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Abstract: It has been generally accepted that the circadian rhythms are genetically controlled by cir-
cadian clocks consisting of a transcriptional/post-translational feedback-loop of circadian proteins.
In contrast, yeast, which lacks circadian rhythms and clock protein homologues, shows an ultradian
rhythm of energy-metabolism oscillation (EMO) with a periodic change of the predominantly ana-
bolic and catabolic phases. EMO is comprised of a feedback loop of oxido-reductive reactions medi-
ated by metabolites like NADH, ATP, and acetyl-CoA which periodically fluctuate in their intracellu-
lar levels in concert with the metabolic change; yeast synthesizes storage carbohydrates like glycogen
and trehalose in the anabolic phase under reductive conditions and degrades them through cAMP
production in the catabolic phase under predominantly oxidative conditions. So, to explore the pos-
sibility that EMO underlies the circadian rhythms, I reviewed findings in biochemical and behavioral
studies of circadian rhythms of mammals and cyanobacteria. Many lines of evidence show that daily
changes in the daily oscillation of energy metabolism between the anabolic and catabolic states are
operated in both species in coupling with the metabolism of glycogen mainly through the cAMP-
transduction pathway. Further, in mammals, the master pacemakers in the brain are engaged in the
metabolic coordination among various peripheral tissues through hormonal and neural signal-trans-
duction pathways which are in turn regulated by signals produced in the peripheral tissues like glu-
cose, insulin, and catabolic hormones. Further, it seems likely that the circadian clock oscillates with
a circadian periodicity by itself sensing the redox state of the cell and entrains the metabolic oscilla-
tor gives a time signal to a network of gene expression. Finally, I propose that all living organisms are
autopoietic dissipative structures, that is, self-productive structures driven by the sustained oscillator
EMO dissipating energy.
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INTRODUCTION

Biological rhythms are undoubtedly essential
for all living organisms and biological clocks
involving clock proteins are considered to be
ubiquitous in eukaryotic and prokaryotic organ-
isms. Among various biological rhythms, the cir-
cadian rhythms have been most extensively stud-

ied and circadian clocks are thought to regulate
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a network of gene transcription to synchronize
the circadian rhythms with the environmental
light/dark cycles. However, yeast, which lacks
circadian rhythms and molecular clocks, shows
EMO with a periodicity of approximately
4 hours which arises spontaneously under glu-
cose- and nitrogen-limited conditions in the
chemostat culture. EMO sustains the periodic
change in the respiro-fermentative and respira-
tory phase in which oxygen demand is low and

high, respectively, keeping a high cell density in
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coupling with cell cycle division'®

). We reported
that EMO is basically regulated by the periodic
change in the reductive and oxidative states of
NAD cofactor corresponding to the change in
the respiro-fermentative and respiratory phases,
respectively, thereby forming a feedback-loop of
dehydrogenase reactions in energy metabo-
lism? (Fig. 1). In brief, in the respiro-fermenta-
tive phase, glucose is anabolized into trehalose
and glycogen at a rate comparable to that of
catabolism and the intracellular level of NADH
is kept high. Thus, this phase is relatively ana-
bolic and reductive compared to the respiratory
phase. Apparently, the attenuation of the early
steps of glycolysis by the flux of glucose into
storage carbohydrates suppresses the flux into
the aerobic glycolysis preventing a premature
shift to the respiratory phase, that is, an excess
breakdown of glucose which may lead to a meta-
bolic equilibrium. On the transition to the res-
piratory phase, cAMP levels increase triggering
the breakdown of storage carbohydrates by acti-
vating degradative enzymes like neutral treha-
lases and glycogen phosphorylase, and the
increased influx of glucose into the glycolytic
pathway activates production of glycerol and
ethanol consuming NADH as a cofactor. In the
respiratory phase, the resulting increase in the
NAD" level stimulates respiration by activating
pyruvate dehydrogenase complex (PDC) in
combination with a decrease in the level of ATP
which is rapidly consumed in the formation of
biomass leading to budding. Thus, the respira-
tory phase is catabolic and oxidative, and at the
same time productive. In parallel with the acti-
vation of mitochondrial respiration, the ethanol
and glycerol that accumulated are degraded by
respiration via NAD*- (and NADP*-) dependent
oxidation to acetyl-CoA”. Eventually, the bio-
mass formation ceases leading to the recovery
of NADH and ATP levels, and the synthesis of

