.””>" Polyacrylamide gel electrophoresis under native
conditions for acidic proteins (pI < 7) was performed as
described previously.*>

Kinetic analysis and calculation of binding sites. To calculate
the number of the binding sites and the kinetic parameters of
AtHESP for poly(A) as substrate several kinetic approaches
were used.” First, Lineweaver-Burk formalism applied for allo-
steric enzymes that show sigmoidal response in velocity versus
substrate plots. Upon application of the formalism in such
enzymes the 1/v vs. 1/[S] plot is curved, while a linear plot may
be obtained for 1/v versus 1/[S]”, where n is the power that
yields a straight line; in this case the procedure yields an appar-
ent n value (n1,,,) and equals to n. Second, the analysis of the
data in terms of Hill equation allows the calculation of the Hill
coefficient which is used to evaluate the degree of allosteric
cooperativity according to the following equation

log =n,log[S] — logKy' (1)

Vinax — V

where ny is the slope and Ky is the dissociation constant. 1>
1 suggests strong positive kinetic cooperativity and then ny
tends to the number of substrate binding sites. Ky, may be cal-
culated using the equation

Kv' =19, )

where, [S]o5 is the substrate concentration at 0.5 V,,,,.

Additionally, the number of the binding sites can be calcu-
lated by the shape of the v - [S] curve and 2 fractions of Vi,
usually 0.9V,,,,, and 0.1V,,,,, according to the equation

log81
[Sly.s

log T

0.1

3)

Rapp =

where, n,,, represents the apparent number of binding sites,
[Sloo and [S]o; the substrate concentrations at 0.9V,,,, and
0.1V a0 respectively. The next higher integer above #,,, repre-
sents the minimum number of actual sites (designated as n).
However, as the plot is non-linear over the range of velocities
between 0.1 to 0.9V ..., n is determined as the slope of the Hill
plotat v = 0.5 V..

Plant material and growth conditions. Arabidopsis thaliana
(ecotype Columbia-0) seeds were surface-sterilized and placed
at 4°C in the dark for 24 hours in Petri dishes containing Mura-
shige Skoog (MS) medium and 1% agar. They were then trans-
ferred at 22°C under a photoperiod of 16/8 h or 12/12 h light/
dark cycle, at 150umol photons m~2s™". For the evaluation of
the photosynthetic parameters, plants were cultivated on a ster-
ilized soil and peat mixture in controlled-environment growth
chamber (EF7, Conviron, Montreal, Canada) under long day
conditions 16/8 h, with 50 & 5/60 £ 5% humidity, temperature
22 £ 1/18 & 1°C and light intensity of 120 4= 20 wmol photons
m~2 s, All plants were trained for a period of 7 days under
stable conditions of temperature and photoperiod. Plant grown
under 16/8 h light/dark cycles were sampled every 4 hours

from the 8™ day on, while in the morning of the 9™ day they
were transferred in constant light for 2 more days. Plant shoots
were collected at certain time points and used for total RNA
extraction. Seeds of Arabidopsis SALK insertion lines
SALK 037900, SALK_105290 and SALK 127310, were
obtained from the European Arabidopsis Stock Center (NASC)
and were designated as hespl-1, hespl-2, hespl-3, respectively.
Plants genotypes (homozygous or heterozygous for T-DNA
insertion) were determined by PCR amplification with gene
specific forward and reverse primers (37900-L and 37900-R;
105290-L and 105290- R; 127310-L and 127310-R) and T-
DNA primer (LBb1.3) (Table 1). F2 seeds from homozygous
plant lines were used for circadian expression experiments.
Seeds were pregerminated in MS plates and shoots of 8 day-old
seedlings were collected at 5 specified time points and used for
RNA extraction and qRT-PCR experiments.

Production of plant lines that overexpress AtHESP. The full-
length clone of AtHESP was ligated into pCambia35S-eGFPn
(pCambia 2201 backbone), giving rise to the pCambia-HESP
construct. Agrobacterium tumefaciens AGL1 cells were used for
plant transformation by the floral dip method.”® Independent
transgenic lines from F2 were obtained on selective MS
medium containing kanamycin and transferred into pots with
soil in a growth chamber as described above. Genomic DNA
was extracted from 16 individual kanamycin resistant 20 days
old plants and used in PCR with 35S-F and 35S-R primers
(Table 1) for the identification of positive transgenic lines.
Leaves from transgenic plant lines 30 days old were collected at
2 time points (in the morning and just before transition to the
dark) and used for RNA extraction and Q-PCR experiments.

