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ABSTRACT

by

Ewa F. Wajnberg 

PROTEIN CLYCONEOGENESIS IN TETRAHYMENA PYRIFORMIS

Thesis Advisor:

James F. Hogg

Well aerated shallow cultures of Tetrahymena pyrlformis, 

strain GL, grown in proteose peptone/liver extract medium (PPLE) and 

in the exponential phase of growth, responded to heat shock treat­

ment by the synthesis of additional glycogen.

When washed cell suspensions obtained from such cultures were 

shaken in the air, the glycogen content of the cells increased 

significantly during the incubation time (A hours). With casein 

hydrolysate added to the cells, the extra glycogen synthesized by the 

cells was on average about three-fold higher than the endogenous 

increase. Under these experimental conditions, acetate had no effect 

on glycogen production.

A series of amino acid substrates was subsequently tested for 

glyconeogenesis. Among amino acids tested the best stimulant of 

glyconeogenesis was L-proline, but L-threonine, L-asparagine and 

L-leucine were also effective. L-methionine caused strong inhibition 

of the endogenous glyconeogenesis.

In an attempt to overcome a permeability barrier some dipeptides 

were tested for glyconeogenesis. Proline dipeptides with N-terminal



proline were equal to or better than the C-terminal proline dipep­

tides. Proly1-valine and valyl-proline both stimulated glyconeo­

genesis efficiently with proly1-valine being a slightly better sub­

strate. Prolyl-phenylalanine stimulated glycogen synthesis efficient­

ly. In contrast phenylalanyl-proline was a poor substrate for glyco­

neogenesis. The efficient dipeptide substrates (pro-val, val-pro, 

pro-phe) stimulated glyconeogenesis better than the mixtures of the 

corresponding amino acids. The use of dipeptides caused increased 

utilization of L-valine and L-phenylalanine by the protozoan cells 

and thus these two amino acids must be added to the list 01 the 

efficient substrates.

Proly1-methionine added to the cell suspension exhibited 

inhibitory action that overcame the stimulatory effect of proline. 

However, when a mixture of proline and methionine was used, the 

inhibitory effect on glyconeogenesis of methionine disappeared.

Among lipid substrates tested, Tween 40 stimulated glyconeo­

genesis significantly. Tween 80 and lecithin had no effect on the 

glycogen content of the cells.

The stimulation of glyconeogenesis by L-proline is accompanied 

by a significant increase of NH^ production. However, careful quanti­

tative experiments proved that the Increase cannot be accounted for by 

L-proline disappearance only. The incorporation of label from 

[ U - ^ C ]  -L-proline into the glycogen fraction was much lower than the 

value predicted from the balance study.

The conversion of proline to glutamate was confirmed by the 

chromatography of the protein hydrolysate of washed cells incubated
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for 4 hours with radioactive proline. In the hydrolysates, labelled 

glutamate and aspartate could be detected, that summed up to about 

50% of the total radioactivity present.

The alcohol extract of the cells contained glutamate, aspartate 

and asparagine, that accounted for 4.5% of total radioactivity avail­

able to the cells. Radioactive glutamine was not detected inside the 

cells. The incubation medium contained glutamine, asparagine, aspar­

tate and glutamate, that accounted for 17.9% of the total radioactivity 

available. Thus during proline degradation amino acids accumulate 

and are excreted to the incubation medium. A possible mechanism for 

the stimulatory action of proline is suggested.

The stimulation of glyconeogenesis caused by leucine was 

accompanied by an increased ammonia production. The incorporation 

of label into the glycogen fraction from [ U - ^ C ]  -L-leucine was in 

agreement with the value predicted from the balance studies. Thus 

this k.etogenic amino acid appears to be glucogenic in Tetrahymena. 

When washed cells were incubated with a mixture of L-proline and 

L-leucine, both the glycogen and ammonia increments were exactly 

a d d i t i v e .
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GENERAL INTRODUCTION 

A. Historical review: protein glyconeogenesis In Tetrahymena

pyrlformls

The ciliated protozoan, Tetrahymena pyrlformls, has been often 

used to study glyconeogenesis and its regulation because of the 

large amount of glycogen synthesized during the growth of the or­

ganism (1,2). This unicellular eukaryote resembles a mammalian cell 

with respect to organellar content (e.g. It contains mitochondria 

and peroxisomes) while at the same time its cultures can be manipu­

lated with relative ease.

The regulation of lipid glyconeogenesis in Tetrahymena pyrifor- 

mis has been studied quite extensively (3) because of its biochemical 

novelty. In comparison little is known about the glyconeogenesis from 

protein. This study was designed to fill this gap in our knowledge 

of the intermediary metabolism of this ciliated protozoan.

An amino acid-stimulated glyconeogenesis has never been clearly 

demonstrated in Tetrahymena. The major reason for this is the poor 

rate of uptake of the single amino acids by the ciliate (A,T). It is 

known, however, that the protozoan can grow well in a medium contain­

ing only proteins or polypeptides (1) and that during the time of 

growth a significant amount of glycogen is synthesized (up to 22% of 

the dry weight of the organism). Thus protein glyconeogenesis in 

these cells appears to be quite significant to their metabolism.

- 1 -
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Two early papers (2,6) suggest that amino acid-stimulated gluco- 

neogenesis can occur in Tetrahymena. Wagner (2) reported that washed 

stationary phase cells accumulated much glycogen upon aerobic incuba­

tion with shaking. During this period of gluconeogenesis both protein 

and lipid decreased in sufficient amount to provide the carbons for 

the glycogen formation. Subsequently, Wagner (2) showed that cells of 

Tetrahymena pyrlformls can convert acetate (and endogenous phospholipids) 

to glycogen. Furthermore, in the strain studied (E) added acetate 

eliminated the decrease in protein, thereby inducing Wagner to study 

lipid glyconeogenesis— a novel metabolic pathway. The fact that 

there was no stimulatory effect on glyconeogenesis when washed cells 

were fed a mix of 11 essential amino acids (L-amino acid mix: 

methionine, arginine, threonine, tryptophan, valine, isoleucine, 

leucine, phenylalanine, histidine, lysine and serine) excluded amino 

acids from the study. Wagner did note, however, that phenylalanine 

alone had a small but significant effect.

Later Scherbaum and Levy (6) demonstrated that during the 

development of synchronous cell division by repeated heat shocks in a 

proteose-peptone medium, glycogen content of the cells (strain GL) 

Increased four-fold. This indicated that glycogen was formed at a 

good rate, presumably from the breakdown products of the peptides in 

the medium. The conditions Scherbaum and Levy used in their experi­

ments (6) were used as a starting point for the experiments described 

in this study.

The Importance of glycogen in higher animals is evidenced during 

starvation when it is the first emergency source of energy. The same
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does not occur in Tetrahymena, where glycogen is not a main energy 

source for the organism-~in washed cell suspensions the glycogen 

level actually increases (3,4).

It has been established that a major factor In protozoal glyco­

neogenesis is the glyoxylate cycle (4), which channels fats into 

glycogen. Adult mammalian tissues do not possess this anaplerotic 

cycle and thus the main noncarbohydrate precursor for glucose synthesis 

in those tissues must be amino acids.

The work of Hogg and K o m b e r g  (7) was the first to associate the 

glyoxylate cycle with peroxisomes. This organelle, sometimes also 

called glyoxysome or microbody, is a large (0.5 microns) organelle 

bounded by a single membrane and containing a granular matrix. The 

name is based upon the organelle's characteristic content of flavo- 

proteln oxidases and catalase, which make it a site of metabolism:

From the time of its discovery, the peroxisome has been asso­

ciated with gluconeogenesls. In his first review of peroxisomes,

De Duve (8) points out that, in mammals this organelle is found only 

in tissues capable of gluconeogenesls. The postulated role of mammal­

ian peroxisomes In the process remains to be established. However, in 

Protozoa (3,7), yeast (9), plant seedling (10) and green leaves (11), 

various peroxisomal enzymes contribute to a gluconeogenic pathway 

(glyoxylate cycle or glycolate pathway). Very recently toad bladder

0 2

2 2 2R H 2
peroxidase
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mucosa has been found to contain the necessary enzymatic activities 

required for a glyoxylate cycle (12; . In addition Jones (13) has pre­

sented evidence for the presence of the glyoxylate cycle in the liver 

of a fetal guinea pig. The last two observations strongly suggest 

that the currently accepted dogma— the absence of the glyoxylate 

cycle in mammalian tissues (14)— should be reexamined.

In Tetrahymena, two key enzymes in the peroxisome: isocitrate

lyase and malate synthase, enable the ciliate to produce glycogen 

from acetate via the glyoxylate cycle. Figure 1 represents the inter­

relationship between peroxisome and mitochondrion in this process (3,15).

Hogg and K o m b e r g  (7) showed that cells grown on a synthetic 

medium low in the ketogenic amino acids lacked the key enzymes of the 

glyoxylate bypass, isocitrate lyase and malate synthase. Addition of 

acetate to this medium improved growth and induced the formation of 

both isocitrate lyase and malate synthase at high levels. In terms 

of growth improvement, however, glucose had much more effect than 

acetate. On the basis of these findings, it can be concluded that a 

classical pathway of protein gluconeogenesls has a minor contribution 

to glyconeogenesis in this organism because the gluconeogenic amino 

acids of the medium apparently could not supply glucose in sufficient 

quantity for a good growth rate.

In order to study protein gluconeogenesls in the protozoan, it 

is necessary to find conditions where protein is preferred to lipid 

as the substrate for gluconeogenesls. Strain GL of Tetrahymena 

pyriformis (now called T. furgasoni) meets this condition. Suspensions 

of washed cells of this organism, grown in a proteose-peptone, liver



- 5 -

Figure 1 : Interdependence between peroxisomes and mitochondria

in the glyoxylate cycle of Tetrahymena pyriformis.

Enzymes:

1. Isocitrate lyase

2. Malate synthase
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Figure 1
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extract medium with good aeration (6,16) did not incorporate radio­

active carbon from acetate into glycogen to a significant extent, 

whether harvested at the exponential or the stationary phase of 

growth. In cells from such cultures, Isocitrate lyase and malate 

synthase are at high level and Increase further as the cultures enter 

the stationary phase. Nevertheless, even though the enzyme levels are 

sufficient, extracellular acetate did not support glyconeogenesis (3,15). 

Therefore it seems quite likely that under these conditions glycogen 

is being synthesized from amino acids.

Study of the amino acid-stimulated glyconeogenesis is complicated 

by the fact that amino acids are often major excretory products of the 

organism. For example, Reynolds (17) found that the main metabolites 

released to the medium during incubations of washed cell suspensions 

were alanine, glutamic acid and glycine. Tetrahymena do not have the 

urea cycle (18) and thus, the end products of nitrogen catabolism in 

the ciliate are ammonia and, as mentioned above, certain amino acids (4). 

In addition, Tetrahymena cells have an unusually high content of free 

amino acids and peptides (4% of the dry weight)(lv). It was the purpose 

of this work to find suitable conditions for good glyconeogenesis from 

protein and, once such conditions were established, to search for 

effective glycogenic amino acids. Once discovered, studies of their 

metabolism in Tetrahymena should determine their mode of utilization 

in glyconeogenesis.

Even though all glucogenic amino acids can be incorporated in large 

part into glycogen in mammals, some tissues have a decisive preference 

for certain amino acids. In the human liver, alanine represents the
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most important amino acid precursor for gluconeogenesls (2) . In per­

fused rat liver, among amino acids the best substrates for gluconeo­

genesls were L-serine, L-alanine, L-proline, L-asparaglne and 

L-glutamine (21). Valine and isoleucine were not converted to glucose 

in significant degree. Similarly, Tetrahymena cells utilize certain 

amino acids better than others. For example, the oxidation of amino 

acids by Tetrahymena pyriformis (strain W) as studied by Roth et al. 

(22) showed good utilization of the following amino acids: L-phenyl-

alanine, L-tyrosine, L-cysteine, D-cysteine, L-proline, L-isoleucine, 

L-leucine and D-leucine. These amino acids stimulated the 0^ consump­

tion from 10 to 50%. Proteose-peptone doubled the respiratory rate of 

the ciliate (4).

Mavrides et al. (23,24,25) studied the regulation of glyconeo­

genesis from amino acids in Tetrahymena pyriformis, concentrating on 

the phenylalanine catabolizlng system and glyconeogenesis from this 

amino acid. Using 3 days old cultures of Tetrahymena (strain W) grown 

with or without acetate, they followed the flow of radioactivity from 

amino acids to glycogen in washed cell suspensions. In the absence of 

acetate in the growth medium, the best incorporation into glycogen was 

obtained for L-tyrosine, L-isoleucine and L-leucine. Growing the
14cells in the presence of acetate suppressed the incorporation of C 

from amino acids into glycogen (with the exception of aspartate). The 

researchers established that Tetrahymena contain a phenylalanine cata- 

bolizing system Identical to the one present in mammalian liver. How­

ever in this study the amino acids were supplied only at a tracer level 

and thus, we can not know if they can produce a net increase of glycogen 

in the cells. In other words, the data presented by Mavrides et al.
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may be irrelevant to n e t . i.e., physiologically significant protein 

glyconeogenesis.

