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Consideraeble attention has recently been focused upon the nature of
cyclic and oscillatory responses of DPNH of reduced pyridine nucleotide
in various types of yeast cells (Chance, 1954a; Duysens et al., 1957;
Estabrook et al., 1964; Chance et al., 196ha, 1964b; Hommes, 1964), which
apparently originate from a Fhwose activated, cyclic response of cytoplasmic
DPNE of yeast cells (Chance, 1954b). More recently (Chance et sal., 196kc,
1964d) we have described the general nature of the oscillation in cell-
free extracts of §. carlsbergensis (ATTC 4228) and control of the waveform
of the oscillations by 5' AMP and by ADP.

In view of the considerable interest in cyclic 3' 5' AMP in regu~
latory processes in animel tissues and in E. coli as well (Sutherland, 1964),
it seems desirable to present a preliminary report on the striking effects
of low concentrations of thecyclic nucleotide upon the metsbolic regulations
involved in the damped sinusoidal oscillations in a cell-free extract of
yeast (Chance, et al., 196hc, 1964d). A more detailed report on regulatory
phenomena in the cell-free extract will appear shortly (Chance et al,, 196ke),

EXPERIMENTAL METHODS

The cell-free extracts are prepared by high pressure extrusion of
intact cells as described before (Chance etal,, 1964c) and preparations
described here are from intact yeast cells stored at 0° for several days.

Prior to preparation such cells are aerated for a few hours to remove en-
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dogenous substrates and treated with 5 mM glucose just prior to rupturing
in 0,1 M phosphate buffer, pH = 6.8. Complete details on the preparation
of the method are in press elsewhere (Chance, 1964e). The DPNH level is
measured with a double beam spectrophotometer with measuring wavelength set
at 340 mp and reference wavelength set at 400 mp.

The cell extracts are identified as Type II, and by the number of
hours at which the yeast cells have been stored at 0° prior to rupture.
For example, in Figure 1 below, the designation of 108 hours refers to the
time intervel over which the cells were stored at 0° prior to rupture, yet
after harvesting.

The 3' 5' AMP was obtalned from Sigme Chemical Company and chromatographed
as a single peak from Dowex - 1 formate with ammonium formate elution (thanks

are due to B. C. Pressman and G. Cheung).

Previous studies (Chance et al., 1964c, d) indicate the usefulness of
the oscillating system for demonstrating metabolic control phenomena, The
osclllatory system presents two opportunities for testing the response to
added substrates and cofactors: as the DPNH level reaches its maximum excursion
in the direction of oxidation, it is possible to test the effectiveness of
substrates which would accelerate the reduction reaction, and as the DPNH
level reaches its maximum level in the direction of reduction, it is possible
to test the effects of substances which would activate DPNH oxidation,
Inhibitors and activators of DPNH reduction and DPNH oxidation are added
at points in the oscillation 180° out of phase, The effects of activators
and inhibitors are evaluated in terms of the following parameters : (&) a
change in the speed of DPN reduction or DPNH oxidation (b) an alteration in
the emplitude or period of the oscillation (c) a change in the steady state
DPN/DPNH ratio at which the oscillations take place, Without doubt these
are arbitrary criteria but they appear to be the most useful ones in these

preliminary excursions into the nature of metabollc control mechanisms in

osclllating enzymatic systems.
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EXPERIMENTAL RESULTS

Addition of cyclic AMP to the oxidized state, Figure 1 illustrates a

typical experimental result on the effect of cyclic AMP on oscillations in
the cell-free extract. As described elsewhere (Chance et al., 196he) the
cell-free extract starts its oscillation inthe preparative procedure with
a 90 minute period at 0°. Upon warming to 250 in the cuvette of the spectro-
photometer (1 mm optical path) the period of the oscillations decreases to

12 minutes as shown in the left hand portion of Figure 1,
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Figure 1. Effect of cycllc AMP on oscillations of cell-free extract of Sacchar-
omyces carlsbergensis: addition tothe oxidized state. Recording of the TFRE
reduction (upward deflection), recorded at 340 mp (400 mpu reference wavelength),
1 mm path, asbsorbancy calibration 5 per cent = 1 large division. Time increases
from left to right. Addition of .5 mM cyclic AMP indicated by arrows in the
diagram, Preparation II, 69 protein mg/ml, pH 6.8, 25, .10 M phosptate

(Expt. 473 B 9).

