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. reached after 48 hrs of 111uminat1on A potent

| Interrelat1onsh1ps between glyco]late and fo1ate metabo]1sm '
-werelexam1ned at opt1mal 11ght 1ntens1ty (500 ueinsteins.m 2 sec 1f)
-'dur1ng de etlolation of 6 day old Bordaum vulgare L Galt 1eaves :;tt
'Emphas1s Was’ p]aced on the generat1on and metabollsm of formate and

0

renzymes catalyz1ng these reactions were exam1ned 1n ce]] free extracts
;f_The actlvity of g]yco]]ate K oxygen ox1do reductase E C 1 1.3. 1
:;'(g1yco11ate ox1dase) 5 1Q-methylenetetrahydrofo1ate ? NADP ox1do-
'ﬁ‘reductase E t' 1 5 1. 5 (5 10—methyﬂenetetrahydrofolate dehydrogenase),
| ‘.formate tetrahydrfo’late Tigase E.C. 6. 3.4, 3 (10 formy]tetrahydrofo]ate
'-;synthetase), and the rate of enzym1ca11y coupled g]yoxylate decarboxy]-
: ‘lat1on 1ncreased s1gn1f1cant1y dur1ng greehing(@&;:xina],act1v1t1es_were
i¥ carbon flow from
g]ycol]ate + g1yoxy1ate + formate + 10 formy]tetrahydrofo]ate wh1ch
:.'cou1d account for ca. 20% of g]yco11ate metabo]1zed dur1ng green1ng was
suggested by the. enzyme data. Addit1ona1 ev1dence for this pathway was
prov1ded by study of a—hydroxynz pyr1dinemethane sulphonate treated 1eaves.
i Leaves greened for 24 hrs in the presence of the 1nh1bitor conta1n£d Tess
10 formy]tetragydrofo]ate synthase act1v1ty, and ab111ty to 1néorporate
2 3H] ‘and [I“C]formate was reduced by: up to 45% ' o |
| The metab011sm of [3H]formate was a1so examined during asé day
green1ng per1od | In these epxer1ments 2H was more: act1ve1y 1ncorporated
by sections of greening 1eaves ‘than by et1o]ated contro]s The-rate of f
Qformate 1ncorporat1on 1ncreased marked]y during the flrst 48 hrs of green-
1ng, thus para]]e]ing the enzyme data for formate generation -and metabol-

ism G]ycine, ‘'serine and aspartate were the only amino acids 1abe11ed
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T:from [ H]fOrmate with the fbrmer being the Most 1mportant product during:‘ ”T
',the 1n1tia1 24 hrs of greenlng. The.. invo]vement of fo]ate dependent
enzymes 1n th1s metabo]ism was demonstrated by the 1nh1bition of [ H]-
’formate 1ncorporat1on 1n Teaves greened for 24 hrs 1n the presence of
| am1nopter1n : o T ;it AT é. .fy
| | - To exam1ne g]yc1ne 1abe111ng~1n more detai] Teaf sections were‘
‘. pre1ncubated with iso- nicotiny] hydrazide pr1or to feedlng Glycine
1abe111ng was markedly decreased and 1ts effect was re]ated to inhibitor o
,.concentrat1on These treatments 1ncreased the- poo] size of glyc1ne‘by
10 fo]d, 1nd1cat1ng s1gn1f1cant rates of turnovér The data suggested,_‘
“that glyc1ne turnover. from formate V1a 5 TO-methyTenetetrahydrofolate*:;:i
‘glycme hydroxymethyltransferase E. é‘ 2. LZ 10 (gTycme Synthetase) |

' To assess carbon f]ow from g]ycoTlate, labeTTed 1ntermed1ates
,of the gTyco]]ate pathway were supp11ed to sect1ons of Teaves greened
for‘24 hrs while [Z-I“C]glycollate was: rap1d1y incorporated into gTy- :
"\C1ne, on]y Tow Tevels of 1l'C were detected in ser1ne These t1ssues |
.metabol1zed [lfl“c] and [2 1"C]g]ycine to serine at rates 1nd1cat1ve of
10w g]ycine c]eavage and 5, 10 methylenetetrahydrofo]ate : ammon1a hydroxy-
‘.methyltransferase E.C. 2.1.2. T (ser1ne hydroxymethy]transferase) act1v1ty
_ Add1t1ona1]y [3- 1"C]serme was only s]ight]y 1ncorporated 1nto the sugar
fraction T:us glyc1ne appeared to be an 1mportant product of gTyco]]ate
metabo]1sm 1n~part1a11y greened Teaves ’
'7_5'5' : It is concluded that as etio]ated }eaves green there is a
‘gradua] act1vat1on and coord1nation of the partlal-reactions of the
'g]yco]]ate pathway Throughout this period glycine dssumes ah 1mportant

“role as-a metabo]ic produet from ‘both gTycollate and formate
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A _INTRODUCTION S

) One-carbbn derivatives of tetrahydrofd]ic acid (H“PteGlu) act
as ‘co-enzymes in nany‘metabolic reactions, inc]uding‘the|forma;ion of
purines, pyrimidines, thymidylate, tetrapyrrole derivatfves, and several
amino acids (see ekcel]ent reviews by B]ak]ey, 1969-'Henderson, 1972,
F]av;n 1975). The demands made on the one-carbon poo] to saglsfy these
folate- dependent syntheses depend upon the metabo]1c status of tHé cell.
\Thus actively grow1ng cells’ have the greatest requirements for C-1 units.
In addition these demands.resu1t Tn‘a need for increased pools of folate
precursors. In general the metabolic activities of dathways associated
with the generation of C-1 units can be expected to parallel those in-
volved in their metabolism, with the demands of the cell for ce]]u]ar“
constituents serving as the driving force, Consequently periods of-l
deve]opment\bresent unique bpportdnities for study of nrecurSOr-product
relationShips between associated Riochemica] pathways. ' One such period
occurs when 1eaves green and acquire photosynthet1c capability.

There have been extensive stud1es of the morphological and
biochemical events which occur in etiolated leaves upon illumination.
These events c]ear]y involve the integrated activities of.the nucleus,
Cytoplasm, mitochondria and plastids. The greening process also ‘involves
mobilization of reserves from other parts.of the plant. (Beevers, 1976}.

Etiolated seedlings undergo marked changes'in growth-haBit
upon i]luminatioh (Beevers,v1976) In d1coty1edons, hypocotyl or
ep1coty1 growth is retarded and the plumular hook unfo]ds In these
species, leaf'expansion after illumination s due to an increase in

ce11 size, although some cell division may occur in. young etiolated
. ] .



, leaves. I]]umination‘ot ef{o]ated cerea1 seedlings causes the mesocotyl .

to stop eiongatjng andltﬁe’}eaves unroll ano become green, .These~]ight

‘induced ohanges‘in horpho1ogy are mediatediby'phytoohrome (Leopold_and

Kriedemann, 1975). | | I | | ‘ - |
'Durfng»greening Teaf etioplasts. Undergo characterfstitrultra—

structural changes.. fn this process the pro1ame11ar,body'is converted

1nto»bsheets", and”thylakojds begin to dewe1op leading finally to granav

formation (Bradbeer et dZ '1977). fn Euglena and:Zea’mays there is

-good ev1dence ‘that prop]ast1ds and m1tochondr1a are c]ose]y assoc1ated '

during chloroplast deve1opment (Sch1ff 1970; Montes and Bradbeer, ?976)

.

In addition Bradbeer .et al., (1977) noted that there appear to be

°

e

synchronized changes in the fnner membranes of'plastids and mitdchondria '
' during'greening It was suggested that the m1tochondr1a may be prov1d1ng
| add1t1ona1 reduc1ng power and high energy phosphate for the developing
chloroplasts prior to the onset of photosynthes1s

Organe]be studies of wheat and bean leaves (Fe1erabend and
Beevers, 1972 b; Gruber et al., 1973) suggest'that perox1somes a1so
undergo morpholog1ca1 cHange during green1ng It appears that light is
required in the generat1on of perox1somes from precursor part1c1es In
addition FeLerabend and Beevers (1972 b) have shown that perox1somes .
develop normal]y when 1eaves are exposed to treatments wh1ch 1nh1b1t

chlorophyll format1on. They suggest therefore that a1though light is

required for the product1on of both 1eaf perox1somes and.

_ rop]asts, )
the two processes are regulated fndependently. A simi]ar-concF ion has
been drawn from studies of barley and other cereal leaves (Feierapend

and Mikus, 1977). Developmental studies of wheat peroxisomes (Féiera-=



| ~ bend 1975) 1ndicate that the PhYtochrome system is 1nvolved However
vlthese stud1es revea]ed an add1t1ona1 response to wavelengths wh1ch
would not 1mp11cate thlS pigment system

The . expans1on or unro]11ng of Teaves in response to t11um1nation o
'1s accompan1ed by a decrease in the poo]s of many so]ub1e amlno ac1ds
(Hendry and Stobart, 1977&) : This is accompan1ed by rapid 1ncreases 1n | df
synthes1s of-proteln? (Chen et aZ 1967 Murray et aZ ]973) chloro-' |
phy11 (nuffaker, et al., 1966 Graham et al., 1970) RNA (Bradbeer, 1969;
Poulson and Beevers \¥970) and folates (Spronk and Coss1ns, 1972) These
”1ncreasesv1mp1y de‘novovenzyme synthesns,vor act}vat1on_1n response‘to
:1ight In#thts regard cdnsiderab]e interest.has focused'on;the effect
of green1ng enzymes of the Ca1v1n cyc]e and other photosynthet1ca11y
related processes ' |

There is! -now good ev1dence for4¢he de novo synthes1s of RuDP.
carboxylase in response to greén1ng 1n bar]ey (Ke]ler and Huffaker, \
1967 ;. K]elnkopf et al., 1970); corn. (Chen et aZ 1967 Graham et aZ
1970) bean (Brad&eer, 1969), sorghum ‘wheat and oats (Graham et al.,
1970).',Ev1dence for de novo synthes1s of a varrety of other,ch]oro-."
plastic enzymes, inc]uding PEP carboxylase in'sorghum\and corn“(Graham
et al., | 1970) has’ a]so been prov1ded in some of these stud1es lThe
'act1v1ty of the perox1soma] enzyme, g]yco]late oxidase, has long been
known to be enhanced by 11ght (ToIbert and Burr1s,,1950 Tolbert and Cohan, -
1953), and there is good evidente that th1s may be phytochrome med1ated
'(K]ein, 1969) Developmenta] studies on bean (Murray et al., 1973 |
Gruber et aZ., 1973) and wheat (Fe1erabend and Beevers, 1972 a) have

.shown that other perox1soma1 enzymes, associated with the g]ycol]ate ”_'

and glycerate pathways of C plants, undergo-#ap1d de novo synthesis



| \'?, . f..'4.
'. in respo#se to'greening Until the present studyGthe effect of green-'
’1ng “on enzymes assoc1ated with folate metabo]1sm had not been assessed
"-f tmpl1c1t 1n these data 1s a h1gh degree of 1ntegrat1on between ‘
organe1te development and the: coord1nat1on of enzymes xnto b1osynthet1c
:pathways dur1ng green1ng .Part1cu1ar 1nterest has focused on the
-deve]opment of photosynthetic'pathWays In‘ th1s regard Tamas et aZ
(1970) suggested that 111um1nation of et1olated barley leavés resulted
1n succe551ve act1vatlon of three d1st1nct photosynthet1c processes,

f1rst1y, a 11ght st1mu]ated B~ carboxylat1on, secondly the Calvin cycle

“and th1rd1y, the g]yco]]ate pathway

Photoreeptratton ard the gZycoZZatethyaerate pathuzys of Cs pZants
I]lumvnated green 1eaves of [ p]ants release a proport1on -
'of recent]y f1xed COz 1n a 11ght dependent process known as photo-
fresp12at1on Th1s process occurs by b1ochem1ca1 react1ons d1fferent
from "dark" m1tochondr1a1 resp1rat10n, and can resu]t 1n as much as 50%

of recent]y fixed COz be1ng lost as photoresplratory C02 (Ze]1tch 1975)..

vNet ass1m11at1on in spec1es exh1b1t1ng h1gh rates of photoresp1rat10n
will therefore be s1gn1f1cant1y reduced In addition to C, p1ants,
:both algae and Cu . spec1es exhibit character1st1cs of photoresp1ratlon
(for rev1ews on the nature of photoresp1rat1on in algae and C“ plants .'
p.see £hellet and Ogren, 1975 Cho]let 1976,-Schnarrenberger and Fock,
| ."Photorespiration#is'cTosel; related to the formatfon of

glycollic ac1d,.and 1ts subsequent ox1dative decarboxy]ation (Jackson
and Volk 1970; Tolbert 1971 Tolbert and Ryan, 1976). of the many

hypotheses- that have been proposed for . g1yc011ate format1on (see
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'Tolbert ’1973 and Zelitch 1975 for rev1ews) b1osynthesis via RuDP
carboxy]ase/oxygenase and transketo]asg have rece1ved most attentlon
‘ \72@ G]ycol]ate can be formed 1n a scheme 1nvolv1ng the non- '
enzymxc ox1dat1on of a transketo]ase Cz- add1tion comp]ex, equat1on 1

o
(whlttlngham et aZ 1967 G1bbs, 7969, scheme 1, reaction 4) There -

Transketolase TPP Mzﬁ2

\ Fructose 6 -P ——-’HCOH—’COOH +TPP (M
| CH OH CH OH

.'Ts some ev1dence that g]yco]]ate can ‘be formed in vivo by this mechan1sm '
(Sha1n and G1bbs, ]971 Roblnson and Gibbs, 1974) However this proposa]
has rece1ved criticism since it fa1ls to account for the observed 1ncorp-
: orat1on of 180, 1nto the carboxyllgroup of glyco]]ate (Andrews et al.,
'1971), nor does 1t account for P g]yco]]ate formation and the presence of. ‘
.a very act1ve ch]orop]ast1c P g1yc011ate phosphatase (Richardson and Tolbert;
| 1961) A more sat1sfactory mechan1sm. and one wh1ch 1s rap1d]y ga1n1ng
acceptance as the magor route of glyco]]ate synthes1s #n C; plants, is .
'__glyco11ate format1on via RuDP carboxylase, equation 2 (scheme 1, react1on

2 for reviews see Andrews and Lorimer, 1978. Ha111we1}, 1978). In this

hygonuo o Phosphctuo ) : -
Rlbulose-l 5- 7%" CH,OP T’ CH,OH (2 -
dlphosphote 0, - 3GA COOH . ."'t' COOH

‘scheme g]ycol]ate is formed from phosphog]yco]]ate, produced by the
oxygenase act1vity of RuDP carboxy]ase (To]bert 1973) . In add1tion to

" the above this mechanjsm satisfies other criter1a associated_with



g]yc011ate format1on and photoresp1rat1on, 1nc1ud1ng a light requ1re-
‘ment and compet1t1on between O and CO resu1t1ng in more g]yco]]ate
formataon_at hjgh 02 concentrat1ons (To]bert and Ryan, 1976) .-
Current, stndies\(see To]bert and Ryan, 1976 and Scharren-
berger and Fock, 19f6) suggest that g1yco11ate is- metab011zed in a
react1on sequence 1nvo1v1ng ch]oroplasts, perox1somes and m1tochondr1a,
' _scheme 1. In this scheme carbon flow to glycine occurs via the g]yco]l-
ate pathway Serine, formed from- g1yc1ne in the. m1tochondr1a, can be
. further metabo]1zed to 3PGA via the reversib1e react1ons of the glycerate
pathway The 3PGA can either re- enter the carbon reduct1on cycle in
the ch]orop]ast om be converted to hexoses via cytop]asm1c react1ons
that are g]uconeogenic It shou1d be noted that the g]ycerate pathway
‘. may also prov1de a mechan1§m for ser1ne and g1yc1ne synthes1s from g]y-
cerate in t1ssues where the g]yco]]ate pathway is absent or 1noperat1ve
(Cheung et al., 1968) | |
" There is some evidence. (Bird ef\alv, 1972 a, b) thatvthe
conversion of g]yc1ne to serine in tobacco leaf m1tochondr1a 1s coupled
to ATP synthes1s A similar f1nd1ng'has been reported for Euglena
(Collins et al., 1975).. At’present the S;gnificance of these findings, '
'in re]attbn to in vivatATP‘production'outside the chloroplast, has yetJh
to be. fully ascertained | | )
wh11e the product1on of COz dur1ng photoresp1rat1on is assoc1ated

w1th the react1ons of the glyco]late pathway, there has been much specu]at-

on 1n the 11terature concern1ng the 1mmed1ate substrate of photore5p1ratory -

'-CO2 (see Ha111we1T 1978 for a rev1ew) In this regard both g]yc1ne and
g]yoxylate .appear to make some contr1but1on Plant mitochondr1a convert

glycine into serine and CO2 via the combined ‘action of glycine synthase and



'<serine hydroxymethyltransferase (To]gert“ 1971y Prather and Sis]er, 1972; ;\
Clanofnin'andicossihs 1975; scheme’ 1,‘react1ons 10 and 11). "As the co |
released 1n th1s\fonvers1on arises 1nd1rect1y from- the’ carboxyl group of
g]yco]late,g1yc1ne decarboxylat1on is cons1dered by many workers (Kisaki
and To1bert, 1970;. Kisaki et.az,, 1971-a; Kisaki.et al., 1971 b) to be the ) ;
foejor sourte of photorespiratory CO2~ There is however good ev1dence . -
that the decarboxy]at1on of gTyoxylate a]so makes a significant contr1but- ‘
<on to the release of CO dur1ng photoresp1rat1on (Zelitch, 1912.é; B | _ ,.
Wa1dyanatha et al., 1975, scheme 1, reactron‘7)w' Studies in vitro heve'
demonstrated that‘ch1orop1astic (Ze11t%g 1972 b) and peroxisoha] (Ha1liwe11
'ahd;Butt 1974) preparat1ons can carry out th1s reaction. ConSIStent w1th
these f1nd1ng are the results of ll'CO ' stud1es on sunflower 1eaf discs ~';"
(Mahon et al., 1974, Canv1n et aZ 1976) These 1atter workers have | | i
suggested that in sunf]ower leaves the product1on of CO and’ glyc1ne is

" from a common precursor, g]yoxvlate, equatlon 3 In thjs séheme there is

no glycine. cleavage, the CO2 being produced solely ‘from-the carboxyl oroup

-
. [—=C0, *Cunit CHOH - "
CHO==—=x" ‘j:QHNHz S
coow_—'=>CH,NH , - COOH | -

N,— CooH . . |

o : Y SO
AN e §\

of g]yoxy]ate Thls conclusion must be v1ewed with cautlon however, in the .'

