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Report of overall progress on activities of Contract AT (11-1) 330

Carbohydrate catabolism in Plants)  - July, 1965

1.  Main Research Accomplishments (References are to Bibliography, section 4
of this report).

a.  Initial phases of carbohydrate breakdown.

In my work with Dr. M. Gibbs as guest research collaborator at Brookhaven

National Laboratory we collected the first evidence that, in addition to the

classical Embden-Ileyerhof-Parnas sequence (EIIP), another route of carbohydrate

breakdown, the pentose phosphate pathway (PPP) contributed significantly

to the respiration of higher plant tissues.

In the early years of support from AT (11-1) 330 at Purdue we concentrated

on the further elucidation of the role of this pathway and its relevance to

carbohydrate catabolism.  We demonstrated that the intermediates of this path-

way are converted to CO2 and that the labeling patterns in selected respiratory

intermediates are those predicted from the operation of the PPP (1).  It is

now clear that in most plant tissues (and in this respect they differ from

most animal tissues) a sizeable fraction of the glucose is channeled through

the PPP, and that the products are then converted to pyruvate and further

metabolized (5, 7, 8).

The extent of the diversion through the PPP can be increased by adding

inhibitors of the EMP sequence (7) or by adding dyes and other reagents such

as nitrite which bring about oxidation of TPNH (0, 9, 11).  The participation

of   the  PPP is particularly not iceable   in the "induced respiration" of storage

tissues (8).
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From data on the release of C from specifically labeled glucoses we

showed that carbons 1, 3 and 4 usually make up 80% of the respired CO2;

diversion to more permanent cellular constituents is greatest for carbons 2, 5

and 6 (10).

The operation of a third (though minor) pathway of glucose breakdown

involving preferential release  of C-6 of glucose was also demonstrated (2).

The significance of this pathway which involves decarboxylation of glucuronate

'
is in the synthesis of C-5 units in cell wall polymers rather than as a

pathway of total dissimilation.

b.  Pyruvate and acetate utilization.

There is a considerable of indirect evidence for the operation of the

tricarboxylic acid (TCA) cycle as a major pathway of dissimilation of pyruvate,

the product of the various initial phases of glucose breakdown. In our work

with pyruvate (3, 6) and (14) we were able to provide direct and crucial

evidence for the major role of this cycle in living plant cells.  C-1 of

pyruvate was recovered almost quantitatively in the respired CO2 whereas C-2

and C-3 appeared in the acids of the TCA cycle and then, in sequence, in the

CO2.  Only in the oldest tissues were C-2 and C-3 converted to CO2 in high

yield; diversion to amino acid and protein accounted for an increased fraction

of C-2 and C-3 of pyruvate in the younger tissues (6).  The fact that sugars

were produced from pyruvate only in those tissues (fatty seedlings) known to

have the glyoxylate cycle allowed a firm conclusion against the operation of

"oxidative anabolism" as an integral part of respiration in normal plant tissues.

The experiments with labeled acetates, particularly those in which the

progress of conversion to CO2 and to individual acids of the TCA cycle was

followed over short time periods, showed that acetate carbon was first converted
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14to citrate, then to succinate and to malate before any C appeared in the

respired CO2 (14).  This demonstration of the progress of the acetyl unit

through the TCA cycle is the best evidence we have for its operation in vivo.

The rate of appearance of individual carbons of acetate in the CO2 gave

clear evidence both for the operation of the TCA cycle and for diversion to

other cellular products.

These results leave no doubt that the TCA cycle is the major route of

dissimilation of pyruvate and emphasize again that conversion of respiratory

intermediates to amino acid and protein is an important feature determining

the extent of release of individual carbons derived from glucose as CO2.

The experiments with acetate in which the specific activities of various

acids were shown to be very different has led to a quantitative estimate of

the turnover and now turnover pools of these acids and the extent of

compartmentation of acids of the TCA cycle.

c.  Relationships with amino acid metabolism.

(1)  Experiments with excised corn embryos.  In the foregoing work,

diversion of products of glucose breakdown to amino acid and protein had

been shown to be a normal accompaniment of respiration. Our work with corn

A           embryos was begun in order to measure directly the extent of this diversion

and the contribution of different carbons of glucose.  As it turned out, the

corn embryos, which from previous reports appeared to grow normally on a

glucose-salts medium, stopped producing protein as soon as they were excised.

We found that the increase in dry weight shown by such embryos is entirely

due to sugar uptake and storage as starch (12, 16).



This led us to a study of the nutritional requirements of these embryos

which would support a normal rate of protein synthesis.  Eventually it was

found that an appropriate mixture of amino acids (corresponding to the

mixture which can be leached out of the endosperm) and particularly a supply

of secondary amino acids is crucial for the production of protein immediately

after excision (15, 16).  This in turn led to the recognition that the supply

of amino acids such as leucine normally passing into the embryo actually

prevents the synthesis of such amino acids in the root tip of the embryo

itself (21).  This is one of the first instances of end product inhibition

demonstrated in higher plants.  Dr. Oaks continued this work during my absence

on sabbatical leave in 1963-1964. She was able to clarify the relationship

between leucine coming from the endosperm (or from an agar block applied to

the excised embryo) and that provided exogenously to the root  tip, as well

as to the leucine produced from exogenous acetate (15, 21).  The transport

leucine completed favorably in protein synthesis with that formed from leucine

or acetate provided to the root tip. It was possible to define separate leucine

1         pools in the growing root tip (20).  Work on the enzymes of leucine bio-

synthesis is being prepared for publication.