Elson et al. (26) studied amino acid glyconeogenesis following 

the inhibition of protein synthesis in Tetrahymena pyrlformls (strain 

E ) . When cycloheximide was added to log-phase cultures, the decrease

in protein synthesis was accompanied by a sharp increase in the incor-
14 14poration of 2- C-acetate and of U- C-algal protein hydrolysate into

glycogen. When cultures were Incubated with radioactive amino acids

for 4 hours, out of the 17 amino acids tested, the following ones

exhibited good incorporation of label into glycogen: L-arginine,

L-lysine, L-threonine, L-tyrosine, L-isoleucine and L-serine. Addition

of cycloheximide increased the incorporation significantly in every

amino acid studied.

In mammals amino acids are divided into glucogenic (converted 

into glycolytic or TCA cycle Intermediates) and ketogenic (converted 

into ketone bodies: acetoacetate, fi -OH-butyrate and acetone). This

distinction, however, may not apply to the ciliate. Under the condi­

tions of an active glyoxylate cycle, amino acids ketogenic in mammals 

can become glucogenic in Tetrahymena. The following diagram (Diagram 1) 

summarizes the fates of amino acids in Tetrahymena pyriformis (4).

The diagram reflects the present knowledge of amino acid metabolism 

in the ciliate. It is based mainly on growth requirements and nutrient 

sparing effects and in some cases is quite incomplete. In case of un­

certainty, I assumed a similar pathway to the one in mammalian liver 

but lack of evidence is indicated by a question mark. It should be 

noted from the diagram that pyruvate carboxylase, a key factor in 

liver gluconeogenesls, is absent in Tetrahymena pyrlformls (27).
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Diagram 1 : Amino acid metabolism in Tetrahymena pyriformis.

Designations:

K - Ketogenic 

G - Glucogenic

1. Phophoenolpyruvate carboxykinase

2. Pyruvate carboxylase

3. Pyruvate dehydrogenase

4. Malate synthase
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Diagram 1



Amino acids may stimulate glyconeogenesis either by contributing 

carbon atoms for the glycogen synthesis or by participation in some 

regulatory mechanism. Williamson et al. (28) repotted that, when rat 

liver is perfused with alanine plus oleate, the glucose production Is 

doubled over alanine alone. They attributed this increase in glucose 

production in part to the elevated NADH/NAD ratio maintained in the 

cytosol during enhanced fatty acid oxidation. Until recently fatty 

acid oxidation was believed to occur entirely in the mitochondrion.

In 1969, however, Cooper and Beevers (10) reported that certain plant 

seedlings contain a ^ - o x i d a t i v e  pathway starting with an acyl-CoA 

oxidase. This finding was recently confirmed by Hryb and Hogg (29) 

for Tetrahymena and by Lazarow (30) and Hryb et al. (31) for the rat 

liver. Subsequently it was shown by Kashimoto (32) that liver peroxi­

somes have the entire set of enzymes needed to oxidize fatty acids. 

Peroxisomes are surrounded by a membrane that has a rather high per­

meability to low molecular weight compounds (4). Even though there 

exists a certain permeability barrier in peroxisomes (e.g. latency of 

NADP-isocitrate dehydrogenase (33)), it is known that NADH formed inside 

peroxisomes diffuses out to the cytosol. Peroxisomal J3-oxidation of 

fatty acids, therefore, could produce an Increased NADH level in the 

cytosol, since during f-oxidation NADH is produced at one step.

-oxidation in peroxisomes also will release acetyl-CoA which, in 

liver, may activate pyruvate carboxylase. Alternatively amino acid 

catabolizing enzymes, whose action results in NADH production, could 

enhance glyconeogenesis if located in cytosol or in the peroxisome.
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The last part of this introduction will summarize the experi­

mental approach used in the following study.
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B . Experimental approach

In order to study protein glyconeogenesis in Tetrahymena pyri- 

fonnis, this experimental framework had to be obtained:

1. The development of a technique for protein-stimulated glycu- 

neogenesis in washed cell suspensions;

2. Identification of the effective amino acid and peptide sub­

strates ;
143. Determination of the incorporation of C from amino acids 

(added at substrate level) into glycogen as verification of 

net glyconeogenesis results;

4. Elucidation of the metabolic pathways in protein glyconeogen­

esis by means of Isolating intermediate products of
1 u C-labeled amino acid substrates.
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EXPERIMENTAL PROCEDURES

A. Methods

1. Cultivation and harvesting of protozoan cells

Tetrahymena pyrlformis, strain GL,* was cultivated in a medium 

containing 2% proteose-peptone, 0.05% liver extract and 0.1% 

dipotassium phosphate. In later experiments 0.1% of L-Proline was 

added to the medium, since it appeared to Improve the reproducibility of 

the experiment with proline. The medium was made sterile by autoclaving 

15'V/in* for 15 minutes. It will be referred to as PPLE . Stock cultures 

were kept in 19 mm screw cap test tubes containing 10 ml of the medium. 

Mass cultures were grown in flat cylindrical flasks, 7 inches in 

diameter provided with a side neck. Each flask contained 100 ml of 

the medium. The inoculum contained 2 ml of the stock culture. A 

typical growth curve is shown on Figure 2. The cultures were shaken 

(60 RPM) at 25° for about 40 hours or as desired. Cultures at this 

time are in the late log phase. The number of the dividing cells at 

this point of growth is significant, as can be observed under the 

phase contrast microscope.

To obtain washed cell suspension, the cells were harvested fran 

100 ml batches with a modified plankton centrifuge (34), washed in the 

same volume of Ryley's modification of Krebs-Ringer phosphate medium 

(RRP (35)), and resuspended to a final concentration of 1-2% (v/v), as

*Tetrahymena furgasoni, ATCC 3006-
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Figure 2 : Growth Curve of Tetrahymena pyriformis strain GL in

well aerated PPLE cultures-

Composition of the medium (PPLE). 

proteose peptone 2%

liver extract 0.05%

dipotassium phosphate 0.1%

a. %(v/v)— percent cells in the incubation medium, as determined 

by centrifugal packing (lOOOg) in a Constable protein tube.
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determined by centrifugal packing (lOOOg) in a Constable protein tube. 

The composition of RRP buffer is given belcw:

COMPOSIT 

Salt Added

ION OF RRP

Final Concentration (mM)

NaCl 46

KC1 2

MgS04x7H20 1

KH PO 
I 4 2.4 TOTAL

12
Na.HPO 

2 4 9.6 p H - 7.4

2. Heat shock treatment procedure in exponentially growing cultures of 

Tetrahymena pyriformis, strain GL

The procedure used was based on the work of Scherbaum and Levy (6). 

Cultures from the log phase were transferred to 250 ml flasks, 25 ml of 

culture per flask. Those were exposed to 5-6 hours of the heat shock 

treatment: they were incubated alternately in 29° (optimum tempera­

ture) and 34° (shock temperature) for 0.5 hours each for a total period 

of 5-6 hours, while shaken at 90 RPM. This is a method to rapidly 

arrest cell division,and upon release from the treatment synchronized 

division of the cells occurs.

3. Glyconeogenesis in washed cell suspensions

Washed cells were Incubated with or without added substrate in 

25 ml Erlenmeyer flasks, containing 2.0 ml of the IX cell suspension 

and shaken at 100 RPM in temperature of 29. The incubation time in
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most experiments was 4 hours.

Casein hydrolysate used as a substrate for glyconeogenesis was 

made by preparing a 5. 75% suspension and sterilizing it, stoppered with a 

cotton plug, for one hour at 100°. The solution was cooled prior to use. 

The final concentration of casein hydrolysate in the incubations was 

2.7 mg /ml. Samples were taken for glycogen determination at times 

0, 2 and 4 hours.

4. Glycogen determination (36)

For each determination, 2 volumes of 45% KOH were added to one 

volume of cell culture or suspension. This mixture was boiled for 

30 minutes. The insoluble precipitates were removed by centrifugation 

(lOOOg x lOrain), washed with 1.0 ml of water and both s u p e m a t e s  were 

pooled.

In experiments involving radioactive tracers, the incubation was 

stopped by addition of 1.0 ml of 7% perchloric acid. The glycogen was 

then precipitated from the Acid Soluble Fraction (see "Incorporation 

of tracer" in this section, part 5).

1.2 volumes of 95% ethanol were then added to the s u p e m a t e s  to 

precipitate glycogen. Induction of flocculation of glycogen was 

achieved by immersing the lower half of the test tube in water bath 

at 70° for 30 minutes, or by leaving the tubes overnight at 0°. The 

precipitated glycogen was centrifuged (lOOOg x ICmin), supernate was 

removed and the glycogen redissolved in 2.0 ml of water. The precipi­

tation was repeated with 2.5 ml of 95% ethanol. The second precipi­

tate was dissolved in 1.0 ml of water in case of KOH method or 1.0 ml
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of 0.05N NaOH in case of perchloric acid extraction method. The tubes 

were stored at 0° until use.

For the color reaction, aliquots of 0.1 and 0,2 ml of sample were 

taken and 10,0 ml of anthrone reagent (0.2 gins of anthrone dissolved in 

80S (v/vJl^SO^, prepared by mixing 2 7.5 parts of ice-cold water with 

80 parts of ice-cold concentrated H„S0,) was added to the aliquots.

The contents wre mixed on Vortex-Genie (Fisher Scientific). Glucose 

was used as standard at the range of 25-100 raicrograms. The standard 

glucose solution contained 500 micrograms of glucose in 1.0 ml of 

water saturated with benzoic acid. A set of standards was determined 

each time. An average standard curve is shown in the Appendix,

Figure 1.

The samples with the reagent were heated for 10 minutes at 100°, 

then cooled in an iced bath and finally the Absorbance at 620 nm 

was determined in a Spectronic 20 colorimeter. The results are ex­

pressed as micrograms glucose/ml of cells, micromoles glucose/ml of 

cells or micromoles glucose/mg protein.

5. Metabolic transformation of radioactive tracers (37)

The following tracers were used in these experiments; 

2 - ^ C - a c e t a t e , U-^C-L-Proline and U-^C-L-Leucine.

The incubations were conducted in Cavett flasks (25 ml Kontes 

metabolic reaction flask). Each flask received the following 

additions:
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In the cup: 0.5 ml of 0.1N NaOH and a folded 1 x 3 cm wick of

filter paper.

In the bas e : 2.0 ml of washed cell suspension

0.025 ml of tracer solution (Initial concentration * 

10 microcuries/ml)

0.05-0.1 ml of desired substrate

A flask without a tracer was run as a blank. Complete incuba­

tion mixture was placed on water bath shaker (Aquaterm Water Bath 

Shaker - New Brunswick Scientific), shaken at 100 RPM, in 29°. The 

incubations were stopped by quickly adding 1.0 ml of 7% perchloric 

acid. Then the flasks were restoppered and shaken for another 30 min­

utes to allow for complete absorption of CO^. At this point the 

tracer was added to the blank.

Fractionation

A. C02

The caps were removed, paper wick was mixed well with the NaOH
14solution and portions of NajC 0^ were checked for radioactivity 

content. Diluted tracer solution (25 microliters of tracer in 

2.47 ml of 0.1N NaOH) served as an internal standard.

B. Glycogen, Lipids, Protein, Nucleic Acids and Acid Soluble 

Fraction

The acidified cell suspension was sonicated in the flask for 

1 minute at setting 3 on the Branson Model 140D Cell Disrupter 

(Heat Systems Ultrasonics) with microtip, in order to extract glycogen 

completely. The contents of the flasks were transferred to centrifuge 

tubes with two 1.0 ml washes of 2% perchloric acid. The procedure
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employed Co obtain glycogen, protein, lipid, nucleic acids and 

Acid Soluble Fraction (ASF) is depicted on Diagram 2.

The fractions obtained were subsequently assayed for radio­

activity. Duplicate aliquots were plated on planchets and then dried 

by gentle heating under an infrared lamp. The samples were counted 

then on the Nuclear-Chicago Planchet Counter (low background model) 

for 2000 counts or 5 minutes, whichever comes first.

Alternatively, duplicate aliquots were pipetted into 10 ml of 

scintillation fluid (Patterson-Green) ( 3 0  and vials were counted in 

Scintillation Counter (Beckman 200 Liquid Scintillation System.) The 

pre-set probable error was 2%.