11ght of the cons1%?;;gak evidence from in vitro stud1es reviewea\hbove ,wﬁ1ch

/
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support the conversion of glycine to CO2 and -serine,

I

»?

The glycollate pathway, and the ganéragkan ard metaboliem of C-1 units
. - , . 4
n o ‘ '

Unlike anima]s and bacteria, plants cannot der1ve C-1 un1ts

in plants,

de novo through pur1ne and h1$t1d1ne catabo]1sm (Henderson, 1972).
Consequent?y it is generally be]1eved that in plants, the major bio-
Togical sources of'C-l units a?e glycine, serine and formate The |
part1a] react1ons of the g]ycol]ate pathway clearly 1nc1ude two of
of tﬁsfe potent1a1 folate precursors, 'glycine and serine and a thnrd

formate has been strong]y 1mp11cated (scheme 1, react1on 7). As

noted ear11er, the predominant f]ow of carbon through the g]Qkollate

= Y

pathway is to carbohydrate via ser1ne However dur1ng greening it is.

' Togical to assume that some of. the carQ_p f]ow would be diverted to

generate C-1 units needed to support a variety of folate- dependent

.syntheges Scheme 2 summarizes the react1ons involved 1n C 1 unit

synthesis from these precursors

In the glycollate pathway ser1ne is be11eved to be generated

in a sequence 1nvolv1ng two fo]ate dependent reactions (scheme 1,

.reactions 10 and 11). The 1n1t1a1 step in this scheme is the c]eavage

of glycine.by g]yc1ne syntha§!.to g1ve 5, 10-methy]enetetrahydrofolate

€0, and ammonia, equation 4 (schéfe 2, reaction T);{ The ‘reaction

(‘ (
T o .
E':H,NH; H, PteGlu « NAD"e—=5,10-CH, M, PteGlu+CO, ()
COOH . T NH, +NADH + H*
requtres pyridoxa] 5‘-phosphate and there is good ev1dence for it in
plants (McConne]l 1964, CossinS‘and S1nha, 1966; K1sak1 et aZ

.

/

J
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1971 "a,b; Clandinin and Cossins, 1972; Prather and'3551er, i972; Woo
and Osmond, 1976; Moore et al., 1977) where it is'BEiieved to be

tightly coupled to seriné synthesis (Tolbert and Ryan 1976) " However
in animals and_bacteria (Kawasaki; et al., 1966; Yosh1da and. Kikuchi,
1971; Kikuchql 1973) this mitochondrial decarboxy1at1on is an important
route for C-1 unit: biogynthesis. A similar sifuétiQn may occur in
plants. Howevef the contribution of this reaction to the generation
“of metﬁyfene fo]ateS in autotroﬁhs'has n?f been assessed in detgil.

° Within the glycollate pathway it is env1saged that serine

hydroxymethy]transferase catalyses the format1on of serine, from a

0

3eq6§@ molecule bf glycine, in a reversible reaction requiring 5,10f
\\t\. N .

netetrahydrofolate and’pyriddka]-S{-phosphate, equation 5

.(schéme ,-reaction 2). Serine hydrqumethyltransferaée has been‘

)

CH NH 5,10- CH -H, PteGlu'n—-CH OH +H, PteGly -
COOH S CH NH, o
‘ ‘ COOH ‘ -

detected in a wide variety of plant tissues (Hausch1]d 1959; Wilkin-

" son and Davies, 1960; Mazelis. and.Liu, 1967 Kisaki et al., 1971 a).

In addition the enzyme /been demonstrated in chloroplasts of

spinath and tobacco leaves (Kisaki et al., f971 a) and in mitochondria
' | & A

of pea cotyledons (Clandinin and-Cossins, 1972), spinach leaves and

leaves of Vieia faba (Woo, 1979). Although the roles of the chloro-

" plastic and cytosolic efigzes are not clear, there is good evidence~
i

that it is the mitochondr enzyme whi&h.is inv61ved-in the glycollate

pathWay,(To1bert,']971). In this context no net methylene folate

.generation would be envisaged. This is in contrast to bacterial and -

animal syséems (Nakano et al.,1969; Fujfoka, 1969). In énimaT% the

-
Sy

13



' m1toch0ndr1a1 reaction const1tutes a major route for C-1 unit generat-
1on (wr1ght 1955; Blakley, 1969), Exam1nat1on of the literature
shows however that 11ttTe.is known about the role of this enzyme'in
the general folate metabolism of plants” |
In addition to the generat1on of C-1 units at the’ methyJene;
level of ox1dat1oﬁ in vivo stud1es (Tolbert 1955; McConne]] and B111nsk1,
1959; Coss1ns and Sinha, 1965; Bowman and Rohringer, 1970; Kent, 1972)
have suggested‘that plants can generate formy] folates via the act1vat1on
of formate as a.C71 unit. In this regard g]yco]]ate.pathway intermediates
may play a role since there is evidence for their invo]vement'in'fOrmate'
- production., Tobacco_leaf extracts (Tolbert et al., 1949) and spinach-
beet peroxisomes (Ha111we11 and Butt 1974) oatalyse the formation of
formate from the C-2 of g]yco]late in a reaction 1nvolv1ng oxygen uptake
and the formation of g]yoxylate as an, 1ntermed1ate, equations 6 and 7.
CHOHCOOH o———-cnocoon HO, = . 8
- CHO-COOH » HO-——-—-HCOOH co . " )

Ha111ne11 and Butt (19%4) have proposed a similar mechanism for formate
production from the C-2 of glyoxylate by spinach and spinath-beet peroxi-
sones. In this system,g]yoxylate is oxidised'non—ehiymically by hydrogen
peroxidevto forlate and'CO '(echeme‘l, reaction 7).

| In add1t1on to leaf perox1somes, plant m1tochondr1a and chloro-
p1asts are also capab]e of generating formate from the C- 2 of g1yoxy1ate
-In tobacco leaf mitochondria, formate is formed in a reactfion requiring .
oxygen, _thiaqine pyrophosphate, and a divalent metal 1on (Prather and
-Sis1er, 1972) A similar reaction has been reported for 111uminated |

{
envelope-free spinach ch]oroplasts (Ze11tch 1972 b).
. R :
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Davies and Corbett (1969) have shown that:pyruvic decarbox-

.yia;s§;~9f a.variety of plant tissues will convext glyoxylate to

formaldehyde, which can fhen be oxidised to formate hydrogen

peroxide. However the significance of this to in vivo formate
el .
production in re]ation to the. g]ycoi]ate pathway has not been assessed

Carbon dioxide may aTso be a potential precursor of formate 1n

higher p1ants For example, formate was the first stable product of CQ; )

&

fixation in chloroplasts isolated from green potato_peelings (Ramaswanyi
et‘aZ.,'1976); Furthermore Kent (1972) has claimed a direct reduct-

jon of CO to formate in the leaves of JVicia faha. The enzymic pathQ

way of formate production in these: cases has not been c]ear]y‘established
but Kent (1972) proposed a reaction (equation 8) involving a formate-'
€0, coupie with an oXidatiod-reduction-potentialrof -420 mv. He suggested

"that"ferredoXin; with a reddx‘potential of -430mv could be involved,

H'--X““, CO -————*14C00 X“” . . (8) ,
noting that such a system has ‘been detected in.C}oetridium pasteurianum
(Iagawa‘and Arnon,.1962). In other bacteria formate may arise by~reyerse |
action'of NAD+7’or‘NADP+—1inked'fqrmic dehydrogenases (Thfuer, 1872, 197§.;
Ruschig et al., 1976). However,iin leaf tissues, NADP+?coun1ed formic
dehydrdgenases haye not been detected and activity of the corresponding
NAD+-coup]ed'enzyme.tends'to be very: low (Ha]]iwell;v1974); |
Activation of formate as a C-1 units involves formyltetrahydro-
fo]ate'syntnetase‘(scheme 2; reaction 3) which cataiyses the production .'

of 10- formy]tetrahydrofo]ate in a reversible reaction requ1r1ng ATP

(equation 9) | The enzyme has been detected in a w1de variety of p]ant



SPecies‘(Hlatt 1965a Iwa1 et al., 1967 Ha111we11 1973 Crost1, 1974),1
HCOOH H PteGlu’ATP<—>10 HCO H, PteGlu +ADP + P (9)
‘and s we]] documented for many-other organ1sms (B]ak]ey, 1969) where it
represents the major route of formy] folate Synthes1s However the
'act1v1ty of the enzyme'ts low or not detected in many bacteria tnc]udﬁng.
Escherﬁchia coli where formyl folate is derived from methylene to1ate .
(Harvey and éév, 1975)\ In contrast bacteria which utilize purines
for growth have higher synthetase }evels (Decker'et'at., T970; Earker,
1972). Here® 1t represents a mechanlsm for ATP generatlon
- | ' Fract1onat1on of p]ant extracts has shown the synthetase
‘to be ma1n1y cytop]asm1c (H1att 1965a, Iwa1 et aZ 1967;?Ha111we11,i]373¥ .
J‘ Crost1, 1974) . However. thelenzyme has been found associated'with’ L
d spinach chiorop1asts (Crost1 1974) and the m1tochondr1a of sp1nach
' (Crosti '1974)land neas (Cland1n1n and Coss1ns, 1972) To date,
“evidence for the enzyme in 1eaf perox1somes is 1ack1ng
| Once formed most folate der1vat1ves are freely 1nterconvert1b1ele
through enzyme. med1ated react1ons scheme 2; the driving force in this
scheme'be1ng the demand for C-lgunlts at a particular oxtdation 1evei.
In this“regard'the intercohver51on:of C-] units between‘the:formyl and
.methy1ene 1eve15 of ox1dat1on requ1res the concerted act1on of two .
enzymes,_name1y cyc]ohydrolase and methy1enetetrahydrofo1ate dehydrogenase“
(scheme 2, react1ons 4 and 5 respect1ve1y) These enzymes. have been
stdd1ed in mamma11an t1ssues and a variety of m1croorgan1sms (B]ak]ey, -
1969) They are present also in many higher plant t1ssues (Nong and
Coss1ns, 1966 suzuk1 and Iwai 1973 Coss1ns et.al.,1972). d In beef .
11ver the hydration of: methenyltetrahydrofo]ate to fonmyltetrahydro-

.folate via the cyc]ohydro]ase is usually favoured (Greenberg,,}97l).

\ K
oA
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*Suzuki and- Iwai (1973) have reported s1milar f1nd1ngs for, peas Howerer ;
the ub1qu1tous presence of formy]tetrahydrofo1ate synthetase in p]ants, R o

c0up1ed w1th the 1ncorporat1on of formate ‘into. typ1ca1 products of

. . folate metabo11sm (Cossins and S1nha, 1965 Kent, 1972) argues for the'

'.reverse reactionK\n autotrophs Part1a1 pur1f1cat1on of" methylena-
tetrahydrofolate dehydrogenase from pea seed11ngs has been descr1bed
(Coss1ns et aZ 1970); and some properties-of thts enzyme have been‘
1nvest1gated S L |
Studles of yeast (Paukert et aZ 1977) andimammalian.liver |

I(Paukert et aZ., 1976; Tan 'et al.. 1977) show that both of the ‘above :

eenzyme act1v1t1es are close1y assoc1ated with formy]tetrahydrofo1ate
.-‘synthetase However at present there have been no reports of ‘an analo-
\90us mu1t1 enzyme comp]ex in hlgher plants |

1

Methylenetetrahydrofolate can be fur er neduced to the methy1 :

!

evel of oxidat1on by methy1enetetrahydrofolate S

;‘ctase (scheme 2
'react1on 6) Th1s is a key" react1on in the b1ogenes1s of methyl groups o
de novo, since the methy] der1vat1ve 1s requ1red 1n transmethy]at1ons |
.resu1t1ng in metb1on1ne (Dodd and’ Coss1ns, 1969 1970, scheme 2

vreact1on 7) and S- adenosy1meth1on1ne (Mudd 1960 Canton1, 1965) bio-
'synthes1s. -Once . formed S- adenosylmeth1on1ne can-: ‘act as a methy] donor

in a var1ety of react1dns in p]ant tissues These 1nc1ude the methy1-
fat1on of t- RNA (Stone and Cherry. 1972 K1ng and Chapman, 1973), 11gn1n,
f’pect1n, ch]orophy]] qu1nones and ferullc ac1d (Byerrum et aZ 1954; |
‘Sato et al., 1958 Radmer and Bogorad ]?67, Thre1fa1} et aZ 1967
Poulton and Butt,. 1975) - - '



”_'system

The preeent study

As has been discussed in-the preced1ng sect1ons the part1a1

‘:react1ons of . the g]yco]1ate pathway may generate C T un1ts at both the‘

“formyl and methy]ene 1eve1s of oxidat1on (scheme 3) The present study:;'

o has exam1ned this poss1b1]1ty 1n green1ng bar]ey 1eaves, and has placedd'j‘

a part1cu1ar emphasis on. the generat1on and metabo1ism of formate in this"

The green1ng system prov1des an opportun1ty to ‘examine the -

|

. i :
vposs1b1e 1nterre1atlonsh1ps, between gTyco]11te and folate metabo]1sm,

dur1ng a t1me of rap1d metab011c development
7¢when both carbon f1ow through the g]yco11ate pathwayqand the- requ1re-.f
~lment for C 1 un1ts 1n b1osynthes1s are 1ncreasing dramat1ca11y In'fV
n,add1t1on the green1ng system has the advantage of prov1d1ng the |

opportun1ty to exam1ne a. 1arge number of ce]]s behav1ng 1n a synchron-

ous manner To ach1eve th1s, germ1nat1on and growth 1s carried out

c 1n1t1a11y under et1olated condit1ons to a stage in pr1mary 1eaf

L

. A
: deve]opment where ce11 d1v1sipn is comp]eted Upon 111um1nat1on the

' ce]]s in: the mesophyll undergo deve]opment with a h1gh degnee of

of other stydies qf hlgher plants (Huffaker et aZ.,1955 Chen et aZ

That 1& dur1ng a per1od<,v 3

:'synchrony £Th1s approach has been successfu]ly exp]o1ted in a varxetyl";

1957 BradbEer, 1969 Tamas et aZ 1970 Murray et al. 1973 Hendry

and Stobart,1977a), and is now used 1n the present 1nvestigat10n _

« Ay
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;_..MATERIALs o

* MATERIALS. AND METHODS:

L4

. | ’ Al
PZcmt Material . ‘ : .oh | Ty
Barley (Hbrdeum vulgare L. cv. Galt) was purchased fnan ‘\

- ,United Graln Growers, Edmonton, Alberta Corn (Zea mays L cv. Alta

Gold), dwarf bean (Phaseolus vngarzs L. cv. Bount1ful), and broad

\1bean (Vicza faba L. cv. Broad N1ndsor) were purchased from Pike's "

v

_Seeds, Edmonton Alberta

Pr1or to sow1ng all seeds were surface ster1l1zed by soak-
|

v'1ng for. 30 min in a 1% sod1um hypochlor1te solut1on conta1nrng
°Tween 80, followed by a 30 min rirse- in distilled water. Broad bean
‘was germ1nated and grown 1n 6 1nch pots conta1n1ng ster1l1zed

'loam peat sand (3 2:1) under greenhouse cond1t1ons (50% R H.

