Clock genes

Circadian rhythms

new functions for old clock genes?

The mechanisms of circadian clocks, which time daily events, are being investigated by characterizing ‘clock
genes’ that affect daily rhythms. The core of the clock mechanism in Drosophila, Neurospora, mammals and
cyanobacteria is described by a transcription-translation feedbhack-loop model. However, problems with this
model could indicate that it is time to look at the functions of these genes in a different light. Our a priori
assumptions about the nature of circadian clocks might have restricted our search for new mutants in ways that

prevent us from finding important clock genes.

ow does a fungus, or a fruitfly, or a mouse, tell time?
What are the molecular mechanisms of the circadian
clocks (Boxes 1 and 2) that allow organisms to measure
the passage of a day, and regulate their activities appropri-
ately? There has recently been an explosion' of interest in
this topic, with the isolation of new ‘clock genes’ (Box 2),
the finding of homologous clock genes in Drosophila
melanogaster and mammals, and the identification of a
common sequence motif, the PAS domain (Box 2), in
many of the gene products (see Table 1). According to
many reviewers, the answer to my opening question is
clear: “... there is a feedback loop ... that is centered on the
transcription and translation of clock genes and clock pro-
teins’?; ‘Overwhelming evidence ... shows that core clock
mechanisms involve ‘clock genes’, which participate in
transcriptional-translational feedback loops™; these are
examples of many similar statements from recent reviews.
The orthodox view of clock mechanisms, as presented
in the introductions to numerous papers in this field, is the
transcription—translation feedback loop (Fig. 1a). In many
organisms, one or more ‘canonical clock genes’ (Table 1)
are rhythmically transcribed and translated into proteins
that are rhythmically abundant and that feed back to
rhythmically inhibit their own transcription. It might
appear to the casual reader that this problem is essentially
solved, and there is little left to do but fill in some species-
specific details and tie up a few loose ends. But just how
good is the evidence for this orthodox model? Those
working inside this field are aware of the complexities and
anomalies that are not explained by the simple model as it
is often caricatured. In this perspective, I will play ‘the
devil’s advocate’ by focusing not on the successes of this
model but on the remaining problems. In particular, new
evidence from Neurospora crassa raises some basic ques-
tions: is the orthodox model adequate to explain the
generation of circadian rhythmicity? If not, then what
might be the functions of the canonical clock genes and
what might be the rhythm-generating mechanisms?

Problems with the orthodox model in Drosophila

A transcription—translation feedback-loop model was first
proposed for the circadian oscillator of Drosophila, and
the current model is described in Fig. 1b. This model is
built on a set of assumptions about the mechanism: the cir-
cadian oscillator is a causal chain, in which rhythmic tran-
scription of dedicated clock genes begets rhythmic RNA
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levels, which beget rhythmic protein levels, which beget
rhythmic DNA-binding activity, which begets rhythmic
transcription, and so on; this sequence of events takes
approximately 24 hours to complete one loop. The identity
of the components might be different in different species,
but the structure of this causal chain is assumed to be simi-
lar. Although this model has now been applied to
Neurospora, mammals and cyanobacteria, it has never had
the potential to be a universal mechanism. For example, in
the giant alga Acetabularia, rhythmic photosynthesis can
continue for many days in cells from which the nucleus has
been removed and organellar RNA synthesis has been
inhibited?, so any mechanism depending on rhythmic gene
transcription could not apply to this organism.

The first problem with this model is the time-delay
question: all of the processes in this causal chain are nor-
mally carried out fairly rapidly, and some transcription
factors can be transcribed, translated, transported into the
nucleus and be acting on their nuclear targets within min-
utes. There must be time delays introduced at one or more
points in the chain to make this loop take 24 hours to
complete, but we do not yet have any kinetic data to indicate
how these delays are accomplished.
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BOX 1. Properties of circadian rhythms

constant environmental conditions.

genetically determined for that species.

different constant ambient temperatures.

the phase to entrain the rhythm to exactly 24 hours.
been demonstrated in the cyanobacteria.

complex tissue organization.

