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\_ ‘ Abstract

" The effect of the lack of. fenredoxin(td)-dependent‘ -
glutamate synthase (GOGAT) activity or the’ metabolism and
.growth of Arabidopsis thaliania was studied. Bécause of the
plant's small sii;, the crucifdr Bra&sica napus was used as
a source material for- the isolatioﬁ and partial
characterigatQPn of GOGAT activities from a crucifer. From
this ch;racteéisétion, it was determined that fd-depqn@ent
GOGAT was teﬁpd (# _both r;ot and leaf®’ tissues and its
kaétivity in leaf éiésue was affected by  light. NADH; )
depehdent GOGA™ was also found in both root and leaf tissue,
agd its aétivit),in the leaf was slightiy'affected by light.
The two enzymes were distinct in their requirements for a
reductant source, as isolated fd-dependent GOGAT could not
use NADH as an electron doncr, and NADH-dependent GOGAT
could not use fd. Both enzymes were localisgd in the plastid
fraction of the leaf. . ’
Twenty-eight mutants (GLUS) of A, thaliania (previously
isolated by Somerville and Ogren 1980, Nature 286: 557) were
studied geneticélly, biochemiéally and immunologically. The
mutants were all allelic and ail contained cross-reacting
» material to antibodies faised’against spinach- leaf fd-
: dgpendent GOGAT. 1In gach‘hutant strain, the fd-=dependent
GOGAT po;ypeptide' was ‘found to be identical in apparent

molecular weight to that of the wild-type polypeptide. 1In

the mutants, only fd-dependent GOGAT was found to Dbe
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deficient if activity, NADH-dependent GOGAT activity was

\‘ o — oY -\
normal.

L 4

" The | rate of photosynthetic co, exchange declined in

GLU§ blants in normal air, while the wild-type rate remained

- unchanged. This' 8ecline in photosynthetic CO2 gas exéhange

L}
did not correlate with accumulated NH4+ produced by mature

leaves from mutant plants, nor was there a lack of ribulose

b

1,5-biaphosphate— in mature leaves during the initial

inhibition of photosynthetic CO, exchange. - Also, .the
activities) of key pﬁotosynthetic e&zymeé were .slightly
rgducgk at the time when photosynthetic C02. exchange
declined. The ifa&zﬁis vf photosynthetic p;pducts recovered

‘ after 14CO2 fixation suggested that the activity of the

[y

photosyntﬁetic"carbon reduction (PCR) cycle must be altered,”
as a higher percent of 14C was recovered,in ribulose 1,5-

B l ‘ i
" bisphosphate, fructose 1,6-bisphosphate and the sugar

monophosphate fraction in the mutant, when compared with the

WT strain. The alteration in PCR cycle activity was .thought’

¢
S

to be a .result ofed™M imbalance in the utilization of
photosynthetic energy between electron transport and the PCR
cycle. 1It‘'was proposed that certain PCR cycle enzymes' ﬁere
inhibited; causing the decline 1in photosynthetic CO%}
exchange. | ;
A reversion analysis was carried out with three GLUS

alleles. The high freguency with which revertants containing

near normal levels of fd-dependent GOGAT ac;ivity were found
\

AN
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in two of the strains, suggested that these allele! were
probably single base pair alterations in the DNA sequence

’ . . Vs v
encoding fd-dependent GOGAT protein. From a third al;ele, no'
' b 8 '
revertants were isolated with a restored‘fd-dependeﬂt GOGAT

activiu@ké}ln studies dealing with revertants isolated from .

¢

this third allele (CS 254) of thé’GLUS

1solated wi&h a slightly increased chl

level when compared with the GLUS strain after growth

normal air. However, the nature of the specific cause(s) for

-

the apparent increased growth was not determined. It was
proposed that the inviability of the GLUS strain in normal

[
air may be due to. the reduced photosynthetic rate.
; »

, '
Consequently, the photosynthetic apparatus was found to be
susceptible to photoinhibition. Photosynthetic\co2 exchange
snd electro; transport rates were found to decrease fgster
during stress of the GQUS strain by growth iq normal air,

than did chlorophyll or protein levels. . B

’
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time of the emergence of the cotyledo
life cycle, the plant derives all its enerq;?’ from
photosynthesis. This process occurs in the  chloroplasts,
where Hzo 1s split by 1light energy :to vyield Q? and
electrons. The electrons are later donated to inorganic
molecules, principally co,. 5
metabolism of the Calvin-Benson cycle, also known as the

The CO is fixed in the

photosynthetic carbon reduction (PCR) cycle. - The products

of this cycle are the triose phosphates (triose-P):
glyceraldehyde—3-¥ (G3P) and dihydroxyacetone-P (DHAP). 1In .
the leaf, triose-P is converted to starch, sucrose, - amino

acids and other molecules.

Oxygen reduces photosynthetic CO, exchange in plants

2
(Bjorkman 1966) . This results from the direct and

competitive interaction of O2 at the active site of” the
enzyme, ribulose 1,5-bisphosphate carboxylase/oxygenase
(RUBISCO), which fixes both CO2 and 02 (Bowes and Ogren
1972; Laing et al. 1974; Lorimer 1981). As a result of the

fixation of one molecule of © one less molecule of CO, 1is

2' 2
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conjunttiohal pathway tp that of the .PCR cycle is initigted.

fixed., Also, once an O2 molecule is fixed by RuBISC

This other pathway,- the photosynthetic carbon oxidaﬁion
(PCO) or Photorespirdtory cycle, will fcleaseAa molecule of
CO,. Therefore, the'* rate of o, fixation is further reduced
as less carbon is avai/lable for - leaf metabolism. This

pathway reduces plant growth for many crop p;:;ﬁjx’ such as
wheat and soybean (Bjorkman et al., 1969). y Qquestions
have been raised about whether photorespiration can be

altered jn' a beneficial way, to actually increase yield
(Ogren 1978).

In order to address questions about photorespiration,
mutant screens were developed to facilitate the isolation of

plants with reduced or altered Qhotorespifatory properties
(Cannel et al. 1969; Widholm and Ogren 1969).-fBese initial
experiments were unsuccessful ir isolating plants with
altered photorespiraiory properties, However, using
Arabidopsis thaliania a screening procedure was dev;loped
from which over 100 mutants, blocked in individual reactions
of photorespiratory metabolism, were isoclated (Somerville
and Ogren 1982a;__Somerville 1984). The same screening
procedure has also been successful with barley (Kendall et
al. 1;83). The success of the later /screens with A,
thaliania and bérley are due to the fact that the screening
procedure was developed to 1solate dﬁants lacking a single
function. Whereas, the initial screen to find reduced

)

| .

photorespiratory mutants, 1s dependent. on the occurrence of
\
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. more than one geaetic alteration, as the plants sought after

N
must alter their metabolism in abeneficial way. Mutants
°

isolated trom'this photorespiratory screen have added to our
underétandiﬁg of photosynthesis by causing a re-evaluation
of previous conclusions regarding the metabolic reactio
and consequences of the PCO cycle.

One class of mutants (GLUS) isolated using 3the
photorespiratdry screen with A, thaliaja, was found :o be
deficient for ferredoxin-dependent glutamate synthage (fd-
dependent GOGAT) activity (Somerville.and Ogren. 1980a). This
1s a conditional mutant, since plants deficient for fd-

4

dependent GOGAT activity cannot live in normal air (21% 0,

and 340 ppm coz), but do survive in Coz-enriched alr (21¢ 0,
and 2000 ppm COZ)' In norﬁal éir*these plaﬁts are nearly
completely inhibited in photosynthesis. As will Be discussed
in the next section, this i; thought due to the disruption,
of carbon metabolism in the PCO cycle.

The physiological propertie§ og the GLUS'mutants also
underscored the role of fq[depéndent GOGAT activity 1in leaf
NH4f assimilation and for providing glutamate for- the
transaminase reactions of the cell (Wallsgrove et al. 1983).
The enzyme catalyses the following reaction: t

glutamine + 2-oxo€lytarate + 2 fé (reduced) =

2 glutamate + 2 fd (oxidised)

The glutamate serves as the substrate for glutamine

synthetase. Glutamine synthetase and/GOGAT work in concert



to assimilate NH“. A GOGAT isozyme which uses NADH as a
reductant source also exists in plants (Suzuki and Gadal
1984) .

-In the current study, a more detailed analysis of the
effects of the GLUS lesion on the physiology and growth of
Arabidopsis plants was carried out, In order to provide a
contéxt for later experiments investigating the effects of
the GLUS lesion on'cell metabolism, the types of GOGAT
activities found in A. thaliania and the closely related
crucifer . Brassica napus (rapeseed, canola) were
characterized. Secondly, an ;ttempt was made to classify 26
GLUS .mutahts w:th regards to the molecular defects 1leading
to the loss of enzyme acgibity. In this approach an antibody
ajainst fd-dependent GOGAT was used, to determinerthe'level
of fd-dependent GOGAT protein present in the activity-
deficient plants. The third part of this thesis concerned an
investigation into the cause(s) of the inhibition of
photosynthesis in GLUS plants. Various proposals have been
put forth to explain the inhibition of photosynthesis
observed during o, fixation in normal air. Theée include:

-

a) NH4+ accumﬁlation-to toxic levels (Somerville and Ogren
1980a), b) the blockage of carbon metabolism in the PCO
cycle, 'resuiting in "a severe depletion of PCR cycle
intermediates ( C. R. Somerville and Ogrén 1980b; S. C.
Somerville and Ogren 1983), «c¢) the inactivation of key

enzymes in the PCR cycle because of altered chloroplast

metabolism in response to the reduced re-entry of carbon

by



from the PCO cycle (Creach and Stewart 1982), d) the buildup
of glyoxylate and subsequent inhibitidp of RuUBISCO (Cook and
Tolbert 1982). Each of these propé!ﬁls vas examined by
comparing the metabolism of GLUS planti with that of normal
(WT) A. thaliania plants, Another aspect of this thesis has

. ) .
in normal ais. By this approach it was

LAN

been to isolate vertant plants with a GLUS background
which would grow?p

envisioned that other cellular functions would  be
mutagenised and theif contribution to the GLUS phenotype
assessed., Mutagenised piants did, ‘indeed, yield progeny
plants which were capaéle of growth in normal air.

-
‘

Background
Photochemistry

The primdry events of photosynthesis occur within and
on the thylakoid: which 1s the 1nvoluted membrane of the
chloroplasts. Tthe membranes contain an array of
chlo;QPhylls and when particles of light (quanta) strike the
membran@s of the chloroplast, the chlorophylls become
excited) The ehergy of the excited state can be released as-
heatf /ie-emitted as light (fluorescence) or be used for
photoc‘emical reactions (Govindjee 1982), Hill (1937) showed
that ;Pen a cell-free preparation from green leaves was
illumi%%ted 0, evolved if a suitable electron acceptor was

present. It was later shown that the electrons necessary for

-



~the excited chlorophyll states came from water (Radmer and

]

refgnance transfer of electrons to the photosyntheétic

:Oéigiger 1980). The absérbed light, energy results in & r3pid
reaction centers. From the reaction centers, this excited
eﬁergy 1s transferreq into photosynthetic electron flow‘ via
specific carriers within the thylakoid membrane.

‘fhere are two photosystems (PSI and PSII) which are
asymmetricaliy arranged across the thylakoids. Each hgs a
unique energy séecpra for ;xcitétion by light. Bo%h
photosystems con;%§t of a separate complex of proteins and
chlorobhylls. ‘The‘ role of most éf‘. ghe ~assoclated
chlorophylls is to absorb light and channe} the resulting
excitatioh energy to a reaction center, Such d center
consists of one or a few chlorophyll a mole?}§es present in
the photosystem (Junge 1977), The pro;;ins within thé
complex of a photosystem possibly orient and space the
chlorophylls within the complex, so that light can.‘bkg

absorbed and efficiently be transferred. 1In higher plants
these complexes are also known as the light-harvesting
chlorphyll a / b compiexes. The.;;ansfer of energy appears
to be complex and if too much energy is -absorbed by one
photosystem, then possible cation re-distribution and
specific phoéphorylétions of certain proteins may help
balance *the distribution of energy within the photosystems
(Allen et al. 1981; Barber 1982). ‘Without the array of

chlorophylls around the reaction centers, photosynthetic

electrpn transport would be almost nonexistent uqder‘ light

'



intensities less than full symlight.

Essentially, through reéqﬁ states the reaction centers
have transduced 1light quanta into the energy of elecfron
transfer (Junge 1977). The .réactior cenfer chlorophyll
donates an electron to nearby molecules. In higher plants it
is believed that a pheophytin rec#ives an electron from
PS1I, which then quickly transfers the electron to a
plastoquinone (PQ). The acceptance of an electron by a_ PQ
also means that a proton (H") is received b+ the PQ
molecule. The electron and H' are ,shuttled -c-- s the
thylakolid membrane via the ;Q molecule. The . & then
oxdised by a cytochrome beff complex. ©Phe f cytochrome 1is
actually a "c-type" cytochrome and electron transfer is via

. L
a complex as in other ¢ cytochromes (Barber 1984). The
transfer- consiéts of two <consecutive single electron
reactions to a plastocyanin (Haehnel 1989). The plastocyanin
then reduces PSI (P700). Light energy is absorbed by PSI and
via the fegyction of ferredoxin, a NADP is reduced.

As described above, a H+ g;adient develops across the
thylakoid memebrane as a result of the noncyclic transfer of
electrons from Hzo and through the: PQ pool of electron
carriers. Using radiocactive methylamine (which freely

permeates a membrane ip response to a pH gradient) as an

indicator of H' uptake by thylakoids from the surrounding

$
+

media, Portis and McQarty (1976) showed that the H

concentration 1n the internal side of the thylakoids 1is
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proportidnal to the rate of electron transport. Further, as
#* accdmulates, the rate of electron transport becomes
inhibitéd. They showed also that ATP synthesis was
ptoportignal to internal H' concentration. The ATP was
synthesized by the H+7translocating ATPase (Ort and Melandri
1982). Additional work by Davenport and McCarty (1984) with
various photosynthetic electron transport inhibitors,
Sudgested (also considering the H' released by the oxidation
of Hzﬁi- that 2 H' are transfenred per electron mO\idg
through both photosystems and that 3 H' are transported per
ATP molecule synthesized. The conclusion drawn from these
studies and sigilar ones (reviewed by Ort and Meléndri
1982), point to the fa¢t that the thylakoid membrane serves
as a bulk insula{br onH+ and that'this gradient between the
internal and external phaé%s can be used for the synthesis
ATP.
Briefl}, _Ssince only 3 ATP molecules seem to be
synthesized per 2 electrons transported (Davenport and

McCarty 1984) and photosynthetic CO, exchange occurs via the

2
PCR cyclé (see below), the fatio of ATP to electron tfansfer
is close to the .3 ATP and 'é' NADPH  required for
photosynthetic fixation of one molecule of co, (Bassham
1965). Any slight altera;ion in a plant's «capability to
synthesize ATP or transfer electrons (or affectighe ratio of
their respective synthesis), -would be deleterious to the

‘process of CO, fixation. However, processes other than

2

noncyclic electron transport may contribute to the synthesis

.



%
of ATP and electron transfer.

Another process to be considered is ferredoxin

depend%pt photorgﬂuction of O2 (Arﬁon and Chain 1977;

" Furba ﬁl and Badger 1983; Hosler and Yocum 1985). .Using
isolated thylakoids, light and in the presence o?‘
ferredoxin, O2 uptake was stimulated agd independeﬁt
ofnoncyclic electron transfer. In.addigion, this process

yielded ATP. NADPH cin‘also be used as reductant source for
this ferredoxin dependént cyclic photophosphorylation (Arnon
and Chain 1977). Conéeivablyf if ATP synthesis via noncyclic
electron transfer 1is inhibited, any NADPH present can be
used to generate "extra" ATP._ The role of these other
’ processes for generating ATP aa the exact number of ATP
produced during noncyclic transport seems to vary with the
particular thylakoids prepared for experimehtation. The role

of these varied processes in the synthesis of ATP in vivo 1S

far from being understood (Ort and Melandri 1982).
‘Photosynthetic CO2 Assimilation

The NADPH and ATP generg®ed by the ’%hotochémlcal
prqcessesl of photosynthesis are utilised by the PCR' cycle

for the fixation of CO,. Initially,. ribulose 1,5-

bisphosphate (RuBP) and CO, react at the active site of

RuBISCO to form 3-phosphoglycerate (PGA). The biochemical

steps involved in the assimilation of CO, were elucidated by

2
employing radiolabeling techniques and paper chromatography.
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For these experiments algal cells were exposed to ]4C02 for

predetermined time periods and then quickly killed (Benson
et al., 1950; Bassham 1965). The metabolites of the cells
were extracted and then separated by paper chromatography in
order to isolate and identify the produéts of o, fixation.

‘The first radioactive product detected was PGA. The
synthesis of one triose-P requires one ATP and one NADPH
molecﬁle. Tﬁz reactions of the PCR cycle also serve to re-
arrange triose-P ‘carbon ~into the 5 carboﬁ molecule,
ribulosé-5-phosphate (R5P). RSP requires a fufthgr ATP to
regenerate the substrate of CO, fixation, RuBP. The PGA is
converted to triose-P and is exborted from the PCR cycle for
the syntheSis of starch, sucrose and .other bompounds,. such
as amino acids (Lilléy 1983) .

A role for RuBISCO in CO., assimilation was deduced from

2
the 1inverse relationship between the labeling of PGA and

RuBP, along Mithﬂthe mechanistic constraints required to
explain the 1AC lzbeling of PGA in the C-1 position of the
molecule (Wilson and Calvin 1955; Jakoby et al. 1956;
Bassham 1965). Furthermore, isolated chloroplasts have been
shown to posseés_the ability to fix { and that RuBISCO was
localised in the chloroplast (Jenken and éassham 19667.
Additional support for the requisite.role for RuBISCO in
photosynthetic CO2 assimilation was \Bbtained from a
Chlamydomonas reinhardii mutgnf lacking RuBISCO which was
®

unable to fix o, (Levine and Togasaki 1965).

As a key enzyme of the PCR cycle, RUuBISCO _is.
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biochemically regulated (Lilley 1983). When a leaf is first
illuminateé, photosynthetic co, as;imilatioh does not begin
immediately. There is a’ lag period. before CO, fixation
reaches its maximuﬁ rate. When the maximum co, fixation rate
is reached, RuBISCO activity is considerably higher than in
the dark. As light quanta were absorbed by the photochemical
apparatus, HY was reﬁoved from the stroma and M92+ released
into the stroma (Werden et al. 1975). The increase in' pH
from 7.2 to 8.0, along with the rise in M92+ levels,
activated RuBISCO (Bassham et al. 1968; Lorimer et al.
1976). 1t is believed that in the presence ofACOZ, the rise

2+ 4 . . .
levels induce a conformational change

in stromal pH and Mg
in tge enzyme, which allows.it to be catalytically active
SLorimer 1981). €O, also activates RuBISCO by binding to an
essential lysine residue to form a carbamate (Lorimer and
M%fiorki 1980). 1In fact, the leyel of CO2 present in the
venvironment and the intensity of light impinging on the leaf
have been shown to regulate the activation level of RuBISCO
(Machler and Nosberger 1980; Perchorowicz et al. 1981;
Somerville et gl. 1982); However, _it is still unclear how
full activation of RuBISCO occurs and how the activation
state is maintained in the leaf. In vitro, COz, M92+ and a
pH of 8.0 will not méintafn a fully activated state (Lorimer
et al. 1976). It has been shown that various phosphorylated
metabolites affect the activity of RUBISCO by directly

binding to the catalytic site of the enzyme, and they
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\
possibly help to maintain an active enzyme in vivo (Badger

and Lorimer 1981).

RUBISCO unaergoes an apparent activation before it 1is
catalytically active (Lorimer 1981). Activation is usually
tested by - assaying for activity over a 30 s time period.
fﬂus, non-activated enzyme will have 5 low activity. This
;ngvity is compared to an enzyme which is allowed to
incubate in 'the presence of high Mgz‘ and high CO, before
being assayed. The activation process is affected by a
number of metabolic effectors. Each of thése‘ effectors
interacts directly at the catalytic site of RUBISCO. .These
‘effectors prevent the binding of the transition analog,
carboxyarabinitol 1,5-bisphosphate, to the enzyme (Badger
and Lorimer 1981). Positive effectors are the metabolites:
NADPH, PGA and fructose 1,6-bisphosphate (FBﬁ) (Hatch and
Jensen 1980). Negative effectors are: ribulose 5-phosphate
. (R5P) and glucose 6-phosphate (G6P) (Hatch and Jensen 1980;
Badger and Lorimer 1981). Apparently positive effectors work
by stabilising the binding of co, and\ Mg2+ to RUBISCO
(Badger and Lorimer 1981). When a positive effector binas to
RUBISCO, a conformational'change may occur which sterically
inhibits the exchange.of co, and-.Mgz+ with the environment
(Jordan et al. 1983). When a positivé effector binds to the
enzyme, it renders the enzyme catalytically inactive because
RUBP cannot bind (Lorimer 1981). The many varied resuits
concerning which® metabolites are positive or negative

effectors might be the result of the particular assay used,
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as for ipspance the order of addition of a metabolite versus
CO2 levels (Badger and Lorimer 1981; Jordan et al. 1983).
The binding of various effectors does not influence the
ratio ofl carboxylase to oxygenase activigy (Chollet and
Anderson 1976). . ,
Anothér enzyme of particular interest in this thesis,
is ribulose 5-phosphate kinasej(RSP kinase)., This enzyme
catalyses the addition of phosphate from ATP to RSPffforming
RUBP (Bassham 1965). This enzyme is light-activated ;nd ls
more active at high pH (Laing et al. 1981). Also, whe: a
chloroplast 1is illuminated, the ATP level increa;es and the
ADP level falls (Kobayashi et al. 1979a). As ADP is a
negative effector of RSP kinase, the activity of this enzyme
increases (Gardemann et al. 1983). Apparently ADP binds at
the ATP site on the protein. Other metabolites, such as PGA,
FBP and 6-phosphogluconate affect R5P kinase activity.
Specifically, when a chloroplast is illuminatégw 6-glucose
phosphate dehydrogenase is inactivated (Lendzian “and Bassham
1975), thus decreasing 6-phosphogluconate levels .in *hs
light. As the later metabolite is a negative effector, ¢t .
RS5F kilnase activity increases in the light (Gardemann et a
1983). Both P. and FBP are negative effectors of R5P kinc-
(Gardemann et al. 1983). How RSP kinase is requlated agai‘L ’
the complex interaction of these many metabolites in vivd‘

has never been succinctly discussed in the literature.

FBPase was also examined in this thesis. This enzyme is
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affected by Mgz*, pH and sulfhydyrl reagents (Lilley 1983).
Evidence from studies of metabolite levéls in Cﬁlorella
showed FBP k\levels to rise upon illumination, after which
they gradually‘é;cline. Bassham and Kirk (1968) argued that
the above results constituted evidence for light activation
of the enzyme. Similarly, Leegood and Walker (13980) ha;e
directly measqred FBPase activity from intact leaves, by
using a rapid protein extraction procedure. They showed that
FBPase required about 10 m;n of illumingtion in order to
reach maximum activity. There exists a direct correlation
between the intensity of light (versus darkness) and the
extractable FBPase activity: Also, Cdz concentrations 3 to
14 times that of normal air, decreased the extractable
activity (Leegood and Walker 1980). Whether the high Co,
increased the presence of certain negative effectors, or
affected some light-mediated electron transfer process, was

not determined.

How the individual activities of the PCR cycle enzymes

‘@te coordinated to meet the various demands for PCR cycle

carbon in metabolism, needs to be ascertained. Since the
level of P. and phosphorylated metabolites are obviously
interrelated to the amount of carbon present 1in the
chloroplast, and to ﬁhe amount exchanged to the cytoplasm,
Heldt et al. (1978) reasoned that the level of P, may\be a
controlling factor in the regulation of photosynthetic CO2

fixation. When intact chloroplasts were incubated at various

ratios of Pi to PGA (both are readily transported into the



chloroplast), they found RuBISCO to be inactivated under
certain conditions, even when an excess of RuBP was present
t

in the chT05oplast. From this they concluded that an optimum

Pi to phosphorylated metabolite ratio 1is necessary for

maximum rates bf CO2 fixation, I1f too much Pi 1S converted
I

into a phosphorylated metabolite, in order to prevent the
complete loss of Pi for other processes (e.q. ATP
synthesis), RuBISCO is inactivated. Any unusual disturbance

in carbon wutilisation might invoke this P. regulatory
mechanism, K

A light mediated system exists in chloroplasts that can
alter the activities of a number of chlorbplast-localised
enzymes. ﬁ%duhed ferredoxin via ferredoxin-thioredoxin
reductase donates an electron to thioredoxin (Wolosiuk and
Buchanarn 1977 ; Buchanan 1980; Hammel et al. 1983) .
Thioredoxins are a group of small MW proteins w235k3<333€?qg
reversible oxidation and reduct?on through changes in\\\
sulfhydryl groups (S-S to 2SH); Upon 1llumination, reduced
thioredoxins are made which "in turn can reduce the
sulfhydryl groups on specific proteins thereby' activating
these proteins. To ﬁransfer an electron from PSI to a
stromal enzyme is a function of the thioredoxins. There is a

greater number of reduced groups in fructose 1,6~

bisphosphatase (FBPase) after illumination of chloroplasts,

T —

when compared to the number of reduced groups of FBPase

after dark treatment (Slovacek and Vaughn 1982). When



16+

noncyclic electron transfer is chemically inhibited, FBPase
L]

activity remains low in the 1light and the number of
sulthydyr{ groups is unchanged from the dark level (Slovacek
and Vaughn 1982). Ffom the work of Anderson (1979) a second

system, although not as well characterised, has been

suggested.
Photorespiration

Photorespiration is the light—dependent‘evolution of

oo (Krotkov 1963). The rate of photorespiration is

2

dependent upon the ratio. of Oé to CO, within the cell. This

is 1in contrast to a second CO2 evowing mechanism, that is

to say that from dark respiration. The rate of dark
"7
respiration 1s independent of the CO2 concentration above a

2% o) level (Canvin 1979). One hypothesis relating

2
photorespifation to the gas exchange.properties of the leaf,
concerns the dual reaction mechanism of RuBISCO (Laing et

al. 1974; Lorimer and Andrews 1981), Kinetic studies have

shown that O2 and CO2 compete for the catalytic site of
RuUuBISCO (Bowes and Ogren 1972; Laing et al. 1974; Lorimer

1981). The first product of phot?respisation is considered
to be phosphogrycolate.vLorimer ét,bl. (1973) showed that O2
was incorporated into the carboxyl group of phosphoglycolate
with the aid of isolated RuBISCO. The‘oxygenatioﬁ éf RuBR by
RUBISCO is considered tb be tﬂe orfly way'to explain plant
photorespiratory characteristics (Ogren '1984). The details

of the reaction mechanism havedfet to be worked out.
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Bjorkman (1966) sspdz;‘:;;t t§;>presence of 0, in the

enJ?,onment decreases the rate oirphotosynthesxs in plants

which synthesize PGA as the first product of co,

assimilation. The O, inhibition of photosynthesis s
manifested by an increased quantum requirement and a lowered
growth rate in normal air, as compared to Coz-enriched or
low O2 containing air (gjorkman et al. 1969; Quebedeaux and
Hardy 1975; Ehleringer and Bjorkman 1977). Later work showed
that photosynthesis by planté (C4) whose initial co, product
1s a four carbon metabolite, are not inhibited by 21% 02.
(Chollet and Ogren 1975), In general, C, plants can
concentrate CO2 to high levels within a leaf and thus
overcome photorespiration (Hatch and Osmond 1976).

4

For C3 plants, the reduction of photosynthetic CO2

exchange caused by bz'is thought to occur by a direct

inhibition of COz fixation, as well as by an increased C02
evolution from the leaf (Forrester et al. 1966; Tregunna et
al. 1966). The direct inhibition by O, is evidenced by the
observation that as 0, concentration is increased, the slope
of the curve of apparent photosynthesis versus C02 level
decreases. The increase in CQ\2 release was examined by
determining the compensation point. The compensation point
represents that point in gas exchange when the rate of CO2
fixation 1s equal to the rate of co, evolved by the plant.

As dark respiration does not vary with 02 concentration, the

fact that the compensation point was increased in the _

{
{
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presence of O2 and light, was thought to be due to “the

stimulating effects of 6;¥_on photorespiration (Krotkov -
1963). - |

’To understand t he physiological basis of
photorespiration, a biochemical formulation was developed to

determine the effects of various 02/C02 ratios on’ cellular
metabolism. It has been shown that the percentage of 14C
recovered in serine, glycine and glycolate following

14CO2 inc'reases as the 02

concentration in the environment around the plant increases

photosynthetic CO2 fixation of

(Wwhittingham et al. 1963; Tolbert 1971). In fact, after the

first few minutes of photosynthesis, up to 50% of the total

‘4C recovered is found in these metabolites. The carbon

atoms originate from the PCR cycle, since 14C was equally
distributed to both carbon atomg of the isoclated glycolate
(Benson and Calvin 1950; Schou et al. 1950; Hess and Tolbert
1966). It has been suggested that because glycine and serine

ére rapidly labeled during photosynthesis'and the C-1 and C-

14 14

2 atoms are equally labeled with C from co these

2 r

metabolites are closely associated with glycolate (Hess and
[ J

Tolbert 1966). In comparison, other amino acids were slowly

labeled and initially ‘their carboxyl group was often

involved (Hess and Tolbert 1966). Rabson et al. (1962) had

shown that when 2-14C—glycolpte was fed to leaves, the first

recipients of 14C were glycine and serine. In 1970, Kisaki

14

and Tolbert showed that when C-glycine was fed to leaf

discs a considerable release of 14C02 took place. Little
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‘4C02 was released with 2-'4C-glycine. This 18 consgistent

with the.co;version of 2 glycine molecules to one molequle
of serine. Later, this reaction was localised to the
mitochondria (Kisaki et al. 1971). As ehown in Figure 1,
serine or qlutamate are needed to aminate glyoxylate. The
aminotransferases have been localised to the peroxisomes and

purified.. They catalyse essentially irreversible reactions

(Nakamura and Tolbert 1983). The analysis of ‘4C02

photosyntHetic products in(isolated chloroplasts 1s also

consistentswith the origin of glycolate carbon from the PCR

cycle (Kirk and Heber 1976). n

When 18

O2 is’fed to leaves, it is incorporated into the
' o
carboxyl oxygens of glyéine and serine (Andrews et al.

1971). However, enrichment of the 18O

less than the source 1802. It 1s possible that 1n wvivo

in these groups 1s

generating sources (such as the oxidation of H,0) dilute the

2
1802. In Chlorella, which excretes glycolate, Lorimer et al.

(1977) showed at least 90% of the glycoiate excreted had }80
incorporated. This, aléng with the above studies, is
consistent with the view that RuBISCO catalyses and is the
major route in the éynthésis‘of phosphoglycolate,,

Many of the reactions‘of the PCO <cycle have been
confirmed by the isolation of mutant plants. In 1979,
Somerville and Ogren reported the 1isolation of an A,

thaliania plant deficient for phosphoglycolate phosphatase

activity and which required a high co, atmosgheric content

t
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for-growth. The genetic screening procedure used to isalate
\ T,
this mutant was developed from the concept that O2 and co,

\J

are mutually competitive substrates for RuBISCO. Therefore,
mut'nls in fhe PCO cycle could be isolated missing an
enzyme, if their function was not essential for wviability.
The phosphoglycolate phosphatase muggnt (onx) demonstrated

the success of this screen and provided evidence that
!
phosphoglycolate was the precursor to glycolate. When intact

14CO2 for 2 min in a

photorespiratéry atmosphere, 20% of the total label

plants of this mutant were exposed to

accumulated in phcsphoglycolate. Only a small percentage of
labél was found in glycolate. .Otper mutants i§olated in A.
thaliania have been found to be deficient £8r seriﬁe—
glyoxylate | aminotransferase (SAT), serine-trans-
hydroxymethzlasé‘ (STM), glycine decarboxylase (GLYD) and a
dicarboxylate “transporter protein (OXOT or DCT). These
mutants and their '5ar£icﬁlar characteristics have been
recentiy_ reviewed (Somerville 1984) and their.locations in

the PCO cycle is indicated in.Figure 1. Using the same
screening pro;edure, ﬂKendall et al. (1983) have is¢lated a
Acatalase aeficieqt mﬁtant in barley. The isolation of GLUS
‘mutant  in barley has also been reported (Wallsgrove et al.
1983), a éull journal publication has not yet app@ared.
'The inviability of the photorespiratory-deficient
mutants of A. thaliania has never been thoroughly.examined,

but it is assumed to be caused by the decline in net co,

fixaﬁion (Somerville and Ogren 1983). All the mutants are



Figure 1. A schematic representation of the PCO

and PCR cycles. The numbers correspond to the following

enzymes: [ 1] RuBISCO, [2] phosphoglycolate ghospha-
tase, [3] glycolate oxidase, [4] serine-glyoxylate
aminotransferase, [5] glutamate-glycolate amino-
transferase’, [6] serine transhydroxymethylase,

(7] glycine decarboxylase, [8) hydroxypyruvate
reductase, [9) glycerate kinase, [10] GOGAT, [11]
glutamine synthetase. Gene symbols are also given -
for mutants which have been described. The gene
symbols correspond to the enzyme deficiency numbered
in the respective reaction step. The only exception
"is the OXOT or also known as DCT, which .

1s deficient for a membrane transporter’s This
scheme is similar to Somerville (1984) and is
published with Dr. C.R. Somerville's permission.
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characterised by inhib&on of ph'otosynthetic co, fixation®
in normal air. It is beiieved that this is caused by a block
in a PCO cycle reaction, which would prevent carbon return
to the PCR cyclé and conséquen;ly would lead to a lack of
PCR cycle carbon. However, in the PCOA mutant, accumulated
phgsphoglycolate ” inhibits the PCR cycle directly and
inhibits photosynthetic CO2 fixation (Somerville and Ogren
1979). In addition, the catalase mutant apparently
accumulates H2 2 which rapidly destroys membranes (Parker
and Lea 1983). ' |

I1f the operation of the PCO cycle is directly ’relaggd
to photorespiration, then the rate of the PCO .cycle must be
related to the rate of the photorespired Co,. By feeding
14’C02 of a known specific activity to mat!leiaves during
steady state photosynthesis,4uCanyin and c eagues showed
the specific activity of glycinéﬁhhd serine approximated the

2
(Mahon et al. 1974; Canvin et al. 1976). This is expected if

specific acbixity of. the light-dependent and. evolved CO

the CO2 evolved by photorespiration is directly linked to¢
the metabolism of glycine and serine. Furthermore, the rate
of ¢tarbon flow through glycine and serine was equal tc the
rate of photorespiration. In 1978, AgraQal and Fock showed
that the specific activity of the photorespifato;yrevolved
.CO2 was nearly identical to that of glycolate.

