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Involvement of Plasma Membrane Redox System 
in the Generation of Trans-Root Electrical Potent ial 
Difference in Excised Maize Root 
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Abstrac t . Possible involvement of the plasma menibiane bound íedox system m 
the generation of the tians-ioot electiical potential difFeience (TRP) arising across 
8 day old maize (Zea mays L hybnd ZPSC704) loots was studied Excised loots 
weie exposed to aitificial impeiiiieable election acceptois (potassium hexacyano-
fenate III and potassium hexachloionidate IV) m external solution, and TRP 
íesponse oxygen consumption late pioton efflux and íeduction of the election 
acceptois weie analyzed The effect of hexacyanofenate III (HCF III) was tested 
at thiee concentiations (0 1,0 5 and 1 0 mmol/1), and hexachloioindate IV (HCI 
IV) m the concentiation íange 10~7 - 5 10~4 mol/1 Both election acceptois de-
polanzed the tians-ioot potential an oidei of magnitude lowei contentiations of 
hexachloionidate producing a much moie íapid depolanzation of gieatei magni
tude The loots had a highei capacity to íeduce 0 1 mmol/1 hexachloionidate than 
1 mmol/1 hexacyanofenate Also an mcieased level of acidification induced by 
HCI IV than HCF III could be obseivcd The rate of oxygen consumption showed 
an mciease of about 20% m both cases These iesults piove that election tians-
plasma menibiane tiaiispoit piocess(es) contnbute to the total tians-ioot electiical 
potential diffeience acioss an excised maize loot 

Key words: Excised loot — Hexachloionidate (IV) — Hexacyanofenate (III) — 
Plasma membrane election transpoit — Tians-ioot potential — Zea mays L 

Introduction 

Moie than thnty years ago it was shown that an election motive foice (e m f) 
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appeals acioss plant loots, when measuied by placing two macro-electiodes into 
the solutions m contact with the two ends of excised loots F u s t íepoits (Bowling 
and Spanswuk 1964 Helmv et al 1971) consideied such a t i ans loot electiical 
potential difFeience ( T R P ) of loots as classical diffusion potentials appealing as 
a lesult of ionic concentiation giadients and tiaiispoit along the loot The use of 
metabolic nilnbitois demonstrated that T R P is also linked to cellulai metabolism 
and electiogenic processes m the loot (Shone 1968, DaMs and Higinbotham 1969 
Radenovic et al 1980) The electiogenic component of T R P is a íesultant of at 
least two electiogenic piocesses one being located at cpidennal cell membianes 
and the othei one at s\mplast/x>leiii niteiface (De Boei c t al 1983) Oui stud> 
of the effect of metabolic nilnbitois on T R P m maize loots indicated the existence 
of an electiogenic sjstem contributing to the T R P to a gieatei extent than that 
would be obtained if the membiane VTPasos weie the sole contnbutoi (Vuletic and 
Vuŕinic 1996) Since the existenc c oí an c lee tiogc me plasma menibiane ledox pump 
was postulated m 1980 ( h a n k i n a and Ncnak 1980) and plasma menibiane election 
t iai ispoit demonstiated b\ leduction of external aitifiual election acceptois (Ciaig 
and Ciane 1981) a numbei of studies have show n that menibiane íedox s\ stems aie 
a ubiquitous chaiactenstic of all examined plant cells and tissues Depolan/ation 
of menibiane potential accompanying the i eduction of external election acceptois 
has been demonstiated in a nuiiibe i of cell types examined including mai/e loot 
tells (Doling et al 1990 Doimg and Bottgt i 1994) Such íesults aie consistent 
with the piesente of t iansplasma menibiane election tiaiispoit system suggesting 
the i m o h e m e n t of the plasnialenima íedox s\stem(s) m menibiane eneigization 

