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A b s tra c t
The enzyme glutamate dehydrogenase (GDH) occupies a position in plant
biochemistry which links carbon and nitrogen metabolism, via the anabolism or
catabolism of glutamate. However, its role in higher plants has not been fully
resolved. Cell suspension cultures of Daucus carota were used to investigate the
possible role, regulation and characterisation of GDH in higher plants.
GDH activity was seen to be indirectly regulated by the carbon source, and its
availability. The addition of tricarboxylic acid cycle intermediates were found to not
significantly affect GDH activity in both repressed and de-repressed cell suspension
cultures. However, the nucleotide adenosine 3',5'-cyclic monophosphate was shown
to cause de-repression in both carbon stressed, and non-stressed cultures, which
suggested a possible regulatory mechanism akin to prokaryotic catabolite repression.
Additions of other adenosine nucleotides to the cultures also suggested a possible
relationship between adenylate concentrations and GDH activity. The enzyme was
found to be neither regulated by ammonium or directly involved in ammonium
assimilation. Using electron transport and oxidative phosphorylation inhibitors a
correlation between respiratory control and de-repression of GDH was established.
The function of GDH appeared to be related to glutamate catabolism, caused indirectly
by carbon stress, and directly by energy stress.
The enzyme was purified to homogeneity and found to have similar physical
properties and characteristics to other plant GDHs.

values obtained were similar

to other reported values, and confirmed the relatively high

for ammonium,

compared to glutamine synthetase. N-terminal end sequence data was obtained, and
found to show no homology to other eukaryotic and prokaryotic GDH protein
sequences. Using protein synthesis inhibitors it was found to be nuclear coded. Both
subunit and native molecular weights were determined, and suggested that the
enzyme had a hexameric structure, being possibly composed of four or five distinct
subunits, with similar molecular weights, and electrophoretic properties. At least
ten active deaminating isoforms were isolated, which were not a result of somaclonal
variation.
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Chapter

1

An Introduction
Tissue Culture.
1.1

to

Glutamate

Dehydrogenase

and

Plant

O bjectives.
The objectives of this investigation were to determine the role, regulation and

characterisation of the enzyme glutamate dehydrogenase (EC. 1.4.1.3 L-glutamate:
NAD+ oxidoreductase) in Daucus carota cell suspension cultures. Prior to describing
the methods and results of this study it is befitting to first review what is already
understood about glutamate dehydrogenase (GDH) in higher plant metabolism,
updating and taking on board the current ideology relating to this enzyme. Secondly,
to discuss the rationale behind using D. carota cell suspension cultures for this
investigation.

1.2

An

Introduction

to

Glutam ate

Dehydrogenase.

GDH occupies an important position in plant metabolism, in that it provides a
link between the tricarboxylic acid cycle (via

2

-oxoglutarate) and amino acid

biosynthesis (via glutamate), i.e. nitrogen and carbon metabolism (Fig 1.1). The
enzyme can be described as one of the most controversial enzymes being investigated
in higher plant metabolism today. Barash et al. said in 1973 "the reaction catalysed
by GDH is one of the principle routes by which ammonium is incorporated into
organic nitrogen", (Barash et al., 1973). Similarly, "One of the key enzymes in
nitrogen metabolism of the plant is GDH" (Bryantseva and Barakhtenova, 1991). In
1994 Loulakakis et ai. stated that "the role of GDH remains obscure despite the fact
that it is apparently ubiquitous in plants," (Loulakakis eta!., 1994). These types of
quotes, two quite definite in their argument, and one up to twenty years later totally
inconclusive, highlight how the main function of GDH has appeared to be to unsettle
the lives of plant biochemists who have investigated it.
OOOH

OOOH

^H2

NH4+NADH

ÇH2

^

NACT+H20

^

tn 2

ÇH2
CHNH2

iooH

6och

2-oxoglutarate

glutamate

F ig u re 1 .1 . G lu tam ate dehydrogenase (G D H ) catalyses the reversible reaction of the
reductive am ination of 2 -o xo g lu tarate to g lutam ate, or the oxidative d eam ination of
glutam ate to 2-oxoglutarate.
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Despite sixty years of intensive research into the role, regulation and
characterisation of GDH, very few conclusive answers as to the role of GDH, which
can be applied in general to higher plant metabolism have been resolved. Probably
more questions have arisen than have been answered.

1.3

GDH:

A

Historical

Perspective.

Prior to 1936 it was not known what biochemical processes preceded the
synthesis of glutamine, so the nature of ammonium assimilation was unanswered
(Sideris et al., 1937). Needham (1930), was the first to note the uptake, or
"disappearance" of ammonia during the apparent oxidation of glutamate by bovine
muscle tissue. Subsequently, Chibnall and Westall (1932), observed that glutamine
present in seeds could be a direct product of protein hydrolysis, or could arise from
the combination of a non-nitrogenous residue with ammonia. These observations led
Krebs in 1935 to suggest that the formation of glutamine may arise from ammonia
and 2-oxoglutaric acid. This was also based on his observations on the uptake of
ammonia with both glutamate and

2

-oxoglutaric acid in the presence of guinea-pig

and rabbit kidney slices (Krebs, 1935). Following this, Damodaran and Nair in
1936 carried out experiments to ascertain if this hypothesis was applicable to "the
vegetable organism". They were able to determine the existence of an amino acid
dehydrogenase specific for glutamic acid. They detected this in three plants,
Phaseolus mungo, P. radiatus and Pisum sativum, by macerating seedlings to obtain
cell free extracts, which were concentrated by ammonium sulphate precipitation.
The pellets were resuspended in a phosphate buffer, and these preparations then
tested with various amino acids, of which only glutamic acid was acted upon,
releasing 2-oxoglutarate. The production of ammonia could not be identified, as exact
determinations were rendered impossible by the presence of ammonium sulphate in
the enzyme preparations, and dialysis rapidly inactivated the enzyme. They where
the first researchers to show the existence of GDH in higher plants (Damodaran and
Nair,

1938).
In 1956 it was shown that GDH was involved in the assimilation of nitrogen,

in actively respiring Hordeum vuigare plants (Yemm and Willis, 1956). This, along
with the major advances made by Sims and Folkes between 1959 and 1964 into the
elucidation of ammonia assimilation using Candida utills (Sims and Folkes, 1964),
in which they used kinetic ^^N labelling techniques to demonstrate the reductive
amination of 2-oxoglutarate to glutamate. They concluded that in these yeast cells
ammonia reacted with the tricarboxylic acid cycle intermediate

2

-oxoglutarate, with

NADH acting as the hydrogen donor. This reaction was catalysed by GDH. As GDH was
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thought to be common to all plants, It was accepted that this was the major route for
the entry of ammonia into nitrogen metabolism in the plant kingdom (Davies,
1965).
However, this acceptance came into question in the early 1970's. The
relatively high in vitro Km of GDH for ammonia indicates a low affinity of the enzyme
for its substrate. Ammonia at the higher concentrations needed would uncouple
electron transport in chloroplasts, shutting down photosynthesis. Thus, it was not
clear how the reductive amination reaction could proceed at a rate which would fulfil
the need for amino acid assimilation. It was also shown in cultures of the bacterium
Kiebsielia aerogenes fed with

nitrate that the newly assimilated ammonia was

being incorporated into the amido group of the amide glutamine, with the label
appearing secondarily in glutamate (Privai and Magasanik, 1971). This suggested
that glutamine synthetase (EG. 6.3.1.2 L-glutamate: ammonia ligase (ATP)) may
have been involved in the assimilation of ammonia. This was an attractive
proposition, as it has a lower Km for ammonia, allowing it to assimilate ammonia
more rapidly than GDH. However, the mechanism for the

amido nitrogen entering

amino acid metabolism was still unanswered. It was known that the reaction
occurred, as in P. sativum leaves incubated in

labelled nitrate, glutamate and

(amide) glutamine, the labelled nitrogen was incorporated into amino acids
regardless of the source (Lewis and Pate, 1973). The dilemma was eventually solved
in 1974, when Lea and Miflin demonstrated the presence of glutamate synthase (EC.
1.4.7.1

Ferredoxin L-glutamine 2-oxoglutarate aminotransferase) in chloroplast

extracts from P. sativum (Lea and Miflin, 1974). This enzyme was first discovered
in the bacterium A erobacter aerogenes (Tempest et ai., 1970), and catalyses the
reductive transfer of the amido group to

2

-oxoglutarate, producing two molecules of

glutamate from the precursors glutamine and 2-oxoglutarate. One of the reasons
glutamate synthase (GOGAT) remained undetected in plants was because the isoform
that occurs in chloroplast is ferredoxin dependent. Only when ferredoxin was used as
the reductant source was its presence demonstrated.
With the discovery of GOGAT in higher plants and the coupling of this enzyme
with glutamine synthetase (GS), Lea and Miflin (1974), showed a two step path of
ammonia assimilation. They put forward the GSiGOGAT pathway as the major route of
ammonia assimilation in plants (Fig 1.2). This is commonly referred to as the
GS:GOGAT cycle, or has more recently been termed the glutamate synthase cycle
(Rhodes et ai., 1980).
The terms de-repression and repression in the context of this thesis do not
relate to gene expression, but enzyme inhibition, unless otherwise stated.
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Figure 1.2. S chem atic representation of prim ary am m onia assim ilation via the cyclical
G S :G O G A T pathway. Ammonia is initially incorporated into the am ide position of glutamine
which is catalysed by glutamine synthetase (G S), and then transferred to the alpha (am ino)
position of 2-oxoglutarate by the action of glutamate synthase (G O G A T ). The ammonium in
bold type indicates the fate of the assimilated nitrogen.

1.4 The Characterisation

and Role of Glutamate Dehydrogenase.

GDH appears to be widespread, being present in almost all organisms,
including bacteria (Benachenhou and Baldacci, 1991), archaebacteria (Hudson et
al., 1993), fungi (Pamula and Wheldrake, 1992), yeast (Boles e ta !., 1993), algae
(Murioz-Blanco and Cardenas, 1989), mammals (Bailey et a!., 1982), and all
higher plant species examined (Srivastava and Singh, 1987). Amongst lower plants,
some species of mosses from the genus Sphagnum appear to lack it. However, this
may be due to an error in the extraction procedure, as no protease inhibitors were
used, and the addition of EDTA may have caused inactivation of GDH due to chelation of
divalent cations, such as Ca2+. Only one species of Sphagnum, S. squarrosum showed
any GDH activity, and this was very low relative to other bryophytes (Meade,
1984). This suggests that GDH levels are normally low in Sphagnum species, and any
deterioration in the protein during extraction many give rise to the appearance that
it is not present in the first place.
As previously mentioned, it was originally thought that ammonia was
incorporated into organic molecules via the reductive amination of

2

-oxoglutarate to

glutamate. This reversible reaction being catalysed by GDH. However, with the
discovery of GOGAT this idea has been challenged.

22

Evidence of the assimilation of ammonia by both the glutamate synthase cycle
and GDH has been demonstrated in the commercially important bacterium
M ethylophilus methylotrophus, which is used to produce single cell protein from
methanol as the carbon source. The wild type bacterium has only the glutamate
synthase cycle pathway. The introduction of an Escherichia coli transfer plasmid
with an inserted GDH gene into a mutant strain of the bacterium without GOGAT
allowed the production of protein. Thus the recombinant organism was able to
synthesise glutamate, with the saving of ATP (Windass et ai., 1980). It is possible
GDH in higher plants under ATP availability stress could have a similar function.
Recent reviews on GDH in higher plants highlight the two controversial
schools of thought as to the role of this enzyme. The first is that ammonia
assimilation in higher plants occurs solely via the glutamate synthase cycle
mechanism, with GDH playing no role in ammonia assimilation (Lea et ai., 1990a;
Lea et al., 1990b). The second is that GDH does play a role in ammonia assimilation,
and has a complementary function to the glutamate synthase cycle (Oaks, 1994; Oaks
and Hirel, 1985; Sechley et al., 1992). These two ideas will now be discussed, citing
the relevant literature, and evidence supporting the two arguments.

1.4.1

N u cleo tid e

S p e c ific ity .

There are primarily two distinct GDH enzymes present in higher plants, a
NAD+-linked form associated with the mitochondria and a predominantly NADP+linked plastidial enzyme. The NAD+-linked enzyme is thought to be loosely bound to
the mitochondrial inner membrane (Yamaya et ai., 1984). The NADP+-linked
enzyme has been shown to be tightly bound to the plastid lamellae (Leech and Kirk,
1968), and has been found in proplastids in cell cultures of N icotiana (Washitani
and Sato, 1977). Both enzymes have been reported to be able to utilise either of the
nucleotides, but the mitochondrial enzyme reaction with NAD+ as a coenzyme is up to
twelve times greater than with NADP+ as the coenzyme (Pahlick and Joy, 1971; Lea
and Thurman, 1972). The plastidial enzyme has been shown to have either greater
activity with NADP+, or near equal activity with both coenzymes (Leech and Kirk,
1968; Lea and Thurman, 1972). There is also some evidence to support the
existence of a separate cytosolic NAD+-linked GDH with different kinetic properties
and isoenzymic patterns in Oryza sativa and Cucurbita moschata (Kanamori et ai.,
1972; Chou and Splittstoesser, 1972).
NAD+-linked GDH activity has been located in most organs and tissues in
higher plants, including roots (Pahlick and Joy, 1971), root nodules (Becana et ai.,
1984), leaves (Barash et ai., 1973), epicotyls (Davies and Teixeira, 1975),
cotyledons (King and Yung-Fan Wu, 1971), seeds (Thurman et al., 1965) and
suspension cultures (Loulakakis and Roubelakis-Angelakis, 1991; Salonen et ai..
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1992). The NADP+-linked enzyme has been detected in Nicotiana tissue culture and
germinating Triticum aestivum seeds (Washitani and Sato, 1977; Sultanbaev eta!.,
1993).

1 .4 .2

S tru c tu re .
Generally, both the NAD+-linked and NADP+-linked enzymes are thought to be

hexameric in structure, consisting of either one or two similar polypeptides
(Bascomb and Schmidt, 1987; Bhadula and Shargool, 1991 ; Loulakakis and
Roubelakis-Angelakis, 1991), with native molecular weights in the range of 240300 kDa. For Vitis vinifera NAD+-linked GDH the MW is 252 kDa, consisting of six
subunits of 42.5-43.0 kDa (Loulakakis and Roubelakis-Angelakis, 1990a). For
Chloreila sorokiniana NADP+-linked GDH the MW is 290 kDa, with subunits of 58
kDa (Gronestajski et al., 1978). Scheid et al. (1980), have shown that in Lemna sp.
and P. sativum seeds GDH is a tetramer, with four identical subunits.

1.4.3

Isoform

Num ber.

The isoenzymic number varies with not only plant species, but also with both
nutritional and environmental conditions (Laurière and Daussant, 1983). In most
reports from higher plants there are usually seven anodal migrating isoforms
present after non-denaturing polyacrylamide gel electrophoresis and specific
staining (Loulakakis and Roubelakis-Angelakis, 1991 ; Thurman et al., 1965).
However, as many as seventeen isoforms have been reported in excised young P.
sativum shoots incubated in tap water (Nauen and Hartmann, 1980).

1.4.4

Kinetic

Evidence.

The Km of GDH for NH4 + is in the range of 10-80 mM, which is much higher
than the Km with GS (Km 1-5 pM), therefore it could not compete with GS for the
available NH4 + (Lea, 1993; Stewart et al., 1980). The high Km values cited in the
literature, have been used by Miflin and Lea (1980) as one of a number of
arguments for questioning the aminating role of the enzyme. However, it has been
suggested that the intracellular levels of GDH are high enough to be able to account
for assimilation of ammonia even at the relatively high Km for ammonia (LoyolaVargas and Sanchez de Jimenez, 1984; Murray and Kennedy, 1980). Also the
differing Km values for GDH and GS may be of limited significance as the two enzymes
are

principally localised

in different cellular organelles,

i.e.

GDH

in the

mitochondria and GS in the chloroplast. Both enzymes, it must be noted, have also
been found in the cytosol. However, in the case of GDH, this may be due to leakage
from the mitochondria during extraction, as it is easily dissolved, and most
disruption techniques of the mitochondria involve treatments such as freeze/thaw.
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followed by sonication. Using osmotic shock, a relatively gentle disruption
procedure, it has been demonstrated that GDH is loosely associated with the
mitochondrial membrane in Zea mays shoots (Yamaya et a i, 1984). If GDH is
membrane bound, any

values obtained in vitro may bear no resemblance to the in

vivo Km values. It should also be noted that isolated chloroplasts have been shown to
assimilate ammonia, but similar evidence for isolated mitochondria in normal
physiological conditions is lacking (Davies and Teixeira, 1975; Lea and Miflin,
1974; Mitchell and Stocking, 1975).
There are other arguments for the high Km for NH4 + not being a good indicator
for the direction of the GDH associated reaction; Km values are influenced by pH and
concentration of substrates and cofactors, i.e., it decreases at low concentrations of
N H 4 + and NADH (Lees and Dennis, 1981, Yamaya at a i, 1984). Also normal
Michaelis-Menten kinetics are observed for NH 4 + in the presence of Ca^+, but
substrate inhibition is observed in the absence of Ca^+. This suggests that other
mechanisms may exist in the regulation of GDH.

1.4.5

Labelling

and

Inhib itor

Studies.

If GDH does have a role in ammonia assimilation, then it would be expected
that ^^N-labelled ammonium would be incorporated via GDH in the presence of the GS
inhibitor methionine sulfoximine (MSO). Such an experiment was described by Jain
and Shargool (1987). They used Glycine max cell culture lines with elevated GDH
levels grown on a high ammonia media in the presence of MSO. They were unable to
show ammonia assimilation in the presence of MSO, which strongly suggested that the
unaffected GDH was not involved in assimilating ammonia. They concluded that GDH
was actually involved in the deaminating degradation of glutamate. However, the
effectiveness of MSO has been questioned. Rhodes et ai. (1989), have reported a
small (<1%), incorporation of

labelled ammonia via a MSO-insensitive pathway

in Lemna m inor and in the roots of Lycopersicon esculentum. Some

labelling of

glutamine was also observed in studies with Ainus glutinosa, suggesting that MSO
inhibition was not 100% effective (Schubert et ai., 1981). Additionally, earlier
experiments by Rhodes et a i (1980), using

and azaserine and MSO, inhibitors

of GOGAT and GS respectively, had shown the glutamate synthase cycle as being
prominent in L. minor. GDH only accounted for, at most, 10% of the total ammonia
assimilation, if at all.
The interpretation of MSO inhibitory results relies upon MSO having no
effect on the mode of action of GDH, but Rhodes et ai. (1989), suggested that MSO
may affect the availability or transport of 2-oxoglutarate. Thus, limiting the
substrate for GDH may have an effect on the activity of the enzyme. However, it has
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been shown in Cenococcum graniforme, a

mycorrhizal fungus, where GDH does

catalyse ammonia assimilation, that MSO does inhibit the GS enzyme, but has no
effect on GDH, as the incorporation of

ammonia into glutamate is still observed

(Genetet et al., 1984). D. carota cell suspension cultures used in labelling studies
have shown that MSO inhibits the incorporation of

ammonia into glutamate and

glutamine with an accompanied net production of ammonia, even in the presence of
excess 2-oxoglutarate. Also, the use of

glutamate in the presence of the

transamination inhibitor aminooxyacetate showed that the amide nitrogen of
glutamine became labelled. This would be seen if glutamate was oxidised and the
released ammonia was re-assimilated into glutamine by GS (Robinson, 1990).
The use of labelling studies in isolation must be viewed with caution, because
research which shows that

label appears first as the amide nitrogen of

glutamine, and subsequently in glutamate only proves that the GS reaction is faster
than the GDH catalysed reaction. Thus, the possibility that GDH is not involved in
nitrogen assimilation can not be assumed (Lea et al., 1990a). However, in
conjunction with specific inhibitors such studies do provide strong evidence that the
glutamate synthase cycle is the primary route of ammonium assimilation. Feeding
experiments using

nitrate,

glutamate and

amide glutamine were shown to

be all available sources for the synthesis of amino acids in F. sativum plants. This
could only be possible if they were interconvertable (Lewis and Pate, 1973), and
the glutamate synthase cycle was in operation. Similarly, pulse chase experiments
using

showed that in both G. max nodules and Cyanobacteria, nitrogen fixation

took place via the glutamate synthase cycle (Meeks et a!., 1978; Wolk et a!., 1976),
Again, pulse chase experiments have demonstrated an apparent induction of a NADP+linked chloroplastic specific isoenzyme of GDH in C. sorokiniana due to high NH4 +
(29 mM) (Bascomb et a!., 1987). However, there is no direct evidence that the
NH 4 + is causing the induction, and not the possible stress induced by the high NH4 +.
Unfortunately, no indication of what happened to other enzymes associated with
nitrogen metabolism was reported, although it is known that GS is seen to fall to low
levels in Chlorella cells incubated in ammonium medium (Ahmad and Hellebust,
1984).

1.4.6

P hysiological

Response.

Ito et ai. (1978) have shown that glutamate can only be formed in the
presence of light in Spinacia oleracea leaves. They interpreted this as ferredoxin
requiring GOGAT being essential in the synthesis of glutamate in leaves. However,
Canvin and Atkins (1974), had shown that the reduction of NO3 ' to NO^ in vivo was
light dependent in leaves (Canvin and Atkins, 1974), which meant that subsequent
ammonia assimilation may be inhibited before the formation of ammonia, thus its
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assimilation via the glutamate synthase cycle cr GDH may net have been determined
tc be light dependent. Mere recent work has shewn that in H. vulgare leaves that
nitrate can be reduced tc nitrite in the absence cf light, but only in the presence cf
high soluble carbohydrate levels (Aslam and Huffaker, 1984). This substantiates the
argument that GOGAT is necessary for ammonia assimilation. Ammonium may still be
produced in the dark and would not be limiting for glutamate formation.
GDH is found at higher levels in senescing leaves and root tissues, than in
other parts of the plant (Smirnoff and Stewart, 1987; Becana et al., 1984; LoyolaVargas and Sanchez de Jimenez, 1984). The rise in GDH activity seen during
senescence may be linked to the decline in the glutamate synthase cycle. In P. sativum
GS activity declines in senescing leaves, but is sufficiently active to account for any
glutamine produced (Storey and Beevers, 1978). Storey and Beevers (1978), also
showed that during protein catabolism associated with senescence, the glutamate pool
remained static, whereas its associated amide pool increased. During senescence
there is also an increase in tissue ammonia, which may be involved in the induction
of GDH. The released ammonia associated with the catabolism of glutamate may be
used by GS to form glutamine which may be transported out of the senescing tissue
(Thomas, 1978). If GDH was deaminating glutamate, this could explain the
accumulation of ammonia in T. aestivum leaves in the presence of GS inhibitors or
darkness (Kar and Feierabend, 1984). Alternatively, it has been suggested that due
to the decrease in activity of the glutamate synthase cycle during senescence, GDH
becomes the primary route of ammonia assimilation (Groat and Vance, 1982), and
thus may be involved in the detoxification of ammonia. Using

labelled nitrogenous

compounds, Berger et al. (1985) concluded that GDH was involved in the deamination
of glutamate during senescence, and was a response to conditions of limited carbon. In
G. max leaves during senescence protein declines rapidly and GDH activity increases
substantially, which is consistent with a catabolic function for the enzyme (Guiamet
et al., 1991).

1.4.7

S tress.
The role of GDH in ammonium assimilation under stress can not be ignored.

Stresses may be either environmental, nutritional, or both (Srivastava and Singh,
1987). It has been shown that in Avena leaves floated in a high concentration of
ammonia solution, GDH activity increases (Barash et al., 1973). Similarly, an
increase in activity is seen in C.
Chlam ydom onas

m oschata and T. a e s tiv u m

leaves, and in

reinh ardtii during dark starvation stress (Postius and Jacobi,

1976; Peeters and Van Laere, 1992; Muhoz-Blanco et al., 1989). More recently it
has been suggested that GDH may have a role in utilisation of ammonia produced in
plant tissues under stress and/or supplied by the dry and wet deposition of
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nitrogenous substances from the atmosphere (Schlee et al., 1994). Thus, the enzyme
may be involved in ammonia detoxification when GS is inactivated by air pollutants.
Seedlings of Dolichos biflorus show an increase in GDH activity, especially in
the leaves, when grown under salt stress (Sudhakar and Veeranjaneyulu, 1988).
Under these stress conditions a corresponding increase in free ammonia also
occurred, suggesting that GDH was working in a deaminating direction. GS activity
was still high, and could have been re-assimilating the free ammonium. A similar
result was reported using callus cultures of salt susceptible O. sativa cultivars
(Subhashini and Reddy, 1990).
K aianchoe

la te ritia

plants initially grown under nitrogen starvation

conditions, and then grown under various nitrogen conditions, by watering with full
strength Hoagland nutrient solution, a 20% nitrogen solution and a 10% nitrogen
solution, all showed no detectable change in NADH-linked GDH activity, whereas
other nitrogen assimilation enzymes all increased in activity (Santos and Salema,
1992). Similarly, Pinus sylvestris needles exposed to a high concentration of
ammonia by fumigation, showed an increase in GS activity relative to control needles
not fumigated (Pérez-Soba e ta!., 1994a). GDH was unaffected by the increase in
available atmospheric ammonia.
Numerous studies have shown that GDH activity can be altered by varying
sugar and carbon supply (Srivastava and Singh, 1987). Exogenously supplied sugars
repress GDH activity. This effect is more pronounced with simple sugars such as
glucose and sucrose, than with more complex carbohydrates such as saccharose.
Heterotrophic conditions can be achieved in plant suspension cultures, and it has
been shown in Nicotiana plumbaginifolia and Asparagus officinalis cultures that
carbon starvation has an effect on protein synthesis and isoenzymic patterns of GDH,
where carbon starvation causes de-repression of GDH (Tassi et ai., 1984; Maestri et
ai., 1991). This suggested that under carbon stress GDH could adopt a catabolic role,
supplying carbon skeletons to the tricarboxcylic acid cycle, and this activity could
have been related to particular isoforms of GDH, which become predominant during
the induced stress.

1.4.8

Mutant

Studies.

A mitochondrial GDH deficient mutant of Z. mays has been isolated by
chemical mutagenesis, and shown to be cold sensitive. This GDHI-null mutant lacks
the G dM gene product, and only expresses a homohexamer from the Gdh2 gene
(Pryor, 1974; 1990). Preliminary studies of this same mutant have been carried
out by Magalhaes et ai. (1990). It had approximately 10% of the extractable GDH
aminating activity of wild type seedlings, and displayed a lower rate of
ammonium incorporation into amino acids. In both the mutant and wild type seedlings
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MSO completely inhibited ammonium assimiiation, suggesting it occurred via the
glutamate synthase cycle, rather than GDH. Similarly, Stewart et al. (1995), have
used this mutant to investigate the role of GDH in oxidative deamination of glutamate.
They showed that there was a marked difference in the metabolism of

glutamate

between wild type and GDHI-null mutant seedlings. In wild type seedling glutamate
was rapidly metabolised, with the label being recovered primarily in the amide of
glutamine, and in free ammonium. In the mutant seedlings very little label appeared
in the amide group of glutamine, and almost no labelled ammonium was detected. In
the mutant seedling the amino group of asparagine was the principle labelled product
of

glutamate metabolism, which probably occurred through transamination of

glutamate to aspartate by the activity of glutamate oxalacetate aminotransferase and
amidation via asparagine synthetase. These results suggested that the labelled
glutamate was deaminated by GDH, with the resultant ammonium being incorporated
into the amide group of glutamine, through the activity of GS, and are consistent with
a catabolic function for GDH. Further characterisation of this mutant, and the
selection of other GDH-null mutants would be invaluable in consolidating a role for
GDH.

1.5

GDH

Summary.

It should be noted that although GDH has been observed to have high activity in
v itro in an aminating direction at favourable physiological pH, it would not
necessarily follow that this reflects the favoured direction in vivo, and should be
supported by collaborative evidence. This evidence is lacking, to conclusively state
an aminating in vivo function.
The majority of published studies indicate that GDH does not play a major role
in ammonia assimilation. One reason for not being able to assign a definite role for
GDH is that most studies relating to GDH have focused on how GDH fits into nitrogen
assimilation. The deaminating reaction and the possibility of a catabolic role have
been largely ignored. However, since Robinson at ai. (1991), showed that a function
of D. carota cell suspension culture GDH was the deamination of glutamate, thereby
supplying

sufficient carbon skeletons for the effective functioning

of the

tricarboxcylic acid cycle, more recent papers have taken a broader view in
interpreting their results (Watanabe et ai., 1992). Data is still however being
presented suggesting that GDH may have a role in ammonium assimilation as a result
of stress (Schlee et ai., 1994). With this in mind the present investigation was
undertaken to determine if a catabolic role for GDH could be substantiated in D.
carota cell suspension cultures. The mitochondrial GDH was of primary interest, as
suspension cultures have no developed chloroplasts and no NADPH specific GDH
activity, which is associated with the plastids, could be detected.
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1.6 The History of D aucus

carota.

Daucus carota L. (carrot) is a member of the Umbelliferae, the parsley
family, which includes such vegetables as Apium graveolens L. (celery), Pastinaca
s a tiv a L. (parsnip), Foeniculum

vulgare L. (fennel), C orlandum

sativum L.

(coriander) and Conium macuiatum L. (poison hemlock). The family as a whole is
both large and taxonomically complex.
It is generally thought that the western carotene carrot is derived from the
eastern anthocyanin carrot, which developed from forms originating in Afghanistan
(Banga, 1976). Selective breeding from wild carrots began during the sixteenth
century, and by 1863 three major varieties were predominant; the Late Half Long,
the Early Half Long and the Early Scarlet Horn. All four hundred plus present day
varieties of the western carotene carrot can be traced back to these three closely
related varieties (Babb at ai., 1950). Within these many modern varieties there are
four major groups which are of economic importance; the Chantenay, Danvers,
Imperator and Nantes varieties. One from the Chantenay varieties. Red Cored 2 was
used in this investigation. It is mainly grown for processing to be canned and stored.
The taproot is relatively short, from 11.5-14 cm in length, tapering to a blunt end,
and is a deep orange in colour.

1.7 The Uses of Plant Tissue Cultures.
One of the major reasons for using plant cell suspension cultures to
investigate plant biochemistry is that they allow one to generate a large amount of
cell material quickly, consisting of a homogeneous population of undifferentiated
cells. Both environmental and physiological determinants can complicate the study of
metabolic processes in the whole plant, but these factors can be controlled using a
cell suspension culture. This allows distinct individual or small groups of cells to be
isolated and exposed to a culture medium where hormonal and nutrient availability
are defined, and an external environment where agitation, light and temperature are
controlled. From such cultures, samples can be removed both accurately and with a
high degree of reproducibility. This degree of overall control is not possible with the
whole plant.
The first plant cell suspension culture was obtained in 1954 (Muir at ai.,
1954), and have since become a model system with which to investigate such
phenomena as plant metabolism, somatic embryogenesis and cell-cell signalling. D.
carota cells were used in this investigation, as they were not only the first plant
cells to be cultured (Nobecourt, 1939), but have since then been used in a variety of
investigations, including those phenomena listed above. D. carota cell lines can also
remain as viable cultures for many years, with one line used during this
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investigation being isolated 16 years ago (Lloyd et al., 1979). Along with D. carota
many other plant cell suspension cultures have been used in metabolic studies
including recently O. sativa to investigate glutamate synthase (Hayakawa at a!.,
1992), Cucumis sativus to look at catabolite repression (Graham at a!., 1994) and
V. vinifara , as well as Atropa balladonna

to investigate GDH (Loulakakis and

Roubelakis-Angelakis, 1991; Salonen at a!., 1992). The D. carota cell suspension
cultures used in this study were heterotrophic and allowed investigation of GDH in
the absence of photorespiratory nitrogen cycling and photosynthesis.
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Chapter 2
M aterials

and

Methods.

2.1 C h e m ic a ls .
All common analytical grade chemicals were obtained from Sigma Chemical
Company Ltd, (Poole, Dorset, UK.). The majority of electrophoresis reagents were
obtained from Bio-Rad Laboratories Ltd, (Hemel Hempstead, Hertfordshire, UK.).
Standard chromatography media was obtained from Pharmacia Biosystems Ltd,
(Milton Keynes, Buckinghamshire, UK.). Murashige and Skoog medium was obtained
from Imperial Laboratories Ltd, (Hampshire, UK.).

2.2
2.2.1

Tissue
Growth

Culture

M ethodologies.

Conditions of Daucus

carota Cell Cultures.

Suspension cultures of Daucus carota L. cv Chantenay, Red Cored 2, originally
isolated in 1987, were maintained on standard Murashige and Skoog medium
(Murashige

and

Skoog,

dichlorophenoxyacetic acid (0

1962),
. 2

modified

by

mg/l), kinetin (0 . 1

the

inclusion

mg/l) and

2

of

2,4-

% sucrose (w/v),

unless otherwise stated. The maintenance medium of Murashige and Skoog basal salts,
hormones and sucrose was termed MDK. The total nitrogen concentration of the
medium was 60 mM (Table 2.1). Cells were generally grown in 250 ml Erlenmeyer
flasks containing 70 ml of standard MDK. The flasks with medium were stoppered
with triple folded aluminium foil caps prior to autoclaving at 121°C for 20 min. The
suspension cultures were subcultured aseptically in a laminar flow cabinet, at 14 d
intervals by inoculating stationary phase cells into fresh medium, in the ratio of

1

volume of cells into 10 volumes of fresh medium. Where larger volumes of cells
were required the volumes of media and inocula were increased pro rata. The
suspensions were incubated in a constant temperature room set at 25°C in
continuous low density fluorescent light (SjiE/m^/s), on an orbital shaker at 90
rpm. For experiments using non standard MDK medium, Murashige and Skoog basal
medium was prepared in the laboratory with the necessary amendments. Details are
given within the appropriate chapter and experiment.
Long term cultures were maintained as callus on standard MDK, solidified
with 1.5% (w/v) Difco Bacto-Agar (Difco Laboratories, Michigan, USA), at 25°C,
in continuous low density fluorescent light (5pE/m^/s),
3 months.
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and subcultured every 2-

S o lid s
CaCl2 .2 H2
Inositol
Sucrose
NH4 NO3
KNO3

440 mg/l
1 0 0
mg/l
2 0
g/l
1650 mg/l
1900 mg/l

0

Stock 1
(Macronutrients, xlOO final concentration, so added 10 ml/l) Stored at
+4°C
MgS04.7H20
MnS04.4H20
KH2 PO4
H3 BO3
ZnS04.5H20

37.0 g/l
2 . 2
g/l
17.0 g/l
0.62 g/l
0 . 8 6
g/l

Stock 2
(Micronutrients, xIOOO final concentration, so added 1 ml/l) Stored at
+4°C
830 mg/l
250 mg/l
25 mg/l
25 mg/l

Kl
Na2 Mo0 4
C0 CI2 .6 H2 O
CUSO4 .5 H2 O

Stock 3
(Iron, x200 final concentration, so added 5 ml/l) Stored at +4°C
FeS04.7H20
Na2 EDTA

5.57 g/l
7.45 g/l

Stock 4
(Vitamins, x 1000 final concentration, so added 1 ml/l) Stored at -20°C
Thiamine-HCI
Nicotinic acid
Pyridoxine-HCI
Glycine

1 0 0
mg/l
500 mg/l
500 mg/l
2 0 0 0
mg/l

Horm ones Stocks
2,4-D Stock 200 mg/l, add 1 ml/l, so final concentration 0.2 mg/l
(Stock made up by dissolving in a minimum NaOH solution, with heat, then
made up to a final volume with ddHaO)
Kinetin Stock 100 mg/l, add 1 ml/l, so final concentration 0.1 mg/l
(Stock made up by dissolving in a minimum HCI solution, with heat, then
made up to a final volume with ddH2 0 )
Final pH 5.7, adjusted with

NaOH

Note. For the ammonium free medium double the concentration of K N O 3 was
added, i.e. 3.8 g/l, and N H 4 N O 3 was omitted. This gave 40 mM NO^-, as
compared to complete medium containing 40 mM N0^~ and 20 mM NH^+
Table 2.1. Composition of Murashige and Skoog medium used to grow Daucus carota callus
and cell suspension cultures.
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2.2.2

Establishm ent of an

Embryogénie

Daucus

carota Culture Line.