In summary, the PCO cycle is . a complicated pathway, as

many reactions are 1involved and these occur in three
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different organelles (Tolbert 1971, 1980; Schnarrenberger

and Fock 1976; Lorimer and Andrews 1981; Ogren 1984; Figqg.

1. It is thought to have evolved to salvage . the

phosphoglycolate synthesised as a result of the RuBISCO

oxygenase activity (Lorimer and Andrews 1981). It is thought

that the oxygenase reaction is the result of an evolutionary
constraint excercised by the enzyme's carboxylase mecﬁanism
(Lorimer aﬁd Andrews 1981). The stoichiometry of the pafhway
dictates that 3/4 of the carbon.which flows through the PCO
cycle retu}ns\ to the;chloroplast. The remaining 1/4 is

released as CO2 (Lorimer et al., 1977; Lorimer and Andrews

1981).
Nitrogen Metabolism

Nitrogen assimilation also wutilises the reduced

ferredoxin, --ATP and NADPH derived from the photochemical

reactions. Most plants acquire nitrogen from the soil as

-

3 which 1s reduced to NOZ— and then to NH4+. The
reduction of NO3‘ by nitrate reductase can occur in the root
and/or leaf tissue. and is localised in the plastids (Beevers
and Hageman 1969, 1980; Pate 1973; Oaks and Hirei 1985).‘The
electron donor required by nitrite reductase -1is reduced
ferredoxin ;Joy and Hageman 1966). Reduced ferfedoxin is
also wused by fd-dependent GOGAT for tne s;nghesis '6f
glutamate in the leaf (Lea and Miflin 1974). 2TP is used by
glutamine synthetase for the assimilation of NH, "

. 4
Experiments with 151NO3 have shown that in roots (Yoneyama

¢
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and Kumazawa 1974) and in leaves (Bauer et al. 1977) '°N is
first ‘incorporated into the Smide group of glutamine and
then 1into the amino group of glutamate. It 1is considered
that the. principal route for the entrance of NH4+ into
metabolism is by the glutamine synthetase/GOGAT cycle, since
*glutahaée dehydrogenase ,(GDH) has a high Km and glutamine
synthetase has a low Km for NH4+ (Wallsgrove et al, 1983;
Oaks and Hirel 1985). L

There appear fo be two predominate types of GOGAT
enzyme in plants, one.is NADH~-dependent and the other is fd-
dependent (Lea and Miflin 1974;: Suzuki and Gadal 1984) . Both
., types are found 1in the leaves and in the ‘roots and are
localised to the plastid compartment of thé cell. The
finding of fd-dependent GOGAT in the root tissue was
uﬁexpected, as ferredoxin is a photochemical product and has
not previousby been isolated from root tissue (Joy and
Hageman 1966). Recently, a ferredoxin-like molecule that may
be reduced by a NAD(P)H-dependent system has been partially
characterised 1n root tissue (Suzuki et al. 1985) .
Consequently, a role for fd-dependent GOGAT in root nitrogen
- assimilation may exist,

The developmental expression of NADH- and . fd-dependent
GOGAT activities in higher plants is distinct. Generally,
- fd-dependent GOGAT activity is reduced in etiolated leaf

tissue and- NADH-dependent GOGAT activity represents the

major activity in etiolated tissue (Matoh and Takahashi
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1981; Wallsgrove et al. 1982). Upén illumination, the NADH-
dependent acéivity remains constant, but the fd-dependent.
GOGAT activity increases 10-20 fold. ‘In rice leaves,:' &
similar pattern 1is observed, except ’that NADH-dependent
GOGAT activity cannot be detected im green leaves (Suzuki et
al. ~1982). However, in maize leaves, little change in fd-
| dep;ndent GOGAT activity was detected upon illuminétion
(Harel et al. 1977). How light reqgulates fd- and NADH-
depehéent GOGAT gene expression, 1is unknown. The proteins
appear to be immunolgically distinct (Suzuki et al. 1982).

In studies with wvarious tissd@éj other reductant
sources have been used to detect GOGAT activity. NADPH-
dependent activity has been observed in cultured tobacco
cells and was partially characterised by fd-sepharose
chromatography (szuki etal. 1984). Whether this 1is a
unique‘ GOGAT protein or represents one of the other GOGAT
protéins with the ability to use NADPH as a reductant, 1is
unknown. Matoh et al. [(1980) purified pea NADH-dependent
GOGAT - and showed NADPH) could not be used as a reducing
source.

The artificial donor, methyl viologen has also been
used to detect GOGAT activity. Methyl viologen can be wused
by the‘.¥artially purified NADH-dependent GOGAT of C.
reinhardii (Cullimorelaﬁd Sims 1981; Marquez et al. 1984¢)
and of pea (Matoh et al. 1980). 1In fact, the mos£ abundant

GOGAT activity in C. reinhardii is the one associated with

methyl viologes-dependent GOGAT (Margquez et al. 1984). 1In
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contrast, Suzukl et al. 1982, who detected no NAD(P)H-
dependent activity in green leaves, reported the existence
of methyl viologen-dependent COGAT in green leaves. The
activity of methyl viologen-dependent GOGAT amounted to 50%
of the fd-dependent activity. They also reported, that an
antibody raised against fd-dependent GOGAT, inhibited methyl
viologen-dependent activity, _but not NADH-dependent
activity.

The magnitude of the photorespiratory nitrogen cycle's
influenée on leaf metabolism was established with '°N tracer
studies and by the use of methionine sulfoximine (MéO). MSO
feversibly inactivates glutamine synthetase, a key enzyme
involved in glutamine synthesis and NH4+ assimilation
(Wallsgrove et al. 1983). 1In a study where [ISN,1-14C]-
Qlycine was fed to leaf tissue and also to 1isolated
mitochondria, it was demonstrated;that CO2 and NH4+ are
released 1n equimolar améunts (Keys et al. 1978). This
release of Co, and NH4+ 1s consistent with the sequence of
carbon flow through the PCO cycle as proposed by  Tolbert

(1971) (Fig. 1). Keys et al. (\978) estimated the ‘rate of

+

4

" formed by primary assimilation.

photorespiratory release of NH to be an order of magnitude

greater than that of NH4

Possibly, any block in the enzymatic synthesis of glutamate
or glutamine in the cell would be deleterious for growth, as

. o . + .
a significant atmospheric loss of NH might starve a plant

4
. § . .. :
for nitrogen. 1In gnother quite similar study, it was shown

\



28

that the ISN released from the glycine decarboxylase complex

is reassimilated into the amido-N of glutamine (Woo et al.
1982). The remaining 15N from the labeled glycine, was
utilised in the synthesis of serine. It was cpncluaéd that

the GOGAT/glutamine sfnthetase nitrogen cycle is involved

+

with the recycling of photorespired NH

Using a genetic screening procedute to isolate plants
deficient in photorespiration, Somervi)lle and Ogren (1980a)
isolated recessive, nuclear gene mutants (GLUS) deficient in
leaf fd-dependent GOGAT activity. These plants were
characterised by an accumulation of NHQ+ only undef
photorespiratory gas regimes. The authors also observed a
cbn;omitant drop in leaf glutamate levels that coincided
with a drop in co, fixation. When raised in co, enriched
air, the growth and appearance of the GLUS and WT nplants
were indistinguishable. However,\’when the GLUS plants were
transferred to normal air, they‘became yellow in appearance
ard are inviable in 4 to 6 days.

By their biochemical characterisation of the GLUS
mutants, Somerville and Ogren (1980a) affirmed ﬁhe earlier
résults of Tolbert (1971) and Keys et al. (1978). Firstly,
the lack of fd-dependent GOGAT activity prevented sufficient
glutamate from being synthesized for the glutamine
synthetase reaction. Thus the level of NH4+ rose 1in the
leaves of GLUS plants photosynthesizing under

: Co + :
photorespiratory conditions, whereas NH4 levels remained

low in the WT plants under the same conditions. Secondly,
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the low level of glutamate apparently . reduced the
peroxisomal transamination of glyoxylate to glycine as the
level of glycine dropped in the leaf. It is axioTatic that
~such- a .block in the PCO cycle will reduce PCR cycle

intermediates, because PCO cycle carbon re-enters the PCR

cycle via the phosphorylation of glycerate to PGA (Tolbert

1871; Fig. 1). —
Generally, if plants are exposed to high levels of NH%*
through a nutrient solution, °~ changes occur in their

morphology and physiclogy (Givan 1979). Cucumber plants

exposed to 14.3 mM NHQCl have increased rates of respiration

and eventually yellow (Matsumoto et al. 1971), Tomato plants

given 10 mM (NH4)ZSO4 yellow within 3 days and lose

thylakoid structure (Puritch and Barker 1967). A. thaliania
+

1s particularly sensitive to NH, , since as little as 2 mM

stunts growth, changes leaf morphology and thickens the

leaves (Doddema 1978; Doddema et al. 1979). The specific
causes for, the above responses 1s unclear, but a
contributing factor might be the” inhibition o f

photosynthesis by wuncoupling photophosphorylation (Givan
1B79).

When Chlorella cells or leaf tissue are exposed tc

+ i ) . 14
NH4 , there 15 a general i1ncrease in the recovery of C
1 . . .
from 4CO2 as recovered in the amino acids, at the expense
of sucrose synthesis (Kanazawa et al. 1970; Platt et al.

1977: Kanazawa et al. 1983; Walker et al. 1984). Platt et
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al. (1977) incubated alfalfa leat discs on NH,Cl and found
an increased recovery of ‘4C in pyruvate, with a decrease in
phosphoenolpyrébate (PEP), which was taken as evidence for a
stimulated anaplerotic flow of carbon via pyruvate kinase
and PEP carboxylase. Pyruvate kinase exists in 2 1isozymic
forms in spinach leaves and is inhibited by ATP (Baysdorfer

and Bassham 1984). Neither isozyme was affected by NH *. The

4
importance of these reactions is emphasized by the fact that
t he tricarboxylic acid (TCA) cycle intermediates,
oxaloacetic acid (OAA) and 2-oxoglutarate, are substrates
for the synthesis of aspartate, glutamate and glutamine
(Miflin and Lea 1977). The 2-oxoglutarate is strictly
generated in the mitochondria, and cannot be synthesized in
the chloroplast, due to the lack of the necessary enzymes in
the chloroplast. Thus, in the presence of NH4+, chloroplast
transfered +triose-P and PGAaare somehow diverted from
sucrose synthesis intp the TCA cycle. Although models exist
regarding the regulation of sucrose synthesis (Stitt et al.
1983; Cseke et al. 1984), none have incorporated the
specific effects of NH4* on sucrose synthesié.

Recently, Walker et al. (1984) studied both the effects
of NH4C1 and MSO on phosphorylated carbon metabolism in
wheat leaves. In the presence of 30 mM NH4C1, amino acid
synthesis was increased. In the presence of MSO amino acid
synthesis decreased. Because MSO inhilbits glutamine
synthetase, the essential NH,  assimilation lcycle via

4
glutamine synthetase and GOGAT 1is blocked. In both

v
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treatments, NH4# accumulated and photqgynthetic CO, exchange

was inhibited. However, the level of NH4+ was lower in MSO

_ treated plant& when photosynthetic CO2 exchange declined,
when compare64 to NH4C1 treated plants in which
photosynthesis declined. Walker et al. (1984) used the work
on the photorespiratory-deficient mutants of A. thaliania as
supporting evidence for the suggestion that the decline in
photosynthetic CO, exchpnge in the MSO treated plants was in
part do to a block in the PCO cycle, leading to a depletion
of <carbon in the PCR cycle. They commented that the e
content increased in the phosphate " ester traction,
Unfortunately, the individual metabolites were ot separated
and identified. The decline in bﬁbcosy;thesis in "NH,Cl
treated plants was thought tJ/be the reault of wuncoupled

: ‘

~photophosphorylation. E
} The 1inhibition of photosynthetic CO2 exchange by MSO
thereby preventing the return of carbor through the PCO
cycle, is a tenable proposal. However, in maize, a ¢, plant,

r

MSO also inhibits photosynthetic CO,.exchange (Berger and

2
Fock 1985). C, plants have a very typical low rate of carbon

flow through the PCO cycle, as evidenced by a low
compensation point (Hatch and Osmond 1976; Morot-Gaudry et
'%}. 1980). Berger and Fock (1985) fed MSO t¢ detached leaves

of both wheat and maize. In both pldants photosynthesis

declined and suprisingly, NH4+ accumulated. When
photosynthesis was 70% 1nhibited the level of NH4¢ was
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nearly identical in both species. Obviously, there is a
great turnover of amino acids in maizg. But, more
importqntl?, the data indicate NH4’ is ynhibitory to leaf
photosynthesds and that MSO might inhibit photosynthetic co,
exchange by a process independent of carbon flux through the

PCO cycle.
Inhibition of Photosynthesis in GLUS Mutants

Somerville and Ogren (1980a) examined the accumulation

of NH,' by GLUS plants photosynthesizing in 50% bz and 357

4
ppm CO2. After 25 minutes of photosynthesis, NH4*' was
{ .
measured ate®3 mM in the mutant and 0.4 mM in the WT. strain,
An Nj-i4+ concentration of 3 mM has been reported to inhibit

photophosphorylation by thylakoids (K:ogménn et al. 1959).
It wag suggested that NH4* was respoééible for the decline
in photosynthesis (Somerville and Ogren 1980a).

The putative mechanism for photosynthetic uncoupling by
NH4+ is based on the fact that H' ions are carried across
the tﬁylakoid membrane during photosynthetic electron
transport (Portis and McCarty 1976). Thus, due to the
insular structure of the membrane, a K gradient develops "’

across this membrane. The gradientilir normally released

through the photophosphorylation complex, produqihg ATP (Ort

and Melandri 1980). 1In the presence of membrane permeable
NH3 (Crofts 1967), the internal H' of the -thylakojds react
to form NH4¢. As a result, NH4+ 1s trapped, within the

thylakoids, causing osmotic swelling (Good 1977).
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Consequently, ATP synthesis declineS but electron transport
may increase in rate as the chloroplasts are now uncoupled.
from feedback control from the H'. Therefore, ;tromal levels
for ATP should decrease. A drop in ATP levels, will reduce
the level of PCR cycle intermediates, as the normal
functioning of this cycle requires ATP for triose-P and RuBP
synthesis (Bassham 1965). Furtheé, a lack .of RuBP, the
immediate substrate for co, fixation, should cause a decline
in the rate of co, fixatig

-

Although NH," ca

isolated thylakoids,

uple photophosphorylation with
uation eppears more intricate
with intact chloroplasts. Tillberg et al. (1977) showed that’
:3 mM NH4C1 reduced the stromal ATP/ADP ratio of sp:?ach
chloréplasts by 50%. However, in 1979, the same laboratory
showed that ATP levels were not decreasea in the presence of
5 mM NH,Cl (Kobayashi et al. 1979b). It was concluded éhat
NH4C1 wag 1neffective as an uncoupler of photosynthesis.
Levels of 10 mM NH4C1 did cause the uncoupling of electron
transport in chloroplasts, using either NOZ_ or oxaloacetate
as a photosynthetic substrate. Heber and colleagues have
also shown that 3 mM NH4Cf will not inhib:* Coz—dependent
photosynthesis (Heber 1984). This would seem to contradict
the view that a H' gradient is reguired for ATP synthesis.
Heber (1984) did show that this gradient was reduced in the
presence of NH;, but not enough to inkibit ATP synthesis.

Work by Givan (1975) with pea chloroplasts, showea 7 mM



34

NH4il .reduced}the iqcorporation of 14C from U—14C-glutamate
By 70% 1into glutamine,“ via' the glutamine synthetaée
reaction, which requifés ATE. As peg'chloroplasts isolath
from young tleaves can transport ATP at high rates, the
addition of 2 mM ATP;'in the presence of NH4C1, restored the
incorporation rate to 75% of the control value. As yet no
oge has reported if NH4+ when Adﬁed to leaves reduces
stromal ATP levels. Therefore, it seems unlikely that Nﬁ4+
accumulation 1is responsible for the decline jn . GLUS CO2
» +

fixation, when values less than 3 mM NH4

However, %lovacek and Hind (1980) have found that 3mM NH

'

were - measured.

+

4
leyels reduce CO2 fixation with intact spinach chloroplasts.

Therefore, the response of any photosynthetic apparatus to

uncoupling may be influenced by growth conditions (and

possibly genotypic differences). Consequently, NH4+///]>

uncoupling and inhibition of ATP synthesis may actually be

the cause for the decline in GRLUS photosynthesis.

-

The 1isblation of other mu ants deficient in a reaction
step of the PCO cycle, has lg¢d to a reconsidergmion of what

. ‘
causes the initial decline in' photosynthetic CO, exchange in

2
the GLUS mutant (Somerville and 'dgren 1@83?‘ Somerville

v . .
1984). The DCT mutant of j. thaliania, which is deficient i

its ability “to mediate the transfer of.2-oxoglutarate and
‘)lutamété between the chdoroplast and cytosol is the - mutant
‘of immediate interest tblfhe present author (§g$'fvi‘1e and
Ogren 1983). Photosynthetic Cozlexchange is inhibited in 49%

N

02 and 557 ppm COz, but unaffected in non-photorespiratory
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conditions. There 1is a drop in the percent recovery of ]4C

from 14602 into the PCO cycle intermediates, glycine and

serine, and leaf amino acjd levels of ;fycine, serine and
glutamate decrease under photorespiratory conditions. There
is an increase 1in NH4+ ;ontent in the mutant, that 1is not
observed in the WT strain. These characteristics are similar
to those reported previqusly for the GLUS mutant (Somerville
and Ogren 1980a). However, 1in the DCT mutant there is no
apparent increase of NH4* when compared with the WT .strain
at a time when photosyntheti; CO2 exchange initially
declined. The authors suggested that the most likely
eﬁplanation for the decline of photosynthetic CO2 exchange,
is the depletion of the PCR cycle, as a result of tie
%ntercognected carbon pools of the PCO and PCR cycles and
) jéﬁé prqus§d'block at the amination of glyoxylate because of

[

" the-lack of glutamate. This is, apparently, only a tentative

s R : ]
reason, ,as it was noted that the percent recovery of 4C

from '}4¢02 was Q&Qher in the fraction containing the PCR
cycle intermediates in the DCT mutant ‘than in the WT strain.
Thetigdividual metapbolites of the fraction were not directly
ey 14

~measured for C conteht.

Other workers have also proposed that any significant
logs of carbon into the PCO cycle, without its return, might
deplete the PCR cycle of intermediates. Servaites and Ogren
(1977) isplatedtmesophyll cells from soybean and 1incubated

these cells and measured CO, fixation rates in the presendb\

~

N
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of two inhibitors purported to be PCO cycle specific. In the
presence of these compounds, CO2 fixation is inhibited. The

authors suggested that” the depletion of PCR cycle

intermediates constitited a likely explanation for the,

reduced photosynthetic CO2 exchange rates. Unfortunatgly, no
supportive data concerning this point have been presentéd,
and no supportive evidence other than that present in the
literature has been gquoted.
v - v .

Kirk and Heber (1976) investigated the effects of a
continuous export of carbon away from 1intact chloroplast

during photosynthesis. They specifically measured the rate

of synthesis of glycolate by chloroplasts, photosynthesizing

under photorespiratory gas regimes. In an isolated intact.

chloroplast experiment, glycolate was exported and does not
9] v

retugn to the chloroplast. Therefore, this study 1is
~ analagous to other studies in which the PCC cycle is either
chemically or genetically blocked.. Kirk andz ééber (1976)
~found that increased glycolate synthe;is was accompanied by
a depletion of PCR jSle intermediates, and a decrease 1n

2

CO, fixation. }n fact, +1f the rate of gl colate synthesis
was too great, CO, fixation ceabed.

2
A thirqléxplanatign.fif'the decline in photosynthesis
S 5 .
has beert o¥fédred from the work of Creach and Stewart (1982).
: N .
Aminoacetonitrile (AANJ, an analog of glycine, was fed to

soybean leaves in order to inhibit the glycine decarboxylase

reaction. - Photosynthesis was not inhibited at a

concentration level of 2% O,. At 21% 0, otosynthesis was .

2
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inhibited resulting in an increase in total glycine, and
glyoxylate. The authors reported that the total level of
RuBP increased relative to a control plant (no AAN), fhey
suggested that a block in the PCO cycle in one way or
ahother deactiQates RuBISCO.

This propoéél gq‘;ently been supported by the
flnd1ng that RuBISg gﬁfp&ctlvaued during the course of
photosynthe51s under photoresplratory gas regimes in a
number of the A. thaliania\PCO cycle mutants with the
exception was the PCOA mutant (Chastain ana Ogren 1985).

_;Clearly, Chastian and Ogren (1985) provided evidence for an

., association. between the decline in RuBISCO activity and the

fnhibition of photosynthetic co, exchange in a
photorespiratory atmosphere for the STM, SAT ané the STM
mutants. The DCT and GLUS mutants required twice the time
for 1inhibition to set in, However, close scrutiny-of the
data presented for the first group of.mutants listed above,
shows that the inactivation of RuBISCO appeared to lag 59 1
to 2 min behind that o‘ the decline in photosynthesis.
Whether or not the 1nact1vat10n of RuBISCO has a8 causative
role in the  process  which 1leads to the declipe in
photosynthetic COZ exchange, 1s uncertain. No explanation
was offered with regard tc possible mechanisms responsible
for the decline in RuBJSCO.

Finally, Cook and Tclbert (1982) reported that

glyoxylate can inhibit isolated RuBISCO. Recently, Cook et

.



AVE 38
al, (1985) reported that glyOXy’!te may form a Schiff base
with lygine wvhich is required for Co, activation of RuBISCO;
The formation of such a Schiff base would inactivate the
enzyme. The Ki observed amounted to 3.3 mM., In the work of
Créach and Stewart (1982) an increaée in glyoxylate levels
was reported when the PCO cycle was inhibited by AAN.
Somerville and Ogren (1981) also observed an increase 1in
glyoxylate levels with the STM mutant. Since the glycolate
transporter can also transfer glyoxylate (Howitz and McCartyp
1985), there exists a p0551b111ty that if glyoxylate
accumulates in the GLUS mltant, RuBISCO nould be inhibited.
Glyoxylate can be metaboliged in isolated peroxisomes to co,
and formate (Grodzinski' 1879), or be oxidised by HZOZ
(Grodzinski 1978). No; fwithstanding this, the rate of
glyoxylate decarboxylgtion 1is wunaffected 1in catalase-

.

deficient mutants of barley (Kendall et~&? 1983). It 1s not

Bnown whether or not gl%?ﬁylate accumulates to s1gn1f1é§nt

levels and 1is transported into the chloroplasts wunder 1in

vivo conditions.
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Materials and Methods

Plant Material

Strains, Arabidopsis thaliania (L.) Heyn., race
Columbia (Redei 1970) and several derivative lines were used
throughout " this study. The mutant strain, CS 254, was
recovered 1n a screen forf photorespiratory mutants and
requires high CO2 for normal growth (Somerville and Ogren
1980a). Except for the GL-1 A. thaliania strain, all other
GLUS strains used in this study were isolated by Dr. C. §S.
Somerville, as described by Somerville and Ogren (1982a).
The GL-1 strain was provided by Dr. M. Koorneef (Dept. of
Genetics, Agriculture U., Wageningen, The Netherlands). The
strain is described by Koorneef et al. (1982) and is lacking

epidermal trichomes.

B. napus ("Altex") seeds were obtained from Mr. Ducan

Campbell (Dept. of Plant Sci., Univ. of Alberta).

Plant growth conditions. A. thaliania was grown from
seed in a perlite-sphagnum-vermiculite (1 : 1 : 1) mixture
in controlled environmeni chambers, using continuous -light
(200 to 335 UEm % s~ ', PAR). The light intensity varied
between the different growth chambers, however, all plants
used for any one set of experiments originated from the same
chamber (unless otherwise noted in the text). Light was

provided by a mixture of cool white fluorescent and

incandescent bulbs. The temperature was maintained at 20 to

39
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22 °Cc and the relative humidity was between 50 to/0%. Seeds
‘were sown by mixing them in 0.15% agar after which the

mix was pipetted into 12.5 cm pots. The planting density was

approximatély 0.5 plants cm—z. The pots were covered with

polyethylene wrap for 2 weeks, 1in order to maintain a high

humidity content. After 5-6 days, perforations were cut in

t;;/ wrap, - to allow watering and gas exchange. Plants were

gfven a 12 to 16 hr dark‘period every 5 to 6 days, to reduce «

starch levels. Plants were watered every other day and

. . . . A
nutrients were given once a week. The macronutrient solution

-1

was (ml 17"): 1.0 MkNo, (5), 1.0 M Mgso, (2.9, 1.0 M

3

Ca(NO,), (2.0), 1.0 M KH,PO, (PH -5.8; ~2.5), 2.4% (w/v)

Sequesterene 330 Fe (2.0). After dilution of the
macronutrient solutions with water to 1 1, 1 ml of
micronutrient solution was added, which contained: 70 mM

H.BO 14 mM MnCl 10 mM NaCl, "1 mM ZnS0,, 0.2 mM NaMoO

3773 2'
(Somerville and Ogren 1982b).

4

and 0.01 mM CaCl2

For the assay of enzymes from root tissue, the plants

were grown in 500-ml plastic containers, containing
sterilised nutrient solutior. The seeds were first
sterilised by washing twice .- 20% hypochlorite (plus 2

1), foi. 'wed by two washes in 96%

drops Tween-20 100 ml
ethanol and three final rinses w -h sterile water (Dr.
Roberta Smith, Dept. of Plant S#~ ces, Texas A&M Univ.,

per. comm.). The seeds were initially germinated in petri

dishes in half-strength nutrient solution solidified with

Yy



41

0.75% (w/v) Bacto agar (Doddema 1978) before transfer to the
hydéoponic containers. | «

For most experiments the A. thaliania plant used had
reached a mature rosette stage of plant development (3.5 to
5 weeks).

B. napus plants were grown in a 12 hr / 12 hr day-night

T

cycle, with a temperature of 23 °c / 18 ©°

C. Plants were used
after 10 to 40 days of growth. ‘The li§ht intensity during
growth was 250 wE m % s~ ', The same nutrient solution as
described for A. thaliania was used. The plaAts were grown
either - in vermiculite or hydroponically in 4 quart plastic
containers. In orderhto obtain root tissue hydroponically
gfown plants were cultured. Before mixing into the final
solution the separate hygfopgnic‘solutions were sterilised
by autoclaving. For;,ﬁyd;oponic experiments seeds were
surface sterilised ‘in a solution coﬁtaining water H202
(96%) ethanol (10 : 10 : 1) after which they were rinsed in

sterile water (Mr. D. Campbell, pers. comm.).

Genetic crosses. A. thaliania 1is normally a gelf—
pollinating species (Redei 1970). However, for genetic
stuaies, ;lants were prossed by hand pollinating emasculated
plantsr with pollen from another source. Only one genetic
markelr was used 1n complementation crosses. ‘Jants toc be
used as the maternal line were crossed into a glaborous
strain, GL-1. The F

: of the various GLUS crosses were tested

for high CO2 growth requirement and for enzyme activity.
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Mutagenesis

A v'
“Mutagenesis protocol. The following procedure was based

on Meinke and Sussex (1978). Mature seeds of CS 37, CS 66
and CS 254 were soaked for 10 min in water and rinsed. Ethyl
metﬁane suifonate (EMS) (Sigma Chemical Co.) was added
(0;25%‘vol/vol) and the -seeds remained in the above solution
for 12 hr after which they were washed in water for 12 hr.
The seeds were sown #n 40 x 30 cm plastic flats, containing
vermiéuiite, and raised in a Coz—enriched (0.6-1.0% COZ)
growth chamber. Mature seeds (Mz) were collected and again
planted 1in flats as described above. bhenotypic revertants
were studied physiologically only after a further 3

generations of genetic selfing.
Imposition of Photorespiratory Stress.

Growth protocol. All plants to be studied for the
effects of photorespiration on growth and physiology were
first raised in a chamber containing aﬁgroximately 1% CO,
(the remaining air). This was to ensure a uniform growth and
the procedure aided the selection of vigorous plants for
further studies. After 3-4 weeks the plants were removed to
a chamber containing normal air (21% Oé and approximately
340 ppm COz). Only plants at the same developmental stage
and of the same size were used. For gas exchange analysis,

plants were removed directly from the growth chamber and

allowed to equilibrate in the photosynthetic chamber in the

<
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dark for 30 min before the experiment was begun. ’
Enzyme Assays

Assay of fd-dependent GOGAT activity. Generally, 50 to
200 ul of a crude extract was used per | ml of assay. Crude
extracts were prepared by grinding 200 to 400 mg fw of
tissue in 2.0 to 3.0 ml of a buffer. For leaf tissue, only
mature leaveé were used. For root tissue, the apical region
(3 to 6 mm) was used. The grind buffer wsed for grinding in
GOGAT (EC 1.4.7.1) assays was: 50 mM K phosphate (pH 7.6), !
mM EDTA, 1 mM EGTA, 10 mM 2-mercaptoethanol and (0.05% Triton
X-100. The homogenate was centrifuged at 30,000 g for 40
min, the supernatant was di?}ysed for 4 to 6 hr against 50

. ;

mM K phosphate (pH %,6), 0.5 mM EDTA, 0.5 mM EGTA and 5 mM°
2-mercaptoethanol. In - the kinetic studies w%;F purified
GOGAT enzyme, approximately 20 to 50 wl of enz}mé was used
per 1 ml. 1In a final volume of 1.0 ml the assay mixture
contained 50 mM HEPES (pH 7:6), 1.0 mM 2—14C—oxoglutarate
(9.5 ue / wumol) (Amersham), 2.5 mM glutamine, 5.0 mM
fminooxyacetate, 50 uM EDTA, 50 uM EGTA, 2.5 mM 2-
/

b4

.-~ mercaptoethanol, 75 ug ferredoxin, 0.8 mg Na,S.0 and 0.8

27274"
mg  NaHCO, (Somerville agd Ogren 1980a). The - dithionite
solution was made just p)oir to use. 2-oxoqlutarate was
prepared the day of the experiment and in 20 mM NaH2P04 (pH
7.4). The reaction was 1nitiated with dithionite and

terminated after 10-15 min at 20 °C by the addition of 30 ul
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of 3% H,0, and vortexing to oxidise the dithionite, To
separate the 2-oxoglutarate from glutamate the reaction was
Aapplied toa 0.5 » 3 cm (in a glass pasteur pipette) Dowex-
50 (H') column (Sigma Chemical Co.) (Somervillé and Ogren
1980a). The assay vial was rinsed with 3 ml water and the
rinse water was added to the column. The radiocactive

glutamate was eluted with 3 ml of ¢ M HCl and the 14C

detected by liquid scintillation spectroscopy.

Methyl viologen-dependent GOGAT activity. This assay
was performed as described above except that per assay
instead of ferredoxin 100 pg of methyl viologen was

substituted,

NAD(P)H-dependent GOGAT activity. In a final volume of

1.0 ml, the assay mixture contained 50 mM HEPES (pH 7.6),

14

2.5 mM 2 C-oxoglutarate (0.5 wuC. / umol), 2.5 mM

1
glutamate, 7.5 mM aminooxyacetate, 50 uM EDTA, 50 uM EGTA,
2.5 mM 2-mercaptoethanol and either 0.8 mM NADH or NADPH.
Both NADH and NADPH were prepared the day of the experiment
in 50 mM K phosphate (KH,PO,/Na,HPO,) (pH 7.5). The assay

was terminated as above and products detected as above.

Assay for RuBISCO activity. Plants were killed by .

immersion in liquid N Mature leaves were removed under

5
liguid N2 and were then ground at 4

homogeniser, containing an ice-slurry of RuBISCO-buffer: 50

°c in a Ten-Broeck

mM Tris-Cl (pH 8.1), 5 mM DTT, 0.25 mM EDTA and 0.01% NP-40.

’ .

SE S
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Approximately 100 to 250 mg fw leaf tissue was ground in 2.5

ml of RuBISCO-buffer. The homogenate was squeezed through a

layer of Miracloth (Calbiochem) and immediately assayed for

RUBISCO (EC 4.1.1.39) activity at 22-24 °c,

mini-vials. The assay

-

mixture (final

in serum-capped
2 T4

volume 700 ul)

.consisted of 50 to 100 ul of extract added to the following

RuUBISCO assay—buffef: 50 mM Bicine (CO

2 free) (pH 8.3), 5 mM

DTT, 8.5 mM MgClZ, 0.t mM Naz'EDTA, 0.6 mM RuUuBP and 12.0 mM

NaH‘4CO

Nuclear) ﬂLorimer et al,

1976).

3 (1.0-2.5 uCi/ umole) (Amersham

and New England

The COz-ﬁree solution was

prepared by first purging the solution with N, at pH 5.0

before adjusting the pH to 8.3.

day of use and kept within a serum-capped

The solutior ~as made the

vial. The min-

ivials were previously flushed with N, before adding the

NaH14CO

3 The initial RuBISCO activity was determined during

a 45 s incubation period before stopping the reaction with

0.5 ml of 4 M formic acid

Formic acid-terminated reaction

vials were then flushed with N2 gas to dryness and the

amount of acid-stable 14C radioactivity resuspended in 250

pul of 50 mM formic acid

and scintillation fluor added

(Anderson and McClure 1973). Radioactivity was determined by

scintillation spectrometry. Fully activated

was determined 1n the same way except that

lncubated in the assay mix without the NaH

présence of 8.5 mM NaHCO

prior to assay.

’

3

)

am8 RuBP at 20

RUBISCO activity

the extract was

4

CO, (but 1n the”

3

oC for 1S min

{



46

Assay for fructose bisphosphatase . activity, The

procedure used was basically the method'descrilffd by Heber

et al, (1982) which measured the reduction of NADP ‘(Sigma,

Chemical Co.). Whole plants were killed by immersion into
liQUid‘Nz after the appropriate gime intefval. Mature leaves
were ground in a Ten-Broeck homogeniser containing an 1ice-
slurry of FBP-grinding buffer: 50 mM Tris-Cl (pH 7.8), 5 mM

MgC1l ! mM EDTA.and 0.05% Triton X-100. The sample was then

2 ’

squeezed through Miracloth and aSsayed at 20 ©

C. Aliquots of
50 to 250 ul  were addéd to 750 to 950 u} of FBP-assay
buffer: 20 mM triethanolamine-Cl (pH 7.9), 5 mM MgClz, 0.2
mM EDTA, 1.0 mM FBP, 0.2 mM NADP, 10 wunits glucose-6-

phosphate isomerase (Sigma Chemical Co.) and 1 unit glucose-

6-phosphate dehydrogenase (Sigma Chemical Co.). This gnzymes

identification is EC 3.1.1.,11, g“;

Assay for ribulose 5-phosphate kinase actxvxt? @h&sgggag,ﬁ

procedure follows Laing et al. (1981). Leaf P1s:uedfwas

killed and ground as for FBPase. An alxqu@; (75 to 3Q% ‘ul)
: Yy

of the homogenate was added to 575 to 800 3 ‘ RﬁP*éssay

buffer: 50 mM Tris-Cl (pH 7.8), 5 mM MgCl,, 045 gM RSP, 20
14

mM ATP and 8.5 mM NaH €Oy (1 uCi/ umole) at 2 2é€p.'Thé;
Y

reaction was stopped after 45 s by adding 55- u%_ }2 M~ HCI1.

