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' Aostract
Metabolic studies were undertaken to examine the glycollate pathway in C, plants.
Zeé mays L. and Sorghum bicolor L. were grow:: at 25 °C under a 12 hour day of 200 uE
m= s-1in a controlled environment chamber. Excised leaves of corn, pretreated for 45
hours with 20mM aminoacetonitrile (AAN), an inhibitor of glycine decarbcxylase and serine
hydroxymethyl transferase, were incubated for 2 min in éir containir  'CO.. lon exchange,
thin layer, and high perforr%anca liquid chromatography woré used to idertify the labelled

products. The labelling pattern suggested that a’glycoliate pathway operates ~c-n The

' incorporation by inhib'rtcgr—treated leaves was only 60% of control tissues. ~ .2 percentage

of total label incorporated into glycine and glycollate increased from 4.8% to 10% and

0.8% to 6.4% respectively. Serine labelling decreased from 4% to 0.8%. Bundie sheath cells

- of both corn (midrib removed) and sorghum (intact) leaves were isolated using a combined

cellulase grinding method (Chapman et al, 1980). Cell suspensions, pretreated for 15

mmutos in 20mM AAN, were supplied 0.11 mM NaH“CO, and 10mM malate for 10
minutes in the Iigh@ The inhibitor reduced incorporation of bicarbonate in corn by 8% and in
sorghum by 64%. In inhibitor—treated cells. the amount of glycine—*C was doubie that of
the control, but only a minimal decrease in serine labelling occurred Glycme labelling was
also substantsally increased in sorghum bundie sheath cells but serine—'4C was not detected
in either the control or AAN-treated cells.

Glycollate-2-14C was also sopplied 10 illuminated bundle sheath celis A 15 minute
pretreatment with 20mM AAN reduced the amount of glycoliate metabolized The major
products of glycollaté metabolism in both species were glyoxylate. glycine and formate.
No !*C was detected in serine or in intermediates of the glycerate pathway. AAN treatment
unexpectedly reduced the amount of labs! incorporated mto glycmne. both in absolute
amount and as a percentage of total glycollate n;etd)ouzed it s suggested that the mnhabrtor

~ reduced the bavailbility of ammno groups needed for glycne synthesis. Glycoﬂate—ﬁ-“c_

suppiied to bundie sheath celis with adaed serme (1mM resulted mn an ncrease in labeiled
glycineNosermelwhngwnsoete‘étodm soryunwm:ddodsémbxnainﬂmt
was detected m comn (0.5% of the total metabolized: The production of formate—C from
giycoliate~2~1C and the absence of serme-'C mdicatad that C-2 of giycoliate was not
flang through a gycoliate-giycerate oathway in these isolated bundie sheath cells

-
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. ‘.Formate production increased in AAN‘—tréated cells of 'sorghum. Thiss implied that a dvirevct R
.decarboxylation of glyoxylate was occurring. In contrést, formate production was |
decreased in AAN-treated corn bundle sheath cells. This result suggested fhét_some
formate arose via.glycine decarboxylation. Methylene tefrahydrofolic acid is suggested as
a possiblé pret:ursor of férmate in this system. The absenie o serine labelling from

' glycollate~ 2- "C in corn bundie sheath cells may be due td rapld removal of methylene

tetrahydrofolic acnd for formate production. {

The reswits of the present study and published data are discussed in relation to a

R

glycollate pattiway in C, species.

’ '
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I; Introduction

Ribulose- 1 S-bisphosphate carboxylase. oxygenasé‘ {EC 41139 s the snzyme
found in alt photosynthetic plants responsible for fixing CO, before it can be reducec to
‘carbo"hy"drate in the Calvin cycle also known as the photosynthetic carbon reduction cycle
(Jenson and Bahr 1977) In addition to the carboxylation reacto‘on this dually active eﬁzyme
catalyzes an oxygenation reaction One of the products of the oxygenatabn reaction is the
toxic compound phosphoglycollate Plants contain a specific phosphatase
(phoshoglycollaté pho.sphatase, EC 31318 the action of which resuilts in glycollate
production (Halliwell. 1978} This élycollate 1s then metabolized via the glycollate pathway
It is the competition by O, with éO; that 1s thought to be the major source of glycollate in
plants {Lorimer, 1881} in C, plants, it has bee; suggestéd that a CO, concentréting
mechanism reduces the oxygenation reaction and thus also reQUces the formation of
glycollate {(Hatch and 6smond. 1976). However. the enzymes associated with the Qlycollate
pathway are found in this group of plants (Halli'well, 1978). It is the intention of this thesis
to examine the potential role 6f the giycollate patﬁway " C, planis by reviewing the

literature on this subject and by presenting new experimental results that pertain to this

question.

The C, and C, Classification of Plants

. The two cafegories of photosynthetic plants known as C, and C, are distinguished
by the nature of their primary Jcarboxylation products. The first major product of C,
metabolism is the 3-carbon compound, 3-phosphoglyceric acid. As illustrated in fig. 1.
this compound arises when one molecuie of ribulose- 1,5—bispbo;phate {RuBP) and one Qf
CO., combine to form two molecules of 3-phosphoglyceric acid. C. plants also use RuBP
carboxylase/oxygenase in assimilating CO, but have a preliminary carboxylation reaction
resulting in a 4—carbon acid. The enzyme responsible for this reaction is- ,
phosphoenolpyruvate carboxylase (EC. 4.1.1.31). Carbon dioxide and
phosphoenolpyruvate (PEP) combine to form oxaloacstic acid. This 4—carbon acid is
éonverted to either malate or aspartate déper:ding on the C, species, before it is
' ,decarboxylated to release the CO, that is utilized by RuBP carboxylase. An anatomical

manifestation, termed Kranz anatomy, facilitates this complex flow of carbon (see fig. 2).
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It is clear that there are two types of photosynthetic cells in C, planlts The bundie sheath
cells form a circle or wreath around the vascular strands In addition. the mesophyii ced'ls
‘encircie the bundie sheath cells and have conspncuOu.;. intercellular ar spaces In C, plants,
mesophyll cells contain PEP carboxylase whereas the bundie sheath cells contain RuBP
carboxylase {Edwards and Huber. 1981) Carbon dioxide. fixed by PEP carboxylase in the
mesophyll cells, 1s transported as malate or aspartate into the bundie sheath cells where
dec;arboxylatnon occurs releasing the CO, that 1s refixed by RuBP carboxylase The
phptos;:ntheiuc carbon reduction cycie which operateé in all photosynthei'c cells of C,
plants, only operates in the buridle sheath cells of C. plants Detaited reviews of this
subject have appeared (Hatch and Osmond. 1976. Hatch. 1976 and Edwards and Huber.
1881) | A -

Another charactgr:stsc of C, plants which distinguishes them from C, plants can be
found in therr reduced *CO, discrimmation This discrimingtion 1s due to the difference.in
Carboxylatlng enzymes in the two groups of plénts The »C/3C ratio of a sample is
compared to a standard and this ratio 1s given the symbol deita The delta ”C‘vélue for
atmospheric CO. 1Is ~0.67% C, plants discriminate against °CO, and therr average deita
valug 1s ~2.78 = 0.28% {Troughton, 1878). C, plants are iess discrimmating and their vaiue

is-136+016%

Photor.spurmon and the Glycollat- Plthwty
. In addition to the dif ferences between C, and C, piants aiready descnbed there is
aﬁother major physiological dif ference. Unilike C, plants, C, plants do not exhibit the
external mmife;tmnon's of photorespiration Photérespsranon 1s externally expressed by
plants wihwch hve a high CO, compensapon point (7 the isvel of CO, remamning constant
under closed system illumination) and which exhibit a post-illumination CO, burst (Canvin,
1979). C, plants have a zéro or very low T 'while C, plants have a CO, compensat!on point

ranging from 40 ui CO, I or higher (Canvin, ‘1;979) C. plants do not exhibit the CO,
. \ .
\ : *
Photorespiration is an indirect result of the oxygenase activity of RuBP

post—illumination burst seen in C, plants.

carboxylase/oxygenase (fig 1). Phosphoglycollaté‘,\arising from this reaction, is inhibitory
to the triosephosphate 1Isomerase (EC5.3 1.1) of mé\ph'otr - = carbon reduction
. \
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. metabolized via the glycollate pathway, or as termed by Lorimer (198 1), the

A

cycle and thus must be metabolized (Halhwell. 1978) In this regard. a specific phosphatase.
acting.on phosphoglycoliate. gives.rise to glycoliste (Randal et al. 197 1) Glycollate is

C,~-photorespiratory oxidatién cycle (PCO cycle).

The glycollate pathway utilizes éxygen and produces co; in the light and it s these
properties which give the process of photorespiration its name (Tolbert, 19¢ 1) As
dlustrated in Fig 3. the first step in glycollate metabolism occurs in the peroxisome and is
catalyzed by glycollate oxidase (EC. 1.1.3 1) This results in the production of glyoxylate
and H,0. Glyoxylate is readily converted to glycine by action of glycine aminotransferase
(EC. 2.6.1.4) The glycine is then transported to the mitochondria where glycine
decarboxylase (EC. 2.1.2.10) catalyzes its breakdown to CO,, NH, and methylene
tetrahydrofolic acid (Keys, 1980) This reaction has been demonstrated to be the principle
source of CO, in photorespiration (T 6lben and Ryan. 1976; Oliver. 1981). Methylene THFA
and another glycine give rise to serine catalyzed by serine hydroxymethyl transferase (E.C.
2.1.2.11. In C, plants, it has been demonstrated that such serine can give rise to
3-phosbhoglycerate and contribute to the regeneration of RuBP. In this casé, the
necessary reactions also occur within the peroxisome and are coliectively known as the
glycerate pathway (Tolbert. 1981).

In early literature, the origins of glycollate were debated (Lorimer and Andrews

1981; Beck, 1979; Tolbert and Ryan, 1976). Work by Bowes et al., (197 1)~usmg |solated

RuBP carboxylase established the bifunctional nature of this enzyme. Experiments with 1Q,

demonstrated that the carboxyl group of glycoliate and glycine became labelled (Andrews

‘et al, 197 1). More recently Somerville and Ogren (1979) demonstrated that

phosphoglycollate accumulated and glycine and serine decreased in a mutant of
Arab/dops/s thal iana that lacked phosphoglycollate phosphatase Hydroxybutanouc acid,
an inhibitor of glycollate oxidase, induced the accumulation of glycollate in the wild type-
but not in the mutant, suggestnng that glycollate normally arises from phosphoglycollats. It
is notable that the mutant had no post-lllummatuon CO, burst.

in C, plants 25 to 50% of recently .fixed CO, may pass through the glycollate
pathway and be lost as photorespiratory CO, (Chollet, 1977). Thus there is a significant
proportion of energy. being utilized by the C, plant in generatir;g the glycollate which -

o
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passes through the glycollate pathway. This is viewed by some autnors as unproductive
and energetically wasteful (Andrews-and Lorimer, 1978). C, plants grown in 2% O, and
normal bO, levels show increased photosynthatic capacity presumably because there is
reduced O, competition with CO, for RuBPacarboxylas_e/oxygenase Halliwell, 1978;
Lorimer and Andrews, 1981). ' . '
There is to date no firm evidence in the literature which supports a necessary -
function for photorespiration other than me_tabolizing the excess glycollate. In this sense, it
can be calculated that the pathyvey can salvage 50% of the carbon from glycollate and
generete an NADH in cycling the carbon back to 3-PGA (Choliet, 1977). '
One theory for the presence of photorespiration is that it is unavoidable because
of the dual nature of RuBP carboxylase/oxygenase (Andrews and Lorimer, 1978). It has
been hypothesized that the enzyme evoived at a time wnen a'tm‘ospheric CO, leveis were
higher but O, levels were lower'thus minimizing O, competition. Another .theory (Osmond
and Bjorkman, 1972) for the operation of the glycollate pathway is that it providesa:
‘constant source of CO, even during perlods of environmental stress when the stomates
are closed Without a CO source the energy from NADPH end ATP produced during
photosynthesns may cause photoinhibition of the cholorophyll apparatus. The review by
" Lorimer and Andrews (198 1) gives an evaluation of these theories.
) With the discovery that ‘certain plants do not photorespire it was hoped that the \'
productivity of crop plants could be improved. The non-photorespiratory plants are the C,
plants and it has come to be generally accepted that it is the unique anatomy and the
complementary carboxylatlng systems which prevent any observed photorespiration in
this group of plants. Attempts to fmd plants with reduced oxygenase actnvuty of FluBP
carboxylase/oxygenase have been unsuccessful (Anderson et al, 1978) Even the enzyme
isolated from a C, plant had an oxygenase activity (Bowes et al, 197 t). Somerville end

| Ogren {1980) have postulated that it may be possibie to genetically improve the
carboxylation reaction. T hey have recently isolated photorespiratory mutants which may -
enable screening for secondary mutants with reduced RuBP oxygenase activity. in previous
attempts by Andersen et al. (1978) with five mutant stralns of a photosynthetlc bacteria ﬂ
with a RuBP carboxylase/oxygenase sumular to higher plants there was a parallel change in

oxygenase actlvrty and carboxylase activity. The activity of RuBP carboxylase was not



increased and where it was decreased there was a corresponding decrease in oxygenase
activity. » |

Several excellent review articles on photorespiration have appeared, mast notably
those of Lorimer and Andrews (1981), Tolbert (198 1), Zelitth (1980), Andrews and
Lorimer (1978). Choliet (1977), Schnarrenberger and Fock (1976), and Canvin et al. {1976).
The review by Somerville and ‘Ogren (1982) considers genetic attempts to modi'fy

photorespiration.

