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bslrac t

)esidck the im plication o f  ascorbate and glutathione in the defence against oxidative stress, these two com pounds are involved in plant 
<klh and cell cycle control. A scorbate trjbtabolism is closely linked to the developm ent o f  em bryos and seedlings. Furtherm ore, ascorbate 
m lalcs ccll cycle activity in competen’̂ cells. w hile the oxidised form , dehydroascorbate, blocks norm al cell cycle progrcs.sion. Several 

bsiblc mechanism.*; have been proposed to explain the effect o f  these compounds. The links betw een glutathione and the ccll cycle arc 
ij’fclear. It has long been assum ed that both com pounds are closely linked by way o f  the H alliw ell-A sada cycle. Any hypothesis 
ccnini^ the pathways by w hich ascorbate o r glutathione influence cell division, should take thi.s connection into account However, other 

lifchaijisms have hecn propased for ascorbate-m cdiated cell cycle control, e.g. via the thioredoxin pathw ay O  2002 Kdilions scicntifiques 
t! mcdicalcs Hlsevier SAS, All rights reserved.

'.Acn'ord.s- Ascorbate: ('e ll growth: C ell cycle: Dehydroascorbate; Dehydroascorbate reductase; Glutathione: Redox status

. I n t rn d u c l io n

S ev e ra l re v ie w s  h a v e  b e e n  p ub li.shed  la te ly  o n  d ifFerent 
sp e c ts  o f  a s c o rb a te , ra n g in g  fro m  its  b io sy n th e s is  IS.Vj, its 
p ic  in stre.ss d c fe n c e  |7 2 J , th e  u p ta k e  m e c h a n ism s  in plant.s 
4*31 lo  its  in v o lv e m e n t a s  an  e le c tro n  d o n o r  in v a rio u s  
iio sy n lU c\it re a c lio n s  T h e  b io sy n th e s is  an d  th e  ro le  o f  

;lu ta th io n e  in p la n t m e ta b o lism  h a v e  b e e n  d isc u sse d , in 
letai! [6 5 . 7 1  7 2 |,  a s  w e ll a s  its  tra n sp o r t [37J. T h e  in v o lv e - 
nen l p f  fascorbaic an d  g lu ta th io n e  in  g ro w th  a n d  d iv is io n  o f

p la n t c e lls  h as  g e n e ra lly  o c c u p ie d  a  se c o n d a ry  ro le  in these 
r e p o rts . N e v e r th e le s s , th e re  is a  ra p id ly  g ro w in g  Held o f  
in te re s t, y ie ld in g  fre sh  a n d  e x c itin g  in s ig h ts  in to  th e  genera l 
fu n c tio n  o f  e i th e r  o f  th e s e  m o le c u le s . In th is  rev iew  w c  w ill 
su m m a rise  th e  s ta te -o f -th e -a r t k n o w le d g e  on  th e  in fliicncc 
o f  b o th  c o m p o u n d s  o v e r  th e  p ro g re s s io n  o f  th e  ce ll cycle  111 

p la n ts .

2 . T h e  p r o ta g o n is ts

AhbrBWaiirinx: AOS. activc oxygep species; A PX . ascorbate peroxi- 
ilj; A SC . ascorbate: BY-2, Nicotiana tabacum L. cv. Bright Yellow-2;

tlebydri'ascnrbiilc; D HAR, dehydroascorbate reductase; y-ECS, 
ulam ykystcinc synthase: G L, i.-galactono-Y-lactone; GLDH.
iectono-Y-lattonc dehydrogenase; G SH . reduced glutathione; GSSG, 
ised giutjihione; L'AA. L-ascorbic acid; M D H A . monodehydroascor'

, M HHAR. monodehydroascortjate reductase; O D D , 2-oxoacid- 
dcm dioxygenases; QC . quiescent center 
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2 .1 . A sc o rb a te

T h e  o rg a n ic  m o le c u le  L -r/? fieo -h ex en o n -l,4 -la c io n c  is 
co m m o n ly  k n o w n  a s  L -asco rb ic  a c id  (L -A A ) o r  v itam in  C . 
T h e  c o m p o u n d  is o n e  o f  th e  p re d o m in a n t w eak  ac id s  in the 
p la n t ce ll, d is so c ia tin g  in to  th e  a sc o rb a te  an io n  (A S C ) the 
p re d o m in a n t fo rm  o f  th e  m o le c u le  a t a p h y s io lo g ic a l p ll  
( 5 -7 ) .  B o th  th e  a c id ic  p ro p e rtie s  o f  L -A A  (pK ^, 4 ,2 )  and  its 
red o x  b e h a v io u r  a re  a s so c ia te d  w ith  th e  e n ed io l s tru c tu re  at 
C -2  and  C -3 . A S C  is u til is e d  in th e  ce ll as an e lec tro n  donor, 
a n d  th e  firs t A S C  o x id a tio n  p ro d u c t is th e  sc m iq u in o n e -lik c
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Ei'cc rad ica l m o n o d e h y d ro a sc o rb a te  (M D H A ) (F ig . I). D u e  
Ip th e ir  h ig h ly  d e l o c a l i s e d  f re e  e le c tro n , M D H A  r a d i c a l s  do  

iio t fe a d ily  i n t e r a c t  w ith  o th e r  m o l e c u l e s  ( u n l i k e  th e  far 
l i d r ^  T c a c t i v e  s u p e ro x id e  o r  h y d ro x y l ra d ic a ls ) , a n d  a re  
h c re fo re  g e n e ra lly  c o n s i d e r e d  to  b e  le ss  d e s tru c tiv e  [70].
J  M D M A  d isp ro p o r tio n a te s  sp o n ta n e o u s ly  to  A S C  and  
Je h y d ro a sc o rb a te  (D H A ) w ith  a  ra te  c o n s ta n t  b e tw e e n  10^ 
in d  2 .S  X 10'^ M  ‘ s '  (a t p H  7  [4 1 ]). T a k a h a m a  ( [ 8 8 ], and  
•e fc rsn ces  q u o te d  h e re in )  re p o r ts  an  e q u il ib r iu m  c o n s ta n t o f

2  M D H A  fc; A S C  + D H A  

T h e  s ta n d a rd  red o x  p o te n tia l (£ { ,')  o f  th e  A S C /M D H A  
;o u p lc  a l pH  7 .0  is +330  mV. H o w e v e r , d u e  to  th e  lo w  
V1DHA c o n c e n tra tio n  ( lo w e re d  b y  sp o n ta n e o u s  d isp ro p o r-  
io n a t io n )  th e  efTective re d o x  p o te n tia l o f  th is  c o u p le  is 
ground i 6 0 m V  |7 0 |.  T h e  o x id is e d  fo rm , D H A  (F ig , t) , 
^ h ic h l  e x is ts  a s  a b ic y c lic  m o n o m e r ic  h y d ra te  in  aq u eo u s 
so lu tio n , d o c s  n o t h av e  a c id  c h a ra c te r is tic s . I t is  a ra th er 
jn s ta b ic  m o le c u le , w h ic h  u n d e rg o e s  sp o n ta n e o u s  an d  irre- 
ifersibjc h y d ro ly s is  to  2 .3 -d ik e to g u lo n ic  a c id  [3 2 ], w h ich  
ireak.^ d o w n  fu rth e r  to  y ie ld  a p p ro x im a te ly  50  d iffe ren t

Pl^ jl^unds, in c lu d in g  o x a la te  a n d  ta r tra te  [56 ].

A S C  is p re se n t in th e  c y to s o l,  c h lo ro p la s t , v a c u o le s , 
in ito ch o n d ria  an d  e x tra c e llu la r  m a tr ix . A n  o v e rv ie w  o f  

o c c n tra tio n s  in d if fe re n t c o m p a r tm e n ts , a s  w e ll a s  th e  
iffe rcn t tra n sp o r t p a th w a y s  f ro m  a n d  to  th e  c y to so l, h as  

n i^ irescn ted  in H o re m a n s  e t a l. [43], C h lo ro p la s tic  and  
^olic A S C  c o n c e n tra tio n s  c a n  b e  h ig h  (1 0  a n d  2 0  m M , 

jpebtively) [8 ]. T h is  s itu a tio n  p ro b a b ly  re flec ts  th e  h ig h  
e ^  in th ese  c o m p a r tm e n ts  fo r  s c a v e n g in g  o f  a c tiv e  o x y g en  
c c ie s  (A O S ).

A S C  is in v o lv ed  in th e  p ro te c tio n  o f  d if fe re n t cell 
^p n ip a rtm en ts  a g a in s t o x id a tiv e  d a m a g e . F o r  e x a m p le , dif- 
'e rcn t iso z y m e s  o f  A S C  p e ro x id a se  (A P X )  a re  fo u n d  in the 
:elJ w a ll, in th e  c y to so l, th e  m ito c h o n d ria  an d  in th e  
le ro x iso m c s  [931, to  a s s is t  in th e  d e to x if ic a tio n  o f  A O S  at 
i ic s c  lo ca tio n s . A S C  is p ro b a b ly  o n e  o f  th e  m o s t im p o rta n t 
Victors in th e  s c a v e n g in g  o f  o z o n e  an d  o z o n e -d e r iv e d  A O S  
h  th e  a p o p la s t, c i th e r  th ro u g h  d ire c t  (c h e m ic a l)  in te ra c tio n , 
) r  b y  d e to x ify in g  o z o n e  b re a k d o w n  p ro d u c ts  [1 4 .6 0 |. A O S  
|r c  g e fie ra te d  d u r in g  a e ro b ic  m e ta b o lism  in th e  c h lo ro p la s t 
m d  d u r in g  e x p o s u re  to  s tre s s  c o n d it io n s , a n d  a re  b o u n d  to 
n f lic t se rio u s  d a m a g e  u p o n  th e  c e ll , i f  n o t  re a d ily  d e to x if ie d  
(331. A S C  re a c ts  ra p id ly  w ith  su p e ro x id e  a n d  s in g le t  oxy- 
jc ji, o p o n e  (c h e m ic a lly ) , a n d  h y d ro g e n  p e ro x id e  (e n z y m a ti-  
la lly , Ith rough  A P X ), an d  w ill th u s  a s s is t  in  n eu tra lis in g  
:^ese A O S . A d d itio n a lly , A S C  re g e n e ra te s  th e  c h lo ro p la s tic

l ip o p h ilic  a n tio x id a n t u - to c o p h e ro l  (v ita m in  Iv) from  the 

a -c h ro m a n o x y l ra d ic a l |7 ] .  C a ro te n o id  p ig m e n ts  (ca ro te n es  
an d  x a n th o p h y lls )  a ls o  d e p e n d  o n  A S C  fo r  th e ir  re g e n e ra ­
tio n .

T h e  re q u ire m e n t fo r  A S C  in th e  a c tiv ity  o f  2 -o x o ac id -  
d e p e n d e n t d io x y g e n a se s  (O D D ), is  g e n e ra lly  less a c k n o w l­
e d g e d  th an  its  ro le  a s  a n  a n tio x id a n t. A m o n g  th e  reac tio n s , 
c a ta ly se d  b y  O D D s , w e  find  h y d ro x y p ro lin c  sy n th esis , 
p ro v id in g  a n im a ls  w ith  f tin c tio n a l c o lla g e n , mid p lan ts  w ith  
c e ll w a ll c o n s titu e n ts  lik e  e x te n s in s  [2 6 .3 0 ]. B u t a lso  cc rla in  
p la n t g ro w th  re g u la to rs  lik e  e th y le n e  o r  g ib b e re llin s  req u ire  
A S C  fo r  a n  O D D  a t so m e  p o in t  in th e ir  sy n th e s is , as w ell as 
a n th o c y a n in s , o r  th e  an im a l n e u ro tra n sm itte r  n o rad re n a lin e

IN .

2 .2 . G lu ta th io n e  •

G S H  is an  a b u n d a n t an d  u b iq u ito u s  th io l in fu n g a l, p lan t 
a n d  a n im a l tis s u e s  a n d  o c c u rs  in tw o  d is tin c t redox  fo rm s. 
T h e  re d u c e d  fo rm  G S H , is a  tr ip e p tid e  (y -GU i C y s (ily ) . 
T h e  c h e m ic a l re a c tiv ity  o f  its  th io l g ro u p  (s ta n d a rd  redox 
p o ten tia l - 2 3 0  m V , a t e q u im o la r  c o n c e n tra tio n s ) , ils re la tiv e  
s ta b ility  a n d  h ig h  so lu b il i ty  in w a te r  m ak e  (JS H  a p a r tic u ­
la rly  a d e q u a te  e le c tro n  a c c e p to r  o r  d o n o r  in p h y sio lo g ica l 
re a c tio n s . O x id a tio n  c a u s e s  tw o  re d u c e d  m o lecu le s  to  be 
lin k ed  b y  w a y  o f  a c y s te in e  d isu lf id e  b o n d , d es ig n a ted  
G S S G . C h lo ro p la s tic  G S H  c o n c e n tra t io n s  a re  e s tim a ted  to 

b e  1 -4 .5  m M , b u t in fo rm a tio n  ab o u t c o n c e n tra tio n s  in o ilie r 
c o m p a rtm e n ts  is  s till la c k in g  |7 2 ] .

T h e  d if fe re n t fu n c tio n s  fu lfilled  by  G S H  in p lan ts  have 
re c e n tly  b e e n  re v ie w e d  [65 .71  [. A  sh o rt su m m a ry  w ill 
th e re fo re  be  su ff ic ie n t h e re . In g e n e ra l, th e  p h y sio lo g ica l 
s ig n if ic a n c e  o f  g lu ta th io n e  in p la n t c e l ls  c o v e rs  th re e  c a t­
e g o rie s ; su lp h u r  m e ta b o lism , d e fe n c e  a g a in s t o x id a iiv c  
s tre s s  an d  d e to x if ic a tio n  o f  x e n o b io tic  co m p o u n d s . Us ro le  
in  su lp h u r  m e ta b o lism  is e v id e n t fro m  th e  fact th a t ( iS H  is 
th e  p re d o m in a n t n o n -p ro te in  th io l. F u rfh e rm o rc . ( iS I I  reg u ­
la tes  su lp h u r  u p ta k e  at ro o t level |4 2 |  an d  th e  p a th w ay s for 
su lp h u r  a s s im ila tio n  an d  G SM  sy n th e s is  a re  in te rtw in e d  al a 
m o le c u la r  lev e l [65].

T h e  fa c t th a t G S H  is in v o lv e d  in d e fe n c e  reac tio n s 
a g a in s t o x id a tiv e  s tre s s , a s  an  a n tio x id a n l. is w id e ly  ac ­
k n o w le d g e d . I ls  im p o rta n c e  is il lu s tra te d  by  the fact thai 
G S H  b io sy n th e s is  is  s t im u la te d  w h e n  th e  ce ll en c o u n te rs  
s tre s s  c o n d itio n s , a s  i f  th e  c e ll b u ild s  u p  its d efen ce  
cap ab ility . G S H  a c c u m u la te s  in re sp o n s e  to  in c rease d  A O S 
g e n e ra tio n , o r  to  c o m p e n sa te  fo r  d e c re a se s  in th e  d efen ce



c ^ ijac ity  o f  o th e r  a n tio x id a n ts , a n d  G S H  le v e ls  a re  c o n s ti-  
l i  fyely  h ig h e r  in p la n ts  a d a p te d  to  s tre s s  c o n d itio n s  

S u p p le m e n ta ry  e v id e n c e  fo r  th e  ro le  o f  G S H  in 
d c fe n c c  w a s  p ro v id e d  b y  tra n sg e n ic  A r a h id o p s is  p lan ts

1 w im  a lim ite d  b io sy n th e tic  c a p a c ity  fo r  G S H . T h e  d e c reased  

i 'C jB i poo l a p p a re n tly  re n d e rs  th e m  su b s ta n tia lly  m o re  
'stjjB|si|ive to  d if fe re n t s tre s se s  ( su c h  a s  C u , C d , p h o to o x id a -

f o r 'o z o n e  s tre s s )  [9 7 ]. F u rth e rm o re , th e  re a c tiv e  cy s te in  
d u e  e n a b le s  G S H  to  k e e p  th io l g ro u p -c o n ta in in g  pro- 
s 'in  th e ir  n a tiv e  s ta te  d u r in g  s tre s s  co n d itio n s . F o r 

e x a m p le , u n d e r  w a te r  s tre s s  c o n d it io n s , G S H  p ro te c ts  sp e ­
c i f ic  p ro te in  th io l g ro u p s  fro m  ir re v e rs ib le  fo rm a tio n  o f  
in ti^am blecular d isu lf id e  b o n d s.

CJSli m e ta b o lism  is a ls o  tie d  in to  o th e r  d e fe n c e  p a th ­
w a y s . F o r  e x a m p le , d i ife re n t  so u rc e s  h a v e  d e s c rib e d  a ro le  
fo r  G S H  in A S C  re g e n e ra tio n , b o th  in th e  c h lo ro p la s t an d  in 
th e  cy to so l ( |7 2 | ;  se e  fu rth e r  in th is  te x t) . G S S G  re d u c tio n  
i ts e lf  re q u ire s  N A D P H  as a  so u rc e  o f  e le c tro n s  fo r  its 
re d u c tio n . The G S H -G S S G  re d o x  p a ir  c a n  th e re fo re  on ly  
lliq c iio n  ■ w ith  an  a d e q u a te  su p p ly  o f  N A D P H , R e cen t 
e x p e r im e n ts  in d ic a te  th a t G S H  m a y  fu n c tio n  as a  c e llu la r  
se n so r  to  e n su re  m a in te n a n c e  o f  th e  N A D P H  p o o l (65], 
fu rth e r  i l lu s tra tin g  th e  in te r tw in in g  o f  th e  m e ta b o lism  o f  
d i ferent] redox  c o m p o u n d s . T h e se  c o n n e c tio n s  u n d o u b te d ly  
in  :rcase  th e  c h a n c e s  o f  th e  p la n t  c e ll fo r  d isp la y in g  an 
<m tim al d e fe n c e  c a p a c ity  a g a in s t  s tre s s fu l co n d itio n s , 

j A  th ird  se rie s  o f  p ro c e ss e s  in v o lv in g  G S H , c o n c e rn s  th e  
ilfi :p)(iflcation o f  h e a v y  m e ta ls  a n d  x e n o b io tic  c o m p o u n d s . 
l̂ C j(ym erisation o f  G S H  y ie ld s  p h y to c h e la tin s , w h ic h  a re  

ici| c ia l in ic o n tro ll in g  c e llu la r  h e a v y  m e ta l co n c e n tra tio n s . 
,'O lfese ^phytochelatins h a v e  a p a r tic u la r ly  h ig h  a ffm ity  fo r 
c o p p e r  an d  c a d m iu m  io n s an d  a re  ab le  to  fo rm  c o m p le x e s  

the^c  h e a v y  m e ta l io n s. T h e se  c o m p le x e s  w ill b e  
ir i t t s p o r te d  in to  the v a c u o le , le a v in g  c y to p la s m ic  e n z y m e s  
u r /h a n n c d  176 |. G S H  is a lso  u se d  b y  th e  G S H  S -tra n s fe ra se s  
in th e  d e to x if ic a tio n  o f  o rg a n ic  c o m p o u n d s  [ 6 1 1. X e n o b io t-  
ics j b u t a lso  m e ta b o lite s  su c h  a s  a n th o c y a n in s , a re  c o ­
v a le n tly  lin k ed  to  GSM  a n d  th e n  tra n s p o r te d  in to  the 
v ^ u o l e  (3 7 |.