Circadian rhythms are biological rhythms with periods of ~24 hours.
Rhythmicity is endogenous and self-sustaining, and continues under

Period length is usually not exactly 24 hours under constant conditions but is
Period length is usually temperature-compensated and varies little at
Rhythmic environmental signals, mainly light and temperature changes, reset
Circadian rhythms appear to be ‘ubiquitous in eukaryotes’ and have also

Rhythmicity is found at the level of the single cell, and does not require

Uses for circadian rhythms include daylength measurement for photoperiodism,
celestial navigation, timing of internal events to anticipate dawn or dusk, and
timing of incompatible processes at different phases, but in many organisms
the selective advantages of circadian rhythms have not yet been described.
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BOX 2. Glossary

Circadian
Literally meaning ‘about a day’, refers to biological rhythmicity
with a period of ~24 hours.

Clock

An entire circadian system, including the central oscillator and
the input and output pathways (see Box 3). A clock can be
entrained to the environmental day—night cycle and is used by
an organism to track the passage of solar time. Alternatively
(see ‘clock gene’), refers only to the central oscillator
mechanism.

Clock gene

Gene proposed as a component of a central oscillator.
Alternatively® refers only to the negative elements of a transcrip-
tion—translation feedback loop whose abundance is rhythmic.

Clock-affecting gene

Identified by a mutation that alters the period or persistence of
rhythmicity. It might or might not be a component of a central
oscillator.

Canonical clock gene

Gene proposed as a major component of a transcription—
translation feedback loop. Also refers to similar genes identified
in other organisms by sequence homology. Alternatively® refers
to genes identified in screens for mutations that change the
period or persistence of rhythmicity but have no known
metabolic defects.

Non-canonical clock gene

Defined by mutations that change the period and either have
known biochemical defects or affect the growth and viability of
the organism. Also refers to clock-affecting genes not well
characterized.

Entrainment

Process by which an endogenous circadian oscillator is forced
to ‘lock on’ to an imposed environmental cycle (a zeitgeber)
such as a light-dark cycle or temperature cycle so as to
exactly match the imposed period-

Input

Pathway(s) through which a circadian oscillator receives infor-
mation from the environment, such as light signals and temper-
ature changes. This allows the oscillator to remain synchronized
with the environmental day—night cycle.

Oscillator

Molecular mechanism that generates self-sustained rhythmicity,
independently of the input and output pathways. Can also be
called ‘rhythm generating loop’ or ‘central clock mechanism’'.

Output

Pathway(s) through which an oscillator influences cellular and
organismal behaviour to produce observable rhythms in
metabolism, activity, etc.

Parameter

A term used in mathematical modelling of dynamic systems,
such as oscillators, referring to a constant quantity that does not
change with time but that determines the rates at which other

quantities (variables) change. For example, in a mathematical
model of a biochemical oscillator, the K and V,__ of an enzyme
might be parameters.

PAS domain

Protein sequence motif found in some clock proteins and in
many other proteins'é, predominantly associated with signalling
pathways that transmit environmental information such as
oxygen, redox state and light. Sometimes associated with
protein—protein interactions.

Phase

Describes the time of occurrence of some landmark in a rhythm,
relative to a control rhythm. For example, the time of occurrence
of the peak of rhythmic activity in an animal relative to another
animal, or relative to the dawn of a day—night cycle.

Phase shift
A single persistent change in the phase of a rhythm, caused
perhaps by some outside perturbation such as exposure to a

pulse of light.

Rhythm

Anything that can be seen to regularly oscillate in level or activ-
ity. Usually refers to the observable output of a central oscillator
rather than the oscillator itself.

Semi-dominance (also incomplete, or partial, dominance)
Refers to a mutation that when heterozygous produces a
phenotype that is neither that of the homozygous wild-type nor
the homozygous mutant. For example, a mutation that produces
a period of 20 h when homozygous in an organism with a wild-
type period of 26 h might produce a period of 23 h in the het-
erozygote.

State variable

A term used in mathematical modelling of dynamic systems,
such as oscillators, referring to a quantity that changes with time
(a variable). The set of state variables is the minimum number
of variables that are required to completely define the state of
the system at one instant in time. For example, in a mathemat-
ical model of a biochemical oscillator, the concentrations of
products and reactants might be state variables.

Temperature compensation
The property of maintaining approximately the same period at
different constant temperatures.

