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Abstract--1. Incubation of shaken cultures for 3 hr with acetate had little 
effect on the level of isocitrate lyase or the capacity for glyconeogenesis. 

2. Maintenance of cultures under static conditions for the same period led 
to an eight to tenfold increase in the enzyme and to a greatly enhanced ability 
to convert acetate to glycogen. 

3. Glucose prevented most of the increase in enzyme and led to a complete 
loss of the capacity for glyconeogenesis. 

4. Starved ceils from non-shaken suspensions developed an increased 
capacity for glyconeogenesis, and the presence of acetate further increased this 
capacity. 

5. Cells from suspensions shaken with acetate had a much lower capacity. 
6. It is concluded that in Tetrahymena growth conditions are much more 

important than acetate in the regulation of glyconeogenesis and the synthesis of 
isocitrate lyase. 

INTRODUCTION 

IN Tetrahymena pyriforrais, the glyoxylate bypass of the tricarboxylic acid cycle is 
involved in the conversion of lipids to carbohydrate (Hogg & Kornberg, 1963). In 
the GL strain of this organism, synthesis of isocitrate lyase, the key enzyme of this 
pathway, and an increased capacity for glyconeogenesis can be induced by trans- 
ferring well-shaken, log-phase cultures of this ciliate to static conditions (Levy & 
Scherbaum, 1965a, b). Within 3 hr there is approximately a doubling in the 
capacity for glyconeogenesis from acetate and in the specific activity of isocitrate 
lyase. In the E strain, a six to tenfold increase in the specific activity of isocitrate 
lyase occurs (Levy, 1967). Similar results can be obtained with cells in non- 
nutrient medium. 

It has been reported that the presence of acetate in the growth medium also 
leads to elevated levels of isocitrate lyase and to the ability to convert lipids to 
glycogen in this organism (Hogg & Kornberg, 1963). When glucose and acetate 
were present together, induction of the enzyme took place, but cells were incapable 
of converting lipids to glycogen. 

* This investigation was supported by U.S.P.H.S. Training Grant 5T-1-GM-989 
and by Research Grant AI 01416-14 (to A. M. Elliott), National Institute of Allergy and 
Infectious Diseases. 
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Because the latter experiments were done with statically grown cultures, it 
became of interest to determine if the results were due to the presence of acetate 
or to the growth conditions. The present results indicate that growth conditions 
are much more important than acetate in regulating glyconeogenesis and isocitrate 
lyase synthesis in Tetrahymena. A preliminary report of this work has appeared 
(Levy, 1966). 

METHODS 
Cultures of Tetrahymena pyriformis E were grown in a medium containing proteose 

peptone, liver fraction and KiHPOo as described previously (Levy & Scherbaum, 1965a). 
Activation of glyconeogenesis was accomplished by transferring well-shaken, log-phase 
cultures, or washed cells from such cultures, to static conditions, with concomitant reduction 
of the surface/volume ratio, as described elsewhere (Levy & Scherbaum, 1965a). Glyco- 
ncogenesis was tested by washing the cells and shaking duplicate 2-ml aliquots for I hr in 
inorganic medium containing about 0"05 pc of sodium acetate-2-14C (specific activity 
23 mc/mmole), with or without 2.5 mg sodium acetate. Rates are expressed as /,moles 
glucose formed, hr -I mg -I protein. Procedures for determination of glycogen, protein, 
isocitrate lyase activity and radioactivity have been given elsewhere (Levy & Scherbaum, 
1965a, b). 

RESULTS 
In the first experiment, shaken portions of log-phase peptone cultures were 

treated in one of the following ways: (1) harvested immediately (0-hr control); 
(2) shaken 3 hr (3-hr control); (3) shaken 3 hr with 1 mg/ml sodium acetate; 
(4-) shaken 3 hr with 1 mg/ml glucose; (5) static, 3"5 hr; (6) static, 3.5 hr + acetate; 
(7) static, 3.5 hr + glucose; (8) static, 3.5 hr + glucose and acetate. Cells were then 
harvested, washed and suspended in inorganic medium. Glyconeogenesis was 
tested as described in the Methods section. 