3 . K v id c n c e  f o r  th e  in v o lv e m e n t  o f  A S C  in  c e ll cy c le  
c o n lro l

• S. A S t  m elciho lixm  is  c o n n e c te d  to  g ro w th  a n d  d iv is io n

I ts  free  ra d ic a l s c a v e n g in g  p ro p e r t ie s  m a k e  A S C  p iv o ta l 
colil dj^fence. H o w ev er, c o n f in in g  th e  m o le c u le  to  h av in g  
ly  th is  ro le  in p la n t p h y s io lo g y  w o u ld  d o  in ju s tic e  to  the 
[lected d a ta . A fa ir  a m o u n t o f  e v id e n c e  h a s  b e e n  p ro v id e d  

its  in v o lv e m e n t in a se rie s  o f  o th e r  p ro c e sse s . W e hav e  
m e n tio n e d  th e  ro le  o f  A S C  a s  c o fa c to r  in d iffe re n t 

dio ixygenasc re a c tio n s , o r  in  th e  b io sy n th e s is  o f  th e  p la n t 
lo n c s  g ib b e re llic  a c id  an d  e th y le n e  [6 J. T h e  h y p o th e s is , 

t ra ise d  b y  R e id  in 1941 [7 8 ], th a t  A S C  is so m e h o w  
I'olVed in g ro w th  c o n tro l o f  p la n t c e lls , h as  g a in e d  n ew

su p p o rtiv e  ev id e n c e . M a in ly  d u r in g  th e  la s t 2 0  y e a rs , da ta  
h a v e  b een  c o lle c te d , su p p o r tin g  a ro le  fo r  A S C  in g ro w th  
reg u la tio n .

A  firs t s e t  o f  d a ta  d e sc r ib e s  th e  co rre la tio n  b e tw e e n  A SC  
c o n te n t a n d  th e  g ro w th  c a p a c ity  in d iffe re n t p la n t tissues. 
F u rth e rm o re , p la n t a s c o rb a te  lev e ls  d e p e n d  on  th e  ago o f  the 
o rg a n ism  o r  th e  tissu e . F o r  e x a m p le , in th e  ap o p la s tic  fluid 
o f  P in u s  p in a s te r  A W on  h y p o c o ty ls , A S C  c o n te n t and  redox 
s ta tu s  se em  to  b e  d e c re a s in g  in p a ra lle l w ith  the g ro w th  
a c tiv ity  a lo n g  th e  h y p o c o ty l ax is , as w e ll as w ith  h y poco ty l 

a g e  [8 0 |.

A  d e c re a se  in A S C  c o n te n t h a s  a lso  b e e n  o b se rv e d  in 
P isu m  sa tiv u m  se e d lin g s  fro m  m e ris te m a tic  to d ifferen iiiiicd  
tis su e s . G e rm in a tin g  p o llen  g ra in s  o i' D a sy p y ru m  villosuoi 
a c tiv e ly  sy n th e s ise  A S C  [2 4 |. A lso , g ro w in g  p lan ts  (an d  cell 
c u ltu re s )  e x h ib it  c o n tin u o u s  b io sy n th e s is  o f  A SC  
[2 3 ,2 8 ,2 9 ,5 8 ], b u t w h e n  leav es  s ta rt  to  ag e , th e ir  ap o p las tic  
A S C  p o o l is d e p le te d , an d  th e  sy m p la s tic  A S C  c o n ten i is 
lo w ered  s ig n if ic a n tly  113,89],

A S C  c o n c e n tra tio n  c h a n g e s  d u r in g  d iffe re n t s ta g es in 
se e d  d e v e lo p m e n t, too . A  firs t s ta g e , c h a ra c te r ise d  b y  a h igh  
m ito tic  ac tiv ity , c o m p r ise s  th e  ac tu a l fo rm a tio n  o f  the 
e m b ry o . A t th is  p o in t  d u r in g  p la n t d e v e lo p m e n t a lm o st 90%  
o f  th e  to ta l a s c o rb a te  (A S C  +  D H A ) poo l is in the redu ccd  
s ta te . L a te r  o n , u p o n  th e  o n se t o f  ce ll e lo n g a tio n , th e  DMA 
lev e l r ise s  ab o v e  th e  A S C  lev e l [5 ], W h en  th e  e m b iy o  (and 
c o n c o m ita n tly , th e  se e d )  d e v e lo p  flirther, th e  A S C  pool 
b e c o m e s  e v e n  m o re  o x id ise d . In  th e  e n d , u p o n  se ed  m atu ­
ra tio n , th e  o n ly  fo rm  p re se n t is  D H A  15 ,22,90). T h e  stored  
D H A  w ill  b e  u se d  d u r in g  th e  d e v e lo p m e n t o f  th e  seed ling , 
to  e n s u re  th e  p re se n c e  o f  an  A S C  p o o l in th e  y o u n g  p lan tle t, 
n e c e s sa ry  fo r  its d e v e lo p m e n t. S tu d ie s  on  w h e a t and  p ine 
e m b ry o s sh o w  th a t, d u r in g  th e  firs t h o u rs  a f te r  g erm in a tio n , 
e m b ry o s  p ro v id e  th e m se lv e s  w ith  A S C  th ro u g h  th e  red u c ­
tio n  o f  D H A , s to re d  in sid e . T h e  D H A  re d u c tio n  c a p a c ity  o f  
e m b ry o s  is h ig h  in th e  firs t h o u rs  a f te r  g e rm in a tio n , and 
d e c re a se s  g ra d u a lly  a f te rw a rd s  [2 2 ,3 0 .9 0 1. A S C  b io sy n th e ­
sis  is  in itia te d  fro m  th e  m o m e n t o f  g e rm in a tio n  o n w ard s: 
w h e a t, p in e  an d  b ro a d  b e e n  se ed s  p o sse ss  a lre a d y  A SC  
b io sy n th e tic  cap ac ity , an d  w h ile  th e  se e d lin g  g ro w s, the 
D H A  re d u c tio n  c a p a c ity  d e c re a se s  g rad u a lly , and  A SC  
b io sy n th e s is  b e c o m e s  m o re  im p o rta n t th a n  D H A  redu c tio n  
in d e te rm in in g  th e  A S C  p o o l s iz e  [22 .9 0 ].

A p p aren tly , c h a n g e s  in n o rm a l A S C  m e ta b o lism  hav e  a 
p ro fo u n d  e ffe c t on  g ro w th  ra te s . F o r  e x a m p le , a p p lic a tio n  o f  
A S C  o r  L - g a l a c t o n o - y - l a c t o n e  (G L , th e  las t b io sy n th e tic  
p re c u rso r  in th e  A S C  b io sy n th e s is , [8 3 ])  to l.u p in u s  u th u s  
se e d lin g s  in c re a se s  th e  p ro d u c tio n  o f  la te ra l r o o t s  and 
s tim u la te  th e  a c tiv ity  o f  p r im a ry  an d  se c o n d a ry  m e ris te m ­
a tic  tis su e  |4 ] .  A n  in c re a se  in th e  m ito tic  ind ex  o f  to b acco - 
c u ltu re d  c e lls  o c c u rs  as a  c o n s e q u e n c e  o f  A S C  b io sy n th es is  
s tim u la tio n  w ith  G L  [2 8 ]. O n  th e  o th e r  h an d , a lthough  
tre a tin g  A ra h id o p s is  su s p e n s io n  c e lls  w ith  A S C  p recu rso rs  
( fo r  e x a m p le  G L ), d o e s  in c re a se  A S C  sy n th e s is  rates and 
in tra c e llu la r  A S C  c o n c e n tra tio n s , n o  c h a n g e s  in cell n u m ­
b e rs  w e re  o b se rv e d  [2 0 ].



pe< [rcases in  th e  in te rn a l A S C  c o n c e n tra tio n  m a y  d e ­
g ro w th  ra te s . T w o  d if fe re n t  s tra te g ie s  h a v e  b e e n  u se d  
to  lo w e r c e llu la r  A S C  lev e ls : th e  a p p lic a tio n  o f  a 

M y n th c s is  in h ib ito r, a n d  th e  iso la tio n  o f  b io sy n th e tic  
litaM s, c o n ta in in g  le s s  A S C . T h e  a lk a lo id  ly c o r in e  w as 
ijjcribed a s  a p o te n t a n d  sp e c ific  in h ib ito r  o f  A S C  b io sy n - 
(>Si^jf2|, in p a r tic u la r  o f  th e  L -g a la c to n o -y - la c to n e  d eh y - 
flgfenaso (G L D U )  [2 5 ], th e  la s t e n z y m e  o f  th e  S m irn o ff  
'h e e le r  p a th w a y  [8 3 ]. A p p lic a tio n  o f  th is  a lk a lo id  to  lu p in e  
e d lin g s  in h ib ite d  g ro w th  f4 |.  I t s h o u ld , h o w e v e r , be  
cn tio n e d  th a t th e  sp e c if ic ity  o f  th is  c o m p o u n d  is u n d e r  
;bate . N o  in h ib itio n  b y  ly c o r in e  w a s  o b se rv e d  o f  th e  
irifibd  G L D H  fro m  c a u lif lo w e r  [2 0 ]. O n  th e  o th e r  h an d , 
c o r in c  d id  in h ib it th e  p u rifie d  G L D H  fro m  sw e e t p o ta to  
Oj. l.u c k ily , an a s c o rb a te -d e f ic ie n t A r a b id o p s is  m u ta n t 
o n ta in in g  o n ly  3 0 %  o f  th e  A S C  c o n c e n tra t io n  o f  w ild  ty p e  
^ahiciopsis  p la n ts )  h a s  b e e n  iso la te d , c a lle d  th e  v(c}  m u ta n t 
i tam in  c ) 116 |, S ig n if ic a n t re d u c tio n  in  g ro w th  co u ld  be 
)^crved  in th e se  m u ta n ts  [9 4 ], a fa c t th a t ad d s  to  th e  
M dencc co n firm in g  a  lin k  b e tw e e n  A S C  a n d  g ro w th  
m trd l.

'In c lu s io n  o f  A S C  in th e  g ro w th  m e d iu m  in in v itro  
Ip c rim e n ts , p ro m o te s  g ro w th  a n d  d e v e lo p m e n t. E x p e ri-  
eh ts 'jo n  so m a tic  e m b ry o g e n e s is  in w h ite  sp ru c e  d em o n - 
ij^tcd th a t th e  h ig h e r  le v e ls  c o r re la te  w ith  an  in c re a se d  
m b rj^ g c n ic  c o m p e te n c e . In  a d d itio n  th e  A S C  re d o x  s ta tu s 
le f in id  a s  th e  ra tio  o f  th e  c o n c e n tra t io n  o f  th e  re d u c e d  
l|tm! to  th e  c o n c e n tra tio n  o f  b o th  th e  re d u c e d  a n d  th e  
i id ise d  fo rm s , i.e . [A S C ]/( [A S C ]  +  [D H A ]), in c re a se s  d u r- 

th e  4 e v e lo p m e n t o f  th e s e  sp ru c e  e m b ry o s  [8 5 ]. A d d itio n  
fo ic jg e n o u s  A S C  in c re a se s  th e  g e rm in a tio n  f re q u e n c y  o f

'p m b ry o s, a s  w e ll a s  th e  s iz e  o f  th e  a p ic a l reg io n , 
•esu m ab ly  b e c a u s e  o f  th e  p ro d u c tio n  o f  a  la rg e r  n u m b e r  o f  
a f  p iim o v d ia  IH4]. F in a lly , in  v itro  sy s te tn s  f re q u e n tly  n eed  
S C  a p p lic a tio n  to  e n h a n c e  sh o o t fo rm a tio n  [53]. 

iThu* o v e ra ll  c o n c lu s io n  fro m  th e s e  d a ta  is  th a t A S C  is 
:e p ly  lin k ed  to  p la n t g ro w th . H o w e v e r , p la n t g ro w th  
jr ic ra lly  d e p e n d s  u p o n  tw o  d is tin c t p ro c e sse s : c e ll e lo n g a - 
on a n d 'c e ll  d iv is io n . T h e  ro le  o f  A S C , o r  ra th e r, M D H A , in 
; 1I e lo n g a tio n  h as  b e e n  a m p ly  d o c u m e n te d  ( re v ie w e d  in 
i9]). It is  a s su m e d  th a t M D H A  is a b le  to  in v o k e  an 
^erg isa tion  o f  th e  p la s m a  m e m b ra n e , an  a c tiv a tio n  o f  th e  
lasm a m e m b ra n e  A T P ase , w h ic h  w ill th e n  e n h a n c e  cell 
a ll ac id if ic a tio n . M D H A  a lso  c a u s e s  an  in c re a se d  v a c u o li-  
ition j a  p ro c c ss  th a t  d r iv e s  c e ll e lo n g a tio n  ev e n  m ore , 
^ v e rih e le s s , th e  m o d e l p re se n te d  in th o se  re v ie w s  is n o t 
ifTicscnV to  e x p la in  a ll g ro w th -re la te d  a c tio n s  o f  A S C . T h is  
:d..tci Ihc n o tio n  th a t  A S C  (a n d  o th e r  re d o x  c o m p o u n d s , 
P ^ ib ly  ev e n  sy n e rg is tic a lly )  m a y  h a v e  an  e f fe c t o n  th e  
j ^ t  ^ e ll cy c le .

I

5 'U s e  m e d ia te s  tra n s it io n  in to  S -p h a se

u jl l ie  iparliest re p o rts , d e s c r ib in g  a  p o ss ib le  lin k  b e tw een  
[ ^ m e t a b o l i s m  an d  ce ll c y c le  r e g u la tio n , d a te  fro m  1984, 

l i jw ih g  th a t A S C  is r e q u ire d  fo r  c e ll d iv is io n , a n d  ev en

p ro m o te s  th e  c e ll c y c le  p ro g re s s io n  o f  c o m p e te n t cc lls . In 
th e se  re p o rts , c o n s id e ra b le  in c re a se  in m ito tic  a c tiv ity  w as 
o b ta in e d  fo llo w in g  th e  a d d itio n  o f  1 m M  a sco rb ic  ac id  to 

A lliu m  c e p a  ro o ts  g ro w n  in w a te r  158]. T h e  c le a re s t d e m ­
o n s tra tio n  o f  th e  e ffe c t th a t  A S C  s tim u la te s  cc lls  to  e n te r  the 
ce ll c y c le  c a m e  w ith  o b se rv a tio n s  o n  c e lls  from  a roo t tip  
q u ie sc e n t c e n tre  (Q C ). Q C  c e lls  a rc  k n o w n  to d iv id e  rare ly , 
a n d  to  h a v e  th e ir  c e ll c y c le  e x te n d e d  m o stly  in G l .  
T re a tm e n t o f  A . c e p a  ro o t t ip s  w ith  a s c o rb ic  ac id , how ever, 
s tim u la te s  th e se  to  u n d e rg o  D N A  sy n th e s is , lead in g  to a 
sh o r te n in g  o f  G l  p h a se , a n d  a  s tim u la te d  e n try  in to  S phase. 
A d d itio n a lly , A S C  d o e s  n o t o n ly  s tim u la te  th e  a c tiv ity  o f  the 
Q C  ce lls , b u t  a lso  ce ll p ro life ra tio n  in th e  e n tire  root 
m e ris te m , a n d  in  th e  p e r ic y c le  (3 ,5 1 ,5 9 ). T h is  o b se rv a tio n  
w as re p e a te d  la te r  w ith  Z e a  m a y s  ro o t tip s  ( 5 7 1, O n  the o th e r  
h an d , ro o ts  tre a te d  w ith  ly c o r in e  d isp la y e d  a d ec lin e  in the 
a m o u n t o f  e n d o g e n o u s  A S C  in th e  ro o t tip . S im u lta n e o u s ly  
th e  c e ll c y c le  w a s  in te rru p te d  d u r in g  G l  an d  G 2  p h ases  |5X |. 
F ro m  all th e se  d a ta , it c an  b e  re a so n a b ly  assu red  th a t A SC  
is in so m e  w a y  in v o lv e d  in th e  G l - S  tra n s itio n , and  that the 
p re se n c e  o f  A S C  is n e c e s sa ry  in  o rd e r  to c o m p le te  th is 
tran s itio n .

T h e  n e c e s s ity  fo r  A S C  d u r in g  ce ll c y c le  p ro g ress io n  is 
n o t l im ite d  to  p la n t c e lls  on ly . A S C  se e m s to  p lay  a s im ila r  
ro le  in a n im a l c e lls , w h e re  it a p p a re n tly  s tim u la te s  th e  en try  
o f  q u ie s c e n t 3T 3  c e lls  in to  S p h a se  [6 ‘) | .  A S C  is a lso  
co n s id e re d  e s se n tia l fo r  th e  in  v itro  g ro w th  o f  p la sm a c y ­
to m a  ce lls , an d  it in f lu e n c e s  th e  p ro life ra tio n  o f  h um an  

leu k em ic  an d  p re le u k e m ic  c e lls  [7 4 ]. P 'u rtherm ore , both  
A S C  an d  M D H A  s tim u la te  th e  p ro life ra tio n  o f  l lL - 6 0  cc lls 
in s e ru m -lim itin g  m e d ia , b y  sh o r te n in g  th e  o v e ra ll cell cycle  
len g th  f l .3 8 ] .

I t  is  ra th e r  s ig n if ic a n t th a t a ll th e se  e x p e r im e n ts  ap p a r­
en tly  d e m o n s tra te  th a t  th e  A S C -e n h a n c e d  cell c y c le  ac tiv ity  
is n o t d u e  to  an  A S C -m e d ia te d  en h a n c e m e n t o f  the overall 
s ta te  o f  c o m p e te n c e  o f  th e  ce ll. C o m p e te n c e  is a s ta te  w h ich  
is n ecessa ry , b u t  n o t su ff ic ien t, fo r  ce il c y c lin g : th e  p ro g re s ­
sio n  a lso  h as  to  b e  s tim u la te d . F o r  e x a m p le , q u ie scen t 
e m b ry o  c e lls  sp e e d e d  u p  th e  G O -G l tran s itio n  d u rin g  
g e rm in a tio n  in  th e  p re se n c e  o f  a sc o rb ic  ac id . M oreover. 
A S C  se e m s  a  d e c is iv e  fa c to r  in th is  re sp e c t, bu t can n o t 

in d u c e  n o n -e o m p e te n t c e lls  to  o v e rc o m e  p ro lil 'c ra tion  arre st 
(1 9 ], su g g e s tin g  th a t th e  p r im a ry  fu n c tio n  o f  A S C  is lo 

e n a b le  a lre a d y  c o m p e te n t  c e lls  to  p ro g re s s  th ro u g h  th e  cell 
c y c le  p h a se s . O n e  m ig h t re p h ra se  th e  d e fin itio n  o f  c o m p e ­
ten ce , th en , ta k in g  in to  a c c o u n t th e  e x is te n c e  o f  so -ca lled  
ce ll c y c le  c h e c k p o in ts . U is g e n e ra lly  a s su m e d  th a t th e  ccll 
has to  c ro ss  tw o  c h e c k p o in ts , o n e  a t th e  tran s itio n  fro m  G 1 

to  S -p h a se , th e  o th e r  a t  th e  G 2 - M  tra n s itio n  |4 0 | .  A t each  o f  
th e se  p o in ts , a d e c is io n  h a s  to  b e  ta k e n , n a m e ly  w h e th e r  a 
n e w  c y c le  is to  b e  in itia te d  ( G l - S  c h e c k p o in t) , o r  w h e th e r  
th e  c e ll is  re a d y  to  d iv id e  ( a t  th e  o n se t o f  m ito sis). A 
co m p e te n t ce ll m a y  th e n  a s  w e ll b e  red e fin e d  a s  a ce ll, ready  
to  c ro ss  th e  G l - S  c h e c k p o in t  (w ith  th e  d ec is io n  to  go  
th ro u g h  a n o th e r  c e ll c y c le  ro u n d  a lre a d y  ta k e n ) , bu t it m ig h t 

s till lack  c e r ta in  s tim u li to  a c tu a lly  d o  so . F o r  e x a m p le , an
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2. Ph/siological meaning o f  dehydroascorbate-mediated cell cycle  
tjibition. W hile the presence o f  a  sufficient amount o f  ascorbate is 

pssiiry for the occurrence o f  cell d ivision , excess dehydroascorbate w ill 
ttvcly block it. The presence o f  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 A S C  c o n c e n tra t io n  (o r  a  fa v o u ra b le  re d o x  s ta tu s )
, iT j^  b e  n e c c s sa ry  to  c o m p le te  o n e  o r  m o re  p ro c e sse s  lin k ed  
' lijjth c  tra n s itio n  to  D N A  sy n th e s is . T h e  q u e s tio n  re m a in s  as 

to jh o w  th is  is m ed ia ted .