Zeitgeber
Literally meaning ‘time-giver’, an externally imposed rhythmic
signal, such as a light—dark cycle, that entrains an oscillator.

Zeitnehmer

Literally meaning ‘time-taker’ (by analogy with ‘zeitgeber’), an
input pathway that is itself rhythmically regulated by feedback
from an oscillator. It will therefore create a rhythmic input to the
oscillator even in constant environmental conditions.

(Note: The first definition given for each term is that used in this review.
Alternative definitions used by other authors are given to aid the reader in
understanding the literature.)

The second problem comes in attempting to establish
the causal links between steps in the loop. Evidence from
Drosophila has shown that the timing of the peaks of the
RNA and protein products of the clock gene period (per)
(Table 1), and the shapes of the abundance curves, cannot
be explained by the simple ‘rhythmic transcription begets
rhythmic RNA begets rhythmic protein’ sequence. The lag
time between the per RNA peak and the PER protein peak
requires the assumption both of rhythmic RNA stability
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and of rhythmic protein stability to account for the shape
and amplitude of the rhythms®*. Similarly, the lag time
between protein accumulation in the cytoplasm and tran-
scriptional repression requires rhythmic regulation of
nuclear entry of the complex between PER and its partner
TIM, encoded by the timeless (tim) gene (Table 1)°. Most
critically, if the per gene is transcribed from a constitutive
promoter, it can rescue rhythmicity in arrhythmic null
mutant per? flies and the RNA and protein are found to be
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TABLE 1. Canonical clock genes

Species Gene Clock mutant phenotype Proposed Relationship to phototransduction  Refs
function
Drosophila melanogaster  per? (period) Short-period, long-period, and Negative element 6,29
arrhythmic alleles
tim (timeless) Short-period, long-period, and Negative element  TIM protein destabilized by light 6,29
arrhythmic alleles
clk (jrk)? (clock, jerk) Arrhythmic Positive element Mutants blind for lights-on response 1,6,30
cyc? (cycle; homologous  Arrhythmic Positive element Mutants entrain poorly to light—dark cycles 1, 6, 31
to BMALL of mammals)
cry (cryptochrome) Photoreceptor? Protein sequence homologous to photolyase, 32
protein abundance light-regulated, altered
light responses in mutants
Neurospora crassa frq (frequency) Short-period and long-period Negative element ~ RNA abundance increased by light, null 6,12,
alleles; null mutants mutants less sensitive to light 13,16
conditionally rhythmic, with
poor temperature compensation
we-1°, we-2° Arrhythmic under standard Positive elements ~ Mutants blind to almost all light responses 6, 19
(white-collan conditions
Mammals (mouse and perl?, per2s, Per2 knockout mice have short Negative elements  RNA abundance of perl and perZincreased 1, 6,
human) per3? (period) period, gradual loss of by light, perl induction required for phase 33, 34
rhythmicity shifting
tim (timeless) ? Negative element? 6
clk? (clock) Long period, gradual loss of Positive element Reduced light-induced gene expression in 1,6,35
rhythmicity mutants
BMALI* (MOP3)? (brain ? Positive element 1,6
and muscle Amt-like
protein; member of the
PAS superfamily)
cryl, cry? (cryptochrome) — Short or long periods; double Negative element  Protein sequence homologous to photolyase, 32, 36
mutant is arrhythmic altered photoresponses in mutants
Synecho-coccus sp. kaiA (cycle) Several long period alleles; Positive element 6, 37
strain PCC 7942 null mutant arrhythmic
kaiC (cycle) Short and long period alleles; Negative element 6, 37

null mutant arrhythmic

2PAS-containing proteins (see Box 2).

rhythmically abundant, in spite of the constant rate of
transcription®. Indeed, one set of authors” concluded that
‘it is possible that transcriptional regulation is not necess-
ary for PER cycling or even for circadian rhythms.” The
same conclusion might apply to tim: it has recently been
found that expression of a tim cDNA transgene can rescue
rhythmicity in arrhythmic null mutant tim° flies, even
though the #im RNA is not rhythmic in abundance
(A. Sehgal, pers. commun.). According to the orthodox
model (Fig. 1b), the level of the PER-TIM heterodimer in
the nucleus is critical for transcriptional control, and the
level of dimer would be rhythmic as long as one of the two
proteins is rhythmically expressed. It appears that flies can
be rhythmic if either per or tim is constitutively expressed;
we don’t yet know if flies are rhythmic with both genes
constitutively expressed.

