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bslract

)esidck the implication of ascorbate and glutathione in the defence against oxidative stress, these two compounds are involved in plant
<kh and cell cycle control. Ascorbate trjbtabolism is closely linked to the development ofembryos and seedlings. Furthermore, ascorbate
mlalcs ccll cycle activity in competen”cells. while the oxidised form, dehydroascorbate, blocks normal cell cycle progrcs.sion. Several
bsiblc mechanism.*; have been proposed to explain the effect of these compounds. The links between glutathione and the ccll cycle arc
ijfclear. It has long been assumed that both compounds are closely linked by way of the Halliwell-Asada cycle. Any hypothesis
ccnini” the pathways by which ascorbate or glutathione influence cell division, should take thi.s connection into account However, other
lifchaijisms have hecn propased for ascorbate-mcdiated cell cycle control, e.g. via the thioredoxin pathway O 2002 Kdilions scicntifiques
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Intrnduclion

Several reviews have been publi.shed lately on difFerent
spects of ascorbate, ranging from its biosynthesis I1S.Vj, its
pic in stre.ss dcfence |72J, the uptake mechanisms in plant.s
4*31 lo its involvement as an electron donor in various

ilosynlUc\it reaclions The biosynthesis and the role of

;lutathione in plant metabolism have been discussed, in
letai! [65.71 72|, as well as its transport [37J. The involve-
nenl pffascorbaic and glutathione in growth and division of
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plant cells has generally occupied a secondary role in these
reports. Nevertheless, there is a rapidly growing Held of
interest, yielding fresh and exciting insights into the general
function of either of these molecules. In this review wc will
summarise the state-of-the-art knowledge on the infliicncc
of both compounds over the progression of the cell cycle 1
plants.

2. The protagonists
2.1. Ascorbate

The organic molecule L-r/?fieo-hexenon-l,4-lacionc is
commonly known as L-ascorbic acid (L-AA) or vitamin C.
The compound is one of the predominant weak acids in the
plant cell, dissociating into the ascorbate anion (ASC) the
predominant form of the molecule at a physiological pll
(5-7). Both the acidic properties of L-AA (pK”, 4,2) and its
redox behaviour are associated with the enediol structure at
C-2 and C-3. ASC is utilised in the cell as an electron donor,
and the first ASC oxidation product is the scmiquinone-likc
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irig 1/ he ilifFerent redox forms of ascorbate.
Ei'cc radical monodehydroascorbate (MDHA) (Fig. I). Due

Ip their highly delocalised free electron, MDHA radicals do
iiot feadily interact with other molecules (unlike the far
lidrA Tcactive superoxide or hydroxyl radicals), and are
hcrefore generally considered to be less destructive [70].

J MDMA disproportionates spontaneously to ASC and
Jehydroascorbate (DHA) with a rate constant between 107
ind 2. X 10" M ‘s ' (at pH 7 [41]). Takahama ([88], and

eefcrsnces quoted herein) reports an equilibrium constantof

2 MDHA fc; ASC + DHA

The standard redox potential (£E{,) of the ASC/MDHA

;ouplc al pH 7.0 is +330 mV. However, due to the low
V1DHA concentration (lowered by spontaneous dispropor-
ionation) the efTective redox potential of this couple is
|70]. The oxidised form, DHA (Fig, t),
Ahichl exists as a bicyclic monomeric hydrate in aqueous
solution, docs not have acid characteristics. It is a rather
jnstabic molecule, which undergoes spontaneous and irre-
ifersibjc hydrolysis to 2.3-diketogulonic acid [32], which

ireak.® down further to yield approximately 50 different

ground i60mV

jl"unds, including oxalate and tartrate [56].
C is present in the cytosol, chloroplast, vacuoles,

iflitochondria and extracellular matrix. An overview of

occntrations in different compartments, as well as the
iffercnt transport pathways from and to the cytosol, has
ninirescnted in Horemans et al. [43], Chloroplastic and
~olic ASC concentrations can be high (10 and 20 mM,
jpebtively) [8]. This situation probably reflects the high

e” in these compartments for scavenging o factive oxygen

ccies (AOS).

ASC is
Apnipartments against oxidative damage. For example, dif-
‘ercnt isozymes of ASC peroxidase (APX) are found in the
el wall, in the cytosol, the mitochondria and in the
leroxisomecs [931, to assist in the detoxification of AOS at

involved in the protection of different cell

iicsc locations. ASC is probably one of the most important
Victors in the scavenging of ozone and ozone-derived AOS
h the apoplast, cither through direct (chemical) interaction,
)r by detoxifying ozone breakdown products [14.60|. AOS
|[rc gefierated during aerobic metabolism in the chloroplast
md during exposure to stress conditions, and are bound to
nflict serious damage upon the cell, ifnot readily detoxified
(331. ASC reacts rapidly with superoxide and singlet oxy-
jcji, opone (chemically), and hydrogen peroxide (enzymati-
lally, Ithrough APX), and will thus assist in neutralising
~ese AOS. Additionally, ASC regenerates the chloroplastic
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lipophilic antioxidant u-tocopherol (vitamin Iv) from the
a-chromanoxyl radical |7]. Carotenoid pigments (carotenes
and xanthophylls) also depend on ASC for their regenera-
tion.

The requirement for ASC in the activity of 2-oxoacid-
dependent dioxygenases (ODD), is generally less acknowl-
edged than its role as an antioxidant. Among the reactions,
catalysed by ODDs, we find hydroxyprolinc synthesis,
providing animals with ftinctional collagen, mid plants with
cell wall constituents like extensins [26.30]. But also ccrlain
plant growth regulators like ethylene or gibberellins require
ASC foran ODD at some point in their synthesis, as well as
anthocyanins, or the animal neurotransmitter noradrenaline

IN.

2.2. Glutathione .

GSH is an abundant and ubiquitous thiol in fungal, plant
and animal tissues and occurs in two distinct redox forms.
The reduced form GSH, is a tripeptide (y-GUi Cys (ily).
The chemical reactivity of its thiol group (standard redox
potential -230 mV, at equimolar concentrations), ils relative
stability and high solubility in water make (JSH a particu-
larly adequate electron acceptor or donor in physiological
reactions. Oxidation causes two reduced molecules to be
linked by way of a cysteine disulfide bond, designated
GSSG. Chloroplastic GSH concentrations are estimated to
be 1-4.5 mM, but information about concentrations in oilier
compartments is still lacking |72].

The different functions fulfilled by GSH
recently been

in plants have
reviewed [65.71 [. A short summary will
therefore be sufficient here. In general, the physiological
significance of glutathione in plant cells covers three cat-
egories; sulphur metabolism, defence against oxidaiivc
stress and detoxification of xenobiotic compounds. Us role
in sulphur metabolism is evident from the fact that (iSH is
the predominant non-protein thiol. Furfhermorc. (iSIl regu-
lates sulphur uptake at root level |[42]| and the pathways for
sulphur assimilation and GSM synthesis are intertwined al a
molecular level [65].

The fact that GSH is

against oxidative stress, as an antioxidanl.

involved in defence reactions
is widely ac-
knowledged. Ils importance is illustrated by the fact thai
GSH biosynthesis is stimulated when the cell encounters
stress conditions, as if the cell builds up
capability. GSH accumulates in response to increased AOS

generation, or to compensate for decreases in the defence

its defence



c/ijacity of other antioxidants, and GSH levels are consti-
li fyely higher in plants adapted to stress conditions
Supplementary evidence for the role of GSH in

dcfencc was provided by transgenic Arahidopsis plants
twim a limited biosynthetic capacity for GSH. The decreased
i'CjBi pool apparently renders them substantially more
'stjjB|silive to different stresses (such as Cu, Cd, photooxida-
or'ozone stress) [97]. Furthermore, the reactive cystein

due enables GSH to keep thiol group-containing pro-
s 'in their native state during stress conditions. For

example, under water stress conditions, GSH protects spe-
cific protein thiol groups from irreversible formation of
intiramblecular disulfide bonds.

CJSli metabolism is also tied into other defence path-
ways. For example, diiferent sources have described a role
for GSH in ASC regeneration, both in the chloroplast and in
the cytosol (|72]; see further in this text). GSSG reduction
itself requires NADPH as a source of electrons for its
reduction. The GSH-GSSG redox pair can therefore only
lligciion mwith an adequate supply of NADPH, Recent
experiments indicate that GSH may function as a cellular
sensor to ensure maintenance of the NADPH pool (65],
further illustrating the intertwining of the metabolism of
di ferent] redox compounds. These connections undoubtedly
in :rcase the chances of the plant cell for displaying an
<mtimal defence capacity against stressful conditions,

j A third series of processes involving GSH, concerns the
ilfi :p)(iflcation of heavy metals and xenobiotic compounds.
I'Cj(ymerisation of GSH yields phytochelatins, which are
ici| cial inicontrolling cellular heavy metal concentrations.
,'Olfese ~phytochelatins have a particularly high affmity for
copper and cadmium ions and are able to form complexes

the”c heavy metal ions. These complexes will be
irittsported into the vacuole, leaving cytoplasmic enzymes
ur/hanncd 176|. GSH is also used by the GSH S-transferases
in the detoxification of organic compounds [611 Xenobiot-
icsj but also metabolites such as anthocyanins, are co-
valently linked to GSM and then transported into the
v~ruole (37].

3. Kvidcnce for the involvement of ASC in cell cycle
conlrol

*S. A St melciholixm is connected to growth and division

Its free radical scavenging properties make ASC pivotal
colil dj*fence. However, confining the molecule to having
ly this role in plant physiology would do injustice to the
[lected data. A fairamountofevidence has been provided
its involvement in a series of other processes. We have
mentioned the role of ASC as cofactor in different
dioixygenasc reactions, or in the biosynthesis of the plant
loncs gibberellic acid and ethylene [6J. The hypothesis,

t raised by Reid in 1941 [78], that ASC is somehow
I'olVed in growth control of plant cells, has gained new

supportive evidence. Mainly during the last 20 years, data
have been collected, supporting a role for ASC in growth
regulation.

A first set of data describes the correlation between ASC
content and the growth capacity in different plant tissues.
Furthermore, plant ascorbate levels depend on the ago of the
organism or the tissue. For example, in the apoplastic fluid
of Pinus pinaster AWon hypocotyls, ASC content and redox
status seem to be decreasing in parallel with the growth
activity along the hypocotyl axis, as well as with hypocotyl
age [80].

A decrease in ASC content has also been observed in
tissues. Germinating pollen grains oi' Dasypyrum villosuoi
actively synthesise ASC [24]. Also, growing plants (and cell
exhibit biosynthesis of ASC
[23,28,29,58], but when leaves start to age, their apoplastic

cultures) continuous
ASC pool is depleted, and the symplastic ASC conteni is
lowered significantly 113,89],

ASC concentration changes during different stages in
seed development, too. A first stage, characterised by a high
mitotic activity, comprises the actual formation of the
embryo. At this point during plant development almost 90%
of the total ascorbate (ASC + DHA) pool is in the reduccd
state. Later on, upon the onset of cell elongation, the DMA
level rises above the ASC level [5], When the embiyo (and
concomitantly, the seed) develop flirther, the ASC pool
becomes even more oxidised. In the end, upon seed matu-
ration, the only form present is DHA 15,22,90). The stored
DHA will be used during the development of the seedling,
to ensure the presence ofan ASC pool in the young plantlet,
necessary for its development. Studies on wheat and pine
embryos show that, during the first hours after germination,
embryos provide themselves with ASC through the reduc-
tion of DHA, stored inside. The DHA reduction capacity of
embryos is high in the first hours after germination, and
decreases gradually afterwards [22,30.901 ASC biosynthe-
sis is initiated from the moment of germination onwards:
wheat, pine and broad been seeds possess already ASC
biosynthetic capacity, and while the seedling grows, the
DHA reduction capacity decreases gradually, and ASC
biosynthesis becomes more important than DHA reduction
in determining the ASC pool size [22.90].

Apparently, changes in normal ASC metabolism have a
profound effect on growth rates. For example, application of
ASC or L-galactono-y-lactone (GL, the last biosynthetic
precursor in the ASC biosynthesis, [83]) to l.upinus uthus
seedlings increases the production of lateral roots and
stimulate the activity of primary and secondary meristem-
atic tissue |4]. An increase in the mitotic index of tobacco-
cultured cells occurs as a consequence of ASC biosynthesis
stimulation with GL [28]. On the other hand, although
treating Arahidopsis suspension cells with ASC precursors
(for example GL), does increase ASC synthesis rates and
intracellular ASC concentrations, no changes in cell num-
bers were observed [20].



pe<[rcases in the internal ASC concentration may de-
growth rates. Two different strategies have been used
to lower cellular ASC levels: the application of a
Mynthcsis inhibitor, and the isolation of biosynthetic
litaMs, containing less ASC. The alkaloid lycorine was
ijjcribed as a potent and specific inhibitor of ASC biosyn-
(>Sinjf2|, in particular of the L-galactono-y-lactone dehy-
flgfenaso (GLDU) [25], the last enzyme of the Smirnoff
‘heeler pathway [83]. Application of this alkaloid to lupine
edlings inhibited growth f4|. It should, however, be
cntioned that the specificity of this compound is under
;bate. No inhibition by lycorine was observed of the
irifibd GLDH from cauliflower [20]. On the other hand,
corinc did inhibit the purified GLDH from sweet potato
Oj. l.uckily, an ascorbate-deficient Arabidopsis mutant
ontaining only 30% ofthe ASC concentration ofwild type
~ahiciopsis plants) has been isolated, called the v(c} mutant
itamin c) 116], Significant reduction in growth could be
)*crved in these mutants [94], a fact that adds to the
Mdencc confirming a link between ASC and growth
mtrdl.
‘Inclusion of ASC in the growth medium in in vitro
Ipcriments, promotes growth and development. Experi-
ehts'jon somatic embryogenesis in white spruce demon-
ij7ted that the higher levels correlate with an increased
mbrjrgcnic competence. In addition the ASC redox status
lefinid as the ratio of the concentration of the reduced
Itm! to the concentration of both the reduced and the
iidised forms, i.e. [ASC]/([ASC] + [DHA]), increases dur-
the 4evelopment of these spruce embryos [85]. Addition
foicjgenous ASC increases the germination frequency of
‘pmbryos, as well as the size of the apical region,
eesumably because of the production ofa larger number of
af piimovdia IH4]. Finally, in vitro systetns frequently need
SC application to enhance shoot formation [53].
iThu* overall conclusion from these data is that ASC is
:eply linked to plant growth. However, plant growth
jricrally depends upon two distinct processes: cell elonga-
on and'cell division. The role ofASC, or rather, MDHA, in
;11 elongation has been amply documented (reviewed in
i9]). It is assumed that MDHA is able to invoke an
~ergisation of the plasma membrane, an activation of the
lasma membrane ATPase, which will then enhance cell
all acidification. MDHA also causes an increased vacuoli-
itionj a proccss that drives cell elongation even more,
Averiheless, the model presented in those reviews is not
ifTicsenV to explain all growth-related actions of ASC. This
:d..tci Ihc notion that ASC (and other redox compounds,
P~ibly even synergistically) may have an effect on the
j~t ~ell cycle.
|