The results were calculated in the following manner:

(cpm x t o t a l  v o lum e) I0[j
_________________________________________ x 100% * Z of C contained in

the Fraction(cpm X  total v o l u m e ) I N I E R N A L  STD

6. Determination of ammonia nitrogen (39)

A 2.0 ml portion of 2% cell suspension containing suitable addi­

tions was placed in the base of the Cavett flask. 0.5 ml of 0.1N HC1 

was placed in the cup. The flasks were tightly stoppered and incubated 

with shaking (100 RPM) at 29°. At a desired time 4 ml of 45% KOH was 

Introduced into the base and the mixture was allowed to stand 

tightly stoppered for 48 hours. 2 ml of cell suspension was similarly 

treated at the time 0. To check the recovery, 0.20 rag of N (from

(NH.)-SO, standard) was treated in the same way at time 0. The4 2 4
method was proved to give 100% recovery. Glutamine and Asparagine were 

shown to lose one mole of ammonia upon the treatment.
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Diagram 2
Procedure to obtain lipid, protein, nucleic acids, 

glycogen =T!d ecid soluble fraction

SONICATED CELL SUSPENSION IN 7% PCA

1
lOOOg x lOmin

P

2.0 ml absolute 
ethanol

50° x 15min
it

lOOOg x lOmin

I

Repeat

2.0 ml of 2% PCA 
*

90° x 15min 

lOOOg x 10 min

LIPID 
(4.0 ml)

Repeat

PROTEIN NUCLEIC ACIDS

S
+ 1.2 vol 95% ethanol

4overnight 0° or flocculate at 
• 70°
▼

lOOOg x lOmin| Ns“P

resuspend 2,0^ral H^O

+2.8 ml 95% ethanol 
*

overnight 0° or flocculate 
+  at 70°

lOOOg x lOmin

2.0 ml of 
0.05 NaOH

Neutralize 
with KHCO 
(4.0 ml)

GLYCOGEN

2 ml of 0.05N 
NaOH

ASF

Neutralize 
with KHC03

(18.3 ml)
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After 48 hours the contents of the cups containing HC1 were

quantitatively transferred to a large test tube, calibrated to a final

volume of 25.0 mis. The contents were diluted to about 75% volume,

when 2.5 ml of Nessler reagent was added. The volume was brought to

25.0 ml3 with water, the contents mixed and tubes were allowed to

stand for 30 minutes. The color that developed was read in a Spec-

tronic 20 at 515 nm against a reagent blank, containing water instead

of an ammonia sample. Standard solutions of (NH.).SO. containing
h I h

0.1 and 0.2 mg of ammonia nitrogen were analysed in the same way. 

Standard ammonium sulfate solution contained 1 rag N/10 ml. Figure 2 

in the Appendix shows a typical standard curve obtained.

7. Uptake of L - U -^C-prollne and L-U-^C-leuclne

Flasks containing 2.0 ml of 2% cell suspension, 0.025 ml of 

the tracer (initial concentration: 10 microcuries/ml) and 0.050 ml

of 84 mM amino acid (final concentration: 2.0 mfl) were placed in the

Water Bath Shaker at 29° and shaken at 100 RPM. At indicated times 

(including time 0) the cell suspension was transferred to a Constable 

protein tube. The Erlenmeyer flask was washed out with 0.5 ml of RRP and 

the mixture was centrifuged (setting 10(250g) x 3 minutes, International 

Centrifuge, size 2, model K) . S u p e m a t e  was decanted to another tube. 

The packed cells were washed in the following way. The tip of a 

Pasteur pipette was Introduced to the bottom of a Constable protein 

tube containing the packed cells, and its contents (1.5 ml of RRP) 

rapidly released, causing resuspension of the cells. The 

suspension was centrifuged (setting 10 x 3 minutes) and the super­

natants combined. The volume of the s u p e m a t e  is 4.0 ml (diluted
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twice). Aliquots were counted in liquid scintillation counter (error 

IX. The cell pellets were saved for alcoholic extraction (see Section 

8). Some incubation flasks contained tracer at high level (0.2 ml) 

when radioautography was to be performed.

8. Alcoholic extraction of amino acids (40)

The packed cells obtained above (see Section 7) were resuspended 

in 0.5 ml of RRP and 1.5 ml of 95% ethanol was added. The ethanol 

extraction was achieved by heating tubes at 60° for 25 minutes. The 

tubes were centrifuged (lOOOg x lOmin) and the s u p e m a t e  carefully 

decanted. This s u p e m a t e  contains organic acids of the cells.

9. Hydrolysis of protein (Al)

The following incubations were performed: 2.0 ml of 2% cell

suspension, 0.2 ml of U - ^ C - L - P r o l i n e  (10 microcuries/ml) and 0.05 ml 

L-Proline (84 m M ) . The incubations were terminated after 4 hours by 

pipetting in 1.0 ml of 7% perchloric acid. Subsequently the protein 

fraction was obtained, as stated in Section 5. The protein fraction 

was transferred to a 10 ml capsule with a long neck, by means of 

Pasteur pipette. The contents of the tube were washed with 1.0 ml 

of 2% perchloric acid. The protein precipitate was lyophilized to 

dryness in the capsules and then 1.0 ml of 6N HC1 was added to the 

capsules. The capsules were sealed and left overnight (16-18 hours) 

in an oven, maintained at 100°. The resulting hydrolysate was 

lyophilized to dryness and dissolved in 0.25 ml of C .IN NaOH.



- 26 -

10. Chromatography of amino acids

Chromatography of amino acids was performed on cell supernatant 

(Section 7), alcohol extract (Section 8) and protein hydrolysate 

(Section 9). Paper chromatography was performed in water-saturated 

phenol (39). 5-25 microliters of sample were applied to Whatman #1 

paper in small portions and dried thoroughly. The origin was checked 

for sufficient radioactivity prior to development. In order to count 

chromatograms, a manual counter (Forro Manual scanner (Geiger tube) 

compiled to a Nuclear-Chicago Model 151A scaler) was used. For the 

final identification standard amino acids were cochromatographed with 

the sample.

Protein hydrolysates were chromatographed by ascending chromato­

graphy in a tank of 13 x 14 inches. Because of significant content of 

radioactivity in the area just above the origin, it was necessary to 

resolve this low peak. For that purpose, the chromatogram developed 

once was dried and the chromatography was repeated. The paper was 

dried again and the chromatogram scanned for radioactive peaks after 

first and second development, using manual counter (Forro tube, N-C 

scaler). Amino acid standards were cochromatographed with the sample. 

The color was developed with ninhydrin spray.

In order to resolve the chromatogram in one run, descending 

chromatography on large sheets of Whatman -71 paper (19 x 23 inches) 

was performed for the cell supernatant and the alcohol extract. After 

the solvent reached the bottom of the paper, the paper was dried, 

sprayed with ninhydrin and checked for radioactivity with the manual 

counter.
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11. Protein determination - Biuret assay (42)

The following solutions were prepared:

1. Protein standard: 5 mg of crystalline bovine serum

albumin/ml. Prepared fresh.

2. Biuret reagent: 2.62 gm of CuSO^ x 5H^0 and 9 gm of 

sodium potassium tartrate in 500 ml of 0.2N NaOH, add 5 gm 

of KI and make to 1 liter with 0.2N NaOH,

Method:

Add 3 ml of biuret reagent to 2 ml of protein solution, mix 

and warm at 37°c for 10 minutes. Cool and read the absorbance 

at 560 nm.

B. Materials

Liver extract added to the Incubation medium was Wilson's 

Fraction 2NF. Casein hydrolysate used as a substrate was obtained 

from Sigma (No. C-0626). Sodium acetate, all amino acids and peptides 

were obtained from Sigma,L-X-Lecithin was obtained from Calbiochem.

and detergents: Tween 40 and Tween 80 from Sigma. The tracers used
14 142- C-Acetate and U- C-L-proline were obtained from ICN and
14U- C-L-leucine from Schwarz Biochem. Ninhydrin spray was obtained 

from Sigma.



EXPERIMENTAL RESULTS 

A- Glyconeogenesis in cells from log phase cultures. Stimulation by

heat treatment

The heat treatment procedure used was based on the work of 

Scherbaum and Levy (6) (See Methods, Section 2). In Figure 3 

results of two such experiments are shown. For each experiment 

the glycogen content of treated and untreated cultures is 

shown.

As can be seen, the glycogen content of the cultures incubated 

at the optimum temperature more than doubled, indicating that break­

down products of the peptides from the medium (PPLE) are used up by 

the cells for glyconeogenesis. The heat treatment causes a signifi­

cant , reproducible stimulation of the process. In these experiments, 

the results of Scherbaum and Levy (6) were reproduced. This was taken 

as a starting point in the study of protein glyconeogenesis in 

Tetrahymena pyriformis. strain GL.

B. Glyconeogenesis from casein hydrolysate

In order to obtain clearcut evidence for protein-stimulated 

glyconeogenesis it was necessary to use a better defined system. 

Therefore washed cells of Tetrahymena pyriformis. strain GL, were 

incubated with casein hydrolysate as the amino acid source. The con­

centration of casein hydrolysate was 2.7 mg/ml. Assuming equal con­

tents of 20 amino acids, It results in 0.135 mg/ml of each amino acid. 

Taking the average M.W. of an amino acid as 100 and the average carbon

- 28 -
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Figure 3 : Effect of heat treatment on glycogen content of the

c e l l s .

The Incubations were performed as described under 

"Experimental Procedures," (p. 18).

Designations:

Diamonds (black) - cultures incubated at 29°C 

Triangles (red) - cultures subjected to heat treatment
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atom content of an amino acid molecule as 5, the concentration of 

each amino acid was 1.35 micromoles/ral or 6.75 microatoms (C)/ml.

This supplies enough carbon to synthesize more than 1 micromole of 

glucose/ml of cell suspension.

The results of a typical experiment are shown in Figure 4. In 

this experiment a 37 hour old culture was harvested, washed with 

RRP buffer and resuspended to 1Z (v/v).

When washed cells are shaken in the air, their glycogen content 

increases significantly during the period of incubation (3. 3-fold). With 

casein hydrolysate added, the glycogen content increases 5 . 7 -fold. 

Acetate does not Increase glycogen production under these conditions, 

thus indicating that true protein glyconeogenesis occurs. This is 

therefore a suitable system to study protein glyconeogenesis in this 

ciliate.

The effect of casein hydrolysate is apparent between 2 and 

4 hours of incubation. The lag period of the response could be 

explained by a slow uptake of the amino acids and peptides into the 

cells. The amino acids compete probably for the same transport sites 

in the cell membrane, making it more difficult for the effective sub­

strates to enter the cells.

The experiments with casein hydrolysate were followed by experi­

ments in which each of a number of amino acids was tested for glyco- 

neogenic capacity.

C . Glyconeogenesis from amino acids

Having established that protein breakdown products seem to stimu­

late glycogen synthesis, it was my purpose to determine which amino acids
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Figure 4 : Effect of casein hydroiysate on glyconeogenesis in

washed cell suspension.

Cells were harvested from 37 hour old GL/PPLE culture. 

Designation;

^  (green) - endogenous

G (blue) - Na Acetate (1 mg/ml)

A  (red) - casein hydroiysate (2.7 mg/ml)
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are most effectively used by the cells for the process

The results of two sample experiments are tabulated in Table 1. 

For each incubation the amount of glycogen produced in four hours is 

reported (glycogen above 0 time). The cells used were from 37-42 hours 

old cultures.

In the second series of experiments, only 10 microatoms of amino 

acid carbon were added per ml of cell suspension to determine the effi­

ciency of carbon flow from an amino acid to glycogen. In my best ex­

periments, 1.0 micromole of extra glucose was synthesized per 1.0 ml of 

cells during the incubation time. Since there are 6 carbon atoms/glucose 

molecule, that is equivalent to 6 microatoms of carbon per ml. Assum­

ing that the process occurs with 60% efficiency (which is very high),

10 microatoms of carbon/ml of a particular amino acid would be needed 

to produce 1.0 micromole of extra glucose. A sample calculation for 

L-proline is shown below.

M.W. if carbon atoms 
per molecule

>u.moles 
containing 
10 ̂ fcA/ml

Final conc.