The utilization of acetate by the excised embryos revealed the important

fact that (in the scutellum only) there is an active glyoxylate cycle (18).

In our previous work (supported by the N.S.F.) we had elucidated the

glyoxylate cycle as a stage in the production of carbohydrate from fat in

germinating seeds such as castor bean which are very rich in fat.  In the

germinating corn seed the preponderance of starch as the reserve product has

focussed attention on the contribution of carbohydrate from the endosperm to

   the metabolism  of the embryo.



It is now clear that some of the relatively small amountof fat in the

scutellum is also converted to sugars and transported to the embryo.  One

important difference between the utilization of acetate in the scutellum and

that  in the endosperm  of the fatty seeds was noted. Whereas  in the fatty

seedlings essentially all of the acetate is metabolized through the glyoxylate

cycle, part of the acetate in the corn scutellum appears in amino acids,

(principally glutamate) and has clearly been converted to a-ketoglutarate (18).

The regulation of the fate of isocitrate at the branch point between the TCA

and glyoxylate cycles is now being investigated.  Another possibility, that

control of synthesis of enzymes of the glyoxylate cycle is exerted by sugar

passing through the scutellum from the endosperm, is also being considered.

(2)  In pea seedlings. In germinating seeds of peas, where both

stored protein and starch are present, no information was aVailable on the

fate of the carbon skeletons of the amino acids.  Accordingly, we investigated

the possibility that these C- skeletons were converted to sugar by injecting

selected labeled amino acids into the cotyledons of growing pea seedlings

and following their metabolic fate,and conversiod to CO2 (23).  No conversion

to sugar occurred.  'It became clear that glutamate, aspartate and 7-amino

butyrate were actively metabolized in the cotyledons and that the products

and the amino acids themselves were transported into the embryo proper.

Leucine was actively converted into protein of the cotyledon even though net

protein breakdown was occurring.

A major feature of the results was the extensive labeling observed in

homoserine which was already known to be present in pea seedlings in

unusually high amounts.
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After 24 hours labeled homoserine was the major labeled product from glutamate,

aspartate and 7-amino butyrate, and it was also produced from leucine and

glucose.  The remarkable increase in homoserine during germination of the

pea seedling and its subsequent disappearance (13) clearly represent a

temporary imbalance between rates of production and consumption. In later

stages the ability of the seedling to produce homoserine from aspartate

declined markedly (23).  Interesting questions of the regulation of enzymes

concerned with homoserine metabolism are raised by these results and Dr. Larson

hopes to study these further on his own.

d.  Sugar uptake.

In spite of the fact that so much of the metabolism of plants depends

on the transport of sugars between living cells, remarkedly little is known

about this process.  We showed that a variety of phenolic uncoupling agents

were able to inhibit glucose absorption by carrot discs at concentrations

which stimulate their respiration (4) and in later work with carrot slices

and corn root tips using a variety of labeled sugars we investigated this

metabolic uptake further.  We established that active uptake was not due

solely rapid utilization, and that accumulation against apparent 'concentration

gradients occurred for several hexoses and pentoses (17).

e.  Regulation of respiration.

.Two aspects of this large problem have been investigated.  We have

shown that the diversion of hexose through the PPP depends primarily on the

rate of reoxidation of TPNH (22), and that the operation of this pathway can

elicited by supplying natural oxidants such as nitrite as well as by artificial

oxidants such as dyes (11, 22).



The operation of this pathway in plant tissues generally is thought to be due

to the presence of soluble oxidase systems.

The effects of growing temperatures on respiration and mitochondrial

structure and activity  have  also  been investigated. Growth at supra-optimal

temperatures results in a premature aging, as shown by diminished respiration

14rates, and ability to utilize added acetate-C . The activity of mitochondria

from older tissues grown at optimal temperatures or from younger tissues

grown at supra-optimal temperatures is also impaired, and the mitochondria

show evidence of structural breakdown (19).

\-
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2. Future objectives.

As a result of our own work on contract AT (11-1) 330 and of course

from other reports which have appeared in the literature during the period

of support, we now have a much firmer knowledge of the operation of pathways

of carbohydrate catabolism.

A major problem now is the important one of how the metabolic traffic

through the various sequences is controlled.  We have provided some infor-

mation on the likely controlling influences on the participation of the

pentose phosphate sequence and on the process of leucine biosynthesis in

corn root tips.  Many questions remain in the regulation of rate of sugar

breakdown and in the factors responsible for the fact that instead of break-

down, actual synthesis of sugar by a partial reversal of the sequence occurs

in some non-green tissues.