The new culture line was set up from seeds of D. carota L. cv Chantenay Red
Cored 2 (Mr Fothergill's Seeds Ltd, Suffolk, UK.). Approximately 50 seeds were
placed in a sterile 1.5 ml microtube, to which 70% ethanol (v/v) was added
aseptically until the seeds were submerged. This was vigorously vortexed three
times for

1 0

sec, which allowed the ethanol to get into small crevices in the husk.

The microtube was then placed on a rotary shaker and gently rotated for 4 min, after
which the ethanol was removed with a sterile pipette and replaced with a 1.4%
(v/v) solution of sodium hypochlorite, from a stock solution of 14% (v/v) available
chlorine, and gently rotated for 20 min. The dilute bleach was then removed with a
sterile pipette and the seeds washed three times with sterile ddH2

0

to remove all

traces of bleach. The surface sterilised seeds were placed on petri dishes (10
seed/dish) containing 0.75% (w/v) Bacto-Agar, supplemented with Murashige and
Skoog medium and 2% (w/v) sucrose. No plant growth hormones were added, and the
plates were incubated at 25°C in continuous low density fluorescent light
(5|iE/m 2/s). After three days the plates were checked for contamination. Any
uninfected seeds and seedlings were transplanted onto fresh petri dishes.
After 8-10 days the hypocotyledons were long enough to be removed and cut
aseptically into 5 mm lengths. Hypocotyledons were floated in sterile MDK whilst
being cut to avoid dehydration. Approximately 100 hypocotyledon segments were
placed into 10 ml of MDK in a 50 ml Erlenmeyer flask and placed on an orbital
shaker at 25°C in continuous low density fluorescent light (5pE/m2/s), for a
minimum of 19 days. The culture was then passed through a tea strainer to remove
the hypocotyledons and the 10 ml of suspension culture added to 10 ml of fresh MDK.
The culture was left to grow for approximately 3 weeks, then subcultured, initially
in a

1 :1

ratio, but once the line was established, cells were subcultured as described

in section 2.2.1. Nineteen days were allowed to pass before removal of the
hypocotyledons as messages may be transmitted into the medium that allow the
culture to remain embryogénie. Removal before 19 days could cause nonembryogenic cultures to form. (Personal communication with P. McCabe, UGL).

2.2.3

Isolation

of a Glycerol Utilising

D.

carota

Suspension

Culture.

A method adapted from Chaleff and Parsons (1978), was developed to isolate a
D. carota cell suspension culture line capable of utilising glycerol as the sole source
of carbon.
A wild type suspension culture growing exponentially (9 days old), was
poured through sterile triple folded muslin cloth, washed three times with sterile
ddh2

0

and twice with MDK lacking sucrose. The filtered suspension was then

centrifuged at 1000 x g for 10 min and the supernatant decanted. Small,
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approximately 1 g clumps of cells were placed on solid MDK medium, with 1%
glycerol (v/v), which replaced the 2% sucrose. These cells were incubated at 25°C
in continuous low density fluorescent light (SpE/m^/s).
One callus of the 24 replicates showed growth after 3 months incubation,
from a specific point on the callus. This callus was left a further month, after which
the growth was large enough to be split and transferred to fresh solid glycerol
supplemented MDK (glyol-MDK). After a further two months incubation small
lumps of callus material was transferred to liquid glyol-MDK, and incubated in the
same manner as the wild type line (see section 2.2.1). Cell suspension cultures of
this new glycerol line were established and used in this investigation. (The
assistance of P. McCabe, UCL, must be acknowledged in this procedure).
This line was characterised, and both its integrity and stability were
determined (see chapter 3 for details).

2.2.4 Cell Lines Used.
Five D. carota cell lines were used in this investigation. The majority of
experiments involved the use of the original wild type line (OL), whose history is
described in section 2.2.1. Line One (LI), (a gift from Paul McCabe (UCL)), was
originally isolated in 1979 (Lloyd et al., 1979), and was 15 years old at the time of
use. The New Line (NL) was isolated in 1994 (see section 2.2.2). The Glycerol Line
(GL) and Nitrate Adapted (NA) line were isolated by environmental selection in
199 3.

2.2.5

Transfer

of

Cells.

Cells from the appropriate age were harvested aseptically on a 70 pm metal
sieve or triple folded muslin cloth, washed with sterile ddH2

0

three times and then

once with the re-suspension medium. Cells were then re-suspended in the new
culture medium.

2 .2 .6 Growth of Cells on Modified

Medium.

Cells in all experiments involving changes in the basal medium were
transferred aseptically, as outlined in section 2.2.5, and allowed to go through
several subculturings, where the basal composition of the medium was critical,
before being used for an experiment. Specific changes in the medium are described in
the appropriate chapter.

2 .2 .7 Additions

to

Medium.

Metabolites such as nucleotides, inhibitors and antibiotics were all added to
the medium using the following methodology. Additions were made to cultures at the
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appropriate stage in the growth cycle, and if necessary cells were transferred to a
new medium prior to the addition (section 2.2.5). All additions were filtered
sterilised (0.22 pm pore size GS series membrane filters, Millipore Ltd, Herts,
UK.), before being added to autoclaved medium. All attempts were made to add a
minimum volume so that dilution of the cells was not an influencing factor in the cell
response. Controls consisted of adding sterilised solvent minus the specific
metabolites. Actual additions are described in the appropriate chapter.

2.2.8

Cell

V iab ility

Test.

Cell viability was determined using a fluorescein diacetate assay (Widholm,
1972). A fluorescein diacetate stock solution of 0.1% (w/v) in acetone (stored at
4°C) was diluted 1:50 in MDK. A drop of this solution was added to a drop of cell
suspension culture on a slide and sealed with a cover slip and nail polish. Slides were
incubated in the dark, at room temperature for 2 min, then viewed. All cells were
visible under white light, whereas only viable cells were visible by fluorescence in
UV light. The principle behind this test was that fluorescein diacetate, a non polar
molecule entered live cells where esterases cleaved off the acetate residues leaving
fluorescein, which then accumulated and fluoresced. Only living cells were capable of
cleaving the fluorescein diacetate.

2.3

Seedling
D.

Growth

Conditions.

carota seeds (section 2.2.2), were grown following the suppliers

instructions. Seeds were sown 1.5 cm deep in compost (Levingtons Multipurpose),
and placed in a controlled greenhouse, with a constant temperature of 20°C, 16 hr
daylength, supplemented with an extra

1 0 0

pmoI/m/s light when needed using

daylight bulbs. The soil was kept moist and two weeks after germination the seedlings
were thinned. After a further 2 weeks the plants were harvested and either used
immediately or flash frozen with liquid nitrogen and stored at -70°C.

2.4

Determ ination

of

Fresh

W eight

and

Protein

Extraction.

To determine fresh weight of the cells, suspensions were thoroughly mixed
and a known volume collected aseptically and pipetted onto pre-weighed Whatman
Nol filter paper (4.25 cm diameter) under vacuum, using a vacuum filter flask and
funnel. Cells were washed three times with 20 ml ddh 2

0

, and allowed to dry under

vacuum for a further 30 sec before being weighed. Fresh weight was expressed in
m g/m l.
For protein extraction, cells were collected by vacuum filtration, as
mentioned above, and

1 0 0

mg fwt fractions were ground into a fine powder in a

chilled mortar and pestle using liquid nitrogen, then extracted in
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2

ml of chilled

extraction buffer A (200 mM Tris-HCI, pH 8.0, 0.5 mM phenylmethylsulfonly
fluoride

(pmsf),

1%

polyvinylpyrroiidone-40

(PVP)

(w/v),

15

mM

2-

mercaptoethanoi, 0.5 mM CaCl2 , 1 mM glutathione, 1 mM dithiothreitol and 0.05%
Triton X-100 (v/v)). Cell extracts were centrifuged on a bench top microfuge
(Micro Centaur, Scotlab) at 12,000 x g for 5 min at 4°C. The supernatant was
removed, placed on ice and used for enzyme and soluble protein assays immediately,
or flash frozen in liquid nitrogen and stored at -70°C. If more or less cell material
was collected, buffer A was added pro rata in the ratio of 1:20 (w/v).
Seedling plant tissue was extracted in a modified buffer A solution containing
200

mM

Tris-HCI,

pH

8.0,

0.5

mM

pmsf,

1%

PVP

(w/v),

15

mM

2-

mercaptoethanol, 0.5 mM CaCl2 , 1 mM glutathione, 1 mM dithiothreitol, 0.5%
Triton X-100 (v/v), 1% insoluble PVP (w/v) and 5% acid washed sand (w/v).

2.5
2.5.1

Enzyme Assays.
GDH Assay, R eductive

Am ination.

This activity was determined by measuring the rate of 2-oxoglutarate
dependent

N A D H

oxidation at A3 4 0 , after the method of Robinson (1990). The reaction

mixture contained, in a final volume of 1 ml, 150 pmol
pmol

N A D H ,

N H 4 C I ,

1 p,mol CaCl2 , 0.3

100 pi of suitably diluted extract and 100 pmol Tris buffer, pH 8.2.

The reaction mixture was pre-warmed to 25°C and the reaction initiated by the
addition of 20 pmol 2-oxoglutarate. Reactants were added sequentially, as listed.
Control assays, in which 2-oxoglutarate was replaced with buffer gave rates of
change in absorbency of 1-5% of those achieved in the presence of 2-oxoglutarate
with crude extracts and were taken into account. Purer samples gave negligible
changes in absorbency in the absence of 2 -oxoglutarate.

2.5.2

GDH

Assay,

Oxidative

Deamination.

This activity was determined by measuring the rate of glutamate dependent
NAD+ reduction at A3 4 0 , after the method of Robinson (1990). The reaction mixture
contained in a final volume of 1 ml, 1 pmol CaCl2 , 0.6 pmol NAD+, 100 pi of
suitably diluted extract and 100 pmol AMPSO buffer, pH 9.6. The reaction mixture
was pre-warmed to 25°C and the reaction initiated by the addition of 100 pmol
glutamate. Reactants were added sequentially, as listed. Control assays, in which
glutamate was replaced with buffer were routinely included.

2.5.3

G lutam ine

Synthetase

Assay.

Glutamine synthetase activity was determined using a semi-biosynthetic
assay (Stewart et al., 1988). 100-200 pi of tissue extract was incubated in a final
volume of 1 ml containing 15 pmol ATP, 20 pmol MgS0

37

4

, 5 pmol hydroxylamine-

HCI, 60 fxmol glutamate and 38 p,mol Tris-HCI, pH 7.6. Following incubation at
30°C for 45-60 min the reaction was stopped by the addition of 1 ml ferric chloride
solution; (20 g trichloroacetic acid and 13 g FeClg dissolved in 500 ml

8

% Cone. HCI

(v/v)). Blanks were included, in which Tris-HCI buffer replaced ATP. Tubes were
centrifuged at 12,000 x g for 10 min at 4°C in a bench top microfuge to remove any
precipitate. The supernatant was assayed at Agoo-

2.5.4

A spartate

A m inotransferase

Assay.

Aspartate Aminotransferase (EC 2.6.1.1) was assayed following the method of
Rej and Horder (1983). The enzyme activity was measured by determining the rate
of oxidation of NADH at A3 4 0 . The reaction mixture contained in a final volume of
1.45 ml: 0.21 M L-aspartate in 0.1 M Tris-HCI, pH 7.8, 0.4 mM NADH, 0.4 mM
pyridoxal 5-phosphate, 100-200 pi extract and 5 units of bovine MDH (Sigma).
The reaction was initiated by the addition of 10 mM 2-oxoglutarate. The control
consisted of all of the above minus

2

-oxoglutarate, with the volume being made up

with buffer. The transfer of the amino group from aspartate to 2-oxoglutarate was
linked to the reduction of this product by transamination with malate dehydrogenase
(MDH, EC 1.1.1.37).

2.5.5

G lutam ate

Pyruvate

Transam inase

Assay.

The method for this assay was the same as for aspartate aminotransferase,
(section 2.5.4), with the following substitutions; 0.21 M aspartate was replaced
with 2.5 mM alanine, and 5 units of malate dehydrogenase was replaced by 5 units of
lactate dehydrogenase (Sigma, LDH, EC 1.1.1.27).

2.5.6

Expression

of

Results.

All enzyme activities were expressed in nanokatals/mg protein, where 1 nkat
corresponded to the conversion of

2.6

D eterm ination

of

Total

1

nmole of substrate per second.

Soluble

Protein.

Soluble cell protein was determined by the method of Bradford (1976), using
a Bio-Rad protein assay kit. 1.25 ml of dilute reagent was added to 25 pi protein
extract directly into a cuvette, mixed and then allowed to stand for 5 min before
being assayed at A5 9 5 against a blank containing the dye reagent and the appropriate
buffer. Standard curves were routinely obtained using 0.1-1.2 mg/ml bovine serum
albumin (BSA). Only absorbance values in the range of 0.3-0.9 were acceptable, and
if necessary the sample was diluted or concentrated, as required.
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2.7

Determ ination

of Ammonium

and

Nitrate in Ceiis

and Medium.

Ammonium concentrations in the medium were assayed directly by the
colorimetric method of McCullough (1967), in which 100 \i\ of appropriately
diluted medium was assayed in a total volume of 1.1 ml, with solution A: (5 g phenol
+ 25 mg Na nitroprusside in 500 ml ddH2

0

, stored in the dark at 4°C), and solution

B: (2.5 g NaOH, 5 ml Sodium hypochlorite, (purity 10-14% 01) and 21.3 g
Na 2 HP 0

4

in 500 ml ddH2

0

), in the ratio 1:1. This mixture was incubated at 37°C for

40 min before the absorbance at Ag2 5 was read. Concentrations were determined
against a standard curve prepared from 0.1-2.0 mM NH4 CI in ddH2

0

.

For intracellular ammonium concentration determinations, 200 mg of cells
were extracted in 4 ml HPLC grade methanol. In this case the calibration was
achieved against a standard curve of NH4 CI in methanol.
Nitrate was assayed according to the method of Sloan and Sublett (1966). In
an initial reduction step 250 pi of appropriately diluted medium, or cell suspension
extract in 100% HPLC grade methanol, were added to 2 ml of 0.4 M

N H 3 / N H 4 +

buffer, pH 9.6, to which 1.75 ml 0.1 M MgCl2 and 0.5 g cadmium filings were added.
The reactants were mixed and allowed to stand at room temperature for 30 min, after
which

1

ml

of

1%

sulphonic

acid

(w/v)

and

1

ml

of

0.02%

N-(1-

napthy)ethylenediamine (NEDD) (w/v), were added to 1 ml aliquots of the reduction
mixture and incubated at room temperature for 30 min. The reaction mixture was
then assayed at A5 4 0 . Sodium nitrate (0.1-0.6 pmol) was used to ascertain the
efficiency of the reduction, and sodium nitrite ( 1

0 - 1 0 0

nmol) was used to prepare a

standard curve.

2.8

Determ ination

of

Medium

Sucrose.

Sucrose concentration in the medium was determined using the phenolsulphuric method described by Dubois et al. (1956), using 2 ml of appropriately
diluted medium. Sucrose (0-50 pg/ml) was used as a standard to calibrate the
reagents. Absorbency was read at A4 9 0 .

2.9

Oxygen

Consumption

by Cell Suspension

Cultures.

Measurement of oxygen consumption was carried out using a Clark-type
oxygen electrode (Hansatech Ltd, Norfolk, UK.), based on a design by Delieu and
Walker (1972). The chamber was kept at a constant 25°C, using a water jacket
connected to a pumping water bath. The electrolyte (0.4 M
saturated KOI, and 1.0 M NaHC 0

3

H 3 B O 4

+ 0.4 M KOI,

, pH 9.0, in the ratio 1:2:1 respectively), was used

to allow a current to flow from the silver anode to the platinum cathode. The
electrode assembly was separated from the chamber by an oxygen permeable
polythene membrane and cigarette paper. Calibration was carried out prior to adding
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the cell suspension cultures. Air saturated sterile ddH2

0

at 25°C was added and the

electrode zeroed using a few grains of sodium dithionite, which removed dissolved
oxygen. The difference in voltage was noted and used to determine oxygen consumption
of the suspensions. It was assumed that the experiment was carried out at sea level
for calibration. Two ml of cell suspension culture was introduced to the chamber and
stirred constantly at 500 rpm using a magnetic follower. Oxygen consumption was
followed in real time on a computer display using associated software (Hansatech
Data Recording Software, Version 1/b). At the end of an experimental run the
electrode was routinely checked for residual current, as an indicator of leakage in
the system.

2.10

GDH

P u rification

Protocol.

All purification steps were carried out at 4°C

2.10.1

Crude

Extraction.

Two 2 I Erlenmeyer flasks containing 700 ml of stationary phase cell
cultures (15 day old), were harvested by passing through muslin cloth folded three
times, stretched over a 2 I beaker. The cells were washed with ddh2

0

, then buffer A

(see section 2.4), and pressed to remove as much liquid as possible before weighing.
Approximately 50 g fwt was resuspended in chilled buffer A, in a 1:4 ratio.
The resuspended cells were passed through a chilled french press at 8000
atm (Power Laboratory Press, American Instrument Co, Inc. Silver Spring, MD.
USA.), and the homogenate collected in a beaker on ice. This homogenate

was

centrifuged at 16,000 x g for 60 min (Sorvall, RC-5C Refrigerated Superspeed
Centrifuge, Rotor GSA.) The supernatant obtained was referred to as the crude
supernatant, and was the starting material for purification of the GDH isoenzymes.

2.10.2

Am m onium
Solid (NH4 ) 2 S 0

Sulphate
4

Fractionation.

was slowly added to the crude supernatant fraction to give

30% (w/v) saturation, and allowed to stir slowly for a further 30 min on ice,
before being centrifuged at 16,000 x g for 60 min. The precipitate was discarded and
the supernatant slowly taken from 30% (NH4 )2 S 0
saturation by the addition of solid (NH4 )2 S 0

4

4

saturation to 60% (NH 4 ) 2 S 0

4

, and again allowed to stir slowly for 30

min, before being centrifuged at 16,000 x g for 60 min. The precipitate from this
fractionation was diluted in a minimum volume of buffer B: (0.1 M Tricine, pH 7.5,
15

mM

2-mercaptoethanol,

0.5

mM

CaCl2 , 1 mM glutathione and 1 mM

dithiothreitol). The protein solution was then placed in viscose tubing, with a cut off
between 10-12 kDa, and dialysed against buffer B overnight, with two changes of
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buffer. The dialysate was centrifuged at 24,000 x g for 45 min (Sorvall, rotor 8 8 34) and the precipitate discarded.

2.1 0 .3

Protein

C h ro m atog raphy.

All subsequent chromatography steps were carried out using a Low Pressure
Econo Chromatography System (Bio-rad). All buffers were ultrafiltrated through a
0.45 pm pore size GS filter (Millipore), and degassed prior to use.

2.10.4

DEAE-Sephacel

Anionic

Exchange

Chrom atography.

Following ammonium sulphate fractionation the clear yellow protein solution
was applied to a DEAE-Sephacel (Pharmacia) ionic exchange column (2.6x15 cm;
60 ml/hr), previously equilibrated with buffer B (see section 2.10.2). Unbound
protein was washed off with four column volumes of buffer B, or until the A2 8 0 had
returned to the base line, after which another one column volume of buffer B was
passed through. Bound protein was eluted with a 3.5 column volumes (280 ml)
linear gradient of 0 to 0.4 M NaCI dissolved in buffer B. Four ml fractions were
collected, and assayed for GDH activity. Active fractions were pooled, and
concentrated by ultrafiltration, using an Amicon Diaflo system with a PM-10
membrane (Amicon Ltd, Glos. UK.), under pressure (50 psi nitrogen).

2.10.5

H ydrophob ic

C hrom atography.

After concentrating the protein solution from the pooled ion exchange
fractions, the sample was taken up to 50% (NH4 ) 2 S 0

4

(w/v) saturation, and loaded

onto an w-Aminopentyl-Agarose (Sigma) hydrophobic interaction column (1x15
cm; 30 ml/hr),

previously equilibrated with buffer B (see section 2.10.2),

saturated with 50% (NH 4 ) 2 S 0

4

. Once unbound protein was eluted and the A2 8 0

absorbance line had returned to zero a further two column volumes of buffer were
pass through before bound protein was eluted. This was done by applying a linear
gradient of six column volumes (70 ml) of 50% to 0% (NH4 )2 S 0

4

saturated buffer

B. One ml fractions were collected, and active fractions pooled. These were
concentrated initially using the ultrafiltration unit and then down to 0.5 ml with
Centricon-10 centrifugal microconcentrator tubes (Amicon).

2.10.6

Gel

F iltratio n

C hrom atography.

The concentrated sample was loaded onto a Sephacryl S-400 HR (Pharmacia)
gel filtration column (1.6x95 cm; 30 ml/hr), pre-equilibrated with buffer B (see
section 2.10.2). One ml fractions were collected and assayed for activity. Active
fractions were pooled and ultrafiltrated using Centricon-10 tubes.
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2.10.7

Q -Sepharose

Anionic

Exchange

Chrom atography.

The concentrated protein sample was then applied to a Q-Sepharose (Sigma)
anionic exchange column (2.6x10 cm; 240 ml/hr) equilibrated with buffer B (see
section 2.10.2). Unbound protein was eluted with four column volumes of buffer B.
Bound protein was eluted with an eight column volumes (420 ml) linear gradient of
0 to 0.5 M NaCI dissolved in buffer B. Seven ml fractions were collected and assayed.
Active fractions were pooled, concentrated to 8 ml using the ultrafiltration unit,
then dialysed overnight against buffer B, with two changes of buffer.

2 .1 0 .8

A ffin ity

C h ro m atog raphy.

The dialysate was then loaded onto a Blue Dextran (Sigma) affinity column
(1x6.5 cm; 30 ml/hr) previously equilibrated with buffer B (see section 2.10.2).
Once unbound protein was eluted and a stable A2 8 0 base line achieved, bound protein
was eluted with ten column volumes (50 ml) linear gradient of 0 to 0.5 M NaCI
dissolved in buffer B. Fractions of 0.9 ml were collected and assayed. Active fractions
were pooled, concentrated and desalted using Centricon-10 tubes.
This purified protein sample was stored at -80°C and used for the
characterisation studies.

2.11

Protein

2.11.1

E lectro p h o re sis .

SDS-PAGE.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was

carried out according to the method of Laemmli (1970), using the Bio-rad MiniProtean II Electrophoresis System. Gels were prepared from a stock solution of
29.2% acrylamide (w/v) and 0.8% N,N-bis-methylenebisacrylamide (w/v). The
gels were 1 mm thick and discontinuous, composed of a 5% stacking gel (w/v), 0.5
M Tris-HCI, pH 6.8 and a 10% resolving gel (w/v), 1.0 M Tris-HCI, pH 8.8. The
gels were polymerised chemically by the addition of 0.025% TEMED (v/v) and
0.025% ammonium persulphate (APS) (v/v), from a stock of 10% APS (w/v).
Appropriately diluted samples were mixed 1:1 with loading buffer: (0.5 M Tris pH
6.8,

10% glycerol (v/v), 2% SDS (w/v), 100 mM dithiothreitol and 0.005%

bromophenol blue (w/v)). Samples were heated to 95°C for 5 min and then loaded
onto the gels shortly afterwards. Bio-rad SDS low range molecular weight standards
were used as markers. Gels were generally run for 50 min at 150 V, or until the
bromophenol blue dye front was 5 mm from the bottom of the gel. The running buffer
consisted of 25 mM Tris, 192 mM glycine and 0.1% SDS (w/v), at approximately
pH 8.3.
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2.1 1 .2

N ative-P A G E .
Non-denaturing polyacrylamide gel electrophoresis (Native-PAGE) was

carried out in a similar way to the SDS-PAGE using the discontinuous method of
Davis (1964), but with the exclusion of SDS and with the following changes: Gels
were composed of a 4% stacking gel and either a 5% or 7.5% resolving gel.
Appropriately diluted samples were mixed 1:1 in loading buffer, and stored on ice
until loaded. Gels were generally run for 2 hr with 5% gels or 2.5 hr for 7.5% gels
at 150 V. The loading and running buffers were the same as the SDS-PAGE gels, but
with the exclusion of SDS.

2 .1 1 .3

T w o -D im e n s io n a l

E ie c tro p h o re s is .

The first dimension isoelectric focusing was carried out according to the
method of O’Farrell (1975), using the Bio-rad Protean il Mini Tube Module.
Tube gels were prepared from a stock solution of 23.38% acrylamide (w/v)
and 1.62% N,N-bis-methylenebisacrylamide (w/v). The final concentration in the
tube gels was 4% acrylamide, 9.2 M urea, 2% Triton X-100 (v/v), 2% 5/8
ampholyte (v/v) from a 40% stock (Bio-rad), 0.01% APS (v/v) from a 10%
(w/v) stock and 0.01% TEMED (v/v). The tubes were pre-electrophoresed by
running in degassed catholyte (20 mM NaOH), and degassed anolyte (10 mM H3 PO4 ),
at 200 V for 10 min, 300 V for 15 min and 400 V for 15 min. Both buffers were
replaced with fresh buffers prior to running samples.
Protein samples were mixed 1:1 with first dimension sample buffer: 9.5 M
urea,

2%

Triton

X-100

(v/v),

5%

2-mercaptoethanol

(v/v)

and

2%

5/8

ampholyte (v/v) from a 40% stock (v/v), and incubated at room temperature for
15 min prior to loading 25 jil (approximately 5 pg total protein). The samples were
overlaid with 30 pi overlay buffer: 9 M urea, 1% 5/8 ampholyte and 0.005%
bromophenol blue (w/v). The tubes were then run at 200 V for 10 min, 300 V for
15 min, 400 V for 15 min, 500 V for 10 min and 700 V for 3.5 hr.
The tubes were extruded from their capillary tube casts using pressure from
a 2.5 ml syringe, into equilibration buffer which contained 62.5 mM Tris-HCI, pH
6

.8 , 2.3% SDS (w/v), 5%

2

-mercaptoethanol (v/v), 10% glycerol (v/v) and

0.005% bromophenol blue (w/v). The gels were then treated, following a modified
method from Beis and Lazou (1990), to remove artifactual bands associated with the
presence of

2

-mercaptoethanol, which may have appeared during subsequent silver

staining. The tube gels were removed to sample buffer lacking 2-mercaptoethanol
and containing 50 mM iodacetamide (which binds excess 2-mercaptoethanol), for 5
min and then washed for 3 min in two changes of equilibration buffer lacking both 2mercaptoethanol and iodacetamide. The tube gels were then either run in the second
dimension immediately or frozen and stored at -20°C.
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The second dimension SDS-PAGE was similar to that described for one
dimensional SDS-PAGE (see section 2.11.1). Tube gels were loaded using a
microspatula, avoiding air bubbles being introduced, on top of a narrow (4 mm)
stacking gel containing a single marker well, cast with a 2-D comb.

2 .1 1 .4

P ro tein

E le c tro b lo ttin g .

After protein electrophoresis, gels were placed in transfer buffer: 25 mM
Tris-HCI, pH 8.3, 192 mM glycine and 15% methanol (v/v), for 20 min before
blotting. A Polyvinylidene difluoride (PVDF) Immobilon membrane (Millipore), was
cut into a slightly larger rectangle than the mini gel, wetted in
1-2 sec and then rinsed in ddH2

0

1 0 0

% methanol for

for 5 min to remove the methanol. The membrane

was then equilibrated in transfer buffer for 15 min.
A gel was placed on top of three sheets of filter paper (Whatman 3 MM),
soaked in

transfer buffer, excluding air bubbles. The PVDF membrane was then

placed on top of the gel and itself covered with three sheets of filter paper. This
sandwich was placed in a blotting cassette (Mini Trans-Blot Cell, Bio-rad), and
electroblotted in chilled transfer buffer for 1 hr at 100 V. The membrane was then
either immunostained immediately or air dried and stored overnight at room
temperature, being re-wetted in methanol, prior to staining the following day,

2.12 Gel and PVDF Membrane Staining.
2.12.1

Coom assie

Staining.

SDS-PAGE gels were fixed and stained in 10% acetic acid (v/v), 40%
methanol (v/v) and 0,1% coomassie brilliant blue (w/v) for 30 min. Gels were
destained with 10% acetic acid (v/v) + 40% methanol (v/v).

2.12.2

S ilver

S taining.

SDS-PAGE and 2-D gels were silver stained following a modified method of
Heukeshoven and Dernick (1985). Gels were fixed in 40% ethanol (v/v) + 10%
acetic acid (v/v) for 30 min, then placed in a second fixing solution of 30% ethanol
(v/v),

6

.8 % sodium acetate (w/v), 0.2% sodium thiosulphate (w/v) and 0.5%

glutaraldehyde (v/v) for 30 min. The gels were then washed three times with ddHQO
for 5 min and transferred to the staining solution: 0.1% silver nitrate (w/v) and
0.01% formaldehyde (v/v), added just prior to use, for 40 min. Gels were developed
for approximately 15 min in chilled development solution: 1.2% sodium carbonate
(w/v) and 0.005% formaldehyde (v/v), added just prior to use. Development was
stopped by transferring the gels to a stop solution containing 18% NaEDTA (w/v).

44

2.12.3

Specific

Staining

of GDH.

Isoenzymes of GDH were detected in Native-PAGE gels by tétrazolium staining
(Cammaerts and Jacobs, 1983). The reaction mixture contained in a final volume of
100 ml: 15 mM Tris-HCI, pH 9.6, 1 g L-glutamate, 50 mg NAD+, 25 mg nitroblue
tétrazolium and 2.5 mg phenazine methosulphate. The gels were developed in the dark
at room temperature for 20-30 min. The staining of bands was ascertained to be
substrate dependent by omitting glutamate from a control stained Native-PAGE gel.

2.12.4

Peroxidase

Linked

Im m unodetection.

GDH was immunodetected using the anti-rabbit ExtrAvidin-Peroxidase Kit
(Sigma). The primary antiserum was rabbit anti-GDH raised against GDH isoenzyme
1 from Vitis vinifera (Loulakakis and Roubelakis-Angelakis, 1990b).
Blotted PVDF membranes were blocked for 1 hr at room temperature or
overnight at 4°C in Tris buffer saline: 50 mM Tris-HCI, pH 7.4, 150 mM NaCI
(TBS) + 5% BSA, fraction V (w/v). The PVDF membranes were then washed in TBS
for 5 min and incubated with primary antiserum diluted in TBS +1% BSA (w/v) to
1 in 1000 dilution for 2 hr. Followed by washing three times in wash buffer: TBS,
1% BSA (w/v) and 0.05% Tween 20 (v/v), and then incubated in the biotinylated
anti-rabbit IgG diluted 1 in 1000 with TBS +1% BSA (w/v), for 1 hr. The
membranes were then washed again in wash buffer three times and rinsed in TBS
before incubation for 1 hr in ExtrAvidin peroxidase conjugate diluted 1 in 1000 in
TBS + 1% BSA (w/v). The membranes were then washed and rinsed three times in
TBS, prior to development.
Membranes were developed by incubating in 3-amino-9-ethyl carbazole
(AEC) solution prepared by adding 2.5 ml AEC dissolved in N,N-dimethylformamide,
0.8% (w/v) to 47.5 ml 50 mM sodium acetate, pH 5, with 25 pi H2 O 2 added just
prior to use. After development membranes were washed in ddH2

2.12.5

ECL W estern

Blot

0

and air dried.

Detection.

Enhanced chemiluminescence (ECL), using RPN 2108 ECL Western blotting
analysis system (Amersham International pic, Bucks, UK.) was carried out
according to the manufacture's protocol.
Electroblotted PVDF membranes were treated as with the ExtrAvidinPeroxidase immunostaining procedure up to the point where the secondary antibody
was added (see section 2.12.4). Membranes were then incubated with Horseradish
peroxidase labelled conjugate (Rabbit IgG, Horseradish peroxidase-linked whole
antibody), at a dilution of 1:1000 for 1 hr. The membranes were then washed three
times in TBS + 0.05% v/v Tween-20 for 10 min each, and then once in TBS for 10
min. Detection solutions 1 and 2 were mixed in a ratio of 1:1, to a final volume of

45

0.125 ml/cm^ of membrane. This was added to the membrane, which was placed on
Saran wrap, and incubated at room temperature for 1 min. The detection solution was
then drained and the membrane wrapped in Saran wrap, excluding air bubbles.
Membranes were then immediately exposed to blue light-sensitive autoradiography
film (Hyperfilm, ECL, Amersham) in the dark for 45-60 sec and developed.
Exposure times varied to allow optimum resolution. (James Cope's (UCL), assistance
is acknowledged in this procedure).
All Gels were either photographed immediately or stored in 10% glycerol
(v/v) at 4°C. PVDF membranes were air dried and stored in the dark until
photographed.

2.13 Scanning of Gels and Photographs.
Both polyacrylamide gels and photographs were scanned using a laser
densitometer, (UltroScan XL, Laser Densitometer, LKB, Bromma, Sweden). The
methodology in the instruction manual (Version 2), was followed. The light source
was from a helium-neon laser at a wavelength of 633 nm, with a rectangular, 50
pm

X

800 pm beam.

2.14

DARI

Staining.

Suspension culture cells (approximately 50 mg) were centrifuged at 1000 x
g for 2 min, washed in 1 ml 100 mM PIPES, pH 6.9, 1 mM EGTA, 1 mM MgS0

4

(PEM) and resuspended in 100 pi PEM. The suspension was then applied to a slide
and

dried

with

a

hairdryer.

10

pi

of

4',6-Diam idino-2-phenylindole

(DAPI)Zantifade stock: (1 mg/ml DAPI (Sigma) in ddH2

0

mixed with 10 mg/ml

antifade (Sigma) in PBS, pH 8.2, in a ratio 1:99, was thawed and mixed with 90 pi
elvanol: 1 g gelvatol (Aldrich) dissolved in 4 ml PBS with heat, plus 50% glycerol
(v/v), avoiding air bubble formation.

1 0

pi of this solution was added to the slide,

on to which a cover slip was placed and sealed with nail polish. Cells were viewed
immediately with a fluorescence microscope, using a UV filter. (James Cope's
(UCL), assistance is acknowledged in this procedure).

2.15
2.15.1

Enzym e

C h aracteris atio n .

Im m u n o titra tio n

Curve.

Purified GDH was incubated at 4°C, overnight with decreasing concentrations
of antiserum raised against Vitis vinifera GDH. The samples were then centrifuged in
a bench top microfuge at 12,000 x g for 5 min, and then assayed for GDH activity
(see section 2.5.1). The control samples were similarly diluted, but antiserum was
replaced with pre-immune rabbit serum.
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2.1 5 .2

M olecular

W eight

D eterm ination s.

GDH subunit and native molecular weights were determined using purified
enzyme preparations.
Subunit molecular masses were determined by SDS-PAGE. A plot of relative
mobility versus molecular mass was constructed with the following protein
standards: 97.4 kDa rabbit muscle phosphorylase B, 58.1 kDa catalase, 39.8 kDa
alcohol dehydrogenase, 29 kDa bovine carbonic anhydrase, 20.1 kDa soybean trypsin
inhibitor and 14.3 kDa hen egg white lysozyme.
The native GDH protein molecular weight was estimated by gel filtration
chromatography. A Sephacryl S-400 HR (Pharmacia) gel filtration column (1.6x95
cm;

6 6

system

ml/hr) was connected to a fast protein liquid chromatography (FPLC)
(Pharmacia), and calibrated with: 669 kDa thyroglobulin, 443 kDa

apoferritin, 200 kDa (3-amylase, 150 kDa alcohol dehydrogenase,

6 6

kDa albumin

and 29 kDa carbonic anhydrase, (Sigma kit MW-GF-1000). Blue dextran was used
to determine the void volume of the column. A plot of relative void volume/elution
volume versus molecular weight was constructed. (Chris Taylorson's (UCL),
assistance is acknowledged in using the FPLC).

2.15.3

Km

D eterm in atio n .

For the

determinations the concentration of one substrate was varied,

while the other components of the assay were maintained near saturation. Purified
GDH samples were used, and the change in absorbance at A3 4 0 was recorded. Reaction
velocities were plotted on double reciprocal plots, and

values were determined by

linear regression.