5'U se mediates transition into S-phase
ujllie iparliest reports, describing a possible link between

[*metabolism and cell cycle regulation, date from 1984,
lijwihg that ASC is required for cell division, and even

promotes the cell cycle progression of competent cclls. In
these reports, considerable increase in mitotic activity was
obtained following the addition of 1 mM ascorbic acid to
Allium cepa roots grown in water 158]. The clearest dem-
onstration ofthe effect that ASC stimulates cclls to enter the
cell cycle came with observations on cells from a root tip
quiescent centre (QC). QC cells arc known to divide rarely,
and to have their cell cycle extended mostly in GI.
Treatment of A. cepa root tips with ascorbic acid, however,
stimulates these to undergo DNA synthesis, leading to a
shortening of G| phase, and a stimulated entry into S phase.
Additionally, ASC does not only stimulate the activity o f the
QC cells, but also cell proliferation in the entire root
meristem, and in the pericycle (3,51,59). This observation
was repeated later with Zea mays root tips (571 On the other
hand, roots treated with lycorine displayed a decline in the
amount of endogenous ASC in the root tip. Simultaneously
the cell cycle was interrupted during G1 and G2 phases |5X].
From all these data, it can be reasonably assured that ASC
isin some way involved in the G I-S transition, and that the
presence of ASC is necessary in order to complete this
transition.

The necessity for ASC during cell cycle progression is
not limited to plant cells only. ASC seems to play a similar
role in animal cells, where it apparently stimulates the entry
of quiescent 3T3 cells into S phase [69]. ASC s also
considered essential for the in vitro growth of plasmacy-
toma cells, and it influences the proliferation of human
leukemic and preleukemic cells [74]. P'urthermore, both
ASC and MDHA stimulate the proliferation of IIL-60 cclls
in serum-limiting media, by shortening the overall cell cycle
length f1.38].

It is rather significant that all these experiments appar-
ently demonstrate that the ASC-enhanced cell cycle activity
is not due to an ASC-mediated enhancement of the overall
state of competence ofthe cell. Competence is a state which
is necessary, but not sufficient, for ceil cycling: the progres-
sion also has to be stimulated. For example, quiescent
embryo cells speeded up the GO-GI transition during
germination in the presence of ascorbic acid. Moreover.
ASC seems a decisive factor in this respect, but cannot
induce non-eompetent cells to overcome prolil'cration arrest
(19], suggesting that the primary function of ASC is lo
enable already competent cells to progress through the cell
cycle phases. One might rephrase the definition of compe-
tence, then, taking into account the existence of so-called
cell cycle checkpoints. U is generally assumed that the ccll
has to cross two checkpoints, one at the transition from G 1
to S-phase, the other at the G2-M transition |[40]|. At each of
these points, a decision has to be taken, namely whether a
new cycle is to be initiated (G I-S checkpoint), or whether
the cell is ready to divide (at the onset of mitosis). A
competent cell may then as well be redefined as a cell, ready
to cross the G1-S checkpoint (with the decision to go
through another cell cycle round already taken), but it might
still lack certain stimuli to actually do so. For example, an
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2. Ph/siological meaning of dehydroascorbate-mediated cell cycle
tjibition. While the presence of a sufficient amount of ascorbate is
pssiiry for the occurrence of cell division, excess dehydroascorbate will

ttvcly block it. The presence of dehydroascorbate is enhanced under

ivc stress conditions. The change in the ratio ascorbate vs. dehy>
iROorhaic may therefore be crucial for the cell to sense stress, and take
ippropriaie action.

Sqyate ASC concentration (or a favourable redox status)
,iTj™ be neccssary to complete one or more processes linked
"lijjthc transition to DNA synthesis. The question remains as
tojhow this is mediated.

Several possible mechanisms for an ASC-enhanced tran-
sitioti bave been proposed over the years. To integrate the

facts lisjtcd above on the effect of ASC on proper cell cycle
mprogression, two distinctly different, not mutually exclusive
‘hypotheses have been put forward, each focusing on a
different process (Fig. 2), The first mechanism, explaining
the cfTect of ASC on cell cycle progression, involves
liydroxyproline synthesis. As stated before, ASC is being
used as cofactor by the enzyme prolyl hydroxylase for the
po$ttranjrtational hydroxylation of proline residues.
Ilydroxyproline-rich proteins are apparently needed during
prpgression through the cell cycle (17,30j. It was hypoth-
cs sed that a lack of ASC will prevent the functional
llj ilroxj~roline-rich proteins from forming, and, hence, will

Ipk the cell cycle. Other data show that underhydroxyla-

n of proline residues induces a cell cycle block during

taphasc [K)"L

|?~oliferating cells in the root tip of 3-day-old plantlets

be arrested at the GI-S boundary by hydroxyurea
eanjplication. It was shown that addition of exogenous ASC
jiMde ihese cells resume the cell cycle earlier than the
control cells [15]. This observation brought up a second
~Nlifothesis on the exact role of ASC in the enhancement of
ual cycle activity. Apparently, the hydroxyurea treatment
blocks the cells in their cell cycle by destabilising the iron
centre present in the ribonucleotide reductase, the enzyme
responsible for the production of deoxyribonucleotides (661
I'ng reconstitution of this centre requires the presence of
Fer* ions. A plausible source may be provided by the FeM?
binding protein ferritin. This protein is present in plant cells

[19], In vitro, it was demonstrated that ASC could increase
the iron release from its ferritin stock [491, If this reaction
would work in vivo as well, an increased level of ASC in the
cell would speed up the regeneration rate of the iron centre
of the ribonucleotide reductase. In a more natural situation,
ASC may be required to keep up a certain level of
ribonucleotide reductase activity during S phase. ASC
depletion would then slow down the regeneration, and.
hence, keep the cells from entering S phase.

3.3. DHA blocks transition into S-phase

Nevertheless, several authors started to evaluate not only
the effect of an increased or decreased concentration of
ASC, but also ofthe role of the ASC redox status, and of ihe
presence of the different oxidation forms. Indeed, also
MDHA and DHA exert a certain influence on the cell cycle,
not attributable to a rise in ASC concentration. For example,
De Cabo et al. [21] demonstrated a shortening of the (JI
phase in a dividing onion root meristem cells due to the
action of monodehydroascorbate, not ASC. Moreover, while
ASC (and MDHA) stimulate growth, DHA actually inhibits
plant growth. For example, root elongation is inhibited
when bulbs root in a hydroponic medium containing DIIA
[18]. Such a reduction may be caused by inhibition of cell
expansion, but an inhibitory effect of DHA on cell prolif-
eration seems equally likely. The latter hypothesis is sup-
ported by the low rates of incorporation of tritium-labelled
thymidine in root meristems supplied with exogenous DHA
[21]. Kerk and Feldman [57] were able to establish a direct
correlation between ASC redox status and cell proliferation
rates in the Zea mays QC, by pointing out the increased ASC
oxidase activity in the QC. This enzyme causes the oxidised
DHA to become the prevalent form in this particular region
of the root. This is in contrast to the very low DHA
concentrations in the meristem itself, situated next to the
QC. As mentioned before, addition of (exogenously added)
ASC to the root tip resulted in resumed cell division in the
QC cells. In any case, while ASC and MDHA stimulate cell
cycle activity, elevated DHA concentrations, in the culture
medium or inside the cell, actually inhibit growth.

More recent research supporting this hypothesis focused
mainly on the Nicotiana tabacum L. ev. Bright Yellow-2 cell
suspension (BY-2). Due to its rapid growth and its highly
synehronisable character, this suspension culture is most
adequate for biochemical studies on the regulation of
growth and cell division. During the growth of a BY-2 cell
culture, a transient peak in the endogenous ASC level was
shown, during the period when the cells were dividing
exponentially. Upon entrance in the stationary phase, the
ASC concentration and redox status decreased 12X.54[. Kato
and Esaka [54] provided flirther evidence pointing al a
possible ASC-mediated redox control of the cell cycle by
demonstrating a transient peak in the DHA concentration,
with a concomitant decrease in the ASC/DHA raiio durmg
M phase. This increase also correlated with a temporary
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Kig. 3. Overview of dilTeretH possible and hypothetical interactions
between ascorbiitc metabolism and cell cycle regulation- For a detailed
cscriptithin. sec text. Straight arrows, demonstrated links; double dashed
TOW, i“"mnndchydmascorbatc disproportionation reaction; dashed arrows.
~l~thaical connections.

:i;ea8t in ASC oxidase expression during G2 and M phase
54). 'these results brought up the hypothesis that intracel-

lar levels of DHA may be controlled by the cell cycle,

rough the expression of ASC oxidase, which is, surpris-

J>lyi, an apoplastic enzyme.

Regulaling the DHA content throughout the cell cycle

ay at first seem to have no reason. Yet there may be a

y~ijoliigical explanation. Being the major antioxidant in

qgitpplast, ASC is a likely candidate to play a role in the
_gnalling from the apoplast to the cytoplasm related to the
m‘feidativc properties of a possibly stressful environment.
jJuring stress conditions, the internal DHA concentration
might remain high. A decrease in DHA during G1 could
then function as a necessary and positive signal for the cell
to proceed into S phase (Kig. 3) (54).

. Also, the endogenous DHA signal originates in the
apoplast, which implies that growth control, mediated by
the ASC DHA redox pair, is a process implicating different
pctions in various cell compartments. It may also point to
the occurrence of specific processes, involving ASC, at the
M tG| transition, The formation of a new part of the cell
wall process normally highly regulated by ASC) may as
w”Il be linked to the observed changes in ASC metabolism.
An hypothesis for the effect of DHA on cell cycle progres-
iion hBB been raised in Chinese hamster ovary cells. When
hose a S52 cells, previously enriched with ASC, are sub-
cctcd to an oxidative stress treatment (mediating the
)xidatjon of ASC to DIfA), the cyclin-cyclin-dependent

I cinasc complex, responsible for G2-M transition was inhib-

din j

mfh« explanation given above was easily checked by
ilddition of excess DHA (1 mM) to a synchronised BY-2
iiilture, during G1 phase. This was assumed to raise internal
DHA concentrations, leading to a delay in the onset of S
Yhasc, A high-afllnity DMA transporter (Km = 139 [.iM) has

been discovered at the plasma membrane of this cell line,
ensuring efficient uptake 144]. Furthermore, this treatnieni
resulted in the expected temporary delay in cell cycle
progression, checked at the next occurrence of mitosis |75),
confirming the role of DHA as a signal moleculc. regulating
cell division.

However, although internal ascorbate levels went up
20-fold after addition of DHA to BY'2 cells, an internal rise
in DHA concentration did not occur 128.751. This prompted
the conclusion that (a) the observed delay in cell growth or
cell cycle progression is not due to an increased DHA
concentration, and (h) apparently the celt possesses a very
efficient DHA reduction system (the nature of which will be
discussed later). Now. an increase of inlemal ASC previ-
ously had been connected to cell cycle shortening and not in
prolongation, as observed in this case. Cells treaied with
various biosynthetic precursors did not show any changes in
cell cycle activity either (2()|. Itwas therelbre suspectcd tliat
the reduction of DHA was probably the first step in a
pathway, leading from DHA to the eventual cell cycle block.
The flow of electrons, needed for the reduction of DHA.
will alter the redox status of another molecule, and hcncc.
its activity. Description ofa pathway that would assist in the
perceiving the DHA signal, and in communicating it with
the cell cycle regulatory systems, would at least start with
the identification of the proper reductants for DilA.

4. Evidence for the involvement of GSH in cell cycic

control

W hile a fair amount of data has been collected on the
involvement of ASC in the cell cycle, considerably less
attention has been devoted to the role of GSH. On the
whole, the effect of GSFI on the cell cycle is still vague and
needs more descriptive work, so that a more clear-cut
picture emerges, like in the case of ASC. However, two
reports point to an effective role for GSH in cell cycle
regulation, each focusing on Arabidopsis root tips. Jusi like
in the case of ASC [571, GSH ti.ssue distribution levels arc
correlated quite nicely with the rate of division In parts of
the root tip. High levels of GSH can be found in the
epidermal and cortical initials, whereas the concentration in
the slowly dividing cells ofthe QC was 27% lower, freating
roots with 100 ~iM GSH increased the mitotic activity,
whereas a decrease in endogenous GSU. causcd by appli-
cation of the GSH biosynthesis inhibitor t.-buthionine sul-
foximine, lowered it [81]. ASC and dithiothreitol were
apparently able to replace GSH in this respect, pointing to
the fact that this phenomenon may rather be linked to a
more general form of redox control, irrespective of the
compound involved.

Further evidence linking GSH to cell cyclc regulation
came with the discovery ofa GSH-dependcnt developmen-
tal pathway, necessary for cell division initiation and
maintenance in the root meristem. Apparently the HOOT



MERISTEMIJCSSI (RML!) gene actually codes for the
7-glutamylcysteine synthase (y-ECS), the rate-determining
step in GSII biosynthesis (65,71 J. Plants homozygous for a
miitation in KM J, had only 3% ofthe wild type GSH level.
GSH depletion in a BY-2 cell suspension culture blocked
c(™ } cyclc activity at the G I-S transition. Two different
A- lypc ljyclins, involved in this transition, were also down
re aulated [~5] (Fig. 2).

