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Abstract ’

Respiratory activity, folate levels and methionyl- £RNA
transformylase act1v1ty were measured in mltochondrla |
'~1’1solated from cotyledons of pea (Rfsum sativum L. cv -

'1Homesteader)‘and peanut (AFachls hypogaea L cv‘Early
'u-Spanlsh) durlng the flrst seven days of germlnatlon and -
g__growth Rates of oxygen uptake of 1solated mltochondrla
Alncreased ca. 3- fold durlng the first 4 days in pea and

'peanut and contlnued to’ 1ncrease untll the seventh day in .

pean@t\\Parallel trends were observed 1n resplratory control

R \:,..
I

and ADP/O rat1os.: 7{x:
Folate derlvatlves were extracted from whole cotyledons ot

»

and 1solated m1tochondr1a. leferentlal mlcroblologlcal

“ as"éay usmg Lactobaqlllus casei (ATCC 7469) and Pedtococcus "

ac:dtlacttc: (ATCC 8081),‘ combmed w1th DEAE celluose

chromatography of mltochondrlal der1vat1ves, revealed the

presence of a d1screte pool of - folates 1n these organelles

- of both spec1es. The major derlvatlves 1n pea and peanut

"m1tochondr1a were found to be polyglutamates of

10- HCO H, PteGlu and 5-CH, H PteGlu.»' |
Condltlons for optlmal assay of meth10ny1 tRNA

transformylase were stud1ed for both spe01es. In pea

",7; ] ' ;

mltochondrla, transformylase act1V1ty rose rapldly to
vmax1mal levels after 4 days. Thls represented a 4- fold
increase over the level at 18 hougs. Transformylase act1v1ty
reached maxlmal values after 3 days in peanut and - :.\'

represented an‘;ncrease-ofvca. 3-fold.

Y



V.
Cytochrome difference spectra and incorporation of
radioactive leucine and methionine were examined in pea

mﬂ&ochoﬁdrfa Organelles isolated after 3 days exhibited

5

~moch higher levels of cytochromes 'b' and 'a+a,' than

mltochondrla 1solated after 18 hours. Condltlons for optlmal

1ncorporat10ﬁ’bf am1no ac1ds vere, determlned and the rates

[l

of 1ncorporat10n measured 1n 1solated mitochondria of two

ages. Rates in 4= day organelles were found to be 5-fold

—

hlgher than rates of. 18 hour m1tochondr1a. Thls

fincorporatlon was found to depend oM
- ADP and malate. Coptaminating b

'standard»Plate couht assay,=were 2x10° ‘or

'pea\mitochohdria, in conjunction with the above findings, °

%Qgenous suppiy of

» .
easuregd by

ess_per assay, a

/

level that would\not contrlbute 51gn1f1cantly to the rates -

v

of prote1n'synthe5's observed.

) In'bothfspecie . 1evels of mitochondrial folates, in

partlcular those of 10- ICO-H,PteGlu polyglutamates, closely

,paralleled changes 1n/ eth10ny1 tRNA transformylase and

resplratoiy act1v1ty, The presence of.proteln synthesis in‘

»

~

points to a roleaof7mitochondrial prgteih-synthesis‘in the

development of respiratorY’activity.

vi
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I. INTRODUCTION

Germination and early growth of seeds are extremely .
complex-phases of development and have thérefore atfrgaféd a
considerable amount of study. These'periods of dynamicﬁ
éhange invol§e the inﬁe;action of numerous factors and thus
research has eyolved along several lines. Areas inQestigated
include seed maturation as well as aSpects of dormancy.
Séveral workers have also examined the metabolic processes
occurring auring thié time, particularly respiration ahd the
mobilization of storage reserves. Others have studied the
role of plant growth regulators and other factors inzolved
in the control of the above events. }n addiﬁioh, the
impértance of seedling establishment'to the success of é
species has prompted research oglgermination and early
growth from an ecological,'as well as an agriculiural
perspective.

The Introduction of this thesis will focus on certain
aspects of the biochemistry of germination and early growth
.of éeeds with particular reference to the development of a
competent respiratory system. The research présented in this
thesis was performed using fwo legume species,nPisum‘satiVUm
(pea) and Arachis hypogaea (peanut). Several aspects of
germination and growth have Been studied in numerous other
species.lHoweyer, due to the extensive naturé of these
studies, the literature discussed in this section, will be

confined, where possible to previous work on pea and peanut.

The reader's attention is directed to many excellent books

v



and review érti?les which cover portions of the subject of
germination not\@ealt with in detail in this thesis. Books
giving this topid overall coverage include those written by,
Bewley and 3L56in(j978, 1952, 1985), Khan (1977 and 1982),
K&zlowski (1972) and Mayer and Poljakoff-Mayber (1982).

Recent articles have reviewed such.areas as seed development

(Dure, 1975; Higgins, 1984% Millerd, 1975), dormancy

(Taylorson and Hendricks, 1977; Khan, 1980/81), reserve
mobilization (Ashton, 1976; Chrispeels et al., 1979) and
control of germinatign (Mayer, 1980/81; Mayer and Shain,
1974: Wareing andp>aundérs, 1971) Agricultﬁral,aspecté have

been examined by Arora (1983) and by Matthews (1977).

The Introduction of *this thesis is divided into several

‘sections. The first is concerned with the nature of reserves
.found "in seeds of pea and peanut, in addition to the

‘mobilization of these reserves, with an emphasis on the

timing of this process. The second section examines

respiratory activity of these seeds and relationships

\nJ

. between this activity and reserve mobilization. Subsequent

sections consider mechanisms potentially involved in the
development of respiratory activity, particularly
mitochondrial biogenesis and mitochondrial protein’

synthesis. The role of folate metabolism in these latter tyb

processes is also discussed.

/

y



Mobilization of Stored Reserves

Two principal characteristics of seeds are the presence
of stored reserves and the enzyme systems necessary to
convert these reeerves“¢o a form useable by.the growing
' seedling. The major storage products are caroohydrates
(sugar or Etarch), proteins and fats. Organic pnosphates and
some inorganic compounds are aiso stored in the mature seed
as bhy?&n the mlxed Ca?", Mg2+ and K* salts of myoinositol
hexaphosphorlc acid (Bewley and Bladk, 1978). Storage
reserves, synthe51zed during seed maturation, are hydrolyzed
' during the early stages of growth-and nutritionally support
the seedling until it becones photoautotrophic._Although
plants atore all three major types, twovusually predominate.
JThe relative quantities of each is apeties—dependent. For_
examp}e,,pea'seeds-contain, as a percentage.of dry neiéht»
ca. 25% protein( 52% carbohydrate and 6% fat whereas peanut
contains ca. 31% protein, 12% carbohydrate and 48% fat
(Bewley and 31ack,»1978). | \

- Carbohydrate reserves,-comprised mainly’of staroh, é%é;f
stored.intracellularly‘as starch grains. ﬁrotein'is’found in
vorganelleS'named'protein bodies and fats may exiét.aS‘
v;droplets in tne cytoplasm, but probably more often in
disorete organelies termed oil bodiee or sphaerosomeef(ﬁsau;;
1977). The majority of»storage‘products are found either in i

endosperm tissue or as a part:of the embryo itself, in the

cotyledons. | : \\\ )



Hydroly51s of stored reserves has been examined in a
number.of species (for rev1ews see Bewley and Black, 1978
.and Mayer and Poljakoff-Mayber, 1982). Although dlfferences
ex1st between species, some generallzatlons can be made. In
most spec1es examined, degradatlon of reserues beglns
shortly after imbibition and is often b;pha51c. That 1sf
initialiy hydrolysis occurs slowly, but after a few days a
marked increase in activity is observed. In the follow1ng
dlSCUSSlOﬂ, ‘the time of occurrence of specific events is e“ N
given in hours or days after the beglnnlngvof imbibition. |
That is, the seed soaking period:is'fnciuded as part of.the
experimentalltime periodr | ' o

The chief storage protelns of legumes are the
globu11ns. In pea, for example, they comprlse 75- 80% of
total seed protein. on the-baSLs of phy51cal criteria,
ngobulinsihave heen divided into two large groups: the
legumins and vicilins.'within a species, some heterogeneity
exists in elther type among cult1vars but between species
there is even greater varlatlon. In pea, the pr1nc1pal
storage protelns are legumin and v1c111n. The analagous
protelns in peanut are arachln and conarachln Details.on
the proteln content types and structure are g1ven in a
recent article (Mosse and Pernollet 1983), and in the text
of¢Daussant et al. (1983).rr |

Hydroly51s of protein reserves ‘has been studled 1n a.

vnumber of legum%s. Konopska (1978,1979), u51ng SDS gel

electrophore51s, examlned the_changes in levels of the two
: \ _ L ~ - A



major storage proteins of P. Sétivum cv. Lagiewbicki,
1solated from etiolated tissue during a 5 day period.
ﬁProteln began to be degraded after three d ys, but the most
1 rapld decrease began on the flfth day ThlSssame result was
found by Basha and Beevers (1975) studying Xhe Burpeeana
var1ety of pea These workers also examlned the ability of
cotyledon extracts to hydrolyze radloactlvely -labelled
vicillin and legum1n &s expected from the elEctrophoresls
data, the most rapld hydroly51s occurred after 5 days
Earlier studles by Larson and Beevers.(1965) “on amino acid
metabollsm in Alaska pea seedllngs, showed an almost w
ten-fold 1ncrease in. shoot am1no ‘acid levels insthe perlod
from the third to‘the tenth day. ‘The most rapld increase
D‘occurred after 5 dayE) Cotyledon lévels-rose only slightly,
_1nd1cat1ng that the bulk of the amlno ac1ds wvere transported'
to the shoot. Proteln hydroly51s in l1ght grown Alaska pea
however, occurs in a llnear fashlon,,rather than blpha51c
(G uardlola and Sutcliffe, 1971) Whether this. d1fference is
due to growth cond1t1ons or to var1etal d1fferences is not
’clear.[ | |
Proteln hydrolysls has also been studled in peanut Theb

' b1pha51c nature of degradat1on present in pea 'is also found

" in this spec1es w1th the perlod of most rapld hydroly51s

occurrlng after 4~ days (Basha and Cherry, 1978) The
act1v1t1es of proteln degradlng enzymes in other spec1es
' yhave been recently rev1ewed (Mlkola, 1983) Blpha51c protein

degradatlon has recently been: shown to occur in. Phaseolus

ey . ' ) ‘ . % A
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‘vulgaprs (Nlelsen and Liener, '1984).

- Starch reserves are comprlsed of two types of glucose
polymers, amylose and amylopectln Amylose consists of
glucose residues joined by alpha-1, 4 llnkages, whereas
amylopectin contains alpha-1,4- as well as some alpha-1,6-

linkages that cause branchingAin the molecule (SaliSbury and

‘Ross, 1978). Starch is degraded by a series of enzymes and

is accomplished by'hydrolysis as weld’as'phosphorolysis.

Hydrolytlc enzymes include alpha— and beta amylase,
alpha gluc051dase and debranchlng enzymes ‘The flnal\product

of the act1v1ty of these enzymes is free glucose, whlch can

be converted to sucrose, the form of carbohydrate.

S}

transported. to the seedllng Glucose 1= phosphate, produced

by phosphorylase, is also converted to sucrose.
Moblllzatlon of starch reserves has been examlned 1n

pea and the pattern is 51m11ar to that of prote1n

‘hydrolysis Degradatlon is often blpha51c, although in at

least one cultlvar, Vrctory Freezer,. it 1s llnear (Baln and

Mercer, 1966)’ Jullano and Varner (1969) studled amylase

activity in the Early Alaska variety of pea. The activity. of
both alpha- and beta- amylase 1ncreased markedly after 8

days follow1ng 1mb1b1tlon These,authors also examlned

3phosphorylase levels and found that act1v1ty rose rap1dly

after 3 days to peak at 5 days LeVels of starch d1d not

rdecrease rapldly until after 7 days, suggestlng that the

‘major pathway of starch degradatlon is via hydroly51s rather

than_phosphoroly51s Levels of free 5ugans d1d not rise in

~y



the cotyledons, implying a rapid transport of‘théae
compounds to the seedling (Juliano and Varner, 1969). Yomo
and Varner (1973), in a study of amy1ase activity in the
Alaska pea, showed that alpha- and beta-amylases began to
increase after 4 days and to peak at 10 days. Although
little work has been done on carbohydrate degradation in
peanut, most likely due to ‘the low levels of thlS class of
compounds, it is probable that a process analogous to that
of other seeds,voccurS'in this species{ A recent study has
_ , . L .
~also examined,alpha—amylase levels 1in baSley (MacGregor et
’al., 1984) .
Oilvreserves are degraded in*a stepwise manner These
"reserves, present mainly as triglycerides, are first
converted to glycerol and fatty ‘acids by. the action of'
lipases. Beta-oxidation in the glyoxysomes converts fatty
acids to acetyl—CoA, which then enters the gly0xylate cycle,
where in eyery turn of the cycle, a molecule of succinate is.

v

formed This compound is converted to oxaloacetate by the
Krebs cycle enzymes in the m1tochondr1a, and subsequently to 7
phosphoenolpyruvaten(PEP). Sucrose is synthe51zed from PEP
,-by'a combination of gluconeOgenesis and sucrose tppmation.
The disappearance of oil reserves is usually accom-
panied by an increase in the number of glyoxysomes (Beevers,
1979) This increase is paralleled by the act1v1ty of the t
'two key enzymes of the glyoxylate cycle, 1soc1trate lyase

and malate synthetase ‘Although the most~complete work on

this process has been performed u51ng castor bean (for a



review, see Beevers, 1979), several studies have been

¢
carried out on peanut. Longo and Longo (1970), using-a
comblnatlon*of vltrastructural and biochemical technlques,
showed that glyoxysome biogenesis was correlated with the
development of isocitrate;léase and malate synthetase
~activity. Huang (1975) confirmed the presence.of glyoxysomes
invpeanut and gave evidence'that these organelles were
similar 1n structure to those ‘of other species. Synthesis de
novo of the ‘two key enzymes was shown by two research groups
(Longo, 1968' Glentka-Rychter and Cherry, 1968). In pean&t
the largest increase ‘in 1soc1trate lyase and malate
synthetase act1v1ty‘occurred>after 3 days (Longo and Longo,
1970; Marcus and Velasco, 1960). No activity was detected by
these workers in the first 24 hours. Glyoxysomes;and their
associated enzyme act1v1t1es dlsappear akter lipid-
degradation is complete (Beevers, 1979) Alkaline 11pase

activity 1in peanut cotyledons was shown to 1ncrease ca.

4- fold from the thlrd to fourth day after the onset of

1

o
LI T

imbibition (Huang and Moreau, 1978)

It is clear from the precedlng paragraphs &hat the

a -
m"A?

_'germlnatlon and early growth of pea and peanut seeds is.

- “

characterlzed by a ‘marked 1ncrease 1n metabollc actlvhty lh_J
most species, this occurs about 3 to 4 days from the»start
of 1mb1b1t10n. Although a part of. the products of reserve

‘breakdown would conce1vably be used in synthetlc reactlons

w1th1n the cotyledons, the bulk are tranSported to the’

o seedllng. . " ’



-Respiratory Activity.of Seeds

Perhaps the most easily observable aspect of the
'increased metabolic'rate of germinating seeds is the risegin
resprratory activity of whole seeds and of mitochondria
isolated from_these~seeds. Dry seeds are characterised by
extremely low levels'of-respiratory activity.iGiven
aporOpriate condirions of wapéi, temperature and atmosphere,
there is a_markedvrncrease in oxygenvuptake:(Mayer and ’
Marbach, 1981).‘Resbiration has been examined in a large
number of species including oeanut and‘seuera} cultivars of
ucpeaf and this work; in addition -to studies in other‘species,
g has been recently reviewed .(Bewley and,Black,'1§85; Mayer |
and” Poljakoff-Mayber, 19’8‘2). - |

Eerminarion‘and‘early growtn of _seeds are'cleariy i
’energy requlrlng processes. In this- regard metabollc energy-
is requ1red for several reactlons 1nvolved in reserve
moblllzatlon. For example,»ATP 15"essent1al for certain
steps in sucrose‘synthesis,.beta—OXidation oftfatty.acids”‘
and gluconeogene51s. Other processes such .as proteln
.synthe51s are also ATP- dependent

Aden051ne trlphosphate can be generated in seeds in at~3~
‘least two ways; by alcohol or. lact1c acid fermentatlon and
krby ox1dat1ve phosphorylatlon Fermentatlon: normally |
functlonlng under anaeroblc condztlons; proches only 2 ATPs
Iper molecule of glucose metabollzed ’1n add1t10n to ethanol

or lactlc ac1d Ox1dat1ve phosphorylatlon, occurrlng under

'aeroblc condltlons, produces 36 ATPs and COZ;‘The two
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_systems have been shown to be present in a number of seeds
dur1ng germlnatlon and growth, although the relatlve
contrlbutlon of each pathway, has not been as exten51vely
evaluated (Pradet 1982).
| One of the chlef d1ff1cult1es encountered»inra‘”
dlSCUSSlOn of resplratory act1v1ty dyrino’germination and
gzowth of seeds is that stud;es,oﬁ this prpcess"have been
p'rformed using'differéht species}‘in.addition to*differentc
'cultivars.ot the'same‘speciesl This makes direct comparisdn “
diffiCUlt and perhaps ‘even incorrect. A few examples WIll
lﬁlllustrate this point. Marbach and Mayer (1976) showed
'dlfferences in resplratory activity and reserve moblllzatlon
in two,speC1es of pea P. Satlvum and P, elatlus Mito-
“’chondrlal act1v1ty per51sted longer and reserve degradatron.'
loccurred later in P. elatlus Kolloffel (1967), and Nakayama_
.:et al (1978 'studled Oz uptake 1n m1tochondr1a 1solated
from two’ CUltlvarS of P. satlvum, Rondo and Alaska," .
respectlvely. These authors demonstrated that 0, uptake~;d

"_decreased rapldly from maxlmum rates, after 2 days. These

‘f1nd1ngs are 1n contrast to Solomos et al 1972) who

-studled m1tochondr1a 1solated from the Homesteader CUlthat,"‘

."vand Bain and Mercex (1966)‘who measured manometrlcally, Oz,

vv.uptake of whole cotyledons of the Vlctory Freezer cultlvar
| These latter workersthowed that O2 uptake rose from'
1n1t1ally low values to maxlmal rates. at 4 days« ‘

It 1s p0551ble that the dlfferences noted above may be

- _related to the cultlvar of the plant materlal Certain
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_ physlologlcal or b10chem1cal processes present ln onevplant
cultlvar have been shown to markedly different in another
For example, alpha—amylase exh1b1t5~large,varlatlons in
"act1v1ty among barley cultlvars (MacGregor 1978). In

| addltlon, however, dlfferent growth conditions may have a

[ 4

pronounced effect on the reSults obtalned For exampag, it
1s known that 1mb1b1tlon temperature can affect the rate of
© water uptake (Nawa and Asahl, 1973a). In the Alaska pea,
root length after 9 days atk19°C is half That‘obtained when
seedl1ngs vere grown at 23°(Young et al ,1960)! ATPase
actv1ty,‘measured by these authors,'aIso exhlblted marked
temperature effects.vAt 6°/bact1v1ty was low and d1d not

'1ncrease durlng the 9 day perlod Growth at a temperature of

g

19°'produced a flve-fold 1ncrease in act1v1ty‘over the same
»‘perlod although no max1mum level was reached -An e1ght fold

a2 © v
increase. over the 16° values, was . shown by plants grown at

R I
"»23°, w1th a sharp opt1mum occurrlng at 5. days These results

' clearly show that large dlfferenpes canpresult from small sh'

changes in temperature._ v

_ Enzyme assay “and organelle 1solatron teohn1ques"
femployed by workers study1ng germ1natlon al d growth alse//’
vary and may . be a factor 1n thh generatlon of the observed
f‘~d1fferences ISome of the research outllned above was per- f
sformed over fﬁ}teen years ago and 1t 1s well known that more
*vrecent technlques of organelle 1solat10n have y1elded S

' 1mprovements 1n organelle quallty (Qua1lL 1979) Wlth these 17”

'Iooncerns ;n-mlnd, however, overall trends can Stlll be

e
g
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1dent1f1ed It is clear that durlng 1mb1b1tlon .and at least
shortly thereafter O, uptake rises rapldly The pKec1se
timing and per51stence of this resplratory act1v1ty 1;
variable, |
Several studies of‘mltochondrlal.resplratlon have been

performed u51ng‘the pea cultivar, Alaska Oxygen uptake

increases. rapldly upon 1mb1b1t10n and reaches max1mal levéls'
epafter 24 hours (Nawa and Asahl, 1971' Nawa and Asah1,M
1973a). This may be malntalned for. at least another 48 hours
(Nawa_and’Asahl, 1971 Morohashl, 1980) although Nakayama ..}”
et al. (1978) have shown a sharp decrease toJ4O% of the -
max1mum, after 2 days Nawa et al. (1973) 1nd1cated-that’h
there was a much slower decl1ne, with a decrease to only 75%,
| of the maximum by 6 days, although RC and ADP 0 ratlos 3. |

dropped markedly after the second day These varlatlons are :

somewhat surprlslng sfnce these studles used the same

cultlvar and v1rtually he same technlques RegardlesstOf

»

:ithe dlfferences, howefer, 1t is clear that in this'~'i'
cult1Var oxygen uptake rises qu1ckly after the start of
<'1mb1b1tlon to a max1mum at 1 -2 dayst Subsequently,\g. )
"_m1tochondr1al 1ntegr1ty, as measured by RC and ADP:0 rat1os,f.:
“nbeglns to be lost - .::{ lf" o . - _;é%‘ | ‘
. The‘trendsnobserved‘by‘these authors-arealn.agreement,f
wlthhMorohashi-andHBewley (1980), who also examlned E;%.‘
itresplratory act1v1ty durlng the f1rst 24 hours after the |
.onset of 1mb1b1t10n. Oxygen uptake coupled to ADP L

v

vr‘phosngrylatlon could be observed when m1tochondr1a were.
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isolated from cotyledons after two hours imbibition and were

supplied with succinate or NADH. Malate and

*'égalpha—ketoglutarate were not effective substrates until

after at least twelve hours. These results suggest that the

fig‘ mitochondrial enzyme systems were incomplete at the very
‘E_ early stages of imbibition.
?5; ' The activities of several key mitochondrial enzymes
Lﬁaﬂ

" have also been examined. Cytochrome ¢ oxidase, malate
‘dehydrogeﬁase and succilnate déhydrogenase increase in
parallel with rising oxygen uptake levels (Nawa and Asahi,

ﬂ1971; Nawa et al., 1973). Recently, Asahi's group, using an
immuﬁological épproach,‘has demonstrated the presence of two
subunits of'cytochrome c oxidase  in mitochondria isolated
f;oﬁ dry seeds and during éﬁé early stages of imbibition.
These authors have suggested that these and other subunits
are present iﬁ a free form in the dry seed, afe reassembled
during seed hydration and that this reassembly results 1in
the observed ;ggigases in cytdchrome c oxidase activity
(Matsuoka eﬁ/;l., 1981;‘Matsudka and Asahi, 1983). Research
concerning oxidative phosphorylétion in these and other
speéies, during the early stages of: ge’ggzgtion, has
recently been rev1ewed (Pradet, 1982) .

