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�UMMA ItY

The effects of several adrenergically reactive drugs amid of t.riiodothyronine on the activities

of five enzymes of Tetrahymena have been studied. The isocitrate dehydrogenase amid nialate
dehyclrogenase activities were not altered by exposure to any of the drugs tested. Of three
peroxisornal enzymes studied, D-amino acid oxidase activity was not affected, catalase

activity was decreased by high concentrations of reserpine but either not changed or slightly
increased by the other adrenergic drugs, and isocitrate lyase activity was strongly decreased

by those drugs which depleted cell glycogen and slightly increased by aminophylline,

which increased cell glycogen content. Thus one effect of the adrenergically reactive drugs
in Teirahymena is to alter the activity of t.he glyoxylate bypass pathway.

INTRODUCTION

It has beemi shiown thiat the ciliated proto-

zoan Tetra hymen a pyriformi.s contains

epinephrine, norepinephrine, and serotonin
(1, 2), and that reserpine inhibits the

growth of this organism and depletes the

cellular catecholamines (3). The growth of

these cells is inhibited by phenothiaziucs
(4) and by Segontin, desipramine, tianyl-
cypromine, and aminophylline (5). Reser-

pine, tranylcypromine, and segontin deplete
the cell glycogen content, but aminophyl-

line increases it. The growth rate of Tetra-

hymena is also inhibited by the fl-adrener-

gic blocking agent propanolol and by the

a-adrenergic blocking agent dibenzyline.

Dichloroisoproterenol and triiodothyronine,

at concentrations that have little effect on
growth, inhibit the net synthesis of gly-

cogen. On the basis of these observations, it

has been suggested that Tetrahyinena pos-

sesses an intracellular adrenergic metabolic

regulation system (5).

Tetrahymena resemble liver cells in that

they have a high capacity for gluconeogene-

sis (6) amid contain peroxisornes. These

oiganehles, found so far only in hivet, kid-
iiey, Tetrahyinena �7) , and Acanthainoeba

(8), contain catalase and oxidases such as
D-amrno acid oxidase, DL-a-hydroxyhuty-

rate oxidase, and L-lactate oxidase (7).

Their physiological function is unknown,
but it has been suggested that they play a
role in gluconeogenesis (7). Such a role is

made more probable by the demonstration
that isocitrate lyase and malate synthietase

are localized in the peroxisomes of Tetra-

hymena (9). These enzymes circumvent1 the

oxidative decarboxylation steps of the Krebs
cycle and permit the net formation of malate
from acetyl-CoA, thus permitting glu-

coneogenesis from endogenous lipid (10) as
well as from other endogenous or exogenous

sources of acetyl-CoA (11-13). The malate

so formed probably enters the glycolytic
pathway after conversion to oxalacetate by
malate dehydrogenase and conversion of

the oxalacetate to phosphoenolpyruvate by
phosphoenolpyruvate carboxykinase (14).

It is known that growth of Tetrahymena in
glucose leads to the loss of gluconeogenic

capacity (15), the loss of both phosphenol-
pyruvate carboxykinase activity and malate
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deliydrogenase activity (14) , thus fum’t.lier
substantiating the view that these enzymes

play a key role in gluconeogenesis in Tetra-

h ynlena.

It is well established that, in metazoa,

serotonin and the catechiolamines are im-

i)Ortant regulators of glycogen metabolism
and of gluconeogenesis (16) . Imi view of the

facts presented above, it was of imiterest to
inquire whether the adrenergic metabolic

control system of Tetrah y in ena influenced

the level of any of thie l)erOxisoflial enzynies

or of malic dehydrogenase. We have also
examined the effect of adreneigically me-
�active drugs’ on the level of isocitrate tIe-

hydrogenase, the omily other enzynie known

to utilize isocitrate as a sul)strate in Tetia-

.hymena. In addition to the diugs mentioned

nbove, we have shiown that Ro-4-1284, a

‘tetrabenazine-hike (111mg, inhibits the growth
of Tetrahymena an(I del)letes the cell gly-

cogen. In thus paPer we report that certain

adrenergically reactive drugs and tmiiodo-
thyronine altei’ the levels of isocitrate lyase

in Tetrahymena in a way which correlates
with the effe(t of these drugs on time gly-
cogen content.

