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ABSTRACT

In Neurospora crassa, as well as in other organisms, the expression of
housekeeping genes is transiently suppressed after exposure to higher temper-
atures (30—45°C); expression is then reactivated and adapts after a few hours
to values closer to the initial rates. Adaptive mechanisms apparently exist in
the processes of transcription, RNA processing, and -translation and render
protein synthesis rates temperature compensated. Heat shock proteins (HSPs)
play an important role within these mechanisms (“acquired thermotolerance
of protein synthesis™), but their function is as yet not exactly known. Adap-
tive mechanisms seem also to involve intracellular ion changes after exposure
to moderate temperature elevation. The expression of heat shock genes is
transiently enhanced after exposure to higher temperatures and also adapts
after a few hours. The adaptation mechanism includes inactivation of the heat -
shock transcription factor (HSF) by means of phosphorylation changes and
possibly by binding of a gene product (HSP70)—a mechanism representing
a negative feedback control. These examples demonstrate the existence of
general adaptive mechanisms at different levels of gene expression that may
also be at work in the temperature compensation of clock gene expression.
Apart from such adaptation processes, antagonistic reactions within the pro-
cesses of gene expression and protein modification might be equally en-
hanced or suppressed by temperature changes, leaving the equilibrium un-
affected or balanced (antagonistic balance, see Ruoff et al., this issue of
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Chronobiology International). This principle is shown to apply to the effect
of temperature elevation on total protein synthesis and degradation. It may
also apply to other antagonistic processes such as phosphorylation-dephos-
phorylation or monomer-dimer formation. The circadian clock mechanism is
assumed to consist of several processes that can either adapt or produce a
balance. Single amino acid changes in a clock protein are assumed to par-
tially upset this adaptation or balance. (Chronobiology International, 14(5),
481498, 1997)

Key Words: Temperature compensation—Circadian period length—Protein
synthesis—Protein degradation—Heat shock proteins—Temperature adapta-
tion.

INTRODUCTION

Temperature compensation of the period length is regarded as a characteristic prop-
erty of circadian clocks (1-4). The Q,, values determined for the circadian period lengths
of different organisms vary between 0.8 and 1.3 in most cases (5), a property that allows
circadian clocks to function correctly at different temperatures. Temperature compensa-
tion is either weak or not present in oscillations, such as the glycolytic oscillator (Qg;
2—4, 6) or the cell cycle (7,8). However, oscillators other than circadian clocks exist such
as ultradian oscillators (9), the frequencies of which are also temperature compensated.

When taking nonrhythmic homeostatic systems into account, many by definition
are able to adapt to different temperatures and keep the variables within a rather close
range of values, including membrane fluidity (homeoviscous adaptation; for a review,
see Ref. 10), enzyme and isoenzyme activities (for a réview, see Ref. 11), and the pool
of energy-rich adenosine phosphates (“energy charge”) (12), to name only a few well-
known examples. Negative feedback systems, which generally serve to maintain this
homeostasis, are designed to counteract perturbations. Negative feedback systems have
been shown also to exist in gene expression, for example, the systems responsible for
the concentration of certain amino acids in bacteria (13). In particular, heat shock gene
expression, which adapts during continued exposure to higher temperatures, seems to
involve negative control by a gene product, the concentration of heat shock protein 70
(HSP70) (14).

The temperature-adapted state of cells—after an initial “priming” exposure to ele-
vated temperatures—renders them less sensitive to further temperature changes, a state
also called acquired thermotolerance (15). It is not quite clear which mechanisms are
responsible for this phenomenon. At higher temperatures (>5-10°C above normal tem-
peratures), induced higher amounts of HSPs seem to play an important role in acquired
thermotolerance (16). This may also apply for low temperatures. At moderately elevated
(or lowered) temperatures, as yet not clearly defined mechanisms are involved in generat-
ing an adapted (i.e., thermotolerant) state (17,18). Even though the temperature compen-
sation of the circadian period length is observed mainly in the medium range of tempera-
tures above or below the “normal” temperature, in Neurospora, for example, between
18°C and 30°C (19), we concentrate here on temperature adaptation processes of gene
expression to slightly higher temperatures. The adapiation processes initiated under these
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conditions have been better analyzed and may serve as a model for processes associated
with temperature compensation of the circadian clock.