‘ Also in animals, de novo GSH synthesis was proven to
11ijnecessary for entry into and passage through S-phase.
I i7jcimplc, DNA synthesis itself seemed regulated by the

and the typical cyclin-cyclin-dependent kinase
alJ gvity n~ccssary for G I-S transition appears to be modu-
lailéd by the redox state of several regulatory proteins [79],
leaving clues for the action mechanism whereby GSH is
{imposed lo operate [65]. On the other hand, GSH depletion
hJ~buthionine sulfoximine treatment does not affect cell
cytlc progression in the ovary cell line AS52 [11].
On the other hand, while exogenous ASC and DHA have
a distinct effect on the progression ofthe cell cycle, addition
of GSSG or (jSH (and internal rise of these compounds)
docs noi influence the regular growth division of the
tobacco BY-2 cell suspension, but rather the expansion of
these cells [281. This may as well indicate that the GSH
requirement for cell cycling involves just the presence of a
critical concentration, without which division does not
occur, while any rise above this level is only superfluous in
lerS of the cell cycle. This is best illustrated by the
pherlotypc of another mutant of the yECS gene. The
so-called caJ2-1 mutation (inferring higher sensitivity to
cUjimiuii(i to the plant) decreases GSH levels to 30% of the
vi'ild type plants, but does not influence cell division [48]. A
iger drop in GSH concentration (like in rml-1 mutants,
iich contain no more than 3% GSH, compared to control
ji<iS)Iblocks division in the root tip [95]. As stated above,
is rjot the case for ASC, where a higher ASC availability
irfeascs mitotic activity, whereas ASC depletion halts the
CM cyclc.
EVen more general oxidative stress treatments, like the
lication of menadione [77], lead to cell cycle blocking,
sfl experiments gave rise to the concept of an ‘oxidative
uS checkpoint pathway’. During oxidative stress, par-
ticu”r signals may converge on one (or more) specific
regulatory elements from the cell cycle to block or prevent
normal 'progression through the different phases. Indeed,
plarits need mechanisms to probe the levels of oxidative
stress. Their sessile nature renders them incapable of flight,
leaving them no other option than to collect adequate
information on their surroundings, to be able to adapt and
endure environmental conditions in the best possible man-
ner. The ASC and DHA redox pair is suitable for this kind
ofscouting work, and several reports indicate that different
types of environmental stress result in an increased oxida-
tion of the apoplastic ASC pool [60,87]. DHA has also been
|[K )posc(;l elsewhere [28] as a specific redox link between
thp apoplast and the cytoplasm.

The actual pathways and mechanisms, which are respon-
sible for oxidative stress sensing, or, to sense a changc in
apoplastic ASC redox status, are yet to be discovered.
However, both ASC and GSH are major team players in the
antioxidative defence pathways, and have been linked in a
biochemical mechanism, the Halliwell-Asada cycle [35]. In
the following paragraphs, we will give a brief survey on the
possible pathways involved in the connection between DHA
and GSH, and of the possible links towards cell cycle
control.

5. ASC and GSH, an intimate coupic...

The first product of many redox reactions, which use
ASC as an electron donor, is MDHA. However, as stated
above, the dilTerent redox forms of ASC arc not only
interconversible by enzymatic steps, spontaneous dispropor-
tionation (a reaction striving to equilibrium) itself is already
sufficient to form a certain amount of DHA from MDHA.
Detoxification of the oxidation products, and therefore
regeneration of the ASC pool, will start with the reduction
of these two compounds.

In the chloroplast, two enzymes are responsible for ASC
regeneration from its two oxidation products, MDIIA and
DHA. The MDHA reductase (MDHAR) will use electrons
from NADPH, to ensure ASC regeneration: ferredoxin can
reduce MDHA directly [8,67]. DHA reductasc (I)MAR)
links ascorbate to glutathione, which is the other major
soluble antioxidant in plant cells. GSH functions as an
electron donor for the DHA, converting it into ASC, while
GSH itself is being oxidised to the dimer GSSG (oxidised
glutathione). A GSSG reductase will then re-reduce the
GSSG to GSH, thereby consuming two electrons from
NADPH. These reactions, together with APX, constitute the
Halliwell-Asada cycle [35] (for a recent review, see |72]).

The ascorbate-glutathione cycle does not only occur in
the chloroplast. Components ofthe ASC-GSH cyclc have
been reported in the cytoplasm, in mitochondria and per-
oxisomes, and represent an important antioxidant protection
system against HjO j generated in these organelles [52]. I-'or
example the enzymes involved in the Halliwell Asada cycle
are present as soluble proteins in the cytoplasm of Solanutn
tuber cells [12] and of Zea seedling and leaf cells. APX.
MDHAR and DHAR activities are also demonstrated in a
mitochondrial fraction of Solanum tuber cells possibly
indicating a similar mitochondrial ASC regeneration system
[27]. Berczi and Meller [10] purified a MDHAR, situated on
the cytoplasmic side ofthe plasma membrane, that converts
MDHA to ASC with the aid of NADH. The ASC regcnera
tion pathway, as described in the chloroplast. is apparently
present in the cytoplasm as well.

However, does this connection hold up as well when it
comes to cell cycle regulation? Evidence is scarce, to date,
but an answer starts to become clearer. Addition of 1 mM
DHA to Lupinus or Allium roots did not only invoke a cell



l<iw o f difl'erenl DHA reductases, their Michaelis-Menten constant and their source

Kinetic param.

Km (DHA)= 0.34 mM
Km (GSH) = 4.43 mM
pH optimum 7.5

Km (DHA)=0.07 mM
Km (GSH) = 2.5 mM
pH optimum 7.8
Km(DHA)=0.39 mM
Km (GSH) =4.35 mM
pH optimum 8
Km(DHA)=0.35 mM
Km (GSH) = 0.84 mM
at pH 7.8

pH optimum 8.2

Km (DHA) - 1mM
Km (GSH) =7 mM
atpH 7

pH optimum 8,3

Not determined

Not determined

Not determined

N 3nly
j "pPHARpnly
HARonly

DHAR only
J
Knnil/-type irypsin inhibitor

hiorcdiixvii
*rhiorud(ixin ni
i~orage|*roicins
ivutein disulfide isomerase Km (DHA) - 1mM
Km (GSH) = 3.9 mM
Km(DHA) =0.2-2.2 mM
Km (GSH)= 1.6-8.7 mM

ilutar*doxin

Km (DHA) =2.5mM
Km (DHA) = 0.7 mM-
Km (DHA) * 4.6 mM
Km (NADPH) = 4,3 |iM
pH optimum 6.2

|ktpTeij|>xin reductase

frH)(dtoxysieroid dehydrogenase

addition of 2.8 fiM thioredoxin.

pvision block |731, reminiscent of the data obtained with
BY-2 cell suspension [28.75], but had also a profound.

It transient, effect on the GSH pool in these roots [73].
Viowever. even in this last report, the authors state that the
ccll cycle inhibition resulting from DHA treatment cannot
iale exIplaincd only by this decrease in GSH content. More-
over. where DHA is capable of retardation of the normal
growth or division cycles, this is apparently not the case
with GSSG 128]. As a last element, ASC could not rescue
the rm!-1
~ggestion

phenotype [9.5]. These observations led to the
that there must be other pathways for ASC
Ageneration, besides the Halliwell-Asada cycle.

it

6. ... tor pcrfect strangers?

Ih<J enzyme connecting DHA and GSH, is named a
i$H-aepcndcnt DHAR. It can be argued that the cytosol
)ccdsiDIIAR activity, to detoxify any DHA being brought

~rom the apoplast, by means of the plasma membrane

«iir [43]. However, exactly this cytosolic DHA reductase
jrfiains rather enigmatic.

Several authors have reported the purification of proteins
Nith'DHA leaves (45),

> [ot™ia tubers [34] or rice bran [55] or even cloned a gene

reduction capacity, from spinach

tom rice [J2]. The latter protein exhibits an amino acid

Source Ref
Spinach leaves [36]
Spinach leaves 145]
Potato tubers 134]
Rice bran [55.92]
Spinach chloroplasts 191]

Spinach chloroplasts
Spinach chloroplasts [91]

Ipomoea tubers [46.47]
Dioscorea tubers

Bovine liver [96]
Porcine liver 196]
Bovine thymus

Human placenta

Rat \iver 1~
Rat liver [31]

sequence, which

protein. On the other hand, there are different proteins, both

is significantly dissimilar of any other

from animal and plant sources, known to have coinpicic
different functions, but also exhibiting a DHA rcdiictasc
activity (see Tabic I).

However, none of these proteins (except for the one

isolated from spinach leaves [451) exhibits a very high
affinUy for DHA. This point becomes move clear when the
Km of these proteins
plasma membrane DHA transporter (139 f«M for BY-2 cells
[44]). Why should a plant have a high affinity transporter lor
DHA, only to stock DHA
50 pM DHA fiilly inhibit the activity of dilTerent chloro-
[6S],

reduction (with low-affinity proteins as described in Tabk-

is compared with the Km ol the

in the cytoplasm? Moreover.

plastic enzymes which shows that an ineflicieni
1) will lead to metabolic problems. Another question arises
from the fact that even after addition of | mM exogenous
DHA, no rise in internal DHA concentration can be ob-
served [28,73,75]— if the cell indeed stocks DHA brought in
from the apoplast, then why is it impossible to localise it? li
is quite difficult to fathom that the DHARSs listed in fable 1
are able to handle adequately the substantial influx of DHA
in to the cytoplasm, under these circumstances. This implies
that other

reduction of DHA.

mechanisms may as well contribute to the



pne p(«sible mechanism for DHA reduction concerns the
ikal balance between ASC. DHA and the intermediary
>HA. The spontaneous reaction of ASC and DHA forms
>PMDHA molecules, with a constant equilibrium constant
10 and a second order rate constant of 10* M "' s"*.
[timlous influx of DHA is bound to change the subtle
mce between the three ASC redox forms, promoting
Uirdtion ofthe MDHA radical. Reduction mechanisms for
this compound {e.g. by a plasma membrane-bound MDHA
reduciasc [I0]) have been described, and this very reaction
may provide the necessary drive to keep the disproportion-
ation, which in essence is converging to an equilibrium
point, going on. Further evidence (for example careful
measurements of MDHA concentration) should provide the
means to confirm or reject this hypothesis. Now, MDHA
may not only be reducible by a ferredoxin- or NADH-
depcndent MDHA reductase. In rat liver, an alternative
ca®”ymc has been proposed. The thioredoxin reductase has
befcn imj>iicaicd in MDHA reduction with a Km of 2.8 "M
for MDHA, a value decreased to 0.95 jiM upon addition of
sejifnocyslinc to the reaction medium [62]. The thioredoxin
syhtcni ifcdirectly linked to the synthesis of deoxyribonucle-
Dtjdcs, by the ribonucleotide reductase, necessary for DNA
thesis. When these enzymes would be occupied, regen-
ing ASC. less reducing power could be shuttled to this
cbcyme, effectively delaying cell cycle progression.
Is mechanism (as illustrated in Fig. 3) has not yet been
aionstrted in plant cells, however.
In conclusion, we can state that, while GSH s still
kniwlcdgcd as the most probable electron donor, many
thcr proteins may as well flilfil this role. As far as the link
lo~Ciccll cycle is concerned, different possibilities are still
upei) for exploration. Anyway, instead of being a protein
without a function (like the ascorbate oxidase or the plasma
membrane cytochrome b561 |9]), we can safely say,that the
DUAK i~ still a function without a specific protein assigned
toj A survey to unravel the different possible DHA reduc-
tases and their kinetic constants may prove beneficial to our
understanding of the proper position of ASC, MDHA and
DHA in cell metabolism.

7.™"X’on(jlusions and perspectives

sThe body of evidence uncovering the existence of a
ect cc”ntrol of the cell cycle, mediated by ASC and GSH,

0 major redox molecules in a plant cell, cannot be denied

iir* longer Different theories have been put forward to
)lain the observed effects. However, many questions are
Iting to be answered, for the picture to be completed,
pt, the endogenous link of the ASC metabolism with the
cycle needs a more exhaustive description. How about

Jl cycle-dependent regulation of ASC biosynthesis or

iA regeneration capacity? What is the place of glu-
liouc in cellular metabolism, providing it is not involved
lie DHA mediated cell cycle delay? W hat is the exaci

mode of action of DHA and ASC by which each of them
influences plant cell growth? Is the ASC metabolism tied
into the general thioredoxin thioredoxin reductasc system,
and will this pathway lead to changes in protein activity, by
redox signalling, or in transcription? For some time, the
existence ofan ASC-dependenttranscription factor has been
discussed [72]. Nevertheless, no definitive proof has been
put forward yet.

Throughout the story, one compartment seems to play a
more interesting part than might have been expected. ASC
oxidation in the apoplast seems to be an unmistakably well
integrated process in the whole of cell cycle regulation, not
only in times of stress, but also during nonnal ccll cycle
progression. A reason for this may lie in the fact that mitosis
cannot be completed without cell wall synthesis, to separate
the two daughter cells. Different authors have investigated
the equilibrium between ASC oxidation and cell wall
formation. Is this the cause for the observed changes in ASC
metabolism, around the M -G 1 transition [54|? And as a last
remark, adding to an already complex picture, is there a
pathway integrating the different dioxygenase reactions
where ASC is required (6j?

Come to it—enough questions have been formulated, bul
few answers have been provided, still. Ironically, when first
isolating the ‘antiscorbutic factor’. Dr. Szent-Gyorgyi first
gave his new compound the prophetic name ‘godnose’
(“God knows”), not grasping its function in general metabo-
lism. Seven decades later, we have still not figured out the
answer.

Acknowledgements

Geert Potters and Nele Horemans are respectively Aspir-
ant and Postdoctoral Researcher at the Fund for Scientilic
Research— Flanders (FW O-Vlaanderen). Professor Dr. Ro-
land Caubergs and Dr. Alajos Berczi are gratefully acknowI-
edged for helpful discussion on this matter.

References

(11 FJ. Alcain. M.l. Buron, J.C. Rodriguez-Aguilera. J M. Villalba.
P. Navas, Ascorbate free radical stimulates the growth of a human
promyelocytic leukemia cell line. Canter Res. 50
5887-5891.

[2]  O.Arrigoni, R. Arrigoni-Liso. G. Calabrese. Lycorine as an inhibitor
of ascorbic acid biosynthesis. Nature 256 (1975) 513 514.