cAMP

Fig. 1.
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A schematic presentation of EMO in yeast.
EMO is a periodic change of the two phases
which are relatively anabolic and catabolic
forming a feedback-loop of dehydrogenase
reactions in energy metabolism. In the
respiro-fermentative phase, glucose is anabo-
lized into trehalose and glycogen at a rate
comparable to that of catabolism and the
intracellular level of NADH is high. Thus, this
phase is relatively anabolic and reductive. On
the transition to the respiratory phase, cAMP
levels increases triggering a breakdown of
storage carbohydrates and the increased
influx of glucose into the glycolytic pathway
activates production of glycerol and ethanol
consuming NADH as a cofactor. In the respi-
ratory phase, the resulting increase in the
NAD? level stimulates respiration by activating
PDC in combination with a decrease in the
level of ATP which was consumed in the for-
mation of biomass leading to budding. Thus,
this phase is oxidative and catabolic coupled
with macromolecular synthesis for self-mainte-
nance and replication. Eventually, the bio-
mass formation ceases leading to a recovery of
NADH and ATP levels, and the synthesis of
storage carbohydrates resumes promoting a
shift to the respiro-fermentative phase, thus
making EMO a closed circular process, that is,
an oscillator.
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storage carbohydrates resumes promoting a
shift to the respiro-fermentative phase, thus
making EMO a closed circular process as a
whole (Fig. 1).

So far, two studies using DNA microarray
technology have been reported with the aim of
demonstrating that a network of gene expres-
sion primarily regulates EMO in yeast*®. The
results indicate that a fairly large number of the
genes were expressed in the phase when their
specified proteins are required to function rais-
ing the possibility that a network of gene tran-
scription primarily regulates EMO?. However,
the genes encoding the synthetic and degrada-
tive enzymes of storage carbohydrates are all
expressed in the late respiro-fermentative phase
suggesting that post-transcriptional regulation is
required for the enzymes to function proper-
ly™?, ruling out the possibility that the network
of gene expression exclusively regulates EMO.
Further, the phases of peak values for each tran-
script are largely different between the results
reported from the two research groups'®'V.
Moreover, it should be pointed out that the
transcriptional and translational reactions are
totally endergonic and so they have to be driven
by an exergonic metabolic pathway like EMO
suggesting that EMO primarily controls the net-
work of gene transcription.

The organization of EMO as a closed circular
process fits the dissipative structure according
to the theory established by Prigogine and coin-
vestigators'>'?. The dissipative structures are
spontaneously-occurring and sustained oscilla-
tors which operate autonomously dissipating
energy (that is, creating free energy and
entropy by decomposing high-ordered macro-
molecules), thereby they self-organize vivid
structures (or systems) forming patterns and
rhythms like turbulent flows, Benard cell,
Belousov-Zhabotinsky (BZ) reaction and living

organisms'?'®. Principally, dissipative structures
consist of a feedback loop which shows a period-
ic action of feed-forward activation and feed-
back inhibition. The glycolytic pathway has
been theoretically proven to be a dissipative
structure which oscillates under the primary
control of phosphofructokinase 1 (Pfklp) acti-
vated auto-catalytically by its own product ADP
leading to a non-linear accumulation of NADH
in combination with glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH)'#'®. NADH
acts as the feed-forward activator of a glycolytic
pathway facilitating the production of ethanol.
Then, ATP produced in the lower part of the
glycolytic pathway acts as a feedback inhibitor
by inhibiting the kinase reaction of the enzymes
hexokinase and Pfklp. Experimentally, the ATP
level oscillated with an inversed phase relative
to the NADH level, supporting the theory®.
EMO in yeast is also a dissipative structure as it
is a sustained oscillator with the dissipation of
energy but the feedback mechanism is much
complicated due to implication of mitochondri-
al respiration as described above”.

Apparently, all living organisms are consid-
ered to be dissipative structures because they
show either circadian or ultradian rhythms sug-
gesting the presence of sustained oscillators and
require nutrients for the dissipation of energy.
The fact raises the possibility that all living
organism besides yeast contain EMO as a cen-
tral component of the sustained oscillator. To
address the possibility, I reviewed findings in
biochemical and behavioral studies of circadian
rhythms of mammals and cyanobacteria whose
energy metabolism and circadian rhythms have

been extensively studied.