In order to test temperature adaptation of gene expression in Neurospora crassa,
the expression of housekeeping, as well as heat shock, genes was analyzed at different
temperatures. Synthesis rates of total protein, as well as the amount of mRNA, of individ-
ual genes were determined (20). Also analyzed was the activity of proteases and the
degradation rates of proteins at different temperatures (21). Most tested gene expres-
sions—housekeeping genes and hsp genes—showed clear adaptation during longer expo-
sure to 42°C.

We wish to emphasize in this article that the expression of many genes adapts to
different temperatures, and that temperature compensation of the period length of the
circadian clock (= thythmic gene expression) is apparently not an exception but is embed-
ded in a general homeostatic mechanism, such as negative feedback control of synthesis
and degradation of proteins. A second principle involved in temperature compensation is
achieved by an equal dependence of two antagonistic reactions on temperature, such as
the synthesis and degradation of proteins. This principle (antagonistic balance; Ruoff et
al., this issue of Chronobiology International) seems to play an important role in keeping
the amounts of a molecule or its activity roughly constant and applies to rhythmic, as
well as to arrhythmic, processes.

TEMPERATURE EFFECTS ON GENE EXPRESSION
Housekeeping Genes

When the synthesis rates of total protein were determined in Neurospora, an initial
inhibition about 1-2h after a temperature shift to 42°C and a later return to control levels
were observed (Fig. 1a). The initial inhibition was confined to housekeeping proteins,
with synthesis rates that decrease transiently to considerably lower values and then re-
cover (22). The adaptive response is observed in many protein species, for example, in
actin synthesis, but not in all proteins (23). When exposed to 37°C, protein synthesis
first rises and then slightly declines.

An adaptation is clearly observed after a 24h exposure to different temperatures:
the steady-state synthesis rates of total protein are not much different from the rates
found at the cultivation temperature of 25°C (Fig. 1b). The difference between the rates
at 15°C and 35°C only reaches a factor of 1.35, corresponding to a Q,y of 1.18. This
contrasts with other parameters, such as growth, which show a higher temperature depen-
dence (20).

This adaptational response may be due to either transcriptional and/or translational
adaptation. In Neurospora, adaptation is already observed at the level of transcription.
The amount of tubulin mRNA, for example, first decreases and then increases to control
levels after a shift from 25°C to 42°C (Fig. 2). Similar results were obtained for other
genes and other organisms (for a review, see Ref. 24), but the mechanisms involved are
not exactly known (see, e.g., Ref. 25). This also applies to the adaptation of posttranscrip-
tional processes such as splicing and nuclear export. Splicing is inhibited by heat shock
and rescued by HSP synthesis (26,27).

More data exist on the effects of temperature on translational processes and their
eventual adaptation. Initiation factors of translation have been shown to be altered by
heat shock. In HeLa cells, the p28 component of the initiation factor eIF-4F, a multipro-
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FIGURE 1. Temperature adaptation of total protein synthesis in Neurospora crassa. (a) Adapta-
tion kinetics. Cultures were cultivated at 25°C and then shifted to 37°C (O) or 42°C ([3). Controls
(@) were kept at 25°C. At different times before and after this transfer, mycelia were incubated
with [*S]methionine for 1h and the incorporation into acid precipitable protein determined (means
of 3 experiments; after Ref. 20). (b) Steady-state adaptation after 24h exposure to different temper-
atures. Mycelia were incubated with [PS}methionine as in (a) and the incorporation determined
Ordinate: cpm/ug protein; abscissa: temperatures. {after Ref. 20).
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FIGURE 2. Adaptation kinetics of inducible hsp70 mRNA and tubulin mRNA during 42°C expo-
sure in N. crassa. (@) Density determination of Northern blots with a Drosophila DNA fragment
of an inducible hsp gene (digoxigenin labeled) was blotted with Neurospora poly A* RNA ex-
tracted at different times after exposure to 42°C (blots are shown below). [ Density determination
of Northern blots with a homologous DNA fragment (digoxigenin labeled) of a tubulin gene. Left
ordinate: (@) relative density with respect to the maximum (100%); right ordinate: (O) relative
density with respect to the control (100%); abscissa: time after beginning of 42°C treatment. (After
Ref. 20).

tein cap-binding complex, is dephosphorylated after stress (28). In an in vitro translation
system, the inhibition of protein synthesis after HS is still observed but can be relieved
by adding the cap-binding complex (29). However, unresolved questions remain as to
the significance of these phosphorylation changes in protein synthesis inhibition, at least
at moderately elevated temperatures (30).