22°C -14 hr days) The plants were grown for f1ve weeks Barley,

corn, .and dwarf. bean were. -grown from seed in 4 1nch pots conta1n1ng

| ster1l1zed verm1cul1te. Growth was at 22-C and 30% R.H. in'a growth .

'chamber-(Enyironmental.Growth;Chambers, Chagrfn Falls,'OH,;USA). The

plants were watered from below using.half strehgth'Hoagland Epstein

| solut1on (Epsteln, l972) The plants were germ1nated and grown in-

the dark for a spec1f1c t1me per1od pr1or to treatment This dark

period was 6 days for. barley, 13 days for corn and 14 days for- dwarf =

bean After. this time the etiolated plants were either 1llum1nated or

. ma1nta1ned in- the dark as a control. -This latter treatment period was

up\to 4 days : depend1ng on the particular experiment. 'Deta1ls of

. the length and nature of the treatment period are given 1n the Results

sect1on.-.In-the green1ng treatments i1lumination was from above and
* : . . :
21
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was prov1ded by both coo]-wh1te fluorescent lamps and 1nc-.descent
bulbs An 1nten51ty of 500 uelnsteins m ¥ sec ! was used throughout
The 11ght 1ntens1ty was. measured us1ng a LI 1905 quantum sensor
(Lambda Instruments Corp R L1ncoln, NE,,USA) Appendix A shows an
_ ISCO spectrorad1ometer (Instrument Spec1a1t1es Co Ltd., L1nco]n, NE
USA) analys1s of light qua11ty at this intensity.

Fo]]ow1ng the treatment per1od typ1ca1 leawes were excfsed
‘ and used as the exper1menta] .material. In all cases the ent1re 1eaf

was used, belng exc1sed as fol]ows
&

Barley -- pr1mary 1eaves on]y, cut just: above the coleopt11e
sheath, S o

Corn - pr1mary and secondary 1eaves cut at the verm1cu11te

surface, . - . g 3"".. L )
Dwarf bean - pr1mary 1eaves, cut at the base of the pet1ole,
and Broad bean - representat1ve mature 1eaves, cut at the pet1o]e
| -base, |
Et1o]ated 1eaves were hand]ed 1n a subdued light prov1ded by a green
number 7 Kodak safe11ght filter and 15 watt bu]b Leaf fresh we1ght
,was determfned'by rapidly we1gh1ng the exper1menta1 mater1a1, ina -

closed 11ghtproof conta1ner, ‘just prior to the start of an exper1ment

_'Exper1ments were carried out 1mmed1ate]y after exc1s1on
- Chemica Z‘s ‘

"a-Hydroxy 2- pyr1d1nemethane su]phonate was purchased fr0m o
Terochem Laborator1es Ltd., Edmonton A]berta Ison1cot1n1c acid-

hydraz1de was purchased from the Nutr1t1onal B1ochem1cals Corporat1on,

, C]eveland OH, USA Am1nopterin, d] tetrahydrofol1c ac1d Sephadex-G]S,



. .

“Dowex- 50 X8 and Dowex 1 X8 were purchased from the S1gma Chem1ca1

Compahy, St. Lou1s MO USA Other chem1cals of the h1ghest qua1Jty

, commerc1a11y ava11ab1e were purchased from the Fisher Sc1ent1f1c

Company, Edmonton, A]berta and - from the S1gma Chem1ca1 Cunpany

[3H]Formate [1“C]formate L [3-1“C]ser1ne [1= 1‘*‘C]g]ycme,

[2- 1“C]g]yc1ne [3H]to1uene standard and [14C]toluene standard were .

23 |

purchased from the Antersham Corport1on, Des P1a1nes, IL USA, [2- IL*C]-

G]yco111c ac1d was purchased from ICN Pharmaceutica]s, Irv1ne CA

USA.

Sc1nt111at1on grade 2 5- d1pheny1oxazole (PPO), 1 4 d1[2 (5~

pheny]oxazo]yl)] benzene (POPOP), and naphthalene were purchased from

the F1sher Sc1ent1f1c Company, Koch L1ght LabOrator1es Ltd. Co]nbrook

. Bucks, Eng]and anq Synde] Lab:rator1es Ltd , Vancouver B.C.,

‘respect1ve1y

METHODS
'Ebpertments znvothng ceZZ-f?ee extracts
1. Preparat1on of the extract

I

A11 extract1on and de- sa]tlng procedures were carr1ed
out at 2° cC. Leaf samp]es (approx Tg fresh wt. ) were harvested
homogen1zed in a ‘mortar. and transferred to a centr1fuge tube |
us1ng a toté] of 6 'mi of extract1on buffer conta1n1ng 1 g 1nsolub1e
! po]yv1ny1pyrro11done (see Loom1s and Batta11e, 1966) . The homogen-
ate was centr1fuged at 18000 X g for 20 min. ‘The pe11eted residue
was washed tw1ce with T ml of extract1on buffer and recentrifuged

The supernatants were comb1ned and made up to 10 ml" with extract<

jon buffer Seven ml of this ex&ract was placed on a Sephadex

%

T
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-]

G-15 co]umn (1x18 cm) and e]uted w1th the extract1on buffer, in 1 m1
;fract1ons us1ng an LKB Ultrorac 7000 Fract1on co11ector (LKB- Produckter
AB, Stockholm,,Sweden), Fractions 8-17 conta1ned’the-de-sa1ted protein. ,
De-saTting‘genera11y.reSulted;in a two fold inCrease in specific |
enzyme activity. With the‘exceptdon‘of S 10-CH2-PteG1u dehydrogenasei.
-~ all enzyme assays were performed using the de-salted extract.
*2. ‘Enzyme assays |

A1l assays’were based on estab]ished procedures, documented
in thesliterature. In each case, opt1ma1 act1V1t1es with respect to )
pH, substrate and co- factor concentrat1ons were obta1ne) u51ng mater- f
ial harvested throughout the‘treatment per1od. Both greened ard’
etiolated materia1 was‘used Assay procedures were rout1ne1y\carr1ed
~out at 305C Buffers were adjusted to final pH at 25° C |
o () 10-HCO-H,Pte6lu synthetase

Cel] free extracts were prepared in 0 05 M Tris (pH 8.0)

'conta1n1ng H.01 M 2-mercaptoethan01 The assay used was based on %he
method of Hiatt (1965a) .' The reaction system contained roo*um91és tri-
ethano1amine buffer (pH 8.0), 150 umoles Tr's-formaté!?pH'S.O), 2.5ﬂ
umolesfMgC12, 200 umoles KQT,»Q.O umoles d]‘HuPteGlu'in 0.05 M

ook SN d

.2-mercaptoethan01 2.5 umoles ATP and cell-f

. prote1n), in a tota] vo]ume of‘l 5 mT The controls consisted of'

i b

i ‘cémp1ete systems 1ack1ng the ATP.
| ' After a 5 min pre- -incubation the react1on was initiated: by

add1t1on of ATP, and the m1xture was ‘incubated for a further 10 min.
The react1on was . stopped by add1ng 1. 5 ml 1M HC1 and the react1on s
m1xture allowed to stand for 10 min at 30°C. Denatured protein was

removed by centrifugation. Under- these conditiqns, the 10-HCO-HuPteG1u

»
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formed in this reaction was converted to 5 ,10- CH= Htheﬁlu The 1atter |

.compound was est1mated spectrophotometr1ca11y using a Beckman DB-G

. record1ng spectrophotometer (Beckman-Instruments Inc., Pa]o Alto, CA,4

USA) ‘at 350 nm, _using an Emax ‘value of 24,900 (Himes'et al. 1962) :
One unit of the. enzyme was taken as the amount wh1ch produc-
ed 1 nmo]e of prodpct per min per 3 ml final volume. : s
(b) 5 IOﬂCHz-HaPte61U’dehydrogenase n |
The extraction buffer for th1s _enzyme was 0 01 M potass1um
phosphate ‘(pH 7.5) containing 0.01 M 2-mercaptoethanol and 20% v/v

g1ycero] Act1v1ty was assayed spectrophotometrically (wong and

Coss1ns, 1966). The reaction system contained 150 umoles potass1um

phosphate (pH 7.5), 3 5 ymoles forma]dehyde and 1 umo1e d] HuPteG1u in.

0.05 M 2-mercaptoethano] Th1s mixture was preancubated for 4 min, '

to a]l%w format1on of 5 10-CH, - HuPteGlu The enzyme preparat1on-(ca

0.3 mg protein) was then added, followedsby a further incubation of
2 min. Thé reaction was initiated by the addition of 0.5.-umoles NADP.
A complete reaction‘system ]aching-the”NADP'ser&ed"as a, oontro]g \The
reactlon was stopped after 2 min by add1ng 1.0ml of M HC] and 1eft

for 10 m1n at 30°C to opt1mlze formation of the product 5, 10 CH Hthe-

| G]u. DEnatured prote1n was}removed by centrifugation and absorbance

\.

at 350 nm was measured. The !hﬁuk;:\?4 900 value of H1mes and Rabinowitz

(1962) was used to ca]cu?ate product - fonned One unit of the enzyme

- was taken as the amount produc1ng 1 nmole of product per min per 3 ml

final voTume. SR T

(c) Serine hydroxymethy]transferase o ’ o

¢ -

Q\\ ‘The enzyme was extracted us1ng 5 mM potass1um phosphate

(pH 6.9) conta1n1ng 5 mM 2-mercaptoethano] The assay method of
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Tay]or and Weissbach (1965) was emp]oyed Radﬁoactivity in}k 10-CH,-

" .

HuPteGlu, produced in the react1on was trapped with carrier formalde-
hyde and converted to the dimedon addition product. The reaction
system contained 30 uMOles potassium phosphate (pH 8.0), 1 umole d1-
HyPteGlu in 0.05 M 2-merca¢toethano1 0.1 umo]e pyridoxal- 5'-phosphate,
0.1 uCi of L-[3- 1"C]sev“me (54 uC1/um01e) and cell-free extract (ca.
0.2 mg prqte1n) in'a total of O. 7 ml The control ¢ pr1sed‘a complete —
systemfmiﬁﬁs the plant extract. A11~componentsvwereiireincupatgd for /
5 min. The reaction was‘inifiated'by édding L-[3-14C]serine and ‘was
terminatedtls min 1ater’by adding in succession, 0.3 m]lo% 1.0 M sodium
acetate (pH 4.5), 0.2 ml of 0.1 M formaldehyde and 0.3 m] of 0.4 M
dimedon (in 50% v/;'ethano1).. The formation of the HCHO-dimedon
derivétive was acﬁievéd by.heatjng the reaction mixture in a boiling s
water bath for 5 miﬁ. After cooling for 5 min in an ice bath the
dimedone adduct was extracted by vigorous’shaking with 3 m1 toluene at
‘room temperature. The aqueous and toluene pHaseg were separatéd by
centrifugation. The foluene phase was removed for measﬁrément of 1%C.

(d) Glycollate oxidase

.The extraction Buffer used to prepare the cel]-free extraét
for this assay was 0.05 M Tris (pH 8.0) containipg-0.0Ymﬁ 2-mercapto-
ethanol. The enzyme was assayed spectrophotanetfica]]y by monitoring.
the rate of increase in absorbance at 324 nm due to the formation of
glyoxylic acid pﬁeny]hydrazbne (Murray et al., 1973). The reaction
system hontaiﬁzd'ZOO umoles Tris-chloride (pH 7.8), 20 umoles dlycollic
acid, 10 ymoles phenylhydrazine HC1 (pH 7.0), and cell-free exf}act
" (ca. 0.3 mg ‘protein) fn a totd)l volume of 3 ml. The control consisted

. . . i
of a complete system minus the glycollate. After-§§3 min pre-incubation,



- ice bath. MagnesJum ribbon (60

the‘reection was inftiated_oy addition of the substrate. JAc 30°C
there'was a 1.min lag {n product formetion after which absorbence
1ncreased 11near1y for up to 10 min. The lagicou]d be overcome by
add1ng 0.05 umo1es FMN before the add1t1on of glycollate. However, as
FMN was found to be 1nh1b1tory in some cases it was rout1ne1y om1tted
A stand!‘d curve was prepared using known amounts of glyoxylate.

One unit of the enzyme was taken as.fhe,amount which

 produced 1 nmole of product oer min per 3 ml final volume.

(e) Glyoxylate decarbojy]ation‘
Cell-free extracts were .prepared in 0.02 M'glycyﬁg1ycine
(pH 7.5), and assayed by the method of Halliwell and Butt (1974). In

this method glyoxylate is decerboxylated.to formate and COz. The ..

formate is then chemically reduced to formaldehyde which is estimated

spectrophotometrica]]y by the method of Nash (1953) The reaction
system contained 99 umo]es g]ycy]g]yc1ne (pH 8.0), 0. 09 umoles FMN,
45 umo]es sodium glyoxy]ate, and cell-free extract (ca 0.3 mg

/ S~
protein) in a final volume of 3 ml. The reaction was'initiated by

{ _ : ,
adding the extract and was tenninated/:?ter 90 min by*pipetting 1 ml

of the mixture 1nto a tube conta1n1‘6 0.25 mI" 12 M /;HC1 p]aced in. an
mégﬁras added f//lowed by dropw1se
addifions of 12 M HC1, to a ffﬁa] total HC] volume of 1 ml, over a
10 min period{” Under these’cond1t1ons the formate produced from )
glyoxylate decarboxylatidn was duaotitativelytreduced to formaldehyde
(Wood and Gest, 1957) The reaction mixture was neutra]ized by add1ng
3 ml 1 Mcold NaOH, and theﬁsrec1p1tated Mg(OH)z removed by centri-
fugation. A 2 ml aliquot of the -supernatant was added_to 2 ml of |

Nash's reagent B (2 ml redistii]éd.acetylacetone-p]us 3 ml glacidd —




aceticfacid-pfus 156 gdammonium‘acetate made up to 1 litre with _
distilled water). This mixture was incubated at 37°C for 45 min.
Diacetdeihydro]utidine, the reaction producta was measured spectro-
photometrica11y at 412 nm. The contro] cons1sted of a comp]ete ‘
reactlon system ‘minus. the. p]ant extract In the control the extract
‘was -only added after 90 min 1ncubat1on per1od and 1 ml was 1mmed1ate1y
‘w1thdrawn into a tube conta1n1ng 0.25 ml 12 M HCT. No enzymic
g1yoxy1ate decarboxy]at1on occurred under these cond1t1ons The
contro] was then treated in exact]y the same way as a comp]ete system

‘Controls of this type allowed two factors to be corrected for f1rst1y,

- possible non-enzym1c g]yoxylate decarboxy]at1on and second]y, poss1b1e

o

l 1nh1b1t1on of co]our deve]opment by the .cell free extract.
/ A standard curve was prepared us1ng vary1ng amounts of .
formate in a comp]ete react1on system ‘Here the procedure used was the°
same as that described above for the contro] ‘The control for the
standard curve conta1ned no added formate and was alsovtreated in the |
same manner as for the control above. | ’

| One unft of the;gnzyme nas taken as the amount which
produced 1 nmole of produdt per min‘perafinal reactjon volume.- .
3. Estimation of prote1n SR ,Z; :

Prote1n content of ce]l free extracts was determ1ned

colorimetr1ca11y using the method of Lowr:g; aZ.a(195]). Crysta111ne .

egg albumin Was used as a'reference standard. ATl determjnat1ons
were made in tr1p11cau9 |

4 "Estimation of ch]orophy]l

v The chlorophyll content of Teaf tissue was dete ined"
.-colorimetrica11y'using the method described-hy Harborne (19%3). A1V

- R
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determinations were made in triplicate using 80% v/v'acetonefextracts.

| Radwtsotope feedmg experments e : . "7"!
1. Genera] procedure - | .
- o ( \s,«\{%
After each treatment period three representat1ve leaves t'vj ‘
were exc1sed as prev1ously described. The leaves were cut across the -
lamina 1nto 2 mm sect1ons The sect1ons were ‘quickly washed with a

sma]l quant1ty (ca: 20 ml) of d1st111ed water and p]aced in a. Narburg

-sv'f1ask conta1n1ng 2 8 ml ha]f strength Hoag]and Epste1n solut1on

adJusted to’ pH 7 5with 1M NaOH The flask was attached to a mano-
meter and the closed system p]aced 1n an illuminated warburg apparatus ,
(Bronw1]? Sc1ent1f1c Inc., Rochester, NY, USA) I]lum1nat1on was
prov1ded by 1ncandescent bulbs with a mean 11ght 1ntens1ty at the base
of the flask, of 500 uemstems_m_2 sec 'i.: Al rad1o1sotope feedlng
. experdments were carried out;at 25°C, with/constant shaking. Pre- n
incubation and feed1ng per1ods depended upon the part1d'lar exper1ment
and in some cases the f]asks were kept in the dark throughout More -t
'qnfonnat1on on these cond1t1ons appears- in the Results section.
Label]ed compounds were used w1thout dilution of 1n1t1a1 spec1f1c
rad1oact1v1ty, distilled water being used to dilute or d1sso]ve the
material from the supp11er In all experiments the desired concentrf
at1on and dpm were. contained in a 0. 2 ml a11quot

