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In the presence of cyanide, populations of yeast cells can exhibit sustained oscillations in the concen- 
tration of glycolytic metabolites, NADH and ATP. This study attempts to answer the long-standing ques- 
tion of whether and how oscillations of individual cells are synchronized. It shows that mixing two cell 
populations that oscillate 180" out of phase only transiently abolishes the macroscopic oscillation. After 
a few minutes, NADH fluorescence of the mixed population resumes oscillations up to the original 
amplitude. At low cell densities, addition of acetaldehyde causes transient oscillations. At higher cell 
densities, where the oscillations are autonomous, 70 pM acetaldehyde causes phase shifts. Extracellular 
acetaldehyde is shown to oscillate around the 70 pM level. We conclude that acetaldehyde synchronizes 
the oscillations of the individual cells. 
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It is becoming clear that the function of thc living cell ex- 
tends beyond the steady state 11, 21. Of general interest are the 
states that derive from the non-linear properties of intracellular 
regulation and lead to oscillations i n  important signallers such 
as the calcium ion (Ca") 13, 41. The oscillations become even 
more intriguing when they involve the dynamic interaction of 
individual cells such as in Dictyosteliunz differentiation [5] .  Gly- 
colytic oscillations in yeast are an example of the coupling of 
the dynamics of metabolism across cell boundaris [6, 7 I. 

Transient glycolytic oscillations can be induced by adding 
glucose followed by cyanide to a suspension of starved yeast 
[ 8-1 1 1. The oscillations last longer at higher cell densities [ 12, 
131. This has been interpreted as being due to a synchronization 
mcchanism which prevents individually oscillating cells from 
becotning out of phase 1141. Under certain conditions sustained 
oscillations can be observed with populations of cells 16, 151. 
Although various substances have been considered to be the in- 
tercellular signaller, conclusive evidence for any onc of them 
has bccn elusive for 25 years 17, 13, 16, 171. In this report we 
identify and circumvent a complication precluding the measure- 
ment of acetaldehyde concentrations in the presence of cyanide. 
This allows us to demonstrate that the extracellular acetaldehyde 
concentration oscillates at the frequency of the intracellular gly- 
colytic oscillations. The dependence of the phase shift on the 
acetaldehyde concentration and on the phase of acetaldehyde 
addition validates acetaldehyde as the elusive synchronizing 
agent. 

MATERIALS AND METHODS 
Strain and preparation of cells. The yeast Succhavomyces 

cerc.visim (X2180 diploid strain) was used. Cells were grown 
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on glucose as described i n  161. At the diauxic shift, i.e. just after 
the glucose i n  the medium had been depleted, the cells were 
harvested by filtration, washed with 100 mM potassium phos- 
phate, pH 6.8, resuspended and starved in the same buffer for 
3 h at 30°C. The cells were then collected by filtration, resus- 
pended in the same phosphate buffer and placed on ice until use. 
The protein concentration was determined, as a measure of the 
cell density, using the method of Lowry et al. [I 81. 

Induction and monitoring of the oscillations. Oscillations 
were induced at 25°C by adding 20 mM glucose to the starved 
cells and after 4 min adding potassium cyanide as indicated i n  
the figure legends. The oscillations were monitored by NADH 
fluorescence (Shimadzu RF-5001 PC spectrofluorimeter ; excita- 
tion 352 nm, emission 462 nm, bandwidth 10 nm) in a stirred 
and thermostatically regulated cuvette. 

Measurement of the extracellular acetaldehyde concen- 
tration. The extracellular acetaldehyde concentration was mea- 
sured by extracting aliquots of approximately 0.5 ml of the cell 
suspension through a Dyna Card filter (Microgon) into a 2-ml 
syringe. 200 1.11 of the filtrate was immediately transferred to a 
cuvette containing 800 pl 'I00 mM potassium phosphate, pH 6.8, 
alcohol dehydrogenase (0.1 mg/ml, Boehringer) and 0.17 mM 
NADH (disodium salt, Boehringer). The time between filtration 
and addition of the sample to the cuvette was 4-6 s. The absor- 
bance at 340 nm was measured before and after addition of the 
filtrate. The acetaldehyde concentration was calculated by refer- 
ence to acetaldehyde standards. 