Some lines of evidence for the presence of EMO in
mammals

It is now believed that, in mammals, there are
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multiple circadian pacemakers (populations of
cells containing circadian clocks) in the brain
that work as master pacemakers to control slave
clocks in peripheral tissues depending on envi-
ronmental entrainment-cues. First, it was found
that circadian rhythms entrained in a light/dark
cycle are driven by a master oscillator in the
SCN'*1% hecause total lesion of the SCN causes
arrhythmicity in circadian rhythms in light-dark
cycles in animals'”. Later, the presence of a
food-entrainable oscillator (FEO) independent
of SCN was indicated; when food availability is
restricted to a single period in the subjective
daytime for nocturnal rodents (restricted feed-
ing, RF), animals adapt to this condition within
a few days and biological rhythms persist even
when SCN function is physically or genetically
disrupted'®!®). Further, Honma et al*” found
that chronic administration of the stimulant
methamphetamine (MAP) induced a robust
rhythmicity in locomotor activity in SCN-
lesioned rats suggesting the presence of a MAP-
inducible oscillator. Although the central oscil-
lators are thought to control the slave oscillators
in peripheral tissues, it has become evident that
the peripheral oscillators are as robust as the
central oscillators???, raising the possibility that
the former can function independent of the lat-
ter under certain conditions. The peripheral
pacemakers are entrained by RF independently
of the SCN#%) and also by various hormonal
stimuli related to the metabolism of food like
cAMP and glucocorticoids?”, suggesting that
the circadian oscillators in peripheral tissues are
robust oscillators involved in the metabolism of
food, that is, energy metabolism. In fact, there
have been many reports suggesting the circadi-
an oscillation of energy metabolism (i.e., EMO)
in mammals (Fig. 2). For example, the respira-
tory quotient in rats increased in the nighttime

compared with that in the daytime®*® (Fig. 2A)

indicating that carbohydrates are a main energy
source in the active (dark) phase and more
lipids were used as an energy source during the
resting (light) phase than in the active phase. In
agreement with this finding, in the active phase
in rat liver, the glucose level in plasma is high
with a high insulin level and the synthesis of
fatty acids and glycogen was activated?”* (Fig.
2B and C). Similarly, in humans, glycogen accu-
mulates most in the late daytime when the con-
centration of glucose in blood is high and the
utilization of glucose (for synthesis of glycogen
and fatty acids) was facilitated by insulin?-*.
On the other hand, the glucagon level is high
activating the breakdown of glycogen in the
early resting phase in rat liver®”, showing that
the metabolism is catabolic in this phase. In the
nighttime, glycogen is degraded by glucagon
(Fig. 2C) and fatty acids are degraded by ACTH
and adrenaline via a process mediated by cAMP
as an intracellular messenger®*®. Furthermore,
in both the mouse and rat, liver mitosis peaks in
the middle of the resting phase®?*". Thus,
assuming that the resting and active phases in
mammals correspond to the respiratory and
respiro-fermentative phases of EMO in yeast,
respectively, based on the main carbon-source
(glucose and fatty acid (in mammals) or acetate
(in yeast) which is oxidized during respiration
via acetyl-CoA), the energy-metabolism in the
peripheral tissues of mammals is circadian-oscil-
lated with principally a similar, if not identical,
mechanism to that of EMO in yeast.

Although mammals usually show circadian
rhythms of activity/rest cycles, they occasionally
exhibit ultradian rhythms under various condi-
tions in which the persistence of the circadian
rhythms is disturbed®*%%) For example, rats
exposed to prolonged continuous light and
those with a lesioned SCN exhibited regular

ultradian rhythms of locomotion activity®**?.
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Fig. 2. A schematic presentation of the changes in

various parameters during the circadian
oscillation between the resting (sleep) and
the active (wake) phases in rodent as a rep-
resentative of mammals. (A) A time course
of respiratory quotient (RQ)*». (B) Time
courses of the changes in the levels of insulin
(solid line) and glucagon in plasma (broken
line)®. (C) Time courses of the changes in
the levels of hepatic glycogen (solid line)'*®
and plasma glucose (broken line)®.

Recently, van der Veen et al*® have shown that,
in the common vole Microtus arvalis which nor-
mally shows an ultradian feeding rhythm with-
out fluctuations of clock-gene mRNA levels in
liver, a high-amplitude circadian oscillation of
the expression of the clock-gene mRNA was
elicited by subjecting the animals to a circadian
feeding regimen and that a low-amplitude oscil-
lation was elicited by giving them access to a
running wheel. These results suggested that
mammals contain endogenous ultradian oscilla-
tors that occasionally emerge when they are

physically and genetically separated from the

circadian clock pacemakers or when animals
encounter perturbations of the environment
like the loss of photic cues in light/dark cycles
and restriction of locomotor activity in the
absence of a wheel running.