The phosphorylation of the initiation factor eIF-2 increases after heat shock and is
apparently involved in the initial inhibition of protein synthesis after exposure to higher
temperatures (31). The phosphorylation of elF2-0, depends on a kinase (HRI, hemin-
regulated inhibitor) that is normally bound to HSP70, HSP90, and a 56-kDa protein.
Denatured proteins can activate this kinase (32-34), and one may speculate that adapta-
tion occurs when the concentration of malfolded proteins has decreased as a result of
higher amounts of HSPs. Several other ribosomal proteins change their phosphorylation
state after heat shock (35), for example, phosphorylation of acidic proteins of the large
ribosomal subunit and dephosphorylation of the S6 protein in tomato cell cultures (36).
A major adaptational mechanism may thus reside in the reversion of phosphorylation
changes by means of as yet unknown feedback controls of kinases and phosphatases.

Competition among mRNAs with different binding affinities to ribosomes, particu-

apta- larly a competition between hsp-mRNA and housekeeping mRNA, may also lead to a
itrols transient suppression of the housekeeping mRNA translation. In Neurospora, the amount
bated of hsp-mRNA after heat shock changes in a way that is almost a mirror image of the
1eans amount of housekeeping protein synthesis that indicates such a competition (20). This
"Pe: : type of inhibition of housekeeping protein synthesis would rely on the control of hsp
1ne:

gene expression and its adaptation (see below).
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Ribosome biosynthesis, particularly pre-rRNA processing, is among the most heat-
sensitive function of cells (for a review, see Ref. 24). The preferential localization of
HSP70 in the nucleolus after shock stimulated the search for HSP70's possible involve-
ment in ribosomal pre-rRNA processing, assembly, and transport from the nucleus into
the cytoplasm (37). Priming heat treatment was shown to be effective in accelerating
restoration of polysome formation involving HSP70 (38).

An adaptive mechanism may be based on the cooperation of an HSP70 species
(SSB70 of yeast) with translating ribosomes (39). This protein seems to play a role in
aiding the passage of a newly synthesized protein through the ribosome by associating
with the nascent polypeptide. Mutants of this gene can be reactivated by increased copy
numbers of a gene, encoding the EF-1a-like protein. The availability of this HSP70
species in ribosomes may depend on its synthesis rate, but also on its location in the
cytoplasm or nucleus, and may thus influence the synthesis rate of all proteins. In reticu-
locyte lysates, the efficiency of protein synthesis was positively correlated with the
amounts of HSP70 and their constitutive isoform, HSC70 (40). On the other hand, in
vitro experiments have also shown an inhibitory effect of additional HSP70 on the syn-
thesis rate of proteins (41).

During continuous heat stress, the adaptive increase of protein synthesis in normal
rat kidney cells was paralleled by a reshuttling of HSP70 from the nucleus into the
cytoplasm (42,43), a correlation also found in Neurospora (20). However, Neurospora
maintains elevated amounts of HSP70 in the nucleus when adapted to 37°C or 42°C
exposure.

Generally, a higher content of HSPs is believed to promote “acquired thermotoler-
ance” (15), which also applies to translational thermotolerance (44). In Neurospora, the
adapted steady state still showed elevated synthesis rates and amounts of HSPs after
24h exposure to different higher temperatures, indicating an active role in translational
adaptation (20).

~ However, adaptation of total protein synthesis also occurs at moderately elevated
temperatures with or without additional HSP synthesis. In Neurospora, exposures to 30°C
or 35°C led to the adaptation of protein synthesis in spite of only a small increase in the
amount of HSPs. This observation is in line with several other findings indicating numer-
ous independent or interacting homeostatic mechanisms (18,45).

Two different states of thermotolerance were defined by van Wijk and Boon-Nier-
meijer (46): a transient o state, which is induced by mild stress and does not require
HSP-synthesis, and a B state, which is induced by severe stress and requires HSP synthe-
sis. These different states have been also described in many other cells, such as those of
Tetrahymena, plants, fish, and mammals (for a review, see Ref. 24). It was repeatedly
found that the o state can be attained without de novo protein synthesis—or more effi-

ciently when protein synthesis is inhibited (e.g., by cycloheximide) (17). The molecular

mechanism that leads to this state is not yet clear. One possibility is an effect of altered
ion concentrations.