The third problem is the assumption that components of
the loop are ‘clock genes’, dedicated to the proposed time-
keeping function of the feedback loop®. The Drosophila
per gene clearly plays an important role in circadian rhyth-
micity, but its regulation and functions are not dictated by,
or restricted to, the orthodox feedback loop. The PER pro-
tein is nuclear and its levels are rhythmic in the lateral neu-
rons (the brain cells that control circadian rhythmicity),
but PER is expressed widely in other fly tissues, and in the
ovaries the protein is neither nuclear nor rhythmic®. In the
brains of silkmoth, PER appears to be functional in circa-
dian rhythmicity but the protein, although rhythmic, is
never nuclear®, even though TIM protein is present and

should allow nuclear transport according to the orthodox
model® (see Fig. 1b). The per gene affects the period of the
courtship-song rhythm in Drosophila, even though this
rhythm has a period of ~1 minute, which is clearly too
rapid to depend on a transcription—translation feedback
loop®. Canonical clock genes must have other functions
that are not explained by the model, and this raises the
possibility that these proteins might have a primary func-
tion that is as yet unknown, and that their effects on circa-
dian clocks might be secondary?®.

Problems with the orthodox model in Neurospora
The current model for the Newurospora transcription—
translation feedback loop is described in Fig. 1c. The first
problem in applying the orthodox model to Neurospora is
that several of the basic assumptions behind the model
have not yet been tested: although the abundance of the
RNA product of the clock gene frequency (frq) (Table 1) is
rhythmic®, it has not yet been shown whether this gene is
rhythmically transcribed or whether downregulation of
frg RNA by FRQ protein occurs at the level of the
promoter. For example, in a thorough analysis of the
rhythmically expressed RNA-binding protein AtGRP7 in
Arabidopsis’, it was shown that although the RNA levels
are rhythmic, and the protein feeds back to control the
level of its own RNA, this control is not at the level of
transcription.

A second set of problems is similar to those in
Drosophila concerning time delays and causal sequences.
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FIGURE 1. The orthodox transcription—translation feedback loop
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There appears to be no time delay in the frg loop to
account for the circadian period: FRQ protein appears in
the nucleus very rapidly after activation of frq transcription.
frg RNA and nuclear FRQ protein levels both drop to a
low level and remain there for most of the circadian cycle,
and after a long lag, frq transcription begins again without
a further drop in nuclear FRQ levels'?. The causal role of
frq gene products in determining the state of the oscillator
is also uncertain: if the current model of the frg feedback
loop® is correct, then the levels of frg RNA and FRQ protein
should determine the phase of the clock. Yet, in a series
of experiments to assay levels before and after abrupt
changes in temperature that reset the phase!!, there was no
correlation between the levels of frq gene products and the
phase of the rhythm of conidiation (spore-formation) that
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(a) The transcription—translation feedback loop that is proposed to be common to
many circadian oscillators. The rhythmic transcription of one or more clock genes
produces rhythmic levels of clock RNA(s) that, in turn, produce rhythmic levels of
clock protein(s). The clock protein(s) are negative elements that inhibit the
transcription of their own genes, possibly by interfering with positive elements
required to activate transcription of clock genes. When clock RNA and
subsequently protein levels fall, transcription is activated and the cycle repeats.
Rhythmic output could be controlled by either the negative or positive elements
acting on output gene expression. (Adapted from Ref. 6.) (b) Proposed model of
the Drosophila transcription—translation feedback loop. Two clock genes, per
(period) and tim (timeless), are rhythmically transcribed and translated into their
proteins, PER and TIM. The PER protein contains a PAS domain (see Box 2), but
TIM does not. The proteins dimerize and the heterodimer is transported into the
nucleus where it inhibits transcription of the per and tim genes. Two PAS-protein
transcription factors, CLK (clock) and CYC (cycle), are required for activation of
transcription of per and tim. The PER-TIM heterodimer inhibits transcriptional
activation by the heterodimer CLK—CYC. The DBT (double-time) kinase
phosphorylates and destablizes PER in the absence of TIM, keeping PER levels
low until TIM levels rise sufficiently to allow heterodimerization and nuclear
transport. Light affects this system by enhancing the breakdown of TIM. (Adapted
from Ref. 6. See Refs 1, 2, 6 and 29 for evidence supporting this model.) (c)
Proposed model of the Neurospora transcription—translation feedback loop. The
clock gene frg (frequency) is rhythmically transcribed and translated into its
protein, FRQ. The protein is transported into the nucleus where it inhibits
transcription of the frg gene. Two PAS-protein transcription factors, WC-1 (white-
collar) and WC-2, are required for activation of transcription of frg. The FRQ
protein inhibits transcriptional activation by the heterodimer WC-1-WC-2. Light
affects this system by activating transcription of frg, acting through WC-1 and
WC-2. (Adapted from Ref. 6. See Ref. 6 for evidence supporting this model.)