The aim of tins s tuth was to pio\e that the elettiogenit component of the 
tians-ioot electiical potential difference is also associated with the plasma meni
biane bound íedox system of mai/e loots cells We ditl tins b> exposing excised 
maize loots to aitihcial election acceptois potassium liexac\anofenato III (HCF 
III) and potassium hexachloionidate I\ (HCI IV) m external solution and ana
lyzing the T R P íesponse oxygen consumption late pioton efflux and leduction oi 
the election acceptois 

M a t e i i a l s and M e t h o d s 

Plant material 

The expenmental object used was the pnmai> loot of mai/e (Zui mays L lrybnd 
ZPSC704) Aftei 3 days of geimmation at 2rj°C maize plants weie giown foi 5 
days in aeiated half s t iength Iviiopp solution m a contiolled enviionment (12 h day 
24/18°C, 40 \\ m ~ 2 , 75(X RH) The loots weie excised a clay befoie the expenment 
and placed m Iucite holdeis foi T R P measurements The cut end of the root was m 
contact with solution containing 100 mmol/1 suciose 10 mmol/1 KC1, 0 5 mmol/1 
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C a C b , pH 5 5, pieMously deteimnied to be the optimal composition foi sucrose 
replenishment m the lowei pa i t of the loot (Vučmic and Vuletic 1995) The lest 
of the loot was immeised m a non-buffeied bathing solution containing 1 mmol/1 
KC1, 0 1 mmol/1 CaCl 2 

Electrophysiological measuiements 

Tians-root potential measmements weie peifoimed simultaneously with oxygen 
consumption measuiements using the ai iangement as descnbed m our eaihei papei 
(Vučmic and Vuletic 1995) The measuiements weie peifoimed on the excised and 
mounted loots aftei lenewnig the solution m the lucite holdei m contact with the 
cut end of the loot, and placing the loots into an expenmental tube thiough which 
the bathing solution flowed at a ía te of 1 ml m m - 1 This bathing solution was 
substituted with a solution containing additional substances as shown m Results 
The election acceptois weie added as soon as steady state T R P was obtained 
(usuallj in about 30 mm) Potassium concentiation was held constant dining the 
measuiements of T R P changes induced b\ potassium hexacyanofenate III due 
to the stiong potassium dependent effect on T R P diffusion potential (Helmy et 
al 1971) and high coneentiations of potassium added in the foi m of H C F III 
The kinetic tiaces piesented m the Results section aie aveiaged íesults of 5 10 
individual expeiiments as explained m the papei by Vucinic and \ uletic (1995) 

Oiygeit consumption 

Oxygen consumption bv the loot was measuied duimg a penod of temporarily 
stopped flow pnoi to and following mhibitoi addition and at ta inment of a new 
steady-state, bv placing a Claik t^pe 0> electiode (bellow Spnngs Inst iuments 
Co Yellow Spnngs U S A ) into the bathing solution 

Miscellaneous 

All the measuiements weie peifoimed at 25°C The pioton flux measuiements and 
monitoimg of leduction of aitificial election acceptois weie peifoimed by sam
pling the bathing solution into which t lnee excised loots held by lucite holdeis 
weie immeised pH measuiements weie earned out m unbuffered bathing solution 
by means of a pH-metei Plasmalemma election tiaiispoit l e d u t m g capacity (íe 
dox system activity) was deteimnied spectiophotometncally (HP 8451 diode aira> 
spectiophotometei) by monitoimg the concentiation of oxidized foims of hexa-
cyanofeirate and hexachloionidate at 420 and 488 nm lespectively To exclude 
the possible effects of tuibichty the measuiements weie compensated b'y values at 
480 and 700 nm, lespectively (Doling et al 1990) Contiol expeiiments without 
plants weie peifoimed to compensate foi possible side leactions with solution The 
chemicals used weie p u n t y giade Potassium hexachloionidate was obtained from 
Aldnch C hem Co 
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Results and Discussion 