[3)  O- Airigoni, M.B. Bitonti. R, Cozza, A.M. Innocenti. R. l.iso.
R- Veltri. Ascorbic acid effect on pericycle ccll line in AlUum icpa
root, Caryologia 42 (1989) 213-216.

[4] O. Arrigoni, G. Calabrese. L De Gara. M.B. Bitonli. R, Liso.
Correlation between changes in cell ascorbate and growth of
Lupinus albus seedlings. J. Plant Physiol, 150 (1997) 02 30R.

(5] O. Arrigoni, L, De Gara. F, Tommasi. R, Lis«<>. Changes in the
ascoibate system duiing seed development of Vtaa luhu I., I'lans
Physiol. 99(1992) 235-238.



=

—

]
[10)

i

[12]

13}

hi

ror

119]

01

20,

Q. Arrigoni, M.C. De Tullio, The roie of ascorbic acid in cell
metabolism; between gene-directed functions and unpredictable
I"hemical reactions. J. Plant Physiol. 1S7 (2000) 481-488.

JC. Asado. PriKhiction and action of active oxygen species in
pnolosyniheiic tissues, in: C.H. Foyer, P.M. Mullineaux (Eds.),
ICause!! of Photooxidative Stress and Amelioration of Defence
'"Ascems in Plants. CRC Press, Boca Raton. 1994, pp. 77-104.

Asada. The water-water cycle in chloroplasts: scavenging of
aktive oxygens and dissipation of excess photons. Annu. Rev. Plant
Physiol Plant Mol Biol. 50 (1999) 601-«39.

H Asard. J. Kapila. W. Verelst, A. Berczi. Higher-plant plasma
membrane cytochrome b561: a proteir* in search of a function.
Jrotoplasma 2)7 (2001) 77-93-

A. Berceli, 1.M. Mailer. NADH-monodehydroascorbate oxidoreduc-
tase is one of the redox enzymes in spinach leaf plasma membrane.
Plant Physiol. 116 (1998) 1029-1036.

G.N. Bijur, B, Briggs. C.L. Hitchcock, M.V. Williams, Ascorbic

acid'<lehydroa.scorbate induces cell cycle arrest at G2-M DNA

diimage' checkpoint during oxidative stress. Environ. Mol. Mu-
33 (1999) 144--152.

(i. Borracimi. S. Dipicrro, O. Arrigoni, Purification and properties of
a”orbate free radical reductase from potato tubers, Ptanta 167
(1986) 521-526.

. Borraccino. L. Mastropasqua, S. De Leonardis, S. Dipierro, The
(c of ascorbic acid system in delaying the senescence of oat (Avena
sMii\d 1) leaf segments. J. Plant. Physiol. 144 (1994) 161-166.

W.I.. Chameides. The chemistry of ozone deposition to plant leaves:
(Role of ascorbic acid. Environ. Sci. Technol. 23 (1989) 595-600.

S. Citterio. S. Sgorbati, S. Scippa, E. Sparvoli, Ascorbic acid effect
on (he onset of cell proliferation in pea root. Physiol. Plant. 92
,(1994)601-607.

;Fil.. Conklin. E.H. Williams, R.L. Last, Environmental stress sensi-
"trvity of an ascorbic acid-deficient Arabidopsis mutant, Proc. Natl.
Acad. Sci. USA 93 (1996) 9970-9974.

J.B Cooper. J.B. Heuser. J.E. Varner, 3,4-dehydroproline inhibits
cell wall assembly and cell division in tobacco protoplasts, Plant
Riysiol. 104 (1994) 747-752.

N.C. Cordoba-Pedregosa. J.A- Gonzdlez-Reyes. M. del Sagrario
Caitadillas. P. Navas. F. Cordoba, Role of apoplastic and cell wall
peroxidases on the stimulation of root elongation by ascorbate, Plant
Physiol. 112 (19%) 1119-1126-

R.R. Crichton. Y, Ponce-(Xiz, M.H.J. Koch. R. Parfait, H.B. Stuhr-
mann. lsolation and characterization of phytoferritin from pea
[Pisum saiivum) and lentil {Lens esculenia). Biochem. J. \1\ (\978)
349-356.

fAW. Davey. C. Gilot. G. Persiau. J. Ostergaard. Y. Han,
Q.C. Bauw. et al.. Ascorbate biosynthesis in Arabidopsis cell
suspension culture. Plant Physiol. 121 (1999) 535-544,

fi.C. De Cabo. J.A. Gonzalez-Reyes, P. Navas, The onset of cell
ppiileration is stimulated by ascorbate free radical in onion root
primordia. Biol. Cell. 77 (1993) 231-233.

11 De Gara. M.C. de Pinto. O- Arrigoni, Ascorbate synthesis and
,ai«orbaic peroxidase activity during the early stage of wheat germi-
;milion. Physiol. Plant. 100 (1997) 894-900.

It De Gara. C. Paciolla. M.C. De Tullio, M. Motto, O. Arrigoni,
Asuarbatc-dependcnt hydrogen peroxide detoxification and ascor-
<bfite regeneration during germination of a highly productive maize
I”brid: cvrdence of an improved detoxification mechanism against
reactive oxygen species. Physiol. Plant. 109 (2000) 7-13.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

L. De Gara, C. Paciolla, R. Liso, A. Stefani, A. Blanco. O. Arrigoni.
Ascorbate metabolism in mature pollen grains of Daiypynim villo

sum (L.) Bori). dunng imbibition, J. Plant Physiol. 141 (1993)
405-409.

L. De Gara, C. Paciolla, F. Tommasi, R. Liso. O. Arrigoni. In vivo
inhibition of galactono-y-lactone conversion to ascorbate by lyco-
rine, J. Plant Physiol. 144 (1994) 649-653.

L- De Gara, F. Tommasi. R. Liso. 0. Arrigoni. Ascorbic acid
utilization by prolyl hydroxylase in vivo. Phytochemistry 30 (1991)
1397-1399.

S. De Leonardis. G. De Lorezo. G. Borracino, S. Dipierm. A specific
ascorbate free radical reductase insozymc participates in the regen-
eration of ascorbate for scavenging toxic oxygen spccics in potato
tuber mitochondria. Plant Physiol. 109 (1995) 847 X5l.

M.C. De Pinto, D. Francis. L. De Gara. The redox .slate of the
ascorbate-dehydroascorbate pair as a specific sens*'r of ccll division
in tobacco BY-2 cells. Protoplasma 209 (1999) 90 97,

M.C. De Pinto. F. Tommasi. L. De Gara. Hnzymes of the ascorbate
biosynthesis and ascorbate-glutathione cycle in culturctl cclls of
tobacco Bright Yellow-2, Plant Physiol. Biochem. 3S (2000)
541-550.

M.C. De Tullio. C, Paciolla. F. Della Vecchia. N. Kaiicio.
S, D’Emerico, L. De Gara. cl al.. Changes in oniwi root develop-
ment induced by the inhibition of peptidyl prolyl hydroxylase and
influence of the ascorbate system on cell division and elongation.
Planta 209 (1999) 424-434.

B. Del Bello, E, Maellaro, L. Sugherini. A. Santucci. M C'omporti.
A.F. Casini, Purification of NADPH-depcndeni dehydmascortiute
reductase from rat liverand its identificalion with 3u-hydroxysleroid
dehydrogenase, Biochem. J. 304 (1994) 385-390.

J.C. Deutsch. Dehydroascorbic acid. J. Chromat. X8l
301-309.

R. Di Cagno. L. Guidi. L. De Gara. G.F. .Soldatini. Comhineil
cadmium and ozone treatments affects photosynthesis and
ascorbate-dependent defences in sunflower. New Phytolog. 151
(2001) 627-636.

S. Dipierro. G. Borracino. Dehydroascoibate reductase from potato
tubers. Phytochemistry 30 (1991) 427-429.

C.H. Foyer, B. Halliwell. Presence of glutathione and glutathione
reductase in chloroplasts: a proposed role in ascorbic acid metabo-
lism. Planta 133 (1976) 21-25.

C.H, Foyer, B. Halliwell. Purification and properties of dehy-
droascorbate reductase from spinach leaves. Phyiochemisiry 16
(1977) 1347-1350.

C.H. Foyer. F.L. Theodoulou. S. Delrot, The functions of intracel-
lular glutathione transport .systems in plants. Trends Plant Set h
(2001)486-"92.

M. Gonzalez, FJ. de Qucvedo, J.A. Alcain. P. (ion/ale/-Ke\es.

Navas Growth patters of the HL-60 human promyelocyte cell line

stimulated by ascorbate free radical. Canccr |1 4 (1WI) 22 2Mi
J.A. Gonzalez-Reyes. F. Cordoba. P. Navas, Involvement of plasma

membrane redox systems in growth control of animal and plant
cells, in: H. Asard. A. Berczi. R.J. Caubergs (Eds.), Pla.sma mem-
brane redox systems and their role in biological stress and disease.
Kluwer Academic Publishers. Dordrecht. 1998. pp 193 213.

L.H. Hartwell. TA. Weinert, Checkpoints: controls that ensure the
order of cell cycle events. Science 246 (1979) 629-634.

U- Heber. C. Miyake. J. Mano. C. Ohno. K, Asada. Monodehy-
droascorbate radical detected by electron paramagnetic resonance
spectrometry is a sensitive probe of oxidative stress in intact leaves.

Plant Cell Physiol. 37 (1996) 1066-1072.

C. Herschbach, H. Rennenbcrg. Influence of glutatinone on itel

uptake of sulphate and sulphate transport intobacco ptanis, J. Exp.

Bot. 45 (1994) 1069-1076,

N. Horemans. C.H. Foyer. G. Potters. H. Asard. Ascorbate function

and associated transport systems in plants. Plant Physiol. Biochem.

38 (2000) 531-540.

@0l



N.| iforcmans. G. Potters. R.J. Caubergs. H. Asard, Transport of
oscorbate into protoplasts ofNicolianci tahacum Bright Yellow-2 cell
, line. Protoplasma 205 (1998) 114-121.

ml45]  M.A. Mosiiain. K. Asada. Purificalion of dehydroascorbate reductase

from !>pinach and iis characterisation as a ihiol enzyme. Plant Cell

Physiol. 25 (1984) 85-92,

W.C. Hnu. H.J. Chen, Y.H. Lin, Dioscorins. the major tuber storage

prolcin.s of yam (Dioscorea halaUts Decne), with dehydroascorbate

ireductasc and monodehydroascorbaie reductase aclivities. Plant Sci.

149X1999) 151-156.

®WC. llou, 'Y.H. Lin, Dehydroascorbate reductase and monodehy-
*droascorbate reductase activities of irypsin inhibitors, the major

sweet potato {Ipomoea lyatatas (L.) Lam) root storage protein. Plant

Sci. 128 (1997) 151-158,

R. ihowdcn. C.R, Andersen. P.B. Goldsbrough. C.S. Cobbett. Cad*

miuU sensitive, glutathione-deficient mutant of Arabidopsis

lhahuna. Plant Physiol. 107 (1995) 1067-1073.

T, Hunter. T, Hunt. R.J, Jackson. H.D. Robertson, The characteristics
,.))fLiDhibition of protein synthesis by double stranded ribonucleic acid
'Hn rcticulocylc lysates. J Biol. Chem. 250 (1975) 409-417.

T. Iniai. S. Karila. G. Shiratori. M. Haltori. T. Nunome,

K. Pl"a. et al.. L-galactono-y-lactone dehydrogenase from sweet
,p~tatn; purificalion and cDN A sequence analysis. Plant Cell Physiol.
59 (1998) 1350-1358,

A.M) Innocenti. M,B, Bitonti. O, Arrigoni. R. Liso, The size of
(Juiesceni centre in roots of AUium cepa L. grown with ascorbic acid,
New Phytol. no (1990) 507-509.

A. Jimenez, J.A. Hernandez. L.A. Del Rio, F. Sevilla, Evidence for
the presence of the ascorbate-glutathione cycle in mitochondria and
pt"OKisomes of pea leaves. Plactt Physiol. U4 (1997) 275-284.
R.W, Joy. KR, Patel. T.A. Thorpe, Ascorbic acid enhancement of
i>r)janot’enesis in tobacco. Plant Ceil Tissue Organ. Cult, 13 (1988)
219 22K,

N, Kato. M, Usaka. Changes in ascorbate oxidase gene expression

and ascorbaie levels in cell division and cell elongation in tobacco

cells. Physiol, Plant. 105 (1999) 321-329,

Y. Kaio, J. Urano, Y. Maki, T. Ushimaru, Purificalion and charac-
‘lerizatiun of dehydroascorbate rcductase from rice. Plant Cell

Ph>liiol, 38 (1997) 173-178.

:S.Ri Keatcs. N.M. Tarlyn, F.A. Loewus, V.R. Franceschi, L-ascorbic
acid and i -galactose are sources for oxalic acid and caiicium oxalate
in P/sfid siruiioies. Phytochemistry 53 (2000) 433-440.

fCerk. I.,J. Feldman, A biochemical model for the initiation and
tnaintcnancc of the quiescent center: implications for organization of

epoi merisiems. Development 121 (1995) 2825-2833.

R. Liso. G. Calabrese, M.B. Bitonti, O. Arrigoni. Relationship

mhcitwocn ascorbic acid and cell division. Exp. Cell Res. 150 (1984)
,314-.320,

R, Liso, A.M. Innocenti. M B, Bitonti, O. Arrigoni, Ascorbic

Oci<i-induccd progression of quiescent centre cells from Gl to
AMhasc. New Phytol. 110 (1988) 469-171.

iIMW.F. lLuwc, U. Takahama. U. Heber. Role of ascorbate in
d”oxifying ozone in the apoplast of spinach {Spmacia oleracea L.)
Jeaves, Plant Physiol. 101 (1993) 969-976,

K. Marrs. I'hc functions and regulation of glutathione S-transferases
in plants. Annu, Rt?, Plant Physiol, Plant Mol, Biol, 47 (1996)

127- 158. .

J,~. May. C.E, CobB. S. Mendiretta, K.E. Hill, R.F, Buric, Reduction
pf,the ascorbyl free radical to ascorbate by thioredoxin reductase.
J. Biol. Chem, 273 (1998) 23039-23045,

JM, May, S, Mendiretta, K.E. Hill, R.F Bgrk. Reduction of
dehydroascorbate to ascorbate by the seienoenzyme thioredoxin
reductase. J. Biol, Chem. 272 (1997) 22607-22610.