is assayed as the output of the Neurospora clock. These
results cannot be explained without assuming that there
are additional components outside the frg loop that
control the time delays and interpret the level of FRQ
correctly.

The third and most critical argument against a frq-
based feedback loop being responsible for generating
rhythmicity in Neurospora is the abundance of evidence
that rhythmicity can be found in null mutants with no
functional frq gene product. This was evident from very
early on in the history of the frq gene, when the frq’ strain
was characterized'?. Cultures carrying this allele of frq are
usually arrhythmic early during growth, but rhythmic
conidiation often appears after several days of growth.
Unlike the wild type, the period of the mutant is sensitive
to the carbon source in the growth medium and has poor
temperature compensation. An identical phenotype was
found for a true null allele, frq'’, created by gene
deletion®.

Null mutants of frq and the putative clock genes white-
collar (wc-1 and wec-2, Table 1) have recently been shown
to be rhythmic in another type of assay'4. Unlike the wild
type, these strains are not rhythmic when grown in
light-dark cycles, indicating they are insensitive to light:
indeed, the wc mutants are ‘blind’ mutants, defective in all
light responses'®. However, they do show rhythmic conidi-
ation in temperature cycles. Changing the period of the
temperature cycle changes the phase between the conidi-
ation rhythm and the imposed cycle, which is a characteristic
of an oscillator entrained by an external stimulus, and is
unlike the fixed-phase relationship expected from a
rhythm that is not produced by an independent oscillator
but is merely driven by the rhythmic stimulus. This kind of
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TABLE 2. Some non-canonical clock genes?

Species Gene Defect Clock phenotype Refs
Hamster tau (period) Altered growth rate and metabolic rate Short period, instability of rhythmicity 38
(primary defect unknown)
Mouse Neam [(encoding a neural cell adhesion  Deletion of NCAM carrying polysialic acid ~ Short period, instability of rhythmicity 39
molecule(NCAM)] in brain
Drosophila melanogaster ~ dbt (double-time) Defective protein kinase Short-period, long-period and arrhythmic 1,6,29
alleles
Neurospora crassa cel (fas) (chain elongation, fatty acid Fatty acid synthetase defective, requires  Long period (30—40 h) when supplemented 40, 41
synthesis) long-chain saturated fatty acids for with unsaturated or short-chain fatty
normal growth acids, poor temperature compensation
chol-1 (choline) Defective in synthesis of Long period when choline-deficient (up to 42,43
phosphatidylcholine, requires choline 60 h, depending on choline concentration)
for normal growth poor temperature compensation.
oli" (oligomycin resistant), [MI-3] Defective in mitochondrial energy Short periods 41,44
(mitochondrial mutant), transduction
cya-5 (cytochrome aa’), and others
arg-13 (arginine), cys-4 (cysteine), Require amino acid supplementation Short periods 6, 41
cys-9, cys-12
glp-3 (ff-1) (glycerol phosphate, Enhanced glycerol utilization, Short period 41
female fertility) female sterile
phe-1 (phenylalanine) Requires phenylalanine supplementation  Short period 41
prd-6 (period), rhy-1 (rhythm) Unknown Temperature-sensitive rhythms 23,24
prd-4 (period) Unknown Short period 41
chr (chrono), cla-1 (clock-affecting), Unknown Long periods 41

prd-1(period), prd-2, prd-3

See also Refs 6, 26 and 41 for additional clock-affecting genes in these and other organisms.

entrainment protocol can reveal a cryptic oscillator that is
not producing a visible output (such as the conidiation
rhythm) under constant conditions, but which can produce
such an output with the additional stimulus of the entraining
cycle.