L-proline 115 5 4. 2 mM

With this procedure it was possible to calculate the apparent 

% efficiency with which carbon atoms from amino acids are utilized for 

glycogen production. In order to do so, the micromoles of glucose 

produced above the endogenous were calculated. This was converted to 

microatoms of carbon of glucose and divided by 10 microatoms of carbon 

available from the substrate, thus giving the % efficiency of carbon 

utilization in the experiment. This is a conservative calculation, 

since it assumes that with suhstrate added, endogenous glyconeogenesis
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TABLE 1

Amino Acids and Glyconeogenesis in Tetrahymena pyriformis -
aResults of Two Sample Experiments

GLYCOGEN (GLUCOSE) ABOVE 0 TIME (/*, moles/ml)

EXPERIMENT 1 EXPERIMENT 2
Cone, of a.a. 2 mg/ml lOylLAtlurns (C)/ml

Factor of Factor of XSubstrate added Stimulation*3 Stimulation*3 Efficiencvc

None (Base Line) 0.56 1.00 0.53 1.0 -

Casein hydr. 1.23 2.20 1.07 2.02 -

L-proline 1.25 2.25 1.10 2.08 34.2

L-asparagine - - 0.96 1.81 25.8

L-threonine 1.14 2.04 0. 76 1.43 13.8 ]
1

L-phenylalanine 0.82 1.46 0.74 1.40 12.6 ;

L-alanine 0.61 1.09 0.72 1.36 11.4 |

L-valine 0.64 1.14 0.73 1.38 12.0 i
[

L-methionine 0.30 0.54 0.27 0.51 i

a. The cells used were from 37-42 hours old cultures (T.p. , GL)

b. Factor of Stimulation * Glycogen above 0 Time (Substrate)

Glycogen above 0 Time (Endogenous)

c. Calculated as described in the text

d. Cannot be calculated
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still occurs at the same rate. It is possible, however, that exogenous 

substrate spares the endogenous one for glycogen production and that 

the whole increase in glycogen content of the cells is due to the added 

substrate. Wagner (2), however, could show that endogenous glyconeo- 

genesis was not reduced by added glucose.

The results of the series of experiments in which amino acids were 

screened as the substrates for glyconeogenesis are summarized in Table 2.

It was concluded from the results shown above that among the amino 

acids tested, L-proline is the most effective stimulant of glyconeo­

genesis and its effect is comparable to the one exhibited by casein 

hydrolysate. L-threonine and L-asparagine consistently showed a 

stimulatory effect. The results for L-glutamine are inconclusive: it

was a poor substrate for glycogen synthesis in three out of four ex­

periments, but in one experiment it doubled the rate of glyconeogene­

sis and had an effect comparable to L-asparagine. L-phenylalanine, 

L-alanine, L-glutamate, L-aspartate, L-serine and L-tryptophan 

seemed to be poorly utilized for glycogen synthesis. L-valine, 

L-histidine, L-arginine, L-OH-proline and glycine showed practically 

no effect on glyconeogenesis, with L-OH-proline and glycine being even 

slightly inhibitory. Finally L-methionine showed consistently a 

severe inhibition of glycogen production. This toxic effect of 

methionine as well as the significant stimulatory effect of L-threonine, 

though of interest, were not pursued in this study.

The fact that the effects of L-proline and casein hydrolysate 

on glyconeogenesis are comparable in their magnitudes was the reason 

to omit casein hydrolysate from later experiments and to use just
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TABLE 2
Effect of Amino Acids on Glycogen Production of 

Tetrahymena pyriformis: Summary

SUBSTRATE
STIMULATION 
FACTOR RANGE

AVERAGE STIMULA­
TION FACTOR

// OF
EXPERIMENTS

Casein Hydrolysate 2.2-4.5 3.2 3

1. L-Proline 1.7-2.5 2.1 8

2. L-Threonine 1.4-2.2 1.8 4

3. L-Asparagine 1.3-2.1 1.8 6

4. L-Glutamine 0.8-2.0 1.3 4

5. L-Phenylalanine 1.1-1.8 1.4 6

6. L-Alanine 1.0-1.8 1.3 4
|

7. L-Glutamate 1.5 1.5 i1 i

8. L-Aspartate 1.4 1.4 1 |
9. L-Serine 1.4 1.4

i
1 !i

10. L-Tryptophan 1.2 1.2
1

l ii1
11. L-Valine 1•o 1.0 i6 I
12. L-Histidine 0.9-1.3 1.1

4
13. L-Arginine 0.7-1.2 1.0 4

14. L-OH-Proline 0.8 0.8 1
15. Glycine 0. 7 0.7 1

16. L-Methionine 0.1-0.5 0.4 6

a, b - See a,b, Legend for Table 1, p. 35.
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L-proline as the control. It is of interest to note that casein 

hydrolysate contains 11% of L-proline (43). In my experiments 

2.7 mg/ml of casein hydrolysate was used. Out of this 0.30 mg/ml or 

2 . 6 y ^ m / m l  was L-proline in free or peptide form. That is probably 

why casein hydrolysate was a lucky choice of a protein substrate for 

glyconeogenesis.

The effect of L-leucine on glycogen production is shown in 

Table 3. It can be noted that at equal concentrations (2 raM),

L-leucine stimulated glyconeogenesis only slightly less than did 

L-proline. Both amino acids significantly stimulated NH^ production 

of the cells, which is, as mentioned in the introduction, the end 

product of the nitrogen metabolism in Tetrahymena. This indicates 

a good utilization of the two substrates by the cells. The 

metabolic fates of these two amio acids will be discussed in detail 

later. L-proline is a purely glucogenic amino acid in mammals whereas 

L-leucine is a ketogenic one. Both stimulate glyconeogenesis in the 

protozoan and an attempt will be made to clarify the mechanism of the 

stimulatory action in each case.

It should be noted that the lack of effect of an added amino acid 

can be caused by a poor uptake of that amino acid by the intact cell 

which Is Indeed a problem in Tetrahymena pyrlformis. It was reported 

by Hoffman (44) that amino acid transport in the ciliate is dependent 

upon sodium ion concentration in the incubation medium. My inorganic 

medium (RRP), in which washed cells are incubated, supplies, however, 

the optimal concentration (about 50 mM) of sodium ions.
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TABLE 3
aEffect of L-Leucine on Glyconeogenesis

a. Tetrahymena pyriformis. GL, were harvested from 41 hours old 

PPLE cultures. 2%(v/v) cells suspensions were used. The incuba­

tion time was 4 hours. Amino acids were added at concentration 

2.0 nM.

b. The f a c t o r  of stimulation was calculated as the ratio of glyco­

gen produced in the presence of substrate over the endogenous 

glycogen increase.

c - Percent utilization was calculated as the ratio of micro­

moles extra NH^ produced (substrate)/ml over micromoles of sub­

strate available/ml, times 100.



GLYCOGEN AMMONIA N
Glycogen 
(Glucose) 

Above 
0 Time 
^moles/ml

Glycogen
(Glucose)

Above
Endo­

genous
^.moles/ml

X
Effi­

ciency

Factor of 
Stimu- ^ 
lation NH

Amoles/
ml

n h 3
Above 
Endo­

genous 
JX* moles/ 

ml

%
Utili­
zation0Subst rate 

Added

None (Base Line) 1.18 - - - 4.10 - -

L-proline 1.76 0.58 34.82 1.50 5.32 1.22 61%

L-leucine 1.59 0.41 20.52 1.35 5.42 1. 32 66%

TABLE
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Rasmussen (45) reported that particles in the Incubation medium 

stimulate uptake of nutrients by the cells through induction of forma­

tion of food vacuoles in the cell. This technique was tested using two 

kinds of particles: polystyrene beads, 0.25 nm in diameter, and col­

loidal iron. The particles were incubated with cells and amino acids, 

but their inclusion had no effect on glycogen production of the cells. 

It was noted that many beads were inserted into food vacuoles of the 

ciliate and some were egested in vacuoles that were microscopically 

visible. This phenomenon was first observed by Muller (46). This lack 

of effect of particles is in agreement with later work of Rasmussen, 

who later admits that in his study of amino acid transport in Tetra­

hymena pvriformis no significant Increase in the measured uptake was 

found by induction of food vacuoles (47). Since my attempts to improve 

amino acid glyconeogenesis by this procedure failed, I decided to try 

a variety of dipeptides as substrates for glycogen production. This 

was based on two reasons:

1. There are reports that peptides have a separate transport 

system from single amino acids and therefore might be taken 

up better by the cells (48).

2. One of the two amino acids (e.g. proline) could serve as a 

carrier and in such a way amino acid of otherwise poor up­

take could get into the cell and be metabolized.

D. Peptides and glyconeogenesis

In the first series of experiments washed cells from the late log 

phase (about 40 hours old) were incubated with various amino acids and 

their dipeptides. In preliminary experiments an excess of these substrates



was added. Peptides containing L-proline were tested carefully, since 

L-proline alone was consistently an excellent stimulant of glyconeo­

genesis and it was hoped that, when attached to another amino acid, it 

woula carry it into the cell.

For all incubations, the glycogen content/ml of cells was deter­

mined. The results are expressed, as previously, in terms of micromoles 

glycogen produced during the 4 hours of incubation ( A  glycogen above 

0 time). For each Incubation, the factor of stimulation was calcu­

lated (A  glycogen above 0 time (substrate) glycogen above 

0 time (endogenous)), and this was the basis of comparison between dif­

ferent substrates. In the later experiment all substrates were added 

at the concentration of 10 raicroatoms of carbon/ml of cell suspension. 

The % efficiency of carbon utilization therefore could be calculated, 

analogously to the method described in Section 3 for single amino 

acids.

1. Proline dipeptides

Eight dipeptides containing L-proline were tested as substrates 

for glyconeogenesis: prolyl-valine, valyl-proline, prolyl-phenylala-

nine, phenylalanyl-proline, prolyl-alanine, alanyl-proline, prolyl- 

methionine and prolyl-proline. The results are summarized in Table 4A. 

Proly1-methionine was omitted here and will be discussed later (Table 

4B). In Table 4 B , calculations are presented that allow an estimation 

of the utilization of the carbon of the second (non-proline) amino 

acid for glyconeogenesis. The contents of the table do not include 

phenylalanyl-proline, prolyl-proline and prolyl-methionine, because 

in the experiments shown these dipeptides were not tested. The
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TABLE 4A
aEffect of Proline Dipeptides on Glyconeogenesis : Summary

SUBSTRATE
STIMULATION 
FACTOR RANGE

AVERAGE STIMULA­
TION FACTORb

// OF
EXPERIMENTS J

1. L-proline 1.7-2.5 2.1 8

2. L-valine 0.7-1.4 1.0 6

3. L-alanine 1.0-1.8 1.3 4

4. L-phenylalanine 1.1-1.8 1.4 6

5. Prolyl-valine 1.7-3.8 2.7 5

6. Valyl-proline 1.3-2.4 2.0 5

7. Prolyl-alanine 1.9 1.9 1

8. Alanyl-proline 2-2.2 2.1 2

9. Prolyl-phenylala­
nine

1.6-3.0 2.4 4
)

10. Phenylalanyl-pro­
line

1.0-1.3 1.2
3  !i

11. Prolyl-proline 1.1-1.2 1.2 2

a, b - See a, b, Legend for Table 1, p. 35.
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substrates were supplied in concentration of 10 microatoms(C)/ml.

The single amino acid efficiency in glyconeogenesis occurring was cal­

culated as described in Section 3. The efficiency of utilization of 

L-proline was determined carefully at two levels:

10 raicroatoms(C)/ml (2 mM) and 5 microatoms(C)/ml Cl m M ) . The cal­

culations were done under the assumption that with exogenous substrate 

added, endogenous glyconeogenesis still occurs. As can be seen 

(Table 43), at both levels an average of 36.3% of the carbon content of 

proline appeared to be converted into glycogen.

This was used as a basis for the estimation of the efficiency 

of utilization of the amino acids bound to proline in dipeptides. My 

assumption here was that L-proline in dipeptide was utilized with the 

same efficiency as the free amino acid.

Each amount of dipeptide used provided 10 microatoms(C)/ml 

of washed cell suspension. Based on the structure of the particular 

amino acid it was calculated how many microatoms are donated by each of 

the two. Thus, in valyl-proline and prolyl-valine, 5 microatoms are 

donated by each amino acid. In prolyl-phenvlalanine, out of 

10 microatoms, 3.9 microatoms are from proline and 6.1 microatoms 

originate from phenylalanine. Finally in prolyl-alanine and 

alanyl-proline, 6.2 microatoms are the ones of proline and 3.8 

microatoms are from alanine. In each case only 36% of the carbon 

originating from proline was converted to glucose. Therefore it is 

possible to calculate glucose produced in microatoms ( C ) / m l . This in

turn is easily converted to micromoles. So, from these calculations,

I can estimate how many micromoles of glucose are produced from the
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available proline. 3y subtracting that amount from the experimental 

value of the glycogen produced above the endogenous for a particular 

dipeptide, the micromoles of glucose made from the second amino acid of the 

dipeptide are obtained. This value is converted to the corresponding 

microatoms(C) glucose/ml. Since I know the number of raicroatoms(C)/ml 

available from the other amino acid, % efficiency can be calculated 

by comparison of these two values.

As shown in Table 4B, L-valine and L-phenylalanine are utilized 

much better when bound to proline (32.4% and 81.6% efficiency respec­

tively) than when added as single amino acids (12.6%). This is a 

dramatic improvement, which shows that these dipeptides are indeed taken 

up by the cells better than the corresponding amino acids. An additional 

proof for a better utilization of these dipeptides is given in Table 5. 