Subsequently, the assay was neutralised with N$Q4°aontain1ng
fe 4

4 mM dichlorophenolindophenol (DCPIP) and Rq:;,ﬁggels vere’

determined. The DCPIP was present as an oxi

1979).

K

£
RSP kinase (EC 2.7.1.19) activity (Sicher ¥a}

i\

; B
A
?'4

J’Q?V -

i {0 inhibit
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Aliguots of 400 to 900 ul were added to the RuBISCO assay
buffer, containiﬁg 50 bg of purified RuBISCO from B. napus,
in a final volume of 1.0 to 1.5 ml with 8.5 mM NaH14C03“ (2
pCi/ upmole). The assay was acid-terminateq 30 min later,
dried under N2 gas and resuspendéd in formic acid. The

radiocactivity was determined by 1liquid scintillation

spectroscopy.

Assay £6r NAD-malic eazyme. NAD-malic enzyme (NAD-ME)
(EC 1.1.1.39) was assayed according to Sayre et al. (1979),
Leaves (400 mg fv)\were ground in 2.5 ml of ME-buffer: 50 mM
HEPES (pH 7.6), 5.0 myV, MnClz,‘1O mM 2-mercaptoethanol, 0.25

mM EDTA and '% (w/vol) BSA. The homogenate was filtered

.
through 4 layers of cheesecloth and Triton X-100 was added

L4

to give 0.5% (w/vol) and centrifuged 45 s in an Eppéndorf
- .

. . . \ v :
microcentrifuge. The supernitaff was passed through a”

Sephadex G-25 (Pharmacia Fine Cgem;cals) column and the void
volumé collected and kept on ice under N, gas u%ti} 15 min
before assaying. The enzyme was assayed‘by following the
formation of NADH ét 340 nm, at 20 °C. The assay mix was 25
mM HEPES-KOH' " (pH 7.4), 5 mM malate, 2.5 mM NAD-, 5.0 mM

MnCl,, 0.15 mM CoA, 5 mM DTT and 0.4/mM EDTA.

Assay for NADH-glutémate deﬁydrogenase. For tne NADH-
glutamate dehydrogenase (NADH-GDH) (EC 1.4.1.2) assays,

leaves (200 mg fw) were ground in 5 ml of GDH-buffer: 50‘mM

Tris-Cl (pH 7.8), 1 mM CaCl2 and 0.1'%¥ (w/vol) Triton X-100.
The homogenate was centrifuged at 10,000 g for 20 min, and
¢



the resulting supernatant was passed through a Sephadex
colum;/’f;e void volume was collegted from the Sephade;>G‘J5
and assayed according to Miflin (19;&); GDH was assayed ?by
the decredse in NADH absorbancy at 340 nm. The a%say mix was
i 56 mM Tricine-KOH (pH 7.2), 1 mM CaCI;T/—; 2 mM NADH, (10 mM
NH4SO4 2mM amlnooxyacetlc acid and initiated with 10 mM  2-
\:pxoéldtarate (prepared in 20 mM NaPO4,$pH 7.4). |

* e
Assay for phosphoenolpyruvate carboxylase. ;s The PEP
. ]
carboxylase (EC 4.1.1.31) hﬁ; PEPcase in the “tablfes)

qctivity was measured similarly ,to that for RuBISCO. Leaves
were ground in the RuBISCO-buff®r and assayed at 20°¢ by
' measuring 14CO2 incorporation into acid*ééablé products. The
assay mix contained in a final volume of 1.0 ml: 50 m@#*Tris-
Ccl’ (pH‘ 8.5), 5 mM Mgc12, 5.0 mM PEP, 4,0 mM 2-
mercapgoethanol, 5 ’mM Na-flutamate and 10 mM KH]4CO3 (0.1
|uCJ / Lmdl). The reaction. was Iniﬁisﬁ;d by the addition of
the enzyme (100 ;5 250 vl of extract) and terminated after
3.0 min with 0.2 ml of é'M fo%isc acid. The assay Vvials were'
‘dried at 80 C (Quebgdeaux and Chollet 1975) The acid-stable

C‘was determined by liquid-scintillation spectroséopy.'

< ' Assay for catalase. For the det ination of catalase
(EC ‘.1ﬁ.i.6)w aﬁb?ox1mate¢y 160 mg ofﬂ leaves 7~ were

homoge .ised’ in 3 ml of CAT-buffer: gg@ mM K phosphate (pH

\

7.20).  The _ gxtract was ( centrifuged for 45 s -in a

AN

microcerntrifuge and the }vgid volume <collected from a

o
N a

5
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Sephadex G-50 column. The enzyme wWwas assayed ih 2 ml of 50

mM K phosphate buffer (pH 7.0) containing .griton‘x~100

and the reaction was initiated by the: on of 38 ul 1.8

mM H.O, (prepared in 50 mM KHZPO4). The hydrolysis of H,0,
was measured by the reduction of abSofbaqce at 240 om (Luck
1965).\‘

Assay for cytoéhrome ¢ oxidase. .Cytochrome c oxildase
(EC 1.1.3.1) was assayed similarly to Hackett (1964), with
2Q:to 200 pl of extract pipetted into the bottom of a 1.0 ml
cq§ette, to which 20 ul of 4.0% digitonin was added, mixed
and allowed to sit for 45 to 60.s. Then 500 to 600 pul of 0.1
M K phosphate (pH 7.2) and 150 pl of 1.5 mM cytochrome ¢
reduced with dithionite was added and mixed. The absorbance

at 550 nm was followed.

Partial Purification of Glutamate Dehydrogenase

=

Homogenisation and chromatography. The. 1isolation
procedure employed the assay buffer as described by Miflin
. ¥

(1974). Approximalely 25 grams of frozen leaves wgre ground

invséparate batches"in a large Ten-Broeck, containing 50 mM
Tris—Cl (pH '8.0), 1.0 mM EDTA, .5 mM 2-mercaptoethanol and
0.02% Triton X-100. The homogenate wag squeezed through 6
layers of cheésecloth and then centrifuged at 20,000 g for

20 min. A 30 teo 50% (NH4)2 SO, precipitate was taken at 4

‘.0

°c, The pellet was resuspended in $0 'mM Tris-Cl (pH 8.0),

- Y ~
0.5 mM EDTA  and 2.5 mM 2-mercaptoethanol and .dialysed

] ]
v

.
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overnight in the same buffer. The pro;gin was then applied
to a 1.5 x 30 cm bltragel ACA-22 (Phaéﬁacia Fine Chemicals)
column. The column was equilibrated in 50 mM Tris-Cl (pH
7.8), 0.5 mM ‘EDTA and 2.5. mM 2-mercaptoethanol. Peak
activity fractions eiuting from the column were pooled apd

+
assayed for the determination of the Km of NH4

-
L]

Isolation of GOGAT Proteins

Purification of Root NADH-dependent GOGAT. «
" ;

Homogenisation .and (NH4)ZSO4’ ~ precipitation,
Approximately 250 grams of frozen root tissue was blended in
1 1 of an ice-slurry of 25 mM K phosphate (pH 7.4), “12.5 mM
2-mercaptoethanol and 5 mM EDTA (Wallsgrove et al. #1977).
After blendfn;, -Triton_ X-100 was added to 0.05%. The
homodenate wgs squeezed through 8'layers 6f cheesecloth : and
centrifuged at 5000 g fér 20 minutes. The sﬁpernaﬁant was
then clarified by' filtration thréggh glass wool. This
filtrate was fmnt;;pnatedﬁﬂgtween a 30455% (NH4)ZSO4 (enzyme
% grade; Sigma Chemical Co.) concentration.' The pelletAAwas
gently resuspended in a minimum volume of 20 mM¥K phosphate,/

5 mM 2-mercaptoethanol, and 2.0 mM EDTA. The K phosphate was

prepared by mixing 2.72 KZHPO4 and 0.54 g of KH,PO, into 1 L

2" 74

A Y
of water. After overnight dialysis against tHe DEAE column
butfier (20 mM K phosphate, 5 mM 2-mercaptoethanocl, 0.1 mM
EDTA, pH 7.4), the suspension was not completely soluble and

was therefore centrifuged at 2000 g for 15 min and the

[ ¢
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pellet discarded.

DEAE chromatogréphy, The DEAE cellulose (Sigma Chemical
Co.) was prepared by adding approximately ZOO'g to 500 ml of
95% ethanol (Clark and Switzer 1977;. The suspeﬁsion was
stirred followed! by filtration on a Buchner funnei. The
precipitate was resuspended in 1 1 water, filtered again and
then resuspended in 1.0 M NaOH ahd filtered as above. The
precipitate was resuspended 3 times in water and ]filtered
each time. It was finally restpended in the appropriate
column buffer and allowed toléettle and the fines decanted.

DEAE cellulose was stored at 4‘?C in DEAE column bufter. The

DEAE was poured into a column and equilihrated with DEAE

column puffer'by running 10 times the bed volume through an
approximate 5.0 x 35 cm column., The dialysed protein
solution was layered'dnto the cqumn~after being diluted to
Iéss then 5 mg ml_]. The NADH-dependent GOGAT activity was
eluted with a linear gradient of 0.0 - 0.3 M KCl in DEAE

column buffer. 'The peak fraction was concentrated by 60%

(NH,),S0, precipitation, apd dialysed overnight in the DEAE .

column buffer. . ‘
\ v

ACA-34 chromatography. The dlalysed protein solution

was layered on 2 x 45 cm col?ap.dprCA—34 (Pharmacia Fine
). b
Chemicals) and eluted with ZO'hM K phesphate (pH 7.4), 5 mM

'S . .
2-mercaptoethanol and 0.5 mM EDTA. The peak NADH-dependent

GOGAT activity fractions were conpq@trated by layefiné_,
,vw A )

sucrose crystals on a dialysis bag containing the protein.

-

L4

-
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The enzyme was dialysed overnight against storage buffer
containing 20 mM K phosphate, 5 mM DTT, 0.1 mM EDTA and 20%

glycerol.

i Purification of leaf fd-dependent GOGAT. Leaves (390-

480 grams) without stems were washed in cold tap water and

" homogenised in 2 1 100 mM K phosphate (pH 7.5), 5 mM EDTA

agd 12.5 mM 2-mercaptoethanol (Wallsgrove et al. 1977). A
total of 16.5 grayﬁ ofienzyme—grade (NH4)2SO4 per 106 ml .of
extract wa&f}ﬁded~slowly. After the solution was dissolved,
the\uhomggggéte ~was kept at 4 °c for 90 min, without
stirring. The homogenate was centrifuged at 10,000 g for 30
m{n. A total of 14.% grams of (NH4)ZSO4 was then added per
100'Jml and the solution allowed to sit aftef\ complete
diss%lution. Subsequently the solution was centrifuged and
the 1bellet resuspended' in a minimum volume qf/ 20 mM K g2
phosphate (pH %.4), 2.0 mM EDTA and 10 mM 2-meréaptoethanolf
The Y§uspensiqn'was dialysed overnight and then <centrifuged

at 2000 g to remove insglibles,

DEAE chromatography. The homogenate was applied to an
approkimately 5 x 45 cm column of DEAE celluldse," which had
been,, equilibrated with 20 mM K phosphate (pH 7.4), 0.5 mM

EDTA" and 10 mM 2-mercaptoethanol. The homogenate was applied
1

et

ats' a rate of approximately 200 ml hr ' (Clark and Switzer
1977). The column was washed with approximately 500 ml of

DEAE column buffer. The activity was eluted with a linear
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gradient of 0-0.3 M KCl in DEAE column buffer. Pooled active

fractions were (NH4)ZSO4 precipitated, resuspended in 20 mM

'K phosphate (pH 7.4), 0.1 mM EDTA and 10 mM  2-

mercaptoethanol and dialysed overnight. On occasion, it was

necessary to run a smaller DEAE column (2 x 30 cm), as the

peaks were quite large at times,

»

ACA-34 chromatography. The.extract was layered onto a 2
x 45 cm column at a rate of 20 ml hr_1. The buffer used was
20 mM K phosphate (pH 7.4), 7.5 mM 2-mercaptoethanol and 0.1
mM  EDTA. Three-ml fractions were collectad. For méximum
purity, only the fractions within the Gausgian portion -of
the activity p?ﬁﬁwﬂ§§/99016d° The pooled fractions were
concentrated against sucrose and dialysed overnight against
20 mM K phosphate (pH 7.4), 0.1 mM EDTA, 7.5 mM 2-

mercaptoethanol and 10% glyce}ol.

Hydroxylapatite chromatography. A column of
approximately 2 x 12.5 cm was equilibrated with 10 mM K
phosphate, 0.1 mM EDTA and 5 mM‘2-mercaptoethanol (C. S.
Somerviile, pers. comm.), ActiviFy was eluted in a linear
gradient of 80 - 400 mM K phosphate. The peak fractions were
concentrated against sucrose and dialysed in 20 mM K
phosphate (pH 7.4), 0.1! mM EDTA and 10 mM DTT and 10 a.ﬁ‘

glycerol. Purified protein was stored at 4 °c.

Sucrose gradient centrifugation. A sucrose gradient was

performed according te Martinga@ErAmﬁs &L

. !

N i .
“'a P32
a7
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the final protein preparation was dialysed overnight in 20

mM K phosp@ (pH 7.4), 1 mM Na,EDTA, 2.5 mM DTT and 0.1 mM

phenylmeth lfonyl fluoride (PMSF) (Sigma Chemical Co.). A
0,A ml 'sampde was laid onto a 5 - 20% sucrose (Ultrapure,
Sigma Chemical Co.) gradient in a similar buffer, without
PMS#, and cgntrifuged in a SW 50.1 roto;'for 16 hr at
150,000 g and at 2-3 °c. Individual tubes were punctured and
200 ul fractions were collected. GOGAT activity was assayed
enzymatically. BSA (fatty-acid free, Sigmé Chemical Co.),
yeast alcohol dehydrogenase (Boehringer Mannheim) and
crystalline human heaoglobin (Calbiochem) were used as MW
standards, and assayed for their presence at 285 nm.

Approximately ' 0.5-1.2 mg of the standard prétein was used in

each tube.

Differential centrifugation. The location of .GOGAT
activities within the cell wag determined by differential
centrifugation of ﬁisSue extracts. Appr?ximately 2 grams fw
of leaf tissue was chilled to 4 °C and thén suspended in ¢

mle of grinding buffer. The grinding medium was 75 mM HEPES

. (pH 7.6), 0.4 m sucrose, 7.5 mM mercaptoethanol, 1 mM MgClz,

0.2 mM EDTA and 0.5% BSA. The tissue was ground gently in a
loose fitfﬁng Ten-Broeck homogeniser. The homogenate was

i
squeezed through 8 lagers of cheesecloth, which was

4

previously washed wi;%z‘the buffer. The homogenate was gk

centrifuged Qf 4000 g Agéx) for 5 min to obtain & ,pQ;ieff

o

- 1y s . !
o S (O s k)

L) . . . . R .
“ ' .
B , A s i

containing mostly ‘whole chlorobﬁ!sts, stggch grains »andd
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cellular debris. The supernatant was then centrifuged in a
separate centrifuge tube at 10,000 g (max) for 20 min. The
10,000 g pellet contained mostly mitochondria.” The remaining
supernatant was designated the "supernatant". The 4600 g
pellet“ﬁé% resuspended inlj.S to 4.5 mlﬁof 40 mM K phosphate
(pH 7.6) and 2.5 mM DTT. The 10,000 g pellet was resuspended
in 40 mM K phosphate (pH ;.6), 1.0 mM DTT and 0.01% (w/v)
digitonin. Enzyme assays Qere as described above.'

General Electrophoreti¢c Procedures

Native gel electrophoresis. vThis procedure was
performed according to Clark and Switzer (1977). The
resolving gel was made by mixing 1 part stock A, 2 p;rts of
stock C, 1 part water and 4 parts’ of 0.14% ammonium
persulfate. Stock A was prepared by mixing'48 ml of 1 M HC1,
36.6 grams TRIZMA baée (Sigma Chemical Co.), 0.23 ml TEMED
(Sigma Chemical Co.) and water to a final volume of 100 ml.
Stock G is 28 grams of acrylamide and 0.735 grams of N,N'-
methylene-bis-acrylamide and water to 100 mi. Stock C was
fi}tered through Whatman no. 1 ;ilter paper and was stored
in a dark bottle. Once poured, the resolvﬁng gel was
overlayed wi;h 2-butanol, until use. The staqking gel was
prepared by mixing 1 part of stock B, 2 parts of stock D, 1
part of stock E and‘4 parts stock F.- Stock B i5§§.35 ml of
1.0 M HC1, 1.2 grams of TRIZMA base, 0.1 ml TEMEb‘and water

-
to 20 ml. Stock D consisted of 2.0 grams acrylamide, 0.5

grams of N,N'-methylene-bis-acrylamide and water“to 20 ml.

o
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Stock E contained ' mg riboflavin dissolved in 20 ml water.
Stock F contained 40 grams of sucrose made to a final volume
of 100 ml. The 10X buffer stock was made by mixing 6.0 grams
TRIZMA: 28 grams glycine and water to 1 1. The final pH was
approximately 8.3. qAn aliguot of,protein was‘mixed with an
equal volume of 0.002% bromophenol blue in 50% glycerol. The
gel was subjected to electrophoresis at 200V. The gel was
stained andlfixed in methanol : acetic acid : water (5 : 1
5) and 0.25% Coomassie brilliant blue R 250 (Sigma Chemical
Co.). The gel was destained in 7% acetic acid and 7%
methanol.

Denatuting gel electrophorésis. This procedure was
carried out according to Chua (1980). The resolving gel was
prépared by mixing 7.5 ml of act¥lamide stock, 6.0 ml of
’ n;solving gel buffer, 0.3 ml :0% SDS and 13.6 ml water. The
mixture was degassed’for 5 mip under vacuum and then 14 pul
fo TEMED aa? 0.1 ml of 10% ammonium persulfate tere added.
The acrylamide stock was prepared by dissolving 7.5 grams
acrylamide and 0.2 grams N,N'-methylene-bis-acrylamide 1in
water yto' a total volume of 25 ml. The stock solution was

°C. The stacking gel

filtered and stored in the dark at 4
wa-s prspared by mixing 2 ml of acrylamide stock, Q?}S ml - of
. ‘ i

tacking gel buffer and 5.3 ml water. The stock g@ﬁgtion was
T Ay

de_:s&ed and S5 wul of TEMED and 50 ul of 1@& ammon ium
) o]

persulgate weré added. The stacking gel buffer (5X) was made

by“ﬁﬁxingri6.55 grams TRIZMA base in 240 ml“wéter and then
3 . ,

4
L3

I

¢ R
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ﬂﬁdjusting the pH to 6.1 with approximately ! ml concentrated .
sulfuric acid. The upper reservoir buffer was prepared as a
20X stock solution. It was made by dissolving 99.2 grams of
TRIZMA base wiéh 28 grams boui.. acid dissolved in water to a
volume 600 ml. The pH of the solution was adjusted to B8.64
with saturated boric acid at fé °c. The final volume was |
1. The loxér reservoir buffer contained stacking gel buffer
of s{ngle s{réngth. A sample was prepared for
electrophoresis by mixing with 5 volumes of cracking buffer.
This bgffer was 50 mM TRIS-HCl (bH 7.4); 5% 2-
mercaptoethanol, 10% (v/v) glyceroli 1% SDS and 0.0005%
(w/v) bromophencl blue. The sample was heated in boiling
water for 5 min and applied. The gel was subjected to
electrophoresis at 200V,
Immunological Techniques }
lmmunizétion procedure. Fd-dependent éOGAT was purified
to gfeatér than 95% purity from commercially obtained
spinacK, wusing the procedures described for B, napus fd-.
dependent GOGAT. Fd-dependent GOGAT was dialysed overnighf
against 50 mM K phosphate (pH 722) and 0.15 M NaCl.
Approximately (100 wug) of protein jEEQ?mulsified with _an
.equal volume of Freund's complete adjdbgﬁt~“(Difcc) and
injected both subcutaneously and intramuscularly intc male
San Juan rabbits. Booster injections of 50-100 pg of protein
emulsified in Freund's incomplété adjuvant were repeated at

monthly intervals. Serum was tested for its ability to
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inhibit fd-dependent GOGAT activity. Preimmune serum did not

affect fd-dependent GOGAT activity.f

Antibody preparation. Collected blood was kept at 20 °C

for 30 min and was then stored at 4 °C overnight (Bigelis et
al., 1981). Serum was collected by centrifuging the sample at
2,000 g for 10 min., The sera was then either stored frozen
or protein precipitated by 55% (NH4)2SO4 (2.91 grams 100 m{_
]).‘The pellet was washed with 1,75 M (NH4)ZSO4 until it was
white. The pellet was then resuspended in 10 mM NaH,PO, (pH
7.8),> 0.9 mM EDTA and 1% glycerol, and dialysed overnight
against the same buffer. The protein mix was centrifuged at
10,000 g for 10 min. The suqfrnatant was then applied onto a
DEAE-cellulose column (at 5 mls of DEAE-cellulose per ml of
sera). The column was washed with 2 volumes of 20 mM K
phosphate (pH 7.8). The immunoglobulin fraction does not
absorb to the column. The fraction was collected and
concentrated by (NH4)2564 precipitation. Finally, the pellet

was dissolved in 20 mM NaH,PO, (pH 7.0) and 0.15 M NaCl and

274
dialysed.

Immunoprecipitation procedure,. Plant extracts were
prepared by grinding 100 to 500 mg fw of leaves or roots in

250 to 1500 ul of I-grind buffer: 50 mM NaHPO, (pH 7.2), 0.2

4

M NaCl, 5 mM EDTA, ' mM 2-mercaptoethanol, 0.02% NaN 0.5%

3!
NP-40 (Sigma Chemical Co.) detergent and 20 mM KCl. BSA (0.5

mg ml_1) was added after grinding. The extract was clarified
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by centrifugation in an Eppendorf microcentrifuge for 10 min
at 4 °C. The supernatant was incubated with 15 to 20 uyl of
partially puri}ied antibody for 12 hr at 4 °c,
Staphylococcus aureus aSsorbent was prepared according
to Kessler (1975), A 1/10 volume of nbsorgent was added to
the antibody-plant extract and incubated for 2 hr on ice.
The mixture was centrifuged for 15 s in an Eppendorf
~microcentrifuge and the pellet was washed with 50 mM Tris-Cl

(pPH 7.4), 0.15 M NaCl, 50 mM EDTA, 0.02% NaN, and 0.5% NP-40

3
(Bigelis et al. 1981). This procedure was repeated twice.
The final pellet was resuspended in 1% SDS, 50 mM Tris-Cl
(pH 8.0) and ' mM EDTA. ~ The sample was heated 1n boiling
water er 2 min and centrifuged in an Eppendor f
microcentrifuge for 5 s. The supernatant was applied to the
gel.

The above procedure was used throughout the 1nitial
analysis of the GLUS mutants. However, a contaminating
protein appeared to be nonspecifically appearing -n the SDS-
PAGE (see Results). Therefore, an alternative procedure was
developed 1in consultaéion with Dr. Dan Geitz (Dept. of
Genetics, Univ, of Alberta). Extracts were prepared as
above, the antibody was added and incubation carried out for
3 to 4 hr at ¢ °C. The absorbent was then incubated with the

extract for 10 min at 4 °

C. The extract was centrifuged for
15 s in the microcentrifuge. The pellet Wwis washed once with
50 mM Tris-Cl (pH 7.8), 0.15 M NaCl, 1.2% Triton X-100, and

0.1 mM EDTA, once with 50 mM Tris-Cl (pH 7.8), 1.2 M KC1,
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1.2% Triton X-100 and 0.1 mM EDTA and once with ‘10 mM) Tris- - ‘q\

\
Cl (pH 8.0). The final precipitate was extracted in DeNAT ',

~

buffer,

CRM detérmination. The level of fd-dependent GOGAT CRM
wal measured by the ability of a mutant extract to protect
the WT fd-dependent- GOGAT activity from inhibition by the
antibody. Plant extracts were prepared in I-grind buffer and
aliquots (9} these extrécts were incubated with wvarying
concentrations of antibody for three hours. The extract was
centrifuged . and the amount of antibody in the supernatant
was measured by its ability to inhibit WT fd-dependent GOGAT
activity. By definition, the percentage of CRM concerns the
amount of WT fd-dependent GOGAT activity remaining after the
addition of antibody from a mutant extract incubation, over
the 1initial activity of the WT stfain x 100, S. aureus
absorbent were then added to remove the antibody-enzyme
complex. After centrifugation the supernatant was assayed

for fd-dependent GOGAT activity.
*

Chloroplast 1isolation for CRM determination. Plants

were grown in continuous light in a CO,-enriched atmosphere

2
(0.75 to .1.0% COS) and given 12-16 hours of darkness before
the experiment., Protoplasts were used as a source for intact
chloroplasts, as the yield is generaly higher than from
direct grinds of leaf tissue (Somerville et al. 1981).

Apprdximately 5 grams fw of leaves.were harvested and the
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leaves were sliced using an acetone-washed razor blade.
Forceps 'were usgd to hold the material in a petri dish,
which alsd’contained the Proto-1SO-buffer: 0.5 M sorbitol,

10 mM MES, | mM CasO,, 1 mM KCl, 0.1% (w/v) BSA and -0,

(w/v) PVP-40 (Sigma Chemical Co.), pH 5.5 at 22 ©°C. The

lefves were sliced in widths of approximatel} 1,0 mm and
\ ! [
4 leaves were washed once by vigorous stirring in the Proto-

[}

ISO~buffer. Throughout the entire procedure, a low light

intensity of 25 UE m ° s | was maintained on the leaves. The
light was'filtered through” 10-cm of water. The sliges were
S ',

then infused (U? applying a gentle Yacuum to the tissue)
thh Proto~£NZ buffer, which is the same as. the Proto-1S0-
.buff@r, u\exCept 0.9% (w/v) cellulase R-10 (Yakult
Elochemlcals) 0.5% (w/v) macerozyme (Yakult Biochemicals
and A 6% tw/v) cellulysxn (Célb1ochem grade B) were added.
. Dagest1on ¢of tﬁe cell walls was complete in 1.5 hr. After
th1§ trme the slices were gently stirred for 5 min to

¥

releaie the protOplastg This mifture was then .passed
' throqgh a. 200 u nylon net. The protoplasts were chilled to 4
°c énd pelleted by centrifugation for 4 min at 100 g and
resuspended in- cold 0.5 M sorbitol, 10 mM MES, 1 mM KCl and
0.f% (w/v) BSA, pH 6.2 at 4 ©
added in order to Separate cellular debris from the
protoplasts. This buffer contained: 0.45 M sorbitol, 60%
Percoll (Pharmacia Fine Chemicals) (v/v), 10 mM MES (pH
6.2), 'mM KCl and 1 mM CaClz. The suspension was centrifuged

-

at 100 g for 5 min, The banded protoplasts were collected

C. To this, Float-buffer was.

»
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and diluted by 10 volumes of Proto-1SO-buffer and pelleted.

“~ —

C - . % -
" .The pelleted protoplasts were resuspended in Proto- sis-
buffer: 0.3 M Ytorbitol, .20 mM Hef' (pH 7.8), 5 EGTA, 5

'~ mM EDTA, 10 mM NaHCO 0.1% (w/v) BSA and the suspension

. 3!
\ | L. s : .
~  forced through a syringe that was blocked with a 15 u nylon
. . ¥4
™ " net, (Telko, Inc.)., Chloroplasts were collected by

o .
_centrifugation Yor 40 s at 270 g and resusPended iﬁ €hloro-

buffer: 0.3 M sorbitol, 20 mM Hepes (pH 7.8), 5 mM MgCl,,

. ° L
2.5 mM EDTA, 10 mM NaHCO, and 0.1% (w/v) BSA. The
K chloéroplasts were stored on ice. This pfocedure is ‘b~

o .jmodification ‘'of the one employed by Somerville at al. =
/ (1981). ~ L ' ' " !
! \ N o * ] . ' . :
N Polyacrylamide <« gel electrophoresis of
n . A
immunoMipitates. Immunoprecipitates, and toteal leaf
polypeptides were ana1y§~d byl sodium dodecyl sulfate
4 L - o
" polyacrylamide gel electrophoresis (SDS-PAGE) which - was
perfarmed as described by Chua (1980). Protein samples were
. v
- denatured Dby incubating the sample in boiligé water for 3 (/
- min,  after the samples were mixed with 4-5 volumes ™f DeNAT
buffer: 1% SDS, 19,%'gll}"c_:erol‘, 50 mM Tris-Cl (pH7.5) and 1%
. DTT. The samples were centrifuged fer 15 s A an Eppendorf .

'

'micnoéentrifugé_,and the supefnatants of'the samples wefe

i :
1afered on 7.5% gels The gel was run at 35 nm‘for 8-10 hr

\n

bnce the, brom%ghenol ~blue dye had mlgrated to near the

v

/~Pbottom' of‘the gel, the voltage was turned of £ and “the gel

~ﬁ?2;s en'stalned The sﬁéznln solutlon was 0. 25% @Goomassie- -
<\ ia ;’ g “ 54 X

fyﬁ R ‘ I {' N e ! -
S S oy
e g " : . e ) / . “ .
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’
blgge R (Sigma Chemical Co.) in 50% methanol - 5% acetic
acid. After 2-6 hr, the gel was placed i the destaining

solution of 25% methanol - 10% acetic acid.

Electrophoretic separation of ' leaf polypeptides. A
plant extract was mixed with an equal. volume of ice-cold 10% \

. trichloroacetic acid. The sample was 1ncubatéd atws °C ’o' “

1

15 min and théh centrifuged in an Eppendorf m1crddphtrfﬂE?e s .;

o]

for .2 min at 4 "C. The precipitate was washed three times

.with acetone to remove residual acid. The pelbft was
« di'ssolved in DeNAT, buffer and then heated in a boiling watér
bath for 3 min. Approximately 25 to 70 ug of protein was

loaded per gel lane. o ' .

Enzymatic Analysis for RUBP i , .
: w . N . L 4

: Exﬁ’i‘actlﬁﬁ‘ fné det&rﬁagon of RuBP. ﬁ?uBP was measur!d

by fOllOWIDg #he 1ncorporatlon of 14C02, 'u51ng purified:

RuBLSCO,i into acid-stable product (Sicher ®t al. 1979). At
ﬁmyﬂappropriate time intervals, .plapts phétosynthesizing in the

TRGA were temoved and killed by immérsion in™ liquid N, . -

Mature®leave® (250 to 500 mg fw) were removed from ' immersed

- [
~

plants (3 to 5) and partially ground in a spell mortar and

-
ae

' ; 4
-\ . pestle containing .liquid N2. The sample was thén added ; .
N ' .
2.0 'to 3.5. ml of ice-cold 1 4 M HClO in a Ten Bro :

homogeniser and ground thoroughly The 3ampde was’ remove& 6%
. . .

,a mlcrocentrlguge tube and centrifuged-at 13, OOO g fbr 5 mlghe

r.

at‘4 °c. The supernatant was decanted, the pellet et%ractedb

e

Fd
» ) v -
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with 350 to 500-pl of 0.4 M HClO, and centrifuged. The

4
supérnatants'were pooled and MOPS was added to 35 mM, from a

. 4 M solution. The sample was neutralised to pH 7.0 to 7.5
¢

with ¢ ﬁ:TKOH. The KClO4 was removed by centrifugation.
i 4v: A D . )

Aliquots of the supernatant ranging from 0.15 to 2.0 ml were

then addéd to RuBISCO-assay buffer, (as described above,

14

except that 12,5 mM NaH "CO, at 0.4 to 0.5 pCi / umole was

3

used) to give a final volume of 1.2 to 2.25 ml, Thg- agsay
was,_ igitiated by adding purifiéd B. népus. RuBISCO
(approximat;ly 50.4§) apd the reaction wés terminated after
30 to 45 miﬁ’with 0.4 ml of 4 M formic acid. The samples
were dried and c0unted‘by liquid scintillation spectroscopy.

wification‘ of RuBISCO for ,determi:_?ation o’f* RuBP .
levels. The RuUBISCO used to‘determine ﬁEBP levels\ was

isolated'from B. napus ("Altex") leaves. Approximately 400
! . _

x

. ) ' ’ .
grams of leaves (midribs removed) were homogenised in 2 1 of

RUBISCO-grind-buffer: 50 mM Tris-Cl (pH.8.2 at 4 °C), 20 mM
Mgclz, 5 mM 2—mefcap£oethanol. " The homobenateywas filtered
thrgggh 6 layers ofw cheesecloth -and centrifpged at 10,000. g
for }b min. he supernatant was then treated .with solid
(NH,),50, and a final\35-60% fraction was precipitated. ’ The
precipitate 7was édllected by centrifugation at 16,000 g for
SGgmin, dissolyed in 50 mM Tris-Cl (pH 7.8), 1.0 mM EDTA, 1
mM 2—m§rcaptoethanol and dialysed overnight ag§%nst thé samev
buffér. The protein mixfu‘e was applied to a cokuﬁn (g’; 75

cm) of DEAE-cellulose, whfich had been equilibrated wit 10
s i \ ’
. . - B ged



)

+Fris-Cl (pH 7.8), 2 oM MgCl,"and 0.1 mM Na

65

-

[ ]

volumes ‘of 25 mM Tris-Cl (pH 7.8) and 0.1 mM EDTA."Fhe
] +

column was, washed with 1 to 3 volumes of equilibration

ouffer and the RuBISCO activity was then eluted using a

gradient of 0.1-0.5 M NaCl in Tris-Cl (pH 7.8) and 0.1 'mM

EDTA. The peak fraction was precipitated with -(NH4)2504,

dialysqd‘@gainst the DRAE-cellulose. equilibration buffer and

applied to a 2.5 x 50 cm Ultragel ACA 22 (Pharmacia Fine

~

. ’ \
Chemicals) column, The column was equilibrated in 25 mM

"EDTA. A DEAE-
."..'

2

sephadex column (2.5 30 cm) was then :ﬁn,' using a

identical to the DEAE Bl i2ose. Prédtein was eluted with a 1
1 Aine gradient of ¥
3 T T s
7.8) and O™ 1, DM EDTA. RuBISCO was precipitated with 60%
/d . .
4

(NH4)ZSO4; The precipitate was collected by centrifugation

~

. . . o
at 10,000 g for 45 min and stored in 55%‘(NH4)ZSO4. Before
use the sample was dia1y§§d overnight against three changes

of 21 of 50 mM Birine (pH 8.3) and 0.2 mM Na,'EDTA. Thig

2
a.bcedure is a modification of the.one used nyPaulson and

-

Lane (1966),. : . .