Rhythmicity in null frg mutants and in wc mutants has
also been shown in yet another context!®. Two mutations
that affect lipid metabolism in Neurospora, chain elon-
gation (cel) and choline (chol-1) (Table 2), will lengthen
the period of the conidiation rhythm under conditions
that alter lipid composition. Under these conditions, the
rhythm is sensitive to entrainment by light cycles but
the temperature compensation is poor. In double-mutant
strains carrying either cel or chol-1 as well as a null frq
allele or a wc mutation, the cultures are robustly rhythmic
when lipid metabolism is abnormal, although they are
arrhythmic when the lipid defects are repaired by the
appropriate growth supplement. Under long-period condi-
tions, these double mutants cannot be entrained to
light—dark cycles, although the chol-1 or cel parents can be
entrained. This insensitivity to light in the null frg and wc
mutants suggests a different role for these genes than the
orthodox model indicates.

New functions for old clock genes?

The evidence for a transcription—translation feedback loop
involving canonical clock genes doesn’t appear to be
adequate for generating circadian rhythmicity in
Neurospora. 1f so, then how might these genes affect
rhythmicity and what might be their ‘real’ roles? We used
to think we had a good set of criteria for recognizing com-
ponents of a central circadian oscillator (see Box 3a). As
more information became available about feedback from
oscillators onto their input pathways, and feedback from
output rhythms onto oscillators, it became more difficult
to be confident about those criteria (Box 3b). A mathe-
matical model has recently been published!” demonstrat-

ing that, if the gene products are part of a rhythmically
regulated input pathway, or ‘zeitnehmer’, they could fulfil
nearly all the criteria of a central oscillator and yet not be
part of a central ‘rhythm-generating loop’ (Box 3c).

A look at the column labelled ‘Relationship to photo-
transduction’ in Table 1 shows a remarkable similarity
among canonical clock genes across species: many of
them are intimately associated with light-input pathways.
The clock proteins containing PAS motifs (Table 1) point
to the same conclusion, as this protein motif is found in
many proteins with signalling functions, sensing environ-
mental information such as redox state, oxygen level or
light'8. This might indicate that circadian oscillators
evolved from sensory input pathways!®, or it might mean
that these genes are not components of central oscillator
mechanisms but of input pathways, transducing environ-
mental information to an oscillator. It is possible that all
of the phenotypes of canonical clock mutants and details
of molecular regulation of clock genes in all species exam-
ined so far could be explained by assuming that these
transcription—translation loops are sensory input path-
ways that are rhythmically regulated by output from a
central oscillator.

Limitations of clock-mutant screens

If canonical clock genes function in clocks as input compo-
nents, then what are the central rhythm generators and why
haven’t they been identified in mutant screens for clock-
affecting genes? Much excitement was generated by the
finding of per and tim homologues in mammals, and the
isolation of mutations in homologous clk genes that affect
rhythmicity in Drosophila and mice. The same genes are
continually being identified in mutant hunts, and the cross-
species homologies are impressive. Does this prove the
existence of a universal oscillator mechanism in the animal
kingdom, or do the same clock genes keep arising because of
limitations in the design of the screens for new mutants?
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. How do you recognize a component of an oscillator?

(@ . Input Oscillator | /7 \_/ Output o
Light, etc. —— pathway| > | 7\ E— pathway —> Activity

The traditional ‘black box’ model of a circadian system includes a single, non-redundant central oscillator that generates rhyth-
micity, an input pathway through which the oscillator receives information from the environment (such as light signals) to syn-
chronize the oscillator with the environmental day—night cycle, and an output pathway through which the oscillator controls the
observable rhythmic output (such as locomoter activity in animals or rhythmic conidiation in fungus). Information flow is one-way
from left to right. The squiggle indicates a rhythmic signal.

The components of the oscillator can be identified as meeting some version of the following criteria. Putative components that
meet these criteria are sometimes called ‘state variables’, although this term has little meaning in a biological context and should
be reserved for mathematical models.