Alternate Sources of Photorespiratory Carbon Dioxide
Although the majority of evidence in the literature suggests that the CO, arising
during photorespiration comes from the decarboxylation of glycine there are reports of -
other mechanisms. The possibility exists that giyoxylate may be non-enzymatically
decarboxylated by the H,0, produced during the glycollate oxidase reaction  (Zelitch,
1972b; Halliwell and Butt, 1974). This.would result in the production of CO, and formate.
Since this would be occuring in the peroxisome where there is a lalrgé amount of catalase
EC. 1.11.1.16) it is generally assumed that the H,0, would be broken down and thus the
amount of CO, ari#ing non-enzymatically would be minimal (Chollet, 1977; Oliver, 1981).
Howaever early work by Zeli}ch (1972 a) indicated that glyoxylate deca}'boxylation may be a
source of photorespiratory 60,. Tobacco leaf disks floated iq ‘svolutions confaining
glycoilate— 1-14C or glycine— 1-34C readily produced }*CO.,. C‘aérier glycine added to the
glycollate—1-4C did not reduce the amount of *CO, released nor did INH, an inhibitor of
serine hydroxymethy! &ansferase and glycine decarboxylase. Zelitch suggested that these
results .indicate'd that the conversid'n of glycine to serine was not essential to
photorespiratory CO, release. In another paper, Zelitch (1972 b) demonstrated that
| envelope—free cﬁloroplasts of spinach were capable of dacarboxylating glyoxylate to CO,
and formate in the pres;née of 0,, Mn*, and light A Mehlér type reaction rr;ay provide the
necessary H,0,. Meéophyll cells were isoléted from soybean and incubated with inhibitors
of the glycollate pathway in the'prasence of glycollate—1-3¢C or glyCine- 1-14C (Oliver,
1979). The experiments were carried (;ut in the dark to prevent refixation of CO, . INH
inhibited glycine decarboxylatibn over 80% and K_CN inhibited ;tt1e .saine reaction by 86%.
These same inhibitors only decreased the{"'CO2 reiease from glycollate~ 1-14C by 50%.

o
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Methyl-2- hydroxy 3- butynoate (MHB) an inhibitor of glycollate oxudase prevented CO,
release from glycollate whnle 2.3~ epoxypropuonate (glycidate), an mhubnor of
glutamata:glyoxylate aminotransferase (E.C. 2.6. 1.4}, did not These data suggest thét some
of the 4CQ, derived from glycollate— ~!14C must be arising directly from glyoxyiate.
Added catalase also :nhlblted CO, release suggesting that the alternate decarboxylation is
non—-enzymatic. Oliver suggested that glycine decarboxylation could be regulated by the
availability of NAD in the mitochondria - _

| Halliwell and Butt (1974) using a catalase inhibitor on peroxisomes isolated from
spinach—beet showed an incr_ease'ibn “Cb, release from glycollate- 1-14C when compared
to non-inhibited peroxisbmes. '
' Photorespiratory mutants of A[abido:zzsis thaliana isolated by Somerville and
Ogren (1 98 1) were.found lacking in serine hydroxymethy! transferase and glycine
decarboxylase. These mutants evolved CO, slow;Iy under conditions that were conducive
to photorespiration. With added NH;, CO, evolution was stopped and glycine continued to
| accumulate. _THey suggested that CO, could arise frém glyoxylate. However, since NH,
prevented this by providing sufficient amino groups for glycine synthesis glyoxylate
decarboxylation may not be a nofﬁmal source of photorespiratory CO,.

~ A more recent paper by Oliver (198 1) indicated that adding the amino donors

glutamate.or serine in the presence of glycollate decreased the amount qf glyoxylate
available for non—enzymatic decarboxylation since this compound V\;ould\be‘ aminated to
form glycine. From his data, Oliver calculated that only 2.5% of the CO, would arise
mon-enzymatically /n vivo . The use of varied amounts of exogen;usly added substrate
could influence the extent of direct glyoxylate decarboxyiation.by H,0, (Walton,. 1982).
High concentrations of glyoxylate resulted in direct decarboxylation. Low concenﬁaﬁons
| favored CO, production thrqugh glycine decarboxylation. Walton concluded that only
under extreme conditions WOuId the amount o.f direct g'lyoxylate'decarboxylgtion
approach that reported for photorespiratory CO, evolution. However, the possibility that

CO, and formate arise non—enzymatically is not entirely discounted.

s



The Glycoliate Pathway in C, Plants

The literature contains several reports that C, plants possess the enzymes
associated with the glycollate path_way and that these enzymes are locali;ed in the bundle
sheath cells Rehfeld et al. 1970. Osmdnd and Harris, 197 1: Liu and Black. 1972; Chenet
al, 1874, and Frederick et al. 1975} This is also where RuBP carboxylase/oxygenase is
located Studies on peroxisome d:stri!;ution have shown that there are greater numbers of
these orgmelles in the bundle sheath cells than in rhe mesophyll cells«Liu and Black, 1972:
Frederick et al., 1975). The perox'isomes contain glycollate oxidase and otr\er enzymes .

associated with the glycollats pathway (Tolbert. ;198 1) From these observations it would

appear that the potential for an operational glycollate pathway exists in C, plants and it may'/

. be associated with the oxygenase activity of RuBP carboxylase/oxygenase
There are currently two dweories attempting to explain the apparent lack of

photoresprration in C, plants. The first invokes a CO, concentrating mechanism within the
bundie sheath cells. it is suggested that the CO,/O, ratio in the bundle sheath cell favors the
carboxylation of RuBP and hence carhon flow through glyoxylate and glycine‘will be
severely reduged or eliminated (Hatch and Osmond, 1976). Evidence supporting ihis view .
is derived from experirnemﬁ in whidh lowering the O, concentration for photosyﬁthesizing
C, plants did not increase the net photosyn&wesisas is the case for C, species (Hofstra and
Hesketh, 1969). Hesketh (1967) found no enhancement of CO, assimilation in corn, a C.
plant in the absence of atmospheric O,. This would suggest that at normal 0,
| concentratuons the RuBP oxygenase reaction does not decrease net photosynthesis in C,
Wplants In early experiments using elevated O, levels with corn there was no .
photorespiratory CO, release but there was a decrease in net photosynthes:s (Forrester et

l.. 1966). More recent work usmg corn and a long equilibration tlme demonstrated that net
photosyntheSis becemes reduced at elevated O, levels and this reductioﬁ is not entirely '
due to chenges in stomatal resistance but to a direct inhibition of C':O2 fiiaﬁoe (Gale and
Tako, 1976). Ku and Edwards (1980), using the C, species Amaranthus graecizans,
revealed that there was an increase in the CO, compensation ppmt even w:th 0,
. concentrations between 2 and 21%. This increase was no longer lmear after a period in
high O, concentration The authors suggested that this characteristic is due to the diffusive

resistance of gases and that A. graecizans may have a lower diffusive resistance than
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" other C, plants. The O, ef}ect they obse:zved took one hour to reach equilibrium unilike C,

plants where such a response takes only minutes. The ex'planation inen by these authors

for the difference between C, and C, plants is that C, plants have a high diffusive

resistance across bundle sheath cells and an elevated CO,/0, ratio due to the nature of the

.

C. pathway‘a,
' Amaranthus edul s, subjected to varying concentrations of CO,, did not show any
change in O, uptake*(Canvin et al,, 19‘80). The uptake of O, was only 20% of that shown by
C, species. The authors concluded that some of the O, may be due to phoforespiration but
favorad the contention that O, uptakﬂe was’partially due to a Mehler reaction.

The above reports suggest tﬁat atlow or normal 0, concentrations oxygen
inhibition of carbon assimilation is minimal. Only at high O, concentratiohs and after
prolonged exposure is ;wet photosynthesis reduced in C, plants.

The second theory for the absence of photorespiratory CO, rélgase in C, plants
" suggests that any CO, released from bundle sheath cells is refixed by the mesophyll cells.
This idea is supbo'ned by the work of Rathnam (1979). Leaf slicesdf the C, grasses
Panicum' maximum and P. milaceum were fed glycollate— 1-1C in the light and the dark. in
| the light no **CO, ans evolved In the dark *CO, evol@on was detected but with added
PEP this CO, 'evolutioﬁ was eliminated In experiments using maleat'e, an inhibitor of PEP
carboxylase. even with added PEP and illumination, *CO; was detected This data Supports
the contention that PEP carboxylase mediates the refixation of ﬁhotorespiratory CO,. The

fact that this C, plant is able to metabolize glycollate- 1-14C is evidence for a glycollate
pathway. Work by Rathnam and Chollet (1979) on Panicum milioides, a C,~-C,
_intermediate species with Kranz—like anatomy, suggests that PEP carboxylase activity
accounts for the CO, compensation point being intem?_ediate between C, and C, plants. A
paper by Kennedy and co—workers (1977) using tissue cultures of a C, blant in which
Kranz anatomy had-not deveioped but the response to O, was sihilar to C, metabolism,
a!so' suggests that PEP carboxylase is important in maintaining a low C‘:O'2 compensation
point.. . - ' . 3 ‘

This second theory suggests that there is photorespiratory C'O2 arising in C, plants.

Evidence for a functional glycollate patthay in C, plants can be found in the literature.
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Elevated O, levels clearly inhibit pho\tosynthesis in isolated bundle sheath cells of
corn (Chollet'and Ogren, 1972). Also in this species, Volk and\Jackson (1972) using 10,
showed a considerable O, uptake during active photosynthesié.'These authors used
exéised leaves in a closed environment and flushed the chamber with 86 atom % °C at a
concentration of 1.64% CO, and 8.2% O,. In‘the firrst 15 minutes they observed a ?CO,
evolution from fﬁe corn indicative of photorespi;ation. Uniformly labelled
riBose—B-phosphate, fed to isolated bundle sheath cells of corn with added ADP and
a-HPMS, an inhibitor of glycollate oxidase, in the presence of oxygen resulted in an
accgmulétion of labelled glycollate in the dark (Chollet, 18741 Glycolla;te accumulation was
reduced by decreasing the Q, or by increasing the CO, concentrations. Added
glycollate— 1-14C was metabolized to release *CO, and this was dependent on oxygen.
‘Oxygen depehdency is consistent with an involvement of glycollate oxidase. in addition to
this finding, a~HPMS also prevented *CO, evolution. Similar resﬁlts v. o found \(mth
isolated bundle sheath cells of Digitaria sanguinalis, suppiied glycollate—ﬂ -14C and
glycine— 1-1¢C (Chollet, 1973). |

Usuda and Edwards (1980) isolated bundle shéath cells of the C, Panicum
capillare and de;nonstréted th;‘!t glycerate was a producft of 1CQ, fixation and that it arose
via the glycoliate and glycerate pathways. Using“inhibitor/s-of the glycollate pathway théy
were able to prevent glycerate labelling. Low bicarbonat:e concentrations resulted in a largé
amount of label in glycine and serine as waell as glycerate: High bic?rbonaté concentrations
resulted in much less label in glycine and serine and the metabolites of the glycollate ‘
pathway. This indicates a CO,/0, competition for RuBP carboxylase/oxygenase.

From the papers reported on isolated bundle sheath cells it is seen that C.‘plants
possess the enzymes of.the glycoliate pathway localized within their bundle sheath cells
and that the ;f;athway operates in these isolated tissues in a manner resembling that
reported for C; plants.

A study by Dimon and colleagues (1877) with the *O, isotope and whole leaves of
cornin th_e absence of CO, demonstrated that 1*O, was quickly incorporated into the
carboxyl gfoup of glycine and serihe. Such labelling is consistent with RuBP
carboxylase/oxygenase giving rise to glycollate and other metabolites of the glycollate -

o
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| Pulse chase exper.iments with intact corn leaves revealed that }*CQO, was
incorporated into glycine and serine (Morot—Gaudry et al, 1980). At 1% O, compared to
21% O, the amount of laber in glycine was reduced by 90% and that in serine by 70%. In
short (3 gec) c.hase experiments C- 1 and C-2 of glycine Were nearly equally labelled.
During the same chase period C- 1 of serine was more heavily labelled than C-2 or C-3.
..This pattern of labelling suggests that serine arises in reactions thét are distinct from the |
glycine to serine conversion. In-agreement with this, isonicotinyl hydrazide ( INH ), an
inhibitor of the glycollate pzihway. did not completely block serine labelling. The authors
suggested tﬁat serine may arise from 3—phosphoglycérate. The carboxyl carbon of
3-PGA is also heavily labetied after 3 seconds of the chase period. These wquefs
concluded that a glycollate pathway. sensitive to O,, operates m“corn but the glycuge to
(s‘efine conversion is hot stoichiometric and ser'ne may have other 'precdrsors, The O,
;ensitivity of glycine and serine synthesis in cor wac also illustrated by Hickman and Keys
(1972). I:\ an atmosphere of nitrogen the label recovered in glyciné and serme was 0.4%
but'in 76% O, the total in the two amino acids was 4.3%. Results simil:;f to those bf
Morot-Gau&ry and colleagues were obtained by Mahon et al (1974) using corn ieaf disks.
At21% O, and a 15 min CO, labelling the levels of givcine and serine were much higher
than at 1% O, From 2CO, chase experimenfs. where the glycine and serine label deg_lj:\ed at
diffe'rent rates, the authors concluded that the glycine and serine pools were not ciosely
linked.

