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Mini-Review Mini-Review

Introduction

Circadian rhythms occur in pro- and eukaryotic organisms. They 
persist with a period of about 24 h under constant conditions of 
light and temperature and share certain physiological properties. 
They can be entrained by cycles of light and darkness, and also 
by temperature cycles. A single pulse of e.g., light or darkness 
can shift their phase depending on the time the pulse is given. 
Moreover, circadian rhythms are temperature compensated. 
Thus, their period is almost unchanged at different temperatures 
within the physiological range of the organism under constant 
conditions.1

In the past years, the biflagellate alga Chlamydomonas rein-
hardtii emerged as a model to study the molecular mechanism 
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Circadian clocks can be entrained by light-dark or temperature 
cycles. in the green alga Chlamydomonas reinhardtii, 12 h 
changes in temperature between 18°C and 28°C synchronize 
its clock. Both subunits of the circadian RnA-binding 
protein CHLAMY1, named C1 and C3, are able to integrate 
temperature information. C1 gets hyper-phosphorylated 
in cells grown at 18°C and the level of C3 is upregulated at 
this temperature. in the long period mutant per1, where 
temperature entrainment is disturbed, the temperature-
dependent regulation of C1 and C3 is altered. Upregulation 
of C3 at the low temperature is mediated predominantly 
by an e-box element situated in its promoter region. This 
cis-acting element is also relevant for circadian expression 
of c3 as well as of its upregulation in  cells, where C1 is 
overexpressed. Among the few identified factors interacting 
with the e-box region, C3 is also present, suggesting that it 
feedbacks on its own transcription.
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temperature cycle of 12 h at 28°C and 12 h at 18°C

of the circadian clock in a eukaryotic photosynthetic unicellular 
alga. The availability of its entire genome sequence allows per-
forming studies at all levels of organization.2 Several behavioral 
and physiological processes are under control of an endogenous 
circadian clock in C. reinhardtii (reviewed in ref. 3–5). The 
rhythm of phototaxis that was measured with a photoaccumula-
tion assay was one of the first described circadian rhythms in 
C. reinhardtii.6 The cells swim maximally to a supplied light 
source during subjective day, which allows them to perform 
optimized photosynthesis. Studies by Bruce7,8 also revealed long 
period mutants of the phototaxis rhythm that he named period 
(per). According to current knowledge, there is no connection to 
the well characterized PER of Drosophila melanogaster.3 Reverse 
and forward genetic studies revealed numerous clock-related 
genes in the past years, encoding several Rhythm of chloroplast 
(ROC) proteins,9 Constans,10 Casein kinase1,11 as well as the 
two subunits (named C1 and C3) of the RNA-binding protein 
CHLAMY1.12

Temperature Entrainment in C. reinhardtii Wild Type 
Cells and the per1 Mutant

Certain components of the circadian clock machinery should 
be able to integrate temperature information. Such a percep-
tion is needed to forward temperature information in order to 
entrain the circadian clock by temperature cycles, but it should 
be also relevant for temperature compensation. Thereby, temper-
ature perception is needed within the physiological temperature 
range of an organism where the circadian clock is functioning. 
In some organisms, temperature changes as low as 2°C are able 
to communicate temperature entrainment.1 In case of C. rein-
hardtii, temperatures from 18°C to 28°C are still within the 
physiological range.13 It was shown recently that cycles of 12 h 
at 28°C and 12 h at 18°C (abbreviated as T

high
:T

low
) are able 

to entrain the biological clock of C. reinhardtii and ensure its 
free run under constant conditions of dim light and 18°C with 
a period of approx. 24 h.14 It was also found that temperature 
entrainment is disturbed in the long period mutant per1, result-
ing in a shift in acrophase under T

high
:T

low
 conditions and in a 
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confirmed when the c3 promoter region was put upstream to a 
luciferase reporter. Three elements within the c3 promoter region 
including its 5' UTR were considered as potential  cis-acting 
elements for mediating the temperature-dependent regula-
tion (reviewed in ref. 14 and literature therein). These are two 
DREB1A-boxes that are recognized in higher plants by DREB 
transcription factors upon cold stress (4°C or below). The third 
one is an E-box that is known to mediate circadian regulation of 
the key clock components PER and Timeless in D. melanogas-
ter. All nucleotides from the three elements were independently 
exchanged. Replacement of any of the DREB1A-boxes reduced 
the amplitude of upregulation of c3 at low temperature; how-
ever replacement of the E-box resulted in a lack of upregulation, 
showing that it represents the key element.

In this context, it was also checked if circadian expression of c3 
that was shown by macroarray analysis to peak during subjective 
night phase15 is mediated by any of the three elements. Moreover, 
it was analyzed if the mechanism of co-regulation may involve 
any of these motifs. Replacement of any of the two DREB1A-
boxes showed that they are not relevant for the circadian expres-
sion of c3 or for its co-regulation by the C1 subunit.16 In contrast, 
replacement of the E-box revealed that it represents a key element 
that is involved in different processes. Beside the already men-
tioned influence in the temperature-dependent regulation of c3, 
it is also necessary for its circadian expression as well as for the 
co-regulation in C1 overexpressing strains (Fig. 1, reviewed in 
ref. 14 and 16).