(1) Components of the oscillator (and output pathway) will be rhythmic in level or activity under constant environmental conditions.
(In contrast, components of the input pathway are constant in level or activity in the absence of external signals.)

(2) The phase of the component’s rhythm (and the phase of the rhythmic output) will be set by the environmental day—night cycle.
(3) A sudden induced change in the level or activity of an oscillator component (or an input component) will permanently change
the phase of the output rhythm. (In contrast, a change in an output component will have no lasting effect on the phase of the
rhythm.)

(4) Maintaining a rhythmic oscillator component at any constant level or constant activity will destroy rhythmicity of the output.
(5) Mutations in oscillator components might change the period, alter temperature compensation, or abolish rhythmicity. (In con-
trast, mutations in output components cannot change the period or temperature compensation but might abolish rhythmicity.
Mutations in input components would not affect temperature compensation but might change the period or abolish rhythmicity if,
for example, the input pathway is constitutively activated and mimics constant light.)

a N
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The black box model has been modified to include the recent recognition that an oscillator can feed back on its input pathway(s)
to rhythmically regulate their activity (as in the rhythmic levels of photoreceptor sensitivity in plants?), and the output pathway can
feed back on the oscillator (as in the effect of forced running activity on the phase and period of the rodent oscillator?’). These
feedbacks make it more difficult to identify components of the oscillator by the set of criteria above. In the simplest case, the input
pathway does not provide rhythmic input to the oscillator in constant environmental conditions, but its activity is ‘gated’ by the oscil-
lator such that the response of the input pathway to external signals is rhythmic. Input pathways now satisfy criteria 1, 2 and 3,
but would still not satisfy criteria 4 and 5.

A//_\/\
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The ‘zeitnehmer’ concept*”?® modifies the black box further by recognizing that input pathways might include a feedback loop to
downregulate the sensory transduction apparatus, and this loop can be regulated by the central oscillator. Even in constant envi-
ronmental conditions, rhythmic input from the zeitnehmer loop stabilizes the central oscillator and maintains its oscillation at an
appropriate amplitude and with an appropriately circadian period, and provides compensation by insulating the oscillator from tem-
perature and metabolic fluctuations. The components of the zeithehmer input loop can now fulfil criteria 1, 2, 3 and 5 listed in part
(a) for the central oscillator, but possibly not criterion 4. The system might continue to oscillate in the absence of the zeitnehmer
loop, but it might no longer be circadian in period or temperature compensated, and its amplitude could be either too high or too
low to generate rhythmic output. It might be necessary to use special conditions, such as temperature cycles or a mutant back-
ground, to reveal the cryptic oscillation. The zeitnehmer concept raises several new questions: should the zeitnehmer loop now
be defined as part of the oscillator, or as part of the input pathway? What is the relative importance of the components that gen-
erate self-sustained rhythmicity, and the components that stabilize and regulate that rhythmicity to produce a useful clock with a
circadian period and compensation for changes in temperature and metabolism?

The original screens for clock mutants both in screens in favour of a certain class of mutation (see
Drosophila and in Neurospora appear to have been based  Fig. 2a): it was assumed that clocks must be built out of
on a tacit a priori assumption about the mechanisms of special ‘clock proteins’ with no function other than time-
circadian oscillators that might have prejudiced the keeping. Therefore, the most desirable mutations to study
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would be those that affect only clock properties, such as FIGURE 2. A tale of three clocks

the period, and have no other effects on growth or viabil-
ity of the organism. The screens identified the per and tim
genes in Drosophila, the clock gene in mice and the frq
gene in Neurospora (Table 1). The mutations have all €)
turned out to be semi-dominant, and this is now assumed
to be a defining feature of clock gene mutations. These
original screens have been very valuable in providing
mutants that can be used as tools to manipulate rhythmicity
without gross pleiotropic effects on other functions. They
have demonstrated that the circadian system is indeed
under genetic control, and that there are some gene products
that are apparently dedicated to time-keeping functions.