2.15.4

pH

Optim um .

The pH optimum of carrot GDH was determined in assay buffers that ranged
from pH 5.5 to 10.5, using purified GDH samples (see chapter

2.15.5

Tem perature

Profile

and

Heat

6

for details).

S tability.

The temperature profile for purified GDH activity was obtained following the
drop in absorbance at A3 4 0 in a Cecil CE 1020 Series spectrophotometer, connected
to a pumping water bath. Samples were incubated at the required temperature for 4
min prior to the addition of pre-heated

2.15.6

Effect

of

Divalent

2

-oxoglutarate which initiated the reaction.

Cations.

GDH activity was measured using a variety of divalent cations as cofactors at
various concentrations (see chapter

6

for details). The purified protein sample was

dialysed overnight in modified buffer B (see section 2.10.2), without CaCl2 present
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to

remove

any

interference

from

cations

already

in

the

buffer.

The

spectrophotometer was zeroed for each of the divalent cations at the various
concentrations using a blank omitting

2

-oxoglutarate and the volume made up with

buffer.

2.15.7

Am ino

Term inal

Sequencing.

Purified GDH was run on an SDS-PAGE gel (see section 2.11.1), and the
protein band electroblotted onto a PVDF membrane (see section 2.11.4). The
membrane was then stained using amido black, and the stained band cut out. This was
sent for N-terminal amino acid sequence analysis by automated Edman degradation
(Celltech Therapeutic pic.).

2.15.8

Isoelectric

Point

Determ ination

of

GDH.

The Rotofor System (Bio-rad), was used to determine the isoelectric point
(Pi) of GDH. The procedure followed was as stated in the instruction manual.
The sample loaded was crude extract from 14 day old cells concentrated using
0-60% (NH 4 ) 2 S 0

4

precipitation, and resuspended in a modified buffer B; (10 mM

Tricine, pH 7.5, 15 mM 2-mercaptoethanol, 0.5 mM CaCl2 , 1 mM glutathione and 1
mM dithiothreitol). This was desalted overnight prior to loading onto the Rotofor. A
40% broad range 3-10 ampholyte (v/v) (Bio-rad), at a final concentration of 4%
(v/v) was used to establish the pH gradient, increasing in pH from anode to cathode.
Isoelectric focusing was carried out in free solution, allowing 20 fractions to be
collected and assayed for GDH activity. Active fractions were pooled and re-focused a
second time to obtain sharper P; values. No additional ampholytes were added for the
second run. The whole procedure was carried out at 4°C using a water recirculation
chiller.
GDH activity was expressed as total activity (nkat/fraction), as accurate
protein measurements were not possible due to the presence of the ampholytes.

2.16

M is c e lla n e o u s .
Cell suspension cultures were routinely checked for fungal contamination

using an Olympus OK 2 microscope. Fluorescence in cells was observed using an
Olympus Phase Contrast UL WCD microscope with a UV filter. Callus clumps were
observed with a Bifocal Olympus SZ 40 microscope. All microscopes had an
attachment for mounting an Olympus SLR camera.
All spectrophotometric assays were carried out using a Phillips PU8700
Series UV/Vis Spectrophotometer, except for the temperature profile experiment
(see section 2.15.5).
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In spectrophotometric assays,

samples were

routinely assayed

for

proportionality and linearity. For some assays, "spiked" samples were included with
a known quantity of reactant to ensure calibration.
Double distilled water (ddH2 0 ) was used throughout this investigation.
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Chapter 3
The

Effect

of

Carbon

Activity in Daucus
3.1

G eneral

Source

and

Nucleotides

carota Ceii Suspension

on

GDH

Cuitures.

In tro d u ctio n .

Carbohydrate starvation can induce changes in metabolism, which could lead
to novel metabolic routes being activated in plants (Postius et al., 1976). It has been
shown that carbohydrates, especially simple sugars exert a regulatory effect on GDH.
During periods of carbon limitation GDH levels rise, and the effect can be reversed
by the addition of sugars (Oaks at al., 1980; Sahulka and Lisa, 1980; Tassi et a!.,
1992).
Nauen and Hartmann (1980), showed that detached PIsum sativum shoots
suspended in water exhibited an eight fold increase in GDH activity. This increase
was suppressed by the addition of various types of sugars, relative to a control of
shoots in tap water. Adding 5% (w/v) glucose, saccharose or mannitol, resulted in a
decrease in GDH activity. Of the three, glucose caused the greatest decrease in
activity. Mannitol caused the smallest decrease, which was about half way between
repressed and non-repressed levels. The addition of 10 mM glutamine, glutamate,
pyruvate or

2

-oxoglutarate as carbon sources appeared to have no effect on the

activity of GDH, as an increase in activity was still seen, similar to the carbon free
control. Gerbera jamesonii callus cultures plated on to carbon free medium caused a
switch from anabolism to catabolism, suggested by the increase in proteolytic
activity and the fall in protein and carbohydrate levels. There was a corresponding
rise in GDH activity, which seemed to be correlated, suggesting GDH has a role in
catabolism (Tassi et a!., 1992). In excised root of Pennisetum americanum grown in
the dark, the supply of sugar has been shown to restore protein synthesis to non
stressed levels seen in control roots kept in the light (Baysdorfer and VanDerWoude,
1988). It has also been shown in Chlorella sorokiniana that a NADP+ specific GDH is
inhibited by glucose and acetate in the light (Prunkard eta!., 1986b).
The aims addressed in this chapter were: 1. The general characterisation of
the original line (OL) suspension culture, with respect to sucrose availability
through one growth cycle. 2. The relationship of sucrose and its derivatives on GDH
activity. 3. The effect of a non-fermentable carbon (glycerol) source on GDH activity
using a variant glycerol-utilising culture line (GL). 4. The effect of some
tricarboxylic acid intermediates as the sole carbon source on culture growth and GDH
activity. 5. The effect of various nucleotides on GDH activity in both repressed and
de-repressed cell suspension cultures.

50

3.2

M aterials

and

Methods.

Stock solutions of pyruvate, 2-oxoglutarate, succinate and malate were
adjusted to pH 5.7, and filter sterilised. Once added to either sucrose supplemented,
or sucrose stressed five day old cell suspension cultures (assuming the culture
volume was 74 ml), the final concentrations were either 1 mM, 10 mM or 20 mM.
Following the additions 2 ml aliquots of thoroughly mixed cell suspensions were
aseptically harvested daily, for three days, and assayed for total protein and GDH
activity.
Stock solutions of NAD+, NADH, NADP+ and NADPH were adjusted to pH 5.7,
and filter sterilised. Once added to the sucrose starved or sucrose supplemented cell
suspension cultures

(assuming the culture volume was 74 ml), the final

concentration of all the adenine nucleotides was 1 mM. Two ml aliquots of thoroughly
mixed cell suspensions were aseptically harvested daily following the additions, and
assayed for total protein and GDH activity.
The addition of the adenosine nucleotide stock solutions was as described above
for the adenine nucleotides, but the final concentration of ATP, AMP and cAMP was
0.2 mM, and 0.4 mM for ADP. Cell suspensions were similarly harvested daily and
assayed for protein and GDH activity.
Control cell suspension cultures for all the treatments were cell suspension
cultures with only filter sterilised ddH2

3.3
3.3.1

0

added, to make up the volume.

R esults.
General

Characteristics

of the

OL

Suspension

Culture.

Figure 3.1 shows the growth curve when stationary phase cell suspension
cultures were transferred to fresh 2% sucrose (w:v) supplemented MDK medium, at
a dilution of

1

volume stationary cell suspension into

1 0

volumes of fresh medium.

There was an initial period of conditioning (lag phase) for 2 days, where fresh
weight remained at approximately 12.5 mg/ml, prior to exponential growth, which
lasted approximately 9 days. After 11 days the cells ceased growing, presumably
because the medium had become limiting in an essential nutrient(s), and then
entered the stationary phase. The fresh weight of the cultures by the end of the
growth cycle was 104 mg/ml.
Total soluble protein was measured over one growth cycle (Fig 3.2). There
was a rapid increase over the first 5 days, following inoculation, showing a 2 fold
increase, and a high of 17.6 mg/g fwt on the fifth day of the growth cycle. Total
protein then gradually fell over the remaining 9 days, to a low of 11.8 mg/g fwt, on
day 14 of the growth cycle.
Sucrose was depleted at a constant rate over the first 11 days of the growth
cycle (Fig 3.3). From an initial medium sucrose concentration of 60 mM, it was
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F ig u re 3 .1 . Growth curve of the Original Line Daucus carota cell suspension culture. Cells
w ere harvested every 24 hours for 18 days, and vacuum dried prior to recording the
change in fresh weight per ml ( -------#
). Error bars represent SE (n=3).
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over one growth cycle. Cells w ere harvested every 24 hours for 18 days, and total soluble
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#

). Error bars represent

undetectable by day

1 2

.

Total GDH activity during one growth cycle remained relatively constant (Fig
3.4), between 140-150 nkat/g fwt, when compared to the specific GDH activity
(Fig 3.5). Specific GDH activity was seen to drop sharply within 5 days of transfer
to sucrose rich medium, levelling off at a basal specific activity of approximately 7
nkat/mg. By day 10 in the growth cycle the specific activity began to rise, and was
14 nkat/mg on day 14 of the growth cycle.

3.3.2

Effect of Induced Carbon Stress on GDH Activity.
The effect of induced sucrose starvation was investigated by transferring cell

suspensions cultures to fresh MDK medium, with and without 2% sucrose (w/v).
The results (Fig 3.6), showed that GDH activity could be induced by removal of
sucrose from the medium, but cells either left in the original 5 day old culture
medium or transferred to fresh sucrose supplemented MDK exhibited only small
changes in GDH activity. Transfer of 5 day old cultures to fresh sucrose
supplemented medium caused the specific GDH activity to be 14% lower, whilst
transfer to sucrose limiting medium caused an increase of 45%, both relative to the
untreated control cultures specific GDH activity, after 3 days. Table 3.1 shows the
changes in fresh weight of the cell suspension cultures (mg/ml), under these
regimes. Cultures transferred to fresh sucrose supplemented medium showed a small
decline in the growth rate, which after 3 days was 7% less than the untreated control
cells. Sucrose starved cells during the same period also continued to grow, but at a
slower rate, and had 35% less biomass/ml, compared to the control cultures after 3
days.

Fresh W eight at Different Intervals after Transfer
(fw t

m g/m l)

Condition

Day 0

Day 1

Day 2

Day 3

C ontrol
Fresh M edium

3 1 .1

4 2 .3

5 1 .0

5 9 .0

3 0 .7

4 0 .2

4 7 .4

5 5 .0

3 1 .4

3 5 .1

3 7 .2

3 8 .2

+ Sucrose
Fresh Medium
- Sucrose

T a b le 3 .1 . C hange in fresh weight (mg/ml) of cell suspension cultures of Daucus carota
over a three day period of exponential growth, under different sucrose regim es. Five day
old cells w ere transferred to fresh medium supplem ented with 2% sucrose or transferred
to sucrose free m edium . The control cell suspension cultures w ere left in the original
sucrose supplem ented medium. Standard error is omitted, but the results represent the
mean of three replicate experiments.

The re-introduction of 2% sucrose back to carbon stressed cell suspension
cultures was investigated, in relation to specific GDH activity (Fig 3.7). D. carota
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cell suspension cultures were transferred to sucrose free medium ( ------ □------). After 3
days cells where re-introduced to 2% sucrose supplemented medium (-— —o
). Both cells
left in medium without sucrose and cells bathed in the original sucrose supplemented
medium throughout the experim ent(
#------), acted as controls. Cells were harvested
daily to assay for GD H activity. The arrow indicates the time of transfer of carbon
stressed cells back to 2% sucrose supplemented medium. Error bars represent SE (n=3).
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cell suspension cultures were transferred to sucrose free medium and left for three
days, after which cells were transferred back to 2% sucrose supplemented MDK
medium. The results showed that transferring cell suspension cultures to a sucrose
free medium de-repressed GDH, which could be repressed with the addition of 2%
sucrose. Within one day of transferring cell suspension cultures back to sucrose
supplemented medium, the specific activity of GDH had dropped, and after two days
was back to repressed levels of

8

nkat/mg. These cell suspension cultures there after

repressed GDH activity for the duration of the experiment, with a basal level of
approximately 7.5 nkat/mg. Cell suspension cultures transferred to sucrose free
medium de-repressed GDH activity, which rose to a high of 16 nkat/mg five days
after transfer. The activity then sharply dropped over the next two days, which was
correlated with the cultures showing severe necrosis, with all cells dead eight days
after transfer.

3.3.3

Effect on GDH
Figure

Activity

Under Different

Carbon

Regimes.

3.8 shows the specific activity of GDH in cell suspension cultures

grown in either sucrose, fructose or glucose during one growth cycle. The specific
activity in all three lines was indistinguishable, and activity values obtained were
similar to those seen in Figure 3.5. GDH activity was de-repressed at similar stages
in the growth cycles, at around day

8

. This corresponded with sucrose becoming

limiting in the sucrose line (see section 3.3,1). As all the cultures entered the
stationary phase at approximately day

1 1

(results not shown), it suggested that the

carbon sources had been depleted and growth was thus retarded.

3.3.4

C haracterisation

of

the

Giycerol

U tilising

D.

carota

S u sp en sio n

Culture.
Of the 24 replicate callus cultures incubated on solid MDK medium,
supplemented with 1% (v:v) glycerol (see section 2.2,3), only one showed any signs
of growth (Fig 3.9). This callus was the starting material of all the adapted glycerol
line (GL) culture studies.
The ability for callus cultures of D. carota to utilise glycerol was investigated
to establish its integrity and stability. Small calli clumps, approximately 1g fwt,
originating from either the original line (OL), or the GL were placed on to solid MDK
medium, supplemented with either 2% sucrose or 1.5% glycerol. The results (Fig
3.10), showed that although the glycerol adapted callus was able to utilise sucrose as
a carbon source, the OL callus were not able to utilise glycerol as a carbon source,
and died. As control calli from both lines transferred to solid medium without a
carbon source also died, the possibility that growth was actually due to utilisation of
something in the agar apart from the supplemented carbon source, was eliminated.
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3 .8 . The effect of varing carbon source on glutamate dehydrogenase activity in

Daucus carota cell suspension cultures. Cultures were adapted to grow on different carbon
sources, and GDH specific activity measured through one growth cycle, every 24 hours.
The controls were cell suspension cultures grown on 2% sucrose (
e
). The other
two carbon sources tested were glucose ( ------- o
), and fructose (
m----- ). Error bars
are omitted for clarity, but all point represent the mean of three replicate experiments.
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F ig u re 3.9. Callus culture of Daucus carota grown on solid medium, supplemented with
1.5% (v;v) glycerol as the carbon source. (A ), shows a small callus clump, which produced
no growth on the medium after 3 months. (B ), shows a similar callus clump, but with
another callus growing from the main body. This new growth was the starting material for
the isolation of a glycerol utilising cell suspension culture.
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Figure 3.10. The effect of transferring glycerol adapted Daucus carota callus cultures to
solid medium supplemented with either 1.5% glycerol or 2% sucrose. Column (A ) shows
calli morphology immediately after transfer to fresh media. Column (B ) shows the same
calli after two months incubation. Row (1 ) shows glycerol adapted callus transferred to
fresh glycerol supplemented medium. Row (2) shows glycerol adapted callus transferred to
sucrose supplem ented medium. Row (3 ) shows wild type callus transferred to fresh
sucrose supplem ented medium. Row (4) shows wild type callus transferred to glycerol
supplemented medium. Row (5) shows glycerol adapted callus transferred to medium
without a carbon source. Row (6) shows wild typecallus transferred to medium without a
carbon source. The bar (|------------- 1) scale was 1 cm.

6 1

Transfer of the GL callus back to glycerol from sucrose supplemented medium was
not deleterious, and the callus grew normally. The morphology of the GL and OL calli
were indistinguishable, as were the cells in suspension cultures (Fig 3.11).
However the GL was more friable, and settlement of the cell suspension cultures took
on average four times longer, compared to the OL cell suspension cultures.
Figure 3.12 shows the growth curve for stationary phase GL cell suspension
cultures transferred to fresh 1.5% glycerol (v:v) supplemented MDK medium at a
dilution of 2 volumes stationary phase cell suspension culture into 10 volumes of
fresh medium. The growth curve was similar to the OL cell suspension culture
growth curve (see Figure 3.1), but the cultures were slower growing, and took 29
days to reach the stationary phase (approximately 75 mg/ml fwt), compared to 14
days (approximately 100 mg/ml fwt), for the OL. There was an initial period of
conditioning (lag phase), for about 4 days prior to exponential growth, which lasted
approximately 24 days. After 29 days the cultures ceased growing, presumably
because the medium had become limiting in an essential nutrient(s), and then
entered the stationary phase. Cells were re-inoculated after 32 days into fresh
glycerol supplemented MDK medium. The onset of necrosis was rapid once the cells
had reached the stationary phase, and all cells were dead 38 days after inoculation.
The specific activity of GDH during one growth cycle of the GL cell suspension
culture is shown in Figure 3.13. Activity fell to a basal level of approximately 8
nkat/mg 8-9 days after inoculation. Specific activity remained at this level until day
24, and then began to rise to a high of 14 nkat/mg, on day 32.

3.3.5

GDH
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To determine if the rate of GDH activity in the GL could be altered by sudden
changes in the carbon availability, 16 day old cell suspension cultures were
transferred to 2% sucrose supplemented medium and to medium without a carbon
source. The results (Fig 3.14), showed that GDH activity in the GL was affected by
carbon availability. Cells transferred to sucrose showed a decline in GDH activity
within 24 hours, and continued to decline for the duration of the experiment to a low
of 6.5 nkat/mg, which was similar to the basal GDH activity seen in the OL cultures
grown on sucrose (see Figure 3.5). Cells transferred to medium without a carbon
source also showed a response within 24 hours, with GDH activity rising sharply, to
reach a maximum of 12.1 nkat/mg, 3 days after transfer. Cells left in glycerol for
the duration of the experiment showed very little change in GDH activity, which
remained at approximately 8 nkat/mg.
Changes in fresh weight were also noted, and are summarised in Table 3.2.
Cells transferred to medium without a carbon source continued to grow for the
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F ig u re 3.11 . Comparison of morphological characteristics of three Daucus carota cell
suspension culture lines. Column (A ) illustrates suspension cells seen under white light,
with an orange filter. Column (B ) represents the same cells seen with the addition of a U.V.
source. Viable cells are seen to fluoresce green, and dead cells do not fluoresce. Row 1
shows glycerol adapted cell suspension culture. Row 2 shows wild type cell suspension
culture. Row 3 shows a comparatively young cell suspension culture, from a newly isolated
line. The scale is not shown, but cells were typically between 10^im-20nm wide and 20nm40^im long.
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3 .1 3 . G lutam ate dehydrogenase specific activity during one growth cycle of the

Glycerol Line Daucus carota cell suspension culture. Cells w ere harvested every 48 hours
for 32 days and assayed for both G D H activity and total protein to give the specific activity
nkat/m g ( --------# — ). Error bars represent SE (n=3).

64

13
12

11

II
10) 1^

10
9

Q.

œ
8
7

6
0

24

48

72

96

Time
(hr)
F ig u re 3 .1 4 . The effect of carbon stress on glutamate dehydrogenase activity in Glycerol
Line Daucus carota cell suspension culture. Sixteen day old suspension cultures were either
transferred to 2% sucrose supplemented medium (
o
), transferred to carbon free
medium (
o
), or left in partially glycerol depleted m e d iu m (
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harvested every 24 hours and assayed for GDH activity and soluble protein. Results are
expressed as nkat/mg specific activity of GDH. Error bars represent SE (n=3).

65

duration of the experiment, but had 10% less biomass/ml, relative to the control
cell suspension cultures supplemented with glycerol. A cell viability test showed that
a large proportion of cells within the carbon stressed population were dead after five
days (results not shown). Cells transferred to sucrose adapted quickly to the new
environment, and their growth rate exceeded the GL cell suspension cultures left in
glycerol medium. Fresh weight (mg/ml) was 15% higher, compared to the control
cell suspension cultures supplemented with glycerol.
i
Fresh W eight at Different Intervals after Transfer
(fw t
Condition
C ontrol
Medium
+ Sucrose
Medium
- Glycerol
T a b le

m g/m l)

Day 2

Day 3

Day 4

4 1 .4

4 4 .3

4 7 .2

5 0 .1

3 9 .3

4 6 .7

4 9 .1

5 7 .6

4 2 .6

4 3 .9

4 4 .7

4 5 .1

Day 0

Day 1

3 7 .6
3 6 .6
3 7 .4

3 .2 . C han g e in fresh weight (m g/m l) of Glycerol Line cell suspension cultures of

Daucus carota over a four day period of exponentially growing 16 day old cells under
different carbon regim es. Cells w ere transferred to 2% sucrose supplem ented medium or
transfer to fresh m edium without a carbon source. T h e controls w ere cell suspension
cultures left in the original glycerol supplem ented medium. Standard error is omitted, but
results represent the mean of three replicate experim ents.

3.3.6 The

Effect of Carbon

Interm ediates on GDH

Activity.

Table 3.3 shows the effect of the carbon metabolism intermediates, as both
the sole carbon source, or carbon source supplementing sucrose, on GDH activity in
D. carota cell suspension cultures.
The addition of 2-oxoglutarate at a concentration range between 1-20 mM, to
both repressed and de-repressed cultures caused no change in GDH activity, relative
to the two respective controls. In the sucrose supplemented cultures GDH activity
continued to decline to a basal level of approximately 6.6 nkat/mg, in both the
control and 2-oxoglutarate supplemented cultures. In sucrose starved cultures GDH
activity was de-repressed, and rose to approximately 11.4 nkat/mg, in both the
control and 2-oxoglutarate supplemented cultures, after 3 days.
Similar results to the ones obtained with the addition of 2-oxoglutarate to
repressed and de-repressed cell suspension cultures were obtained with the addition
of pyruvate, succinate, or malate, all at a concentration range of 1-20 mM. The
addition of the intermediates showed no difference from the control cell suspension
cultures GDH activity, throughout the experiment.
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Day after Transfer and Addition
G D H Activity (nkat/m g)
Condition

Day 1

Day 2

Day 3

+Sucrose Control

7 .3 3 ± 0 .5 6

7 .1 2 ± 0 .3 4

6 .7 5 ± 0 .4 8

+ 1 mM Pyruvate

7 .0 9 ± 0 .2 3

6 .8 7 ± 0 .1 4

7.01 ± 0 .2 6

+ 10 mM Pyruvate

7 .12 ± 0.41

7 .3 4 ± 0 .4 7

7.11 ± 0 .1 0

+ 20 mM Pyruvate

7 .3 3 ± 0.32

6 .9 8 ± 0.61

6 .6 9 ± 0 .2 7

+ 1 mM 2-Oxogiutarate

6 .8 7 ± 0 .2 7

7 .0 3 ± 0 .3 3

6 .5 6 ± 0 .3 3

4- 10 mM 2-Oxoglutarate

7 .2 7 ± 0.11

7 .1 9 ± 0 .1 7

6 .6 3 ± 0 .1 7

+ 20 mM 2-Oxoglutarate

6 .99 ± 0 .1 9

7 .0 6 ± 0.11

6 .8 7 ± 0.21

+ 1 mM Succinate

7.41 ± 0.2 4

7 .2 3 ± 0 .2 3

7 .1 2 ± 0 .2 2

+ 10 mM Succinate

7 .3 0 ± 0.21

6 .8 9 ± 0 .4 7

6 .8 9 ± 0 .0 9

+ 20 mM Succinate

7 .2 9 ± 0 .1 7

7 .1 2 ± 0 .2 7

7 .0 5 ± 0.11

+ 1 mM Malate

6 .89 ± 0 .0 9

7 .2 9 ± 0 .1 6

7 .0 7 ± 0 .2 4

+ 10 mM Malate

7 .0 4 ± 0 .1 9

7 .0 2 ± 0.31

6 .3 4 ± 0 .1 7

+ 20 mM Malate

7 .40 ± 0.2 7

7.21 ± 0 .4 2

6 .8 3 ± 0 .3 3

- Sucrose Control

8.28 ± 0 .1 0

9 .4 5 ± 0 .3 2

11.34 ± 0 .2 0

+ 1 mM Pyruvate

8 .0 3 ± 0 .5 4

9 .0 3 ± 0.21

1 1.03 ± 0 .2 3

+ 10 mM Pyruvate

8.31 ± 0 .3 7

9 .3 2 ± 0 .4 0

1 0.93 ± 0 .0 8

+ 20 mM Pyruvate

8.27 ± 0 .1 7

9 .5 6 ± 0 .2 3

11.56 ± 0.31

+ 1 mM 2-Oxoglutarate

7.89 ± 0 .2 3

9 .4 7 ± 0 .1 9

11.46 ± 0 .1 8

+ 10 mM 2-Oxoglutarate

8.13 ± 0 .4 4

9 .1 3 ± 0 .3 4

11.28 ± 0 .1 3

+ 20 mM 2-Oxoglutarate

8.21 ± 0 .2 7

9 .2 7 ± 0 .1 0

11.32 ± 0 .3 3

+ 1 mM Succinate

8.11 ± 0 .13

9.61 ± 0.31

11.61 ± 0 .1 7

+ 10 mM Succinate

8.28 ± 0 .19

9 .3 6 ± 0 .2 5

1 1.57 ± 0 .2 7

+ 20 mM Succinate

8 .13 ± 0 .08

9 .1 9 ± 0 .2 6

1 1.27 ± 0 .3 3

+ 1 mM Malate

7.9 7 ± 0 .35

9.51 ± 0 .3 3

11.45 ± 0.21

+ 10 mM Malate

8 .30 ± 0 .2 3

9 .3 4 ± 0 .0 7

11.29 ± 0.11

+ 20 mM Malate

8 .18 ± 0 .4 7

9.21 ± 0 .1 9

1 1.37 ± 0 .2 5

Table 3.3. Comparison of GDH activity after the addition of carbon metabolism
intermediates to carbon stressed (-sucrose) and non-stressed (+sucrose) 5 day old Daucus
carota ceil suspension cuitures. The first half of the table shows the effect of the
intermediates added to the cultures in the presence of sucrose, and the second half of the
table shows the effect of the intermediates added to the cultures in the absence of sucrose.
Cells were harvested every 24 hours after the addition of the intermediates. The results
represent the mean ± SE of three replicate experiments.
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3.3.7 The Effect of Adenine Nucleotides on GDH Activity.
Table 3.4 shows the effect of adenine nucleotides on GDH activity in sucrose
supplemented, or sucrose starved D. carota cell suspension cultures. The addition of
1 mM NAD+ to sucrose starved cultures neither enhanced the de-repression, or
repression of GDH activity, compared to the control values obtained from cell
suspension cultures with no adenine nucleotides added. Three days after the addition
of NAD+ GDH activity was 11.3 ± 0.3 nkat/mg, which was similar to the control
(10.9 ± 0.2 nkat/mg). Similarly, the addition of 1 mM NADH, NADP+, or NADPH
caused no change in GDH activity, relative to the control values obtained.
The addition of 1 mM NAD+ to sucrose supplemented cultures did not cause
either an increase or decrease in GDH activity, which was very different from the
control. After 3 days GDH activity was approximately 7 nkat/mg, in both treated and
control cell suspension cultures. Similarly, the addition of 1 mM NADH, NADP+, or
NADPH caused no change in GDH activity relative to the control. It was not thought
that the presence of sucrose masked any response from the cultures, as the absence
of sucrose also showed the nucleotides had no effect.

Day after Transfer and Addition
G D H Activity (nkat/m g)
Condition

Day 1

Day 2

Day 3

Control +Sucrose

6 .9 3 ± 0 .3 7

7.11 ± 0 .19

7 .0 4 ± 0 .5 4

Sucrose + NAD+

7 .1 5 ± 0 .25

6 .8 4 ± 0 .35

6 .9 3 ± 0 .2 7

Sucrose + NADH

6 .8 6 ± 0 .20

7 .2 2 ± 0 .2 6

6 .7 3 ± 0 .4 0

Sucrose + NADP+

7 .0 7 ± 0.31

7.31 ± 0 .5 5

7.11 ± 0.21

Sucrose + NADPH

7 .2 7 ± 0 .2 8

7 .0 6 ± 0 .32

6.81 ± 0 .4 7

Control -Sucrose

7 .9 8 ± 0 .5 7

9 .1 4 ± 0.11

10.91 ± 0 .1 9

-Sucrose + NAD+

8 .1 2 ± 0 .34

9 .3 5 ± 0 .4 0

1 1 .2 7 ± 0 .2 6

-Sucrose + NADH

8 .2 3 ± 0 .4 7

9 .2 7 ± 0 .2 6

1 1 .4 3 ± 0 .1 9

-Sucrose + NADP+

8.31 ± 0 .3 3

9 .0 6 ± 0 .3 7

1 0 .8 7 ± 0 .3 5

-Sucrose + NADPH

8.01 ± 0 .1 9

9.41 ± 0.61

1 1.25 ± 0 .5 7

T a b le 3 .4 . T he effect on glutamate dehydrogenase activity following the addition of 1 mM
adenine nucleotides to 5 day old Daucus carota cell suspension cultures either sucrose
supplem ented or sucrose starved. The results represent the mean ± SE of three replicate
e xp erim e n ts .

3.3.8 The Effect of Adenosine Nucleotides on GDH Activity.
The results in Figure 3.15 show that some of the adenosine nucleotides were
able to de-repress GDH activity in sucrose supplemented cultures. After six days the
addition of cAMP caused GDH activity to be 61% higher than the activity in the

68

control cell suspension cultures, at the same time. Similarly, the addition of AMP
and ADP caused GDH activity to be 33% and 7% higher respectively, relative to GDH
activity in control cell suspension cultures. The addition of ATP caused a small
decrease in GDH activity, relative to the control.
The results for the addition of the adenosine nucleotides to sucrose starved
cell suspension cultures are shown in Figure 3.16. The addition of cAMP caused an
13.7% increase in GDH activity, relative to the de-repressed control value of 14.6
nkat/mg, after 6 days. The level of GDH activity for the first five days following the
addition of cAMP was similar to that seen in the control cultures. The addition of the
three other adenosine nucleotides AMP, ADP and ATP did not cause a detectable change
in GDH activity, which was different from the control. The de-repression normally
seen with induced carbon stress (see section 3.3.2), may have masked any small
effect on GDH activity caused by the addition of AMP, ADP, or ATP.

3.4

D iscu ssion.

3.4.1 The Effect of Sucrose and its Constituents on GDH Activity.
An explanation for the initial increase in total protein during the first 5 days
of the growth cycle of D. carota cell suspension cultures (Fig 3.2), followed by a
gradual decline was that during the early part of the growth cycle the cell suspension
cultures was made up of small rapidly dividing cells, thus the ratio of total protein to
cell volume would be high. During the exponential growth phase the cells would not
only be dividing but also rapidly increasing in volume, so the ratio of total protein to
cell volume would drop. Towards the end of the growth cycle the cultures would have
consisted of many dead or dying cells, and proteolysis would also account for the
decline in total soluble protein.
GDH activity was seen to increase in the latter part of the exponential and
during the stationary phases of the growth cycle (Figs 3.1, 3.5). This increase was
not solely related to a decline in total protein, as specific GDH activity was still
dropping as total protein was also in decline, between days six and eight of the growth
cycle. Similarly, de-repression of GDH may be linked with de novo protein synthesis
during carbon stress (see section 6.2.17), and one of the nutrients that was
measured and became limiting was sucrose (Fig 3.3). Thus, total protein may have
been in decline towards the end of the growth cycle, but the increase in specific GDH
activity was independent of it. As Figure 3.3 showed sucrose was becoming limiting,
and it has been shown that de novo GDH synthesis is seen under such conditions
(Sahulka et al., 1975), the carbon stress could account for the increase in GDH
specific activity seen in D. carota cell suspension cultures, and was investigated
further.

69

15
+ATP 0.2 mM

14

+ADP 0.4 mM
13

+AMP 0.2 mM
+CAMP 0.2 mM

12

Control

Il

11

1Q)1

10

Q.