It is now believed that circadian clocks whose
components are largely common between mas-
ter and slave pacemakers control circadian
rhythms. Among the clock proteins, Clock was
first shown to be essential in the circadian
clocks, as homozygous Clock mutant mice
became arrhythmic when kept in constant dark-
ness in both LEO-*” and FEO-driven circadian

locomotor rhythms*)

. Here, it should be point-
ed out that, in these reports, the homozygous
Clock mutant mice kept in light/dark cycles
were rhythmic in locomotor activity suggesting
that Clock is dispensable in normal light/dark
cycles. Moreover, homozygous Clock-mutant*®
and Clock-null® mice were found to sustain cir-
cadian activity/rest rhythms even in constant
darkness indicating the total dispensability of
Clock in the regulation of circadian rhythms.
Although it remains possible that some homolo-
gous protein(s) substitute for Clock in these
animals, no candidate proteins have not
emerged*. Thus, it is likely that circadian clock
in SCN is dispensable for circadian rhythms in
light/dark cycles although SCN as a whole is

essential'”. Furthermore, Lakin-Thomas*”

pos-
tulated that the standard transcription/post-
translation mechanism of the circadian oscilla-
tors is no longer an adequate model for the cir-
cadian oscillator because rhythmicity is
observed in various model organisms including
mammals in the situation where either the tran-
scription of various clock genes is held constant
or clock gene function is eliminated in knock-
out mutants. In addition, there are reports sug-
gesting a strong link between the circadian

rhythm and metabolism although the precise
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mechanism behind such a link is not clear*™.

Presentation of a model of circadian oscillators fea-
turing EMO in mammals

To study the potential role of energy metabo-
lism in the circadian rhythms in mammals, I fur-
ther reviewed literatures published to date and
would like to present a model of circadian EMO
in mammals using a small animals like laborato-
ry rodents as representative (Fig. 3). The model
is principally identical to that of yeast in that the
oscillation is a periodic change between the
anabolic and catabolic states (compare Figs. 1
and 3A). Roughly, Energy metabolism in the
active phase is substantially anabolic under the
control of insulin activating the synthesis of
glycogen and lipid, while that in the resting
phase is regulated mainly by glucagon in combi-
nation with orexin and glucocorticoids®"®".
However, metabolic states in the transition
between the active and resting phases in which
the locomotor activity increases (thus, belong to
the active phase) are catabolic accompanying
gluconeogenesis stimulated mainly by glucocor-
ticoids®®*®. These reactions caused by glucagon
and corticosterones are also found to occur dur-
ing exercise apart from the circadian
rhythms®** suggesting that the “anticipatory
locomoter activity” in the circadian rhythm is
the action that facilitates the catabolism of
glycogen and proteins in muscles leading to
hepatic gluconeogenesis. During the transition
from the active to resting phase, the metabolism
may shift relatively smoothly from the anabolic
to catabolic state because the secession of food
intake gradually causes hypoglycemia which
induces the secretion of catabolic hormones®™
and energy sources, especially hepatic glycogen,
are stored in abundance. However, if not
enough hepatic glycogen has accumulated by

the end of the active phase, animals synthesize

glycogen via gluconeogenesis by activating exer-
cise. Especially, in diurnal rodents with a crepus-
cular pattern (associated with dusk and dawn)
of locomotor activity, the secretion of catabolic
hormones increases in this phase®*®”. On the
other hand, during the transition from the rest-
ing to active phase, animals (regardless of noc-
turnal, diurnal and crepuscular) are required to
produce glucose via gluconeogenesis by pro-

5862) as the hepatic

moting locomotor activity
glycogen level has decreased.

The regulatory mechanism of metabolic oscil-
lation in mammals is, of course, very different
from that in the unicellular organism yeast: it is
operated by a network of peripheral tissues like
the liver, muscle, and adipose tissue, in a coordi-
nated fashion under the control of hormonal
and neural signals originating from the central
pacemakers in the brain (Fig. 3B). At the end of
the anabolic phase, insulin transported in the
brain suppresses food intake inhibiting the
expression of neuropeptide Y (NPY), a hypo-
thalamic neuropeptide which activates food
intake®. It should be added that some ani-
mals like diurnal rodents transiently increase
the levels of orexin and glucocorticoids to pro-
duce glycogen by activating the locomotor activ-
ity (Fig. 3B). The decrease in blood glucose due
to cessation of food intake stimulates orexin
neurons in the hypothalamus®®” and orexins
induce catabolic hormones like glucagon® and