As illustrated in Fig. 3. the glycine decarboxylation reaction of the glycollate
pathway is located in the mitochondria’ Woo and Osmond (1877) isolated mitochondria
from mesophyll cells and bundle sheath cells of. several C, species. They found that glycine
decarboxylation was much higher in the mitochondria from bundie sheath cells than from '
mesophyll cells in Atrip/ex spongiosa and Paniqum miliaceumm They could not however
detect;glycine decarboxylation in either mesophyil or bundle. sheath mitochondria of Zea
mays. . .

A 1977 paper by Neuburger and Douce gives evidence linking the ox;dation of
glyéine in rﬁitochondria from the C, species Spinacia o/eracea with the electron transport
chain. There are three phosphorylatidn site;, each susceptible to inhibitors of the slectron
transport system. Mitochondria isolated from dark—grown plants were not capabie of

-
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\
- oxidizing glycine. It was also sh\own that mitochondria isolated from.corn did not support a
glycine—stimulated O, uptake but they did display good ADP/O ratios when malate and
NADH served as electron sources.

Corn leaf disks in the presence of a—HPMS, a glycollate oxidase inhibitor,
accumulated glycollegte (Zelitch, 1973). The glycollate was meés_ured colorimetrically. The
glycollate had a low specific activity when fed *CO,. Tobacco under the same conditions
had a high specific ;%tivify. The label from pyruvate—-3-4C is incorporated into carbon-2
of glycollate in both corn and tobacco but the specific activity was much greater in corn.
Added PEP stimulated glycollate formation in corn but, in conjunction with *CO, labelling, it
decreased the specific activity. PEP had an inhibitory.affect on giycollate synthesis in )
tobacco. The inhibitor INH reduced glycollate ;ynthesis in tobacco but not corn. Zelitch
suggested from these observations that glycollate arises in corn thrbugh pyrﬁvate rather
than from the oxygenase activity of RuBP carboxylase/oxygenase as wouid be the case in
tobacco. |

The reports of the lack of glycine to serine conversion in whole leaf and
mitochondria of bundle shéath cells and the work of Zelitch suggesting that glycolliate

does not arise due to RuBP carboxylase/oxygenase activity indicate that at least in corn the

glycollate pathway may not be identical to that documented for C, plants.

The Present Study

' As noted in the preceeding section, there is considerab[e evidence that a glycollate
pathway operates in the bundle sheath celll.s, of C, plants. Much of the data for Zea mays
suggests that this C."plant“ has a glycollate pathway capable of metabolizing exogenouély
added glycqllate. The reporfs py W&o and Oshond (1876) and Neu!:turger and Douceb
{1977) suggest that corn mitochondria are not capa?le of glycine d:carboxylation and
there is cor;tradictory; evidence that me\glycollate pathway functions in the manner
established for C, plants. Reports that glycine and éerine are not 'stoichiometfically related
when pulse—chase experiments are performed with Zea mays indicate thgt the glycolla'te .
pathway is not entirely responsible for synthe#izing these two amino acids
(Morot—Gaudrey et al, 1880 and Mahor.w et al, 1874). These'papers also imply that the

photorespiratory pathway does not supply sufficient serine for this C, plant as it must in
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C, plants where an excess is used in the glycerate ;Sathway. In contrast there has been little
work on isolated bundle sheath cells to follow the complete metabolic fate of glycollate.
Early studies were mainly concerned with demonstrating the ability of C, plants to
decarBoxylate glycollate to produce photorespiratury CO,. _
~ In order to examine the role of this pzthway in C, species, radio—labelling

experiments were carried out on isolated bundle sheatr cells and whole leaves of Zea
mays I: and Sorghum bicolor |... A recently described method (Chapman et al., 1980) for .
isolating the bbndie_sheath cells was employed in this work. Unlike earlier methods that
relied on mechanical means for separating cell types this technique combines mechanical
disruption \}'vith cell.ulase treatment and alloyvs a more efficient preparation of bundie
sheath cell strands. Glycollate—2-1¢C and NaH“CO3 were fed to the isolated tissue. An
inhibitor of glycine decarboxylase and serine hydroxymethyl transferase was used in
conjunction with these feeding experiments. The inhibitor was aminoacetonitrile (AAN), an
analogue of glycine,reported to be a more spe_cific inhibitor than the pyridoxal phosphate
inhibiting chemical, INH, used extensively in the literature (Usuda et al, 1980; Crea‘ch and
Stewart, 1882 and Yun et al., 1979). Whoie leaf experiments were also performed using
AAN and *CO,. '

In all experiments. .abelling of the known metabolites of the lecolIate pathway was
examined, including the controversial prc;duct formate. Unlike glycoliate- 1-14C
experiments, glycollate-2-4C feedings aliowed the tracing of carbon retained in the'

giycollate pathway.



" Il. Materials and “ithods
. “»
Plants
Zea mays L. v.ar. Gills Earty Market. Sorghum bicofor L var P 130 and Hordeum
vu/gz;re L. var. Galt were grown in soil in a controlied environment chamber at 25 °C under
a 12 hr. day (200 uE m-* s*!, produced by fluorescent and incandescent lights) Seedlings
were watered six days per week with 1/2 strength modified Hoagland's solgtcon {Epstein.
1972} °
Special Chemicals and Radionuclides
Onozuka R- 10 cellulase:was obtained from Yakult Biochemicals Co Ltd. Japan

Aminoacetonitrile was supplied by Aldrich Chemical Company The radionuclides used

~ were obtained as follows: NaH!*CO, and Na,'*CO, were obtamned from Amersham. Glycolic

acid-2-*C was purchased from ICN. Other chemicals were erther purchased from Sigma
Chemical Company, St Louis. Mo. USA or Fisher Scientific Company. Edmonton. Alberta
Isolation of Bundle Sheath Calls

Bundle sheath cells were isolated from 14 to 21 day oid com\‘and sorghum leaves
using a method similar to that of Chapman et. a/. (1980). For each experiment
ap;aroximé;ely 2 g (f.wt) of leaf tissue of corn (midrib removed) or sc':rghum {intact) Were
cut transversely into 2 mm segments uSing a sharp razor blade. The leaf segments were
then placed in 50 ml of cutting medium (see below) and blended for 20 seconds in a Virtis

"45" homogenizer with a rheostat setting of 30. The tissue was then collected on a “80

" mesh” nylon screen and transferéd to 50 mi of celiulas~ medium (see below) and

illuminated (15 uE m-? 573 at 27 *C for 40 min (corn) or 50 min (sorghum). After incubation’
the cells were again collected on the hyibn séréen and washed with 50 ml of cutting.
médiwn to remové released mesophyil protoplasts and excess cellulase. The plant material ‘
was resuspended in 50 mi of cutting medium apd biended for a further 40 seconds in the

Virtis biender. The resulting cell suspension was placed on an 800 um metal sieve with the

80 mésh ryion screen below and washed.5 to 7 times with 50 to 60 ml of cuttmg medium. -

Large incompletely di.gested pieces of tissue; trapped on the metal sieve, and the broken

Q.
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cells and rﬁosopﬂyll protoplasts passing through the nylon mesh were discarded. The
resulting bundie sheath strands. collected on the nylon screen, were washed twice with 25
ml of reaction mixture (see below) and resuspended in the same mixture -to a final volume
of 25ml. .

' The various media mentioned above consisted of:

Cutting medium: 20 mM HEPES-KOH, 0.35 M sorbitol, 4 mM MgCl,, 2 mM
potassium phosphate. and 10-mM isocascorbate. The final pH was 6.4 at room femperature.

Enzyme medium: The above solution with 1.5% (w/v) cellulase, 1% (w/v)
polyvinylpyrolidone-40. 1 mM Ribose-5-phosphate, and 1 mM glucosel—6-phosphate.

Reaction medium: 7.5 mM Tricine~KOH, 0.26 M sorbitol, 3 mM MgCl,, 1.5 mM
potassium phosphate, 3.8 mM potassium sulfate, 0.5 mM AMP, 5 mM
ribc;se-S-phosphate, and 10 mM malate. The final pH was 8.2 at roorﬁ temperature.

Purity of Bundle Sheath Cell Preparations . . .

~ The bundle sheath cell suspensions were routinely examined by light rﬁicroscopy to
determine possible contamination by mesophyll cells. The chiorophyll a/b rstios weré also
determined (Harborne, 1973) as well as the following carboxylase activities.

Assays of RuBP carboxylase and PEP carboxylase were carried out on whole leaf - o
and isolated bundle sheath strands of corn and sorghum using the method of Kéhnedy
{1976). Samples (3 g} of whole leaf were suspended in extraction.buffer (8 ml) (see below)

.and ground with a small amount of sea sand at 4 °C. The homogenate (10 ml) Was filtered
through Miracloth and centrifuged at 4 °C for 20 minutes at 30,000 x g Ahquots of the
supernatant were used for subsequent carboxylase assays The enzymes from the bundle
shaeath cells were prepared in a snmnlar way. After 3 ml of the 25 ml bundle sheath cell
suspension (in cutting medium, see BSC isolation) was removed for chliorophyll.
‘determination, the remaining 22 ml was centrifuged at | 8,50.0 x g. The resuiting pellet was
ground‘in a glass homogenizer at 4 °C in‘extractioh buffer (see below). The 5 mi final
volume was centrifuged as in the whole leaf egtraction»and aliquots of the supernatant
were used for the enzyme assays. N

Phosphoenolpyruvate and ribulose— 1,5—bisphosphate carboxylase assays were
carried out in 1.5 mi Eppendorff centrifuge ﬁ:bes at 27 °C .(Kennsdy, 1976). Aliquots

Ky
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(25-100 ul) were assayed in triplicate for 2 or 3 minutes. To the preceeding volumes, 165
ul of eithér ARuBP cca\rboxylase reaction mixture or PEP carboxylase reaction mixture were
added. The reactions were initiated with 10 ul of RuBP (0.4 umol) or 10 ul of PEP (1.0 umol)
respectively and _tgrminat»ed by the addition of 200 ul of 25% acetic acid (v/v). Reaction
systems lacking substrate and éxtract respectively ware included as controls. Protein was
determined by the Folin method (Lowry et.a/., (195 1).

The media used in these assays were as follows:

- Extraction medium: Contained 20 mM tricine~KOH, 10 mM MgCl, 20 mM
2-mercaptoethanol, 0.2 mM EDTA, and 1.6 g/ 100 ml of polyvinylpyrolidone-40. Final pH
8.3 at room temperature. ' |

RuBP carboxylas; medium: Each reaction system contained 30 umol tricine-KOH;
10 umol MgCi,, 8 umol 2-—rﬁercaptoethanol, 2.0 umol NaH“CO, containing ca 250,000 -
dpm. Final pH 8.0-at room temperature. _ )

PEP carboxylase medium: The reaction systems contined 30 umol tricine-KOH, 10
umol MgCl,, 8 umol 2?mercaptoethanol, 1 umol sodium glutamate and 2 umol NaH*CO,.
Final pH 8.0 at room temperature.

Aliquots of acetic acid-treated systems we:e_/air—dried in liquid scintillation vials to
remove excess carbonate followed by. resuspension in 200 ul of water in preparation for

liquid scintillation counting. °

The Metabolism of Labelled Substrates

Bundie Sheath Cells

- The followmg general procedure was used for all labellmg studies of bundle sheath
celis. The 25 mi suspension of bundle sheath cells was subdivided into two, 3 ml aluquots
for chlorophyll determmatlons and six, 3 mi aliquots for feeding studies. For inhibitor '
‘studies three of the aliquots were placed in Warburg flasks to which were added 100 ul
of reaction mixture containing aminoacetonitrile (final concentratson 20 mM). To the three
control flasks an extra 100 ul of reactnon mixture was added. A 15 mmute pre—mc\.batlon
pgnod was allowed before addition of 10 ul of iabelled compound. The Warburg flasks
: wére sealed and illuminated (380 uE m-2 -1s) from below at 28 °C for 10 or 30 minutes. The
tissue was killed by adding 5 mi of boiling water directly into the flasks and placing the -

o
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flasks in a boiling water bath for a m;nimum of 5 minutes. Samples were stored frozen
overnight The amounts of radionuclides added were as follows.

Glycollate-2-“C; 0.5 uCi; 0.01 umol.

NaH*CO,; 20 uCi; 0.3;5 umol.

Whole Leafv Experiments ' ' S
The general procedure for supplying *CO, to whole leaves was as follow;:.

Approximately 0.5 gof 14 to 21 day old lsaves of corn, sorghum or barley were cut
under water and placed in 50 mi beakers containg 25 m! of water or 20 mM
aminoéceto“nitrile. After a 4 hour pre—incubation in the growth chamber, duplicates of the
control and inhibitor -treated leaves were transferred to a feeding chamber and ailowed to
equilibrate for 15 minutes under 470 uE m-? s-} illumination from a mercury vapor lamp.
The chamber was fiushed with N, gas for 20 sec and the tissue :Nas then placed in boiling
water {15 mi) for rapid killing Tissues were stored frozen overnight befare grinding and
proc;ssing k (

N
[

Columﬁ Chromatography and Separation of Labelled Fractions

The amino acids, organic acids, and sugars were separated using Dowex 1 x 8 H*
form (100-200 mesh)andDowex 1 x 10 formate form (200- 400 mesh) resins. The
~ resins were prepared and used according to Cooper {1977).

' The whole leaf tissue or the bundle sheath cell pellet was ground in a glass
homogemzer followed by. centrlfugatnon for 10 minutes at 18,500 x g The supernatant
was combined with expended feeding solution The pelilet was further washed with 2 to 3 :
mi of water and again centrifuged. The combined.supematants (10-— 15 ml} were applied to-
atx6cmH form column and washed wﬁh 40 ml of water. The water wash contained the -
orgarnc ac:d and sugar fractions. The amino acids were eluted with 40 ml'of BM HCI. The
HCI fractnon was placed in a boiling water bath for 2 hours to hydrolyze asparagme and
glutamine to aspartate and glutamate respectively.