S ev e ra l p o ss ib le  m e c h a n is m s  fo r  an  A S C -e n h a n c e d  tran - 
s itio ti b a v e  b een  p ro p o se d  o v e r  th e  y e a rs . T o  in te g ra te  the 
fa c ts  lisjtcd a b o v e  on  th e  e ffe c t o f  A S C  o n  p ro p e r  ce ll cy c le  

■ progression, tw o  d is tin c tly  d if fe re n t, n o t  m u tu a lly  e x c lu s iv e  
'h y p o th e se s  h av e  b een  p u t fo rw a rd , e a c h  fo c u s in g  on  a 
d if fe re n t p ro c e ss  (F ig . 2), T h e  firs t m e c h a n ism , e x p la in in g  
th e  cfTect o f  A S C  o n  c e ll  c y c le  p ro g re s s io n , in v o lv es  
liy d ro x y p ro lin e  sy n th e s is . A s s ta te d  b e fo re , A S C  is b e in g  
u sed  as c o fa c to r  by  th e  e n z y m e  p ro ly l h y d ro x y la s e  fo r  th e  
po$ ttran jrta tional h y d ro x y la tio n  o f  p ro lin e  res id u es . 
I ly d ro x y p ro lin e -r ic h  p ro te in s  a re  a p p a re n tly  n e e d e d  d u rin g  
p rp g re ss io n  th ro u g h  th e  c e ll c y c le  (1 7 ,3 0 j. I t w a s  hypoth- 
c s  se d  th a t a  lack  o f  A S C  w ill p re v e n t th e  fu n c tio n a l
ll j  i l ro x j^ ro lin e -r ic h  p ro te in s  fro m  fo rm in g , a n d , h e n c e , w ill 

Ipk th e  ce ll c y c le . O th e r  d a ta  sh o w  th a t  u n d e rh y d ro x y la -  
n o f  p ro lin e  r e s id u e s  in d u c e s  a  c e ll c y c le  b lo c k  d u r in g  
ta p h a s c  [.K)"!.

|?^o lifera ting  c e lls  in th e  ro o t t ip  o f  3 -d a y -o ld  p la n tle ts  
b e  a rre s te d  a t th e  G l - S  b o u n d a ry  b y  h y d ro x y u re a  

•anjp lication . It w a s  sh o w n  th a t a d d itio n  o f  e x o g e n o u s  A S C  
j iM d e  ih e s e  c e lls  re su m e  th e  c e ll c y c le  e a r l ie r  th an  th e  
c o n tro l c e lls  [1 5 |.  T h is  o b se rv a tio n  b ro u g h t u p  a  se c o n d  

^ l i^ o th e s i s  o n  th e  e x a c t ro le  o f  A S C  in th e  e n h a n c e m e n t o f  
u a l  c y c le  ac tiv ity . A p p a re n tly , th e  h y d ro x y u re a  tre a tm e n t 
b lo c k s  th e  c e lls  in th e ir  c e ll c y c le  b y  d e s ta b ilis in g  th e  iron  
c e n tre  p re se n t in  th e  r ib o n u c le o tid e  re d u c ta se , th e  e n z y m e  
re sp o n s ib le  fo r  th e  p ro d u c tio n  o f  d e o x y r ib o n u c le o tid e s  ( 6 6 1. 
I'hq re c o n s titu tio n  o f  th is  c e n tre  re q u ire s  th e  p re se n c e  o f  
Fe^'* io n s. A  p la u s ib le  so u rc e  m ay  b e  p ro v id e d  b y  th e  Fe^"^ 
b in d in g  p ro te in  fe rr itin . T h is  p ro te in  is p re se n t in p la n t ce lls

[19], In v itro , it  w a s  d e m o n s tra te d  th a t A S C  co u ld  in crease  
th e  iron  re le a se  fro m  its  fe rr itin  s to c k  [491, I f  th is reac tion  
w o u ld  w o rk  in v iv o  a s  w e ll, an  in c re a se d  lev e l o f  A S C  in the 
ce ll w o u ld  sp e e d  u p  th e  re g e n e ra tio n  ra te  o f  th e  iron  cen tre  
o f  th e  r ib o n u c le o tid e  re d u c ta se . In  a  m o re  n a tu ra l situ a tio n , 
A S C  m ay  b e  re q u ire d  to  k eep  u p  a ce rta in  level o f  
rib o n u c le o tid e  re d u c ta se  a c tiv ity  d u r in g  S  phase . A S C  
d e p le tio n  w o u ld  th e n  s lo w  d o w n  th e  re g e n e ra tio n , and. 
h e n c e , keep  th e  c e lls  f ro m  e n te r in g  S p h ase .

3.3. D H A  b lo c k s  tra n s itio n  in to  S -p h a se

N e v e rth e le s s , se v e ra l a u th o rs  s ta r te d  to  e v a lu a te  no t only  
th e  e ffe c t o f  a n  in c re a se d  o r  d e c re a s e d  co n c e n tra tio n  o f  
A S C , b u t a lso  o f  th e  ro le  o f  th e  A S C  red o x  s ta tu s , and  o f  ihe 
p re se n c e  o f  th e  d if fe re n t o x id a tio n  fo rm s . In d eed , also  
M D H A  a n d  D H A  e x e r t a  c e r ta in  in flu e n ce  on  th e  ce ll cycle , 
n o t  a ttr ib u ta b le  to  a  r ise  in A S C  c o n c e n tra tio n . F o r  ex am p le , 
D e C a b o  e t al. [21] d e m o n s tra te d  a sh o r te n in g  o f  th e  (J l 
p h a se  in a  d iv id in g  o n io n  ro o t m e ris te m  c e lls  d u e  to  the 
ac tio n  o f  m o n o d e h y d ro a sc o rb a te , n o t  A S C . M o reo v er, w h ile  
A S C  (an d  M D H A ) s tim u la te  g ro w th , D H A  a c tu a lly  inh ib its  
p la n t g ro w th . F o r  e x a m p le , ro o t e lo n g a tio n  is inh ib ited  

w h e n  b u lb s ro o t in a h y d ro p o n ic  m e d iu m  c o n ta in in g  D IIA  
[18]. S u ch  a re d u c tio n  m a y  b e  c a u s e d  b y  in h ib itio n  o f  cell 
e x p a n s io n , b u t  a n  in h ib ito ry  e ffe c t o f  D H A  o n  ce ll p ro lif­
e ra tio n  se e m s e q u a lly  likely . T h e  la tte r  h y p o th e s is  is su p ­
p o r te d  by  th e  lo w  ra te s  o f  in c o rp o ra tio n  o f  tritiu m -lab e lled  
th y m id in e  in ro o t m e r is te m s  su p p lie d  w ith  e x o g e n o u s  D H A  
[2 1 ]. K erk  an d  F e ld m a n  [57] w e re  ab le  to  e s ta b lish  a d irec t 
co rre la tio n  b e tw e e n  A S C  red o x  s ta tu s  a n d  ce ll p ro life ra tio n  
ra te s  in th e  Z e a  m a y s  Q C , b y  p o in tin g  o u t th e  in crease d  A SC  
o x id a se  a c tiv ity  in th e  Q C . T h is  e n z y m e  c a u se s  th e  o x id ised  
D H A  to  b e c o m e  th e  p re v a le n t fo rm  in th is  p a r tic u la r  reg ion  
o f  th e  ro o t. T h is  is  in c o n tra s t  to  th e  v e ry  low  D H A  

c o n c e n tra tio n s  in  th e  m e ris te m  itse lf , s itu a te d  n e x t to  the 
Q C . A s m e n tio n e d  b e fo re , a d d itio n  o f  (e x o g e n o u s ly  ad d ed ) 
A S C  to  th e  ro o t t ip  r e su lte d  in re su m e d  c e ll d iv is io n  in the 
Q C  ce lls . In an y  c a se , w h ile  A S C  a n d  M D H A  s tim u la te  cell 
c y c le  ac tiv ity , e le v a te d  D H A  c o n c e n tra tio n s , in the cu ltu re  
m ed iu m  o r  in s id e  th e  c e ll , a c tu a lly  in h ib it  g ro w th .

M o re  re c e n t r e se a rc h  su p p o r tin g  th is  h y p o th e s is  focused  
m a in ly  o n  th e  N ic o tia n a  ta b a c u m  L. ev. B rig h t Y ellow -2  cell 
su sp e n s io n  (B Y -2). D u e  to  its ra p id  g ro w th  and  its h igh ly  
sy n e h ro n isa b le  c h a ra c te r , th is  su sp e n s io n  cu ltu re  is  m ost 
a d e q u a te  fo r  b io c h e m ic a l s tu d ie s  o n  th e  reg u la tio n  o f  
g ro w th  an d  c e ll d iv is io n . D u rin g  th e  g ro w th  o f  a  BY -2 cell 

cu ltu re , a tra n s ie n t p e a k  in th e  e n d o g e n o u s  A S C  level w as 
sh o w n , d u r in g  th e  p e r io d  w h e n  th e  c e lls  w e re  d iv id in g  
ex p o n e n tia lly . U p o n  e n tra n c e  in th e  s ta tio n a ry  p h ase , the 
A S C  co n c e n tra tio n  an d  re d o x  s ta tu s  d e c re a s e d  12X.54[. K ato  
a n d  E sak a  [54] p ro v id e d  f lir th e r  e v id e n c e  p o in tin g  a l a 
p o ss ib le  A S C -m e d ia te d  re d o x  c o n tro l o f  th e  ce ll cy c le  by 
d e m o n s tra tin g  a tra n s ie n t p e a k  in th e  D H A  co n cen tra tio n , 
w ith  a c o n c o m ita n t d e c re a s e  in th e  A S C /D H A  ra iio  du rm g  
M  p h ase . T h is  in c re a se  a ls o  c o r re la te d  w ith  a tem p o rary
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:i;ea8t  in A S C  o x id a s e  e x p re ss io n  d u r in g  G 2  an d  M  p h ase  
5 4 ). ' t h e s e  re su lts  b ro u g h t u p  th e  h y p o th e s is  th a t  in tra c e l­
la r  lev e ls  o f  D H A  m ay  b e  c o n tro lle d  b y  th e  c e ll cy c le , 
ro u g h  th e  e x p re ss io n  o f  A S C  o x id a s e , w h ic h  is, su rp ris -  
j>lyi, an  a p o p la s t ic  en z y m e .
R e g u la lin g  th e  D H A  c o n te n t  th ro u g h o u t th e  ce ll cycle  

ay  a t firs t se e m  to  h a v e  n o  re a so n . Y et th e re  m a y  b e  a 
y^ijoliigical e x p la n a tio n . B e in g  th e  m a jo r  a n tio x id a n t in 

q i ^ p p la s t ,  A S C  is a  l ik e ly  c a n d id a te  to  p la y  a  ro le  in  the 
_ g n a llin g  from  th e  a p o p la s t to  th e  c y to p la sm  re la te d  to  the 

■ ‘ f e id a t iv c  p ro p e r t ie s  o f  a  p o s s ib ly  s tre s s fu l  e n v iro n m e n t. 
jJ u r in g  s tre s s  co n d itio n s , th e  in te rn a l D H A  co n c e n tra tio n  
m ig h t rem a in  h ig h . A  d e c re a s e  in  D H A  d u r in g  G 1 co u ld  
th e n  fu n c tio n  as a n e c e s sa ry  an d  p o s itiv e  s ig n a l fo r  th e  cell 
to  p ro c e e d  in to  S  p h a s e  (K ig. 3 )  (5 4 ).

. A lso , th e  e n d o g e n o u s  D H A  s ig n a l o r ig in a te s  in the 
a p o p la s t, w h ic h  im p lie s  th a t g ro w th  c o n tro l ,  m e d ia te d  by  
th e  A S C  D H A  re d o x  p a ir , is  a  p ro c e ss  im p lic a tin g  d iffe ren t 
p c tio n s  in v a r io u s  ce ll c o m p a r tm e n ts . It m a y  a lso  p o in t  to 
th e  o c c u rre n c e  o f  sp e c ific  p ro c e ss e s , in v o lv in g  A S C , a t the 

M  tG l  tra n s itio n , T h e  fo rm a tio n  o f  a  n e w  p a r t o f  th e  ce ll 
w a ll p ro c e s s  n o rm a lly  h ig h ly  re g u la te d  b y  A S C )  m ay  as 
w ^ ll be  lin k ed  to  th e  o b se rv e d  c h a n g e s  in A S C  m e ta b o lism . 
A n  h y p o th e s is  fo r  th e  e f fe c t o f  D H A  o n  c e ll c y c le  p ro g res -  
iion hBB b e e n  ra ise d  in  C h in e s e  h a m s te r  o v a ry  c e lls . W h en  
h o se  a S 5 2  c e lls , p re v io u s ly  e n r ic h e d  w ith  A S C , a re  su b - 
c c tc d  to  an  o x id a tiv e  s tre s s  tre a tm e n t  (m e d ia tin g  the 
)x id a tjo n  o f  A S C  to  D lfA ) , th e  c y c l in -c y c lin -d e p e n d e n t

I c inasc c o m p le x , re sp o n s ib le  fo r  G 2 - M  tra n s itio n  w a s  inh ib -

d i n  j.
■fh« e x p la n a tio n  g iv e n  a b o v e  w a s  e a s i ly  c h e c k e d  by  

i Id d itio n  o f  e x c e s s  D H A  (1 m M ) to  a sy n c h ro n is e d  BY -2 
iiiltu re , d u r in g  G I  p h a se . T h is  w a s  a s su m e d  to  ra ise  in te rn a l 
D H A  c o n c e n tra tio n s , le a d in g  to  a  d e la y  in th e  o n se t o f  S 
|) h a  sc , A  h ig h -a flln ity  DM A tra n sp o r te r  (K m  =  139 |.iM ) has

b e e n  d isc o v e re d  a t  th e  p la sm a  m e m b ra n e  o f  th is  ce ll line, 
en s u rin g  e ff ic ie n t u p ta k e  144]. F u rth e rm o re , th is trea tn ien i 
re su lte d  in th e  e x p e c te d  te m p o ra ry  d e la y  in ce ll cy c le  

p ro g re s s io n , c h e c k e d  a t th e  n e x t o c c u rre n c e  o f  m ito s is  |7 5 ) , 
co n f irm in g  th e  ro le  o f  D H A  a s  a s ig n a l m o le c u lc . reg u la tin g  
ce ll d iv is io n .

H o w e v e r , a lth o u g h  in te rn a l a s c o rb a te  lev e ls  w en t up  
2 0 -fo ld  a f te r  a d d itio n  o f  D H A  to  B Y '2  c e lls , an in ternal rise 
in  D H A  c o n c e n tra t io n  d id  n o t  o c c u r  128.751. T h is  p ro m p te d  
th e  c o n c lu s io n  th a t  (a )  th e  o b se rv e d  d e la y  in  ce ll g ro w th  or 
ce ll c y c le  p ro g re s s io n  is n o t d u e  to  an increased  D H A  
co n c e n tra tio n , an d  (h )  a p p a re n tly  th e  c e lt p o ssesses  a very  
e ffic ie n t D H A  re d u c tio n  sy s te m  ( th e  n a tu re  o f  w h ich  w ill be 
d isc u sse d  la te r). N o w . an  in c re a se  o f  in le m a l A S C  p re v i­
o u sly  h ad  b e e n  c o n n e c te d  to  c e ll c y c le  sh o r te n in g  and  not in 
p ro lo n g a tio n , a s  o b s e rv e d  in th is  c a se . C e lls  trea ied  w ith  

v a r io u s  b io sy n th e tic  p re c u rso rs  d id  no t sh o w  any  c h a n g e s  in 
ce ll c y c le  a c tiv ity  e i th e r  (2 ()|. It w a s  th e re lb re  su sp e c tc d  tliat 
th e  re d u c tio n  o f  D H A  w a s  p ro b a b ly  th e  first s tep  in a 
p a th w a y , le a d in g  f ro m  D H A  to  th e  e v e n tu a l ce ll c y c le  b lock . 
T h e  flow  o f  e le c tro n s , n e e d e d  fo r  th e  re d u c tio n  o f  D H A . 
w ill a lte r  th e  re d o x  s ta tu s  o f  a n o th e r  m o le c u le , and  hcncc . 
i ts  a c tiv ity . D e sc r ip t io n  o f  a  p a th w a y  th a t w o u ld  a s s is t  in the 
p e rc e iv in g  th e  D H A  s ig n a l, an d  in c o m m u n ic a tin g  it w ith  
th e  c e l l  c y c le  re g u la to ry  sy s te m s , w o u ld  a t least sta rt w ith  
th e  id e n tific a tio n  o f  th e  p ro p e r  re d u c ta n ts  fo r  D ilA .

4 . E v id e n c e  f o r  t h e  in v o lv e m e n t  o f  G S H  in  ce ll cy c ic  

c o n t r o l

W h ile  a  f a ir  a m o u n t o f  d a ta  h a s  b e e n  c o lle c te d  o n  the 
in v o lv e m e n t o f  A S C  in th e  c e ll c y c le , c o n s id e ra b ly  less 
a tte n tio n  h a s  b e e n  d e v o te d  to  th e  ro le  o f  G S H . O n  the 
w h o le , th e  e f fe c t o f  G SFl o n  th e  ce ll c y c le  is still v ag u e  and 
n e e d s  m o re  d e sc rip tiv e  w o rk , so  th a t a  m o re  c lea r-cu t 
p ic tu re  e m e rg e s , lik e  in th e  c a se  o f  A S C . H o w ev er, tw o  
re p o rts  p o in t to  an  e f fe c tiv e  ro le  fo r  G S H  in ce ll cycle  
re g u la tio n , e a c h  fo c u s in g  on  A r a b id o p s is  ro o t tip s. Jusi like 
in  th e  c a se  o f  A S C  [571, G S H  ti.ssue d is tr ib u tio n  lev e ls  arc  
c o r re la te d  q u ite  n ic e ly  w ith  th e  ra te  o f  d iv is io n  In p a rts  o f  
th e  ro o t tip . H ig h  le v e ls  o f  G S H  can  be  found  in the 
e p id e rm a l a n d  c o r tic a l in itia ls , w h e re a s  th e  c o n c e n tra tio n  in 
th e  s lo w ly  d iv id in g  c e lls  o f  th e  Q C  w a s  2 7 %  low er, f re a tin g  
ro o ts  w ith  100 ^iM G S H  in c re a se d  th e  m ito tic  ac tiv ity , 
w h e re a s  a  d e c re a s e  in  e n d o g e n o u s  G S U . c a u s c d  b y  a p p li­
ca tio n  o f  th e  G S H  b io sy n th e s is  in h ib ito r  t.-b u th io n in e  su l- 
fo x im in e , lo w e re d  it [8 1 ]. A S C  and  d ith io th re ito l w ere  
a p p a re n tly  a b le  to  re p la c e  G S H  in th is  re sp e c t, p o in tin g  to 
th e  fa c t th a t  th is  p h e n o m e n o n  m a y  ra th e r  b e  lin k ed  to  a 
m o re  g e n e ra l fo rm  o f  re d o x  c o n tro l, ir re sp e c tiv e  o f  the 
c o m p o u n d  in v o lv e d .

F u rth e r  e v id e n c e  l in k in g  G S H  to  ce ll cy cIc  reg u la tio n  
c a m e  w ith  th e  d isc o v e ry  o f  a  G S H -d e p e n d c n t d e v e lo p m e n ­
tal p a th w ay , n e c e s sa ry  fo r  ce ll d iv is io n  in itia tio n  and 
m a in te n a n c e  in th e  ro o t m e ris te m . A p p a re n tly  th e  H O O T



M E R IS T E M IJC S S I ( R M L !)  g e n e  a c tu a lly  c o d e s  fo r  the 
7 -g lu ta m y lc y s te in e  sy n th a se  (y -E C S ) , th e  ra te -d e te rm in in g  
s te p  in G S II  b io sy n th e s is  (65 ,71  J. P la n ts  h o m o z y g o u s  fo r  a 
m iita tio n  in K M J ,  h ad  o n ly  3 %  o f t h e  w ild  ty p e  G S H  level. 
G S H  d e p le tio n  in a B Y -2 c e ll su s p e n s io n  cu ltu re  b lo c k e d  
c(  ̂,} c y c lc  a c tiv ity  a t th e  G l - S  tra n s itio n . T w o  d iffe re n t 
A- |y p c  Ijyclins, in v o lv e d  in th is  tra n s it io n , w e re  a lso  d o w n  
re  5u la te d  [ ^ 5 | (F ig . 2).