M.J. May. C.1 Leaver. Oxidative stimulation of glutathione synthe-

sis in Amhhhpsis ihiilianci suspension cultures, Plant Physiol. 103
<1993)621-627.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76

[77]

[78]

)

[80]

[81]

[82]

[83]

[84]

[85]

MJ. May, T. Vemoux. C. Leaver. M. Van Montagu. I). Inzc.
Glutathione homeostasis in plants: implications for envimnmenl.il
sensing and plant development. J. Exp. Bot. 49 (1998) 649 AGV.
G.A. McClarty. A.K. Chan. B.K. Choy, J.A. Wnghl. Increased
ferritin gene expression is associated with ribonucieotide rcdiicuise
gene expression and the establishment of hydroxyurea resistnncc in
mammalian cells. J. Biol. Chem. 265 (1990) 7539-7547.

C. Miyake. K. Asada. Ferredoxin-dependcnt phoiorcduciion of the
monodehydroascorbate radical in spinach thylakoid.i. Plan! Cell
Physiol. 35 (1995) 539-549,

S. Morell, H, Follmann, M. DeTullio, I, HSberlein. Dehydroascor-
bate and dehydroascorbate reductase are phantom indicators of
oxidative stress in plants, FEBS Lett. 414 (1997) 567- 570,

F. Navarro, J,C, Rodriguez-Anguilera, FJ, Alcain, M,l. Buron.
P, Navas, Ascorbate potentiates serum-induced S-phase entry of
quiescent 3T3 cells. Protoplasma 169 (1992) 85-87,

P, Navas. J.M. Villalba, F. C6rdoba, Ascorbaie function ai the pUusma
membrane, Biochim. Biophys. Acta 1197 (1994) 1-13.

G. Nocior, A.C.M. Arisi. L. Jouanin, K.J. Kunert. H Rennenberg.
C.H. Foyer. Glutathione: biosynthesis, metabolism and rclaiionship
to stress tolerance explored in transformed plants. J. I-xp. Hoi. 49
(1998) 623-647.

G. Noctor, C.H. Foyer. Ascorbate and glutathione: keeping aciivc
oxygen under control, Annu. Rev. Plant Physiol. Plant Mol. Hiol. 49
(1998) 249-279.

C. Paciolla, M.C. De Tullio, A, Chiappeita, A.M, Innoccnii.
M.B, Bitonti, R. Liso, et al,. Short- and long-tcnn efTccis of
dehydroascorbate in Lupinus albus and Allium cepa roots. Plant Cell
Physiol. 42 (2001) 857-863.

C.H, Park, B,F. Kimler, Growth modulation of human leukemic,
preleukemic and myeloma progenitor cells by L-ascorbic acid. Am.
J. Clin. Nutr. 54 (1991) 12415-12465.

G, Potters. N. Horemans, R.J. Caubergs, H. Asard, Ascorbaie and
dehydroascorbate influence cell cycle progression in a NiivHimii
labac-um cell suspension. Plant Physiol. 124 (20<)0) 17- 20.

W.E. Rauser, Phytochelatins, Annu. Rev. Biochem. 59 (1990)
61-86,

J.P. Reichheld, T. Vemoux, F, Lardon. M, Van Moniagu, 1), Inzc.
Specific checkpoint regulate plant cell cycle progre.~sion in response
to oxidative stress. Plant J, 17 (1999) 647-656.

M,E, Reid. Relation of vitamin C to cell size in the growing region
of the primary root of cowpea seedlings. Am. J, Hot, 28 (1941)
410-415.

T, Russo, N. Zambrano. F. Esposito, R. Ammendola. F. Cimino,
M. Fiscella, et al., A p53-independen( pathway for activation of
WAFI/CSPI expression following oxidative stress, J. Biol. Chcni.
270 (1995) 29386-29391,

M. Sinchez. E. Queijeiro. G. Revilla, 1 Zarra. Changes in ascorbic
acid levels in apoplastic fluid during growth of pine hypocotyl.”.
Effect on peroxidase activities as.'sociated with cell walls. Physiol.
Plant. 101 (1997) 815-820.

R. Sinchez-Femandez. M. Fricker, L.B. Corben, N.S. While.
N. Sheard. C.J. Leaver, et al.. Cell proliferation and hair tip growth
in the Arabidopsis root under mechanistically different forms of
redox control. Proc. Natl. Acad, Sci. USA 94 (1997) 2745 2750.
A. Sen Gupta. R.G. Alscher, D. McCume. Response of photosyn-
thesis and cellular antioxidants to ozone in Populus leaves. I’lani
Physiol, 96 (1991) 650-655.

N. Smirnoff, P.L. Conklin, F.A. Loewus, Biosynthesis of ascorbic
acid in plants: a renaissance. Annu. Rev. Plant Physiol. Plani Mol.
Biol. 52 (2001) 437-"68.

C. Stasolla, E.C. Yeung, Ascorbic acid improves conversion of white
spruce somatic embryos. In Vitro Cell Dev. Riol, 35 (1999)
316-319.

C, Stasolla, E.C, Yeung. Ascorbic acid metabolism dtinng while
spruce somatic embryo maturation and germination, Phvsiul Plani
Ir



M. Siilhanliran, M.E. Anderson, V.K. Sharma, A, Meisier, Glu-
Tatliionc regulaies activalion-dcpendeni ONA synthesis in highly
purified m>mal human T lyphocytes via the CD2 and CD3 antigens,
Proc. Natl, Acad. Sci. USA 87 (1990) 3343-3347.
U. Tnkahama, Redox slate of ascorbic acid in the apoplast of stems
of Kalanchoe Jaigrcnioniiana. Physiol. Plant. 89 (1993) 791-798.
U. Takahatna. Changes induced by abscisic acid and light in the
redwx stale of ascorbate in the apoplast of epicotyls of Vigna
imgiihiris. Plant Cell Physiol. 35 (1994) 975-978.
U. Takahama, M. Hirotsu. T. Oniki, Age-dependent changes in levels
ascortiic acid and chlorogcnic acid, and activities of peroxidase
ahd supcroxide dismutase in the apoplast of tobacco leaves: tnecha-
nsm of the oxidation of chlorogenic acid in the apoplast, Plant Cell
Physiol. 40 (1999) 716-724.
K iohimasi. C. Paciolla. M.C. de Pinto. L. De Gara, A comparative
~iidy of glutathione and ascorbate metabolism during germination
ojf Pinus pinea L. .seeds. J. Exp. Bot. 52 (2001) 1647-1654.
S. Trtimper, H. Follmann. 1. Hdberlein. A novel dehydroajcorbate
fiduLtasc from spinach chloroplasts homologous to plant trypsin
jflhibitor. FHBS Lett. 352 (1994) 159-162.
J, Urano. T. Nakagawa, Y. Maki, T. Masumura, K. Tanaka, N. Mu-
rta, ct al.. Molecular cloning and characterization of a rice
dchydroascorbate reducta.se. FEBS Lett. 466 (2000) 107-111-

(93]

[94]

[95]

[96]

[97]

H. Vanacker. T.L.W, Carter. C.H. Foyer. Pathogen-itiduccd changcs
in the antioxidam status of the apoplast in harlcv Ico\es. Plant
Physiol. 117 (1998) 1103-1114.

S.D. Veljovic-Jovanovic. C. Pignocchi. G. Noctor. C H. i-Dycr. l.ow
ascorbic acid in the I'/c-/ mutant of Arabidopsis is assiK'iatcd with
decreased growth and intracellular redistribution of ihc antioxidam
system. Plant Physiol. 127 (2001) 426- 435.

T. Vemoux. R.C. Wilson. K.A. Seeley. J.P. Reichhcld. S. Miiroy.
S. Brown, ct,al.. The ROOT MERISTEMLESSI/CADMIUM SENS!
TIVE2 gene defines a glutathione-depcndeni pathway involved in
initiation and maintenance of cell division during postcmbryonic
root development. Plant Cell 12 (2000) 97-109.

W.W. Wells, D P. Xu, Y. Yanf. P.A. Rocque. Mammiilian ihintirans-
ferase (glutaredoxin) and protein disulfide isomerase h;ive deliy-
droascorbate reductase activity, J, Biol. Chcm. 265 (1990)
15361-15364.

C. Xiang, B.L. Werner, E.M. Christensen. D.J. Olver, I'hc bmUiyiciil
functions of glutathione revisited in Arahidopsis iranspcnic plants
with altered glutathione levels. Plant Physiol. 126 (2(H)1)
564-574.



Ascorbate biosynthesis and fun.ction
in photoprotection r

Nicholas Smirnoff

School of Biological Sciences, Vniversi”™ of Exeter, Hatherlji Laboratories, Prince ofWales
fn.smirnoff@exeter.ac.uk)

jcorbate (vitamin C) can reach very high concentrations in chloroplasts (20-"300 m M \ The pool size in
javes and chloroplasts increases during acclimation to high light intensity and the highest concenti atiuiia
ecorded are in high alpine plants. Multiple functions for ascorbate in photosynthesis have been proposed,
Deluding scavenging of active oxygen species generated by oxygen photoreduction and photorespiration,
egeneration of a-tocopherol from a-tocopheryl radicals, cofactor for violaxanthin de-epoxidase and
lonation of electrons to photosystem Il. Hydrogen peroxide scavenging is catalysed by ascorbate peroxi-
iase (Mehler peroxidase reaction) and the subsequent regeneration of ascorbate by reductant derived
rom photosystem | allows electron flow in addition to that used for CO. assimilation. Ascorbate is
synthesized from guanosine diphosphate-mannose via L-galactose and L-galactono-l,4-lactone. The last
step, catalysed by L-galactono-1,4-lactone dehydrogenase, is located on the inner mitochondrial
nembrane and use.s cytochrome c as electron acceptor. L-galactono-1,4-lactone oxidation to ascorbate by
ntact leaves is faster in high-light acclimated leaves and is also enhanced by high light, suggesting that
(this step contributes to the control of pool size by light. Ascorbate-deficient Arabidopsis thaliana vtc mutants
tare hypersensitive to a number of oxidative stresses including ozone and ultraviolet B radiation. Further
investigation of these mutants shows that they have reduced zeaxanthin-dependent non-photochemical
fquenching, confirming that ascorbate is the cofactor for violaxanthin de-epoxidase and that availability
iofthylakoid lumen ascorbate could limit this reaction. The vtc mutants are also more sensitive to photo-
[oxidation imposed by combined high light and salt treatments.

Keywords: Arabidopsis thaliana vtc mutants; chlorophyll fluorescence:
n L-galactono-1,4-lactone dehydrogenase; non-photochemical quenching; vitamin C

1. INTRODUCTION

n is potentially toxic and even more so when
led with light, pigments and electron transport
y: such conditions are provided in chloroplasts.
ynthesis releases oxygen, absorbs light and carries
Ktron transport so the chloroplast therefore needs
tion from reactive oxygen species. These include
xide and hydrogen peroxide formed by oxygen
eduction, and singlet oxygen formed by transfer of
ion energy lo oxygen (Asada 1999). Additionally
aspiration generates hydrogen peroxide from the
oxidase reaction in the peroxisomes. Anti-
and free radical scavengers are needed to deal
Acse toxic products of photosynthesis fNoctor &
1998; Asada 1999; Xiyogi 1999). Ascorbate is the
fundant soluble antioxidant in chloroplasts. Inter-
in mammals, the eye is amongst the tissues
the highest ascorbate concentration iHalliwell,
'“*cridge 1999), which suggests that ascorbate s
*lariy important in situations where cells contain
designed to absorb light effectively.
Us abundance and the importance of plants as a
source of ascorbate (vitamin C) for iuimans (who
able to synthesize it" it is surprising that very little
about ascorbate metabolism in plants. Its
pathway is different from mammals and has
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only recently been established. New information on the
role of ascorbate in photosynthesis and photoprotection is
beginning to emerge, aided by knowledge of the bio-
synthetic pathway and the isolation of ascorbate-deficient
(I'ic) mutants of Arabidopsis thaliana. This paper reviews the
role of ascorbate in photoprotection. New data on the
relationship between light and biosynthesis, and the use
of ascorbate-deficient A. thaliana mutants to investigate
photoprotective roles of ascorbate, are presented.

2. THE ROLE OF ASCORBATE IN PHOTOSYNTHESIS

The involvement of ascorbate in photosynthesis has
been recognized for some time and has been reviewed
relativelv recently with emphasis on photoprotection
(Smirnoff 2000; Noctor & Foyer 1998; Asada 1999;
Niyogi 1999). Possible roles for ascorbate in photosynthesis
were suggested by Arnon and co-workers in the early
1950s (Marre etai 1959; Forii & Jagendorf 1961; Mapson
1962i. Initially a role as electron carrier was considered
but later as a protectant. Our current knowledge of the
roles of ascorbate in photosynthesis was foreshadowed by
M arre et at. (1959) who proposed that chloroplasts could
both oxidize ascorbate to monodehydroascorbate (MD.Ai
and reduce MD.-V to ascorbate. these processes being
dependent on water splitting and electron flow. They also
suggested the involvement of a monodehydroascorbate
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Figure 1. The roles ofascorbate in phoiosynihesis. The points at which ascorbate aces as an electron donor and monoc
ascorbate acts as an electron acceptor are shown diagrammatically, along with its roles as a cot'actor for violaxanthin”?
de-epoxidase, removal ofsinglet oxygen and regeneration ofa-tocopherol from a-tocopheryl radicals. Movement ofastc
and dehydroascorbate across the thylakoid lumen is shown by dashed lines— a carrier system has not been identified, R|
that regenerate ascorbate from monodehydroascorbate (NADPH-dependent monodehydroascorbate reductase) and d*
ascorbate (glutathione-dependent dehydroascorbate reductase) are not shown. APX, ascorbate peroxidase; AsSA, asco«
ascorbate; ~Chl, triplet chlorophyll; DHA, dehydroascorbate; LOG-, lipid peroxyl radical; LOCH, lipid hydropero.xid?
monodehydroascorbate radical; 'O 2, singlet oxygen; PS I, phocosystcm I; PS 11, photosystem Il; SOD, superoxide disr

Ct-toc, a-tocopherol; VDE, violaxanthin de-epoxidase,

reductase enzyme. Forti & Jagendorf (1961) showed that
ascorbate stimulates photophosphorylation and allows
electron transport by acting cataiytically in the Mehler
reaction. Mapson (1962) showed that ascorbate is subject
to photo-oxidation and that both oxidation and reduction
of dehydroascorbate were inhibited by blocking photo-

synthetic electron transport. Later, when the details of
photosynthetic electron transport were more clearly
understood, it become clear that ascorbate and

glutathione in chloroplasts are oxidized by hydrogen
peroxide produced by the Mehler reaction and that
reduction of their oxidized forms uses reductant from
photosystem | (PS I) (Foyer & Halliwell 1976; Anderson
et al. 1983; Asada 1999). Current understanding of the
roles ofascorbate in photosynthesis can be summarized as
follows (figure 1).