As noted in the prev1ous sectlon‘ reserve mobilization

has been studled in the'Alaska cultivar. Cotyledon protein
levels began to drop after the second day and reached ca.

30% of the original level by 6 days'(Larson and Beevers,’

1965; Guardiola and Sutcliffe, 1971). Since respiratory

-
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aétivity reachés a maximum at 24-48 hours, there is good
cdrrélation between periods of rapic reserve breakdown and
high mitochondrial activity. There appears to be; however,
no correlation between maximal.resp}ratory activity and
»maXimal activity of the:degradative enzymes. For example,
amylase activity rose rapidly after 8 days to peak at 9 days
(Juiiano and Varner, 1969), although Shain-and Mayer (1968)
showed an increaée after 3 days. Proteolytic activity
incfeases sharply after 7 days and remains high for several
more days (Yomo andIVarqer, 1973). It may be expected that, -
due to the energy requirements of mobilization, high
mitochondrial and degradative enzyme activity would occur
concurrently: Maximum beta-mannanase agtivity has also been

: . . ¢
shown to occur after most of ‘its substrate, galactomannan,

has disappeared. The reason for this apparent anomaly was
not explained. (McCleary and Matheson, 1975 and 1976).
Mitochondrial respiratory activiﬁy has also been
sthdfed”in‘fhé Homesteadé; cultivar (Solomos et al., 1972).
Although coﬁpled mitochondria could be @etécted after 24
hours, maximal rates of oxygen uptake did not occur until 4
days. Respiratory control ratios also increased frsm 3.5 to
4.4 between the third and fourth days. In addition, succinic
dehydrogenase and ﬁytochromeﬂc oxidase activities exhibited
_ maximal activities by 4 days (Solomés et al., 1972). Thése
’ o .
results indicate that mitochondria are not fully active

until that time, and are therefore in contrast to studies of

the Alaska pea, where maximum rates occurred earlier. The
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differences noted suggest that the two cultivars are indeed
quite‘different and comparing the timing of events in the

N
two cultivars may therefore be invalid, although comparison
of trends would not.

Re§erve/mobilization,4to this authof's knowledge has
not been sthied in the Homesteader cultivar; aithough it 1is
conceivable that reserve deg adation.in this cultivar may be
binasic, with the period of most rapid decrease occurring
after 4-5 days. Protein degradation in the,Burpeeana |
cultivar follows this pattern (Basha éﬁd Beevers, 1975). In
Homesteader, rates of oxygen uptake remained high at least
until 8 days, mitochondria retained a high degree of
coupling (Solomos et al., 1972) and would présumably be
capable of sﬁpplying the necessary energy fSr mobilization.

There is also evidence that; in some seeds, , ﬁ
fermentafion may supply at least some of thedéngfgy
requirements. Ethanol is known to accumulate in seeds during
germination and shortly thereaftér. This compound, produced
by a conventional.glyco;ytic‘pathway, is subsequently
metabolized. (Cameron and Cossins, 1967; Cossins and Turner,
1962). Ethanol metabolism in plants has been the subject of
a recent review (Cossins, 1978). .

In the Homesteader cultivar, alcohol dehydrogenase

acfiyity rises almost two-fold from initially low values, to

a peak at 2 days, and subsequently decreases (Cossins et
al., 1968). This enzyme has also been shown to be present in

the Alaska cultivar (Suzuki and Kyuma, 1972). Activity



16

increases to a maximum at 2 days but is almost non-existent
at 4 days. Ethanol accumulation has also been examined in
several other species including corn; wheat, barley, lentil
and several bean cultivars (Cossins and Turner, 1963;
Leblova et al., 1974; Morohashi and Shimokoriyama, 1975a).

Lactic acid acc¢umulation, in addition to ethanol, has
been demonstrated in pea seedlings (Cossins, 1964; Cossins
and Turnér, 1963; Leblova et ai., 1974). Lactate dehydrog-
enase reaches maximum levels at 1 day and declines to half
this activity by 2 days (Leblova et al., 1974). Lactate
levels were lower, by an order of magnitude,'thén ethahol
levels (Leblova et al., 1974), and djidappeared prior to the
decrease 1in ethanol jevels (Cossinfp and Turner; 1963;
Leblova et al., 1974).

The high abtivities of lactate and alcohol dehydrog-
enases during eafly éeedling growth strongly suggest thét
aerobic resplratlon is functioning at low levels since

accumulation of ethanol and lactic aC1d would not be
expected undér‘aerobic conditions. It has been suggested
that the anaerobic conditions apparently existing at these
early stages, may be a regult of the testa acting as a
barrier to oxygen dlffu51on since ethanol levels drop
markedly after radlcle ‘protrusion (C0551ns, 1978 Suzuki and
Kyuma, 1972). A physical barrier may, however, be only
partiélly responéible for the presence of high levels of
Efeqmentation. When pea seeds were germinated and grown with
andbﬁithout the testa, it was demonstrated thats absence of

i
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the testa resulted in only a slight increase in oxygen
nptake, even when the seeds were placed in an atmosphere of .
100% oxygen (Kolloffel, 1967). Solomos et al. (1972)
examined CO, output and reapiratory quotients (RQ) of pea
cotyledon SllCES prepared over an eight-day germination
perlod The high RQ and rates of CO2 output noted by these
authors durlng the first 2 days (even when the thin sllces
used should have allowed adeguate oxygen diffusion) further
support the contention that a barrjer is only partially the
cauee. The RQ declined sharply from a value of 1;3 to 0.85
between the seoonddand third days. The output of CO. enhib-
ited a decrease after the third day. Rates of oxygen uptake
rose rapidly from-1 day to a maximum at 4 days. These trends
were also,observed by Spragg and Yemm (1959). The results of
these’studies strongly suggeet that mitochondria were not -
fully“actdve initiaily, but became active after 3-4 daysr‘It'
" is conceivable that mitochondria at these early»stages have
a reduced capatity to utlllze oxygen and therefore,
fermentative‘pathways play a ma}or role in’ supplylng the
energy demands of the cotyledon. This contentlon is
supported.by the fesults of Morohashi and Shimokorlyama
(1975a and b) who studied the relatlve act1v1t1es of
glycolytic and m1tochondr1al pathways during germination and
early growth of Phaseolus mungo seeds. These authors‘ Q
concluded that 1n1t1ally, alcohol fermentation was more

-1mportant than ox1dat1ve phosphorylatlon, 51nce the former

- pathway was an order of magnltude more adtlve than the
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latter.

The occurrence of.fermentation durlng the first few
days is likely to be at least partially responsible for the
biphasic nature of reserve breakdo;n noted for some seeds
Fermentation supplles only a fraction of the ATP generated
by oxidative phosphorylatlon and therefore max1mum rates of
reserve degradation can only occur when mitoChondrla are
fully active. | | |

Development of mitochondria has been examined from an.
ultrastructural perspective. The results support the
biochemical evidence tnat these organelles are lacking‘some
components at the earliest stages of germination and growth.
In species studied to. date, mitochondria initiallyklack
,d1st1nct CrlStae, but subsequently fully- developed organ-‘
elles appear. The t1me for this development varies between
cultivars of pea. Bain and Mercer'(1966) in a study of the
V1ctory Freezer cultivar, showed that fully developed
.mltochondrra were evident by Z_days, although maximum oxygen
uptake did not occur untll 5 days. Mitochondria of the
Homesteader pea are vell- developed by 4 days (Solomos et
al., 1972). Cotyledons of the Alaska cultlvar exhibit
'structurally complete,m;tochondrla after only 18 hours (Nawa
and Asahi, 1973b). | S

K Although fewer‘studies have been performed~u§)ng “
peanut b1ochem1cal and structural ev1dence strongly sug— =

gests there are many 51m11ar1t1es to the pattern of mito-

chondrial development in pea. Oxygen uptake rates 1ncreasel
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rapidly until at least 5 days and the act1V1t1es of suc-
c1nate and malate dehydrogenases, cytochrome c ox1dase and
NADH-cytochrome c reductase parallel this increase
(Morohash1 et’al., 19816)5 Ultrastructural ev1dence has
demonstrated that, similar to the situation in pea,vpeanut
m1tochondr1a are initially poorly developed but attaln L
normal structure by 4 days (Morohashi et al., 1981a and b)
Earlier studies in peanut demonstrated a correlation between
increases in'mitochondrial respiratory activity and
'mitochondrial protein levels during germination and growthi
(Breidenbach et al., 1966). In a subsequent paper, the |
amount of DNA obtained from isolated mitochondria uas~also
‘'shown to increase‘during this time (Breidenbachtet al.,

1967). These authors concluded that biogenesis of

mitochondria was occurringi;j”the cotyledons. Cherry (19639,
“1n an examlnatlon of enzyme . changes in peanut presented
evidence for a close relatlonshlp between hlgh m1tochondr1al
activity; reserve breakdown and degradatlve:enzyme aot;vlty.
A‘good correlation between mitochondrial activity and
: reserve mobilization'has also been shown in'castor bean
(Beevers, 1979) The number of glyoxysomes and the activity
of key glyoxylate cycle enzymes rose rapidly between 2 and 4
days in parallel with 1ncrea51ng'levels of oxygen uptake
(Akazawa and Beevers 1957- Gerhardt and Beevers, 1970).

It has been proposed that the patterns of mitochondrial

development in pea and peanut are ba51cally dlfferent

(Bewley and Black,1978). Increases in resplratory act1v1ty o
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in pea do not appear to require mitochondrial protein
Synthesis (Nawa}and Asaﬁi, 1973b; Malhotra et al., 1973;
Solomos et al., 1972). The opposite appears to be true for
peanut (Morohashi et 'al., 1981a and b). The absence of
protein Synthesis in pea'ﬁitoChondria implies that
mitochondrial biogenesis is not dccurring, since biogenesis \
requires input from the mitochondrial translation system. ’
,(Sehatz and Mason, 1974). Therefore, it is possible that
increases in mitoehondrial activity in peanut are due to
increases in the number of‘these organelles through
biogenesis, whereas 1in pea, mitbchondrial development occurs .
via 1mprovement of pre- exlstlng organelles (Bewley and v
Black,_1978). The next section discusses some aspects of the
biogenesis.of mitochondria; focussing on the mitochondrial

translation system and relationships between protein

synthesis and the development of respiratory activity.

.Biogenesis ef Mitochondria

Mitochondria of all speCieSJexamined to date, contain
fDNA melecules uniqﬁe to-these_organelles.-The p;imary :’ 5
function of the mitochondrial geﬁome is biogenesis of these
organellesn(Tzagoloff, 1982) . During cell division,'the
numbers of . mltochondrla are increased by 51mple d1v151on of
- the organelles, thus enabl1ng a constant populatlon to be |
malntalned Luck&\1965 The ab111ty of mltochondrla to fu%e'
‘ and d1v1de has . been observed in. 11v1ng tlssue u51ng the-

technlque of phase contrast microscopy (Wlldman et al.,
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1962). Maturation of receﬁtly—divided mitochondria, ie
growth 'in mass, is accomplished by incorporation of
ﬁewly-synthesized material into these organelles. Synthesis
de novo of mitochondria from»macromolecular'ptecursors has
not been demonstrated and is considered to be very unlikely
(TZaéoloff, 1982). Proteins présent in many organisms are
known to ‘turn over during tﬁe'life of cells (Goldberg and
Dice, ' 1974; Huffaker qnd Pétg;son,_i974) and this also
appears to be thé case for mitochondria (Tz&goloff, 1982) .
Therefore, biogenesis of mitochénd;ia involves protein
~turnover and increases in maés, ih addition to the
reguiation«of mitochondrial number. - )

- -Mitochondrial DNA codes for a small, but essential
number of proteins, and the rRNAs and tRNAs necessary for.
‘the translation of organelle proteins. The importance of the
mitochondrial genomé,is illusﬁ:ated by studies of yeast
(Saccharomyces cerevisiae), where deletion of the entire
mitochondrial genome, or even pprtions of it; results in the
absence Pf functional mitochondria. These mutants, known aé
petites due to their small colony size, can only grow on
fermentable substrates. Studies of yeast exhibiting the
petite phenotype and its non-Mendelian inheritance, by Boris
~ Ephrussi in the late 1940's and early“SO's, formed the
basis of mitochondrial genetics_andﬁprpvided special impetus
‘}or further research in'this field (Ephruési et al., 1949 |

»

‘and b).

e

PO 51
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Comparative studies of mitochondrial DNA has shown the
mitochondrial genome to be funcfionally conéervative;‘That
1s, basically the same genes are pfésent infall‘species
examined, although hét all genomes have been studied in the
same detail (Gray,;1982)."The majority of research on the
mitochondrial genbme has been performed using yeast and
NeuFospora cnassa.-The.many available mutants of these
species, in addition toytheJability of yeast ,to survive
without functional mitochondria, has facilitated this ™
research. Thel;omplete Ssequence of the bovine (Ahdeféon et
al., 1982),4andﬁhuman mitochondrial genomes aré known and
has greatly increased the understandiﬁgbofvmitochondrial ge-
_ nome organization‘(Aﬁderson et al., 1981).

Although the mitochondfial éehomé is functionally
conservative, there is a great vafiation in its organization
.among the major groups oﬁ eukaryotes., Mammalian genomes
have, so far, been demonstrated to be the smalléstv(ca. 17
kilobase pairs, Kb) and the most compact (Anderson et al.,
1981). There is virtually no intérbeniC'DNA and no split
genes. The tRNA genes separate nearly all individﬁél rRNA -
and structural genes and may function as recognition signals
in RNA processing (Attardi, 19é1a and b). In cohtrast‘to
mammalian genomeé, yéasfland NL cnéSSa mitochbﬁdrial genomes
agéh;uch largér (cé. i8 ahd 60 Kb, resp.) and Contaiﬁ_somé
split genes in additibn fo large A+T-rich regions. The gene
productg coded}for by yeast(ﬁitoéhondriél'DNA;'hqwever,

appear to be similar in number and type to mammals (Gray,
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\
1982). The mitochondrial DNA of higher plants represents the

largest organelle genomes known, in addition to being the
most variable (Levings,.19g3); The largeSt plant |
mitochondrial genome 1is 160 times‘the size of the human
mltochondrlal genome, and there is even a seven- fold 51ze
variation'in one family, the Cucurbltaceae (Ward‘et al.,
1981; Bendich,'1982)r As no complete sequences exlst.for
plant mitochondrial genomes, some of the variation'may be
due to var1at1on in the results obtained, by the technlques
‘used to study genome size and compleglty (Edelman, 1981)
Plant mitochondrial genomes remain the most poorly under-
stood and research has lagged behlnd that of chloroplast
genomes,(Leaver et al. 4982) <. Studles of the organlzatlon
and gxpression of:the/éhloroplast genomeyhave been the
subject of recent reviews (Bedbrook and‘kolodnér, 1979;
Ellls, 1981). Detailed information'conCerning organelle
genomes of other spec1es can be found: 1n Borst et
,(1984); Gillham (1978), Gray (1982), Kroon and Saccone
(1980), Tzagoloff (1982) and Yaffe and Schatz (1984). |
RNAs coded by mltochondrlal genomes are distinct from
their cytoplasmlc counterparts In plants organelle rRNAS -
more closely resemble prokaryotlc rRNAS than eukaryotlc
ones In wheat mltochondrla for example, flngerprlnt
analys1s of the 265, ’185 and SS rRNAs demonstrated that the
sequence . of these molecules was markedly dlfferent from the
;CYtOSOllC r1bosomal subun1t sequences£?Cunn1ngham et at.

'19%6); Further work from this laboratory revealed that on
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‘the basis of sequence,homology'to Escheﬁichia‘coli 165 rRNA,‘
mitochondrial TQS réNA was clearly_prokafyotic in nature |
(Bonen et al., 1977)$~The_sequence of the’58 rRNA, however,
revealed it was not'tlosely homoLogous to either;prokaryotic
or eukaryotic cytosolic 5S RNA and that it cohtained,some,'
unldue featutesu(Spencer et al.,’19815. It lsiintecesting to.
note that the presence of 5S rRNA in-mitOChondria is_hnique

-y

to higher plants. .
Other aspects:ot the'mitochondrial ttanslationisystem

are also unidue to these organelles. The mitochondrial'tRNA

molecules can be separated from cytosollc tRNAs as well as'

chloroplast tRNAS, u51ng electrophoret1c and chromatographlc ‘.

separatlons (Edelman 1981). ‘Mltochondr1a also contaln a .

dismee el of amlnoacyl tR%é synthetases (Lea and Norris,

danetlc code read by mltochondrlal tRNA is

~

Fom the cytosol- For example, the trlplet codon
Plly read as. a stop "codon, is read aS’tryptophan
in anj I:and fungal m1tochondr1a (Lagerkv1st, 1981):*?ewer

" tRNAs |} L~requ1red for translatlon in mltochondrla_due to an

expang };codon recognftionrpatterhl That is, a single;tRNA CoN
speci;;ﬁcan‘recogniék.all of;the'codohs of‘a'four-codonji |
'1iﬁ}pecifying a'singlefamiho acld (LagerkviSt, 198l;,p
Hfﬂ) : S
Althoucn there are seQeral S1m11ar1t es between
mltochondrlal and prokaryotlc genome'orgahlzatlon and
translat1on systems, d1st1nct dlfferences also ex1st. Thus,

' the organelle system is unlque. ‘The p0551ble s1gn1f1cance of

i
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these similarities and ditferences has been the subject of
: much dlscu551on with respect to the evolutlonary origins of
these crganelles. Recent reviews of thlS subject have
appeared in the literature and 1nc1ude those by Gray (1982)
Gray et al.'(1984), Gray and Doollttle (1982), Doolittle
(1982) and Margulis (1981). The. evolutlonary origin of’
.mltochondrla and chloroplasts cont1nues to be a topic of
llvely debate

"As noted above, m1tochondr1a synthe51ze only a small
'number of their own proteins. The remalnder are coded by
nuclear genes and are synthe51zed in the cytosol Most of
the research concerned with 1d€ﬁt1f1catlon of organelle—
‘synthe51zed protelns has- been done u51ng yeast and N.
- crassa. In these spec1es,‘ca 10 12 polypeptldes are
synthesized' In general, proteinS“encoded by the
,]mltochondrlal genome tend to be very hydrophoblc rn nature
and functlon in electron transport and oxidative

. :
phosphorylatlon. The protelns so far 1dent1f1ed are subunlts

of cytochrome c ox1dase and ollgomyc1n sen51t1ve ATPahe,‘the
proteln m01ety of cytochrome b in addltlon to a proteln
named var 1 Tzagoloff et al., 1979) Ev1dence is

accumulatlng that these protelns, with some varlatlons, are

'.__made in all m1tochondr1a (Leaver and Gray, 1982) Two of the

v":polypeptldes synthe51zed by 1solated plant mltochondrla,

.have been tentatlvely 1dent1f1ed as subunits. of cytochrome c.

o ox1dase (Leaver et al 1982) The remalnlng un1dent1f1ed

_protelns are’ 11kely to be 51m11ar to’ those found in. fungal
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mitochondria, although’there-is a possibility that higher
piant-mitochondria'synthesize a greater number of proteins
than organelle systems examlned to date (Leaver and Gray,
1982) | |
e
Mltochondrlal proteln synthe51s is sensitive- to
1nh1b1tors ofaprokaryotlc proteln synthe51s such as.
chloramphenicol and erythromyc1n and is 1nsen51t1ve to
.1nh1b1tors of cytoplasmic proteln synthe51s (Schatz and
Mason, 1974). The difference in sensrtlvlty to‘these
inhihitors has been exploited in‘determining'the Site‘of
synthe51s of- several mltochondrlal protelns. For example, in.
ln vivo experlments, protelns synthe51zed in the presence of
cyclohex1m1de, but not. 1n chloramphenlcol are sa1d to be
synthe51zed in m1tochondr1a. Studles of thlS nature have'
'“been used to great advantage in yeast and Neunospona (Schatz
‘and Mason 1974) J
As stated at the beglnnlng of thlS sectlon, the prlmaryy

functlon of the m1tochondr1a1 genome is organelle H
blog%ne51s. Thls is- accompllshed v1a the mltochondrlal
translatlon system wh1ch con51sts of all the necessary
components contalned w1th1n the organelle. The obv1ous
";'1mportance of. the mltochondrlon to cell functlon has
.prompted research 1nto processes 1nvol~ed in the';
prollferatlon of thls.organelle Blogene51s has been studledﬁf
‘1n several unrelated spec1es. Chloramphen1col has been shown

o to. sharply decrease m1tochondr1al proteln synthe51s in the

fllght'muscle of newly emerged blowflles (Ashour et al
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1980a and b; Ashour and Tribe, 1981). Later stages 1in the

development of the flies exhibited lower rates of
mitochondrial protein gynthesis and were'less sensitive to
the imhibitor.‘Ultrastructural studies by these authors
revealed that mitochoi?ria from chloramphenicol-treated :
flies were abnormal and showed poorly-developed internal’ ?
structure. The results strongly suggest that biogenesis‘of
mitochondria occﬁrs during{early development of blowflieg.
Fungal spore germination, similgr to germina£ion of
seeds, is characterized by a large ‘ificrease in oxygen
i
uptake. Brambl's group has examined the role of
‘mitochondrial biogenesis in the development of respiratory
activity in two fungal speeies. It was shown in N. crassa
and Botryodiplodia theobromae that cytbplasmic protein
synthesis was required for increaseg in respiratory activity
during the e%rly stages of spore germination, whereas .
mitochondrial protein‘synthesis was not. This iatter =
process, however, waé required at later stages; ie, after
germ tube emergence (Brambl, 1980; Stade and Brambl, 15981;
4 qénzlér and Brambl, 1981). Inhibition of mitochénég%al
{
proteih synthesis in rat liver by oxytetracycline
demonstrated that this_tfeatment resulted in impairment of
live; regeneration of partially-hepatectomized rats, further

a

illustrating the importance of mitochondrial .protein
¥nthesis in cells (van den Bogert et al., 1983).
As outlined in the previous section, the role of %

mitochondrial biogenesis in the development' of rquiratory

aRamnae
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activity has been examined in plants (Malhotra and Spencer,
1973; Malhotra et al., 1973; Morohashi et at;, 1981a and b;
Nawa and Asahi, 1973b). These studies also utilizea the
different sensitivities of the mitochondrial and cytosolic
translation Systems to inhibitors of protein synthesis. This
lformed the basis for the proposal that mitochondrial proteln
synthesis is required in peanut, but not in pea, during -
germination and early growth (Bewley and Black,‘197é).
Biogenesis of plant mitochondria ﬁag been shown to occur in
response to wounding (Sakano and Asahi, 1971a and b).
Mitochondrial biogenesis hAS also been demonstrated in the

cotyledons of Vicia faba during germination and growth of

these seeds (Dixon et al., 1980). For more detail on

mitochondrial biogenesis in a variety of spe

-

es, the reader

is referred to reviews by Gonzalez-Cadavid ((1974), Leaver

(1975), Leaver and Forde (1980), Locker a Rabinowitz
(1979) and Schatz and Mason (1974).