F A

3 . -
Intact Plant Gas Exchagge \

e \

Gas exchange. Gal exchange measwrements were conducted

°c. Individual

uUsing intact plants at a temperature of 20
plants were _placed in moist vermiculite, 1in a chamber
. »
. s P . .
cohnécted<Jﬁp an Infrared gas analyser (IRGA) (Analytical
i

Development Co., type-225) in order to monitor the co,

.

buf fer

g@;
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concentration, The gas exchange curves to be presented
letter are an average of individual plapt CO, 2xchan’ge
rates. The analyser was calibrated every day with gases of
known combosit;on. Dry gas of the desired composition was
humidified to 70% to avdid dessication of the plants. The
circulation rate of the gas was 150 to 300 ml min_la‘ The

light source was a 500;W flood.iemp. The light was filtered

through a0 x 10 cm inffared refle'qgmirror (Orion Co.)
: a ' 4

-

cﬁgmh'r. The irradiance at the plant surface was

aidthrouqh~10 to 12 cmof flowirig water before reaching the

measured at *300 t&?&'s uE m.2 s = (PAR), wusing a LI ‘?05

-

guantum sensor (Lambda,ﬂistruments).4When photosynthetlc OO
-

" exchange was determ1ned agalnst ght ten51ty, layers of
\ t

‘cheesecloth were placed between dhe llgpt souqaa’ and the H

plant chamber . The flow rate in the chgmber “was

electronically contqplled‘by a mass flow contro&le: (Tylar

Corp.). The gas regime is given with each experiment. More

details of the bhobOsynthetic' apbaratus are éiven jby
Sonfwrville and O4ren (1982b) and a detailed scheme of ' the
™

IﬁG§~Eystem is g1ven in McCourt: (1983)

’4C02 Labeling of Leaf'uetabolites

»

14

Photosynthetic ~"CO, fixation. A closed gas circllation

2
: "

system was employed (Somerville and Ogren 8962b McCourt

1983). Plants wereﬁsemoved from their pots and placed into 3

glass chamber, wh1ch,f1b over a rubber stopper. The rubber

\ stopper had a small'ﬁell, filléed with moist'vermiCplitey to
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Pa )
’contain‘the plant. The chamber was submerged 12 cm deep into

a bucket of&.flowing water, connected to a water-bath

circulator, which maintained the temperature at 20
Iy *

plant®chamber was conmect by tygon tubing to a peristaltic

“c. The

pump and to a 500-ml erlenmeyer flask, which served as a

'
reservoir of ‘air during the ]4C02 labeling pqggo.
“ . .

with the pump, was a.flask containing B;

In-line

~

Initialpy, theg system was open and corfEtE 4 gas

cylinder, i.Pnthning a kn Jevel of‘CQ2 remaining

N,). The gas from inder was hum§b1f1ed , to

épproximately 70% rela dity before entering the

- [ 2. 3 ’
plant chamber. The gas £ _ate was~approx1mately 400 to

iy ' -
,'0 ,ml‘rmin 1 The system was allowed to equ111brate for 20
&

min in the dark before the 500 W flood lamp was turned on to

initidte photosynthesis. The?light. B;ssed through an
infrared ‘reflecting mirror. The i?fight iQtensity was
approximately 376 to 400 m':'m_2 .s”1 (PAR)., 'The system.

>

remained 'open uétil a Z ® 3 min before introducing the
14 '

\

n@ this poini, the system was closed, by

dngonnectlng it from the humidifier and gas cyliﬁderx
14

'‘*Carrier free NaH CO3 (S_tb 20 uCi)'wag‘injected iqto the

X7

phosphoric .acid and the  peristaltic pump passeg t he

‘ B .
liberated- "co throughout the, system, The volume of the
s

. 2

system was cali aged so ‘that the CO2 concentratlon declined

s ® ' -~ ‘

. by less than 10% during the course ofs the labeling period.

~

{After a predetermined period, the plants were killed by
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" 1,v‘

immersion into Maquid N,. The gas regime isfgidin with each
exper imept . o T e '
BAN I ) ' . '
The Feeding of NH * to A. thaliania. e .
] 4 : é- o
, ' . )
NH,' feeding. Plants were,removed from their pots and

LY ‘
the roots rinsed with distil®ed water. Individual ‘plants at

a matuyre rosette stage were treated four at a time in the -
L]

IRGA ,syiiém. The tip of the pain r was severed - with a

H 5.5) and 0.5 mM

scalpel, in a fbuffer of 10 mM MESY.
5, IR

EDTA. NH,Cl was added Yto 25

a nd the plants were
e 4 .
Tnclbated in a humid chamber for 30 - b.zf min at 20 °c and
. \ . .
low 1light (25 uE m-2 s”' of PAR). This preincubation

’ .

. L]
period was necessary in order to dull® those plarets visablyv
stressed by thanipulation. Whjle the 'uptqke"ﬂ‘}Cl whs

V )

not T uniform, the relationship between photosynthetic

/

inhibition and measured‘leaf NH4f levels®was fpund to Dbe

A 4 . ' v v
U—“C-Malate“?eeding of Leaf Strips .

positively'related (see Results)f\

‘Malate feeding. In the’ U@ C malate Amershjmﬁ'feeding
experimeni 4-8 leaves (irom 1 to 3 plants) were - sliced

1ncubated in the dark with a buffer of 20 mM MES

\

thinly an
(pH 5.7), 0.25 M sorb1tol 0.1 mM Ca§o 10 mM KCl, 1 mM b,

14

MgCl, and 1-2.5 ufoles of U- *C-malate (0.5 HC;/umole): The"

' riesye was . equilibrated with 21% O andvg340 ppm CO,

2
(remaining Nz), by incubating the tlSSd!’ln small serum

P

capped Lrlenmeyer flasks. The flasks were occa51onally
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swirle§ 'to help c1rculate the gases within ;he flasks and
after 30 min of incubation, the tllssue ;‘w«ashed three
times with "s‘he above buffer, minus the - ‘C—tralate. The
flasks were then placed into an open gas exchange system and

111»1nated‘ fro< below at.‘350 BE m 2 s " (PAR) The gas a

" regime durlng th —1n§:ubat10n in the ‘lxght was 21% 0, and 340
B 1 N
L * C%b?ﬁlﬁ ng N,). At the end of the incubat ion period,
. W ghe leaf‘ fragments were removed and frozen in. 11qu1d N,.
Sample Extraction and Fractionation”  * ~'w. ) v
” [l " > o .! .

\ Metabol i ' ® . i 14

K etabolite analysis. F the analysis of C-labeled
products, matur‘ leaves were - ground in a Ten-Broeck |

. -vl L]

homogeniser’ntaining ehloroform: methanol : formio acid
1) |

(12 : 5 : Bieleski and Turner 1966). The homogenate vas

centrifuged at 200 g for 5 min and the supernatantldecanted. *

N Tpé residue was réground in 1.0 ml of chloroform : methanol:

'”, formic a¢id and centrifuged. The supernatants were combined .
— N

. ati'd 0.5 to 0.75 ml chloroform and 0.8 to 1.2 ml of water was
3 | R ‘
added. T‘his mixture was vortexed and centrifuged'gj separate .

"~

the phases. -The original residue was reextracte with 2%

.“,me.t.ﬁganol/?'nd 256 fprmic acid, cer;trifuged an‘d the supernatant
cdmbinéd- with the above aqueous phase.. The -agueous phase-
‘-Lmixt.ure ‘ phflised. A,p;prox,imatel_y 100 pl of the or;;ani;
,phas‘e‘ 'wa; ,sav,eci for ch-lorobliyll detergination, wusing the
coeffﬁl,cieht,s of ‘Mac_l{inney {1965). ,The remaining organic

- . R . -
‘phase was dried - at 65 ©¢. This insoluble fraction was

« ® ) »

. . ’ |

¢ . ' . \
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digested with a 700 ul solution of 8.6% (v/v)¥ H,0 7Y 30%
; k4
HC1l0, at 70 O°C for 4 to 5 hr, The sample was then counted by

liquid scintillation spectroscopy (Somerville and Ogren

1982b) .

The éqyeous extract was fractionated <by . ion-exchange
’ d 7S

chroma t‘ab‘h

in’ Atklnsiparﬁ Canvxn (1971) and Somerv1lle and Ogrm

¢

(1982b) ., walypphlllsed extract was resuspended in 5.0 ml

%f waterh'and d llcate 1{)0 ul aliquots were taken for

determini al'radloact1v1ty. The samples were kept at 4
C)C, ' unt_?.{ ust before chromatography. Dowex-50 (Sigma

v

bpsmally following the procec!ures outM ined

) (H ) columns were used to remove the amino

*
J
ac'ids ?Ia’* tractmn) from the extract. The resin was

yp'ripa?ed uccofd?ng to Clark and Switzer (1977). Following
removdl of th)e ‘mes,t the resin was heated in 2M HCl with

stant st1rr1ng WHen the temperature reached 100 C the
‘ ) ’
res¥n was, i}}owod tq Settle and the yellow supernatant was
poured 'offs Th.ts »procedure was repeated~ using d1st11}ﬁed

Jater un#il the.Supernatant was clear. Subsequently,, water

‘was passed through the resin unt1lA the wagh water pH was

L)

neutral after which tfie resin was poured 1into a pasteur
pipette, plugged at the bottom with glase wool. The final
column size was approximately 0.5 x 4.0 cm. The iyophilised
extract, brepared as above, was added to the column and
washed with 6 ml of water. The‘amino acifis were then were
eluted with 10 ml-of 2 M NH *OH. 1In order to test for

4
recovery ' of amino acids (known to be impor‘tant’ in



photorespiratory metabolism) approxithately 200,000 dpm of

each amino acid was added to a non-radioactive plant extract

wvhile still 4n the Ten-Broeck homogeniser. The amount of e

' "
rec&e',red after chromagography (as described below) was

compared to the initial amount added. Recovery’%f glycine,
« *’
serine and glutamate was in the 87.5-98% range. Glutamine \

‘recovery was’pbout 70-80%.

In -order to separate the organic acids from the

. phosphorylated compounds, and from sucrose, the remaining

s

extract was passed over.a Dowex-1 (formate) column. The
‘ [

Dowex-1 resin was prépared as above, except that after the

HC1l heating and decaﬁting, the resin was heated in 2 M

formic acid to 70 °C. The resin was washed until neutral in

pPH. The-organic.acias (mainly malate, 5uccinate,;glycolate‘
. ' » o
and glyoxylate) were selectively eluted from the Dowex-!

column with 10 ml of 1.5 M formic acid (acid-1 fraction),
sugar monophosphafes (SMP; * mainly PGA, RSP, ‘fructos 6-

y phosphate, 6-phpsphogluconate and glucose 6-phosphate) were

T

~ eluted with 10 ml of 8 M formi! gcig (acid-2 fraction),
. .

. , ' , ‘ ‘ .
followed by the bisphosphates (mainly RQEP,‘ PEP and. FBP)_, ,

elution 1in 48 ml of 4 M'HCl tacid-3 fraction). .All three

fracttions were lyophilised and subjected to chromatography
14

‘i

as described below. The recovery of C-malate was tested by

-
'

adding a known amount of \4C-malate to a ,non-radioactive
. plant extract homogenisation. After chromatography of the ‘

acid-1 fraction (as described below) and the determination

. . | g
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of radioactivity, the recovery fét malate was 85 + 5%

(average of 3 determinations * 6.E.). In a similar
‘ ¥ '

experiment, thg recovery of ‘4c—2-oxoglutarate, was 76 + 13%

(average of‘!.detgrminations * S.E.). The values presented

were not corrected for yiel®,

The individual compénents of the fractions vere

. )

separated by th1n layer !rhromatography us1ng MN 300
(Analtech) ef/aescendlng papér chromatograpﬂy (Whatman #3).

&
Th genera} procedﬂ%es follow those outlined in Benson et

al. (1950) and ‘'in Clark and watzer (1977) The solvené fo;

séparatxng the amino acids was e1ther n-butanol : acetone :
diethylamine : water (10 : 10 : 2 : 8) or l : water
A R a

pyridine ( 5 : 2 : 1) (Cossins gnd Sinha 1966). The solvent

for éeparating the organic ac1ds was elther an&ydrous

diethylether : formic acid : water (7 : 2 : 1) or chlorofbrm
methagsl : formic acid (80 ¢« 1 : 1) (Sqith 1958) or n-
butanol : propionic acid : water (372 : 180 : 245) (Benson

et al. 1950). Phosphates were separated by 2-dimensional TtC

chromatodraphy using methanol™ : NHJCH : water (7°: 1 : )

"in the first directiqp and formic acid : methanol : water (8

e 5§ N\.S) in the secgnd'direction (Davidson and Drew 1966)
~> .

orgghe n-butanol-propionic acid-water wag used in the first

direc\ion and§ and water-saturatéq ph noll)'n the - second

(Benson ‘et al. 19507. "ff only PGA was tq(/be’ determined,

desgending;‘chromatbgraphy with ,n-butanoh—prOpionic acid-

vater was used (Benson et al. 1950). All chromat raphs were

dried, sprayed with autoradiograph enhance (NE Enhancer)

3

el PP

‘.



and autoradiographed at -70°c. Radioactive . areas were
visualised on X-ray gilm_(Kodak X-Omat AR). The radiocactive
areas .were removed and directly placed in the liquid
scintildation ‘cocktai}, .. and counted, Sténdards were
individually chromatographed < by one-dimensional
chromatography and then metabolites developed by for 2-
dimensional chromatography, were identified by comparison to
a separate chromatograph. The phosphates were identified
using a molybdate proceddré (Davidson and Drew 1966).
Organic acids were identified using a bromophenol blue
reagent (Somerville and Og{éﬂ 1982b). The-amino acids’ were |
identified with a ninhydr'in reagaent (Somerville and Ogren \

AR

1982b) . , ,

Ammonia det’ermination.\Nﬁ‘}+ was assayed impediately and

¥

-/

directly” from plant extracté using n NH,Cl calibration
T w 4
lyy 75 to®50 mpg fw of |

curve (McCullough 1967). Approximate

4

tissue was homogenised in 2.0 to 3.0 ml of ,LChlogoform o * o
methanol : water (12 : 5 : 3). The sample was centrifuged at

200 g for 5 min and the supernatant decanted. The sediment
) .

vas reground in 500 ul.of methanol : chloroform : water and

3

centrifuged. The supernatants were pooled and 1.5 ‘ml
3 7’ .

chloroform and 1.0 ml water added, the sample uortexed\aqﬁfj%f:
- . . - R b

Do . il
the phases separated‘ﬁy centrifugation at 200 g for .5 min. TAII.
An aliquot (50 to 750 uly, fromithe agueous phase was mixJE
b _ “

with 5 ml of reageht A (5 gram phenol plus 25 mg of Na:

nitroprussid: dissolved in 500 ml water). Then 2.5,ml' of

/ g -



reagent B (1.25 grams NaOH combinedﬁwwi;h 2.1 ml Na-

" of 10 ml with methanol,” incubated in the dark at 0°C for 30

N\ * » . : . : ’ - “v

// - :
hypochlormte and diluted with water 37 a final volume of 230

ml) was mixed in.: Color development jtook about 30 min at 2Q
, .

°C. The absorbance was read at 625 nm.

)

Amino acid analysis. Amino acid analysis was perform’
on extracts of approxxmately 200 mg fw of 1leaves obtglggd/’

from ‘3 to 4 plants k111ed in liguid N, and homogenxsed in

methanol : chloroform : water ( 12 : 5 : 3) (Bieleski and

Turner ¢ 198%). Leaves were *homogenised in 2 ml of the

¥ RO

methanol iy chloroform : water mixture and centrifuged at
r ) .

s

1000 g fofzs thin. The supernantant was decanted Qnd saved,

and the sedimept was re-extracted with 2 ml of 80% ethanol,

L4

cen!ﬁdfﬂged 'at,'1000 g for 5 min., and the supernatant
oA, ‘ot - .

‘decantedn’To the first supegsatant, 0.5 ml of chloroform and

0.8 ml ‘of "water were added and the sample was mixed
vigorously: The 'sample wég' centrifuged in a «clinical
gentrifuge at 1000 g-for 5 min. Approximasg{y 1.5 ml‘&f the
agueous phase was ‘removed and saved. To the "re@aining
portion of the sample',' 1.0 ml of w_ater‘ was . added, B xed

bigorously and cenErifuged Npproximatley 1.5 ml was removed '
" [ 4

.:gnd added to the prev1ous aqyeous phase. ’_The aqueous phase

i:. combxned vith b §'m1 eh&bkoform and’ 0 ﬁﬁ ml of’ ‘water,

ﬁnd centrxfuged At thls poant an aliquot (100 to 350 ul) -
, i
“of the organ1c‘phase was removed, brought to a final“"volume

to 60 min, and chlorophyll content was measured as a

L4 . .
L3 {
P, .
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function ofgithe abqorbance at 660 and 665 nm (Mackinney
1941)., The remainingJ;queouslphase was c?gbined with the 80%
ethanol supernatant and dried under N, gas. The sample’ was
resuspended in 500 pl of water and the amino acids were

isolated by Dowex=-50 (H*) chromatography. The eluted amino

-

acids were frozen and then lyophilized. At is point the

-samples were given to Mr. M. Natriss (Dept. of Biochemistry,

Univ. of Alberta) who determined amino acid levkls using a
\

Beckman 119CL amino acid analyser. The amounts o glutamine

. and asparagine were estimated from the increase in glutamate

14

and aspartate, respectively, after hydrolysis-of the sample
in 6 N HC1 for 12 hr at 110%,

Mecsurements for the efficiency of recovety were done

with glutamate, glutamine and glycipe. Duplicate amino acid.

samples were prepared O‘f of the duplicates Tps\{reated as -

- (

above and the final concentration determined by -amino acid

i

analysis. The second duplicate was added directly to a leaf

sample In methanol : chloroform : water before grinding. The
L) : L} ‘ aﬁ-

leaf sample was from the WT strain kept in the dark. / The

i

the amount of the® amino acid fdund, in the control léaVes aﬁd

the amount of that amino ac1d 1n leaves plus the added amlno

:J‘a-."

”‘ac1d“ ‘ovgl th added am1no acgid added alone to the methanol

. chloroform : water mixture. In 2 experiments, the average
L J
percent recovery for dglutamine was 82 + 4, for glutamate 87

+ 7, and for glycine 93 + 3. | 7 ' .

percent recbvery was determined as tfle difference between-_

»
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Determination of starch. The following method is

¢

éctording to a ﬁrotocol”orféinating from G. Peiser'(férmally
Univ. of Illinéis;'pers. com.) which is simikar to published
infofmation by Stitt et al. (1978). Approkimately 500 mg of
leaves. were pground in 715 ml of methanol : .chlorcform

water (12 : 5 : 3) end centrifuged £30,000 g for 20 min).
Subseqguently, ;@e Asamp}e1~was extracted withk‘?;thagoliﬂf
chloéoform : @ater and.centrifuged. THe insoluble residue

was dried overnight at 37°C (to remove chloroform)., The

resulting pellet was shaken in 0.1 ml 50% ethanol, diluted

[

N . J o . ;
with 2.0 ml of watér and autoclaved for 120 min at 121(C.

After cooling, 2.0 ml of 0.2 M sodium acetate (pH 4.8), 2.0
ml of 0.5% (w/v) amyloglucoside (Daizyme; Miles
Laboratories) and 0.1 ml of 0.01% (w/v) alpha-amylase (Sigﬁa

Chemicél Co.) were added and the sample incubated for 12 to
. . IS

16 hr ét 37 OCQ_ The amyloglucosidase was initiélly prepared

in water, centrifuged (25;000 g for 40 min) and the

supernatant Jy?hgipitated with 55% acetone at 15 ©

)

Aliqubtsﬂ(lo to 300 ul) from this starch digest were diluted

C.

with water tc a volumne of 1.0 ml. 1.0 ml of a mixture (25
parts- copper reagent. A\Qnd 1 parthcopéer reagent B) waS
added to each sample and the sample boiled for 30 min. 250
ml of reagent A contains: 6.2519§a<510f anhydtrous NaCO3,
6.25’\§;éms K:Na-tartrate, 5.C grams NaHCO3 and 50 grams
anhy rous Nazso . 100 ml of reagent B '‘contains; 1% grams

4

Cys0, 5H,0 and 2 drops H,SO,. After the®samples were ¢ooled

4 2
a . { ) -
\( V . :
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in water, 1.0 ml arsenomolybdate rquént (Sigma)~g§s added
to the saﬁplé.. After mixing‘the ayéorQAncé at‘§0Qvnm waé
measured. Glucose standards of 10,'20, 46, 60 énd 75 ug were
Qsed.' ‘ | 1

; Measurement of Photosanhésis in Intact Chloroplasts and 1in

Thylakoids

{
A ‘
’ ! . M ' 14 ' I‘ o
Electron transport rate mzﬂgurements. Four hundred_mg

\ F o
of leaves wg;e)hdmogenised for four 5 s bursts in a blender

"

at low speed. The blender . contajned 15 ml of 67 mM

KH , PO /NA2H904‘%pH 7.6), 0.4,M sorbitol, 50 mM NaCl and 0.2%

4

(w/vol) BSA. ‘The' homqgenéte was filté:ed through a 25 ;ﬂ
nylon .net énd ”Centrifuge& at 1,000 g for 5 min. The
thylakoidg wer?{ isolated by rupturing thé chloroplasts in
1.0 ml of homogenisatioh‘puffer, minug,séfbitol, buttwith ®

L]

- mM :MgClz. The suspension was centrifyged at 2,800 g for 5
min and the thylakoid pellet was res&spended in 250 ﬁl of
the above phosphate buffer and NaCl (modified from McCourt
1983)". Thylakoid§ wgre kept on ice and undér_;%m light until
use . Photosystém Il ratés for electrbn traﬁsport from ﬁa;er
to ferricyanide were determined by-measuring»O2 gvolutf&n.
Thg water to/fepricyabide (K3Fe[CN]6) measurements’ were made-
at 20-22°C'gsing an O, electrode (Hansatech Ltdi) similar to
Delieu and Walkerl(1976). I1lumination was provided by  a

,projec&or lamp fitted ﬁith a Corning ?-62 red:gliﬁs filter.
Illumination was measured at the cuvette surface to be 88b

€ m§% s (PAR). After 30 s 20 ul of 0.5 M NH,Cl was added
-~
o 4
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go tﬁe 1.0 ml reaction mix gf: 50 mM HEEES\CpH 7.6), 1 mM
ng§2; 1 mM Na,EDTA, 1.5 mM K3Fe(CN)6- and - approximpately
18:5-25 Mg chloropﬁYl% fPowles and Critchley {986). For
whole chain pﬁotosynfﬁétic electron trqnspor; (H20 td  PS1)
aﬁ assay sysFem Similar to the ferricyanide on; was use€d,
with the exteption that 4.0 mM yaN3, _0:} mM methyi;viéloéén
--and 16'mMMMgC12‘weré uséé~ahd 0, consumbtjpn wés; ﬁea§dred
ZPowyes and Critchley 1980). " - S ‘ | Q
., »Intéct chloroplast phdtOS&hthEsis.'In Brde?bto oStaiB a
Higb \percentage 13 iniqgt chloroplasts, chloeroplasts Qére
iéoléteaﬁ'hsing»provopﬁasts_igee fmmqpological} Techniques).

The chlbroplast'pellet was resuspendéed in”0.33 M sorbitol,

20 mM Hepes (pH 7.6), .5 mM MgCl,, 25 mM EDTA, 10 mM NaHCO, .
| and 0.1% BSA (fatty-acid free, Sigma.Chemical Co.) and

?

stored on ice (Somerville et -al. 1981). A typical assay

\]

medium was 0.33 M sorbitol, 1.0 mM EDTA, 0.1% BSA, 0.1 mM

4 .
~KHéPO4 and 200 units ml-1-ca;alase (Somerville et al. 1981),
e
THe optimum KHZPO4 concentration for maximum ratesy was
individually determined each time, for each strain,

Chloroplast intactness was detegmined by ferriryanide-

dependeﬁt O2 evolutioanefore-and Sfter shock (Lilley et al.

4

1975).

Other Me;hods

&

" Starch gel electrophoresis. This ° profedure  was

performed‘under the gquidance of Dr. Z. F. Florence) (Dept. qf

-



_ Forrest Genetics, Univ. of -Alberta). Plants were raised. in a
B : CY e

.high co, growth chamber.” The procedure is accordiﬁé.to Yeh
- and O'Malley (1979). - - : ,_/[
- , L

-4

wChlofophyll determxnatxom\ Unless specrfxcalLy noted .

for a. spec1f1c technigue, chlorophyll was deterquit;at 645,
652 and 663 nm (Bruinsma 196%). Alxquots of 10 to™250 nl
vere removed from leaf homogeﬂqtes and were diluted to 4.0

ml with water, and acetone to make a fina}-concentratioh of

80%-acetone. Thépsample was left in the dark at 4 °c for 30

to 60 min before measurlng the absorbancy The chlorophyll |

;bntent (pg / ml) _was calculated by the following tyo

L

formula: - Ty
‘ '
. ]
chl = 20.2 (ABS ) + 8.0 (ABS )
Ta+b 645 663
; Ch1a+b = 27.2 (ABSGSZ) ,

The determination of protein conceptration. Protein,4§; ’

estimated according to Lowry et al.” (1951) with lyéozyme'as

a standard in the\ GOGAT isolation experiments. - Fresh

alkaline Jcopper reageht was made by mixing 1 ml of 1% CuSO4

5H20 with 1,m1 oi’zzfsodxum tartrate and 98‘m1,of 2% Na2C03

~(in 0.1 N NaOH). Exagtly_s ml of the copper reagent .was’

added to a protein solution of volume 1,2 ml. This was mixed

immediately and after 10 min 0.3 ml’Félin-Ciocalpéau reagent
was, added and vortexed. After 30 min, the absorbance  was
~ determined at 500 nm against a water control. For the

determinati?n of standard protein concentrations® 10, 25;

?



't . R ‘e . . , P ‘ ‘ “C‘ 7 ; ° j
80
50, 75, 100 ‘and 200 ug protein were employed. :
. . ) < B P
‘Dye-binding assay for protein. For the determinatfon of
protein'duriqg the immunological studfes}l‘thﬁ Coomassie G-
250 (Sigma Chemit¢al Co.). dye binding assay was used (Spector
1978). For the preparatibn of the reagent, 100 mg of

. s : v « .
Coomassie werqutssoived in 50 ml of 95% ethanol.  Then 100

- ) ,
ml -of 85% phosphoric acid.was added. . This was diluted with.

water to 1 1 and filtered éhrough Whatman 3 mm filter/paper. .

For mqeﬁﬂgéaf tiséﬂe grinds, 55 to 100 ul of supernatant was

added to 0.4 ml buffer and subsequently either 10 or 50 -or

75 ul of this was added to 140 or 110 or 95 ul of water 'in )

an acid.cleaned glass QUbe.~ J.O‘mlgéf'doomassie reagent was

\

,added, mixed by vortexing and allow¢d to calibrate, for 3
N . ) . '

min. The absorbance was read at 595 nm. A BSA stock (0.25 mg

/ ml) was diluted.into the same grind buffer as the leaf

material was homogenised in, and“a standard curve af 10 to

4N

25 ug BSA was developed.

']

Protein determinétipn with deoxycﬁo‘ate. It has been
that the stanéard Lowry method for determining prote}n is
not rgéiaSIe in the presence of m;ny commogly used chgmicals
(Spector<197§)} In the opinion of the ersént author there
is a tgndency for the Coomassie-dye to precipitate and yield
varied protein measurements with crude extracts. Therefore,

“the mprocedu;é of Bensadoan and ﬁeins%gin (1976) was
eventually used, . yieldi;g' reliable :ésu}ts (data not

included). - This assay was  used for the  experiments

J
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.

concernihg the determination bf.RUBP{ éuBISCO'actiyity and -
experiQénts concerning revertants. LT |

A.10-200 ul aliguot f}om a leaf'homogendte was diluted
wigh watgr ‘toal.o mi and sodium éé%?;éholate was added .to.
200 pg/ml. The mix was invertedhseverai times qéd incubated
at 20°C,for_15 min. Tb‘the approximate 1,1 ml'mix, 330 p} of
24% trichloroacetic acid was added agd the mix vas inverted
several times. Thehvéxturk was centrifuged for 10 min in &
Eppend);f microcentrifuge. The supernatant was removed with
a pipette'tip.‘vA 50 : 1 reagent of 2% Nézco3 (w/vol) ;nd

0.5% CuSD,°5H,0 (w/vol), plus 1.0% sodium Citrate * was

prepared and 1.0 ml of the'}eagent was added : to the 'TCA.
_pellet. 100 pl of freshly prepared and diluted (water) 1 : 2
Folin-Ciocalteu . reagent was added. After mixing the édlor

reaction was allowed to develop for 45 min in the-dark at
[J

20°C; The absorbance was read at 660 nm. A BSA solution was

used as a standard.

Liquid -;cintillation techniques. The scintillation
" cocktail used consisted of 500 ml of toluene, 250 ml of
'Trifon. X-100 and 3 grams of 2,5-diphenylaxazole (Anderson

and McClure 1973). A Beckmann LS counter was used.



s " Results T N

)
llg;;LLpn of GOGAT Proteins from B. napus

'S .

LI .
Table 1 lists the GOGAT activities found in B. napus

T

leaf and root issue. This speciés was used in order that
¢ )

plenty of tjissue would be available for the isolation of the

respective enzymes. Using four different’ reductants, four

énzyme actiygties were found. In crude extracts of t0-day

old etiolated leaves, fd-dependent GOGAT activity was
-1

meagured at 0.2i: pmgg;g\ glutamate mg protein-] hr
However, . upon illumination, fd-dependent GOGAT activity

increased within 1 hour to a value of 1.3 and to 7.6 after

d 4

72 hours of flluminatidn (Table 1). There - was a . slight

decrease in NADH-dependent GOGAT'activi!p atter illumination

14

light affects the expressign of these two enzymes

differently. As mentioned in the Introduction, NADPH-
dependent GOGAT ‘basv been reported in beth tobacco and
soybean cell cultures (Chia and Shargool 1979; Suzuki et al.

1984). NADPH-dependent activity was .detected in DEAE-

cellulose extracts in B. napus (not shown). However, this

’ activity was not recovered following ACA-34 column

chromatography (not shown). One possible explanation for the

latter observation,_is that the NADPH-dependent act\vity may

not be a unique protein, but may simply reflect the prese‘]e

of - a 'second protein utilising-the NADPH t® form NADH in

A

82

of the etioclated leaf. It appears‘therefore that'inkthe leaf

!’

<Y



'GOGAT activity.  For the leat tissub, td- and NADH-de

crude leef extracts. Therefore, in crude extracts“the NADPH~

dependent actx’%ay may eg}uelly represent NADH- dependent

dent

GOGAT activities were localised to the pl
' X

tion

]

{Table 2).
-Data for . a typical purxfxcatxon of the root and leaf

‘NQDH -dependent GOGAT's are shown in Table(3 Yields amounted
w

- to approxzmetely 20% in each case. Throughout the

1]
purif&cation procedures, the two enzymes had ® comparable -

elution profiles (not shown). During purification the
presence of glycerol and DTT were found to keep the loss oE
NADH-dependent .GOGAT acﬁivity to a minimum (not shown). The
purity of the resu}ting proteins were assayed by native
PAGE. The NADH—dependent GOGAT proteins upoy electropﬁoreeis
moved Eg»identical positions in the gel and yielded a siﬂgle
band (Plate 1), | ’

The purified NADH-dependent GOGAT from both root and
leaf tissue yielded a final spec;figlactivity in excess of
20. Both enzymes.were'specific for NADH, and demonstrated no
activity with NADPH, methyl viologen or fd (not shown).” In

6\ v .
order to examine as to whether the purified enzymes utilise

alternative substrates, or if other substrates, affect the

- GOGAT activities, assays were performed after incubating the

N

enzymes with the appropriate ‘metabolite. No'activity \was
detected ~when using (NH4)ZSO4, glutamate, asparagine or

oxaloacetate as substrates' (not .shown). Malate, PEP,

J _ | ( v
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Glutamate synthase activities from the Foot
leaf tissue of B. napus. The experiment was
tW¥ice and the values were averaged (+ S.E.9.