œ

9

8
7

6

r

T

T

T

T

T

T

T

T

T

1

Day
3 .1 5 . The effect of adenosine nucleotides on repressed GDH activity in Daucus
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sucrose rich cell suspension cultures. Cells were harvested every 24 hours after the
additions and assayed for specific GDH activity. All points represent the mean of three
replicate experiments. Error bars are omitted for clarity.
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F igure 3.16 . The effect of adenosine nucleotides on de-repressed GDH activity in Daucus
carota cell suspension cultures. Five day old cell suspension cultures were transferred to
sucrose free medium, and the listed nucleotides added. Cells were harvested every 24
hours after transfer to the nucleotide supplemented medium and assayed for specific GDH
activity. All points represent the mean of three replicate experim ents. Error bars are
omitted for clarity.
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Following the transfer of exponentially growing cell suspension cultures to
fresh medium ± sucrose there was an affect on the growth rate. The transfer of
cultures to fresh medium + sucrose caused a drop in the rate of growth. This fall
could have been related to the lull in growth seen when stationary phase cells were
transferred to fresh medium, and exhibit a short conditioning (lag) phase during
which cell growth was slow (see Fig 3.1). Cultures transferred to medium without
sucrose also continued to grow, but at a reduced rate, which would suggest that
cultures had stored carbon nutrients within the cells. This would allow them to
continue to grow, but at a reduced rate, relative to the untreated control cultures.
Within 12 hr of transferring cultures to sucrose free medium there was an increase
in GDH activity. Similarly, transfer of cultures to sucrose rich medium repressed
GDH activity. Control cultures showed a small increase in activity during the course
of this experiment, which would be consistent with sucrose becoming limiting. Two
thirds of the available sucrose had been used in these cultures by the end of the
experiment.
It has been shown in callus cultures of G. jamesonii that carbohydrate and
protein contents of the cell dropped to 12% and 27% of that of the control after 5
days of carbon starvation (Tassi et ai., 1992). A similar response to carbon
starvation would be expected in cell suspension cultures, but the response would be
quicker, as the cells are metabolically more active. Specifically for sucrose, it has
been shown in cell suspension cultures of Acer pseudoplantanus that had been sucrose
starved, that stored sucrose was depleted quicker than stored starch, with a 30%
decrease in sucrose within 14 hr, and all available sucrose depleted after 30 hr
(Journet et ai., 1986).
The results described in sections 3.3.1 and 3.3.2 showed that there could be
either a direct or indirect correlation between GDH activity and sucrose availability.
It was not possible from these results to determine if the de-repression of GDH
under carbon stress was a direct response to sucrose availability. Similarly, the
mechanism of repression of GDH activity was not deducible from these results.
However, as a correlation was established, it was investigated further.
Sucrose is made up of one molecule of glucose and one molecule of fructose. As
sucrose availability was shown to cause a change in GDH activity, the possibility that
glucose or fructose were solely responsible for the change was compared.
D. carota cell suspension cultures were transferred to 2% glucose (w:v) and
2% fructose (w:v) supplemented MDK medium. Cells were allowed to pass through
two growth cycles prior to being used in this investigation. As it has been suggested
that cultures adapted to grow on a new culture medium be allowed to go through at
least two transfers, before any conclusions about the ability of the culture to utilise
a particular compound can be made (Smith and Stone, 1973).
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The results described In section 3.3.3 indicated that the carbon source
indirectly regulated GDH activity, as similar results were obtained regardless of the
carbon source, and were consistent with the hypothesis that a common effector
molecule may regulate GDH expression (Kane et al., 1981).
All media was autoclaved, and was not found to be inhibitory for either
glucose or fructose as carbon sources, as similar growth curves to Figure 3.1 were
obtained, after one growth cycle (results not shown). This would be consistent with
the fact that sucrose, fructose and glucose have all been found in A c e r
pseudoplantanus callus cultures, regardless of which of the three carbon sources was
added (Wright and Northcote, 1972), and suggested that the three sugars were
inter-convertible. However, it has been shown that D. carota cell suspension
cultures growth can be inhibited by the addition of autoclaved fructose (2% w/v),
but not by filter sterilised fructose (Verma and Dougall, 1977). Similar inhibitory
effect of autoclaved fructose on plants has been reported by others (Nash and Boll,
1975; Rédei, 1974; Stehsel and Caplin, 1969), and may have been due to chemical
modification of fructose following heat sterilisation. The fact that the three culture
lines gave similar growth curves, suggested that the D. carota cell suspension
cultures were able to utilise the carbon sources with similar efficiency.
The results obtained with the three sugars were consistent with previous
reports. Working with excised P. sativum roots Sahulka and Lisa (1980), have
investigated the effect of exogenous saccharides, hexoses, and a pentose on GDH
activity. They showed that GDH activity levels dropped with the addition of sucrose,
glucose, fructose, and mannose all at 0.5-2% (w/v). Lactose, sorbose, arabinose and
xylose had no effect on the activity in the excised roots. In an earlier report Sahulka
et al. (1975) had shown that GDH activity increased in excised P. sativum roots not
supplemented with glucose, which was inhibited by actidione (a protein synthesis
inhibitor). This suggested that the increase was due to de novo synthesis of GDH
protein. Similarly, it has been shown in Bacillus subtilis that the activity of GDH is
influenced by the carbon source, but not the nitrogen source in the growth medium
(Kane et al., 1981). They showed that glucose affected the synthesis of GDH, rather
than the activity of the enzyme, and mannose, fructose and glycerol had similar
repressive effects. They proposed that a common catabolite was the effector molecule
that controlled the expression of GDH.
As the results obtained with the three related sugars showed no difference in
there affect on GDH and growth another carbon source, not normally associated with
carbon metabolism was used.
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Mutations are important for elucidating biochemical organisation of higher
plants. Tissue culture allows one to select for mutants or variants that can utilise
compounds that do not support growth of normal plant cells. The ability of plant
tissue culture cells to grow on glycerol as the sole carbon source has been suggested
to be due to a mutation of the wild type cell line (Chaleff and Parsons, 1978). Chaleff
and Parsons (1978), showed that Nicotiana tabacum cell cultures were not normally
capable of growing on glycerol, but a spontaneous mutant cell line was capable of
utilising glycerol. They characterised this cell line and found that the mutation did
not alter plant functions, other than its ability to utilise glycerol. The mutation was
only viable in heterozygotes, with the homozygous mutant form being lethal.
The utilisation of glycerol as the sole carbon source by D. carota cell
suspension cultures has been observed previously (Goris, 1971; Jones and Veliky,
1980). Jones and Veliky (1980), noted that D. carota was initially inhibited by
glycerol concentrations above 1% (v:v), but it was possible to successfully adapt
cell suspension cultures to grow on 2% (v:v) glycerol, which took up to 7 or 8
transfers. They also noted that growth on the polyol was slower and more prolonged,
relative to sucrose supplemented cultures.
A callus culture of N. plumbaginifolia has been used to study the effect of
glycerol as the sole carbon source on GDH activity (Maestri et al., 1991). Cells were
grown in three conditions; repressing (2% sucrose), non-repressing (no carbon
source), and intermediate repression (2% glycerol). The growth of calli seemed to
be only slightly retarded by growing on glycerol compared to sucrose, with GDH
activity increasing 2 days after transfer to carbon stress conditions.
The yeast Saccharomyces cerevisiae has been shown to have elevated levels of
NAD+-GDH when grown on the non-fermentable carbon source acetate (Coschigano et
a/., 1991). A similar response is seen when the cells are grown on limited amounts
of glucose (0.1%) and it was determined that the regulation was transcriptional,
with an upstream activation site from the GDH gene involved. Similarly, it has been
shown in the same yeast that NADP+-GDH is de-repressed during fermentation of
glucose, and than repressed during growth on the accumulated ethyl alcohol, the exact
opposite of what the NAD+-GDH does over the same period (Beck et a!., 1968).
As the D. carota callus shown in Figure 3.9 was the only one seen, and grew
from a specific point off the parent callus, it may have arisen from a spontaneous
mutation. The length of time taken for the callus to appear (3 months), also
suggested that it may have arisen from a mutation event. Similarly, attempts to
transfer original line cell suspension and callus cultures to glycerol supplemented
MDK medium caused death. The characterisation of the GL suggested that it was unique
in its ability to utilise glycerol, and that the adaptation was stably inherited. It was
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also noted that the growth of the GL on sucrose was not as vigorous as the OL,
suggesting that the adaptation may have affected the efficiency of sucrose utilisation
in the GL.
GDH activity in the GL cell suspension cultures did not fall as low as
repressed GDH levels in sucrose supplemented OL cultures, and also took longer (14
days), to reach a basal level of 8 nkat/mg. GDH activity began to rise as the cultures
were reaching the stationary phase of growth, and reached a maximum of 14 nkat/mg
after 32 days. The results suggested that the GL cultures were not as efficient at
utilising glycerol as the OL cultures was at utilising sucrose, giucose or fructose. It
has been shown that the ability of A cer pseudoplatanus cultured cells to grow on
glycerol as the sole carbon source requires glyconeogenesis for hexose and pentose
synthesis (Scala and Semersky,

1971). Similarly altered carbon metabolic

processes in the GL cell suspension cultures may explain the altered GDH specific
activity seen and the slower growth rate, compared to the OL cell suspension cultures
grown on sucrose. The GL cell suspension cultures could be regarded as being
partially carbon stressed, and this could account for the basal GDH activity being
higher, compared to OL cell suspension culture GDH activity, grown in sucrose
supplemented medium. GDH activity in calli of N. plum baginifolia have been
previously shown to exhibit activity levels which fall between repressed and non
repressed levels, when glycerol is the carbon source (Maestri et al., 1991).
As results with both GL and OL cell suspension cultures showed that it was not
possible to determine if the carbon source was directly repressing GDH activity,
attempts to further delineate the regulatory molecule(s) was made. The possibility
that other metabolites of carbon metabolism were regulatory molecules was
considered. Similarly, as the activity was greatest when the carbon source had been
depleted, the possibility that the lack of by-products of carbon metabolism were
causing de-repression could not be ignored.

3.4.3

GDH

A ctivity

in

Carbon

Interm ediate

Supplem ented

Suspension

Culture.
It has been previously shown that the addition of 10 mM pyruvate or 2oxoglutarate to excised P. sativum roots had no effect on GDH activity, with neither
repression or de-repression of GDH being prevented. (Nauen and Hartmann, 1980).
However, the addition of 2-oxoglutarate to excised P. sativum roots at lower
concentrations (0.2-1 mM), has been shown to have an effect. De-repressed GDH
activity in carbon stress conditions fell with the addition of 2-oxoglutarate, but it
did not affect repression in non-carbon stressed roots (Sahulka et al., 1975). An
inhibitor for bovine, porcine and chicken liver GDH has been reported, 4iodoacetamidosalicylate, which irreversibly binds to GDH, and has been shown to
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compete with 2-oxoglutarate (Holbrook et al., 1973). However, the deleterious
nature or specificity of this inhibitor has not been elucidated, thus has not been
widely used in GDH studies.
One of the constituents of the TCA cycle, 2-oxoglutarate is a substrate for the
aminating function of GDH. Thus, it along with three other carbon metabolism
intermediates were used to supplement OL suspension culture to determine if they
had a direct or indirect effect on GDH activity.
The effect of the carbon metabolism intermediates in sucrose supplemented
cultures could have been masked by the presence of sucrose. However, as the
intermediates did not cause a response in GDH activity in sucrose starved cultures it
was concluded that at the concentration range used, these intermediates of carbon
metabolism had no detectable effect on GDH activity in D, carota suspension cultures.
The possibility that the intermediates were not able to enter the cells could not be
excluded, but was unlikely, as it has been previously shown that the addition of these
intermediates have caused both biochemical and physiological responses in whole
plant tissues and cell suspension cultures (Sahulka et al., 1975; Vanlerberghe and
McIntosh, 1992a). The concentration of the intermediates used may have in some
way inhibited their effect on D. carota GDH. Lower concentrations of 2-oxoglutarate
have been shown to have an inhibitory effect on

P. sativum GDH, whilst higher

concentrations have been ineffective (Sahulka et al., 1975; Nauen and Hartmann,
1980). If GDH has a role in carbon stress conditions of providing carbon skeletons
for the TCA cycle (Robinson, 1990), the addition of 2-oxoglutarate could relieve the
stress, and repress GDH activity.
As the carbon metabolism intermediates, at the concentrations used, had no
effect on GDH activity the products of carbon metabolism, i.e. adenine and adenosine
nucleotides were used in vivo, to determine if they had any regulatory effects on GDH
activity, and are discussed in the following section.

3.4.4 The Effect of Adenine and Adenosine Nucieotides on GDH Activity
in D.

carota

Suspension

Cuiture.

Callus cultures of Asparagus officinaiis have been used to study the effect of
glucose and adenosine nucleotides on the activity of GDH (Tassi at ai., 1984). In GDH
repressed cell cultures (high glucose), ATP, ADR and AMP (all 0.2 mM) had no
effect on GDH activity, whereas cAMP caused an increase. GDH activity in glucose
repressed cells was de-repressed 16% and 25 % by 0.1 mM and 0.25 mM cAMP
respectively, but GDH in de-repressed cells (glucose starved) was not affected by
the addition of cAMP. Tassi et ai. (1984), proposed the hypothesis that cAMP could
counteract the negative effect of glucose on GDH activity or synthesis, suggesting a
regulatory mechanism similar to glucose catabolite repression.

75

Catabolite repression has been most extensively studied in bacteria. In the
presence of glucose or other rapidly metabolisable substrates, repression of
catabolic enzymes is seen (Ullmann, 1985). This inhibition is associated with gene
expression, with glucose inhibiting the initiation of transcription,

and the

inhibitory effects being counteracted by cAMP. It is thought that the nucleotide
controls gene expression via a protein called catabolite activator protein, which
promotes expression of genes encoding enzymes involved in the degradation of energy
sources (Yu and Reznikoff, 1984). In Escherichia coli, glucose and other carbon
sources are able to repress cAMP levels (Pall, 1981), and it has been proposed that
cAMP is a primitive signal for carbon starvation (Tomkins, 1975).
In the yeast Schizosaccharomyces pombe it has been shown that the levels of
intracellular cAMP varied, with less being found in cells grown on glucose, compared
to cells grown on glycerol (Schlanderer and Dellweg, 1974). The catabolic NAD+GDH in Neurospora crassa has been described as being primarily regulated by
catabolite repression (Vierula and Kapoor, 1989). The basal activity of GDH in vitro
from the slime mould Dictyostelium discoideum has been shown to increase by the
addition of AMP (0.1 mM). The nucleotide had no effect on the kinetics of activation,
suggesting it may be an allosteric modulator (Pamula and Wheldrake, 1992). In the
yeast Benjaminielia poitrasii, cAMP may be involved in the regulation of GDH, as the
addition of 5 mM cAMP altered the ratio of NADP+-GDH:NAD+-GDH, which delayed the
onset of mycelium transition from yeast cells (Khale-Kumar and Deshpande, 1993).
Other non-plant organisms where nucleotides have affected GDH activity
include the aquatic fungi M ucor racemosus, where the addition of cAMP caused
repression in GDH activity (Peters and Sypherd, 1979). It has been proposed that
with bovine GDH, ADP binds to a regulatory site and de-stabilises an abortive
complex, thus ADP activates GDH (George and Bell, 1980). Bacon (1982),
demonstrated that NAD+-GDH from a non-producing mycotoxin Aspergilius ochraceus
strain was subject to catabolite de-repression, with sucrose at concentrations up to
200 mM causing repression of NAD+-GDH activity, but not NADP+-GDH activity.
Two similar experiments were designed to determine if adenine or adenosine
nucleotides had an effect on GDH activity in five day old repressed and de-repressed
cell suspension cultures of D. carota.
The rational behind adding the adenine nucleotides was: All four nucleotides
can be co-factors in either the aminating (NADH and NADPH dependent), or
deaminating

(NAD+ and NADP+dependent) reactions, and there intracellular

concentrations and hence, there in vivo ratio between reduced and oxidised forms
may have had a effect on both GDH activity, and its reaction direction. It has been
shown in a mutant strain of the yeast Saccharomyces cerevisiae, unable to utilise
glucose via glycolysis, that GDH played a role in the balancing of the NADP+:NAD+
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ratio, to allow the pentose phosphate pathway to function (Boles et a!., 1993). A
similar response was not established in D. carota cell suspension cultures, and the
results (Table 3.4), suggested that the adenine nucleotides at 1 mM had no
regulatory effect on repression, or de-repression of GDH activity. Attempts to induce
a response using higher concentrations of the adenine nucleotides (5 mM), were also
ineffective (results not shown), on GDH activity, in both repressed and de-repressed
cultures.
The rational behind adding the adenosine nucleotides was: If a major function
of GDH is to provide carbon skeletons for the TCA cycle, which along with oxidative
phosphorylation have ATP as the end product, the availability of the adenosine
nucleotides could regulate the direction and activity of GDH. The deamination of
glutamate would produce 2-oxoglutarate, which could be converted to succinate.
Succinate and the NADH formed during deamination of glutamate could feed in to the
electron transport pathway and generate the proton motive force for ATP synthesis.
Therefore a feedback mechanism by which the ATPiADP ratio could regulate GDH was
investigated.
The addition of the adenosine nucleotides to the de-repressed cultures did not
appear to have an effect on GDH activity, apart from cAMP, which slightly enhanced
the de-repression. The effect of the other nucleotides could have been masked by the
normal de-repression of GDH seen under carbon stress.
The adenosine nucleotides cAMP and AMP caused de-repression of GDH in
sucrose supplemented cell suspension cultures. ADP caused a small increase in GDH
activity, under repressive conditions. ATP repressed GDH for longer, compared to
control culture levels, which by the end of the experiment were beginning to de
repress GDH due to sucrose depletion. These results conflict with earlier reports on
the use of adenosine nucleotides to regulated the activity of GDH in plants. Ramirez et
al. (1977), using cell free extracts of Agave americana showed that GDH activity was
unaffected by the addition of 0.1-1.0 mM ATP, ADP. AMP, or GTP. However, 5 mM
ATP did cause slight inhibition of the enzyme. Similarly, Stewart and Rhodes
(1977), using the pond weed Lemna m/nor showed adenosine nucleotides inhibited
GDH activity. ATP (5 mM) caused 86% inhibition, ADP (5 mM) caused 33%
inhibition and AMP (5 mM) caused 17% inhibition on GDH activity. Ehmke and
Hartmann (1976), suggested that the adenosine nucleotides caused indirect
inhibition of GDH via their metal chelating activities. It must be noted that in both
studies showing inhibition of GDH with the addition of adenosine nucleotides, much
higher concentrations of nucleotides were used than in this study, with Ramirez et
ai. (1977), showing that lower concentrations of the nucleotides not having an effect
on GDH activity. They also used cell free extracts, which could explain why lower
concentrations of nucleotides had no effect on GDH. Possible regulatory mechanisms
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could have been lost, which linked the nucleotides to GDH activity. The concentrations
used in this study were similar to those used by Tassi et a i (1984), who only
showed cAMP to have a de-repressive effect on GDH activity.
The results showed that the adenosine nucleotides cAMP, AMP, ADP and ATP
all had an effect on GDH activity. The response by GDH to ADP and ATP could be
similar to the regulation of pyruvate dehydrogenase. This enzyme is de-activated by
phosphorylation when ATP levels are high, and correspondingly de-phosphorylated
when ADP levels are high (Goodwin and Mercer, 1983). The addition of cAMP
appears to have a direct effect on GDH activity, in both repressed and de-repressed
cultures, suggesting a mechanism similar to catabolite repression could regulate
GDH activity in D. carota cell suspension cultures.
The presence of cAMP in higher plants is an issue which has not been
resolved. It is commonly thought that it is present in plants, but evidence to support
this assumption is not overwhelming (personal communication with Phillipé
Raymond, (1994), INRA, Bordeaux, France). However, it

has been shown that in

Poterioochromonas malhamensis cAMP begins to accumulate as the cells exhaust the
medium of glucose, and may be involved in the initiation of chloroplast development
(Bressan et a i, 1980a; Bressan et a i, 1980b), which can be described crudely as
an elaborate carbon source (Handa et a i, 1981). This was the first demonstration of
a correlation between high cAMP and low glucose in algae.
If a response requires micromolar concentrations of exogenous cAMP for
elicitation, then it would be expected, if this response was not artifactual,
endogenous cAMP to be present at similar concentrations in plant cells. Also the
enzymes of both cAMP synthesis and catabolism should be present in plants. Although
these criteria are clear enough, whether they have been satisfied in plants is open to
debate (Assmann, 1995).
In vivo concentrations of cAMP have been measured and found to vary between
undetectable (Spiteri et a i, 1984), and up to 80 pmol/g fwt in Lemna paucicostata
(Gangwani et a i, 1991). It is generally accepted that if cAMP is truly present in
plants it is at much lower concentrations than in animals. In most reports showing a
response to cAMP, millimolar concentrations of exogenously applied cAMP have been
required. For example, stimulation of stomatal opening in Viola faba (Curvetto et a i,
1994), and Ca^+ uptake in cultured D. carota cells (Kurosaki et a i, 1994). It has
been suggested that in vitro concentrations of cAMP are not realised in vivo because
it is rapidly metabolised (Li et a i, 1994), or it has a low membrane permeability
(Assmann, 1995). Both explaining why relatively high exogenous concentrations are
required to elicit a response, and why it has only been found at low concentrations in
vivo.
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Adenylate cyclase activity, which catalyses the conversion of ATP to cAMP has
been reported from root extracts of Medicago sativa and Pisum sativum (Carricarte
e ta!., 1988; Pacini eta!., 1993). However, neither has the enzyme been cloned or
purified to allow complete enzymatic characterisation, leaving the relevance of
adenylate cyclase activity in plants open to debate. cAMP-dependent protein kinase
genes have been cloned (Lawton eta!., 1989; Hayashida eta!., 1993). However, it
has not been ascertained whether any of the genes products in vivo are actually
functional as cAMP-regulated kinases in plants.
As millimolar concentrations of cAMP were required to cause an effect in D.
ca ro ta cell suspension cultures, it could suggest the effect was non-specific.
Alternatively, cAMP may mimic another true regulator, of which the adenine based
cytokinins are prime candidates (Elliot and Murray, 1975; Giudici de Nicola et ai.,
1975). The addition of cAMP to plants has been shown to stimulate phosphorylation
of proteins (Komatsu and Hirano, 1993). Which again may be the regulatory
mechanism of GDH activity.

3.5

Sum m ary.
The results presented in this chapter showed the effect of carbon source, and

carbon metabolism products on GDH activity in D. carota cell suspension cultures.
The carbohydrates sucrose, glucose or fructose, and the polyol glycerol were
all found to indirectly repress GDH activity, with the response from the three
carbohydrates being indistinguishable. When glycerol was provided as the carbon
source, repressed levels of GDH were higher than those seen with the carbohydrates.
However, the responses to the various treatments showed similar trends. This
suggested that glycerol was not as efficiently utilised as a carbon source, compared to
the sugars by the cell suspension cultures. It would also have accounted for the
higher basal GDH activity, due to reduced carbon availability. The reduced efficiency
of carbon utilisation was also suggested by the growth rate of the GL cultures, which
was twice as long as sucrose supplemented cultures. As no direct link between carbon
source and GDH activity was established attempts to further delineate the regulatory
molecules of GDH regulation were made.
The carbon metabolism intermediates pyruvate, 2-oxoglutarate, succinate,
and malate were tested, and found to have no effect on the activity of GDH, at the three
concentrations used. As some previous reports have shown GDH activity could be
affected by the addition of 2-oxoglutarate, the possibility that the concentrations of
the intermediates added to the D. carota cell suspension cultures was not realised in
vivo could not be ignored.
The addition of the adenine nucleotides similarly were also ineffective in
inducing a response in GDH activity in vivo. Again the possibility that the nucleotides
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were not entering the cells was considered, but thought to be unlikely, with the
results suggesting that the adenine nucleotides were not Involved In the regulation of
D. carota GDH. However, the addition of adenosine nucleotides, especially cAMP, did
cause changes In GDH activity, with the results suggesting a mechanism akin to
catabolite repression regulating GDH activity In D. carota cell suspension cultures.
As other adenosine nucleotides also caused a change In GDH activity, the possibility
that the energy status of cells was Involved In the regulation of GDH was suggested,
and Investigated further (see Chapter 5). Similarly a mechanism of controlling GDH
by phosphorylation and de-phosphorylatlon could exist. This may explain why GDH Is
detectable

In

non-carbon

stressed

cultures,

with

the

protein

being

de-

phosphorylated during extraction.
In a wider context the growth of plant cells on a carbon source other than
sucrose or Its constituents Is of commercial Importance. The use of plant cell
suspension cultures In batch fermentors to produce secondary metabolites Is at
present expensive, because of the cost In raw materials. The large scale production of
cells on a cheap carbon source would be beneficial to the fermentation and
biotechnology Industries.
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Chapter 4
The

Role

of

Nitrogen

M etabolites

in

GDH

Reguiation in Suspension Cuitures of Daucus
4.1

A ctivity

and

carota.

In tro d u c tio n .
The role of ammonium in the regulation of plant GDH is still not clear as

conflicting data has been presented. Shepard and Thurman (1973), have shown in
suspension cultures of Lemna gibba that ammonium as the sole nitrogen source
caused a drop in the respiration rate, compared to glutamate as the sole nitrogen
source. GDH activity increased five-fold in cultures transferred to ammonium from
glutamate, over 3 days, and returned to initial levels of 300 units/g fwt within 6
days of being transferred back to glutamate. The drop in respiration rate may have
been an indication that the plant cells were stressed, and the corresponding increase
in GDH activity could have been associated with the induced stress, and not directly
linked to the increased availability of ammonium, which itself could have caused
toxicity. GDH activity in Hordeum vulgare plants grown in culture solutions in which
the concentrations of ammonium and nitrate varied from 0-8 mM remained stable
(Lewis et al., 1982), suggesting that if GDH had a role in ammonium assimilation, it
was minor in comparison to the glutamate synthase cycle. Mitochondrial GDH activity
in Kalanchoe

lateritia is unaffected by varying the concentration of available

nitrogen in Hoagland solution, whereas both GS and GOGAT activities increase, with a
corresponding increase in nitrogen assimilation (Santos and Salema, 1992).
Similarly, GDH activity remained unchanged in Pinus sylvestris seedlings exposed to
elevated levels of gaseous ammonia (240 pg/l), whereas GS activity increased by
69% (Pérez-Soba eta!., 1994b). Baskakova and Izmailov (1984), have shown that
feeding nitrates to excised Pisum sativum and Zea mays roots and leaves caused no
significant alteration in GDH activity, and proposed that GDH was not involved in
nitrogen assimilation, but rather involved in catabolism, replenishing carbohydrate
product reserves, and the reducing potential of NADH. The effect of variations in the
nitrogen content of the medium, on the activity of GDH, has also been investigated
using Glycine max suspension cultures (Chiu and Shargool, 1979). Changing nitrate,
ammonium or glutamine levels (0.2-100 mM), caused a slight increase in GDH
activity. However, as none of the increases were highly significant, the authors
concluded that GDH activity was invariant to changes in the medium nitrogen content.
The transfer of senescent G. max leaves from a nutrient solution with low
nitrate (0.25 mM) to a nutrient solution with high nitrate (5 mM) had no effect on
GDH activity, but did retard the decline in GS activity (Guiamet et ai., 1991). GDH
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activity increased substantially when protein was rapidly declining, and was
consistent with a catabolic function for GDH. A similar increase in GDH activity has
been noted in senescent leaves of Lolium sp, Malus domestica, Phaseolus sp, and
Triticum aestivum (Thomas, 1978; Kang and Titus, 1980; Streit and Feller, 1982;
Laurière et al., 1981b).
Although a decline in leaf GS activity during senescence is seen it would not
necessarily be limiting, with sufficient activity remaining to allow the re
assimilation of ammonium prior to transport in the form of amides via the phloem
(Lea and Miflin, 1980). Recently, it has been shown in four temperate deciduous
trees that the decline of GS activity during senescence could be specifically related to
the chloroplastic isoform, as the cytosolic form actually increased (Pearson and Ji,
1994). The cytosolic GS isoform may be involved in nitrogen translocation, with the
possibility that a catabolic GDH could provide the ammonium.
In detached T. aestivum leaves, GDH increases in activity during senescence,
as do other enzymes, such as isocitrate dehydrogenase and glutamate pyruvate
aminotransferase (Kar and Feierabend, 1984). The increased activity of these
enzymes may be associated with the flux of metabolites out of senescing leaves.
The aminating and deaminating activity ratio of GDH differs in various tissues
of Z. mays, and with different nitrogen sources. It has been suggested that different
isoforms of GDH may have specific functions in different tissues of Z. mays (LoyolaVargas and De Jimenez, 1984). However, in Medicago sativa the isoform band
pattern of GDH (following Native-PAGE), changed during germination, but not during
further development, or when grown in the presence of different inorganic and
organic

nitrogen

sources

(Hartmann

et ai.,

1973). In the nitrogen fixing

cyanobacterium Nostoc muscorum GDH can not be induced by the addition of
oxoglutarate or ammonium, and appears not to be involved in nitrogen assimilation
(Trehan,

1986).

The effect of amino acids on GDH activity have been investigated in L minor
(Stewart and Rhodes, 1977). It was shown that Glutamate at 10 mM inhibited GDH
activity by 16-19%, whilst other amino acids stimulated GDH activity, including
asparagine, aspartate, alanine, glutamine, phenylalanine and serine, by between 2
and 7%. Both root and leaf GDH from Z. mays have shown a response to eleven amino
acids, including glutamate, aspartate, glutamine, arginine and proline, all at 5 mM.
The plant material was initially suspended in half strength Hoagland solution, in both
the presence and absence of ammonium for 9 days, then incubated in the amino acids
for 24 hr prior to assaying. Most of the amino acids caused a drop in activity in the
aminating direction and an increase in the deaminating direction, with similar
results obtained from both the roots and leaves (Singh and Srivastava, 1983).
Glutamine and asparagine (35 mM) added to a basal medium bathing embryonic axes
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from Lupinus luteus, with their cotyledons removed showed an increase in GDH
activity after 72 hr (Ratajczak et al., 1981). However, basal medium supplemented
with asparagine (35 mM) and saccharose (60 mM) showed a decrease in GDH
activity. This could be interpreted as the response being due to carbon depletion in
the plants incubated in only amino acids, as plants incubated with amino acids and a
carbon source showed a drop in GDH activity. Thus, the effect of amino acids on GDH
activity is not clearly shown.
It has been shown in D. carota cell suspension cultures that the percentage of
glutamate, glutamine, and alanine increased in the soluble amino acid pool during the
first half of the growth cycle, and dropped during the second half (Robinson, 1990).
These amino acids can be described as metabolically active, being major components
in amino acid metabolism and protein synthesis. As these amino acids did not
accumulate during the stationary phase of the growth cycle, and actually fell, they
could have been catabolised. Two amino acids that did not decrease over a similar
period were asparagine and arginine, which suggested that they were not as
catabolically active. Rhodes at al. (1986), have proposed that the major route for
the catabolism of amino acids would be via the photorespiratory cycle. However, as
this pathway was Inactive in these heterotrophic cell suspension cultures, another
pathway/mechanism for their catabolism must exist.
It has been shown that 1 mM methionine sulphoximine (MSO), an analogue of
glutamine, was enough to completely inactivate root glutamine synthetase in H.
vulgare (Fentem et al., 1983). The addition of MSO to the ectomycorrhizas Fagus
s y lv a tic a has shown that

ammonium, glutamate, glutamine and alanine

metabolism was inhibited, which suggested that GDH played little, if any, part in
these processes (Martin et al., 1986). Robinson (1990), showed that MSO, at 1 mM
completely inhibits GS activity in D. carota cell suspension cultures, within 6 hr of
addition, with no deleterious effect on completely de-repressed GDH activity. It was
also noted that medium ammonium concentration was seen to rise during this period.
The uncertainty associated with the role of GDH in nitrogen assimilation was
investigated in D. carota cell suspension cultures. The questions addressed in this
chapter are; 1, The effect of ammonium availability on GDH activity. 2, The effect of
catabolically active amino acids on GDH activity. 3, The effect of methionine
sulphoximine on GDH and associated enzymes. But begins with showing the general
characteristics of nitrogen metabolism in the original line D. carota cell suspension
culture during a single growth cycle.
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4.2

M aterials

and

Methods.

Original line D. carota cell suspension cultures were grown in standard MDK
medium. Cells and medium were aseptically harvested daily during one growth cycle
and used to determine the medium nitrate and ammonium, cellular ammonium, and
glutamine synthetase activity.
To determine the effect of ammonium availability on GDH activity in D. carota
cell suspension cultures, an original line (OL) cell suspension culture, was grown
on ammonium free MDK medium (see Table 2.1), and allowed to pass through four
growth cycles prior to being used in this investigation. This new culture line was
referred to as the nitrate adapted line (NA).
An experiment was designed to determine if the availability of both
catabolically active and inactive amino acids had an effect on either repressed and derepressed GDH activity, in the OL cell suspension cultures. Five day old cultures
were transferred to fresh MDK medium ± sucrose, with the addition of either
glutamate (Glu), glutamine (Gin), alanine (Ala), asparagine (Asn) or arginine
(Arg), all at either 5 mM, 10 mM or 20 mM, respectively. Cells were harvested
over the next three days and assayed for GDH activity and soluble protein.
The initial MSO experiment involved the addition of either 2 mM, 5 mM or
10 mM MSO to OL cell suspension cultures in MDK medium tsucrose. MSO was added
to 7 day old cultures and GDH activity determined periodically over the next 48
hours.
Based on the first set of results from the MSO treatment a follow-up
experiment was carried out. The advice of Peter Lea (University of Lancaster), in
designing this experiment is acknowledged. Five day old OL cell suspension cultures
were transferred to sucrose free MDK medium and left for two days prior to the
addition of either 5 mM or 10 mM MSO. The MSO stock solution in this experiment
was adjusted to pH 5.7. The effect of MSO on GDH and other associated enzymes,
specifically GS, aspartate aminotransferase (AAT, B.C. 2.6.1.1), and glutamate
pyruvate transaminase (GPT, B.C. 2.6.1.2), was followed by periodically harvesting
cells over a 24 hr period, following the addition of MSO.

4.3
4.3.1

R esults.
C h anges

Synthetase

in

A ctivity

In o rg an ic
During

N itro g en

One

Growth

A v a ila b ility

and

G lu ta m in e

Cycle.

Nitrate and ammonium uptake by the cell suspension cultures from the
medium is shown in Figure 4.1. By the end of the growth cycle the cell suspension
cultures had utilised 52% of total nitrogen available, and specifically 65% of the
total ammonium available and 46% of the total nitrate available. Medium ammonium
began to fall within the first 24 hr, following transfer to fresh medium, whilst
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nitrate did not begin to fall until 24 hr after transfer. Of the two supplied nitrogen
sources it appeared that there was a preference for ammonium utilisation by the
cells, compared to nitrate. Towards the end of the growth cycle (day 12), the medium
ammonium concentration began to rise.
Intracellular concentrations of ammonium was followed during one growth
cycle (Fig 4.2). Following transfer to fresh MDK medium intracellular ammonium
declined rapidly, and fell to a low of 2.2 pmol/g fwt on day 4, remaining at
approximately 2.5 pmol/g fwt until day 10, after which it began to rise sharply to a
maximum of 9.5 pmol/g fwt on day 14.
Glutamine synthetase specific activity during one growth cycle is shown in
Figure 4.3. Following transfer to fresh MDK medium GS activity in the cell
suspension cultures remained relatively low (approximately 1 nkat/mg) for the
first two days, after which it increased sharply. By day 7 in the growth cycle GS
activity was at a high of 4.3 nkat/mg, showing a 3.5 fold increase from day 2.
Activity remained at this approximate high (4.2 ± 0.2 nkat/mg) for the following
three days, and then fell back to a low of 1.0 nkat/mg over the next four days.

4.3.2

GDH

A ctivity

Under Various

Nitrogen

Regimes.

Figures 4.4 to 4.11, show the effect on repressed and de-repressed specific
GDH activity, total protein and growth under various nitrogen regimes for the OL and
NA culture lines. For clarity standard error bars were omitted from these figures,
but each point represents the mean of three replicate experiments, and standard
errors were generally very small.
Figures 4.4 and 4.5 show the effect of transferring 4 day old cell suspension
cultures to nitrogen free MDK medium. The growth rate in the OL cultures slowed on
transfer to the nitrogen free medium, and was 44% lower than the control cultures
after 5 days. The growth rate of the NA cultures transferred to nitrogen free medium
were indistinguishable from the control cultures, continuing to grow for the
duration of the experiment. Total protein fell in both lines transferred to nitrogen
free medium within the first 24 hours, and continued to decline for the next four
days, being 56% lower in the OL cell suspension cultures and 80% lower in the NA
cell suspension cultures on day 5, compared to the two respective controls. GDH
specific activity in the OL cell suspension cultures continued to decline following
transfer, and was approximately 6.5 nkat/mg, for the duration of the experiment.
The control values rose to 8 nkat/mg during the 5 day experiment (Fig 4.4). GDH
activity in the transferred NA cell suspension cultures remained at 6.2 nkat/mg for
4 days, and then rose slightly, on day 5. GDH activity in the control cultures rose
gradually during the experimental period, and was 20% higher, than in treated
cultures after 5 days (Fig 4.5).
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The responses following the transfer of both the OL and NA cultures to similar
media as their respective controls, but without sucrose are shown in Figures 4.6 and
4.7. The rate of growth in both lines slowed after 24 hr and ceased altogether within
48 hr, following transfer. The fresh weight of the OL cultures transferred to sucrose
free media was 67% lower, when compared to the control cultures, after five days.
Similarly, following the transfer of NA line to sucrose free media the fresh weight of
the cultures was 49% lower, compared to the control cultures, after five days. Total
protein fell sharply in both lines within 24 hr of transferring the cultures to the
sucrose free media, and was 73% lower in the OL cultures, and 89% lower in the NA
cultures, compared to their respective controls, after five days. The specific activity
of GDH increased in both the OL and NA cultures transferred to sucrose free media.
Figure 4.6 shows that GDH activity peaked, at 24 nkat/mg in the OL cultures, four
days after transferring to sucrose free medium, and began to fall on the fifth day.
GDH activity in the NA cultures transferred to sucrose free medium similarly
increased, but was still increasing at the end of the experiment, and was 23 nkat/mg
compared to 9 nkat/mg in the control cultures, five days after transfer (Fig 4.7).
The results following the transfer of cells from both lines to sucrose and
nitrogen free medium are shown in Figures 4.8 and 4.9. The results for all the
parameters tested showed the same trends as cultures transferred to sucrose free
media. The results were indistinguishable from those obtained for the two lines
transferred to just sucrose free medium (see Figures 4.6 and 4.7).
Figure 4.10, shows the effect of transferring four day old OL cultures to
ammonium free MDK. The results obtained five days after transfer were 58 mg/ml
for fresh weight, 15.3 mg/g fwt for total protein and 7.6 nkat/mg specific GDH
activity. The fresh weight of the culture was lower than the control after five days,
which was 81 mg/ml, but the total protein and GDH activity values were similar to
the control culture results.
Growth of the NA cultures transferred to standard MDK medium is shown in
Figure 4.11. The growth rate increased, with the fresh weight of the cultures 73%
higher after five days, compared to control cultures. Total protein rose within 24 hr
of transfer to standard MDK medium, and continued to rise for the next three days,
and then levelled off at approximately 22 mg/ml. Total protein in the control cell
suspension cultures continued to rise, but at a slower rate than the transferred
cultures, and was still rising, when total protein in the transferred cultures had
levelled off. GDH activity in the transferred cultures continued to fall, to a low of 5.3
nkat/mg, two days after transfer, and then began to rise. GDH activity was
approximately 2 nkat/mg lower, compared to control levels, 5 days after transfer
(Fig 4.11).
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4.3.3 The Effect of Amino Acids on GDH Activity.
Following the addition of the amino acids to cell suspension cultures in MDK
medium supplemented with sucrose GDH specific activity was not affected by any of
the amino acids (results not shown). Activity continued to drop from approximately
8 nkat/mg at the beginning of the experiment to 6.5 nkat/mg by the end of the
experiment in all the amino acid regimes, with GDH activity showing no difference
from the control values.
Table 4.1 shows the effect of adding amino acids to cell suspension cultures
with de-repressed GDH activity. The addition of 10 mM and 20 mM Glu caused GDH
activity to be between 18.7% and 19.7% lower than the control, after three days,
with 5 mM Glu causing GDH activity to be 7.4% lower after the same length of time.
The addition of 5 mM, 10 mM and 20 mM Ala caused GDH activity to be 1.5%, 3.0%
and 8.7% lower than the control respectively, after three days. The other three
amino acids. Gin, Asn and Arg did not give GDH activity values which were very
different from the control cultures, to be able to conclude that they had either a
stimulating, or an inhibitory effect on GDH activity.

