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Snimary. The uptake -of a-tocopherol and vitamin K1 by pea stem sections is
described. Vitamin K, appears to be stable within the plant tissue and is found
distributed in all particultate cell fractions following uptake. Only a small proportion
of the tocopherol taken u,p is recoverable and the majority of the compound appears
to undergo catabolism.

The ,oxidation of tocopherols by a cell-free system is described. This system
requires oxygen and appears to involve
linkecd with the action of lipoxidase.

There have been a number of reports of the
pihysiological effects of Vitamin E (tocopherols)
and vitamin K1 (K1) when applied to plants (3, 10,
12). However, little is yet known of the natural
occuirrence of these compounds, and nothing at all
of their distribution and fate following application.
Among the effects of these 2 compouinds is their
synergism with atuxins during the extension growth
of pea stem sections (12). This paper describes
some preliminary experiments which were performed
to determine the fate of a-tocopherol (a-T) andl
K1 following application to pea stem tisstue.

Materials and Methods

Pea seeds (Pisum sativum L.) of the dwarf
variety Progress No. 9 were grown in vermiculite
at 230 uinder a weak red light source (0.1 ergs/cm2
secl1 between 600-800 m/A). For bioassay purposes
10 mm sections were cut from the third internode
of 7 to 8 day shoots, approximately 2 mm below the
apical btud. Sections were placed in petri dishes
containing the following medium: 5 msi KH2PO4
buffer (pH 5.5), 0.05 mri CoCI9, 1.5 % sucrose,
1.7 pum indole acetic acid, 0.3 juM gibberellic acid
and + 10 FuM a-T or K. The lipid substrate was
added as a stable emulsion, prepared as described
by Stowe (11). Following incubation on a rotary
shaker for 20 to 24 houirs, sections were collected,

1 This investigation was supported in part by Public
Health Service Research Grant GM-06921 from the Na-
tional Institutes of Health, and a grant from the White-
hall Found.ation, both to B. B. Stowe.

2 During the period of this investigation J. K. Gaunt
was the holder of a N.A.T.O. fellowship.

3 Present address: Department of Bioclhemistry and
Soil Science, University College of North Wales, Bangor,
Caernarvonshire, U. K.

enzyme activity but does not appear to be

washed, lyophilyzed and extracted in Soxhlet ap-
paratus with chloroform for 3 hours. Analysis of
the crude lipid extract for a-T and K1 was per-
formed as described previoously (6). Residual lipid
in the bioassay media was extracted into hexane
and analyzed directly.

In order to investigate the distribution of K1
following such an incubation, sub-cellular fractions
were prepared from the washed pea stem sections.
Pea stem tissue was ground with crystalline silicon
carbide in a medium containinig 0.6 M sucrose, 0.03
M KH,PO4 buffer (pH 6.0) at 0 to 40. The homog-
enate wavs strained through 6 layers of cheese cloth
and the crude cell-free extract centrifuged for 10
minutes at 500 X 9, 10 minutes at 5000 X g, 1 hour
at 20,000 X g, and for 3 hours at 100,000 X g. The
lipid from each particulate fraction was extracted
by boiling with 50 ml ethyl alcohol for 30 minutes
in darkness. Each extract was evaporated to dry-
ness under vacuum and analyzed for K,. The
supernatant fraction after centrifugation was ex-
tracted twice with hexane, and the extract analyzed
as before.

The enzyme system that destroyled a-T was
prepared by grinding pea shoots with crystalline
silicon carbide in 0.22 M sucrose and 0.05 M KH9PO4
btlffer, pH 6.0 (1 ml medium/ig fr wt) at 0 to 40.
The homogenate was squeezed through 6 layers of
cheese cloth and centrifuged at 1000 X g for 15
minuites to give the crude cell-free extract used.

Substrates and other lipid additions were pre-
pared as emulsions stabilized with Pluronic F-68
(Wyandotte Chemical Corp.) as described previ-
otusly (11).

Enzyme Assay. Two ml substrate (1.2 mg a-T)
were added to 28 ml enzyme preparation at 250 to
start the reaction. A magnetic stirrer was uised
to mix and aerate the system. Samples of 2.0 ml
were withdrawn at 0, 30 and 60 minui,tes. Each
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was added to 3( ml boiling ethyl alcohol an(d re-
fluxed for 30 minuttes in (darkness. The mixture
was then filteredl and the extract evaporated to
dryness uinder redutlce(d pressure. The residutie was
taken uip into hexane and( water. Afiter partitioin,
the hexanie was washe,d with water an(d concen-
trated to a small voluime. This was added to a 5 g
alulmina co,lumn prepare(d as descrjibed previously

(6). The coltumini was eltited with 18 ml hexane,
25 ml 20 % (v ) benzene in hexane an(d 25 ml
50 % ( n)beuzene in hexanie. The last fraction
was evaporated to dryness anid the a-T preseint
dissolvedl inl ethyl alcohol for estimatioin b) the
Emmerie-EngFel techliquie ( 1).