Initiation of pro%egﬁ sypthesis in mitochondria
requires formylmethionyl-tRNA (fmet-tRNA), similar to the
situation in-prokaryotes. This is in contrast fo the cytosol
of eukaryotes where 1n1t1at10n requ1res met-tRNA (Tzagoloff
1982). The enzyme catalyzing the formation of fmet-tRNA i%s

—formyltetrahydrofolate:methionyl-tﬁNA transformylase,
abbreviated, transformylase. This enzyme has been studied
and ata least partially purified from bacteria (Dickerman et

al., 1967; Samuel and Rabinowitz,;1974), fungal mitoghéndria

(Bianchetti et al., 1971 and 1§Zﬂ; Halbreich and Rabinowitz,

#
i/
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1971), in addition to the chloroplasts of algae (Bianchetti
et al., 1971; Crosti et al., 1977; Gambini et al., 1980;
Lucchini‘and Bianchetti, 1980) and higher plants (Bianchetti
et at., 1971; Leis and Keller, 1971; Merrick and Dure,
1971). The presence of a transformylase has also been
inferred from the occurrence of fmetftRNA‘ih bacteria (Neale
et al., ﬁ981; Séligman and Finch, 1970) énd bean
chloroplasts (Burkard et al., 1969). The Euglena
transformylase has been shown to be synthesized in the
cytosol (Gambini, 1978). To this author's knowledge, thére
is, however, only one report in the literature concerning a
higher plant mitochondrial transformylase (Guillemaut et
at%,‘1972).‘The role of the transformylase, in addition to
other factors invol§ed in the initiation of protein
synthesis in eu%aryotes, prokaryotes and oréanelles, is
discussed in a recent review (Kozak, 1983). |

In all spéciés ekamined, the source, of the formyl group
of fmet-tRNA has been demonstrated to be 10-HCO-H,PteGlu
(Staben and Rabinowitz, 1984). The final section of this
Introduction is concerned with several aspects of folate
biochemistry, with spécial reference to studies of
: ﬁitOChondrial folate metaboL@sm.

Ly

The Biochemistry of Folate Derivatives *\<
Formyltetrahydrofolate is representative of a class of

chmpounds known as pteroylglutamates, or more commonly, as

folates.vThese compounds are ubiquitous in living cells, and

3



30

play a key role in cellular metabolism, functioning as co-
enzymes in the synthesis of purines, pyrimidines and certain

amino acids (Blakely and Benkovic, 1984). Folates are also

“involved in methylation reactions, in addition to initiation

of organelle protein synthesis (Cossins, 1980). The major
pathways of folate metabolism are shown in Fig. 1. In most
reactions involving foiates, these compounds function as’
carriers of one-carbon units. A derivative of folic acid has
also been identified as the acrasin of Dictyostel ium (de Wit
and Konijn, 1983), q_”,. |

The folate molecule, shown below, consists of a

. \ Q
OH _—
é 52 6 9 10 % . -
o !3’4\%/H>§—CH2—H—®~C —g—(i‘H-—CHZ—CHZ—COOH
) .
< HN—CL1_C H>CH COOH »
i NN -

- 8]
H

pteridine ring, a p-aminobenzoic acid moiety and an
L;glutamic acid residue. One-carbon (C,) units bind to the 5

and 10 positions. Naturally-occurring derivatives are

- normally highly-reduced, héving hydrogen at the 5, 6, 7 and

8 positions. In addition, native folates contain a chain of
glutamate residues, joined by gamma-glutamyl linkage. These

derivatives are known as pteroylpolyglutamates,Apolyglutamyl
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folates or, more'simply as polyglutamates. It is now
generally accepted that polyglutamétes are the
biologiCaily—active form of folates. The properties and
functions of polyglutamates have recently been reviewed by
Kisliuk (1981) and McGuire and Bertino (1981).

Folate derivatives at the formyl, methenyl and methy-
leﬁe oxidation levels are freely interconvertible. This is
accomplished enzymatically and the requisite enzymes have
been detected in plants (Cossins, 1980). Therefore, C, units
can enter the foiate p?zi at any one of these oxidation

{g;jyntheses that are

folate-dependent. Formation of CH,-H,PteGlu from

levels and be available

CHZ—H4PteGlu'(Fig. 1, reaction 3) is, in general, an
irreVeréible process, ?lthough in some species of bacteria
CH,-H,PteGlu can enter the folate pool (Shane and Stokstad,
1977). Interconversion of folate derivatives is shown.in
Fig. 1 (reactions 1-3).

Studies on the occurrence and metabolic roles of
folates have been performed in many organisms since the
initial discovery of this compound over forty years ago.
Early research was summarized in a recent article (Welch,
1983). The occurrence of folates in varioﬁs’tissues is
discussed in greater detail by Scott and Weir (1976),
’Coséins (1980 éhd 1984), Blakely (1969) and Blakely and
Benkovic (1984). '

The occurrence-and metabolism of folates has also been

studied in plants, and this research has been recently
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reviewed (Cstins, 1980). Planté have the capacity fol
synthésize folates, and key ehzymes involved in this
synthesis in pea have been studied,&n some detailv(Ikeaa‘and
Iwai, 1975; Iwai and Ikeda, 1975). Measurehent Qf folate

derivatives in pea cotyledons during germination and growth

revealed a large increase in the levels of these compounds

(Roos and Cossins, 1971). Treatment of cotyledons with

folate antagonists such as aminopterin and methotrexate

provided evidence for a net synthesis of foiates during
germination. Inhibitor treatment also strongly curtailed
seedling gro&th.

The general requirement for folate derivatives,
especially in rapidly dividing cells, implies.that
mechanisms exist to bring C, units into the folate péol t;
supply this demand. Generation of C, units has been studied
in several organisms, including plants (Cossins, 1980). The
major sources of/C; units appeaf to be glycine, serine and
formate. Figﬁre 1 (reactions 4, 5, and 7) shows the enzymes
involved in the generation of C, units. The 2-carbon of

glycine enters the folate poél via. the activity of glycine

decarboxylase (Fig. 1, reaction 4). In this reactibn,

_glycine is cleaved and one molecule each of

-

5,10-CH,-H,PteGlu, CO., and NH, are formed..In
pﬁotosynthetic tissues exhibiting photorespiration, this
reaction is the princgpal source:of CO, loss (Tolbert,
1980) . Glycine decarboxylase is localized in mitéchoﬁdrig'

i

and has been shown to be present in pea cotyledon
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mitochondria (Clandinin and Cossins, 1975).
Methylené—H;PteGlu can also Be‘generated from serine through
the activity of serine hydroxymethyltransferase (fig. 1,
reaction 5). This reaction forms glycine in addition to the
C, unit, and has been demonstrated in plants (Shah et al.,
1970; Kisaki et al., 1971).

N‘°—formyl—H.PteGlu is generated directly via
10-formyltetrahydrofolate synthetase (Fig. 1, reaction 7).
Evidence exists for its presence in pea and it appears to be
mainly ;;calized in the cytosol (Iwai et al., 1967; Su;uki
and Iwai, 1974), although sigqificant activity has also‘been
detected in‘pea mitochonaria (Clandinin and Cossins, 1@72).

Enzymes of'folate.interconversion have been. studied in
plants. Methenyl-H,PteGlu cyclohydrolase (Fig. 1, reaction
1) was demonstrated to be widely distributed in plants
(Suszi and Iwai, 1970). These authors have shown that
methylene-H,PteGlu dehydrqgenase is aiso present in plants
and on the basis of different;al céntrifugation studies, ¢
concluded it was localized lagéely in the cytosol (SuzukiRu
and Iwai, 1974). The rather old organelle extraction
technique used by these authors (Wilson ané Shannon,.i96%)
and the lack of respiratory activity and marker enzyme data,
however, suggests that the levels of particulate folate
metabolism indicated are minimum'va;ues{ As will be outlined

in the follbwing paragraphs, significant folate metabolism

in organelles has been demonstrated.
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Although most studies of folate metabolism have been
performed at the whgl;‘cell level, several lineg of evidence
indicate mitochondria have discrete folate pools and an
active folate metabolism. The levels and nature of folateé
in these organelles have been examined in a number of
species. Studiés of mitochondria isolated fﬂom the iivers of
rat and guinea pig showed the principal folate derivatives
to be 10—HCO—H4?teGlu and 5—CHJlH‘PteGlu (Wang et al., 1967;
Corrocher and Hoffbrand, 1972, resp.), with the former
predominating.»ﬁcClain et al. (1975), however, demonstrated
that mitochondria from Swiss mouse brain contained only
5-CH,~H,PteGlu. These authors have suggestedvthat this
unusual pool is due. to the spgcialized nature of these
cells. The comparﬁmented nature of folate metabolism in
mammalian célls was confirmed in more recent reports (Shin
Aét al., 1976).

Mitochondria extracted from 4-day old pea mitochondria
contained 5- and 10-HCO-H,PteGlu, in addition to small
amounts of 5—CH3—H.PteGlu.(Clandinin and Coséins, 1972).
‘These results are in contrast to the situation in whole
cotyledons; where S—CH,—H.PteGlu formed the majority of the
pool (Roos and Cossins,'1971). Clandinin and Coésihs (19722
also demonstrated the ability of isolated mitochondria to
incorporate labelled formate, glycine and 5-CH,- and.
5,1O-CH2—H.PEeGlu.into folate deriQatives as well as amihb
acids related to C, metabolism. In a later paper, these

authors established that pea mitochondria were able to

A
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synthesize methionine, a procesé requiring 5-CH,-H,PteGlu
(Clandinin and Cossins, 1974). Enzymes involved in folate
synthesis have also been demonstrated to occur in pea
‘mitocﬁondria (Ikeda and Iwai, 1970, 1975; Okinaka and Iwa;,
1970). Folate derivatives and enzymes‘involved in folate
metabolism are also present in chldfoplasts (Cossins, 1980).
From the data outlined above, it is clear that folate
metabolism in plants is at_leasé partially compartmented and
that mitochondria have the abiidty to synthesize folates and
to generate, interconvert and ﬁtilize one-carbon units via
an active folate metaboliéh.}The presence in pea |
mitochondria of.methiogine synthesis as weil as
formyl—H.Peﬁglu synthetase activity indicates substrates for
the transforﬁylase can be generated endogenohsly and thus

illustrates a connection between folate metabolism and

mitochondrial protein synthesis.

The Preseﬁt Study

As discdssed in the preceding sections, seeds«éxhibit
large increases in mitochondrial respiratory activity during
germination and subsequent growth. The developmént of this
aCéivity may occur via_activation=of organelles présent in
cotyledons or méy result from increases in the‘number of "
mitochondria (Bewley and Black, 1978). Previous étpdies have
attempted to diﬁferentiate between‘these”two possibilities

by employment of selective inhibitors of cytosolic.and

mitochondrial protein synthesis. The present study
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~activity] /;myltetrahydrofolate:methionyl—tRNA trans-
.formﬁlas*v Inzyme involved in the initiation of

synthesis, was examined during.germination

expe;; ;.ﬁ' Qe active only in those organelles exhibiting -
;hesis, a process essential for biogeneSis. The
f isolated pea mitochondria of different ages to
1 proteins was also examined.

’}vels and nature_of mitoChondrial folate
derivatié :‘were also studied over the same time'period. The
folate po# xsupplies one ofvthe substrates of the

transformylase, namely,10—HCQ—H,PteGlu»polyglutamate..Theb

level of t derlvatlve may be expected to change in’

parallel | ; “changes in enzyme activity. The present study,
'therefore, has ‘examined the ab111€y of pea and peanut

| m1tochondr1a to synthe51ze proteins during germlnatlon and
growth, in addltlon to measurement of this process 1in pea
mitochondria. |

‘\\ As noted above,.the-two species used inbthe present
study were pea ano peanut ., Pea was'chosen for several

reasons, the most 1mportant be1ng the numerous literature

c1tatlons for research on thlS spec1es. Furthermore, earller

work from this laboratory examined several aspects of folate ;ﬁ_ﬁ,

~metabolism in germ;natlng'pea.seeds (e.g._C0531nsvet,a1.,
1972; Dodd and Cossins, 1968, 1969, 1970; Roos et al., 1969;

Roos’andeossins, 1971) and in pea mitodhondria'(C1andinin
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and C&ssins, 1972, 1974, 1975). There are also huﬁe;ous
»stu@ies'on the mobilization of storage réserve§ and
respiratoryfactivity in pea. From a prac?ical perspéctive,
Qﬂthis species'isiglso easily grown unifdrmly in sufficient
quantity and the cotyledons provide a good source of |
mitochondria. Peanut Qas_algo chosen as.it represents a
devéloping‘system in contrast to that of pea, since
mitochondrial‘bibgénesié has been shown to occur in this

species.

W



I1. MATERIALS AND METHODS

. Chemlcals
Sod1um [1+C]- formate, L [ *H-CH, ] methlonlne

L- [U-“C] methlonlne,,L [”S] methlon1ne and

L-[4, 5-’H] leuc1ne were purchased from Amersham Corporatlon.v

Bulk t-RNA, fromvEschePlchla coli MRE 600 was supplled'by
'Boehringer Mannhelm ‘Fatty-acid- poor bovine serum album1n'
(BSA) was dbtained from Calblochem All other o
analytlcalfgrade chemicals were supplied by,elther,Sigha
Chemical'Co.Txgt;.Louis, Mo., or Fisher Scientjfic;
Edmonton. | . |

In experlments involving radiochemlcals}:liquidi,,_
scintillationlwas used to measure radioactivity In thea

'course of this study, three dlfferent sc1ntlllat10n fluors

were used Blofluor a pre mlxed fluor, was supplled by New o

_England Nuclear. Bray s solut1on (Bray, 1960) and a

toluene based fluor were prepared u51ng sc1nt111at10n grade'h

chemlcals supplied by elther Slgma Chemlcal Co.'or Flsher
Sc1ent1f1c. The toluene fiuor contalned& 1n,1 lltfe ofv'
‘sc1ntlllatlon grade toluene, 4 g PPO and 0’%5 g POPOP The
vvch01ce of fluor depended on the type of samplej{p be

‘e

analyzed

'aPlant Materlal\\

Seeds of - pea (PiSum1Sétivum L.’ov7HomeSteaderf Were

- purchased from-RobertsOn?Pike, Edqonton;fAlberta;'Seeds‘oflfutr

e )
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peanut (Arachis hypogaea L. cv Early Spanish) were obtained
from Stokes Seeds Ltd., St. Catherine's, Ontario.

Prior to imbigition, all, seeds were surface'sterilized
by soaking in 1% sodium hypochlorite for 5 minutés. The
seeds were then rinsed several times with sterile distilled
water and allowed to imbibe sterile water. Pea seeds were
séékéd for 18 h_and peanut for 6 h. Damaged or nonimbibed
seeds were discarded and the remainder were planted in moist
sterile, horticultural grade vermiculite and allowed to
germinate and grow at 25°C in darkness for the required
period of time. If necessary, plants were watered with
sterile distilled water. In all experiments, zero‘time was
the ‘start of the soaking period.

For each experiment, seedlings of uniform size were
required. ?heéefore, in order to determine seedling S%ﬁi as
a function of age, batches of 100 seeds were germinated and
grown for various lengths of time and the radicle length of
each seedling measured. The average size for each age was
then determined. ”

in all experiments, only cotyledon tissue was used.
After the plants had been grown for‘the appropriatg‘period
of time, they were separated from the Vermiculite, rinsed in
sterile water, and allowed to stand in ice-cold water. The
testa was removed and‘fhe seedling excised from each seed.
In order to remove any associated bacteria, the cotyledons
were soaked for 1 minute in 70% ethanol, allowed to drain,

and then soakegwgor 1 minute in 1% H,0,. The cotyledons were
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rinsed several times with ice-cold sterile water and allowed

to stand in ice-cold water prior to grinding.

Isolation of Mitochondria and Measur nt of Respiratory
Activity eme\\\
All steps 1in the procedure were perfgrmed at 4 °C. The
pH of all extraction media was adﬁusted to 7.2 ét 22 °C with
2 N KOH. The extraction media were sterilized by'filtration
through a 0.22 um Millipore filter., All media were storedl at
=25 °C until psed, with the exception of the grinding medium
which was prépared one day prior to use énd stofed.at 4 °C.
All glaésware and centrifuge tubes were autoclaved. All
centrifugation steps were performed psiné a Beckman JA-20
rotor unless otherwise specified: |

The method used for isolation of pea mitoéhoﬁdrié.wés‘
based on that .of Johnson-Flanagan and Spencer -(1981)..
Approximately 250-300 ml of cotyledons were groundegehtly
for 3 minutes in a mortar with 300 ml of grinding medium |
consisting of 0.3 M'mannitol,iS mM.EDTA,'O.5%ifatty‘acid:
poor bovine serum albumin (BSA), 0.05% cysteine and 50 mM
TES buffer. Large particles were removed'by filtfatiqn‘, .
through one' layer of wet sterile'Miracloth and the filtrate
centrifuged for 7 minuﬁes at 700 x g to remove stafch graQ%f
‘and‘Other cellular debris. The pellet was discardéa and thé;
supernatant centrifuged at 21,000 x g for 5 minutes to
sediment mitochondria. The supérnatant was removgd.by(_/

aspiration and the pellets were resuspended and combined
<
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uéing a wash medium consisting .of 0.3 M mannitol, 0.3% BSA
and 25 mM TES. The suspension was then centrifuged at 21,000
X g for 5 minutes and the supernatant discarded. The pellet
was suspended in 2.0 ml of resuspension medium consisting of
.0.3 M mannitol, 4 mM MgCl, and 25 mM TES. This suspension
was designated the 'crude’ mitochondr}al suspension. The
mitochondria were further purified by diféontinuous sucrose
density gradient centrifugation. The crtde suspension was
layered onto a gradient consisting of 4.0 ml of 0.6 M
sucrose and 8.0 ml of 1.6 M sucrose. Both sucrose solutions
" contained 50 mM TES and 0.1% BSA. Centrifugation was at
32,000 x g for 1 h in a Beckman SW40T1 rotor. The band at
the interface of the two sucrose layers was reméved with a
Pasteur pipette and diluted slowly with a buffer solution
(25 mM TES, 0.1% BSA). This Fuspension was centrifuged 5
minutes at 21,000 x g and tﬂe pellet suspended in 2.0 ml of
resuspension medium..This was designated the 'final’
mitochondrial suspension. ’

Peanut mitochondria were isolated using a method based
on that of Morohashi et. al. (1981). The diffe}ential
centrifugation steps wére essentiallxgthe same as for pea
except that theAcbnstituents of some extraction media were
different. The grinding medium contained 0.4 M mannitol, 5
mM EDTA, 0.05% cysteine, 0.5% BSA and 30 mM TES. Wash medium
consisted of 0.3 M mannitol, 1 mM EDTA, 0.1% BSA and 20 mM

TES. The crude pellet was further purified using the

gradient technique used for pea mitochondria.

b St o it e e

PR
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The biochemical purity of pea and peénut mitochonaria

was assessed using assays of marker enzymes; catalase

)
(Clandinin and Cossins, 1972), alcohol dehydrogenase
(Racker, 1955) and succinic dehydrogenase (Cooper and
Beevers, 1969). These enzymes were assayed at several stages
of the purification prodedure including the final
suspensiqn.