%050 The catabolic metabolism is

glucocorticoids
facilitated mainly by glucagon in the early rest-
ing phase inducing the degradation of hepatic
glycogen and fatty acids, and then, in the begin-
ning of the active phase, animals are required
to produce glucose via gluconeogenesis by pro-
moting locomotor activity and so the levels of
orexins and glucocorticoids are usually highest
in this phase of the circadian rhythm®*%?. The

increase in glucocorticoids in the brain, likely in
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A model of the mechanism of circadian oscillation of energy-metabolism in a
rodent as representative of mammals. (A) A gross presentation of energy-metab-
olism oscillations in animals showing a periodic change of catabolic and anabol-
ic phases. In the active (wake) phase, the energy metabolism is in an anabolic
state under the control of insulin synthesizing glycogen and lipid and in the
resting (sleep) phase animals are in a catabolic state under the control of cata-
bolic hormones like glucagon, corticosterones and orexins degrading glycogen,
protein and lipid. During the activity-to-rest phase transition, animals synthesize
glycogen via gluconeogenesis through exercise if the glycogen level in the liver
is not high enough. On the other hand, during the rest-to-activity transition, ani-
mals are required to produce glucose via gluconeogenesis from lactate and
amino acids in the liver as the glycogen level in the liver is reduced. (B) A
schematic presentation of the network of hormonal and neural signals engaged
in the mechanisms of regulation and entrainment of the circadian rhythm. At
the end of the anabolic phase, insulin transported in the brain suppresses food
intake inhibiting the expression of NPY, while some animals like diurnal rodents
transiently increase the levels of orexin and glucocorticoids to produce glycogen
by activating the locomotor activity (in the box surrounded by a broken line).
The decrease in blood glucose due to cessation of food intake stimulates hypo-
thalamic orexin neurons and orexins induce secretion of glucagon and glu-
cocorticoids. The catabolic metabolism is facilitated early by glucagon degrad-
ing hepatic glycogen and fatty acids, and then glucocorticoids gradually increase
reaching a peak value prior to the beginning of the active phase when animals
are required to produce glucose via gluconeogenesis by promoting locomotor
activity. The increase in glucocorticoids in the brain facilitates the intake of food
mediated by NPY. The increase in blood glucose induces secretion of insulin
which facilitates the anabolism of glucose and other nutrients. The central pace-
makers like LEO, FEO, and the MAP-responsive oscillator seem to target the
catabolic phase for synchronization of the circadian rhythms. LHA, lateral hypo-
thalamic area; SCN, suprachiasmatic nucleus; DMH, dorsomedial hypothalamic
nucleus; CPu, caudate-putamen; MAP, methamphetamine.

45



46 Kunio TSURUGI

combination with transient declines of blood

697D facilitates the intake of

glucose by insulin
food mediated by NPY® (Fig. 3B). The increase
in blood glucose induces secretion of
insulin”" which facilitates the anabolism of
glucose and other nutrients and thus a feed-
back-loop of the energy metabolism is complet-
ed. Exercise in the early active phase may be
evolutionally conserved in small animals, as it is
advantageous for the food-seeking movement.
On the other hand, in large mammals like
humans, the anticipatory locomotor-activity
prior to the active phase is unusual suggesting
that the metabolic changes may be regulated by
hormonal and neural regulations without exer-
cise. Therefore, the metabolic changes in the
whole body in mammals are regulated princi-
pally by the fluctuation of the blood levels of

glucose and related hormones, while those in
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the peripheral tissue cells are regulated by fluc-
tuations in the intracellular levels of metabolites
like NADH/NAD*, ATP/ADP/AMP, and acetyl-
CoA, as shown during the metabolism in FAA in
rodents™.

Apparently, the central pacemakers in the
brain target the catabolic state for synchroniza-
tion of the circadian rhythms and increase their
activity reaching the maximum level in the early
active phase (Fig. 3B). The dorsomedial hypo-
thalamic nucleus (DMH) as the FEO pacemak-
er targets the catabolic state by activating orexin
neurons in the lateral hypothalamic area (LHA)
prior to the food-available period in which ani-
mals become anabolic”™™ whereas an alterna-
tive pathway is suggested”. Although the SCN
as the LEO pacemaker have only sparse projec-
tions to orexin neurons®”, SCN inputs reach

them indirectly via DMH®". Further, while
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acutely-administrated MAP immediately increas-
es locomotor and feeding activities by stimulat-
ing the secretion of orexin®®, chronic adminis-
tration of MAP sensitizes animals causing MAP-
inducible oscillator(s) to appear outside the
SCN such as in the parietal cortex, caudate-
putamen (CPu) and striatum®®. The oscilla-
tors once established increase the corticos-
terone level during the resting phase leading to
the elongation of the active phase®. Thus, the
MAP-sensitive oscillator entrains the circadian
rhythm stimulating a catabolic state in the rest-
ing phase prior to the activation of the locomo-

tor activity as the other oscillators do.