4.3.4

The

Effect

of M ethionine

Suiphoxim ine

on

GDH

Activity.

The results following the addition of MSO to OL suspension cultures with
repressed GDH levels are shown in Figure 4.12. All three concentrations of MSO
caused a small fall in basal GDH activity, with the fall after the addition of 2 mM and
5 mM MSO being higher than that with 10 mM MSO. GDH activity feli to a low of 4.7
nkat/mg in cultures supplemented with 2 mM and 5 mM MSO, after 24 hr, compared
to control levels, which remained at approximately 5.4 nkat/mg throughout the
experiment.
Figure 4.13 shows the effect of MSO on de-repressed GDH in sucrose starved
ceil suspension cultures. As expected GDH activity in the control cultures rose (see
chapter 3), to a high of 9.5 nkat/mg after 48 hr in carbon stress conditions. All
results obtained following the addition of the MSO at the three concentrations were
indistinguishable. After 24 hr GDH activity was 46% lower in treated cultures, and
69% lower after 48 hr, compared to de-repressed control GDH activity.
The effect on GDH activity by the addition of 5 mM and 10 mM MSO to cell
suspension cultures sucrose starved for two days are shown in Figure 4.14. The
repression of GDH by the addition of the inhibitors at both concentrations were
similar, with GDH activity 18% iower than that in control cultures, 24 hr after
treatment.
GS activity was completeiy inhibited within 7 hr of adding MSO at both
concentrations (Fig 4.15), and was 73% lower after 2 hr, compared to control
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Day after Transfer and Addition
Condition

Day 1

Day 2

Day 3

-S ucrose Control

7 .8 7 ± 0.11

9 .1 8 ± 0 .2 7

1 1 .6 3 ± 0 .1 8

+ 5 mM Glutamate

7.61 ± 0 .4 4

9 .22 ± 0.21

1 0 .7 7 ± 0 .1 2

+ 10 mM Glutamate

7 .5 6 ± 0 .3 7

8 .2 3 ± 0 .1 3

9 .4 6 ± 0 .1 4

+ 20 mM Glutamate

7.61 ± 0 .0 7

8 .1 6 ± 0.21

9 .3 4 ± 0.41

+ 5 mM Alanine

8 .1 3 ± 0 .1 5

9.31 ± 0.11

1 1.46 ± 0 .3 0

+ 10 mM Alanine

7 .7 7 ± 0.21

8.81 ± 0.22

1 1.28 ± 0.21

+ 20 mM Aianine

7 .4 9 ± 0 .06

8 .3 4 ± 0 .1 4

10.61 ± 0 .2 4

+ 5 mM Glutamine

7 .4 3 ± 0 .36

9 .1 2 ± 0 .2 3

11.31 ± 0 .1 7

+ 10 mM Glutamine

7.52 ± 0 .22

9 .0 3 ± 0.18

11.12 ± 0 .0 9

+ 20 mM Giutamine

7.46 ± 0 .1 7

9 .0 9 ± 0 .4 3

11.19 ± 0 .1 5

+ 5 mM Asparagine

7.91 ± 0 .1 3

9 .3 5 ± 0 .1 6

1 1 .5 4 ± 0 .2 3

+ 10 mM Asparagine

7 .6 9 ± 0 .1 0

9 .2 7 ± 0 .2 3

11.78 ± 0 .0 7

+ 20 mM Asparagine

7 .7 7 ± 0 .1 7

9 .2 3 ± 0.31

11.71 ± 0 .0 8

+ 5 mM Arginine

7 .9 7 ± 0 .16

9.51 ± 0 .2 7

11 .6 4 ± 0 .3 9

+ 10 mM Arginine

7.71 ± 0 .2 7

9 .3 4 ± 0.15

1 1.43 ± 0.41

+ 20 mM Arginine

7 .5 9 ± 0.31

9 .1 5 ± 0.40

1 1.69 ± 0.11

T a b le 4 .1 . C hange in d e-repressed G D H activity from Daucus carota cell suspension
cultures in the presence of catabolically active and inactive am ino acids, at various
concentrations. C ells w ere harvested daily after transfer to the different am ino acid
regim es, and assayed for specific G D H activity. The results represent the mean ± SE of
three replicate experim ents.
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levels. The results obtained with both MSO concentrations were similar. GS activity
in controi cultures remained reiativeiy static, at approximateiy 2 nkat/mg.
Figure 4.16 shows the effect of MSO on GPT activity, which continued to
increase in both treated cuitures, but at lower rates, compared to control levels.
There was no great difference in the degree of inhibition by both concentrations of
MSO used, and activity was 14% lower after 24 hr, compared to the control.
Aspartate aminotransferase activity was inhibited by the addition of MSO at
both concentrations (Fig 4.17). The results obtained foliowing the addition of MSO at
both concentrations were indistinguishabie, with AAT activity showing a sharp faii
for the first 8 hr following the additions, and a more graduai deciine , with activity
16% lower after 24 hr, compared to control levels. There was a slight rise in
control levels of AAT activity over the same period.

4.4

D iscu ssio n .

4.4.1

G eneral

Growth

C h aracteris atio n

of

N itrogen

M etabolism

During

One

Cycle.

Figure 4.1 shows that from the total available nitrogen 48% of the initiai
concentration was unused by the end of the growth cycle. From this it was concluded
that nitrogen availability to the cuitures was not limiting. There was a smaii
preference for ammonium utiiisation over the whole growth cycle, but may have
been due to the initial metabolism of ammonium over nitrate during the first day of
the growth cycle. Thereafter the rates of both ammonium and nitrate utiiisation were
similar until day 12, when nitrate continued to decrease, and ammonium increased
over the next two days. The increase in medium ammonium seen at the end of the
growth cycle coincided with an increase in cellular ammonium (Fig 4.2), and may
have been due to cells either actively excreting ammonium, or dead ceils releasing
ammonium in to the medium. The rapid deciine in ceilular ammonium seen following
transfer of stationary phase ceils to fresh medium, would suggest that the
accumulated ammonium in these cells was preferentially utilised, and would account
for no change in medium nitrate seen in the first day foiiowing transfer to fresh
medium. The increase in celluiar and medium ammonium could have been due to
ammonium released via the catabolic action of GDH.
The preferentiai uptake of ammonium was simiiarly shown by Robinson
(1990). Using two sets of media with either

iabelled ammonium or nitrate, the

label was detected in almost all amino acids after 24 hr in medium with
ammonium, with the highest concentration of labei seen in glutamine. Analysis of the
labelling of glutamine showed that initiaiiy the labei was found in the amide group,
with the amino group showing siower accumuiation of iabei. This pattern of iabelling
suggested that ammonium was being assimilated by GS in to the amide group of
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glutamine and then transferred to glutamate by GOGAT. If ammonium was assimilated
by GDH the labelling would have occurred mainly in glutamate, and would have been
equally distributed between the amide and amino groups of glutamine.
GS activity during one growth cycle correlated well with the utilisation of
nitrogen, increasing in specific activity whilst nitrogen was being taken up by the
exponentially growing cultures, and declining as the rate of uptake decreased. GDH
activity (see Figure 3.5), did not correlate with nitrogen uptake by the cell
suspension cultures. Its activity was greatest during the stationary phase of the
growth cycle, when carbon availability was limiting, but nitrogen availability was
not. During the period of rapid ammonium assimilation (high GS activity), and rapid
nitrogen uptake, GDH activity was in decline, or at its lowest rate of activity.
Although GS activity towards the end of the growth cycle was low, it can not be
assumed that ammonium assimilation had halted (Lea and Miflin, 1980). The low
level of GS activity may have been able to continue to assimilate ammonium released
from glutamate by GDH

4.4.2 The Effect of Nitrogen Sources on GDH Activity.
Results shown in Figures 4.4 and 4.5, where cell suspension cultures were
transferred to nitrogen free medium showed that the responses to the induced stress
were similar in both lines. Total protein dropped in both lines within 24 hr, but the
fall in the OL was sharper. This suggested that protein turnover was rapid in the OL,
and nitrogenous compounds were not accumulating. The growth rate also fell in the OL
cultures and was consistent with protein being limiting. GDH activity also fell, which
may have been due to the general fall in both fresh weight and protein. This suggested
that either GDH was not regulated by the availability of nitrogen, or the removal of
nitrogen did not allow the synthesis of GDH, as a response to nitrogen stress. The
results for total protein and GDH activity in the nitrogen starved NA cell suspension
cultures were not as pronounced as those seen with the OL cultures. The growth rate
was not affected, as cultures continued to grow and were indistinguishable from the
control cultures. This suggested that the lack of nitrogen in the medium was not
limiting for the duration of the experiment, at least as far as growth was concerned.
However, as total protein fell the results also suggested that the lack of nitrogen in
the medium did affect protein synthesis. A possible response of the cells was protein
catabolism to sustain culture growth. The fall in total protein was greater in the NA
cultures compared to the OL cultures on a percentage basis, and suggested that the NA
cultures were more efficient at responding to nitrogen stress, by utilising protein
catabolism. GDH activity however, was not seen to increase with a fall in total
protein.
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The transfer of both the OL and NA cultures to sucrose free media had similar
effects in both lines. Growth was retarded, and total protein fell. As expected GDH
activity increased in the OL, due to the carbon stress (see chapter 3). A similar
response was also seen in the NA cultures, where GDH activity was 191% greater in
the de-repressed cultures on the fifth day, compared to the control cultures. These
results again suggest that GDH activity was linked to carbon metabolism, and that
carbon limitation caused a rapid increase in specific GDH activity, regardless of the
form of nitrogen supplied to the cultures.
Limiting both carbon and nitrogen caused responses in both lines which were
indistinguishable from those seen when only carbon was limiting. The de-repression
of GDH caused by carbon starvation could have masked any response in GDH activity
due to nitrogen starvation. However, as results in Figures 4.4 and 4.5 showed GDH
was not de-repressed by nitrogen starvation the results again suggest that carbon
limitation was causing the de-repression of GDH.
Transfer of OL cultures to ammonium free medium (see Figure 4.10) did not
appear to affect GDH activity, or total protein over the following five days. Similarly
the growth rate was the same as the control for the first four days, but was 29%
lower on the fifth day. This suggested that the availability of free ammonium had an
affect on growth, but not immediately. This was also concluded from the results
obtained from transferring NA cultures to standard MDK, which caused a faster rate
of exponential growth compared to the control. There was also an associated increase
in total protein, but GDH activity was unaffected.
The results in section 4.3.2 showed that the increase in fresh weight was
initially slower in the NA cultures, but accelerated towards the end of the growth
cycle, with the growth over 14 days similar to the OL cultures. Total protein
accumulation for the first 4 days in the NA cultures remained relatively static,
suggesting that the growth rate was linked to the rate of nitrogen assimilation.
Accumulation of protein coincided with a faster growth rate from days 6 to 10, with
cells continuing to grow between days 10 and 14, accompanied by a higher protein
content, relative to the OL cultures. The differences in the growth rate and protein
content between the two lines suggested that different patterns of protein synthesis
and accumulation occurred, related to the media. Despite this, the specific GDH
activity patterns induced by the different treatments were similar in both lines, and
showed the same trends. Although protein fell under both nitrogen and carbon
stresses, only carbon stress was seen to cause an increase in specific GDH activity.
Attempts to grow cultures on a medium with 20-60 mM ammonium as the
sole nitrogen source were unsuccessful. All cells were dead within 24 hr following
transfer, and appeared to be bleached. It was concluded that ammonium as the sole
nitrogen source was toxic to D. carota cell suspension cultures. The principle
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conclusions from these results was that GDH activity was unaffected by ammonium or
nitrate in the medium. These finding are consistent, though not conclusive, with a
catabolic function for GDH in higher plants (Baskakova and Izmailov, 1984; Guiamet
e ta !., 1991; Robinson, 1990).
As the availability of ammonium had no effect on GDH activity, attempts to use
amino acids as nitrogen and carbon sources to the OL cell suspension cultures was
investigated.

4 .4 .3

M e ta b o lic a lly

A c tive

Am ino

A cids

as

N itro g en

and

C arbon

S o u rc e s .
The addition of the various amino acids to cell suspension cultures in MDK
supplemented with sucrose, had no measurable effect on GDH activity. These cultures
were not carbon stressed, and GDH activity appeared to be indifferent to the presence
of any of the amino acids tested, at all the concentrations used.
Following the addition of Glu in the sucrose starved cell suspension cultures
GDH activity was inhibited at all the concentrations tested. The results suggested that
the availability of Glu either directly or indirectly affected GDH activity, and was
concentration dependent. The inhibition of GDH could have been due to Glu acting as a
substitute carbon source, providing carbon skeletons for the TCA cycle, and may be
the major function of GDH under stress conditions. The addition of Glu to carbon
stressed cultures could have mimicked non-stressed conditions to a certain degree,
with GDH activity slightly lower than fully de-repressed levels. This could explain
why the response was concentration dependent. Similar results with the addition of
Glu where it caused inhibition of plant GDH have been shown by Singh and Srivastava
(1983), and Stewart and Rhodes (1977).
Alanine also caused inhibition of GDH activity in de-repressed cultures, but
the degree of inhibition was not as pronounced as that seen with the addition of Glu.
This could have been due to the cultures inability to utilise Ala as effectively as Glu,
as the specific activity of glutamate pyruvate transaminase was much lower that GDH
activity in sucrose starved cell suspension cultures (see section 4.3.4). The indirect
availability of Glu may have been limiting, thus the inhibitory effect of Ala was not
as large as that seen with Glu.
Glutamine, asparagine and arginine did not have measurable effects on GDH
activity in both repressed and de-repressed cultures, suggesting that they had no
regulatory role related to GDH activity. The glutamate synthase cycle may have been
non-functional, or active at a very low rate, thus the availability of Glu from Gin
could have been restricted. Similarly Asn or Arg may not have been primary sources
of Glu. If all three amino acids were not substrates either directly, or by their
catabolism the cultures would have remained stressed with the associated de
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repression of GDH, as was seen. However, it should be noted that the addition of 5 mM
Gin to Z. mays roots has been shown to inhibit GDH activity by 18% (Singh and
Srivastava,

1983).

The effect on GDH activity by the addition of the amino acids to cultures in the
presence of sucrose could have been masked, especially if the response was also
repression. This was the case with both Glu and Ala, which inhibited the de
repression of GDH under carbon stress conditions. The other three amino acids did
not cause measurable repression or de-repression of GDH, and it was concluded that
under the conditions of the experiment they had no regulatory role in GDH activity.
As glutamate was shown to have an effect on GDH activity, attempts to disrupt in vivo
concentrations of glutamate using MSO were made.

4 .4 .4

G lu tam in e

syn th etase

in h ib itio n

and

Its

E ffect

on

C atab o lic

E n zym es.
As no effect on GDH activity was seen at 1 mM MSO in D. carota cell
suspension cultures (Robinson, 1990), an experiment to determine if higher
concentrations of MSO could inhibit GDH activity was carried out.
Addition of MSO, at a final concentration of either 2 mM or 5 mM to cell
suspension cultures with repressed GDH activity caused a small decrease in basal
GDH activity. MSO could have indirectly inhibited GDH by having an effect on protein
synthesis, or substrate availability. Alternatively, the drop in GDH activity could
have been related to the MSO stocks used being toxic, as necrosis was seen within 24
hr of adding the inhibitor, and may have been caused by acidification of the cultures.
The addition of these same MSO stocks to sucrose stressed cell suspension cultures
also caused severe necrosis, but GDH activity was similarly inhibited by the addition
of MSO at all three concentrations, and again suggested that protein synthesis may
have been affected. As the results from the de-repressed cultures gave the clearest
indication of GDH inhibition, the subsequent experiment was only carried out using
sucrose stressed cell suspension cultures. Fresh MSO stock solutions adjusted to pH
5.7 were used, as the previous results were questionable because of the possible
deleterious effect of the acidic MSO stock solutions used.
The results showed that de-repressed GDH activity could be inhibited by both
5 mM and 10 mM MSO, but the effect was thought to be indirect, as MSO is an
inhibitor of GS (Stewart et al., 1980). In this experiment MSO was shown to
completely inhibit GS activity, within 7 hr, at both concentrations. As it took
similar lengths of time for the two MSO concentrations to inhibit GS it was concluded
that MSO was in excess, at least for GS inhibition. This was supported by Robinson
(1990), who showed 1 mM MSO took 6 hr to cause complete inhibition of GS in the
same cell suspension cultures. This also supports the possibility that MSO was
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indirectly inhibiting GDH, as it took longer to have an effect on GDH (approximateiy
12 hr). Rhodes et al. (1989), have suggested that MSO may affect 2-oxoglutarate
transport, and this could have repressed GDH activity, if it had an aminating role.
However, if MSO is only affecting extracellular 2-oxoglutarate transport, it would
not necessarily affect GDH if it had a catabolic role, as intracellular 2-oxoglutarate
would be unaffected. If intracellular concentrations of 2-oxoglutarate were affected
by MSO it might be expected to cause an increase in the catabolic function of GDH.
As the first MSO experiment showed that GDH activity was inhibited by MSO,
the activity of two aminotransferases; aspartate aminotransferase and glutamate
pyruvate transaminase (also known as alanine aminotransferase), were also
measured, to see if they also were inhibited. These two aminotransferase were
measured as they are both linked to glutamate. They catalyse the transfer of the
amino group from the 2 position of glutamate to either the 2 position of oxaloacetate
to yield aspartate, or the 2 position of pyruvate to yield alanine, with both also
producing 2-oxoglutarate (Fig 4.18).
GPT activity was inhibited by the addition of MSO, but was not significantly
different from control levels until 24 hr after the addition of the inhibitor. GPT
cataiyses the reversible conversion of alanine to glutamate, and its fall in activity
could have been related to protein synthesis. The addition of MSO could have
indirectly affected GPT activity, which in turn wouid have reduced the avaiiabiiity of
glutamate for GDH to function. Thus GDH activity may have been inhibited by the
glutamate concentration. However, it was shown that a drop in glutamate
concentration was more likely to cause an increase in GDH activity (see Table 4.1).
A fall in AAT activity, which catalyses the reversible conversion of aspartate
to giutamate, was aiso seen with the addition of MSO. The fail in AAT activity may
have been related to the inhibition of asparaginase, which has been shown in P.
sativum to be inhibited by MSO (Sieciechowicz at a!., 1989). With asparaginase
inhibited, which catalyses the hydrolysis of asparagine to yield aspartate and
ammonium, the avaiiabiiity of aspartate would be reduced, and could explain the fali
in AAT activity.
As similar degrees of inhibition of both GPT and AAT were noted with the
addition of both 5 mM and 10 mm MSO, and it was concluded that MSO was in excess,
with maximal inhibition achieved, under the experimental conditions.
The results showed that MSO had no direct effect on endogenous GDH in vivo.
Similarly, results obtained foiiowing the addition of 1 mM MSO to purified GDH also
caused no inhibition (results not shown). MSO appeared to indirectly inhibited GDH
activity, either by reducing the availabie substrates glutamate and 2-oxoglutarate,
and/or affecting the da novo synthesis of protein. A simiiar explanation could account
for the inhibition of GPT and AAT. These conclusions are aiso based on eariier work
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by Robinson (1990), who showed the incorporation of

label into amino acids,

during a 24 hr treatment of D. carota cell suspension cultures with

in the

presence and absence of 1 mM MSO. In the absence of MSO most of the label was seen
in glutamate,

alanine,

aspartate,

phenylalanine, gamma-aminobutyrate and

isoleucine. However, no labelled amino acids were detected in MSO treated cultures,
suggesting ammonium assimilation had been completely inhibited, thus amino acid
and protein synthesis.
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Figure 4.18. Schematic representation of two reactions involving aminotransferases.
The reaction of glutamate with oxaloacetate to yield aspartate and 2-oxoglutarate is
catalysed by Aspartate aminotransferase. The reaction of glutamate with pyruvate to yield
alanine and 2-oxoglutarate is catalysed by Glutamate pyruvate transaminase. The amino
group is highlighted in bold type to show its fate.

4.5

Sum m ary.
The results presented in this chapter showed that D. carota cell suspension

cultures had a slight preference for ammonium uptake, compared to nitrate uptake.
Under normal growth conditions both nitrate and ammonium were in excess. Once the
carbon source had been depleted the cells began to release ammonium into the
medium. This suggested that the associated increase in GDH activity during carbon
stress was deaminating glutamate, with the release of ammonium, which was not all
re-assimilated by the glutamate synthase cycle. There was also a drop in GS activity,
which could account for the inefficient re-assimilation of ammonium. The absence of
ammonium from the growth medium affected protein synthesis and growth of the
cultures, but GDH activity was not affected, suggesting that ammonium availability
had no direct effect on GDH activity.
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The addition of both catabolically active and inactive amino acids (in relation
to this study) as carbon and nitrogen sources had mixed effects on GDH activity.
Glutamine, asparagine and arginine had no effect on both repressed and de-repressed
GDH activity. However, glutamate and to a smaller extent alanine were able to inhibit
the de-repression of GDH, and was thought to be related to the deamination of
glutamate, providing oxoglutarate and reduced NADH. The degree of inhibition was
also thought to be concentration dependent, with higher concentrations of both
glutamate and alanine causing increased inhibition.
MSO was found to indirectly affect GDH activity in both repressed and derepressed cell suspension cultures, by either inhibiting its synthesis, and/or the
availability of its substrates glutamate and 2-oxoglutarate. As other catabolic
enzymes were also inhibited by the addition of MSO it was likely that protein
synthesis was disrupted, primarily by the inhibition of GS, thus preventing
ammonium assimilation. The results also suggest that the regulatory mechanism for
GDH may also involve other possible catabolic enzymes, such as GPT and AAT,
primarily by providing substrates. It was concluded that in D. carota cell suspension
cultures, ammonium assimilation was primarily via the glutamate synthetase cycle,
and the results were consistent with GDH having a catabolic function.
The results presented and discussed in this chapter highlight the difficulties
attached to interpreting such results. For example; The increase in GDH activity seen
during the stationary phase of the growth cycle, may be mimicking senescence, seen
in whole plants. Thus, the increase in GDH activity may have a role in providing
ammonium for the glutamate synthetase cycle and translocation. Alternatively, it
could be argued that GDH provides oxoglutarate for ATP production, and ammonium is
a by-product, acting as a stress enzyme, in response to carbon depletion. It is likely
that GDH has a role in both processes, and attempts to assign a specific role for GDH
may be a fundamental problem.
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Chapter

5

T he
E ffe c t
of
E le c tro n
T ra n s p o rt
and
Phosphorylation Inhibitors on GDH Activity.
5.1

O x id a tiv e

In tro d u c tio n .
The aims of the experiments described in this chapter were tc determine if a

relationship between respiration rate, oxidative phosphorylation and GDH activity in
Daucus carota cell suspension cultures could be established. A relationship between
adenosine nucleotides and GDH activity was established in Chapter 3, and the
experiments described in this chapter stemmed from those findings. Three groups of
inhibitors were used; electron transport inhibitors, oxidative phosphorylation
uncouplers and an ATPase inhibitor. The consumption of oxygen (O 2 ) was also
measured to determine the effectiveness of the inhibitors.
Mitochondria have been called the "microscopic power plants" of cells
(Hanstein, 1975). Enzyme complexes located in the inner mitochondrial membrane
catalyse oxidative phosphorylation, through which oxidation of substrates is linked
to the synthesis of ATP by the phosphorylation of ADP, Very little oxidation occurs in
the absence of ATP synthesis, and this phenomenon is known as respiratory control.
ATP formation is not directly linked to the electron transport pathway, but rather to
the proton gradient that is generated across the inner mitochondrial membrane.
Adenosine triphosphate synthetase (ATPase), transforms the energy of the
electrochemical gradient generated by the proton extruding system into ATP. The
coupling of electron transport to phosphorylation provides the control of respiration
by ADP availability. In the presence of ADP electron transport is rapid and ATP is
produced, resulting in state 3 oxygen consumption (the active state). If ADP is
depleted state 3 respiration is replaced by state 4 respiration (the controlled state).
However, as ATP is not normally limiting, state 4 respiration rarely occurs. The
ratio of state 3 to state 4 is known as the respiratory control ratio, and gives an
indication of how tightly respiration is controlled by ADP availability, i.e. adenylate
control (Lambers, 1990).
Aerobic respiration

involves the transfer of electrons from organic

molecules to O 2 . This transfer occurs via the electron transport system in the inner
mitochondrial membrane. NADH is produced in the mitochondrial matrix space
during the oxidation of glutamate to oxoglutarate, and may be oxidised by the electron
transport system. In Helianthus tuberosus tubers the concentration of NADH in
mitochondria regulates the activity of the two NADH dehydrogenases. It is thought
that the rotenone resistant NADH dehydrogenase is engaged under conditions of high
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phosphorylation potential, which restricts electron flux through the rotenone
sensitive dehydrogenase, which is coupled to ATP synthesis (Palmer et al., 1982).
Thus, NADH concentration can to some extent regulate ATP synthesis, via the proton
gradient.
Plant cells can follow two divergent respiratory pathways; In the cytochrome
pathway electrons are transferred to O 2 via cytochrome oxidase, and is sensitive to
cyanide, whereas the alternative pathway is resistant to cyanide and is specifically
inhibited by salicylhydroxamic acid (SHAM) (see Fig 5.1). It has been suggested that
the alternative pathway of respiration only becomes engaged in Solanum tuberosum
slices when the cytochrome pathway is either restricted or saturated with electrons
(Theologis and Laties, 1978a). In the case of saturation of the cytochrome pathway,
an engagement was only seen when an uncoupler was added, which suggested that
electron flux through the cytochrome pathway may be regulated by the adenylate
energy charge. However, it has been shown that the alternative pathway can be
engaged in the absence of inhibitors or uncouplers (Lambers et a!., 1983).
Electrons generated from the oxidation of high-energy reduced compounds
such as NADH and succinate are transferred to ubiquinone. If the source of the
electrons is from endogenous NADH they pass through the first coupling site, as
protons are translocated from the matrix to the intermembrane space. If the source
of the electrons is either succinate or external NADH the electrons by-pass the first
coupling site. Another two sites are also coupled with the translocation of protons to
the intermembrane space, as electrons pass along the cytochrome pathway (Fig 5.1).
This establishes a proton motive force, capable of driving the phosphorylation of ADP
(Mitchell,

1966).

Re-entry

of

protons to the

matrix through

complex

V

(mitochondrial ATPase) results in the production of ATP (Vanlerberghe and
McIntosh, 1992b). The cyanide insensitive alternative pathway is also located in the
inner mitochondrial membrane. Electron transport from endogenous NADH to O 2 via
the alternative pathway is associated with the formation of one ATP molecule,
whereas three ATP molecules are formed when electron transfer occurs via the
cytochrome pathway. By using selective inhibitors of electron transport the proton
gradient can be disrupted, thus ATP synthesis is curtailed.
Uncouplers belong to a large group of simple organic chemicals, including
2,4-dinitrophenol (2,4-DNP), carbonyl cyanide m-chlorophenylhydrazone (CCCP)
and carbonyl cyanide p-trifluoromethylphenylhydrazone (FCCP), which are all able
to dissociate substrate oxidation from ATP synthesis. The ring substituted
derivatives of carbonyl cyanide phenylhydrazone have been shown to inhibit
transport processes in plant tissues, depressing growth and stimulating respiration
(Heytler and Prichard, 1962), and are extremely effective uncouplers of oxidative
phosphorylation in mitochondrial systems. ATP synthesis is inhibited due to a lack of
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Figure 5.1. A schematic drawing of the organisation of electron transport in plant
mitochondria. Endogenous NADH is oxidised, with the resultant electrons flowing down the
pathways, ending in the formation of water by the consumption of oxygen. Included is the
alternative respiratory pathway, which is thought to branch at ubiquinone (UQ) into a
flavoprotein complex (FP), again with the terminal electron acceptor being oxygen. The
sites of various inhibitors are also shown.
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energy input, whereas the oxidation of the substrate continues unabated, uninhibited
by respiratory control, producing heat instead of ATP. They raise the rate of
respiration from state 4 to state 3, and can cause almost complete inhibition of
phosphorylation, bringing mitochondrial respiration to an uncoupled state (Poe et
al.,

1967).
It has been shown in many plants that respiration falls off when they are

deprived of a carbon source (Journet at al., 1986), whilst the number of
mitochondria per unit volume of cytoplasm remains constant. The total protein of the
cell drops sharply during this starvation period. Root tips of Zea mays show a decline
in respiration as carbon is depleted, with the effect being reversed if an external
supply of sugar is supplied. The addition of an uncoupler of oxidative phosphorylation
in the absence of sucrose does not cause an increase in O2 consumption, suggesting
that sugar supply controls respiration. Glucose declined slowly, which could have
meant that sugars were being formed by gluconeogenesis at the expense of proteins
and lipids (Journet et al., 1986). In suspension culture of Acer pseudoplatanus, the
first 30 hours following sucrose starvation causes a stoichiometric increase in
cytoplasmic inorganic phosphate, related to an increase in ADP and a decrease in
ATP, with O2 consumption dropping to less than 50% of normally growing cells. The
addition of 2 |iM FCCP caused the rate of O 2 consumption to increase to levels higher
than that seen in sucrose starved (coupled respiration) cells, suggesting that the
rate at which the cells respired was limited by the availability of ADP for either
oxidative phosphorylation or glycolysis. This was supported by the fact that ADP was
not detectable in the cytoplasm (Journet et al., 1986).
In fruit slices of Persea amerlcana and Musa cavendlshll the addition of
uncouplers is thought to stimulate glycolysis, to the point where the glycolytic flux
exceeds the oxidative capacity of the cytochrome pathway (Theologis and Laties,
1978b). It has been shown that in leaves of Lollum perenne kept in the dark,
respiration is limited by adenylate control of glycolysis (Day et al., 1985). The
glycolytic enzyme phosphofructokinase can be controlled to a greater or lesser
degree by adenylates, and thus could be related to ATP synthesis (Turner and Turner,
1980). A similar control mechanism for GDH may exist. It has been suggested that
GDH has a catabolic function in the marine worm Phascolosoma arcuatum, under
stress conditions, and it has been shown that the deaminating reaction and ammonium
production increased during anoxic exposure ( Ip et al., 1994).
Procedures which impair the integrity of oxidative phosphorylation also
have an effect on respiratory control, ATPase and phosphorylation efficiency.
Cellular respiration may be regulated by the availability of substrate to the
mitochondria. The use of inhibitors as biochemical tools is of great importance in the
investigation of cellular processes, and in this chapter were used to analyse
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biochemical activity and the activity of GDH, related to respiration in the
mitochondria.

5.2

M aterials

and

Methods.

To determine if disrupting the proton motive gradient in D. carota cell
suspension cultures affected GDH activity, the following electron transport
inhibitors were added to five day old cultures; 0.1 mM rotenone, dissolved in ethanol
with heat, 5 pM antimycin A dissolved in ethanol, 5 mM potassium cyanide (KCN)
dissolved in ddH20, 10 mM SHAM dissolved in acetone, and a combination of 5 mM
KCN and 10 mM SHAM dissolved in acetone.
The three oxidative phosphorylation uncouplers; 10 pM 2,4-DNP dissolved
in ethanol, 5 pM FCCP dissolved in acetone, and 5 pM CCCP dissolved in ethanol,
were added to cell suspension cultures, as described for the electron transport
inhibitors.
The ATPase inhibitor oligomycin was dissolved in ethanol, and once added to
cell suspension cultures had a final concentration of 10 pg/ml.
All inhibitors were made up as stock solutions, thus only 0.2 ml had to be
added to a culture flask to give the desired final concentration shown. Controls
consisted of cell suspension cultures with either 0.2 ml ddH2

0

, ethanol, or acetone

added to make up the volume. Cells were harvested periodically over three days and
assayed for total protein and GDH activity. Additionally, O 2 consumption was also
followed, to determine the effectiveness of the inhibitors.

5.3
5.3.1

R esults.
The

Effect

of

Electron

Transport

Inhibitors

on

GDH

A ctivity.

The results following the addition of the electron transport inhibitors are
shown in Figure 5.2. For all results presented in this chapter only the ddH20 control
is shown in each of the figures, as the addition of ethanol, acetone or ddH2

0

all gave

identical results in the control cell suspension cultures.
Rotenone added to D. carota cell suspension cultures caused a small increase
in specific GDH activity of 11%, within 10 hr. It then fell back to control levels of
approximately 8 nkat/mg. The rate of O 2 consumption for the duration of the
experiment was also very similar to the control, showing a gradual decline.
The addition of antimycin A to the cell suspension cultures caused a maximum
decrease of 90% in O 2 consumption within 3 hours, following addition, relative to
the control cultures, and then began to rise after 7 hr. By the end of the experiment
the rate of O 2 consumption was back to the control level. GDH specific activity
increased by 18.8% within the first 7 hr, relative to the control, and continued to
gradually rise to a high of 17.24 nkat/mg, which was 136.2% higher than the
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control. GDH activity in the control cell suspension cultures gradually declined over
the experimental period.
KCN was added to the cell suspension cultures and caused a fall of 96% in O2
consumption within 3 hours, relative to the control cell suspension cultures.
Respiration gradually recovered, but was still 39% lower than the control by the
end of the experiment. GDH activity rose sharply, following the addition of KCN to the
cultures, with the rate of increase slowing after 8 hours. After three days the
specific activity of GDH was still 12.7 nkat/mg, compared to the control, which was
7.3 nkat/mg.
Following the addition of SHAM to the cell suspension cultures there was a
slight fall in O 2 consumption compared to the control cell suspension cultures, being
5% lower after 3 hr, and 7% lower after 78 hr. Similarly, GDH activity was close
to control levels, being 8.2 nkat/mg after 3 hr and 7.2 nkat/mg after 78 hr.
The addition of both SHAM and KCN to the cell suspension cultures gave GDH
activity results which were indistinguishable from those obtained with KCN treated
cell suspension cultures. Respiration rate was also very similar to rates obtained
with the addition of KCN alone. Residual respiration was determined to be 3.5% of
total respiration, 3 hr after the addition of the two inhibitors.

5.3.2

The

Effect

of

O xid ative

P hosphorylation

U ncoupiers

on

GDH

Activity.
The effect on respiration rate and GDH activity by adding oxidative
phosphorylation uncouplers to D. carota cell suspension cultures are shown in
Figure 5.3.
2,4-DNP caused an instantaneous increase in O2 consumption (results not
shown) following its addition to the cell suspension cultures. O 2 peaked after
approximately 3 hr, being 25% higher than the control cultures, at the same time.
The rate of O 2 consumption then fell as dramatically as it rose. Oxygen consumption
decreased, and continued to fall until the completion of the experiment, being 38%
lower than the control by the end of the experiment. GDH activity rose sharply, to a
high of 10,1 nkat/mg six hr after adding the uncoupler. Activity then fell to almost
control levels after 24 hr, rising again until it was 27% higher than the control by
the end of the experiment.
Of the three uncouplers used in this investigation FCCP caused the largest
increase in specific GDH activity. The addition of FCCP caused activity to increase to a
high of 11.6 nkat/mg after six hr, with activity remaining higher than the control
for the duration of the experiment. GDH activity was still 47% higher in the treated
cultures compared to GDH activity in control cell suspension cultures, 76 hr after
adding the inhibitor. Interestingly, not only did it cause the largest increase in O 2

116

II

il

0) '
CL

en

12

-

11

-

10

-

9 ^

8

-

7 J
r 1 ■r

■ I

■ I ■ I

■ I

■ I

'

I

■ I

■ I

■ I

■ I

'

I

■ I

'

I

■ I

Control

B

2,4-DNP
FCCP
CCCP

c

I

0 .8 -

O E
c ^

0 .4 -

0 .2

-'

0

5

1 0 1 5 20 25 30 35 40 45 50 55 60 65 70 75 80
Time
(hr)

F ig u re 5 .3 . Graphs to show the effect of oxidative phosphorylation uncouplers on (A ),
specific GDH activity and (B ), respiration rate in cell suspension cultures of Daucus carota.
Uncouplers were added to five day old original line cultures. Cells were harvested
periodically over the following three days. The uncouplers used were
10 pM 2,4 -D N P
( -------#------ ), 5 pM FCCP ( ------ m
), and 5 pM C C C P ( ------- □------). The control culture
contained 0.2 ml ddH 2 0 , to make up the volume ( ^ — o------ ).