Calculation of phase of addition and phase shift. The 
phase was defined according to that of a sinus. Thus, the phase 
of the NADH oscillation is 0" at the inflection point of rising 
NADH. The phase of addition was calculated as 90"+360" . t/T, 
where I is the time passed between the last NADFI maximum 
and the addition of acetaldehyde, and T is the period of the 
oscillation. The phase shift was calculated as 360" . ( P - T ) / Z  
where TK is the time elapsed between the last NADH fluores- 
cence maximum before, and the first NADH maximum after, the 
addition of acetaldehyde. 
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IGg. 1. Synchronization of a mixture of two oscillating cell popula- 
tions, as monitored by NADH fluorescence. Cells werc prepared and 
oscillations induced as described in Materials and Methods. Oscillations 
were induced in two cell suspensions by adding 20 mM glucose and 
3 mM KCN, in such a way that they oscillated 180' out of phase. At 
the indicated time, the suspensions were mixed and the oscillation of the 
mixture was followed. The protein concentration was 2.5 g/l. 

RESULTS 

For oscillations to be observed in populations of cells, the 
individual cells should be oscillating in phase. For individual 
cells that are sufficiently similar, transient oscillations can be 
understood in terms of simultaneous initiation of the oscillations 
in the individual cells [13]. However, for the sustained oscilla- 
tions observed under some conditions 16, 1.51, continuous syn- 
chronization is required. Fig. 1 presents a more direct indication 
of intercellular synchronization. Two cell populations, each ex- 
hibiting sustained oscillations but approximately 180" out of 
phase, were mixed at the time point indicated. If after mixing, 
the cells continue to oscillate independenlly, the oscillation of 
thc mixed suspension should be macroscopically invisible. If the 
cells synchronize with each other, then the macroscopically ob- 
servable oscillations should dampen initially, but subsequently 
should reappear as the synchronization becomes effective. Fig. 1 
shows that reappearance was observed. Because the oscillations 
in the mixed cell populations were sustained (over 30 cycles; 
data not shown) and of the same amplitude as before mixing, 
the re-emergence of oscillations cannot be explained as an inter- 
ference pattern due to a slight frequency difference between the 
two subpopulations. This finding and the observation that it 
takes some time before the oscillations reemerge after mixing, 
is at variance with earlier reports concerning transient oscilla- 
tions in  mixed cell populations 17, 171. This difference with the 
previous studies may well arise from the rather subtle depen- 

extracellular medium (if there is no physical contact between 
the cells). Sustained synchronization requires oscillations in the 
extracellular concentration of the signalling compound. We shall 
show that extracellular acetaldehyde meets these requirements. 

(a) Yeast cells respond to acetaldehyde pulses. When, at low 
cell concentrations, the macroscopic oscillations had faded, they 
could be restarted by addition to 100 pM acetaldehyde (Fig. 2). 
Acetaldehyde added during oscillations induced phase shifts, de- 
pending on the phase of addition [I61 and on the acetaldehyde 
concentration [I 91 (Fig. 3). The threshold concentration above 
which added acetaldehyde induced a phase shift, was around 
30 pM. Pulses of acetate and ethanol up to 1 mM did not shift 
the phase of oscillations. A pulse of sodium acetate up to 1 0  mM 
abolished the oscillations (data not shown). 