The amino acids were evaporated to dryness at 40°C under vacuum in a flash
ev‘aporator andT resuspended in 3 ml of 0.2 M citrate buffer (pH 2.2) in preparation for
analysis on afBeckman Automatic Amino Acid Analyzor, model 121. PA28 épherrcal resin

was used (Clandinin and Cossins, 1972). Fractions of 30 drops. 1.82 mil, were collected

L3 ?
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using a model L'kB fraction collector. Aliquots of these fractiéns were taken for liquid
scintillation countihg Conirols of selacted experiments were also run on the amino acid
analyzer to determine pool sizes usmg a ninhydrin reaction. “ .

The orgamc acids and sugars were separated by placmg al0omi subsample ona
column (1 x 11 cm) of Dowex formate resin. The sugars were eluted with 40 m! of water.
The organic acids were eluted using a gradient of formic acid (Palmer, 1955; Thauer et. a/.
©970). An upper reservoir containing 260 ml of 8N formic acid was allowed to drip into a
270 mi reservoir which in turn flowed onto thé formate column The effluent was
= -2cted in 24 drop, 1.42 ml, fractions using an LKB fract:on collector. Sugar—phosphates

_anc' strongly bound organic acids were eluted with 40 mi of 8N formic‘acid (see appendix

C fer alist of retention times).

Identification of Labelled Compounds

| Amino Acids ‘ A

The‘elution order of amino acids on the anslyzer is well known and reproducible.
" To verify the identity of indiyidu"al cdmpounds, pooled peaks from the analyzer were
examined by thin layer chromatography. ?mes,of 0.1 mm cellulose MN- 100 were used
and run in various solvent systems reported in the CRC Handbook of Chromatography. )
Labelled standards of glycine- 2-"C and-sgrine—~3-14C were detected by wtoradnograhpy;
all other amino acid standards were detected by spraymg with 0.1% mnhydrm in 80%

acetone.

Organic Acids -

The identities: of labelled organic acids were determined by several methods.
Glycoliate was identified by the colorimetric method of Calkins (1943) and by * - .
co—chrbmatog'aphy with authentic gl&collate on Dowex formate columns. Labelled
*formate was verified by oxidation to 14CO, as described by Yang (1968). This method
involves reacting 0.25 g of HgCl, with the formate—14C sample in a serum stoppered
- Warburg flask fdr 40 minutes at 85 °C. After cOolin§ onice, 0.2 'ml of 1N NaOH was
injected onto a foldgd filter haper wick in the center well. After one hour, the filter paper

was removed and placed in Bray'é (1960) solution for liquid scintillation counting

%
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‘High performance liquid chromatograhpy using an Aminex HPX-87 organic acid
analysis column (Bio-Rad Laboratories) and a Varian model 5000 HPLC system was also
beneficial in'dorifirming_ the identity of labelled organic acid compounds. A 20 minute '

| program using 0.0 1N H,S0, isocratic elution was sufficient to separate the majority of
Calvin cycle and Krebs cycle organic acids (see Appendix A .for more information).
Standards of »th>e various organic acids (2'0 ul of 0.1 rﬁg/ml) were run sebarately to
determine the individual elution times and then collectively to confirm adéquate resolution.
The acids were detect.ed by absorbahbe at 210 nm using a Varian r;iodel UVv.50
spectrophotometer equipped \}vitp a ﬂpW cell. Four "‘C-I;belled organic acids were .
available as standards. These were glycollaté*2—“C férmate*“C glyokylate-U-“C and

‘- malate—U-14C. These were run md:vudually on the HPLC column and 4 drop (approx 0.25
ml) fractuons were collectet in prepartion for liquid scintillation counting.

In other separations, 20 mi of selected organic acid and sugar fractions were
adjusted to pH 7.5 to 80 with NH,OH, evaporated to drynéss, and resuspended ih 0.5 mi
HPLC grade water. A 20 ul sample containing at least 10,000 dpm was injected onto the
célumn and fractionated as noted above for the radioactive standards. The elution proffle
of C was compared to that of the 14C~standards. Further confirmation of organic acid

“identities was based on the chrgmatbgraphic behavior of standards {1 mg/mi) fractioned
on the folrmate gradient Aquuofs of these fractions were su; jected to HPLC analysis to
determine the order-of elutién from the formaté column Thin layer chrbmatogr'aphy and
autoradiography were also used to identifs_/ some of the organic acids labelied in the afj
various experiments. The detection system used for unlabelled standards was that of
Chaefetz and Penner (1970). Equal voumes of 8% KI, 1% KIO,, and 1%‘ amylose were
freshly mixed and sprayed on the TLC plates. A dark blue or brown spot appeared where
the organic acids were present Autoradiography was carried out using Kodak 'XAR—5

- x-ray film e)_cposed to the TLC plate for 1 to 2 weeks and developing for 2 minutes in
GBX developerfolldwed by a water rinse and 3 miqﬁtas in GBX fixer.

Sugars and Sugar—phosphates
Neither the sugars nor the 8N formic acid wash from the Dowex 1 ’x 10 resin
" were separated into individual components. However HPLC revealed that 3-PGA and

pyruvate were present in the 8N fomic acid wash
v . .
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N

Liquid Scintillation Counting
.. Radioactive samples, in a dioxane based fluor (Bray, 1960), were counted on a

Tracor Analytical Mark Ill 6881 Liquid Scintillation System.

: 'Chlorophyll Determinations

Chlorophylls a and b were determined by the standar | method of Arnon as

reported in Harborne {197 3). See Appendix B.

4
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HI. Results

Wholie Leaf Studies
 The glycine analogue aminoacetonitrile \(AAN) ha§ been demonstrated to bé an
inhibitor 6f photérespirati_on in C, planté (Yun et. al, 1979 and Usuda et. al,, 1980). it is -
reported to inhibit glycine oXidation in isolated mitochondria and to inhibit glycine
decarboxylatlon in isolated protoplasts of wheat (Usuda etal., 1980). As an inhibitor of the
v glycollats pathway, AAN is reported to be more ‘'specific than isonicotinyl hydrazide (INH)
(Usuda et. al., 1980} Unlike INH, AAN dld not effect CO, assimilation in isolated
_chloroplasts. | |
For the reasons reported above AAN was u‘sed'-in the present studies of the
glycollate pathwéy in C, plants. In order to learn more about the effect of this inhibitor on
the distribution of metabolites' from 1CO,, preliminary experiments were undertaken using
barley as a representative C, plant. As réported by Yun et al. (1879) rice plants are able to
take up AAN through the cut ends of Ieaves This procedure was adapted to the present
work. The results of the bariey expenments are summarized in Table 1. The AAN
concentration was 20mM, double that used by Yun et al. (1979). The leaves were,
'preinc'ubated fpf 4.5 hours betore sup‘plying “'CO, for 2 minutes. Ai— expected an
accumulation of glycine—’;'c in the inhibitor treated plants occurred aﬁd this corresponded
" with a decrease in the label' found in serine. This is consistent with the operation of the
glycollate pathway with lecine décarboxylase and serine hydroxymethyl transferase
catalyzing the reactioh; for serine formation. In a recent paper by Gardenstrom et. a/. '
(1881).it w'és reported that low concentrations of AAN (1-'1 OmM) inhibit glycine oxidation
in spinach mitochbndrié and that hiéh concentrations of AAN (10 to 50mM) additionally
inhibit serine hydroxymethyl tfansferase. Thus in thé barley expérimentg both eﬁzymes may
be affected by the 20mM AAN used o ' -
Also-of note in these barley expenments (Table 1. Fig. 4.) is that the amount of total
label incorporated was reduced in the inhibitor-treated leaves. Atthoqgh Usuda et al.
* (1980) reported that AAN {up to 50mM) did not inhibit net CO, uptake in isolated wheat
chloroplasts the amount of label incorporated by isolated pr‘otoplasss was simificmtly
reduced. They suggested that carbon which wouid normally be recycled throdgh the

“
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Table 1. Products of '“CO; fixation in barley leaves.

25

*

2 minute labelling; effect of aminoacetonitrile.

. Control 20 mM AAN
‘:P;\'oduct
. dpm/Hg chl. y 4 dpm/ug chl. y 4
-
Amino acids
Aspartate 2;0\ ' 7.5 170# 6.2
Serine 540 17.3 190 6.9
Glutamate 57 1.8 67 2.4
Glycine 100 3.2 1100 39.8
Alanine 690 22.0 220 ‘8.0
_ Total 1620 51.8 1760 63.8
Organic acids |
élyceric 6'5\ 2.1 19 - 0.69
Glycollate 210 6.7 65 - 2.4
Hydroxypyruvate 220 7.b 380 ’ 13.8
Total 510 16.3 460 16.7
Formic acid . s
wash (8N) 180 . 5.8 -130 4.7
Neutrals 820 26.2 410 - 14.9
Total o )
- incorporated 3130 100 . 2760 100

* Cut ends of whole leaves placed in 20 mM AAN 4.5 ‘hours prior to
feeding labelled A*CO,.
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gl, arate pathway would no longer be available and that intermediates of the Calvin cycle
~ould be reduced, including ribulose—- 1,5-bisphosphate required for CO, fixation. The u
barley data presented in Table 1. supports this view. For example the label in the neutral
fraction was reduced suggesting that less sugar was synthesized. Another piece of
evidence psupporting less labelling of Calvin cycle intermediates is the reduction of label
found in alanine. The precursor for alanine is pyruvate which is normally derived from
phosphoenol pyruvate via 3-phosphoglycerate in photosynthetic tissues (Bryan, 1976).

~ An anomaly found in the organic acid fraction is the amount of *C incorporated
into glycollate. There was less glycollate—!C in the inhibitor—treated leaves than in the
controls.. Since glycine was accumulating it might be argued that the glycollate pool was in
some Way regulated. | |

.oThe datain Figure 4. are expressed as percentages of total label incorporated in
the barley leaf experiments. Expressing the data in this manner rather than as dpm
incorporated di_stinggishes betvv;"ge'f; potential effects of the inhibitor on uptake aan/
e'ffects.oﬁ thev‘inhibitor on meta/bolism. For example if the incorporation of CO, had been
decreased solely due to AAN causing Partial stomatal closure the distribution of 4C wo'uid
not be significantly altered. Thié was howaever not the case since the distribution of label
was changed. ) |

‘ Before feéding 1CO, to corn lea\;es an attempt to find an optimal inhibitory
concentration of AAN was undertaken. The cut ends of leaves were allowed to take up 0,
10, 20, or 40mM AAN for 4.5‘hours prior to killing the tissue. As degcribed in the _
Methods the amino acid fractioﬁ was separated and autociaved for 2 ‘hours in 6N HCl to

ensure amide hydrolysis. The results (umol/mg chl.) obtained for _erine and glycine were as

foliows.

| Control  10mMAAN  20mMAAN 40 mM AAN
Serine e  147£0.09 1212033 = 09720.11 1.71+0.44
Glycine 1.21£0.09 ©10.8522.12 . 30.046.3 ‘29.5:5.0

These data suggest that the serine pool was not decreased in response to AAN
* concentrations whereas the glycine pool increased considerably. When AAN was run on
the amino acid analyzer it eluted as a ninhydrin positive peak well before glycine or any

other of the amino acids labelled in the barley experiments. However it was later found

>
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that the autoclaving procedure converted AAN to glycine. This phenomenon was
con’firmed by thin layer chromatography. Glycine and AAN migrated sepa}'ately in
n—butanol.acetone:diethylamine:water, 70:70:14:35 by volume, but acid—hydrolyzed AAN
ran as two épots, one of which co—migrated with authentic glycine.

In Table 2. the results of a *CO, feeding to whole leaves of 66rn, pretreated with
20mM AAN, are presented. In this expériment, any AAN which may have been converted to
glycine dQuring hydrolysis would not cont::ibute to the labelling of the glycine pool.
Furthermore, the dpm/ug chl presented for the glycine Iraction would have accumulated
prior to the killing and analytical procedures. ' '

In barley *CO, fixation yfelded over 50% of the label in the amino acids with glycine
and serine comprising half of this value (Fig. 4.). In corn (Table 2., Fig. 5.} only 30% of the
total label was fodﬁd in the amino acid-fraction with giycine and serine only representing a
third of the amount Despite this difference, as in the bafley, glycine increased and serine
decreased when AAN was supplied. Alanine was‘ also reduced by the inhibitor. Overall net
incorpdration was also reduced by 40% of the control with particularly large decreases in
the neutral fraction. The proportion of malate was greatér in the treated tissue but the net
iabel incéorporated was nearly the same. This was also true for glycerate and the formic
acid wash. The latter contains 3-PGA, pyruvate and other acidic compoun'g‘s/(.see Appendix

Cl.