Proteins Interacting with the E-Box Region  
in the c3 Promoter

Based on data of mobility shift assays along with the E-box 
region, an affinity approach was undertaken to identify factors 
that interact specifically with this region. Thereby, the E-box 
and the only two nucleotides distinct DREB1A-box were used as 
bait. Two factors were identified by mass spectrometry analysis in 
two independent experiments with more than one peptide. These 
are a G-strand telomere-binding protein1 (GBP1) and a light 
inducible nuclease (HLA8) that bears a TFIIB-related domain. 
Immunological detection further revealed that C3 itself is also 
able to interact with the E-box region within its own promoter, 
at both, day and night. Finally, a five times in tandem repeated 
E-box (5x-E-box) probe that lacks the neighbored DREB1A-box 
was used for the binding assay. Immunological detection with 
anti-C3 and anti-GBP1 antibodies revealed that both C3 and 
GBP1 are present in a shift caused by the 5x-E-box probe that is 
similar in mobility to the shift with the E-box region probe.16 The 
presence of HLA8 in this shift could not be verified by this way 
since there are no antibodies available so far.

The presence of a telomere-binding protein that has been 
characterized before to recognize the G-strand telomere sequence 
(TTTTAGGG)n in C. reinhardtii17 was unexpected. GBP1 bears 
two RNA-recognition motif (RRM) domains and was shown to 
be associated with RNA and single-stranded DNA.18 Several 
questions arise for the mechanism of c3 transcriptional activa-
tion: (1) Do telomere binding proteins have multiple functions? 

low amplitude short period rhythm (approx. 22 h) under free 
running conditions.14

Temperature Integration of Both Subunits of 
CHLAMY1 and the Mechanism of c3 Upregulation

First attempts were undertaken to find out if certain components 
of the circadian clock can integrate temperature information. 
For this purpose, the expression of the two subunits, C1 and 
C3, of the RNA-binding protein CHLAMY1 was investigated. 
C1 and C3 influence phase (C3) and period (C1) of the circa-
dian rhythms of phototaxis and nitrite reductase activity, e.g., 
upon their silencing.12 Interestingly, silencing or overexpression 
of C1 also results in parallel decrease and increase, respectively, 
of the C3 subunit, showing a co-regulation mechanism, while 
silencing or overexpression of C3 does not affect the level of C1 
significantly.

To analyze potential effects of temperature on the two sub-
units, the cells were grown at low (18°C), medium (23°C) and 
high (28°C) temperatures, respectively. In case of C1, its amount 
is rather constant at the different temperatures, but it is phospho-
rylated in a temperature-dependent way. Hyper-phosphorylation 
occurs at 18°C and hypo-phosphorylation at 28°C.14 This phos-
phorylation pattern of C1 is changed in the per1 mutant where C1 
does not get hyper-phosphorylated at low temperature (Table 1). 
In parallel, the level of C3 was analyzed in wild type cells and in 
the per1 mutant.14 In wild type, the C3 expression level is signifi-
cantly upregulated in cells grown at 18°C in comparison to 28°C. 
Interestingly, the C3 expression level is increased in per1 at both 
temperatures in comparison to wild type, but especially at the high 
temperature (Table 1). These results show that both subunits of 
CHLAMY1 are able to integrate temperature information. They 
also suggest that there is a temperature-dependent functional net-
work of the yet unknown PER1 and C1 as well as C3.

The mechanism of upregulation of c3 at the low temperature 
was under further investigation. Inhibitor experiments showed 
that it is regulated at the transcriptional level and this was 

Table 1. Temperature-dependent changes in the average degree of C1 
phosphorylation (grey background) and the expression level of C3 in 
wild type and the per1 mutant (data adapted from voytsekh et al.14)