Results
and Discussion

Upt(lkc by Pea Stem,i Seetions. Duiriing incuba-
tioIn of a-T or K1 with pea stem sectionls uinder the
bioas,say conditions (lescribe(d by Stowe and Obreiter
(12) ahoutt 25 to 30 % of the lipid was fouind to
enter the plant tissute (table I). In the case of K1
over (O % of the lipid taken tip was foun(d lIn-
changed in extracts of the sections. However,
only 20 % of a-T was recoverable. This suggesits
considleralble breakdowni of this compoulndl by pea

stem tissiie. Suich a conclusion was suipportecd by

the findlinig of ani abnormal chromatographic spot
lduring examiniatioin of section extracts. This spot
vas alvways observed in extracts of plant tisstues
that had been treated with a-T buit was never dle-
tecte(l in nornmal tissuies. Presuimably it is a meta-
bolite of a-T. On column chromatography it ap-

peare(l in fraction II (see re,f 6) aind oIn paper

chromatography it was detectedI as a p:nkish, UV
absorbing, Emmerie-Engel positive streak. Rf V-al-
ties ar-e show n in table II. On eluttion inlto ethyl
alcohol, the UV spectrtim of the substance showed
maximumiiiii absorption at 301 mpt.

It shotild he noted that in these incubation ex-

periments, each pea stem section had 2 ciit stir-

faces exposedI to the medittm. Thuis it is possible
that breakcOowni of a-T occurre-d in these regions

and not within the uin(lamage(d cells of the section.
However, if this were so, some of the metabolite
would possibly leak to the incii.ation mediuim. In
fact, nonle was found oultsidle the sections. Ftirther-

Table II. Chroinatogralphic Properties of .lfctabolites
of a-T

Extracts wvere run oII zinc-amimonium carbonate aind
fluiorescein impregnated \VNhatmain No. 1 chromatographNy
paper as described in (6). The so'vent for the first di-
mension was 30 % (v/v) benzene in cvclohlexane, anid
for the second dimenision (reversed plhase) 95 % ethyl
.Ilcohol. Spots wN-ere detected by viewing the developed
chromatogram under UV liglht at 254 mu and at 320 my.

Sample

Rf Enmerie-
Engel

1 st dinweisioni 2nid dimenisioii reaction

c1-Tocopherol 0.7
in vivo -Metabolite 0 1-0.6
fromi)pea stem sectionis

in vitro Metabolite 1 0.55
in vitro Metabolite 2 0.4
in vitro NMetaboite 3 0.05

0.8
0.1 -i

0.7
08
0.85 ...

more, this metabolite shotild stirely be fotind dutrilng
in vitro experiments (discicssed below) if it -was

proiduice(d by (lamaged tissuie. Again, none was

foundi(ludring these experiments, stiggestinig that
qtiite (lifferent reactions are involved.

The metabolism of a-T in pea tissuies makes it
impossible to determine the actual compound acting
as an auixin synergist in this bioassay systelm.

The path of entry of the applied lipids inito the
sections is tincertain. Since both K1 anid( a-T are

highly hydrophobic compotlncds, it is likely that the
majority entered via the cLuticle by diffusion, I)tit
this was not investigated.

J,itruellldar Location of Absorbed K1. Since

K1 was stable within pea tisstie, the eventuial intra-
celltilar distribtition of this lipid was determined ill
pea stem sections after incubation tinder normal
hioassay conditions. The contents of K, in elach
stibcellular fraction are shown in table III. The
compoundicl was fouindl in all membrane-containiing
fractions of t'he cell in amotunts several times greater
than en(logenotus levels. Penny an(d Stowe (9)
fotindl the same resiilt after inctibation of '4C-methyl
oleate with pea stem sections. \\While these findings
fail to indicate a definite site of action of lipids
(Itiring atixin-lipid sy-nergism, they do show that
tinder normal bioassay conditions, the applied lipid
penetrates to all parts of cells within the tisstie.

cllet(ibolisiii of a-T. In a previouis paper (6) it
w,vas shown that end,ogenotis a-T was rapidly broken

Table I. Upta."( of a-TocoPhcrol and Vitanmin K1 by Pca Stem Sections
200 10-mml Tlird ilnterniode sections (8 g fr Nt)0were incubated for 18 hours in 120 ml! miedium containinig 1.2 y

moles of either a-tocopherol or vitamini K,. Disappearance from the miiedium during incubation and section contents
were tlheni estimiated. Alloxxvance is made for losses during analysis,

Amount lost Found in Normal content Breakdoxn
Compound frolmi medium tissue of 200 sections in tissue

m,y moles my moles m,u mo!es %
a-Tocopherol 420 88 12 82
Vitamin K1 315 290 2.5 8.5
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Table III. Intraccllutlar Distribution of Adsorbed
Vitamin K1

600 10 mm Third internode pea stem sections were
incubated for 24 hours with 360 ml 0.05 Ai sucrose, 0.005
M phosphate buffer pH 5.5 containing 7,inoles vitamin
K1. Sections were then harvested, washed, homogenized
and the homogeniate fractionated prior to extraction and
anal!ysis.