(b) Acetaldehyde is secreted. The cells were filtered and the 
filtrate analysed by means of the assay of Shachar-Nishri and 
Freeman [20] with modifications in order to assay low concen- 
trations. This assay measures the 'total acetaldehyde' concentra- 
tion, including acetaldehyde which has reacted with cyanide to 
form lactonitrile. We found a significant accumulation of 'total 
acetaldehyde' under the conditions described in Figs 1 and 3 
[211. Shortly, after cyanide addition, the total concentration of 
acetaldehyde became too high for oscillations to be significant 

(c) The extracellular free acetaldehyde concentration oscil- 
lates. The measurement of free acetaldehyde in the extracellular 
medium is complicated by the reaction of acetaldehyde with cy- 
anide to form lactonitrile 1221, for which we measured a rate 
constant of 1.5 M I s.-'. Under our conditions, free acetaldehyde 
should have had a half-life of approximately 1 min. To measure 
free acetaldehyde within the time scale of a few seconds, we 
filtered the cells and transferred the filtrate rapidly to a cuvette 
containing alcohol dehydrogenase and NADH. In this way the 
amount of free acetaldehyde is reflected by a decrease in NADH 
concentration. The lower part of Fig. 4 shows the free acetalde- 
hyde concentration as a function of time, measured after a pro- 
cessing time of less than 7 s. The upper part of the figure shows 
the corresponding intracellular NADH fluorescence. The con- 
centration of acetaldehyde oscillated between approximately 
40 LIM and 100 pM at the same frequency as oscillations in the 
concentration of NADH, and with a phase delay of some 200". 
Extracellular acetate and ethanol concentrations oscillated by 
less than 10% (data not shown). 

121 1. 

DISCUSSION dence of the dynamic behaviour of yeast metabolism on the his- 
lory of the yeast cells [6, 71. 

Thc requirements for any intercellular-signalling mechanism 
are, (a) the signal has to be sensed by the cells; (b) the signal 
has to be emitted ; and (c) the signal has to pass through the 

This report presents strong evidence that intercellular acetal- 
dehyde mediates synchronization of yeast glycolytic oscillations. 
Acetaldehyde exhibits various properties required [ 23 I for a syn- 

t------j 
20 mM glucose 5 minutes 

Fig. 2. Induction of a second oscillation by addition of 100 pM acetaldehyde. The conditions used were as described in the legend to Fig. 1, 
cxcept that the protein concentration was 1.4 g/l. After the oscillation had elapsed, 100 pM acetaldehyde was added. 
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Fig. 3. Phase shifts induced by acetaldehyde addition. The conditions 
uscd were as described i n  the legend to Fig. 1 ,  except that the protein 
concentration was 10 g/l, and 5 mM KCN was used. Acetaldehyde was 
addcd approximately 5 inin after the induction of the oscillations. (A) 
70 pM acetaldehyde was added at different phases of the NADH oscilla- 
tion. (R) Different amounts of acetaldehyde were added at 0". The phase 
of addition and the phase shift were calculated as described in Materials 
and Methods. 

5 . 
0 i >" I  0 

5 6 7 

time nfler cyanide /minutes 

Fig. 4. Oscillations of NADH fluorescence and extracellular acetalde- 
hyde concentration. The upper part 0 1  the figure shows the NADH 
fluoresccnce iis a function of time, starting 5 min after cyanide addition. 
The conditions uscd were as in  Fig. 3, except that the temperature was 
2OOC. The extracellular acetaldehyde concentration was measured as de- 
scribed in Materials and Methods. 

chronising signaller. First, it permeates biological membranes 
1241. Second, the phase shift that it induces in  oscillating cells 
depends on the phase of addition (Fig. 3A) and on the amount 
added (Fig. 3B).  The former dependence is such that the in- 
duced phase shift appears largest when the NADH fluorescence 
increases most rapidly [I61 (Fig. 3A). At 270", when the extra- 
cellular acetaldehyde concentration was at its maximum, the ad- 
dition of extra acetaldehyde prolonged the subsequent period. 
The extracellular acetaldehyde concentration oscillated between 

40 pM and 100 pM, which is the range in which the cells are 
phase shifted by the addition of acetaldehyde. 