84

Table 1 - -

and
done

Tissue GOGAT Activity
reductant’ 10 day 3 days illumination
etiolated after 10 days
dark growth
d .
‘J/ (umcles mg protein ' hr ')
. - - . v ’
Leaf - -
£d 0.21+0.06 7.60+0.80
methyl viologen 0.10+0.02 ‘ 3.45+0.30 -
NADPH 0.24+0.04 © 0.30#+0.10
NADH 0.60+0.05 0.52+0.20
» , \
Root }
£d 0.46+0.10 0.45+0.20
methyl viologen 0.21+0%p3 0.1240.08 ’
NADPH 0.3820.20 0.49+0.40
NADH 0.89+0.90 1.20+0.90




’ 4 es
»
Tabld 2 ’
Distribution of GOGAT ac®ivities within the leaf
of B. napusy The experiment wvas replicated two
times and the values vere averaged. The values
represent the percent of total activity., The
recovery of the initial activity, is the sum of
the activity determined in the three fractions,
over the activity in the initial crude extract
(before centrifugation).
)
Fraction Recovered Activity ° ,
fd- NADH- RuBISCO Chl Catalase Cyto-
GOGAT GOGAT * . chrome
. ' C
oxidase
N »
N
4000 g
pellet 93.6 90.0° 9.4 98.7 5.0 3.2
] W)
14000 g ¢
pellet 0.0 1.5 0.6 0.8 24.4 93.2
super- .
natant 6.2 8.0 8.4 0.3 68.1 2.8 ‘
recovery
of
initial \
activity
(%) 99.0 93.0 + 90.0 112.0 106.0 82.5 x
A
] \ d
[ 8



. Table 3

Purification of NADH-GOGAT from root and leaf tissue
of B. napus. :

- o Y v
Source Protéin Activity Specific VYield
o0 - activity
(mg) (units) (U/mq) (%)
» ) T
Leaf : .
supernatant 6850 T 143.9 0.021 100
(NH )2504 5152 128.8 0.025 89
pEA 256 . 102.1  ,0.400 71
ACA-34 . 1.7 34.4 20.100 23
Root '
supernatant 2910.0 174.6 0.06 100
(NH )2SO4 1118.0 156.6 0.14 89
DEAS 63.3  100.0 1.60 57
ACA-34 2.0 42.6 21.20 - 24




Plate 1 Nondenaturing PAGE of the NADH-dependent
GOGAT's purified as described in the text. The
protein in lane 1 is from leayes and in lane 2 p
from root tissue. Approximately 10 ug of protein
vas added in each lane. The gel was run from top
to bottom,

A

(“\/

-
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wlanine, phosphpélhconatef aspartate or 3-phosphoglycefate
.wprg tésged for ‘fhefr{effeét on enzymg’ aétivity. At a
céncentratron of 3 mM, they'did not affect NADH—dependent
GOGAT activity (not shown). The plot for the esfimafed MW of
Eﬁe roéth NADHfdependehf GOGAT is given in Figure 2. The
estimated MW was 225,000. The optimum pH was 7.4 .to 7;6
(Tabie, 4), which'lis similanxtb the NADH-dependent ‘l&AT

: . &
isolated from\bea (Matoh et al. 1980), but lower than the pH

v

opt imum of , 8.5 reported for the enzyme from lupin nodules
- Boland and Benny 1977). The Km's for NADH were difficult to

detqrmine due to .the low activity at very low NADH
@

concentrations. The results suggest however that the Km's

’

Qere ‘Similér (Fig, 3) and comparabie to the Km of 4 UM as-
déterminéd for the pea enzyme. , i\ '
NADH-depéndght "GOGAT is a multisubstrate enzyme, ang
‘Lineweaver-éurke déuble reciprocal plots were used at
‘varying SUbStraEe levels. A primary plot for root NADH-
ggpehéént GOGAT at varying ~glutamine and fixed 2-
oxoglutaréte is showﬁ‘ (Fig, 4). The plot shows the
converging slopes characteristi; of a‘sequential enzymatib
mechaniém_(PiSzkiewicz'1977). Subseéd%ntly. the in;ercepts
were plotted against the 1inverse of the particular
éoncentratidn (Fig. 4.) The kinetic data for both enzymes
</;re summarized in' Table 4 and the respective plots 1in
‘d \\Figures.S; 6 and 7. Boland (1979) has shown that NADH binds
J ffrst 'to the enzyme (possibly inducing a conformational’

change) followed with a random-order binding of glutamine

s
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" Table 4 . " /

Properties of NADH-GOGAT from root and leaf tissue
of B. napus. '

Source Apparent © K (um) pH
» MW optimum
NADH  2-0G  GLN /
Root 220,000-235,000 4.5 80 590 7.4;7.6
‘Leaf 225.000-240,000 4.0 80 . 625 v‘7H447.6:_
- “
.
X
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. <
-
+ / *
|
‘ - \V,
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and 2-oxogld£arate. Since the double-reciprocal plots showed
a convergence below the horizontal axis (in support of
Boland's (1479)'work) it is apparenththaﬁ the concentration
of one substrate, can influence the Km for the second
subsérafe in the GOGAT catflysis reaction (Piszkiewicz
9. - o
Leaf fd-dependent GOGAT was purified to hoqogeneity

" (Table

with a final specifiE gqtivity of 42 U mg protein
5). The enzyme had no’activity with asg?rcate, oxalbacetqte
or NH'4+ as substrates (not shown). Potassiﬁk, sodium and NH,
ions were not found to be stimulatorx, and 10 mM MgCl2
"qyiéldea a 15% inhibitory effect (not shown). At 5 mM PEP,
malgte, phoSgﬁogluconate, fructose 6-phosphate, alaniné’énd
aspartate did not inhibit the activity (not shown). The pH
optimum(gﬁés between 7.5 and 8.0, which isw considerably
highe f,than the pH optipum of 7.3 reported for the fad-
depéndent GOGAT from v. faba (Wallsgrove et al. 1977)’ and
gr the one from rice (Suzuki and Gadal 1982). The apparent
MW was found to be 145,000 in déhatqring gels (Plate 2). The
,hative‘Mw wé$ determined with sucrose gradients. In sucrose
gradients, fd-dependent GOGAT sedimented almost identically
with yeast ADH (Fig. 8). Yeast ADH is reported to have a MW
qf 150;000 and an S vélue of 6.7. Conseqpently tﬁe MW of
native‘fd-dependent GOGAT amounts to approximately .150,000.
Thereforej_ fd-dependent GOCAT of B. napus was cansidered to

be active as'a single subunit. 1In rice, fd-dependent GOGAT

was reported to be active as a dimer (Suzuki and Gadal



Table 5

Summary of leaf fd-GOGAT purification.

Fraction " Protein Activity Specitiqf
' Activity
(mg) (units) (U/mg) (%)
1 .
supernatant 7330 733 0.10 100
(NH4)2SO4 .5200 676 0.13 92
DEAE 620 502 .81 68
ACA-34 22.3 325 14.60 44
hydroxylapatite 5.1 T 214 42,10 29




Plate 2 Results of SDS-PAGE performed on B.

. hapus leaf fd- dependent GOGAT and purified as
described in the text. The gel photographed
contains approximately 8 ug protein in lane 2,
stained with Coomassie brilliant blue R. The Mw
standards are in lane 1 and were added at 15-
20 ug per protein., The direction of mxgrat1on
was from top to bottom.



200,000-

" W - - GOGAT
116,000~
94,000-
' {

L3

168000~ [

g

43000-



N
+ 16000 , 7 200
[) . L}
' ' o ‘ - 175 8
~ 12000 | {150 &
z 1125 ©
e
© 8000 | {100 =
— ) T
< 4 075 2
O -
8 4000 |- | 1050 -
; l'/. .\\ . {025 .o
x . >
Q. 0 A n4-?1 1 1 ?‘0-1\ f~H-Oclxx | _J 0
@) ,

0 4 8 12 16 20

Fraction numbeéer

Figure 8 A plot representing the distributédn

of fd-dependent GOGAT activity and the absorbancy
of yeast ADH collected from separate sucrose
gradients. This experiment was repeated once, with
.Similar results.

e
>

|

\

0!.

\



S Ty
(I . . . -
1982) in' V. fdba as } monomer (wallsgrovo ot al. 1977).

) Reciprocal plots are prescntcd in Fzgures and 10, The
enzynatic roactxon resembl a sequentxal Qrchanxsm, thh a
Km Ior 2-oxoglutarate of z;‘ux and tor'glutamxne of 3B0 uH.

The plots rbpresent data orxgin&tnng from one preparation of
fd-dependent GOGAT. Theé Km for\ierredoxxn vas found to be
«*‘ 4 1.2 to 2 uM (riq: 11)., These values aTe similar to other

reported fd-depende& GOGAT prqteins (Table 6).

EE" fd-dependent-GOGAT activity in roots of B. nibusu

’,

was partially characterised once, The procedure for
isolation followed that of the leaf fd-dependent GOGAT. The
fd-dependent GOGAT activity behaved similarly as the fa-

dependent GOGAT from' the leaf form, but diffagently . than

NADH-dependent GOGAT (when[ chromatographed on a DBXE-.

¥

cellulose preparative coldpn, Fig. 12), However; not enough °.

N : S )
‘,A," enzyme was recovered to justify further purificationt®

Genetic Analysis of GLUS Mutants of A. thaliania

<

In order to test for the number ‘of genetic

'—complementation grodps, sexual crosses among the mutants'

were made. All the mutants were Qrossed individually to each
of the followxng three maternal lines: CS 5) CS 66, CS 254.
‘These three maternal lines were marked with the glaborous

phenotype, in order to differentiate self and out-crossed
) . .-

progeny. In all cases the progeny (593 individuals) were

inviable. in normal air. Siity-two progeny were selected at
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Table 6
Propegties of NADH and f4 GOGAT preparations
repo in the literature. N.A. indicates
info-vg#ion not available. -
Source (;(pm) Specif. Subunit -Redf. )
Act. . MW
fd .NADH 2-OXG GLN
: (U/mg)
Lupin - 1.3 39 40Q' 18.0 225,000 Boland,
: . Benny
Vicia 2 - 150 330 7.0 145,000 Wallsgrove -
’ ‘ et al.1983
En 1.7 - 240 1100 4.1 160,000 Matoh et al
1979
Pea - 4.0 37 400" 15.6 é’a,ooo Matoh et al
1980
Chlamy- ° ' :
domonas 0,01 - 170 190 N.A+ 165,000 Cullimore,
. < Sims 1981
Chlamy-
domonas - 13.0 7.0 900 N.A. 240,000 Cullimore,
Sims 1981
Rice 5.5 - 390 270-570 36.0 115,000 Suzuki,
‘ . Gadal 1982
. Chlamy-
domonas 5.5 - 1000 700 10.0 146,500 Galvan et
. ' al. 1984
Chlamy-
domonas - 7.6 18.2 600 4.6 @N.A. Marquez et
: - ‘ ~al. 1984
B.napus - 4.5 80 590 21.2. 225,000 thesis
B.napus - - 4.0 80 625 20.0 227,000 thesis
B.napus 1,2 - 100 380 42,1 . 150,000 thesis
Panran
77X
-
6,
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Figure 12 Chromatographic patterns of GOGAT A
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random froh amoﬁgét all three-crosses andvgere,found to be
deficient in fd-dependent GOGAT aclivity (not shown). 1In
crosses of each mutant to the WT strain: all F, progeny were
viable, demonst;ating the recessive nature of the mutation.
Therefore, it was concluded that the same gene was
résbonsible for the alteration in fd-dependent .GOGAf in

these mutants.

0

Assay for GOGAT Activities in GLUS Plants

TQL metabolic distribution qf products of 14Co2
fixation -found in GLUS strafns photosynthesizing in ﬁqrmal
air suggested a defect for fd—dependen; GOGAT activity (daté
of Dr. C. R. Somervilig, pers. cdmm.) and thus crude
extracts were prepared from plants grown in COz-enriche§ air
and as§ayed for fd-depéndent‘GOGAT a@%ivjty in root and leaf
tissue. As shown in Table 7, the activity in the mutants was
reduced in comparison to the amouﬁﬁs determined in the WT
strajn. In contrast, the NADH-dependent GOGAT adtfvity was
normal in both root and leaf tissue. It is conceivable that
the lack of enzyme activity found in vitro in-some or all of
the mutants, was due to enzymatic instability during the
isolafionvprocedure. .This could be the result of strhctural
alterations leading to OSmoticAinstability, ‘Qr an increased
susceptibility to protease activity. Therefore, the assays
Awere ;;epéated in the pfésence of 30% glyceroi> or the’

protease inhibitor, PMSF whilst grinding the tissuesikUnder

these- conditions, _ increases of 2-11% in fd-aépendent GOGAT

1)
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Table 7

LN

GOGAT act1v1t1es and CRM levels for GLﬁS mutants -
of A. thalxanxa ,

.

— ,
Straix‘); GOGAT activity © CRM level
leaf root ) ) '
fd NADH fd NADH \ (%)
(pmoles glutamate mg protein U he™ )
WT 5980 296 280 . 588 100
cs 5, 180 241 64 480 ® 23
CSs 6 220 280 70 380 69 -
cs 30 228 298 102 460 48 |
cs 37 210 340 B84 580 72
CcsS 39 160 350 64 560 31
CS 40 250 345 70 490 26
CS 56 60 293 65 500 . * 40
CS 66 00 334 71 450 60
CS 102 195 245 77 540 56
CS 103 230 305 62 480 - - 27
Cs 105 155 335 55 600 16
CS 110 200 345 70 v 498 45
CS 112 25 372 64 536 . 42
CcS 113 23 350 60 560 : 8
CS 138 150 390 62 582 7
Cs 157 152 380 65 . 555 29
CS 162 253 340 65 490 - A 10
CS 168 161 275 66 395 53
Cs 172 205 365 64 564 18
CS 204 250 . 380 66 597 30
CS 206 '+ 235 344 64 . 505 11
€S 239 210 370 69 443 28
CS 254 145 330 - 60 509 8
Cs 260 170 ) 350 74 507 .18
CS 261 250 380 - 78 490 44

CS 263 210 370 74 480 45
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activity were found (not shown). 'The use of glx;erol -and

PMSF has been reported té stabilise mutationalfy altered

proteins in Saccharomyces cerevisiae (Bigelis et al. 1981),

Immunélogical Analyses of GLUS Plants

! 3

The poésibility that the mutants possessed altered
forms of fd-dependent GOGAT was investigaﬁed
immunologically. An Vantibody was preparea by 1injecting
rabbits with fd-dependent GOGAT purified from spinach. It
was found that the antibody specifically inhibited fad-
dependent GOGAT actiwity from A, thaliénia leaf tissue, but
*,éid not inhibit NADH-dependent‘GOGAT (Fig. 13). The level”of
CRM present in each mutant was.assayed by the ability of
mugant extracts to protect WT fd-dependent GOGAT activity
from thé antibody. A range of CRM vélues from 7 to 72% was
found in the mutants (Table 7). These data provide support
to the notion that the prbtein ~has been mutationally
altered. ’ |

Antibody-antigen complexes precipitateg from leaf
extracts treated with GOGAT antibody wusing S. aureus
absorbent, were wéshed, resuspended in SD§ and subjectedAto
SDS-PAGE. Plates 3 and 4, shsw the immhnéprec&pitatgﬁ from
25 mutant strains of A. thaliania. As shown,’ three;'bands
appear pér lane of the gel. The bottom band-is I1gG, th;
othér two ba?ds ar?’eiﬁher fd4dependent GOGAT polypeptides

or the middle band represents another protein. The top one

migrates according to the expected MW of the protely. /
. ; _ 7
| \‘/



j}'ReIative GOGAT activity (%)

Figure 13 The immunoinhibition of NADH- and fd-
dependent GOGAT from leaves of A.
data shown were obtained using crude sera. Fd-
dependent GOGAT activity after treatment with
control sera ( o ) and antisera (x). '
dependent GOGAT activity after treatment with

100
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Plate 3 A 7.5% SDS-PAGE of proteins removed, from

A. thaliania crude extracts by antibody raised
against spinach leaf fd-dependent GOGAT. Migration
of polypeptides is from top to bottom. The "S" lane
contains MW markers, which are (from top to bottom)
myosin (200,000),/ -galactosidase (118,000),
phosphorylase B (92,000), BSA (67,000) and oval-
bumin (45,000). For comparison, WT is the wild-type
- Strain. The gel was stained with Coomassie blue.
The number of the appropriate GLUS strain or

WT is indicated on the lanes of the gel. Gels

A and B were identical but contained immuno-
precipitates from different strains.
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Plate 4 SDS-PAGE of proteins removed from
A. thaliania crude extracts by antibody raised
against spinach leqf fd-dependent GOGAT. Except
for different strains used the gel is similar to
the one reproduced in Rlate 3.

»



37
159
- wt
- 157
) 140
30 -
68
b 206
} 162
172
112
66



~_ 16
o

T
Initially, immﬁnbpreﬁkﬁ';ates were 4dllowed, to form
overnight, and then incubated with S. aureus absorbent for 1
h; at 4° C.u Later it‘was ditcrmincd';hat a complex coyld be
formed in 3-4 hr and treated with §. aureus mbsorbent for 10
min. With the alternative procedure, involving the shorter
incUbation per i‘ods, immunoprecipitated polypeptidesl-were
resolved on a 7.5% SPS-PAGE, and oﬁly thelfd-dependent COGXT
 p6lypoptide was appareni above-the 1gG band. The -middle Band'’
;Ls no longer present (Plate 5). In lanes C and D are‘;T and
CS-162 strain pregipitates, showing iéeﬁtical-migxation Ibf
fd-dependent )GOGAT, and no middle band. In lanes A and B,'
are ﬁhe precipitates fo? the WT and CS-162 strains, ' using
the >riginal protocol. The lower Mw polypeptides in lanes C

and E are of unknown origin, .

’

In‘Plgie 6 are total soluble polypeptides p?epared from
leaves resolved by SDS-PAGE on 7.5% ‘gels. Sevénteen " mutant
strains were'examiﬁed. In the A jgi, an imﬁunoprecipitate
was prepared and resolved on the gel. As shown, a bagd
corresponding to the fd*dependent édghf peptide 1s apparent
in the total polypeptides from the WT strain. As shrvéyed
with leaf polypeptides extracts or immunoprecipitatgs, uging
- SDS-PAGE, no mutant straig was found to have a fd-dependent
GOGAT altered in MW (P?ete 6). |

One possible e%planation for the low fd-dependent GOGAT

activity and CRM level in the mutants, would be that the

protein had been mutationally altered, to such an effect

*



- k4 . .
Plate 5 A comparison of proteing immunoprecipftated
by two procedures, using the same antibody to, :
.spinach fd-dependent GOGAT. Migration of proteins

is from top to bottom. Lanes A and B contain poly-

. peptides prepared by the one procedure and lanes

C and E by .the alternative procedure (see Materials
dnd Methods). Lanes A~and C contain immuno-
precipitates from WT tissue and lanes B and E

from CS 162. Lane D contains the MW markers
phosphorylase B, BSA and ovalbumin. The gel was
stained with Coomassie blue. ' St

A
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Plate & 7.5% SDS-PAGE of total soluble
polypeptides from leaves of A, thaliania, WT

‘and GLUS strains.-Migration is from tep to
bottom. In gel A, i noprecipitated polypeptides
were also, subjected to electrophoresis (lane
"IM"). The top band in the IM lane is fd
-dependent GOGAT._The gels were stained with
Coomassie blue, »

£ =

%(‘
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that it was no longer in the proper environment, It is
believed that fd-dependent GOGAT is synthesised 1in the
cytopl o (Suzuki énd Gadal 1984), and transported into the
chlor&if:st. To investigate whether or not the improper
“iocaiisation of fd-dependent GOGAT (within the celi) was the
cause £0r the mutant phenotype, chloroplasts were isolated
and mixed 1:4 (vol/vol) in the I+“grind buffer.. Chloroplasts
tr;} both CS 30 ‘and CS 66 contain fd-dependent GOGAT
polypeptide (Plate 7). These two high'CRM mutants were used,
as thé yield of chloroplasts is sometimes low in the mu{ant
strains. For example when using CS 254, little success was,
achigved in immunoprecipating fd-dependent GOGAT from the
chloroplast preparations, but a faint band was soﬁétimes
app;:;nt (not shown)l I't Qas concluded that a more resolving
protocol is réquired for the"determination of the
localisation of fd-dependent GOGAT polypeptide within- the
chloroplasts of strain CS 254. It is the author's view that
a protocol wutilising radiolabeling of the proteins 'might
yiéld a greéter resolving power.

The lowered activity for both root and leaf fd-
dependent GOGAT activity may be related to the same gene-
defect. An immunological approach,EO»answer this Qquestion
dependent GOGAT, did immunoprecipitate a protein from the

roots of the WT strain. The proteiﬁ migrated to a .position

equivalent to the position of purified spinach fd-dependent



Plate 7 Fd-dependent GOGAT -polypeptide immuno-

.precipitated from isolated intact chloroplasts, -

with antibody against spinach leaf fd-dependent

GOGAT. Migration is from top to bottom. Lane A

contains polypeptides from the mutant strain,

C5-30 and lane B contains polypeptides from CS-66.
N (&
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GOGAT did (Plate 8). The dpparent antigenicISimilarity would
suggests . that leaf and root fd-dépendent GOGAT aée posgibly
encoded by_the same gené. Also, it suggests that a gene
thats expressioh is affected_ by light (Suzuki and Gadal

1984) can be expressed in the root tissue.

-

Photosynthetic CO, Exchange.Rates of WT and GLUS Plants
4

In Figure 14 the q‘; exchange of co, is prééented for

both strains.  In 2% O2 and 360 ppm Co, (remaining N,) the

2
rates were similar. In 21% O, and 349 ppm Cozh (remaining
NZ)J.GLUS photosynthesis was inhibited after 5 to 8 min from
the onset of illumination. This respbnse " to a
‘photorespiratory gas Tregime hé; been observed ' previously
with the GLUS strain (Somerville and Ogren 1980a) and was

typical for a photorespiratory-defectivé mutant (Somerville

and Ogrem 1982a).
Activity of Key PCR Cycle Enzymes in WT and GLUS Plants

# Light induces the activation of RuBISCO in A. thaliania
(Somerville et al. 1982) and as shown in Figu;e 15, RuBISCO
was similarly activated in t e WT and GLUS strain under
photorespiratory gas condition£A  An appréximate doubling of
;nzyme activity (when cohparedﬁfb the enzyme acfivity of an
extract prepared from leaves§'was observed when exposed to
light ana equilibrated for 56 min in thé\dark in the. IRGA.
However, this exposure of GLUS plants to 21% O2 and 340 ppm

CO, (remaining N,) ewentually resulted in reduced RuBISCO

s

e



Plate 8 A 7.5% SDSrPAGE of purified ‘spinach &
leaf fd-dependent GOGAT (lane A) and polypeptides
removed from A. thaliania root tissue (lane B)

by antibody raised against tHe leaf fd-dependent
GOGAT. Migration is from top to bottom. The gel
‘was stained with Coomassie blue. «
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Figure 14 Rates of net phbtosynthesis in WT
and GLUS mutant A. thaliania illuminated under
2%-0, and 360 ppm CO% (remaining N,) (~----)

or 2%% 0, and 349 pph €0, (remain?ng N,)
(- - -)."“The phqtosynthegis data were cgllected from

5 to 7 plants for each straih. Plants were 28
to 35 days old, and of two different seeding

dates.
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Figure 1S The effect of 21% O. and 349 ppm CO,,
remaining N, on the RuBISCO agtivity from leages

of WT (0 ) gnd GLUS mutants (X ) of A. thaliania.

Plants were allowed to photosynthesize for the

‘times shown, then were immersed in liquid N2 and

the leaves removed under liquid N,. RuBISCO“was
extracted and assayed as describea in the text.
The plants were 27 to 35 days old and each datum
point is the average of 10 to 14 plants.
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activity, After 40 (pin of photosynthesis, the RuBISCO
activity in the GLUS strain was less.-than 70% of the WT
ﬁuBISCO activigy:

Two other enzymes of the PCR cycle, known to be light-
activated (Lilley 1983) .were also assayed. As shown in
Tables 8 and 8, FBPase and RSP kinase activities were }qwer
in the GLUS plant then in the WT under photorespiratory g$$

N
conditions. After 40 min of photosynthesis, FBPase activity
L _

in the GLUS was 76% ofy the WT level, whereas the RSP kin;se:

' activity was 69% of -the WT level when performed/ under

similar conditions.

T

Enzymatic Analysis}of RuBF. ih WT and GLUS Plants

N

Prevjously, , it had been proposed that the decline in

CO2 'fixation' for GLUS plants was the Tesult of a lack of
carbon in the PCR cycle (Somerville and Ogren 1983). To
examine this proposal, RuBP levels were enzymatically
determined in both the WT and mutant strain. The.RqBP level
was ahalyséd per mg protein, asllhis was though to‘be the
\maég\ accurate method with HC10, extracts. Whenigklorophyll

and protein were determined with leaf extracts prepared in

RuBISCO-buffer, approximately 10 mg of soluble protein was

equivalent to 0.7 mg chlorophyll. Thus, a steady-staté RuBP
level of 10.2 nmol mg protein-1 (Table 10) is equal to 146
“hmol mg chlorqphyll-1. This asSumeérthat an equivalent

amount of protein was extracted by grinding in RuBISCO-

4
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The FBPase activity from leaves of plants that
photosynthesized under nonphotorespiratory
conditions (2% O, and 360 ppm GO,, remaining

N,) and during pﬁotorespiration ?21% O, and 349
pPm CO,, remaining N,). Plants were 30°to 35,

days ofd. This experiment was done with plants

from one seeding date. The exp ent was repeated
twice for the 21% O3 regime an rformed only once

for the 2% O, regimé. For they?2 2 determination,
the results Gere averaged (+

-

Time of FBPase activity
illumination
| (min) 2% O2 '21% 0,
wr GLUS WT GLUS
(umoles mg chl” ' hr ')
; —
0 41.3. % 37,0 ITBe2. ! 33.5+1.9
5°¢ o - 77.123.0  76.0+3.2
10 105.3 96.8 92.3+3.6 81.6+3.7
20 . - - 93.4+3.4 78.7+3.5

40 -~ 101.9 90.6 90.8+3.2  69.3+3.2

data not collected.

-

A -
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Table 9

R5P kilnase activity from leaves photosynthesizing as
in Table 3.3. The 2% O. experiment was carried out’
orge, The 50% O =exper?ment was repeated three times
and\ from plants®of two different seeding dates. The
plants were 29 to 36 days old. The 50%‘02 data were
averjged (+ S.E.).

K

Time RSP kinase
oo ¢ : . N - .

(min) + . 2% 0, | 50% 0,

. WT ' GLUS WT GLUS
’ (umoles mg ch1™! hr_T)

A ‘

T '\ ”

0 6340 71..8 69.3+4 .4 74.5+4.7
10 . 323.9  321.1 386.7+15.5  352.8+20.4
20 309.2  348.9 . 402.0+16. 1 337.0419.3
40 346.9 328.4 390.3ﬂ<:.7 270.4+15.9

- . / )
] / | .
‘ ¢
A}
a . A
v
IS é ,

o (Y
it



Table 10

Change in RuBP levels durind photosynthesis in 21%
O, and 349 ppm CO, (remaining N,) for GLUS and WT
Agabidopsis. The aalues are froffi 4 separate
experiments and were averaged (+ S.E.).

RuBP

(nmoles_/ mg protein)

Time{(min) WT B . GLUS
! - 13.5+2.9  12.8+2.4
8 12.4+42.6 13.042.5
216 , , 11,1420 9.9+2.8
a5 L 10.2+2.0 n 4.7+1.7
- ot 51-‘ "7,1
o ‘

g

132



» ‘ ‘ 133

buffer as was extracted for HClO4 grinds. This value |is
c 4 ,

4

comparable to the RuBP level as reported in other studies

(Creach and Stewart 1982; Perchorowizc and Jensen 1983;
Dietz and‘ﬂeber 19845; Badger et al. 1984). The reliability
of the procedure used to measure RuBP, was assessed by

recovery measurements for duplicate samples of RuBP. Both

duplicates were added Qirectly to HClda, altﬁough one was

combined with ground leaf tissue stored in HC104. By
comparing the RuBP values of the.two sahples, an estimated
recovery of 83.4 * 12.0 (average of 5 trials + S.E.) was
noted. (Values pfesented in Table 10 are corrected for yield
loss.) HoweVef, this may not be an accurate way to estimate
RuBé stabiliey, in the tissue. RuBP added to HClOl vwas

assumed .to be stable, however, the RuBP in the tissue could

'be metabolised and / or degraded during the process of

killing the tissue, as liquid N2 does take time tp pene@rate

leaf tissue (Ap Rees 1974). 4%erefore, the RuBP levels
. .
reported herein may not iccurately measure the absolute ‘in

vivo level, but are probably valid for compar1ng RUBP levels
-*
¢ .
between strains, L
vy

kJ ANt .
. AS  shown iﬁléﬁﬂkae 1P, after 4 to 8 min of
’ 3

»
t

photosynthesis in 21»%.'0;2' and 349 ppm CO. (remaining N,), the

2
6LUS sgrain's RyBP level was 95% of that of the WI strain.

. A ~
By 8 min, ‘the RuBP level was 104% and by 45 -min, the levgl

was 43%. These data suggest that RuBP.may limit tngﬁgate of
photosynthesis between 16 and 45 min\ However, no ditference

in RuBP leveiS of matﬁre leaves between the GLUS and WT was
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found after 4 to 8 min in photorespiratory conditions, when
inhibition of photosynthesis was first observed in the GLUS

plants (Fig. 14).

3

+ - .
The Effects of NH, on A, IL:J:‘MSmlogY C
, <

Mg
The prev1ous sfudy concérnlng‘ghép levels showed that a
differente in levels was present between the GLUS and WT
plants. The lower level of RuBP after 45 min could be the
result of accumulated NH4 wh1ch in turn had an uncoupling
effect on’ photophosphorylat1on. ‘To test the above, NH 4C1 was
“fiants which” th their roots severed 1 to 3 mm from
i?gf tip. Previously, the leaf-fragment technique for

Cl was used ip A. thaliania (Somerville and

1983), yielding unusual 14CO2 labeliné éétterns
(Somerville and Ogren\198A). Tﬁerefore, ané in order to
compare metabollsm with intact plants, the seVéred root tip
tecthque was used

WT plants with severed roots still had a photosynthetiF
CO2 exchange rate similar to that of intact WT plants (Fig.

16). The observed photosyhthetic rates of about. 60 pmole CO
-1 '

2

mg chl ) are

hr™! in 21% Oz'and 334 ppm co, (remaining N,

- comparable to other studies with A. thaliania (McCourt 1983;

Somerville and Somerville 1983). After 30 min, the CO2

exchange rate was inhibited by over 50% in the GLUS strain
relative to the WT. The data indicate (Fig. 16) that that
-

feeding NH4C1 to WT plants of A. thaliania was inhibitory to

e

4
PV,
.

h ’
y. T o
i g .

Dy S



02 and 334 ppm COé (remaining~N2).
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photosynthesis. (Data will be presented later showing that
NH4C1 also inhibits photosynthesis in chloroplasts).

Figure 17 shows the NH4+ levels Qetermined in’ plants
under the same conditions as quoted in Figure 16. In WT
plants, little NH4+ was detected. This indicated an active
glutamine synthetase/COGAT NH4+ assimilatorficycle (Keys et
al. 1978). 1In 21% O, and 334 pﬁm co, (remaining N2), the
relationsbip between NH4+ accumulation and photosynthetic

rate in the GLUS strain was not as clear as reported for 50%

o, (Somerville and Ogren 1980a). Between 5 to 10 min after
the onset of illumination a slight decline in ph6tosynthesis
in GLUS plants could be detécted, yet, the NH4+~level did
\hotiseem appréciably higher than in the WT plant.

Upon illumination, the NH4* level rose quite rapidly in
¥H4Cl-fed WT plants, and reached higher levels than found in
either the WT control or the GLUS strain (Fig. 17).
Probably, the higher NH4+ levels were 1in respoﬁse to

+

4 level of the NH4C1-

fed plants, photosynthesis was not inhibited to the same

transpiration. Despite the higher NH

degree as the GLUS plant. For instance, atter 20 min of
illumination, when the NH4+ Jevel had reached approximately
0.24 pmolé mg chl-T, the GLUS photosynthetic rate ‘had
decreased by 40%. However, 1in the NH4C1-fed WT plant NH4+
had reached approximately 0.26 umoles mg chl‘] after 20 min
of - illumination and photosynthesis was 'not inhibited,
Clearly, if the buiid-up, of NH4+ was the sole cause for the

inhibition of photosynthesis in GLUS plants, then an
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v

equivalent {nhibition of photosynthesis should be observed
in the NH4C14fed plants. Thus, a separate or additional

mechanism may be responsible for photosynthetic inhibition

N

in GLUS piants.
T understand the comrsequences of the GLUS lesion on
metabolism in a leaf undergoing photorespirafion, the

‘metabolisms of the GLUS and WT strain were compared by

measuring the percent recovery of 14C in photosynthetic

‘intermediates following \labeling of the plants with ]4C02

(Table 11), After labeling the'planté for 2.5 min beginning

4 min after the onset of illumination, the percent recovery

14

of C metabolites was similar in the two strains. : However,

if the labeling was done in the 11413.8 min interval after

illumination{ a higher percenfdge of label yas present in
SMP, glycolate, glyoxylate, 2-oxoglutarate and RuBP in the
GLUS strain, than in the WT. Some of these changes ere

probably the result of the lack of 'glutamafe for

transamination ~of glyoxylate to glycine. Hence, 14C

accumulated .in glyoxylate to 1.9% of the total 146 recovered
» ' : .
from the GLUS .strain and less 14C was recovered 1in serine

4nd glycine. rhe cause(s) of other alterations were not as

obvious. At ‘the time of the experiment, the pq"gnt

14

accumulation of C in RuBP was unexpected.

In 1982, Cook and Tolbert reported that glyoxylate can
s :
directly inhibit RuBISCO and their finding stimulated a

brief invéstigation into the 1level of glyoxylate in GLUS
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Table 1

Percentage of total radiocactivity recovered in inter-
mediates isolated from GLUS and WT leaves, wqach
photosynthesized in 21% O, and 334 ppm CO 2
fixation -was measured dur?ng the 1nterval§ after the
onset of photbsynthesis: .4 to 6.5 and 11 to 13.5 min,.
Plants were allowed to equ1115rate with the gas system
of the IRGA in the dark for 20 min before illumination.
‘This experiment was replicated three times

(average *+ S.,E.). .

Fraction Strain
Wr o . GLUS
4-6.5 11-13.5 4-6.5 , 11-13.5

Acid-1 7.6 10.3 8.1 14.3
malate 0.4+0.1 -3.0+0.6 1.8+0.4 4.9+0.6
citrate ~0.0+0.0 0.3+0.1 0.0+0.0 0.6+0.1
2-0xo0- : . .o

glutarate 0.0+0.0 0.0+0.0 0.240.1 0.8+0.2
glycolate 1.2+0.1 0.3+0.1 1.9+0.3 2.2+0.2
glycerate 1.240.1 2.0+0.2 1.8+0.2 1.0+40.2
glyoxylate 0.0+0.0 0.0+0.0 0.5+0.1 1.9+0.2
Acid-2 . 40. 1 31.6 . 35.7 39.2
PGA 19.9+1, 14.7+1.0 15,9+41.5 % 10.4+1.4
SMP 15.412.1 12.0%2.3 14,1%2.4  24.1%2.5
Acid-3 17.0 14.6  19.0 19.3
RuBP 10.5+1.3 8.7+40.9 14,041,101 13.i+1,2
FBP 3.2%0.4 2.6%0.5 3.9%0.5 4.1%0.4
Basic . 19.3 | 24.8 '20.9 1 16.5
glycine 11,241, 12.4+1,0 12.1+40.6 8.9+0.8
serine 5.5+0. 7 7.9+0.8 7.4+40.9 5.3+0.5
glutamate 0.9:0.2 2.0+0.4 0.8+0.2 0.8+0.2
Neutral 7.9$0.5  12.6+1.0  B.8+0.4  6.940.7
Insoluble 1.840.1 4.9+0.4 1,.440.1 3.340.4
Recovery (%) . 93.7 98.8 ¢ 93.9 99.2

DPM rgcovered o
(107) 1.79 3.12 1.63 1.92
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plants. In the 14

co, labeling experiment descrihed in Table .
11, 14C-glyoxylaté accumulated in the GLUS strain.
Therefore, theﬂ relationship between glyoxylate metabolism
and photosynthesis was examined further. Plants were.allowed

L]

to photosynthesize for 30 min in 50% 0, and 335 ppm o,
(remaining N2) at which - time ']4CO2 was introduced.
Photosynthesis was continued for the next 20 min in the

presence of 14CO

o+ It had previously been  shown that
bhqtorespiratory—inhibited plants placed in the dark will
restore their initial photosynthetic rate, by an unknown
. means (Somerville and Ogren 1982ci. Hefe, after the 20 min
labeling period, plants we;e“lushed with normal air in the
dark. If g;yoxylate was respéhsible for the inhibit’bn of
photosynth;sis in GLUS plants then the rate of restoration
of photosynthesis in the GLUS plants should correspond to
the rate of glyoxylate disappearance. However, this was not

the case. After 20 min of 14

J

Co, fixation, 4.8% (82,752 dpm)
of the %gged\radioactive carbqp recovered was in glyoxylate.
After léfjén of darkne§s (the firét time point examined) the
14C in glyoxylate hadﬁdisappeared. ;ét, under the particular
conditions uséd, the GLUS plants had nstv restored - their
initial rate of photosynthesis. 1In fact, full restoration
fequired 40-45 min (not shown, but a similar curve is
presented in Fig. 18; see also Somerville and Ogren 1982c).
Therefore, it was concluded that some other factor besides

glyoxylate was responsible for the Llengthy restoration

period of GLUS plants. Because glyoxylate might be quite
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unstable during extrgction' from the plant jtissue,' this

experimen. should be repeated with 2,4-dinitrobheny1hdrazine

treated extracts (Hatch and Slack 1966) to ;llow for a more
accurate glyoxylate determination.