Endogenous
level of

NVit-.,rnin Ki vitamin K1
Fraction content expected

m,u moles mAn moles
Residue in chleese cloth 220
500 X g pellet 54 1
5000 X g pellet 54 1
20.000 X g pellet 107 2
100,000 X g pellet 22 1.5
Supernatanit 0 0

down dur:ng homogenization of pea tissue. It also
appeared from observations presented above that
applied a-T was metabolized by intact pea stem
sections. Booth (2) had earlier sulggested that an
enzyme system occurred in several plant spacies
that metabolized ae-T. Following these observa-
tions, the system res,ponsible for the breakdown
a-T in etiolated pe,a plants wNas fuirther investigated.

Crudle cell-free extracts of pea shoots were active
in metabolizing added a-T and y-T but had no
effect upon the related substances plastoquiinone
and ubiquinone. All activity was lost on boiling
and in the presence of AgNO3. Table IV shows
some of the properties of the systeim. Molecular
oxygen was required and presumably a metal co-
factor, as indicated by the inhibitory effects of
metal chelating agents suich as cyanide, ethylene
diamine tetracetic acid and diethyl,dithiocarbamate.

Table IV. Propertics of the System Mletaboliz-ing
a-Tocophcrol

Incubatioln miixtures contained 3 ,umoles a-tocopheroi
in 30 ml crude cell-free extract. Samples were withdrawni
for analysis at 0, 30 a':id 60 minutes. The loss of a-toco-
pherol in the first 30 minutes was used to calculate
metabolism figures slhown be'ow.

% Of
Treatmenit Rate of metabolism control

ni,m,goles g-' fr u-t tissue min-1
Conitrol 1.9 100
Boiled enzzxme 0.0 0
No oxygen 0.0 0
5 X 10- rAgNO. 0.0 0
5 X 10-3 KKCN 0.4 21
5 X 10- ar Dieth-l

dithiiocarhamate 0.6 32
3 Y 10-3 nr EDTA 1.0 53
10-2 M Linoleate 1 6 84
5 X 10- M Diphenylamine 1.9 100
5 X 10-3 M Ascorbate 1.9 100

The breakdown of a-T in pea shoot homogenates
could result from either direct enzyme oxidiation
or from purely chemical oxidation. This substance
is very sensitive to oxidation and fuinctions as an
antioxidant in many svstems. Indeed there is some
belief that the biological fuinction of a-T is duie
to its antioxidiant properties (13). Perhaps the
most likely chemical breakdown of a-T is attack by
hydroperoxides produced by the action of lipoxidase
with linoleate, as has been stuggested by Kunkel (7).
In fact O'Brien and Titmus have very recently
confirmed this reaction in vitro (8) and linoleate
hydroperoxide was shown to oxidize a-T to a
nuimber of products, the reaction being catalyzed by
haematin. Lipoxid,ase is a widely di,stributed en-
zyme and was found to be present in the pea
homogenates tused in these experiments. If toco-
pherol breakdown was mediated either by a (lirect
acting oxidase or via lipoxidase activity, then
molecular oxygen would be reqtuire-d and the reac-
tion would be inhibited by boiling and AgNO,.
However, if lipoxidase were involved, the addition
of linoleate to the system would be expected to
stimulate a-T breakdown. In fact linoleate was
fotund to slightly inhibit the reaction. Again the
addition of antioxidants to the system wouild be
expected to inhibit breakdown, and indeed O'Brien
and Titmus (8) showed that ascorbiate completely
stopped a-T oxidation by hydroperoxides. In the
pea shoot homogenate both ascorbate and diplhenyl-
amine were without effect. It thus seems tunlikely
that lipoxidase is responsible for a-T metabolism
in pea shoot homogenates. This situiation resem-
bles that in the field of carotenoid biochemistry.
Oxidation of carotenoids by pl,ant homogenates had
long been assumed to be a by-product -of lipoxida,se
action utntil carefull investigation showed quite
separate enzyme systems to be involved (4, 5).
It is still pos.sible that some other non-specific
oxidizing system could be acting in tocopherol
breakdown. These preliminary experiments merely
report some properties of the sysitem in peas, prop-
erties which stuggest the participation of at least
1 enzyme.

The products of this in vitro metabalism of
a-T were only briefly investigated. Oxidation in
the cell-free system gave 3 distinct non-phenolic
products which were observed on paper chroma-
tograms run as in (6). Chromatography details
are given in table II. None of the products re-
sembles the single metabolite fouind during in vivo
metabolism in stem sections and described above.
It is thus uncertain how many enzyme systems are
involved in the breakdown of a-T in the pea plant,
and their significance remains to be explained.
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