Chlorophyll fluorescence measurements. Chlorophyll fluores-
cence was measured at room temperature in the leaves of 4-
week-old A. thaliana Col-0 and hespl-1 knock down mutants,
using an imaging-PAM fluorometer (Walz, Effeltrich, Ger-
many), as described before.** All leaves were dark adapted for
15 min before measurement. Five areas of interest (AOI) were
selected, one in the center of the leaf, 2 in the outer zone of the
tip and 2 in the base of the leaf. First F, (minimum chla fluores-
cence in the dark) and F,, (maximum chla fluorescence in the
dark) values were measured with dark-adapted samples. F,,
was obtained with a saturating pulse’® of white light
(2400 pmol photons m ™~ s~", 800 ms) followed by application
of actinic light to assess steady-state photosynthesis (F;). The
actinic light of 120 mol photons m™2 sec™' was selected to
match that of the growth light of A. thaliana plants, and low
enough to avoid photo inhibition. The illumination time was
3 min with measurement of F,'(minimum chla fluorescence in
the light) and F,, (maximum chla fluorescence in the light)
from which, automatically values of other chl fluorescence
parameters were calculated by the Imaging Win software. The
value of F,'was estimated using the approximation of Oxbor-
ough and Baker.”® The calculated parameters include the effec-
tive quantum yield of photochemical energy conversion in PSII
(Dpsin), that estimates the efficiency at which light absorbed by
PSII is used for photochemistry, the yield of regulated non-
photochemical energy loss in PSII (®ypq), that is the quantum
yield for dissipation by down regulation in PSII and ®yo, the



quantum yield of non-regulated energy loss in PSIL>® Photo-
chemical quenching (g,), a measure of the fraction of open
PSII reaction centers, that is the redox state of quinone A (Q,),
primary acceptor of PSII, and the non-photochemical quench-
ing (NPQ), that estimates heat dissipation of excitation energy
were also calculated. The relative PSII electron transport rate
(ETR) was calculated according to Schreiber et al.’” Excitation
pressure, measured as 1-g,, is an estimate of the proportion of
closed PSII reaction centers.”®

Real time PCR. Shoots from plants, collected at time points as
described above, were grounded in liquid nitrogen. Total RNA
was isolated from 15 plants for each one of 3 biological repeats
in every time point using RNeasy extraction Kit (QIAGEN). To
eliminate genomic DNA contamination, RNA samples were
treated with DNasel (Invitrogen) according to manufacturer’s
instructions. First strand cDNA was reverse transcribed with
SuperScript II™ Reverse Transcriptase (Invitrogen) according
to instructions provided by the manufacturer. The resulting
first-strand cDNA was normalized for the expression of house-
keeping gene of Ubiquitin (UBQ). Gene specific primers were
designed for the HESP, UBQ, CCAI TOCI and LHY genes with
Beacon designer v7.01 software (Table 1). Quantitative RT-
PCR reactions were performed on MX 3005P system (Strata-
gene, CA, USA) using KAPASYBR® FAST qPCR (Kapa Biosys-
tems) and gene-specific primers following the manufactures
instructions. PCR cycling started with the initial polymerase
activation at 95°C for 5 min, followed by 45 cycles of 95°C for
15 sec, 58°C for 20 sec and 72°C for 10 sec. The primer specific-
ity and the formation of primer-dimers were monitored by dis-
sociation curve analysis and agarose gel electrophoresis on a 3
% (w/v) gel. In all samples a single amplicon has been detected.
Relative transcript levels in different samples for the gene of
interest were calculated as a ratio to the UBQ gene transcripts.
Data were analyzed according to Pfaffl*” and the reactions effi-
ciency have been estimated with LinReg PCR.*’ For all samples
from different time points, 3 biological replicates of PCR reac-
tion were performed for each gene.

Statistical analysis. All experiments were conducted at least
twice and analyzed by analysis of variance ' followed by Dun-
can multiple comparison tests (a < 0.05). Chlorophyll fluores-
cence measurements represent averaged values (n = 6) from 2
independent experiments with 3 leaf samples (each with 5A0T)
from 3 different plants, per treatment per experiment. Standard
errors were calculated for all mean values and t-tests were per-
formed for pair wise comparisons of means at different time
points (P < 0.05).