Respiratory rates, ADP:0 and respiratory congrol ratios
were routinely)measured polarographically using an oxygén
monitor (Yellow Springs Instrument Company Model 53 ), with
succinate as the substrate. The reaction mixtu;e contained,_
in a final volume of 3.0 ml, 0.3 M mannitol, 50 mM TES, 4 mM
MgCl,, 5 mM potassium phosphate, 0.75 mg/ml BSA and 8 mM
succinate (Solomos et al., 1972). The final pH was adjusted
to 7.2 using 2 N KOH., Several cycies of ADP addition (150
nmoles) were initiated for eacﬁ sample ana average values

for respiratory and ADP:O ratios were calculated‘according

to Chance and Williams (1956).

(S
-t

Extraction of Folate Derivatives

Folate derivatives were extracted from whole cotyledons’
and isolated mitochondria oflpea and peanut grown over a
seven day period. Cotyledonary folates'were extracted |
éccofding to Method 2 of Roos and Cossins (1971). A known
amoung’z;a. 2.0 g) of peeled coﬁyledons Qas sliced quickly

into 1 mm sections and placed into 2% (w/v) ascorbate

solution (ascorbic acid adjusted to pH 6.0 with KOH),



45

previously heated in a boiling water bath for 10 minutes.
The slices were incubated for 10 minutes in a boiling water
bath to eliminate gamma-glutamyl carboxypeptidase activity

and to initiate folate extraction. The tisshe was then

cooled qu{ckly in an ice-water bath and ground in an
ice-cold mortar. The brei was quantitatively transferred to ;
a large centrifuge tube using aliquots of 0.5% (w/v)
aScbrbéte and incubated in a boiling water bath for a
further 10 minutes to complete folate éxtraction. Denatured
protein was removed By centrifugation at 15,000 x'g and t%e
supernatant retained. The pellet was washed once with 5.0 ml
of 0.5% (w/v) ascorbate and recentrifuged. The combined t
supernatants‘were stored at -25 °C; |
Mitochondrial folates were extracted from suspeﬁéions
of gradient-purified mitochondria, sonicdated at 95% of
maximum output, with a Fisher ultrasonic probe. Aliquots of
a suspen51on were mixed with an equal volume of 20% (w/v) k .
ascorbate, pH 6.0, and 1ncubated in a boiling water bath fo%

|

10 minutes &Denatured protein was removed by centrlfugatlon\

at 13,000 x g for 10 minutes. The pellet was washed once \

. i - \\\
with 10% (w/v) ascorbate, recentrifuged, and the combined  \
supernatants stored at -25 °C. ; \

To test fSr endogenous gamma-glutamyl carboxypeptidase
activity, mitochondria were incubated with yeast extract
(yeastvextract folates are almost entirely folylpoly-
glutamates) in the following manner. A sonicated suspehsion

of mitochondria was dialyzed overnight in 0.1M K phosphate,

£

it st
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pH 7.2, to remdve any endogenous fo%até1 The dialysate was
incgbated with yeast extract (0. 02% ascgrbate solution,
0.1 M HEPES pH 7.6, . at 25 °C for Ov. , 60 and 90 minutes.
The reaction was stopped by incubation in a boiling water

bath and the samples were stored frozen until assayed.

Microbiological Assay of Folate Derivatives

All tissue extracts and fractions recovered after
DEAE—cellulosé chromatography were assayed for folate
content using the 'aseptic plus ascorbate' technique of
Bakerman (1961). Lactobacillus casei (ATCC 7469) anld "
Ped jococcus acidilactici (ATCC 8081, formerly P.
cerevisiae), which require folate derivatives for growth;
were the organisms used in this study. Growth response,
measured by titration of the lactic acid produced by these
bacteria, was dependent on the level of folates present and
therefore standard curves relating the yolume of titrant to
amounts of folates could be constructed (Freed,'19665.
Levels of folates in sample; were determined by reference to
these curves. '_ ‘ |

Standards, samples and inoculum were added aseptically
to culture tubes in a sterile transfer hood. To pFevent
oxiddtion‘of samples during incubation at 37 °C for 72 h,
0.6% (w/v) ascorbate solution)(pH 6.8 for Lj‘cései; pH 7.0
for P. acidilactici) wés added to each tube. Each sampl: was

assayed using at least three aliguot sizes, in duplicate.

After ‘incubation, the lactic acid produced was titrated back
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to the original pH of the mediﬁm using 0.1 N NaOH.
Bactérial cultures were maintained on agar siants
consisting of 2.5% yeast extract, 0.5% glucose, 0.5% Na
acetate and 1.5% agar. The cultures were transferred
“bi:weekly to. fresh slants. Bacteria for inoculation were
"grown overnight at 37 °C in 10 ml of inoculum broth
éontaining 1% yegst extract, 2% glucose, 2% Na acetate, 100
ul salt solution 'a' (see below, basal media stock
s;lutioné)‘an§ 100 ul salt solution 'b' (see below). The pH
wasbadjusted to 6.8 with NaOH, at room temperature. Cells
were washed free of broth and diluted ca. 100-fold with 0.9%
(w/v) NaCl. Two drops per tube of this diluted culture were

used as the inoculum.

-

Composition of the basal assay media was based on those
of-Freed (1966) fdr L. casei and Bakerman (1961) for P.
acidilactici using the modifications of Spronk (1971). The
components of the two media are shown in Table 1. After
mixing the ingredients, the pH was adjusteq_to 6.8 for L.
caseli and 7.0.for P. acidilactici. The manganous éulfate
solution Qa% then added and the volume made up to 1 liter.
" Medium (5.0 ml) was added to 20x150 mm culture tubes and
éutoclaved 8 minutes at 121 °C. ‘

‘Stock solutioﬁs of ingredients prepared éccording to
either Freed'(19665, Hansen (1965), or Spronk (1971) were

made as shown below. All solutions were stored over

chloroform at 4 °C,.
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Table 1. Composition of basal media used in nicrobiological aésay
of folates.: .

L. casei P. agecidilactiei

Stock Solutions (ml)

-
1. Casein, Acid hydrolysage 100 100
2. Casein, Enzymatic hydrolysate A 0 : 100
3. Adenine-Guanine-Uracil 50 50
L, Asparagine 60 60
- 5. Manganous sulfate , 20 . 20
6. Salt solution 'b' _ 10 80
7. Tryptophan : ~ bo Lo
- 8. Vitamins ‘ 100 ' 100
9. Xanthine | | 100 100
10. Folic acid 0 ]
11. Tween 80 ' , 0 ]
Dry reagents * (g)
Cysteine-HC! hydrate | 0.5 . 0.76 .
Glucose, anhydrous : 40 4o
Glutathione, reduced | 0.005 0.005
Sodium acetate, anhydrous Lo 0
Sodium citrate 0 35
KHZPOA’ anhydrous C 1.0 . 4.0
KZHPOA’ anhydrous ' 1.0 L.o

*Dry reagents were first dissolved in ca. 300 ml water prior to
addition. The final volume was made to | litre with water.
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Stock solution 1. Casein, Acid Hydrolyé%te. This
solution was prepared according to Freed (1966) except that
the final pH was left at 375. Acid-hydrolyzed casein (100 g)
was added to water and th pH adjusted to 3.5 with HCI.
Niacin and residual folic acid were removed by mixing the
césein with activated charcoal (20 g) for 3 h. The solution
was filtered and made up to 1 liter. .

’ Stock solution 2. Casein, Enzymatic Hydrolysate. Casein
(25 g) was added to water, the pH adjusted to 3.5, and 10 g
charcoal added. After stirring for 3 h, the filtrate was

made to 1 liter.

Stock solution 3. Adenine-Guanine-Uracil (Hansen,

1965). 0.2 g of each compound was dissolved in 12 N HCl, and

the solution made to 1 liter.
Stock solution 4. Asparagine (Hansen, 1965).
(

L-asparagine monohydrate (5 g) was dissolved in water to

make 500 ml. = \
v
Stock solution 5. Manganous sulfate (Sprogk,1971). 2.0

g of MnSO,.H,0 was added to water to make 200 ml.

“

Stock solution 6. Salt solution 'b' (Freed,1966). This

j
solution contained in 1 liter, 20 g MgSO,.H,0, 1 g NaCl, 1 g

FeSO,.7H,0, 1 g MnSO,.H,0 and 1.0 ml of 1 N HCL.

Stock solution 7. Tryptophan (Hansen, 1965).
l}:Tryptophén (5 g) w;s dissolved in 50 ml of 1 N HC1l and
made fo 500 ml. | ‘ | |

Stock‘sblution 8.,Vitamiés (Freed, 1966). This solution

contained in ca. 300 ml p-aminobenzoic acid (10 mg),
%

~

Kl
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; ‘ %
pyridoxine-HCl (40 mg), thiamine-HCl (4 mg), calcium panto-

thenate (8 mg), niacin (8 mg) and biotin (0.2 mg). To this
- was added 10 mg riboflavin dissolved in 200 ml of water
cohtainihg glacial acetic acid. In addition to this, 1.9 g

Na acetate and 1.6 ml glacial acetic acid were dissolved in

-~

water. The three solutions were combined and made to 1
liter. .

Stock solution 9. Xanthine (Hansen, 1965). Xanthine
(0.2 g) was heated in 10 ml of conc. NH,OH until dissqlved
‘and diluted to 1 liter.

Stock solution 10. Folic Acid. This solution‘(2 ng/ml).

was prepared by dilution of the folic acid (PteGlu) standard

stock solution (see below).

Stoék solution 11. Tween 80 (Hansen, 1965). 25 g of
Tween 80 (bolyoxyethylene sorbitan monooleate) was dissolved
in 2é0 ml of 95%»ethanol.

Stock solution 12. Salt solution 'a'. This'solution
contained in a final volume of 500 ml, 25 é K,HPO, and :25 g
KH,PO,.

Standard curves were routinely prepared wiFh each assay
using solutions freshly prepared from standaraiied stock
solutions. Folic acid (PteGlu) was used as the standard for
L. casel, d,I—S—HCO;H.PteGlu for P. acidilaci’icf. 'fhe
standard solutions were prepared by dissolving carefully
weigﬁéd folate compougas in dilute KOH. The cohcéntration of

each derivative was determined by colorimetric assay

(Shiaffino, 1959) using p-aminobenzoic. acid as the standard.

G
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.

Representative curves are shown in Fig.-2. P. acidilgcti%i

does not respond to d-5-HCO-H,PteGlu, therefore growth

responSe‘is given in terms of ]-5-CHO-H,PteGlu equivalents$

(May et al., 1951). For samples assayed with L. casei, |

results are 1in equivalgnts of folic acidg(PteGlu). g aa
H - y

Eniymaticbﬂydrolysis of Folylpolyglutamates

I3
Y ¢

The bacterial strains commonly used in folate-
microbiological assay do not give a s%gnificant response to
folate derivatives having greater'than three glutamyl,
:esidues (Blakley, 1969). Therefore, in order toidepermine
the lé&els of these derivatives, samples’ were subjected to
hydrolysis by gamma-glutamyl carboxypeptidase, which
converts folylpolyglutamates to mainly folylmonoglutamates.
Some di; and triglytémyl folates were also formed (Blakley,
1969) .

For this study, the carboxypeptidase was prepared from
3-day old pea seéﬁiings. Peeled cotyledons (10 g) were
ground in 20.ml of ice-cold 0.1 M K~phosphate buffer, pH
6.0. The brei was filtered through Miracloth and centrifuged
for 7 minutes at 3,000 x g to remove cellular~debris, The
supernatant was dialzyed overnight in the same buffer, at 4
°C The dialyzed extract was stored, for a maximum of 6
months, at -25 °C. The extract was diluted 10-fold w1th 0.

M K phosphate, pH 6.0 before use.‘Significant folate levels

could not be detected in the enzyme solution when measured

by microbiological assay.



" .

o
- 10-
2
I
S 6-
Z
2.
S b
é.
24
0 T T T T  | -
0 02 04 06 08 10
PteGlu or I-5-HCO-H, PteGlu (ng)

-

¢

Figure 2. STANDARD CURVES OF GROWTH RESPONSE OF L.CASEI TO °
PTEGLU AND P.ACIDILACTICI TO L-5-HCO-H,PTEGLU

Growth response was measured by titration of lactic acid

’ produ¢ed'during a 72 h incubation at 37 °C. Each point

represents the mean of 'two determinations. Circles,L. casef f

response, triangles, P. acidilactici response.’
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Hydroly51s of folylpolyglutamates was performed by
1ncubat1ng a folate sample in 0.1 M Na acetate, pH 4.5
containing 5% ascorbatefand gamma-glutamyl carboxypeptidase,
for 5 h at 37 °C. A sampie~of yeast extract was routinely
taken through the same prooedurelto verif& carboxypeptidase
activity. A minimum 10-fold;inorease in assayable folates
after*enzyme‘treatnent indicated?aneaotiVe'enzyme. The
reaction was stopped;by incubation;at 95 °C for 2 minutes.
DEAE-Cellulose Chromatography of Mitochondrial Folates

M1xtures of folate der1vat1ves were separated u51ng
DEAE-cellulose chromatography, Columns (1.8x20 cm)vyere
_prepared accordlng to Sotobayashi (1966) Samples of
) carboxypeptldase treated mltochondrlal folates were added to
the column and washed into the column $#ca with two 3 ml
washes of 0. 6% (w/v orbate solutlon, pH 6.0. The
derivatives were separated by elution of the column WIth a
gradient from 0.6% (w/v) asogrbate, pH 6.0 to 0.5 M K
phosphate plus 0.6% (w/v) aZZérbate, pH 6.0 .
'(Sotobayashi,196o) Fractlons (3.0 ml) were collected in
vtubes conta1n1ng 100\q}/of 10% (w/v) ascorbate, pH 6.0 (to
prevent ox1datlon of folates) and were stored frozen.
Identlflcatlon of the varlous derlvatlves was by reference
to prev1ous work that used an identical. separatlon system;
in addrtlon to chromatography of authentlc standards of

5-HCO- and 10-['*C]-HCO- H PteGlu (Roos and C0551ns, 1971;

Clandinin and Cossins, 1972). | .
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Assay of N‘°-formyltetrahydrofolate:methionyl-tRNA
tranSformylase

The assay system used was based on that of Crosti et
al. (1977). The reaction mixture contained, ih a final
volume of. 100 ul, 150 mM H«Eeis'sf (pH 7.6), 20. mM KCl, 20 mM.
2‘mercaptoethanol) 0.1 mM EDPTA, 0.55 uM °H-met£tRNA' |
'(diSSolved in 60>m; HEPESt pH 7.6: 15 mM KCl; ‘15 mM MgClzs,
10 uM 10- [“C] HCO- H PteGlu and 0.2-1 mg7m1 proteln The
“ reactlon was stopped after 30 mlnutes at 30 °C by addition
- of water—saturated’phenolf Sodium acetate (pH 4.8) was added
to yield a final Na‘acetate concentration of 0.3 M. The,_ ﬁ
“formylated prodUc%‘was recoVered.bythteelextraCtions.with
'phenol andftwo ethanol preoipitations (in a‘solid Cogethanol
. bath), dissolved in water and assessed for radioactivity by
liqnid scintillation. A sonicated aliquot of‘atmitochondrial
suspension-nas used as the.protein sourcé; Baokgfound‘ |

radioactivity was measured using a complete reaction system

" minus enzyme.

The ["C]—formyl-[’H]-methionyl—tRNA formed using the
above system, as well as [° H] met t RNA were subjected to
polyacrylamide gel electrophoreszs with authentlc E. coll_
bulk tRNA as a standard The 1rmm, 12% gel prepared in 50 mM d‘

Na acetate buffer- pH 4. O ‘was run at 11 volts/cm, until the

dye front was ca. 1.0 cm from the bottom. The gel was soaked

in eth1d1um bromlde to sta1n the tRNA and a photograph taken f g

,‘under ultraviolet llght to v1suallze the tRNA.-In order to

observe the radloactlvely—labelled tRNAs by fluorographyh B
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the gel was treated according to Laskey (1980)§7Tn this
procedure, the gel was impregnated with PPO and dried onto
filter paper, and exposed to Kodak XAR-5 film. The film was

developed after 72 h at -90 °C.

Preparation Bf Labelled Substrates .

The two raq}oactively*labelled substrates used in the
transformylase assay, ['*Cc]-formyl-H,PteGlu and
[*H]-met-tRNA, were not available commercially and were
therefore prepared in the laboratory. The synthesis of
N‘°~["C]-formyl-H.PteGlu was based on the method of
Buttlaire (1980) using a 10-formyltetrahydrofolate
synthetase isoléted and partially pufified from Clostridium
cy! indrosporum (ATCC 7469), grown on the medium of
Rabinowitz (1963). |

The purification procedure used was identical to
Buttlaire (1980) except that in Step 5, Sephadex G-200 was
used insfead of Bio-Gel A-0.5m and in Step 8, DEAE-Sephacel
was used instead of DEAE-cellulose. Due to the ‘instability
of the erizyme, N‘°—HCO:H4PteGlu was prepared soon after
enzyme purif&cation using the procedure of Buttlaire- (1980).
The lyophilized prbduct was dissolved in 0.1 M HC1
containing 0.1 M 2-mercaptoethanol and stored at -25 °C.
Acidification converts 10-HCO-H,PteGlu to 5,1O—CH=H4PteGlu,
a mor? stable cpmpound (Blakley, 1969). This latter

derivative was neutralized immediately prior to use with 1.0

M KOH. The concentration of 10-HCO-H,PteGlu was determined
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spectrophotometrically using an extinction coefficient of
24,900 M~'cm™' at 350 nm (Buttlaire, 1980). Specific
activities (dpm/umole) were calculated from a combinatioh,oﬁﬂ
radiocactivity measurements and spectrophotometric
determinations of concentration.

Methionxl—tRNA synthetase, isolated and partially
purified from E. coli K12 (ATCC 10798), was qud to
synthesize *H-met-tRNA (Lemoine et al., 1968).‘;ells were
grown to thgj;nd of the exponential growth phase in 10-liter
quantities of Trypticase soy broth (Becton, Dickinson and
Co.) using a New BrunswickvMicroferm-fermenter; The cells
were harvestea using a Sharples continuous flow centrifuge.
The enzyme purification procedure was modified from Lemoine
et al. (1968). The initial steps were identical up to and
including the Sephadex G-200 step. Two consecutive |
DEAE-Sephacel steps replaced the hydroxylapatite and
DEAE-Sephadex procedureé. As in Lemoine et al. (ﬂ968), the
final product was stored at -25 °C in 50% glycerol.

Synthesis of [°H]-met—t§NA was based on Lemoine et él.
(1968). Conditions for optimal tRNA,cggrging wére studied
and included buffer type, time course and the effects of
tRNA concentration, prbtein and the ratio of Mg?** to ATP
using '*‘C-methionine and a standard filter paper assay. In
the present study, HEPES replaced Tris-HCl and 2-mercapto-
ethanol replaced reduced glutathione. The charging syétem

consisted of 100 mM HEPES (pH 7.6), 10 mM MgCl,, 10 mM KC1,

2 mM,2—mercaptoethanol, 2 mM ATP, 60 A,., units/ml E. coli
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bulk tRNA, 22 UM L-[°H-methyl]-methionine (specific activity
510 uCi/umole) and ca. 240 ug/ml enzyme.ikfter 20 minutes at
37 °C, [*H]-met-tRNA was separated from the reaction system
Qsing three extractions with phenol and an overnight ethanol
precipifation at -25 °C. The ’Hmet-tRNA was routinely
prepared one day prior to a tfansformylase assay.

The concentration of [*H]-met-tRNA was determined‘from
the specific activity of the [*H]-methionine used.
Unlabelled methionine was added to [’H]-methionine (specific
activity 93 Ci/mmole) to yield a final specific activity of
510 uCi/umole. The [*H]l-methionine was ﬁeriodically examined

9using a Beckman Model 121 Automatic Amino Acid Analyzer to

&

determine its radiochemical purity.

Difference Spectra of Isolated Mitochondria .

Spectral analysis of cytoéhromes present in isolated
mitochondria was performed using the method of Collins and
Bertrand (1978). Gradient-purified mitochondria‘wefe
pelleted at 15,600 x g in an Eppendorf microcentrifuge
(Model 5414) and resuspended in 1.1 mi of 50 mM Tris-Cl, pH
7.7 containing 5 mM EDTA. The suspension was divided inté
two equal portions and 1 volume of 5% deoxycholate was added
to each, to lyse the mitochondria. Organelle debris was
removed by cengrifugation and the supernatants retained. The
cytochroﬁes in{one cuvette were oxidized by potassium

ferricyanide #nd reduced in the other by sodium dithionite.

Difference spéctra (reduced-oxidized) were recorded in a Pye

|

I
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Unicam Model SPB-100 Spectrophotometer at room temperature.
A base line was determined by scanning prior to addition of

ferricyanide or dithionite.