Potential role of the circadian clock suggested by the
target genes of BMALI/Clock heterodimer

The circadian clocks in both central and periph-
eral pacemakers contain the BMAL1/Clock het-
erodimer as a major component which acts as a
transcription factor targeting genes that contain

E-box elements in their promoters®

. Recently,
there has been increasing evidence that most, if
not all, genes with E-box elements also contain
cAMP-response element (CRE) for the binding
of CRE-binding protein (CREB) which is activat-
ed through the cAMP-protein kinase A (PKA)
signaling pathway. For example, in addition to
the clock genes Perl and Per2", Decl (also
called Stral3 and Sharp2), a regulator of the
mammalian circadian clock belonging to the
family of basic helix loop helix (bHLH) tran-
scription factor?”, is transcribed by the
BMAL1/Clock heterodimer, depending on E-
box elements® and is also inducible by cAMP,
which probably depends on a putative CRE in
its promoter®¥. The transcription of the cho-
lesterol 7a-hydroxylase gene CYP7A1 is sup-
pressed by Dec2 (also named Sharpl), mediat-
ed by E-box*, and also inhibited by cAMP by

activating phosphorylation®” or/and recruit-

ment of hepatocyte nuclear factor 4a
(HNF4a)°". The expression of AC1, which
encodes a neurospecific adenylate cyclase and
plays an important role in melatonin synthesis
in the pineal gland, is mediated by E-box ele-
ments” and the expression is inhibited by
increases in cAMP?. The expression of the
gene encoding arylalkylamine N-acetyltrans-
ferase (AA-NAT)'"”, a key enzyme in melatonin
synthesis, is mediated by an E-box in the first
intron and is also induced by cAMP depending
on CRE'™. Albumin D-element binding protein
(DBP) is transcribed, mediated by E-box ele-
ments'’®, and induced by administration of
forskolin (adenylate cyclase activator) in rat-1
cells', although it is unknown whether the
gene contains CRE in its promoter. These find-
ings, taken together, suggest that genes
expressed through mediation of E-box elements
are a subset of genes that are activated though
the cAMP-PKA-CREB signaling pathway and are
involved in the regulation of circadian rhythms
targeting the catabolic phase. Thus, it is likely
that circadian clocks are a kind of backup sys-
tem for the cAMP-signaling pathway and they
become essential when the environmental
light/dark condition is disturbed.

So far, numerous studies using DNA microar-
ray technology have been conducted to demon-
strate the network of gene expression associated

199 The results

with the circadian rhythms
obtained so far indicate that the expression of
about 10 % of genes oscillates in a circadian
fashion at significant amplitude (mostly, 1.3- to
3.0-fold) in mammalian tissues and that, howev-
er, the species of circadian-controlled genes are
markedly different for every tissue and cell test-
ed, and even for each assay using the same tis-
sues, except the canonical clock genes which
prominently oscillate in most tissues'*'%®. Thus,

a convincing mechanism for the transcriptional



48 Kunio TSURUGI

network has yet to be proposed. In addition, the
expression of a large proportion of circadian-
controlled genes is affected by the feeding sta-
tus in the rat liver'’”. Thus, it is likely that the
network of gene expression is finely tuned
depending on genetic, metabolic and environ-

mental conditions.

Potential role of the circadian clock suggested by the
study of circadian rhythms in unicellular cyanobacte-
ria

Unicellular cyanobacteria are prokaryotes
that perform oxygen-evolving photosynthesis
showing clear circadian rhythms, as evidenced
by periodic changes in photosynthesis and
nitrogen fixation, and the cyanobacterium Syne-
chococcus is the only prokaryote whose circadian
clock has been elucidated'*®'*”. Kondo and col-
leagues'” reported that a central oscillator of
the clock is composed of three proteins (KaiA,
KaiB and KaiC), and the phosphorylation state
of KaiC oscillates with a periodicity of about
24 h in vivo in the presence of transcription and
translation inhibitors. Furthermore, they recon-
stituted the circadian oscillation of KaiC phos-
phorylation ¢n vitro by incubating the three pro-
teins in the presence of ATP at molar ratios sim-
ilar to that measured in vivo''"''?. These results
suggested that the levels of the components in
the clock are regulated to oscillate with a circa-
dian periodicity in vivo. The input signal for the
core clock is transferred by the proteins LdpA
and CikA. LdpA, an iron-sulphur protein, sens-
es the redox state of the cell and influences the
period length of the circadian clock, which
affects the abundance and redox sensitivity of
CikA!''*11% CikA, a histidine protein kinase,
senses the redox state of the plastoquinone pool
in the thylakoid membrane, which varies as a
function of the light strength in the environ-