A fundamental problem of some magnitude is posed by the operation of

some well defined biochemical sequences only at particular stages in the

life history of the plant.  Such a sequence is the glyoxylate cycle which

operates during the few days of germination for example in the castor bean

and in the corn scutellum.  The distinctive enzymes of this sequence are

found in specific tissues only during the time of conversion of fat to

carbohydrate and disappear   when the change   is   comp le ted. The questions   we

would like to answer are:

1.  What is the signal and mechanism for the production of the

glyoxylate cycle enzymes?

2.  By what means are they destroyed at a time when other proteins and

enzymes are being produced?

/



/2

't'.

4

Since the enzymes concerned are mitochondrial, the answers to these

questions will involve an  investigation of mitochondrial biogenesis and

possible destruction.  We hope by labeling techniques to get some measure

of mitochondrial lifetimes or turnover and to find whether a completely

new population of mitochondria, with only the TCA cycle enzymes is produced

after fat utilization is complete.  Experiments with excised endosperm tissues

and embryos will be conducted in which the effects of alternate substrates

and possible regulators are supplied with a view to changing the pattern

of enzyme production and disappearance.  Another possible approach is to

prepare antibodies to a purified isocitritase to follai the fate of the

enzyme.  The problem is one of finding why the genetic capacity presumably

possessed by every cell in the plant is only expressed by particular cells

at a particular time.

A further problem is the regulation of the activities of isocitritase

and isocitric dehydrogenase both competing for the same substrate in tissues

where both enzymes are present.  We have two useful systems for comparison.

In one, the castor bean endosperm, all of the isocitrate is apparently consumed

by the isocitritase (glyoxylate cycle) whereas in the corn scutellum half

of the isocitrate is converted to a-ketoglutarate (TCA cycle).  The

elucidation of control of metabolic traffic at this branch point would be of

great interest.

We also hope to continue our investigation of sugar uptake and transport

in the castor bean embryo. Our work to date shows that this system is an ideal

one in that the cotyledons of excised embryos continue to absorb sugars

at high rates (more than 1 mg/hr per embryo) and to transport this into the

root-shoot axis very efficiently.  We are interested in the mechanisms

       (a) of sugar uptake into the cotyledons and (b)  of long range transport.
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3. Graduate students and postdoctoral associates whose work has been supported
by Contract No. AT (11-1) 330.

A.  Graduate Students

1.  B. K. Gaur, Ph. D.  1957
2.  B. R. Grant, Ph. D. 1962
3.  J. Geronimo, Ph. D. 1963
4.  L. A. Larson, Ph. D. 1963
5.  B. Zilkey, Ph. D. candidate

B.  Postdoctoral Research Associates

1.  Dr. W. G. Slater 1955-1957
2.  Dr. G. E. Neal 1957-1958
3.  Dr. T. ap Rees 1958-1960
4.  Dr. V. S. Butt 1960
5.  Dr. J. L. Harley 1961-1962
6.  Dr. Ann Oaks 1961-1964
7.  Dr. P. Kriedemann 1964 -
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9'/     5. Present state of knowledge and significance of this area of research.

As I have tried to indicate in the earlier parts of this report, we

now know a great deal more about carbohydrate catabolism in plants than

we did when this research contract was begun ten years ago.  As judged from

the interest shown in our published work and the invitations I receive to

speak about it I think it is fair to say that as a direct result of the

support from A.E.C. we have established some reputation as a group actively

investigating this field.

We have sought to produce definitive evidence for particular breakdown

sequences as a necessary first stage in the understanding of the overall

metabolism.  It is quite clear that in the questions of regulation of these

sequences  and the relationship to othel- co ntinuing metabolic events in plant

cells we have a long way to go.  Although certain central features are shared

by living cells of all kinds, plant cells and tissues show distinctive

features and problems and yet hold promise for the solution of some basic

biological and medical problems.

For example we have concentrated recently on tissues of germinating

seedlings.  In a few days after applying water to the dormant seed a whole

sequence of enzyme synthesis and growth has been set in train.  Some of the

tissues, for example the castor bean endosperm progress from an inactive

stage, through active metabolism and protein synthesis to senescence and

depletion and death in the space of 11 days.  These changes are of course

paralleled by the active growth of the embryo itself; interrelationships

including transport of metabolites and reciprocal controlling influences

A between the tissues remain to be elucidated.

A
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By further fundamental work on such higher plant tissues we hope to
'7

extend the bases on which an understanding of these important biological

phenomena may be understood.
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6.  Present division of federal support.

The only other support for my research program is a grant -frcm the

National Science Foundation which presently provides about $27,000 annually

for work on organic acid metabolism.

I have no other applications pending and I do not anticipate enlarging

my research group.  At the present time with a total of two Postdoctoral

associates and four doctoral students I feel that my group is of a size

which is large enough for mutual stimulation and small enough so that I can

actively engage in both direction of and personal participation in the

research.
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