MATERIALs AND METHuD�

Organisni and caltuie conditions. Te tie-

h�jmena pyrifornus, strain 1-ISM, were

grown axenically in a muedium consisting
of 1% proteose peptomie an(I 0.05% liver
extract in 0.02 11 potassium phosphate at

pH 6.5. Experiments weie begun by traiis-
ferring a stock culture and fresh medium to

1-liter Erhennieyer flasks with Morton
closure tops so that the desired initial cell

number was achiieved and the volume was
40 nil. To each flask was then added a

sterile aqueous solution of thie appropriate

drug (see refetenee 5 and water so that

the total amount of water in each flask was

the same. The fimial volumes in these cx-

pemiments ustmally mamiged between 42 aii.l

44 ml, thus assurimig a high surface to

volume ratio. Two control and four cx-

perimental flasks were prepared for eachi

‘By adrenergicahly reactive drugs we mean

drugs that are known to affect the metabolism.

storage, or action of the cateeltolamincs.

experimeiit. The cultures were then incu-
bated at 25#{176}without shakimig for about 18

hr and counted, and sonic lysates were

l)rePaled. Cells were counted with a Coulter
counter (Coulter Co., Hialeah, Florida).

Preparation of sonic lysates. After expo-
stile to the drug, a count was taken and the
culture was chilled in ice for several mm-

utes. All subsequent steps were done at
about 0#{176}.The cultures were centrifuged

for 5 mm at 500 g and the culture medium
was discarded. The cells were then resus-

pended in a buffer consisting of 0.25 M su-
crose, 0.0667 M phosphate, pH 7.5, except

for experiments in which D-aminO acid
oxidase activity was to be measured, where
thie buffer consisted of 0.25 M sucrose and

0.05 xi pyrophosphate, pH 8.3. The cells
were again centrifuged and washed once

again in the buffer solution. After the final
centrifugation the cells were resuspended
in 5-10 ml of the buffer solution and treated
with ultrasound twice for 30 seconds using
a model LS-75 Branson Sonifier at setting

numbem 5.
Enzyme assays. The protein content of

the sonic lysate was measured by the
method of Lowry et al (17). Since the cell
density of the washed cell suspension was
also measured jumst prior to treatment with
ultrasound, it was possil)le to compute the

aniount. of protein per 106 cells as well as
the specific activity of each enzyme
assayed.

Glycogen was measured by the method
of Dubois et al (18). Since the assay was

1)eIfolmed on saline-washed cells, total glu-
cose residues of the cell were actually
measured. As discussed elsewhere (5), most
of these residues are in the form of glycogen
in cells grown in the medium used in these

expeiimiieiit s.
Isocitrate dehydiogenase, isocitrate lyase,

and malate dehydiogenase were assayed in
a silica cuvette of 1-cm path length in a

Gilfoid model 2000 Multiple Sample Ab-

soml)ance Recorder equipped with Beckman
Model DU optics. The sample chamber was

maintained at 30#{176}by water circulating
through thermospacers, and all reagents

and the sonicate to he used were bi’ought to

300 just �i’iOm’ to use.
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Fit;. 1. Assay of nw!ate (lehydrogenase act irity

A stock culture of Tetra/symena was collected and treated with ultrasound as described in the text. Part A

shows that. the enzyme obeys first-order kinetics and that the slope increases with decreasing initial con-

centration of NADH at constant protein concentration. Part B shows the rates computed from the data of

l)art A and from other assays done at the same time. The initial concentrations of NADH from the uppermost
line in part A down, respectively, were: 0.263 m�, 0.186 m�i, 0.146 mM, and 0.0764 m�i.
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The reaction mixture fom’ isocitrate de-
hydrogenase assay consisted of 0.2 ml each

of the sodium salt of DL-isocitrate, 0.05 M;

NADP, 1 mM; MnCl2, 1 mM; amid sodium
phosphate, pH 8.0, 0.3 M. The reaction was

started by adding 0.3 ml of a suitable dilu-

tion of the sonicate (diluted with sucrose-
phosphate buffer). The absorbamice was

measured at 340 m� and increased linearly

with time.
Isocitrate lyase activity was measured by

the phenylhydrazine method of Kornberg
(19). Fresh phienylhydrazine reagent was
prepared for each group of three assays.

The final reaction mixture contained 0.2 ml

of the phenylhydrazine-Tris-Mg-EDTA

reagent described by Kornberg, 0.2 ml of

0.0125 M reduced glutathione, and 0.4 ml

of sonicate, dilumted if necessary with su-
crose-phosphate buffet’. The reaction was
initiated by adding 0.2 ml of 0.05 �m sodium

isocitrate. As described by Kornherg (19)

the reaction (observed as an increase in

absorbance at. 324 m�) proceeded at a slow
rate for the first 100-200 see, and then

accelerated and became linear with time.
The rate of reaction was computed froni

the linear portion of the cuive.
The malate dehiydrogenase activity of

Tetrahymena has been measum’ed by Levy

and Scherbaum (11) and by Shrago et at.