ment, and influences the phosphorylation state

of KaiC during the resetting of the circadian
115,116)

phase by a dark pulse . Thus, phase setting
of the circadian clock is regulated by the meta-
bolic state of the cell through a coordinated
function of LdpA and CikA. On the other hand,
the output signal from the core clock is relayed
by two protein kinases, SasA and RpaA, which
make up a two-component signal transduction
system''”. SasA is a KaiC-binding histidine
kinase and its disruption attenuates or elimi-
nates circadian expression of all tested genes
including those of Kai proteins’'®. RpaA, a
potential DNA-binding protein, acts as a cog-
nate response regulator of SasA, and its disrup-
tion also severely attenuates the circadian
expression of all genes tested''”. Thus, these
proteins are thought to mediate temporal infor-
mation from the core clock to drive the global
expression of genes in cyanobacteria. Further-
more, Smith and Williams reported that a chro-
matin compaction rhythm is found in parallel
with the circadian rhythm of global expression
of genes in Synechococcus, and the rhythm is con-
trolled by the circadian clock depending on Kai

119 However, because the chromatin

proteins
compaction rhythm is not affected by the dis-
ruption of SasA'®, the precise pathway from
the central clock to the global expression of
genes remains to be elucidated.

In regard to metabolism, unicellular
cyanobacteria photosynthesize glucose from car-
bon dioxide thereby evolving oxygen, and accu-
mulate polymers of glucose resembling glyco-

120,121) In

gen into dense granules in the daytime
the nighttime, they fix nitrogen into ammoni-
um, which is catalyzed by nitrogenase, leading
to the synthesis of amino acids and proteins and
other macromolecules®”?V (Fig. 4). Nitrogen
fixation is a process that requires a lot of ener-
gy; therefore, stored glycogen is degraded to

yield energy via respiration'?". Thus, the metab-
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olism of unicellular cyanobacteria is mainly ana-
bolic in the daytime and catabolic in the night-
time. cAMP plays an important role in the regu-
lation of metabolism in unicellular cyanobacte-

ria as in other living organisms. The level of
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cAMP increases immediately after a dark-to-
light transition and, conversely, decreases after a
light-to-dark transition'*”. The major adenylate
cyclase Cyal in unicellular cyanobacteria is acti-

vated in response to the irradiation of blue light

A
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/N O, (Photosynthesis)
Phototaxis?t
CO, Glucose
l Pili formation

Glycogen Respiration

cAMP

T

N,|
Ammonia

Catabolic
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—Amino asids etc.

~\
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J

"

genes

[ Biomass formation ]

Catabolic phase

(Nitrogen fixation)

Fig. 4. A schematic presentation of EMO in unicellular
cyanobacteria. The cells photosynthesize glucose from
carbon dioxide evolving oxygen in the daytime and fix
nitrogen into ammonium leading to the synthesis of
amino acids and proteins and other macromolecules in
the nighttime. In parallel, they accumulate glucose into
glycogen in the daytime and degrade the stored glyco-
gen to yield energy for nitrogen fixation via respiration.
Thus, the metabolism of unicellular cyanobacteria is
mainly anabolic in the daytime and catabolic in the
nighttime. After the light-to-dark transition, the
decrease in the intracellular level of nitrogen due to
nitrogen fixation induces the expression of genes
involved in the catabolism of glucose and glycogen. The
level of cAMP increases immediately after a dark-to-
light transition in response to the blue light via as-yet-
unidentified pathway and, in addition, the decrease in
the bicarbonate level activates the adenylate cyclase
Acyl, which causes the activation of genes involved in
the biogenesis of pili, which enhances phototaxis. Thus,
in unicellular cyanobacteria, the metabolic oscillation is
regulated by their own substrates such as nitrogen and
carbon dioxide in combination with the actions of light

and cAMP.
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and increase cellular motility for phototaxis'®®

which is caused by the activation of genes
involved in the biogenesis of pili via the cAMP-