In this experiment a mixture of L-valine and L-proline, and 

L-phenylalanine and L-proline (all at the concentration of 1.0 mM) 

were tested as substrates for glycogen production. The glyconeogen­

esis in the incubations containing those m i x t u r e s , was in both cases 

the same as with L-proline (1 mM) a l o n e . This indicates that indeed 

the higher utilization of the dipeptides discussed above occurs due 

to their better uptake by the cells, followed presumably by the intra­

cellular hydrolysis of the peptide bond. Upon these results, intra­

cellular L-phenylalanlne and L-valine must be added to the list of the effi­

cient substrates for protein glyconeogenesis in Tetrahymena pyriformis.

L-alanlne was a poor substrate either when added in free form or 

when bound to proline, and thus it appears not to be converted to glycogen 

efficiently by the organism. This is contrary to liver gluconeogenesis
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TABLE 5

Lack of Stimulatory Effect of L-valine and L-phenylalanine, 
Administered in the Presence of lraM Proline, on Glyconeogenesis.

Substrate
Glycogen Above 0 Time 
micromoles/ml

1. None 1.16

2. L-proline(ImM) 1.43

3. L-proline(2mM) 1.76

4. L-valine(ImM) + 
L-proline(ImM) 1.41

5. L-phenylalanine(ImM) + 
L-proline{ImM) 1.36



for which L-alanine is one of the most effective substrates among 

amino acids (20). In Tetrahymena, however, alanine is known to be 

excreted in considerable quantity (17).

The effectiveness of the mixed dipeptides tested seemed to depend 

on the position of L-proline. The most pronounced effect can be ob­

served with phenylalanyl-proline and prolyl-phenylalanine (Table 4A) . 

Prolyl-phenylalanine exhibited consistently a significant stimulatory 

effect (2.4-fold on average), that was often higher than the effect of 

L-proline by itself. However, phenylalanyl-proline appeared to be a 

very poor substrate for glyconeogenesis. It is of interest to note 

that there is a dramatic difference in solubilities between prolyl- 

phenylalanine and phenylalanyl-proline. Phenylalanyl-proline is readily 

soluble in RRP but prolyl-phenylalanine is practically insoluble in 

this buffer. The solution had to be prepared by dissolving the prolyl- 

phenylalanine in dilute acid and bringing the pH to 7 with dilute base. 

By this procedure a colloidal suspension is produced. It is possible 

that the fact that prolyl-phenylalanine is fed to the cells as a col­

loidal dispersion can in part explain the effectiveness of this sub­

strate. Such dispersion has unique physical properties and may be 

more easily swallowed by the cells.

Valyl-proline and prolyl-valine are both very good stimulants of 

glyconeogenesis in the ciliate (Tables 4A and 4 B ) . However, the aver­

age stimulation factor seems to be significantly higher in the case of 

prolyl-valine (2.7) than valyl-proline (2.0). Finally, prolyl-alanine 

and alanyl-proline stimulated glyconeogenesis to the same small extent, 

and the position of prollne did not seem to matter in the case of these
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dipeptides. In conclusion, proline dipeptides with N-terminal proline 

were equal to or better than C-terminal proline dipeptides.

In order to examine whether L-proline is utilized better for gly­

cogen synthesis when bound to another amino acid than when added alone, 

prolyl-proline was tested as a substrate. Unfortunately this dipeptide 

appears to be a very poor substrate (Table 4A) for glyconeogenesis, 

perhaps because it cannot be hydrolyzed by the cells. In case of 

prolyl-phenylalanine (Table 4 B ) , however, even If proline Is utilized 

with 100% efficiency, phenylalanine still must be used with 41% effi­

ciency to account for the glycogen increase obtained in the experiment. 

In summary, the use of proline dipeptides did result in a more effi­

cient glyconeogenesis from two amino acids: L-valine and L-phenylalanine.

2. Methionine dipeptides

Three peptides containing methionine were studied: methionyl-

alanine, alany1-methionine and prolyl-methionine at the level of 

10 microatoms (C)/ml of cell suspension. As mentioned before! 

L-methionine inhibits glyconeogenesis under these conditions. The 

results are summarized in Table 6.

Alanyl-methionine and methionyl-alanine exhibited an inhibition 

of glyconeogenesis comparable to the inhibition obtained with methio­

nine alone (see Table 6).

Similarly, when methionine was attached to L-proline, Its inhi­

bitory action overcame the stimulatory action of L-proline. However, 

when a mixture of the two amino acids was added at the level of 

10 microatoms(C)/ml of each, the inhibition of methionine disappeared 

and the glycogen production was the same as the one produced with
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TABLE 6

Effect of Methionine-dipeptides on Glyconeogenesis

SUBSTRATE 
10 ^A(C) /ml

STIMULATION 
FACTOR RANGE

AVERAGE STIMULA­
TION FACTORb

# OF
EXPERIMENTS

1. L-Proline 2.1-2.5 2.25 3

2. L-Methionine 0.1-0.5 0.40 3
3. L-Prolyl-

L-Methionine 1.2-1.7 1.45 2

4. L-Proline +
L-Methionine 2.4 2.40 i

1

5. L-Alanine 1.0-1.4 1.20
t

2 l
6. L-Alany1-

L-Methionine 0.4 0.4
111
|

7. L-Methionyl- 
L-Alanine 0.3 0.3

r1
i

a,b - as in Legend of Table 1, p. 35.
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proline alone (Table 6). A possible explanation of such results could 

be a common transport system for L-proline and L-methionine that has a 

preference for L-proline. If such transport system is indeed there, 

then to see the inhibitory effect of methionine in the dipeptide 

prolyl-methionine, it has to be taken up by the cells and hydrolyzed 

inside.

3. Polypeptides

Three polypeptides were tested as substrates for glycogen syn­

thesis: poly-L-valine, poly-L-proline and tri-L-alanine. Apparently

none of these peptides was used by the cells for glycogen production 

because the glycogen increase was equal to the nonsubstrate control. 

Although Tetrahymena pyriformis produces extracellular proteases (4), 

it seems that none of these peptides could be hydrolyzed by the extra­

cellular enzymes. Thus di-proline and polyproline appear to be 

equally inert.

4. DL-alanyl-DL-asparaglne

Since L-asparagine was a good substrate for glyconeogenesis in 

Tetrahymena pyriformis, the dipeptide DL-alanyl-DL-asparagine was 

tested, even though it contains non-utilizable D-amino acids. The re­

sults are shown in Table 7.

D-alanine and D-asparagine seem to have little effect other than 

a slight inhibition on glycogen production. It is important to mention 

here that Wu et al. (49) showed that D-lysine and D-methionine are used 

efficiently by the cells and that D-amino acids showed no toxic effects 

in growth studies.



TABLE 7

Effect of DL-alanine-DL-asparagine on Glyconeogenesis

Substrate
Ave. Stimulation 

Fac tor

L-asparagine 2.00
L-alanine 1.40
D-asparagine +■ 
L-asparagine

1.40

D-alanine + 
L-alanine

1.10

DL-alanine-
DL-asparagine

1.95

a,b - as in Legend* Table 1* p. 35.



The results indicate that the effect of the dipeptide can be 

attributed to L-asparagine alone. Thus it appears that peptide bond­

ing has at best abolished the small inhibition exerted by the D-amino 

acids used. L-alanine appears not to be utilized well either alone or 

in combination with L-asparagine. Since the substrates were added in 

excess, this is only a qualitative evaluation.

E. Effect of Lecithin. Tween 40 and Tween 80 on glyconeogenesis in 

washed cell suspensions

As stated before, many strains of Tetrahymena pyriformis can con­

vert fats into glycogen via the glyoxylate cycle. The ability of a 

lipid substrate to stimulate glyconeogenesis would be an indication 

that the glyoxylate cycle operates in the system described. Acetate, 

however, was non-stimulatory in strain GL. For this reason three 

other lipid substrates were tested for glycogen production: Tween 40

(polyoxyethylene sorbltan monopalmitate), Tween 80 (polyoxyethylene 

sorbitam monooleate) and Lecithin. Tween 40 and Tween 80 were hoped 

to be good substrates because Kidder et a l . (50) showed that the 

presence of Tween 80 in the growth medium was nontoxic to Tetrahymena 

cells and that during growth a large amount of lipid accumulated in­

side the cells. Lecithin was used as a substrate because Wagner (2) 

showed that, during the enodgenous glyconeogenesis the lipids that 

are depleted in the cell are the phospholipids. The amount of phos­

pholipid consumed was sufficient to account for the glycogen synthe­

sized during the incubation time.

All the substrates were added at final concentration of 0.1%. 

Table 8 summarizes the results of three experiments testing Tween 40



Substrate
Added

Experiment #1

------ --------------* --------------- --------- --- ---- ---------------------------

Experiment #2 Experiment //3

Factor of 
Stimulation

mmoles Glyco­
gen (Glucose) 
Above 0 Time

Factor of 
Stimulation

M-moles 
NHi Above 
0 Time

Factor of 
Stimulation

NONE 1.00 1.18 1.00 4.10 1.00

L-proline (ImM)
-

1.43 1.21 4.57 2.06

L-proline (2mM) 2.13 1.76 1.49 5.32 -

Tween AO 1.69 1.49 1.26 3.82 1.29

Tween 80 1.06 - - - -

proline (2mM) + 
Tween 40 2.17 - - - -

proline (2mM) + 
Tween 80 2.09 - - - -

proline (ImM) + 
Tween 40 - 1.83 1.55 5.00 -
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and Tween 80 as substrates for glyconeogenesis. From the results of 

experiment ’/l it can be concluded that Tween 80 is a poor substrate 

for glyconeogenesis. In contrast, Tween 40 stimulated glyconeogenesis 

1.7-fold over the endogenous increase. In Experiment tf2 (Table 8) the 

mixture of proline and Tween 40 was tested with proline in limiting 

concentration (1 m M ) . In this experiment Tween 40 alone stimulated 

glyconeogenesis to the same extent as 1 mM proline (1.26-fold).

Addition of the mixture of Tween 40 and 1 mM proline improved glyco­

neogenesis significantly (1.55-fold stimulation). The glycogen content 

of the cells after 4 hours of incubation in this case is slightly 

higher than the glycogen produced with a tnM proline.

Parallel to the determination of the glycogen content of the 

cells, in the same experiment (Exp. ^2, Table 8), the production of 

ammonia was measured. Addition of proline to the incubation medium 

stimulated ammonia production, and the ammonia produced was dose de­

pendent. Tween 40 had no marked effect on ammonia production— the 

ammonia produced was only slightly lower than the endogenous increase. 

Thus, even though Tween 40 is glycogenic, the endogenous glyconeogen­

esis does not seem to be significantly affected. This is contrary to 

the work of Wagner (2), who reported that addition of acetate to 

washed cell suspensions (strain E) abolished endogenous ammonia pro­

duction. When Tween 40 and proline (1 mM) are incubated with cells 

for 4 hours, a significant raise in glycogen level is accompanied by 

a release of ammonia that appears to be significantly higher than in 

the case of 1 mM proline only. These results indicate that Tween 40 

improves the utilization of proline and/or endogenous amino acids by 

the cells.
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Figure 5 : Lack of effect of lecithin on glyconeogenesis in

washed cell suspensions.

Cells were harvested from 41 hours old GL/PPLE cultures. 

Designation:

Diamonds - Endogenous incubation

Triangles - Na acetate (1 mg/ml)

Hexagons - L-proline (2 mM)

Squares - Lecithin (0.1%): lower red curve
Lecithin (0.1%) +  L-proline (2mM): upper red curve.
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An experiment showing the lack of effect of lecithin on glyco­

neogenesis is shown in Figure 5. It can be seen in Figure 5 that after 

2 hours of incubation, there was no increase in glycogen level upon 

addition of lecithin or acetate, whereas in the incubations containing 

L-proline (2 m M ) , the glycogen synthesis was greatly stimulated. A 

mixture of lecithin and proline stimulated glyconeogenesis to the same 

extent as proline (2 mM) alone. Acetate did not stimulate glyconeo­

genesis in this experiment (Figure 5).

In summary, among the lipid substrates tested, only Tween 40 

appeared to stimulate glyconeogenesis in washed cell suspensions. 

Addition of proline in limiting amount (1 mM) in presence of Tween 40, 

enhanced significantly both glyconeogenesis and ammonia production of 

the cells, as compared to the appropriate controls. Tween 80, 

lecithin and acetate had no effect on glyconeogenesis.

F. Metabolic fate of tracer acetate and tracer proline
14 14The incorporation of 2- C-acetate and U- C-L-proline into

major cellular fractions and CO^ was studied in order to confirm by 

means of tracers the results obtained in balance studies. The results 

are summarized in Table 9.