In the controls only a small amount of *C was detected in glycollate (0.76% of the
total). In contrast, the inhibitor—treated tissue contained 5 times that of the control and
accounted for 6.4% of the total incorporated. This result and the observation that glycine

due to AAN treatment suggests that a relatively small amount of the 4C

accumulates Iab
incorporateq was passing through a glycoliate pathWay in corn.
Bundie ath Cell Bicarbonate Labelling Studies

Based on the whole leaf findings and the re'poFts in the literature that the enzymes
of the glycollate pathWay are located within the bundie sheath cells it was decided to

examine the nature of the glycoliate pathway using isolated bundle sheath celis of corn
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Table 2.
2 minute labelling; effect of aminoaceteonitrile.
Control 20 mM AAN
Product dpm/pg chl. b4 dpm/ug chi. y 4
Amino acids
Aspartate 830 10.1 450 9.0
Serine 330 4.0 40 0.8
Glutamate 59 0.72 45 0.90
Glycine 390 4.8 500 10.0
Alanine 830 10.1 300 - 6.0
Total 2450 29.9 ¢ 1340 26.9
Organic acids \ /
Glyceric 180 2.2 170 3.4
”élycolla:e , 62 0.76 320 6.4
43 0.52 31 0.62
Malate 610 7.4 690 13.8
Total 900 1i.o 1210 24.3 .
Formic acid wash 1020 12.4 | 1010 20.3
(8N)
Nedtrals | 3840 46.8 1410 28.3
Total. :
incorporated 8200 100 4980 100

* Cut ends of whole leaves
feeding labelled *“CO;.

placed in 20 mM AAN 4.5 hours prior to
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and sorghum. These experiments involved studies of bicarbonatg and glycollafe
metabolisn':. _
The method for isolation of bundle stizath cells was that of Chapman et al. (19801
These authors determined optimal condition~ which provide good bundle ;:heath
preparations from corn as wall a§ eétablishmg conditions favorable to good CO, fixation
To check the purity of the isélated bundle sheath cells, prior to r\netabolic studies,‘ celi
suspensions were routinely examined by light microscopy. Chiorophyll a/b ratios were
also det'erminea. since it is repoﬁed that bundie sheath cells have a hnghef a/b ratio ﬁwen
mesophyli cells (W96 and Osmond, 197 1). Assays of RuBP carboxylas;e and PEP _
carboxylase wére ;lso‘under'taken on bundie shieath cell extracts. As reported in the
hiterature. PEP carboxylase is located in the mesophyli cells and the RuBP carboxylase in '
the bundle sheath cells (Chen et al. 1874) Table 3. summarizes the chiorophyll-a/b ratios
(Also see appendix B) and the carboxylase data for both species. The specific activity of
PEP carboxylase in corn bundie sheath cells was 8.5% that-of the whole leaf: in sorghum
the corresponding value was 11.1%. in sorghum ﬁwe.RqBP carboxylase activity was higher
_in the bundle sheath cell than in the whole Ieaf. After being satisfied that good bundle '
sheath cell preparations with low PEP carboxyiase activity could be isolated, feeding
experiments were undertaken. This involved the study of the effects of AAN on NaH“CO,
fixation by corn and sérghum bundie sheath cells. These results are presented in Tables 4
. and 5 and in Figures 6 and 7. Iﬁ the experimental design. the tissues were killed by adding
boiling water directly to the sample flasks thus excéss AAN was not removed froh the .
suspensions and became part of the aqueous extract as the samples were prepared As ;
result the uniabelled glycine pool was artificially increased. During chromatography this
* caused the glycine and alanine fractions. which normally elute ciosely together, to be
poorly resolved The counts for glycine and alanine were therefore pooled It is assumed,
based on whole leaf resuits, that the amount of label found in alanine would be no larger
than the control When the glycine and alanine peaks were run on thin layer |
chromatography and subjected to autoradiography only the glycine spot contained engugh
radioactivity to cause the film to develop ina Mo week exposufe. _Overspotting with
uniabelled glycine ang alanine ensured that the cbmpounds were separating as determined

by the ninhydrin spray reaction. The concentration of AAN used was 20mM, which was the



Table 3. Chlorophyll a/b ratios and carboxylase assays. *

Chlorophyll 2/b ratios.

Whole leaf Bundlihsheach cells
Zea mays L. 3.13%0.36 4t8510.34 ‘
n=8 ' n=9
.Sorghum bicolor L. 3.73:0.71 = 4.80%0.49
n=2 . n=6
° Carboxylase assays.
. \Zea mays L. B
Whole leaf . Bundle sheath cellé
RuﬁP éarboxylase 4.88 5.10 |
PEP carboxylase 4.69 0.40
Sorghum bicolor L.
RuBPacarboxylase ' 8.40 363.8 .
!
PEP carboxylase - 385.9 43.2

pmol NaH‘“CO; fixed per mg protein per hour.

* o
Chlorophyll 2/b ratios determined by method of Harborme (1973).
Carboxylase crude enzyme extracts assayed by.methéd of Kennedy (1976).

tstd. dev.; n=number of determinations. j

b

&
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Table 4,
10 minute labelling; effect of amincacetonitrile.
Contrdl o ZOJQH AAN
Product dpm/ug chl. 4 dpm/ué chl. b4
Amino ;cids . A ’
Fractions 5-9 77.58:12.6 2.2 i 77.26£33.8 2.4
Aspartate 69.60%1.2 2.0 o 26.70#9.9 0.82
Serine 55.96:27.5 1.6 | 38.26£11.5 1.2
Glutamate 49.16%12.8 1.4 | 55.37%12.7 1.7
Glycine 289.3 %16.5 8.2 - 671.0 $178 20.6
Alanine 162.3 %42.0 4.6 o _ . n.r.
Total 703.9 20.0 868.6 26.7
Organic Acids '\
Glyceric 92.81£17.7 2.6 107.6£33.4 3.3
Glycollate 251.7 %37.0 7.2 169.9+11.5 5.2
Malate 737.6 $62.5  21.0 179.7188.0 5.5 .
Total 1082 '30.8 . 457.2 14.0
. Formic acid
wash (8N) .1411.7#531 40.1 1439.0¢339 44.2
Neutrals 320.3%130 | 9.1 - 493.3£121  15.1
Total . ) , -
incorporated 3518 _ 100 3258 . leO

— S )
* 0.35 ymol of NaH}“CO3 (20 uCi) was fed to cell suspensions containing
a total of 56.4 ug of chlorophyll. Values are given with istandard devi-
ation. n=3. n.¥.= not resolvable; see text.
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Metabolism of NaH!“CO; in sorghum bundle sheath cells.
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x

Table 5. - _
10 minute labelling; effect of aminoacetonitrile.
. Control 20 mM AAN
Product dpm/ig chl. 2 dpa/ug chl. x
Amino acids
Fractions 4-7 L44s  £200 6.2 118.9:19.4 1.4
Fractions 7-12 1979 +2.8 8.5 272.6122 3.3
‘Aspartate 481.528.4 ’ 2.1 | " n.d. n.d,
Glutamate 45.9:2.6  0.20 217.3%42.7 - 2.6
Glycine 516.3+0.8 2.2 1371 $156 16.6
| Alanine 243.9272.8,, ' 1.0V n.r. | n.r.
Total 4710  20.2 1980 23.9
Organic acids i
Glycerate 2334 £962 10.0 208.0+69.2 2.5
Unidenti¥ied 233.3%72.8 1.0 312,958 3.8
Glycollate | 8310 '$23.1  35.7. 950 237 11.5-
Malate 5193 - +494 223 " 729.3%161 8.8
Total 16071 69.0 2200 26.6
Formic acid .
wash (8N) 1680 %350 7.2 1511 £239 18.2 |
Neutrals 804 350 3.4 2589 +118 31.3
Total- -
incorgorated 23265 100 8280 100 .

deviation.

n.r.= not resolvable; see” text.

Values given are with * standard

0.35 1mol of NaH“CO-.; (20 uci) was fed to cell suspensions containing a

total of 65.1 ug of chlorophyll.

n=3." n.d.= not detectable, counts are not above background.
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optimél concentration for inhibition found by Usuda et. a/. (1880} for whéat protoplasts.

The lébelled bicarbonate feeding to bundle shqam cells of corn demonstrated that
the suspensions were photosynihetically active. Glycollate, glycine, and serine were
products of the bicarbonate metabolism whlch suggests ‘that thnre was an operating
glycollate pathway. This is further supported by the effect of AAN in glycine. The
decrease in the labelling of serine was however only marginal. Siqce glycine accumulated it
is interesting that glycollate, whiéh is a precursor of glycine, did not accumulate.‘ The
overali amount of label found in glycollate was clearly reduced as was the percentage of
the total accounted for by glycollate. Malate was labelled in both the control and
AAN-treated bundle sheath cells. As noted in Table 3.. the preparations were not entirely
lacking PEP carboxylase activity, an'enzyme that might indirectly account for malate
forn;ation It is notable that the inhibitor—treat_qd suspensions had only 25% as m'uch 1Cin
malate as the controls. If the glycollate and glycerate pathways are operating in the buﬁdle
sheath cells as in C, plants this effect on malate may be due to the block in ‘the glycine to
serine co[wersion diminisﬁing the amount of precursors regenerated in the Calvin cycle.
Since 3—?’GA is a precursor of PEP, th*nmount of sut;strate for PEP carboxylase would
be reduced and thus the amount of malate would be reduced This reasoning could also
explain why the a;nount of 1C in glycoliate is also reduced by AAN In this regard, Usuda et
al. (1980) suggested that the supply of RuBP would be..smaller and thus this would reduce
thebotential fqr 0, competitiori in forming glycollate. The total amount of 1C incorporated
was only slightly reduced by AAN in these present experiments (Tabie 4.). it sr;ould be
pointed out that malate and hydrox'ypyruvate waere not separated by the formic acid
gradlent method. Howaver, thin layer chromatography and autoradiography showed that

' activity was only present in the malate fractlon :

The general observations for corn also apply to the data .fo,r sorghum bicarbonaté_
labelling (Table 5.). 'l"he effect of AAN on total incorporation in sorghum was however even
more pronounced. The ramount of total incorporation in the sorghum control was almost 3
times that of the inhibitor treated tissue. The effects.on glycine, glycollate, and malate are
as they were in corn. The reduction in the organic acid totals was yér\) prc;nounced With
the sorghum bicarbonate feeding there was however no serine labelling. This- may indicate

a small serine pool which rapidly turns over or that serine is not synthesized in the bundle
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sheath cells but in the mesophyll cells.
~ in both corn and sorghum, glutamate—!*C was increased in inhibitor—treated tissue.

This effect was more pronounced in sorghum than in corn. Glutamate may supply the

* necessary amino group to glyoxylate in synthesizing glycine in the peroxisome (Tolbert.

1980) and may itself be regenerated by acéeptjng NH, arising f;'om glycine.
decarboxylation in the mitothondria Since the inhibitor prevents glycine decarboxylation
the supply of NH, and the amount of giutamate wguld be diminished. The demand for amino
groups would also decrease the amount of glutamate. However the increase in glutamate
labelling 1s contradictory to this line of reasoning.

Serine can also provide the necessary amino group fok the glyoxylate to glycine
step of the pathway (Tolbert, 1980). If the demand for amino groups is high this could’
explain why no labe‘l is detected in serine since there would be a' rapid turnover. This would
then mean that label should be found in hydroxypyruvate and glycei'ate. As explained

before hydroxypyruvate-:*C was not found but labelling of glycerate was apparent In

v_c.:orn cells glyceraie labeiling was slightly higher in the inhibitor-treated suspension This is

contrary to a flow from giycine through serine and the glycefate pathvéay. However in the
sorghum tissue there is a marked decreasé in labelling due to the inhibitor.

There are two possible pools of serine, one mitochondrial, the other 'peroxiéomal.
It’ would Ige the mitochondrial pool Which wQuld be mosf directly iinked to.the glycine pdol ‘
assuming serine arises by action of glycine decarboxylase and serine hydroxymethyl '
transferase. The phenomena observed with m?Iate and the total incorporated label can be
reasonably explained by a linked glycollate—glycerate pathway. However,. the absence of -

. . 0 . ~
serine labelling in sorghum and the small decrease observed in corn are clearly not

‘consistent with the lini<ed operatioh of such'a pathway.

‘Bundle Shesth Celi Glycolla;e Labelling Studies

As nofed above, the evidence supports an operating glycollate pathway up to the

. point wheré glycine is synthesized. With this in mind, experiments to further explore the

glycollate pathway were undertaken using glycollate—2-1C. As'reported in the literature,
bundle sheath cells were capable of metabolizing glycollate— 1-4C to release }*CO,

(Rathnam, 1979). This would indicate that a décarboxylation was occurring. The’
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disadvantage of using glycoliate- 1-14C glycollate is that the metabolic fate of the |
remaining carbon could not be followed and refixation of 1“CO, would contribute label to
pools not directly involved in the glycollate pathway. For these reasons glycollate~2-14C
was used As On\nlined in the Introduction, }*CO, arising from glycoiléte-f 1-14C could come
indirectly from glycine decarboxylation or directly from a non—enzymatic decarboxylation
of glyoxylatei For this reason all ctasses of metabolites weré fractionated and counted.
Tables 6-9 report the resﬁ/lts of glycollate—2-'*C feeding to corn and sorghum
'bundle sheath preparations and .the effect of added AAN. Again, as with the bicarbonate
feeding'studies, the entire conténts of the bundle sheath sheath.suspensig'ns were
- process:ed because the tissue was killed without ,ll'emoval of the unmetabolized glycoliate.
The percent of glycollate metabolized was determined by referénce‘ to the amount of
' glycollate reﬁxaining ;ﬂer the feeding period | v
in all of the corn controls (T, ;lbles 6.7.and 11) over 6019‘8 of the total glycollate

metabolized was found in just 3 compounds. These compounds were glyvox'ylate, formate,
and glycine. Glyoxylate, the imn':edigte product of metabolis- | e glyco!late paﬂ’iwéy
was an expected product The production of fdrmate—'fc imp! >s that either glyoxylate
was undergoing direct dec;:arboxylation in the peroxisome or that possibly
methylene—tetrahydrofolate was converted to this product in the mitochondria Of
particular note is the absence of detéctd:le label in serine in any of the bundle sheath cell
controls. ' A' _ | 4 ' C
»Cornv bundle sh-eath.cells pretrqate'd with 2b mM AAN for 15. minutes andjj;d
. glycollate-2-1C metabolized less glycoliate than the, controls. After a 10 minute labelling
(Table 6. Fig. 8) the.amount of glycine—4C in the inhibitor—treated tissue was less than half
the amount detected in the controls but the percent of the total was the same Labelling of
formate and glyoxyiate was also reduced but with these compounds, the percent of total
- was also reduced. The 20 minute labelling experiment (Table 7) also revealed a re&l;étioq in
the amount of glycollate metabolized due to AAN. The difference from the 10 minute
iabelling was that glycine was reduced in both the-amount of labgl and the percentage of
the total Glyoxylate also behaved differently in that the amount of label was the same for

A

L
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: *
Metabolism of glycollate-2-!“C in corn bundle sheath cells.