(14). Both authors used the initial rate of

change of absorbance per unit time to com-

pute the activity, and both authors comn-

mented on the large variability of time

assay. In our initial efforts to assay this

enzyme in sonic lysates of Tetrahyinena, it
was found that time change in absorbance

was not linear with time, but instead obeyed
first-order kinetics �Fig. 1A). Furthermore,

NADH itself tends to inhibit t.he reaction
(Fig. lB) This was true, though to dif-

ferent extents, with NADH that had i)een
freshly weighed from desiccated vials as
well as with NADH that was weighed from

a larger quantity kept. frozen. The cause of

this inhibition has not been investigated.
To achieve maxinium reproducibility, the

initial NADH concemitration was always
such that the absorbancy at 340 m� was

between 0.95 and 1.05. The reaction was

started by adding NADH to a suitable (lilu-
tion of the lysate in sucrose-phosphate

buffer. The data were plotted on semi-
logarithmic paper amid the first-order rate
constant was computed from the initial

linear slope.

Catalase was mneasured by tue method of
Baudhuin et ci. (20). Tue assay was per-

formed at 0#{176},using 0.1 ml of 2% (v/v’)
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Triton X-100 anti 0.2 ml of sonicate, diluted

with suciose-phiosphate buffer if necessary,

an(l was initiated by the addition of 5 ml

of hydrogen l)eroxicle solution (0.16 nil of

30% H202 per liter of 0.02 M imidazole,
pH 7.0, containing 10% (w/�’) of bovine

seruni albumin. The meaction was termi-
nat.e(I i)y the addition of 3 ml of titanium
sulfate reagent 10.85 g in 1 liter of 2 N

H2S04, prepared as described by Baudhuin
Ct ci. (20) ] . The test tube was quickly
warmed to room temperature, amid the ab-

sorbance was measured at 410 mj.t. Suitable
stamidards amid blanks were l)repare(l. Al-
though the catalase reaction is also first

order, the mate constant was computed on

the basis of common logarithmus and fom’ a
volume of 50 ml, in accordamice with the

procedure of Baudhuimi et at. (20) . To
convert the catalase units as reported in time
Results section imito true first-order con-

stants, the catalase units should be multi-
plied by 21.7.

D-Amino acid oxidase activity was nieas-

ured by the method of Vemity et al. (21).

Fluorescence was measured in a Farrand

fluorometer, using a 389 m� imiterference
filter between the lamp amid the cumvette anti

a 504 m� interference filter between the

cuvette and the photomultiplier. The reac-

tion mixture consisted of 0.7 ml of sonic
lysate prepared in sucrose-pyrophosphate
buffer and 0.2 ml of 0.2 �i n-alanine. Incu-

bations were for 1 or 1.5 hr at 30#{176},and the
reaction was terminated by the addit.ion of
0.1 nil of 0.8 N trichloroacetic acid.

None of the enzyme activities were sig-
nificantly inhibited if any of the drugs used

in this study were added to the assay mix-

ture.

Reagents and drugs. Chemical reagents
were purchased from the following sources:
bovine serum albumin, Armour; phenyl-
hydrazine hydrochloride, Eastman Organic;

titanium sulfate, Fisher Scientific Co.;
Triton X-100, Rohm and Haas; ortho-

phenylenediamine and dichloroisoprotere-
nol, Aldrich; reduced glutathione, Fluka;
NADH, sodium DL-isOcitrate, D-alanine,

oxalacetate, the ethylenediamine salt of
aminophylline, and ethylene diamine,
Sigma; NADP, Pabst. All other reagents

were the highest purity comniercially

available.

The drugs used were gifts of the fol-

lowing pharniaceutical companies : desi-

l)l’amimie, Geigy ; Inderal propanolol),
Ayerst; Cation, Lakeside Laboratories;

tranylcypromimie and the sodium salt of

1 -triiodothym’onimie, Smith, Kline, and

French ; Ro-4-1284 (2-hydroxy-2-ethyl-3-
isohutyl-9,10-dimethoxy- 1 ,2,3,4,6,7-hexahy-
dro - 1 lb - H - bemizo[alquinohizine) , Hoff-
mann-La Roche ; resem’pine phosphate,
Ciba ; Segontin, Hoechst..