Figure 1 shows the cellular glycogen content at the end of the treatments, and 
the changes that occurred during the subsequent 1-hr incubation period. Rates 
of glyconeogenesis are summarized in Fig. 2. Cells from the shaken control 
cultures or from shaken cultures containing acetate had relatively low glycogen 
levels. When washed suspensions of these cells were tested for glyconeogenesis, 
the maximum rates were 0"078, 0.13 and 0.17/~moles glucose formed.hr -1 mg -1 
protein, respectively, for the 0- and 3-hr controls, and for the cells shaken with 
acetate. In each of these samples, the endogenous rate was somewhat higher than 
the rate obtained in the presence of acetate. Thus, the addition of acetate to the 
culture medium at best led to only a slight increase in the capacity for glyconeo- 
genesis. Cells shaken for 3 hr with glucose had a high glycogen content (21 per 
cent of cell protein) but were unable to convert acetate to glycogen. 

Cells from cultures maintained under static conditions in the presence or absence 
of acetate contained more glycogen and, when washed and shaken with acetate, 
formed glycogen at greater rates than did cells from shaken cultures. Thus, the 
rates of glyconeogenesis in cells from static cultures lacking and containing acetate 
were 0.46 and 0.31, respectively. (These rates, as well as those of the controls, are 
somewhat higher than those usually obtained.) The addition of glucose to the 
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Solid bars  = glycogen c o n t e n t  immed ia t e ly  af ter  wash ing ;  s t ipp led  bars  = con ten t  
af ter  1 -h r  i n c u b a t i o n  w i th  t racer  quan t i t i e s  of  acetate  (endogenous  ra te) ;  cross-  
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static cultures led to a large increase in cellular glycogen content (34 per cent of 
cell protein), but  prevented the development of glyconeogenic capacity. Addition 
of acetate together with the glucose did not relieve this inhibition. 

Incorporation of labelled acetate into glycogen (Fig. 3) paralleled the results on 
glyconeogenesis. Cells from shaken, acetate-containing cultures converted sub- 
strate quantities of acetate-2-14C to glycogen at only a slightly greater rate than cells 
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FIG. 3. Incorporation of acetate-2-14C into glycogen. (A) Uptake in the presence 
of 2"5 mg sodium acetate. (B) Uptake in the presence of tracer only. 

from control cultures. However, the rate in cells that had been maintained under 
static conditions was about eight times that of the controls. When acetate was 
present at tracer levels, similar results were obtained. Cells from static cultures 
incorporated almost 60 per cent of the added isotope into glycogen. 

Samples of these cells were also tested for isocitrate lyase activity (Fig. 4). The 
specific activity of this enzyme in cells from cultures shaken with acetate was 
67 per cent higher than in cells from shaken controls. In contrast, cells from 
static cultures showed an increase of 670 per cent over the 3-hr controls, and of 
1000 per cent over the 0-hr controls. The increase in cells from static cultures 
containing acetate was somewhat less in this experiment, but usually was about 
the same as in the static controls. In a separate experiment, the acetate concen- 
tration in a shaken culture was increased fivefold without further effect on the 
level of isocitrate lyase. 

The presence of glucose in static cultures largely prevented the increase in the 
specific activity of isocitrate lyase. However, it is of interest that the final level 
was still higher than in cells shaken with acetate. Thus, cells from static cultures 
containing a repressor of isocitrate lyase synthesis had a higher specific activity of 
this enzyme than did cells shaken with a substrate that often acts as an inducer. 
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Isocitrate lyase activity in cells shaken with glucose was essentially the same as 
that of the controls. 

Glyconeogenesis and isocitrate lyase activity can also be induced in starved 
cells, if these are maintained under static conditions. However, the increase in the 
amount of enzyme is reduced. It might be expected that starvation would lower 
the level of exogenous nutrients that act as a source of repressors of isocitrate 
lyase synthesis [although intracellular breakdown products do become abundant 
(Koroly & Conner, 1966; Levy & Elliott, unpublished data)]. To test the effects 
of acetate on starved cells, Tetrahymena from growing cultures were harvested, 
washed and preincubated by shaking for 3 hr in inorganic medium. Portions of 

a l  

o 

~ 4 

::t. 
0 3 3A 3G 

Aoitated 

3.5 35A 3.5G 3'5GA 

Static 

Fro. 4. Specific activity of isocitrate lyase. See legend for Fig. 1. 

suspension were then either shaken for an additional 3 hr or maintained under static 
conditions for the same period, in either case, in the presence or absence of 1 mg/ml 
sodium acetate. At 0 or 3 hr after the preincubation, cells were collected, washed 
and tested for glyconeogenesis. Results are shown in Table 1. 