Table 6.
10 minute labelling; effect of aminoacetonitrile.
Controi . 20 mM AAN
Product
dpm/ug ch.. p4 dpm/ug chl. 4
Amino acids
Fractions 5-9 87.7+30.4 2.0 80.3+£23 4.4
Glycine 341.9+62 8.0 146.4266 8.1
Total 431 10.1 263 14.5
Organic acids
Glycoilate
metabo.?zed 42 % 28 7
Formate 1889 +1089 44.2 660.5¢147 36.4
Glyoxylate 998.8+450 23.4 64.4%45.7 3.5
Total 2888 67.6 724.9 39.9
Formic acid . '

“wash (8N), 308.3+171 7.2 300.5%27.7 16.6
Neutrals \\\ 641.5%169 . 15.0 . 526.8%197 29.0
Total" ‘
incorporated 4269 100 1815 100

* .. | . i ) .

. 0.01 ymol of glycoLlate—2—1~C (0.5 uCi) was fed to cell susgensions contain~
ing a total of ¢5.6.  ug of chlorophyll. Values given are *"standard
deviation. n=3. :

Erd
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Table 7., Metabolism of glycollate—2—1~c in corn bundle sheath cells.*
‘ 20 minute labelling; effect of aminoacetonitrile.

Control 20 mM AAN
Product dpm/ug chl. y dpm/ﬁg chl. va
Amino acids
Fractions 5-9  759.8+31.8 7.9 C 387.5423.6 6.6
Fractions 9-12  397.3%68.4 4.1 413.5%23.6 7.0
Aspartate l7.3i}.9 0.17 67.9£89.3 1.2
Glycine ' 1076141 11.2 . 106.0%61.4 1.8
Total 2251 | 23.4 ;;5 16.5
Organickacids
Glycoilate _ - - -
metabolized 462 20% :
Formate 40464686 42.0 | 1528+206 26.0
Glyoxylate 10522437 11.0 . 1151%156 26.0
Total 5099 . 53.0 2679 45.6
Formic acid . ‘
wash (8N) , 221.6:116 2.3 4213+232 7.2
Neutrals 2036378 21.2 1804310 30.7
Total ‘ : ' | |
incorporated - 9607 100 5879 - 100

/

* v .
0.01 umol of glycollate-2—15c (1.1 x?loz/dpm)'was fed to cell suspensions
containing a total of 47.0 ug of chlorophyll. Values given are with %
standard deviation. n=3 ~ g
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Table 8. Metabolism of g;ycollate-Z-l“C in sorghum bundle sheath cells.
10 minute labelling; effect of aminoacetonitrile.

Control ~ 20 mM AAN
Pf°d°éf dpm/pg° chl. A dpm/pg chl. 4
Amino acids
Fraction 5-9 19.95¢3.5 0.45 19.0545.7, 059
Unidentified 16.27+1.3 10.37 3.01%1.7 0.11
Glycine 2761 *161 62.1 274.6 *43 9.97
Total 2797 | 63.4 296.3 10.8
Organic acids /
kGlycollate C _
metabolized 58 % ’ 36 %
Formate 535.0 *108 12.1 1266 +95.2 43.6
Glyoxylate 508.7 *159 11.5 205.6 ¢76.2 7.5
Total . 1043.7 " 23.6 | 1405.4 ) ~51.0
Formic acid ' =
wash (8N) 103.5 *20.2 2.3 139.5 %62.0 5.1
Neutrals 468.7 +23.8 10.6 ©912.9 143 391
Total : _ . -
incorporated 4413 100 2754 . 100

0.01 umol of glycollate—Z-l“C (0.5 uCi) was fgd to cell suépensions
containing a total of 145.3 ug 3f chlorophyll. Values given are with

* standard deviation. n=3.°
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Table 9, Metabolism of glycollate-2-'"C in sorghum bundle sheath cells. -
' 30 minute lagslling; effect of amingacetonitrile-.

, Control 20 mM AAN

Product dpn/ug chl. . % dpm/ug chl. X
Amino acids

Fraction 5-9 ‘fo.31£4.50 0.37 | 21.57%5.9 0.52
. Glycine Mss s85.6 21.2 ‘ 242.7 %37.3 5.8

Total 1178 .- 21.6 264.2 . 6.3
Organic acids

Glycollate ,

metabolized 60 2 41 7

Formate 1628 63.2 29.u 1894 +334 45.5

Glyoxylate 1570 *300 28.8 '736.1.:119 17.7

Total | 3198 - 58.6 2630 63.2
‘Formic acid o ’ ,

wash (8N)" 229.1 $60.2 4.2 ¢ 618.4 %296 L 14.9 -
Neutrals 850.5 167 . 15.5 647.9 +236 15.6
Iotal )

iucorporated‘ -5656. 100 . 4;60 100

0.01 pmol of glycollate-2-1%C (0.5 uCi) was fed to cell suspensions
containing 86.49 ug of chlorophyll. Values given are with * standard
deviation. n=3. .
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? .
both control and treatment but the percenfage of the toﬁl was higher in the
inhibitor —treated tissue. Thq effect on fornjate was shown for both t.he 10 and 20 minute
labelling experiments. N
The effect of AAN on glycine prc)duvction was contrary to that expected. 'Since this
compound prevents glycine decarboxylation it would be expected that AAN treatment
would enhance glycine accumulation. As noted earlier it is possible that the 'amiho group
- neéessary for glycine formation was depleted Ly the AAN treatment In this regard, this
inhibitor potentially causes a reduction in serine énd NH,; which are involved in glycine ' a
~synthesis. "

Since less 1*C-formate was produced in the inhit?it?r-treated tissue it can be
inferred that that this product arose from more than the direct decarboxylation of
glyoxylate. Direct decarbdxylation shduld be most favorable when the giyoxylate pool is
greatest (Walton 1982). When the flow of carbon into glycine is reduced (as seen in Tables
5 and 6) there should be an increase in the‘ amour;t of glyoxylate available for direct
decarb_oxylati'on Such an increase is seen in the 20 minute Iabefling after inhibitor
treatment yet the amou?t of labetied formate is less than in the control. A_AN treated tissue
would have less methylene—THFA. This would suggest that some of the formate in corn is
arising via this alternate route. |

‘The results of glycollate—z—l‘c feeding to sorghum bundie sheath cells (Tables 8
and 9) are similar to the results obtained for corn. Again the incorporation of 1C into
glycine was s.uppr'essed b){ AAN. Even in the controls, serine labelling was not detected. As
in the corn experiments, the. glyo?(ylate labelling was reduced by AAN ;treatrhent The major
difference in the two species was the effect of AAN on the formate labelling Unlike corn
bundie sheath cells, formate labelling was increased with AAN treatment

In attempting to explain some of the effects of AAN on glycine labelling in the
glycollate-2-4C feeding éxperiment§ it was suggested fhét shortage of amino groups
inay affect the extent of glycollate metabolism. To examine this hypothesis,
-glycollate-2-1C wis supplied to éérine~supplemented bundle sheath cells. Serine was
chosen for two reasons. In the peroxfsome serine can provide the necessary amino group
re'quired in converting glyoxylate to glycine (Tolbert, 198 1) and in the mitochondria it |

would enlarge the normal pool size thus slowing the turnover of serine-4C which may be
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ariéing through the glycollate pathway from glycine. Serine was also reported to be
preferred over glgtamaté as an amino donor ih spinach beset chioroplasts by Walton and
Butt (1981). Thé results of these experiments are presented in Tables 10 and 11.
. As in the previous 10-minute experimehts the inhibitor decreased the amount of

label detected in glycine. The 30 minute preincubation with added serine resulted in a 275
fold increase in the amount o.f label recovered in glycine. The combinatidn of serine and
AAN yislded a glycine value intermediate between the control and the 20 mM AAN
treatment The serine pretreatment did not result in trappi?mg of 1*C in this amino acid pool.

Table 11 gives the results of a 30 minute glycollate~2-1C feeding expér'iment to:
corn bundle sheath cells with and without added serine\. Cells supplemented with serine
contained serine-'*C as a Iabel[ed ;Sroduct This product however only accounted for a
small percentage of the total label metabolized {0.5%). Label recovered in the glycine
fraction of serine pretreated cells was gubstantially higher than in the contol. Both the
forrﬁate and the glyoxylate Iabelling were also decreasea by this treatment The total *C
incorporated was increased by the serine pretreatment. These resuits suggest fhat the
supply of amino groups might limit the flow of carbon from 4glycollate through to glycine.

If the ?ool size of serine in the bundle sheath cells was much smaller than that of
glycine it is conceivable that serine iabelvling would be minimal in all the glycollate—2?"C
labelling experiments except those involving serine pretreated cells. To examine this
pbssibiiity, bundle sheath cells from the controls of both corn and sorghurﬁ prepa'raiions
were analyzed for endogehous amino aqidé. The values obtained for sorghum were 0.40
urﬁol/mg chland 0.41 urrlollmg chl for glycine and for serine respec'tivq_!x.. For corn the
averages of four determinations were 1. 1'6;10. 10 umol/mgi chl and i.29t0. 17 umol/mg chi '
respectively. These values suggest that the total amounts of these amino acids are similar, -
_ although it should be emphasized that the peroxisom_é] and mitochondrial pools could well
have been dissimirlar. Other assays of whole Ieﬁf extracts of corn also indicated that the

té}al amount of free glycine and serine were similar.
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Table 10. Metabolism of glycollate-2-'"C in sorghum bundle sheath cells.
10 min. labelling; effect of aminoacetonitrile and added serine.

incorporated

) ey dpm/ug chl., _ :
- Product Control 20 mM AAN 1l mM Serine Serine; AAN
~ Amino acids _
Fractions 5-9 229.0¥14.2 ﬁ.d. lis.7t30.8 n.d.
Fractions 11-15 87.86.3 21.5#10.3  70.8%34.1 9.73.5
Glycine 393.4%105, 40.2+17.8 1082 t14.9 229.9412.4
Total 710.2+115 61.7+17.2 1268 $72.3  239.6:12.6
Organic aciés
Glycollate +
metabolized (24%) (182) (242) ()
Formate 1265 *130 603.5¢154  832.7:85.3 437.0%66.1
Glyoxylate 32.7#17.1  156.5%85.3 28.2426 55.612.4
Formic acid_ -
wash (8N) 239.2+68.2 254.7+120  243.5%190 273.62146
Neutrals (503) (1068) (377.5) (~)
Total xk
(2750) (2144) (2750) (-)

1

* 0.01 pmol of glycollate-Z—l'C (0.5 ugi) was fed to cell suspensions’
containing 94.7 ug of chlorophyll. T Minimum estimate’ for amount of"
glycollate metabolized. ** Based on a single determination for

"neutrals. All but one each of the control, 20 mM AAN, and 1 mM serine
were stored frozem at -20 C for 40 days before separation of the
organic acids and neutrals was undertaken. Due to the instability
of glycollate-z-l'C‘while frozen an inordinate amount of label in

the neutral f
fraction, was

ction, with a corresponding loss in the organic acid
etected. Consequently only a single value was obtained

for the neutrals and the amount of-glycollate metabolized. Values
are given with tstandard deviation. n=3
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Table 1ll. Metabolism of glycollate—Z—’“C in corn bundle sheath cells.
30 min labelling; effect of added serine.