Amino Acid Incorporation by Isolated Mitochondria
The incorporation of L—[*H]-leucihe into cold

TCA-precipitable materiél was based on the method of #orde
et al. (1979). The reaction m;xturé contained, in a final
volume of 500 wl, 0.25 M mannitol, 12.5 mM HEPES (pH 7.2),
15 mM MgCl,, 12.5 mM KCl, 20 mM malate (pH 7.2), 2 mM ADP
(pH 7.2), 25 uM amino acid mixture (minus leucine; pH 7.0)
and 1 uCi [*H]l-leucine (136 Ci/mmole). After addition of
mitochondria (ca. 750 ug protein) to initiate the reaction,
samples were incubated for 45 minutes at 25 °C. After
:%ncubat}on, samples were centrifuged at 15,600 x )
(Eppendorf microcentrifuge) for 5 minuteg to sediment the
mitochondria. The pellet was solubilized in 500 ul of 0.5 M
lNaOH for 20 minutes at 37°C and-samples were s;ored over-
night at 4 °C after addition of 200 ul of 50% (w/v) TCA.
Precipitates were pelleted by centrifugation,vwashed twice
with 5% (w/v) TCA and hydrolyzed in 500 ul of 0.5 M NaOH for
60 minutes at 45 °C, Samples of the hydrolysate were
assessed for radiocactivity by liquid scintillation in
Biofluor. A time course and protein cu;vé were rbutinely run
with each assay. Initially, to test integrity of
mitochondria during assay, the respiratorj activity of a

sahple of mitochondria of each age was determined after

* {



¥

/ ,; ‘ 59

isolation as well as after incubation at 25 °C for 45
minutes. Since only a small decrease was customarily
observed, respiratory activity was subsequently measured _
after isolation only, to ensure that the activity of the
mitochondrial suspension was within the normal range for
that age.
ﬁacterial~prdtein synthesis has many propérties in

common with organelle protein ;yntheéis and therefore the
_presence of/bacteria may have affected the results of amino”
acid ihcorporation studies. Numbers‘of bacteria were
estimated by plating serial dilutions of a sample onto Plate
Count Agar (Difco), in triplicate. The plates were ihéhbated
for 48 h at 37 °C and colonies counted. A sémple of
mitochondrial .suspension-plus-reaction systém was incﬁbated
with each assay of amino acid incorporation,

o |
MeéSurement of Radioactivity by Liquid Scintillation

211 radioactive sémples were counted in a Tracor

Analytic Liquid Seintillation counting systém (Mark IITI,
Model 6881) A ;eparate guench cbrrection curve;,prepared
‘uéing radioactive standards, was constructed for each
}sotope u%ed iﬁ order to calculate disintegrations per
minute (dpm). Biofluor was used for tfansformylaéé and
labelled amino acid incorporation assays. The toluene fluor
was ‘used in the filtef paper assays during optimization of

the met-tRNA charging reaction. Bréy's solution (1960) was

used to survey column fractions where data on only relative

o
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amounts of the compounds separated were required.
[

Protein Determination

In most cases, protein was determined using the method
of Lowry et al. (1951). Protein samples containing high
levels of 2—mer¢aptoethanOI were éssayed using the method of
Bradford (1976). Bovine serum albumin (Calbiochem, Fraction

V) was used as the standard in both assays. Standard curves

were prepared for,each assay.



I11. Results

Organelle Isolation

A majority of the research presented in this thesis is
concerned with metabolic events occurring in pea and_peanut
mitochondria. Therefore, it was necessary to determine the
biochemical purity of mitochondria obtained using the
isolation techniques.describedcin the previous section.
Marker enzyﬁ%s were assayed at several stages in the
isolation of pea (Table 2) and peanut (Table 3)
mitochondria. Alcohol dehydrogenase was used as a marker for .
the cytosol, catalase for peroxisomes and succinic
dehydrogenase for mitochondria.

The specific activity of succinic dehydrogeﬁase of both
species increased steadily during the isolation procedure.
The largest increase occurred after discontinuous'sucrose
gradient centrifugation, emphasizing the value of this step.
The isolation procedure used, sacrifices the guantity of
mitochondria in order to obtain higher quality organelles.
To attain this, portions of the high-speed pellets were
discarded, in addition to the supefnatahts.'This practice
removed ‘some mitochondria, as well as contaminating
substances, and was(at least partly responsible for the low
yields of mitochondria; 11.3% and 12% of total units, for
pea and peanut,'respectively.

The bulk of the units of catalase and alcohol

dehydrogenase activity appeared in the high-speed
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supernatant obtained from pea and peanut cotyledons (Tables
2 and 3). This would be expected from an isolation procedure
designed to select for mitochondria and against other
components. It was concluded that the small émounf of
alcohol dehydrogenase activity remaining éfter gradieni
centrifugation, less than 0.5% for pea and peanut, was
insignificant,

Although the specific activity of catalase was higher
after gradient centrifugation than in the low speed
supernatant (pea and peanut), in pea, higher specific

activities were observed in the high-speed supernatant

(Table 2). In addition, the specific activity of succinic

dehydrogenase increased more than 2.5 times compared to the
increase in catalase specific activity. In peanut, (Table 3)
the specific activity of catalase after gradient
centrifugation represented an apbroximately 19-fold increasé
over the low speed supernatant values. Again, similar to the
situatipn in pea, the increase in succinic dehydrogenase

specific activity was 2.5 times that of catalase. These

results indicate that although there was some peroxisomal

contamination of the mitochondria, it was minimal. Electron

microscopy of 3-day, gradient-purified mitochondria,

'supported this coﬁpention, as few peroxisomes could be

detected. Furthermore, tpe density of peroxisomes would

allow them to ®e pelleted by the gradient centrifugation

procedure used in the presentv§tuéy,(Quaﬁgﬁ 1&79). As a

result, the cgtalase detected - may have adhered to the - ¥
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mitochondria during isolation.

Respiratory Activity of Isolated Mitochondria

It is generally accepted that respiratory activity of_
isolated mitochondria, in particular ADP/O and fespiratory
control (RC) ratios, can be used to determine mitochondrial
integrlty (Tzagoloff, 19@@); Respiratory fates in addition
to ADP/O and RC ratios were therefore determined for
mitochondria isolated from 3-day-old plants. The results of
these'measurements are included in Figures 3 and-4. Once 1t
was established that active mitochondria could be routinely
isolated, respiratory parameters were examlned in
mitochondria from seeds grown over a 7 day period (Flgures 3
- and 4). In peanut,‘ADP/O‘ratios increased almost 2-fold
during the first 3-4 days and respirato:y rates rose by‘a
slightly greater amount (Flgure 4). The same trend was
observed in pea, although. the values are somewhat lower
(Figure 3). The increases noted above for ADP/O and RC
ratios were paralleled by-changes in'ﬁhe respiratory rate of
mitochondria isolated from boﬁh species.

Cytochrome oxidase, the final protein in the electron
transport;chain, trahsfers electrens moving along'the chain
to oxygen; forming water. The catalytic components of
cytbchreme oxidase are cytochromes a and a,. These"two
cytochromes can be'aetected spectrophotometréfally.

Difference spectra were determined~for.1—'ang'3—day pea

mitochondria (Figufe 5). The levels of eytochromes b and
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FIGURE 3

CHANGES IN THE RESPIRATORY ACTIVITY OF MITOCHONDRIA I1SOLATED

Y

FROM ?EA COTYLEDONS OVER A 7~DAY PERIQD Y
o

Respiratory rate (upper graph) and respiratory control
ratios (O——O) and ADP/O ratios (@——@) (lower graph) were
determined polarographically using succinate as substrate.
Respiratory rate Qas measured during state 3 respiratién.
The values were determined from 3 replicates per experiment
with at least 2 separate extractions of mitochondria.'The

points represent mean values *+ S.E.M.

Y
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FIGURE 4

CHANGES IN THE RESPIRATORY ACTIVITY OF ISOLATED PEANUT = .

an

MITOCHONDRIA OVER A 7-DAY PERIOD

"~

hitochondria. Lower

Values were determined as for pea '
graph: respiratory control ratio (O——O), ADP/O ratio
(@——@®). Clearly reproducible, coupled mitochondria were

9 .

, ‘
not observed prior to the se@?nd day.
. : o

ﬁ. - |   ' ,  vAlfi"
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FIGURE 5

AGE-RELATED CHANGES IN DIFFERENCE SPECTRA OF MITOCHONDRIA

ISOLATEb FROM PEA COTYLEDONS

|
\ T

&

Mitochondria were isolated and treated as described in
Materials and Methods. Dithionite-reduced, ferricyanide-
oxidized difference spectra were scanned as described. A,
base-line obtainedvprior to addition of dithionite or
ferricyanide; B, difference spectrum from 1-day
mitochondria; 28.5 mg protein; C, difference spectrum from
3-day mitochondria; 19.0 mg protein. The bar represents 0.01
absorbance units. The spectra are direct tracings from
actual scans. The arrows .indicate the posiéﬁontof the alpha
bands of e cytochromes shownj;and the numbers in

parenthe are the wavelenghths of the absorption maxima.
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a+a, increased during the first 3 days as shown by the
higher absorption at the relevant wavelengths, in 3-day
mitochondria. The difference between 1- and 3-days is
probab}y even more pronounced since the 1-day scan conkains
1.5 times‘the protein used in the 3-day scan. The
wavelengfhs for the absorption maxima of the cytochromes

(alpha bands) were taken from Ikuma (1972) and Palmer

(1976). .

Levels and Nature of Folates in Pea and Peanut

Folate levels in both species were measured in extracts
of whole cotyledons (Figures 6 and 7) and mitochondria
(Figures 8 and 9), over a 7-day period. As noted in’ the
Materials and Methods, the extracts wére assesééd for
folates by microbiological assay using L. casei and P.
‘acidilactici, before and after gamma-glutamyl
carquypeptidase (conjugase) treatmeht. L. casei responds
maximally to all naturally—occurring folate derivatives with
no more than tﬁree glutamyl fesidues (Blakley, 1969).
Therefore assay'by L. casei, of a conjugase-treateé sample,
yields a value for total folates. Samples assayed prior to
conjugase treatment yield values for free folates. P.
acidilactici, however, shows significant response to only
highly—reduced, noﬁ—methylated folates having a giutamyl
chain 1en§th of one or two. This differehtial response was

V4 _
used to elucidate the nature of the folate pools.



FIGURE 6

CHANGES IN PEA COTYLEDON FOLATES DURING THE FIRST SEVEN DAYS

N

OF GROWTH

Folate levels were determined by microbiological assay
using L, casei (open syhbols)Vand P. acfdi]actici (closed
circles). Samples were assayed using L. casei before X
(A——;ﬂg)'and after (O—0) hydrolysis with pea cotylede
gamma-glutamyl carboxypeptidase. Only hydrolyzed samples

were assayed by P, acidilactici. Values are given as

~equivalents of folic acid for L. casei-assayed samples and

]-N*-HCO-H,PteGlu for P, acidilactici-assayed samples. The
level of folates in each samﬁle was determined by using 3
o T

different aliquots, in duplic#Pe, Yrom one extraction. A

total of 3 extractions were made. Each point represents the.

means + S.E.M.

e - RN
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after hydrolysis; @—@P.

AR FIGURE 7

\

CHANGES IN PEANUT COTYLEDON FOLATE LEVELS DURING THE FIRST 7

DAYS OF GROWTH

The levels were determined as for pea cotyledons, with
th’e_(‘v'same number of replicates. Each point represeﬁfs the
mean + S.E.M. Symbols;A——é-A', L. casei.before and O—O,

}ﬁcidi Jactici after hydrolysis.
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As noted in the methods section, folate levels assayed
by L. casei are expressed as equivalents of folic acid
(PteGlu), and levels assayed by P. acidilactici are
expressed as eqguivalents of ]-5-HCO-H,PteGlu. From the
representative standard curves shown in Figure 2, it is
clear tnat the response of the two species was not equal and
.fherefore levels determined by each assay organism were not
mathematically equal. However; the two sets of values can be
used in studies of the nature of folate pools. The L. casei
response to a given amount of f%late was higher than P.
aCIdIIaCtICI and therefore levels determlned by L. casei

@y

appear somewhat lower than those determined by P.
acidilactici. | !
Total folate levels in pea cotyledons exhibited a
marked (4-fold) increase from the first to third days, and
then remained relatively constant (Figure 6). Comparison of
levels assayed by L. cﬂsel before and after conjugasel
‘treatment shows that a majority of the endogenous folate

pool (at least 65-75%) was'preSent as polyglutamyl
derivatives, after the first day.

It should be noted here that the folate derivatives
normally found in plant tissues are 5;HCO- and |
10-HCQ-H.PteGlu and>5—CH3—H.PteGlu‘ (Cossins, 1980). Since
P. aCIdIIactICI does net respond to methylated derivatives,
1t is conceivable that levels of folates measured by this. -

'organlsm represent levels of formyl‘derlvatlves. When folate

’extracts of pea cotyledons were also ‘assayed using P.
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acidilactici (Figure 6), it was shown that formyl
derivatives aceounted$for only a small portion of the total
folate pool, throughdut the period studied.

Peanut cotyledons were also examined for folate content
over the same period of time as pea (Figure 7). Total folate,
levels rose ca. 4.5-fold, although maximum legels were not
attained until the fifth day, as ln pea. The endogenous pool
coneisted of at least 60-80% polyglutamates. Fotﬁ&lx
derivatives made up only a'small portion of the pool.

Folate degjvatives were also assayed lncbea and peanut
mitochondria (Figures 8 and{9). In pea, total folates rose
rapidly after imbibgtion, particularly after the third day
- (Figure 8). The rate of lncrease slowed after 4 days but did
not reach a plateau‘ There was a 6-fold increase in total
folates by the fourth day. Assay by P. aCIdlIactICI revealed
that formyl derlvatlves made up the ma]orr;y of the |
endogenous pool The changes in these der*Natlves-closely
paralleled those of total folates for the first & days.
Polyglutamyl folate levels changed during the 7-day period.
These. derlvatlves ranged frgy a low on the second day of caff

.
25% to a hlgh amﬂ‘i_ 4 70% Incubat1on of sonicated

m1tochondr1a w1tmﬂyeast extract {rich, 1n polyglutamates)
revealed no 51gn1f1cant’endogenous conjugase activity at the
normal pH of mltochondrlalilsolatlon °

Total folates in isolated peanUt m1tochondr1a also rose»

rapidly dur1ng the first 4 days-(F1gure 9) p. aCIdllacthI

assay showed. that the mitochondrial pool consisted largely



"FIGURE 8

PEA MITOCHONDRIAL FOLATE LEVELS DURING GERMINATION AND .

7

GROWTH

N

Fol@ges were extracted from isolated mitochondria of
various ages. All samples were assayed with L. casel before
(A——A) and after (O—.TO) hydrolysis by gamma—glutar;xyl

carboxypeptidase. ‘Hydrolyzed samples were also assayed with
. o » :

P. acidilactici (@——@). Each poixntr‘r'eprese_nts the mean
value of 3 different aliquots, 1in duplicate, from one

mitochondrial extractior. Separate e"xtractions yield results

~

‘differing less than 10% from the above results. ,
. ‘:‘ : - ' ) ) | | ™ -

e
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FIGURE 9

PEANUT MITOCHONDRIAL FOLATE LEVELS DURING GERMINATION AND

GROWTH

I3

%4

The levels were determined as for pes mitochondfia,

with the same number of replicates. Separate extractions
v - ' ‘ %

yielded results differing less than’10% fro% the above

results. P 4
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of formyl derivatives until after the fourth day.
Polyglutamyl.folates made up 70;80% of the pool. No
endogenous conjugase activity could be detected at the pH of
mitochondrial isolation. The changes in mitochondrial total
folates closely paralléled ﬁhose of the cotyledons.

‘To examine the nature of the mitochondrial folate pools
in greater detail, samplgs were subjected to DEAE-cellu&ose "/
chromatography. Typicai elutioﬁ pa£terns of the'derivatives
are éhown in Figures 10, 11 and 12. Identification of the
mg%oglutamate'peaks (peaks 'a', ;c',"d') was achieveé by
chromatography of authentic standards of'[“C]—10—HCO-,
5-HCO- and 5-CH,-H,PteGlu. Identification of the diglutamate
derivatives.('b','e','f') was by referencéﬁfo previous ‘
studies from this laboratory since the monoglutamate elution
patterns of the present data.were idéntical to the earlier
work (Clandinin and Cossins, 1972; Roos and boséins, 1971).

A chromatographic sepératioﬁ of fdiates from 4-day.pea
1mitochondria is shown in Figuré 10. Aliquots of each
fraction were assayed by L. casei and P. acidilactici. Aésay'
by the former organism reyealéd'Z major peaks, 'a' and
'c+d'. It is known thatls—HCO—~and 5—CH;-H4PteGlu are poorly
resolved by this method (Roos énd Cossins, 1971),
ponsequehtly the fractions were re-assayed with P.
aCidiIactici; The latter asséy showed thevpresenqe of
significant levels of S;HCO¥H,PteG1u_(peak 'c'), in addition
to 10-HCO-H,PteGlu (peak 'a'). Peak 'c' occurred earlier | ;y

than 'c+d', and was also much sharper, indicating peak 'c+d'



FIGURE 10

¥

DEAE-CELLULOSE CHROMATOGRAPHY OF 4-DAY PEA MITOCHONDRIAL

FOLATES

YSeparation was as described in Materials and Methods, X
u51n§ a conjugase- treated sample. The fractions were .
assessed'for folate content by mlcroblologlcal assay u51ng

L. casei (@—@®) and P. ac:dHa_ct:cz (O—O0). Data are
expressed as equivalents of PteGlu for L. casel and
1~-5-HCO-H,PteGlu for P.,acidilactici. No derivatives weére
detected prior to fraction 30. » . R

Peak a,  10-HCO-H,PteGlu : . | ' .
-Peak b, 10-HCO-H,PteGlu, |

Peak c, 5~-HCO-H,PteGlu .

Peak 4d, 5-CH,-H,PteGlu ‘

peak e,f 5-HCO-H,PteGlu, + 5-CH,-H,PteGlu;’
Peak e, 5~HCO-H,PteGlu,

These peaks wefe identified by reference ﬁo previous work
using idenfical separation techniques, in addition to

chromatography of authentic\5-HCO-H,PteGlu and

—[’*C]HCO—H4PteGlu.
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FIGURE 11

EFFECT OF HEATING ON THE STABILITY OF 10-FORMYLTET§AHYDRO—

FOLATE
N

//[‘ ‘C]-formyl-H,PteGlu was added to ascorbate ‘(110_%), pH
6.0, and incubated in a boiling water bath fér 1‘0 _miriutes,
cooled ‘and added ﬁo a DEAE‘—cellulose column. Se‘pa‘ra‘tion of‘
derivatives we;ns‘ as described in Materialé and Methods. An
untreated sa_'nip'le_‘:of;a["C]-HCO—H.PjteGl‘u was also shbjected to

DEAB-cellulose éh‘romatégraph‘y._ ‘Unfreate'd sampllek (0——@),

heated sample (O——0Q).

Peak a) 10-HCO-H,PteGlu :
R - : ) N ’ . . . g}ﬁ) i
Peak b, 5-HCO-H,PteGlu : - : . : . N
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" FIGURE 12

7 | | | o
DEAE- CELLULOSE CHROMATOGRAPHY OF MITOCHONDRIAL FOLATES ‘ u-':

>EXTRACTED FROM 4-DAY OLD PEANUT COTYLEDONS ¢

Separatlon was ‘as described in Materlals and Metheds,b
using a conjegase—treatedlsample The fractlons were
aeéessed'for folate cenpent b%ﬂmlcroblolog}cal assay.‘Date‘
is eXpressed“ﬁn PteGlu'(felic acid),eqUiv;lents for L.
casel(.-—-ﬂ) and 1-5-HCO-H, equ1valents for P. ac;dzlactlcr'

»

(0—0). No derlvatlves were detected pr1or ‘to fractlon 30,

. Peak a, 10-HCO-H,PteGlu

‘Peak b"TO*HCO-H'PteGluz
Peak ¢, 5- HCO-H, PteGlu

';Peakfd, 5= CH -H, PteGlu B ' "
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' contained 5—HC04‘and 54CH —H‘PteGIu' ThiS'data therefore

suggests the major folate der1vat1ves in pea m1tochondr1a
were 10 CHO— ~5-HCO- and 5 CH H PteGlu

The presence “of. 5 HCO H PteGlu, in amounts almost equal

o to 10 HCO “H, PteGlu, was somewhat surprlslng since

3

5- HCO H PteGlu has been shown to be a competltlve inhibitor

-2 of met- tRNA transformylase (Gamb1n1 et al, 1980)

Conver51on of 10-HCO- to 5-HCO-H ,PteGlu by high temperature,

- " has ‘been reported in the literature (Blakley, 1969{/Wilson

and'Horne, 1983). Since‘incubatdon of samples‘in a boiling

water bath is an essential\step in folate eitraction, the

effect of thlf treatment on 10-HCO-H,PteGlu, stablllty was

‘assessed as descrlbed in Figure 11. It 1slclear from this

flgure that&heatlng has‘a 51gn1ficant effect, as 44% of

TO#HCO-H,PteG u underwent'iSOmeriaation‘to 5-HCO-H,PteGlu.

This fact must: he;efore be taken into consideration in any

discussion of the nature of folate pools. ~

Calculatlons/of ng folate/peak were made.from Figure

v T
10 After correctlon for background the lower'profile'

«'showed that peak"a', (10-HCO-H, PteGlu) represented 9, 5 ng

and peak 'c', (5-HCO-H PteGluf 8. 4 ng. Peaks 'b' and 'e!