To determine what metfbolites were altered after 1long

term photosynthesis in GLUS plants and‘NH4Cl-fed WT plants,

14

co was supplied‘ for 10 min .to plants which had

2
'photosynthesized for,\SO min in 50% 02 and 335 ppm co,

(remaining N2). This gas regime was used, instead of a 21% .

O2 ) one, in order to have a faster inhibition of

photosynthesis in the GLUS §t}ain. Under these conditions,

leaf <ﬁétabolism would be more likely to reach a steady-

state level for photosynthetic intermediates. The changes

14

observed 1in the pattern of recovered C metabolites in the

mutant were further evidence that the lack of glutamate does

reduce carbon flow through the PCO cycle (Table 12). The

percent recovery of 14C in serine and glycine in the mutant

was only 24% of the percent recovered ]4C of the WT strain. .

In the NH,Cl-fed WT, the amino acids were all increased ' in

4
percent 14C recovered when compared with the WT control.

In addition, it was clear that the operation of the PCR
cycle 'was affected by the absence of leaf fd-dependeﬁt
GOGAT, and the increased NH4+ content of the NH
(Table 12). In thevGLUS plant, the percent

4Cl-feeding

C recovered

was lower in PGA, but increased 1in the SMP,” RuBP and FBP

fractions, when compared with WT strain. The increased

o
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Table 12
Percent distribution of C recovered from mature
laavc§4of plants after 10 min of photosynthesis
~with €O, in 50% O, and 335 ppm CO (remaining
N,) andfsa.min aftef the onset of iZIumination.
mﬁis experiment was replicated three times
(average + S.E.),
Fractien Strain
WT GLUS NH4Cl-fed WT
Acid-1 8.2 40.9 14.2
malate 3.5%1.2 21,0#+2.1 ¢ 10,141
citrate 0.4+0. 3.4+0.1 2.0+0.4
2-0x0-
glutarate 0.0+0.0 5.7%1.0 0.0+0.0
succinate 0.0+0.0 1.140.3 0.5+0.1
glyoxylate 0.3+0.1 N 3.9+0.9 0.0#+0.0
Acid-2 15.4 22.9 17.0
PGA ©3.2+0.9 1.0+0.4 2.2+40.9
SMP 6.2%1.0 12.3%1.3 8.1%0.7
Acid-3 6.3 11.5- 3
RUBP o 2.5+0.3 5.3+0.5 0.6+0. 1
FBP ‘1.8%0.5 4.2%0.8 2.0%0.5
Basic 41.4 12.4 50.8
glycire 20.5+1.2 4.1+0.4 20.1+1.6
serine 14.9+1.3 4.3+0.5 16.0+1.3
glutamate 2.5+0.4 0.4+0.1 3.2+0.4
glutamine 0.3+0.1 1.9+0.1 1.140.2
aspartate 0.6+0.1 0.3+0.1 4.3+0.2
alanine 1.240.2 0.14+0.1 3.8+40.2
Neutral 15.4+1.9 7.9+1.1 8.9+1.0
3
Insoluble 9.1+1.,0 4.9+0.9 8.2+0.9
'
Recovery (%) 95.8 100.6 102.2
DPM rgcovered ,
(107) 16.4 5.45 7 8.96

(o



'y LT

14C in the acid-z aﬁd acid-3 fractions was

recovery of
consistent with previous data obtained wig& the GlYS strain
(Sqmerville ang Ogren 1983). The data in Table 12 suggest
that suffieient carbon was still present in the PCR cycle

and accordingly corroborates the earlier RuBP study"(Table

10). The increased recovery of 14C in the PCR cycle

¢

“intermediates of GLUS was in contrast to that of ~NH4C1-fed

14

N J
WT plants. Apparently, as only 3.1% of the total C

recovered was in the acid 3 fraction, ~ versus 6.3% i# the WT

stratn the increased NH4+ content of these plants (Fig. 12)
may have uncoupled photophosphorylatlon. L
-‘\'l' .
The predomxnant products of photosynthetic co,” =

: : . S ¥
assimilation are starch and sucrose (Lilley 1983). Table .12 _ w4
indicates that in the GLUS strain starch and sUcaHsanfff
syntheses were affected to the extent that approxxmately ‘
45% lsss percent 14C was recovered in these fractzoﬂi, “*than, g
oL i ,';{ lf e Ty
in the WT strain. Only sucrose synthesis was reduced in jhe &

NH,Cl-fed WT, by 40% of that of the WT.

¥

Malate Metabolism in WT and GLUS Plants
?\1 § '; 5
3 ‘é o
Another striking change in the dlstr1but10n ofq ; e

recoyered in metabolites of the GLUS ‘train, concern~r;
21% incorporation of total label into malate, versus}f

3.5% in the WT and 10.1% ip the NH4C1 fed WT (Table?v

Previously, Somerville and -Ogren (1983) reported no j%

“in percent 14C fecovery in malate in the GLUS stra1n.

| T
et al.!(1984) did xlport an .ncrease in labeling of &aum
'#"‘\\) \\‘ s . A“ /x
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in the pfesence of high NH4+ ig wheat, but others have found
~no, such change in spxnach leaf djsks (Platt et al. 1977),
Walker et al. (1984) suggested the increase in 4C r?covery
to be a result-of carboxylation of PEP, As'the CO, exchange
rate was reduced in the GLUS strain Under photorespiratory
condxtlons (Somerville and Ogren 19800, Fig. 16), second;ry
carboxylations may have a large role in‘GLUS metabolism.
To investigate the altered mqlate'mctabolism {n the
GLUS strain, malate was labeled in the dark before
photosyntﬁssis was initiated. " In one set of experiments,

plants were fed ]4C02 in the dark for 60 min. Under these

L
conditions, the most highly labeled metab?lites were malate,
bd .
‘citrate, aspartate 'and glutamate (Table 13)& The product of
QEP arboxylase is OAA, which is usually metabolised to

maﬁate, vaspartate and transferred into the TCA cycle (Lance

R T

- S and - Rustin -1984), If the dark 14Co2 products were

1] ,,"'a: .
¥, . " ‘subsequently chased in the light with a 21% O, and 334 ppm
'; COé (remaining Nz) gas condition, most of the 14C was still
.recovered in the plants. Folloving the chase,/ 40% of the

- T PR : : LT '

total C 'in the GLUS strain was recovered in malate,

‘compared to 32% in the WT strain. Thus, one pleiotropic
etfect on leaf metabolism caused by the absence of leaf fd-
dependent GOGAT concerns an alteration of malate metabolism.

In a second set of experiments, the products derived

t4

from feeding U- "C-malate directly igto leaf segments were

exaéini?. As was observed in the analysis of dark 14CO2

fixatiog products, essentially no difference was found in

>
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" Table

Pgrcent. distribution of
photosynthesis, after supplying co
for 60 min ift GLUS and WT Arabidopsi
was 21% O, and 334 ppm CO, (remaining N

13

145 |

4C\5qpoY red ggter 45 min of

n the

dark .

g. The gas regime

e - -

or "

)
rexperimeng was replicated“twice (averaggAi S.E.).
. . . B <
Fraction : ‘Strain
T WT GLUS
3
time after illumination
(min): 0 : 45 . 0 45
Acid-1 55.6 44.9 - 55.8 58.6
. malate - 22.1+2.2  31,8+2.7 ~ 25.7+2.9  40.4+3.7
_citrate 14.4%1,3  5.4%0.5 15.6%¥1.0  4.9%0.6
fumarate  1.6%*0.4 * 0.3%0.1 0%9+0.1 1.5%0.2
syccinate 7.4+0.1 4.140.5 5.940.9 - 3.1+0.7
- 2<oxo0- | : ' C
glutarate 3.4+0.5 1.1%0.2 2.340.2 3.9+0.5
Acid-2 2.0 8.8, 3.1 —5.5 °
PGA 0.0+0.0  1.2+0.3 0.0+0.0  0.WO0.!
Acid-3 0.7 7.4 " 0.4 2.9
. \ 1 A N
Basic . , , .
.glutamate 10.3+0.9 12.6+1.0 9.3£Uf€ 6.9+0.7
glutamine  3.7+0.3 | 2.4%0.1" 2:3%0.2 8.4+0.6
alanine  2.8¥0.4  2.5%¥0.4a4  2.4%¥0.2  0.9%0.2
15, : . . . . . . o2
aspartate J? {:1,0 5 q;o 8 g‘§6 8+0.7 rO 7+0.2
Neutral ., «0.0+0.0 AL 7#0.9, 0.0#0.0 =« 4.7+0.8
- »
+¥nsoluble 1.6+0.3° - 3.6+0.8 - 1.4+0.2 2,020 4%
A . = SRR "
Recovery (%)  98.4 1026 98. A 95.6
‘_z © y , A
DPM rgcévered, L= et . ,
(10°) SERERY 3.94 1% 5 10. 1
- — vz “’1
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" the products from labeling by this procedure | ‘imum
) ' ) '
(Table 14). The principal product’s recovered alate,'

aspartate and glutamate in both strains. Rfter 30 min of

illumination, .many products were metabo%lsed'furtbér, with
14

C recovery in sucrose equivélent.between the strains. By
60 min, thev‘percent'recovery\bf }4C was eruced in the
mutant to 7.7% versus 11.7% in the WT, Alsﬁ, only 22.8% of
the total %qbel was‘recavered in the amino acids'gf the GLUS
strain,’ iﬁﬁéomparison to 35.5% in the WT. The percehtage of

14C recovered in malate decreased with time in the WT strain

%

from 34% to 19% but changed little (from 33% to 28.4%) in

the mutant GLUS. !
Isolation of Revertants to the GLUS Locus R

In order to gain further insight as to why GLUS ™
~photosynthetic co, assimilation is inhibited ahd to

understand why GLUS plants are inviable in normal air,
: i v J ‘
.plants which were altered in their GLUS phenotype wer%,

sought. The approach used wvas to ﬁutagenise a GLUS strain
in hqpes' of,'alterimg either the origidal GLUS locus or
‘another,gqutié locus, such that the plants would appear to
be phenotypically normél. as the following revertant pléntsq

were not genetically mapped, it must be considered that they
were phenotypic suppressors and not, necgssariiy, ‘true

i i [ N N\, ~.
revertants at the GLUS locus. Table 15 lists the results of

3

an EMS-mutagenesis experiment with three GQQS 1s€raiﬁs, CS
. & . .
37, Cs 66 and CS 254. The mutagenesis was judged effective

® ‘ W
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Table

Comparison between GLUS
percent distribution of

of photosynthesis in 21% O
U-14C-malate was

ing N, ).
for 3

min,

in the dark.
plicated three times and the values were averagbd

14

d WT strain

C recovered
and 334 ppm CO

of the
ver 90 min

Eupp*1ed to leaf“strips

This exper1ment was re-,
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(remain-

.

L]

1.4 66.

Fraction Stréin
WT GLUS
time after illumination “ \
(min) 0 30 90 - 0 30 90
Acid-t 50.3 38.9 3.0 46.6 46.7 47.4
.malate 34,0 27.1 9.4 33,2 31.8 28.4
citrate 5.1 2.0 2.6 3.9 4.6‘ 5.8
fumarate 1.3 1.0 0.4 0.7 0.9 1.8
succinate 3.2 ¢.0 2.1 2.8 2.4 4.6
Acid-2 2.4 9.0 7.% 1.4 6.1 9.2
‘PGA . 0.0 0.1 0.5 0.0 0. 0.7
Acid-3 0.0 5.0 6.8 0.0 4.1 4.3
‘Basic - 44.0 °33.6 35.6 47.6 30.8 22.9
glycine 0.1 3.1 - 4.2 0.0 @"9 2.0
serine 0.6. 3#9 4.5 0.2 2.6 3.4
aspartate 25.1 2. 6.0 25.7 6.4 2.
glutamine 3.5 4.2 1.3 3.0 3.9 5.3
glutamate 9.6 1.1,0° 0.3 11,3 -8.5 4.0
Cu
Neutral 0.0 5.3 11.7 0.0 "~ 6.4 7.7
‘Insaluble 1.0 4.1 6.6 2.1 3.2 4.6
Recovery (%) 97.9 9?.9 100.9 97.3 97.9 96.8
‘ | . ] e
DPM Eecovered -
(10 59, 56.5 0 61.9 51.9
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in each case if at least one chlorophyll-streaked plant was

©

observed per 100 plants in the M! generation. The M1 -

) 3 . . . .
generation was ralsed in a CO,-enriched chamber and the

seeds were collectéd "en masse". In order to screen. for
revertants, the M2 were sown in flats and maintained in
, normal air. Under the conditions of this screen, a GLUS
mutant would germinate, but remained small (not developing
p;gt :the rosette stage) and yellowish. 1n contrast to
earlier reports with photorespiratory-defic{eﬁt muténts
(Somerville” and Ogren 1980a; Somervillehénd]Ogren 18982b),
tﬁe GLUB strain used in the present étudy was viable'for 25

to 50 days in normal air. Revertants selected from
v ‘ ) .

mutageﬁesis of CS 37 énd CS:>66 contained }rom 71 to 134%
the 'fd-dépendent GOGAT activity p;esent in the WT straj
(not shown). These plants were not examined any further
it was felt further study of these revertant plénts would
add little information as to the causes of both inviability

and the low photosynthetic rate of the original mutant.

PR

. . ' ‘,." * -
As shown in Table 15, 55 revertant g¥’%t§ were found in

Growth Characteristics of the Revertants

&“ " .
the screen uging the CS 254 strain (here after refered to as
the original mutant, or simply the GLUS strain)? ' These 55
were those plants which flowered and set seed? ﬁt is of

interest to note that 1in - screening for revertants, -331
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/ 4 Table 15 .

Phe results from.EMS—mutagenesis on the
. recqvery of altered phenotypes in the
+M1 and M2 generations of A. thaliania,

'$GLUS strains. . .
Stra{ﬁ', Percent + Frequengy of altered
germination phenotypes
in the M1
o cHlorophyll- phenotypic b
s <y streaked revertants
o M1 - M2

tofal streaked seeds revertant

counted planted
cs 37 96.0 4329 117 50,000 17
Cs 66 - ,87.9 2640 239 174,000 7
cS 254  92.5 30,360 1356 2.4x10% 55

oL
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plaﬁts were actually judged to be superior in appearance to
the mutant, Howevér, only 55 plants flowered and set seed
whereas 276 plants would not. Mth of thgse }attér plants
were larger than the GLUS plants and unusually dark green.
Attempts to recover seeds failed, despite various.treatmerits
with gibberellic acid, kinetin and glutamate (not shown).
These plants - resembled the,ﬁT strain when growh oa ‘high
concentrations of NH4C1 (Doddema et al. 1978). Thg nature of
these . Yrevertant" plants remains a mystery.

Table 16. lists the results of a gfowth study with 9
revertants of the MS generation, from €S 254. These 9
revertants had the most easily distinguishable appearance
when compared. with the original mutant. The plants were
studied in normal air for their growth., After germination
the revertants were low in vigor, often as low as the
original mutant. A noticeable difference in appearance was
evident between the muzant and revertant strains after 2 to
3 weeks of growth (Table 16). The revertant plants were
sma}l in comparison to the WT strain, §nd the dry weight was
1.3 to 2.0 times hi?her than the original mutant. When grobn
in air, the chlorophyll content of the revertants were low
(Table "16). REV11 had the highest chlofophyll content of
any of the revertants and its level was only about 50% of

that ‘of the WT strain. 1In COzrenriched‘aﬁrw(as judged

'.‘m A_
chlorophyll content) the revertants anq_thjuéggs sty

as well as the WT strain. ' : Pty

Bl
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Table 16

AR i
oo Jl ., Grofth and chlérOphyll content of revertant :

B PR plants from CS 254 (GLUS) raised in normal air

and in CO,-enriched growth chambers. The ?

plants wege 27-33 days old and the experiment

was repeated once. The dry weight measurements

were from plants grown in normal air.

Strain Chlorophyll Dry weight
content -1 . -
(ug chl. mg fw ) (mg plant ')
‘normal air CO,-enriched Lo
a1'r .
' .
. WT 1.510 1.39 15.20
GLUS 0.164 1.30° 3.70
REV 1 0.300 1,29 N.D.
REV2 0.476 1.27 ’ 5.04
REV4 0.440 1.48 . 5.60
REV6 0.28 S .29 W.D. /
REV7 0.382 1.39 6.30
REVS ° . 0.28 1.25% N.D.
RE®11  0.672 1.32 % 7,80
REV36 0.32 . 1,24 N.D. o
REV4S op.‘z%‘&) . 1,21 T 580

N.D., = not determined

’—ﬂ - ) ' £2
) " .
) "*\'r . a “‘; . - "' ) -
» e N k!
i o ? -
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GOGAT, GDH and RuBISCO Activities in the Revertants
‘ v

©o
!“' L

v, ,r‘: \ . ’ ’ -
Neither the amount of fd-dependent GOGAT activity nor-

o,
NADH-dependent GOGAT activity in :the reverants differed

substantially frem that of the original mutant (Table 17).
The amount of GDH activity or RUBISCO activity. were also
determined and were found not tq.be altered.

It was decided that further experiments would be done
with REV11 in order ,to determine what changes 1n its
metabol1sm might be responsible for its 1ncreased growth and
chlorophyll content. The:efore, GDH was partxally pu;xfxed
and its Km for NH4+ determineg, as this enzyme dges have a

y -

key role in nitrogen metabolism and could supply glutamate

— \

~to the PCO cycle (Wallsgrove et al. 1983). Partially

purified GDH from REV11 had a Km for NH4+ of approximately

27 mM. The WT strain's GDH had a Km of 29 mM. Both Km values
are close to values reported elsewhe}e ¢Pahlich and Joy
1971; Stewaft and Rhodes 1977) and are suggestive of the

fast that GDH ha$ not been altered in this reveytant,
‘ ‘ .

‘Genetic Analysis of REV11

i
* .

The REV11 line was judged distinct enough i@

L

| appearance,  that if the plant was crossed into a WT stran,

2 progeny should segregate into distinct% phenotyplc

classes. Yellowxsh plants did segregate in the F2 generation -

~and were considered to be diploid for the original CS 25¢

2 -
A SN v "



Table 17
\

Initial survey of revertants for various
enzyme activities. Plants were 28-36 days
old. The values were averaged from three
replicate experiments.

Enzyme Activity

Strain
) .
‘ GOGAT RuBI SCO GDH
NADH £d , NADH NAD
| (umoles product mg protein—1 he ')
WT . 0.29 6.0 8.0 4.2 1.8
ey
_ | . Sa
GLUS 0.25  0.38 5.8 4.3 1.7
REV2 *  '0.24  0.20 5.7 3.9° 1.6
REV4 ~ 0.25 0.64 g 59 . , 3.9 1.6
'REV? ' 0.25 _ 0.10 ©  6.] 3.4 1.9
CREVI1.  0.29  0.25 5.6 743 1.6
REV4S - 0.25  0.13 5.7 a0 1.7
[}

. rd
‘ ©

4

153



ai
15‘

éllgle (glus) and REVt. An intermediate phenotype was

¢ ™

observed, and these plants were classified as homozygous for

the CS 254 allele and homozygous at the revertant locus. In

" the F,, 160 plants wer~ ™™ in appearance (with fd-dependent

GOGAT activity), 32 \were yello¥ (with no fd-dependent GOGAT
] .

activity) and 12 were lime-green in leaf color (with no fd-

dependent GOGAT activity). 1In a true dihybrid - cross four

phenotypic classes. would be expected. As this was ?ot

observed, the data were indicative of the recessiveness of

the revértgnt allele. A chi-square test of the data gave a

value of 18.4, when tested for an expected 4 phenotypic

classes. This value is‘not acceptable at tpe 0.05 level of
significancs. Alfernatively, the REV' locus is epistatic to
the GLUS' locus and only three phenotypic classes would be
expected in the F, generation. They are: the mutant class
(homozygous  for gluS alleles), the revertant class
(homozygous for both gluS alleles and revii alieles) and a
WT class (which contains both homozygous revll and rev'

alleles respectively).- A chi-square test of this hypothesis

revealed the data to yield a value of 1.34, which is

N ;
"acceptable at the 0.05 level of significance. To test “T&r

allele-specificity of the REV11 strain, 1t. was crossed to
. ) *

"the 'CS 66 allele of the GLUS locus. 1In the F all the

1 ’
plants were yellowish, again suggesting that the REV11

locus was recessive. In the F 9 light green and 96

2'
yellowish plants were counted. The locus responsible for the

REV11  phenotype does not appeér to be linked to the GLUS
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locus. Moreover, it must be considered that this revertant

strain was a phenotypic suppressor to the original mutant.

Photosynthetic co, Exchange Rates of REV11

¢ Since the REV11 strain gid not represent a true

revertant, its characteristics called for further

investigation in expectation that st ps with this strain

might shed 1light on the causes gr inviability " and

inhibition of photosynthetic ge in the GLUS class

’

of photorespiratory-deficient mutants. Figure 18 presents
. Y .

the_CO fixation curve for the WT, GLUS and REV11 strains.

2
The :revertgnt 'strain was still susceptible to inhibition
under a photo{espiratbry gas regime. Photbsynthésis‘of the
revertant strain was only mérginally higher than a the GLﬁS
plant. ~After 60 min of photosynthesis, the WT rate wat 70.5

- : » ]
1 hr 1, for the GLUS strain " the

pymoles CO2 fixed mg\chl—
photosynthetic rate Qamounted to 33 whereasjfor the REV11
strain the value amg:sted to 39. A characteristic of the
AEV11 strain was the quicker rate of photosyéthetic
‘recovery from inhibition in the dark when compared to the
GLUS strain. The events leading té the restoration of
photosynthesis of the GLUS strain and of the other
photorespiratory defective mutants of A, thaliania were not
further examiﬁed lSomerville and Ogreﬁ 1982c). Since the

difference in photosynthetic rate between the mutant and

revertant appeared to be marginal, it was decided that in
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Figure 18 Rates of net photosynthesis in
WT (* * *), GLUS (- - -) and REV11 (—) plants

in 21% O, and 340 ppm CO (remaining NZ)' The
photosynghetic data were“collected for<4 to 7
plants, for each strain.
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order to distinguish further the two strains other

physiological characteristics should be examined,.

hl

NH," Levels in REV1i

4

~

The accumplation of NH4* urder photorespiratory
conditions (Somerville and Ogren 1980a; Fig. 17) is a
characteristic of éﬁ@rcnus strain. The NH4* levels for the
three strains measured after various times of.photosynthesié
in 21% 0, and 340 ppm C02 (remaining N2) are given in Figure
19. THe REVI1 strain accumulated aSout 30% more NH4+ than
the GLUS stfain did after 60 min of photosynthesis.
Consequently, -REV11 plants have not gained the ability to
assimilate NH4+. The higher NH4; content of the REV11 strain
vas probably due to the highér rate of.photosynthesis under
photorespiratory conditions. When the GLUS énd Rquqﬁétgaihs
vere giv%n‘a 40 min dark period, the NH4* level decl'\ed by
about 20% in each strain. Although this figure constitutes a
rather crude estimate, it seems reasonable to conclude that

neither strain differed in dark assimilation of NH4*, or the

diffusion of NH4+ out of the leaf.
co, Radiolabeling of Metabolites in REV11

It has -been suggested that the decline in the

photosynthesis "in GLUS plants is caused by a block in the

PCO cycle (Somerville and Ogren 1983; Creach and Stewart

1982). - To determine-as to vhether or not the PCO cycle was

blocked in some revertant str’ains*a,nt‘s were labeled with

v »-

b . ’ » .
'y %J, o \, .. : \S‘f
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Figure 19 The NH, content of WT ( o),
( x ) and REV11 ?A
synthesizing in 21% O

NJ).

The NH

GLUS .

) leaves from plants” photo-
arld 340 ppm CO, (remaining

+ data we?e collected froa at least

data point shown. This experiment

9%plants peﬂ
was repeated with

plants from different ‘seeding

dates. The data points were averaged.
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dxfferences from the GLUS strain were found in experiments

' and “té} photosynthetlﬁi products apalysed. No

conducted ‘n 50% O2 and 345 ppm CO2 (remaln‘kg ‘N ) (Table

7\18). A dlstxngulsh1ng fegture of .the GLUS strain“under these

conditions was the low recovery Jn percent 4C*"in glyc1ne
N R .
© and serine ‘which are 1nd1cat1ve of a block in the PCO cycle,

(Somerville and Qgrgn/1983). ‘No change to this pattern was

- . . . N ' - ‘ C.
- observed in the revertants. Table 19 gives more *detaided
L3

information with respect to the 14C recovery of metabqlites
&

¢ w0

of ‘the Wr, GLUS and REV11.strains in 2% and in 21% O,

respéctively. In 2% O2 no difference in metabolism between
~ : [

any of the stralns-uas found. Thus, the deficiency in fd-
[} .

“

dependent GOGAT activity was apparent only under conditions

. s
allowing photore§"a‘tion The labeling pattern obtained in
.'!‘ZK% 0 was considerably different ang, ‘§et, characteristic
- v T2 L -

for mutants defbctlve in tLe operatlon of ' the PCO cycle

(Soﬁ%rv1lle and Dgren 1982a). In this respect, the REV11

s N 1 4 !
line ‘appeared to be identical to the original mutant even

N

though it atta1ned g higher dry welght than the GLUS stra1n, ™

\when grown in normal air (Table 16). . _
. - . 4 K 2
Amino Acid‘Levels in REV11 Plants '
. "~. \l\ ) N

B o , 7 .

The -1aEk of ;eaf fa- dependent GOGAT actlultx in QFUS .
plSnts " decreases | the {ﬁotal amino ac1dewconten£ ..when
photosy?bhe5121ng in 59% 0, and 350 ppm CO2 (Somerv1llq and
Ogren <3@80a) Somerv1ll£ Q1984, ﬁ‘gposed that.the lack of »

glutamate reduces GLUS v1ab111tya because glu;gmate is a



The percent regovery of
labeled with
plants were lab

' Table 18 \

4¢ trom revertant plants
."CO, in 50% O, and 345 ppm CO.. The
elgd

the onset of illumination. This experiment was

replicated 3 times. The values were averaged.

160?

from thg 5-15 min interaal after

-~ ;' 
. s . . I'* ’ ‘au
Ffactlon x Strain . r 4 “ﬁ,
WT  GLUS * REV2 REV4. REV7 REVI1 :
. r i » .
Acig-1- 3.9 18.9 17.7  23.0 21.9 - 22,0 J .
fhalate 3.4 4.9 4,7 3.0 - .3 5.0 .
Acid-2 8.5 22,0 20,7 21.9 23.8 23.4
Acid-3 . 8.9  14.0 15,1 14,1 14.8 16.8
Basic . 34.6 17.9 18.5 18.1 19.2 18.9
alanine « 1.6 1.4 0.5 1.2 0. 0.5 -
glutamine 1:Q ..%.2.3 o d7ve 1.8 1.9 . 1.1
glutamate = 0.Zg o472 #ﬁﬂ@’ 2.6 1.‘9"]" 2.3 B
glycine 18.0° "M.2 M g1 7'8Y 9.0
serime 3.1, 4.9 %2 . 5.1 6.0 +5.8
Neutral T35 9.4 10,7 1.2 9.9 e 101
' Insoluble 11.6° 8.0 9.1 11.3 7.5 8.3
_ ""/.,1 )
Redovery (%) 101.0 90.8 92.8 99.6 97,1 99.4
— "v ’ g < :
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Table

Petcent distribution of 14

of photosynthesis in 21% O
after 10 min imi% O, and
GLUS and REVI1 'plantf of A

A

161

19

C recovered after 10 min
“and 340 ppm CO., and .

360 ppm cO.’ in £Re WT,

rabidopsis’ Plants

were labeled at: the 11-22 min interval after the

onset of illumination. Thi
plicated twice. The values

S experiment was re-
were averaged.

‘Fraction 2% O2 21% O2 /
. B /

- WF ' GLUS REV11 WT  GLUS . REVI1
Acid-1 ©9.¢ 1Y.3 8.1 9.7  19.6  21.1
malate 2.4 2.7 2.1, 3.4 8.7 10.3
citrate 1.9 2.0 1.6 1.3 3.4 1.6
glyoxylate 0.0 0.0 0.0 0.0 1.0 1.6
2-0X0- . : .

glutaraL'O 0.2 0.3 0.0 2,0 2.8
Acid-2 - .17.9 17.8 18.4 13,6  21.8  19.7
PGA, 6.5 7.0 7.2 4.5 7.9 6.3
'SMP 5.1 6.3 6.7 5.0 10.2 12.2

2R . .

Acid¥3 5.5 , "6.5 6.1 9.4 19.0  18.0

RUBP 2.7 2.1 2.6 2.1 © 8.6 8.1
Basic 19.9 19.5 20,3  34.8 - 19.4  18.4
glycine 1.2 2.0 1.9 12.9 9.3 » 6.1
serine 6.1 5.7 °6.0 - 11,1 4.1 3.5

* glutamate 0.0 0.0 0.1 3.4 0.9 1.1

glutaminep. “0.0° 6.0 ~0.1 0.1 2.0  ” 2.2
alanine 2.6 (1,9 1.4 2.0 0.5 0.1
aspartate . 3.0 2.7 2.6 1.4 0.6 0.3°

‘Neutral 27.6  24.7 23:4 5.2 12.7  11.4

e |

.Insoluble 17.2 15.8 16.4 9.9 7.9 7.0
Recovery™) 98.0 95.6 98.2 94.2 100.0  95.2
. . . - p'

-
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precur8or of cﬁloropﬁy}l (Beale-1978).c In order to discover
as to whethgy or not tha REV1I1 mutation affected 'leaf amino
acid levels,, plants were allowed to photosynthesize in 50%
O2 and- 349 ppm COz after which their amino acid content was
deter%ined. Typical}y, for each s;rain, 6 to 10 plants were

used per time point, Due to a shortage of t1me it was

necessary - to use plants from 2 growth chambers and the data

obtiained from these two sets of plants are given in Tables’

20 and 21. At the start ‘of the giperiment®(when the plants

have pre-equilibrated in the da or- 30 min®, the ~leaf
amino acid ¢ et _was similar ween the WT, GLUS and

T :
REV11 stralns (if compaonion/fs kept within a set of plants

[

originating from oqe and the same growth chamber). These .

‘.

results were in contrast with results obtained with the DCT

. A

mutant of A. thaliania, in which Butamate and glutamine

metabolism in the dark are qui\g/ different between the

- mutant an@ W‘.stralns (SomeTv1lle and Ogren 1983) | ALthOUQﬁJ

the absolute amounts were ‘not comparable,‘ the data in both
Jable 20 and Table 21, suggested a decline in glutamate and

-an  increase in‘'glutamine in the #EV11 and GLUS\stpains when

\

compared with WT approximately min after the. onset . .of-

illumination- in 50% O, and 349 ppm CO,. This trend continued
: forQ later ~time ~points.. In: -addition, the .REV11 strain
'aﬁbeared to have a hi er glutamate cohtent then the GLUS

sjrain, - suggestxﬁg an’ ﬁncreased synthesis of glutamate in

the: leaf of REVI1 plants dur1ng photorespiration, Thié

observation was, at odds with ‘the enzymatic data, where no

>
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Table 20

The effects of a photoresp1ratory gas reg1me of

S50% ©

in legv

and. 349 ppm C02 on the
es of WT, GLUS“and REV1
were raised in growth chamber number -

were 25 to 28 days old.

evels of ami

Arabidopsis.

1. The

B

no acids
Plants
plants

: V4
~ Amino L Time
Acid ' '® o
: (min) . c
(pmoleg, s : . - \
mg chlv ‘ ’ *
' . : : 10 20 40
e ﬂF ‘ < ~
. - ‘l )

ALA WP 0.7 0. 581§ 1.15% 0.90
GLUS - 0.5 0,73 0.45

REV11 1.0 ° o g2 +#0.81 '%‘32

At e Y
ASP  : WT 1.3 1436 1.35 ., 0.97
: GLUS 0.9 - 0.88. 0.70 # 0.47,

REV11 1.1 « .09 0.88 0.42

 AXN WT 0.3 0.34 . 0.36 0.33
" GLUS 0.3 0.28 0.30 0.23

‘  REVI 0.7 0.63 0.45 0.36
GBU WT 2.5 3.48 5.03 5,77
GRUS 2.6 3.02" 1.31 0.97
‘nzvli. 2.8 3,28 1.74 - 0.50

LY ¢ \ J ’

{ GLN WT 1.2 T1.21 1.76 . ¥ 2.05
GLUS 1.3 1.81 2.32 2.58

REV 1.3 1.99 2.02 2.45

< ,\ - ‘ ' .

GLY = WT 0.8 « 1.g8 2.45 3.28
GLUS 0.9 1.07 1.42 0.63

REV 11 0.5 1.26 0.95 0.92

o
\SER  WT - 0.5  1.43 2.45. 3.28W

GLUS 0.9 1.27 °  1.51 0.51

REV11 0.6 0,77 . 0.92 .38

} A&, s
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Amino
acid ’
(pmole ., .
mg chl N ‘
. .
ALA v 1.3
ol us® 0.7
REV 11 0.9
ASP WT ) 0.8
GLUS . 1.1
REV 11 0.8
ﬁ
ASN /' WT 0.2
+  GLUS 0.4
REV11 0.4
GLQ( WT 2.9
GLUS,. » a2y 2
REV11 mz;‘z
GLN s WT 0.8
“GLUS 1,7
REV 11 1.3
GLY  WT , 0.7
GLUS - 0.6
REV 11 0.6
SER « WT 1.1
N GLUS 1.3
JREV11 0.6

e
Table 21
_ o .
The effectssof a photorespigator gas-regime of
50% O, and 349 ppm CO2 on the l{els of amino
acids®in leaves of WT{ GLUS and REV11 Arabidopsis
grown in growth chamber two. The plants were 25
to 29 days old. ’ ‘




. . BN W T B . L]
. L

difference was.ifound in the NADH- Or fd-dependent GOGAT

, activity (Table 17). . o | PR P

a The glutamate levels measured at a time when

w N

'pho€osyntheiis stafts to decline*were @igher Ehan reported

]

Jpre&iously with the GLUS strain (S®Mmerville and Ogren

‘

e N
JM%y_ 1980a). However, .the cofresponding emino

id .levelg
measured were.similaf to }hﬁse reported with th ‘ 7 T

~. ‘when treated ?ndthe’light (Somerwille and Ogre

. L planﬁSvuseééikzthis study generally reguireé'an‘
fo 10 daye of growth in order to reach the rosette stage

when compared with the  plants reported pteviously bye

L]

' /§ome.rvill'e and Ogren (19888 . Therefore, the differencev,s' i"

: . v ‘
amino acid hEVels may  reflect ) differept growth
- / L4 -
‘conditions of' the two sets of experiments “which im. turn

."'v"’

e

could have resulted in a larger vacuolar pdbl size. It is

known that a large reservoir of amino acids does exist in

" 3

‘the  vacuolar. compartment of the cell (Mat1le - 1980).