RESULTS

Effect of Ro-4-1284 on Growth and Gly-

cogen Con tent of Tetra hyniena

The effects of reserpine, tranylcypromine,

Segontin, and desipramine on the growth

and glycogen content of Tetrahymena have

already been described (5) . As background

for the enzymatic results to be presented
below, it is necessam’y to pmesent the effects
of Ro-4-1284 on the growth and glycogen

content of Tetrahymena at this point. This
drug is a benzoquinohizine derivative and is
closely related to tetrabenazine. It causes

sedation and lowers the serotonin and cate-
cholamine content of the brain, and its

effect is counteracted by monoamine oxi-

dase inhibitors such as ipmoniazid (22). At
0.46 m�r there is little inhibition of the
growth of Tetrahymena for about 10 hr,

hut then growth ceases (Fig. 2). The

growth-inhibitory effect of Ro-4-1284 is

synergistic with the growth inhibitory effect

of reserpine. A concentration of reserpine
which by itself slightly inhibits the growth

of Tetrahyinena greatly enhances the

growth-inhibitory effect of Ro-4-1284 (Fig.
2). It can also be seen in Fig. 2 that Ro-
4-1284 decreases the glycogen content of
Tetrahymena. Unlike t.he synergistic effect

of a low concentration of reserpine on the

growth inhibition by Ro-4-l284, reserpine
did not further decrease the net rate of
glycogen synthesis, but instead slightly in-
creased it relative to that of cells treate(l

with Ro-4-l284 alone. Part of the effect of
resei’pine plums Ro-4-1284 on the glycogen
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I’mG. 2. Effect of I?o-4-1284 and of reserpine on grout/i and glycogen content of Tetrahyms’na

At zero time, 5 nil of water containing drugs at the indicated concentrations were added to 25 ml of cells

in proteose-peptone-liver extract medium. The cultures were in 300-mi Erlenmeyer flasks and were incubated

without shaking at 25#{176}.At times shown on the abscissas, samples were taken for niensuiement of cell count

and of glycogen content.

content. of the cells may, howevei, have

been a secomidamy result of the incmeaseci
availability of oxygen as a result of the

much lower cell density. It is clear, how-
ever, that although reserpine greatly en-
hianced the growth inhibitory effect of Ho-

4-1284. it did not enhance the effect of Ro-

4-1284 to inhibit net glycogen synthesis.

Effect of Adienergicaiiy Reactive Drugs on

Isocitrate Deh ydiogenase of Tetia-

hy inena

As shown in Tables 1 and 2, none of the

dm’ugs tested altered the isocit iate dehydro-
genase activities of Tetrahymena with time

possible exception of desipramiiine at the
highest concentm’ation tested, whiei’e a 20%

loss of activity was observed. In data not

shown here it was also established that tii-

iodothyronine at 1.8 X 10� M did not affect

the isocitrate dehydiogenase activity. At

this concent rat ion triiodothyronine gener-
ally causes a slight. growth inhibition and

an apprecial)le decmease in the level of cell

glycogen (5�.

Effect of Adieneigicaily Reactive Drugs on

Cataiase Activity of Tetiah �inmena

Exposuie of Tetrah ymena to desipr-
amine, tranylcypromine, Segoimtimm, or Ho-

4-1284 for about 18 hours caused small
increases in catalase activity (Tables I and

2 . Ainiiiophiylline did not change time cata-

lase activity (Table 2), hut. ieserpine at

high concemmtmatioiis decreased time catalase
activity by about 45% (Table 1). Iii an

experiment not shown there was no eflect
of t riiodothyron me, dich loroisoprotereno I,
or pm’opanolol (at concentrations compara-

ble to those used in Table 3) on time cataluse

activity of Tetrahyinena.

Effect of Adrenergicaity Reactite Drugs on
Isocit ‘ate L yase Activity of Tetrahyinena

Segontin, desipm’amine, tranylcypromine,

and Ro-4-1284 strongly decreased the iso-
citrate lvase activity of Tetiahipnena

(Tables 1 aimcl 2) . Rcsempine had a rela-
tively smaller effect. on this enzyme activity,

decreasimmg it I)y about 40% in contrast to



TABLE 1

Effects of reserpine, &gontin, desiprarnine, and tranylcyprornine on isocitrate dehydrogenase,

eatalase, and isocitrate lyase activities of Tetrahymena

In each exl)eriment two control and four experimental flasks were prepared. The drugs were added about

17 hr before the cells were collected. N and N� are the cell densities at the time of addition of the drugs and

at the time the cells were collecte(l, respectively. The isocitrate lyase assays were performed in groups of

three; i.e., in the reserpine experiment the sonic lysates which had activities of 1.39, 1.33, and 1.19 ,�moles/

hr.mg were assaye(l together, and about a half hour later the sonic lysates which had activities of 1.06,

0.83, and 1.27 hmoles/hrmg were assayed, using a freshly prepared reaction mixture. For further details,

see the sect ion on methods.