(10- HCO- and 5 HCO- H PteGluz, resp.) made only a small

‘ contrlbutlon to the folate pool If it is assumed that 44%

» of 10-HCO-H, PbeGlu has been changed to 5- HCO H,PteGlu, then

" the value for 10 HCO H PteGlu, before 1somerlzat10n would

ﬁ .
be 17 ng: Addltlon of the values for peaks 'a' and 'b"

Ry

“(lower prof1le) ylelds 17.9 ng,'strongly.sﬁggesting that



R

~shown in Flgure 12. The data shows a large percentage of the'

91

b
almost all‘SQHCO-H.PteGlu‘presfnt l%% come from' »
10- HCO H,PteGlu. If this assﬁmpt1on is valid, then the
amount of 5-HCO-H, PteGlu in ﬁbak c+d' (upper profile,
Flgure 10)7can«also be calculated. The(gglﬁesffor ng
folate/peak were found to be, peak 'a', (10-HCO-H,PteGlu),
7.5 ng, peak 'c',-(SfHCO-H.PteGlu); 5.9 ng and peak'ld',
(S—CHJ—H.PteGlu),'8.0_ng; The 10-HCO-, S—HCO- and S*Cﬁ,
diglutamateS'(peaks "b', 'e' and 'f', Eesp.) made up ca. B8%
of the total folate pool. It is clear from‘the,abo;e'that i

[}

the-pea’mitochondrial folate pool contains a majority of |

A

formyl folates.

Folate derivatives from 4~day;peanut mitochondria were

dlso subjected to DEAE- cellulose chromatography The elutlon-‘

profiles from assays by L. casel and P, aCIdllactICI are
4

kY . . % .
pool consisted of 10~HCO-H, PteGlu,. The present data also

suggest ‘that the formyl derlvatlves S*HCO— TO?HCO- and’

'410~HCO—H ,PteGlu, made up ca 80% of the folate pool ‘The
' Pediococcus data in Flgure 9, however, would suggest a
‘somewhat lower percentage. The d1fference in values is due,

at least in part, to the responSe of P. aCldlIactICl to

L

.10 HCO H PteGlu,, s1nce it-is less than expected (compare
V-the relat1ve responses of L. Casel and, P. aCIdIIactICI to
10 HCO- and '10~HCO- H PteGlu,). Therefore the level of

folates exhlblted by P. aCIdllactICI is a m1n1mal value.

-
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10—HCO—H.PteGluiMethionylftRNA_Transformylase Activity in
Isolated Pea and Peanut Mitochondria -
The two substrates for this enzyme, namely met~ tRNA and

10 HCO-H PteGlu, are not commerc1ally avallable as;
radloactlvelyflabeﬁled compounds and were_therefore prepared
ensymatically in the_laborator§. The puriflcation'of o

’ metftRNA4synthetaSe from E. coli is'showngin Table»4. The
flnal purification is Yower than the literature value
{Lemoine et al., 1968 fhls 1s partly due to dlfflcultles
encountered 1n the purlflcatlon procedure The high- 69

.spec1f1c1ty of amlnoacyl tRNA synthetases for thelrQ
.substrates, however,-makes purlflcatlon to homogeneity

_unnecessary (Lea and Norrls 1977)f Purificatiohjof C.
' CyllndPOSpOPum formyltetrahydrofolate synthetase 1s shown 1n
Table 5. The f1na1 purlf;catlon is ca. 50% of the reported
'valdé (Buttla1re 1980) The f1nal product of both

| pur1f1cat1ons however, was more “than adequate tc>%upply the

I
.U

requ1red substrates
| " Once the labelled substrates were prepared conditions
' for optlmal transformylase assay were studled Theh
) requ1rements for the pea & zyme are shown 1n Table . As
expected om1551on of the labelled substrates resulted 1nt
loss of act1v1ty When Mg" was deleted " an 1ncrease 1n
:act1v1ty was observed ThlS was unexpected 51nce
transformylases from other sources requ1re thlS catlon

(Crostlvet al.; 1977' D1ckerman et al., 1967; SamUel and

Rabinowitz, 1974)}_Some Mg’f_(1:5rmM).yas”addedp_however,/(
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Table .. Purification of E. coli methionyl-tRNA synthetase.
. R e % : e ) . T -

v . N ot - -~ .
' ) R Total - Specific. Yield Puriflcatlon
Purification -~ , Protetn JActivity  Activity -

‘Step \(mg/ml) (unfts)* (units/mg (%) (-fold)
N t_“ o _ protein) e
,A'\. . ~ e —
- 75, OOOxg supernatant . 6.8 . 56.6 0,016 100 " 1
“Ammon i um sulfate S ‘ o _ , ,
fraction 30-50% 34 16.4 ' '0.016 .29 !
Sephadex 6-200 - e .
eluate = - e - b6 - 15.2- . 7 ..0.033 27 2.1
" DEAE-Sephacel #1 - 0.2 6.1 - 0.5 . 11 9.4

" DEAE:Sephacel #2  C 0.5 . 6.2  0.210 -1 13 -

“Glycprol (50%) T R
~solution T Y - R S 0.221 10 b

A1 unit of enzymg actuvnty is equal to the formatuon of . I umole of

met-gBNA in IO mlnutes at 37 C.

t



.. Sephadex G- 200

A

.

"Table 5. Purnfncatton of C. cylzndrosporum formyltetrahydrofolate
: synthetase a .

Y ‘ I

. . - " Total Specuflc -

Purification _ Protein Activity Activity Yield Purification

Step .. (mg/ml)‘ (units)* (units/mg (%) -(rfold)
- " : R protein) N R

“ . ‘ ’ R -

lud.oooxg supernagant  12.6 589 . 095 100 - 1.0

: Protam:ne sulfate ‘ ) : . . LT S
supernatant . 8.6 SELI 0.95 82 1.0

Fnrst ‘ammon i ym. sulfate

- precipitate - " 4 5.8 433+ LT 73 .

. N

} Second ammonium sulfate o . ) R : ca s
_ precupntate coo 26 333 L7 56 . 1.8

eluate = - ‘f"l.ﬁ - 306 u;2.38' .52 2.5
Third ammonium sul fate R R 1,»Qt).‘7néu Lo
precipitate .. - 284 4 419 3008 Y20 0 3.2
’_ ',’ _\ L A P . , -

First crystal-:§ ° }
lization ;?”,. Y

' .'loo" = 5‘51;. - RV 5w8l

S

©DRAESSephacel Tt L
- eluate- . 7‘ SRR OV B 9H:3-‘? . 6.65° - 16 7

j l{uni{nlsféqual to the formation of | umole,S;lOéme;henyl-HAPteGlu/min.

[ a e : S Ty
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. Table 6. Requnrements for fO HCO H PteGlu: meth|0nyl fRNA transformylase .

actnvnty of pea mltochond ia. \ ‘
Y o

v - . v
S\

Reaction System Enzyme 'Aét}_i,"‘it)'_*l %

complete o - ";790 R - 100 -

, minus enzyme ‘;_ | R :n.d}f o ,d o i‘;_‘ 0 %,1{
;’heated éﬁzyméf* - . ’ n{dfﬂvv B ‘v:" 0 ';_\,7f-.f
_‘jﬁ;hus kb - A,3e-v,' ,'ﬁ: 632 ::‘_;ﬁéOfﬁﬁ ;ﬂ
minus'MgZﬂ+ d"f. . ‘vi ) .Iléz :f.‘~\vjf_, v“}lhzﬂ"f,, d
mlnus [3H] -met- tRNA :  ~;; ;\n;d. I ‘.j‘, . __}' 0

~ mlnus []hC] formyl Hufolate © pd. T
' | Ty = |

i .‘4'.

x Enzyme actuvuty is expressed as pmoles fmet tRNA formed per 100 pmoles
recovered tRNA per- mg proteln o ..A‘v - S H’

_,f°‘Enzyme proteun was |ncubated rn a bonllng water bath prlor to use

- n.d., not detected d..e. radnoactxvnty levels were ' equal to scuntllla—'w
tion counter background The minus enzyme system was used -as the -
_'blank' in all cases and this. value was’ subtracted from all other

U S

v T

%



96.™

[N
1

with the met-tRNA for retention of R?A stability. This
conqentration is 5-fold lower than fequired by the Euglena
transformylase (Crosti ef‘$l., 1977) 4nd 10-fold less than
. .

the'enZyme from E. coli (Dickeg@an et al., 1967). The latter
two studies used pure or partially pure enzymes, whereas the
present study used a cgudé‘enzyme. It i% quite conceivable
%git Mg?** was already present in the transformylase extracts

L&

in sufficient quantities.

{
The effect of pH on pea met-tRNA transformylase was

I'd

Cd

also studied (Figure 13). Thé pH range-chosen reflected the -
pH range used in assays of this enzyme from a variety of

sources. From Figure 13, it 1is clear that, in pea, there is

<
»

no sianificant difference in activity from pH 6.8 to 7.8.
g : § P
’ A

The pH chosen, 7.6, was-the same as Crosti et al. &1977),
the method on which the pqgignt studj;was based.

Stuq;és of the effect of concentration o%’the two
principal substrates, met-tRNA and 10-HCO—H.PteGlu, are‘
shown ih Figure 14. In‘the case of 10-HCO—H:PteGlu, a cléar
optimum was evident at 10 UM and £his concentration was
subgequentiy used in all assays. Enzyme ectivity Qas linear
for met-tRNA concent;atibns up to ca. 0.5 UM. Becauée of “Jg;
slighf va}iations‘encbunteréd jn the concentration of the
met—tRNA,'prepared enzymatically one day p;ior to use, it
=w;s necessary to choose a ftRNA] such that enzyme activity
VS tRNA was linear. This allowed more accurate comparisons
of enzyme activities from diéferent assays. This is the

"

reason enzyme'activity was expressed as pmoles fmet-tRNA

o



&

Figure 13
\&_

EFFECT OF pH.ON METHIONYL-tRNA TRANSFORMYLASE ACTIVITY OF
3-DAY PEA MITOCHONDRIA

Enzyme activity was measured as described 1in Magérials
and ‘Methods. Activity is expressed as pmoles fmet—tRNA
formed per 100 pmoles recovered tRNA/mg protein. Each point
represents the average of two determinations. The range for

each average falls within the size of the symbol.

A}

o
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Figqure 14

Ty

EFFECT OF SUBSTRATE CONCENTRATIONS ON 10~-HCO-H,PteGlu:

METHIONYL-tRNA TRANSFORMYLASE OF PEA MITOCHONDRIA

The effect of [°H]-met-tRNA (A) and ['*C]-HCO-H,PteGlu
(B) concentrati?ns cn transfoqmylgsé activify were measured
in 3~day mitdchondria. Enzyme.;Etivity 1s expressed as
pmolés fmet-tRNA formed in A and pmoles ["C]-fmet-tRNA
formed per 100 pmofes tRNA recovered/mg protein in B, Each

point represents the average of two determinations. The

range in values is represented by'the‘bars. - .

»



ENZYME ACTIVITY

ENZYME ACTIVITY (x10%)

12f-

oA . ' i/

100

l,

b
N
|

o ©® O

4 —/ | y o

W) |
- 025 050 075 - 1.00
PH-met-tRNA]  (uM)

. L

[‘C-HCO-H,PteGlu] (uM)

10 .20 _ 30

s

25



[y

101

" formed per 100 pmoles tRNA recovered per mg protein.

The time course of enzyme activity is shown in Figure

15. A 30 minute assay was used routinely sirce significant

increases in enzyme activity were not observkd in longer

assays; Enzyme activity as a function of protein

congentration is also shown in.Figure'15 At least 3

+

concentratlons of mitochondrial

proteln were used in each

"

transformylase assay. This was necessary because of

varlatlons in the amount ofvmltochondrla‘qbtalned with each

extraction. It was important to

under conditions where activity

protein concentration, 'in order
enzyme activity) Only vaIUes in

proteln curve were ‘'reported.-

L 3

assay the transformylase
was a linear function of
to allow comparisons of

the linear portion'of the

3

4

Conditions for optlmal assay of met tRNA transformylase.j

were also studled in m1tochondr1a 1solated from peanut

>
[

cotyledons. Requ1rements for act1v1ty, shown in Table 7,

were very slmllar to the pea enzyme. The stlmulatory effect

Optlmal concentrat1ons for met~tRNA and 10 HCO H, PteGlu were

' of Mg2+ omission was also observed in peanut m1tochondr1a.

the same as the pea enzyme (Flgure 16). The time course of

enzyme act1v1ty and }he effect of proteln concentratlon are ‘

v1rtually 1dent1cal (Flgure 17)

f.

to the pea transformylase. ‘

Slnce the COﬂdithﬂS for assay of the enzyme from the two.

sources were-so 51m11a:,vthe effect of'pH onvpeanutz

transformylase was not examined.



 Figure 15 '\

EFFECT OF PROTEIN CONCENTRATION AND TIME ON METHIONYL—'tRNA‘
. TRANSFORMYLASE ACTIVITY OF 3-DAY PEA MI’.TOC}?ON’DRIA
_ N ' o v |
Enzyme activity was ‘measured as described in Materials
and Methods: In A, activity is exptessed as pmoles fmet~tRNA‘

formed per 100 pmoles tRNA retpvéred/mg protein. Ih B,

activity is exprésSed'as pmoles fmet-tRNA formed per '100.

pmoles tRNA recovered. Each point represents the average of
two detérminétioné. The range in values for each point did

not exceed the symbol size.’
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Table 7. Requirements for-IO—HCO-HhPteGIu:methionyl-tRNA transform-

- ylase activity of -3-day peanut mitochondria.

'Reaction System "Enzyme Activity® %
compfete o . 1535‘ iOO
minus enzy%e N j n.d. 0
heated enzyme n.d. 0
minus K* 1230 & 80
minus Mg2t | 1996 | 130
minus [3H]-mef—tRNA 1 7 n.d. 0
| minus [IAC]-formyl—Hufolate n.d. 0

3

* Enzyme ‘activity was asvdesériBed in Table 6.

n.d., not detetted.

[



-Figure 16

-

EFFECT OF SUBSTRATE'CONCENTRATIONé ON METHIONYL-tRNA

TRANSFORMYLASE ACTIVITY OF 3-DAY PEANUT MITOCHONDRIX

Enzyme activity was measured as described in Materials

o

and Methods. Actiuityvis;expressed as in Figure 14§yEach

,Jpoint represents the average of two determinations. The bar

represents the range in values. The absence of a bar at a
given point indicates the range did not exceed the symbol

size,
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Figure 17

k - RN | | |
EFFECT OF PROTEIN CONCENTRATION AND TIME ON TRANSFORMYLASE
ACTIVITY OF 3-DAY PEANUT MITOCHONDRIA B

- . e . o -

Enzyme act1v1ty was measured as descrlbed 1n Materlals'

¢

and Methods. Act1v1ty 1s expressed as 1n Flgure 15 Each
'_p01nt represents the average of two determlnatlons. ‘The bar

represents the range in values;

7

»
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Bacteria were detected in suspeneions-of mitochondria,
particularly by the third day of growth. Since:met-tRNA -
transformylase is also present in bacteria, it ‘was necessary.
to determine it contaminating bacteria contributed to the
levels of transformylase’detecteda The results of this
study, shonn in Table 8,,revealed»that bacteria had‘no‘
significant effect-on pea transformylase activity.
Mitochondria lsolated at earlier stages (1.and‘2 days) -
'cOnsistently;exhibited-a»loWer level of contamination.v
Mltochondrlal suspen51ons from peanut -cotyledons contalned

, 51m11ar levels of bacterla. )

" The product formed via the tranaformylase.reaCtion»was.
subjected to polyacrylamlde gel electrophoreéls.?érepared'
[JH]—met—tRNA, and»E. col i ERNA were also run at ‘the same- v
tihe (Figure'lé). Comparlson of the fluorogram, (), w1th
the photograph of the stalned gel (B) clearly showa that

- all radloact1v1ty was . assoc1ated w1th tRNA. The’ greater

B 1ntens1ty of the fmet - tRNA band compared to the met tRNA
“band 1s due to addltlon of the [“C] formyl group to

~ [*H]-met-tRNA. é "' LT \?,f,f | |

; Although the p0551b111ty Stlll exlsts that the formyl _h;,'

vgroup is bound to the tRNA at a locatlon other than the' l'l
fmeth1on1ne re51due, thlS 1s unllkely In all ;tudles of
‘organelle proteln synthes1s 1n1t1at10n, fmet tRNA 1s v
»requ1red (Staben and Rab1now1tz, 1984)~ In addltlon to thls,f:d;

“1fmet tRNA has been detected in all organelles studled

»1nclud1ng h1gher plant chloroplasts and’ m1tochondr1a (Staben -
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Table 8. Possible contributions to transformylase aétivity by
contaminant bacteria. '

A

Protein source for .
transformylase assay enzyme activity®

Bacterial suspension®** _ 29 - 36

‘Mitochondrial suspension
(3-day pea) ! 1090 - 1250

* Expressed as pmoles f-met-tRNA per 100 pmoles recovered tRNA
per mg protein. The range of 'values from 4 replicates are shown.
**Bacteria isolated on plate counter agar from mitochondrial _
suspension were grown in broth as a mixed culture to near the end of
the exponential phase, harvested, sonicated and treated as a
mi tochondrial suspension, as described in Materials and Methods.
The bacterial suspension contained the number of bacteria normally
detected.

re &
aly £
s

& Y
W B
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N FIGURE 18

POLYACRYLAMIDE GEL ELECTROPHORESIS OF FMET-tRNA

[1+C)-Formyl-[°H]-methionyl-tRNA was prepared as in
Materials and Methods. Samples of E. coli bulk tRNA,
[*H]-met-tRNA and [J‘C]—f—[’H]—met—tRNA were electrophoresed
as described in Materials and Methods. A, fluorogrémvof the
dried gel. B, photograph of the gel taken under ultraviolgt
light. The photographic prints werp adjusted to the same

size to allow direct comparison.
L3

a, [*H]-met-tRNA
b, ['*C]-formyl-[°H]-met-tRNA
c, [’H];met—tRNA
d, ['*Cc]l-formyl-[*H]-met-tRNA

e, E. coli tRNA



112



113

~

and Rabinowitz, 1984). It is concluded that the
['*C)-formyl-labelled product_was fmet-tRNA.:

Once optimal conditions for met-tRNA transformylase
activity were established, levels of enzyme ac;ivity were
measuredlat sevérél’times during germination‘and growth., The
data for pea and peanut enzyme activity~afe shown in Figure
19. Although the absolute values at a given aay'were.not
identical, the trends were the same in both speciesf 
activity’rdse to a maximum and subsequently de;lined. The
pea enzyme reached a maximum“at 4-days,'yhereas in peanut,
this occurred at ca. 3-days. '

Protein Synfhesis in Isolated Pea Mitochondria
© The‘preSencé of an active metﬂtRNAvtransformylase in
'”~f*“”/§égﬁﬁhd\p§anut mitochondria implies organe}le ﬁrdtein
synthesis\9ccurred dufing germination and growth (Léaver and
Gray, 198%)} To examine this possibility in pea, : " o
incorporatipn of radioactive amino acids into cold e
TCA*precipifable méterial was studied in 4—day pea:
mitochondria. ‘k |

The réquireménts fo} [3H]—leuc%ne (Table 9) and

[°5S]—methioniné inéotporation (Table 10), wére found to be
very similar. A complete reactidn system having no
iﬁcﬁbation period was uéed»as the 'blank'. Radioactivity
“detected with this zero time control was subtracted from all
other determinations. Incorporation was.ADP-, malatg— and ,‘

Mg?‘-dependent. Chloramphenicol inhibited igcorporation,

ok,



FIGURE 19

, Y
CHANGES IN THE ACTIVITY OF 10-FORMYL-H,PTEGLU: MET-tRNA

TRANSFORMYLASE IN MITOCHONDRIA ISOLATED FROM PEA AND PEANUT

DURING EARLY GROWTH

The activity of the enzyme from pea (A—A) and -
‘peanuﬂ.—.) is given as pmoles fmet-tRNA fbrmea per 100
pmoles tRNA recerred/mg‘mitochondrial protein, Enzyme
activity‘was,pfopor;ional to protein concentration in all

\ .
assays, and was determined from at least 3 protein levels,
in duplicate,. from one mitochondrial extraction. Each ppiﬁt

rebresents the mean + S.E.M. from at least 2 separate

extractions, ’ ’

4
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Table 9. . Requirements for [h, 5-3H]-leucine incorporation by isolated
pea mitochondria. ‘ :

Assay conditions : Incorporation* 4
complete system ' 2038 .. 100
minus ADP - o " n.d. | 0
minus ADP, plus ATP** . | 3913 192
minus Mng - _ , - 1oz | 5

plus chloramphenicol

(100 wg/m1) . 73y 36

* lncorporatiqn’is expressed as DPM (3H)-leucine per mg mitochondrial
protein, in a 30 minute assay.

**ATP concentration = | mM.

-
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Table 10. Requirements for [355]-methionine incokgoration by isolated

pea mitochondria.

T

Assay Conditions .mlncvorporation"c : 3
complete system T 19820 , ) 100
minus malate | Qi‘ hh 7333 37
minus ADP . o 7135 . ' 3%
minus ADP, plus ATP: b2nls | 2

plus chloramphenicol

(100 pg/ml) : 7730 39

- . plus cycloheximide _ , .
- (100 pg/m1) - : 17442 : | 88

*'IncorpOration is expressed as DPM'BSS‘methiqn[ne per mg ‘mitochondrial
©  protein, in a 45 minute assay. Mitochondria were .from L-day-ol1d -

 cotyledons.

**ATP concentration = JmM.



118

whereas cycloheximide exhibited a much smaller effect. The
omission of ADP,'coupled to ATP addition, yielded values
twice the controls. This finding wasrconsistently observed,
although the re&son for this increase was not clear. It is
possible that insufficient endogenous sy;thesis of ATP was
occurring.
| In the present incorporation'system, ADP and malate
were suppiied as the ene%gy source. ATP requiréd was
therefofe sYnthesizedvendogenOusly. Since 'ATP synthesis is
~dependent oo intact mitochondria, the.offect of a 1 hour
incubaiion onvrespiraﬁory activity of isolated mitochondria
was studied. The data (Table 11)»§howed that there was
little deoreése in thio actiQiﬁy and therefore tho
incubation period didlnot seriously affect these organelles.