‘ In a typ1ca1 feeding experiment the flask and contents were
first pre-fncubated the rad1o1sotope was introduced, and the flask
further 1ncubated for the feed1ng per1od . At the end of th1s period
‘the contents of the f1ask were quickly transferred to a- ch111ed mortar

»‘contain1ng ice-cold ethanol (95% v/v) and ca. 1 g of f1ne sea sand

bl
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: The leaf sections were thorough]y homogenized at. 2°C | Thekhomogenate was. )
quant1tat1ve1y transferred to a ¢entrifuge tube us1ng ice-cold ethano].;

: After centr1fugat1on at 18000 X g for 10 m1n the residue was washed

3 t1mes w1th 10 ml a11quots of water and- recentr1fuged The, 1nsolub1e
res1due was reta1ned for ana]ysfs of prote1n am1no acids ‘The'--‘, -.
comb1ned supernatants were dr1ed in vacuo at 40°C on.a Buch]er f]ash-
evaporator (Buch]er Instruments, Fort Lee, NY USA) - In the case of
[3H] or [I“C]formate feed1ng res1dua1 formate was removed by sequent-
-ﬂil]y washing and redry1ng the res1due with: 20 m] of 8 M fonn1c ac1d
4 M fonn1c ac1d and d1st11]ed water After evaporat1on to dryness :

\"the res1due was extracted w1th three 5 ml a11quots of d1ethy1 ether,_

'\to remove ether solub]es “The vo]ume of the ether extract was’ ‘
‘measured and 1ts rad1oact1v1ty detenn1ned us1ng liquid. sc1nt11]at1on ff
‘count1ng (see sect1on 4). The res1due was red1sso]ved _in a tota] of

|
15 ml d1st111ed water and fract1onated 1nto amino ac1d organ1c ac1d,‘”

| and sugar fract1ons as descr1bed below (sect1on 3) ‘

2 Ac1d hydro]ys1s of the 1nsolub1e res1due

| | The samp]es of the 1nsolub1e re51dues, obta1ned above, o

were dr1ed w1th acetone and suspended 1n ]O m} of 6 M HC] After _ﬁ S
degass1ng, the samp]es were hydrolysed in.a sealed tube by autoc]av1ng
at 110°C for 16 hr (Beckman Instruments, 1970) The hydro]ysate was
l'f11tered and dr1ed in: vacuo at 40°C. The res1due was redisso]ved in

10 m] distllled water and redried Th;s process was repeated until ': |
.the hydrolysate was acid free. The hydro]ysate was then disso]ved in *
10 m] disti]]ed water and the prote1n amino acids present recovered ‘

| by ion. exchange chromatography as described below L s
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s, .Ioh*exchange*chromatographyJ'4 | o | |
- The amino acids were separated from the organic acids and

_sugars by passing the water soluble material obtained above through _

1a 8xl cm column ‘of Dowex sow-xs (hydrogen form) The organic acids ‘

: . and sugars passed through this column in water, and were. separated

‘ from each other uSing a 8xl cm column of Dowex 1-X8 (formate form)
;according to the procedure of CanVin and Beevers (l961) The sugars
ipassed through the column in water and the organic aCids ‘were eluted |

- using successive washings of 40 ml 4 M formic acid and 30 ml 8 M formic‘
' aCid The separated sugar and - organic acid fractions were dried in |

vacuo at 40°C The reSidues were redissolved in 5 ml distilled water _

--and their radioactivities determined as described below The amino o

'aCldS were eluted from the Dowex SOW X8 column using 50 ml oM HCl
- The amino ac1d fraction was dried in vacuo at 40°C, and finally .

: redissolved in 3 ml 0 2 M sodtum citrate buffer (pH 2. 2) Radio-jl.b
"actiVity was detenmined pri’y to amino aCld analySis
- Drying the amino acid eluate under vacuum at 40°C resulted iny"
"Athe partial hydrolySis of asparagine and glutamine Approx1mately lO%
of the free asparagine and 20% of the free glutamine was hydrolysed
to aspartic and glutamic ac1ds, reSpectively ;il
4. Counting of radioactive samples " .

| - Radioactivity was measured using liquid scintillation J

o counters (Isocap/300 model Nuclear Chicago Corp IL USA and a Mark |
III, 6881 liquid sc1ntillation system, Tracor Analytic. Elkgrove :
Village, IL, USA) Aliquots (0 l-0 5 ml) of the labelled samples
were counted in lO m1 Bray s solution 4 qg 2, S-diphenyloxazol (PPO)
eand 0. 2 g 1 4 di[2 (5 phenyloxazolyl)]benzene (POPOP) plus 60 g



‘xnaphthalene, 100 mT methano] 20 mT ethyTeneglycoT and dimethoxyethane
'nto make 1 T1tre (Bray, 1960) To fac111tate dpm conver510n,\count1ng
T',eff1c1enc1es were determ1ned by the samp]e channe]s rat1o (Bush 1963)
.ﬁand external standard channe]s rat1o (H1ga$h1mura et aZ ’ 1962)
AT methods. — ““" |

Quenched standards were prepared us1ng [3H]- and [I“C]to]uene

'standards. ATT counts were corrected for«bac:gr0und (ca 25 cpm) and

j'-. were oh]y regarded as s1gn1f1cant if. at ]‘ st

AnaZysts of ammo ac'l,d .poole ~ ‘ »

| | The 1eve1 of 1nd1v1dua1 free am1no ac1ds in the p]ant -;ﬁj

"uxextracts was determ1ned us1ng ? Beckman Automat1c Am1no Ac1d Ana]yser;
“Tmodel 121, (C]and1n1n and. Coss1ns, 1972) Nho]e Teaves were.

- excised- and homogen1zed w1th ice cold ethano] ln a mortar at 0° C ‘
o After centr1fugat1on at’ 18000 x g for 10 m1n the 1nsoTub1e res1due |
"was washed three t1mes w1th 10 m] d1st11}ed water and recentr1fuged
:T-HThe comblned supernatants were dr1ed in vacuo at 40°C and the res1due
-red1sso]ved in 15 m1 dist111ed water The free am1no acids present
":were recovered by “ion- exchange chromatography (see section 3) “The

'am1no ac1d fractlon was dried in vacuo at 40“C and the residue B
gred1ssolved 1n 3 0 m] of 0 2 M sod1um c1trate buffer (pH 2, 2)
:T,Aquuots of thTS so]ut1on were analysed using PA28 spher1ca1 reSIn E‘

(Beckman Instruments Inc., CA¢ USA) The e]ut1ng buffer for separating

| "'ithe neutra] and acidic amlno ac1ds was 0 20 M c1trate at pH 3. 22 and

-4, 25 The bas1c amino ac1ds“were eTuted from PA35 resin using 0 35 M
c1trate buffer (pH 5 25) The PH of al] buffers were measured at 22°C

-:and elution was carried out at. 53°C, with a f]ow rate of 70 m]/hr v, ‘, o



AC U

gEluted amino ac1ds were reacted w*
”'however asparag1ne, ser1ne and/;lutam1ne co chromatOQraphed To obta1n

'(see above) for'1 hr W1th 10. m] 8 M HC1. After hydro]ys1s the -

' _a11quots of the c1trate buffer so]ut1on were subJected to stream

“Ihhtbttor studtes ; ,

: f_(a) a-Hydroxy-z pyr1d1nemethane sulphonate (aHPMS)

c and re—cut under water 10 cm from the leaf tip, to preserve xy]em e

A . . et . o .8 . .

i‘n1nhydr1n at. 100° The system

"fwas callbrated us1ng authent1c am1no ac1d standards of known

. concentrat1on Yoo _43"g .:fv

In genera1, am1no acids were- eluted as’ d1screte peaks, ;

| faccurate serlne 1eve15, asparag1ne and- g]utam1ne were removed by
| ihydr01y51ng them to aspartate and g]utamate, respect1ve1y Complete
.._'hydrolys1s was ach1eved by ref]ux1ng 1 m] of the\amjyo acwd so1ut10n

L3

. ,so]ut1on was dr1ed in vacuo at 40°C the the hydrolysate red1ssoIved
“1n 3 ml’ 0 2 M sod1um c1trate buffer (pH 2 2) pr1or to am1no ac1d

ana]y51s

For detenn1nat1on of 1nd1v1dua] rad1oact1ve am1no ac1ds

*'d1v1dlon amlno ac1d ana]ys1s In th1s technique ha]f of ‘the. samp]e ; ’ea. L
'.flwas used for quant1tat1ve am1no ac1d determ1nat1on by the nlnhydrxn |
2 f}ireact1on, and the other ha]f of the samp]e was col]ected in 2 m] N ;
'-T fract1ons using a fract1on co]lector Rad1oact1v1ty of these frac 1onsl
hwas determ1ned v1a the 11qgnd sc1nt111at1on counter. The 1dent1ty of
1abe11ed am1no ac1ds was conf1nned by co-chromatograph1ng ]abel]ed .n'

-peak areas w1th authentic amino ac1ds, us1ng the n1nhydr1n react1o

A

Bar]ey seeds were. genn1nated and grown/1n the dark for 7

days Etiolated leaves were . cut at. the surface of the vermicu]ite




. integrfty | The cut ends were p1aced in beakers conta1n1ng 20 m] of

j.j_.‘aHPMS so]ut‘lon (up to 10 2. i) o.HPMS in half. strength Hoag]and Epstem

f,{asolut1on, pH 7 5) The Teaves were supported vertwca]ly by means of a',{

-w1re mesh pTaced over the mouth of the beaker The ]eaves were

-2

' After 111um1nat1on the leaves were removed and used 1n e1ther feed1ng
-‘exper1ments or for the detenn1nat1on of enzyme act1v1t1es
fly.(b) Ison1cot1n1c ac1d hydraz1de (INH) : |

Bar]ey seeds were germ1nated and grown 1n the dark for 6

- 'days The et1olated leaves were 111uminated at 500 ue1nste1ns m -2

.sec and growth was cont1nued for two more days After th1s per1od

"L_j:the greEned leaves were harvested and p1aced 1n warburg flasks pr1or

,~¥111um1nated for 24 hr at 500 ue1nste1ns m v sec -, 1n a growth chamber;f

';to rad1oact1ve formate feed1ng, as prev1ous]y descr1bed INH so]ut1on,“'.: .

.'”.f:2 8. m] (up to 0 36 M INH 1n han strength Hoagland Epste1n solut1on,
f‘ﬂpH 7 5) was added to the flasks whtch were pre 1ncubated for 60 min at f' h~'ﬁ"

'.25°C and 500 ue1nste1ns m vo:ec g in. an 111um1nated warburg apparatus

“After the pre 1ncubation per1od 0 2 m1 [3H] or [l“c]formate was added -

';and the flasks 1ncubated a- further 20 min. 1n the 11ght At the end of
. this feed1ng per1od the fﬂask contents wene rapidTy h0mogen1zed at 2°C
in- a mortar conta1n1ng 1ce co]d ethanol and sea sand The homogenate
.'was fract1onated as descr1bed above | . .
‘(c) Aminopter1n ‘ h, , |

| BarTey seeds were germinated and grown in the dark for 6
days Three Teaves were exc1sed Just above the coleopt11e sheath cut

'b1nto 2 min’ sect1ons and p]aced 1n a Narburg f]ask conta1n1ng 2 8 ml

}fland Epstein soluthn, pH 7. 5) The f1ask was p]aced on a Narburg

"t__“aminopter1n solution (up to 10 3 M aminopterin 1n half strength Hoag- .
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ziapparatus and the leaf segments were 1ncubated for 24 hr w1th
:111um1nat10n at 500 ue1nsteins m sec After th1s green1ng per1od .

;[3H] or~[1“c]formate 1n 0. 2 ml was fed to the segments for 20 m1n

:_T{1n the llght At the end of th1s per1od the f1ask contents were

. rap1d1y homogen1zed at 2°C in a mortar conta1n1ng 1ce co]d ethanol and '
‘sea sand The homogenate was ana]yzed as descr1bed above in ear11er

,sect1ons

v



RESULTS

‘The maJor1ty of stud1es 1ead1ng to th1s the51s were carr1ed out '

Preliminm’y'studieg of ‘the greening' barléy Zeaf‘

‘I

;on Hordeum vngare L cv. Ga1t Prev1ous stud1es of barley (Huffaker et
. L., 1966 L]oyd 1976) had 1nd1cated that 11ght 1ntens1ty p1ays an J
- 1mportant ro]e in Teaf development dur1nq green1ng In part1cu1ar these
stud1es showed d1rect corre1at1ons between Tight- 1ntens1ty and enzyme

' act1v1t1es, in add1t1on opt1ma1 ]1ght 1ntens1t1es for the enzymes studled

, were noted As the present study was aimed at exam1n1ng re]at1onsh1ps
between C-T metabollsm and assoc1ated metabol1c pathways in the green1ng .'
' bar]ey 1eaf, it was fe]t that these cou]d best be demonstrated under '
'cond1t1ons of opt1ma1 green1ng To- estab11sh th1s, Six- day etlolated
1eaves were greened for 48 hrs at. various 11ght 1ntens1t1es pr1or to
harvest1ng (Mater1ais .and Methods) Three parameters were exam1ned
f1rst1y ch1orophy11 content as an 1nd1cator of both ch1orop1ast and photo- :
- synthet1c deve]opnent, second]y so]ub]e prote1n for overall ce]]u]ar
metabo]1c dev opme t, and th1rd1y g]yco]1ate ox1dase because of its role

in the g]yco11ate pa way. /The resu]ts are summar1zed in F1gure 1. From b

these data 500 ue1nste1ns m-zsec-l -was chosen as opt1ma1,,and’th1s 11ght -

7'1ntens1ty 'was. used in a]] subsequent stud1es . ' o ‘ '

' As noted in the Introduct1on the act1v1ty of certain photo:in----

ﬁ:‘thet1c enzymes 1ncreases dur1ng green1ng Studies of - bar1ey (Huffaker et.d
al., 1966 Tamas et aZ 1970 Lloyd 1976) have shown that in. many cases',

the f1rst 2. days of green1ng represent the per1od of max1mum change S1nce

.the present study requ1red such a period it was: necessary to’ determ1ne when

it occurred. To accomp11sh this, s1x-day et1o1ated 1eaves were either

te

36
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R - FIGURE 1
EFFECT. OF LIGHT -INTE&S'I TY ON. CHLO.R’OPHYLL, | GLYCOLLATE
P " OXIDASE, AND SOLUBLEiPROTEINidURINQIGREENING' o
AN proced\t(eis“vii:e as outlined in the Matemals and Methods.