Results

AtHESP gene codes for a deadenylase in A. thaliana. In order
to identify circadian deadenylase genes in plants, Xenopus lae-
vis Nocturnin (NOC) amino acid sequence >' was used as query
sequence for mining the A. thaliana genome. At least 8 differ-
ent genes with homology to NOC were identified. As NOC
exhibits circardian expression, the promoter regions (up to
2 kb upstream) of the putative orthologswere searched for the
presence of cis-elements previously reported to be implicated in
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circadian regulation of gene expression.*"*> Among these, only
in the promoter of At1G31500 we identified: a) 2 conserved
Evening Element (EE) regulatory sequences (AAATATCT) at
positions —707 and —873, previously characterized in A. thali-
ana,”>** b) B type E-boxes, CACGTG, also called G-boxes in
plants,* ¢) 3 palindromic hexanucleotide E-box elements
(CANNTG) at positions —328 (CAGGTG), —399 (CAATTG)
and —482 (CAAATG), respectively, similar to those reported
in other NOC promoters from Mammalia, vertebrates, chicken
and insects,**” and d) 4 CCA1 binding sites (AATCT) at posi-
tions —149, —277, —343 and —424 binding elements, charac-
terized as CCA1/LHY binding sites on TOCI promoter ****
(Fig. 1A). Thus, ATIG31500 gene, named AtHesperin
(AtHESP), was identified as a putative NOC homolog in A.
thaliana.

The deduced amino acid sequence of AtHESP results to
a theoretical molecular mass of 47.1 kDa and isoelectric
point of 6.80. AtHESP, like NOC, possess high similarity to
the catalytic C-terminus of ScCCR4 and the catalytically
important residues E556, D713 and D780 and HS818 (resi-
dues E143, D308, D366 and H405) *° of ScCCR4 as well as
the PDILCLQEV domain involved in MgJr2 or Mn™ bind-
ing (positions 136-145) *° are conserved in all deadenylases
aligned, including AtHESP (Fig 1B). The sequence was
compared with the ones of biochemically characterized
NOCs from human (HsNOC; GenBank accession number
NP036250),°° mouse (MmNOC; NP033964),> Xenopus lae-
vis (XINOC; NP001079281) %' and Rattus norvegicus
(RnNOC; NP612535),>" as well as with CCR4 members of
CCR4-NOT deadenylation complex, conserved among the
organisms, namely the human HsCNOT6 (CCR4a;
NP056270), HsCNOT6L (CCR4b; AF183961) and yeast Sac-
charomyces cerevisine ScCCR4 (AAB24455).°*>*  Plant
orthologues with a high similarity to AtHESP were also
identified in the databases from Ricinus communis
(ReNGL1; XP002519903) and Populus trichocarpa (PtEEP;
XP002304397) and included in the analysis (Fig. 1C). The
analysis showed that AtHESP is not very closely related to
characterized NOC proteins sharing 23%, 22.6%, 22.8% and
23% similarity to XINOC, MmNOC, HsNOC and RnNOC,
respectively.

Our in silico analysis suggests that AtHESP codes for a
putative deadenylase sharing similarities to previously char-
acterized EEP deadenylases, including the circadian regu-
lated NOCs.

AtHESP is a Mg"-dependent poly(A)-specific 3 nuclease.
Based on our in silico analysis, we evaluated the ability of puri-
fied recombinant AtHESP (Fig. S1) to accept poly(A) as sub-
strate, using a standard colorimetric RNase assay, previously
used for kinetic studies on PARN deadenylase.*** The plots of
the reaction rates vs. poly(A) concentration at several pH values
and temperatures produced saturation curves, suggesting that
AtHESP can efficiently degrade poly(A) (Fig 2A). Optimal con-
ditions for degradation were at 25°C, pH 6.5 (compare the
reaction rate values shown at left and right panels in Fig 2A).