Strain Subunit Temperature Percentage

wild type C1 18°C 50.7

wild type C1 28°C 27.8

Per1 C1 18°C 25.3

Per1 C1 28°C 24.0

wild type C3 18°C 167.0

wild type C3 28°C 53.0

Per1 C3 18°C 215.3

Per1 C3 28°C 156.5

The amount of phosphorylated C1 in comparison to its non-phospho-
rylated form is indicated (grey background). To determine the expres-
sion level of C3 at the different temperatures in wild type and per1, 
the C3 level from cells grown at 23°C in wild type was set to 100% and 
taken for comparison.14
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may also be the case that bHLH factors are not involved and that 
the mechanism of c3 transcriptional activation is quite different. 
The presence of HLA8 together with the RRM domain bear-
ing GBP1 and C3 might indicate some kind of similar mecha-
nism as it was found in c-myc transcriptional control.16,27,28 HLA8 
that is induced by high light has a conserved nuclease domain 
and InterPro additionally predicts a transcription factor TFIIB-
related domain (IPR000812). In case of c-myc transcription, 
FUSE-binding protein (FBP) interacts with a single-stranded 
DNA sequence that is located upstream of the c-myc promoter. 
This sequence has been named far upstream element (FUSE). 
FBP, an RNA binding protein with four K-homology domains, 
is stimulating the p89 helicase subunit of the transcription factor 
TFIIH. An FBP-interacting repressor (FIR), which binds to the 
FUSE element, FBP and TFIIH, plays a role as counterbalancer. 
FIR is a nucleic acid binding protein with two RRM domains 
(reviewed in ref. 28).

Another important issue concerns the feedback of C3 on 
its own promoter region. Since C3 is more abundant at 18°C, 
when its promoter is activated, it was suggested that it acts in a 
positive feedback loop.16 But more experimental data are needed 
to make final conclusions. C3 is found in eluates interacting 
with the 5x-E-box from cells grown at both 18°C and 28°C. 
Immunological detection of C3 in nuclear extracts and in the 
eluates indicates posttranslational modified forms. One cannot 
exclude that different modified forms of C3 may determine its 
role as a positive and negative feedback player, respectively. An 
overview of the complex role of the E-box region within the tran-
scriptional activation of c3 is provided in Figure 1.

(2) Can RRM domain containing RNA-binding proteins such 
as GBP1 and C3 be also involved in transcriptional regula-
tion? (3) Are there basic Helix-Loop-Helix (bHLH) proteins in  
C. reinhardtii that typically recognize E-boxes? May they have 
been missed by the isolation procedure? Some possible answers 
can be given based on comparisons with other proteins. (1) In 
the well studied yeast system, RAP1 is an essential structural 
component of yeast telomeres. RAP1 function is modulated by 
the precise architecture of its binding site and its surroundings. 
Notably, RAP1 also functions as transcriptional activator and 
repressor. Its binding site, including specific co-operating factors 
modulate its diverse functions.19 (2) RNA-binding proteins can 
have indeed multiple functions. This has been demonstrated, for 
example, for TAR DNA-binding protein 43 (TDP-43), which is 
a dimeric protein with two RRM domains and can bind DNA 
and RNA.20 It is involved in transcriptional regulation as well 
as in splicing, mRNA stability, transport and translation.21-25  
(3) bHLH factors do occur in C. reinhardtii, but are rare. Only 
four have been predicted, while in Arabidopsis predictions for 
160 were made.26 Such factors may have been missed in the bio-
chemical procedure due to very low abundance, for example. A 
different experimental approach may help to answer this ques-
tion, in future. For example, one could conduct insertional 
mutagenesis with the reporter gene transgenic line that is under 
control of the c3 promoter region. In this line, the activity of the 
reporter is upregulated in cells grown at the low temperature. 
Insertional mutants of this line that don’t show this upregula-
tion would represent bona fide members to identify genes that are 
involved in the temperature-dependent control of c3. However, it 

Figure 1. Multiple roles of the e-box region. The C1 and C3 subunits of the circadian RnA-binding protein CHLAMY1 are shown and their distribu-
tion in the cytoplasm and nucleus is indicated. All factors that bind to the e-box region of the c3 promoter are depicted as well as the conditions for 
increasing c3 gene expression via the e-box region. These are low temperature, night phase within a circadian cycle and the co-regulation of c3 upon 
overexpression of C1. Since C1 was not found in nuclear extracts,16 a factor X is postulated that is involved in upregulation of c3 within the co-regula-
tion mechanism. Additionally, the CHLAMY1 complex formation by interaction of C1 and C3 in the cytoplasm is shown. The CHLAMY1 complex binds 
to UG ≥7 repeat sequences of mRnAs in a circadian manner and thus influences their expression (reviewed in ref. 5).
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transcriptional control. It will be of special interest in future, 
to find out how the mechanism of temperature, circadian and 
co-regulation control are achieved. One possibility would be 
that posttranslational modifications of the same factors deter-
mine their final role or that yet unknown additional factors are 
recruited under certain conditions.
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Conclusions and Perspectives

With the C1 and C3 subunits of CHLAMY1, the first compo-
nents have been identified that can integrate temperature infor-
mation within the physiological range of C. reinhardtii. Their 
temperature-dependent regulation as well as entrainment by 
temperature cycles are altered in the long period mutant per1, 
suggesting a functional network. The central cis-acting ele-
ment for upregulation of c3 at low temperature is an E-box 
element situated in its promoter region. This element medi-
ates also c3 circadian expression as well as its co-regulation 
by the C1 subunit. GBP1, HLA8 and C3 itself can interact 
with the E-box region and indicate a complex mechanism of 
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