At the time of the third waximum of DPNH oxidetion (DPRH oxidation is recorded

as a downward deflection) .5 mM cyclic AMP is added, This addition, after a

1 minute delay greatly accelerates the reduction of DPN over and sbove that
which would have occurred with normal oscillation; the time for the half
maximal reduction after the addition of cyclic AMP is 2.5 minutes, However,
the notable feature of the effect of cyclic AMP is not the accelerated DPN
reduction but the large oxidation of DPNH which occurs 10 minutes after the
addition of cyclic AMP. This remarkeble change shifts the whole steady
state level of the DPN/DPNH value sbout which the oscillations occur.

418



Vol. 17, No. 4, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Nevertheless, the period of the oscillations is only slightly shorter (9
minutes). After 4 cycles of oscillation in this mode, the amplitude becomes
t0o0 small to measure and a second addition of cyclic AMP in thisg case

causes increased DPN reduction with a helf time of 3 minutes. Thereafter,
only one cycle of oscillation is obtained. Whlle the accelerated DPN
reduction caused by both the first and second additions of AMP is in

accord with an activation of phosphofructokinase and a consequent activetion
of DPN reduction at glyceraldehyde-3-phosphate dehydrogenase, the notable
effect of the addition is the shift of the steady state level of the oscil-
lating systedfin the direction of oxidation. While it is possible that this
could be caused by an increased concentration of pyruvate and an increased
level of acetaldehyde, the equilibration of alcohol-aldehyde requires less
than one minute, With cyclic AMP the steady state level is displaced in the
direction of oxidation for more than hslf an hour,

Addition of cyclic AMP to the reduced state. The fact that the predominent

vt — — p————————

effect of AMP under the conditions of Pigure 1 was a shift of the steady state
level in the direction of oxidation suggests that a more sensitive response
to AMP would be obtained by addition to the maximally reduced state of
DPNH.

The response to cyclic AMP at the time of maximal DPN reduction is

illustrated by Figure 2.
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Figure 2, Effect of cyclic AMP on oscillations of Sell-free extract; addition
to %Ee Teduced state. Protein 69 mg/ml. pH 6.8, 25 . Other conditions iden-
tical to those of Figure 1 (Expt. 473 B 10).
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Here, sinusoldal oscillations of a period of 9.5 minutes are initiated on
warming the cell-free extract as in the case of Figure 1. Upon the addition
of the same concentration of cyclic AMP as in Figure 1 (0.5 mM) to the third
maximum of DPN reduction, there is an immediate jump (less than 0.1 mm) of
DPN to the oxidized state as indicated by the abrupt downward deflection
(DPNH oxidation is indicated by a downward deflection). After a delay of
1.5 minutes, DPN reduction proceeds to a maximum and thereafter a large oxidation
is observed which shifts the steady state level as in Figure 1. The oscillation
then proceeds with an increased emplitude and a decreased period (7 minutes)
for an interval of approximately 40 minutes.

A comparison of the records of Figures 1 and 2 indicates that the
principal effect of cyclic AMP is to cause a large change in the mean
oxidation-reduction level about which the oscillations occur in the direction
of oxidation together with an increase in the amplitude of the oscillations
and an increase of the frequency -~ generally, an activation of the oscil-
latory system. The time between the addition of cyelic AMP and the estab-
lishment of the fully oxidized level was approximately 10 minutes in both
Figures 1 and 2,

Reactivation of oscillation, Cyecllic AMP has the greatest activity of

any compound yet tested in the reactivation of extracts in which the oscil-

lations have failed to start or have ceased. This is illustrated in Figure 3.