The majority of poly(A)-degrading enzymes depend on
Mg(I) for efficient activity.'® Accordingly, assays with
[Mg™?] varying from 0.25 mM to 5 mM were performed.
The concentration of Mg(II) that showed the highest poly
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Figure 1. (A). Analysis of AtHESP (At1G31500) promoter. EEs, CCA1 Binding Sites and E-boxes important for circadian regulation are marked. (B). Schematic representation
of AtHESP (417 amino acids) showing the conserved nuclease domain (in blue) related to the Mg>*-dependent EEP superfamily, in comparison with the mouse NOC and
human orthologHsCNOT6L. The latter possesses N-terminal leucine-rich repeats (LRRs) (shown in gray). The amino acid lengths are given for each polypeptide. The posi-
tions of the conserved catalytic amino acids are also indicated. (C). Partial AtHESP amino acid sequence alignment with characterized NOCs, focusing on conserved amino
acid residues. HSNOC, MmNOC, RnNOC and XINOGC, orthologs of the EEP deadenylase family (HsCNOT6, HsCNOT6L and ScCCR4), and plant orthologs RCNGL1 and PtEEP,
are included. The black line indicates the conserved PDILCLQEV domain for Mg?™/Mn*" binding, which includes the catalytic residues E193 of MmNOC or E556 of ScCCR4
(both indicated by filled polygon). The filled square, the filled ellipse and the open star indicate catalytic residues D713, D780 and H818 of ScCCR4, respectively. Colors of
residues are according to amino acid polarity. (D). Phylogenetic analysis of NOC, CCR4 and EEP protein sequences. The percentage of replicate trees in which the associ-
ated taxa clustered together is shown next to the branches. Scale bar, 0.1 substitutions per site. Hs, Homo sapiens; Ms, Mus musculus; Pt, Populus trichocarpa; Re, Ricinus
communis; Rn, Rattus norvegicus; Sc, Saccharomyces cerevisiae; X1, Xenopus laevis.

(A)-degrading rate was considered as control to normalize Next, we investigated the specificity of AtHESP for RNA
the activity data. Figure 2B shows that AtHESP activity substrates, testing the use of poly(U), poly(C), or poly(G), and
depends on magnesium jons and the optimal Mg(II) con- compared the rates to those of poly(A). Poly(U) was degraded
centration for poly(A) degradation is at 2 mM. to some extent [~20% of poly(A)], while poly(C) and poly(G)
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reaction product.

were almost unaffected (Fig. 2C). Thus, AtHESP shows strong
specificity for polyadenosine stretches.

To provide further evidence that AtHESP behaves as a poly
(A)-specific nuclease, we incubated AtHESP with 2 different
RNA substrates previously used for the characterization of
PARN deadenylase; L3A 3, that bears a stretch of 30 adenosines

(Aso) at the 3’end of the substrate, and L3A;X,o, where the
poly(A) stretch is internal followed by an RNA sequence of 49
nucleotides (X,9, where X denotes any nucleotide) encoded by
the vector.”® Incubation of L3A3, RNA with AtHESP revealed
reaction products that correspond to shortened RNAs, while
such products were absent in reactions with L3A;,X,9 RNA
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(Fig 2D). Since the L3A;,X49 RNA pattern was almost unaf-
fected, AtHESP is neither 5'-exoribonuclease, nor endoribonu-
clease and can only degrade RNA substrates that bear a
polyadenosine stretch at their 3’ ends (Fig 2D, lanes 3-6). To
obtain additional evidence for the poly(A)-degrading activity of
AtHESP, the electrophoretic profile of the 2 RNAs by AtHESP
was compared to that of PARN. Figure 2D shows that the reac-
tion pattern of L3A;, and L3A;,X,9 RNAs upon incubation
with PARN is comparable to the one observed for AtHESP
(Figure 2D, compare lanes 3, 4 with 7, 8 and lanes 5, 6 with 9,
10). We also incubated L3A;, RNA with either AtHESP or
PARN for several time intervals, and the reaction products
were analyzed on RNA polyacrylamide — urea gels and visual-
ized with silver staining. Both AtHESP and PARN produced
analogous patterns of substrate degradation (Supplementary
Figure S2A). Finally, we incubated digoxygenin-labeled L3A;,
RNA in the presence of AtHESP as described above. The reac-
tion products were fractionated on polyacrylamide gels and
faster migrating products were observed upon incubation with
AtHESP (Supplementary Figure S2B).