One of the ions that influences protein synthesis in the cell is the proton with a
concentration that is generally increased after hyperthermia, for example, in yeast (47),
mammalian cells (48), and Neurospora (49). Another ion is cellular calcium, which is
apparently involved in thermotolerance. Thermotolerance can be influenced by caicium
chelators, ionophores, and anticalmodulin drugs (for a review, see Ref. 50). It is also
quite well established that the calcium concentration is drastically increased by elevated
temperatures (51,52). Increased caicium activates calmodulin-dependent (Type B) protein
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phosphatases, which dephosphorylate the small HSP27 (53). After heat shock, the degree
of phosphorylation of two isoforms of HSP27 is increased, while those cells primed by
an earlier heat shock and surviving a second heat shock show higher amounts of the
unphosphorylated third isoform of HSP27 (54). Thermotolerance, which was also ana-
lyzed with respect to protein biosynthesis, thus depends on the amount of this HSP and
on the phosphorylation state of its different isoforms (55,56). Apart from calcium, potas-
sium ions seem to be involved in thermotolerance. In fibrosarcoma cells, thermotolerance
was found to be correlated with the activity of K channels (57,58). The influences of
ions, particularly calcium, on temperature adaptation thus imply a role for membranes,
as suggested in the temperature compensation of the circadian period length (59).

Heat Shock Genes

Another set of genes with rates of expression that adapt to longer exposure at high
temperature is the group of heat shock genes. Their products, the heat shock proteins
(HSPs), are apparently involved in acquired thermotolerance of cells at higher tempera-
tures, as discussed above.

In Neurospora and other lower eukaryotic organisms, the expression of this group
of genes is immediately increased after a shift from 25°C to 42°C (20,22,60). The induc-
ible isoform of HSP70 is strongly induced after a shift to 42°C and reaches a maximum
after about 30 minutes (Fig. 2).

This increase is due to an activation of the heat shock transcription factor (HSF).
In its DNA-bound state, HSF is a homotrimer. The regulatory sequence to which the
HSF trimer binds is known as the heat shock element (HSE), which is composed of three
more or less perfect inverted repeats of the nucleotides NGAAN one HSF monomer
binding to one NGAAN. In eukaryotes, the HSE consensus sequence shows high conser-
vation throughout evolution, which contrasts with the poor evolutional conservation of
the HSF amino acid sequences. In Saccharomyces cerevisiae, Kluyveromyces lactis, and
Tetrahymena pyriformis, HSF is constitutively trimerized and bound to DNA (for a re-
view, see Refs. 61 and 62). Recent results in our laboratory show that this constitutive
HSF-HSE binding also occurs in Neurospora crassa, as revealed by an electrophoretic
mobility shift assay (U. Meyer & L. Rensing, 1996 unpublished).

In Saccharomyces cerevisiae, the basal transcription of the hsp70 (SSA1) gene
under normal growth conditions is mainly regulated by HSF alone (50-80%) (for a re-
view, see Ref. 63). During heat shock treatment, the transcription rates of the hsp genes
increase immediately as the HSF undergoes phosphorylation. In the case of yeast species,
this phosphorylation takes place close to a conserved amino acid sequence called CE2.
After being phosphorylated at this sequence, the HSF changes its conformation, as ob-
served by slower migration in the eletrophoretic mobility shift assay. This amino acid
sequence is a putative phosphorylation site for the “autophosphorylation-dependent ki-
nase” (64), the phosphorylation of which leads to transcriptional inactivation, although
the phosphorylation at CE2 seems not to cause the inactivation itself (65). Such an inacti-
vation process is also observed in Neurospora: the amount of induced HSP70-mRNA is
drastically reduced after about 1h and reaches control levels after 4h (Fig. 2).

Putative phosphorylation sites for other kinases exist in the HSF that may enhance
the HSF transcriptional activity. Cotto, Kline, and Morimoto (66) reported that serine
phosphorylation is necessary to induce HSF-coupled transcriptional activity in HeLa
cells, whereas trimerization with potential DNA-binding activity alone is insufficient to
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induce transcription. This was also shown in rat liver cells, in which HSF is constitutively
trimerized, but has no effect on transcription (67). The observation that serine phosphory-
lation influences HSF activity positively was further supported by the fact that okadaic
acid, a potent inhibitor of serine/threonine phosphatases 2A and 1, increases the reporter
gene activity regulated by the human HSP70 promoter (68). In addition, intra-or intermo-
lecular folding of HSFs seems to play an important role in transcriptional regulation (for
a review, see Ref. 61).