L3

the leaves of GLUS(and REV 11 planxs compared Eqb the WT
ng in photoresp1ratory cond1t10ns. This

after photosynthes1z

‘was supported by the observat1on that there wasﬁa s reduced

14C recovery in glycine and serine under photoresplratory

Cte . coat : 5 ) . N
e &s cond;tao-qs (Tables 18 and _1\9). . ) b

. ‘ o . . .,
Effects of NH4+ on REV11 Chloroplast Photosynthesis 3
\ N -]
»

Although no conclusive role for NH4+ in  causing

’photos,ynth.et'v inhibitidn in the GLUSw-or DCT strains has
, o X o . .

‘e '

*
£ 3
..

Nonetheless, thece was clearly a deflgxeggy of glutdﬁate 1q’,f-
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' ppen established in ot'fver studie$¢ (Somerville and’ Ogren!'

Ly

‘983;’.Some;ville 1984), the prese(t/“éuthor decxded to

» L
examine the effacts of. NH< on chlorcﬂlast p}zgtdsynthesxs.

ﬁ*"'thlbrdpla"s‘ts were 1solated from each strain anﬁ tested for

.”

photosﬁn!he‘%g r#g, é’n ‘the presence of NH4: The eeta
&nﬂa,qate that NH 1nh1b1ted photosynthesxs, and gqual}y in

all the strams (Table 22). In 10 mM NaHCO aaproxlmately-.

2.00 aM NH CI 1nh1b1ted photosynthed'ts by 50%. However, in

340 ppm €O, (about 20 pM co, ) 0.3 ah NH,C1 inhibited

photosynthe51s by 50% (Table ‘) None of the strains showed

~F

‘difference in the s tibility ®f chloroplastg to NH,
" ‘/A

chloroplast

Cl

inhibition and it appears that at least at the
, _

level REV11 plants were not more resistagnt to the presence
ow : : _ * -
of Nﬂ‘} . . R 4

s

v

+
a

1
g1

- The inactivaton. of RuBISCO was indicative of the

L

A‘ inhibition of photosynthesis of plants blocked in the PCO

. *»” ’ . ' . R A}
cycle (Creach and Stewart 1982; Chastian and Ogren 1985).

This' possibility was examined %n: this thesis and no direct

v

role was “found fo 1né’ct1vat10n of RuBISCO and the

\

inhibition of photosyntetlc C02 exchange .(compare Fig. 14 to

Fig. 15) . Neve.r;hele.s“s,‘oat»h.ere‘ is a possibility that the

. = . . . .
RUBISCO activity was higher-'in the- revertant than in the

with time in the revertant, in a fashion similar to that of

.

o/

. GLUS strain., ‘It was féund,‘ hoﬁwe’ver, that RuBISCO declined
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¢ .
‘The effects of on CO,-dependent O. evolution
of intact ch a*ts is8lated from W% GLUS and
REV1t plants 'f% ‘0, and 8,5 mM NaHCO,.-The range
of intactness f v tiye chloroplacts was 82 to 96%,
as measured by -t ferrxc?an1de.t08t. The exper1-
ment was replig, .3, times and the values were’
averaged (+ SyE? e
. e Wa g . } L ‘
43.,4“”“ . >
NH,Cl wT* GLUS L rev=i1’
(mM) .; (pmoles-b2 ‘n»gf_,,;_-:;;,;‘IT1 he ')
, ‘b oq - ‘-‘6‘ .3 .. 92 e,ers.e,- 90.345.5
BRI ot 835,38 85.9+6.3 -, '85.9+5.4_
g P55 s s.o, : 81.6;5.,,6 . 85.8%6.0, .
‘ 50»' 91 . 75.1%5,5. . 79.4%5.3
\\ 67, 0+5‘¢5- "4, '56.4+4.9 60.8+570
b z oo 49.1%¢," } 49.2+4.8 49.7%¢.6
’ 5200 00 0.0" : Jo0seT T -
i ¢
\" ". L0\ . I
?; '\1,'>", .. .ﬁT i W
1'; » ¢ '
» ' ! N\
Y o, . . L]
) s
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Table 23

The effecps of * on co rdependent 0, evolution:
of intact chloropgfasts isglated from W%, GLUS and
REV1IM plants. The gas regime used was 21% O, and
340 ppm CO,. The ilﬁe batch of chloroplasts“reported
on was usea for tRe experiment reported on in

Table 22.

NH,C1 WT «GLUS " REVII
(mM) ' (umoles o, mg,chlL1 ‘hr’])
. )_‘ )

0.00 : 34.5+3.8 0 32.1%4.,0 31,7441

0.05 - 31.4%3.9 29.7+4.1 30.0+3.8
- 0.10 ~ 28.6%3.6, T 27.3%4.0 26.7%3.7

0.20. - 20.7+%3.0- 22.4%3.2 21,0+%3.3

0.50 . 10.1%1,2 9.8+1.0 10.1%1.5

1 6

.bo " 4,7%¥0.8 4.130.5 5.0+0.
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‘.c(‘; .
the GLUS strain (Table ‘.
' v

Aspects of REV11 Physiology

The GLUS strain was isolated from a mutant selection

procedure, which ‘was conceptually based on the.notiqau;hat.

if a block 1@wﬁhe PCO cycde wgFe to occur certain® toxic -

intermediates would accumulate (Somerville and Ogren 19823)

The MOfganally 1ncroased dry woight of the Rll'# strain in

a1r, could be the result of an increased tolerance to Y
s
proposed toxic zntermedaatesk A str1k1ng‘feature of .

exposed to a sirgss (e.g. 1low'céllular waer potential or
too high ‘a iight exposure), consists of a translation of
this stress into a damaged photochemical apparatus (Bjorkman
1980).. This damage s manifesﬁed by an,alﬁered‘response' of
photosynthesis to light intensity.

As sﬁown inaFigure 20, photosynu@esis was ma?kedly

influenced'by light intensity in A, thalisnia Typically, at

low 1ntens1t.y p&tosyntheuc Cog,assmulatlon was linearly

related 3 to l\gﬁﬁs 1nten51ty Once the limit or CO2

assimilation i ‘ré?ched, photosynthesis plateaus | joi}man

1980). 'In 2% 0, a d 360 pPm co, (remaining NZ),ifo owifig 2
. . - o

days of exposure to normui. airs the ' GLUS s{rain's

e . 1 e y ", )
photosynthet1c'CO2 exchange rate reached a maximum rate at a

. ¢ .
lower light intensity than the WT. On the other hand, théz

REV11 strain appeared to be very similar to tMe WT in its

~ photosynthetic response to 1light intensity. When the light

- !

o ,

1

1
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Table 24

The activity of RuBISCO in WT, GLUS and REV11

plants, photosynthesizing in 50% O, and 5 ppm

CO, (remaining N,). The-plants werg grown in

CO,-enriched air{ This ‘experiment was carrled out
’ onCe. The plants were 28 day# old.

e ]
Time ; RUuBISCO 7‘71v1ty
l

L

(min) I ~GLUS - ' REVI
’ , / - -
(pmples CO, mg Ehl " hr )
% —

0  65.2 62y © 68.7
2.5 91.2 e , 73.5
5.0 1128 84.8 944
. ' ) : e N A N »
- . 10:0 . 128.3 100.7 RERRIN I
15.0 139.6 | 98. 1 ~ 3.2 «
y 0 v o2ae 93.5 - 104.8
© 40.0 130.3 77.1 | 92,0
\‘\ L
70.0 123.2 .12,2 84.3
: >
P )
<
" [ ! V L]
. . LR ,.
"
o
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v , . -
é;aCtiqns were ' limiting to photosynthesis, tHere was no
disference 'in photosynthesis between any of the strains, as
the initial slopes appeared to be similar, The curves, (Fig.
20) were developed by vary1ng light intensity thh_ﬂgynrs’ot

cheese-cloth. It is p0351bla that under these experimental

conditions a significant light scattering occurs. Therefore,

.in order to dete;mx@. the light response of photosynthesis

. '\.
. more accurately a, tdiure study should incorporate the use of

- 'S
[ . -

hxgher‘qualxty lxghtefllters ,

The effects of \\ne photoresp1ratory st;Fss on the

' Aefabolism , q;‘v GLUS and REV11  plants were further

-t

» , "x
investigated. pla“ﬁf were raxsed 1nd‘x>-enr1ched air and
+ 2 Al

then exposed to norﬂal ait for up to 6 days. From the

- req.its observed, it was obvious that the two mutants stgains

vere in a stressed condition. Chlorophyll and protein

fa
content décreased over the 6 days, whereas 11tt1e change in.

ch;orophyll and protexn levels were, measured.» the WT

. "‘Itgén (Table 25). .By the SECOnd'day . photoaynthetic co,

. wk
N éxchange‘ rate in 2% 0, decreased by 141 1n'€he GLUS strain,

0

A v :
3§ Q;B%t-ggs"uncn?nged from day 0 n. tbe~k8?¥kaplants (1ab¥§ 25).
h¢§u 0 h day,‘ photosynthetxc CGZ exchange was 61% in

: sth1n and 90% of the day 0 rate in the REV11
® W \
straH? Hence, 1t appearéd that the photosynthetlc apparatus

4 was xnhxbxted in the orlglnal mutant strain. In ‘contrast,

protexn and- chlorophyll losses were more gradual in the GLUS
(

straxn,~ since on day 2 Plttfe d1f{erence in &protefn or

chlorophyll vas obv;ous when_gthdred thh t?@trBIevels on

'7 A
: ’ .:' o &IW - L L
. £y 4 . v

L} v -
."l\.,"“; “
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Figure 20 Rate of net photosynthesis in WT ( a).

GLUS ( x ) and REVI1 ( o ) plants, plotted against
light intensity measured at the leaf surface. This

»

.experiment was repeated with plants from different

seeding dates. The data in the figure were averaged.

\ - A
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d%y 0. 1In addition on day 2, there was little difference
/ .

" between the GLU$ and REV11i strains.in protein or chlorophyll

content. Initialiy, the " dark CO} excbange rate, or the
respiration rate, _.in the GLUS and REVI11 strains when
campared ~ with the WT raFe in%reased over t%e course of tﬁe
experiment, after which éhey declined, |

Isolated . thylakoids from GLUS and REV11 plants showed

similar trends as found for the whole plant photosynthetlc
’ ,

7-CO, exchange. For instance for tife GLUS sgrain (Table 26), -

[

electron f&ow from water to K3Fe(CN)6 was reduced by 79% and
54% by day 2-and 4 respectfvely.. Hench‘ on the\basis that
proup&g and chlorophyll levels were not as ~reduced (Table
25), the decline in photosynthetic €O, exchange was
principally due to the'capture of light energy. Theﬁelectron
flow from water to methyl viologen in the QLUS ”s;ra?ﬂ wés
only reduced by468% by day 4. This result isuggests ﬁhat‘the
decline ‘in the light enetgy capture may not be random but
selective for a given photosynthetic process. REVI1 also
lost photosynthetic transport capability) but not as quickly
as' observed id the GLUqutrain. Oyer the course of this
experiment, there was little change in WT electron transport
characteristics. C
N |

In order to further document the changes in leaf
physiology, various enzymatic ac}ivitieg were followed over
the 6 day photorespirézo}y stress period. Sgress'did_ cause

changes in activity for a number of enzymes (Table 21).

RUBISCO was only slighE}y’affected by day 2 in the GLUS

< - =
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Table 25

-~

The physioiogical Ehatqcte:istics of WT, GLUS,"
‘and RBV11 plants grown in cog-enriched air and

- subsequently to normgl air f

r up to 6 days.. Four

to ten plants were gtudied and the experiment was

replicated once. The values were averaged.(* S.E.).

‘

174

. - Time (days)

.35

o ° 2 4 6
o .
WT . 1,3.8+0.11 1.45$0,10 1.41%#0.12 1.36+0.09
. GLUS .40#0.13  1.26%0.13 0.94%0.11 . 0.64%0.07
- .REV1I ﬂ.44:0.10 1.34+0.10 1,22+0.10 1.03+0:09
Pro_tein2 / '

WT . é4.511.2i‘ 24.5+1.3  24.6+1.1  23.2+1.5
GLUS C24.2%1.4 21.9+1.,5  18,0+1.3 . 15,0+1.4 .
REV 11 23.7%1.0 23.671.4  21.431.2  20.4%1,9

CO,-fixed:> |
in 2% O,: ) o
WT 6.13+0.20 . 6.23+Q.23 6.76+0.20 5.84+0.27
* GLUS 6.15+0.24  5.33¥(0.21 3.78%¥0.22 2.27%0.45
REV11 6.05%0.27 6.14%¥0.23 5.46%0.24 4.71%0
in 21% 0,: O
WT 3.71#0.21  3.60+0.23 3.56+0.25 3.42+0.20
GLUS 1.8540.17  1,10%+0.11 0.86¥0.08\ 0.45+0.34
,” REV11 2.14*0.15  1.43%0.13 1.31%0.16 1.04%0.31
| ' ; 's
Respiration
WT 0.67+0.06 '0.71+0,05 0.65+0.06 0.84+0.07
GLUS 0.63*0.05  0.80%¥0.06 0.75¥0.07 0.51%0.05
_REV11 0.58%0.07 0.73%0.07 0.66%0.05 0.64%0.05

1 ' -

2 Mg chl mg fw o

mg protein mg fw -1 -1
pmoles CO, mg protein hr
r _ ’5 /:‘.
=
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-Table_26

Light-saturated electron transport rates of
chloroplast thylakoids isolated frem WT, GLUS .
REV11 strains of A. thaliania before and after

a photorespiratory stress of up to-'6 days. The
rates of electron transport are expressed as_, “u
umoles of O, consumed or evolved mg thl hr .
The plants Gsed were 24 to 31'days old, The values
were averaged from two experiments (+ S.E.).> 7

L

- Electron  Days ' ' .. Strain
Transport S S ‘
- WT  °GLUS REV 11
HyO~to Kyfe(CN) |
o~ . ,
221+14 » 215412 225428
’ 2 227416 171220 201+17
. 238417 117+17 178414
¢ | 6 208+15  74+14 °  139+16
~H,0 to Methyl Viologen’ ,
" 0 189+17 193+20 196+16
’ 2 191416 177415 182+12
0 &  T90+14 133412 170+14

6 175412 Y75+14 131’_

’

.

4
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strain, and cﬁanged litgle in the REv11 'of' WT plants.

However, by days.4 and 6, RuBISCO changes were more obvious™«—

P

}n GLUS plant%,‘ be1ng 80% and 64% of the day 0 'values, Both

NADH- dependent' COGAT and PEP carboxylase zgecreased in

act1v1ty. This phenomenon was also evident in the GLUS >

straif. Howeper, NADH-dependent _GDH éq;reased in activity
“ during - day “% and day 4, ‘alopgqlwiﬁh NAD-erended%V mal}c
enzyme (ME) . .Begause‘ malate was a. majo; fproduct of
photésynthgsii in GLUS plants (f;ble 12); the apth;r assayed
NAD-QE enzyme. It was thought that an unusq;l p2stern of
activity' might appear duringrstress. As these emrzymes ‘were
found to be iittle changed in the WT strain, it therefore
appe;red thasltheir activity was respondi 'to'the _altered
metabolism of the GLUS stressed ‘plant. Th; activity for a
nuﬁber of the REV11 enz;mes showed é%aﬁges similar to that
of the. .mutant, but leés gradual. The slower déciine in
RuﬁISCO acéivity in the REV11 stréin, when compared to tgg/ '
GLUS straih, would allow a higher rage o; photosynthetic co, .
exchaqge to be maintained in normal‘air'than in thé GLUS
strain. -
Infact ) chloroplasts were isolated from all three
sefff and photosynthetic rates dgtermined by the ability
of either OAA or~CO2 to use,photosynthet;F energy. Only day
0 and day 2 were studied (attempts to isolate. chloroplasts
from the mutant strains on days 4 and 6 failed{. On day O,
all 'three strains'had a similar COZ-/and OAA-dependent rate

]

(Table 28). When photosfnthetic abiiity was exaQined two .
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Tablo 27

The act1vity of some enzymes isolated from leaves of
WT, GLUS and REV11 plants growl’xn CO,-enriched air
and subsequently ta normal air for up“to 6 days. Four
to ten plants were studied and the values were - ‘
averaged (+ S,E,) of two - ‘experiments. The: plants
were 25 tq 31 days old.

Enzyme Time
~ Activity (days) ' f
(pmdles prodyct -1 . ‘

mg protein hr ¢) ¢« .

’ 0 2 4 6 )
RUBISCO ;

WT .. 6.7220. 24 .6 £5+0, 30 7.01+0.26 7.08+0,22
GLUS 6.43%0.30 . 6.10%0°31 5.2070.28 4.14%0.21
REV11 6.34%0.24 6 23%0.23 5.6470.24 5.34%0.25
PEPCase )

WT 1.36$0.09  1.44+0.07 1.3140.08 1.35%0.07
GLUS 1.41%0.06  1.06%¥0.05 0.91%0.07 0.85%0.06
REV 11 1.39%0.05  1.12%0.07 0.93%0.05 0.93%0.05

. 2 by ﬂ!’
NADH-GDH .

WT 6.91+0.34  7.4740.22 7.0640.23 6.62+0.31
GLUS 7.37%0.28  9.44¥0.34 7.02%0.33 5.0570,22
REV11 7.04%0.34. 9.85%0,31 8.2630.28 5.76%0.29
NADH-GOGAT .

WT 0.41+0.05 . 0.30+0.04 -0.38+0.04 . 0.34+0,05
GLUS 0.44%0.05 0.38%0.05 0.23%0.05 0.16%0.04
REV11 0.38%0.04 [ 0.34%0.03 0.32%0.05 0.30%0.05
NAD-ME
AWT 4.26+0.30  3.93+0.26 4.00+0.30 .4.17+0.26
GLUS 3.91%0.44  4.73%0.45 4.36%0.37 3.27%0.39
REV11 4+2530.43\ 5.02%0.49 .4.63%0.35 3.9430.46
Catalase B : K

WT 20.1+1°,2 18.3+1.3  23.8+1.2  19.0+41.5
GLUS §22.6%T.3 25.3%1.9  20.2%1.4  13,5%1.1
REV11 2,9+1.3 rgo .4%2.2  25.%+1.6 18.4+1.8

-
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later: )

days’ both OAA- and Coz-dependent rates in ti

strain had decreased whereas 1n the REV11 stra1n oq

4

The WT

CO dependent rate had decreased. strain

'unaffected by the 2 day treatment. g

Ao

on

That REV11 ¢ was. re resistant to the proces

senescence, y brought ’ by the stréss, is one ¢

explanat1on .for these observations. 1In order to te

thlS p0551b811ty, plaﬁts from the three stra1ns were

to normal air and placed’in the dark for 6 days. Six

»chlq

a

darkness _ affected: all -three straxns, as

decreased by approximatley 20% in each case, These dd

affected similarly the photosynthetic capacity (Tabl

For all three strains, plants quickly lost viabilit

the dark.

14

left longer than 6 days in As a

documentation of the metabolism, CO2 fixation expe

were conducted after stressing plaﬁts'pf all three

for 4 days in darkness. The incubation of plants for

in darkness alters certain requlatory aspects of meta

For instance, ' the percentage of label recover
Ve

starch(insoluble fraction) was of

19).

roughly 50% wh

previously found (Table However, no unigue cd

was detected in the metabolism of .REV11 (Table’ 30).

It was obsegved during the course of CO gas e

2

measurements, that CO and 340 p

2 2
decreased at a faster rate for GLUS plants when kept

fixation in 21% O

*
COz-enriched growth chamber and in the light, tHh

AL

ap

{78
e GLUS
1y
peared-

ses of

aossible

et  for
exposed

days'of
rophyll
creases
e 29).
y when
further
rimedts
strains
4 déys
bolism,

L]

ed in

at was

mponent
¢

xchange

pm CO

in

2
the

]

an for’

the =
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The CO.
of intgc

Table 28

-engiched air and-

subsequently to normal air fgr 48 hours. Six to
ten plants were used per experiment and the plants

vere 25 to
replicated

30 days old. The experiment Wwas
using plants from different seeding

dates. Thé values were averaged (+ S.E.).

o

\

fixation and oxaloacetate reduction rases’
t chloroplasts isolated from WT, GLUS
and REV11 plants grown in CO

*Time

(hr)

Additions

" Rate of Oz'evoiution

WT

(pmoles

GLUS

-1
02~mg chl

REV 11

hr-]

-

w

)

N

8

2

.5 mM NaHCO

.5 mM OAA

.5 mM NaHCO

5 mM OAA

3

3

84+7

41+5

87+8

47+4

8744

47+3

,7@E§‘

35+5

. 84+4

46+6

79+8
47+6

-

)
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Table 29

The effects of 6 days contin!ous darknegs on the
physiology of WT, GLUS and REV11 Arabidopsis. Plants
. were raised in continuous light and CO,-enriched air
;(ng for 26-28 days. The CO, ftixatior rate das based
a on the incorporation o% 14CO, in the 11-22 minute °
ifiterval after the ongset of ?1 npation. This
/:gperiment was carried ouq , *

"R

Time (days)
. 0 2 4
1 * L ¢
dry wt L WT 13 13 13 12
GLUS 12 .13 13 12 .
REV11 13 o 13 13 12
chlorophyll® WT - 1.2 1.3 1.2 0.9
i GLUS 1.3 1.3 1.2° 0.9,
- REV11 1.2 1.2 L 0.9
_protein’ wT 24 24 22 19
GLUS 26 23 22 18
REV11 23 T 24 20 19
RuB1sco? WT 6.4 6.3 ¢ 6.0 5. 3
GLUS 6.1 6.1 5.7 5.4
: REV11 6.3 6.3 5.9 5.2
PE:Pcase5 WT 1'6 .5 1.2 7.2
GLUS 153 1.4 1.3 1.0
. REVI1 - 1.6 1.4 1.3 1.0
CO2 fixédez r
21% 0, CWT 3.3 3.2 2.9 2.7
GLUS - 3.0 - 2.9 2.7 2.4
REV11 3.0 2.9 2.6 2.3
;dry wt = mg plam:_@f -1 ;
. 3chl = 1g chlorophy;% mg fw '
gbrotein = ng mg fw iy iy
RUuBISCO = umoles CO, mg protein hr
SPEPcase = umoles CO, mg protein-1 hr-1 ,
6CO2 fixed = umoles 0, mg protein-1 hr-1, | .
; . .

\ A )
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kepf in total darkness. A plant left in a high CO2

reachéd a maximum rate of 36 Mmoles Coz’mg-chl_' hr

plant kept.in the dark reached a rate of
1

eas & 29

(Fig. 21). that

co, mg chl”! hr " It was probable

otosynthate would be limiting, the increased rate of
/

was caused by a lower starch content in the darkened

n fact, stardh'levels were reduced in the darkened

Table 31). The lowered photosynthetic rate in 21% 0,

and 34qy ppm CO, cannot be related to a darkness induced
[

lower pH

rd

otosynthetic capability. Photosynthesis in all three
-

N

strains | was similar in 2% O, and 347 ppm C024 The starch
levels |are approximately similar in all three strains which
sugge:ts that with regard to _this .aspect of starch
metabolism, REVI1 was not altered. The above experiment
also squests; that styrch may be an active carbon reservé
in maintaining the level f PCR éycle intermediates..
|
Isozyme Survey Using Starch Gel Electrophoresis
To identify other possible differences 1n the
. metabolﬂsh between the three strains, = starch gel
electroghoresis was used. 23 enzymes were surveyed by this
procedurle (Table 32). -

The§plants were all raised in a CO2

enriched growth chamber. The enzymes were colorimetrically
stained ' for activity after electrophoresis. In all Zhree

strains, the enzymes assayed migrated to equivalent

positioné and had equivalent activities (not shown).



Percent distribution of the prodlcts of
assimildtion from W], GLUS and

sed for 4 days in darkness, Plan
the 11-22 minute interval, after t
illumination. The gas regime vas 21%| 0, and 340
(remaining N,). This experi

ppm CO

carrie8 out once,

Table 30 .

-

11 plants

e
co
frres-

were labeled at

start of

nt was

Fraction WT * GLUS REV11
Acid-1 12,7. 20.5 21,1
citrate 1.0 3.4 3.8
malate 5.2 5.5 ) 6.5
2-oxoglutarate 0.5 3.5 4.0
glycerate 0.4 2.1 1.5
glyoxylate 0.2 2.3 . 3.0
Acid-2 14.9 20.7 24.0
PGA »3.7 1.9 2.9
PEP 1.9 2.2 3.4
Acid-3 9.1 14.2 15.9
RuBP 2.8 W 5.4 4.9
Basic 45 23.5 22.6
glycine 15.°0 6.4 6.7
serine 8.1 11.2 10.2
glutamate 7.6 0.5 1.8
glutamine v 0.2 3 1.0
alanine 1.0 0.1 0.2
aspartate 2.4 0.2 0.8
A )
Neutral 15.4 10.9 11.8
Insoluble 5.6 3.5 v 4.6
.Recovery (%) 95.9 93.5 99,7
LS
N )
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Figure 21 _Rates of nqt'photosynthesis in control
grown GLUS X_~") and dark incubated for 36 hr
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v | Table 31

starch content and photosynthetic rate for .
» GLUS and REV11 plants.raised in Coz-onrichod
air and then placed in the dark for 36“hours. The
gas regime for measurements of CD, tixation was 2%
0, and 347 ppm CO, (remaining Nz). This experiment
wis_replicated tw?ce ' : . .

Strain - . Starch . C02 fixation
. content - rate
(mg glucose mg chl™') (umoles CO.,-
‘ mg chl-1 fir-1)
time (hours) ' ., . .
0 . ,36 0 36
A L \
Y'I‘ 43.8 17.5 101.3 109.0
b .
GLUS 45.5 16.4 93.6 102.4
REV 11 41.4  14.9 96. 2 103, 1
-y
—?”
) 4
r'\/ .
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m C enzyme »

electrophoresis.
d REV1! leaves.
served is
xper iment

Enzymoi assayed fq)lon!‘q[ltor
of extracts prepared from WT,: GLUS
The number of electrophuretic bands.

- given opposite th# enzyme name. This
vas repl?gat.d,‘fxcc.

' A

- BAzym€ ‘ ‘ number of subbnit; .

L]

: i
acid phosphatghe
aconitase ' .
adenylate kinase

alcohol dehydrogenase

aldolase

aspartate aminotransferase
catalpase

colorimetric esterase

flourescent esterase ' -
glucose-6-phosphate dehydrogenase
.glutamate dehydrogenase :
isocitrate dehydrogenase - -
leucine amino peptidase-

malate dehydrogenase

\NADH diaphorose .
peptidase

phosphoglucomutase i
6-phosphogluconate dehydrogenase
phosphoglucose isomerase
shikimate dehydrogenase
superoxlde dismutase

tetrazolium oxidase.

N A S0 ' - ) .
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Discussion

o . .
The GOGAT Activities of B. napus

Four reductant dependent GOGAT activities in the leaf
and root tissnes of B, napus were determined (Table 1). 1In
-tne etiolated. leaf, the NADH- dependent GOGAT activity
predominates, whereas upon 1llum1nat10n of"he leaf, fd-'and’
methyl v1ologen dependent activities dominated. Plants vary
considerably in the amounts and types of activities found in
leaf and root tissue. In rice, both NADH -and NADPH

activities were founaionly in etiolated leaf, ‘but not in

green Yeaf tissue (Suzuki et al. 1982). As reported herein,

a
-

and ' by other authors for barley and pea, all 4 activities.
were found in both etlolated and 1llum1ﬁéted leaves
(Wallsgrove et al. {984). Whether»rice is unlque in gene
redulation anaits melecular studies. The fd-dependent GOGAT
‘protein. of‘cice however is unique when compared with other\dﬁf//
isolated Cfd*GOGAT'S, since it consists of two subunfts
- (Suzuki and Gadal 1982).

M is not énown which GOGAT protein is responsible fOr’
“the methyl Viologen'hctivity.‘ Matoh et a%. (1980) puritied
leaf NADH-dependent COGAT to homogeneity and reported.‘both
reductenté, - NADH and methyl wviologen, gave activity.
" Cullimore and Sims (5981) whilst working with C. reinhardii’

partially purlfled NADH and fd-dependent GOGAT activities,

reported methyl viologen was only active with the NADH form

‘ 186
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of\\GOGAT. Other work with the GOGAT activities of . C.
.feihhétdii cégtradict. the above .results. Galvan et al.
(1984) isolated fd-dependent GOGAT to homogeneity, and found
methyl  viologen and ferredoxin to yield near equal
,activit%es. Subsequently, the same laboratory“ partially
purified NADH-GOGAT, and also reported methyl vZologen-
. dependenti;ctivity.(Ma}quez et al. 1984).

. In the present work, purified NADH-dependeﬁt GOGAT did ,/
not have activity with methyl viologe;. -Only purified fd;f
depend&r® GOGAT wasthwon to have me#hyl viologén—dependgﬁ;
activity. Also, antibody raised against épinach fd-dependent
GOGAT, will -not inhigit NADH-activity, but will ingibit
- methyl viologen activity (Fig. 13). Similar ;esults«;have
been found in riée (Suzuki ‘et al. 1982). It is ,concluded
that the methyl viologeJ—dependént'acéivity was/-gsgééd by
the -~ same ' protein re§gonsiblé for fd—dépeﬁdent GOGAT

acgivity. | |
In view of GOGAT's role in nitrogen mefabolism, it is
important to wunderstand how the differeht forms. of the
enzyﬁel function and are regulated. As reported above, the
kinetigs- for NADQ~ and fd-dependent GOGAT are similar.
Neither enzyme demonstrated any regulatory characteristics.
This 1is in contrast with the characteristics of chloroplast
enzymé glutamine synthetase. Both Mg2+ and ATP influence
glutamine synthetase activity in such a way suggestive of
the. f;Etv that the <chloroplast Ehysiology can ,affect

: T :

glutamine synthetase activity (Oneal and Joy 19747»Hirél and

-

M
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Gadal 1980). There seems to b;’no differen;e in pH optimum
between the leaf NADH andt fd-GOGAT activities, ané hence it
‘s cimpdlsible to state as to whether or mot one isozyme 1is
favored over the other during the light induced :ise in
stromai pH, from 7.2 to 8.0 (Portis and Heldt 1976). The
only distinct differenceqbetweeé the two isolated GOGAT's :.s
the & requirement for either ferredoxin or for NADH .
Ferredoxin is photosynthetically reduced, , and therefore it
is “possjble that the fd-dependent GOGAT {{ favored during
illumination. Tﬁe isolation of fd—dependeht GOGAT deficient-
mutants of A, thaliahia has leé to fﬂe'SUQQQ;tionithat fd-
dependent GOGAT is only rgguired for“'thé ﬁhoto:espiratory
nitrogen cycl¥ (Somerville and Ogren 19805). These mutant
piants grow as well as the wiid typé plants in Coz—enriched
air (when photorespiration is suppressed) or in the dark. In

fact, id “high CO the growth of the mutant plants is

2
actually enhanced when compared w1th the growth of wild type

plants in normal air. A very act1ve NADH- depg.%ent GOGAT

activity must be present in the mutants’undif these enhanced
growth conditions. At presept, ferredoxin has not been
isolated frof roots, —although an antigenetically similar

protein has been reported (Suzﬁkf et al. 1985). The presence
! -

of fd-dependent GOGAT conveys thw/ notion of 'a metabolic

‘role in the . root. Altgrnativel*, the presence of fd-

v

,

dependent GOGAT may just represent a lack of an efficient

"on-off" <control for the fd-dependent GOGAT encoding gene.
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Future .experiments might. best approach the role of fd-
&y

dependent GOGAT in the roots, by studying the flow of

metabolites-through the nitrogen pathway of the roots. For

such experiments to be revealing, NADH-dependent GOGAT would

have to be inactivated.

Genetic’' Analyses of GLUS Mutants ////,

L™

Twenty-six mutants deficient in fd~dependent GOGAT
activity have been characterised in A. gggliania. The ¢
mutations were 'all allelic and recessgve to the WT gene.
Each mutant s;rain w;s found to be dégicient only for fd-
dependent GOGAT activity, NADH—dépendent'GOGAT activity was
‘not affected. Thus, the presence of'NADH-dependent GOGAT
appears to meet the necessity fo; the primary assimilation
of NH4+ for protein synthesis and_qroﬁth.

Surprisingly, the“photorespiratory screen for mutants
yielded only GLUS/mutants with positive CRM leQels. All. the
mubants, were obtained from the second generation of an EMY-
mutagenised popula}@on. In both prokar}gtes and‘eukaryoyes,
thg predominant result of EMS-mutagenesis concerns s{ngle
base péir changes (Coulondre éﬁd Miller 1977; Nalbantoglu et
al. 1983). Null CRM mutants using EMS as a mutagen have been
isolate@ in eukiryotes. Positiye CRM Wutants,yith altered
protein products . have also.been isolated (Epstein et al.
1974; Nalbantoglu et al. 1983). Since the screen for mutants

should have been non-selective for any step in gene

expression, it was expected that null mutants (or mutants

1 )



i
\

190
, b . . ' ’
_with altered GOGAT) would be foug’k e e
The GLUS mutants examined té.date gre deficient for fd-
depéndent GOGAT activity, fd-depggaent GOGAT activities~.on
the other hand are not completely absent, nor is the fa-
dependent GOGAT protein significantly altered in structure.
>Spechatively, the gene sequence for fd-dependent GOGAT in
A. thaliania codes for another functibn neceséary-for life
and moreVer,‘Lny alteration in the seguyence is lethal. It is
also possible %hat nét ;pough mutahﬁs have?been e#amined and
‘in. the future, nuil mutants may be found in A. thaliania.
Further st\:ies to characterise the'mélecular‘defecté_in the
GLUS straihs, await the clonjng of the fd-dependent GOGAT

gene. .

°

The Effect of the GLUS Lesiord on the PCR Cycle

&hev present studies on the activity of the PCR cyc%e,
(as measured by zszfm%ﬁg;;;ns of RuBP levels and the aésays
of RuBISCO, FBPase and RSP kinase activities), have shown
that this cycle was altered in GLUS plants phoﬁosynthesiiing
unéer photqrespiratory conditions. The characteristic
inhibition A photosynthetic  CO, exchangé under
photorespifggg/y/ggaaitionsq(Somerville and Ogren 1982a) was
. shown to occur in the aEUS plants results studied (Fig. 14)
as previocusly demonstrated by Soqerville and Ogren (1980a).
However, the data from this investigation did not confirm

the presence of a lack of carbon (Somerville and Ogren

o



.