Collectively, the previous results show that AtHESP can effi-
ciently degrade poly(A) stretches in vitro in a Mg(II)-depen-
dent manner, representing a bona fide 3'-end poly(A)
exoribonuclease.

Kinetic behavior and evidence for oligomerization. The sig-
moid curves of the v - [S] plots obtained in Figure 2B suggest
positive cooperativity and are reminiscent of allosteric behavior
with multiple catalytic sites. Thus, we analyzed our kinetic data
to calculate the potential number of binding sites #n, based on
several kinetic approaches.”® First we applied Lineweaver-Burk
formalism for sigmoidal response curves. In this case, a typical
double reciprocal 1/v - 1/[S] plot (where [S] is raised to power
1) produces a curved line, while it is possible to obtain a
straight line when [S] is raised to various powers; the n value of
the potential binding sites would be the power that yields a
straight line in a 1/v vs. 1/[S]"” plot. Figure 3A shows that the
minimal power that produced a linear 1/v - 1/[S]" plot was n =
3. It should be noted that this approach indicates the minimal
potential binding sites. From this formalism, we also calculated
the basic kinetic parameters of the enzyme; V.., equals to
0.086 pg poly(A)/(ml x min) and Ky, to 0.06 ug poly(A)/ml
(Fig 3A). Second, the slope ny of the log[v/(Viax- v)] - logl[S]
plot (Hill plot) equals to 22 (Fig 3B). Values of
np > 1 suggest strong positive kinetic cooperativity during the
enzyme reaction, while ny< 1 suggests negative cooperative
binding. When the cooperativity is strong, ny also tends to the
number of substrate binding sites, suggesting that the next
higher integer, n = 3, represents the minimum number of
actual sites.” Finally, we calculated the Happ Value of the [S]oof
[S]o.1 ratio from the sigmoid lines as the one produced at opti-
mal conditions (25°C/pH 6.5; Figure 2A, left panel); the analy-
sis yielded n,p, = 2.7, suggesting that the enzyme consists of 3
potential substrate sites (the next higher integer above n,,).
Taken together, our kinetic analyses based on 3 methods sug-
gest that AtHESP shows strong cooperativity with at least 3
substrate sites.

To gain additional evidence on the oligomeric stoichiometry
of AtHESP, we performed SEC analysis with a Superose 12 10/

300 GL column. As the theoretical molecular mass of AtHESP
is 47.1, Figure 3C shows 2 major peaks, at approximately 150
and 100 kDa, corresponding to the potential oligomeric states,
namely trimeric and dimeric, respectively (Fig. 3C). We further
analyzed the electrophoretic pattern of the SEC fractions under
both denaturing and non-denaturning conditions. The mono-
meric state of the protein was evident in SDS-PAGE analysis
(Fig. 3D). The electrophoretic pattern of gel filtration fractions
under non-denaturing conditions revealed several bands corre-
sponding to oligomeric forms (Fig 3E, in particular lanes corre-
sponding to SEC fractions 10-12), and suggests a stoichiometry
of 2 or 3. This is further supported by the patterns observed for
urease and bovine serum albumin oligomers (Fig. 3E). The pat-
tern in Figure 3E also revealed slower migrating bands that
could represent complexes with stoichiometry greater than 3.
The kinetic analysis does not exclude this possibility, as linear
reciprocal plots were obtained for powers of [S] greater than 3,
suggesting n > 3. Taken together the kinetic and SEC analyses
suggest that AtHESP is oligomeric, probably with 3 binding
sites. Further experimentation is necessary to elucidate the
complete structure of the enzyme.