Fig. 1 shows that two cell populations that were out of phase 
became synchronized upon mixing. The data concerning acetal- 
dehyde allow one to ad the question of how a single oscilla- 
tory behaviour may ari m the rnixing of out-of-phase cells. 
Fig. 4 shows that as the intracellular NADH of the front-running 
subpopulation was being oxidized, the latter increased the extra- 
cellular acetaldehyde concentration. This should shift the phase 
of all runners-up (i.e., the other sub-population, or more gen- 
erally cells becoming out of phase), increasing the oxidation 
state of their NADH and synchronizing them with the front run- 
ners. Subsequently, the endogenous oscillations in the front-run- 
ning cells reduced the NAD of the latter, causing a decrease 
i n  acetaldehyde concentration. Again, the runners-up should be 
accelerated because thc decrease in intercellular acetaldehyde 
concentrations helps to increase their concentrations of NADH. 

Acetaldehyde had been proposed (7 I but then dismissed 1'1 71 
as the synchronizing agent by Pye and colleagues. The reason 
for the dismissal was that alcohol dehydrogenase plus NADH 
(added to the extracellular medium to serve as a trap for extra- 
cellular acetaldehyde) enhanced rather than climinated the oscil- 
lations after mixing cell populations. These authors concluded 
that acetaldehyde desynchronized the oscillations [ 171. The ad- 
dition of acetaldehyde did not eliminate oscillations however 
[13]. Our recent finding [21] that there is an optimum concentra- 
tion at which cyanide induces oscillations, may rationalize these 
observations : if the acetaldehyde secreted by the cells is trapped 
at an intermediate rate, then the extracellular acetaldehyde con- 
centration may oscillate in a range in which it could affect the 
synchronization of individual cells. When too much cyanide is 
added, the extracellular acetaldehyde concentration may drop 
below the threshold level for signalling (Fig. 3 B). Acetaldehyde 
should be removed by reaction with cyanide, hence only tran- 
siently affecting the oscillations. When azide rather than cyanide 
is added, an extra acetaldehyde trap (e.g. NADH plus alcohol 
dehydrogenase 1171) may enhance the oscillations. In the ab- 
sence of an acetaldehyde trap such as cyanide, the acetaldehyde 
concentration may rise to a level at which the cells are no longer 
phase shifted (or the relative oscillation in acetaldehyde concen- 
tration becomes too small). When such a trap is too active, 
acetaldehyde concentrations may become too low to sustain 
oscillations. For the sustained oscillations to appear, a certain 
balance between acetaldehyde production, acetaldehyde con- 
sumption (by alcohol dehydrogenase), trapping (by cyanide) and 
diffusion (across the plasma membranes) must be attained. How 
the interplay between acetaldehyde and NADH at the level of 
the acetaldehyde-consuming alcohol dehydrogenase results in 
the phase relations between the two (Fig. 4), cannot be deduced 
from the kinetics of alcohol dehydrogenase alone. Acetaldehyde 
and NADH concentrations are also affected by other glycolytic 
reactions. The actual phase relation between acetaldehyde and 
NADH is a property of the system as a whole and may differ 
under different conditions. 

The qucstion of what couples the metabolic oscillators of 
individual yeast cells during glycolytic oscillations has been 
quite persistent. At the pH used in this study (pH 6.8), ethanol 
and acetaldehyde are the only feasible compounds that could 
meet the requirements stated above. The ethanol concentration 
however, increases continuously to such high levels that the rela- 
tive amplitude of any oscillation in extracellular ethanol concen- 
tration was too low (less than lo%, data not shown) for the 
ethanol to mediate the synchronization of the cells [25]. An im- 
provement of the acetaldehyde ay has allowed us to provide 
the evidence that acetaldehyde synchronizes the cells, i.e. the 
extracellular acetaldehyde concentration oscillates. Our findings 
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also suggest that for such coupling to occur, a subtle balance 
should cxist between secretion of acetaldehyde by the cells and 
acetaldehydc trapping. In the present study, trapping was due to 
rcaction with cyanide. I n  other experiments various other Schiff 
bases cnhanced glycolytic oscillations (17, 21 I .  At higher cell 
densities 11 51 intracellular alcohol dehydrogenase may suffice. 
It remains to be seen whether, under physiological conditions, 
aldehyde cvaporation, trapping by chemical substances, distur- 
bancc of the redox balance 1261 or absorption by other organ- 
isms ciiuscs synchronization o l  metabolic dynamics of cells in  a 
population, and what the implications Tor cell physiology may 
be [ 1, 271. Our findings suggest that aldehydes should be added 
to the list of intercellular signallers. 