1124125 Furthermore,

responsive protein SYCRP
bicarbonate decreases the maximal velocity and
substrate affinity in Cyal'®®, which suggests that
the activity of Cyal is suppressed in the night-
time as the level of carbon dioxide increases in
the absence of photosynthesis. In addition,
Osanai et al.'®” reported that nitrogen depletion
induces the expression of genes involved in the
catabolism of glucose and glycogen summariz-
ing the results of experiments that used mutants
expressing a partially inactivated NtcA, a global
nitrogen regulator, or a deficient sigE — a
sigma factor specific for sugar catabolic genes.
Thus, in the nighttime when the intracellular
level of nitrogen decreases due to nitrogen fixa-
tion, the expression of catabolic genes is activat-
ed in response to the nitrogen depletion rather
than cAMP production in unicellular cyanobac-
teria differing from other prokaryotes wherein
the expression is activated by cAMP'®®. This par-
ticular action of cAMP in unicellular cyanobac-
teria may be related to the coexistence of pho-
tosynthesis and nitrogen fixation in a cell. This
is because, in filamentous cyanobacteria where-
in nitrogen fixation is operated exclusively in
differentiated cells called heterocysts, cAMP
increases during the light-to-dark transi-
tion'#2!* and an increased production of cAMP
induces the fragmentation of filaments and
inhibits growth, which suggests that cAMP is
engaged in degradative (=catabolic) reactions.
Altogether, in unicellular cyanobacteria, the
metabolic oscillation is regulated by their own
substrates such as nitrogen and carbon dioxide
in combination with the actions of light and
cAMP, suggesting that the oscillation operates
autonomously in light/dark cycles. In consisten-

cy with this view, KaiC mutants grow normally as

the wild type while they show arrhythmic
expression of a reporter gene under constant
light conditions'?", and both sasA-null and
rpaA-null mutants also grow normally under
constant light conditions while the expression
of genes is largely arrhythmic''”!"®. These
results suggest that the programmed expression
of genes by the circadian clock is not essential
to maintain metabolic oscillation. Moreover,
normal growth under the constant light condi-
tions means that the oscillation of cellular
metabolism are normal because cells must die if
the oscillation becomes arrythmic as nitroge-
nase is severely sensitive to evolving oxygen'D.
Furthermore, the arrhythmicity of gene expres-
sion in mutants is re-synchronized by applica-
tion of a light/dark cycle'"*" suggesting that
one of the reasons for the arrhythmic expres-
sion of genes in the absence of the clock is the
desynchronization of metabolic rhythms among
cells in cultures under constant light condi-
tions. Thus, it is likely that the clock is required
for synchronization of the circadian oscillation
of metabolism in cell populations and for the
transfer of temporal information needed to reg-
ulate gene expression. Taken together, the study
of the circadian rhythm of unicellular cyanobac-
teria suggested that the circadian clock oscil-
lates with a circadian periodicity by itself in con-
cert with the redox state of the cell and entrain
the metabolic oscillator by giving a time signal

to a regulatory system for gene expression.

Conclusion: living organisms as autopoietic dissi-
pative structures

Herein I report that the energy metabolism
oscillates daily between anabolic and catabolic
states and circadian rhythms are redox-regulat-
ed by metabolites which fluctuate in their intra-
cellular levels in coupling with the metabolic

oscillation. The circadian clocks may oscillate
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with a circadian rhythmicity per se and mediate
temporal information to cells to maintain the
synchronization of metabolism in cell popula-
tions. The periodic change of the two metabolic
states is essential to avoid metabolic equilibri-
um, that is, death, and so it should be essential
for all living organisms. According to the theory
of autopoiesis proposed by Maturana'®, the
characteristics of living organisms that discrimi-
nate them from non-living organisms (dissipa-
tive structures) are suggested as follows. First,
the metabolism in a living organism is orga-
nized in a closed circular process (that is, in a
metabolic oscillator) so that the organism can
continuously produce itself. Second, the circu-
larity makes a living organism a unity (that is,
cell and body) and so makes it an autopoietic
(self-productive) system. Third, the circularity
makes a living system a self-referring system to
maintain its circularity and to define its identity
accordingly. Fourth, a living organism under-
goes internal structural changes to adapt to the
environmental perturbations through a cogni-
tive domain. Considering the theory, I would
like to propose here that a living organism uses
the genome and gene transcription system as a
self-referring system to maintain the metabolic
organization assuring identities of individuals
and species. Thus, the circadian clocks may be a
component of the circular organization of
metabolic pathways of EMO and participate in
the modulation of metabolism in response to
changes in genetic, metabolic, and environmen-
tal conditions. In other words, the perturbations
met during interaction with the environment
having circadian rhythmicity are processed in
the circular processing of the metabolism
involving the circadian clock mechanism as a
component, and the internal changes of metab-
olism thus induced lead to behavioral changes

to adapt to the environment. Thus, the require-

ment of the circadian clocks may change
depending on the metabolic and environmental
conditions and it is almost dispensable under

light/dark conditions in circadian organisms.
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