On the basis of the balance studies, the % efficiency of the con­

version of the carbon atoms of L-proline into glycogen was calculated 

to be about 35% (See Table 3). However, only 7.3% of the total

tracer was incorporated into glycogen fraction. In contrast, the
14 14incorporation of C from 2- C-acetate exceeds the expectation based 

upon the lack of stimulation of glyconeogenesis by acetate. The tracer 

experiment thus did not support the balance study and, therefore, an
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TABLE 9

14 14Metabolic Traasformation of 2- C-acetate and U— C-proline

(sample experiment).

Washed cells, obtained from 40 hours old GL/PPLE cultures,

were incubated for 4 hours as described in "Experimental

Procedures".

0.25 microcuries of tracer was added to each incubation.

Na Acetate and L-proline was added at 5 microatoms (C)/ml.



Substrate C02 GLYCOGEN PROTEIN LiPID
NUCLEIC

ACIDS

ACID
SOLUBLE
FRACTION

142-[ C]-acetate 

+
Na Acetate

47.2% 10.1% 6.7% 6.7% 0.8% 28.4%

U- l^C)-proline 

+
L-proline

16.7% 7.3% 4.2% 2.1% 0.7% 69.0%

TABLE
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experiment was designed to study the fate of L-proline in detail in 

order to explain this discrepancy. The results are reported in

the next section (Section G ) .

In case of tracer acetate the pattern of incorporation varied

from experiment to experiment. In the experiment described a large 

fraction of the tracer was converted to CO^ (47.2%). The incorporation 

into the glycogen fraction was 10.1%. Since the balance studies 

showed no stimulation of glyconeogenesis by acetate, this figure is 

higher than expected. However, the large amount of oxidation of 

acetate by the cells provides much opportunity for non-specific label­

ing by exchange with metabolic intermediates. The results demonstrate 

that the cells can utilize acetate, but they do not use it to make net

glycogen. Instead they use it as fuel for respiration or for lipid
14 14synthesis (in one experiment about 30% of C from 2- C-acetate 

was incorporated into the lipid fraction).

G. Metabolism of L-proline in Tetrahymena pyriformis, GL

Preliminary experiments Indicated that the incorporation of
14radioactive label from U- C-L-proline into glycogen (Table 9) in 

washed cell suspensions was much lower than the one predicted from the 

balance studies (Table 1). Thus, in order to clarify the fate of 

L-proline under glyconeogenic conditions, a combined experiment was 

designed to measure these factors under like conditions:

1) Endogenous glyconeogenesis.

2) Proline-stimulated glyconeogenesis.

3) HH^ production in (1).

4) NH^ production in (2).
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145) C-proline uptake from the medium in (2).
146) Distribution of C-proline incorporated Into the cells among 

the 71% alcoholic extract, glycogen, CO^, protein, nucleic 

acids and lipids.

7) Determination of the content of radioactive proline and its 

small metabolites in the incubation medium and in the 71% 

alcoholic extract of the cells by chromatography.

8) Determination of the content of radioactive proline and its 

amino acid metabolites In the protein hydrolysate of the 

cells by chromatography.

The various techniques utilized are described in "Experimental 

Procedures".

1. Prollne-stimulated glyconeogenesis and ammonia production

Figure 6 represents glyconeogenesis and production with and 

without L-proline added to the cell suspension. As can be seen, after 

2 hours incubation, addition of L-proline caused synthesis of an extra 

0,75 micromoles glucose/ml. At the same time addition of L-proline 

stimulated greatly NH^ production. After 2 hours, an extra 1.6 

micromoles of ammonia/ml was produced in the presence of prollne.

After 4 hours the differences became smaller; therefore, for quantita­

tive comparisons, I will refer to the state of affairs after 2 hours 

only.

The concentration of proline In this experiment was 

2 micromoles/ml. If all of the extra ammonia produced was due to 

L-proline catabolism, it would signify 80% utilization of proline 

(1.6/2 x 100%). Since f rom one molecule of proline we may obtain in a
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Figure 6 : Effect of L-proline on glyconeogenesis and ammonia

production of washed cell suspensions.

The conditions of the incubations are described in the 

text. At time 0 the cells contained 0.75 micromoles glycogen/ml 

and 3.35 micromoles of ammonia/ml.

Designation:

Diamonds

a. black - glycogen (endogenous)

b . red - ammonia N (endogenous)

Triangles

a. black - glycogen with L-proline (2 mM)

b. red - ammonia N with L-proline (2 mM)
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Figure 6
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series of metabolic reactions one molecule of PEP, two molecules of 

proline are needed to make one glucose molecule. Therefore the stoi­

chiometric relationship between L-proline and glucose is:

2 micromoles proline --------------►  1 micromole glucose

Thus from 1.6 micromoles L-proline, a maximum of 0.8 micromoles 

glucose could be made. In reality we find 0.75 micromoles of extra 

glucose produced in the presence of proline, which is 94% of the cal­

culated value.

142. Uptake of U- C-L-proline from the medium
14Uptake of C-proline into the protozoan cells is shown in 

Figure 7. As can be seen, the cell content of radioactivity rose 

steadily for 2 hours, until it reached about 60% of the total radio­

activity. For the remaining time of the incubation a steady-state 

is established and the Intracellular radioactivity level is maintained 

at about 60% of the total.

14 143. Incorporation of C from U- C-L-oroline Into C02> glycogen, 

protein, lipid, nucleic acids and alcohol-soluble fraction

Before we proceed with the discussion of the experimental re­

sults, it would be useful to calculate the percent incorporation of 
14C from radioactive prollne into glycogen and CO, fractions, predicted 

on the basis of the net glyconeogenesis and ammonia production experi­

ment (this section, part 1). This can be then compared with the per­

centages actually found in the experiment.
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14Figure 7 : Uptake of U- C-L-Proline by the cells.

Washed cell suspensions were Incubated with
142.0 mM L-proline containing 0.25 microcuries of U- C-L-proline. 

Loss of radioactivity from suspension medium was determined 

at indicated times as described in "Experimental Procedures".
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The fate of the carbons of L-proline is depicted below:

5 atoms (C) L-proline

2C0 PEP ---------- ^ glucose
2

(40%) (60%)
14 14As shown, the maximum incorporation of C from U- C-L-proline

into glycogen can be 60%. However, the data for ammonia production

indicated that only 80% of L-proline was utilized, and therefore the

predicted % of radioactivity incorporated into glycogen should be

60% x .8 ■ 48%. In addition, the glycogen data suggested that only

94% of the maximum possible glucose was produced. Thus the maximum
14predicted value of C incorporation into the glycogen fraction be­

comes 48% x 0.94 ■ 45%. On the basis of the diagram shown, the ratio
14 14of % C in glycogen/ % C in CO^ should be 3/2. Therefore the predicted

value for fraction of the radioactivity in the CC>2 fraction is

45% x 2/3 - 30%.
14 14Table 10 summarizes the distribution of C from U- C-L-proline

among the major fractions of the cells.

The distribution of radioactivity after 2 hours of incubation is

essentially the same as after 4 hours; therefore I will concentrate

on the "2 hours" results.

The chemical balance study predicted 80% utilization of L-proline.

However, tracer data show that 42% of L-proline remained unused after

2 hours of incubation. The balance study predicted that 45% of the 
14total C should be incorporated into the glycogen fraction. However, 

the tracer incorporation into glycogen was found to be only 12.4%.
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TABLE 10
14 14Incorporation of C from U- C-L-proline into

Major Cellular Fractions
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This is less than one-third of the expected value. Where is the

missing radioactivity to be found?

The predicted value for the tracer content of CO^ is 30%. The

experimental value is 18.1%. The incorporation into protein was very
14low (3.0%), and there was negligible incorporation of C into lipid 

and nucleic acid fractions.

The supernatant incubation medium contains 40.7% of the total
14 C from proline after 2 hours. Upon chromatography it could be

14estimated that the cell supernatant contained 22.9% of the total C

in the form of unused proline and the remainder contained 17.8% of the 
14total C in other amino acids (Figure 8). The "71% alcoholic extract

of the cells" after 2 hours contains 24.8% of the total administered
14radioactivity. It contains 20.5% of the total C in the form of unused

L-proline (Figure 9) and only 4.3% of the total tracer as other amino

acids. Thus it seems reasonable to conclude that much of the L-proline

is metabolised to amino acids which for the most part are excreted

into the incubation medium as soon as they are formed.
14The sum of the percentages of C content in amino acids other

14than proline is 22.1% of the total C. This may in part answer the 

question on the radioactivity presumably missing from the glycogen fraction.

In summary, there are contradictions between balance studies and 

tracer studies of L-proline metabolism in the ciliate:

1) The NH^production suggests 80% utilization of L-proline 

after 2 hours. The tracer experiment shows only 60% 

utilization (40% of the L-proline is left unused).

2) It Is predicted from balance studies that 45% of the tracer
14in U- C-proline should be incorporated into glycogen.
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Figure 8 : Proline and its metabolites in cell supernatant

(2 hours).

Paper chromatography was performed as described in 

"Experimental Procedures". The relative content of radioactivity 

in the chromatograms was estimated by cutting out the peak and 

weighing it on analytical balance.

Components of the cell supernatant

% of total radioactivity 

Peak #1 - L-proline 56.3%

Others - 43.7%
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Figure 9 : Proline and its metabolites in the alcohol extract of 

the cells after 2 hours of incubation.

Alcohol extract of the cells was obtained and chromato­

graphed as described in "Experimental Procedures".

The relative content of the radioactivity in the chromato­

grams was estimated by cutting out the peak and weighing it on 

analytical bala n c e .

Components of the alcohol extract:

% of total radioactivity 

Peak $1 (proline) 82.5%

Others 17.5%
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14However, only 12% of the total C is found in the fraction.

3) A large portion (21.5%) of the total radioactivity appears 

in the form of amino acids other than proline. This means 

that the amount which could produce ammonia was only 

38.5%, thus making the gap between the NH^ balance studies 

and the tracer studies even wider.

These results suggests two occurrences:

1) Not all of the extra ammonia produced derives from the 

added proline; thus an additional (endogenous) source of 

NH^ must be present.

2) The glycogen formed due to the presence of L-proline is only 

in minor part synthesized from the carbon atoms of L-proline, 

thus another substrate for glyconeogenesis must be present.

The key to the mechanism of additional glyconeogenesis caused by 

L-proline seems to reside in the transformation of L-proline to other 

amino acids. We shall proceed therefore by looking at the amino acid 

metabolites of L-proline.

4. Amino acid metaboli tes of L-proline in Tetrahymena pyrlformis

The amino acid metabolites of L-proline in Tetrahymena pyriformis 

were sought by paper chromatography of the appropriate fractions. The 

results are summarized in Table 11. Three fractions were analysed: 

the 71% alcoholic extract of the cells, the cell supernatant and the 

cellular protein fraction (after hydrolysis). The results are dis­

cussed below.
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Figure 1 0 : Metabolites of proline in alcohol extract of the

cells (2 hours) - expansion of lower two-thirds of Figure 9. 

Designation:

17.3% (Total)

A. aspartate - 5.2%

B. glutamate - 7.3%

C. asparagine - 5.2%

The black line represents the expansion of the lower two-thirds 

of Figure 9. The red line represents chromatogram of alcohol 

extract acid hydrolysate. Hydrolysis was done in the same way 

as described in "Experimental Procedures" under "Protein 

Hydrolvsate".
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4.1 Amino a c i d  composition of the 71% alcoholic extract of the cells.

After 2 hours of incubation with L-proline (2 mM) with added 

tracer proline, the alcoholic extract was obtained as described in 

"Experimental Procedures". The total radioactivity found in the ex­

tract was 24.8%. Paper chromatography showed a major peak correspon­

ding to proline that contained 82.7% of the radioactivity applied to 

the chromatogram. The remaining radioactivity (17.3%) was located 

in three minor peaks (Figure 10). The first two peaks were identi­

fied as aspartate and glutamate and contained 5.2% and 7.3% of the 

radio-activity respectively. The third peak chromatographed with 

L-asparagine but it had also an very similar to glycine. In order 

to differentiate between the two amino acids, the alcoholic extract 

was subjected to acid hydrolysis. Asparagine would be hydrolyzed 

in the treatment. Then the extract was rechrotnatographed. As can 

be seen (red line, Figure 10), the peak corresponding to asparagine 

diminished significantly. Thus asparagine appears to be the major 

component of this peak, which contained 5.2% of the radioactivity 

applied to the chromatogram.

4.2 Amino acid composition of the cell supernatant of the cells after 

Incubation.