The HSFs of higher eukaryotes are not constitutively trimerized but are present in
the cytoplasma as monomers. This monomeric form seems to be stabilized under normal
conditions by an additional leucine zipper in the carboxy terminal region that enables
intramolecular interaction (for a review, see Ref. 61).

Isoforms of HSFs enable organisms to regulate their stress response differentially.
Mice were shown to express two different isoforms of HSF1. Depending on the tissue,
one of these isoforms is predominantly produced. The two isoforms differ in the length
of the leucine zipper and thus in their monomer stability (69). The same was found for
HSF2 (70). '

Some observations point to the possibility that HSPs themselves are involved in
their own regulation. Induction of HSF was observed after denatured proteins were in-
jected into Xenopus oocytes. The stress response was weakened if, together with these
denatured proteins, the constitutive stress protein HSC70 was injected. It is not yet clear,
however, whether HSPs are directly involved in the heat shock response. Nevertheless,
it is generally accepted that high levels of HSPs speed up the inactivation of HSF-
mediated transcription (for a review, see Ref. 61), possibly due to increased binding of
HSP70 to HSF (14,71). This would represent a classical adaptation mechanism based on
feedback control. -

The results of experiments by Liu et al. (72) indicated that a further transcription
factor is involved in the regulation of rat hsp70 genes. This transcription factor inhibits
transcription when bound to a DNA sequence close to the HSE. This transcription factor
was named CHBF (constitutive heat shock element binding factor) and was identified
later as the Ku autoantigen, which acts as a positive regulator for RNA polymerase I
(73).

A positive regulatory feature of hsp gene expression is the lack of introns in many
of these genes, which thus avoids the temperature-dependent inhibition of splicing. More-
over, a rather long 5-mRNA leader sequence binds to ribosomes apparently without
involvement of the cap-binding complex (74) and without forming secondary structures
(75) and thus contributes to the initial increase in hsp gene expression and to the competi-
tive inhibition of housekeeping gene expression.

This short.overview of the regulation and temperature adaptation of hsp genes
indicates the complexity of their control systems, which are only partially known, at
present.