AtHESP is a circadian-regulated gene expressed in the even-
ing. To confirm the anticipated circadian regulation of
AtHESP, we examined the AtHesp mRNA levels over diurnal
and circadian time courses. In both 12/12 h and 16/8 h light/
dark photoperiods, AtHESP exhibits a nearly 3-fold diurnal
oscillation in mRNA accumulation with maximum levels just
before transition to the dark (Fig. 4A, B). In run-off experi-
ments, where plants growing in 12/12 h light/dark cycle were
transferred in constant light for 2 more days, we still observed a
rhythmic pattern of AtHESP transcript abundance, suggesting
that the transcript itself subjects to circadian regulation
(Fig 4A). The two key canonical clock components of the core
“central” oscillating loop of Arabidopsis TOCI (an “evening”
gene with maximum of expression before dark) and CCAI (the
“morning” gene with maximum of expression just before
dawn), were used as controls. To examine the expression pat-
tern of AtHESP in a disrupted clock-model background, we
used the triple ccal/lhy/toc] mutant plants, where rhythmic
responses are expected to be dramatically attenuated.”” In ccal/
Ihy/tocl plants, the rhythmicity of AtHESP mRNA expression
was significantly affected and its peak appeared at an advanced
phase compared to wild type plants (Fig 4C). This anomalous
phasing was previously observed in this mutant plant line for
other circadian-controlled genes in A. thaliana, namely CABI,
CCR2, GI and PRR5.°** On the other hand, the expression of
AtHESP in tocl-1 mutant plants remains rhythmic albeit with
damped amplitude (Fig 4D). Interestingly, in mutant mice for
the core component CLOCK/BMALLI of the circadian clock, a
similar pattern was reported for the expression of Noc.*’
Collectively, the previous results show that the expression of
AtHESP is regulated by the circadian clock, as has been previ-
ously shown for the orthologous genes in other organisms.

AtHESP affects CCA1 and TOCI expression in Arabidopsis
plants. To investigate the function of AtHESP gene in plants,
T-DNA homozygous insertion mutants were analyzed for
AtHESP expression and compared to Col-0 wild type plants
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under a 12/12 h light/dark cycle photoperiod. Three homozy-
gous lines hespI-1 (SALK_037900) hespl-2 (SALK_105290)
and hespl-3 (SALK_127310) were obtained (Fig 5A). None of
the 3 knockdown mutants exhibit any obvious phenotype com-
pared with the wild type plants regarding growth and develop-
ment under the normal conditions of growth used. In all 3
knock-down mutants, a lack of the rhythmic AtHESP expres-
sion is observed (Fig 5B). The diurnal expression of hespl-I,
the most affected knockdown mutant plant line, with highly
reduced AtHESP transcription levels, revealed that the circa-
dian oscillation of the gene was abolished (Fig 5C). Interest-
ingly, the expression pattern of CCA1, TOCI and LHY are also
altered in hespl-1 (Fig 5C and Supplementary Fig S3). In par-
ticular, the expression of TOCI appears arrhythmic, while the

diurnal oscillation and morning expression maximum of CCA1
gene persisted, although in a significantly reduced amplitude.
Thus, the regulation of transcript accumulation of clock genes
is significantly perturbed in hesp mutants grown in light/dark
cycles.

To further investigate the effect of AtHESP on the expres-
sion levels of TOCI and CCA1I, we generated AtHESP overex-
pressing plant lines (AtHESPox), aiming to examine whether
AtHESP acts directly on the TOCI and CCAI transcript levels.
A reduction of these transcript levels could be anticipated in
plant lines with increased AtHESP levels. In plants grown in
12/12 h photoperiod, the increase of AtHESP transcript accu-
mulation resulted in a retarded growth phenotype and severe
reduction in root length that was attenuated over time,
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although specific clock-dependent responses were not recorded
(Fig 6A). Importantly, the diurnal expression pattern of
AtHESP vpersisted (Fig 6B). Focusing our analysis on the
expression levels of TOCI and CCA1I, the diurnal oscillation of
both genes retained their normal cycling in AtHESPox lines
(Fig 6B). In addition, the expression levels of both genes were
also increased.

This lack of phase inversion in mRNA accumula-

tion of TOCI or CCAI, suggests that neither of
genes are direct targets of the deadenylase activity
of AtHESP.

A better use of absorbed light energy in hesp knock down
mutants. Our observation that the AtHESP overexpressing
lines had a reversible growth retardation phenotype implied for
a negative regulatory role in plant growth. In order to further
characterize the hesp mutants, the functioning of the

photosynthetic apparatus was studied in comparison to wild-
type plants grown under normal growth conditions. To this
end, we performed chlorophyll fluorescence measurements ®'-
% to evaluate whether hesp mutants are affected in PSIIT photo-
chemistry, and whether AtHESP influences the allocation of
absorbed light energy in PSII compared to wild type plants. We
estimated the allocation of absorbed light energy to photosyn-
thesis, thermal dissipation and excess excitation, by the energy
allocation model of Kramer et al.’® This model allows assess-
ment of excitation energy flux at PSII in 3 different pathways,
namely photochemical utilization (®pgp), regulated heat dissi-
pation (®ypo, a loss process serving for protection), and non-
regulated dissipation (Pyo, a loss process due to PSII inactiv-
ity). The effective quantum yield of photochemical energy con-
version in PSII (®pgy), was 6.4% less in wild-type plants
compared to hesp mutants, indicating that a fraction of
absorbed irradiance was not utilized via photochemical