We thank Prof. Dr R .  Hcss for stimulating discussions. This study 
was supportcd by the Netherlands Organisation for Scientific Research 
( N  WO). 

REFERENCES 
1 .  Hcss, B. & Mikhailov, A. (1994) Science 264, 223-224. 
2. Markus, M. & Hcss, 8. (1984) Proc. NutlAcud. Sci. USA 81,4394- 

3. Rcrridge, M. J. (1993) Nuturc 361, 315-325. 
4. Ixchlciter, J. M., Girard, S . ,  Peralta, E. & Clapham, D. (1991) Sci- 

5. Cerish, G. & Hess, B. (1974) Proc. Nut1 Acnd. Sci. USA 71, 2118- 

6. Richard, P., Tcusink, B., Wcsterhoff, H. V. & Van Dam, K. (1993) 

4398. 

('nw 2.52, 123-126. 

21 22. 

FEBS Lett. 318, 80-82. 
7. Pye, E. K .  (1969) Can J. H o t .  47, 271 -285. 
8. Ghosh, A. K. 61 Chance, B. (1964) Biochem. Riopl7y.s. Kes. Com- 

I ~ L L ~ .  16, 174-181. 

9. Hess, €3. & Boiteux, A. (1971) Annu. Rev. Biochem. 40, 237-25X. 
10. Goldbeter, A. & Caplan, S. R. (1976) Annu. Rev. Hiophys. Bioenerg. 

11. Tornheini, K. (1979) J .  Theor: Bioi. 79, 491 -541. 
12. Aldridge, J. & Pye, E. K. (1976) Nuture 259, 670-671. 
13. Aon, M. A,, Cortassa, S., Wcsterhoff, H. V. & Van Dam, K. (1992) 

14. Chance, B., Pye, E. K.  & Higgins, J. (1967) IEEE Spectrum 4,  79- 

15. Boiteux, A. & Hess, B. (1968) Hoppe-Seyler:v Z. Physiol. Chem 

16. Betz, A. & Becker, J. U. (1975) J.  Interdiscip. Cycle Kes. 6 ,  167- 

17. Ghosh, A. K., Chance, B. & Pye, E. K. (1971) Arch. Hioc,hem. Bio- 

18. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. &Randall, R. J .  (1951) 

19. Richter, O., Betz, A. & Giersch, C. (1975) Hio.sy.stems 7, 137-146. 
20. Shachar-Nishri, Y. & Freeman, A. (1 993) Appl. Hiorhem. Biotec.17- 

nol. 39/49, 387-399. 
21. Richard, P., Diderich, J. A,, Bakkcr, B. M., Tcusink, H., Van Dam, 

K. & Wcsterhoff, H. V. (1994) FERS Lett. 341, 223-226. 
22. Yates, W. F. & Hcider, R. L. (1952) .I. Am. Chem. Soc. 74, 4153- 

4155. 
23. Winfree, A. T. (1967) J .  Theor: Biol. 16, 15-42. 
24. Stanley, G. A. & Pamment, N. R .  (1993) BioterhnoL Hioeng. 42, 

25. Richard, P., Teusink, B.: Hemker, M. B., Van Dam, K. & Wcsterhoff, 

26. Aon, M. A,, Cortassa, S., Westcrhoff, H. V., Berden, J. A., Van 

27. Teremonia, Y. & Ross, J. (1981) I'roc. Nut1 Acad. Sci. USA 78, 

5 ,  449-476. 

J .  Gen. Microbiol. 138, 2219-2227. 

86. 

349, 1567-1574. 

173. 

phy.s. 145, 319-331. 

J. Biol. Chem. 193, 265-275. 

24-29. 

H. V. (1996) Yeast, in the press. 

Sprunsen, E. & Vm Dam, K. (1991) .I. Cell. Sci. 99, 325-334. 

29.52-2956. 