S¥x- day o]d et1o1ated leaves were greened at d1fferent 11ght 1ntens1t1es o
for two days The treated 1eaves wer&' then harvested and assayed . Each
. data pomt represents a. mean va]ue 'S.E. M s obtamed from tr}phcate
-assays performed on each of three separate gxpemments

1

—O— treatments 1nvo]v1ng greenmg

+ treatment ma1nta1n1ng et1o]ated cond1t1ons

. .
Sy
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greened or held in the dark as controls, for up to 5 days Theétreated
leaves were subsequent]y harvested and assayed for ch1orophy11 g]yco]]dte -
°X192§2J soluble prote1n and soluble amind ac1ds (Mater1a]s and Methods)
The data (F1gure 2) c]ear1y show that the first 2 days gf green1ng represent
- a dynamic per1od with max1ma1 changes occur1ng in the parameters exam1ned
Consequent]y the maJorlty of subsequent exper1ments were carried out on
" tissues obtained during this per1od. ' ‘

It.is intenesting to note that while other‘parametersAiﬁtreased
the soluble amfno acid pool declined in the greening leaves.. Th1s trend was

| ref1ected by the maJor1ty“of 1nd1v1dua1 amino acids detected, 1nc1ud1ng

ser1ne (Append1x B) , G]yc1ne however 31d not show an apprec1ab1e change in

poo] s1ze dur1ng this per1od ' = o " 'w3
The effect of green'mg on enzyme. tzc;ti'vities - - \

\Enzymes which could be 1nv01ved in the generation{”from glyco11ate,_-
of C-1 units at the formyl level of ox1dat1on were exam1ned 1n green1ng

barley leaves. In this study six- day et1o1ated Teaves were e1ther greened y

or he]d in -the dark as controls, for up to 2 days. Samp]es were-taken /(‘

throughout this period and assayed for various enzyme act1v1t1es (Mater1als

and Methods). Due to 1arge 1ncreases 1n soluble prote1n dur1ng the green1ng

- per1od (F1gure 2) enzyme act1v1t1es are expressed on a fresh we1ght bas1s,

"and are therefore in keep1ng with prev1ous studfes (Huffaker et al-,1955
Chen et al.,1967; Bradbeer, 1968 Graham et al., 1970; Feierabend and,
Beevers 1972a, Murray et al. 1973 L]oyd 1976) * ‘
1, G1yoxy1ate decarboxy]ation and the generat1on\of igpmate o

The rap1d 1ncrease 1n egco]Tate ox1dase act1v1ty dur1ng the f1rst
.h2 days of greening (Figure 2) c]ear]y represents a potent1a1 1ncrease inﬂthe
g]yoxy1ate pool.- Ha111weT1 and Butt (1974) have shown that peroxvsomes of -

spinach and spinach %eet leaves read11y cata1yse the decarboxy]ation of

°



' ' . FIGURE 2 |
! . 4) .
A . ' ‘
f o
CHANGES IN CHLOROPHYLL, GLYCOLLATE OXIDASE, SOLUBLE PROTEIN,
AND THE TOTAL AMINO ACID'POOL DURING GREENING, AT “OPTIMUM LIGHT

ATENSITY

Procedures followed were fhbsehbuf1ined in the Materials and
Methoés. _Six-day old etid]atgﬁ 1eaye§ were either greened at 500
;ueinéteiné m‘z.éec'?, or he]d’in the dark as controls. Samples
Qefe ﬁaken during a szSquent five day perigd and assays carried
out. Withvthe‘excéption of the soluble amino acid pool data, each
datﬁ bbint fépresents!a mean value £ S.E.M., obtained fromntripli-
cate assays .performed dn each of three separate experihenis. The
soldble/amino acid data was obtained by summing individual am;no

{
{

acid values. These values are presented in Appéhdix B.
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| g1yoxy1ate tbl)brmate and C02 Bar]ey 1eaf extracts were exam1ned for this

'b,fab111ty dur1ng the green1ng period’ (Fxgure 3) After correct1on for non=

enzym1c g]yoxy]ate décarboxy]at1on (see Mater1als and Methods) formate pro-.
‘duction was demonstrated in Both greened and et101ated Teaves. Th15“react10n
was enzym1c s1nce ‘boiled extracts fa11ed toﬁgenerate formate i The data ' |
(Figure 3) show that formate product1on 1ncreased as both greened and et1o-
lated leaves aged However s1gn1f1cant1y h1gher rates were obta1ned for
_'leaves wh1ch had been greened for 1 to 2 days. The apparent M1chae11s ,
constants (Tab]e 1), obta1ned throughout the study per1od revea]ed no
s1gn1f1cant change .in the affinity for either g]yco]iate or FMN Consequent]y'
the observed changes can be cons1dered due to an increase in enzyme act1v1ty
‘The para1]els in the: data for these two enzymes a]so imply that the sequence R
from g]yco]1ate+g]yoxy1ate+formate+002 may be 0perat1ve in green1ng bar1ey
‘leaves ‘and that carbon f]ow in th1s pathway might 1ncreaseﬂrap1d1y dur1ng
the f1rst 2 days of green1ng ( | | -
- 24 Fo]ate enzymes and the activition of .formate as a C-1 un1t
As out11ned 1n the - Introduct1on many organ1sms activate formate a
via the 10-formy1tetrahydrofo]ate synthetase react1on (Scheme 2, react1on 3)..
The product 10-formyltetrahydrofblate can be reduged to the methy]ene Tevel
of oxidat1on through the combined act1on of cyc]ohydro]ase and 5 10—methy1ene-
tetrahydrofolate dehydrogenase (Scheme 2, react1ons 4. and 5) A]though there
- is good ev1dende for these enzymes in- pTants (H1att,‘1965a Iwai et al.
1967 Coss1ns et al., 1970) there is no 1nformat1on 6n the1r possible act1-
._vat1on or synthes1s dur1ng greenlng The present study” exam1ned 10 fonmy]-
.;tetrahydrofolate synthetase and 5 10-methylenetetrahydrofolate dehydrogenase
cin re]ation to greening, as summariéed in F1gures 4 and 5. . ; - ”;f ' .‘2~ «\'
Both enzymes’were detected in etio]ated and greened Ieaves | tn“

':each case, the apparent Michaelis constants (Tab]es 2 and 3) did not change

¢
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The co-phtn reaction systu (f1n|1 pH 8. 0) md usay proccaures an dcscrfbed in ' v
the Hltoriuls and Methods . Each data polnt represents 3 mn value t. S EM. . v
‘obtaimd fro- tﬂpl icate usays parfomd .on each’ of three separate uperinent.s
.- Specific activities (nmoles’ product/lin/-g protcin) were as follows: six-day s
'tiohud 32 6 t 2.9, cwlt-day gmnod 70.9 ¢ 2 3, cight-day etiohud 65.7. t 2 0

3
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'-‘:gildur1ng the study per1od shoﬁing that no changes occurred in the aff1n1ty if ?‘

"“f'for either substrates or co factors In green1ng 1eaves synthetase act1v1ty

) .-,,

‘frnwas unchanged tbut was s1gn1f1cant1y higher than that of the et1o]ated .

‘of fonnate synthes1s, suggest a potentﬂj“

.:".:}controls (F1gure 4) In contrast the dehydrogenase showed// Fapid 1ncrease F~:
~,ff1n act1v1ty 1n response to green1ng (F1gure 5) These data a1so show that
'Hd'a greater potent1a] for the activat1on of formate and subsequent reduct1on

”‘of the act1ve C= 1 un1t ex1sts 1n extracts of green1ng bar]ey 1eaves -'In,‘“ o

.a'xadd1t1on, para11els between the rates of act1v1ty of these enzymes, and those

in vzvo flow from formate+10formy1-

- HMRQEG1u+5, 10-methy1eneHgPteGlu 1n the barbey 1eaf wh1ch appears to 1ncrease

| rap1d1y dur1ng the-f1rst 2 days of green1ng

The mcorporatwn of radwactwe fomate by barley Zeaves»

In a pre11m1nary study,,the act1vat1on of formate tn vtvo and the

'”hi; hsubsequent metabo]1sm of the actuve C 1 un1t was exam1ned us1ng e1gh‘fday
"'ifold bar]ey 1eaves, whwch had e1ther been greened or'held Tn th ‘darifas
h;contro]s.: Th1s procedure and the subseqUent fract1onations and ana]yses

“ J1ﬁhave been descr1bed (Materia]s and Methods) A t1me course for 3H Sf {'

h1ncoroorat1on 1nto the am1no acid fract1on is shown in. F1gure 6 These -

j'gdata Tndicate that opt1ma1 3H 1abe]11ng occurred after a 20 min feedlng

hper1od As thJS period a]so resulted 1n maxrmé] 1abe121ng of 1nd1v1dua1 .y

PR

. -(amlno ac1ds, 1t was used 1n a]] subsequent exper1ments.

Since many of the enzymes 1nvo]ved in the oathways of photosyn-:_ffﬂt"""

7'slices of greened leaves were fed 1n the 1ight However, many p]ant tissues
"rapid1y oxidize formate to C02 and H20 Consequent]y [l“c]formate wil]
.produce 1“C02 which may be extensive1y re- fixed in the light If the ;‘

' re= fixation products are the same as’ those from direct [I“C]formate

C .

yl'thesis are more active in 1llum1nated mater1a1 tIntrodUCtion and this study), ".'



" FIGURE 6,
* TIME- COURSE OF, (k] FORMATE INCORPORATION. BY BARLEY LEAF- SEGMENTS

' Afteh.15”mih Thcubatioh'pehiogié7:5 @éi'of‘sddium [3H]-

. “-formate (sp act 182vuci/um01e)\ﬁas.fed'te'8~day gfeened leaf .

visegments fbr up to 30 mln in. the 11ght (500 ue1nste1ns m~2 gec™l) .’ Lgbf
:Leaf extract1on, amﬂno ac1d fractlonjﬁeparat1on and ana]ys1s was |
'.;as descr1bed 1n the Mater1a1s and. Methods Each data po1nt |

h}represents a: mean,xa]ue £ S.E.M., obta1ned from dup]icate determ1n- o
1!at1ons perfd?med on each of three separate exper1ments | :
(a) total [ H] 1ncorporated hto the free amino ac1d poo1

[N

(b) [3H] 1ncorporated 1nto 1nd1v1dua1 am1no ac1ds

'.44CF-' serine e o g
" —@— < glycine '
S .. =—O— aspartic acid
'__‘._ [ S - e . ‘ll T .
‘ . v .
) 7
i .
: ‘©
>I. .



51

55r (a)

.30

25

s

__..__‘. __
0;,50...50 50....5.
v ~ ~ L.3. vy N N e

(y-01% wdp)
zo:uﬁ_u Q19V ONIWY NI :m::oh :

20
| MINUTES

10

5. 20 25 30

10

L .. SN I

B _ -
0'

20

.79. t_oe;\s._E
“SQ1IV ONIHY #so;_oz_ NIHg

MINUTES



w2

metabo]1sm erroneous 1nf0rmat1on may be obta1ned regard1ng the 1mportance

of the 10 formy]tetrahydrofolate synthetase reaction "To overcome th1s,”‘_ .

[3H]formate was supp11ed in the green1ng studies. In. suchicases-tormatei' |

ox1dat1on would produce 3H,0.  To determ1ne the p0551b]e s1gn1f1cance of

3H20 exchange (Humphrey and DaWies, ]975), as opposed to metabo1ism as a

3HCO un1t the products of [3H] - and [I“C]formate metab011sm were compared )
| The d1str1but1on of labe] in varﬁous cellular: fract1ons is shown |

in Tab1e 4. In both cases a s1gn1f1cant proport1on of the 1abe1 entered

the amino. ac1d fract1on Typ1ca1 1abe11ed amino Lc1d profiles, obta1ned

from analys1s of the neutra] and acidic amino ac1ds (Mater1a1s and Methods)

~are presented in F1gure 7. These analyses resulted in between 75- 90% oﬁ«

o the 1abe1 .in. the amino. ac1d fract1on be1ng recovered 1n a few c1ear1y

| reso]ved amino acids;. tyo1ca11y aspartate,.ser1ne and g1yc1ne for [3H]formate
feed1ng M1nor amounts of 1ab§1 occurred throughout the e]ution prof11e, |
these however were cons1stently‘be1ow twice background and not’ con51dered .
s1gn1f1cant (see Mater1a1s and Wethods) The feeding of either rad1o1so-
tope produced no significant 1abe1 in elther e bas1c am1no ac1ds or
aden1ne wh1ch common1y separates w1th‘the 1atter The'data (Tab1e 4) show

' that g1yc1ne and ser1ne were major components of the ]abe]led amino ac1d

| fract1on-regard1ess of the 1sotope fed However [1“C]formate feeding .
\resulted in the add1t1ona1 Pabe]11nd o(\glutamate and a]anine This .

| ref]ected 1“COZ re- f1xat1on as 1nd1cated by the /1“C ratio In this
exper1ment equal contr1but1ons of . 3H and 1“C to the labelled products wou]d :
resbft in a ratio of 3 as the amount of [3H]formate supp11ed was three fo]d
h1gher than [I“C]formate S1gn1ficant 1“602 revfixatJon would reduce this
value espectally 1;,the re- f1xat1on products were the same as those from

d1rect formate metabo]1sm In a]l of the- products 1so]ated from the greened

mater1a1, 1t is clear that sign1f1cant re- f1xat1on of 1“002 occurred (Tab]e

. ) . . ) .
.. N . -



Table 4, COmparison of products fomed frou ['H]r and [“c] fomate fed to eight-day »
.- . . N . . . -
barley Teaf sections. R . . :
" 8 day greened materfal ~ Blday etiolated material
N GRS S
- formate formate /1% fomate : formate ks R/“C
- : . . <
Ether solubles 4 8.0 0.9 = 8.4 . 107 * 0.8 .
' - o 3.5  t23 , t 0.7 t2.0 . v
’ "3 . . : . [
! Sugars AR V¥ 437.3 | 0.3 443 16.6 2.7 ‘
‘ o S t 4.7 ot 14.8 . toud t 1.6 :
Organic acids = 822.3  626.8 . 1.3 '785.0 . 216.4 3.6 o
' .t 47.9 t21.8 . t 31,2 t18.6 .
Soluble amino acids L . o ‘ S . .
" (a) total pool 543.1  848.2 . 0.6  165.2 \  267.0 0.6 .
. ‘ t 80.8 -2 18,3 t 17,0 ° + 18.1 =
. . ) ! - JJ_C-
(b) individual. components o ' o '
_ aspartic acid 8B40 146.5. 0.6 - "15.0 51.7 - 0.3
S t 25,7 22,3 t6.1 - t3.2 »
b sertne . 220.0 297.0 0.7 . -65.8 59.7 1. ,
: 3 _ t 22.6 t 6.6  t6.3 t6.6
glutamic acid ',,,:,.d. L33 Comdo e T 2906 ’ ’
O ¥ _ : £ 3.5
9lycine 156.8. 1467 .10 256 19.7 1.3
’ t 8,5. .t 25.7. " -t 4.6 : 0.3 -
alanine - - hd. . V2.8 . nd, - 12.8°%  a
S '/ . , ts8 1.4 .
methionine o n.d. -ond, ' nd. - 5.0 i
- T ) ’Qg. : 1.5 . s,
n.d. not'de-tectcd\' 10 3 x ndioactivfty recovered (dpn/3 lewes) t S.E.M. . Leaf tissue and~ /
genern procedures (vere s outHned for Figure 6. ’H/“’C is the rgtio of dpn incors:?ated L
from [’H] formate to that fron [“’C] fomte feeding. S 2 Poa '
’ ) . - N \ !
. . . N \
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FIGRET .

<7

TYPICAL [1“C]- AND [3H] LABELLED AMINO ACID PROFILES OBTAINED
< .

AFTER AMINO ACID ANALYSIS

-

»

After a 15 m1n pre- 1ncubat1on per1od 37.5 uci of sodium

[3H] formate (sp act 182 uci/umole) or 12.5 uc1 ff sod1um [l“c] .