‘ A ls o  in  a n im a ls , d e  n o v o  G S H  s y n th e s is  w a s  p ro v e n  to
1 1 ijnecessary fo r  e n try  in to  a n d  p a s s a g e  th ro u g h  S -p h a se .
I i^ jc im p lc ,  D N A  sy n th e s is  i t s e l f  s e e m e d  re g u la te d  b y  the 

a n d  th e  ty p ic a l c y c lin - c y c l in -d e p e n d e n t  k in ase  
aiJ gvity  n ^ c c ss a ry  fo r  G l - S  tra n s it io n  a p p e a rs  to  b e  m o d u - 
!ai|6d  b y  th e  red o x  s ta te  o f  se v e ra l re g u la to ry  p ro te in s  [79], 
leav in g  c lu e s  fo r  th e  a c tio n  m e c h a n ism  w h e re b y  G S H  is 

{ im p o se d  lo o p e ra te  |6 5 | .  O n  th e  o th e r  h a n d , G S H  d e p le tio n  
h J^ b u th io n in e  su lfo x im in e  tr e a tm e n t d o e s  n o t a ffe c t cell 
c y t l c  p ro g re s s io n  in th e  o v a ry  c e ll lin e  A S 5 2  [11].

O n  th e  o th e r  h a n d , w h ile  e x o g e n o u s  A S C  an d  D H A  h av e  
a  d is tin c t e ffe c t on  th e  p ro g re s s io n  o f  th e  ce ll c y c le , a d d itio n  
o f  G S S G  o r  ( jS H  (a n d  in te rn a l r ise  o f  th e s e  c o m p o u n d s )  
d o c s  no i in flu e n ce  th e  re g u la r  g ro w th  d iv is io n  o f  th e  
to b a c c o  B Y -2 c e ll su sp e n s io n , b u t  ra th e r  th e  e x p a n s io n  o f  
th e se  c e lls  [281. T h is  m a y  a s  w e ll in d ic a te  th a t  th e  G S H  
re q u ire m e n t fo r  ce ll c y c lin g  in v o lv e s  j u s t  th e  p re se n c e  o f  a 
c r it ic a l c o n c e n tra tio n , w ith o u t w h ic h  d iv is io n  d o e s  no t 
o c c u r , w h ile  an y  rise  ab o v e  th is  lev e l is  o n ly  su p e rf lu o u s  in 
l e ^ S  o f  th e  ce ll c y c le . T h is  is  b e s t  il lu s tra te d  b y  th e  
p h e rlo ty p c  o f  a n o th e r  m u ta n t o f  th e  y E C S  g en e . T h e  
so -c a lle d  c a J 2 - l  m u ta tio n  ( in fe r r in g  h ig h e r  se n s itiv ity  to 
cUjimiuii(i to  th e  p la n t)  d e c re a s e s  G S H  le v e ls  to  3 0 %  o f  th e  
vi'ild ty p e  p la n ts , b u t d o e s  n o t in f lu e n c e  c e ll d iv is io n  [4 8 ]. A  

ig e r  d ro p  in G S H  c o n c e n tra t io n  ( lik e  in r m l- I  m u ta n ts , 
iich  c o n ta in  n o  m o re  th an  3 %  G S H , c o m p a re d  to  co n tro l 
ji<iS)lblocks d iv is io n  in th e  ro o t t ip  [9 5 ]. A s  s ta te d  a b o v e , 

is  rjot th e  c a se  fo r  A S C , w h e re  a  h ig h e r  A S C  a v a ila b ility  
i r ^ e a s c s  m ito tic  ac tiv ity , w h e re a s  A S C  d e p le tio n  h a lts  th e  
C M  cy c lc .

EVen m o re  g e n e ra l o x id a tiv e  s tre s s  tre a tm e n ts , lik e  th e

f lic a tio n  o f  m e n a d io n e  [7 7 ], lead  to  c e ll  c y c le  b lo ck in g , 
sfl e x p e r im e n ts  g a v e  r ise  to  th e  c o n c e p t o f  an  ‘o x id a tiv e  
■iS c h e c k p o in t p a th w a y ’. D u rin g  o x id a tiv e  s tre s s , par- 

t i c u ^ r  s ig n a ls  m a y  c o n v e rg e  o n  o n e  (o r  m o re )  sp e c ific  
re g u la to ry  e le m e n ts  fro m  th e  c e ll c y c le  to  b lo c k  o r  p re v e n t 
n o rm a l 'p ro g re s s io n  th ro u g h  th e  d if fe re n t p h a se s . In d eed , 
p larits  n eed  m e c h a n is m s  to  p ro b e  th e  le v e ls  o f  o x id a tiv e  
s tre ss . T heir se ss ile  n a tu re  re n d e rs  th e m  in c a p a b le  o f  f ligh t, 
le a v in g  th em  n o  o th e r  o p tio n  th a n  to  c o lle c t  a d e q u a te  
in fo rm a tio n  on  th e ir  s u r ro u n d in g s , to  be  a b le  to  a d a p t and  
e n d u re  e n v iro n m e n ta l c o n d it io n s  in  th e  b e s t p o ss ib le  m a n ­
ner. The A S C  a n d  D H A  re d o x  p a ir  is  su ita b le  fo r  th is  k ind  
o f  sc o u tin g  w o rk , an d  se v e ra l re p o r ts  in d ic a te  th a t d iffe re n t 

ty p e s  o f  e n v iro n m e n ta l s tre s s  r e su lt  in  a n  in c re a se d  o x id a ­
tio n  o f  th e  a p o p la s tic  A S C  p o o l [6 0 ,8 7 ]. D H A  h as  a lso  b een  
|K )posc(;l e ls e w h e re  [28] a s  a sp e c ific  re d o x  lin k  b e tw e e n  
thp  a p o p la s t a n d  th e  c y to p la sm .

T h e  a c tu a l p a th w a y s  an d  m e c h a n ism s , w h ic h  a re  re sp o n ­
s ib le  fo r  o x id a tiv e  s tre s s  se n s in g , o r, to  se n se  a ch an g c  in 
a p o p la s tic  A S C  re d o x  s ta tu s , a re  y e t to  b e  d isc o v e red . 
H o w ev er, b o th  A S C  an d  G S H  a re  m a jo r  team  p lay e rs  in the 
a n tio x id a tiv e  d e fe n c e  p a th w a y s , an d  h a v e  b een  lin k ed  in a 
b io c h e m ic a l m e c h a n ism , th e  H a ll iw e ll-A sa d a  c y c le  [35]. In 
th e  fo llo w in g  p a ra g ra p h s , w e  w ill g iv e  a b r ie f  su rv ey  on  the 
p o ss ib le  p a th w a y s  in v o lv e d  in th e  c o n n e c tio n  b e tw e e n  D H A  
an d  G S H , an d  o f  th e  p o ss ib le  lin k s  to w a rd s  cell cycle  
co n tro l.

5. ASC and  G SH , an in tim ate  coupic...

T h e  firs t p ro d u c t o f  m a n y  re d o x  re a c tio n s , w h ich  use  
A S C  a s  an  e le c tro n  d o n o r , is  M D H A . H o w ev er, a s  sta ted  
ab o v e , th e  d ilT eren t re d o x  fo rm s  o f  A S C  arc not on ly  
in te rc o n v e rs ib le  b y  e n z y m a tic  s te p s , sp o n ta n e o u s  d isp ro p o r- 
tio n a tio n  (a  re a c tio n  s tr iv in g  to  e q u ilib riu m ) i ts e lf  is a lread y  
su ffic ien t to  fo rm  a  c e r ta in  a m o u n t o f  D H A  from  M D H A . 
D e to x if ica tio n  o f  th e  o x id a tio n  p ro d u c ts , and  th e re fo re  
re g e n e ra tio n  o f  th e  A S C  p o o l, w ill s ta r t  w ith  th e  red u c tio n  
o f  th e se  tw o  c o m p o u n d s .

In th e  c h lo ro p la s t, tw o  e n z y m e s  a re  re sp o n s ib le  fo r A SC  
re g e n e ra tio n  fro m  its  tw o  o x id a tio n  p ro d u c ts , M D IIA  and 
D H A . T h e  M D H A  re d u c ta se  (M D H A R ) w ill u se  e lec tro n s 
fro m  N A D P H , to  e n su re  A S C  re g e n e ra tio n : fe rred o x in  can 
re d u c e  M D H A  d ire c tly  [8 ,6 7 ]. D H A  re d u c ta sc  (l)M A R ) 
lin k s  a s c o rb a te  to  g lu ta th io n e , w h ic h  is th e  o th e r m ajor 
so lu b le  a n tio x id a n t in p la n t c e lls . G S H  fu n c tio n s  as an 
e le c tro n  d o n o r  fo r  th e  D H A , c o n v e r t in g  it in to  A S C , w h ile  
G S H  i ts e l f  is  b e in g  o x id ise d  to  th e  d im e r  G S S G  (o x id ised  
g lu ta th io n e ). A  G S S G  re d u c ta se  w ill th e n  re -red u ce  the 
G S S G  to  G S H , th e re b y  c o n s u m in g  tw o  e le c tro n s  from  
N A D P H . T h e se  re a c tio n s , to g e th e r  w ith  A P X , co n s titu te  the 
H a ll iw e ll-A sa d a  c y c le  [35] ( fo r  a  re c e n t rev iew , see  |7 2 |) .

T h e  a s c o rb a te -g lu ta th io n e  c y c le  d o e s  n o t o n ly  o c c u r  in 
th e  c h lo ro p la s t. C o m p o n e n ts  o f t h e  A S C -G S H  cy c lc  have 
b e e n  re p o rte d  in th e  c y to p la s m , in m ito c h o n d ria  an d  p e r­
o x iso m e s , an d  re p re se n t an  im p o rta n t a n tio x id a n t p ro tec tio n  
sy s te m  a g a in s t H jO j  g e n e ra te d  in th e se  o rg a n e lle s  [5 2 |. l-'or 
e x a m p le  th e  e n z y m e s  in v o lv e d  in  th e  H alliw e ll A sad a  cycle  
a re  p re se n t as so lu b le  p ro te in s  in  th e  c y to p la sm  o f  S o lanu tn  
tu b e r  c e lls  [1 2 ] a n d  o f  Z e a  se e d lin g  an d  le a f  ce lls . A PX . 
M D H A R  a n d  D H A R  a c tiv itie s  a re  a lso  d e m o n s tra te d  in a 
m ito c h o n d ria l f ra c tio n  o f  S o la n u m  tu b e r  c e lls  p oss ib ly  
in d ic a tin g  a  s im ila r  m ito c h o n d ria l A S C  re g e n e ra tio n  sy s tem  
[27 ]. B e rcz i an d  M e lle r  [ 10] p u rified  a  M D H A R , situ a ted  on 
th e  c y to p la sm ic  s id e  o f t h e  p la sm a  m e m b ra n e , th a t co n v erts  
M D H A  to  A S C  w ith  th e  a id  o f  N A D H . T h e  A S C  reg cn era  
t io n  p a th w ay , a s  d e sc r ib e d  in th e  c h lo ro p la s t. is ap p a ren tly  
p re se n t in  th e  c y to p la sm  as w e ll.

H o w ev er, d o e s  th is  c o n n e c tio n  h o ld  u p  as w ell w h en  it 
c o m e s  to  c e ll c y c le  re g u la tio n ?  E v id e n c e  is sc a rc e , to  da te , 
b u t  a n  a n sw e r  s ta r ts  to  b e c o m e  c lea re r. A d d itio n  o f  1 m M  
D H A  to  L u p in u s  o r  A lliu m  ro o ts  d id  n o t o n ly  in v o k e  a  cell
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Kinetic param. Source Ref

Km (DHA)= 0.34 mM Spinach leaves [36]
Km (GSH) = 4.43 mM
pH optimum 7.5
Km (DHA)= 0.07 mM Spinach leaves 145]
Km (GSH) = 2.5 mM
pH optimum 7.8
Km(DHA)=0.39 mM Potato tubers 134]
Km (GSH) = 4.35 mM
pH optimum 8
Km(DHA)= 0.35 mM Rice bran [55.92]
Km (GSH) = 0.84 mM
at pH 7.8
pH optimum 8.2
Km (DHA) -  1 mM Spinach chloroplasts |91]
Km (GSH) = 7 mM
at pH 7
pH optimum 8,3
Not determined Spinach chloroplasts
Not determined Spinach chloroplasts [91]
Not determined Ipomoea tubers 

Dioscorea tubers
[46.47]

Km (DHA) -  1 mM Bovine liver [96]
Km (GSH) = 3.9 mM
Km(DHA) = 0.2-2.2 mM Porcine liver 196]
Km (GSH)= 1.6-8.7 mM Bovine thymus 

Human placenta
Km (DHA) = 2.5 mM Rat \iver 1^1
Km (DHA) = 0.7 mM-
Km (DHA) *  4.6 mM Rat liver [31]
Km (NADPH) = 4,3 |iM
pH optimum 6.2

addition o f  2.8 fiM thioredoxin.

p v i s io n  b lo ck  |7 3 I ,  re m in is c e n t  o f  th e  d a ta  o b ta in e d  w ith  
B Y -2 c e ll su s p e n s io n  [2 8 .7 5 ], b u t  h a d  a lso  a  p ro fo u n d . 

It tra n s ie n t, e ffe c t o n  th e  G S H  p o o l in  th e s e  ro o ts  [73]. 
V low ever. ev en  in th is  la s t re p o rt, th e  a u th o rs  s ta te  th a t the 
cc ll c y c le  in h ib itio n  re su lt in g  f ro m  D H A  tre a tm e n t c a n n o t 
iale exlp laincd o n ly  b y  th is  d e c re a s e  in  G S H  c o n te n t. M o re ­
o v e r. w h e re  D H A  is c a p a b le  o f  r e ta rd a tio n  o f  th e  n o rm a l 
g ro w th  o r  d iv is io n  c y c le s , th is  is  a p p a re n tly  n o t  th e  case  
w ith  G S S G  128]. A s a  la s t e le m e n t, A S C  c o u ld  n o t re sc u e  

th e  r m ! - I  p h e n o ty p e  [9.5]. T h e se  o b s e rv a tio n s  led  to  the 
^ g g e s t i o n  th a t th e re  m u s t b e  o th e r  p a th w a y s  fo r  A S C  
^ g e n e r a t io n ,  b e s id e s  th e  H a l l iw e l l -A s a d a  cy c le .

il t
6 . . . .  tor pcrfect s tran g ers?

lh<J e n z y m e  c o n n e c tin g  D H A  a n d  G S H , is n a m e d  a 
i$ H -a e p c n d c n t D H A R . It c a n  b e  a rg u e d  th a t th e  cy to so l 

)c c d s iD IIA R  ac tiv ity , to  d e to x ify  a n y  D H A  b e in g  b ro u g h t 
^rom  th e  a p o p la s t, b y  m e a n s  o f  th e  p la s m a  m e m b ra n e  
• i ir  [4 3 ]. H o w e v e r, e x a c t ly  th is  c y to s o lic  D H A  re d u c ta se  

jrfiains ra th e r  e n ig m a tic .
S e v e ra l a u th o rs  h a v e  re p o r te d  th e  p u r if ic a tio n  o f  p ro te in s  

^ ith 'D H A  re d u c tio n  c a p a c ity , f ro m  s p in a c h  leav es  (4 5 ), 
’ [o t^ ia  tu b e rs  |3 4 ]  o r  r ic e  b ran  [5 5 ]  o r  e v e n  c lo n e d  a  g e n e  

to m  ric e  [‘J2]. T h e  la tte r  p ro te in  e x h ib its  an  a m in o  ac id

se q u e n c e , w h ic h  is s ig n if ic a n tly  d is s im ila r  o f  an y  o th e r  
p ro te in . O n  th e  o th e r  h a n d , th e re  a re  d if fe re n t p ro te in s , both  

fro m  a n im a l an d  p la n t s o u rc e s , k n o w n  to  hav e  c o in p ic ic  
d if fe re n t fu n c tio n s , b u t a lso  e x h ib itin g  a D H A  rcd iic tasc  

ac tiv ity  ( se e  T ab ic  I).

H o w ev er, n o n e  o f  th e se  p ro te in s  (e x c e p t fo r  th e  o ne  

iso la ted  f ro m  sp in a c h  leav es  [451) e x h ib its  a v e ry  h igh  

affinU y fo r  D H A . T h is  p o in t  b e c o m e s  m ove c le a r  w h e n  the 

K m  o f  th e s e  p ro te in s  is  c o m p a re d  w ith  the K m  o l the 
p la sm a  m e m b ra n e  D H A  tra n sp o r te r  (1 3 9  f«M fo r BY-2 ce lls  
[4 4 ]). W h y  sh o u ld  a p la n t h a v e  a  h ig h  a ffin ity  tra n sp o r te r  lo r 
D H A , o n ly  to  s to c k  D H A  in th e  c y to p la sm ?  M oreo v er. 

5 0  p M  D H A  fiilly  in h ib it  th e  a c tiv ity  o f  dilTerent ch lo ro - 
p la s tic  e n z y m e s  [6 S], w h ic h  sh o w s th a t an in eflic ien i 

re d u c tio n  (w ith  lo w -a ff in ity  p ro te in s  a s  d e sc rib e d  in Tabk- 
I )  w ill lead  to  m e ta b o lic  p ro b le m s . A n o th e r  q u e s tio n  a rise s 

fro m  th e  fa c t th a t e v e n  a f te r  a d d itio n  o f  I m M  e x o g en o u s 

D H A , no  r ise  in in te rn a l D H A  c o n c e n tra tio n  can  be o b ­
se rv ed  [2 8 ,7 3 ,7 5 ]— i f  th e  ce ll in d e e d  s to c k s  D H A  bro u g h t in 

fro m  th e  a p o p la s t, th e n  w h y  is it im p o ss ib le  to lo ca lise  it? Ii 
is  q u ite  d ifficu lt to  fa th o m  th a t  th e  D H A R s lis te d  in fa b le  1 

a re  a b le  to  h a n d le  a d e q u a te ly  th e  su b s ta n tia l influx  o f  D H A  
in  to th e  c y to p la sm , u n d e r  th e s e  c irc u m sta n c e s . T h is  im p lies 

th a t o th e r  m e c h a n ism s  m a y  a s  w ell co n tr ib u te  to  the 

re d u c tio n  o f  D H A .



p n e  p (« s ib le  m e c h a n ism  fo r  D H A  re d u c tio n  c o n c e rn s  th e  

i k a l  b a lan ce  b e tw e e n  A S C . D H A  a n d  th e  in te rm e d ia ry  
>HA. T h e  sp o n ta n e o u s  re a c tio n  o f  A S C  an d  D H A  fo rm s 

i> M D H A  m o le c u le s , w ith  a c o n s ta n t  e q u ilib riu m  co n s ta n t
10 an d  a  se c o n d  o rd e r  ra te  c o n s ta n t o f  10* M " ' s " ‘. A 
[ tim lo u s  in flux  o f  D H A  is  b o u n d  to  c h a n g e  th e  su b tle  
m c e  b e tw e e n  th e  th re e  A S C  re d o x  fo rm s , p ro m o tin g  

U i^ d t io n  o f  th e  M D H A  ra d ic a l. R e d u c tio n  m e c h a n ism s  fo r  
th is  c o m p o u n d  {e.g. b y  a  p la sm a  m e m b ra n e -b o u n d  M D H A  
re d u c ia sc  [ I 0 |)  h a v e  b e e n  d e sc rib e d , a n d  th is  v e ry  reac tio n  
m ay  p ro v id e  th e  n e c e s sa ry  d r iv e  to  k e e p  th e  d isp ro p o rtio n -  
a tio n , w h ic h  in e s se n c e  is c o n v e rg in g  to  an  e q u ilib riu m  
p o in t, g o in g  o n . F u rth e r  e v id e n c e  ( fo r  e x a m p le  c a re fu l 

m e a su re m e n ts  o f  M D H A  c o n c e n tra t io n )  sh o u ld  p ro v id e  th e  
m e a n s  to  co n firm  o r  re je c t th is  h y p o th e s is . N ow , M D H A  
m a y  no t o n ly  b e  re d u c ib le  b y  a f e rre d o x in -  o r  N A D H - 
d e p c n d e n t M D H A  re d u c ta se . In  ra t liver, an  a lte rn a tiv e  
c a ^ y m c  h as  b e e n  p ro p o se d . T h e  th io re d o x in  re d u c ta se  has 
befcn im j>iicaicd in M D H A  re d u c tio n  w ith  a K m  o f  2 .8  ^ M  
fo r  M D H A , a  v a lu e  d e c re a se d  to  0 .9 5  jiM  u p o n  a d d itio n  o f  
se jifn o cy slin c  to  th e  re a c tio n  m e d iu m  [6 2 ]. T h e  th io re d o x in  
syh tcn i ifc d ire c tly  lin k e d  to  th e  s y n th e s is  o f  d e o x y rib o n u c le -  
D tjdcs, by  th e  r ib o n u c le o tid e  re d u c ta se , n e c e s sa ry  fo r  D N A  

th es is . W h en  th e se  e n z y m e s  w o u ld  b e  o c c u p ie d , reg en - 
in g  A S C . le ss  re d u c in g  p o w e r  co u ld  b e  sh u ttle d  to  th is 

c b c y m c , e ffe c tiv e ly  d e la y in g  c e ll c y c le  p ro g re ss io n . 
Is m e c h a n is m  (a s  i l lu s tra te d  in  F ig . 3 )  h as  n o t y e t b een  
a io n s tr^ ted  in p la n t c e lls , h o w ev er.