A time course of amino acid incorporation and the
‘effect of proteinxooncentration were routinely determined
with each sepafoto miﬁochondrial isolation., The data
‘présentedlin Figure 20, show typicalfcurveokobtéined for the
above pa;aﬁeoérs. The incubation pefiod was chosen as 45
mirffutes as inco;poration was consisténtly linear for assays
of this length. Va}uesoréporfed for”inoorporation (dpm/mg
' ptotein) weré only those from théklineaf portion of the
protefn curvé, Magnesium ion oohcentratioo exhibited a sharp‘
optimum”of 15 mM (Figuré'21) énd ﬁhefefofe'this |
'concehtfétion Was oséd in‘all assays. | |

In gsoayo of orgaoéllerroteih syothesis, the}gresence

of bacteria can seriouSly:éffect the levels of incorporation
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Table 11. Egffect of incubation period on respiratory activity of
' isplated pea mitochondria.

ADP/D . RCR: .

time zel"o . 1.21 2.21
1 hour _incubation -1.23 1.95

L N

Mitochondria were isolated and respiratory parameters assessed as
described in Materials and Methods. A sample of the final mitochond- =
rial suspengion was assessed immediately after isolation and 1 hour

after incubation at 25°C. Data presented are means of three replicates.



Figure 20
.

EFFECT OF TIME ‘AND PROTEIN ON INCORPORATION OF [’H];LEUdINE

BY ISOLATED PEA MITOCHONDRIA -

»

& ¢ (2]
Incorporation was measured as described in Materials

and Methods. In‘the.time course (A) duplicate samples were
" removed at several intervals and treéted'as describedl'The
effect of protein (B) was ﬁeasﬁred as a function of |

mitochondrial.proteih; Eachjpdint represents the-average of

two determinations. The bars represent the range in values.

&
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Figure 21
EFFECT OF MAGNESIUM ION CONCENTRATION ON INCORPORATION/ OF
[*H]-LEUCINE BY 1SOLATED MITOCHONDRIX
Incorporatioﬁ'wés'measﬁred as desc:ibed.in Materials

and Methods. Each point represents the average of two

-determinations,4Thevbars‘indicate the range in values.
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detected (Forde et al., 1979). Therefore bacterial
contamination was assessed for every mitochondrial
isolation. This was done by incubation of mitochondria, in
th? complete reaction mixture, under conditions identical to
the usual assay and plating aliquots of this on plate count
agar. The levels of contaminant bacteria were about 2000 per
assa& or less. Previous studies by Forde et al. (1979),
demonstrated thatisuch ievels would not make signifiéant
contributions to the observed raFes of leucine

N
b

incorporation. Data were discarded if higher bacterial
levels were present. "

Pt

S

Protein synthesis was also studied in isolated peanut
mitochondria, but persistently high bacterial levels
(10°-10¢ per assay) resulted in poor reproducibility and the
results are therefore not reportéd here. Several different
treatments to remove bacteria were attempted, including
washes with the detergent, Haemosol, but these met’with
little success. It is quite possible the oily nature of
peanut seeds made remov;i of bacterla extremely dlff1cult

"After conditions for optimal 1ncorporat:§n were
determlned proteln synthesis was examlnedlln;}solated pea
m1tochondr1a of two different ages. Amino acid incorporation

in 4-day pea mitochohdria was approximately 5-fold the level

observed. in mitochondria isolated ftom 16 hour-old

‘cotyledons (Table 12).

.
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Table 12. Incorporation of’[h,5-3H]-l¢ucine by 16-hour and L-day-old
Pea mitochondria.

Incorporation
(DPM/mg protein)

16 hour . 881 (727 - 1124)

4 day k662 (3600 - 4389)

Incorporation was as described in Materials and Methods. The values

presented are the averages of replicates from 2 separate mi tochondrial

isolations of each age. Numbers in parentheses show the range in

values.

i



Lvl Discussion
The five areas presented in the Results section will
now be discussed..Mitochondrial isolation and respiratory
o _
activity will be di§cussed together, whereas the remaining
-three topiés are discussed separately. The final segment of
this section of the thesis will be devotea to a discussion
.of possible relationships between folates, mitochondrial

" protein synthesis and the development of mitochondria during

germination and growth of seeds.

Mitochondrial Isolation and Respiratory Activity

| On the basis of widely accepted criteria, it is
reasonable to conclude that the'method; used in the present
study resulted in the isolation of_organelles that were
essentially free of contamination by other cellular
components (Tables 2 and 3). It is clear that, in general,
the density gradient step significantly reduced the specific
activities of alcohol dehydrogenase and catalase, in
addition to reducing the total number of units of these
enzymes. This step also significantly increased the specific
activity'of succinic dehydrogenase. |

Previous studies havg“shown_that,Jin_rat liver,

prganelLesrofher than miézehondria contain significant
levels of“fglaggﬁderivatives (Shin et al., 1976). The
presence of folates in peroxisomes has alsozbeenmsuggested

for plants (Clandinin and Cossins, 1972). These authors

" isolated mitochondria from'4—day-old pea cotyledons using a

’ 126
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G
multi-step sucrose gradient. Although the protein bands in
this-g:adient‘exhibited>catalase activity and detectable
folates, these Qerivatives‘were present at low levels; less
than 10% of the folate present in £hé mitochondrial‘band.
Thus; the low bercentage of catalase units (ca. 5% of the
total) revealed in the mitochondrial suspension of the
present stuéy would not significantly afféct the measurement
of mitochondrial fdlates even if some peroxisomal folate was
present., Protein synthesis has not been demonstrated in
peroxisomes (Beevers, 1979) and would thérefore not affect
determination of the levels Bf methionyl-tRNA transﬂbrmYlase
J activity or mitochondrial protein synthesis.

It is generally accepted that ADP/O and respirétory
control ratios can be used as criteria fof intactpess of
isolated mitochondria (Palmer, 1976; Qqail, 1979; Tzagoloff,
1982). The’;atibs determined’for mitochondria isolated from
 4-day pea and peanut cotyledons (Tables 2 and 3) indicated -
some degree of integ;ity existed in these organellés. These.
ffindings, coupied with the data from.the marker enzyme
studies, clearly shéw that active mitochondria are
obtaiﬁable with the present.methéd. |

The RC ratios in peanht are somewhaf higher than in pea
(compare Figures 3 and 4). This may be in part due to the
presence of cyanide-insensitive respiration in pea (James
.and Spencer, 1979). These studies'showed that levels of
cyanide;insenSitivé £espiration increased markedly during

early growth and reached a peak at approximately 6 days. The
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~presence of these high levels would result in higher State 4
, respiratioﬁ rateé and would thefefore reduce the RC ratios}
since these ratios are calculated from the ratio of State
3/State 4 respiration rates. Thus, it is possible that the
pea RC ratios are minimal values, pa;ticularly after 4 days.
~To this author's knowledge no §tudies of'cyanide—insensitive
respiration have been performed using peanut, therfore
possible effects of this type of respiration on the values
repérted for respiratof} parameters in this species, are'
~unknown. |

Studies of ADP/O and respiratory control ratios of both
species during the first 7 days of growth indicated that
mitochondria isolated from these species_had'an increasing
efficiency for coupled ADP phoéphorylation. These data
strongly suggest the mitochondria were initiaily |
poorly-dgveloped..Organélles isolated after 3 to 4 déys,
displayed the properties exhibited by mitochondria that are
fully—develdped with respect to ultrastfucture and
biochemical capability. Thus, there appears to be a
development of mitochondria in both species.

This contention is 5upported by several lines of
eQidence. As noted in the Introduction, ultrastructural
studies of the pea cultivar, Homesteadey, revealed that
" mitochondria isoiated at | dayAshowed poorly—deyelopea.
‘cristae, whe;eas at 4 dayslmitochonQria with well-developéd
cristae were evident (Solomos et alQ, 1972). Thése findingS'

are consistent with ultrastructural examination of whole

<
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cotyledbns (Solomos et al., 1972). These authors also showed
these changes were paralieléd by'increéses in acti?ity of
.key mitochondrial enzymes. Similar‘trends.were observed in
peanut*(MorOhashi et al., 1981). The présence of high levels
- of alcohol dehydrogenase in the Homestéader pea, during the
first 2-3 days (Coséins, 1978), suggests that the
‘ mitochondria may have a reduced.capacity fof.normal aerobic
"metabolism. Alcohol dehydrogenase activity:-is almost
undetectable at the time when the_mitochondria exhibit
- mékimal rates of oxygen uptake, and high respiratory control
ratios (Cossins et al., 1968; Solomos et al.,, 1972). A
studies of other cultivafs of pea, have yielded

analogous results. For example, in the Alaska éﬁltivar,
maximal ADP/O and rgépiratory control ratios were observed
after 24-48 hours (Néwa and Asahi, 1971;1973a).
Ultrastructural examination revealed fully-developed
mitochoﬁdria~after only 18 hours (Nawa and Asahi, 1973b). In
Victory Freezer, well-developed organelles were evident
after 2 days (Bain and Mercer, 1966). Therefore, although
the timing is variable, the “same trenaé.afe obserVédfin all
cultivars. The ratés of oxygen uptake observed by the above
authors, iﬁ addition to the»préseﬁt ithstigétion, .
'baralleled tbe changés in.ADP/O and respiratory control
ratios. - o . | e

In the.preééng'study,«the hiéher 1evels,of‘cyt6chfome .
a+a, in pea mitochondria’isolated‘aftegl3.déys, qdmpéred to -

those of 16 hour organelles (Figure 5), suggest thgt the
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[
observed increases in respiratory rates may be related, at
-least in part, to ‘the higher levels of this component. This
‘.

contention is suﬁghrted by_previous studies'of pea where

\\

cytochrome'oxidase activity increased markedly during this
same perlod to reach a peak at 4 days (Solomos et al.
1972) .. The act1v1ty at 3 days was 80% of the level at 4
days.iCytochrome‘dlﬁference spectra have been used by
several authors to'investigate the synthesis of cytochrome
a+a; (Ashour et al., 1980: Sakano ahd Asahi, 1971),
Difference spectra measUredlin mitochondria_of‘blowfly'
flight muscle isolated at several times during a 13-day
period, revealed increases in the ahount of cytochrome a+a,
(Ashour et at., 1980). As noted in the Introduction,
'mitochondria of newly-emerged flies underwent biogenesis, as
}shoun by their hlgh~sensitiyity to chloramphenicol; |
Injection of these flies with the inhibitor prevented the
lncrease in cytochrome a+a, levels. It is 1nterest1ng to
note that thlS treatment also severely. 1nh1b1ted the normal
increases in mitochondrial protein and rates of oxygen

. uptake. Respiratory control ratios also exhibited a SO%i
decrease, although ADP/O ratlos showed llttle change

. Sakano and Asahi (1971a) measured difference spectra of
mitochondria isolated frOm fresh sweet potato tuber and from
tissué sliced and aged 20 hours. Ageing ofpthe tiSsue'TT*
resulted in 51gn1f1cant 1ncreases in levels ”f the 'b'

cytochromes (551,559 and 562) and cytochrome a+aa; The

~effect of inhibiPors of protein synthesis on these spectrg
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was not investigéted, although chloramphenicol'eliminéted
the increase in cytochrome oxidaée activity observed in
untreated controls, -In view of the above studies, it is
conceivable that the increasedjcytochrome levels 6b§erved in
 the present study reflected a synthesis de novo of these
components. Confirmation of this would require a study
similar to Dixon et al. (1980), who examined the changes in
the levels of cytochrome oxidase of Vicia faba using an

immunological approach.

Mitochondrial Folates of Pea and Peanut

The fundamental role of folates in cellular metabolism
has prompﬁed a:considerable'amount of research into the;
biochemistry of these compounds, particularly,in animgl
systems'(Blakley and Benkovic; 1984;‘Cossins, 1980). A
majoritj of these studies have examined tissue of‘a specific
age. Relatively few studies have éxamined folate metabolism
fromla devglopmental perspective. Previous work from this
laboratory establishéd that a net synthesis.of folate
derivatives occﬁrred inkpeé cotyledons during germination<
and‘growth (Roés and Coséinsqv1971).]The data presentéd in
- Figure 6 confirms these earlier stuaiés and extenasbfhem;fo
‘indlude changéS-ih the levels of polyglﬁtamyl_foiates, o
dufing thé'éame’period)'These cdnjugated dérivaﬁiées,
containing more than 3'glutamyl're§idues:per molecule, made
up at ieast 70% of thé folate pool, after thevfirst Qéyu' |

Initially, the pool consisted of only 38% polyglutamates.

‘
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These data are also consistent with recent studies of
folylpolyglutamate synthetase in pea cotyledons (Cossins and .
. Chén, 1984). These authors showed that synthetase activity
rose rapidly during the first three days of gérmination and
grbwtb. This enzyme formed tetraglutamates in sﬁort assays,
but longer incﬁbations resulted in hexaglutamate formatién.
Derivatives with such chain lengths are poor substrates for
L; casei (Tamura etval.; 1972),‘50 their presence in
cotyledon samples is difficult to detect prior to conjugase
treatment (Figure 6). N

The levels of polyglutamates presented are likely
minimal values. Although it is not evident in the data
reporfed for free cotyledon folates (Figure 6), larger
variation was encountered in assay of samples befo;e
conjugase treatment,'thén after. As the aiiéuot.vélume added
to culture tubes Qas increased, the folate concentration
(ng/ml of sample) also’increaséd.;This gbservation has been
noted by other authots (Spronk, 1971; Tamufa et al., 1972);

v o . _

‘This phenomenon referred tg’as 'positive drift' is routinely
found during assay of samples that contain significant
amounts of polygiutamates (Tamura et al., 1972). Althéugh L.
casei hés a very low resbonse to folates with a chain length
gréatér than three, Tamur; et al., (1972)v05téined good
eQidehce’thét they were'utiiized. This phenomenon results in

an over-estimation of free folate levels and an

underestimation of‘polyglutamates.
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The nature of the folate pools in cotyledons waé\
examined by difgerentiél microbiologiéal assay (Figufe 6).

- The low growth }esponse of P, acidilacticf, relative to L.
Casei,'indicated that only a small percentage of the pool
consisted of»formfl derivatives énd that the majority of the
pool was 5—CH,-H.PteGlG. This finding is in agreement with
Roos and Cossins (1971)-who examined these folages by
DEAE-cellulose chromatography, in addition to differéntial
microbiological assay. | | -

To this author's knowledge,'no studieS-of folate-
derivatives in peanut have been pefforméd..lt waé,
therefore, of interest to determine if‘a sittation sfmilar

“to pea, existed in this speéies. An éxémiﬁation of Figure 7

shows-this to be true; & Iargevinc;ease in folate levels was

observed over the same time periodevAlthough, inhibitors of

folate biosynthesis were not employed in this study, it is .

conceivable a net biosynthesis of folate derivati§¢s

occurred. Polyglutamaté and formYl folate le&els, as
percentages of thé total\bool, wvere comparable.to’pea,'
although the levels of folates; expressed_dn a protein basis

. Qere about 3-foid‘higher in peanut. It is clear that the

polyglutamaté levels would likely also bewminimal_valués,

fof.the same reaéon as in péa. | .

Measuremént'of péa and peanut mitoéhondriél fdlates.
during germination and grbwth demonStiaﬁed that total fg?ate
levelsiincreased signifiéantly during the first 3 fo 4.aays

(Eigures 8 and 9). These changes paralleled those. of

»
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cotyledo;; ; fdlafes (Figures 6 and 7). Examination of the
nature of the mitochondrial pools using differential..
microbiological assay, revealed that a majority of the pool
consisted of formyl folates. Thesé findings were confirmed
by bEAE-cellulose chromatography (Figures 10 and 12). The
grgafer proportion of formyl derivatiVes in mitochondria
compared to whole gotyledons,.p;ovides evidence for a
discrete folate pool in fheseho}ganelles. The preéence of
aifferént pools in mitochgpdria’and whole coFyledons,
conceivgbly reflects diffé;encés in the natﬁre of the
métabolic‘;eactions occurring in each compartment.
Compartmentation of folates has been observed in.
several mammalian species (Corrocher and Hoffgrand( 1972:
Gawthotéle and Smith, 1973; McClain and Bridges, 1970;
McCiain et al., 1975; Sankar et al., 1969;>Shin‘et al., 1976'
and Wang'et al., 1967), in additién to that observed in
- plants (Clandinin and Cossins, 1972; Shah and Cossins, 1970;
Cossins and Shah, 1972). The nature of the mammalian
mitochonarial folate pool$ has also been examinea. For .
example, as noted in the Introduction, rat and guinea pig
liver mitochondria contain predominately 1Q—HCO-H;PteG1u and
some 5%C§3fH;PteGlu‘(Wang et .al., 1967; Corrocher and

~ Hoffbranpd, 1982, feép.)._Mitochondria of Swiss mouse‘brain,

-

however, contain only 5-CH,-H,PteGlu derivatives (McClain
and Bridgers, 1970; McClain et‘al.,-1975); The somewhat
atypical nature'bf this finding led these authors to sugges£ 

it was due to a high rate of synthesis of biogenic amines, .a
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process that requires 5-CH,-H, PteGlu. This latter folate

preq I the folate pool of mammalian livers and the
bloé hral vertebrate Spec1es (C0551ns, 1984).

;e nature of pea and peanut mitochondrial pools:
‘llar to pools ofdother unrelatéd,species. It is
:’né to note that total the folate.levels of pea and
f(33 and 43 ng/mg mltochondrlal proteln, resp ) are
‘comparable to the levels of these compounds 1in rat_
='m1tochondr1a'(78 ng/mg, Shin et al., 1976).

}As'a result of thetextraction method, the whole

idon pool will include mitochondrial folates. The

v preé fce of-very low levels of formyl derivatives‘in the
forméf; strongly suggests that the mitochondrial pool makes
only a:amall conitribution to the total folate pool of the.

. In this regard, prev1ous work has calculated that

coty~

¢

the°;'v chondrlal pool accounts for only "17% of the total
fola:es found in pea cotyledons (Cbandlnln and Coss1ns,“
1972) This probably represents a m1n1ma1 value, as folates
will undoubtebly be lost during m1tochondr1al extractlon
(Clandlnln and Coss1ns, 1972). These authors presented |
ev1dence that methyl derlvatlves were more t1ghtly bound in

v

m1tochondr1a than formyl derlvatlves. Th1s looser

e

"assoc1atlon may allow greater leachlng of formyl der1vat1ves
~and- therefore, these compounds may actually make up an even
greater proportlon of the endogenous pool than revealed by
the d1fferent1al m1croblolog1ca1 assays of the present work>

(Figures 8 and 9)
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The 1ncreased folate levels observed in mltochondrla
during germlnatlon and early growth {F1gures 8 and 9) could
.be dne to synthesis de novo of folat%s, in the organelle, or
‘alteﬁﬁatively to import,of.folates from the cytoplasm. Pea
.'mitochondgia contain enzymes of folate»biosynthesis (Ikeda
and Iwai, 1970, 1975; Okinaka and Iwai, 1970), but little is
known about folate transbort in Qlants, It is noteworthy
that.radioactive~folyimonoglutamates are taken up" by
iSoiated nitoohondria (Clandinin and Cossins, 1972). So the
cytoplasn could conceivably supply'some folate to the |
mitochondria. The available eVidence (Cossins, 1980) also
suggests that one-carbon (c-1) nnits required. for generation
of fornyl and methyl foIates,are'most likeiy 5uppli2d by
serine-and giycine*arising ?rom protein degradation. These
units: would be requ1red to replace those used in

folate dependent reactlons. For example, prev1ous studles of:
folate-metabollsm in carrot dlSkS revealed that serlne
.o%ntrlbuted to the synthesis of the methyl group - of

~ methionine (Fedec and C0551ns, 1976) and the ablllty‘of pea
‘mltochondrla to generate C- 1sun1ts from serine and glyc1ne
‘has been-reported (Cland1n1n and C0551ns, 1972) It is gt
clear, therefore,‘ln pea, mechanlsms exist that could -
acoount'for thenobserved'increases in mitochondrial folates.
.lThe preSent data db QQt:ailow a'choice between'the o
balternatlves outllned above,‘although it is conce1vable that B

“both could contrlbute to the changes observed durlng

germlnatlon and growth
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M1croblologlcal assay of pea and peanut m1tochondr1a1
folate pools, before and after conjugase treatment reveale67
the presence of 51gn1f1cant levels of folylpolyglutamates
(Flgures 8 and 9). This. f1nd1ng is not unexpected as the
majority of spec1es have native folates that ex1st ‘as
polyglutamateS'of variable chain length (Kisliuk; 1981;
McGuire and‘Bertino, 1981 McGu1re‘and Coward 1984) This
is also con51stent w1th the general observatlon that
'folylpolyglutamate synthetases have been found in all
tlssues studled to date (C1chow1cz et al. 1981- McGulre and
" Coward, 1984). Studles of ‘the’ subcellular 1oca11zatlon of
_these enzymes have demonstrated the1r presence 1n the
‘mltochondrla of Neurospora “and rat liver (C0551ns and Chan,

1983 McGu1re et al. 1979 resp.). ‘The absence of |
detectable act1v1ty in pea m1tochondr1a (C0551ns and Chan,.‘
'1984), could be the. result of the use -of an 1nappropr1ate
‘ substrate, or suboptlmal assay condltlons. It is known that
folylpolyglutamate synthetases can be qu1te spec1f1c with =,
1respect to the glutamate chain length of the folate |
tder1vat1ve used as a- substrate, in add1t1on to 1ts oxldatlon'
"level (McGU1re and Coward, 1984). éhe presence of -~,o:,jfy

polyglutamates in- pea and peanut sugge!ts that the,_v

N synthetase is present in these organelleséﬁ?ecause tranSport_ i

of polyglutamateé 1nto mltochondrla, s not ll«ely (McGu1re

‘:and Coward 1984)

The term 'formyl folates usually refers to 5 HGO—‘and

10 HCO- H PteGlu, collectlvely. As 1nd1cated 1n the Results, <l
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the presence of 5-HCO-H,PteGlu may be an artifact, since the
levels of this derivative could be agcounted for by
1somerlzatlon of a portion of the 10-HCO-H, PteGlu pool
(Figures 10 and 11). Thfs finding is not unexpected since
the physiological role of 5-HCO-H,PteGlu has yet to be
established (MaEKenzie, 1984). Although this compound can be_
utilized by cells, 1its status as a naturally-occurring
folate is not clear (MacKenzie, 1984). Despite this, the
rapid utilization of 5-HCO-H,PteGlu by replicating cells
‘(MacKenzie, 1984), implies that enzymes must exist for
conversion of this folate into hatlve der1vat1ves. Whether
.or not such enzymes are spec1f1c for 5-HCO-H, PteGlu, is not
known. : \

In the present investigation, because the level; of
5-HCO-H,PteGlu can be accounted for by isomerization, and
also that other derivatives that cause akgrowﬁh response in
p. acidilactici, are not detectable, it is logical to aesume
that the levels of folates determined using this organism, /
‘represent levels of 10-HCO-H,PteGlu. On the basis of the »
present data, the possibility that 5-HCO-H,PteGlu is present
at low levels and has some physiological role, cannot be
totally excluded, although it is clear that-thfs derivative
does not consti;gte a significant paft of the endogenous

r

bool.