(i) Hydrogen peroxide scavenging catalysed by ascor-
bate peroxidase (APX).

Direct scavenging of superoxide, hydroxyl radicals
and singlet oxygen.

(i)

(iii) Regeneration of a-tocopheryl radicals produced
when a-tocopherol reduces lipid peroxyl radicals,

(ivl Electron donation to photosystem Il 'PS Ilj by
lumenal ascorbate.

(v) Cofactor of violaxanthin de-epoxidase (VDE)
involved in zeaxanthin-dependent dis.sipation of

excess excitation energy
photochemical quenching).

(a component of non-

Oxidants lormed during photosynthesis fAsada 1999)
can 1)0 scawnged non-enzymatically while hydrogen

Thil. Trails. R. S»r. Lond. B 20()0

peroxide reduction is also catalysed by AP)* b
there are stromal- and thylakoid-bound foi
1999). Hydrogen peroxide is formed from disr
superoxide that itself is produced by oxygen'rl
either via reduced ferredoxin (Mehler reactioi”
PS Il (Cleland & Grace 1999). The primary
product of ascorbate is the relatively stably
dehydroascorbate radical (MDA). This can be dc
vivo by electron paramagentic resonance specti
leaves. In some cases it is detected after illumina
bright Hght but is particularly prominent after

of oxidative stress by paraquat, ultraviolet B
drought (Heber etal. 1996; Hideg et al. 1997).
able that the importance of ascorbate as a frc«
scavenger depends on the relative stability pf
radical; thilyl radicals, formed when thiols'
glutathione scavenge free radicals, are more reaC”
are themselves relatively dangerous (Sturgeon &
The MDA radical disporportionates to ascor
dehydroascorbate. Normally the ascorbate pool
and chloroplasts is 90% reduced and this is achi™
systems that reduce MD.-\ and dehydroascorbate
bark to ascorbate. This is important because
unstable, particularly at the pH of illuminated™
The ascorbate regeneration systems include dii
tion of MDA by PS |, XADPH-dependent
ductase and ghitathionc-dependent dehydi
reductase. NADPH-depcndent glutathione
regenerates reduced glutathione (GSH from
glutathione fGSSG .The net resuh of the

is that water is the /inal product of oxygen photo



JM"L)s\ luhecically generated reductant is used to

‘N the Ascorbate used in this reaction. This allows

in addition to that used for CO.,, NOj and

The consequences and significance of

illed Mehler peroxidase or water-water reaction
sed by Asada (1999, this issue).

relationship BETWEEN LIGHT AND THE
'mSCOfiSATE CONCENTRATION IN LEAVES
' AND CHLOROPLASTS

total concentration of ascorbate in leaves is light
jent. Growth at high light intensity produces leaves
ilffher ascorbate content than at low light intensity
joff & Pallanca 1996; Grace & Logan 1996; Logan
596). The readjustment of ascorbate concentration
jvcly slow, occurring over a period of several days
transfer (Eskling & Akerlund 1998). Conversely,
isfer to low light, ascorbate content decreases to
state within a few days (Eskling & Akerlund
fThe concentration range found in leaves varies
Jund 2-20)imolg“"' fresh weight (Wildi & Lutz
Jtreb etal. 1997). The higher concentrations seem to
[more frequently in temperate evergreen and alpine
fe. Alpine species are also characterized by relatively
poncentrations of other antioxidants (glutathione
mtocopherol) and carotenoids (Wildi & Lutz 1996;
~et al. 1997). GSH, the other major soluble anti-
it, is generally tenfold less concentrated than
ite (Noctor & Foyer 1998).
lumber of estimates of ascorbate concentration in
alasis have been made, generally using chloroplasts
in aqueous media. The values quoted range from
iOmM (Foyer et al. 1983; Rautenkranz et al. 1994;
li al. 1997). Ascorbate is therefore one of the most
lant chloroplast metabolites, even at the most
~ed concentration of 20-50 mM, and in alpine plants
5ncentration is enormous, reaching 300 mM (Streb
1997). The pool is generally highly reduced (90% + ),
ssthe chloroplasts are subjected to oxidative stress by
iuat or H202 treatment (Law et al. 1983). The
ease in leaf content is also mirrored by equivalent
ases in chloroplast ascorbate (Schoner & Krause
» Ascorbate is also much more abundant in chloro*
than GSH, which has a concentradon ca.3-4mM
j'er & Halliwell 1976; Streb et al. 1997). The cancentra-
lofascorbate in the thylakoid lumen is not known for
»in and it has been suggested that thylakoids have no
Drbaie transport system (Foyer & Lelandais 1996).
’ing there is 50 mM ascorbate in the stroma at
®and that undissociated ascorbic acid (the pK., of
54hic acid is 4.2) diffuses across the thylakoid
I'orane. Eskling et al. (1997) calculated that the
ceinration of ascorbic acid in the thylakoid lumen
“Jd be 8 [iM in the absence ofa carrier. The concentra-
“fa>( t)rbate in the lumen is critical for operation of
~Axanthophyll cycle, since it is a cofactor of \'DE
et al. 1997). V"\DE prefers undissociated ascorbic
that predominates over the ascorbate anion at low
et al. 1995; Eskling et al. 1997). VDE catalyses
‘crsif.n  of antheroxanthin and \iolaxanthin to
invhin in leaves exposed to high light. Zeaxaiithin is
'ij non-phoiochemical quenching I)\ dissi|)ating

excitation energy as heat fNiyogi 1999\ The predicted
concentration of 8 [iM is much lower than the measured
Aj» of 100 fiM for V'DE. Thev therefore proposed that
there must be thylakoid carriers to transport ascorbate in
and DHA out. On the other hand, Mano et al. (1997)
suggested that 10- 20% of chloroplast ascorbate occurs in
the thylakoid lumen. Since the thylakoid lumen volume of
a typical chloroplast is about 20% of the total chloroplast
\'oitime “La.vlor i393) this measui'euieni uuplifs ihai
lumen and stroma have a similar ascorhaie concemvauou.
Further measurements are needed but it is possible that
the light responsiveness of the ascorbate pool and the
high concentration in the stroma is related to the need to
maintain sufficient ascorbate for VDE activity in the
thylakoid lumen.

The last step of ascorbate biosynthesis occurs in the
mitochondria (see 84) and there is little evidence that
chloroplasts can synthesize ascorbate. It must therefore be
transported from the cytosol. Ascorbate uptake has been
measured by isolated chloroplasts and is a facilitated
diffusion mechanism with a of 20 mM (Anderson et
al. 1983; Beck et al. 1983; Foyer & Lelandais 1996). The
rate of uptake is not sufficient to keep pace with the rate
of ascorbate oxidation in the chloroplast (Anderson et al.
1983), so ascorbate concentration inside is maintained by
the well-known regeneration systems (Asada 1999). The
uptake rate must be sufficient to accommodate the rela-
tively slow adjustment in ascorbate pool size that occurs
when light intensity changes.

W ith the exception of inorganic ions such as magne-
sium, potassium and phosphate (Lawlor 1993), ascorbate
is probably the most abundant metabolite in chloroplasts.
The question of why so much ascorbate is required in
chloroplasts arises. The alpine plants with exceptionally
high chloroplast ascorbate may provide a clue— these
plants are exposed to a combination of conditions that
are conducive to photo-oxidative stress: high light, low
temperature and relatively high UV'B radiation. Also,
given that the rate of ascorbate biosynthesis is relativel>
.sluggish, that transport into the chloroplast is slow and
that DHA is unstable, it is possible that a high concen-
tration is needed as an insurance against episodes o;
increased photo-oxidative stress. It is notable that tht
ascorbate-deficient vtcl A. thailana mutant is hyper-
sensitive to UV B radiation, as well as ozone and sulphui
dioxide (Conklin et al. 1996). Further evidence for th<
importance of ascorbate in resistance to oxidative stres;
comes from overexpression and antisense suppression o
various APX genes. Antisense suppression of cytosolic
APX increases ozone sensitivity Orvar & Ellis 1997)
while overexpression of peroxisomal APX increase;
hydrogen peroxide resistance iWang et al. 1999). Tran
script levels of cytosolic APX increase rapidly whei
A. thaiiana leaves are exposed to high light ~"Rarpinski e
at. 1997, 1999). It seems likely that the cytosolic APX ha;
a role in scavenging photorespiratory hydrogen peroxid<
that leaks from the peroxisomes as well as any leakint
from chloroplasts (Foyer & Xoctor 1999). There i
evidence that hydrogen peroxide and/or redox signal
from Q_aor PQ.are the signal inducing APX ~Karpinsk
et al. 1999: Morita et al. 1999 and that a sysiomii
response is induced in brightly iiUiminated leaves so tha
.-\PX transcripts increase in shaded lea\-es of the sam



plant (Karpinski et al. 1999). Assuming that the
increased cytosolic APX transcript levels translate into
increased APX activity, it seems that rapid induction of
APX by high light could compensate for the
response of the ascorbate pool itself.

slow

4. BIOSYNTHESIS PATHWAY

The plant ascorbate biosynthesis pathway differs from
that in mammals and a complete scheme has recently
been proposed (Wheeler etal. 1998; Smirnoff & Wheeler
1999; Conklin etal. 1999; Loewus 1999; Smirnoff 2000).
The immediate precursor is L-galactose, which is
oxidized to L-galactono-l,4-lactone by an XAD-dependem
L-galactose dehydrogenase. L-galactono-1,4-lactone is
oxidized to ascorbate by L-galactono-l,4-lactone
dehydrogenase. This enzyme is located on the inner mito-
chondrial membrane and donates electrons to cytochrome
¢ (Siendones et al. 1999; Bartoli et al. 2000). L-galactose
and L-galactono-l,4-lactone are readily converted to
ascorbate when supplied to intact tissue and can elevate
the ascorbate pool up to tenfold within a few hours. L-
galactose is derived from mannose-l-phosphate via
guanosine diphosphate (GDP)-mannose and GDP-L-
galactose. Evidence for this pathway is derived from 'mRe-
labelling studies (Wheeler et al. 1998) and from the
ascorbate-deficient vtcl mutant of A. thaliana. Vtcl has ca.
30% of wild-type ascorbate and has a lower rate of
biosynthesis (Conklin et al. 1997). VTCI encodes GDP-
mannose pyrophosphorylase (Conklin et al. 1999). Leaf
extracts from mutant plants have about 30% of the
activity of GDP-mannose pyropho.sphorylasc and ascor-
bate content can be restored by transforming the mutant
with the wild-type gene (Conklin et al. 1999). Further
confirmation of the role of GDP-mannose pyrophosphory-
lase comes from reduction of its expression by antisense
technology in the potato. The resulting plants have lower
ascorbate content (Keller etal. 1999). A number ofdetails
remain to be resolved. The GDP-mannose-3,5-epimerase,
proposed to convert GDP-mannose to GDP-L-galactose.
has been detected but not characterized in any detail.
Conversion of GDP-L-galactose to L-galactose occurs in
cell-free extracts but the nature of the reactions is not
fully resolved (G. L. Wheeler and N. Smirnoff, unpub-
lished data). It is likely that further ascorbate-deficient vtc
mutants currently being characterized will be useful for
identifying the genes involved in ascorbate biosynthesis
(ConkUn etal. 2000).

L-galactose appears to be a dedicated precursor for
ascorbate, while earlier intermediates have other roles.
The GDP-sugars are used as cell wall polysaccharide
precursors and for protein glycosylation. .Antisense potato
plants with reduced GDP-mannose pyrophosphorylase
activity also have reduced mannose content in their wall
polysaccharides (Keller et al. 1999). It is currently
assumed that the pathway occurs in the cytosol with the
exception of the final step in the mitochondria. The inte-
gration of L-galactono-l,4-lactone oxidation into the
mitochondrial electron transport chain via cytochrome ¢
could have implications for coordinating ascorbate meta-
bolism with the energy metabolism and redox state of the
cell. Currently \ery little is known about the control of
the jwihway. E\idence for feedback inhibition or
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Figure 2. Light dependence ofthe ascorbate poolini
leaves [Hordeum vulgare). Barley seedlings were growT
photon flux densities 0f 50}Jmolm“~s*“ " (initial Lt)

200}imolm“~s“ " (initial HL) for seven days. LeafslS
HL-grown plants (HL to LL) and LL-grown plants ,
HL) were then floated on water and exposed to a ra”
light intensides for 24 h before determining total asc

concentration. The values are means of three replicij

+ standard deviadon.

repression of synthesis by ascorbate pool size’
provided (Pallanca & Smirnoff 2000) but n
known about the mechanism. Gene probes,
transgenic plants and quantitative enzyme
enzymes involved in the proposed pathway
becoming available and the next few years sh
advances in understanding how ascorbate bios
controlled.

5. MATERIAL AND METHODS

(a) The effectoflight on ascorbate pool st

and synthesis
The primary leaf of seven-day-old barley seedlings
for investigations of the light dependence of ascorba
20'C with a 16h ligh
Portions of leaf 3cm long were cut from the midd

esis. Plants were grown

primary leaf and sliced transversely into 2 mm segnu
segments (0.2 g per replicate) were floated on water-*
dishes. L-galactose and L-galactono-l,4-lactone *

concentrations designated for each experiment. Th
were exposed to continuous light provided by fluorcsci
at 20 "C. Light intensities are indicated for each exp
.m\fter incubation for the designated time, the leaf
were extracted and their touil ascorbate content (
te + dehydroascorbate) was measured by an ascorbaw

assay (Conklin etal. 1997 .