In  c o n c lu s io n , w e  c a n  s ta te  th a t, w h ile  G S H  is still 
k n iw lc d g c d  a s  th e  m o s t  p ro b a b le  e le c tro n  d o n o r, m an y  

t ^ c r  p ro te in s  m ay  a s  w e ll flilfil th is  ro le . A s  fa r  as th e  link 
lo ^ C i  cc ll c y c le  is c o n c e rn e d , d if fe re n t p o ss ib ilitie s  a re  still 
upei) fo r  e x p lo ra tio n . A n y w a y , in s te a d  o f  b e in g  a  p ro te in  
w ith o u t a fu n c tio n  ( l ik e  th e  a sc o rb a te  o x id a se  o r  th e  p la sm a  
m e m b ra n e  c y to c h ro m e  b561  |9 ] ) ,  w e  can  sa fe ly  s a y ,th a t the 
D U A K  i^ s till a  fu n c tio n  w ith o u t a  sp e c ific  p ro te in  a s s ig n e d  
to j A  su rv e y  to  u n ra v e l th e  d if fe re n t p o ss ib le  D H A  red u c ­
ta se s  an d  th e ir  k in e tic  c o n s ta n ts  m a y  p ro v e  b e n e f ic ia l to  o u r 
u n d e rs ta n d in g  o f  th e  p ro p e r  p o s it io n  o f  A S C , M D H A  and 
D H A  in cell m e ta b o lism .

7 . ’̂ X’o n ( jlu s io n s  a n d  p e r s p e c tiv e s

sT he b o d y  o f  e v id e n c e  u n c o v e r in g  th e  e x is te n c e  o f  a  
e c t cc^ntrol o f  th e  ce ll c y c le , m e d ia te d  b y  A S C  an d  G S H ,
0  m a jo r  re d o x  m o le c u le s  in a  p la n t  c e ll , c a n n o t b e  d e n ie d  

iir ^ lo n g e r  D iffe re n t th e o r ie s  h a v e  b e e n  p u t fo rw a rd  to  
)la in  th e  o b se rv e d  e ffe c ts . H o w e v e r , m a n y  q u e s tio n s  a re  
I t in g  to  b e  a n s w e re d , fo r  th e  p ic tu re  to  b e  c o m p le te d , 
pt, th e  e n d o g e n o u s  lin k  o f  th e  A S C  m e ta b o lism  w ith  th e  

c y c le  n e e d s  a  m o re  e x h a u s tiv e  d e s c rip tio n . H o w  ab o u t 
:JI c y c le -d e p e n d e n t re g u la tio n  o f  A S C  b io sy n th e s is  o r 

iA  re g e n e ra tio n  c a p a c ity ?  W h a t is th e  p la c e  o f  g lu - 
lio u c  in  c e llu la r  m e ta b o lism , p ro v id in g  it is n o t  in v o lv e d  
l ie  D H A  m e d ia te d  c e ll c y c le  d e la y ?  W h a t is  th e  ex ac i

m o d e  o f  ac tio n  o f  D H A  a n d  A S C  b y  w h ic h  each  o f  them  
in flu e n ces  p la n t c e ll g ro w th ?  Is th e  A S C  m etab o lism  tied 
in to  th e  g e n e ra l th io re d o x in  th io re d o x in  re d u c ta sc  sy s tem , 
and  w ill th is  p a th w a y  lead  to  c h a n g e s  in p ro te in  ac tiv ity , by 
re d o x  s ig n a llin g , o r  in tra n sc r ip tio n ?  F o r  so m e  tim e , the 
e x is te n c e  o f  a n  A S C -d e p e n d e n t tra n sc r ip tio n  fac to r  h as  been  
d isc u sse d  [7 2 ]. N e v e r th e le s s , n o  d e f in itiv e  p ro o f  has been 
p u t fo rw a rd  y e t.

T h ro u g h o u t th e  s to ry , o n e  c o m p a rtm e n t se e m s to  p la y  a 
m o re  in te re s tin g  p a r t  th a n  m ig h t h av e  been  ex p ec ted . A SC  
o x id a tio n  in  th e  a p o p la s t s e e m s  to  b e  an  u n m is ta k a b ly  w ell 

in te g ra te d  p ro c e ss  in th e  w h o le  o f  ce ll c y c le  reg u la tio n , not 
o n ly  in  tim e s  o f  s tre s s , b u t  a ls o  d u r in g  n o n n a l ccll cycle  
p ro g re ss io n . A  re a so n  fo r  th is  m ay  lie  in th e  fact th a t m ito sis  
c a n n o t b e  c o m p le te d  w ith o u t c e ll w a ll sy n th e s is , to  separa te  
th e  tw o  d a u g h te r  ce lls . D iffe re n t a u th o rs  hav e  in v estig a ted  
th e  e q u ilib riu m  b e tw e e n  A S C  o x id a tio n  an d  ce ll w all 
fo rm a tio n . Is th is  th e  c a u se  fo r  th e  o b se rv e d  c h a n g e s  in A SC  
m e ta b o lism , a ro u n d  th e  M - G 1 tra n s itio n  [5 4 |?  A n d  a s  a last 
re m a rk , a d d in g  to  a n  a lre a d y  c o m p le x  p ic tu re , is  th e re  a 
p a th w a y  in te g ra tin g  th e  d if fe re n t d io x y g e n a se  reac tio n s 

w h e re  A S C  is re q u ire d  (6 j?

C o m e  to  it— e n o u g h  q u e s tio n s  h a v e  b e e n  fo rm u la ted , bu l 
few  a n sw e rs  h a v e  b e e n  p ro v id e d , s till. Iro n ica lly , w h en  first 
iso la tin g  th e  ‘a n tisc o rb u tic  f a c to r ’. D r. S zen t-G y o rg y i first 
g av e  h is  n e w  c o m p o u n d  th e  p ro p h e tic  n a m e  ‘g o d n o se ' 
(“G o d  k n o w s”), n o t g ra sp in g  its  fu n c tio n  in g en e ra l m e ta b o ­
lism . S e v e n  d e c a d e s  la te r , w e  h a v e  still n o t f igu red  ou t the 
answ er.

A c k n o w le d g e m e n ts

G e e r t P o tte rs  an d  N e le  H o re m a n s  a re  re sp e c tiv e ly  A sp ir­
a n t an d  P o s td o c to ra l R e se a rc h e r  a t th e  F u n d  fo r  S cien tilic  
R e se a rc h — F la n d e rs  (F W O -V la a n d e re n ) . P ro fe s so r  Dr. R o­

la n d  C a u b e rg s  a n d  D r. A la jo s  B e rcz i a re  g ra te fu lly  a c k n o w l­
ed g e d  fo r  h e lp fu l d isc u ss io n  on  th is  m atter.
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jco rb a te  (v itam in  C ) c a n  re a c h  v e ry  h ig h  co n cen tra tio n s  in  ch lo rop lasts (20-^300 m M \  T h e  pool size in 
javes an d  ch lo ro p las ts  increases d u r in g  a c c lim a tio n  to  h ig h  ligh t in tensity  a n d  th e  h ighest concen ti atiuiia 
ecorded a re  in  h ig h  a lp in e  p lan ts . M u ltip le  fu n c tio n s  fo r a sco rb a te  in  pho to syn thesis  hav e  b een  p roposed , 
Deluding scav en g in g  o f  ac tive  oxygen  species g e n e ra te d  by  oxygen  p h o to red u c tio n  a n d  pho to resp ira tio n , 
egeneration  o f  a - to c o p h e ro l from  a -to c o p h e ry l rad ica ls , co fac to r fo r v io la x a n th in  de -ep o x id ase  an d  
lonation o f  e lec tro n s to  p h o to sy stem  II . H y d ro g e n  p e ro x id e  scaveng ing  is ca ta ly sed  b y  a sco rb a te  perox i- 
iase (M eh le r p e ro x id ase  reac tio n ) an d  th e  su bsequen t reg en era tio n  o f  a sco rb a te  by  re d u c ta n t derived  
rom pho tosystem  I  a llow s e lec tro n  flow in  a d d it io n  to  th a t u sed  fo r CO.^ ass im ila tio n . A scorbate  is 
synthesized fro m  g u a n o s in e  d ip h o sp h a te -m a n n o se  via  L -g a la c to se  a n d  L -g a la c to n o -l,4 -la c to n e . T h e  last 
step, ca ta ly sed  by L -g a lac to n o -1 ,4 -lac to n e  d eh y d ro g en ase , is loca ted  on  th e  in n e r  m ito ch o n d ria l 
nem brane a n d  use.s cy to ch ro m e  c as e lec tro n  accep to r. L -g a lac to n o -1 ,4 -lac to n e  o x id a tio n  to  asco rb a te  by  
ntact leaves is fas te r in  h ig h -lig h t a cc lim a ted  leaves a n d  is also e n h an ced  by  h ig h  ligh t, suggesting  th a t 

(this step co n tr ib u te s  to  th e  co n tro l o f  p o o l size by  ligh t. A sco rba te -defic ien t Arabidopsis thaliana vtc m u tan ts  
tare hypersensitive  to  a  n u m b e r  o f  ox id a tiv e  stresses in c lu d in g  ozone a n d  u ltrav io le t B rad ia tio n . F u rth e r 
investiga tion  o f  these  m u ta n ts  show s th a t  th e y  h av e  red u ced  z e a x a n th in -d e p e n d e n t no n -p h o to ch em ica l 
fquenching, c o n firm in g  th a t  a sco rb a te  is th e  co fac to r fo r v io la x a n th in  de-ep o x id ase  a n d  th a t  availab ility  
î of thylakoid  lu m en  a sco rb a te  c o u ld  lim it th is  re ac tio n . T h e  vtc m u tan ts  a re  a lso  m o re  sensitive to  ph o to - 
[oxidation im p o sed  by  c o m b in ed  h ig h  ligh t a n d  sa lt tre a tm en ts .

K e y w o r d s :  Arabidopsis thaliana vtc m u ta n ts ; ch lo rophy ll fluorescence:
 ̂ L -g a la c to n o -1 ,4 -la c to n e  d eh y d ro g en ase ; n o n -p h o to ch em ica l q u en ch in g ; v ita m in  C

1. INTRODUCTION

n is p o te n tia lly  toxic a n d  even  m o re  so  w hen  
led w ith  lig h t, p ig m en ts  a n d  e lec tro n  tr a n s p o r t  
y: such co n d itio n s  a re  p ro v id e d  in  ch lo rop lasts . 
ynthesis re leases oxygen , ab so rbs ligh t an d  c a rr ie s  
Ktron t r a n s p o r t  so th e  c h lo ro p la s t th ere fo re  needs 
tion from  reac tiv e  o x ygen  species. T h e se  inc lude  
xide a n d  h y d ro g en  p e ro x id e  fo rm ed  by  oxygen  
eduction, a n d  s ing le t oxygen  fo rm ed  by tra n sfe r  o f 
ion en erg y  lo  o x ygen  (A sad a  1999). A d d itio n a lly  
aspiration  g en e ra te s  h y d ro g en  pero x id e  fro m  the 

o x idase  re a c tio n  in  th e  perox isom es. A n ti- 
and free ra d ic a l scavengers  a re  n eeded  to  deal 

^cse toxic p ro d u c ts  o f  pho to sy n th esis  fN o c to r & 
1998; A sa d a  1999; X iyog i 1999). A sco rb a te  is the  
“tu n d a n t so luble a n tio x id a n t in  ch lo rop lasts. In te r- 

in m a m m a ls , th e  eye is am o n g s t th e  tissues 
th e  h ig h es t a sco rb a te  c o n c e n tra tio n  i H a ll iw e l l , 

'^*cridge 1999), w h ich  suggests th a t a sco rb a te  is 
*lariy im p o r ta n t in  s i tu a tio n s  w h ere  cells co n ta in  

designed  to  ab so rb  ligh t effectively.
Us a b u n d a n c e  a n d  th e  im p o r ta n c e  o f  p lan ts  as a  

source o f  a sco rb a te  (v itam in  C ) fo r iu im ans (w ho 
able to syn thesize  it^  it is su rp ris in g  th a t v e ry  little  

a b o u t a sco rb a te  m e tab o lism  in  p lan ts . Its 
' p a th w ay  is d iffe ren t from  m am m als  a n d  has

o n ly  recen tly  b een  estab lished . N ew  in fo rm a tio n  o n  th e  
ro le  o f  a sco rb a te  in  pho tosyn thesis a n d  p h o to p ro tec tio n  is 
b eg in n in g  to  em erge , a ided  by  know ledge o f  th e  b io ­
sy n th e tic  p a th w ay  a n d  th e  iso la tio n  o f  a sco rba te -defic ien t 
(I'ic) m u ta n ts  o f  Arabidopsis thaliana. T h is  p a p e r  review s th e  
ro le  o f  a sco rb a te  in  p h o to p ro tec tio n . N ew  d a ta  o n  th e  
re la tio n sh ip  b e tw een  ligh t a n d  biosynthesis, an d  th e  use 
o f  a sco rb a te -d efic ien t A. thaliana m u ta n ts  to investiga te  
p ho to p ro tec tiv e  roles o f  asco rb a te , a re  presen ted .

2 . THE ROLE O F A SCO R BA TE IN PHOTOSYNTHESIS

T h e  invo lvem en t o f a sco rb a te  in  pho tosyn thesis has 
b een  reco g n ized  fo r som e tim e  a n d  has been  rev iew ed  
re la tive lv  recen tly  w ith  em phasis o n  p h o to p ro tec tio n  
(S m irn o ff  2000; N o c to r & Foyer 1998; A sada 1999; 
N iyogi 1999). Possible roles fo r a sco rb a te  in photosyn thesis 
w ere suggested  by A rn o n  a n d  co -w orkers  in  th e  early  
1950s (M a rre  et a i  1959; Forii & J a g e n d o r f  1961; M ap so n  
1962i. In itia lly  a ro le as e lec tro n  c a r r ie r  w as con sid ered  
b u t la te r  as a  p ro te c ta n t. O u r  c u r re n t know ledge o f  th e  
roles o f  a sco rb a te  in  pho tosyn thesis  w’as foreshadow ed  by 
M a r re  et at. (1959) w ho  p ro p o sed  th a t  ch lo rop lasts co u ld  
b o th  ox id ize  a sco rb a te  to m o n o d eh y d ro asco rb a te  (M D.A i 
a n d  reduce  MD.-V to  asco rba te . these  processes be in g  
d e p e n d e n t o n  w a te r  sp littin g  a n d  e lec tro n  flow. T h e y  also  
suggested  th e  involvem ent o f  a m o n o d eh y d ro asco rb a te
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F ig u re  1. T h e  ro le s  o f  a s c o rb a te  in  p h o io sy n ih e s is . T h e  p o in ts  a t  w h ic h  a s c o rb a te  aces as a n  e le c tro n  d o n o r  a n d  m onoc 
a s c o rb a te  a c ts  as a n  e le c tro n  a c c e p to r  a re  sh o w n  d ia g ra m m a tic a l ly ,  a lo n g  w ith  its  ro les as a  c o t 'a c to r  fo r  v io la x a n th in ^  
d e -e p o x id a se , r e m o v a l o f  s in g le t o x y g e n  a n d  re g e n e ra t io n  o f  a - to c o p h e ro l  f ro m  a - to c o p h e ry l  ra d ic a ls .  M o v e m e n t o f  astc  
a n d  d e h y d r o a s c o rb a te  a c ro ss  th e  th y la k o id  lu m e n  is sh o w n  by  d a s h e d  l in e s— a  c a r r ie r  sy s te m  h a s  n o t  b e e n  id e n tif ie d , R | 
t h a t  r e g e n e r a te  a s c o rb a te  fro m  m o n o d e h y d ro a s c o rb a te  ( N A D P H -d e p e n d e n t  m o n o d e h y d ro a s c o rb a te  r e d u c ta s e )  a n d  d ^  
a s c o rb a te  ( g lu ta th io n e - d e p e n d e n t  d e h y d ro a s c o rb a te  re d u c ta se )  a re  n o t  sh o w n . A P X , a s c o rb a te  p e ro x id a se ; A sA , a s c o «  
a s c o rb a te ;  ^C h l, t r ip le t  c h lo ro p h y l l;  D H A , d e h y d ro a s c o rb a te ;  L O G -, l ip id  p e ro x y l r a d ic a l ;  L O C H ,  l ip id  hydropero .x id? 
m o n o d e h y d r o a s c o r b a te  r a d ic a l ;  'O 2 , s in g le t o x y g e n ; P S  I ,  p h o co sy stcm  I ;  P S  I I ,  p h o to s y s te m  I I ;  S O D , s u p e ro x id e  disr 
Ct-toc, a - to c o p h e ro l;  V D E , v io la x a n th in  d e -e p o x id a se ,

re d u c ta se  enzym e . F orti & J a g e n d o r f  (1961) show ed th a t 
a sc o rb a te  s tim u la te s  p h o to p h o sp h o ry la tio n  a n d  allow s 
e lec tro n  tr a n s p o r t  by  ac tin g  ca ta iy tic a lly  in  the M eh le r 
re ac tio n . M ap so n  (1962) show ed th a t asco rb a te  is subject 
to  p h o to -o x id a tio n  a n d  th a t  b o th  o x id a tio n  an d  red u c tio n  
o f  d eh y d ro asco rb a te  w ere  in h ib ite d  by b lock ing  p h o to ­
sy n th e tic  e lec tro n  tra n sp o r t . L a te r , w hen  th e  deta ils  o f  
p h o to sy n th e tic  e lec tro n  tr a n s p o r t  w ere m ore clearly  
u n d e rs to o d , it b eco m e  c lea r th a t asco rba te  an d  
g lu ta th io n e  in  ch lo ro p lasts  a re  o x id ized  by h yd rogen  
p e ro x id e  p ro d u ced  by  th e  M e h le r re ac tio n  an d  th a t 
re d u c tio n  o f  th e ir  o x id ized  form s uses red u c tan t from  
ph o to sy stem  I (P S  I)  (Foyer &  H a lliw e ll 1976; A nderson  
et al. 1983; A sad a  1999). C u rre n t u n d e rs tan d in g  o f  the 
roles o f  a sco rb a te  in  pho tosyn thesis  can  be  su m m arized  as 
follow s (fig u re  1).

(i) H y d ro g e n  p e ro x id e  scaveng ing  cata lysed  by asco r­
b a te  p e ro x id ase  (A PX ).

(ii) D ire c t scaveng ing  o f  superox ide , hydroxyl rad ica ls 
a n d  sing le t oxygen.