reactions in wild type plants, while hesp mutants having a 22%
(P < 0.01) less energy dissipated as heat (Pnpq), possessed also
1.4% lower (ns different) non-regulated energy dissipated in
PSII (®no) than wild-type plants (Fig. 5D, top panel). Non-
photochemical quenching that reflects heat dissipation of exci-
tation energy in the antenna system (NPQ) remained much
higher (20.9%, P < 0.01) in wild-type leaves compared to
hespl-1 leaves (Fig. 5D, middle panel). Excitation pressure, 1-
ge, was slightly higher (3.5%) in wild-type leaves (Fig. 5D),
while electron transport rate (ETR) was lower 6.4% (ns differ-
ent) in wild-type leaves compared to hespI-1 leaves (Fig. 5D,
lower panel). Thus, under normal growth conditions, hesp
mutant plants possess not only higher ®pg; than wild type
plants, but also a higher oxidized redox state of QA, which
reduced significantly NPQ, and increased the photochemical
efficiency, which in turn, increased the ETR.®> These results
indicate that hesp mutants may be better protected against oxi-
dative stress.

Discussion

In this work, we demonstrate that AtHESP, an ortholog to the
circadian NOC deadenylase in mammals and other organisms,
is conserved in plants. The gene encodes for a 3’-end poly(A)
exoribonuclease and AtHESP belongs to the EEP superfamily
of deadenylases. The gene is regulated by the circadian clock
and also influences circadian transcript oscillators, indicating
deadenylation and mRNA turnover as a mechanism of regula-
tion of circadian rhythms. In addition, a role for AtHESP in
oxidative stress response of plants may be also suggested.

The biochemical characterization of the orthologous NOC
from other organisms is still rudimentary. AtHESP shows a
high similarity with CNOT6 and CNOT6L deadenylases of the
EEP superfamily. Studies in yeast with CCR4 deadenylase
(homolog of CNOT6) have shown that poly(A) is the preferred
substrate, while poly(U), poly(C), and poly(G) were much
more inhibitory than poly(A)*® for degradation activity.
Accordingly, our results show that AtHESP prefers poly(A) for
degradation. Poly(A) is also the preferred substrate for PARN
that belongs to the DEDD superfamily, followed by poly(U)
that is degraded less effectively, while poly(C) and poly(G) are
very poor substrates.”®®” Further studies on mutagenic analysis
of the predicted conserved residues are expected to provide
insight into the catalytic mechanism.

The allosteric behavior of AtHESP reported in this work
may be understood keeping in mind the key role of the poly(A)
tail in mRNA stability. Deadenylases are highly regulated
enzymes and their activity is affected by various parameters,
such as subcellular localization, posttranslational modifications,
cis-acting elements of target mRNAs and trans-acting regula-
tory factors [for example, see '*°®%]. PARN, which is an exten-
sively studied deadenylase, is indeed an allosterically regulated
deadenylase existing in oligomeric structures; its activity is
modulated by cis elements, such as 5'-cap, AU-rich and cyto-
plasmic polyadenylation elements of mRNA, and trans factors,
including protein factors, such as the eukaryotic translation ini-
tiation factor, the cap-binding complex and cleavage-stimulat-
ing factor-50, as well as small molecules, such as nucleotides
and nucleoside analogs.®®”® Additionally, PARN exists as a
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homodimer in dilute solutions, and this is essential for poly
(A)-specific activity.”' However, it can also self-associate into
active tetramer and high-order oligomers both in vitro and in
living cells.”” Our results show that AtHESP is oligomeric and
this behavior may represent a regulatory mechanism. More-
over, it has been proposed that deadenylases act in concert and
multiple deadenylases can act on the same mRNA, with dis-
crete but overlapping functions.'®”*’* For instance, it has been
shown that in mouse cells cytoplasmic deadenylation follows
biphasic kinetics; PAN2 deadenylase catalyzes the first phase of
poly(A) shortening followed by the activity of CCR4-CAF1
complex.”* Therefore, the diversity of the deadenylases, the
complexity of the binding partners, as well as their regulation
make up a complicated network to precisely regulate the intra-
cellular mRNA homeostasis.”” The identification of binding
partners of AtHESP is expected to contribute to the under-
standing of its allosteric behavior, while the determination of
its distinct domains is anticipated to provide the structural basis
for its regulatory requirements.