Conceit) rat bit

(�i x 10�)

.\�

(cells/mi

X 10�

Isocitrate

.\, dehydrogenase

(cells/nil (/hmoles/

X 10�) \,/V minmg)

(�atalase

(min�’

mg’)

Isocitrate

lyase

(/hmoles/

hrmg)

Protein

(mg/106

cells)

Heserpine

None

0.2(1
0.27

0.34

0.41

None

17.4

34.7
52.1

69.5

86.9

17.4

119

109

109

102

100

113

6.8 0.40#{176}

3.1 0.39#{176}

2.1 -

1.5 0.36

1.2 -

6.5 -

().122

1)125

0.110

0.068

0.139

1.39

1.33

1.19

1.06

0.83

1.27

1.12

1.17

1.24

1.27

1.29

1.13

Segont in

None

0.071

0.1!

0. 14

0.18

None

13.8

27.6

41.4

55.2

69.()

13.8

214

198

191

200

187

181

15.5 0.37

7.2 0.36

4.6 0.32

3.6 0.39

2.7 0.35

13.1 0.39

0.118

0.133

1)145

0. 132

0.114

0.108

1.34

0.97

0.73

0.50

0.40

1.14

1.38

1.55

1.71

1 .78

1.75

1.47

None

0.36

0.50

0.65

0.79

None

213

21.3

28.4

42.7

56.9

21.3

221

163

165

134

110

208

Desipramit te

10.4 0.40

7.7 0.41

5.8 0.43

3.1 0.42

1.9 (1.34

9.8 0.4(1

0.108

0.120

0.120

0.118

1)100

0.106

1.24

0.93

0.81

0.44

0.41

1.17

1.28

1.22

1.25

1.39

1.46

1.51

None

4.2

6.3

8.3

10.4

None

20.3

40.5

608

81.0

20.3

234

238

278

274

276

208

Tranvlcvpromi tie

11.5 0.43

5.9 1)42

4.6 0.43

4.5 0.43

3.4 (1.42

10.2 ().42

0.126

0.134

0.142

(1.133

0.134

0. 121

1.31

0.97

0.66

0.64

0.49

1 .26

1.39

1.51

1.59

1.70

1.69

1 .39

#{176}I)ata on isocitrate dehydrogenase were obtained in a different experiment.

the 2- to 3-fold reductions caused by the 20%. Dichloroisoproterenol amid triiodothiy-
above-mentioned drugs (Table 1). Amino-
phiylline, even at concentrations which com-
pletely inhibited growth, slighitly increased

the isocitrate lyase activity (Table 2). In
another experiment identical to that shown
in Table 2, the increase in isocitrate lyase

activity caused by aminophiylline was about

ronine, at concentrations where growth was

only slightly inhibited, significantly reduced
the isocitrate lyase activity (Table 3).

When the cells were exposed to both drugs,

there was a small further decrease in ac-
tivity (Table 3). Propanolol at 1.53 X
I0� M reduced the isocitrate lvase content

252 J. J. BLUM
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TABLE 2

Effects of aminop/iylline and of Ro-4-1284 on nialate dc/i ydro grease

catalase, an(i isocitrate lyase activities of Tetrahyrnena

Each flask in the aminophylline experiment contained 2.09 miu ethylenediamine. Cells were exposed to

the drugs for about 18 hr. }or further details, see legend to Table 1.

Malate Isocit rate
.\, (lehydrogenase (‘atalase lyase Protein

Concentration (cells/nil (cells/nil (min’ (niilr’ (��moles/ (mug/b6

(ma X 10I( X 10-’) X 10’) .Vf/.\�� mg’) riig�’) Iw.ing) cells)

An�inophvlline

None 14.4 75.0 5.2 25.0 0.119 1.30 1.50

1.05 28.8 44.7 1.6 35.4 0.118 1.74 2.07

1.40 43.2 49.9 1.2 35.3 0.116 1.60 2.47

1.75 57.7 58.1 1.0 33.6 0.110 1.54 2.64

2.09 72.1 73.8 1.0 38.1 0.108 1.49 2.59

None 14.4 70.5 4.9 21.7 0.115 1.56 1.60

Ro-4-1284

None 17 . I 236 13 . 8 31 . 4 0 . 108 1 . 99 1 .46

0.21 25.6 262 10.2 37.0 0.120 1.03 1.45

0.27 34.2 261 7.6 38.8 0.120 0.82 1.44

0.32 42.7 250 5.8 36.9 0.116 0.58 1.23

0.38 51.2 248 4.8 39.9 0.116 0.50 1.30

None 17 .1 223 13 . 1 34 . 1 0 . 102 1 . 68 1 .46

of Tetrahymena almost 50% in the experi- formed in which 20 nil of culture at a

ment shiown imi Table 3. In amiotimer expemi- density of 220,000 cells/nil was transferred

ment, 0.11 iBM propamiolol re(Iuced the ac- to each of a series of 500-mi Erlenmeyer

tivity by 30%. flasks. Segontimi (1.78 X 10� r�m) was added

Since it is known that epinephmrine can to the experimental flasks at zero time.
change the activity of muscle phoSl)hmOIylase Cells were collected from the control and

within a minute (23) it was of interest to experimental flasks and sommicated at 0.5,

ascertain the time course of the reduction 2.5, and 6.0 hr after the addition of Segon-

of isocitrat.e lyase activity by one of thmese tin, and thie isocitrate lyase activity was

drugs. An experiment was therefore pci- measured. The contiol activities decreased