(iii) R eg en e ra tio n  o f  a - to c o p h e ry l rad ica ls  p roduced  
w h en  a - to c o p h e ro l reduces lip id  peroxy l radicals ,

(ivl E lec tro n  d o n a tio n  to pho tosystem  I I  'P S  I I j  by 
lu m e n a l asco rbate .

(v) C o fac to r o f  v io la x a n th in  de -ep o x id ase  (V D E ) 
involved  in  z e a x a n th in -d e p e n d e n t dis.sipation o f  
excess ex c ita tio n  en e rg y  (a c o m p o n en t o f  no n ­
p h o to ch em ica l quench ing).

O x id a n ts  lo rm ed  d u rin g  pho tosyn thesis fA sada 1999) 
c a n  1)0 s c aw n g ed  n o n -en zy m a tica lly  w h ile  hydrogen

p ero x id e  red u c tio n  is also ca ta ly sed  by  A P )^  b 
th e re  a re  s tro m al- a n d  th y lak o id -b o u n d  foi 
1999). H y d ro g en  p e ro x id e  is fo rm ed  from  disr 
su p e ro x id e  th a t itse lf  is p ro d u ced  b y  oxygen' r l 
e ith e r  via  red u ced  fe rred o x in  (M eh le r re a c tio i^  
PS  I I  (C le lan d  & G ra c e  1999). T h e  p rim a ry  
p ro d u c t o f  a sco rb a te  is th e  re la tive ly  stably 
d eh y d ro asco rb a te  ra d ic a l (M D A ). T h is  c a n  be dc 
vivo b y  e lec tro n  p a ra m a g e n tic  resonance  specti 
leaves. In  som e cases it  is d e tec ted  a fte r  illumina 
b rig h t Hght b u t is p a r t ic u la r ly  p ro m in e n t after 
o f  o x id a tiv e  stress by  p a ra q u a t, u ltrav io le t B 
d ro u g h t (H e b e r  et a l. 1996; H ideg  et al. 1997). 
ab le  th a t th e  im p o rta n c e  o f  asco rb a te  as a frc« 
scav en g er depends o n  th e  re la tive  stab ility  pf 
ra d ic a l; th ily l rad ica ls , fo rm ed  w h en  th io ls ' 
g lu ta th io n e  scavenge free rad ica ls , a re  m ore reaC^ 
a re  them selves re la tive ly  d an g ero u s  (S tu rgeon  et̂  
T h e  M D A  rad ica l d isp o rp o rtio n a te s  to  ascor  ̂
d eh y d ro asco rb a te . N o rm a lly  th e  asco rb a te  pool 
a n d  ch lo rop lasts  is 9 0 %  red u ced  a n d  th is  is achi™ 
system s th a t  reduce  M D .-\ a n d  dehydroascorbate 
b a rk  to  asco rba te . T h is  is im p o rta n t because 
un stab le , p a rt ic u la r ly  a t th e  p H  o f  illum inated ’'* 
T h e  asco rb a te  reg en e ra tio n  system s include dii 
tion  o f  M D A  b y  PS I, X A D P H -d e p e n d e n t  
du c ta se  a n d  g h ita th io n c -d e p e n d e n t deh y d i 
reduc tase . N A D P H -d e p c n d e n t g lu ta th ione  
reg en e ra te s  reduced  g lu ta th io n e  (G S H  from 
g lu ta th io n e  fG SSG  .T h e  n e t resuh  o f  the 
is th a t w a te r is the  /ina l p ro d u c t o f  oxygen photo

1‘hil. Trails. R. S»r. Lond. B 20()0



j^(^[,)s\ luhecically  g e n e ra te d  re d u c ta n t is used to 
‘ ^ the Ascorbate used in  th is  re ac tio n . T h is  allows 

in a d d itio n  to  th a t u sed  fo r C O .,, N O j  and  
T h e  consequences a n d  sign ificance o f 

illed M eh le r p e ro x id ase  o r  w a te r -w a te r  reac tio n  
sed by A sad a  (1999, th is  issue).

r e l a t i o n s h i p  BETWEEN LIGHT AND THE 
'■ SC O fiSA T E  CONCENTRATION IN LEAVES 
' A N D  CHLOROPLASTS

total co n cen tra tio n  o f  a sco rb a te  in  leaves is light 
jcn t. G ro w th  a t h ig h  lig h t in te n s ity  p ro d u ces leaves 
ilffher asco rba te  co n ten t th a n  a t low  ligh t in tensity  
joff & P a llanca  1996; G ra c e  & L o g an  1996; L ogan  
596). T h e  read ju s tm en t o f  a sc o rb a te  co n cen tra tio n  

jvcly  slow, o c c u rr in g  o v e r a  p e r io d  o f  severa l days 
transfer (E sk ling  & A k e rlu n d  1998). C onversely, 

isfer to  low  ligh t, a sc o rb a te  co n ten t decreases to 
sta te  w ith in  a  few  days (E sk lin g  & A kerlund  

fT he co n cen tra tio n  ra n g e  fo u n d  in  leaves varies 
)und 2 - 2 0 ) im o lg “ ' fresh  w eig h t (W ild i & L utz 

Jtreb et al. 1997). T h e  h ig h e r  c o n c e n tra tio n s  seem  to 
[more frequen tly  in  te m p e ra te  ev e rg re e n  a n d  a lp ine  

fe. A lpine species a re  a lso  c h a ra c te r iz e d  by re latively  
poncentrations o f  o th e r  a n tio x id a n ts  (g lu ta th io n e  
■tocopherol) a n d  c a ro ten o id s  (W ild i & L u tz  1996; 
êt al. 1997). G S H , th e  o th e r  m a jo r  so luble an ti- 

it, is g en e ra lly  ten fo ld  less c o n c e n tra te d  th a n  
ite (N octo r & Foyer 1998). 

lum ber o f  e s tim ates  o f  a sc o rb a te  co n c e n tra tio n  in 
alasis have  b een  m ad e , g en e ra lly  using  ch lo rop lasts  

in aqueous m ed ia . T h e  va lues q u o te d  ran g e  from  
iO m M  (Foyer et al. 1983; R a u te n k ra n z  et al. 1994; 
l i  al. 1997). A sco rb a te  is th e re fo re  one  o f  th e  m ost 

lant ch lo ro p last m e tab o lite s , ev en  a t th e  m ost 
^ed co n cen tra tio n  o f  2 0 -5 0  m M , a n d  in  a lp in e  p lan ts 

5ncentration is eno rm ous, re a c h in g  3 0 0  m M  (S treb  
1997). T h e  poo l is g en e ra lly  h ig h ly  red u ced  (9 0 %  +  ), 

ss the ch lo rop lasts a re  sub jec ted  to  ox idative  stress by  
iuat o r H 2O 2 tre a tm e n t (L a w  et al. 1983). T h e  

ease in  le a f  co n ten t is also m ir ro re d  by eq u iva len t 
ases in  ch lo ro p las t a sc o rb a te  (S ch o n er & K rau se  
')• A scorbate  is a lso  m u ch  m o re  a b u n d a n t in  chloro* 

than  G S H , w hich  has a c o n c e n tra d o n  ca. 3 - 4 m M  
j'cr & H alliw ell 1976; S treb  et a l. 1997). T h e  c a n c e n tra -  
I o f asco rbate  in  th e  thy lako id  lu m e n  is no t k n o w n  for 
»in and it h as b een  suggested  th a t  thy lako ids have  no 

Drbaie t r a n s p o r t  system  (F oyer & L e lan d a is  1996).
’ing th e re  is 50  m M  a sc o rb a te  in  the  s tro m a  at 

® and th a t  u n d issoc ia ted  asco rb ic  ac id  ( th e  pK ., o f 
5>rbic ac id  is 4.2) d iffuses across th e  thy lako id  
I'brane. E sk ling  et al. (1997) c a lc u la te d  th a t the 
ceinration o f  ascorb ic  ac id  in  th e  th y lak o id  lum en  
“Jd be 8 |iM  in  th e  absence o f  a c a rr ie r . T h e  co n cen tra - 

^fa>( t)rba te  in  th e  lu m en  is c r itic a l fo r o p e ra tio n  o f  
^xanthophyll cycle, since it is a  co fac to r o f  \ ’D E  

et al. 1997). V'^DE prefers u n d isso c ia ted  ascorb ic  
that p red o m in a te s  over th e  a sc o rb a te  a n io n  a t low  

et al. 1995; E sk ling  et al. 1997). V D E  c atalyses 
'crsif,n o f  a n th e ro x a n th in  a n d  \ io la x a n th in  to 

invhin in  leaves exposed  to h ig h  ligh t. Z e a x a ii th in  is 
'ij n o n -p h o io ch em ica l q u e n c h in g  l)\ d iss i|)a ting

ex c ita tio n  en e rg y  as h e a t fN iyogi 1 9 9 9 \ T h e  p red ic ted  
c o n c e n tra tio n  o f  8  |iM  is m u ch  low er th a n  th e  m easu red  
Aj^ o f  100 fiM  fo r V’D E . T h e v  th e re fo re  p roposed  th a t 
th e re  m ust b e  thy lako id  c a rr ie rs  to  t r a n s p o r t  asco rb a te  in  
a n d  D H A  ou t. O n  th e  o th e r  h a n d , M a n o  et al. (1997) 
suggested  th a t 10- 2 0 %  o f  c h lo ro p la s t a sco rb a te  occurs in 
th e  th y lak o id  lu m en . S ince th e  th y lak o id  lu m en  volum e of 
a  ty p ica l ch lo ro p las t is a b o u t 2 0 %  o f  th e  to ta l ch lorop last 
\'o itim e ^L a.vlor i393) th is  m easu i'eu ien i u u p lifs  iha i 
lu m en  a n d  s tro m a  have a  s im ila r  a sco rh a ie  concem vauou . 
F u r th e r  m easu rem en ts  a re  needed  b u t it is possib le th a t 
th e  lig h t responsiveness o f  th e  a sc o rb a te  p o o l a n d  the 
h ig h  c o n c e n tra tio n  in  the  s tro m a  is re la te d  to  th e  need  to 
m a in ta in  sufficient a sco rb a te  fo r V D E  ac tiv ity  in  the 
th y lak o id  lum en .

T h e  last s tep  o f  a sco rb a te  b iosyn thesis o ccu rs  in  the 
m ito c h o n d r ia  (see §4) a n d  th e re  is little  ev idence th a t 
ch lo ro p lasts  c a n  syn thesize asco rb a te . It m ust therefo re  be  
t r a n sp o r te d  from  th e  cytosol. A sco rb a te  u p ta k e  has been 
m easu red  by iso la ted  ch lo ro p lasts  a n d  is a fac ilita ted  
d iffu s io n  m ech a n ism  w ith  a  o f  20  m M  (A nderson  et 
al. 1983; Beck et al. 1983; Foyer &  L e lan d a is  1996). T h e  
ra te  o f  u p tak e  is n o t sufficient to  keep  p ace  w ith  th e  ra te  
o f  a sco rb a te  o x id a tio n  in  th e  ch lo ro p la s t (A n d erso n  et al. 
1983), so a sc o rb a te  co n c e n tra tio n  inside  is m a in ta in e d  by 
the  w e ll-k n o w n  reg en e ra tio n  system s (A sada  1999). T h e  
u p tak e  ra te  m u s t be  sufficient to  a c c o m m o d a te  th e  re la ­
tively slow  ad ju s tm en t in  a sco rb a te  p o o l size th a t  occurs 
w hen  lig h t in ten s ity  changes.

W ith  th e  excep tio n  o f  in o rg an ic  ions such  as m ag n e ­
s ium , p o ta ss iu m  a n d  p h o sp h a te  (L a w lo r  1993), ascorbate  
is p ro b ab ly  th e  m ost a b u n d a n t m e ta b o li te  in  chloroplasts. 
T h e  q u estio n  o f  w hy so m u ch  a sco rb a te  is re q u ire d  in 
ch lo ro p lasts  arises. T h e  a lp in e  p la n ts  w ith  exceptionally  
h ig h  c h lo ro p la s t a sco rb a te  m ay  p ro v id e  a  c lu e— these 
p lan ts  a re  ex p o sed  to  a  c o m b in a tio n  o f  c o n d itio n s  that 
a re  co n d u c iv e  to  p h o to -o x id a tiv e  stress: h ig h  ligh t, lov\ 
te m p e ra tu re  a n d  re la tive ly  h ig h  U V 'B  ra d ia tio n . Also, 
g iven  th a t th e  ra te  o f  a sco rb a te  b io syn thesis is relativel> 
.sluggish, th a t  t r a n s p o r t  in to  th e  ch lo ro p la s t is slow  and 
th a t D H A  is un stab le , it is possib le  th a t  a  h ig h  co ncen ­
tra tio n  is n eed ed  as a n  in su ra n c e  ag a in s t episodes o; 
in c rea sed  p h o to -o x id a tiv e  stress. I t  is n o tab le  th a t  th t 
a sco rb a te -d e fic ien t vtcl A . thaiiana  m u ta n t is h y p e r­
sensitive to  U V B  ra d ia tio n , as w ell as ozone a n d  sulphui 
d io x id e  (C o n k lin  et al. 1996). F u r th e r  ev idence  for th< 
im p o rta n c e  o f  a sco rb a te  in  res is tance  to  ox id a tiv e  stres; 
com es from  overexpression  a n d  an tisen se  supp ression  o 
v a rio u s  A P X  genes. A n tisense  sup p ressio n  o f  cytosolic 
A P X  increases  ozone sensitiv ity  O rv a r  & E llis 1997) 
w hile  overexp ression  o f  p e ro x iso m a l A P X  increase; 
h y d ro g en  p e ro x id e  resistance  iW an g  et al. 1999). T ran  
sc rip t levels o f  cytosolic A P X  in c rease  rap id ly  w hei 
A. thaiiana leaves a r e  exposed  to  h ig h  ligh t ^ R a rp in sk i e 
at. 1997, 1999). It seem s likely th a t th e  cytoso lic  A P X  ha; 
a  ro le in  scav en g in g  p h o to re sp ira to ry  h y d ro g en  peroxid< 
th a t leaks from  th e  perox isom es as w ell as an y  leak in t 
from  ch lo ro p lasts  (Foyer &. X o c to r  1999). T h e re  i 
ev idence  th a t h y d ro g en  pero x id e  a n d /o r  redox  signal 
from  Q_a o r  P Q .a re  th e  s ignal in d u c in g  A P X  ^K arp in sk  
et al. 1999: M o r ita  et al. 1999 a n d  th a t a  sysiomii 
response  is in d u ced  in  b r ig h tly  iiU im inated  leaves so tha  
.-\PX  tra n sc r ip ts  increase  in  sh ad ed  lea\-es o f  the  sam



p la n t (K a rp in sk i et al. 1999). A ssum ing  th a t the  
in c reased  cytosolic A P X  tra n sc rip t levels tran s la te  in to  
in c reased  A P X  activ ity , it seem s th a t rap id  in d u c tio n  o f  
A P X  by h igh  ligh t co u ld  co m p en sa te  for th e  slow 
response  o f  th e  a sco rb a te  p o o l itself.

4. BIOSYNTHESIS PATHWAY

T h e  p lan t a sco rb a te  b iosyn thesis pa th w ay  differs from  
th a t in  m am m als  a n d  a  co m p le te  schem e has recen tly  
b een  p ro p o sed  (W h ee le r et al. 1998; S m irn o ff & W heele r 
1999; C o n k lin  et al. 1999; L oew us 1999; S m irn o ff 2000). 
T h e  im m ed ia te  p re c u rso r  is L -ga lac to se , w hich is 
ox id ized  to  L -g a la c to n o -l,4 -la c to n e  by an  X A D -d ep en d em  
L -g a lac to se  dehyd rogenase . L -gaIactono -1 ,4 -lac tone  is 
o x id ized  to  a sco rb a te  by  L -g a la c to n o -l,4 -la c to n e  
d ehyd rogenase . T h is  en zy m e  is loca ted  o n  th e  in n e r  m ito ­
c h o n d ria l m em b ran e  a n d  d ona tes  e lec trons to cy toch rom e 
c (S iendones et al. 1999; B arto li et al. 2000). L -ga lac to se  
a n d  L -g a la c to n o -l ,4 - la c to n e  a re  read ily  co nverted  to  
a sco rb a te  w hen  supp lied  to  in ta c t tissue an d  c a n  elevate 
th e  a sco rb a te  pool u p  to  ten fo ld  w ith in  a few hours. L - 
g a lac to se  is d eriv ed  from  m a n n o se -l-p h o sp h a te  via 
g u an o s in e  d ip h o sp h a te  (G D P )-m a n n o se  a n d  G D P -L - 
galac tose . E vidence  fo r th is p a th w ay  is derived  from  '■Re­
lab e llin g  studies (W h ee le r et al. 1998) an d  from  th e  
a sco rb a te -d efic ien t vtcl m u ta n t o f  A . thaliana. V tc l h as ca. 
3 0 %  o f  w ild - ty p e  a sco rb a te  a n d  has a low er ra te  o f  
b iosyn thesis (C o n k lin  et al. 1997). V T C l  encodes G D P- 
m an n o se  p y ro p h o sp h o ry lase  (C o n k lin  et al. 1999). L e a f  
e x tra c ts  from  m u ta n t p lan ts  hav e  ab o u t 3 0 %  o f  th e  
ac tiv ity  o f  G D P -m an n o se  pyropho .sphory lasc an d  asco r­
b a te  co n ten t c a n  be  re s to red  by  tra n sfo rm in g  th e  m u ta n t 
w ith  th e  w ild - ty p e  gene  (C o n k lin  et al. 1999). F u rth e r 
c o n firm a tio n  o f  the ro le  o f  G D P -m an n o se  p y ro phospho ry ­
lase com es from  red u c tio n  o f  its  expression  by  an tisense 
tech n o lo g y  in  the  p o ta to . T h e  re su ltin g  p lan ts have low er 
a sco rb a te  co n ten t (K e lle r  et al. 1999). A  n u m b e r o f  de ta ils  
re m a in  to  b e  resolved. T h e  G D P -m an n o se-3 ,5 -ep im erase , 
p ro p o sed  to  co n v ert G D P -m an n o se  to  G D P -L -ga lac to se . 
h a s  b een  d e tec ted  b u t n o t ch a ra c te riz e d  in  any  deta il. 
C o n v ers io n  o f  G D P -L -g a lac to se  to  L -ga lac to se  occurs in  
ce ll-free  ex trac ts  b u t th e  n a tu re  o f  th e  reac tions is no t 
fu lly  reso lved  (G . L. W h e e le r a n d  N. Sm irnoff, u n p u b ­
lished  d a ta ). It is likely th a t fu r th e r  ascorbate-defic ien t vtc 
m u ta n ts  cu rre n tly  b e in g  c h a ra c te r iz e d  will be  useful for 
id en tify in g  th e  genes involved  in  asco rba te  b iosynthesis 
(C o n k U n  et al. 2000).