117

consumption, but was the only treated culture in which the rate of O 2 consumption
returned to control levels of approximately 0.5 nmol/mg fwt/min, by the end of the
experiment.
Following the addition of CCCP a similar response in GDH activity and O 2
consumption to that seen with the addition of FCCP was seen, but was not as
pronounced. GDH specific activity rose to a high of 10.9 nkat/mg, six hr after
addition, and was still 23% higher than in the control cell suspension cultures after
76 hr. Oxygen consumption followed a similar pattern to the two other uncouplers,
and caused intermediate O2 consumption rates to be exhibited, compared to the other
uncoupler treated cultures.

5.3.3 The Effect of an ATP synthetase Inhibitor on GDH Activity.
Oligomycin was also added to cell suspension cultures, and the results
following its addition are shown in Figure 5.4. Within 3 hr, the rate of O 2
consumption had reached a maximum of 0.9 nmol/mg fwt/min, and was 36% higher
than the rate of O2 consumption in control cultures. The rate of O 2 consumption by
the end of the experiment was 52% lower in treated cultures than in control
cultures. GDH activity rose and reached a maximum of 10.2 nkat/mg, approximately
9 hr after adding oligomycin, and was 27% higher than GDH activity in control
cultures at the same time. GDH Activity in the treated cultures then gradually fell for
the duration of the experiment, but was still 9% higher than that in control
cultures, by the end of the experiment.

5.4

D iscu ssion.

5.4.1 The

Effect

of

Eiectron

Transport

Inhibitors.

The results obtained following the addition of rotenone, a site 1 inhibitor (see
Fig 5.1), suggested that either GDH activity was unaffected by its addition, or that
the concentration used was too low. However, the concentration used was found to be
the

maximum

possible

for the

duration

of the

experiment,

with

higher

concentrations causing necrosis within 10-24 hr, following addition. Rotenone if
effective would have caused a decrease in the proton motive force and affected ATP
production. The addition of rotenone would have only partially inhibited the oxidation
of NADH, as plant mitochondria have an externally facing NADH dehydrogenase, which
is rotenone insensitive, so mitochondria could oxidise external NADH directly
through the cytochrome pathway. Similarly, succinate oxidation is not inhibited by
inhibitors of site 1 coupling (Day et al., 1980). The D. carota cell suspension
cultures appeared to be able to compensate for site 1 inhibition.
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Figure 5.4. Graphs to show the effect of oligomycin on (A), specific GDH activity and
(B), respiration rate in cell suspension cultures of Daucus carota. Oligomycin was added to
five day old original line cultures. Cells were harvested periodically over the following
three days. The concentration of oligomycin used was 10 pg/ml ( ----- m
). The control
culture contained 0.2 ml ethanol, to make up the volume (
o——).
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Antimycin A binds to the apoprotein of cytochrome b, and inhibits
mitochondrial electron transport, specifically between cytochrome b and c (Roberts
et al., 1980), and therefore acts as a site 2 inhibitor. The addition of antimycin A to
D. carota cell suspension cultures appeared to cause de-repression of GDH, similar
to that seen when the cultures were carbon stressed. Total protein followed a similar
pattern to the control cells (data not shown), suggesting that the increase in specific
activity could have been due to de novo protein synthesis. Alternatively, an allosteric
activator, or the removal of an inhibitor could have caused the increase in GDH
activity. It has been shown that in cell suspension cultures of Nicotiana tabacum
which have been treated with 2 pM antimycin A, there is an associated accumulation
of Aox1 mRNA, which encodes the alternative oxidase of plant mitochondria. This is
accompanied by an increase in the alternative pathway respiration. When the
inhibition due to antimycin A was relieved the activity of the cytochrome pathway
returned to control levels, as did the Aox1 mRNA levels (Vanlerberghe and McIntosh,
1994). Earlier work by Vanlerberghe and McIntosh (1992a; 1992b), has shown
that the

antimycin A effect was transient, probably due to dilution or degradation.

Between 16-24 hr after the addition of the inhibitor, the cytochrome pathway
recovered to 70% of its initial level. Addition of more antimycin A caused inhibition
again, suggesting cells were still sensitive to the inhibitor, and that the original dose
was no longer effective. The addition of antimycin A to D. carota cell suspension
cultures caused the largest increase in GDH activity of all the inhibitors used,
suggesting that although the original dose may not have been inhibitory over the 78
hr of the experiment, as the respiration rate began to increase after 7 hr, its effect
was long term.
The third electron transport inhibitor used was KCN, which inhibits electron
transport by complexing with metals in métallo proteins, for example cytochrome c,
and was therefore a site 3 inhibitor. Cyanide is not a specific inhibitor, and it should
be noted that it could also affect other cellular process (Fergusson, 1994). The
presence of KCN in D. carota cell suspension cultures almost completely arrested O 2
consumption 2 hr after its addition. There was a corresponding increase in GDH
activity, which continued to rise even as respiration in the treated cell suspension
culture recovered. As with antimycin A the effect of KCN may have started to wear
off, but had longer term consequences related to GDH activity.
As the aim of these experiments were to disrupt ATP synthesis by reducing
the proton motive force, SHAM was also used as an inhibitor. It has been reported
that in intact Pisum

sativum roots the alternative pathway contributes to ATP

synthesis (De Visser et al., 1986), and would be consistent with electrons passing
through the first coupling site (see Fig 5.1). When the cytochrome pathway is
inhibited, oxidation of external NADH and succinate can continue via the alternative
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pathway. SHAM is a specific inhibitor of the alternative (cyanide insensitive)
pathway, through which O 2 consumption involves the production of hydrogen
peroxide, which is then catalysed to give water (Calvayrac et al., 1985). The
addition of SHAM to intact cells, and not isolated mitochondria may give results which
are difficult to interpret, as SHAM could inhibit non-mitochondrial oxidases, such as
lipoxygenase and tyrosinase, but their contribution to the respiration rate is thought
to be negligible (Bingham and Farrar, 1987). Concentrations of up to 25 mM have
been used to estimate alternative pathway respiration in plants, but such high
concentrations may cause non-specific inhibition of the cytochrome pathway. The use
of such high concentrations have been justified by the argument that these high in
vitro concentrations may not be realised in situ (Lambers et ai., 1983).
Under normal growth conditions O2 consumption in D. carota cell suspension
cultures was predominantly via the cytochrome pathway, accounting for up to 95.9%
of total O 2 consumption. By blocking both the alternative and cytochrome pathways,
the residual respiration rate was determined to be 3.5% of total respiration, which
suggested that the alternative pathway accounted for only 0.6% of total respiration.
This could explain why SHAM had an insignificant effect on GDH activity, with the
alternative pathway having a minor role in mitochondrial processes in these
cultures. The addition of both SHAM and KCN caused GDH activity to increase, with
results very similar to those obtained with the KCN treatment alone. This supported
the findings that inhibition of the alternative pathway was not influencing GDH
activity.
The biochemical nature of residual respiration is unknown, but is probably
due to extra-mitochondrial O 2 consuming processes (Moller et ai., 1988), and would
explain the virtual absence of residual respiration in isolated mitochondria. An
extra-mitochondrial process which may involve respiration is the oxidation of fatty
acids in peroxisomes, which are insensitive to both KCN and SHAM (Gerhardt,
1986). A low level of residual respiration survives the addition of both KCN and
SHAM inhibitors, and may account for up to 10% of total respiration (Lambers et
ai., 1983). Residual respiration in N. tabacum cell suspension cultures in the
presence of KCN and SHAM has been described as insignificant (Vanlerberghe and
McIntosh, 1992a), but in a later report the investigators say residual respiration
was 6.4% (Vanlerberghe and McIntosh, 1992b). Residual respiration in ipom oea
batatas slices was 14% after the addition of inhibitors of both the cytochrome and
alternative pathways (Theologis and Laties, 1978b).
It has been shown that isolated mitochondria from Gycine max are resistant to
KCN (0.5 mM) and antimycin A (5 |iM) (Day et ai., 1988), and may explain the
recovery in respiration seen in the D. carota cell suspension cultures. Alternatively,
they could have been degraded. This was more probable, as resistance to the
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inhibitors was unlikely to develop in one growth cycle. The addition of the
cytochrome pathway inhibitors, especially site 2 and 3 inhibitors caused GDH
specific activity to increase. This increase could have been due to the reduced
availability of ATP, mimicking carbon starvation conditions, where de-repression of
GDH was seen (see Chapter 3). The results also suggested that the alternative
pathway was unable to take over the role of the cytochrome pathway in producing
sufficient ATP, and that disruption to the ADPiATP ratio caused a direct effect on GDH
activity. This disruption in the ADPiATP ratio could also be achieved by the addition
of uncouplers to the cultures, without blocking electron transport.

5.4.2

The

Effect

of

Oxidative

Phosphorylation

Uncouplers.

2,4-DNP caused an increase in both GDH activity and respiration rate in D.
carota cell suspension cultures. The effect of this uncoupler was not as pronounced as
the other two uncouplers, but may have been due to the sub-lethal concentration
used. It was five-fold lower than that used in respiration studies with T. aestivum
root cells (Polygalova et al., 1991).
The role of 2,4-DNP as an uncoupling agent in oxidative phosphorylation is
well documented. It interferes with the proton gradient formation, with an associated
stimulation in O 2 consumption (Kingsley-Hickman et a!., 1990). The addition of
2,4-DNP to exponentially growing Euglena gracilis suspension cultures has been
shown to cause a drop in the growth rate. The addition of 5 -10 pM 2,4-DNP caused
an immediate increase in respiration of about 20-30%, which lasted at least 24 hr,
after which the respiration rates slowly returned to levels similar to the control,
and were the same after 5 days (Larhrissi et ai., 1994). The addition of 51 pM 2,4DNP to intact Tritlcum aestivum root cells has been shown to cause a drop in the ATP
levels of mitochondria (Polygalova et al., 1991).
The addition of FCCP to D. carota cell suspension cultures caused the largest
increase in GDH activity of the three uncouplers used, and was still 47% higher
after 76 hr, compared to the control level. The respiration rate initially increased
in a similar manner to GDH activity, but then fell back to control rates. These
results suggested that the increase in GDH activity could have been due to the removal
of an inhibitor, the appearance of an activator, or simple an increase in de novo
protein synthesis, but no direct evidence was obtained to substantiate these
suggestions. Active enzyme was still present once the effect of the inhibitor had faded.
FCCP, which uncouples oxidative phosphorylation at sites 2 and 3 (Reyes and
Dale, 1983), has been shown to stimulate both the cytochrome and the alternative
pathways in the roots of Splnacia oleracea and Z mays, and may stimulate glycolysis
by a decrease in cytosolic ATP levels (Day and Lambers, 1983). The addition of FCCP
to N. tabacum cell suspension cultures has been shown to cause a 2.5 fold increase in
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the respiration rate, suggesting respiration was limited by the availability of ADP
(i.e.

adenylate

control). The

limitation of ADP

may be at the oxidative

phosphorylation level or the level of substrate supply to the mitochondria.
(Vanlerberghe and McIntosh, 1992b).
CCCP acts by causing a downward titration in the driving force of the
transmembrane electrochemical gradient (Quirk et al., 1994). It is not thought to be
as potent an uncoupler as FCCP (Reyes and Dale, 1983). This would explain why its
effect at the same concentration as FCCP was not as pronounced in stimulating GDH
activity and respiration rate in D. carota celi suspension cultures.
All three compounds showed that uncoupling oxidative phosphorylation from
electron transport caused an increase in specific GDH activity. As total protein was
similar to that seen in the control cultures (results not shown), the increase could
have been due to de novo protein synthesis, with the cells de-repressing GDH activity
in a similar manner to that seen under carbon stress conditions. It has been shown in
detached P. sativum shoots that 0.1 mM 2,4-DNP or 0.1 mM CCCP had no effect on
GDH activity, suggesting GDH activity was independent of the energy supply (Nauen
and Hartmann, 1980). However, these results could be interpreted as 2,4-DNP and
CCCP having the same effect as the control shoots (carbon starved), i.e. De
repression due to carbon depletion and hence reduced ATP availability. The correct
control to determine if the uncouplers had an effect on GDH activity might have been
shoots incubated in a sugar solution. The test conditions should have been shoots in
sugar solution + uncouplers, and not tap-water + uncouplers, as the de-repression
due to carbon starvation could have mask the uncoupling effect.
It has been shown in isolated rabbit heart mitochondria that the addition of
FCCP caused an increase in the release of Ca^+. The uncoupler mimicked carbon
limiting conditions, where ADP accumulated, and a similar increase in Ca^+ was
observed. (Vaghy e ta !., 1982). A similar response could have occurred in the D.
carota cell suspension cultures, following the addition of the uncouplers, and the
possibility that Ca^+ is involved in GDH regulation can not be ignored (see section
6 .2 .1 4 .4 ).
As both electron transport inhibitors and uncouplers caused GDH activity to
increase, possibly by altering ATP avaiiabiiity, or ATPiADP ratio, an inhibitor of
ATPase was also used to see if it had a similar effect.

5.4.3 The

Effect of an ATPase Inhibitor.

Mitochondrial electron transport leads to translocation of protons from the
mitochondrial matrix, generating a membrane potential, which is used to drive ATP
synthesis, and other transport processes (Pla et a!., 1991). The synthesis of ATP is
mediated by the proton flux back through ATPase, found in the mitochondrial
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membrane. Oligomycin, an antibiotic binds to a subunit of the ATPase, and inhibits
the movement of protons across the proton gradient for ATP synthesis, and is also an
inhibitor of 70S ribosomes (Durand, 1987).
The results for the addition of oligomycin showed a de-repression of GDH in
repressed culture conditions. The inhibition of ATPase caused an increase in O 2
consumption, similar to that seen with the addition of uncouplers to the cell
suspension cultures, suggesting that the availability of ATP could either directly, or
indirectly de-repress GDH activity. However, an inhibition of ATPase would cause a
corresponding increase in ADP, thus altering the adenylate charge and ADP
concentration, which may be the regulating factors.

5.5

Sum m ary.
The results in this chapter showed that a correlation between ADP, ATP and

the ADP:ATP ratio could individually, or collectively influence the de-repression of
GDH in D. carota cell suspension cultures. Similar deductions could be made from the
results shown in Figure 3.15, where the addition of cAMP, AMP and ADP caused an
increase in GDH specific activity in repressed cultures. All the inhibitors and
uncouplers were used at sub-lethal concentrations and cultures resumed normal
growth patterns within four days of adding the inhibitors. Sub-lethal concentrations
were employed to avoid cells becoming necrotic, with the associated increase in GDH
activity masking the effect of the inhibitors. For the same reason sucrose starved
cells were not used as any change in GDH activity could have been similarly masked.
For example this was seen to occur in Figure 3.16, where the effect of AMP and ADP
in de-repressed cell suspension cultures was masked by the de-repression caused by
sucrose stress, and possibly with the results shown by Nauen and Hartmann
(1980), using uncouplers with carbon stressed P. sativum shoots.
The results presented in this chapter tie in with the results in chapter 3. The
de-repression of GDH by carbon stress was thought to be indirect, and probably due
to catabolic products of carbon metabolism. These products include ATP and NADH.
The mechanism by which GDH is directly affected by ATP availability is unknown,
but may be similar to phosphorylation and de-phosphorylation of pyruvate
dehydrogenase (Goodwin and Mercer, 1983). However, no evidence has been
presented in the literature that plant GDH can be phosphorylated, and so the exact
mechanism remains unclear, but see chapter 7 for further discussion.
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6

P u rific a tio n

D e h y d ro g e n a se
C u itu r e .
6.1

and

from

C h a ra c te ris a tio n
Daucus

ca ro ta

of
Ceii

G iu ta m a te
Suspension

In tro d u c tio n .
As stated by Pahlich and Joy (1971), a prerequisite for the study of GDH, or

any other enzyme to determine any regulatory properties, is to have a highly
purified protein preparation. With this in mind one of the primary aim's of this
investigation was to purify GDH to homogeneity from Daucus carota cell suspension
culture, as this would help elucidate the role, structure and regulation of GDH in
higher plants.
In general, some of the reasons for purifying a protein include: To gain a
detailed understanding of an enzyme in a complex environment, we must first try to
understand its properties in as simple a system as possible. Both carboxy terminal
and amino terminal end sequence data can be obtained, which in turn allows the
design of oligonucleotide probes to isolate the gene. If enough pure protein is obtained
to allow crystallisation, structural data can be obtained, which allows topographic
studies. Hybridisation studies involving dissociation of subunits followed by re
association could help in the elucidation of how a protein folds in situ and protein
processing, additionally it allows identification of isoenzymes by their physical and
kinetic

properties. Purification of a protein also allows

both polyclonal and

monoclonal antibodies to be raised against it, which could be used to determine posttranslational changes in the protein levels under various conditions, and in situ
localisation studies.
GDH has been purified from many sources, including: plants (Kindt et al.,
1980; Shargool and Jain, 1989), animals (Cady et ai., 1990; Julliard and Smith,
1979; Veronese et al., 1976), fungi (Brun et ai., 1992; Botton et al., 1987), and
bacteria (DiRuggiero et al., 1993; Ma et al., 1994). The first reported successful
attempt to purify a plant GDH was carried out by Bulen (1956). He isolated the
enzyme from Zea mays leaves by an (NH4 ) 2 S 0
precise

4

precipitation process, involving

saturation concentrations to isolate the enzyme,

followed by anionic

absorption using aged calcium phosphate gel. He used this partially purified
preparation to determine some of the properties spectrophotometrically, including
optimal pH for the aminating assay and

values for the substrates and coenzyme.

Although GDH has been purified from several plant sources, it has not been
previously purified from D. carota. Initially, in this study, the published method of
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Loulakakis and Roubelakis-Angelakis (1990a), for the purification of Vitis vinifera
GDH was followed, but neither the resolution or the recovery of GDH they reported,
was repeatable with D. carota cell suspension cultures. However, their protocol was
used as a foundation, and by using a methodology based practice, conditions at each
step were repeatedly manipulated until conditions were found, that resulted in the
purification of GDH from D. carota cell suspension culture.

6.2

Results

6.2.1

GDH

and

Discussion.

Purification.

The results and discussion that follow for the purification of GDH from D.
carota are related to one purification run. However, the results obtained were
typical for many attempts at purifying the protein. A summary of the results for this
purification are shown in Table 6.1.
Purification
Step

Total
A ctivity
(nkat)

Total
Protein

298

Vol ume
(m l)

Purification
Foid

Yieid

(mg)

Specific
A ctivity
(nkat/m g)

11973

1393

8 .6 0

1 .0

100

22

10838

392

2 7 .6 5

3 .2

9 0 .5

DEAE-Sephacel

7 .5

9147

1 9 8 .7 5

4 6 .0 2

5 .3

7 6 .4

A m in o p e n tyl-A g a ro s e

22

8049

1 3 1 .5 3

6 1 .2 0

7 .1

6 7 .2

S ephacryl S -4 0 0

4 .1

5103

2 3 .2 1

2 1 9 .8 6

2 5 .6

4 2 .6 2

Q -Sepharose

8

3107

9 .7

3 2 0 .3 1

3 7 .2

2 5 .9 5

Blue Dextran

2

1793

1 .2

1 4 9 4 .1 7

1 7 3 .7

1 4 .9 8

Crude
(N H 4 ) 2 S 0

Table

4

+ Dialysis

6.1. Purification tab le of glutam ate dehyd ro g en ase from

Daucus

carota cell

suspension culture.

6.2.2

Crude

Extraction.

Suspension culture cells of D. carota were harvested during the stationary
phase in the growth cycle. The reason for harvesting cells during the stationary was
because the specific GDH activity was higher than at any other period of the growth
cycle, and as purification with optimal recovery was desired, this was determined
the best time to collect cells. As a precaution that only D. carota GDH was being
isolated, suspensions were routinely checked for contamination prior to purification.
Cells were disrupted using a french press, and the resultant homogenate was
observed under a microscope to checked if the cells had been ruptured. The shear
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(% )

forces created by passing the cells through the small aperture at high pressure was
found to be the best method to disrupt the cells. Both grinding cells with sand as an
abrasive, following flash freezing with liquid nitrogen, or homogenising them were
not as efficient at disrupting the majority of cells, or reproducible on a large scale.
Two 700 ml Erlenmeyer flasks of 15 day old cell suspension culture were
harvested as described in section 2,10.1. They yielded 68.58 g fwt, which once
disrupted gave a crude sample solution of 298 ml. This was assayed for protein and
GDH activity.

6.2.3

Am monium

Sulphate

Fractionation.

Salting out of a protein is largely dependent on the hydrophobicity of the
protein. The addition of salt to the sample solution attracts water molecules from the
hydrophobic side chains of the proteins, exposing hydrophobic patches, which
interact with other patches leading to protein aggregation.
The optimal saturation range with (NH4 )2 S 0

4

was determined (see Table

6.2). Several fractionation steps were tried and a 30-60% saturation was found to
recover the greatest percentage of GDH. Lower concentrations of (NH 4 ) 2 S 0

4

demonstrated that GDH activity was still present in the supernatant, and thus were
not enough to precipitate all the GDH present. Higher concentrations caused the
protein aggregate to separate as a floating layer, due to interference from the
detergent Triton X-100 (Scopes, 1982). This floating layer was difficult to collect
and resuspend, making accurate measurements of GDH and protein recovery
impossible. As (NH 4 ) 2 S 0

4

was primarily used as a convenient concentration step

prior to loading the sample onto an ionic exchange column the broad saturation of
30-60% was used. No attempts were made to isolate isoforms using precise
(N H 4 ) 2 S 0

4

saturations to aggregate individual isoforms, as the exact number of

isoforms was unclear. By using the broad saturation range it was expected that all
isoforms would be recovered for the subsequent purification steps.
Precipitation using chilled acetone was also tried as either an additional early
purification step, or as a replacement to salting out. Acetone displaces water on the
protein surface reducing solubility, causing aggregation. The advantage of solvent
precipitation over salting out is that it can be carried out at subzero temperatures.
The method was tried, but proved to be unsuitable. Although precipitation was
achieved the pellet was difficult to resuspended, and devoid of any GDH activity. The
low solubility and loss of activity was probably due to dénaturation, as keeping the
temperature very low was an important aspect of this procedure. However, there
was an increase in the sample solution temperature as acetone was added, due to the
heating effect of hydration, which was difficult to control. Acetone precipitation has
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been successfully used to concentrate Agave americana leaf GDH, with an actual
increase in activity (Ramirez at a/., 1977).
Prior to loading the sample on to an ionic exchange column it was dialysed to
remove salts, and centrifuged. This produced a small pellet which may have been due
to protein degradation caused by low molecular weight solutes being lost, causing destabilisation of some proteins. The loss of (NH4 ) 2 S 0

4

itself could have caused de-

stabilisation.
The sample solution had a final volume of 22 ml after (NH 4 ) 2 S 0

4

fractionation and dialysis, which was assayed for total protein and GDH activity.
Sa mp l e

GDH

Recovery

Protein

Recovery

(% )

(% )

100

100

Pellet

2

26

30% Supernatant

95

70

50 %

Pellet

81

41

50% Supernatant

11

26

60 %

Pellet

92

53

6 0 % Supernatant

3

19

P ellet

63

37

7 0 % Supernatant

0

3

Crude
30 %

70%

Table

6.2. T a b le to show the percen tag e recovery of protein and total g lutam ate
dehydrogenase activity in both supernatant and resuspended pellet after various ammonium
sulphate fractionations. The considerable drop in both G D H and protein recovery after the
6 0 -7 0 % amm onium sulphate fractionation was primarily due to difficulties associated with
recovering the pellet after centrifugation. Both the 5 0 % resuspended pellet and the 50%
su pernatant fractions w ere pooled prior to fractionation with 6 0 % am m onium sulphate.
P ercentage recovery in all steps is expressed as that proportion of either G D H or protein
remaining relative to the crude sample.

6.2.4

Anionic

Exchange

Chromatography

(I).

Ion exchange chromatography relies on the reversible adsorption of charged
solute molecules to an immobilised ion exchange group of opposite charge.
Specifically for GDH, diethylaminoethyl (DEAE)-Sephacel, an anionic exchange
matrix was used, where charged proteins bound by displacing chloride ions from the
functional group.
The sample was loaded on to the column, and eluted using a linear salt
gradient. Fractions of 4 ml were collected and assayed for GDH activity (Fig 6.1).
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The activity elution profile shows possibly 8 or 9 peaks which may have been
isoforms of GDH. The resolution was not as defined as that obtained with V. vinifera
GDH isoforms (Loulakakis and Roubelakis-Angelakis, 1990a), thus individual
isoforms could not be investigated in isolation. Fractions 21 to 58 were pooled and
concentrated using ultrafiltration, then assayed for protein and GDH activity. A 5.3
fold increase in purification was obtained, which was primarily due to the fact that
GDH eluted over a relatively large salt gradient, and followed total protein elution
closely.

6.2.5

H ydrophobic

Interaction

Chromatography.

The theory of hydrophobic interaction is similar to (NH 4 ) 2 S 0

4

precipitation.

A protein sample in salt solution at a lower concentration than that needed for
precipitation

promotes

interaction,

often

quite

strongly

to

other

similar

hydrophobic species (Porath, 1986). Hydrophobic patches on the protein surface
interact with immobilised ligands on the hydrophobic matrix, which in this
purification protocol was w-Aminopentyl-Agarose.
The concentrated sample from the first ion exchange step was taken up to
50% (NH 4 ) 2 S 0

4

saturation prior to loading on to the hydrophobic column. Bound

protein was eluted by applying a linear gradient of 50% to 0% (NH 4 ) 2 S 0

4

.

Fractions of 1 ml were collected and assayed for GDH activity (Fig 6.2). The elution
profile showed that GDH appeared to elute with all other proteins, and as a single
activity peak. This would suggest that the hydrophobic interactions the isoforms
exhibited were in an ordered pattern. The major purification in this step was due to
proteins which did not interact with the column matrix, and which eluted as unbound
proteins. This step was included because even after the first ion exchange step the
sample solution still had a yellow tinge, which almost completely disappeared
following this step. The sample did not have to be dialysed prior to loading, and
similarly would not have to be dialysed for the next step, so it was a quick, simple
procedure. Fractions 42 to 61 were pooled and concentrated, then assayed for GDH
activity and protein.

6.2.6

Gel

Filtration

Chromatography.

This chromatographic method is used to separate solutes in solution, and can
be used to change buffers or desalt a protein solution. The matrix is made up from an
open cross-linked three dimensional molecular network, cast in bead form. The
accessibility of the pores is related to size, with smaller molecules passing through
the beads, as opposed to larger molecules passing around the beads. This gives rise to
a molecular sieving effect, with larger molecules passing through the column at a
faster rate.
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protein was w ashed of the column, followed by elution of bound protein with a linear
am m onium sulphate gradient, collected as 1 ml fractions for assaying. G D H activity was
m easured in the aminating direction, (
•
); Elution of protein from the column was
m onitored at A 2 8 0 . ( --------------- ); ammonium sulphate gradient, ( ----------------).
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The

concentrated

protein

sample

following

hydrophobic

interaction

chromatography was loaded onto the Sephacryl S-400 column. Fractions of 1 ml
were collected once the void volume had passed through, and were assayed for GDH
activity (Fig 6.3). GDH came off as one distinct activity peak, close to the void
volume front. This suggested that not only was GDH a relatively large protein, but
also that the isoforms had very similar molecular weights. Proteins were still being
eluted from the column once all the GDH active fractions had been collected. However,
there was a relatively sharp cut off for protein elution, which was consistent with
the sample that was loaded consisting of proteins already molecular sieved by
ultrafiltration. Fractions 20 to 62 were pooled and ultrafiltrated prior to assaying
for GDH activity and protein.

6.2.7

Anionic

Exchange

Chromatography

(ii).

This ionic exchange method works on a similar principle to DEAE-Sephacel
ion exchange, where the functional group trimethylaminomethyl is linked to agarose
beads. The higher degree of cross linking in the matrix improves both chemical and
physical stability, which in turn allows higher flow rates to be used. The reason for
using Q-Sepharose at this step was because this matrix is expensive and had to be
regenerated for successive uses. This meant the sample solution had to be relatively
pure before it was loaded onto the column. After gel filtration the sample solution
was clear, and all pigments had been lost.
The concentrated sample from the pooled gel filtration fractions was loaded
onto the Q-Sepharose column and unbound protein eluted, which was negligible.
Fractions of 7 ml were collected during the linear salt gradient elution and assayed
for GDH activity (Fig 6.4). Fractions 19 and 29 were concentrated separately, and
aliquots loaded onto Native-PAGE. The gel was stained specifically (Fig 6.5). Both
fractions contained several isoforms, but none that overlapped. Fraction 19
contained the more anodal isoforms and fraction 29 contained the more cathodal
isoforms. The elution profile showed only two distinct peaks of GDH activity, but
Native-PAGE clearly showed that within these two peaks there were several
isoforms. This would again suggest that attempts to separate distinct isoforms using
chromatography is going to prove to be a difficult problem to solve, and one which
most probably will be tackled successively by using preparative Native-PAGE. The
remaining fractions between 16 and 39 were pooled, concentrated and assayed for
GDH activity and protein, prior to being dialysed overnight.

6.2.8

A ffin ity

Chrom atography.

Blue Dextran is an affinity medium whose functional group is a blue dye
known as Cibacron Blue. The molecular structure of Cibacron Blue is very similar to
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F ig u re 6 .4 . Anionic exchange chrom atography. Active fractions after gel filtration were
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as fractions for assayin g . G D H activity w as m easu red in the am inating direction,
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NAD+, and it is thought that enzymes bind to the dye at the nucleotide binding site of
the protein. The binding characteristics and the selective elution of bound protein
make this an excellent medium for the separation of proteins, however it is
expensive, and the sample solution has to be relatively pure, prior to loading.
The protein sample was loaded on to the affinity column, and unbound protein
washed off. Elution of bound protein was achieved using a salt gradient (Fig 6.6), and
1 ml fractions were collected and assayed for GDH Activity. As expected this was the
most efficient step in the purification protocol. The vast majority of proteins loaded
onto this column were washed of as unbound proteins. Again only a single peak was
seen, which suggests that the binding affinity of the different isoforms changes
progressively, with the stronger bound isoforms eluting of at higher salt
concentrations. Fractions 25 to 62 were pooled and concentrated, then assayed for
GDH activity and protein. Attempts to elute bound proteins with a NAD+ linear
gradient proved to give no better resolution, and was not used as fractions had to
dialysed prior to assaying for GDH activity.

This protocol led to the purification of GDH from D. carota. Figure 6.7 shows
the successive steps in the purification visualised by silver stained SDS-PAGE. The
concentrated pure protein sample was stored at -80°C until it was used to study
physical, kinetic and immunological properties of the enzyme.

6.2.9

A n tib o d y S p e c i f i c i t y .
Antiserum raised against Glycine max GDH has been shown to cross react with

P isu m sa tivu m , Brassica

napus, D. carota, Z. mays, Triticum

aestivum, R u ta

graveoiens, bovine and rat GDHs (Shargool and Jain, 1989), which suggests that
they have common epitopes for the antibody. V. vinifera GDH antiserum was
therefore obtained, (kindly donated by Professor Roubelakis-Angelakis).
A prerequisite for all interpretations of the studies on the immunological
properties of D. carota GDH was to determine the specificity of the V. vinifera GDH
antiserum used with D. carota GDH.

6.2.9.1 SDS-PAGE

and

Native-PAGE

Antibody

Detection.

In the absence of any specific pre-immune rabbit serum (not supplied),
non-specific pre-immune rabbit serum (A gift from Majib Rehman, UCL.), was
used to determine if any bands obtained with the GDH antiserum may have been due to
non-specific binding. The immunostained western blots of SDS-PAGE and NativePAGE (NH 4 ) 2 S 0

4

concentrated protein samples from D. carota cell suspension

culture showed that no proteins bands stained with the non-specific pre-immune
serum.
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O

B

Fig u re 6.5 . Specific stained Native-PAGE. Track (A ) shows the isoforms of glutamate
dehydrogenase in fraction 19 from the elution profile of the Q-Sepharose column, with 3
nkats of total activity loaded. Similarly, track (B ) shows the glutam ate dehydrogenase
isoforms in fraction 29 from the elution profile of the Q-Sepharose column, with 4 nkat of
total activity loaded. Track (C ) is a mixture of both fractions 19 and 29, with 7 nkat of
total activity loaded.
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Figure 6.6. Dye-ligand affinity chromatography. Active fractions after Q -Sepharose ionic
exchange chromatography were pooled, concentrated and dialysed before loading on to a
column of Blue Dextran. Unbound protein was washed of the column, followed by elution of
bound protein with a linear salt gradient and collected as 1 ml fractions for assaying. GDH
activity was measured in the aminating direction, (
•
); Elution of protein from the
column was monitored at A2 8 0 . ( -------------- ): NaCI gradient, ( --------------- ).
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F igure 6.7. Silver stained SD S -P A G E showing the progressive purification of glutamate
dehydrogenase from Daucus carota cell suspension culture. The lanes correspond to the
various steps in the purification protocol: Track (A ), 5 pg total protein of crude extract
sample, Track (B ), 12 |ig total protein of ammonium sulphate fractionation sample, Track
(C ), 9 pg total protein of DEAE-Sephacel ion exchange chromatography sample. Track (D),
9 |ig total protein of hydrophobic interaction chromatography sample. Track (E ), 3 |xg total
protein of gel filtration sample. Track (F), 3 ^g total protein of Q -Sepharose ion exchange
chrom atography sam ple. Track (G ), 0.2 p.g total protein of affinity chromatography
sample, and Track (M ), the molecular weight markers, phosphorylase B (97.4) kDa),
bovine serum albumin (66.0 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa) and
trypsin inhibitor (21.5 kDa).
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suggesting that any binding with the GDH antiserum could be specific (results not
shown).
Figure 6.8. shows two D. carota cell suspension cultures lines whose protein
was isolated and run on SDS-PAGE. Duplicate tracks were run, one was electroblotted
and immunostained using the antiserum, whilst the other track was silver stained.
The results indicated that the antiserum was highly specific for one protein band in
both protein samples. The molecular weight of this protein band corresponded to the
subunit molecular weight of GDH (see section 6.2.11). A similar experiment, but
running the samples on Native-PAGE was also carried out. Duplicate gels were either
electroblotted and immunostained or specifically stained using the tétrazolium dye
method (Fig 6.9). The results show that the immunostained bands were identical to
the specifically stained GDH isoform bands.

6 .2 .9 .2

Im m u n o titra tlo n

Curve.

Another procedure to determine if the V. vinifera GDH antiserum bound D.
carota GDH, was to obtain an immunotitration curve (Fig 6.10). In the absence of
any specific pre-immune rabbit serum, non-specific rabbit serum was used, to
make up the volume in the control experiment. This countered any dilution in enzyme
activity due to an increase in volume. The GDH antiserum dilution for this
experiment was 1:32 000. The results show that the non-specific serum had
negligible effect on GDH activity, and any loss in activity was probably due to
dilution and a small amount of degradation of GDH overnight. The GDH antiserum
caused a linear decrease in GDH activity with increasing volume of antiserum, with
no detectable GDH activity with the addition of 4

|l i I

of diluted antiserum. This result

together with the results from the SDS-PAGE and Native-PAGE antibody detection
experiments showed that the V. vinifera GDH antiserum was very specific for D.
carota GDH, with no detectable cross reactivity.

6.2.10

Electrophoretic

Properties

of

GDH.

The electrophoretic mobilities of the isoforms and subunits of D. carota GDH
were investigated.
6.2.10.1

N ative-PA G E .