Control : 1l mM Serine

Product . -
dpm/ug chl. y4 dpm/jig chl. %
Amino acids
Fractions 5-9 531.2%112 . 4.2 409.2%97.2 2.6
Fractions 9-12  93.1%¥16.6 0.74 : 83.5%11.6 0.53
Serine n.d. \ : ‘n.d. 79.6%8.9 ' 0.51
Glycine 371.4%63.8 3.0 . 6431 $272 40.8
Total | 996 +155 7.9 7003 *366 ' 444
Organic acids’
Glycollate ‘
metabolized _59.92 ' 64.6Z
Formate 7289 #1151 58.2 ] 3988 +589 25.3
Glyoxylate 233.1274.9 1.y 158 +7.3 | 1.0
Total 7522  60.1 4146 26.3
Formic .acid . .
vash (8N) 801 *398 8.4 1034 678 6.6
Neutrals 3203 +1852 25.6 . 3570 #98.9. = 22.7
Total
incorporated 12522 100 15753 100

0.01 mol of-glycollate—Z—’“C (0.5 uci) was fed to cell suspensions

containing a total of 37.2 ug of chlorophyll. Values are given with

* standard deviation. n=3. ' ‘ R
n.d. = not detectable, counts are not above background.
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The data r/epor'ed in the tables contain several unidentified, !*C labelled compounds.
In most cases they éccount for less than 5% of the total *C metabolized. The most
commonly found were recovered in the amino acid fraction and are indicated as fractions |
5-9 .and fractions 9-12. Attempts to identify these peaks were not successful. Despite
this it was clear that these compounds did not include methionine sulphc . methionine
sulphone, phosphoserine nor any of the 20 common protein amino acids for which the the
elution times were known. The fractions 5-9 correspond to compounds that are not
retained by the PA28 resin used for the amino acid analyzer. Fractions S~ 12 are only
slightly retained which suggests that the compoundis) at pH 2.2 is neutral or negatively
charged. Yet at pH 7.0 these coinpounds were retained by the hydroéén column and did

' not elute until washed with 6N HCL. !

o



IV. Discussion

Assimilation of “CO by barley and corn leaves and the metabolism of NaH“CQ, by -
bundle sheath protoplasts of corn and sorghum were inhibited by aminoacetonitrile (Tables -
1,2.4,5). Usuda et al. (1980) reported the same type of effect on assimilation in wheat
protoplasts but not in isolated chioroplasts. They proposed that this phenomenon could be
expleined on the basis that AAN prevented flow of carbon through the glycerate pathway
and thus reduced the leveis of Calvin cycle intermediates, particularly RuBP. Carbon would
then accumulate in glycine instead of being cycled. Thefe is however a recent report in the
literature that tends to contradict the above conjecture. Creach and Stewart, (1982)
exposed soybean leaf discs to oxygen concentrations ranging from 2 to 60%. They found
that AAN had no effect on RuBP levels at low O, ievels but at high O, concentrations the -
amount of RuBP increased. The ievel of glycine also increased These observations, as -
suggested by the authors, imply that the supply of RuBP does not limit CO, fixation but
rather a direct inhibition of RuBP carboxylase must occur. They also suggested that an
intermediate of the giycollate pathway may cause this inhibition. A report by Cook and
Tolbert (1982) demon.strating that glyoxylate (10mM) inhibited isolated spinach RuBP
carboxylase/oxygenase suggested to Creach and Stewart that this could be the cause of
- reduced assimilation. However a recent paper by Mulligan et. a/.. (1983) suggested that the
effect brought about by the glyox.ylate was due to ohanges in pH since salts of other weak
acids caused a similar inhibition. It was also suggested by these authors that glyoxylate
would not likely have a regulatory role since it is produced in the peroxisome and would
have to be transported to the chloroplast to affect RuBP carboxylase. The absence of
detectable glyoxylate—14C labellmg in either whole leaf *CO, studies (Table 2) or bundle
sheath cell bicarbonate studies (table 4 and 5) reported in this thesis indicated that the level
of glyoxylate is low and thus *his type of inhibition aopears unlikely. |

Usuda and Edwards (1980a) reported that at low *C-bicarbonate concentraticns
glycerate was a major product in studies of isoldted bundie sheath cells of Panicumn
r capillare. Aminoacetonitrile prevented glycerate accumulation. At high bicarbonate
concentrations there was only a small amount of label in produf:ts of the glycollate
pathway. In a sqbsequeht report Usuda and Edwards. (1980b) showed that glycerate kinase
activity was not found in rbundie sheath cells bc.;t was active in mesophyll cells. They,
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reasoned that the glycerate, formed in the bundle sheath cells, was not utilized via the
reductive pentosé pathway. P. capillare Mique ar;;ong C, plants in having a
deficiency of glycera;ce kinase in the bufidie sheath cells. On the other hand if thisis a
general property of C, plants it would be\difficult to account for the reduction of
glycerate labelling seen in the sérghum bunie sheath cells (Tabis 5) but_ not in corn, (Table

4} brought about by AAN since glycerate ywould not be contributing te the reductive

pentose pathway in any case. -

In the low “C—bicarbonate concentration (O.34mM) used‘by Usuda and Edwards,
glycerate.accounted for 20% of the label and glycine and serine together accounted for
45%. The concentration of bicarbonate used ‘in the bundie sheath cell labelling.in the
present work was 0.1 1 mM. However, carrier malate was also added and this would
_ inérease the effective CO, cohcentration. Nevertheless glycine, serine, glycollate and
g'ycerate were produc"ts of metaboli§m in the corﬁ.al;hough not to the extent réported by
Usuda and Edwards (1980} for P. capi//are. Glycine did accumulate markedly in both corn .
and sorghum bundle sheath cells treafed with AAN. Serine declined in corn but was not *~
detected in sorghum. Glycerate behaved as reported f;or P. capillare in the sorghum tissue
but was marginally increased in the corn. These data suggest that carbon is flowing through
a glycollate pathway in the bundle sheath cells of both species. It remains to be
demonsfrated that such a carbon flow occurs in whole Ieaves of C, plants. In this regard, it
is pérhaps noteworthy that data for *CO, fixation in corn leaves (Tdte 2) showed that
glycollate was a minor product of fixation {0.75%) and that serine {4.0%) and glycine (4.8%)
were also products. The AAN treatment increased the amount of glycollate to 6.4%, the
amoﬁnt of glycine to 10% and decreased the serine to 0.8%. These data indicate that a
glycollate pathway operates in corn _

Experiments by Jenkins et al. (1982) using corn leaves and the glycollate oxidase
iﬁhibitor 2-hydroxy~-3-butynoic acid (HBA), showed that (_:O2 assimilation was markediy
decreased by this compound. After 30 minutes of #CO, fixation, glycollate accumulated
from less than 0.1% in the control t6 14.1% of the total in the treated leaves. At thg same
ti;ne glycine declined from 1% to less than 0.1% and se"~.e declined from 1.6 to 1.2“%. ’

These were 30 min 14C0, iabelling experiments. In another paper (Jenkinsgt. a/. 1983) the

action of aminooxyacetate, an inhibitor of serine:glyoxylate aminotransferase was studied.



;.\VA{'é'_co‘héenbtranon of 10uM. corn assimilation was reducc oy 42% ang at 100uM
-'{iiw.corporatron_vfell by 72% Atboth inhibitor concentrations ciycollate increasea from less
than 0 1% of the total to 130 and 26 2% res;pectx\}ely.r These changes were accompaniec
by decreases in glvcme from 1% to iess tha'\ sie §er;ne increasec at the ' OuM
concentration rusmg 1fen 1 6 to 2.8°% but was reduced to i 4% by the 100uM
concentration K
It is clear that AAN. used 1~ the present work ana HBA anc aminooxyacelate usec
by Jenkins ét al 1982 1883 proouce effects tat car be attriputed tc operation of &
E)ycollate pathway Other reports. aiready mentionea in the introguction. wnICh Showeca
th\a t 0. was In¢ orporated inte glyf ne angc serne aisc or0vnce evrdence tor an operating
glycoilate DatHN‘M In corn (Dama'f €1 ;f" ?9',;{,;’5@-.:5 the apparen: absence ¢¢ measurapie
photorespiration in C, plants wouid hot resﬁt;’a’:?:ﬁﬁb&encé of a~ operabie gtycollate
'.pféthwéy in agreement with this contention & 'e'&cgefi_’._ ;e:gg?i oy Berger an® “ock - 1983
. sbggesis that tr:j_i"n‘ ieaves have ohotoresp:rator:f‘i.aiw;s t"za are anout 2£°% of those showr
for C, plants This estimate was based on aata ostz@r;ec Dy feémng ‘4C. *N glycime to corr
leaves with and without the presence of methionine sulfoximine (MSQO: an irreversible
in:hibltor of glﬁtamme synthetase Under contro: conditions. “N-was founa mamty in serine.
ammonia. glutamate. and glutamime This :s consistent with 'me giycine metabonsm being
mediated by egcme decarboxyiase and serine nyaroxvmethy! tre-sferase The inhibitor
caused an accumulatuon of N m NH. and reauced the N levels ot giutamine and glutamate o
The photoresplratow rate for wheat leaves was 18% of true photosynthesis. for corn '
leaves the rate was o'nzy 4% An earlier paper by Platt and hgad i1982) alsc revealed NH::
accumulation in corn as weli as soréhum during MSC treatment They couid not however
, | identify the source of NH, in the C, trs%ue From.the Berger and Fock report it would
'app;ar' thét that source s glycine The’ks‘bsénce of»rﬁeasurable photorespiratory CO, in C,
plants could be explamed by the lowered rates ot photorespiration calculated for C, piants
- and by assummg that the CO. released in photorespiration is refixed by PEP carzoxylase as
suggested by Rathnam (1979 (see Introguction:
There are many recent papers Iinking the fiow of carbon through the glycoliate

pathwéy with the metabolism of NH, containing compounds within the plant (Keys et. a/..

1978) The syntnesn§f.f glycme n spinach beet was shown to be finked with - *

wr
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hydroxypyruvate production arising from serine or 1f giutamate were the amino gonor. the
production of 2-oxoglutamate occurred (Walter and Butt. 198 1ai. The peroxisomes
isolated from.spinach beet were shown to use serine in preference to glutamate as an
amino source (Walton and Butt. 1981b) However if high concentrations of glyoxylate
were present both amino donors were used The report by Somerville and Ogren (198'@
that a pnot\)orespnratory mutant of Arab/dopsis thaliana lacking both glyc;ne
decarboxylase and serine hydroxymethy! transferase required additionat NH, in order to
conunue glycine production also suggests that amino group availabliiity 1s important to
operation of the glycollate pathway "Such reports on the nitrogen requ;rements of

normal glycollate pathway operation a‘g& have relevence to the present glycollate 2-1C

experiments (Mables 6- 11} in both corn artd sorghum bundle sheath cells, AAN had the

‘unexpected effect of reducing the amount of labelled glycine both in terms of total

radioactivity in~orporated and as a percentage of the total *C metabolized The e

premcubatlon period used in these AAN experiments was 15 minutes and could
conceivably be long enough to begin'-depletion of serine and glutamate. The experiments in
which added serine increased 'élycine labelling clearly support this view. .

The absence of serine labeiling in the giycollate—2-4C metabolism studies }n ail but
the cern bundle‘ sheath cells pretreated with serine is more difficult to explain particularliy
since the whole leaf and bicarbonate studies as well as reports in the literature indicate that
the glycollate pathway oper.atces in C, plants. Furthermore recent studies by Cossins and
Jaleel (unpubliished data) have shown that glycine—2-2C.readily gives rise to labelled serine
in isolated corn bundle sheath cells. If it is assumed that the mitochondrial oool of serine is
small and subject to rapid turnover that is related to glycine production tnan"rt would be
expected that hydroxypyruvate and/or glycerate would become labeliac. However this
was not observed. It seems more hkelv that glycine, arising from glycollate 2 “C in the

: ;"

' peroxisome, is not rapidly transported to the mitochondria for conversmn to sej[me
2

The patterns of labelling after a 10 minute feeding of bncarbonaé? (Tables‘% and 5)
to corn and sorghum and that observed after 6 minutes for A. cap//lare,£Usuda and {\
Edwards, 1980) in the presence of AAN suggest that 10 and 30 minutk?abellmg periodsir :
of the ¢ ycollate experiments (Tables 6—1 1) are long enough to accomodate serine

labelling. In fact, the only dlfference"ﬁe 2n the bncarbonate-—“C and glycollate 2-14C .
AT
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experiments lies in the type of substrates supphed The possibility that excess glycollate |
ﬁy ‘somehow prevent glycine flow from tﬁe peroxisome to the mitochondria seems
unlikely but cannot be ruied out completely. In this regard pulse chase experiments might
provide further insight into the flux of iabelied carbon between the various intracellular
sites of the glycollate pathway ‘ \

Glycollate-2-'C also gave rise to labeiled formate and glyoxyiate (Tables 6-11)
The latter product s the expected intermediate between glycol_latga and glycine {Tolbert,
1881! Formate 1s known to arise by the non-enzymatic action of H,0, on glyoxylate
{(Zehtch, 1972; Qliver, 1973, 1981). In the peroxisome, H,0, 1s a product of glycbllatg
oxidase action on glycollate. Thus in the glycollate-2-4C feeding experiments, the added. .
glycoliate would tend to inqrease the leveis of H,0; and glyoxylate. Walton (1982)
indicated that CO, arising fr'om such a direct decarboxylation of glyoxylate, wouid only:
represent a small proportion of photorespi;at;ry CO, and this amount could be regulated
by the addftion of exogenous glyoxylate.qus cbnjecture was that the level of glyoxylate
needed for direct decarboxylation would not normally exist /n ;//vo. Oliver (1981)
demonstratéd that added amino group donors would decrease thé ambur)t of
decarboxylation in soybean leaf cells. This same,phenorﬁenon was observed for corn and
sorghum bundle sheath celis vith _ided serine (Tables 10 and 11). As the level of glycine
labelling Was increasing. formate labelling was decreasing. |

An intere'sting observation on formate production in the two types of bLmdle
sheath cells was the difﬁ‘erence-in response to @gdded AAN. In sorgf—'uum, formate labelling
‘was increased with AAN treatment*(f able 10). This would be consistent with a decrease in
the évailability'of amino groups thus making more glyoxylate susceptible to
decarboxylation. The corn bundie sheath cells produced significantly less formate when
tréated with AAN (" Sles 6 and 7). Th‘is:%mplies that the formate at least partially arises by -
different reactioi. at liver mitochondria have the abi'lity to produce formate from
meﬂ#giene tetrahydrofolate (Lewis et. a/., 1978). As this folate derivative is an established

product of glycine decarboxylatnon {Tolbery, 1981) the possibility exists that some of the

" formate in corn bundle sheath cells may have such an orlgm Since AAN blocks glycine

decarboxyiation the production of methylene-THFA would be reduced and less formate

labelling should be observed. If glycine is being transportéd to the mitochondria to yield

¢
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formate this may account for the lack of serine labelling since methyiene-~THFA is also a
precursor of serine.