)
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Aétivity of 10-formyl-H,PteGlu: met-tRNA fransformylase

Methionyl-tRNA transfbrmylase has been demonstrated in
several prokaryotes, as well as the organelles of higher
organisms (for a review,‘see Staben and Rabinowitz, 19845.
This enzyme has been shown to be present in all.syétems
studied to date and is therefore prgbably ubiquitous.
Previous work has been confined to establishing the preséﬁce
of the enzyme in a particular system, and sometimes its

__purification and characterization (Stabeﬁ and:Rabinowitz,

1984). To this author's knowledge, none of these earlﬁer
studies examined the activity of the enzyme in a dgvelopihg
system. Therefo;e, the present study inveStigatedlthe
activity of the transformylase in mitochondria of bea and
peanut, during germinatioﬁ_andfgnonb. : |

In order to accuratély compare enzymekgctivikies of
different.tissues, conditions for optimal assay"wefe |
established for‘both species‘(Tables 6 and 7;'FigufeS‘
13-17). These studies included the effe¢£ of varying the
concentrations of 10-HCO-H,PteGlu;, and met-tRNA (Figﬁres 14 .
and 16). There has been,oniy one stﬁdy to date Qhere é '

[y

polyglutamate substrate‘was used 1n a transfqrmylaséIQSsayg
(Samuel and Rabinowitz, 1974). fhe Michaelis cdﬁsténts .
determined for 1Q—HCO-H‘PteGlu{ and fO—HCO;H,PteGlu;,‘wefe
not significantly different. This résuit is surprising iﬁ'
view of reports'for\other foiate-dependent éﬁzymes where

polyglutamyl substrates are'ofteh~the pfeferred substrate

(McGuire and Coward, 1984). For example, yeast-

<
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formyltetrahydrofolate synthetase has significantly greater

affinity for polyglutamate substrates. Accordingly, the

" Michealis constant decreases sharply from 265 uM with one
glﬁtamate residue, to 0.24 uM, when the substrate had five

residues (Rabinowitz, 1983). It is also clearathat the level

R e T I Gy RER s -

of glutamylation has a very significant effect on other
enyzmes of folate metabolism (McGuire and Coward, 1984). The
folate specificity of the plant trahsformylase, clearly | ;
warrants further study, particularly in light of ﬁhe finding | |
(Figures 8 and 9) that 10-HCO-H,PteGlu polyglutamates occur
in plant mitocﬁondria. o )

E. coli was the source of tRNA used in the present
study and met-tRNA was formed using an E. coli met-tRNA
synthefase (Table 4). Studies of the transformylase from
Euglena chloroplasts showed that this enzyme can formylafe %
Euglena or E. coli met-tRNA with equal affinity (Croéti et
al., 1977). For th%s reason, and because of its
availability, E. coli tRNA was used in the prgsent study.
Halbreich and Rabinowitz (1971) have shown thQF the yeast
mitochondrial transformyléée prefers the homol;gous met-tRNA
over E. coli tRNA. It would, therefore, be interesting to
determine iﬁ a similar preference is exhibited by highér
plant mitochondria. It is unlikely that\the pqtential
stimulatory effect of the homologous\tRNA or a polyglutamyl
substrate would change during the period of study.

Therefore,.although the values reported for the levels of : : st

transformylase activity (Figure 19) may be minimal values,
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1t is clear that the trends shown by these dataane Qalid.

Transformylase act1v1ty rose to maximal levels after 4
days in pea and 3-4 days 1n peanut, and subsequently
declined (Figure 19). It is interesting that the levels of
10-HCO-H,PteGlu in both species cfoselj‘parélleled changes
in transformylase activity. This can easily be seen if
mitochondrial folate levels and enzyme activity are
re-plotted on the same figure for each species (Flgure 22).
In pea, 10- HCO H, PteGlu levels remained relatively constant
after 4 days, whereas the total folate level contlnued‘to
increase. In peanut, there was a much sharper drop in
10—HCO—H.PteG1u levels and a larger increase in total
folates. In both species, the increése in total foiates is
due to rlslng levels of 5- CH -H,PteGlu. This derlvatlve has
been shown to inhibit the transformylase of Euglena

schloroplasts (Gambini et al., 1980). Although it is tempting

to conclude that the increasing levels of 5-CH,-H.PteGlu
were at\least partly responsible for the drop in
transférmylése activity, there would appear to be little
physiological advantage for such a control mechanism,
Protein Synthesis in Isolated?Pea Mitochondria

.Thé presence of an actiée met-&ﬁNA-transformylase'
implies that the mitOchondQ{a of both species were activély
synthesiﬁing protein. This %ossibi;ity Yas examined further
in pea, in a study of amino,aé}d incorpbration into

mitochondrial protein. After tﬁg‘regﬁiféments for
N

~—
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incorporation were established (Tables 9-11; Figures 20 and
21), rates of incorporation were determined for mitochondria
of two.éges. The 5-fold increase in the rate of
incbrporation of *H-leucine into protein (Table 12), is
consistent with the levels of met-tRNA tranéformylase
activity, which exhibited a 4-fold increase during the same
period of time {(Figure 19).

As noted in the Introduction, ofganel}e protein
synthesis has many similarities in common with bacterial
protein synthesis. Therefore the presence of bacteria in
assays of amino acid incorppration may seriously affect the
results. In the present investigation, incorporation was
shown to be ADP-dependent (Tablés 9 and 10). If bacterial
leveis were high (10° or greater), absence of ADP had no
effect, and, in addition, much higher levels of
incorborétion were observed (data not shown) , demonstratihg.
that, in the present system, bacterial contamihation must be
monitored. If the numbers of bacteria were about 2000 or ‘
less per assay, ADP—dependencg was clearly evident. Although
the plate count assays used to enumerate bacteria would not
likely detect all bacteria present, the 1000-fold‘r§dﬁction
in levels as a result of ethanol and hydrogen peroxiae
washgs of the cotyledons, clearly shows that these
'trgalmeﬁts were effective in reducing bécterial
contaménation. This finding, in conjunction with’;he
obserVed ADP- and malate-dependence, suggests_that‘the

observed rates of incorporation are due only to
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mitochondrial protein synthesis‘(Table 12).

 The present data concerning amino acid incorporation
are also in égreement with a recent repért that demonstrated
the occurrence of mitochondrial protein synthesis in
cotyledons of Vijcia faba during germination and growth
(Dixon et al., 1980). These authors showed a 10-fold
increase in tHe rate of amino acid incorporation during the
first 4 days after the onset of.imbibition.
Immﬁnoprecipitation of mitochondrial proteins'with
Eytochrome c oxidase subunit I antibodies indicated that
this enzyme was synthesizéd at increasing rates duri?g the
period of study. Furthermore, changes in fhe rate of oxygen

uptake closely paralleled those of amino acid incorporation.

Possible Relationships between Folate Pools, Transformylase
Activity and the Development of Mitochondria

In the present study, mitochondrial development in pea
and peanut appears to be very similar. In both spec@es, an
.active transformylase could be detected (Fig@re 19) 'and the
levelsuog,10—HCO;H,PteGlu, closely parallel changes in
. enzyme activity (Figure 22). Maximal rates of the
transformylase occur'at thevéame time as maximal gespiratory
activity (compare Figures 3, 4 and 22),‘In'peé, the 5-fold
increase in the rate of amino acid incorporation from 16
hOqu to 4 days is cohsistent with data on the
£faqsformylase. The present data, therefore, show that

protein synthesis is occurring in mitochondria of both

o it ey b
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species during germination and early growth.” These data also
strongly suggest that the observed 1nc;oases in resplratory
activity are at least partly,derlved from this synthe51s of
mitochondria proteios.

Rapid increases in respiratory activity have been
observed, upon imbibition, in aenumber of species (for
reviews, see Bewley ‘and Black, 1978; Pradet, 1982). The
period of time requifod for attainment of maximal rates is
specieé-dependent and varies widely. For example, in
Citochondria isolated from germinating spores of
BotFyOdlplodla, cytochrome oxidase activity reached a
plateau after only 3.5 hours (Brambl,1980). Mltochondrla
from‘Typha pollen appear to have no lag period at all, and
exhibit maximal rates of.oxygen uptake immediateiy after
rehydration of pollen gfains (Hoekstra and van Roekel,
1983). This has also beén demonstrated for pollen grains
from other Species,‘where pollen tube emérgence begins .
within minutes of rehydration (Hoekstra, 19?9).vMaXimal
rates of oxygen uptake in germinating and growing seeds are
reached after a somewhat longer period of time. For example,
as noted in the Introduction, the pea cultlvar, Alaska,
attains max1ma1 resp1ratory act1v1ty within 1- 2 days,
whereas in the Homesteader cult1var, th;s does not occur
until 4 days (Nawa and Asahi, 1971,1973a; Solomos et al.,
1972, resp.). " | :

Several modes of mitochondrial,developmeht appear to be

operatiné in the above species. In pollen grains, "
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mitochondria appear to be intact in t dr rains, since
Y g

reappearance of maximal rates of oxygen uptake is so rapid . .

.and pollen tube groyth starts within minutes of rehydration
(Hoekstra ano van Rofkel, 1983). As expected, inhibitors of
mitochondrial protéin synthes%s had no effect on respiratory
activity (Hoekstra, 1979). Thus, mitochondria in this
species appear to be fully-developed at agl stages.zln
Botryodiplodia, chloramphenicol applied tovgerminating
_spores appeared to have no effect on increasing cytochrome
oxidase activity until 2 hours, Jjust prior to germ tube
emergence (Brambl, 1980). It is at this time that a rapid
increase in cytochrome oxidase is observed. It was also
demonstrated that all subunits of cytochrome oxidase
(mitochondrially and cytoplasmically encoded) were
synthesizea at this time (Brambl, 1980). The author
concluded that in the initial(.stages of germination,
mitochondrial protein sYnthesis was not required and the
increases in cytochrome oxidase éctivity were due to
reassembly of subunits alreédy{present. He also concluded
that the rapid increase in activity after 2 hours was at
leaet partly du% to synthesis de novo of cytochrome oxioése.
Therefore, in Botryodiplddia , mitochondrial development is
’clearly evident, and that this development occurs via
reassembly of pre-existing components, in addition to their
synthesis de novo . )

Detailed studies of mitochondrial develophenr during

seed germination and early growth have been performed in

ity it
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only a few legume species (Bewleyband Black, 1978}%Dithget
al., 1980). It has been propo;ed that in the Leguminosae,
two modes of mitochondrial development occur. In pea,
mitochbﬁdrial protein synthesis is not essential and
development occurs via improvement of pre-existing »
oréanelles. In péanut, development occurs via mitochondrf%i
biogenesis. The recent study of Dixon et al. (1980) of V.»
faba, suggests that development in this species is of the
'peanut ;ypeﬁ. A .

The data for peanut, in the present study, are in
agreement with earlier reports of Breidenbach et al. (1966,
1867), that 'suggested that the number of mitochohdria
iﬁ&reased during germination and early gfowth, a process
requiring the synthesis of mitochondrial profeins. The
present data also support more recent studies-that
demonstrated the occurrence of biogenesis in this species
(Morohashi et al., 1981a and b). The contention that the
protein synthesis shown in pea mitochondria ‘is at least
npartly respthible for the observed increases in respiratory
activity appears,- -however, to be in contrasg tpvsome
previqus.reports-that concluded that tHis_process was not
requiféd (Morohashi, 1980; Morohashi and Bewley, 1980; Nawa
andiAgahi, 1973b), The present data, are however, supported
by earlief studies of the Homesteéder ;ariety (Malhotra et
al., 1973; Malhatra and Spencer, 1973). These authors

- concluded that mitochondrial protein synthesis did play a

role in the structural development of pea cotyledon
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g’:-
Nawa and Asahi (1973), showed that ['*C]—leucine was

incorporated into mitochondrial protein, during the first {8

\hquré of germination if seeds were allowed to imbibé this
amino acid, with and without inhibitors. Cycloheximidié(CHI)
inhibited this incorporation by aBout 90%,-wherea§
chlogampheniéol (CAP) caused only a 12%_decrease}’compared
to controls. These authors concluded thatﬁ.sincevpnly CHI

I

| signific7g£§y inhibited incorporation, only éytoplasmic
protein synthesis was occurring. The effect of these
inhibitors on increases in respiratory control ratios, and
cytochromeroxidase and malate dehydrogenase activities, was
alsoﬁstudied (data not shown in'thé paper), and neither
inhibitor. blocked the increases. These authors concluded
that synthesis of‘mitochondrial‘préteins, in the cytoplasm
or mitochondrion, was not essential fbr mitochondrial
develmeént.

It has beén demonstrated that mammalian and funéal
‘mitochondria synthesiie only 5-10% of the pfptei; in these
organelles (Tzagoloff, 1982). The same trend appears to be
present in mitochondria of higher pfaﬁts (Leaver and Gray,

1982). Therefore, in in vivo exper%ments, where CAP is used,

cytoplasmic protein synthesis would continue, with labelled

proteins being exported to the mitoc¢hondria. Because of the |

very large contribution of the cytoplasm, protein synthesis
! : . v
in the presed%evof CAP would be expected to exhibit only

small decreases in incorporation, The 12% inhibition

S
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observed by Nawa and Asahi (1973) may, therefore, be
significant. -

The lack of effect of CHI or CAP on cytothome'oxidaseh
malate dehydrogenase, and respiratory control ratios, is =
somewhat difficult.to interpret.. The leVels‘of CAP used by
these authors are one-sixth the concentrations used' by
Asahi's group in their study of mitochondrial-biogengsis in
sweet potato (Sakano and Asahi, 1971a and B); In the latter

work, these wOrkersvpresehted evidence that CAP eliminated

| N

‘the increase observed in cytochrome oiidase activTty. It is
poésible tha£ in the pea study, (Nawa and Asahi, 1973),
insufficient inhibitor levels were used. More recent studies -
have shown that, in blowfl? fiight muscle, the concéntration
of the inhibitor Significantly affected the inhibition
observed (Ashour et al., 1980). | |

~ Malate dehydrogenase may not be a suitable enéyme to
study 1n an investigatibn Jf this nature. Although this
enzyme;is gresent in mitochondria, it is also fogfakép 6ther
organelles, mostvnotably peroxisomes (Quail, 197953 Nawa and
A;ahi (1973), used a éfﬁde:mitqchondrial‘prepa;ationfin |
their inhibitor studies. In the présent inveétigétion,
significant peroxisomal contamination was evident prior to
N

_sucrose density gradient cehtrifugation (TableS 2 and 3). T

The poSsibiligy of peroxiSomal’contamination therefore,

-

fmékés the :data concerning malate éehydrogenase diffiéult to

et , since it is not clear which enzyme is being -
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Maximal respiratory rates in the Alaska cultivar are‘
not reached until 1-2 days (Nawa and Asahi 1971; Morohashi,
1980). It would be interesting to study the effects of
inhibitors of protein synthesis for longer periods during
qermination. Perhaps mitochondrial protein synthesis would
become more significant at later stages, similar'to the
51tuation in Botryodiplodia (Brambl, 1980). In more recent
1mmunological studies, Asahi's group has shown that
cytochrome oxidase can be detected within the firgt 24 hours
(Matsuoka and Asahi, 1983). Thus,;it is possible that

‘ . .
mitochondrial development occurs via reassembly of
pre;egisting components, as these authors contend. These
findings are consistent with ultrastructural studies that
showed well—developed mitochondria by 18 hours (Nawa and
Asahi, 1973b), and.the studies of mitochondrial"development
_1n germinating pollen grains (Hoekstra and van Roekel,
,1983). However, a 51gn1f1cant contribution of mitochondrial
protein synthesis to development cannot be excluded on the
basis of available evidence. Therefote,lmitochondrial
- development may'require a combination of reassemblywand
protein synthesis ' 7 | | |

Morohashi (1;€b),’in.anothertstndygdf the Alaska pea,
showed'that a 24 hour treatment ofiseeds with‘CHi, during -
,imbihition, resulted in a:25%'decrease in amino“acid -
1ncorporation into soluble protein extracted w1th 10% TCA
from a 3000 g supernat;nt\ This author also showed that the

same concentration of 1nh1b1tor did not affect respiratory

",
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rates or respiratory ‘control ratios, although CHI

concentrations 4-fold higher, resulted in a 20% inhibition
of respiratory rates, but had no effect on respiratory

’

control ratios. Similar results were obtained for
-y

mltochondrla isolated after 18 hours (Morohash1 and Bewley,

f

1980) As the resplratory rates observed by these authors
were stlll ;ncreas1ng at 24 hours, it would be- 1nterest1ng
to study the effects of inhibitors over longer perlods of
‘tlme. An examination of the effects of theseh1nh1b1tors on
'mitochondria isolated from actiwely’growing‘portions of the
seedling, would also be useful. Active cell d1v151on occurs »
in these reqlons, as would. m1tochondr1al blogene51s. I1f the .
concentratlon of 1nh1b1tors used in tbe prev1ous studles\
vere able to 1nh1b1t mitochondrial development in act1vely
grow1ng reglons, then thlS would help to establish that
these concentratlons were effectlve

Research 51m11ar to the. stud1e5'of the Alaska pea, ‘has’
. been performed 1n the Homesteader cultivar (Malhotra and
Spencer, 1973' Malhotra et‘al 1973) In the latter
stud1es, dry seeds were also allowed to 1mb1be solutlons of‘
1nh1b1tors and labelled amino ac1d Mltochondrla yere
1solated after 3 and 4 days Malhotra et al (1973), showed
that CHI caused a large (86%)‘decrease in 1ncorporat10n,
‘whereas CAP treatment resulted in only a 25% decrease.v>~‘
' Erythromyc1n, also ‘an 1nh1b1tor of m1tochondr1al prote1n‘*ﬁ
‘synthe51s, caused a. 30% decrease In1t1ally, three |

- *populatlons of mltochondrla ex1st 1n pea cotyledons, each L
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having a distinct density (Malhotra and Spencer, 1973). By 4
days, a single population is evident. As germination and
subsequent growth proceeds, the two heavier populations
disappear. Treatment of cotyledons with CAP preQents this
disappearance, suggesting that mitochondrial protein

Y

synthesis is required for the development of these two
populations ﬂMalhotra,and Spencer, 1973). Inhibitor0
treatment, however, did not éffect respirato}y rates,
respiratqyy control ratios or ADP/O fgtios;

'The observation that reépiratory activity in the Alaska
cultivar reaches maximal levels 2-3 days before those 'in the
Homesteader cultivar, suggests that differences exist in
mitochondrial development in the two cultivars. The more
rapid development\in the former may result more from
reactivation of pre-existing organelles rather than via
biogenesis. Protein syntheSis in the latter may have a more
significant role. The lack of an effect of inhibitors on
respiratory parameters, would suggest that>any protein
synthesis observed, is not essenéial‘for development of this
gctiyity. However, negative results §an be sometimes be

R4 .
misleadihg. It is possible that measurements of protein

synthesis are more sensitive to the inhibitors than
respiratory parameters. %or example, if the inhipitors do
not penetrate to all the mitochondria present in the
cotyledohs, then it is conceivable that the unaffected

organelles would remain active. There would be a greater

~ demand for ATP synthesis in the presence of inhibitors, and
i
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perhaps this could be met by increased activity in the
unaffected organelles.

Previous studies of liver regeneration in rats have
shown that the number of fully eqUipped respiratory chains
must be reduced, by prevention of mif%ch??drial protein
turnover by oxytetracycline, to approximatély 10% of control
values be}ore impairment of regeneration occurs (van den
Bogert et al., 1983). These authors have'described this
tissue as having a large reserve capacit!rfor ATP
generation. If such a capacity exists in cotyledgns, then it
may be difficult to properly assess effects of inhibitors
unlesé a fange of concentrations are tesﬁed. This study also:
examined the effect of different levels of oxytetracycline,\
and showed that little effect was observed at serum
concentrations of 5-20 ug/ml, but significant inhibition was
evident at concentrations of 21-25 ug/ml. These findings
again illustrate the importance of éstablishing an effectivg
inhibitor concentration.'

The lack of sigﬁifidaht difference during germiﬁation
and early growth be;@een pea anq peanut, iAAthe activities
of the transformylagse, levels of folates and respiratory
activity strongly guggest that mitochondrial developmént in
the two species is‘similar. More research is required in
order to resolve the apparent differences between the

findings reported for pea in the present. data and previous

studies.

7~
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