After 2 hours of incubation of the cells with 2 mM proline with 

added tracer proline, the cell supernatant contained 40.7% of the total 

radioactivity. Paper chromatograms of this fraction contained 5 

radioactive peaks. A major peak that corresponded to proline contained 

56.3% of the radioactivity applied to the chromatogram (Figure 8,
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Figure 1 1 : Metabolites of L-proline in the cell supernatant

(2 hours) —  expansion of the lower two-thirds of Figure 8.

The black line represents the expansion of the lower two- 

thirds of Figure 8. The red line represents chromatogram of cell 

supernatant acid hydrolysate.

The peaks were identified as:

% of radloactivitv f ■%.

A. aspartate (•n> 12.2%

B. glutamate (#2) 5.1%

C. asparagine (#3) 12.9%

D. glutamine (#4) 13.5%
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Table 10). The other peaks corresponded to aspartate (peak #1), that 

contained 12.2% of radioactivity, and glutamate (peak #2), containing 

5.1%. Peak t/3 cochromatographed with L-asparagine; however glycine 

had a very similar R^. Peak #4 cochromatographed with L-glutamine, but 

L-alanine had a very similar . In order to exclude one of the pos­

sibilities, the supernatant was hydrolyzed in acid. Such treatment

would hydrolyze asparagine and glutamine and, therefore, the peaks 

would be expected to disappear. The hydrolyzed supernatant was 

chromatographed (1 red line, Figure 11). It can be seen that upon

acid hydrolysis the content of peaks 3 and 4 were reduced remarkably,

suggesting that the maj or components of those peaks were as pa rag.'1 ne 

and glutamine. Some alanine, however, may be present (peak 4, Figure

11). Thus asparagine in the cell supernatant contained 12.9% of the 

radioactivity applied to chromatogram and glutamine, 13.5%.

4.3 Amino acid composition of the protein hydrolysate of the cells.

When amino acids are produced from L-proline, they can be in­

corporated into the protein fraction. Therefore cells were incubated 

with L-proline (2 m M ) , containing 2 microcuries of the tracer pro­

line. Subsequently a protein hydrolysate was prepared as described 

in "Experimental Procedures".

By means of paper chromatography three radioactive peaks were 

resolved and identified by cochromatography: L-proline, L-glutamate

and L-aspartate (Figure 12). The proline peak contained 50% of the 

radioactivity applied to the chromatogram, glutamate 31% and as­

partate 15% (Table 11).
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Figure 1 2 : Metabolites of proline -incorporation into protein.

Protein hydrolysate was prepared as described in "Experi­

mental Procedures".

The red line represents the paper chromatogram of protein 

hydrolysate. In order to resolve the lower peak, the chromato­

gram was dried and developed once more. Three peaks were iden­

tified in this way:

X of radioactivity

A. aspartate 19%

B. glutamate :u%

C. proline 50%
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TABLE 11

Amino Acid Metabolites of L-proline
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Table 11 summarizes the results obtained by paper chromato­

graphy. These results indicate that proline is metabolized to 

glutamate in Tetrahymena pyriformis. The other amino acids detected 

can be obtained form glutamate. This is In agreement with Dewey et 

al (51) who found that when tracer proline was added to cultures of 

Tetrahymena pyrif ortnis, strain W, it was utilized well by the cells 

with the end products being CO^ and glutamate. In contrast to the 

results of Dewey et al (51), forms of aspartate, not glutamate 

were the major amino acid components, other than proline, of the 

cell supernatant in our experiments.

More than 80% of the radioactivity in the 71% alcoholic ex­

tract (which represents the intracellular amino acid pool) was found 

to be nonmetabolized proline and about 20% was found to be in other 

amino acids. Glutamate was detected in highest amount but aspartate 

and asparagine were also detected. It is of Interest to point out 

that glutamine could not be detected inside the cells. The cell super­

natant presents a different picture: only 56% of the radioactivity 

found in this fraction was associated with unused proline and the rest 

of the radioactivity was found to be associated with other amino

acids: glutamine, asparagine, aspartate and glutamate In that order for
14 C content. This Indicates that amino acids formed inside the cells 

from proline are rapidly excreted from the cells into the medium. It 

is interesting to note the absence of intracellular glutamine and the 

presence of a large amount of extracellular glutamine after 2 hours.
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H. Metabolism of L-leucine in Tetrahymena pyriformls

As shown earlier (Section C, Table 3) L-leucine stimulated both 

glyconeogenesis and ammonia production under the conditions employed 

in these experiments. L-leucine is the only purely ketogenic amino 

acid and thus in the presence of glyoxylate cycle it should be con­

verted primarily to glycogen. In order to learn the fate of leucine 

in the protozoan cell, an experiment was designed to study parallelly:

1) glyconeogenesis with and without leucine

2) ammonia production with and without leucine

3) incorporation of tracer leucine into major cellular frac­

tions

4) uptake of leucine from the medium during the incubation 

time.

I. Leucine-stimulated glyconeogenesis and ammonia production

Figure 13 represents glyconeogenesis and production with

and without leucine added to the cell suspension. After 2 hours of 

incubation, added leucine caused an extra 0.33 micromoles glucose/ml.

At the same time ammonia production was greatly stimulated by leucine—  

an extra 1.21 micromoles of ammonia was produced in the presence of 

leucine.

The concentration of leucine in this experiment was 2 mM. If 

all of the extra aimnonla came from leucine, there was 60.3% utiliza­

tion of leucine (1 .21/2 x 100%).

The metabolic fate of leucine is depicted in Appendix, diagram 1. 

From 1 mole of leucine, 3 moles of Acetyl CoA can be obtained.

Assuming that all three molecules enter glyoxylate cycle, they would
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Figure 13: Effect of L-leucine on glyconeogenesis and ammonia

production of washed cell suspensions.

Cells were obtained from 41 hours old PPLE cultures.

2T, (v/v) cell suspensions in RRP were incubated with and without

2.0 mM L-leucine.

At time 0, the cells contained 0.22 micromoles glycogen/ml 

and 2.84 micromoles of anm/ml.

Designation:

Diamonds

a) black - glycogen (endogenous)

b) red - ammonia N (endogenous)

Triangles

a) black - glycogen with leucine

b) red - ammonia with Leucine



A  micromoles/ml
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give rise to 0.75 moles of glucose (see Appendix, diagram 1). Thus, 

from 1.21 micromoles of leucine, a maximum of 0.91 micromoles of 

glucose could be made. This maximal estimate assumes that no Acetyl CoA 

enters TCA cycle to be oxidized or is incorporated into lipids and/or 

protein of the cell. In the experiment 0.33 micromoles of extra glu­

cose were produced, which is 36% of the calculated value.

14
2 . Incorporation of C from leucine into major cellular components 

and CO^

Cells of Tetrahymena pyriformls, GL, were incubated for 2 hours
14with 2 m M  Leucine containing 0.125 microcuries of U- C-L-leucine/ml. 

The results obtained (Table 12), as in the case of proline, can be com­

pared to the values predicated on the basis of the balance study (see 

this section, part 1 ).

The fate of the 6 carbon atoms of leucine is depicted in Appendix 

Diagram 1- The diagram is made under the assumption that all the

acetyl-CoA molecules, originating from proline, enter the glyoxylate
14cycle and that there is no incorporation of C from leucine into pro­

tein and lipid fraction. This is ther tore a maximal estimate for 

the % incorporation of label into the glycogen fraction.

The fate of the carbons of L-leucine, upon these assumptions, 

is depicted below:

6 atoms (C)L-leucine

3.75 <C)
PEP

(62.5%)

2.25 (C) 
C0„
(37.5%)



% Incorporation 
2 hours into

of C after

Substrate co2 Glycogen Protein Lipid
Nucleic
Acids

71% Alcoholic 
Extract of Cells

Cell
Supernatant

U- U C-L-
leucine 14.4% 6.7% 12.4% 10,4% 2 .0% 4.2% 50%

L-leucine
(2mM)

+ U-^C-L- 
leucine 18.8% 11.0% 7.3% 9.0% 1.82 4.1% 48.5%

a - Legend, Table 1, p, 35,

b - Calculated as described In Materials and Methods,
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14As shown, the maximum incorporation of C from radioactive 

leucine into glycogen can be 62.5%. However, the data for ammonia 

production Indicated that only 60.5% of L-leucine was utilized by 

the cells. Thus the predicted % of radioactivity incorporated into 

glycogen becomes 37.8% (62.5% x .605). In addition the glycogen 

data suggested that only 36% of the maximal possible glycogen was 

produced. Therefore the predicted radioactivity content in glycogen 

fraction becomes 13.6% (37.8% x .36).

On the basis of the diagram showing the fate of the carbons of
14 14leucine, the ratio of % C in glycogen/% C in CO^ should be 1.67.

14Thus tne % C in CO^ fraction can be calculated to be 

13.6%/l.67 - 8.2%.
14 14Table 12 summarizes the distribution of C from U- C-L-leucine

among the major fractions of the cells. On the basis of the ammonia

production, the utilization of leucine in this experiment was esti-
14mated to be about 60%. In the tracer experiment the C content of the

cell supernatant after 2 hours of incubation was 48.5% (51.5% utiliza­

tion). On the basis of the glycogen production in the balance studies,

the incorporation into the glycogen fraction was estimated to be 13.6%.

In the comparable tracer experiment (with 2 mM leucine) this figure 

was 11%. Thus, within the experimental error the tracer experiment 

supports the results obtained in the balance studies.

The predicted value for the tracer content in the CO^ fraction is 

8.2%. The experimental value is 18.4%. This discrepancy can be ex­

plained by the oxidation of some of the acetyl CoA molecules obtained 

from leucine via the TCA cycle.



- 92 -

Incorporation into the lipid fraction accounted for 9% of the
14 14C and Into the protein fraction for 7.3%. Thus 16.3% of total C

supplied Is not available for glycogen synthesis, in contrast with 

the assumption when the predicted values were calculated. The compari­

son between the incubations with leucine at tracer and substrate levels,

reveals a shift in the cellular metabolism: in the presence of leucine

at substrate level the % incorporation of tracer into CO^ and glycogen 

goes up, whereas the incorporation of leucine into protein is signifi­

cantly reduced. Thus, at the substrate levels of leucine cells 

appear to show increased glyconeogenesis.

These results of the balance studies are in a fairlv good agree-
14ment with the results obtained using U- C-L-leucine as a probe of 

cell's metabolism. The experiments indicate that leucine stimulates 

glyconeogenesis in Tetrahymena pyriformls, GL, and that this stimula­

tory effect is mainly due to the ability of the ciliate to convert the 

carbon backbone of leucine into glycogen.

3. Stimulation of glyconeogenesis by a mixture of L-prollne and

L-leuclne

An experiment was designed to study the effect of a mixture of 

proline and leucine on glyconeogenesis. Both amino acids were used 

at the level of 1 mM— a level that does not result in the maximal gly­

coneogenesis for either substrate alone. The results are summarized in 

Table 13.

As can be seen, the mixture containing proline and leucine Is 

more stimulatory than either of the amino acids by Itself. The effect 

of the mixture appears to be additive, i.e. the increment for the mix-
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ture equals the sum of the single increments. This may indicate that 

leucine and proline enter the protozoan cells by separate transport 

sites and then are used for glyconeogenesis. Extra ammonia released 

in the case of the leucine/proline mixture is more than extra ammonia 

released in the presence of either amino acid by itself. It is also 

slightly higher than what would be expected from a simple additive 

effect. A mixture of proline and leucine appears to be a very potent 

one in respect of stimulation of glyconeogenesis by a concerted action 

of a glucogenic and ketogenic amino acid: the first one possibly stim­

ulating the process occurring from the second one.
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TABLE 13

Effect of Leucine/Proline Mixture on Glyconeogenesis
aand Production

G L Y C O G E N n h 3

SUBSTRATE
(mM)

Glycogen 
after 2 hours 
yU>m/ml

A  Glycogen 
above
endogenous

St imulation 
Factor k

n h 3
after 
2 hours 
JUL m/ml

n h 3
above
endog­
enous

1. None 0.35 - 1.00 1.3A -

2. Leucine 
(1 mM) 0.63 0 . 28|—5-- — -Sum 1.80 2.08 C

oo
<T 

ÊO 
<3 

3

3. Proline 
(1 mM) 0.72

J* 0 j

0.37 2.06 2.28 C

A. Leucine 
(1 mM)

+ Proline 
Cl mM)

1.00 0.65 2.86
_

3.19 1.83

a, b, as in Legend, Table 1, p, 35.
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DISCUSSION*

In chis work an attempt was made to characterize protein glyco­

neogenesis in Tetrahymena pyriformis■ This organism possesses a 

glyoxylate cycle that enables it to convert fats into glycogen. In 

order to study the problem as defined above we established growth 

conditions that would produce cells of Tetrahymena pyriformis using 

proteins rather than fats in the glyconeogenic pathway.