L -g a lac to se  ap p ea rs  to  be  a  d ed ica ted  p recu rso r for 
a sco rb a te , w hile e a r l ie r  in te rm ed ia te s  have o th e r  roles. 
T h e  G D P -sugars  a re  used as cell w all po lysaccharide  
p recu rso rs  a n d  for p ro te in  g lycosy lation . .^n tisense  p o ta to  
p lan ts  w ith  red u ced  G D P -m an n o se  py rophosphory lase  
a c tiv ity  a lso  have red u ced  m an n o se  co n ten t in  th e ir  w all 
p o ly saccharides (K e lle r  et al. 1999). It is cu rren tly  
assum ed  th a t th e  p a th w ay  occu rs  in  th e  cytosol w ith  the 
excep tio n  o f  th e  fina l step  in  th e  m ito ch o n d ria . T h e  in te ­
g ra tio n  o f  L -g a la c to n o -l,4 -la c to n e  o x ida tion  into the 
m ito c h o n d r ia l e lec tron  tr a n s p o r t  ch a in  via cy to ch ro m e c 
co u ld  have  im p lica tions for c o o rd in a tin g  asco rb a te  m e ta ­
b o lism  w ith  th e  en erg y  m e tab o lism  an d  redox  sta te  o f  th e  
cell. C u rre n tly  \e r y  little  is k now n  ab o u t the  con tro l o f  
the  jw ihw ay. E \id e n c e  for feedback inh ib ition  o r
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F ig u re  2. L ig h t  d e p e n d e n c e  o f  th e  a s c o rb a te  pool in i 
leav es  [Hordeum vulgare). B a r le y  se e d lin g s  w ere  growT 
p h o to n  f lu x  d e n s itie s  o f  5 0 } J m o lm “ ^ s “ ' ( in itia l L t )  
2 0 0 } im o lm “ ^ s “ ' ( in it ia l  H L )  fo r  se v e n  d a y s . LeafslS 
H L -g ro w n  p la n ts  (H L  to  L L )  a n d  L L -g ro w n  p la n ts  , 
H L )  w e re  th e n  f lo a te d  o n  w a te r  a n d  ex p o se d  to  a  ra'^ 
l ig h t in te n s id e s  fo r  24  h  b e fo re  d e te r m in in g  to ta l  asc 
c o n c e n tr a t io n .  T h e  v a lu e s  a r e  m e a n s  o f  th re e  replicij 
±  s t a n d a r d  d e v ia d o n .

rep ression  o f  synthesis b y  a sc o rb a te  pool size’ 
p rov ided  (P a lla n c a  &  S m irn o ff  2 0 00 ) bu t n‘ 
know n a b o u t th e  m ech a n ism . G en e  probes, 
tran sg en ic  p lan ts  a n d  q u a n ti ta t iv e  enzym e 
enzym es involved  in  th e  p ro p o sed  pathw ay 
b eco m in g  ava ilab le  a n d  th e  n ex t few years sh 
advances in  u n d e rs ta n d in g  how  asco rb a te  bios 
con tro lled .

5. MATERIAL AND METHODS

(a) The effect o f  lig h t on  a sco rb a te  p o o l St 

a n d  s y n th e s is
T h e  p r im a ry  le a f  o f  se v e n -d a y -o ld  b a r le y  seedlings 

fo r  in v es tig a tio n s  o f  th e  l ig h t d e p e n d e n c e  o f  ascorba 

esis. P la n ts  w ere  g ro w n  2 0 'C  w ith  a  16h  ligh 
P o rtio n s o f  le a f  3 cm  lo n g  w e re  c u t  fro m  th e  m idd 

p r im a ry  le a f  a n d  sliced  tra n sv e rse ly  in to  2  m m  segnu 

seg m en ts (0 . 2  g  p e r  re p lic a te )  w e re  f lo a ted  o n  water-* 
dishes. L -g a la c to se  a n d  L -g a la c to n o - l,4 - la c to n e   ̂

c o n c e n tra tio n s  d e s ig n a te d  fo r  e a c h  e x p e rim en t. T h  
w ere  ex p o sed  to  c o n tin u o u s  l ig h t p ro v id e d  by fluorcsci 

a t 20 ''C . L ig h t in ten sitie s  a r e  in d ic a te d  fo r each  exp 
.■\fter in c u b a tio n  fo r th e  d e s ig n a te d  tim e , th e  leaf •  

w ere  e x tra c te d  a n d  th e i r  to u il  a s c o rb a te  con ten t ( 
te +  d e h y d ro a sc o rb a te )  w a s  m e a s u re d  b y  a n  a s c o r b a w

assay  (C o n k lin  et al. 1997 .

(b) D ete rm in a tio n  o f  n o n -p h o to ch em ica l  
an d  o th e r  ch lo ro p h y ll f lu o re sc e n c e  para*

W ild - ty p e  A .tka liana  C o l-0  > a n d  vtcl. 3 and 

C o n k lin  et al. 2 0 0 0 ) w e re  g ro w n  a t  20  C  *



p h o to n  f lu x  d en s ity  (jiirtol m

t 3 .  The effect o f light on in vivo conversion of 
ctosc and L -galactono-1,4-lactone to ascorbate. 
ices from barley {Hordeum vulgare) p lants grown a t 

w ere floated on w ater with l5 m M  
tono-I,4-lactone o r 15 m M  L-galactose. T he 

ate concentration in the leaf slices was determ ined 
ubation for 5.5 h. T h e  values are means o f three 

tes±s.d .
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Figure 4. T he effect o f light on in vivo conversion of 
L -galactono-1,4-lactone to ascorbate. L eaf slices from barley 
[Hordeum vulgare) p lants grow n a t photon flux densities of 
8 0 jim o lm ~ ^s“ ' (LL) and  3 6 0 )im o lm ~ -s“ ‘ (H L) for three 
days were floated on w ater w ith and  w ithout 10 mM  
L-galactono-1,4-lactone in the dark  and light (photon flux 
density 250 [imol T he ascorbate concentration in
the leaf slices was determ ined after incubauon  for 24 h. T he 
values are m eans o f  three replicates ± s .d .

^  at a photon flux density of 2 0 0 |im o lm “ ^ s“ *. Fully 
d leaves from preflowering rosettes were used for 

.'hyll fluorescence measurements using a Hansatech FMSl 
blated fluorometer (H ansatech Instruments, K ing’s Lynn, 
]; The modulated beam was set at a level that had  no 
©chemical effect and the high intensity light pulses ifa. 
)jlm olm ~‘ s ' ' ')  were saturating. Leaves were dark adapted 
h. After an initial dark-adapted measurement of 
[•response curve for chlorophyll fluorescence param eters was 
tnjcted b)- exposure to a  sequence of increasing actinic light 
»• After 5 m in a t each level, (in far-red light), and 
'■ measured. Chlorophyll fluorescence param eters were 
ulatcd as follows: photochemical quenching coefllicient 

^)]> quantum  efficiency of PS II [<PPS II =  
non-photochemical quenching coetficiem 

non-photochemical quenching 
(Schreiber el al. 1995j. A time -course of 

^>fneni o f chlorophyll fluorescence parameters was deter- 
^  after illum ination o f dark-adapted leaves with a photon 
'•ensity of 1000 nmol m "  ̂s"

(c) Salt^ in duced  ph oto~ oxidation  
o f  A r a b id o p s is  th a l ia n a  seed lin gs

^ ling 'i ot w ild-type and vtcl. 2. 3  and 4 mutants  ̂Conklin 
’ 2000 were grown at 20  °C  with a I2 h light period at a 

flux density o f 2 0 0 fim olm ~ ^s“ ' in Petri dishes 
MS medium (minus sucrose, with or without 

**^I.\'aCl w ater porential, —0.3M Paj. The dishes were 
^frrpcj to high light (4 0 0 n m o lm “ ‘ s“ '. when indicated. 
P''op< . tion o f seedlings showing rompl<-te bleailiing o f their 
^  'Orded at intervals,

6. RESULTS AND DISCUSSION

(a) The effect o f  lig h t on  a sc o rb a te  p o o l  s iz e  
a n d  s y n th e s is

T h e  asco rb a te  p o o l size in  b a r le y  leaves is h ig h e r w hen  
th e  p lan ts  a re  g ro w n  a t h ig h e r  lig h t in ten s ity  (S m irn o ff 
1995; S m irn o ff  & P a llan ca  1996). T h e  d ep en d en ce  o f  th e  
p o o l size o n  p h o to n  flux d e n s ity  (P F D ) w as fu r th e r  investi­
g a te d  by  g ro w in g  b a rley  seed lin g s a t re latively  low  P F D  
a n d  th e n  ex p o sin g  le a f  slices to  a  ra n g e  o f  P F D s fo r 20  h. 
T h e  a sco rb a te  p o o l in c rea sed  to  new  levels a fte r th is  tim e 
(figure 2). A t th e  h ig h es t P F D  o f  4 0 0 ^ im o lm " ^ s ~ ‘ it 
re ach ed  th e  sam e c o n c e n tra tio n  as in ta c t p lan ts  a cc lim a ted  
to  th is P F D  o v er seven  davs. L e a f  slices from  in ta c t p lan ts 
a cc lim a ted  to  4 0 0  |im o l m ~ - s “ ‘ d id  n o t show  a red u c tio n  
in  th e  a sco rb a te  p o o l w h en  in c u b a te d  a t low er ligh t in ten s i­
ties un less kep t in  th e  d a rk . T h is  show s th a t  th e  re ad ju s t­
m en t is re la tive ly  slow, as h a s  b een  found  in  o th e r  studies 
(see § I) a n d  th a t th e  a sco rb a te  poo l in  th e  le a f  slices 
behaves in  a  s im ila r  m a n n e r  to  in ta c t leaves o n  exposu re  
to  h igh  ligh t. T h e re fo re  b a rley  le a f  slices p rov ide  a  useful 
system  to  inves tiga te  a sco rb a te  m etabo lism  in  re la tio n  to 
ligh t. E xogenous L -g a la c to se  a n d  L -g a la c to n o -l,4 -lac to n e  
a re  read ily  ab so rb ed  a n d  co n v e rted  to  a sco rb a te  by 
leaves, th e  reac tio n s  b e in g  ca ta ly sed  by L -ga lac to se  d e ­
hy d ro g en ase  a n d  m ito c h o n d r ia l L -g a la c to n o -l,4 -la c to n e  
d eh v d ro g en ase  (\V h ee le r et a l. 1998; L oew us 1999; B arto ii 
et al. 2000). B arley  le a f  slices supp lied  w ith  these p re ­
cu rso rs c o n v e rt b o th  substra tes  in  a lig h t-s tim u la ied  
m a n n e r  o v e r 5.5 h (figu re  3 . f ) \  e r  24  h conversion  o f  L- 
ga lac to n o -1 .4 -lac to n e  to  a sc o rb a te  is also g re a te r  in  the
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Figure 5. A com parison of the light response o f steady-state chlorophyll fluorescence param eters m easured in leaves fri 
type and ascorbate-deficient m utants o f Arabidopsis thaliana. (a) Q uan tum  efficiency of PS II  (<JPS II) . (b) P h o to c h ^  
quenching coefficient {qp}. (c) N on-photochem ical quenching coefficient (^np)- (<0 N on-photochem ical quenching (NF 
values are means o f four replicates ±  s.e.

lig h t th a n  in  th e  d a rk  (figure 4). F u rth e rm o re , w h en  
leaves w ere  tak en  from  p lan ts prev iously  acc lim a ted  to 
h ig h  o r  low  ligh t, conversion  o f  L -g a la c to n o -l,4 -la c to n e  
to  a sc o rb a te  in th e  d a rk  w as g re a te r  in  th e  p rev iously  
h ig h -lig h t a cc lim a ted  leaves 'f ig u re  4). T h ese  results 
suggest th a t  L -g a la c to n o -l,4 -lac to n e  o x id a tio n  is 
e n h a n c e d  by ligh t. T h e  persisten t increase  in  a sco rb a te  
syn thesis from  L -ga lac iono -1 ,4 -lac tone  in  h ig h  light 
a c c lim a ted  leaves in th e  d a rk  suggests th a t th e ir  
m ito c h o n d r ia  have a la rg e r L -g a lac to n o -1 ,4 -lac to n e  
deh y d ro g en ase  capacity . T h e  fu r th e r  increase  in  asco rb a te  
syn thesis w hen  h ig h -ligh t acc lim ated  leaves w ere  kept in 
th e  lig h t suggests th a t th ere  is also  a d irec t e n h an cem en t 
o f  L -g a la c to n o -l ,4 - la c to n e  ox ida tion  by  ligh t. T h is  is 
u n d e r  fu r th e r  investiga tion  to  d e te rm in e  if  lig h t affects 
ex p ression  o f  L -g a la c to n o -l,4 -la c to n e  d eh y d ro g en ase  an d  
if  th e re  is a n  in te ra c tio n  b e tw een  light an d  m ito c h o n d r ia l 
m e tab o lism  th a t affects L -g a la c to n o -l,4 -la c to n e  activity. 
It is su rp ris in g  th a t th e  last step  o f  the pathw ay , w hich 
a p p a re n tly  has a  la rge  capac ity  c o m p a red  to e a r l ie r  steps, 
is a ffec ted  by light. To u n d ers tan d  fully th e  close co o rd i­
n a tio n  b e tw een  asco rb a te  pool size a n d  ligh t it w ill also 
be n ecessary  to  d e te rm in e  the eHect o f  light on  ea rlie r  
steps in  th e  pathw ay.

(b) A sco rb a te -d e fic ie n t  A r a b id o p s is  i-------^
m u ta n ts  have red u ced  n on-ph otoch em ica l qu^

F our asco rbate-defic ien t A. thaliana m u ta i4  
red u ced  a sco rb a te  co n ce n tra tio n  have been.^ 
(C o n k lin  et al. 1996, 2000). T h e y  have been n am 4
3 an d  4. T h e  young  leaves o f  each m u tan t have 3 
o f  th e  w ild - ty p e  asco rb a te  con ten t. T h e  ascorbate,i 
tra tio n  in th e  rosette  leaves o f  som e vtc2 alleles d« 
even  fu r th e r  a fte r flow ering  to 10%  of wild-tjq 
c lon ing  o f  V T C I  and  its co n trib u tio n  to confirni 
p roposed  asco rb a te  b iosynthesis pathw ay was d<
in § l .  J

Som e, b u t no t all, o f the  vtc m u tan ts  a re  ozon< 
sensitive w h ile  vtcl is also m ore  sensitive  to , 
d iox ide an d  U V B  (C o n k lin  el al. 1996, 2000, 
exogenous asco rba te  reverses th e  ozone hypersensi 
vlcl, th e  p h en o ty p e  is un likely  to be c au sed  by pl« 
effects a n d  th is  p rovides s tro n g  genetic e \id e n r t  
a n tio x id a n t role for asco rb a te  ' C onk lin  et al. 199 ) 
ba te  is also  p roposed  to p lay  a role in photoproCO 
ac tin g  as a co facto r for \ 'D E .  thus facilita ting  zO  
syn thesis a n d  d issipation  o f excess e x c ita tio n  eD 
h eat. T h e  b ackg round  was review ed in j l -  1 
n o n -p h o to ch em ica l qu en ch in g  (m ea su re d  as »
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c 6. comparison o f the time-course o f induction and relaxation {actinic light off) of chlorophyll fluorescence param eters 
ircd in leaves from w ild-type and ascorbate-deficiem  vtc m utants o f Arabidopsis thaliana. D ark -adap ted  leaves were exposed 
inic light (photon flux density 1000 jam olm ''^ s“ ') a t zero time, (a) Q uan tum  efficiency of PS II  (^P S  II ) . [b) Photo- 
ilcal quenching coefficient (?p). (c) N on-photochem ical quenching coefficient (?mp). {d) N on-photochem ical quenching 
i ) .  The values are means o f three replicates ±  s.d.

9liana c a n  be  a ttr ib u te d  to  z e a x a n th in  synthesis 
et al. 1998). T h e re fo re  th e  dev e lo p m en t o f  N P Q _in  

*^ypt' an d  vtc m u tan ts  has b een  assessed by analysis o f 
fophyll fluorescence q u ench ing . T h e  p la n ts  w ere 
^ at low ligh t in tensity  (2 0 0  jim ol m “ ^ s“ ') to avoid  
^■oxidative stress and  th e  m a x im u m  q u a n tu m  

s th e  sam e in  a ll th e  stra ins . C h lo ro - 
fluorescence m easu rem en ts  w ere  used  to  co m p are  
hein ical q u ench ing  {q^\ n o n -p h o to ch em ica l 

(ca lcu la ted  as a n d  NPQ_) a n d  the
efficiency o f PS  I I  ( ^ P S  I I )  a l steady  sta te  over 

ge o[ in tensities in  w ild - ty p e  a n d  vtc m u tan ts
^ 5). i here  w ere  no sign ifican t d ifferences in  ^ P S  II

*  . th e  la tte r  was v e ry  sligh tly  h ig h e r in  vtc4.
p 'lx 'hem ica l q u en ch in g  m easu red  as w as

iho w ild - ty p e  leaves, w h ile  expression  as NPQ_ 
all th e  vtc m u tan ts  dev e lo p ed  low er non- 

'“'iiical q u en ch in g  th a n  th e  w ild - ty p e  a t ir ra -  
iil)r)\-e 1000 |im ol m “ - s “ ’. A  tim e -co u rse  o f 

o f  th e  ch lo rophy ll fluorescence p a ra m e te rs  
: ;;u ing d a rk -ad ap ied  leaves w as d e te rm in ed

a n d  rev ea led  th e  sam e d ifferences b e tw een  w ild - ty p e  an d  
vtc m u ta n ts  (figure 6 ). N o n -p h o to ch em ica l q u ench ing  
m e a su re d  by  o r  N P C i w as h ig h e r  in  w ild -ty p e  leaves 
b y  4 0  s a f te r  illu m in a tio n . T h is  in i t ia l  4 0  s phase  c o rre ­
sp o n d s to  z e a x a n th in -in d e p e n d e n t N P Q , seen in  npql, a 
V D E -d e fic ien t m u ta n t (N iyogi et al. 1998). D ivergence  o f 
th e  m u ta n ts  a n d  w ild -ty p e  a fte r  th is  p o in t suggests th a t 
th e  m u ta n ts  have  reduced  z e a x a n th in -d e p e n d e n t X P Q  
th a t  c o u ld  be  a ttr ib u te d  to  a  lim ita tio n  o f V D E  activ ity  
by a sc o rb a te  supply. B ecause th e  effect occurs in  four 
n o n -a lle lic  m u ta n ts , it is v e ry  likely  th a t  asco rba te  
deficiency  is th e  d irec t cause o f  red u ced  N P Q , T h e  results 
su p p o r t p rev ious assum ptions th a t a sco rb a te  supply  in  the  
th y lak o id  lu m en  is p o te n tia lh ' l im itin g  to  V D E  activ ity  
(N eu b au e r & Y am am oto  1994,i. It is no t know n if  the 
re d u c tio n  in  a sco rb a te  c o n c e n tra tio n  in  th e  vtc m u tan ts  is 
eq u a l in  all su b ce llu la r co m p a rtm en ts . H ow ever, because 
a  re la tive ly  sm all decrease  in  a sco rb a te  reduces \ 'D E  
activ ity , it c a n  be te n ta ti \’ely suggested  th a t the 
c o n c e n tra tio n  o f  ascorb ic  ac id  in  th e  lu m en  m ust be  n ear 
th e  A'n, o f  V D E  (100 see § 1 a n d  no t n e a r  the  strom al
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Figure 7. A com parison o f  the sensitivity of w ild-type and 
ascorbate-dcficient vtc m u tan ts o f Arabidopsis tkaliana to 
N aCl-induced photo-oxidation . Ten-day-old seedlings 
grown w ith 122 m M  N aC l a t low light intensity (photon 
flux density 75 (im olm ~ ^s~ '}  were transferred to higher 
light intensity  (photon flux density 240 nmol m " ^ s “ *), After 
12 days the p roportion  o f  seedlings w ith all their leaves 
bleached was determ ined. T he values are  means o f  four 
replicates ±  s.e.

c o n c e n tra tio n . A  v e ry  h ig h  s tro m a l a sco rb a te  c o n c e n tra ­
tio n  m ay  b e  re q u ire d  to  m a in ta in  lu m en  a sco rb a te  in  th e  
a p p a re n t absence  (F oyer &. L e lan d a is  1996) o f  a  c a r r ie r  
(figu re  1). In  c o n tra s t  to  th e  effect o f  loss o f V D E  activ ity  
in  th e  npql m u ta n t (N iy o g i et al. 1998) th e re  w ere  no  
m easu rab le  c o rre sp o n d in g  changes in  qp, ^ P S  I I  an d  
Fy  IF^  (d a ta  n o t show n) in  th e  vtc m u tan ts . T h is  is 
p ro b ab ly  b ecau se  th e  re d u c tio n  in  N P Q is  sm a lle r  th a n  in  
th e  V D E -d e fic ien t p lan ts.