TABLE 3

Effect of triiodot/iyron inc dic/iloroisoproterenol, and propanolol on n-am mo acid oxidase,

ma/ate dehydrogenase, and isocitrate iya.se of Tetrahymena

(.‘ellswere exposed to the drugs for about 22 hr. For further details, see legend to Table 1.

Malate 1)-Amino acid Isocitrate

.Vi .\, dehydrogenase oxidase lvase Protein

1)rug (cells/mi (cells/nil (min’ (�moles/ (Mmoles/ (mg/106

M X 10� X 10�( X 10� .V,/.V, mg’) hr.mg hr.mg) cells)

None 19.2 276 14.3 34.3 0.086 2.16 1.

DCI, 1.36 19.2 259 13.5 34.7 0.085 1.75 1.66

DCI, 1.36 + T3, 19.2 232 12.1 33.7 0.080 1.28 155

0.18

T3, 0.18 19.2 256 13.3 3().1 0.072 1.42 1.58
Propanolol, 1.53 38.4 186 4.8 35.8 0.089 1.15 1.00

None 19.2 278 14.5 31.5 0.066 1.98 1.69
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TABLE 4

Effect oJ reserpine, �nninophylline, Segontin, a,i�/ desipramine on n-am mo

acid oxidase and ma/ate dc/iydiogenase on Tetrahyniena

Cells were exJs)se(l to the drugs for about 18 hr. For further details, see legeiid to Ta] 1#{128}1.

i\Ialate n-.ininii

dehv(lro- a (1(1

.V .\, getiase xnlae Protein

Lx1)t . 1)rug ells/ nil (cells/mi (miii ‘ Mn les/ (mg/ 10�

n. (it >< 10’) x iu� >< l0�) .\,/.\� mg ‘) lirmg) cells)

I ILOIIC#{176}

anutiophylline,

aniitiophylhite#{176},

resell)ine

reserpine

none

10.6

17.6

23.2

58.))

S7 . 1
58))

87.!

2J.2

116

87

105
223

111

278

.5 0

15

1 2

3.8

13

120

38.5

22.3

29.3

30.4

41.0

32.()

0.1)98

0091
0 ()l

(.069

0064

0.076

1 .40

1.72
2. 14

1 .68
173

1.66

11 none

Segontin,

Segotititi,

desipiamine,

desipiamine,

none

((.14

0.18

0.64
0.79

21.1

422
634

42.3

634

21 1

224

178
172

152

144

216

10.6

4.2
2 7

36

2.3

10.2

22.0

24.6
28.3

22.9

30.9

19.8

0 ((99

1)087

0 099

(1 104

I) 1(M)

(1 ((94

159

1.69

1.66

1.42

1.45

1.57

The concentration of ethylenediamine was 1.76 mu in these cultures.

fmomn 1.75 to 1.35 to 1.17 1�moles1’hmmg
I presumably because of the increased aera-

tion (13) ] at these times while the isoci-

trate lyase activity of the Segontimi-treated

cells decreased from 1.75 to 1.29 to 0.85
�moles/hr . mg at these times. Thius the
decrease of isocitrate lyase activity caused
by Segontin is not a fast process.

Effects of Adrenergically Reactive Drugs
on Malate Dehydrogenase and D-AlflinO

Acid Oxidase Activities of Tetrahymena

There were no significant changes in
either of these two enzyme activities with

any of the drugs tested (Tables 3 and 4).

Effect of Adrenergically Reactive DrUgS on

the Protein Content of Tetrahyinena

Ro-4-1284, diehloroisoproterenol, triiodo-
thyronine, desipramine, and meserpine did
not alter the protein content of Tetrahy-

mena (Tables 1-4). Tramiylcypmomine,

Segont.in, and propanolol increased time pro-

tein content by small but significant
amounts, and aminophylline consistently

increased the protein content by ovei 50%
(Tables 2 and 4).