The most potent stimulant among the single amino acids studied 

was found to be L-proline. Wagner (2), who contributed greatly to 

our knowledge of glyconeogenesis in the protozoa, did not test 

L-proline as a substrate for glyconeogenesis because it is not essen­

tial for growth and also shows a low intracellular content. Dewey 

et al. (51) studied proline metabolism in Tetrahymena pyriformis 

(strain W ) , although they did not address themselves to the issue of 

glyconeogenesis. They concluded that L-proline was efficiently 

utilized by the protozoan cells: growing cultures of the ciliate in

synthetic medium were found to degrade radioactive proline to glutamate 

and CO^. Under the conditions of their experiments no appreciable 

amount of proline carbon was converted to glycogen during the incuba­

tions .

As claimed by Dewey et al. (51), and as confirmed by us, proline 

is metabolized to glutamate in the organism. This pathway consists of 

two enzymatic reactions (52, 53). In the first reaction proline is 

converted to A ’-Pyrroline 5-carboxylate* by prollne dehydrogenase (53).

* Abbr.: P5C
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R. Kramar (54) showed that this dehydrogenaEe reaction did not depend 

on pyridine nucleotides. The enzyme was shown to be a membrane-bound 

flavoprotein (55), that was inhibited by L-lactate, L-pyruvate and, 

to a smaller extent by D-lactate in E. Coli (55) and the mammalian 

liver (53).

The second reaction is catalyzed by P5C dehydrogenase. In this 

reaction P5C is oxidized to glutamate (52,53). This reaction is NAD 

dependent— NAD is reduced 5 times faster than NADP (53). The equili­

brium of this reaction lies greatly in favor of glutamate formation.

Both enzymes appear to be mitochondrial in rat liver (53). 

However, in many studies the procedure used (56) to obtain mitochon­

drial preparations does not differentiate between mitochondria and 

peroxisomes. The fact that peroxisomes contain a full set of enzymes 

for the ^ - o x i d a t i o n  of fatty acids (32), a pathway considered till 

recently to be mitochondrial, suggests that the apparent mitochondrial 

localization of the proline catabolizing system should be viewed with 

caution. In addition, Brunner et al. (57) showed that in rat liver 

approximately 50% of P5C-dehydrogenase is not particulate. Neither of 

the two enzymes, however, was assayed in Tetrahymena.

In our study it became apparent that, even though a large amount 

of extra ansnonia and glycogen were produced in the presence of proline, 

neither the glycogen nor the amnonla could originate from proline 

alone. We suggest that the stimulation ot the glyconeogenesis by 

proline can be explained by the NADH production during the conversion 

of proline into glutamate. Diagram 3 summarizes this hypothesis.



Diagram 3

Proposed mechanism of the stimulatory effect 
of proline on glyconeogenesis

G L Y C O G E N

NAD NAD

NADH NADH

glutamate >4 glutamate 4 glutamate
i i.

P5C P5C
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A high level of cytosolic NADH is needed in glyconeogenesis (58). 

Williamson et al. (28) showed that oxidation of oleate in perfused 

rat liver stimulated gluconeogenesis from alanine. This was ex­

plained by an increased cytosolic NADH/NAD ratio due to oleate 

oxidation. The stimulatory action of proline can be explained in 

similar terms. NADH formed in P5C-dehydrogenase reaction should con­

tribute to the efficiency of glyconeogenic process in the organism by 

speeding up the glyceraldehyde-3-phosphate dehydrogenase reac tion.

Amino acids, to a large extent, appear to be the end products 

of proline metabolism in the ciliate. This is similar to rat liver 

where a dramatic accumulation of glutamate occurs during proline 

oxidation (59). The accumulation of the amino acid metabolites of 

proline in our incubation medium suggests strongly that the potent 

stimulation of glyconeogenesis with proline observed by us must be 

associated with the first two steps of proline metabolism, rather 

than with the utilization of its carbon chain. In order to substan­

tiate this hypothesis it would be useful to establish the subcellular 

localization of the proline catabolizing system in the protozoan 

cells. However, in spite of numerous attempts to assay proline 

dehydrogenase in the subcellular fractions, no conclusive results 

were obtained, probably due to the instability of this enzyme.

In theory either cytosolic or peroxisomal P5C-dehydrogenase 

would provide cytosolic NADH. Peroxisomes, in contrast to the mito­

chondria, can secrete NADH (4) and thus may be a possible location for 

P5C dehydrogenase.
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The available evidence indicates that the gluconeogenic stim­

ulatory effect of proline in rat liver can be in part accounted for 

by the mechanism suggested (Diagram 3). It is of interest here to 

point to the inhibition of proline dehydrogenase by lactate and pyru­

vate. If the enzyme Is associated with glyconeogenesis, such inhi­

bition can be interpreted as a shutoff mechanism, when cells undergo 

excessive glycolysis.

To further support our hypothesis, It is important to note that 

A '-pyroline-5-carboxylate has been implicated already as a regulator 

of the cellular redox state. Phang et al. (60) showed that P5C is 

a potent stimulator of the hexose monophosphate-pentose pathway In 

cultured human fibroblasts. This stimulatory effect was also measured 

In human erythrocytes (61). The enzyme catalyzing the conversion of 

P5C to proline, proline reductase, is soluble and requires NADPH for 

its action (32). This enzyme is present also in Tetrahymena (18).

The researchers suggested (60, 61) that the stimulatory effect of P5C 

is due to the generation in P5C reductase reaction of NADP+ , 

required by the two dehydrogenases of the hexose monophosphate-pentose 

pa thway.

The stimulatory action of P5C described occurs in the reaction 

resulting In proline synthesis. However, proline synthesis and de­

gradation seem to be well regulated.

In a recent paper on proline metabolism in mutant yeasts, 

Brandrlss et al. (62) conclude that when P5C Is derived from 

ornithine (via ornithine transaminase reaction) it is converted to 

proline by P5C reductase. If P5C is derived from proline, however, it
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enters the P5C-dehydrogenase reaction. Thus in the yeast cell, the 

fate of P5C is determined by its chemical origin. Similar regulatory 

mechanism could be present in the Tetrahymena cells. Such a mechanism 

can involve different compartmentation of the enzymes involved in 

proline synthesis and degradation, or an aggregation of the enzyme pro­

teins to prevent the release of intermediates into cytoplasm.

In addition, proline inhibits P5C formation from glutamate in 

Chinese hamster ovary cells (63). Thus In presence of proline, proline 

synthesis seems to be stopped by a feedback inhibition phenomenon.

Thus the synthetic pathway, resulting in Increased levels of NADP+ , or 

the degradative pathway, resulting In Increase of cytosolic NADH, would 

occur according to the metabolic need of the cells.

The amino acid end products of proline metabolism are glutamate, 

aspartate, asparagine and glutamine. Contrary to some reports 

(51, 59) glutamate Is not the major amino acid produced. The excretion 

of glutamine and asparagine could be the way this ammonotelic protozoan 

gets rid of extra ammonia. Glutamate, aspartate and asparagine were 

detected both Inside the cell and in the medium, although the extra­

cellular concentration was greater. Glutamine, however, was de­

tected only in the incubation medium. This suggests a cell membrane- 

bound glutamine synthetase, converting glutamate to glutamine and 

transporting glutamine to the outside of the cell.

According to our hypothesis proline stimulates glyconeogenesis 

by elevating the cytoplasmic NADH level and thus stimulating the 

glyceraldehyde phosphate dehydrogenase step in gluconeogenesis. Since 

ammonia produced In response to added proline cannot be accounted for
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by proline alone, it appears that the increase of NADH level in 

cytosol causes increased endogenous amino acid metabolism. Tetrahymena 

are kiown to have a large amount of free intracellular amino acids 

(19, 49) that could be used for glyconeogenesis. Increased protein 

degradation, however, cannot be excluded.

Under the conditions studied, Tetrahymena pyriformis, strain GL, 

seems to be unable to accomplish a net conversion of acetate to 

glycogen. Among lipid substrates tested, only Tween 40 had a signifi­

cant stimulatory effect on glyconeogenesis. Neither Tween 80 nor 

lecithin affected glyconeogenesis of the ciliate.

Among amino acids tested besides proline, the best stimulants 

of glyconeogenesis were threonine, leucine and asparagine. By the use 

of dipeptides as substrates, phenylalanine and valine must be added to 

this list. Among these amino acids, threonine, leucine and phenyl­

alanine are ketogenic. L-leucine Is the most clearcut member of 

the group since it generates only Acetyl-CoA and its precursors.

The glyoxylate bypass enzymes, then, should allow the net conversion of 

Acetyl-CoA Into glycogen. Our data Indicate that the glyconeogenic 

effect of leucine can be explained to a large extent by the conversion 

of carbon atoms of leucine into glycogen. Thus this amino acid, 

ketogenic in mammals, appears to be glycogenic In Tetrahymena due to 

the presence of a glyoxylate cycle. It should be pointed out, however, 

that a significant part of the available leucine is simply oxidized 

by the cells.

When cells of Tetrahymena are supplied with a mixture of proline 

and leucine, the glycogen increment obtained was determined to be
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exactly additive. It thus appears that leucine and proline enter the 

protozoan cells by separate transport systems. Once inside the 

cells, leucine seems to augment the endogenous source of acetyl CoA 

for glyoxylate cycle. At the same time proline stimulates reversed 

glycolysis. It Is also possible that leucine also supplies reducing 

power for reversed glycolysis. Thus both amino acids provide a com­

plete and independent package for glyconeogenesis to occur.

The use of dipeptldes as substrates for glyconeogenesis enabled 

us to learn several facts about the Tetrahymena cells. In the first 

place, dipeptides can help to overcome a permeability barrier for 

an amino acid. Thus, phenylalanine and valine are very poorly 

utilized by these cells. However, when bound to proline they can be 

utilized quite well for glyconeogenesis. This implies that Tetrahymena 

might possess a separate transport system or even systems for di­

peptldes. Such preference for dipeptides has been demonstrated in 

other systems (48). This transport system enables the uptake of 

the dipeptides into the cell. Secondly, proline dipeptides with 

N-termin.il proline appear to be better substrates than C-terminal 

proline dipeptides. This could reflect either a specificity of 

transport or of an endogenous protease, responsible for the hydrolysis 

of the dlpeptide bond. Post-proline cleaving endopeptidase was 

reported In human uterus and flavobacterium (64). Our data suggests 

that a similar enzyme might be present in Tetrahymena.

Tetrahymena are known to excrete proteases into the medium (4) .

In addition, a protease associated with the outer cell surface has
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also been reported (65). The comparison of the effectiveness of 

amino acid mixtures vs. the corresponding dipeptide indicates, 

however, that the dipeptides are indeed hydrolysed inside the proto­

zoan cells.

It is of interest to comment on the data obtained with methio­

nine and its dipeptides. The inhibitory effect on glyconeogenesis 

exerted by methionine remains unexplained. However, our data indicate 

that this inhibitory effect results from the presence of methionine 

within the cell. Free proline blocked the entrance of free methionine 

but proly1-methionine showed a marked inhibition of glyconeogenesis, 

in terms of the increase expected of its proline content. The inhibi­

tory effect of methionine could be due to toxicity of methionine 

itself or any of its metabolites. In addition, methylation of a 

specific protein, RNA or lipid could be crucial to gluconeogenesis.

Because our results on transport of amino acids and peptides 

are based chiefly on indirect measurement (conversion to g l ycogen), 

they have only a limited value. The positive results are of course 

valid; the negative results may reflect a lack of metabolic utiliza­

tion. In the specific case of Tetrahymena, however, the case of 

prolyl dipeptldes constitutes a valuable practical advance in the 

study of its amino acid nutrition and metabolism.

In summary, in this work, protein glyconeogenesis was studied in 

Tetrahymena pyriformis. Because of the presence of glyoxylate bypass 

enzymes, amino acids that are ketogenic in mammals appear to be 

glucogenic in Tetrahymena. A glucogenic amino acid L-proline seems 

to stimulate glyconeogenesis primarily by supplying cytosolic NADH to
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the process, and only to a small extent by direct contribution of 

its carbon atoms for glycogen synthesis.

In the Introduction (part B ) , we outlined an experimental 

framework to be followed In this study. As has been presented, to 

a large extent we have succeeded in completing the plan.
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Appendix Figure 1 

Standard curve for glucose determination by the Anthrone method
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Appendix Figure 2 

curve for NH^-N by Nesslerizatlon
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Appendix Diagram 1

The metabolic fate of L-leucine in 
presence of glyoxylate cycle

L-leucine*

CO,2 W *o2

3 Acetyl*-CoA (5 of 6 have ^ C )

GLYOXYLATE CYCLE

141.5 Succinate* (5 of 6 have C)

c*o2

1.5 PEP* (3.75 of 6 have U C)I
0.7 5 Glucose (3.75 of 6 have ^ C )
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