(b) Determination ofnon-photochemical
and other chlorophyllfluorescence para*
W ild-type A.tkaliana Col-0>and vtcl. 3 and

Conklin et al. 2000) were grown at 20 C *



photon flux density (jiirtol m

t3. The effect of light on in vivo conversion of
ctosc and L-galactono-1,4-lactone to ascorbate.
ices from barley {Hordeum vulgare) plants grown at
were floated on water with I5mM
tono-l,4-lactone or 15mM L-galactose. The
ate concentration in the leafslices was determined
ubation for 5.5 h. The values are means of three
tests.d.

N at a photon flux density of 200|imolm*“~s“* Fully
d leaves from preflowering rosettes were used for
Chyll fluorescence measurements using a Hansatech FMSI
blated fluorometer (Hansatech Instruments, King’s Lynn,
T} The modulated beam was set at a level that had no
©chemical effect and the high intensity light pulses ifa.
)jlmolm~*“s'") were saturating. Leaves were dark adapted
h. After an initial dark-adapted measurement of
[sresponse curve for chlorophyll fluorescence parameters was
tnjcted b)- exposure to a sequence of increasing actinic light
» After 5min at each level, (in far-red light), and
mmeasured. Chlorophyll fluorescence parameters were
ulated as follows: photochemical quenching coefllicient
~N)1> quantum efficiency of PS Il [<PPS Il =
non-photochemical quenching coetficiem
non-photochemical quenching
(Schreiber el al. 1995j. A time-course of
~>fneni of chlorophyll fluorescence parameters was deter-
A after illumination of dark-adapted leaves with a photon
‘sensity of 1000 nmol m " ~As"

(c) Salt™induced photo~oxidation
of Arabidopsis thaliana seedlings
Aing'i ot wild-type and vtcl. 2. 3 and 4 mutants ~Conklin
’2000 were grown at 20 °C with a I2h light period at a
flux density of 200fimolm~~s“"' in Petri dishes
MS medium (minus sucrose, with or without
**A|\'aCl water porential, —0.3MPaj. The dishes were
MMrrpej to high light (400nmolm*“*“s“'. when indicated.
P'op< .tion of seedlings showing rompl<-te bleailiing of their
n '‘Orded at intervals,

| I no addition
i | L-galactono-1.4-lactone

15
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Figure 4. The effect of light on in vivo conversion of
L-galactono-1,4-lactone to ascorbate. Leafslices from barley
[Hordeum vulgare) plants grown at photon flux densities of
80jimolm~~s*' (LL) and 360)imolm~-s*“* (HL) for three
days were floated on water with and without 10mM
L-galactono-1,4-lactone in the dark and light (photon flux
density 250 [imol The ascorbate concentration in
the leafslices was determined after incubauon for 24 h. The
values are means of three replicates +s.d.

6. RESULTS AND DISCUSSION

(a) The effect oflight on ascorbate pool size
and synthesis

The ascorbate pool size in barley leaves is higher when
the plants are grown at higher light intensity (Smirnoff
1995; Smirnoff & Pallanca 1996). The dependence of the
pool size on photon flux density (PFD) was further investi-
gated by growing barley seedlings at relatively low PFD
and then exposing leafslices to a range of PFDs for 20 h.
The ascorbate pool increased to new levels after this time
(figure 2). At the highest PFD of 400" imolm""s~" it
reached the same concentration as intact plants acclimated
to this PFD over seven davs. Leafslices from intact plants
acclimated to 400 [imol m ~-s““did not show a reduction
in the ascorbate pool when incubated at lower light intensi-
ties unless kept in the dark. This shows that the readjust-
ment is relatively slow, as has been found in other studies
(see §1) and that the ascorbate pool in the leaf slices
behaves in a similar manner to intact leaves on exposure
to high light. Therefore barley leaf slices provide a useful
system to investigate ascorbate metabolism in relation to
light. Exogenous L-galactose and L-galactono-l,4-lactone
are readily absorbed and converted to ascorbate by
leaves, the reactions being catalysed by L-galactose de-
hydrogenase and mitochondrial L-galactono-l,4-lactone
dehvdrogenase (\Vheeler etal. 1998; Loewus 1999; Bartoii
et al. 2000). Barley leaf slices supplied with these pre-
cursors convert both substrates in a light-stimulaied
manner over 5.5 h (figure 3. f)\er 24 h conversion of L-
galactono-1.4-lactone to ascorbate is also greater in the
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values are means of four replicates + s.e.

light than in the dark (figure 4). Furthermore, when
leaves were taken from plants previously acclimated to
high or low light, conversion of L-galactono-l,4-lactone
to ascorbate in the dark was greater in the previously
high-light acclimated leaves ‘'figure 4). These results
suggest that L-galactono-l,4-lactone oxidation is
enhanced by light. The persistent increase in ascorbate
synthesis from L-galaciono-1,4-lactone in high light
acclimated leaves in the dark suggests that their
mitochondria have a larger L-galactono-1,4-lactone
dehydrogenase capacity. The further increase in ascorbate
synthesis when high-light acclimated leaves were kept in
the light suggests that there is also a direct enhancement
of L-galactono-l,4-lactone oxidation by light. This is
under further investigation to determine if light affects
expression of L-galactono-l,4-lactone dehydrogenase and
if there is an interaction between light and mitochondrial
metabolism that affects L-galactono-l,4-lactone activity.
It is surprising that the last step of the pathway, which
apparently has a large capacity compared to earlier steps,
is affected by light. To understand fully the close coordi-
nation between ascorbate pool size and light it will also

be necessary to determine the eHect of light on earlier
steps in the pathway.

(b) Ascorbate-deficient Arabidopsis i------ N
mutants have reduced non-photochemical qu®
Four ascorbate-deficient A. thaliana mutai4
reduced ascorbate concentration have been”
(Conklin etal. 1996, 2000). They have been nam4
3 and 4. The young leaves of each mutant have 3
of the wild-type ascorbate content. The ascorbate,i
tration in the rosette leaves of some vtc2 alleles o
even further after flowering to 10% of wild-tjq
cloning of VTCI and its contribution to confirni
proposed ascorbate biosynthesis pathway was &
in§l.

Some, but not all, of the vtc mutants are ozon<
sensitive while vtcl is also more sensitive to ,
dioxide and UVB (Conklin el al. 1996, 2000,
exogenous ascorbate reverses the ozone hypersensi
vicl, the phenotype is unlikely to be caused by pl«
effects and this provides strong genetic elidenrt
antioxidant role for ascorbate 'Conklin etal. 199 )
bate is also proposed to play a role in photoproCO
acting as a cofactor for \'D E. thus facilitating zO
synthesis and dissipation of excess excitation eD
heat. The background was reviewed in jl- 1
non-photochemical quenching (measured as »
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c6. comparison of the time-course of induction and relaxation {actinic light off) of chlorophyll fluorescence parameters
ircd in leaves from wild-type and ascorbate-deficiem vtc mutants of Arabidopsis thaliana. Dark-adapted leaves were exposed
inic light (photon flux density 1000 jamolm"~s* ") at zero time, (a) Quantum efficiency of PS Il (*PS II). [b) Photo-
ilcal quenching coefficient (?p). (c) Non-photochemical quenching coefficient (?mp). {d) Non-photochemical quenching

i). The values are means of three replicates + s.d.

9liana can be attributed to zeaxanthin synthesis
etal. 1998). Therefore the development of NPQ_in
*ypt' and vtc mutants has been assessed by analysis of
fophyll fluorescence quenching. The plants were
N at low light intensity (200 jimol m “~s“") to avoid
“moxidative stress and the maximum quantum
s the same in all the strains. Chloro-

fluorescence measurements were used to compare
heinical  quenching {g™\ non-photochemical
(calculated as and NPQ_) and the
efficiency of PS Il ("PS Il) al steady state over

ge o intensities in wild-type and vtc mutants
N5). ihere were no significant differences in "PS 11
the latter was very slightly higher in vtc4.
p'Ix'hemical quenching measured as was
iho wild-type leaves, while expression as NPQ_

all the vtc mutants developed lower non-

"“iiical quenching than the wild-type at irra-
iilin\-e 1000 [imol m*“-s“”’. A time-course of
of the chlorophyll fluorescence parameters
:;;uing dark-adapied leaves was determined

and revealed the same differences between wild-type and
vtc mutants (figure 6). Non-photochemical quenching
measured by or NPCiwas higher in wild-type leaves
by 40 s after illumination. This initial 40 s phase corre-
sponds to zeaxanthin-independent NPQ, seen in npgl, a
VDE-deficient mutant (Niyogi et al. 1998). Divergence of
the mutants and wild-type after this point suggests that
the mutants have reduced zeaxanthin-dependent XPQ
that could be attributed to a limitation of VDE activity
by ascorbate supply. Because the effect occurs in four
non-allelic mutants, it is very likely that ascorbate
deficiency is the direct cause of reduced NPQ, The results
support previous assumptions that ascorbate supply in the
thylakoid lumen is potentialh' limiting to VDE activity
(Neubauer & Yamamoto 1994,i. It is not known if the
reduction in ascorbate concentration in the vtc mutants is
equal in all subcellular compartments. However, because
a relatively small decrease in ascorbate reduces \'DE
activity, it can be tentati\ely suggested that the
concentration of ascorbic acid in the lumen must be near
the An,of VDE (100 see 8§ 1 and not near the stromal
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Figure 7. A comparison of the sensitivity ofwild-type and
ascorbate-dcficient vtc mutants of Arabidopsis tkaliana to
NaCl-induced photo-oxidation. Ten-day-old seedlings
grown with 122 mM NacCl at low light intensity (photon
flux density 75(imolm~”s~'} were transferred to higher
light intensity (photon flux density 240 nmol m "~s* *), After
12 days the proportion ofseedlings with all their leaves
bleached was determined. The values are means of four
replicates + s.e.

concentration. A very high stromal ascorbate concentra-
tion may be required to maintain lumen ascorbate in the
apparent absence (Foyer & Lelandais 1996) of a carrier
(figure 1). In contrast to the effect of loss ofV D E activity
in the npgl mutant (Niyogi et al. 1998) there were no
measurable corresponding changes in gp, “PS Il and
Fy IF~ (data not shown) in the vtc mutants. This is
probably because the reduction in NPQis smaller than in
the VDE-deficient plants.

(c} The vtc mutants are susceptible to salt-induced
photo-oxidation

When your™ A.tkaliana seedlings are exposed to a
combination of high light intensity and NaCl in the
rooting medium, the leaves bleach within a few days
(figure 7). NaCl at low light intensity or high light alone
does not cause this response, which provides an easily
monitored bioassay for photo-oxidation. Under condi-
tions that cause slow bleaching of wild-type seedlings, all
the ascorbate-deficient vtc mutants bleach more rapidly
(figure 7). This provides further evidence for the role of
ascorbate in photoprotection. At present the mechanism of
protection against salt and light-induced photo-oxidation
is not known. It could be related to protection by NPQ,
scavenging ofsuperoxide and hydrogen peroxide in chloro-
plasts and peroxisomes, or regeneration of a-tocopherol.
APX and superoxide disniutase activity are indviced by
this treatment (Tsugane ei al. 1999), the increase in APX
further underlining a role for ascorbate. Tsugane et al.
'1999 isolated a recessive A. Ihaliana mutant fipstf) that is
more tolerant to NaCl-induced photo-o.sidacion and
which has higher APX activity. This svsieni and the vic

mutants should be useful in assessing the role of
in photoprotection.

7. CONCLUSIONS

The results presented here identify multipM
ascorbate in photosynthesis and photoprot
show that its synthesis in leaves is controlU
However, the question why chloroplasts
contain ciioiuiuus ascorbate conccuirations is"
fully answered. The ascorbatc-deficiem vt
appear to function normally until exposed tol
stress, implying that very high ascorbate, as sej
alpine species, must be maintained to deal
extreme episodes of photo-oxidative stress. Ma
of the biosynthetic pathway of ascorbate migj
possible as a number of genes have been clonec
should provide further insights into its function,!

The work described here was funded by the BiotecM
Biological Sciences Research Council (UK) and Bic
Resources (Manitowoc, \VI, USA). P. L. Conklin and]!
provided the vtc mutants. | thank Marjorie Raymonc
Kingdon for technical assistance. Bethan Wynne-Jor
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Discussion
C. Critchley [Department of Botany, University of Queensland,
Australin). T- ' mn cnrrr'l'uion her- arriVity

and ascorbate content.s? Chloroplasts and mitochondria
are much more closely and intimately associated in the
cell than we generally believe.

N. Smirnoff. There appears to be a ger\eral correlatiorv
between the photosynthetic capacity and leaf ascorbate
concentration within a species. For example, in leaves

from barley [Hordeum wvulgare) seedlings, both photo-

synthetic capacity and ascorbate concentratioi
from the leaf base to the tip (N. Smirnoff, ur
data). Also, as discussed in the paper, acclimatii
light increases ascorbate content perhaps by si
biosynthesis. However, there is a tenfold ran:
ascorbate concentration between different spec
apparently not correlated with PS |1l activ
generalization, it seems that alpine plants and
evergreens have the highest concentrations b
ncLCb arily have a high photosyiiuicui. capacity.

C. Critchley. The close association observed
chloroplast and mitochondria could faci]
exchange of metabolites and messages involv
light stimulation of galactonolactone deh)
activity in mitochondria. This enzyme oxidize
nolactone to ascorbate.
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The research hasbeen initiated to develop the asphalt mixtures which are suitable for the surfacc ofasphaltconcrete directly fastened
track {ADFT) system and evaluate the performance of the asphalt mixture. Three aggregate gradations which are upper (iiner),
medium, and below (coarser). The nominal maximum aggregate size ofasphalt mixture was 10mm. Asphalt mixture design was
conducted at3 percentair voids using Marshall mix design method. To make impermeable asphalt mixture surface, the laboratory
permeability test was conducted for asphalt mixtures of three different aggregate gradations using asphalt mixture permeability
tester. Moisture susceptibility test was conducted based on AASHTO T 283. The stripping percentage of asphalt mixtures was
measured using a digital camera and analyzed based on image analysis techniques. Based on the limited research results, the finer
aggregate gradation is the most suitable for asphalt mixture for ADFT system with the high TSR value and the low stripping
percent”™ and permeable coefficient Flow number and beam fatigue tests for finer aggregate asphalt mixture were conducted
to characterize the performance of asphalt mixtures containing two modified asphalt binders: STE-10 which is styrene-butadiene-
styrene (SBS) polymer and ARMA which is Crum rubber modified asphalt. The performance tests indicate that the STE-10 shows

the higher rutting life and fatigue life.