DISCUSSION

The womk of Rogers �4 , showing that
growth and glucose metabolism of Tetra-

hymena are inhibited by phienothiazines,

and the I)1esent fimidimig that a tetraben-
azine-like drug (Ro-4-1284) inhibits the
growth amid depletes the glycogen content

of Tetrahymena further support the view
(5) that these protozoa contain an intra-

cellular metabolic contmol system with
mamiy features similar to those found in

mammals. Since Tetrah yniena contain both

epinephrine and serotonin (1, 2) and since
some of the dmugs used in this study deplete

the content of both amines in mammalian
systems, it is not clear whether Tetra-

hymena have an admemiergic system only or

both an adrenergic amid a serotoninergic
system. For brevity, we shall refer through-
out this discussion to the adrenergic control
system of Te tra hynie na without, however,
implying the absence of other control sys-

tems.
Although much remains to be learmied

about the control of gluconeogemiesis in
Tetra hymen a, several import ant observa-
tions have recently been made. Levy amid
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Scherbauni have observed that the tratisfei

of cells from aerobic to partially amiaerobic

conditions results in a doubling of the iso-

citrate lyase an(:I nialate synthetase activi-

ties within 3 hit, but no change in the ac-

tivity of acetyl-CoA synthetase om in that

of malate dehiydrogenase (1 1 ) . These
authors have also noted that the change

from aerobic to partially anaerobic condi-
tions leads to an imicreased rate of gluconeo-

genesis within 3 hr (12) . It was later shown
that although the increase in isocitrate
lyase activity can be partially or completely
prevented by imihibition of protein synthesis

by actinomycin D or by puromycin, these

inhibitors do not prevent the increase in

gluconeogenesis (24) . Thus gluconeogenesis
in Tetrahymena can be activated in the

absence of enzyme synthesis. Hogg amid
Kornberg (10) had previously shown that

in Tetrahymena with a high capacity for
gluconeogenesis the isocitrate lyase was

l)resent in a particulate fraction [now’
known to be the petoxisomes (9) ] , but in
cells with a low capacity for glucommeogene-

sis the isocitrate lyase was not bound to

particles. Similarly, Harrop and Kotnberg
(25) showed that a strain of Chiorella con-

t.ained an active isocit rate lvase under all
conditions of gtowthi but that the enzyme

participated in tue glyoxylate cycle only
when it was bound to a particulate struc-

ture. For a miumber of reasons, therefore, it
is probable thmat the peroxisomes ate in-
volved in gluconeogenesis, as fimst suggested

by de Duve amid Baudhiuin (7).

The present experiments show that thie

isocitrate lyase activity of Te tra h y inc n a is

decreased by several adrenergically reactive
drugs. The process is a slow’ one, and pre-

sumably repmesents a m’epression of synthie-
sis and a loss of activity as a result of
turnover, although it is also possible that
enzyme inhibition occurs amid is not relieved

by sonication of the cells. Regardless of the
exact mechanism of the loss of activity, a
remarkable correlation exists between the

effects of the adrenergic drugs on the gly-

cogen content of Tetrahymena and their
effect on isocitrate lyase activity. Thus
meserpine, whiichi tends to deplete cell gly-
cogen to a sniallet extent thmamm �cgommtimm 01

(lesij)1Itiliimie, causes a sniallet inimibition of

isocitiate lvase activity than do Segontin

01 ( lesil)maniine, while anlinophyl line, whmich

increases the glycogemi content of Tetra-

hynmena (5) does not decrease the isocitrate
lyase activity. Triiodothyronine amid di-

chiloroisoproterenol individually depress time

isocitrate lyase, amid together depress it
slightly niore. Imidividually they depress
the net rate of glycogen symithesis and
together they depress it mote.

It is important to stress that these effects
are not. caused by growth inhil)ition oi by

chiammges in aeratiotm. Thius aniimiophmyhhiiie at

concentrat ioiis that complete ly inhibited
growth caused a slight activation of iso-

citrate lyase activity, whiile dichloroisopro-
t.eremmol amid triio(lothiyronilme, which scarcely

inhibit. growth, decreased the isocitrate
lvase activity 1W almost hialf. Furthiermore,

etimylenediamine itself in a few experimente
caused an appreciable imihiibitioti of growthi
bitt did not affect. the isocitrate lyase ac-

tivity. Although the inhibition of growthi
does not of itself cause a (leetease in the

level of isocitrate lyase activity, time data
generally show a correlation between tue
reduction of isocitrate levels and thme reduc-

tion of growthm mate for the drugs tested

othier timan aminophiylline. Presumably the

inhibition of growthi amid the reduction of

isocitrate lyase level are secondary to some

othem’ process which is altered by thie adre-
nergically reactive drugs. Simice Levy has
shown that growth conditions are of crucial
importance in determining the isocitrate
lyase activity imi Tetraliymena (13), these

experinieimts were all done with very large
surface to volume ratios, thus ensuring
aeroh�ic growthm conditions. That the degree

of aeration was not a determining variable
in t.hiese experiments can be seen in several
ways. First, in the experiments with tranyl-
cypromine (Table 1) and Ro-4-1284 (Table
2) the cell density was slightly lower in the

control flasks than in the flasks containing
the drug. but. the control cells hiad much
higher isocitiate lyase activities. Secomid,

cells treated withi 7.9 X 10� M desipramimie
achieved a density of 110,000 cells/mi