_'formate (60 7 uc1/mole) were fed to eight- day old bar]ey leaf

' o
Asect1ons for 20 min, Feedlng to greened material was in the" light

_ (500 ueinsteinS'm 2 sec ‘). and 1n the dark to etio]ated sect1ons
o -4 p

. g
- v ' . B
' - . .
. ‘ Al
-
- : : A '
. © .
3 '
. Y
. X . N

Leaf extraction,’ion-exchange fractlonat1on, and am1no acid ana]ys1s

‘was as Hestribed iﬁ the Materials and Methods Each data paint
represents a mean-Value t S.E.M. s obta1ned from dup11cate determ1n-
- : :
. at1ons on each of three separate exper1ments

-

. N
: -aspartic acid, bfserine, c-g]utamic ac1d,\efglycine,.e-a}anine

=
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4’. This was particular]y marked 1n ‘the sugar fract1on where the ratio-

was 0 3 Cons1derably 1ess re- fixat1on occurred 1n the et1oTated contro]s,

where feedlng was carried out in the dark (Tab]e 4). | —
Humphrey and Dav1s (1975) have shown that p]ant transam1nases

act1ve1y catalyse exchange react1ons between 3H (from 3H20) and the hydro-

gen attached to the a-carbon atom of most am1no acids In 1eaf t1ssue

‘ eexposed to 3H20 they showed that cons1derab1e 1abe111ng of most so]ub]e i

am1no ac1ds occurred: after a 20 min. exposure S1gn1f1cant1y, 1abe111ng

of g]yc1ne was some 40 t1mes 1ess than that shown by other amwno ac1ds, :

'1nc1ud1ng ser1ne, g1utamate and" a]an1ne In- the present work (Table 4),

~ the ap2/0&1mate1y 1:1 re]at1onshﬁp betweenmﬂabe]]ed g]yc1ne and ser1ne, t
p

hand‘th resence of 1abe1 1n on]y one other amino acxd asparatate, strongly

' argues against 51gnif1cant 3H exchange via transam1nat1on react1ons Th1sa
-'and the c]ose theoretica] relat1onsh1p between the am1no ac1ds labelled -
. and C-V metabo]1sm (Introduct1on), suggests that metab011sm of {3H]formate

occurred via act1vat1on ‘of a 3HCO un1t

‘ o e L . ,
The metaboltsm of [3H]f0mate by greemng barle‘y Zeaves '

o In these exper1ments six-day et1o1ated 1eaves _were e1ther
'egreened or he]d 1n the dark as contro]s Label]ed formate was. fed to

_sect1ons of 1eaves obta1ned throughout the study per1od (Mater1a1s and

}'Methbds) The d1str1bution of 1abe1 0 the var1ous cel\ular fractions 1s;+ﬁ€_

-7”'shown 1n F1gure 8 Greening 1eaves 1ncorporated s1gn1f1cant1y more 1abet;ﬂi73

- 1ntg;sugars so]ub]e amino acids and ether so]ubles than did the\contro1s,rfﬁ'7
‘QIn these fract{ons max1ma1 1evels were reached after 2 days of green1ng,
o vmfh greatest 1ncreases oa:urrtng durmg the ﬁrst 28 hrs of muminatibn B
'fIn contrast the amount of 1abe1 entering the protein amino ac1d fraction |

':<dec11ned rapid]y over the same period ALthough s1gn1f1cant labelling of "



 FIGURE"S

[3H] FORMATE INCORPORATION INTO GENERAL METABOLIC POOLS DURING
’ GREENING =

Procedures fol1oaed were those outlined 1n the Mater1als and
rMethods S1x-day old barley 1eaves were e1ther greeeed or held.; :

L1n the dark as controls Samples were taken throughout a four

“'day treatment per1od After a 15 mln pre- incubation 37 5 uci of‘v. S

“"osodium T3] formate (sp act 182 uci/umole) were fed to greened_

- leaf segments for 20 min 1n the light (500 ueinsteins m 2 sec ‘),fj o

Pre 1ncubat1on anJ‘?Ebding to et1olated contro]s was in. the dark. '
Leaf segments were extracted, and the extract fractionated by |
- ‘fon- exchange chromatography -Each data-polnt represents a mean ‘
r..va1ue S E.M., obtained from dupl1cate determinat1ons on each of a
"h'three separate experiments | | EE
-—<)—- greened materia]
+ etiolated 'control s-
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_the organic acid fraction occurred differences between greened and

- etio]ated material were negligib]e

f: Changes in the labelling of the solubie amino ac1d fractio\\are -

summarized 1n Figures 8 and 9 These data expressed on a fresh weight

- ba51s show that during the first 24 hrs of greening, g1yC1ne exhibited

the greatest rate of labeliing increase In add1t10h gLyc1ne became in- =

'fcrea51ng1y more 1mportant d% a 1abe11ed product account1ng for 23% to
-41% of the totai dpm recovered 1n the amino acid fraction over the same
'period Serine, however declined from 62% to 45% Maxxnmi 1evels of -
a?incorporation 1nto both giycine and serine occurred after 48 hrs of j/'
| “dillumination Labeiiing of aspartate was less but 1ncreased gradually B
| becoming maximal only after 3 days of greening Simi]ar trends were B

"-observed when these data were expressed as specific radioact1v1t1es

| »(Figure 10) Here the rapid 1ncrease 1n spec1fic activity, shown by serine, |

hdwas due 1n part to a decrease 1n pooi 51ze (Appendix B) which occurred

'"durlng greening

‘(Tabie 5) Methionine was- the maJor amino acid~iabe11ed but was only

detected 1n etiolated and ten day greened ieaves Comparable data for e

B \

Overali these data show that formate metaboiism 1§ more rapid

f*iuin the greening ieaf with maximal rates bein@ established during the 7;“ﬂfffgf1

. _f'first 2: days of i11umination,: It should be emphasized

| iﬁ_coincides with that for protein and chiorophyii synthesgs and for enzymeﬁfafff

'f*.activation Additionally glycine apPears to be a major sink for carbon tﬁ,ﬁ*h’d

l]flow from formate. especiaily during the first 24 hrs of greening

59

RO

Labelling of ind1v1duai protein amino ac1gs was a]so examined DR

greven- and eight-day greened 1eaves were not obtained due to the very 1ow-*ih

| 5’1eveis of iabel 1ncorporated into the protein anﬁno ac1d fraction (Figure»f* L



_"and Methods Each data' point represents

-

.', -

[ H] FORMATE INCORPORATION INTO INDIVIDUAL AMINO ACIDS DURING

GREENING

Leaf tlssue and general procedures were as outHned 1n F'igure 8

'-"';‘-Amino ac1d fractionation ehd ana"l“yl_is are as out]ined 1n the Materia]s

. "ean"‘va'lue S E M-"

H from duplicate determinations on each of t‘,_ee ,separate ,;ex_periments ¥ e

—Q—— greened material

._._ etio1ated contro“ls
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:72"-',7[’H] FORMATE FEEDING CHANGES IN SPECIFIC Acnvm or INDIVIDUAL AMINO
e ACIDS wmue GREENING I~

s of tissue and feeding method see

-o— greened materi a]

-—Q— et olated controIs ‘-'::’i' e '
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As . a corﬁﬂlary to- this study [3H]formate metabo]ism was exam1ned

c1n several other pIant spec1es,,to determ1ne whether s1mi1ar trends occurred

| A Oompa.mson between [3H]formate metabolwm, in. barley and other pZant spectes
In th1s study, the isotope was suppI1ed to greened and’ etiolated )
'eraVes. Leaves of barIey, corn and dwarfbean obta1ned as out11ned in
.the Mater1aIs and Methods, were e1ther greened or held 1n the dark for 1,
_2 and 3 days respect1ve1y After these green1ng per1ods, chlorophyll
| contents were approx1mate1y 75% of maximum The broad bean leaves were
j[_harvested from mature greenh6USe material (Mater1a1 and. Methods) The
d1str1but1on of IabeI in the vardPus ceIIuIar fract1ons, and in 1nd1v1dua1
. ’squbIe am1no ac1ds 1s summar1zed 1n Tables 6 and 7. In genera] terms,-
_’ these data 1nd1cate that formate metabo]1sm was s1m11ar in a]] of the ‘
;:spec1es exam1n2d and was more extens1ve 1n the greened mater1a] ' Spec1fic
frad1oact1v1t1es of 1ndiv1dua] am1no ac1ds also ref]ected th1s More
'=spec1f1ca]1y howeVer dlfferences in the degree of 1abe111ng of so] . I
‘amino acids did occur between the C3 spec1es and corn. In th1s coﬂiﬁft1on
'approximately 40% of the recovered IabeI was 1n egcine for the greened
d]eaves of the Cs species exam1ned but only 6% was recovered in th1s am1no ’
"_ac1d for corn In th1s Cu pIant ser1ne was the maJor IabeIIed am1no acid ITF
(69%) Also, carbon flow to. ser1ne and g]ycine was s1m11&r 1n corn. _
‘5regard1ess of treatment Greened Ieaves of bar]ey and-the other C3 specfes g
f on;, the other hand showed Iess serine IabeIl1ng and three to four foId .~‘
‘“7more egcine Iabeiling,rwhen'compared to the co;trols CIearIy at th1s {7

f”1ntermediate s'_ge 4.‘green1ng a major row of carbon from formate 1s to e

’-

serine in. corn and to egcine in barIey and the other Ca spec1es examined \

D

Y L



- Table 6. [’H] Formate feeding to greened ledf sections ‘from. different plant species,

‘ barley - dwarf bean  ‘broad bean

Ether solubles * ~ . dm 45.8¢ 2.0 75.84. 4.5 19.4¢ 20 -

‘Su‘gar_s_ S .dpln, 153.8 ¢ 4.1 9.0 t 8.5 10.9% o0.6° '
Organic acids . S dem 705.8't 36,8 609.0 t 54.2 952,.0 t 2.8
Solubl.e'sm1no.ac‘l‘d‘s , | d
(a) iot,lvfrs;tion ,‘ dpml-411.2 £55.2 777.2¢ 70.7. 4701 ¢t 40

(b) 11nd’1'vi_dua'1 components

R

-aspartic acld sp. act. 159.7+18.9 .103.8%20.3 49.2: 6.8

1y [ 4

94,2 ¢ 11.3

CH(%) - 08w .57 . 22
T sertne’ - sp.act. 696.1¢ 2006 238.5 ¢ 33.8 311.5 16,6, 347.5¢ 86.5
L ) TM(5) 380 B N N X )
! ' Cglycine .%p." act. 569,6 t92.9 - 198 2t 71,7 618, 2t ss 8 " :2-7.8&"_: 43
T B N N - X  ws T T 60,
- methionine . "v:’lli-;(i).. onad, 5.0 ‘ ;.'.5'.7_ DR 2 %
n.d, - not detected . ‘ —~ ' . o .
' _dpﬂ <107 % radioactivity recovered (dpmla 1eaves) * S GE M ‘ _ o
‘ o :sp lct $ 10" X spscific ndioactivit.,y (dpm/pnole) t§ E M.. o . - s

percent of tota'l M in_ anino actd pool.“.. .
' ' 7 ' S
o an dusrf bam were greened for 1 2 nd 3 days respectivsly N

'Ls;vcs'sf bahls I
Broad bean was gnensd under conditions uut'Hnsd 1n the kterials and“ Hethods After a 15 .
.:‘nin pre-incubstion 7. 5: uc1 of [’N] forute (sp. lct 182 ucilmole) unrq fed. to luf scet -
- . fons. for 20 lin Prs-incubst‘lon and fcsding \ns in the 'tht. 500 ulinst.insgn sec ELY¥ o
/_2 Subsequent oxtract'lon. frsctiomtion and uino acid snslysis have béen described (Hatarhls , .
| ' '.'and Hstﬁods) Dltl npnssnt hun\vs'luqs 3. S.E M., obtsinod from duplicste detmninntions

on each of | tm sepanu sxpcrinnts. o T '

——-""“J . 'l.' 2 Ve T o~

(¢}
N
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(b) individual components

dpni

ﬁspartic acid 'ép. act.
s m)
| serfnel ’ : sp.‘act;
| CMWAE)
| glycine sp;”act.
Wo(%)
)

methionine . °H (%

-

N7+ 6.5
10,8‘\”

101.6 ¢+ .26.7 -

45,1

97.1 ¢ 12.3

12.5
" n.d.

ve

38.9¢ 10.6
9.5

396.1 ¢ 87.2

' 50.9

T e
190.7 £ 33.2.

14.9
‘2.7

20‘.6

29.9t 4.9

73.8 +25.3
52.6

~

22.8¢ 10.3

n.d.

“0.2,

| /67
) g s
e '3
' . v
.l ) “ ) ‘ )
Table 7. [ H] Formate feeding. to etiolated leaf sections from differént plant species.
barley dwarf bean i corn -
- - ;
Ethe? sdlubles dpm  12.2t 1.0 9.1t 1.3 12.0¢ 0.7
Sugars, dpm 500t 0.1 48.8¢ 2.0 40.6¢t 2.0
Organic acids ‘dpm 746.0 ¢ 51.0 | 105.8.¢ 46.3 4706 ¢ 53.2
Soluble amino acids ' ‘. » - . .
(a) total fraction 223.1 ¢ 22.4 3341 ¢ 18.4

'198.3 ¢ 36.8

S

1

Data gresentation and gzneral procadures are as outlined fcr Table’ 6, except that

A

" dark, as were.. the pre-incubation and feeding periods

A

=R

"treatment periods of 1,2 and 3 days respectively for barley. corn and dwarf bean were fn the
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Evidence fbr the acttvatcon of fbnnate us a 0-1 uﬁct in greening barZey

A

‘A\l' The above‘feed1ng experiments indicate tha barley leaves can.

metabolise fonnate directly as; a c-1 un1t. In addit1oh the produqts of .

: ) N
S thxs metabol1sm, coupled with the presence of act1ve relevant enzymes, o

suggest that the 1n1t1al step in th1s process 1nvolves fonnation of 10~
fonmyltetrahydrofolate Th1s poss1b1l1ty was exam1ned 1n further exper1-'.4
ments us1hg the folate analogue am1nopter1n " _

| Am1nopter1n is’ known tq inh1b1t d1hydrofolate reductase act1v1ty

tn vitro and is generally thought to act sjm1larly in vivo (Blakley, 1969)
‘ 1 .

,‘;. As this eniyhe reduces HtheGlu to HuPteGlu tetrahydrofolate def1c1ency
B w1ll _occur in tissues treated w1th the analogue (Blakley, 1969 Spronk and

Cossans l972) In such cases,lﬂetabol1c reactions dependent upon HuPteGlu
l
w1ll be severely 1nhib1ted Th1s cascadeoeffect W1ll be most apparent under :

condit1ons of rap1d folate turnOVer, that is when the dehands for’ reduéed
folate der1vat1ves are max1mal Such a per1od w1ll occur when etiolated .;;.“‘
leaves green, since qreen‘tassues contaln consxderably hlbher levels of o
reduCed folates than do their et1olated counterparts (SprTnk and Cossips,

1,72)

actl”dties wjll be lower 1n leaves greened 1n the presence\of antnopterin

Thusvif formate 13 1ndeed metabollsed via this route significant inh1b1t1on<; :

,,should?resultgin the'amjnppterin treated leaves To test thhs labelled
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Table 8 ["C] Fo}ate letabolis- in barlcy ‘qus greoncd 1n the prescnce of' R

qni nopter“i n

» u" a N N SO o o . A-inopterin concentn‘tion (H) .
. = . e : L ~ — 4 l — Ty

mg/g frowt. 0.26 Y .a‘.t:a'z i 0.25 t V.01 ."o.lsv.tl a.'qi S0 g1

g inhibtion B o fﬂ - n’s T 2.9 B Y SN

Ether soiubles D S . '.-: ' ST
T w22 _'£-_'o_.b'--'_"--;_‘zit"-.t :oz : 165:03

¥ h\Mbition- T e e 250

| dpe 1 260.2.+23.0 2317 ¢ 8.2 1458 304 R 128.2 ¢ 18,5

nnhmtion'f T T 440 R K A

dpm. . 32.3 £ 14.8 - 283.6 t,zbv.a_. 229 6t z7 9 ‘1381 :.- 18\3

*nbdbitton . T o Gl 2s s 558

Otgqnic acids R V‘",".’._ T

K

. R B
" Soluble amino acids ) BN R
-",aai' T3 e 90 393, 3 u ) I _'_z‘a'sf;_fz_.!:-;?s'v‘ ‘

5. . S

e. Z inhibition' o ‘r";:l,‘ T "'."--"2: : 351 .

2211, ¢ 28,9 )

. Total 1 *c i ncorpontcd

1037 5 £ Lz 3 930 1 -_t_' 37,6
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: ﬁonmate and folate metabolism 1n greening bar1ey leaves "It shou1d be ;v;j{;ﬁf.

:fnoted that inherent in this experiment was the assumption that the contrx-fl_”

| Lb"ti°” V‘é 1I’C‘Jz Pe-fixation to the 1abe11ing Was not affected by the _:7*”"""'

| ';:”aminopteri" treatment That this jﬁs:the case- is ciear from the data in i;’

) f:Tab1e 9, where sim11ar 1nh1bition occurred when [3H]formate was used

In th1s more deta11ed analysis, leaves greened 1n the presence,of am1nop- X

hter1n showed a decrease in the spec1f1c radioact1v1ty of a11 so]ub1e am1no

| -r‘fzacid products (Tab1e 9) Th1s suggests that formate,fthrough 1ts'act1va- 'f;t

' ;“tlon as a C 1 untt,Ldakes a. sigh1f1cant contribut1on to these ce11u1ar :

- m;pooTs dur1ng green1d§‘ - : ) . o ,
e It shou]d aTSo be noted that am1nopter1n treatnent reduce tota]
cmorophyn 1evels by up to 40% (Tab]e 8) |

‘.':'The ef‘fect of INH on forma'be metabolwm m vwo 1.n barley Zeaves L

{;415 cata]yzed by g]ycfne synthase-(lntroduct1on) ThlS enzyme requ1res f”i}ﬁi?eiﬁf”




- '*"-:.g;'-.:";-]’_ab'lp 9, [?

" B A L Auinogterm concentration (H)
R A P R .

p f'E't'hc'r. -s‘bmbf'g‘s-' BT dp- . "51"'3£ a s :".-f‘;':':v".'_'-" 34 6 t 15
. Sugars T e ; 397 2 : o8 208.3 t40. i

- Orglnic actds L dpm u t 188.1 468 9£27.9 .