1. Introduction

Hot mix asphalt (HMA) was first developed for applying to
the track structure to partly replace the convention” granular
material and now is selectively considered as an option for
new mainline tracks, yards, and terminal construction due to
lower delivering and placing cost compared to conventional
granular subballast [1]. Hensley and Rose [2] found that HMA
mat is capable of performing as an elastic layer under the
railway instead of open-graded unboimd ballast layer. HMA
is suitable for railway substructure to enhance performance,
support dynamic, and vibrated loading especially at the
effective depth of 0-2 meters [3]. Viscoelastic strength and
modulus of HMA can make it more sustainable for using
as high-speed railway substructures [4] and also no dam”e
or crack of the asphalt is detected after many years of heavy
traffic under various conditions [5]. Fang et a\. [6] concluded
that air voids content and permeability of asphalt mixture

is strongly affected by the segregate gradation but not cor-
related with normal maximum aggregate size. Rose et al.
[7] suggested that the loading conditions in trackbeds are
different from those in highway pavements, so the asphalt
content of HMA trackbeds should be 0.5% higher than that
considered optimum for highway applications with air voids
oflto 3% to ~cilitate adequate strength and an impermeable
mat. Sangsefidi et al. [8] postulated to adopt the optimum
mixture; the aggregate gradation is considered as an impor
tant characteristic, since it affects the rutting resistance and
the moisture susceptibility of the asphalt mixtures. Merusi
et al. [9] applied a digital image analysis method to identify
the stripping surface to quantitatively evaluate the stripping
resistant of asphalt mixture. It offers a good observation and
qualification ofstripping. The impermeable asphalt layer can
prevent stripping and possible contamination of the lower
layer by vertical hydraulic transport of mud and fines [101¢


http://dxdoLorg/10.1155/2015/701940
mailto:parkdw@hotmaU.com

Sieve size

Upper - Upper limit
Medium - Lower limit
Below

Figure 1 Aggregate gradations in 0.45 [K>wer.

The purposes of this study are to evaluate the asphalt
mixtures with three aggregate gradations, upper, medium,
and below, to evaluate which are suitable for the surfece
of Asogakt Concrete Directly Fastened (ADFT) system. The
Marshall mix design method was conducted to determine the
optimum asphalt binder content for asphalt mixes with dif-
ferent aggregate gradation. Digital images captured from wet
indirect tensile (IDT) test were analyzed and compared with
its TSR obtained from dry and wet conditioned specimens
in AASHTO T 283 test. The falling head permeameter was
used to determine the permeability of the asphalt mixtures
in the laboratory in order to find the impermeable mixtures
correlated with the aggregate gradations. The performance
of asphalt concrete mixtures which has upper gradation was
investigated using flow number and beam fatigue test using
two types of modified asphalt binders.

2. Materials and Mix Design

2.1. Materials. Asphaltbinder STE-10 which is styrene-buta-
diene-styrene (SBS) polymer was used for evaluating aggre-
gate gradations. The aggregates with three gradations, upper
(finer), medium, and b«low (coarser), have bulk specific grav-
ities, Gjt,, 0f2.563,2.578, and 2.594 g/cm”, respectively, deter-
mined according to AASHTO T 85 [11] and AASHTO T
84 [12] tests. The aggregate gradations were chosen between
the upper and lower control limits without passing through
the restricted area based on Superpave mix design method
with aggregate maximum size of 12.5mm [4]. The details of
aggregate gradations are shown in Figure 1

2.2. Mix Design. Asphalt mix design is conducted based on
Marshall mix design method [4], and samples of asphalt
mixtureswere prepared with three replicates atthree different
asphalt contents. The optimum asphaltcontents selected at an
air void of 3% were 5.5%, 5.2%, and 5.3% for upper, medium,
and below mixes, respectively. As shown in Table 1, asphalt
mixture with below gradation did not meet the flow value
criteria as 43.1.

Table 1, Marshall test results at the optimum asphalt content.

Marshall properties Criteria limit Upper Medium Below
Optimum AC (%) At3 5.5 5.2 5.3
Marshall stability (kgO >500 2536.7 21629 1776.1
VMA (%) >D 13.6 13.0 12.9
VFA (%) 70-80 79.3 78.8 779
Flow (0.01cm) 20-40 35.8 31.8 431
— 2.344 2.353 2.358

3. Evaluation of Aggregate Gradations

3.1 Indirect Tensile (IDT) Test. HM A moisture susceptibility
is mostly determined based on the AASHTO T 283 [13].
The damage due to moisture is controlled by the specific
limits ofthe tensile strength ratios (TSR). All specimens were
compacted by the gyratory compactor and had air voids of
7+0.5%. Total six specimens were separated into two subsets:
onesubsetfordry IDT testand the other forwet IDT test. The
maximum load was recorded from the indirect tensile tester
and the corresponding IDT strength was calculated by

2000P

nDt @

where S, is the IDT strength, kPa, P is the maximum load,
t is the thickness of specimen, and D is the diameter of
specimen. The tensile strength ratio (TSR) is determined by
the following equation from the dry and wet IDT test results;

TSR= @

where Sjy is the average wet ID T strength and is the aver-
age dry IDT strength. Figure 2 indicates that the aggregate
gradation affects to some extentthe moisture susceptibility of
the asphalt mixtures. The mixtures with upper, medium, and
below gradations have TSR values 0f82.5%, 80.2%, and 81.7%,
respectively. Accordingly, all the mixtures met the criteria
ofa minimum TSR value of 80% [13], and the mixes with
upper (finer) gradation showed better TSR than mixes with
medium or below (coarser) gradation. Basically, the water
penetration depends on the gradation of aggregate: dense
or open graded. Since finer materials tend to fill voids and
increase the density, therefore its reduction also affected the
TSR in coarser graded mixes. Furthermore, due to breaking
of coarser aggregate during compaction, uncoated surface
absorbs the water more than the other particles and then
leads to stripping. There is low amount of fine material in
mediiun and below aggregate gradation. Asa result, although
the asphalt mixture with medium aggregate gradation has
high dry and wet IDT strength values (Figure 2(a)), but, as
seen in Figure 2(b), its moisture resistance or TSR value isthe
lowestas compared to the others.

3.2.Image Analysis. Two-halves of the samples from the wet
IDT test were kept for image stripping analysis. The images
were captured to the fractured surface by digital camera
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Figure 2: Indirect tensile (IDT) test result.
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FkjURE 3: Image analysis result

(SONY DSC-TIOO 8.1 mega pixels) in ap adequate and
indirect light condition to prevent creation oflight reflection.
It isrecommended to use a light green color as background
during taking picture. With this color, background separation
can be done accurately and evenly. Moreover, the angle of
images capturing should be perpendicular to the surface of
sample. The image analysis program developed using MaUab
[14] was employed for determining stripping percentage. The
numbers ofblack and white pixels were counted to determine
the stripping area. By determining a threshold value within
the grayscale, white and black pixels can be distinguished in
binary image. Applying different threshold levels indicated
that the global threshold values between 0.16 and 0.17 did not
significantly affect the stripping percentage results; however,
for an accurate comparison, the analyses of all the images
should be done with the same threshold value. The threshold
value of 0.165 was chosen to distinguish the white and black
pixels. This threshold level seems to be a realistic value to
recognize the stripping percentage.

In image analysis test, the lower the stripping percentage
is, the less the moisture damage occurs. As seen in Figure 3,
the results indicate that the image analysis isljasically reliable

when its results, stripping percentage, have almost the same
trend with the wet IDT values. The IDT test result of the
asphalt mixture with medium aggregate gradation is high,
and also the image analysis indicates a high stripping resis-
tance (lower stripping percentage), relatively matching the
wet IDT strength value. In this study, the stripping percentage
values have yet denoted the correlation with TSR values.

3.3. Permeability Test. The permeability of asphalt concrete
samples was measured by the permeameter developed by
Florida Departmentof Transportation (FDOT) tor testing in
the laboratory [151. 'The permeable coefficient was computed
according to (3). Three replicated tests on the same specimen
were performed and averaged:

©)

where k is the permeable coefficient, a is the inside cross-
sectional area of the graduated cylinder, L is the average
thickness of the test specimen, A is the cross-sectional area
ofthe test specimen, t is the elapsed time between  and /i2>
/t] and /12 are initial and final head across the test specimen,
and fp is the temperature correction for viscosity of water.
According to FDOTS criteria for impermeable asphalt mix-
ture, the permeable coefficient measured by the f~ing head
permeameter must not exceed 0.1cm/s. The permeability
of asphalt concrete is mostly affected by the porosity and
air voids distribution. As seen in Figure 4, all mixtures met
criteria for impermeable mixture; however, the permeability
ofthe mix with below (coarse) gradation is higher by far than
the others. All the air void contents are almost at the same
level. Therefore, it is noted that the upper and medium mbces
can produce smaller air void pockets than the below.

At  Xhy/

4. Performance Evaluation

According to the previous work [16], the modified asphalt
mixtures are suitable for railway substructures compared to
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Figure 4: Permeability test result.

the original one. For performance evaluation, asphalt mix-
tures with two types of modified asphalt binder, STE-IO and
ARMA, were used for flow number and four point beam
fatigue tests.

4.1.Flow Number. The flow number (FN) isa measure ofthe
rutting potential of asphalt mixes [17]. Mixes with high flow
number are more resistant to permanent deformation and
vice versa. The cylindrical specimen geometry is similar to
N e dynamic modulus test. Asphalt specimens were subjected
to repeated haversine axial cycle with 0.1 and 0.9 sec loading
time and rest period, respectively. lhe test was performed
under unconfined conditions at 54°C and deviatoric stress of
600 kPa. The failure criterion is determined at 15,000 cycles
or 50,000 microstrain, whichever occurs first. During FN
test, the mix follows three different stages of deformation:
primary (Consolidation), steady state, and tertiary [17]. Flow
number is the number of load cycles at the minimum
rate of permanent axial strain (e.g., consWt volume) at
which tertiary flow begins. The minimum strain rate was
determined at the junction pointin between the steady state
and tertiary ofdeformation. The following equation isapplied
to calculate the strain rate;

T i,

2AN @
where is the strain rate at Nth cycle, is the strain
at {i + 1)th cycle, is the strain at (f - 1)th cycle, and AN
is the number of cycles in between (i + I)th and (i - 1)th
cycle. In this study, the test was conducted on two replicates
with an average FN of 733 and 226 cycles for STE-10 and
ARMA mixtures, respectively. Figure 5 represents the strain
rate evolution for the two replicates of STE-10 mixtures.
Results suggest that the asphalt mixture containing STE-10
exhibits the higher rutting life compared to that of ARMA.

fatigue. Fatigue life is the number of cycles recorded at the
failure ofasphalt mixtures according to AASHTO T 321 [18].

An in-house steel mold was used to fabricate 405 x 240 x
75 mm asphalt concrete slab. The slab is compacted by a steel
rod to reach target air voids of 7 to 9%. The slab was sawn
approximately 6 mm from all sides to avoid the air voids
clustering atthe edge ofthe slab due to the mold temperature.
After that, two standard beams 0380 x 63 x 50 mm were cut
from the slab.

The beams were tested by four point loading clamps. The
loads on the two inner clamps were cycled with a repeated
haversine (sinusoidal) load at frequency of 10Hz while the
outer ones remained fixed to provide a reaction support,
providing a constantbending moment over the center part of
the beam. The deflection caused by the loading is measured at
the center ofthe beam. The deformation ofthe beam centroid
was calculated to produce the tensile strain values in the
bottom fiber of the beam and collects load and deformation
data every 100 cycles.

The test was performed on a strain-controlled condition
using a strain level of 650 microstrain at room temperature
of 19 + rc. The sample was conditioned in a chamber for
about two hours at the testing temperature prior to testing.
As loading is applied, the beam resilience reduces gradually.
The test was terminated when the beam stiffness reduced to
50% of the initial stiffness, and the number of cycles at that
time is referred to as the fatigue life. The flexural stiffness (S)
isdetermined using

(5)
where Of and £, are the maximum tensile stress and strain
determined as follows:

0.357?
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where P is the applied load by actuator, b is the average
beam width, h isthe average beam height, 5 is the maximum
deflection atcenterofbeam, L isthe average beam length (m),
and a is the space between inner clamps ("0.119m). Examples
ofthe normalized fatigue stiffness reduction with number of
cycles for all mixtures are shown in Figure 6. Results suggest
that the STE-10 exhibits the higher fatigue life with 50 times
greater than the other.

5. Conclusions

The ADFT system requires a durable and impermeable
asphalt layer under the sleepers. Three types of mixes made
with combination ofthree differentaggregate gradations were

4.2. Four Point Beam Fatigue Test. Thistest was conducted tdesigned and evaluated for their moisture susceptibility and

determine the fatigue life of asphalt pavement using a 380 x
63 X50 mm beam. Repeated loadswere applied until reaching

permeability. The mixtures were designed by Marshall mix
design method and tested with IDT test, image analysis
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Figure 6; Beam fatigue test.

method, and permeability test. Only below aggregate grada-
tion mix does not meet the design criteria of Marshall flow
and VMA values at 3 percent air voids. The results indicate
that the mix prepared by using upper aggregate gradation
has the best performance on moisture susceptibility with the
optimum asphah content of 5.5 percent; however, the IDT
strength of medium mixture isthe highest among all. Further,
the mixes of upper and medium gradation have lower value of
permeable coefficient and stripping percentage. The authors
suggest developing threshold value in image analysis method
for different types of mixtures and conditions and learning
more about the relationship between stripping percentage
and IDT test results. Based on the test results and authors’
experience, it is recommended to use aggregate gradations
between medium and upper (fine graded aggregate) for
ADFT system due to their appropriate moisture resistance
and permeability. Also, the modified asphalt binder STE-10
which provides higher fatigue life and rutting life for the

asphalt mixture is more suitable for ADFT system compared
to the ARMA.
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