(Table 1) amid had very low isocit rate l�ase

activities. ivlti!e imi the experiment with
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1(setl)ine ( �Fable I ( (Olittol (ells at time

sanie density hIt(l niU(hl imigher isocitrate

lyase activities. Thiimd, the expeiiimiemits weme

genei’ally (lesigne(I so that flasks containimig
growtim inhmibit.ing drugs weie inoculated at

a higher cell density than the control flasks,

aimd thus ha(l II highiet cell (lensity during
mnost of the growth petioci. To the extent

that anaerol)iasis played a role, therefore,
it should have increased time isocitrate lyase

activity in the flasks containing the drugs.

Thmis argummient might be immvali(1 if time drugs
caused a large inhibition of 1es�)iratO1y rate.

Pmelimninamy experimmients �J . P. \Vexler, umi-
publishied data) , however, iml(licate that

neither reserpine nor t.riiodothiyromiimie a!)-

pteciah)ly alter thie rate of oxygen consuml)-

t.iomm imi short-term experinients.

It slmould also be pointe(l out thmat nomie
of time (lmugs decmeased time l)toteilm conteimt

of these cells, so that time large decreases in
isocitrate lyase activity cannot he exl)lailmed

i)\’ a general loss of piotein. Aim imiteresting

ol)servation is that anminophmylline con-

siderably itmcieased time l)roteimi content.
while prevetmting cell (livisiotm. Siimce time

isocittate lyase activity was only slightly
increased (amid, imm ammy case, probably

represents a very small fraction of cell

pioteimm) and aminophylhine did imot alter
time activity of several othmer enzyimies, it. is
clear that not all l)roteilms increased, and

hmat aminophmvhhine timetefore selectively in-
creased time contemmt of certaiii pioteiims. It

would be of consideral)le interest to estab-
hishm time identity of timose protcimms.

Since a plausible action of time adreimergic
(Irugs mimight. be to alter time l)alance between

glycogeim syntlmesis and glycogenolysis at

the level of phosphmoiylase amm(l glycogen
synthetase, it. mighmt. he argued thmat the

effect of the drugs on isocittate lyase ac-
tivity was simply a result of mum immci’eased

level of glycolytic pathway metahohites
within time cell. It is kmmowmm that glucose
decreases time isocitrate lyase activity in
static cultures of Tetrahyinena (10, 13) and
blocks glucoimeogemmesis (1St. Slmrago et al

(14) have simown thmat glucose (lecteases the

phosphoemmolpyruvate etitimoxykimmase, mnal�te

(lehydrogenase, aimd fructose diphmosphatase

activities of Tetrahyinena. Time lresent cx-

pemiimmemmts show that time decrease iim iso-
citrate lyase activity caused b)y time adre-

miergically active (lnmgs is not equivalent to

glucose mepressiomm , since time adrenergic
drugs (liii mmot (leelease the nmalate (lehydlo-
genase activity.

A. lthmoughm t lie adrenergica hly reactive
(Irugs IIltele(I time isocitrate lyase activity

in a way wimielm correlates �vithm thmeir effect

Oh cell glycogen eommtemit, mione of time dmugs
tested altered time D-amrmnmo acid oxidase ac-

tivity. Reseipine at hmighm coimcentratiomms
(Iecrease(1 time catalase activity, i)ut time

othiet (hugs t(ste(1 either hind no effect omm
catalase 01 slighmtly iimcreasecl it. Thus the

i)emoxisommmal enzvnies caim vary separately,
as had alrea(lv beeim noted by Levy and

Hunt ( 15 ( amid by Bluni atmd \Vexler (26)

Time pteseimt results indicate timat time adre-

nergie commtmol systemmi of Tetrahyinena in-
fluences a peioxisommmal eimzyme wimich acts

at the first step of glucoimeogeimesis fronm
acetvl-CoA. Fuithmei experiments ai’e re-

quire(I to ascertaimm w’hmethmer time adrenergic-
ally reactive drugs also commtiol time activity
of glycogen symmthmetase Or l)imosphmotYlase iIm

Tetrahyniena.
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