TEMPERATURE EFFECTS ON THE
DEGRADATION OF PROTEINS

Housekeeping Proteins

In order to test the effects of different temperatures on the general degradation
rates of proteins in Neurospora, proteins were labeled with [**S]methionine for 3h and
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stitutively then washed and incubated in a medium containing 0.05% unlabeled methionine (pulse-
hosphory- chase experiment; see Ref. 21). Different sets of cultures were then exposed to different
it okadaic temperatures (25°C, 37°C, 42°C) for different times, and the amounts of acid-precipita- {
e reporter ble, [°S]-labeled proteins determined. The decrease in precipitable proteins is used as a |
- intermo- measure of the general degradation rate. In order to distinguish between a group of
ation (for proteins with high turnover rates and those with low turnover rates, different labeling
times were used: after a 30-minute incubation with [*S]methionine, chiefly short-lived
oresent in proteins with high synthesis rates will be labeled, whereas a 12h incubation with
er normal [®SImethionine will label short-lived, as well as long-lived, proteins.
it enables The degradation rate after a moderate labeling time of 3h demonstrates an initial
high degradation rate followed by a slower rate at both 25°C and 37°C (Fig. 3a). At
>rentially. these temperatures, identical degradation kinetics were observed, whereas at 42°C, the
he tissue, fast part of the kinetics is similar, but the later part is slower than at the other tempera-
he length tures.
found for The degradation rates of the short-lived proteins led to more than 50% degradation
within the first hour but did not differ much at the three different temperatures tested
/olved in (Fig. 3b). The degradation rates of the long-lived proteins were almost equal at 25°C and
were in- 37°C, reaching 50% degradation after 5h, but were lower at 42°C (Fig. 3c).
ith these The reason for this difference in the degradation rate at 42°C is probably associated
yet clear, with the different degradation systems involved: short-lived proteins are mainly degraded
>rtheless, by ATP-and ubiquitin-dependent pathways (76), part of which involve cytoplasmic pro-
of HSF- teasome-mediated breakdown. At least one of several ubiquitin genes and other parts of
nding of this pathway are temperature inducible (77). Experiments with N. crassa demonstrated
based on that ATP-dependent proteolysis is not inhibited by 42°C, whereas ATP-independent pro-
teolysis is remarkably reduced. The temperature independence of the degradation of
scription short-lived proteins may be due to heat-inducible proteinases, which were also detected
- inhibits in Neurospora (21).
on factor Lysosomal proteinases, responsible mainly for the ATP-independent degradation of
dentified long-lived proteins, were inhibited by exposure to 42°C. Since these proteinases were
merase | also inhibited after a 1h incubation with cycloheximide, these results indicate that the
inhibition of lysosomal proteinases is induced by a temperature-dependent (transient)
in many inhibition of their expression (21). Adaptive reactivation of lysosomal proteinases was
g. More- not observed during 24h exposure to 42°C.
without
.rl}cmrc*:s Heat Shock Proteins
ompeti- ,
In N. crassa, a degradation product (~40 kDa) of the major heat shock protein
p genes (HSP70) was detected by an antibody directed against HSP70. The amount of this degra-
own, at dation product transiently decreased after exposure to 42°C and then increased again
during longer exposures (21). This result demonstrates that HSP70 degradation is tran- ‘
siently blocked by heat shock but later adapts to approximately normal values. i
CONCLUSIONS
After exposure to elevated temperatures, the expression of housekeeping genes is
radation initially suppressed and then gradually reactivated. This process is probably based on
3h and rather general (feedback?) control mechanisms at the transcriptional and posttranscrip-
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FIGURE 3. Degradation kinetics of [*S]methionine-labeled proteins of N. crassa at different
temperatures (pulse chase experiment). (a) Mycelia were incubated with [>S]methionine for 3h (at
25°C) and then transferred to 37°C (O) or 42°C ([J) with excess of cold methionine. Controls (®)
were kept at 25°C. Acid-precipitable proteins were determined with respect to their labeling, which
was taken as a measure of the degree of degradation. (b) Mycelia incubated with [**Sjmethionine
for 30 minutes. {c) Mycelia incubated with {3SS]methionine for 12h; all other treatments and sym-
bols as in (a). Ordinate: degradation in percentage of the label at Oh; abscissa; time after transfer
to different temperatures. (S. Mohsenzadeh, unpublished experiments).
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FIGURE 4. Homeostatic principles to maintain a stable concentration of y when the production
(from x) is positively influenced by a higher temperature (T'). (a) Negative feedback. (b) Antagonis-
tic balance.

tional level. The mechanisms involved are not yet identified, but increased amounts of
HSPs seem to play a role at higher temperatures. In contrast, the expression of hsp genes
is initially activated and later suppressed during longer exposure to elevated tempera-
tures. Again, the mechanism of the adaptation process is not exactly known but may
involve the molecular concentration of a product of these genes, the heat shock protein
70. This would represent a negative feedback mechanism.

When comparing the effects of temperature on total protein synthesis and degrada-
tion, a similar inhibition of both processes is observed at 42°C. As a consequence, at
least those proteins with degradation that is ATP independent should maintain rather
unimpaired concentrations at this temperature. Even though total protein synthesis and
degradation rates are integrated variables of many different individual rates, the similar
temperature dependence of the antagonistic variables can serve as a model for the temper-
ature balance of a variable. ’

The heat shock response kinetics of HSP synthesis and degradation are initially
divergent (strong activation of synthesis, strong inhibition of degradation), leading to a
steep increase in HSP concentration, whereas the subsequent inhibition of synthesis and
activation of degradation results in a reapproach to control values.

PUTATIVE HOMEOSTATIC PROCESSES
IN THE CIRCADIAN OSCILLATOR

As already indicated above, two general mechanisms serve to keep a variable con-
stant (Fig. 4a):

1. When the controlled variable y increases, the production of y (from x) is re-
duced (and vice versa) by a separate signal pathway. This scheme represents
the classical feedback circuit, for example, in a thermostat.