It is also possible that the supply of co-factors, required in the glycine
decarboxylase reaction, may limit the conyersion of glycine to methylene—THFA, CO, and
" NH, Tetrahydrofolic acid. NAD, an.d pyridoxal 5h'os{>e{azé amdl_ required for the '
decarboxylase reaction (Woo and Osmond. 1976). in isolated spinach mitochondria, NAD
was required to enhance the rates of glycine decarboxylation (Woo and Osmond, 1977},
Conceivably, highly soiubie co—factors could be lost during prepatation of bundle sheath
celis In'the present work, the suspending medium contained co-factors necessary for
tugh rates of CO; fixation (Chapman et. a/. 1880) but other metabolites could be needed
- for the reactions that are secondary to the carboxyiation event Corn and sorghum are
- both C. plants of the NADP—mahc enzyme type (Edwards and Huber, 198 1). Thus the

utilization of malate’ shouhdnot deplete NAD levels Since bicarbonate feeding data for
corn (Table 4) suggests th;t glycine and serine metabolism are linked it would appaear that
the necessary metabolites are present within the bundle sheath cells. In sorghum, where
bicarbonate feeding did not result in serine labelling (Table 5), the situation may be
different Thus it may be necessary to supply labelled glycollate-2-14C tothe isolated
bundie sheath celis together with NAD and/ or‘tetrah'ydrofolate to determine whether the
glycine decarboxylation and serine labelling is limited in this way. tis interesting.,to note
that Woo and Osmond (1877) could not detect any '4C evolution from .glycine— 1-14C even .
in the presence of AD? aor OAA/NAD in their studies of mitochondria isolated from
mesopnylt and bundle sheath'cells of corn. Under the same conditions, the bundl'e sheath
cell mitochondria of two other C, plants Atr/' plex spongiosa and Panicum milaceurn
showed higher rates of Co, evolutlon tﬁan mitochondria isolated from mesophyll cells. A
paper by Kisaki et- al. (1972) demonmed that whole leaf segments of corn could evoive
1CO, when suppiied glycme—ﬁ"{’f?ﬁfﬁlycme metabolism was shown to be linked to the
electron transport chain in mitocr?ondtie isolated from. spinach but no glyeine.—dependent
oxygen uptake was observed with corn mitochondria Neuberger‘and Douce, 1977). These
"~ reports from the literature mentioned above and m\g’g;k f, s%e labelling from glycine

T
derived from glycoilate-2- “Creported in this thes!s for.cori

d sorghum reveal that the

situation for glycollate pathway metabolism for corn and gnum appears to be different
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from that “ound in _. plants

Concrud:na ~emarks

The ability of corn and sorghum bundie sheath cellis to metabolize glycbllate has
. been demonstrated (Tables 6-11). The major products were glyoxylate, glycine, and
formate. The first two are known glycollate pathway intermediates. The absence of serine
labellmg from glycollate 2-14C studies (Tables 6- 10) implies that photorespiratory CO,
may not arise in the manner generally accepted for C, plants The production of formate
however indirectly demonstrates that CO; arises from glyoxylate, either by direct
'decarbo'xylation or by glycine decarboxylase producing CO, and methylené';THFA which in
- turn gives rise to formate. In either case the production of formate ,demo.nstrateskthat the
bundie sheathcslls of these two C, plants are pr’obébly capablia of produting
photorespiratory CO,. The labelling pattern from the whole ieaf CO; study (Table 2):
presented also provides evidence that this C, plant has a functional glycoliate pathway. The
amount of labeiled glycollate/produced under "normal” conditions was small and did not
increase until the inhibitor was present This type of effect was also seen by Jenkins et. a/.
(18982, 1983). The report that C, RuBR carboxylase has the same okygenase activity
associated with it as do C, plants (Bowes et. a/., 197 1) supports the view that C, plants
produce phosphoglycollate and requure a metabohc pathway to detoxlfy this mh:bntory
product. The extent of oxygenase activity may depend on envuronmental stress {Lorimer
and Andrev;/sl 1978). Under drought conditions stomata would be closed, lowering the CO,
availability and increasing the reiative O, competition which would result in a greater flow
.. through a glycoliate pathway. The absence of detectable photorespiratory CO, in corn
would thus be attributed to the reduction in flow through a glycoliate pathway and
efficient refixation by PEP carboxylase in mesophyll celis (Rathnam, 1979)

As well as the function of protecting the plant from the toxic phosphoglycollate

the enzymes of the glycollate pathway may serve other purposes. In greemng tissues of

corn and barley, (Jenkins et.a/ 1982, 1983) it has been shown that inhibitors of glycollate
oxndase and serine:glyoxylate ammotransferase prevent chlorophyll synthesis. Glycme
and/or glutamate are requ:red for th:s synthes:s (Hendry and Stobart, 1977

inC, plants the fIOW of carbon through the glycollate pathway is considerable

{Choliet, 1877) For syn’thesn; of glycme and sérine n woutd appear that no other

,-_\”,' -
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mechanisms are necessary. However, in C, plants u;wder normal growing conditions the
synthesis of glycollate appears to be minimal. Thus in C, plants, unlike C, plants, the
depleti‘on of carbon from Calvin cycle intermediates and the subsequen; regeneration
through the glyceraté pathway may not be as important. For these reasons it has been
suggested that serine would arise from alternate pathways (Morot—Gaudry et. a/., 1980;
Mahon et. a/. 1974)}. The pres'ent study with corn and sorghum also suggest that serine is
not readily formed from glycollate within the bundle sheath cells (Tables 6-1 0). Serine may
arise by either a phosphorylated or non—vphosphorylated pathway from Calvin cycle -
intermediates (ﬁélliwell, 1978). The possible involvement of mesophyil cells in serine
synthesis needs to be explored.

The effect of AAN in corn bundie sheath cells supplied glycollate-2-4C indicates
that some formate arises from glycine decarboxylation through methylene-THFA Folate
metabolism and the supply of C—1 units are important in many synthetic reactions (Coséins.
1980). Glycine labelling from formate—1*C has been demonstrated in barley (Gifford,
1980). Perﬁaps formate arising in bundie sheath cells is transported to the mesophyli cells
for involvement in C-1 m'etabolism_ or tﬁe éynmesis of glycine. More work is required in
these areas. \

The unexpected effect of AAN in decreasing glyciﬁe labelling fro;;w. ~
gly‘collatg'-z—"c indicates that inhibition by this compound is more complux:than reported
in the Iiterat;:re. A comparison of specific activities of the glycine pqols in controt ard
inhibitor treated bundie sheath cells would be useful in assessing this. If the
inhibitor —treated cells had a low specific activity it would mply that the AAN pretreatment

had resvlted in amino groups accumulating in the unlabelied pool The addition of serine

(Tables 10 and 11)'would support such an accumulation since greater amounts of glycine

labelling occured_Serine hydroxymethy| transferase and glycine decarboxylase may play

an important role in regulating the nivbgen availability (Walton and Butt, 138 1a. Berger and
Fock., 1883; Keys et. a/., 1978 inhibition of these enzymes. could account for a reduction
in available amino grdup_s and thus the observed effect on élycine

The enzymes associated with the glybéllate pathway would 2!l be essential to both
C,and C, épec:es. A conventional C,-”typé glycoliate pathway may not be complete in C, '

plants, at least not in bundie sheath cells alone Attempts at regulating photorespiration in
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C, ;}ants which would not regulate O, compaetition with CO, at the carboxyiation site of

RuBP carboxylase/oxygenase would thus be counter —productive.
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V. Appendix
\ s : -
A. Organic acid separation by high performance quuid chromatography
The HPLC system used, purchased from Varian Assoctiates, Inc, was a model 5000

ternary pump system equupped with a Vista 401 data handling microprossesor. Orgamc

acids were detected at 2 10 nm using a Varian model U.V. 50 variabie wavelength

spectrophotmeter.” An Aminex HPX-87 organic acid analysis column was used. This

column is packed with a strong cation exchange tesin with 8% cross~-linkage and an

average particie size of 9'um. The sol‘vent, 0.1N H,S0O, prepared using deionized

Millipore—filtered water, was pumped at 0.6 ml/m'in at an average press'ure of 76 atm. The

c.oludmn temperature was set to 25 °C (approximately ambient). The separation of organic

acids is due to ion exclusion and partition chromatography (Turkleson and ﬁrtchard's 1978;.
. Bio—rad Industries .I979). Samples were injected onto the column through a Rheodyne
model 7125 fixed volume loop injector (20 ul). Smce the elution was nsocratlc no
regeneration of the column was required between sample injections. All of the organic
acids were eluted within 20 minutes. A sample elution is given in Fig 13. The Vista data
- handling system takes the analogue signal from the Spectrophotometér and plots the
output as a relative absorbance. The signal attenuation determines the size of the peak

plotted The rahge of attenuatio'ns available, in multiples of 2, is from 1.to 1024 with 1

being the most sensitive. To cahbrﬁte i‘.h% Vista the following procedure was adapted.

Individual standards were run to de‘t - '|ne the retention tlme usmg the machme s analysis
mode. This was followed‘gy running the des:red group of standards all in one injgction ’
with the Vista system in the "Iearn" mode which allowed the retention times to be stored in
the memory. A calibration mode \}yas then run using the same standard mixture. Th:;

- quantuty of each standard was entered into the memory prior to the calibration run'sé that

)

a calibration factor, relatxve to peak area, could be computed . Three successive runs, were

made to give ~ & ‘2rage calibration factor. After this procecure was foliowed the HPLC

o

7

used on anaisic ~rae would both identify and quantify samples. Due to the nature of the

absorb-~-es of the different orgamc acids, peak helghts could not be compared directly

“-

thhout determination of a callbratlon factor

-
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i The amounts of. standard organic acigs injectea = & volume o 20 Ui was
approximataly 10 10 15 ug- 100~ 200 nmoies- - The folicwing 15t gives the
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Chiorophyli was extracted ‘- om whoie ieaves and bungie she.
acetone T wc equations for getermining chiorophyll contents c¢ these extrace
‘oung In the nterature Bo(lh' gete-~une the amoun: ¢ chio ophvils & =

exUNClon %oefflclents

f

ootamec at 665 ang 649 N

Coy
Tne equations ¢t Strair er a.

. oresent work

coe‘ﬁcvents of St'am et a/ vielded an average a/ b ratio of 343 for the corn b
sheath cells used in this thests. Since’ hugh a/b ratios are an indicator of uncontammated

bundle sheath cells this anomaly was of some concerrz ln certam experiments the

absorbances required for both equatnons were recorded ln those cases, both sets of

-~
-

nug'"ﬁ\" = .; ~

Bl

" .B. Chlorophyil Determinations

wg ™ =22 9«)')‘,.

i

.

_.’_6
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L

Tre formyuae cf Strain er a¢

The methoc of Harsorne

Harbq\fdc .

€ htergture ~or example NO

e

T uS€ he aDsSCThaNCce values
Nl
9 JJ"y-

wC sels °f egualiors ate giver dDeow

were usec ‘o° oeter™ining 1cia ¢
The on' & ' ratios cetermines Jsme' ™is methoc were nowever lower than

~ o0
oé’l

cehs using 804

S apsoreance -a"Je" a:

* using 4 varieties

72

o using afferen

calculatlons were done. The a/b ratio for the same tissue usnng the Harborne formulae was

found to be 4.85. ThlS 1s in much better argreement with the llterature values The total

La

: '5'?

chlorophyll determmed frdm both sets of equatlons was in better agreement The averagé :

percentage dlfference in a/b ratios from six different determnnaflons was calculated éo ‘be

30 2%. The dlfference in total chlorophyll was only 5. % Thus it is seen that the Harborne

N

method only marginally exceeds the total chlorophyll value of the Straln etal method but

the dlfferenoe m the a/b ratio is much hlgher

The table on the followmg page contains the, nesults of the chlorophyll

\l,,

¥ determlnatlons in the present study as well as. publlshed values.
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Table 2. Chlorophyll a/b ratios; comparison to published values.
Present study
Lern bundle sheath celle Sorghur bundle sheath cells
i o
Ctrain el al. Harborne N Strain ¢t &l Harborne
Sohot GL2E 4. 34 3.28 2 0.49 «.80 * 0.49
. , |
= G n = 5 9 n = 6

TostanciL . ~viation

sy
Published

i%lues

A'Andersen et al,.(l97i)

s

Chollet and Ogren (1973)
Farineau (1975)

Woo and Osmond (1971)

Corn bundle

sheath cells

o

#7539
6. 11 - - 4
5.3y
5.31
- ‘“}u ) - Gid

Sorghum bundle
sheath cells

A
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C. Elution of organic aci:= .m a column of Do

tracuonated as descrtbw in the Methods section Labelled standards were first run

TQe standards were risced on the columnin 10 mi of water and -~

T

wWe X

L

74

formate resin .

individually A mixture of glycollate, glyoxylate, 3-PGA. malate, and formate-'4C as

well as a mixture of g'lycolvlate—2—“C, glyoxylate—¢C, and formate-1*C were

ch{rcmatographedféi:tammg the retention times reborted at the right For liquid

‘scintillation or-HPLC. aliquots were taken from the fractions collected. The entire

fraction Was used for colorimetric determination of glycol_lafé’ (Calkins, 1943).

B
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