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Genetic Evidence That Protein Synthesis Is Required for the

Circadian Clock of Neurospora

Abstract. Small doses of cycloh»ximide given at intervals (pulses) cause phase
shifts of the circadian clock of Nev ospora. The effects of this drug on the clock are
mediated through its inhibition uf protein synthesis, since two cycloheximide-
resistant mutants whose 80S ribosomes are resistant to cycloheximide showed no

phase shift after exposure to the drug.

Metabolic inhibitors have been used to
analyze molecular mechanisms underly-
ing circadian rhythmicity in order to
identify pathways of cellular biochemis-
try necessary for clock function. The
rationale of this approach is as follows. If
continuous application of the inhibitor
alters the period length of the rhythm or
if a pulse alters iis phase, then the cellu-
lar target of the inhibitor is presumed to
be important for the clock.

However, unequivocal identification
of the target of clock alteration is difficult
because most drugs affect multiple sites
in the cell. For example, cycloheximide
(CHX) inhibits cytosolic (80S) protein
synthesis in eukaryotes; continuous ap-
plication of this drug alters the period
length of the clock in Euglena (1), and
pulses cause phase shifts in Acetabularia
(2), Aplysia (3), and Gonyaulax (4, 5). In
addition, pulses of other inhibitors of
protein synthesis, such as puromycin
and anisomycin, cause phase shifts in

Acetabularia (6) and Aplysia (3, 7).

These results seem to suggest that pro-
tein synthesis in 805 ribosomes is neces-
sary for clock function. However, under
some conditions CHX inhibits mitochon-
drial function (8) and transport of amino
acids and sugars (9), and it has been
suggested (4, 10) that the effects of CHX
on circadian rhythmicity are mediated
through some mechanism other than in-
hibition of protein synthesis.

In one study in Neurospora, CHX did
not alter the period length of the circadi-
an conidiation rhythm in cultures grow-
ing on agar medium (/7). However, CHX
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inhibited conidiation itself at such low
concentrations that the clock could not
be assayed under conditions where sig-
nificant inhibition of protein synthesis
occurred. For assaying the Neurospora
clock, we have developed a liquid cul-
ture system that allows us to administer
the drug in short pulses (12, 13) and have
demonstrated that pulses of CHX cause
phase shifts of the Neurospora clock
(14).

In order to determine whether the
phase-shifting effects of CHX are medi-
ated through inhibition of protein synthe-
sis, we examined the effects of the drug
on two CHX-resistant mutants (I5) in
which the site of resistance is protein
synthesis on 80S ribosomes (/6). These
mutants allow a direct test of whether
CHX affects the Neurospora clock
through its inhibition of protein synthesis
or through some other unknown mecha-
nism. If CHX acts through protein syn-
thesis, then in these two CHX-resistant
mutants the clock should also be resist-
ant to CHX. If CHX acts through some
other mechanism not affected by the
mutations, then the clock of the mutants
should show the same sensitivity to
CHX as the wild-type strains. We now
show that CHX alters the clock through
its effects on protein synthesis.

The following strains of Neurospora
crassa were used. The double mutant
bd, pan-2 (17) was crossed (I8) to the
cycloheximide-resistant mutants cyh-J
and cyh-2. From these crosses, we iso-
lated the triple mutants bd, pan-2, cyh-I
and bd, pan-2, cyh-2. These two strains

(referred to as the CHX-resistant strains)
and bd, pan-2 (referred to as the CHX-
sensitive strain) were used for all experi-
ments.

The strains were grown as described
(13). Conidial inocula of the three strains
were added to liquid glucose medium
[0.3 percent glucose, Vogel’s salts (18),
0.001 percent pantothenate]. All experi-
ments were carried out at 25°C. The
cultures were grown in constant light for
33 hours and formed mycelial mats.
Disks (11 mm in diameter) were cut from
the mats with a cork borer and washed
in, and transferred to, liquid medium
without pantothenate. At this time the
disks were placed in. constant darkness
for the duration of the experiment. This
light-to-dark (LD) transition sets the
clock to a unique phase point from which
it begins to *‘free run’’ (12, 13).

Beginning 15 hours after the onset of
darkness, sets of six disks were treated
with CHX (0.1 pg/ml) every 4 hours for
the next 24 hours. At the end of each of
these pulses, the disks were rinsed in
drug-free medium and transferred to
pantothenate-supplemented solid medi-
um in race tubes, where they grew and
formed conidial bands with circadian pe-
riodicity. Control disks to which CHX
had not been added were also washed
and transferred to race tubes at this time.
The phase of the rhythm on the race
tubes directly reflects the phase of the
rhythm in liquid culture (/3) and was
calculated by linear regression analysis
(19). The effect of the CHX pulse was
determined by calculating the phase dif-
ference between a CHX-treated culture
and a control culture transferred to race
tubes at the same time.