An entirely different approach to identifying clock
mutants was based on the assumption that rhythmicity is
probably common in metabolic pathways with feedback
regulation? (Fig. 2b), and a circadian clock mechanism is
likely to incorporate housekeeping functions in the central
oscillator. Therefore, the place to look for mutations
affecting a central oscillator is among the metabolic
mutants with known biochemical defects?!. This approach
identified several mutations in Neurospora affecting the
period, most notably the cel mutant (Table 2). Since then,
additional screens have identified several more clock-
affecting genes among mutants with known biochemical
defects (Table 2).

(b)

How to look for a central oscillator
All of the canonical clock genes are semi-dominant and
are dispensable for growth and viability in homozygotes,
and the design of the mutant hunts explains why this is so:
only fully viable mutants were chosen for study, and only
mutations with semi-dominant effects could be detected in
the screens in diploid organisms. Therefore, the current set
of canonical clock genes might represent only those clock-
affecting genes that are ‘luxury’ genes, in particular, sen-
sory input components that are dispensable in a controlled
laboratory situation without impairing the organism’s via-
bility. If the core oscillator in a particular organism
includes ‘housekeeping’ functions, it would be invisible to (c)
these screens.

Newer Drosophila screens have widened the field and
can now detect mutations in genes that are fully viable in
heterozygotes but impaired in homozygotes??. This
approach has yielded the double-time (dbt) gene, which
encodes what appears to be a protein kinase that is respon-
sible for phosphorylating the per gene product. It is lethal
at the pupal stage in homozygotes, so must have functions
beyond its role in PER phosphorylation. This is an encour-
aging direction, but the search for new clock genes must be
widened further, as fully recessive mutations would still
not be picked up in the Drosophila screens.

Another approach to the problem of finding new
classes of mutants is to search for temperature-sensitive
mutations that display altered clock phenotypes only at trends in Genetics
restrictive temperatures. This approach has recently been
successful in Neurospora and has produced two tempera-  Three models for the relationship between a circadian clock and a cell. A eukaryotic cell is shown with
ture-sensitive clock mutants so far [period-6 (prd-6) and nucleus and representative metabolic functions: protein synthesis, mitochondria and lipid metabolism.
rhythm-1 (rhy-1), see Table 2]232*. If the oscillators at the Arrow§ repr_esentclock_output controll_ing ceIIngr me_:taboli_sm. (a) The clock is made out of special ‘clock
proteins’ with no function other than time-keeping, like a disposable pocket-watch. Therefore, clock gene
products can be destroyed by mutation, with no effect on the growth and viability of the organism. (b)
The clock mechanism is built out of a few housekeeping functions, such as lipid metabolism or energy
. . . metabolism. Therefore, clock mutations affecting the central mechanism will have pleiotropic effects on
want to work out the details of an oscillator mechanism.  grouth and viability. (c) The entire cell is the clock mechanism, and all cellular functions contribute to
The non-canonical clock genes in Neurospora (Table 2) maintaining rhythmicity and time-keeping. This ‘holistic’ approach might be correct, but would make it
might provide a rich field for further investigation. impossible to analyse the oscillator mechanism.

core of circadian systems are built out of housekeeping
genes, then perhaps we should look to the lower organ-
isms where biochemical genetics is well established if we
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Perspective

Conclusions

Although identifying new clock-affecting genes will be
important in developing our understanding of how circa-
dian clocks work, the next stage of this research has barely
begun. Before we can really understand how rhythmicity is
generated in a particular circadian system, we need not just
qualitative identifications of components but quantitative
information about the kinetics of the reactions in which
those gene products participate and about the dynamic
interactions between the components. To answer the ques-
tions raised at the end of Box 3, we will need a complete,
quantitative description of the contribution to rhythmicity
and input-output made by each clock-affecting gene prod-
uct in a particular species. When we have this data, we
might find that the contribution and relative importance of
a component changes depending on the tissue, or the devel-
opmental or nutritional status of the organism. In this

Clock genes

utopian future, the hard edges around the black boxes in
Box 3 will dissolve and it will no longer make sense to
debate whether or not a certain gene product is a compo-
nent of a core oscillator or an input or output pathway, or
whether it is a ‘state variable’ or a ‘parameter’. A truly sat-
isfying answer to our question ‘how does a fungus tell
time?” will come not from genetics, but from quantitative
biochemistry, aided by mathematical modelling.
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