(c} The  v tc  m u ta n ts  a re  su sc e p tib le  to  sa lt- in d u c e d  
p h o to -o x id a tio n

W h en  y o u r^  A. tkaliana  seed lings a re  ex p o sed  to  a 
c o m b in a tio n  o f  h ig h  lig h t in ten sity  a n d  N a C l in  th e  
ro o tin g  m e d iu m , th e  leaves b leach  w ith in  a  few days 
(figu re  7). N a C l a t  low  lig h t in tensity  o r  h ig h  lig h t a lone 
does n o t cause  th is  resp o n se , w h ich  p rov ides a n  easily 
m o n ito re d  b io assay  fo r p h o to -o x id a tio n . U n d e r  co n d i­
tions th a t cause  slow  b le a c h in g  o f  w ild -ty p e  seed lings, all 
th e  a sco rb a te -d e fic ien t vtc m u ta n ts  b leach  m o re  rap id ly  
(figu re  7). T h is  p rov ides fu r th e r  ev idence fo r th e  ro le o f  
a sco rb a te  in  p h o to p ro te c tio n . A t p resen t the m ech a n ism  o f  
p ro tec tio n  ag a in s t sa lt a n d  lig h t-in d u ced  p h o to -o x id a tio n  
is no t kno w n . It c o u ld  be  re la te d  to  p ro tec tio n  by N P Q , 
scaveng ing  o fs u p e ro x id e  a n d  h y d ro g en  perox ide  in  ch lo ro - 
p lasts  a n d  p erox isom es, o r  reg en e ra tio n  o f  a -to c o p h e ro l. 
A P X  a n d  su p ero x id e  d isn iu ta se  ac tiv ity  a re  indviced by 
th is  tre a tm e n t (T sugane ei al. 1999), the  increase  in  A P X  
fu r th e r  u n d e rlin in g  a ro le  fo r asco rbate . T sugane  et al. 
'1999  iso la ted  a recessive A . lhaliana  m u tan t i' pstf) th a t is 
m o re  to le ra n t to N a C l-in d u c e d  photo-o .sidacion  and  
w hich  h a s  h ig h e r  A P X  activ ity . T h is  svsieni a n d  th e  vtc

m u tan ts  sh o u ld  b e  usefu l in  assessing th e  role of 
in  p h o to p ro tec tio n .

7 . CONCLUSIONS

T h e  resu lts  p re sen ted  h e re  iden tify  multipM 
asco rb a te  in  pho to sy n th esis  a n d  pho topro t 
show  th a t its syn thesis in  leaves is controlU  
H ow ever, th e  q u e s tio n  w hy chloroplasts 
c o n ta in  c iio iu iu u s  a sco rb a te  conccu ira tions is  ̂
fu lly  an sw ered . T h e  asco rba tc -defic iem  vt 
a p p e a r  to  fu n c tio n  n o rm a lly  u n ti l exposed  tol 
stress, im p ly in g  th a t  v e ry  h ig h  ascorbate , as sej 
a lp ine  species, m u s t b e  m a in ta in e d  to deal 
ex trem e  ep isodes o f  p h o to -o x id a tiv e  stress. Ma 
o f  th e  b io sy n th e tic  p a th w a y  o f  asco rba te  m igj 
possible as a  n u m b e r  o f  genes have  been  clonec 
shou ld  p rov ide  fu r th e r  in s ig h ts  in to  its function,!
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The research has b een  in itia ted  to  develop th e  asphalt m ix tures w hich are  suitable for th e  surfacc o f  asphalt concrete directly  fastened 
track  {ADFT) system  an d  evaluate th e  perform ance o f  the asphalt m ixture. Three aggregate g radations w hich are upper (iiner), 
m edium , a n d  below  (coarser). The no m in a l m ax im um  aggregate size o f  asphalt m ix tu re  w as 10 m m . Asphalt m ixture design was 
conducted  at 3 p ercen t a ir  voids u sing  M arshall m ix design m ethod. To m ake im perm eable asphalt m ix tu re  surface, th e  laboratory  
perm eability  test w as cond u c ted  fo r asphalt m ix tures o f  three different aggregate gradations u sing  asphalt m ixture perm eability  
tester. M oisture susceptibility  tes t w as conducted  based on  AASHTO T  283. The stripp ing  percentage o f  asphalt m ix tures was 
m easured  using  a  d igital cam era  a n d  analyzed based on  image analysis techniques. Based on  th e  lim ited  research results, th e  finer 
aggregate gradation  is th e  m o st su itab le fo r asphalt m ixture for A D FT system  w ith  th e  h igh  TSR value and the low stripping  
p e r c e n t ^  an d  perm eable  coeffic ien t Flow  n u m b er and  beam  fatigue tests for finer aggregate asphalt m ix ture w ere conducted  
to  characterize th e  p erfo rm an ce  o f  asphalt m ix tu res contain ing  tw o m odified  asphalt binders: STE-IO w hich is styrene-butadiene- 
styrene (SBS) po lym er and  ARM A w hich is C ru m  ru b b er m odified asphalt. The perform ance tests indicate that th e  STE-10 shows 
th e  h igher ru ttin g  life a n d  fatigue life.

1. Introduction

H ot mix asphalt (H M A ) was first developed for applying to 
the track structure to  partly  replace the  conven tion^  granular 
material and now  is selectively considered as an option for 
new m ainline tracks, yards, and term inal construction  due to 
lower delivering and placing cost com pared to  conventional 
granular subballast [1]. H ensley and  Rose [2] found tha t HMA 
m at is capable o f perform ing as an elastic layer under the 
railway instead o f open-graded unboim d ballast layer. HMA 
is suitable for railway substructure  to  enhance perform ance, 
support dynam ic, and vibrated loading especially at the 
effective depth  o f 0 -2  m eters [3]. Viscoelastic strength and 
m odulus o f H M A  can m ake it m ore sustainable for using 
as high-speed railway substructures [4] and also no  d a m ^ e  
or crack o f the asphalt is detected after m any years o f  heavy 
traffic under various conditions [5]. Fang et a\. [6 ] concluded 
that air voids content and perm eability o f asphalt m ixture

is strongly affected by the segregate gradation but no t cor­
related w ith norm al m axim um  aggregate size. Rose et al.
[7] suggested th a t the loading conditions in  trackbeds are 
different from  those in  highway pavements, so the asphalt 
content o f  H M A  trackbeds should  be 0.5% higher than  that 
considered op tim um  for highw ay applications w ith air voids 
o f  1 to  3% to  ^c ilita te  adequate strength  and  an im perm eable 
mat. Sangsefidi e t al. [8 ] postulated to adopt the optim um  
m ixture; the aggregate gradation is considered as an im por 
tan t characteristic, since it affects the ru tting  resistance and 
the m oisture susceptibility o f  the asphalt mixtures. Merusi 
et al. [9] applied a  digital im age analysis m ethod to  identify 
the stripping surface to  quantitatively evaluate the stripping 
resistant o f asphalt m ixture. It offers a good observation and 
qualification o f stripping. The im perm eable asphalt layer can 
prevent stripping and  possible contam ination o f  the lower 
layer by  vertical hydraulic transport o f  m ud  and fines [101 •
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Table 1; Marshall test results at the optim um  asphalt content.
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Figure 1: Aggregate gradations in 0.45 [K>wer.

The purposes o f  this study are to  evaluate the asphalt 
m ixtures w ith three aggregate gradations, upper, m edium , 
and below, to evaluate w hich are suitable for the  surfece 
o f  Asogakt C oncrete D irectly Fastened (ADFT) system. The 
M arshall m ix design m ethod  was conducted  to  determ ine the 
optim um  asphalt b inder conten t for asphalt mixes w ith d if­
ferent aggregate gradation. D igital im ages captured from  wet 
indirect tensile (IDT) test w ere analyzed and  com pared w ith 
its TSR obtained from  d ry  and w et conditioned  specim ens 
in  AASHTO T 283 test. The falling head perm eam eter was 
used to  determ ine the perm eability o f  th e  asphalt m ixtures 
in  the laboratory in  o rder to  find the im perm eable mixtures 
correlated w ith the aggregate gradations. The perform ance 
o f  asphalt concrete m ixtures w hich has upper g radation  was 
investigated using flow n um ber and  beam  fatigue test using 
two types o f m odified asphalt binders.

2. Materials and Mix Design
2.1. Materials. Asphalt b inder STE-10 w hich is styrene-buta- 
diene-styrene (SBS) polym er was used for evaluating aggre­
gate gradations. The aggregates w ith  three gradations, upper 
(finer), m edium , and  b«low (coarser), have bulk  specific grav­
ities, Gjt,, o f  2.563,2.578, and  2.594 g/cm ^, respectively, deter­
m ined according to  AASHTO T  85 [11] and AASHTO T 
84 [12] tests. The aggregate gradations w ere chosen between 
the upper and lower control lim its w ithou t passing through 
the restricted area based on  Superpave m ix design m ethod 
w ith aggregate m axim um  size o f  12.5 m m  [4]. The details o f 
aggregate gradations are show n in  Figure 1.

2.2. M ix Design. A sphalt m ix design is conducted based on 
M arshall mix design m ethod  [4], and  sam ples o f  asphalt 
m ixtures were prepared w ith th ree  replicates at th ree  different 
asphalt contents. The op tim um  asphalt contents selected at an 
air void o f  3% were 5.5%, 5.2%, and  5.3% for upper, m edium , 
and below mixes, respectively. As show n in  Table 1, asphalt 
m ixture w ith below gradation d id  n o t m eet the flow value 
criteria as 43.1.

M arshall p roperties C riteria  lim it U pper M edium Below

O p tim u m  A C  (%) A t 3 5.5 5.2 5.3

M arshall stability  (kgO >500 2536.7 2162.9 1776.1

V M A  (%) > D 13.6 13.0 12.9

VFA (%) 70 -8 0 79.3 78.8 779

Flow (0.01 cm ) 2 0 -4 0 35.8 31.8 43.1

— 2.344 2.353 2.358

3. Evaluation of Aggregate Gradations
3.1. Indirect Tensile (IDT) Test. H M A  m oisture susceptibility 
is m ostly determ ined  based on the AASHTO T  283 [13]. 
The dam age due to  m oisture is controlled by the specific 
lim its o f  th e  tensile strength  ratios (TSR). All specim ens were 
com pacted by the gyratory  com pactor and had air voids o f 
7 ± 0.5%. Total six specim ens were separated into tw o subsets: 
one subset for d ry  ID T test and the o ther for w et ID T test. The 
m axim um  load was recorded from  th e  indirect tensile tester 
and  the corresponding ID T  strength  was calculated by

2000P
nD t

(1)

w here S, is th e  ID T  strength, kPa, P is the m axim um  load, 
t  is the thickness o f  specim en, and  D  is the diam eter o f 
specimen. The tensile strength  ratio (TSR) is determ ined by 
the following equation  from  the  d ry  and wet ID T test results;

T S R = (2)

w here Sjy is the average w et ID T  strength and is the aver­
age d ry  ID T strength. Figure 2 indicates tha t the aggregate 
gradation  affects to  som e extent the m oisture susceptibility o f 
the asphalt m ixtures. The m ixtures w ith  upper, m edium , and 
below gradations have TSR values o f  82.5%, 80.2%, and 81.7%, 
respectively. Accordingly, all th e  m ixtures m et the criteria 
o f  a m in im um  TSR value o f  80% [13], and  the mixes with 
upper (finer) gradation show ed better TSR than  mixes with 
m edium  o r  below (coarser) gradation. Basically, the water 
penetration  depends on  the gradation o f  aggregate: dense 
o r open graded. Since finer m aterials tend to  fill voids and 
increase the density, therefore its reduction also affected the 
TSR in  coarser graded mixes. F urtherm ore, due to  breaking 
o f coarser aggregate during  com paction, uncoated surface 
absorbs the w ater m ore than  the o ther particles and then 
leads to stripping. There is low am oun t o f  fine material in 
m ediiun and below aggregate gradation. As a result, although 
the asphalt m ixture w ith m edium  aggregate gradation has 
high d ry  and  w et ID T  strength values (Figure 2(a)), but, as 
seen in  Figure 2(b), its m oisture resistance o r TSR value is the 
lowest as com pared to  th e  others.

3.2. Image Analysis. Two-halves o f  the sam ples from  the wet 
ID T test were kept for image stripping analysis. The images 
were captured to  the fractured  surface by digital cam era
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F i g u r e  2: Ind irect tensile (ID T ) test result.
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(SONY DSC-TIOO 8.1 mega pixels) in  ap adequate and 
indirect light condition to  prevent creation o f  light reflection. 
It is recom m ended to use a  light green color as background 
during  taking picture. W ith th is color, background separation 
can be done accurately and evenly. M oreover, th e  angle of 
images capturing should be perpend icu lar to  th e  surface of 
sample. The im age analysis program  developed using MaUab
[14] was employed for determ in ing  stripping percentage. The 
num bers o f black and  w hite pixels were counted  to  determ ine 
the stripping area. By determ in ing  a threshold  value w ithin 
the grayscale, w hite and  black pixels can be distinguished in 
b inary  image. Applying different threshold  levels indicated 
tha t the global threshold  values betw een 0.16 and 0.17 did not 
significantly affect the stripping percentage results; however, 
for an accurate com parison, the analyses o f  all th e  images 
should be done w ith th e  sam e thresho ld  value. The threshold 
value o f  0.165 was chosen to  d istinguish  th e  w hite and black 
pixels. This threshold level seem s to  be a realistic value to 
recognize the stripping percentage.

In image analysis test, the  lower the stripping percentage 
is, the less the  m oisture dam age occurs. As seen in  Figure 3, 
the results indicate th a t the im age analysis isljasically reliable

w hen its results, stripping percentage, have alm ost the same 
trend  w ith  the wet ID T  values. The ID T test result o f the 
asphalt m ixture w ith m edium  aggregate gradation is high, 
and also th e  im age analysis indicates a h igh stripping resis­
tance (lower stripping percentage), relatively m atching the 
wet ID T strength value. In th is study, the stripping percentage 
values have yet denoted  th e  correlation w ith TSR values.

3.3. Permeability Test. The perm eability o f asphalt concrete 
samples was m easured by the perm eam eter developed by 
Florida D epartm ent o f  T ransportation (FDOT) to r testing in 
the laboratory [151. ’The perm eable coefficient was com puted 
according to  (3). Three replicated tests on  the sam e specimen 
were perform ed and averaged:

A t  X h y /
(3)

where k  is the perm eable coefficient, a  is the inside cross- 
sectional area o f  th e  graduated cylinder, L is the average 
thickness o f  the test specim en, A  is the cross-sectional area 
o f the test specim en, t is the elapsed tim e between and /i2> 
/t] and  /12 are initial and final head across th e  test specimen, 
and fp is the tem perature correction  for viscosity o f  water. 
According to  FD O T ’s criteria for im perm eable asphalt m ix­
ture, the perm eable coefficient m easured by th e  f ^ in g  head 
perm eam eter m ust n o t exceed 0.1 cm /s. The perm eability 
o f asphalt concrete is m ostly affected by the porosity and 
air voids distribution. As seen in  Figure 4, all m ixtures met 
criteria for im perm eable m ixture; however, the perm eability 
o f the m ix w ith below  (coarse) gradation is higher by far than 
the others. All the air void contents are alm ost at the same 
level. Therefore, it is noted  th a t the upper and m edium  mbces 
can produce sm aller a ir void pockets than  the  below.

4. Performance Evaluation

According to the previous w ork [16], the modified asphalt 
m ixtures are suitable for railway substructures com pared to
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F i g u r e  4 : P e r m e a b i l i ty  t e s t  r e s u l t .

the  original one. For perform ance evaluation, asphalt m ix­
tures w ith two types o f  m odified asphalt b inder, STE-IO and 
ARMA, were used for flow num ber and  four po in t beam  
fatigue tests.

4.1. Flow Number. The flow n um ber (FN) is a m easure o f  the 
ru tting  potential o f  asphalt m ixes [17]. M ixes w ith  high flow 
num ber are m ore resistant to  perm anen t deform ation and 
vice versa. The cylindrical specim en geom etry  is sim ilar to 
^ e  dynam ic m odulus test. Asphalt specim ens were subjected 
to repeated haversine axial cycle w ith 0.1 and 0.9 sec loading 
tim e and rest period, respectively. Ihe  test was perform ed 
under unconfined conditions a t 54‘’C  and  deviatoric stress of 
600 kPa. The failure criterion  is de term ined  at 15,000 cycles 
or 50,000 m icrostrain, w hichever occurs first. D uring FN 
test, the  mix follows three different stages o f deform ation: 
prim ary  (C onsolidation), steady state, and  tertiary  [17]. Flow 
num ber is the num ber o f  load cycles a t the m inim um  
rate o f  perm anent axial strain  (e.g., c o n s W t volum e) at 
w hich tertiary  flow begins. The m in im um  strain  rate was 
determ ined a t the junction  po in t in  betw een the steady state 
and tertiary  o f  deform ation. The following equation is applied 
to  calculate the strain  rate;

-  ewi.,

2A N
(4)

where is the strain  rate at N th  cycle, is the strain 
at {i + l) th  cycle, is the  strain  at (f -  l ) th  cycle, and  AN 
is the num ber o f  cycles in  betw een (i + l ) th  and (i -  l) th  
cycle. In this study, the test was conducted  on  tw o replicates 
with an average FN o f 733 and 226 cycles for STE-10 and 
ARMA mixtures, respectively. Figure 5 represents the strain  
rate evolution for the tw o replicates o f  STE-10 mixtures. 
Results suggest tha t the asphalt m ixture containing STE-10 
exhibits the h igher ru tting  life com pared to  th a t o f  ARMA.

4.2. Four Point Beam Fatigue Test. This test was conducted to 
determ ine the fatigue life o f  asphalt pavem ent using a  380 x 
63 X 50 m m  beam. Repeated loads w ere applied un til reaching

fatigue. Fatigue life is the num ber o f cycles recorded at the 
failure o f  asphalt m ixtures according to  AASHTO T  321 [18].

An in-house steel m old  was used to  fabricate 405 x 240 x 
75 m m  asphalt concrete slab. The slab is com pacted by a steel 
rod  to  reach target a ir voids o f  7 to 9%. The slab was sawn 
approxim ately 6  m m  from  all sides to  avoid the air voids 
clustering a t th e  edge o f the  slab due to  th e  m old tem perature. 
After that, tw o standard  beam s o f 380 x 63 x 50 m m  were cut 
from  the slab.

The beam s were tested by  four po in t loading clamps. The 
loads on  the tw o inner clam ps were cycled w ith a repeated 
haversine (sinusoidal) load  at frequency o f  10 H z while the 
outer ones rem ained fixed to provide a  reaction support, 
providing a constant bending m om ent over th e  center part o f 
th e  beam . The deflection caused by  the loading is m easured at 
the center o f the beam . The deform ation o f  the beam  centroid 
was calculated to  produce the  tensile strain  values in the 
bo ttom  fiber o f the beam  and  collects load and deform ation 
data every 100 cycles.

The test was perform ed on  a  strain-controlled condition 
using a strain  level o f 650 m icrostrain a t room  tem perature 
o f  19 ± r c .  The sam ple was conditioned in a cham ber for 
about two hours a t th e  testing tem perature prio r to  testing. 
As loading is applied, th e  beam  resilience reduces gradually. 
The test was term inated  w hen th e  beam  stiffness reduced to 
50% o f th e  initial stiffness, and the num ber o f  cycles at that 
tim e is referred to  as th e  fatigue life. The flexural stiffness (S) 
is determ ined  using

(5)

w here Of and  £, are the m axim um  tensile stress and strain  
determ ined as follows:

a ,  =
0.357?

b h ^  ’

I26h

3 L ^ + 4 f l^ '

(6)

w here P  is the applied load by actuator, b is the average 
beam  w idth, h  is th e  average beam  height, 5  is the m axim um  
deflection at center o f  beam , L  is the average beam  length (m), 
and  a  is the space betw een inner clam ps (̂ 0.119 m). Examples 
o f  the norm alized fatigue stiffness reduction  w ith num ber o f 
cycles for all m ixtures are show n in  Figure 6 . Results suggest 
tha t the  STE-10 exhibits th e  h igher fatigue life w ith 50 tim es 
greater than  the  other.

5. Conclusions

The ADFT system  requires a durable and im perm eable 
asphalt layer under th e  sleepers. Three types o f  mixes m ade 
w ith com bination  o f three different aggregate gradations were 
designed and evaluated for their m oisture susceptibility and 
permeability. The m ixtures were designed by M arshall mix 
design m ethod  and tested w ith ID T test, image analysis
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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 is the 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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