The effects of CHX on protein synthe-
sis were examined in the three strains as
described (/4). At 15 hours after the LD
transition, circadian time 5 (CT 5), CHX
was added to sets of six disks of each of
the three strains at concentrations of 0,
0.1, or 0.5 pg/ml. After a 30-minute
incubation period in CHX, L-[**SImeth-
ionine (7.3 nCi; 1195 Ci/mmole; Amer-
sham) was added, and the disks were
incubated for 1 hour. The protein was
precipitated with 10 percent trichloro-
acetic acid, and incorporation was mea-
sured by liquid scintillation counting.
Protein was determined by the Lowry
(20) method. '

Figure 1 shows phase response curves
for CHX pulses for the CHX-sensitive
and CHX-resistant strains, in which the
differences between control and experi-
mental phases are plotted as a function
of circadian time of the beginning of the
CHX pulse (CT 12 is defined as the time
of the LD transition). The wild-type
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Table 1. Inhibition of protein synthesis by
cylcloheximide in CHX-sensitive and CHX-
resistant strains. - Values shown are specific
activities (10° count/min per milligram of pro-
tein).

Cycloheximide
concentration
Strain
None 0.1 0.5
wg/ml  pg/ml
CHX-sensitive
bd, pan-2 1005 345 92
* CHX-resistant
bd, pan-2, cyh-1 1082 1432 1018
bd, pan-2, cyh-2 996 952 905

phase response curve is similar to that
reported earlier (I/4); namely, a CHX
pulse at CT 5 gives a large phase ad-
vance, while at CT 19 there is little or no
effect. The curves for the CHX-resistant
mutants show a greatly reduced ampli-
tude; at 10 of the 12 time points there is
no phase-shifting effect of CHX at all,
and for the other two points the observed
1-hour phase shift is within the limits of
variability of the system and is probably
not significant. Thus, the clock of the
CHX-resistant mutants is essentially un-
affected by pulses of CHX.

Protein synthesis in the mutants is
resistant to CHX under the conditions of
our experiments (Table 1). With CHX
administered at 0.1 wg/ml, protein syn-
thesis in the CHX-sensitive strain is in-
hibited about 65 percent, whereas there
is little or no inhibition with the CHX-
resistant strains. Even at 0.5 pg/ml, a
concentration five times greater than
that used for phase shifting, protein syn-
thesis in the CHX-resistant strains is
inhibited less than 10 percent.

Linear growth of the CHX-resistant
strains is also inhibited much less than is
growth of the wild type (Fig. 2). When
the CHX dose is 0.5 pg/ml, the growth
rates of the resistant strains are inhibited
about 15 percent compared with a 70
percent inhibition for wild type.

Our results show that cycloheximide-
induced phase shifting of the circadian
clock of Neurospora is mediated through
inhibition of protein synthesis rather
than some other mechanism (Fig. 1) in
that the clocks of two mutants whose
cytosolic ribosomes are resistant to
CHX are not phase shifted by pulses of
CHX at concentrations that induce
phase shifts in the wild-type (CHX-sensi-
tive) strain. These data correlate directly
with measurements of inhibition of pro-
tein synthesis by CHX in the CHX-
sensitive and CHX-resistant strains (Ta-
ble 1).

Although a second site, unrelated to
that of protein synthesis, may also have
been altered in these mutants, this possi-

bility is unlikely for several reasons. (i)
The same altered gene product would
have to affect both sites. While this
might be possible for one of the mutants,
it is unlikely that both would behave in
this manner, since the two CHX-resist-
ance mutations are in different genes on
separate chromosomes and therefore
code for different gene products. (ii) A
second gene, tightly linked to the CHX-
resistance gene, might also have mutated
and affect the second cellular target.
Again, however, this cannot be the case,
since such a gene might be linked to one
of the CHX-resistance genes but not to
both.

Jacklet (21) has concluded that anoth-
er protein synthesis inhibitor, anisomy-
cin, acts on the circadian clock of the
isolated eye of Aplysia through its inhibi-
tion of protein synthesis rather than
through some unknown side effect. This
conclusion was based on the observation
that anisomycin itself was effective in
both phase shifting the rhythm and inhib-
iting protein synthesis, while closely re-
lated analogs did not affect either param-
eter.

That phase shifting by CHX in wild-
type strains is directly proportional to

cyh-2
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+2 cyh-1

Phase shift (hours)
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{ | | 1
8 12 18 ] 8
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Fig. 1. Cycloheximide (0.1 pg/ml) phase re-
sponse curves of CHX-resistant (cyh-/ and
cyh-2) and CHX-sensitive (wr) strains. Phase
shift is control phase minus experimental
phase.

Uninhibited growth rate (percent)

0 | 1 1 L 1
¢} 0.2 0.4 0.8 0.8 1.0
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Fig. 2. Linear growth rates of CHX-resistant
(cyh-1 and cyh-2) and CHX-sensitive (wr)
strains in the presence of CHX, Cultures were
grown in constant darkness at 25°C on race
tubes containing pantothenate-supplemented
solid medium.

the inhibition of protein synthesis (/4)
coupled with the present data supports
the view that the synthesis of one or
more proteins at specific phases of the
circadian cycle is necessary for the nor-
mal functioning of the circadian clock of
Neurospora.
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