"So'luble amino acids SO dpme -f; 759 s (3 ‘..fb.,' :513 Ot 9.1
' g CE ..,:.,lsss o 3 188.3 - 1225 8¢ 79 .3

Tota'l [*u] mcorpomed : L
tom z' 1nmmnon-, e « _.:34.0"

Ind1v1dua1 amino acids hbelled

4.3

i - -

l R ;spart‘!c acid SRS : '70:6 tla 2 325

44'5 tize St i39 s

W 3705 tmz 225K £, 8l

 serine




e

- Taple 10, -Effect af INH on. [°H] fo

aspartic a’c'
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v ?"I. 1"T§b]e- 15 Effat of fomate ’on [2-“C]glyconate nenbolisn 1n parthlly greened barley
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‘\ S ‘.',Sugars e e dpe 152\;-3, '-.-.19 6 N 153 5 t 28, 5- 1'7-.61--1- '.t- 3. 8
' ' ) 'lProtg'ln amino acids . dpn e 7 2.;-*"_
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‘ th}i}“f Fonnate production from g]ycol1ate, via glyoxy]ate, 1s c1ose1y -

!

h Tn'f',coupled to ‘the act1vity of: g]ycol1ate ox1dase (Introduct1on) This fﬁﬁS;fi"n

fenzyme 1s comﬁet1t1ve1y i‘hjbqﬂéd by &HPMS (Ze1itch ]957 Corbett and :ajq‘-

”hZWr1ght 1971), a compoundfwh ch effeot1ve1y reduces carbon f1ow in the ."

. Af’g]ycol1ate pathway (Ze11tch 1975) The effect of ‘this: 1nh1b1tor on

- 1‘”?carbon cn v1vo from glycol]ate to’ formate fn gnggnﬁng bar]ey 1eaves._,

'?,Efonmate metabo]1$m was exam1ned In these eXper1ments seven-day‘et1o]ated
," f‘eaves were greﬁned for 24 hrs in the presence of aHPMS pr1or to formate
em3+.feed1ng In a pns)1m1npry Study (Table 16) 1nh1b1t1on of [1“C]formate
' 1ncorporat1on occurred 1n a11 fractions exam1ned and was dependent upon -
i-aHPMS concentrat1on In addit1on ch]orophyl] synthes1s was greatly " AT
Y;ireduced in the' treated,leaves A more deta11ed ana]ysws us1ng [3H}fonnate f;;Tf

;(Tab]e 17), showed that s1gn1f1cant 1nh1b1t1on in the 1abe111ng of/gTyc1ne

. hand ser1ne occurred 1n response to t%eatment These data 1mp1y a f]ow of

'}fFuther they SUggest that the formate act1vat1ng enzyme 10*formy1tetra— _};;E:f}‘
_,ﬁhydrofo]ate synthetase, may be regu]ated by ﬁormate, e1ther thnpugh

. act1vat1on or dé novo synthesis.. Consistent with th1s suggestion analysis hﬂﬁi'

| 7.?hof synthetase 1eve1s (Tab1e 18) showed less act1v1ty wpen crude or de saﬂteddith:

: extracts of'a-HPMS treated 1eaves wene exam1ned
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aHPMS coré:entraﬂon (M) “r

\ e
" . 0 107
Ether solubles : - dpm 263.1 £+ 13.6 ’ zoa,f"t_ V
Sugars. '  dpm. 90.8 ¢ 10.1 / 136.0¢ 0.1
Organic acids dpm - ° 536.8 ¢ 29.4 | 423.0 ¢ 10.1
_*Soluble amino acids "dpm  503.6: 4.6 { 3567 ¢ 4.1
Total [*H] incorporated o dpm 1394.3 + 61.7 1024.07¢ 23.5

' : total % inhibition . 26.6

Individual amino acids labelled vo o
aspartic acid . .dpm 98.1 ¢ 3:1 95.6 ¢ 3.,;;
| |  sp. act. 7.6+ 5.5 1901+ 6.3
serine ™/ dpm 2258t 5.8 143.4+ 2.4
sp. act, . 294.8: 7.5 191.5 ¢ 3,2
glycine ‘ dpm ' Vo543¢ 2,1 35.8¢ 1.1
. sp. act. 1 189.2¢ 7.2 142.5 ¢ 4.'4
alanine dpm 8.0+ 1.2 7.8t 0.5
sp. act. 13,1+ 1.9 10.8¢+ 0.4

-

’ ’
Table 17. ['H]lFormate metabolism in barley leaves greened i%':ﬁ‘i presence of oHPMS

4

82

o

dpm - 107° x total 'H incorporated per three lea

ves % é.E.M.

sp. act. - 10" x specific radioactivity (dpm/unole) + S.EM,
General procedures were as outHne for Tab\é?. Il‘luminated preincubation and feeding

periods were 15 and 20 min respecﬂlvﬂy. The amount of ['H]formte fed was 37.5 uci

(sps act. 182 uci/umole). Data represent mean values ¢ S.E.M., obtained from dupliicate

‘determinations on each of two nparaté experiments.
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Table 18, 10-Fomy1te’trahydr6folate synthetase activity in barle leaveﬁ. greened in the

ﬁ}e;ence'o,'f: u.lijHS. > .
oHPMS concentration{M) - ' : . b
R IR 107 e
Crude, ;xtract . , ‘ ' ‘
nmoles/min/g fresh wt.  101.1 ¢ 6.3 - 97.1¢% 2.0 70.2 ¢ £.3
% fnhibitfon - _ | 40 - . 306
nmoles/min/mg protein ' | 6.9 ¢ 0.5 6.2+0.2 , 4.3+ 0.1
| % 1nh1p?rtion 16,.1 : 37 ¢ *
De-salted extract
nmoles/min/g fresh. wt. 2282 + 6.5 ~226.6t8.2  172.9t6.6
‘% inhibition - 0.7 , 24.2 X
' nmoles/m1n/\r|29::_g('$tein . 28,9 ¢ 0.7 27,27t 0.7 "22.1 £ 0.6
% inhibition 5.9 233"

) .
General procedures were as outlined for Table 6. The complete reiction system and assay

procedures are described in the Materials and Methods. Data repres\ent mean’ values * S .EM,

from trip'llicate assays on each of two separate experiments, .
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" DISCUSSION

e As autlined in the Introduction, C;fspe.ciefs- metabolize a
significant amouht of recently fixed Ca;bon'thrbughzthe glycollate-
_gTycerete pathways; the partiai reactipns oflwhieh spen three organelles
;(Scheme 1). The high]y chpartmented'nature of these ree/yiohs ihpTy a
high degree of co- -ordination between enzymic act1V1ty and flow of 1nter—'
mediates between these organelles. Studies of mathre leaves obta1ned
from greenhouse-grown h]anfs, expoéed to sequent1a1 light and dark "
regimes, have led to the proposa] that th1s carbon flow is tightly
coupled (Tolbert and Ryan, 1976) However the dé novo synthes1s of key
enzymes, and the cohs1derab1e degree of morpho1091ce1 change these
organe]]es undergo, in resbdnse'to iJlumination (Intreduction), impTy a
gradual co-ordination of the part1a1 react1ons dur1ng the green1ng period.
Thus dur1n9 this deve1opmenta1 phase it is. nat unreasonable to suppose
that some of these reactions may serve to sat1§fy the many other'metahs
olic processes which hay be eccqrring. The present study supports this
contention, and fndicates that differences may exiet betheen gf&tol]ate
metabolism in greening barley leaves and that wh{eh genera11y/;ccuré in
mature teaves of C; species. In the following discussionm, the nature

of both folate and glycollate metabolism 1n'greening'bar1ey’ie§yes wi]] .
be considered, particular emphasis being placed on the‘poséible rbTe'of
glyoxylate as an intermediate in 10-formyltetrahydrofokaae syﬁéheeis.
 In addition, carbon flow in the g]yco]late pathway, and-via C-1 metabol-
ism, will be asSes;ed in relation to other metabdlic processes thch

accompany the'greening process,

84 C .
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GZycoZZate metabolwm md the gZycoZZa‘te pat?)ay, ‘Ln/garley Zeaves ®
du.nng greemng. T : L .

| The overall path of carbon in the g1y¢o11ate pathway is well
estab]ished in mature 1eave§ of C spec1es,.a]though*the 1mmed1ate '
substrate of photorespiratory €0, is stil]'the subjéct Of‘some debate
(Ha111we11 1978). However, a comparison between data obtained 1n the

present stud1es, and that From investigations of mature 1eaves, carr1ed
5

o out under s1m11ar conditions, reveal some striklng d1fferences

)

Pu]se feed1ng of [2- 1"C]g]ycoﬂate to mature ‘wheat 1eaves

(Wang and Burr1s, 1963) resu]ted in 10% and 50% of the labetl 1n the

am1no ac1d fract1on being recovered in g]yc1ne and serine respective]y

A s1m11ar finding has been reported for [1- 1"C]g]_ycoﬂate metabolism

_1n mature pea, (M1f11n et al., 1966) and barley 1eaves (Tamas and B1dwe11,

1971).f These data imply that m1tochondrlgl ser1ne hydroxymethy1trans-~"
ferase activity is high in these t1ssues, and are consistent with a

funct1ona1 glycollate pathway in both perox1somes and m1tpchondr1a

-(Scheme 1). In the present stud1es, the rapld metabolism of g]yco11ate

. to glycine (Tab]e 11), and ‘the presence of glycleate oxidase activity

(Figure 2) argues for an active peroxisomal. component of the glycol1ate.
pathway in bar]ey 1eaves, greened for 24 hrs., However the 1ow rates

of serine 1abe111ng, either from [2- 1"C]g]ycol]ate (90% retovered in
"glycine, 4% in serine;. Table 11) or from both [1- 1"C] and [Z-I“C]glycine
(1ess than 2% recovered in serine; Table 12) ra1ses questlons concern1ng
the act1v1ty of serine hydroxymethyltransferase in these 1eaves These
1atter data are particular]y 1nterest1ng considerlng the rapld metabol1sm
of glycine to serine, or products of serine metabolism, shown by studies

of mature. 1eaves from severa] C - speries (Wang and Burr1sl 1963; M1f11n

et al., 1966 Na1dyanatha et az 1975)., wh11e the present st§d1es have

“



1eaf homgenates had very Tow transfefase actIV1ty (0 06 umo]eslhr/mg ””’”,?ijg;:

Lchlorophyl]) when compared to elther g?ycol]ate oxidase at the same ;,‘2'J
. green1ng stage 6?5 Hmoles/hr/mgjchlorophyll Figure 2), or. tp recent
“11terature va]ues fOr the trdnsferase (30 50 pmoles[hr/mg chlorophy]]),

'fobtained for homogenates of mature 1eaves of severaﬂ Cg spec1es (Noo,-- o )

As outllned ﬁn the Introduct1on, there i good ev1dence that :dflﬁs
ser1ne synthes1s in the m1tochondr1a is coupled to g1yc1ne synthetase t;f
act1v1ty : Indeed, it may be that the c1eavage of glyc1ne wh1ch OCCUrs

\‘ .) “

in thts step (Scheme 1), 1s fundamenta1 to the operat1on of the g1yco]1-h |

. A

hate pathway (Tolbert and Ryan, 1976) Howeyer. a]though bar]ey 1eaves, j'
whlch had been greened for 24 hrs‘ demonstrated th1s act1v1ty (Tab1e 12),
its rate again appears to be qu1te Tow. v _

It is appargnt from these data, that wh11e g]yc1ne is. an 1mport- y

»

ant! product of glycoi]ate metabo11sm in bar]ey leaves after 24 hrs of
‘green1ng, these 1eaves do not have the ability to rap1d1y metabollze ,
g]yc1ne through the m1tochondr1a1 react1ons of the glycollate pathway
ﬁThe presence of a fu]]y functional glyco11ate pathway in mature 1eaves
of this spec1es (Tamas and B1dwe11 1971) therefore suggests a gradua]
activat1on and co- ord1ngt1on of th1s pathway dur1ng the*green1ng per1od
In th1s regard, it is noteworthy that a 12 hr illumination perlod was ?‘
requ1red before appreclable amounts of recently fixed carbon entered the
' g]yc1ne ser1ne poo], 1n a’ study of greenlng barley" 1eaves (Tamas et aZ

'1970). Unfortunate]y, as these 1atter workers did not separaJe data- for

glycine and ser1ne comparlsons with the present work are somewhat 11mjted.

&
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processee anolved

fn a. recent rev1ew Ha111we11 (1978) has 1nd1cated that there

0 N
ﬁare two maJor routes for formate metabol1sm in- leaf t1ssues. one

'1nvolv1ng ox1dat1on, and the other act1vat1on as’'a C-1 unlt Radio-

1sotope feed1ng stud1es (Tolbert, 1955;v§ossi s and Sinha, 1965;

‘ Coss1ns, 1978;: Hansen '
.‘and Ne]sen, 1978) have shown that a w1de Var1e y of green tissues
lrap1d1y metabol1ze formate into typ1ca1 produc s of fo]ate metabo]1sm,

‘such as serlne methionine, glycine and adeninel. These observat1oﬂs,

‘:together wtth the wlde oecurrence of 10- formylt%trahydrofo]ate synthet-
' ﬁase in mature 1eaves, and photosynthetic m1croorgan1sms (Iwa1 et aZ

-1967 Lor and Cossins, 1978) have led to the pr posa] that in such
a'spec1es, the mé/or route for . ¥0- formy]tetrahydrofo]ate synthes1s is .
via formate«act1vat1on A s1m11ar conclusiort may. be drawn for the '”
Cs and Ct spec1es exam1ned in the present stud1es Here,’ the amlno

- acid 1abe111ng profi]es;tresultﬁng from [3H]f0rmate metabo11sm (Tab]e 6)
" ‘and the-presencé of an act1ve 10- formyltetrahydrofo1ate synthetase

v.(F1gure 4; Appendix C) prOV1de support1ng ev1dence 'Furthermore, §in |
i ‘bar]ey,bthe 1nh1b1tory effect of aminopter1n on product 1ahe111ng\§pom
& H]formate (Table 8) and on the spec1f1c rad1oact1vities of. ser1ne ‘
‘and g]yc1ne (Table 9) demonstrates the inVleement of - foJate dependent
' .enzymes 1n the pathway of formate metabo]1sm An 1nterest1ng corollary
Mto these conc]us1ons 1s prov1ded by a recent study (Acedo 1979) where it
was shown that exogenous formate -greatly stimulated the growth of an'

Arabtdopste mutant possessing 1ow 1evels of several key folate- dependent

~enzymes.



| The 1ow 3H/“’C ratios, obta1néd 1n th comparative labell-
1ng studxes (Tab]e 4), ind!cate that" oxidat1on Cf formate a]so occurs .
in barley. Additlonally, ‘the nature of the 1abe11ed products and the .‘
‘“hjﬁher ratios for: etio]ated leaves, suggest that th1s ox1dat1on generates
f/f" CO which ‘is re f1xed in the 1rght "and then metabo]tzed via the Catvin
- i cyc]e Two*major routes for formate=ox1dat1on to CO in’ 1eaves have
" been proposed The first 1nv01ves NAD -coup]ed form1c dehydrogenase,

fwhlch has  been; demonstrated in homogenates from a var1ety of p1ant tlssues

N a

(Coss1ns and Slnha, 1965) In 1eaves, th1s enzyme is. be11eved to be
.'.,a1most ent1re1y m1tochondr1a1 (Ha113we11 1974, 1928), and of 1ow act1v--
Tty (Ha1Jiwe11- 1974 1978 Grod21nsk1, 1979) Ha]]lwell (1974) has |

.proposed a second route for formate ox1dat1on in 1eaves, 1nvo]v1ng the.
-perox1dat1c action of’ cata]ase Th1s react1on has been shown to'occur T
in leaf peroxisomes (Halllwell 1974 Grodz1nsk1, 1979) and uses.Hzoz.-
'\der1ved frumglycollate ox1dat1on (Ha111we11 1978) |
c Wh11e the present stud1es clear]y 1nd1cate that green1ng
.barley 1eaves effect1ve1y oxidize exogenous]y supp11ed formate, the -
're1at1ve contr1butlons of the above reactlons to th1s process ‘have not
‘been assessed Add1t1ona11y no 1nformat1on is ava1]ab1e as to the
nature and extent of ox1dat1on of endogenous formate pools, which may’
| “f.be generated 1n bar]ey during the greenlng period However it is poss-
':1b1e that on]y 1ow rates of ox1dat1on of these pooIs may be occurr1ng
o s1nce Grodz1nsk1 (1979) has shown that leaf homogenates of sp1nach beet |
lconta1n Tow NAD form1c dehydrogenase act1vity, as . compared to 10- formy]-
tetrahydrofo]ate synthetase and has argued that the major fate of |

~'formate, generated in 1eaf peroxisomes, 1nvo]ves the latter enzyme



Posstble tnterrelattonshtps between glydoZZate and fblate metaboltam

. tn greenzng barZey

,

~ There is con51derab1e debate in the current literature

(Introduct1on) concern1ng,the ro]e of g]yoxylate in g]yco]]ate metab-~f
”ol1sm,’as th1s 1ntermed1ate _may be s1tuateq at a key branch-po1nt in
"the g]yco]late pathway (Schem& 3) Indeed, recent stud1es by Grodzinsk1 ,
(1978) @nd Oliver (1979) 1ndicate that a 51gn1f1cant proport1on of the |
' "photoresp1ratory CO re]eased from g1yco]1ate, arises via glyoxy1ate

- decarboxylatuon " Since formate is also generated by this r§%ct1on
.( Halliwell and Butt 1974<\Scheme 3) these conc]us1onsnare of- part1cn1-__
_ar interest ‘to the present stud1es in the light of the 1ncreas1ng rate ‘
of 10-formyltetrahydrofolate~synthes1s wh1ch occurs as “the et1olated3
}barley leaf _greens - (F1gures 4 and 9). |
ef/- " While an ana]ogous carbon. flow from g]yco11ate > g]yoxy]ate +‘.
- fonnate -+ 10-formy1tetrahydrofolateucan»be implied from the greening

, data (F1gures 2,3,4 and 9), the inhibitory effect of aHPMS on formate

-metabo]1sm in vtvo (Tables 16 and 17), and on the act1v1ty of 10 formy]e,
tetrahydrofolate synthetase in. leaf homogenatesf(Tab]e 18) prov1de good \
evidence for a- re1at1onsh1p between g]yco]]ate metaboTlsm and 10-formyl-
'_tetrahydrofolate synthe51s in bar]ey A s1m1fgr conc1u51on has been B K
drawn from a study of fo]ate metabo]1sm in Euglena graczlts (Lor and f’
Cossins, 1978) where oHPMS treatment greatly reduced ]0 formy]tetrahydro-
fo]ate synthetase act1v1ty, and the poo] 51zes of metabo]xca]]y 1mportant
fo1ates | | |

The:magnitude of this carbon fion from'gTytoTlate to“ .