2. When the variable y increases, the decay of y is also increased (and vice versa)
with the same temperature coefficient. This results in homeostasis of y. This




CIRC:

v

Il
<

Where
(forar
of the 1
differen |
the synt |
In this s i
of the r:
cesses
involver
role in |
ance) (1
potassiu
changes
tion of |
relevant
Pr
tures, as
the synt
control.
Th
1 and 2)
control.
thus leay
sophila «

by deph

Sn
point mt

Drosoph
phosphor

We

tains sev

temperat

RENSING ET AL,

492

"(0x3) 998 ‘uoneueidxo 10y) sassaooid onsmuoSeiue
paouereq 1o syred aaneidepe saneind yim YO0 URIPESID A1p JO WSIURYIIW Je[nddjow umowy Apuasad o Jo swayds ¢ TANOL

soueeq eoueeq
Jowpois)ay Hoduwy ‘Kioydsoydap
Jauiouow resppnu uonejfioydsoyd \ Houdsoyd

uonezuswip

2 uisjoid yooio

uonepeibep

souejeq

(s)io)oe} uondussuen
uojjepeifap

(s)auab oo

1 weioid 3oop

SISaYuAs

uondiuosuen

uonepeibep

uone|suely uoneydepe

SI010B} uonB|SUEl}

mp_mmmooa
Buipuig swosoqu

uoyieidepe
uonieydepe

jlodxe
soueeq Jesjonu

uolepeibap

SisayjuAs




- ET AL,

CIRCADIAN PERIOD LENGTH TEMPERATURE COMPENSATION 493

“balance,” by affecting two antagonistic processes similarly, seems to play an
important role in rendering a system “temperature compensated” (78).

Where can these two principles be applied to the circadian clock?

The clock mechanism emerging from the molecular genetic analyses of Neurospora
(for a review, see Ref. 79) and Drosophila (for a review, see Refs. 80 and 81) consists
of the following groups of processes:

* transcription of the clock gene(s), frequency ( frq) in Neurospora, period (per)
and timeless (tim) in Drosophila
the processing of the clock mRNA and its nuclear export
translation of the clock mRNA(s) into the respective clock protein(s) FRQ,
PER, and TIM and the degradation of the mRNA

¢ modification (phosphorylation) of the clock proteins (shown as yet only in Dro-
sophila) (82), heterodimer formation (PER-TIM) (also demonstrated only in
Drosophila), and nuclear import

o further phosphorylation, inhibitory action on clock gene(s), and degradation of
clock protein(s)

rcadian clock with putative adaptative parts or balanced

Homeostatic mechanisms of the two types mentioned above may exist within the
different groups of processes (Fig. 5). Little is known about the temperature effects on
the synthesis and degradation of mRNA and the possibly balanced changes in both rates.
In this scheme, we assumed that a balance occurs and also assumed a general adaptation
of the mRNA synthesis, as observed in tubulin mRNA. Some posttranscriptional pro-
cesses are known to adapt to higher temperatures aided by HSPs (see above). The
involvement of HSPs in the processing of mRNA and translation and their well-known 1
role in protein folding or refolding represent an adaptive process (acquired thermotoler- |
ance) (15) at higher temperatures. At moderate temperatures, ions such as calcium and 0
potassium or protons may play a role in thermotolerance. Whether phosphorylation
changes of initiation factors and ribosomal proteins play an important role in the adapta- 1
tion of frg or per/tim mRNA translation is not yet understood, particularly not at the
relevant temperatures (see Ref. 83). :

Protein synthesis and protein degradation apparently adapt to different tempera- i
tures, as shown above. In Neurospora, higher temperatures (42°C) induced a decrease in
the synthesis, as well as degradation, rates, thus presenting an example for balanced ‘;:1
control.

The dimerization process between PER and PER and PER and TIM (clock proteins
1 and 2) has been discussed by Huang, Curtin, and Rosbash (84) in terms of balanced
control. They assume an increase in dimer and monomer stability with the temperature,
thus leaving the actual amount of the dimer constant. The phosphorylation of both Dro-
sophila clock proteins, observed before and after nuclear entry, may be equally balanced
by dephosphorylation.

Small changes in the amino acid sequence of the clock proteins as the result of
point mutations, as described for the long-and short-period mutants in Neurospora and
Drosophila, may particularly upset the balance of monomer-dimer, phosphorylation-de-
phosphorylation, and synthesis-degradation (85,86).

We assume that the temperature compensation of the circadian period length con-
tains several temperature-adapting processes of a general nature, as well as balanced
temperature-dependent antagonistic reactions.

FIGURE 5. Scheme of the presently known molecular mechanism of the ci

antagonistic processes (for explanation, see text).
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