Cell Free Extract

Type IL{108 Hrs) Figure 3. Effect of cycllc AMP
— on osclllations of cell-free ex-
= 4 345-408mpu tract: conditions similar to those
; 2% Imm Path of Figs. 1 and 2, except that ex-
¥—<|20minf— TDPN o tract is in non-oscillating con-
\ = T dition. DPN reduction measured
C ST at 345 mp (408 my reference wave-
=NE E= lepgth). Moment of addition of .5
SeEEEE—= M cyclic AMP indicated by arrow.
7= = SEEHES At the point marked "reset", the
= smM f trace was moved two large scale di-
E=f3s'amp visions upyerds. 69 mg protein/ml;
===3E== pH 6.8, 25° (Expt. 473 B 2).
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The extract showed a rapid change of steady state in the direction of
oxidation, with a few demped oscillations superimposed. Upon the addition
of 0.5 mM cyclic AMP there 1s an abrupt reduction of DPN; the half time is
2 minutes, Thereafter, the oscillations start with such a large amplitude
that the trace proceeds off scale and is reset upwards approximately two
large scale divisions, There follow over three cycles of the oscillation
with a period of 8 minutes and a damplng factor of 1,15, It is very probable
that a lack of cyclic AMP was the reason for the fallure of the extract to
begin oscillations.
DISCUSSION

Of the various substances which have so far been studied as control
factors in the oscillating yeast extract, cyclic AMP acts at the lowest
concentrations and has the most striking effects. These effects maintain
or enhance the duration of the oscillations, shorten the period, cause a
conversion to & more nearly sinusoidal waveform, and shift the average
level in the difection of oxidation,

These preliminary experiments clearly demonstrate that the primary
response to cyclic AMP of the DPNH level in the oscillating yeast extract
1s an oxidation, Studies of the effects of a number of gubstretes indicate
oxidents for this system to be acetaldehyde, and its immediate precursors,
such as pyruvate and 3-PGA (Chance et al., 196he). The DPN reductants are
glucose-6-phosphate, fructose-1, 6-.diphosphate and glyceraldehyde-3-phosphate.
The experimental results therefore support the view that in this system cycliic
AMP has & primary site of activation between 1, 3~diphosphoglycerate kinase
and alecohol dehydrogenase. It will be of interest to isolate the enzyme in
this span which responds specifically to cyclic AMP, The data further
support the existence of a secondary and less active site for cyclic AMP
action which is consistent with the in vitro effects observed upon phospho-
fructokinase purified from various sources (Mansour and Mansour, 1962;
Mansour, 1963; Passonneeu and Lowry, 1962), First,the range of concentrations

of 3' 5' AMP at which responsee are observed with the purified enzyme are
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in the range cbserved in the cell extract (Mansour, 1963)., Secondly, a lag

in the response of seversl minutes 1s observed in both cases (Mansour, 1963).
But cyclic AMP cannot produce the observed results exclusively by an activation
of phosphofructokinase for the following reasons: 1) from the kinetic point
of view, its primary effect is an oxidation of the reduced pyridine nucleotide;
2) from the steady state point of view, the net shift of the DFNH level is in
the direction of oxidation 1llustrated in Figure 1 for approximately half an
hour., It seems that other explanations for the overall effect of this
compound on the glycolytic system need to be considered. While it is probable
that cyclic AMP has generalized effects upon the phosphokinases of the gly-
colytic system, some unknown condition appropriate for its action exists In
the cell-free extracts being studied here; so far cyclic AMP 1s without

measurable effect on kinases lsolated from these cells.

SUMMARY
Control of the oscillations of the cell-free system of glycolysis

of Seccharomyces carlsbergensies is so far most sensitively affected by cyclic

AMP. Its effect upon the oscillations is generally to increase thelr duwration,
to convert to & more nearly sinusoidal waveform of & shorter period, The
reduced state of the oscillations corresponds more sensitively and more
rapidly to cyclic AMP than does the oxidized state, end the general effect

of cyclic AMP is to shift the steady state oxldation-reduction level in the
direction of oxidation, Cyclic AMP can initiate a previously terminated

oseillation in cell-free extracts.
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