10- formyltetrahydrofOIate is d1ff1cu]t to assess The 1ack of apprec1ab1e_

“dilution 1n the formate competit1on exper1ments (Table 15) clear]y

A

t



'que$t1ons the 1nvolvement of formate in the path of carbon from g]ycoll-

4.‘Euglena gracglts, a product of g]ycol]ate metaholism, conceivably

‘Production 'o‘f ' Zab'elled serine and glyeine during' -[33-] formatef feeding

.-'Q-f_ C ' - .90

7]

ate and suggests that the maJor flow from glycollate-is via g]yc1ne

transam1nase (Scheme 3). Th1s does not negate g]yoxy]ate decarboxylat-‘

4t.1on however, s1nce a s1mi1ar f1nd1ng has been reported for spinach-
'beet perox1somes (Grodz1nski 1979) where sign1f1cant formate product- .

~ion by g]yoxylate decarboxylat1on ha's been reported (Ha111we11 and Butt

1974, Grodz1nski“1979) Indeed, v1ewed quant1tat1ve1y the present

- enzyme data (F1gures 2 and 4) suggest that glyoxylate decarboxy]at1on
’and 10- formy]tetrahydrofo]ate synthes1s can account for about 20% of

"g1yc01]ate metabo112ed-1n bar]ey during the flrst two days of greening.

An 1nterest1ng para11e1 to these present studies :is prov1ded

by the data of‘Lor and Coss1ns (1978), who have suggested that in

formate, may‘be_necessary‘to'maintatn hfgh 10-f0rmy1tetrahydrofolate

synthetase levels, The 1nh1b1tory effects of aHPMS (Tab]es 16 and 17)

and the effect of exogenous formate on the poo]s of formate related am1no

acids (Tab]e 15),- indicate that a s1m1T _1tuatlon may aIso preva11 1n

\barley wh11e these poss1b111t1es have not been exam1ned further, it is

.1nterest1ng to note that formate is. known to Tnduce 10- formy]tetrahydro- :

folate synthetase in MtcrocOccus aerogenes (Whiteley, 1967) The poss1b1e '
M .

regulatory role of formate, suggested in these studwes, is clearly an

‘area worthy of further”study.

In keep1ng With prev1ous studies (Tolbert 1955;,Cossins and

;S1nha, 1965 Bowman and Rohr1nger, 1970 Kent 1972;.Ca1m55 and Vta1a,.



t "' '
1978 Foo and Cossins 1978), serine was a maJorzLabelled product of

o formate metabo11sm 1n'aTaJspec1es exam1ned in thlS study (Table 6).

¥

- ﬁeed1ng In addition, ser1ne may a]so ar1se at a site which 1s 1ndepend-

At}

"wh11e ser1ne hydroxymethy]transferase act1v1ty can be 1mp11ed from these
,data the 1nh1bit1on of serine 1abell1ng by INH (Table 10) prov1des

_support1ng evidence (M1f11n et aZ 1966; 011ver, 1979) for the 1nvo]ve- C

ment of this enzyme in barley 1eaves ThlS f1nd1ng 1s somewhat surpr1s-

. ing. cons1der1ng the: apparent Tow act1v1ty of this enzyme in 1eaf homogen-

ates (Tab]e 13), and the resu1ts from prev1ously discussed feed1ng

exper1ments (Tab]e 11) - It shou]d be noted however that ser1ne hydroxy- -

transferase activity was assayed by measurement of 5,10- methylenetetra—
hydrofolate production, (Mater1als and Methods) . Thus if the enzyme is

not freely revers1b1e in vtvo, labe]11ng could arise dur1ng formate

.ent of the g]ycol]ate pathway This pos51b111ty is' supported by reports

that serine hydroxymethy]transferase actIV1ty is common]y cytosolic
(K1sak1 ‘ot al., 1971a “Woo, 1979) and ch]orop]ast1c (Shah and Coss1ns,

1970; K1sak1 et al., 1977a; Woo, 1979) in 1eaves of C species. fnvo1ve-

ment of a ch]oroplast1c enzyme s conce1vab1e ‘from the present data

(Tab]e 12) as exogenous glycine, which was metabo11zed at 1ow rates,
does not read11y penetrate the inner envelope membrane of C plant
ch]orop]asts (Ha111we11 1978) Formate on the other hand is readi]y
taken up by ch]orop]asts (Halliwell, 1978), and m1ght therefore play a
key ro1e in ser1ne synthesis, particularly dur1ng the green1ng per1od

when cons1derab1e membrane synthes1s and morpho1og1ca] development is

' occurring (Bradbeer et al., 1977). C]early,'the foregoing arguments

are somewhat speculative in nature and more detailed studies on.the



nature of serine hydroxymethy]transferase and it compartmentat1on 1n

* 1

~

greening bar]ey 1eaves, are needed R
As out11ned in the Resu]ts, Q]ytine 1s an 1mportant product
hof formate metabo]1sm in barley, part1cu1ar1y dur1ng the 1n1tia] 24 hr ‘
greening per1od when 1ts rate of 1abe111ng is max1ma1u(f1gure 9) “In Jr.p .
addition to bar]ey, th1s am1no acid was also labelled by Y 1n the |
“other’ C spec1es examined (Tab]e 6) : The data for broad usanare contrary
to that reported by Kent (%Q72) who used s1m11ar1y grown greenhouse
" material. However in his work Kent (1972) 1nf11trated the 1eaves w1th
[3H]formate in the dark for 1 hr pr1or to illumination and subsequent X

ana]ys1s Cons1der1d@ the 1ong dark per1od during which sign1f1cant

nate metabol1sm must occur (Tab1e 7% Cossins and S1nha, 1965; Bow-

and Rohr1nger 1970 Foo and Coss1ns, 1978) 1t 1s d1ff1cu1t to ‘
assess the relevance of th1s work’ to that in.the preSent study

G]yc1ne labe1]1ng from [I“C]fonnate has been yeported in a

number of stud1es of mature Teaves (Cossins and S1nha, 1965}vBowman
‘and Rohr1nger, 1970} Calmés and Viala, 1978), particutarly whenvfeed-_
ing was -carried out in thellight. In these studies, some-!“C incorporat;

v-ion may have octurred as a resu]t of'i“to; fixation‘(Table 4; Cossins
and Stnha, 1965; Halliwell, 1978). However, as noted in- the ResuTts v
the use ot [?d]formate in thg‘present studies precluded this poss1b111ty

and permitted

assessment of the generat1on and subsequent metabol- .
isn of 10 formyltetrahy ofo]ate | . |

There are seve 1 p]ausib]e routes for the 1ncorporat1on of
this C- 1 un1t 1nto glyc1ne For example S1nha ‘and Cossins (1964) suggest-

\Bd'that serine may g1ve r1se to g]yc1ne through the act1on of a glycine-..
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¢ethanolam1he oyc]e,‘eantion 10 Wh11e it is theoret1ca11y poss1b1e to

’
e

c’H,(oH) CH(NH) -COH T—c’H (OH)-CH,-NH,

R 'cmom:cno- - (10)

an . [2H) 3

e X
c’H,(NH,) co,H L CHo-Co, H'-L CH,(OH):COH

\

‘generate trtt1ated glycine by this route, the: overall Tow rate_of S,

[f-l“c]serihe,metabo1ism (Table 14), as'indicated by the Targe amounts

of 1abe11ed serlne rema1n1ng after the feeding per1od, and the small

'degree of g]yc1ne 1abe111ng from th1s precursor (Tab]e 14) argues

. . against th1s be1ng an important route for glycine generat1on in vivo

6-

in green1ng bar1ey 1eaves " Both wheat (Bowman and Rohr1nger;n1970)

and bar]ey 1eaves (Hanson and Nelsen 1978)'incorporate [r“C]formate L

1nto beta1ne v1a serine, ethanolamine and choline, As beta1ne can be *

ox1d1zed to g]yc1ne (Greenberg, 1969) this may represent a potent1a1

route for g]yc1ne synthes1s However, in this pathway the C of ser1ne :
8.

. becomes the C of glyc1ne, and"this is accompan1ed by the elimination -

<

of *H due to ionization.

It is also poss1b1e to generate glycine from 5 ]O-methylene-

: tetrahydrofo1ate by a reversa] of g]yc1ne c]eavage (equat1on 4, P. 10).

‘This reactlon, cata]yzed by glyc1ne synthase, has been shown to be .

3rever51b1e 1n the m1tochondr1a of pea cotyledons (C]and1n1n and Coss1ns,

1972) and in mamma11an liver (Kikuchi 1973), but in mature 1eaves of C

spec1es wh1ch form ser1ne from gqyc1ne, its d1rect1on appears to fav0ur

. cleavage (Ha111we11 1978). However, the 1nh1b1tory effect of INH on

glycine 1abe111ng From [3H]formate (Table 10), suggests that the reverse

'reaptjon may play an important role ‘in glyc1ne generation in greenlng

ER
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: _bar1ey 1eaves In th?s re ct1on 3H der1ved from E? H]formate can

*

n-,enter the C3H NH group 07 g]yc1ne (KJkuch1, 1973) It shou]d be noted

- however, that the obser:?d glyC1ne 1abel11ng mayrnot be the d1rect resu]t

s
3

_of de novo synthes1s, b

C%
t,rather refTect a contr1but1on of the reverse

<

;react1on to overall equ111br1um ThlS appears un11kely as the’ rates of .

cleavage in th1s tlssye were Toy (Tab]? 12) ﬁnthennore the k1net1cs of

.g]yc1ne 1abe1]1ng (¢1gure 6) and the h1gh percentage of 1ncorporat1on
_of 3H in g]yc1ne re)iipve to, other 1abe11ed,am1no ac1ds throughout the

green1ng period (Tab]e 6 Flgure 9) suggeet that a net de novo synthe51s -

was occurr1ng JIf this is the case, then g]yc1ne wouip conce1vab1y

exist in pools wh1ch are act1ve1y turn1ng over, thereby creatrng a

demand for cont1nued synthes1s dur1ng green1ng Such a turnover;%n e

Ve

greenrng bar]ey can be 1mp11ed from the cons1derab1e 1ncreases in g]yc1ne ,

poo] size observed 1n response to the INH (Table 10) and am1nopter1g

(Table 9) treatments | There is a]so good ev1dence for a rapld ‘turnover

- of free glycine in bar]ey leaves dur1ng green1ng from the work of .

-

- A

Hendry and Stobart (1978) In fact these workers havg suggested that

1n the ear]y std@es of green1ng, when cond1t1ons do not favour h1gh

‘ rates of photoresp1rat1on, glyc1ne may p]ay an 1mportant ro]e in both

8- am1no]aevu11n1c ac1d and ch1orophy11 b1osynthes1s.(Hendry and Stobart

1977b Stobart and Hendry, 1978). Interest1ng]y, th1s observat1on may

: shed some 11ght on the para11e1 rates of 1ncorporat1on of " 3H 1nto g]yc1ne

(F1gure 9) and the, ether so]ub]e fract1on-(F1gure:8), observed imrethe

present stud1es R \\\7<f S -

" °

Coal

“ From the present stud1es it is apparent that g]yc1ne becomes v

,1ncreas1ng]y important as et1o]ated bar]eyqieaves green During th1s

¢
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period, this amino acid cqp be generated from both the partial reactions

of the glycb]]ate bathway and from formate via C-1 metabolism. The

relati(p-confributions of these processes to¢ net glycine synthesis, and

the dynamics of their cgmpartmgntation,'represent,important areas for

future research. . ) ’ o™
. . ’ ' e
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| o + APPENDIX A
AN ISCO SPECTRORADI OMETER ANALYSIS or LIGHT QUALITY IN THE CONTROLLED
ENVIRONMENT CHAMBER USED' IN THIS STUDY. B c

Wave]ength Irrad1ance intensity wavelength Irradlance 1ntens1ty

(nm) . WW cm™* nm™! | () . uW cm "2 7!
380 o0 - 800 5.1
400 | - 0.2 ° '~‘/”‘ 850 - T 42
25 . oy - 900 2.3
450 | - 1.4 950 . 2.3
475, 2.0 ~ looo )
500 29 1050
25 . 38 oo
580 ©o86 . 1150 .
575  ° 18.0 - 1200
600 | 7.6 1250
625 PR 1300 R
650 76 . 130 ~2.5
\ . .
675 43 7 a0 1.0 '
700 - 3.9 T uso _ 0.6
725 | " 4.0 1500 o a3
750 4.8 1550 . 20

"

Growthchamber 1amps Qgre a combination of cool. white fluorescent and Lﬁ@\
100 watt incandesceq&,{ Irradiance 1ntens1ty yas measured at 40 cm from

the lamps. f‘w:', ) .' - o




~ APPENDIX B
CHANGES IN SOLUBLE AMINO ACID POOLS IN ETIOLATED
AND GREENING BARLEY LEAVES.
\

A1l results are expresied as ﬁmoles/g‘fresh wt. leaf tissue

T - trace amount, <0.03’umo1es/g fresh_wt.

‘Pro, Cys, Phe were detected as trace amqunts ™ both greened

and etfo1ated leaves. Arg was present as a trace amount in

~ greened Teaves. et was not detected.

f;é procedures followed were those out11ned in the Materials and
Methods Six- day et1o1ated leaves were either greened or held in
the dark as controls.” Samples were taken through;Ei a four day
treatment period and individual aminof%cid?pools determined.
Data represent mean values + S.E.M., obtained from duplicate

determinations on each of three separate experiments. /

/
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solUb]e"‘

Days gréened .
amino acids 6.5 7. 8 - 9. 10
Lys . 0.41 £ 0,04 0.23 £ 0.03 0.21 + 0.6 0.28 ¢ 0.05 0.21 £ 0.02
His 052 % 0.07 0.23£0.02 0144001 T & T
Asn - 5.73 ¢ 0.4z 2,08 £0.051.13 % 0.21 0.15 £ 0.03 0.18 £ 0.03
Gln - '1.16+£0.19 0.81 +0.13 1.93 ¢ 0.1¢ 1.77 + 0.22 1.47 £.0.29
Asp 2.81. +0.71 0.91 # %-08 0:98 + 0.11 ].06 + ,zzto.sa‘t a.ié
Thr 0.89 £ 0.08 0.38 0,08 0.63 £ 0.01 0.69¢ 0.13 0.63 * 0.13
Ser 1.23%0.24 0.77 ¢ o:ga'1.41 £.0.22 1239 £ 0937 1.12 £ 0.19
6lu 2.5 £ 0.2¢ V.27 + 0.17 2.89 £ 0.27 3.22 £ 0.40 3.27 ¢ 0.65
Gly 0.67 + 0.05 0.42 0.05 0.58 + §.08 0.45 + 0.08 0.47 £ 0.1¢
Ala ';1.97 £0.36 0.90  0.012.30 £ 0.1 "1.83 + 0.18 2.25 + 0.41
Val 1.03 ¢ 0.09 0.3 ¢ 0.02 0.34 ¢ 0.02 70,49 £0.08 0.36 £ 0.06
e 0.31 £ 0.01 0.12.% 0,02 0.09 £ 0.01 0.14 £ 0,03 0.12 £ 0.04
Leu p.14 £ 0;02 Q.08 £ 0.02 0.08ft 0.01 0.16 ¢ 0.02 0.13,+ 0.04
e
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Days etio]ated

\,
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