¢ . ‘ \ ) ‘ )91

1980a; Somerville and Ogred“1§83) nor was'ié clearly evident

+

that there was an inactivation of RuBISCO, whicﬁ.‘migbﬂ

~knitiate the QeEIine in photosynthélic~cqz exchange.
c The..fack ;f a clear reLE%idnship between the BuBP
level's and thes inhibition of"photosynt£etic CO, exchange was
surptising. Kirk and Heber (1976) convincingly demonstrated
with?isolated intact chlor;plasts that a major withdrawal of
carbon from the chloroplast in glycq}ate 6yﬁthesis, (without
any Iggncurrent return of Equ_carbon) essentially depletes
the PCR cycie éf carbon. ﬁecentiy, it has been suggested
that tﬁe isolation of chloroplasts from their cellular
milieu prevents the proper exchange of-.phosphate and carbon

between the chlorbplast‘and the cytosol, possibly’resulting

in the abolishment of normal regulatory controls - in

metabolism (Dietz and Heber 1984a; Stitt!et al. - 1985). The
finding that RuBP levels are similar between the WT and GLUS

plant at—-a time when photosyptheti& CO2 exchange was

declining indicates that something other than a complete .

depletion of RuBP initiates the inhibition in photosynthetic

co, exchange. . P e

The activities of RuBISCO, RSP kinase and, FBPase are

indeed altered 1in | GLUS plants photosynthes}zing under
photorespiratbry conditions, supporting Creach and Sﬁewart's
(1982) p;oposal that theoregulation of key PCR cycle enz&mes
is involved during the inhibition of CO2 exchange,in plants
blockeé in the PCO cycle. However, after AO min of

illumination in a photorespiratory atmosphere, the activity




. : . \ \J 192
v ,
of these enzymes ih_both strains, wekevapproximately similar
(Fig. ﬂ4;' Tables 8 and 9{. ‘ These\enzymes.do decline |in
activity between 10 and ,30 min @fter the onset of
illumination. Previously, Chastain Lnd Ogrén (1985) had
sﬁo&n > that 'thg RUBISCO activation state is affected| in a
number of ph&torespiratory—deficient mutants af A.
. thaliania. In some cases (for instance in the SAT mutant)
the activation state of RuBISCO correlated épproximately
~with photosynthetic‘coé exchange decli". The inhibition of
RUBISCO activation in” other PCO cycle mutants varied,-and it
was stated that in GLUS plants the inﬁibihion of R@®BISCO
lagged behind tﬁe inhibition of photosynthetic CO2 exchange.
» The results described in the present study with regards to
the relatioﬂship¢°of RUuBISCO " activity to co, exchaﬁge,
support the Qieig{of Chastain and Ogren (1985)., It appeérs
that with respect to what causes the decline in RuaBISCO
activity,“ the altered metabolism of GLUS plants  under

photoiespiratory conditions is different from that af the

SAT mutant.

¢

Two other enzymes of the PCR cycle gfe FBPase and RSP

kin3se (Lilley 1983). Both enzymes were light-activated and

thejr activity decreased in GLUS plants photosynthésizing

under photérespiratory conditions (Tables 8 and 9). The
/-

inhibition of enzyme activity for these two enzymes could be

the result of a common mechanism or separate inhibitory

interactions with stromal metabolites. As these enzymes are



\ e | - 193
‘regulated b%'a:number of metabolites (Lilley 1983) the cause
of their decline in activity is unclear. Future research
_using nonaqueous ‘isolation of chloroplasts shbuld
concentrate on determining the levels of stromal metabolites
knowryto have regulatory roles (Gerhardt :and Heldt 1984).
Conceivably, the enzyme a;says used in th present
study 'were inadequatg if, accurately determidkng the
gctivation state for theseehzymes. It is possible thatJ in
vivo, these enzymes " were inhibitéd by certain negative
effectors, binding to the respective proteins aﬁd inhibiting
the enzymes catalytically and / or their activation levels
(Hatch and Jensen 1980; /Badger andl'LorimeE 1981;  Lilley
1955}. Upon homogknisation and dilution of the extracts by
the assay mix, these effectors were lost, and the enzyme's
activity increafﬁg. Similar explanations have been offered
for the varied results with reéard to the actual alterations
of RuBISCO activation by certain effectors (Badger and
Lorimer 1981; Sefter et al. 1986fk 1f the assays reflect
the in vivo rates, then the determination of chloropEast
metabolites may be essential for deterﬁining the cause for
the initial decline in photosynthetic CO, exchange.
Previously, Somerville and Ogren (1980a) determined
.that NH:+ accumulated in the GLUS mutant, to Jevels
purportedly high enough_ to uncouple photophosphorylation.
The rise in NH4+ appéréntly adéS'a_complicating factor to

the interpretatiom of the data presented in this

investiBation., After 40 min of° illumination, RuBISCO
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activity in the GLUS strain measured only 60% of the

~activity of the WT strain (Fig. 15). A decrease ap an

enzyme's activity'should result in the accumulation of its

4

substrate, i.e. RuBP. In AAN-treated soybean leaf discs,
RuBP levels are'ﬁigher than 1in %Pntrol leaves (Creach and

Stewaft 1982). Also#  AAN inhibition of the PCO cycle

inaciivates- RuBISCO in detached leaveJ\cﬁ' A. thaliania

(Chastain and Ogren 1985). Since RuBP levels are lower ® in
the mutant after 40 "min of illumination in a
photorespiratory atmosphé:e.(Table 10), it would therefore

9 v,

appear that the presence of‘NH‘+ in GLU§ leaves uncouples
photophosphorylation. = However, the proposed stromall
reduction of ATP may not be the only cause for RuBP déc}iné.
The . amount of RuBP present in the mutant will be the result
of the activity of RuBISCO, the quantity of RuBISCO protein
(noncatalytic binding sites) and the level.—zﬁ "carbon
available in the PCR cycle for RuBP synthesis. The amount of
carbon 'available for RuBP synthesis will be determiged by
the degree to which carbon returns from the PCO cycle
(Lorimer .and Andrews 1981; Bourquin and Fock 1983), the rate
of carbon entrance from ca;bon storage pools (Ludwig\ and
Canvin 1971; Stitt et al. 1985) and the level of ATP for
'substrate phosphorylation of RSP (Bassham 1965). Thus, the
“Ievel of RuBP 1s the result Bf many processes, which have
not been fully examiﬁed in~the GLUS strain. In addition, the

rates of many of the above processes are growth condition

ON
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non-confirming of results is disturbing, Atgordingly future
studies should includeacompafﬁ% levels of
GLYD and GLUS strains of A. thall a obta1 f Q rom- plants

grown in the same 'growth chamber. However, the time
differe;cis of RuBISCO inactivation' between these two
strains reported by Chastain and Ogren (1985) and shown in
the present study (Fig. 15) would suggest that the
accumulation of NH4* provides a unigwe contribution to the

metabolism of GLUS plants.

The Effects of NH‘+ on Metabolism of A. thaliania
) _
The reason behind the decline of CO2 fixation in GLUS

plants remains unknown., Two exblanations previously offered,

the accumulation of NH4+ (Somerville and Ogren 1980a) and*

the build-up ©of glyoxylate (Cook and Tolbert 1982), were

examined. In Figure 16, NH4C1- was shown to inhibit

photosynthesis in WT A. thaliania plants. For the GLUS
strain, photosynthesis declined at a time when the measured

NH4+ leyel was less than that required to inhibit the WT

strain. These different results might be caused by an

experimental artefact. The NH4+ in the NH4C1-£ed plants was’

largely from an external source, while the NH4*'in the GLUS

strain was derived from the mitochondrially localised

o~
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, '
glycine decarboxylase reaction (Tolbert 1980):agossib1y, the
externally .ﬁbplied §H4* becomes trapped ‘in the acidicu
vacuole and hence the fevel needed to inhibit photosynthesis
is actually lowver than the amounts determined in the leaves.

Conversely, it 1is conceivable little NH4 is trapped in the

vacuole and that therefore the internally produced NH4+ may

reach the chloroplast in a greater proportion. Nonetheless,
until such .a partitioning of NH‘* from interna! versus
external sources has Seen demong;rated, it is assumed Ehat
the differences observed in the onset 6; photosynthetic
inhibition in the GLUS and.NH4Cl-£e§ WT plants represent two
separate mechanisms of ‘inhibitién."The latter being an
uncoupling of photophosphorylation, and th; férmer some
other cause, possibly involving the reductiqon of PCR cycle
enzyme activities (Creach and Stewart 1982).

After 20 min of phoéqsynthesis under photorespiratory
conditions, the NH ﬁ content in the GCUS strain was risiﬁg'

4
above 2 mM (Fig. 17) which in some -studies with intact

B

chloropfasts would be - high enough to lower stromafl ATP
levels (Tillberg et al, '1977) and uncouple ‘photoszfthetic
electron transport (Slovacek and Hind 1985). Under these
circumstances R:BP levels would be depleted as  RuBP

synthesis requirds ATP (Bassh‘m 1965). The data indicate
R :

14

pr .
however that the percent recovery of C in RuBP was
R

increased in the GLUS plant when compargd to the WT strain,
while the percent recovery of‘14C was decreased in the

h
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NH,Cl-fed wmk,piizz (Tablg“ 12b. It should be mentioned
. however that NH4’ AS not completely ottkctivdgin udcoupling

photophosphorylation as some J‘C,was recovered in Rj?P. The

simplest interpretation of the in;reased recovery’ {4C in

RuBP in the GLUS strain was a reduction in RuBISCO activity.
This conclusion was based on the concept tpat a rate

limitation in a pathway results n the “accumulation of the

H

substrate. ' It can be assumed that RUBISCO was inactivated

after 50 min of photosynthesis in 50% 0, and 335 ppm COZ

(femaininész). Chastian and Ogren (1985) reported that the

QuBISCO activigy was reduced after a treatment 6f 50 min in

«

a similar gas régime as uUsed for the GLUS- mutant in the
\ , ,

present study. The slight increase in pefcenpArecovery of
14C in FBP, also suggests that Fg?ase activity was decreased
by this time (Table 12). Earlier in the present study it

was shown that these two enaymes showed a reduced activity

»

during photosynthesis under photorespiratory conditions
(Fig. 15; Tables & and 9). In addition the RuBP level was
lower in the GLUS strdin after 45 min of photosynthesis in

21% 0, and 340 ppm CO, (see Table 10). The size ofy the RUBP-_
a4

pool is reported to be small (Jens®h “and Bahr 1977), and

thus the 10 ﬂ&Q labeling time with 14CO2 was expected to
saturate the RuBP pool in the experiments reported in Table
12. The causes for this discrepanéy_of the data between
these two experiments were left unresolved, élthough the

later experiment was ?one in 50% O, (Table 12), while the

2

former was done in 21% O,. Edwards and Wdlker (1984) have
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shown that the optimum P, level for maximum rates of
photosynthesii in isolated wheat chloroplasts varies with

.
Ve the level of photorespiratory activity. It is possible that

-

—
~ the level. of RuBP is not crf?\:al for the decline in ,

N ‘ .
photosynthetic C02 exchange, but vather a separate process

0 ‘
. involving the P, regulatory system as described by Heldt et

1

al. (.1978). Thus, since two different O, atmospheres were
. . oL \ .
used, “the process of inhibition may have set-in with a

o

C in sucrose (Table

.differenf ﬁimg course independent of RuBP levels.

The reduced percent recovery of 14

. 12) constitites a similar metabolic vresult between the

NH,Cl-fed WT plant and the GLUS strain. From the literature
~

it is known that feeding intact tissue systems NH4+ reduces

N

sucrose synthesi§ (Platt et al.' 1977; Walker et al. 1984),

Jt is thought that in order to accomodate the increased
+ L. . . . '
// phesence of NH4 the reduction in sucrose synthesis results
) «from a carbon- diversion to the TCA cycle And‘subsequeqtly to
the synthesis amino acid (Platt et al. 1977). In the NH4C1-
fed WT plant, there was an increased recovery of percent 14C'
in the amino acid fraction. In the GLUS plant, probably as a
result of photorespiratoty 1loss of NH4+, a decreaseé.' .

14C in the amino acid fraction was noted

recovery of percent
(Table 12). At present, no cogent explanati?ﬁ(has been
developed to explain the partitioning of cytoplasmic carbon
in nérmal'plants (stitt et al. 1985). Generally however,

when there 1is a shortage of carbon for export from the

N
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chloroplast, sucrose. synthesis is reduced (Stitt et al.

14,

119837, Thus, the lowered recovery of - "C -in sucrose of the

GLUS strain, .might. be due to carbon shortage and not

1ncreascd NH‘ .

Malate (’as found to be a majot product o!.

photosynthetjc .,14

{ -
.conditions (Table 12). A similar result has been reported

C02 fxxatxon under -photbrespxratory

ffbry ‘the catalase-deficient mUtant of barley (Xandall et al,
- .1983) and vheat J}eaves incubated - with MSO under
photorespiratory'conditions (Walker et al. 1984). Malate has

. . N . .
many fuge#tions in metabolism, such as replenxshxng the TCA

cycle, generating the NAD(P)H and a role in the cyanide

resistant respiratory pathway (Lance and Rustin 1984). The

“ N ’ . .
14C recovered in malate may originate from the PGA, as it

has been shown that malate can be synthesized from 'PGA
(Ruffner et al. 1983). The conversion of PGA to malate .ig
thought to occur in the cytosol and ‘pogsibly at the exgense

¥

of cytosolic sucrose synthesxs. How is occurs is unknown

YStitt et al. 1985). 1In Scenedesmu

14CO2 is prevented for 66% t

, the rapid labeling of
malate _ by 97% by the presence
of qglonate (Bassham et al. 1951)., Mallnate is an effective
inhibitor of succinate dehydroggnas and tob;cco leaves
t:éaﬁed',with it accumulate sudgixgke (Vickery and Palmer
1957). Thus, the increase in malate‘labeling could be via
increased TCA cycle activity. At the time of the

experiments, the present author wab‘uggyare of thewnalonate

experiments.

N

) b
-k



éﬁsi‘ of 14C in.maléte is via PEP carboxylaselactivity in the leaf

3

e '

"X (Walker et al. 1984). This enzyme is present in many C3
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Another explanation for the percent increase recovery -

¢

plants and the product of this‘reaction is OAA, which can be

converted to mélate (Lance and Rustin 1984). A direct

14

téchniquef to resolve the guestion as to whether C-malate

arose»from the carboxylation of PEP, would be ito determine

the intramolecular distribution of 14C in malate (Levi et

al. 197@%.‘ Since this technigue was not available to the

" present author, ‘an jndirect procedure. was used, whereby

malate 'wasA ‘labeled "ir~._the dark;J A comparison of the

subsequent{metabolism in the light was carried out.

The pattern of e distribution observed in the

i metabolites and recovered from labeling both WT and GLUS

. plants in the dark with 14COz, provided evidence that  PEP
carboxylase was active in the leaf tissue of A. - thaliania.
‘ i - : s

"The major products recovered (malate, aéparta;e and citrate)
. ’ i <‘.x'y . .
after labeling in the dark are all related to the metabBolism

of OAA. Thus, the recovery of>14C,in malate can be explained
by the conversion of OAA to malate as catalysed by malate
dehydrogenase (Latzko and Kelly 1983). The label in citrate

would be from OAA that has entered the TCA cycle. Glutamate

°

could ‘receive T4£ via the conversion 2-oxoglutarate of the
L) . .

)

TCA cycle into-glutaméte’by an - aminotransferase activity.
. K ) .

Aspartate  could also be labeled via OAA due to an

~aminotransferase éetivity. The recovery of label 1in the
‘ : s . :
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insoluble fraction m&gpt indicate amino.a§id ihcorporaiioﬁ
into the protein fréctioﬁ.

\ When ﬁhe',plants ’}or the WT and GLUS strains wére
illuminated, and the “qistrib*;ion of ]4C in tﬁe‘ various
metabolites determineé, differences in the recovery of total
14C and in the péttern of mgtabolités labeled " were noted.
The total recovery. of ¢ was 87% of the initial ambuﬂt

present in the WT. For the mutant 96% of the label was

;ecovered }Table i; . The loss of 146 was probébly“due to
respiratory release of 14C02. Howev- -, some 14C. was
recovered in the sug®fr bisphosphates (a- '-# and nedtral
. fractiogs. Similar results and conclusions have been

obtained from studies in which Chlorella cells were supplied
with-;14C—glucdse in the dark and then incubated in the'
light, prior to analysis of '7C metabolites (Moses et al.

1959). It appears from the data that the dark Eespiration
s Y .

- was partially suppressed in the muéant. Another diffgreq;é
between the GLUS and WT plants concerns the higher recovery
of label in malate (8%) ;n<the”GLUS strain when compared to
the WT (Table 13). |

Graham and Cooper (1967) reported that in .similar

L , 14 . . . *
experiments the percent recovery of C 1n malate increases

after 1llumination in mung bean. Bocher and Kluge (1978) s
4 N ) .

using spinach reported that in similar experiments the

percent recovery of [éC in malate decréases‘ﬁn the 1light,

The present data (Table 13) show that in A. thaliania_ the

14

percent recovery of C. in malate has increased after 45 min
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bf photosynthesis in lightf There 'is no obvious explanatign
f@r the“difference in ﬁhe data presented in these various
sﬁydies. |

When ,compared to the experiments described apoVé.

(inVolvihg dark fixation of»14CO2), a different pattern of

14C incorporation 1in metabolites was observed when 14C-
malate was supplied to leaf sprips in ;he( dark-'and the
distribution of ¢ metabolites  .recovered , following
illumination, was determinea.’ Afte;\ labeling during -and
prior to‘illumingtioh, approximately}BO% of the label in
.both GLUS and WT plants was recovéred in malate (Table 14).
" The percentage of 14C»d‘ecreased during the illumination
pefiod from 34% to 19% in the WT, and from 33% to 28% in the
.mgtant. Again,‘palaté metabolism appears to be restricted in
' the mutant. The decifase in percent label recovery in malate
ébtained in this ‘%xperiment contrasts sharply with ™ the
ipcreasé in percent label recévéry in the previous dark co;*
fixation ‘experiment (Table 13). The o posing experimental
réégltgﬁ may reflectpdifferences in experimengfl procedure.’
In the dark COZ fixation experiment, intact plants QereG
~used, whereas in theﬂmalate feeding experiméﬁt leaf strips'
were employed. It is'possible that loss of metabolites from
thé.;eaf st:iés, may account for the diffeéences.
:ﬁ'Altegnatiiély, MacLennon et al. (1963) have shown that

;i ) \‘ . [] . .
1n plant tissues organic acids are restricted to storage

pools, which are not associated with active metabolic pools,
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(such as the TCA cycle). Possibly, the e label recovered

in malate by the dark co, fixation and malate feeding

experiments, represent different malate pools. In support of

* s notion, is the observation by Lips and Beevers (1966)

4 L )

14CO2 or Uj1 C-malate are fed to roots . containing

that when
different malate pools, these pools a;e.not labeled equally.
At present the?e 1s a paucity of information regarding the
regulation qnd; synthesis of malate, despite its central
role in metaboffsm. Future studies aof GLUS metabolism should
determine ypich pools of malape are altered in the GLUS
plant, and Eonsequently some knowledge may be gained with
reg$§ﬁ to ~carbon partitioning within the cytosol and the
role of maiate metaboli in nphotorespiratory deficient

plants.
Glyoxylate Metabolism

Unger photorespiratory conditions, RuBISCO activity is
initially normal in GLUS plants but later declines (Chastian

and Ogren 1985). One possible explanation for this decline

‘o

1s glyoxylate accumulatioaiaCook and Tolbert 1982). Attempts‘

were  made to address this possibility by labeling
photosynthetic " intermediates " under steady State
photosynthetic conditions thereby promoting photdrespiration
and the subsequent comparison of the amount‘of,label present
in glyoxylate with the ra}e\of photosyhthesis for a GLUS
-plant recovering from inhibition. No apparent correlation

between 14C-glyoxylate levels and rate of recovery was
-
e}
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found. That is to say, in the dark glyoxylate disappeared
more = rapidly from the cell than the capacity for
photosynthesis was Testored. The simplest interpfetation,of

e
this result is that glyoxylate has no role in the inhibition

-

of photosynthesis.
Genetig Analysis of the GLUS Locus

The GLUS mutants of A. thali;ﬁia were isolated in a
mutagenic scréeniné prgéedure developed to find plants that
require Coz-enrjched air for growth (Somerville and Ogren
1982a). in the original publication concerning the GLUS
mutant, it was shown that the'strain‘ lacked fd-depgndent
'GOGAT activity and glutamate levels were de: .&ed after 10
min of photorespiration (Somerville and ogren 1980a).
Presumably, either the accumulation of-NH4+ to toxic levels
or the reduced aminatién of glyoxlate inhibited
photosynthesis. Also, it has been suggested that the reduced
glutamate levels measured in the leaves of the GLUS strain
reduce chlorophyll content, contributing to inviability
(Somerville 1984). The aim of the work presented in this
section‘was to isolate revertants of the GLUS locusf- whith
would restore either one of the above processes or féduce
photorespiration in normal ‘air.

The original mutants were isolated by EMS-m%}agenesis

(Somerville and Ogren 1980a), which predominately 'yields

single-base pair changes in prokaryotes and eﬂiaryotes
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(Coulondre and Miller 1977; Nalbantoglu et al. 1983). Using
the strains CS 37 and CS 66, ~revertants witH‘restored fa-

3

.dependent GOGAT activity were isolated. These revertants
were only phenotypic revertants sincex theéy wgré neither
characterised at,the DNA level nor mapped. Hence, it cannot
be " determined if the original mutation has reverted, or a
secbnd site in éhe DNA wa§ altered to give a functional
protein. It seems likely that thé original mutagenesis
yielded single‘bése.pair changes, as the CRM level was high
in th?se two mutants (Table 7), indicating onl; small
changes in the protein structure. In support of.this notion,
a high reversion frequency was measured (Table 15).

Typically, .the mutation frequency ip Af thaliania using EMS

approiimated 4 to 10 mutants per 1000 M2 geeds (Koorneef and

van der Ven 1980; Somerville and Ogren 1982a). Thé reverse
mutation frequency measured in theﬁbresent study was only
slightly lower than a typical forward mutation rate.

The reversion frequency for the CS 254 éllele~was lower
than for CS 37 or CS 66, and none of the revertants had fd-
dependent GOGAT activity restored. The isolation of
revertants without the original enzyme activity restored,
suggests that the orﬁginal mutation was actually two or more
mutations or a deletion or addition of base pairs.
Somerville and Ogren (19805) have shown thaﬁ the CS 254

.
allele segregates in a 3:1°'phenotypic ratio in the Fz

progeny from a cross tc WT.  Accordingly, it can be assumed

that CS 254 contains a single mutation - though it is
AN
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possible that separate but very éiosely iinked mutations
exist in the strain. It is likely that the CS 254 allele was
either‘a small deletion or addition in the structural gene,
or alternatively it may be deficient in a regulatory
funcpion, on the basis that its mutant £d-degendent 'GOQAT
protein appeared to be of normal Mw as hjudgea by
immunoprecipitatioh onto SDS polyaé;ylamide gels (Plate 5)',
It ;s generally believed that small deletion-containing
mutants, revert at é much lower frequency, tha® that in the
forwagd direction (Freifelder 1983;.

An intriguing aspect of the work on the CS 254 alléle
concerns the app arance of M, plants which appéared to havg
normal levels \Sf chlorophyll gnd did not flow?r. One
explanation for this observation was that these plants may
ber developmental mutants. For example, an information
suppressor could restore fd—depéndent GOGAT .activéty,
allowing germination; growth and bhioropﬁyll synthesis to
occur at rates above the mutant 1levels. But the same
suppressor gene.might’then have a deleterious effect during
t hié flowetring developmentailgtage, when a different set of
genes are expressed (Kamalay and Goldberg 1984). In theory,
the leaf m;;erial of these plants could be tissue cultured,

This would allow propagation of the tissue, allowing an

X
Al

assessment of fd-dependent GOGAT activity and other cellular
processes. In addition growth in a tissue culture would

probably not reguire the same developmental genes as

o~

: \
N )
4 ad
3
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_ f&éwering»plants~employ.
The lack of revertants expressing h}gher than no;mal'
levels of NADHfdependént GdGAT _was not ﬁaexpebted.
: Simpliétically, it"might be assumed that such a mutant could
result froﬁ increased promoter activity, Hovyever, in
eukaryotes, promoters é{e complex, oftep-containing more
than one region‘of DNA for activity and extending over many
base pairs (Cohen and Meselson 1985). Since in'a eukaryotic
promoter the alferation of one or a few bases ®as little
effect on act&vity (Donahue and Fink 1983); the success of
EMS to induce a promoter up mutation in the NADH-dependent

GOGAT gene appearé 4o be limited.
Physiology of REV11 Plants

Because in the GLUS strain C02 fixation declines to 30%
. -~

of the WT rate over a 30 to 50 min perod, it is unlikely
that a severe block in the PCR cycle existed. A interruption
?f the PCR cycle reduces co, fixation to zero, as it is
apparent in the PCOA mutant of A. thaliania <hich
accumulates phosphoglycolate (Somerville anda;Ogre"

Phosphoglycolate inhibits the triose phOSphaté S e Lse
reaction of the PCR cycle: The gradual decline‘i‘

h 4 ~ R
strain 'suggests either a different meckanism of i

or a gradual occurence of a block in the PCR cycle. The

I3

more than one substrate source for aminotransferase activity

in the cell (Tolbert !§80), notably serine, a vacuolar pool
j

of glutamate and the NADH-dependent GOGAT supplying
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glutamate. The REVII straia was not altered with rega[gfto
the serine ér glutamate pool sizes, fﬂ?? compared with the
original mutant (Tables 20 and 21).J Accordingly, the
slightly increased rate of CO, fixation obserVedl in . the
REV11 strain cannot be accounted for by a larger source of
aminotrahsferase substrate.

"It was noted that the photosynthetic Co, fixation in the
GLUS strain is able to recover from the photorespiratory
cauSed inhibition of photésynthetic C02 exchange when the
plants were incubated in the dark (Fig. 18). Conceivably, a
net synthesis of'glutématé by NADH-dependent GOGAT activity
. or a transport of glutamate from the vacuole to the
peroxisome resulted dhring this recovery period. Since the
REV 11 's;rarn may be altered in one of these processes it
cén be expected that REV11 wifl récbver' faster from
inhibition than the GLUS strain. However, because of the

similar pool sizes of amino acids in the light and dark the
;bove explanation does not appear plausible. On the other
hand, the amino acid contents were determined by total leaf
extraction and by e incorporation and~these methods may
not accucately reflect all pool activi:?zs, as has been
shown 1in previous studies with Chlorella (Bassham and Kirk
1964). Also, the in vitro assay for fd-dependent .GOGAT
activity may not reflect the higher in vivo rate of this

reaction which in turn may account for the slightly higher

glutamate levels. Bigelis et al. (1981) have shown that
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mutationally altered enzymes are prone to damage dufing
‘isolation. Such proteins are more suScept}ble to proteése
degradat{on and may result in low protein levels in crude
extractsy Future work with these two strains should include

]SN labeling, which will allow for a more thorough anaiysis

+

of the kinetics and extent of NO3 reduction and NH4

assimilation.

Photosynthesis is an interplay between the capture of
solar energy to form ATP and NADPH and the wutilization of
ATP and NADPH for the acq»is{tion of C02 and other
compounds. CO, fixatiom-gequires ATP\and/NADPH in a ratio of
1.5 (%assham 1965). Due to a decrease-bf the activity of
three key PCR cycle enzymes in GLUS plants, a H' gradient
might build-up to higher than normal levels. The activ}ty
decrease Qould_in turn cause a lowered turnover of ATP, as a
result of a deérease ATPase utilization of the H' gradient
-and inhibit electron transport (Portis and McCarty 1976).
when electron transport‘, activity is limited, the
photochemic§l apparatus becomes more,§usceptible to light
damage (Bjorkman 1980; Powles 1984), Damage to the
photochemical apparatus is often manifest within hours to
days as a bleaching of the chlorophyll, depending on the
plant species, growth cdhditions and light intensity. As an
- extension to the above proposal, the bleaching observed jn
the GLUS strain, may not bes because of a lack of glutamate
but as a result of photochemical damage caused by an excess

of reducing equivalents. The response of pﬁotosynthesis to
\
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illumination is dependent on light intengity . (Bjorkman
1980). At lowklight intensities, the photochemical reactions
are limiting and photosynthesis and intensity are linearly
related. At higher light intensities, the photochemical'
process 1s less‘simiting. This is demonstrated by a plateau
response in the photosynthetic rate,  during which the rate
of the enzymes in.thQ;PCR cycle, or the amount of C02 in the
air} become limiting (Dietz and Heber 1984a). Characteriétic
fesponSes of photosfhthesis to light intensity have been
shown to be dependent on botl genotype and growth conditions
(Bjorkmap and EQImgren 1963; Bjorkman.1980). The response is
a fun¢tion of many interactive components in the leaf, such
as: chlorophyll composition, electron transport carrier pool
sizeé, level of PCR cyfle. activity and gas diffusion
properties of the leaf (Bjorkman 1980; Powles 1984). A
unifying concept from the studies concerning adaptability to
light, 1is the role of photé&nhibition as a determinative
facﬁor. Photoinhibition is the inhibition and subseguent
inactiyation of the pHotqechemical apparatus by light (Powles
1984) . 1t' is thought to be caused by an excéssive absorption
of 1light energy, without enough means to dissipate this
enerqgy by the photochem;cal prodesseé( Hence a severe damage
to the compbnents gf the apparatus is incurred, resulting in
an altered capacity for photosynthesis (Kék 1956). This can
be observed by 'measuring alterations in the plant's

photosynthetic gas exchange at different light intensities.
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In Figgre 20 are the respective gas exchange curves for
the GLUS, -REVI1 and WT strains, aftér giing exposed to
normal air for 38 to 42 hr and in response to irradiance
under non-photorespiratory conditions, | Under these
conditions, the photosynthetic curve of the GLUS and WT
strain of Arabidopsis differ. In limiting light no{
difference was apparent in the slope, suggesting that no
damage to the photochemical apparatus had yet occbrred. This
was unexpected, as there wés é 8% decrease in chlorophyll
content (Table 25) and 8-20% drop in photosynthetic electron
transport 3§te (Table 26). owever, the photosynthetic
electron transport rate of the GLUS plants did saturate at a
lower light intensity, with only a slight reduction of the
intial level of RuBISCO activity on d;y 0 (Table 275. 1f a.
general assumption has to be made as to whether RuBISCO
activity 1is reflective cf‘the operative capacity of the PCR
cycle, then the likely explanation for the decrease in light
séturation concerns either an alteration in the
photochemical apparatus or the loss of 3 protéin regulator
of the PCR cyéle. The photosynthetic curve<fof the REVI
strain was nearly identical to that of the WT strain and
hence quite distinct from that of the original mutant.

At present, further research with regard to the causes
of the decline in CCz.fixation and the subsequent loss of
photochemical cdpacity, should include the GLUS straim. At
present, limited deduétions ébout the effects of the GLUS

lesion on leaf physiology can be made from the analysis of

/
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the REV11 strain.' Initially, it?is‘important that a cogent
model be developed to explain the inviability of the GLUS
plants. This would‘reéuire an iq-depth investigation }into
_tﬂe photochemical properties of the GLUS strain under
stress. The results of the present study suggest only that
photochemical damage is “"the CBUS?» for inviability. The
light-response cufve for photosynthetié CO2 exchange and the
photochemical activity of isolated thylakoids are difficult
to understand since the destruction of tissue allows for the
possibility of creating artefactual data. Measurements of
' the photochemical activity in*intact leaves of the GLUS
Strain appears, to be more meaningful. Technigues such as
leat fluorescence (Sivak and Walker 1985) or light-
scattering (Dietz and Heber 1984b) should be used. With the
inclusion of the data from éhese,alternative"methods, it
might be possible to define what cdnponent of the GLUS leaf
‘metabolism is sus{eptible £§ damage from growth in normal
air. With availability &f this knowledge a different and
more direct mutagenic screen procedure could be developed.
This screen would be spgcifically developed for the
alteration of the proposed component responsible for
inviability and which further physiological investigations

could be carried out.
' \

" The Inhibition of Photosynthetic CO2 Exchange in GLUS Plants

/ (.

Speculatively, . the . cause of the decline in
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photosynthotxo Coz‘cxchanqe may be a disturbance ‘in thc use
- .
of ’photosyntetxc energy‘(ATP and NADPH) by. alterations in

the Pi levels to carbon levels and/or the Pi-rcqg;atqry
meéhanism,l thoroby ~1nh1b1t1ng;PCR cycle enzymes (Heldt et
al. 1978). Without doubt, the lack ofkglutamate reduces the
giydxylate amination in GLUS plants and this aiminishes the <

entrance of glycerate carbon xnto th! PCR cycle. Since a

L) . !

-~

major reaction for,. stromal ATP consumption is in the
.glycerate kinase step of the PCO cysle (K&bpyagpb et al. , '?
1979a), a reduction in glfce;ate return might increase o (
stromal ATP levels. A rise in ATP levels, shiuld incfé&ﬁe )
the H' gradjent across the th?lakoid membrane " (Slocacek
1982) and consequently inhibit linear énd cyclic electron
“tranpsort (Portis and.McCarty 1975; Kobayashi et al..1979s: ~\\\S ‘
Slovacek 1982). Any reduction in electron flow shculd reduce -
the activity of the thioredoxins required for the activation e’
of a nums;r of <¢hloroplast-localised enzymes' (Buchanan
1980). In addition, £he presente of*qcéumulated NH4* plays a
role: the photores;iired—NH3 should reach the chloroplast and
penetrate the thylahoxd (Crofts 1967), théreby dissipating
some of the HY gradlent Since photosynthetxc CO2 exchingeA
will decrease to low rates, the production of NH4* %lso‘
decreases and a  greater T gradient will be build'dp .
Consequently, a: unlque aspect of the GLUS phy51ology 1n this
thesis concerns the delay in the decrgase of available
thioredoxins in the GLYS strain. Since no NH4: is present
for lowering the H' gradient, in the other phoﬁorespiratory-
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deficient 'mutants of A. thaliania, the rdpid decline if

- RuBISCO may bey a direct result of low thioredoxin a®tivation
/ .

of Ruplsgp. Hence, 4 more rapid inhibition of RuBISCO

.. ,activation level can be observed.
\ :

I

The decline 1in GLUS pﬁotosynthetic Co, exchaﬁge might

inftially be caused by the disturbance In the Pi—regulatqry

/mechanism, As ATP is é small pool: an excess of Pi should be

present in the stroma. The decreased incorporation of 14C
. -~ \’ W .

14

'from CO2 into%~the insoluble fraction (whigh ls, mainly -

starch in A. thaliania; Somerville and Ogren 1982b);

constitited evidence for this. A high P, to PGA ratio

v s o

inhibits starch synthesis (Priess 1982). The uausually high

"export  of carbon from the GLUS chloroplast during

photorespiration. results in a high stromal’ P, level,
A :
inhibiting a number of enzymes..— It is possible that the

enzyme assays used -in this thesis were inadequate and
. - o ‘ [ -
therefore only quantification of stromal metabolites by

s

nonagueous techquues will resolve the question as to why

photosynthesis declines in_GﬁhS plants. . o
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