Native-PAGE was used to determine the isoform band pattern at various steps
in the purification of GDH (Fig 6.11). The gel showed that although the intensity of
bands varied, the number of isoforms, at least 9 or 10, was consistent. This
indicated that the unusual number of isoforms had not been a result of the
purification procedure (see section 6.2.12), which could have caused changes in the
isoform band pattern due to changes in the native protein during purification. The
actual gels were very similar to those presented by Loulakakis and Roubelakis-
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Sucrose line

Glycerol line

F ig u re
6 .8 .
Comparison
of silver stained ammonium sulphate samples from:(A ), the
glycerol line,
with 13 pg
total protein loaded, and (C ), the original line, with 15pg total
protein loaded. Aligned to each silver stained pictures are corresponding immunostained
western blot pictures. (B ) is the glycerol line western blot with 6 jxg total protein loaded,
and (D ) is the original line
western blot with 7 ng total protein loaded.

B

F ig u re 6 .9 . Four amm onium sulphate replicates either specifically stained (A ), or
electroblotted and immunostained (B). For specifically stained gels 12 nkat total glutamate
dehydrogenase activity was loaded into each well. For the immunostained western blots 3
nkat total glutamate dehydrogenase activity was loaded in the N ative-PA G E , prior to
electroblotting.
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F ig u re 6 .1 0 . Immunotitration curve. Purified Daucus carota G D H was incubated overnight
with an increasing volume of 1:32 000 dilution G D H antiserum (
•
). For comparison
sim ilar sam ples w ere incubated in serum from a non-G D H im muned rabbit (
•
).
G lutam ate dehydrogenase activity was m easured 24 hours later in both treatm ents, and
results expressed as a percentage of rem aining activity, relative to the addition of no
an tiseru m .
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Angelakis (1991), apart from the number of isoforms resolved. It should be noted
that although similar electrophoresis systems were used, I ran my native gels at a
higher voltage and for longer, to get better resolution. This raises the possibility
that other reports may only have seen seven or less isoforms following Native-PAGE
because their samples were not run for a long enough period to resolve all the bands
present.

6.2.10.2

SDS-PAGE.

One dimensional SDS-PAGE was carried out on the enzyme to determine the
number of subunits of GDH. Figure 6.12 showed only one band was visible. This
meant that either all the isoforms present in specifically stained gels were due to
isomers made up of the same subunit, or there was more than one peptide in the 1-D
gel, which were not resolved because they had similar molecular weights. It has been
shown previously in V. vinifera that GDH subunits can be resolved into two bands in
1-D SDS-PAGE, which differ in molecular weight by 0.5 kDa (Loulakakis and
Roubelakis-Angelakis, 1991). Unfortunately, I was unable to get this degree of
resolution, and so resolved the protein sample using 2-D electrophoresis to
determine the precise number of subunits.

6.2.10.3

Two

Purified

Dim ensional-PAGE.
samples

were

resolved

to

reveal

4-5

spots

using

2-D

electrophoresis, (Fig 6.13). The results indicated that D. carota GDH could be
composed of more than two subunits. If these subunits had different native
electrophoretic properties it could explain why more than seven isoforms were
detected in specifically stained Native-PAGE. As the specificity of the antiserum was
established (Fig 6.8), and the fact that similar numbers of subunits were detected
with both purified and non-purified samples (Figs 6.13 and 6.14), and that more
than seven isoforms of GDH were present in all samples, D. carota may be unique in
so far as the number of reported subunits of GDH which go to make up the hexameric
enzyme.

6.2.10.4

ECL

Western

Blot

Analysis.

The western blots shown in Figures 6.13 and 6.14 were stained using a
peroxidase linked immunodetection system, and because of the unique number of
subunits seen, the enhanced chemiluminescence system was used to confirm these
results. This detection system has been described as being at least 10 times more
sensitive than the peroxidase system (Amersham International pic). Figure 6.15
shows that a similar number of subunits were obtained using the ECL detection
system, adding credence to the previous results.

1 39

B

F igure 6.11. Comparison of isoforms of glutamate dehydrogenase from Daucus carota
cell suspension culture at progressive stages of purification: Track (A ) is from the
ammonium sulphate fractionation step, track (B) is from the DEAE-Sephacel ion exchange
chrom atography step, track (C ) is from the gel filtration step, track (D ) is from the QS eph aro se ion exchange chrom atography step, and track (E )
is from the affinity
chromatography step. For all samples the equivalent of 14 nkat
of total glutam ate
dehydrogenase
activity was loaded into each well of a native gel and following
electrophoresis specifically stained.

Figure 6.12. One dimensional S DS-PA G E, followed by electroblotting and immunostaining.
An ammonium sulphate concentrated sample with 4 ng total protein was electrophoresised
and electroblotted prior to immunostaining. The photograph shows that only one band was
detected following S D S -P A G E , whose migration corresponded to a protein with an
approxim ate molecular weight of 41 kDa. Biotinylated m olecular weight markers are
included for reference.
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F ig u re 6 .1 3 . Im m u no stain ed 2 -D w estern blot of p artially purified g lu ta m a te
dehydrogenase from Daucus carota (A), and a corresponding 2-D SD S-PA G E silver stained
gel (B). The immunostained blot reveals 4 or 5 spots which cross reacted with the anti-GDH
serum. Total protein used for the western blot was 1 pg, and 3 |ig total protein for the
SDS-PA G E gel. Biotinylated molecular weight marker are included for reference.
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Figure 6.14. Immunostained 2-D western blot of concentrated crude sample from Daucus
carota (A), and a corresponding 2-D SDS-PAGE silver stained gel (B ). The immunostained
blot reveals 4 or 5 spots which cross reacted with the anti-GDH serum. Total protein used
for the western blot was 0.5 pg, and 5 ^g total protein was loaded in the S D S -P A G E .
Molecular weight markers are included for reference.
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B

F ig u re 6 .1 5 . Enhanced chem iluminescence immunostained 2-D western blot of partially
purified glutamate dehydrogenase from Daucus carota (A ), and a corresponding 2-D SDSPAGE silver stained gel (B ). The immunostained blot reveals 4 or 5 spots which cross
reacted with the anti-GDH serum The silver stained gel again shows 4 or 5 spots which
have similar electrophoretic mobilities. Total protein used for the western blot was 0.1 pg,
and 2 pg total protein was loaded in the SDS-PAGE.
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6.2.11

M olecular

6.2.11.1

Subunit

W eight

Determ inations.

Moiecular

Weight.

The subunit molecular weight of purified GDH was determined by SDS-PAGE.
A standard curve of relative mobility versus log molecular weight was plotted (Fig
6.16). From this graph the subunit molecular weight of D. carota was established as
being 42.57 kDa. Table 6.3 is included to compare this value with other GDH subunit
molecular weights from various sources. All subunit molecular weights fall within a
range of 41-54 kDa, with the subunits from tuna liver being the largest and G. max
GDH having the smallest subunits.
Native
M olecular
Weight
(kDa)

S ubuni t
Molecular
W ei g ht
(kDa)

Number of
Subunit s

24 9

43

6

252

4 2 .5 -4 3

6

3 0 0 -3 1 0

43

nd

Itagaki et ai. (1 9 8 8 )

260

44

6

Kindt et al. (1 9 8 0 )

208

nd

nd

Pahlich & Joy (1 9 7 1 )

263

41

6

Shargool & Jain (1989)

2 6 6 -2 6 9

4 4 -4 6

6

Moyano et ai. (1 9 9 2 a )

Chlorella sorokiniana

180

45

4

Meredith et al. (1 9 7 8 )

T u n a (liver)

333

54

6

V eronese et al. (1976)

2 50 ± 25

42 ± 3

6

Jahns & K altw asser (1 9 9 4 )

nd

4 9 .3

nd

T eller et ai. (1 9 9 2 )

A rc h a e b a c te ria l
isolate AN1

204

47

4

Hudson et al. (1 9 9 3 )

A rc h a e b a c te ria l
isolate E S4

270

46

6

DiRuggiero et al. (1993)

Source

Daucus carota
Vitis vinifera
Vinca rosea
Pisum sativum
(seed)

Pisum sativum
(r o o t)

Giycine max
Chlamydomonas
reinhardtii

Sporosarcina ureae
Clostridium
symbiosum

Reference

This work
Loulakakis & RoubelakisAngelakis (1 9 9 0 a )

Table 6.3. T able to com pare the native molecular weight, subunit m olecular weight and
the num ber of subunits for glutam ate dehydrogenase from primarily plant sources. Also
included are other eukaryotic and prokaryotic GDHs. (nd = not determined).

6.2.11.2

Native

Protein

M olecular

Weight.

The native molecular weight was determined using gel filtration (see section
2.15.2). GDH resolved as a single peak when eluted, similar to Figure 6.3. The mid
point of this peak corresponded to a VeA/o value of 1.70, which in turn gave a Logio
molecular weight of 5.396, (Fig 6.17). This corresponded to GDH from D. carota
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F ig u re 6 .1 6 . S D S -P A G E of protein standards used to determ ine the subunit m olecular
w eight of G D H . M olecular weights are expressed as the logarithm and m obilities are
expressed relative to the bromophenol blue front. The arrow indicates the relative mobility
of Daucus carota G D H . The protein standards are: (A), lysozyme (1 4 .3 kDa); (B), trypsin
inhibitor (20.1 kDa); (C ), carbonic anhydrase (2 9 .0 kDa); (D ), alcohol dehydrogenase (39.8
kDa); (E ), catalase (58.1 kDa); and (F), phosphorylase b (9 7 .4 kDa).
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F ig u re 6 .1 7 .

Native protein standard curve. The native molecular weight of purified G D H

from Daucus carota was determ ined by gel filtration chrom atography. Approxim ately 0 .4
mg of total protein was loaded on a Sephacryl S -400 HR gel filtration column (1.6x95 cm;
66 m l/hr). T he column was calibrated with: (A), thyroglobulin (6 6 9 kDa); (B), apoferritin
(4 4 3 kDa); (C ), 3-am ylase (200 kDa); (D ), alcohol dehydrogenase (150 kDa); (E ), albumin
(66 kDa); and (F), carbonic anhydrase (29 kDa). Logio molecular weight was plotted versus
VeA /o, w here Vo was the void volume of the column determ ined by blue dextran, and Ve
was the elution volume for the proteins. The arrow indicates the V e/V o value obtained for
GDH.
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having a native molecular weight of 248.65 kDa. This molecular weight was similar
to reports for other GDHs, from a range of species (Table 6.3). As both the native
and subunit molecular weights were similar to other published values, the results
would indicate that D. carota GDH is a hexamer, but with probably more than two
subunit types, as reported for V. vinifera GDH, by Loulakakis & RoubelakisAngelakis (1991).

6.2.12

Isoform

Number.

At least half of all known enzymes exist as isoforms (Rider and Taylor,
1980). There are two causes for multiplicity; The first may be genetic, where two
or more genes code for the same gene product with the same function. The second
reason for multiplicity could be due to post-translational modification of the protein.
Homogeneous enzyme subunits are modified differently, so as to produce a range of
subunits from a single gene.
Most reports have shown seven distinct isoforms of GDH (Table 6.4). Seven
of the isoforms of GDH in Arabidopsis thaiiana vary only in band intensities from
extracts of leaves, stems, roots, flower buds, calluses and seeds of the plant
(Cammaerts and Jacobs,

1983).

Plots of the relative mobility versus gel

concentration gave parallel lines which indicated that the isoforms all had the same
molecular weight, suggesting that the seven isoforms arose from two distinct genes
coding for two subunits, which by random association would give rise to seven
isoforms. Similarly, Chou and Splittstoesser (1972), showed that the seven
isoforms in Cucurbita moschata cotyledons were not size isomers, as they also
produced a series of parallel lines when relative mobility was plotted against gel
concentration.
Attempts to assign specific roles for the isoforms of GDH have thus far been
inconclusive, as conflicting data has been presented or changes have occurred under
various physiological conditions. It has been shown in a Rosa species (variety Paul's
Scarlet), callus that there is an induction and increase in the level of cathodal
isoforms of GDH, caused by ammonium, whilst anodal isoforms are not affected
(Gabardo et ai., 1981). This contrasts with Kanamori et ai. (1972), and Barash e t
ai. (1975), who showed an induction of anodal isoforms in O. sativa and Avena leaves
respectively, by the addition of ammonium. Seven isoforms have been isolated from
Persea americana, whose pattern in the fruit changes with ripening (Loulakakis e t
ai., 1994). Lee and Dougall (1973), have induced D. carota cell suspension cultures
into embryogenesis by the removal of 2,4-D from the culture medium and looked at
the corresponding changes in the isoform band patterns of several enzymes,
including GDH. They showed that the migration patterns of GDH between plus and
minus 2,4-D cultures were different, with more anodal isoforms being predominant
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in non-embryogenic cultures, the significance of this change was not determined. In
protoplast suspension culture of B. napus the anodal isoforms have been correlated to
an increase in the aminating specific activity and the cathodal isoforms to an increase
in deaminating activity, with the anodal isoforms being predominant (Watanabe et
al., 1992; 1994). The number of GDH isoforms in Phaseolus mungo has been shown
to fall from 7 in young hypocotyls to 5 in older hypocotyls (Yue, 1969). Similarly,
in Carthamus tinctorlus seedlings the number of isoforms drops from 4 to 3 from
day 4 to day 17 after germination, with no significant drop in activity (Errel et a!.,
1973). Simpson and Dalling (1981), have reported that the isoform band pattern of
GDH changes during growth of T. aestivum, from -8 to +35 days from anthesis. The
pattern changed with more isoforms visible between days -5 to +20, however the
total activity during this period remained relatively constant and they were not able
to assign any significance to specific isoforms. These results suggest that GDH may
play a role in plant development, if not directly, then indirectly by altering
metabolism. The energy requirements of the plant are relatively high during early
development, and protein catabolism may be a source of carbon intermediates for
energy production. The incubation of P. sativum shoots in tap water has been shown
to cause an increase in detectable isoforms of GDH from 7 to 17 (Nauen and
Hartmann, 1980). The nature of these 17 isoforms is unique for reported isoform
band patterns of GDH, as the distribution of isoforms is uneven, as other reports
have shown symmetrically distributed migratory patterns. The significance of this
uneven pattern, or what the function of the 17 isoforms remains unknown. Recently,
Stewart et ai. (1995), have shown that the Gdh2 gene product from Z mays has a
catabolic function, in a GDHI-null mutant, and suggested that the GdM gene product
in wild type Z mays seedlings also had the same function.
Although many studies have shown that the isoform band pattern can change
by altering the conditions under which the plants are grown, no conclusive results
have been obtained, which can be applied in general to plant metabolism and
physiology. Also caution must be taken when interpreting isoform band patterns, and
assigning specific functions to individual isoforms, as it has been reported that the
isoform band pattern of GDH from Dioscorea a/a fa and ipomoea batatas in NativePAGE can change relative to the concentration of GDH loaded (Osuji et ai., 1991).
As I got more than the usual seven isoforms in my original line (Fig 6.18),
the possibility that it had mutated, due to somaclonal variation within the population
was thought possible. To determine the true number of GDH isoforms in D carota, the
original line suspension culture, an older cell suspension culture line, a new
suspension culture line, and whole plant extracts from roots, leaves and cotyledons
were compared (Fig 6.19). The results strongly suggest that the number of isoforms
in D. carota is greater than seven, and probably in the order of ten.
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%Abs

—

18.6

-

12.6

Figure 6.18. Native-PAGE to show the distribution of purified glutamate dehydrogenase
isoforms from Daucus carota cell suspension culture. A total of 15 nkat/mg of GDH was
loaded, and following electrophoresis stained specifically. The gel was then scanned using a
laser densitometer, and individual isoforms scored as a percentage of total absorbance.
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The number of subunits in the three differently aged suspensions cultures
was also greater than two (Fig 6.20), which have been reported in A. thaiiana and V.
vinifera (Cammaerts and Jacobs, 1983; Loulakakis and Roubelakis-Angelakis,
1991). Whether these subunits are coded by separate genes, as has been reported for
Capseiia species and A. thaiiana (Hurka & During, 1994; Cammaerts and Jacobs,
1983), is not at present known. The possibility that the subunits may be artifactual,
arising during the extraction process, or the product of post-translational
modification of two subunits can not be dismissed.
Source

GDH
Isoform s

Reference

Daucus carota

1 0 -1 1

This work

Arabidopsis thaiiana

7 -2 2

C am m aerts & Jacobs (1 9 8 3 )

Brassica napus
Capseiia spp.
Carthamus tinctorlus
Cucurbita moschata

7

W atanabe et ai. (1994)

7 -1 6

Hurka & Düring (1994)
Errel et ai. (1 9 7 3 )

3 -4

Chou & Splitstoesser (1 9 7 2 )

7
1 -7

R atajczak et ai. (1 9 8 6 )

Percea americana

7

Loulakakis et ai. (1994)

Phaseolus mungo

7

Lea & Thurman (1972)

Phaseolus mungo

5 -7

Lupinus iuteus

Pisum sativum

7

Pisum sativum

7 -1 7

Vitis vinifera

Y ue (1 9 6 9 )
Kindt et ai. (1 9 8 0 )
Nauen & Hartmann (1980)
Loulakakis & Roubelakis-

7

Angelakis (1 9 9 0 a )

T a b le 6 .4 . Com parison of glutam ate dehydrogenase isoforms detected by N a tiv e -P A G E
and specific staining, from various plant sources.

6.2.13

Somaclonal

Variation

an d

DAPI

Staining.

The occurrence of genetic variability in cell cultures was first reported in D.
carota cell cultures (Mitra et ai., 1960). The introduction of plant cells into culture
almost invariably results in genetic changes. Where plants are regenerated from cell
culture, somaclonal variation appears to be a general phenomenon (Scowcroft,
1985), and has been detected in all species studied (Phillips et ai., 1994).
It has been shown that chromosome stability can be achieved in long term
cultures (Evans and Gamborg, 1982), but in general, accumulation of genetic
variability has been correlated with the duration the cells have been in culture. In
particular, changes in the ploidy of the cells is reported in long term cell cultures
(Smith and Street, 1974; Evans et ai., 1984). The growth regulator 2,4-D has been
considered to be responsible for chromosomal variability in plants (Deambrogio and
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Dale, 1980; Shepard, 1981), but in both studies greater genetic variability was
seen in older cell cultures, so the genetic changes seen may not only have been due to
variation in the auxin alone, as age may have been a factor. Bayliss (1980), has
postulated that chromosomal abnormalities may be a result of disorganised growth
stimulated by 2,4-D, rather than the direct effect of the auxin on DNA replication or
mitosis. D. carota plants are normally diploid (2n = 18), but it has been shown that
cells in suspension may have diverse cytology, ranging from cells with fewer than
the diploid complement of chromosomes to tetraploid and ployploid nuclei.
Chromosomal aberrations involving di-centric and tri-centric bridges have also
been noted (Mitra et al., 1960).
DAPI stains nucleic acids and was therefore used to see if any comparisons in
the ploidy number of the different lines could be established. The cells were squashed
under the cover slip, and attempts to karyotype mitotic cells were made.
Unfortunately as can be seen in Figure 6.21 only diffuse DNA staining could be seen
and distinct chromosomes were not visible, as no mitotic cells could be located. Thus,
it was not possible to determine the ploidy level in any of the cell lines. The
reasoning behind this experiment was: As the number of isoforms and subunits seen
in D. carota exceeds the apparent norm of seven isoforms and two subunits in higher
plants (Fig 6.11 and Fig 6.13), the differences seen could be due to somaclonal
variation. Genetic modification could lead to an altered subunit, with differing
electrophoretic mobility properties, for example if more acidic subunits are present
the further the isoform travels through a native gel. Also the number of possible
isoforms could increase if gene duplication had taken place.
Precedents for such a changes have been observed: A new isoform of alcohol
dehydrogenase, differing from the parent isoenzyme by a single nucleotide
substitution has been seen in Z

mays plants regenerated from cell culture. This

substitution significantly altered the electrophoretic mobility of this isoform,
making it travel slower (Brettell et a!., 1986). Similarly, it has been shown that
the electrophoretic mobility variation in alcohol dehydrogenase from regenerated T.
aestivum , cultivar Millewa was due to chromosomal rearrangement (Davies et a!.,
1986). The possible effects of somaclonal variation on the isoform numbers in plant
tissue cultures are unfortunately inherent. However, as a similar number of
isoforms were present in all D. carota tissues tested (see Figure 6.19), the
possibility that the 10 isoforms of GDH were due to somaclonal variation was
unlikely.
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B

m il
Figure 6.19. Comparison of specifically stained N ative-PA G E glutamate dehydrogenase
isoforms from three differently aged cell suspension cultures of Daucus carota and three
tissues types from whole plants of Daucus carota. Track (A ) shows the isoforms in a
concentrated crude sample from a one year old cell suspension culture. Track (B) shows the
isoforms in a concentrated crude sample from a seven year old cell suspension culture.
Track (C ) shows the isoforms in a concentrated crude sample from a fifteen year old cell
suspension culture. Track (D) shows the isoforms in a concentrated root sample from four
week old seedlings. Track (E) shows the isoforms in a concentrated leaf sample from four
week old seedlings. Track (F) shows the isoforms in a concentrated cotyledon sample from
three week old seedlings. For tracks (A) to (E),samples with 15 nkat total glutamate
dehydrogenase activity w ere loaded, and
for track (F) 1 0 nkat total
glutam ate
dehydrogenase activity was loaded.

B

F ig u re
6 .2 0 .
C om parison of im m unostained 2-D w estern blots of glutam ate
dehydrogenase subunits from three differently aged cell suspension cultures of Daucus
carota. Photograph (A) shows the subunits in a concentrated crude sample from a one year
old cell suspension culture. Photograph (B ) shows the subunits in a concentrated crude
sample from a seven year old cell suspension culture. Photograph (C ) shows the subunits in
a concentrated crude sample from a fifteen year old cell suspension culture. In all three
photographs 0.5 ^g total protein was loaded in the electroblotted gels.

150

F ig u re 6.21 . DAPI stained Daucus carota cell suspension culture. The photograph taken
under UV light caused the cellular DNA to fluoresce. The bar (I------------- 1) scale was 1 0 urn.
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6 .2.14

Enzyme

6.2.14.1

Km

Properties.

Determ ination s.

The Km values for oxoglutarate (Fig 6.22), NADH (Fig 6.23) and ammonium
(Fig 6.24) were obtained using purified GDH. The experimental values are included
in Table 6.5, which includes published Km values from various plant sources.
The Km values obtained with purified D. carota GDH all fall within the range of
Km values from other plants. Of particular interest is the Km value obtained for
ammonium, which at 41 mM is relatively high compared to the Km of GS for
ammonium (see section 1.4.4). The high Km of GDH for ammonium has been cited as a
reason to question the aminating role of GDH (Miflin and Lea, 1980).
Source

Oxoglutarate
Km (mM)

NADH
Km (mM)

A mmoni um
Km (mM)

4 .9 8

0.11

4 0 .5

1 .4

0 .0 2

3 3 .0

1.2

0 . 0 2 - 0 .0 4

9 .4

Letuca sativa

nd

0 .1 2

5 .2

Vitis vinifera

2.1

0 .0 7

4 5 .0

Loulakakis & RoubelakisAngelakis (1 9 9 0 a )

Brassica rapa
Pisum sativum

2 .0

0.01

2 2 .2

Itagaki et al. (1 9 8 8 )

2 .3

0 .0 3

5 2 .6

Kindt et al. (1 9 8 0 )

3 .3

0 .8 6

3 8 .0

Pahlich & Joy (1 9 7 1 )

0 .6

0 .0 3

7 0 .0

Davies & Teixeira
(1 9 7 5 )

Pinus sylvestris

1 .7

0 .0 5

1 9 .0

Schlee et al. (1994)

Zea mays (leaves)

1 .5

0 .0 4

1 0 1 .0

Zea mays (shoots)
Carthamus
tinctorius
Chlamydomonas
rein h ard tii
Chlorella
sorokiniana

2 .2

0 .6 3

nd

4 .0

0 .0 7

3 5 .4

0 .4 - 1 .9

0 .0 7

1 3 .0 - 5 3 .0

Moyano et al. (1 9 9 2 a )

2 .0

0 .1 5

4 0 .0

Meredith et al. (1 9 7 8 )

Daucus carota
Lemna minor
Glycine max
(co tyledo n )

(seed)

Pisum sativum
(r o o t)

Pisum sativum
(e p ic o ty l)

Table

6.5. T ab le to com pare the Km

values

obtained

Reference

This work
Stewart & Rhodes
(1 9 7 7 )
King & Yung-Fan Wu
(1 9 7 1 )
Lea & Thurm an (1972)

Bulen (1 9 5 6 )
Y am aya et al. (1984)
Errel et al. (1 9 7 3 )

for the

am inating

g lu tam ate

dehydrogenase reaction, primarily from higher plant sources, (nd = not determ ined).

As it was not possible during this study to isolate isoforms, the individual Km
values for the isoforms could not be determined. If the isoforms had different
functions in vivo, the Km for substrates may vary between them. However, it has
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F ig u re 6 .2 2 . (I) A plot of the reaction velocity, as a function of the 2-oxoglutarate
concentration, for G D H in the aminating direction. (II) A Lineweaver-Burke plot was drawn
by plotting the reciprocals of the reaction velocity versus substrate concentration, and
used to determine the Km of 2-oxoglutarate for the G D H aminating reaction.
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F ig u re

6 .2 3 . (!) A plot of the reaction velocity, as a function of the NADH concentration,

for G D H in the aminating direction. (II) A Lineweaver-Burke plot was drawn by plotting the
reciprocals of the reaction velocity versus substrate concentration, and used to determ ine
the Km of NADH for the GD H aminating reaction.
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Figure 6.24. (I) A plot of the reaction velocity, as a function of the ammonium
concentration, for GDH in the aminating direction. (II) A Lineweaver-Burke plot was drawn
by plotting the reciprocals of the reaction velocity versus substrate concentration, and
used to determine the Km of ammonium for the GDH aminating reaction.
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been shown in C. moschata cotyledons that the

values obtained from a single

isoform were nearly identical to Km values obtained from a mixture of isoforms
(Chou and Splittstoesser, 1972).

6 .2 .1 4 .2

N u cle o tid e

S p ecificity

There are at least three different types of GDH based on their coenzyme
specificity: They are either NAD+-specific, NADP+-specific, or non-specific (Yang
and LéJohn, 1994). Sequence analysis suggests that the genes encoding these three
classes of GDH diverged at an early stage of evolution, with the tetrameric NAD+specific GDHs diverging first and a more recent divergence occurring between the
hexameric of NADP+-specific GDHs and non-specific GDHs (Mattaj et al., 1982).
The specific activity stain of D. carota GDH was also carried out substituting
NADP+ for NAD+ to detect isoforms in Native-PAGE. No isoforms were visible when
NADP+ (200 mg/100 ml), was used instead of NAD+ (100 mg/100 ml), suggesting
that NAD+-specific GDH was the major GDH enzyme purified from D. carota. A
similar result was obtained by Cammaerts and Jacobs (1983), with A. thaliana GDH
and Kindt et al. (1980), have reported that NADP+ activity could hardly be detected
in P. sativum GDH.
It has been shown that purified plant GDH can exhibit a preference for
nucleotides. Brassica rapa GDH has a preference for NADH as opposed to NADPH, in
the order of 11:1 (Itagaki et al., 1988). Lea and Thurman (1972), found that Letuca
sativa leaf mitochondrial GDH had a preference for NADH over NADPH in the ratio
7:1. Similarly tuna liver GDH shows coenzyme specificity, being 15 times more
active with NAD+ than NADP+ (Veronese et al., 1976). The ratio of activity for
NADH:NAD+ (aminating to deaminating activities), has been found to be 20:1 in
Malus domestica tissue (Cooper and Hill-Cottingham, 1974). Similarly, Pahlich and
Joy (1971), have shown that the ratio of NADH:NAD+ activity in P. sativum GDH can
be as high as 13:1 in vivo. It has been reported that the ratio of NADH:NAD+ activities
can be influenced by the method of preparation of cell free extracts (Fricke and
Pahlich, 1992). They showed that dialysis of crude cell free extracts of T. aestlvum
resulted in 75% loss of NAD+ activity, whilst the NADH activity remained unaffected.
They found that malate could interfere in the deaminating assay through the action of
malate dehydrogenase, hence giving a false activity rate. This could account for the
variable ratios of NADH:NAD+ reported. They report a similar response in D. carota
root extracts, and advised caution in the interpretation of results solely based on
activity rates.
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6.2.14.3

Effects

of

Divalent

Cations.

It has been shown that the addition of either Ca^+ or Mg2+ to GDH from a
suspension culture of Lemna minor, isolated by gel filtration, re-activated the
oxidative reaction (NAD+ dependent), but only Ca^+ was able to reactivate the
reductive reaction (NADH dependent), and that the addition of EDTA inactivated the
enzyme (Ehmke and Hartmann, 1978). They proposed that the differential activation
of GDH in L. minor with Ca^+ may represent a mechanism by which the direction of
the reversible reaction could be controlled, by an alteration to the binding
characteristics or binding sequence of the substrates. They also showed that GDH
could be activated by the addition of IVIn^+, Zn^+, or Sr^+, but to a lesser extent than
Ca2+ or Mg2+. Similar results with crude extracts from M. domestica have shown that
Ga2+ activates the enzyme, Mg^+ has no effect and both Zn^+ and EDTA are inhibitory
(Cooper and Hill-Cottingham, 1974).
As it has been previously shown that GDH from various sources is affected by
divalent cations (Ehmke and Hartmann, 1978; Kindt et ai., 1980; Hudson et ai.,
1993; Ramirez et al., 1977), there effect on the activity of purified GDH from D.
carota was investigated in vitro.
All the cations in this experiment were supplied as chlorides. The purified
protein sample was dialysed against a modified buffer B (see section 2.15.6),
without any cations present to remove any that may have already been there. This
was preferred over the addition of a chelating agent, such as EDTA, as it may have
interfered in the reaction, as was shown by Shargool and Jain (1989), where 1 mM
EDTA almost completely inhibited G. max GDH activity. Similarly, EDTA inhibits I.
b a ta ta s

root tissue mitochondrial GDH activity (Kozuka and Uritani, 1973).

However, EDTA has been used to chelate cations in several studies (Chou and
Splittstoesser, 1972; Joy, 1973; Pahlich and Joy, 1971).
The results from the divalent cation preference experiment are summarised
in Figure 6.25. Off all the cations tested it was shown that Ca^+ had the most profound
effect. At 1 mM it showed the optimal activation of GDH, and even at lower
concentrations was still an inducer of activity. Mg^+ was also shown to activate the
enzyme between a concentration range of 0.1-10 mM, but not to the same degree as
Ca2+. The divalent cations Zn^+, Fe^+, Cu^+, Ba^+, Co^+ and Niz+ also showed a small
degree of increased activation at lower concentrations. However, at higher
concentrations (5-40 mM) the activity was inhibited by all the cations, especially
Fe2+, Zn2+, Co2+ and Cu^+. The nature of this inhibition was not known, but may be
involved in regulation. Similar inhibitory effects by Ca^+ and Mg^+ at higher
concentrations have been shown with B. rapa GDH (Itagaki et al.,

1988).

Mitochondrial GDH from rat and bovine has been shown to be potently inhibited by
Zn^+, whereas Mg^+ activates the enzyme (Fahien et ai., 1985), and it has been
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suggested it could indicate a means of regulation (Fahien et al., 1990). In leaves of A.
a m e ric a n a (Ramirez at a!., 1977), Zn^+ at 1 mM or above also inhibited GDH
activity.
Caution in the interpretation of cation preference studies has been raised by
Kindt et al. (1980), who noted that most commercially available substrates and
buffers are contaminated with Ca^+, and this contamination was sufficient to cause
partial activation of P. sativum GDH. This could explain the similar results for D.
c a ro ta GDH activity with the various cations at lower concentrations, where
contaminating Ca^+ could enhance activation by other cations, or mask their effect
entirely. The fact that there was an increase in GDH activity between 0-1 mM Ca^+
would suggest that the activation seen was authentic.
As Ca2+ was shown to enhance D. carota GDH activity, and was consistent with
many other studies, (Cooper and Hill-Cottingham, 1974; Das et al., 1989; Ehmke
and Hartmann, 1978; Hudson et al., 1993; Loulakakis and Roubelakis-Angelakis,
1990a; Shargool and Jain, 1989; Takahashi and Furuhashi, 1980; Yamaya et al.,
1984), and it was decided to investigate this phenomenon further.

6 .2 .1 4 .4

Calcium .

The concentration of Ca^+ in the mitochondria of Z mays shoots is in the order
of 52-56 mM (Yamaya et al., 1984). If a similar concentration is present in D.
carota cells, the influencing effect of Ca^+ may not be a regulatory factor. However,
Yamaya

et al. (1984), suggest that GDH may be membrane bound, so the

concentration of Ca^+ in the immediate environment surrounding the enzyme may be
much lower, and therefore Ca^+ could have a regulatory role, as suggested by Itagaki
et al. ( 1990; 1988). It is known that the homeostasis of mitochondrial Ca^+ can be
altered, which may have an effect on enzyme activity In vivo (Baydoun et al., 1988).
Similarly, control of the Ca^+ flux across the inner mitochondrial membrane may be
involved in the regulatory mechanism of GDH.
Ca2+ ions can cause changes in the polymeric structure of an enzyme related
to changes in activity (Dieter and Marmè, 1980), and Ehmke and Hartmann
(1978), have reported that Ca^+ acts as a positive allosteric effector of the
aminating reaction, suggesting that Ca^+ may alter the enzyme so that substrates
binds differently. They also showed inactivation of the enzyme in both directions
using EDTA In vitro, which could be counteracted by the addition of Ca^+. Kindt et al.
(1980), also suggested that Ca^+ may determine the direction of GDH activity.
Calmodulin is a highly conserved calcium modulated protein that appears to
be ubiquitous among eukaryotes (Roberts et al., 1986), and has been found in plants
(Matsumoto et al., 1983). It has been shown that GDH is activated by Ca^+ In vitro
from callus cells of Nicotlana tabacum (Takahashi and Furuhashi, 1980). Das et al.
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(1989), have also shown a 6 fold increase in Z mays GDH activity in vitro with the
addition Ca^+. In both studies the maximal increase in GDH activity could be inhibited
by the addition of compound 48/80 or EGTA, both inhibitors of calmodulin. The
addition of calmodulin reversed this inhibition, which suggests indirectly that
calmodulin may regulate GDH, by mediating the Ca^+ effect on GDH.
Using purified GDH the effect of calmodulin and the calmodulin inhibitors
EGTA and compound 48/80 were studied (Table 6.6). The results were inconclusive,
with only slight changes in GDH activity seen with the addition of calmodulin or its
inhibitors, relative to the removal of Ca^+. The most effective inhibitor was
compound 48/80, which at higher concentrations caused a 7% fall in GDH activity
relative to the plus Ca^+ control.

C
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The lack of any great increase or decrease with the addition of the calmodulin
inhibitors and calmodulin, on the activity of purified GDH does not necessarily mean
that calmodulin is not involved in the regulation of GDH. Although Das et ai. (1989),
were able to show an effect with compound 48/80 and calmodulin on partially
purified GDH, no effect was seen with purified GDH, until a unknown "factor B",
isolated from the impure sample was added, which allowed both calmodulin and
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compound 48/80 to have an effect. Similarly, purified D. carota aspartate kinase
was not activated by Ca^+ or calmodulin

(Bonner et a i, 1986), but partially

purified aspartate kinase from Spinacia oleracea has been shown to be activated by
Ca2+ and calmodulin (Sane et a i, 1984). These reports suggest that an unknown
factor could be lost during purification which may be essential for calmodulin to
have an effect on Ca^+. It has been shown that Quinate oxidoreductase, a plant protein
kinase, which is Ca^+'calmodulin dependent is actually regulated by NAD+, and not
calmodulin directly (Ranjeva et a i, 1983). The loss of a similar unknown factor
during the purification of D. carota GDH may account for the slight effects of the
inhibitors and calmodulin described here. Therefore, the influence of calmodulin and
Ga2+ can not be dismissed and warrants further investigation.

6.2.14.5

pH

Optimum.