Cells shaken with acetate for 3 hr could form glycogen at somewhat higher 
rates than could the 0ohr controls, but not as rapidly as cells from static suspen- 
sions lacking acetate. The presence of acetate in static suspensions did, however, 
lead to an even greater increase in the capacity for glyconeogenesis. In general, 
cells from such suspensions could form glycogen at twice the rate as cells from 
static suspensions lacking acetate. The differences in glyconeogenesis between 
shaken and static suspensions are reflected in the uptake of labelled acetate into 
glycogen. Isocitrate lyase activity doubled in cells shaken with acetate and increased 
to a slightly greater extent in the static samples. 

DISCUSSION 
In many microorganisms, high levels of isocitrate lyase are found in cells 

growing on acetate or acetate precursors (Kornberg & Elsden, 1961). Acetate is 
believed to lead to the removal of an intracellular repressor of isocitrate lyase 
synthesis, probably phosphoeno/pyruvate (Kornberg, 1954). However, acetate may 
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have little effect on the level of this enzyme in cells growing well on other pre- 
cursors (Kornberg, 1963). 

Various workers have shown that the level of isocitratc lyasc may be dependent 
upon the growth stage of the culture. In Rhizotms nigricans, the specific activity 
increased with culture age in cells grown on casein hydrolysate, reaching a peak 
as the culture reached the stationary growth phase (Wegener & Romano, 1964). 
Similarly, Mcgraw & Beers (1964) concluded that in Bacillus cereus, isocitrate 
lyase synthesis, regardless of carbon source, was a function of growth. The 
highest levels of this enzyme were always observed at the beginning of sporo- 
genesis, and the peak was much higher in cells grown on glutamate or yeast extract 
than in cells grown on glucose or acetate. 

In the present experiments, cells from shaken peptone cultures had low levels 
of isocitrate lyase, and there was only a slight increase after a 3-hr incubation with 
acetate. However, if cultures were transferred to static conditions for the same 
period, an eight to tenfold increase occurred, and there was no further increase if 
acetate was present. Since the nutrients available to the cells were the same, 
different metabolic pathways must predominate in shaken and static cultures. 
Presumably, in the static cells the removal of an intracellular repressor permits 
isocitratc lyase synthesis to proceed, and it seems clear that changes in culture 
conditions arc much more effective in removal of the inhibition than is acetate. 
These conditions also lead to an increase in the activity of the existing isocitratc 
lyase, since activation of glyconcogcnesis is not dependent upon synthesis of this 
enzyme (Levy, 1967). The effects of acetate and growth conditions on glyconeo- 
genesis paralleled the effects on isocitratc lyasc synthesis. Addition of acetate to 
shaken cultures led to only a slight increase in the capacity to convert acetate to 
glycogen, whereas cells that had been kept under static conditions could do so at 
high rates. 

Some of the results presented here arc at variance with those of Hogg & 
Kornbcrg (1963). Using statically grown cells, these workers reported that the 
specific activity of isocitrate lyase was fifteen to twenty times greater in cells from 
peptone-acetate cultures than in cells grown on peptone alone. However, the 
values reported were 0.055 for the constitutive, and 0.85 for the induced cells. 
The latter figure is about the same as that found in the uninduced cells in the 
present experiments. It was also reported that glucose did not prevent the induc- 
tion of isocitrate lyase by acetate. In the present experiments, glucose prevented 
most of the increase that occurred. It is possible that the greater enzyme levels 
found here arc due to the presence of liver fraction in the medium, although 
fourfold increases in the specific activity of isocitratc lyasc have been observed 
when freshly harvested cells are kept under static conditions for 3 hr in inorganic 
medium. The reasons for the differences in response are not clear. It is possible 
that at the time of harvesting, there were variations in the growth stage and cell 
population in the various media used by Hogg and Kornbcrg. 

The experiments on starved cells show that under certain conditions, acetate 
can lead to an increase in the capacity for glyconeogenesis. Thus, while cells taken 
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f rom static suspensions could convert  acetate to glycogen at accelerated rates, the 
presence of acetate during the activation period usually led to a fur ther  doubling 
of the rate. 

T h e  mechanisms leading to the induction of isocitrate lyase and the activation 
of glyconeogenesis in Tetrahymena will have to await clarification of the metabolic 
changes that  occur when cells are transferred to static conditions. Conditions are 
chosen that  severely limit the availability of oxygen to the organism and induce 
the stationary growth phase (Levy & Scherbaum, 1965a). Most  of the same 
changes occur if cells are shaken under  1 per  cent 0 2 for several hours. Since 
similar qualitative changes are obtained if cells are transferred to static conditions 
in a rich med ium or in inorganic medium,  even after a starvation period, it would 
seem that  in this organism, the amount  of  isocitrate lyase and the capacity to 
convert  acetate to glycogen are controlled primarily by  the growth conditions. 
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