AtHESP contributes to the control of circadian gene expres-
sion and the results of this work suggest deadenylation and
mRNA turnover as a mechanism that influences circadian tran-
script oscillators. The regulation of transcript accumulation of
clock genes (TOCI/CCAI/LHY) is significantly perturbed in
hesp mutants grown in light/dark cycles. Notably, in Drosoph-
ila, the noc knockdown flies have abnormal rhythmic behavior
under constant light as well,”” suggesting convergent mecha-
nisms mediating posttranscriptional regulation of circadian
rhythm across kingdoms. The rhythmic expression of the gene
may be complicated, involving not only circadian regulation
but also various systemic and environmental (e.g. nutrition,
stress) cues, as has been suggested for the mammalian Noc
gene.”® The underlying deadenylation regulatory mechanism
through which HESP degrades its substrate remains unknown.
We have overexpressed AtHESP and monitored the expression
levels of TOC and CCA1 in the presence of an increased level of
AtHESP. In these transgenic plant lines we have detected
increased levels of TOC and CCA but the cycling pattern of
expression was sustained. This lack of phase inversion in
mRNA accumulation of TOCI or CCAI, suggests that neither
of genes are direct targets of the deadenylase activity of
AtHESP. Thus, AtHESP may affect the circadian rhythm in
Arabidopsis by deadenylating one or more unidentified genes.
Taking into account the fact that the recent models describing
the circadian clock in plants include multiple, 3 or 4, loops of
interchangeable interaction, a global, systems biology, approach
will be pursued to identify the target mRNAs of AtHESP. Alter-
natively, overexpressing AtHESP may not be sufficient to dis-
rupt the complexes formed, and as discussed above, AtHESP
may act in concert with other partners, including other deade-
nylases, to fine tune the regulation of the circadian clock. It is
also possible that there is a developmental window that is not
represented in the time points analyzed in the present study.
This is further supported by the severe growth phenotype
observed in the overexpressing lines, which was though time-
dependent and attenuated over time.

Although deadenylases in plants have not been extensively
studied as in other organisms, it is clear that Arabidopsis uses
different deadenylases to target distinct mRNAs '*'*7”7% and a
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role in various developmental and physiological procedures has
been designated to the characterized ones. Two PARN genes
have been identified in Arabidopsis, one of which, At1g55870
(AtPARN), is a cytoplasmic deadenylase essential for embryo-
genesis,'” affecting a subset of embryonic transcripts. This is
also the case in mammals, where PARN target specific tran-
scripts (reviewed in Reference 68). In addition, 11 CAFI genes
are present in Arabidopsis, some of them linked to
stress.'®'>7"77 CAF1 has also been linked to resistance of plants
to fungal and bacterial infection, implying important roles in
plant-pathogen interactions.'””””® The existence of multiple
deadenylases may reflect on the different needs for expression
of specific mRNAs at different times in cells or tissues, but also
on the presence of specific mRNAs in different time periods."®

AtHESP may have a role in plant growth and development
as well as in response to stress; the overexpressing plant lines
have a severe, albeit reversible retardation phenotype and hesp
mutants appear to be better protected against oxidative stress.
The reported role of NOC proteins orthologous to AtHESP
spans from associations with lipid metabolism and a proadipo-
genic function to proper wing morphogenesis at the pupal stage
in mammals and Drosophila, respectively. It is intriguing to
consider that AtHESP may play overlapping roles in the regula-
tion of both the circadian clock and clock output processes,
such as response to mechanisms against abiotic and/or biotic
stresses />*” as has been described before for other clock com-
ponents in plants.*' " The elucidation of the mechanisms of
modulation of this novel deadenylase in the regulation and out-
put of the circadian clock in plants and/or plant development
and metabolism, especially under various stress conditions con-
sists an attractive challenge.
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