The pH optimum was determined for both the aminating direction (Fig 6.26),
and the deaminating direction (Fig 6.27). The results are included in Table 6.7, and
it can be seen that the aminating pH is very similar to all other plant GDH aminating
optimal pH values. The deaminating pH optimums are also similar, and D. carota GDH
falls within this range.
A m in a t i n g

D e a m in a t in g

(p H )

(p H )

Daucus carota

8 .2

9 .6

This work

Vitis vinifera

8 .0

9 .3

Loulakakis & RoubelakisAngelakis (1 9 9 0 a )

Pinus sylvestris

8 .5

nd

Schlee

et a i

(1 9 9 4 )

Brassica rapa

8 .0

9 .5

Itagaki

et a i

(1 9 8 8 )

Pisum sativum

8.1

9 .1 - 9 .2

Agave americana

8 .4

nd

R am irez

Lemna minor

8 .2

9 .2

Stew art & Rhodes (1 9 7 7 )

Zea mays

8 .0

nd

Y am aya

Carthamus tinctorius

8 .2

8 .9

Errel

Chlorella sorokiniana

8 .0

9 .0

Meredith

S o u rc e

R e fe re n c e

Kindt

et a i

(1 9 8 0 )

et a i

et a i

et a i

(1 9 7 7 )

(1984)

(1 9 7 3 )

et a i

(1 9 7 8 )

T a b le 6 .7 . Table to compare the optimal pH for the aminating and deaminating activity of
glutam ate dehydrogenase from various plant sources, (nd = not determ ined).
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6.2 .1 4 .6

Isoelectric

Point

Determ ination.

Isoelectric precipitation relies on the overali charge of the protein being
near zero. Thus, reducing electrostatic repuision so proteins aggregate could be
employed in a purification procedure. Specifically, if the isoeiectric point of GDH
could be determined it could be used as a powerful tool in a purification protocol.
Similarly, if GDH isoforms have distinct pi values isoelectric focusing could be used
to separate them. Very little published data exists on the pi values for GDH, and that
which does shows the pi range is quiet broad, compared to other physical and
biochemical characteristics. Chlamydomonas reinhardtii has three isoforms which
have a pi range of 7.9-8.1 (Moyano et al., 1992b). GDH from T. aestlvum leaves has
a pi range of 4.B-5.7 (Laurière et al., 1981a), and the pi of the thermostable GDH
from the archaebacterial isolate AN1 is 4.0 (Hudson et al., 1993).
An (NH4 )2 S 0

4

concentrated crude protein sample was used to determine the pi

range of D. carota GDH (Figs 6.28 and 6.29). After the second isoelectric focusing
step the isoforms separated out into five distinct peaks, with pi values of 5.30,
5.48, 5.72, 5.96 and 6.62 respectively, with the peak which resolved out at pH
6.62 showing the greatest activity. Attempts were made to run the active fractions on
a Native-PAGE, to determine if the peaks were composed of one or more isoforms,
but no specifically stained bands were detected. The possibility that ampholytes in
the samples interfered with both electrophoresis and specific stain could explain
why no bands developed. The fact that GDH was resolved into distinct peaks would
suggest that isoelectric focusing may be a way of separating the isoforms for anaiysis
on an individual basis.

6.2.14.7

Tem perature

Profile

and

Heat

Stability.

The thermostability of purified GDH was investigated, as it has been reported
in A. americana and Pinus sylvestris that GDH is stabie up to 70°C (Ramirez et ai.,
1977; Schlee et ai., 1994), and that the thermostability of root GDH from T.
aestlvum is greater than GS (Alekhina et ai., 1984).
The effect of incubating GDH for 4 min at increasing temperatures on activity
is shown in Figure 6.30. The enzyme was thermostable up to 62°C, after which
activity fell sharply, due to dénaturation. The physiologicai significance of the
thermostabiiity of plant GDH is not known, and may be simply a residual
characteristic inherited from an ancestral gene. GDH has been isolated from four
extreme thermophiles, (Di Ruggiero et al., 1993; Eggen et al., 1993; Hudson et al.,
1993; Ma et al., 1994;), and shown to have conserved regions, which are
homologous to eukaryotic GDH. These regions may confer the thermostabie property
seen.
Attempts to use the thermostability of the enzyme during the purification was
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T e m p e ra tu re profile of purified glutam ate d ehydrogenase from D aucu s
carota cell suspension culture. Purified G D H was incubated in assay buffer for 4 min prior

to the addition of preheated 2 -oxoglutarate to initiate the aminating reaction.
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made. Following (NH4 )2 S 0

4

fractionation the concentrated sample was heated slowly

up to 55°C and left for 5 min, then rapidly cooled prior to centrifugation. A pellet of
denatured protein was obtained, without any obvious deleterious effects on GDH
activity. This procedure however was not used in the purification of GDH for
characterisation, as one of the aims was to determine the isoform complement of D.
carota, and the effect of heating on the isoform band pattern was not determined.

6 .2 .1 5

S tru c tu ra l

in v estig atio n .

Attempts were made to investigate single isoforms by excising specifically
stained isoforms, and denaturing them in an eppendorf tube containing SDS loading
buffer, by heating them to 95°C for 5 min. The samples were then run on SDS-PAGE,
following a modified method of Outillas et al. (1992). Gels were either silver
stained, or electroblotted and immunostained. Both visualisation methods were
unsuccessful, and was possibly due to insufficient protein being present to be
detected. Therefore it was not possible to separate any subunit, and determine if a
particular isoform was made up of more than one type of subunit.
Attempts were also made to refold the protein In vitro following SDS-PAGE of
the purified protein. SDS was eluted from the gel and the protein allowed to refold,
followed by specific staining (Fig 6.31). The photography shows that very faint
bands near the 45 kDa marker developed. These bands could be refolded GDH subunits
which had regained activity. The degree of staining suggests that very little of the
protein regained activity, and whether the protein folded into a hexameric structure,
or less, which regained activity was not determined.

6.2.16

Amino

Terminal

End

Sequence

Determination.

It has been shown that nucleotide sequence alignment from human, bovine and
chicken liver GDH shows a strong degree of sequence conservation (Julliard and
Smith,

1979). Similarly, Mattaj et al. (1982), have shown large regions of

homology between a prokaryotic and eukaryotic GDH nucleotide sequences. This would
suggest that GDH has highly conserved regions, which are probably related to
function, or tertiary structure. No reported sequence data, either amino acid or
nucleotide has been published for a higher plant GDH, although one reference
reported obtaining amino acid sequence, but did not published it (Kindt et al., 1980).
Purified D. carota GDH was run on SDS-PAGE, electroblotted and stained
using amido black stain. This stained band was commercially N-terminal sequenced
(Fig 6.32). The sequence obtained was continuous and without any ambiguity, which
in itself was a test for the homogeneity of the sample being analysed.
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B

C

D

F ig u re 6.31. Photograph to show the refolding of glutamate dehydrogenase subunits from
Daucus carota cell suspension culture. A SDS-PAGE gel was ran and then the SDS eluted,
followed by specific staining. Track (A) shows a very faint band developed with 1 0 nkat
total glutamate dehydrogenase activity loaded in the well. Track (B) shows a faint band
developed with 15 nkat total glutamate dehydrogenase activity loaded in the well. Track (C)
shows a clear band developed with 30 nkat total glutamate dehydrogenase activity loaded in
the well. Track (D ) shows a faint band developed with 2 0 nkat total glutam ate
dehydrogenase activity loaded in the well. All developed bands migrated to near the 45 kDa
molecular weight marker.

1 67

I

Asp-Asn-Ser-Gln-Gly-Glu-His-Ala-Try-Pro-Met-Val

|

Figure 6.32. The N-terminal amino acid sequence of purified glutamate dehydrogenase
from Daucus carota cell suspension culture.
This sequence was used to search the SWISS-PROT and Genbank translation
sequence databases (done August 1995). The results from the search showed that the
sequence was unique, as no sequence homology match with any stored protein
sequence was obtained. However, it has been noted that poor homology is seen for the
first 50 N-terminal sequence amino acids of different hexameric GDHs, and then
rises significantly for the next 350 residues (Britton et al., 1992). This suggests
that the N-terminal end of GDH may not have a significant role in the structure or
function of the enzyme and consequently has not been conserved. The fact that the Nterminal sequence obtained appeared to be unique could be used to design a very
selective oligonucleotide probe, to isolate D. carota GDH gene(s).

6.2.17

Origin

of

GDH

Synthesis.

Most protein synthesis inhibitors are antibiotics, and work by inhibiting
protein synthesis related to translation of ribosomal RNA. If 80S protein synthesis
is disrupted then the protein is nuclear coded, and if 70S protein synthesis is
inhibited then the protein is plastidial or mitochondrial in origin.
Determination of the cellular origin of plant GDH has been previously
investigated. However the results have been inconclusive, of the eleven studies
reported, one showed that in Oryza sativa roots an inducible increase in GDH activity
was prevented by the addition of both cycloheximide, an 80S inhibitor, and
chloramphenicol, a 70S inhibitor, to the bathing solution

(Kanamouri et ai.,

1972). Three reports have suggested that GDH is related to either plastidial or
mitochondrial protein synthesis (Bhadula and Shargool, 1991; Jain and Shargool,
1987; Talley et a/., 1972), and seven have suggested that GDH is related to nuclear
protein synthesis (Barash eta!., 1973; Moyano eta!., 1992a; Nauen and Hartmann,
1980; Oaks et a!., 1980; Prunkard et a!., 1986a; Shepard and Thurman, 1973;
Watanabe eta!., 1994).
An experiment was designed to determine the sub-cellular origin of D. carota
GDH. Various antibiotics at sub-lethal concentrations were added to 5 day old
suspension cultures which had been either transferred to carbon free medium, to
induce GDH activity, or non-induced conditions (cells left in sucrose supplemented
MDK). For the controls either water or 80% ethanol was added to the suspensions, to
an equal volume as the antibiotic solution in the treatment cultures. The addition of
the same volume of 80% ethanol had no detectable effect on the GDH activity, cell
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suspension growth and total protein, relative to the water or no addition controls
(results not shown). 80% ethanol was added as cycloheximide, puromycin,
chloramphenicol and actinomycin D stock solutions were made-up in ethanol.
Streptomycin and rifampicin were both made-up in ddH20.
The results. Figures 6.33 and 6.34, show that relative to the controls
cycloheximide (10 pg/ml) had the clearest effect on GDH activity causing a fall in
activity of 19.2% in the de-repressed cultures and a fall of 5.9% in the non
repressed cultures after 72 hr. Similarly, puromycin (0.4 mg/ml) also caused a
fall in activity of 13.2% in the de-repressed cultures and a fall of 4.1% in the non
repressed cultures after 72 hr. The effect of puromycin was not as great as that seen
with cycloheximide and may have been due to the fact that it is not as selective an
inhibitor as cycloheximide, being able to also inhibit protein synthesis in some
bacteria, or a possible delay in its action due to poor solubility and hence penetration
into plant cells (Shepard and Thurman, 1973). Chloramphenicol (20 |Lig/ml) caused
a slight increase in both de-repressed and repressed cultures of 2.4% and 0.6%
respectively, relative to the controls. The cause of this increase, which was
significant, was not determined, but it has been shown that a mitochondrial-nuclear
interaction can play a key role in the induction of some enzymes (Puglishi and
Algeri, 1971; Algeri et al., 1981). Actinomycin D (80 |Lig/ml), an inhibitor of DNA
primed RNA polymerase, rifampicin (5 p.g/ml) and streptomycin (2 mM), both 70S
inhibitors all had no detectable effect on the activity of GDH relative to the controls.
Higher concentrations of these inhibitors proved to have no effect, or were lethal to
the cells within 24 hr (results not shown).
These results would suggest that GDH synthesis was nuclear in origin and
likely to occur in the cytosol as a precursor protein which is then transported into
the mitochondria. Also that the increase in GDH activity seen in de-repressed
cultures, with the removal of the carbon source was due to da novo synthesis of
protein, with the carbon source directly or indirectly inhibiting protein synthesis.
The effect of the inhibitors on GDH activity was not substantial, and may have been
due to the concentrations used. A fine line existed between lethal and sub-lethal
concentration, which in turn may have affected the efficiency of the inhibitors.
It should be noted that inhibitor studies alone do not confirm the subcellular
location of a particular enzyme, as they may exhibit side effects on cellular
metabolism (Bhadula and Shargool, 1991). Similarly, it has been shown that D.
carota

callus tissue can mutate and express a resistance to 5-10 pg/ml

cycloheximide (Lasar at a!., 1981). Cycloheximide resistance does not appear to
have occurred with this D. carota suspension culture, as similar results were
obtained with the NL cell suspension culture (results not shown). However, the fact
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F ig u re 6 .3 3 . The effects of nuclear coded protein synthesis inhibitors on GDH activity in
induced and non-induced Daucus carota suspension cultures. Graph (A) shows the effect of
various inhibitors on carbon starved (induced) cultures. Graph (B ) shows the effect of the
same inhibitors on carbon supplemented (non-induced) cultures. The inhibitors used were;
cycloheximide ( - ------□------), puromycin ( ------ ♦------ ) and actinomycin D ( ------ « ------ ). The two
control cultures (
o
) were either cell suspension cultures in the presence or absence
of sucrose supplemented MDK medium only. All points represent the mean of three replicate
experiments. Error bars are omitted for clarity.
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that callus cultures have been shown to be able to develop a resistance to a particular
antibiotic could explain the inconclusive nature of previous reports in agreeing to a
sub-cellular origin for GDH in plants. Alternatively the inhibition of another
protein, not coded in the same organelle as GDH could have an effect on its activity.

6.3

Sum m ary.
GDH was purified from D. carota cell suspension cultures using column

chromatography.

The

elution

profile

obtained

following

anionic

exchange

chromatography using DEAE-Sephacel revealed 8 or 9 activity peaks, over a broad
NaCI elution gradient. However, hydrophobic and gel filtration chromatography
elution profiles both gave single activity peaks. This suggested that the possible
isoforms, suggested by anionic exchange elution, had not only similar hydrophobic
properties, but were also all similar in molecular weight. The enzyme also bound
reversibly to the dye Cibacron Blue, which has a similar structure to NADH.
Specific GDH staining following Native-PAGE revealed 10 isoforms, with
none apparently lost during the purification procedure. One-dimensional SDS-PAGE
of pure

GDH

revealed a single band following

both silver staining

and

immunostaining. Two-dimensional SDS-PAGE however, showed this single band
consisted of up to 5 distinct subunits of GDH, all with molecular weights of 43 kDa ±
0.5 kDa. Using gel filtration the native molecular weight was determined to be 249
kDa, which suggested D. carota GDH was a hexamer. If the hexameric native protein
was a result of random association of subunits at least 10 isoforms could be possible.
The ordered "ladder" pattern of GDH following specific staining of Native-PAGE gels
suggested that the hexameric isoforms were not a result of random association, as not
only would the "ladder" not have appeared as an even pattern, but more than 10
isoforms would have been seen.
The number of isoforms isolated were all shown to bind specifically to V.
vinifera anti-GDH antibody, as were the subunits, and confirmed the number of
isoforms and subunits seen with specific GDH staining and silver staining. It was not
thought any isoforms were lost during the purification procedure, or any
dénaturation of the native protein, as the same number of isoforms and subunits
were seen in crude and pure samples. It was also not thought that the number of
isoforms and subunits seen were a result of somaclonal variation, as similar
electrophoretic patterns were obtained with both tissue and other cell suspension
cultures of D. carota. However, refolding of denatured GDH did suggest that less than
the hexameric structure could be active.
Purified protein sample was used to characterise the properties of D. carota
GDH, and the results are summarised in Table 6.8.
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The Km values obtained for the substrates used in the aminating reaction were
similar to those from other plant GDHs. The Km for ammonium was the most
interesting, as it was relatively high, compared to the Km of ammonium in the GS
reaction. This has been used as supportive evidence to argue that ammonium
assimilation in plants is primarily, if not exclusively via the glutamate synthase
cycle.
The nucleotide specificity for GDH was determined, and found to be
NAD+/NADH specific, with no detectable activity with NADP+/NADPH. Other plant
GDHs showing a specificity for NAD+ have been primarily associated with the
mitochondria. This suggested that the GDH isolated in this investigation was also
associated with the mitochondria.

Characteristic/Property

R es u lt

Isoform Num ber and
M olecular W eight

10 and 249 kDa

Subunit Number and
M olecular W eight

4-5 and 43 kDa

Km for Oxoglutarate

4 .9 5 mM

Km for NADH

0.11 mM

Km for Ammonium

4 0 .5 4 mM
Calcium preferred, relative to the common
divalent cations tested.

Cation Preference
Aminating pH Optimum

pH 8.2

Deaminating pH Optimum

pH 9.6
pi 5 .3 0 - 6 .6 2

Isoelectric Point range

Stable up to 62 °C

T h e rm o s ta b ility
T a b le

6 .8 .

T a b le

su m m arisin g

the

c h a ra c te ris tic s

and

p ro p e rtie s

of

g lu ta m a te

dehydrogenase from Daucus carota cell suspension culture.

The enzyme was found to have a preference for calcium ions, over other
biologically common divalent cations, such as Mg2+ and Zn^+. No evidence to show that
GDH was linked to calmodulin regulation was established, but the possibility could
not be dismissed, as an unknown associated factor could have been lost during
purification.
The pH optimums for the deaminating (pH 9.6) and aminating (pH 8.2)
reactions were also similar to other plant GDHs. The isoelectric points of the
isoforms ranged from pi 5.3-6.6. Very little other data to compare the values
obtained with D. carota GDH exists, but the broad range did suggest a novel means to
isolate individual active isoforms, for comparative studies.
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The enzyme was thermostable, up to 62 °C, but the biological significance of
this physical characteristic was not established. It may simply be a residual
characteristic from an ancestral gene, with no selective pressure to remove it.
Similar thermostability of other plant GDHs have been reported.
The N-terminal end of the pure protein was sequenced, which was also a sign
that it was pure. Attempts to show sequence homology with other known sequences of
both eukaryotic and prokaryotic GDHs were unsuccessful. No matches, even using a
low stringency, were made. This suggested that the sequence was unique. This unique
sequence was thought to be coded by nuclear gene(s), as only 80S related protein
synthesis inhibitors caused GDH to be repressed in sucrose starved cell suspension
cultures. Similarly, this result also showed de-repression of GDH in carbon stress
conditions could be related to de novo GDH synthesis.
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Chapter

7

General Discussion and Summary.
7.1

Discussion.
The three questions addressed in this investigation were; What is the role of

GDH in higher plants? What are the mechanisms that control the regulation of GDH,
and did the enzymatic characterisation of the enzyme give an insight to the first two
questions? By taking the salient points from this work and relating them to what is
already known about GDH, and plant metabolism in general, it is possible to
formulate a mechanism for the regulation of GDH, and its role in higher plants.
In this investigation altering the nitrogen source, or inducing nitrogen
limitation stress gave no evidence for an assimilatory role for GDH in D. carota cell
suspension cultures. Using the GS inhibitor MSO, protein synthesis was inhibited,
with an associated fall in GDH and other possible catabolic enzymes. If GDH had an
assimilatory role it would have been expected to increase with the addition of MSO, to
compensate for the fall in assimilation via the glutamate synthase cycle.
It has only been possible to show GDH having a minor role in the
incorporation of

into glutamate, when GS has been inactivated (Stewart et a i,

1995). However, the possibility that GDH does have an aminating function along side
the glutamate synthase cycle is still being argued (Oaks, 1994; Sechley et a i,
1992). Conclusive evidence, one way or the other is difficult to show, but recent
work on a Zea mays GDHI-null mutant by Stewart et a i (1995) showed that an
assimilatory role for the enzyme was very unlikely. Using MSO and

glutamate

they could find very little or no labelling of glutamine-amide or ammonium, with the
major labelled product being asparagine in both mutant and wild type tissues. It is
now generally being accepted that the primary role of GDH in higher plants is not the
assimilation of ammonium, as no metabolic studies have shown conclusively that GDH
has a role in ammonium assimilation. The obvious question which is raised if the
enzyme is not involved in ammonium assimilation is; Given the ubiquitous nature of
GDH what is its function? By looking at a problem by turning the question around
sometimes raises new questions, which if solved could help in elucidating the answer
to the original question.
Robinson et a i (1991; 1992), have provided evidence that the role of GDH is
in fact the deamination of glutamate to provide carbon skeletons under conditions of
carbon limitation. This recent discovery has provided a change of emphasis for the
focus of experiments on GDH, and perhaps for the re-interpretation of old ones. By
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turning the attention to the catabolic response of the enzyme, a role in providing
carbon for cells/tissues, or providing ammonia for translocation is suggested.
Some physiological situations in which GDH could have a catabolic role in
plants include fruit ripening, and gluconeogenesis. The rate of respiration in the
fruiting body of Persea americana during ripening is seen to increase (Theologis and
Laties, 1978b), a phenomenon known to occur in many ripening fruits (Baile,
1960). The increase in respiration of P. americana could be linked to the associated
changes in GDH activity and isoform band pattern seen during the ripening of the
fruit (Loulakakis et a!., 1994). The authors of this report were unable to interpret
the alterations in GDH observed, but it is a good example to take and re-evaluate. By
looking at the increase in respiration and the change in GDH activity and isoform
band pattern a possible correlation can be made. It could be that the catabolic
function of GDH increases, to supplement the increase in glycolysis seen in intact
fruit (Solomos and Laties, 1974), with the enzyme aiding the production of ATP. The
nucleotide being needed at elevated levels to drive the processes associated with
ripening. Mitochondria isolated from cotyledons of Glycine max have very active
GDH, which can oxidise glutamate (Day et a i, 1988), and these tissues have been
describes as gluconeogenic (Bryce and Day, 1990). Thus, the oxidation of glutamate
may be involved in supplying carbon skeletons, which in turn could be involved in
gluconeogenesis or carbon catabolism, and energy production.
Further interpretation of results showing a role for GDH during stress or
senescence may also fit with the enzyme having a catabolic function. The results from
experiments presented in this thesis did show that induced stresses (carbon
depletion, changes in adenylates, and senescence), caused GDH to increase in activity,
suggesting that the enzyme was a stress response enzyme. Shepard and Thurman
(1973), using Lemna m/nor cultures showed an increase in GDH activity following
the addition of 15 mM ammonium. This was possibly due to the toxic effect of the
ammonium, which caused the cells to become chlorotic. The increase in GDH activity
therefore could have simply been a general response of the cultures becoming
stressed, and not a direct effect to high ammonium per se. GDH could be involved in
the detoxification of ammonium, but GS having a lower

for ammonium than GDH,

could reduce the toxic effect more efficiently. As other induced stress condition have
also been shown to cause GDH activity to increase, it may simply be an enzyme which
reacts to general stress conditions. Bryantseva and Barakhtenova (1991), have
shown that SO2 , even at low concentrations (0.1%), causes an increase in the
deaminating activity of GDH from Pisum sativum plants, when fumigated. They
postulated that a stimulation in the catabolic enzyme led to an increase in formation
of intermediates for the TCA cycle, and the reductive potential of tissues. There was
also an associated increase in respiration, and the consequent improvement in energy

176

supply may have compensated for the disturbance in the energy balance caused by the
stress. A similar response was also seen in the plants by exposing them to a cold
stress. The biological significance of this is unknown, but GDH has also been reported
to be cold sensitive in Z mays (Pryor, 1990).
Stress in higher plants may cause an interruption or shutting down of certain
processes, for example CO 2 fixation. By the same token cells or organisms under
stress will have to divert metabolites and proteins to maintain homeostasis, and
possibly invoke novel pathways to produce de novo stress compounds. Many of these
compounds have been shown to be nitrogen containing, e.g. amino acids such as
proline, and heat and cold shock proteins. Diverting nitrogen to these compounds may
also involve the catabolic function of GDH, which has been shown to increase under
such circumstances. Similarly, senescence induces certain responses that mimic
stress, or carbon depletion. Therefore, it may not be coincidental that GDH activity
increases in such instances, along with increased respiration and protein
degradation. In perennial plants the increase in cytosolic GS during senescence may
well be linked to increased GDH activity producing ammonium. The GS would then reassimilate the ammonium

in to transportable amino acids for subsequent

translocation and storage (Pearson and Ji, 1994; Woodall at a i, 1995). Thus, GDH
as a catabolic enzyme can be viewed as having two main roles, one to supply carbon to
maintain respiration, and the second to re-mobilise vital nitrogen reserves. If GDH
is a catabolic enzyme it could be described as an autophagic enzyme, having a role in
protein catabolism.
If a regulatory mechanism could be found, it might shine some light on a role
for the enzyme. It has been shown in the bacterium Brevibacterium flavum that
oxoglutarate dehydrogenase activity can be inhibited by cis-aconitate, succinate,
succinyl CoA, oxalacetate, pyruvate, ATP, ADP, NADH (Shiio and Ujigawa-Takeda,
1980), and activated by AMP (Kornfeld at a/., 1977). Various reports on the
regulation of GDH have shown similar responses, suggesting that the enzymes could
share a regulatory mechanism.
Since it was not possible to show that both the primary and intermediate
carbon sources were directly eliciting a response by GDH activity in D. carota cell
suspension cultures the possibility that nucleotide availability was directly
regulating GDH was investigated. This was based on earlier experiments during this
study, and previous reports showing an increase in respiration and an associated
increase in GDH activity. Nucleotides in this context were seen as either products or
by-products of carbon metabolism. Adenine nucleotides such as NAD+, NADP+, NADH
and NADPH were thought to be good candidates as regulatory molecules, as they could
be substrates for GDH, depending upon the direction of the catalysed reaction.
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However, it was not possible to link in vivo adenine nucleotide concentration with
GDH activity.
As the adenine nucleotides were not found to regulate GDH the adenosine
nucleotides were also used. Altering the ADP:ATP ratio in cells to favour ADP, by
either blocking ATP synthesis, or increasing the endogenous ADP using an external
supply, caused GDH activity to increase in D. carota cell suspension cultures. The
precise mechanism by which the ATP availability regulated GDH was not shown, but
could be similar to other known mechanism for ATP regulated enzymes. The
regulation of plant GDH by phosphorylation can not be excluded as circumstantial
evidence exist in other organisms, and it is a common means of regulating enzymes in
plants (Budde and Chollet, 1988), including nitrate reductase which is rapidly
activated

by de-phosphorylation

(Kaiser and Spill,

1991).

E. coii GDH is

phosphorylated in vivo (Lin and Reeves, 1994), and the degree of phosphorylation
varied with the growth phase of the cells, with cells in exponential growth showing
the most phosphorylation. It is known that reversible phosphorylation is a major
metabolic regulatory mechanism in bacteria (Stock et ai., 1989). Its role in GDH
regulation from the anaerobic bacterium Bacteroides fragiiis has been investigated,
but was not thought to be involved (Yamamoto at ai., 1987). The activity of bovine
liver GDH has been shown to be regulated by ADP, by de-stabilising an abortive
complex, which showed a link between ATP, ADP, and GDH (Bailey at ai., 1982).
Phosphorylation could involve a protein kinase, which in turn could be controlled by
cAMP and/or calcium.
As both cAMP and Ca^+ in this investigation were shown to have an effect on
GDH, it could suggest interwoven mechanisms to regulate GDH. The precise nature in
which Ca2+ regulates a wide variety of physiological processes is only beginning to be
elucidated, but it has been established that it acts as a messenger within plant cells
(Poovaiah and Reddy, 1993). Roberts at ai. (1986), suggested the possibility of
interrelationships among the calmodulin regulated pathways, and those regulated by
cAMP. Some calmodulin binding proteins appear to be physiological substrates for
the cAMP dependent protein kinase (Dash at ai., 1991; Sheng at ai., 1991). If such
molecules are active in the signal transduction of GDH, it would suggest that other
enzymes are also involved in the induction of GDH.
The distribution of Ca2+ across the mitochondrial membrane has been shown
in part to be dependent upon the redox state of the adenosine nucleotides associated
with mitochondrial electron transport, such that oxidation of these nucleotides
promoted Ca^+ release (Hansford, 1985). As Ca^+ was shown to stimulate GDH
activity, it also suggested that ATP has a role in GDH activity. There is evidence that
accumulated Ca^+ in Soianum tuberosum and Phasaoius mungo is released by
inhibitors and uncouplers of oxidative phosphorylation (Dieter and Marmé, 1980,
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Russell and Wilson, 1978). This could be correlated with the increase in GDH
activity seen in D. carota cell suspension cultures, following the addition of both
inhibitors and uncouplers of oxidative phosphorylation. It is also known that Ca^+ as
well as ADP activate catabolic enzymes associated with the TCA cycle, such as
pyruvate dehydrogenase (Denton et al., 1972), and isocitrate dehydrogenase
(Giorgio et a/., 1970). It has been shown that the addition of Ca^+ to GDH from
Nicotiand

tabacum causes the Km for ammonium to drop, which could allow

favourable kinetics to be established for an aminating function of the enzyme
(Furuhashi and Takahashi, 1982). However, similar kinetics could also exist for a
deaminating function in vivo.
In higher plants rapidly metabolised carbon sources may repress the genes
that code for enzymes associated with other non-rapidly metabolised carbon sources,
by a mechanism akin to catabolite repression, which is a phenomenon that is known
to occur in microorganisms. A response to adverse changes in the carbon supply
(Gancedo, 1992). If carbon starvation conditions exist, then oxidation of glutamate
by GDH would generate NADH, and oxoglutarate, which both could be metabolised to
generate ATP. This would not involve the glycolytic path, and only part of the TCA
cycle. This could mean that the ADPiATP ratio within a cell may have an influence on
GDH activity, especially in the deaminating direction, and explain why cAMP induced
GDH activity in non-stressed cultures. The effect of cAMP on GDH may not be direct,
but may in fact activate a cAMP dependent protein kinase, which in turn activates
GDH. The vast majority of biochemical studies in which the properties of enzymes
have been investigated have been with purified samples in vitro. Enzymes in situ
may however be under the direct or indirect control of the endogenous composition of
metabolites and co-factors not present in cell extracts. This could explain why D.
carota GDH was not influenced by calmodulin, or why some studies have shown
contradictory results to those presented in this thesis.
It is generally acknowledged that there are two genes coding for GDH in higher
plants. Why two gene products are needed is unclear, as homohexamers are
physiologically functional. However, at least two genes would ensure the possibility
of isoforms, which may simple be insurance that GDH is synthesised. Results
presented in this thesis suggest that less than the hexameric configuration of the
protein may be active, and would explain why the number of isoforms reported has
varied greatly in plants. This would also suggest that GDH is an important
physiological protein, and partially explain why only one mutant has been isolated,
which is only a GDHI-null mutant, still having the Gdh2 gene, and the homohexamer
gene product (Pryor, 1974).
There is evidence to suggest that some isoforms within plants do have specific
functions, which may be related to an aminating or deaminating role, depending on
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the nutritional status of the cell (Muhoz-Blanco et al., 1989; Moyano et al.,
1992b). It has been suggested that the two subunits that make up the Vitis vinifera
GDH are associated with either catalysing the aminating reaction or the deaminating
reaction, thus an isoform with a predominance of either of the subunits is likely to
dictate the direction of the reaction (Loulakakis and Roubelakis-Angelakis, 1991).
However, recently it has been shown with both the wild-type and GDHI-null mutant
strains of Z. mays that both genes code for proteins which deaminate glutamate
(Stewart et al., 1995). Osuji et al. (1991), have suggested that the multiple
isoenzymes simply ensure high enzyme activities. Attempts to assign specific
functions to individual isoforms is probably unjustified at this stage, as the function
of the enzyme is still unknown. Similarly, to say that individual isoforms have
specific functions is going to be difficult to verify, as individual isoforms will have
to be isolated, characterised, then compared, and any changes attributed to a function
in vivo.
As D. carota GDH isoforms did not display a binomial distribution arising
from random assortment of subunits the possibility that individual isoforms had
specific roles, with some involved in catabolism, whilst other being associated with
anabolism could not be excluded. However, if the chromosomal ploidy number of the
cell suspension cultures was greater than 2n, it could also explain the unusual
number of isoforms seen. Even if D. carota was diploid the possibility of gene
duplication could mean multiple copies of the genes coding the enzyme, which if
conservatively mutated, giving rise to distinct subunits. The subunits could then
have different properties, which would allow the relative mobility of isoforms to
give the distinctive, evenly spaced ladder pattern seen after specific staining. The
fact that N-terminal end sequence data was obtained from a purified sample from a
single band following 1-D SDS-PAGE, which gave rise to 10 or more isoforms
suggested that the subunits of GDH had the same N-terminal end sequence. This could
indicate that all the subunits had arisen from the same ancestral gene, and explain
why they had similar properties.
It has been suggested that in a Capsella species that one gene my be located on
plastidial DMA, and another polymorphic gene being nuclear coded (Hurka and
During, 1994). However no molecular studies have been presented to substantiate
this argument, which if true would mean a very complex transcription, translation
and protein folding mechanism for GDH isoforms. Protein synthesis inhibitor studies
in this investigation suggested that GDH was the product of nuclear coded gene(s).
However, it still remains unclear as to the origin of GDH, as other investigators have
shown that GDH may be plastidial in origin. As the results in this thesis suggest other
proteins may be involved in GDH regulation, the protein synthesis inhibitors could
have affected them, which in turn caused an effect on GDH activity.
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There may be difficulties in looking at specific activity as a measure of GDH
activation. During senescence and stress induction total protein drops, but GDH
specific activity increases. Is this because GDH is more stable, and less prone to
degradation, or because GDH activity increases because it is a response to the protein
drop, i.e. breaking down the glutamate? This dilemma could be resolved by looking at
the levels of translatable mRNA under conditions where GDH is seen to increase. This
investigation also showed that total GDH activity was relatively constant throughout
the growth cycle of the D. carota cell suspension cultures. The possibility that the
extraction procedure activated GDH could not be ignored. Possibly molecules
associated with the repression of GDH were lost, thus GDH was in its active state in
vitro, but not in vivo. Why GDH is present in non-stressed cells is unknown, but the
in vivo form may not be active until induced by a stress. Could GDH be present as a
precaution against a sudden stress? Alternatively GDH may be involved in a small
flux of glutamate to the TCA cycle, even under non-stressed conditions. Similarly it
could be involved in the re-distribution of ammonium within plants. Thus its
ubiquitous nature could be due to a "housekeeping" role for cells.
Looking at the results presented in this investigation the regulatory
mechanism of plant GDH appears to be complex, possibly involving a feedback
mechanism, linked to gene expression. An approach to the investigation which will be
invaluable in the elucidation of the exact control mechanism will involve molecular
biology (Maestri et a!., 1991). To this end isolation of the gene(s), along with
flanking regions for a plant GDH is paramount. The results following the
characterisation of D. carota GDH showed it to be similar to other GDHs, from both
prokaryotes and eukaryotes. This would suggest the possibility of gene sequence
homology, and possibly similar control mechanisms exists. Isolation of the gene(s)
would also mean that it would be possible to obtain large amounts of GDH protein for
structural analysis, which in turn could allow the design of a specific inhibitor. A
specific inhibitor would be invaluable in more traditional experiments involving
labelled carbon and nitrogen, and pulse chase experiments. It has been shown that
derivatives of aminoisophthalic acid inhibit GDH, but the specificity is unclear
(Cunliffe et al., 1983).
Generally, the investigation of a particular pathway of plant metabolism is
difficult to investigate in isolation, as plant metabolism as a whole is integrated, thus
any division will lack elements of the whole, even metabolic processes of an
organelle in isolation may be misleading, as interactions between different
organelles is ignored. Studies on non-plant organisms could provide important
precedents for future studies with plants, as many of the biological properties seen
in plant GDH are similar to other organisms, suggesting that regulatory mechanisms
may have common ground. The possibility that GDH could be regulated may be of great
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value. If it is a fundamental enzyme related to senescence, it may be possible to
induce or delay necrosis. Alternatively, if the enzyme is involved in plant
development, germination could be enhanced. Both scenarios are of commercial
importance to plant biotechnology.
Another conclusion of this work has been that it has raised more questions
than have been answered. Hopefully, the questions raised are the right ones, and if
addressed could provide the answers needed to conclusively state the function of GDH
in higher plants.

Scientific research can be described as a logical process of elimination, until
all possibilities have been excluded, leaving the correct answers, for now.
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