Our íecent íesults on the effects of metabolic nilnbitois on the TRP (Vuletic and 
Vučmic 1996) demonstiated only a modeiate effect of plasma menibiane ATPase in 
lnbitois on the initial phase of TRP depolanzation as opposed to the lapid and pio-
nounced effect of eaiboiryl cyanide in ehloiopheii\lh>diazone V-ethyl maleimide 
and íespnatoiy nilnbitois Assuming that the initial phase is mainly clue to the 
effect on the coitical lajei of the loot cells and then plasma membianes, these íe-
sults suggest the existence of liiembiane bound electiogenic system(s) contribution 
to the oveiall TRP and pioton gradient to a greater extent than that accounted 
solely by the menibiane ATPases 

The addition of eithei impeiiiieable aitificial election acceptoi HCI IV 01 HCF 
III induced depolanzation of TRP (Figs 1 and 3) HCI IV, possessing a much 

J I I I I I I I I I 1 L 
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Figure 1. Lxamples of 0 1 mmol/1 he xachloiuicUte I\ (IK I IV) induced changes m the 
tians-root electrical potential difference (TRP) Irate a) shows a typical time couise ol 
TRP depolarization with the two paiameters numeiically analyzed ( A r R P m l x maximal 
amplitude of initial depolanzation A TRPGO level ol 1RP depolarization attaint d 00 min
utes aftei election acceptoi addition to the bathing solution) Tiace b) gives an example 
of occasionally obseived slow oscillations ol TRP obtained following addition of electron 
acceptoi 
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F i g u r e 2. Concentiation depcndenee ol the efit ct ol potassium hexachloioiridate IV on 
1RP (•) A 1 R P „ X maximal amplitude of initial depolanzation (o) AIRPoo level of 
TRP depolan/alion attained 60 minutes aitei flection acceptor addition 

highei íedox potential (+870 mV) induced depolanzation which was much gieatei 
than that caused by HCF III (+360 niV) although the concentiation of the for 
mei was one oidei of magnitude lower (0 1 mmol/1 ŕ s 1 nimol/1 íespectiveh ) The 
lapid depolanzation induced b\ HCI IV (4 4±0 5 mV m m " 1 ) leaching a maximum 
within 5 10 mm was followed by a paitial oi complete repolaiization In the case of 
HCF III the initial depolanzation was not as fast (1 2 ± 0 2 mV m m " 1 ) and subse 
quently did not íepolanze to such an extent (at highei concentiations) The effect 
of HCF III on TRP was tested at thiee concentiations ( 0 1 0 5 and 1 0 mmol/1) 
Maxrmum depolanzation of the mrtial phase induced by HCF III was 8 mV and 
it mcieased signrficantly only rn the 0 1 0 5 mmol/1 lange (Fig 3) Concentratron 
dependence of TRP changes induced by HCI IV was tested m the concentiation 
range 10~ 7 -5 1 0 - 4 mol/1 (Fig 2) The initial depolanzation (ATRP l n^ x) exhibited 
satuiatmg kinetics with maximal depolanzation of ~ 30 mV at satuiatmg concen 
tiations The concentiation dependence of TRP depolanzation measuied aftei 60 
mm tieatment (ATRP(,0) did not exhibit a classical saturating kinetics and a 
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F i g u r e 3 . Kinetic traces of the effect of eliffeient concentrations of potassium hcxacyano 
fenat t III on I R P 1 he concent ia t ion of I \ + m the bathing me d ium pnor to and aftei 
at t eptor addition was kept constant The aveiage values of sti ady stat< t ians iot)t poten 
tial (TRPo) b(foie H C F III addit ion aie piesenled (r) 10 expei iments the veitical bais 
in each of the 11 aces showing ± S t ) 

statistic alb significant mciease occuned above 5 10~5 mol/1 HCI IV (Fig 2) 
In some expeiiments TRP changes following elettion acceptoi addition ex

hibited oscillations with a penod of ~ 40 minutes A typical example is shown 
in Fig 16 Such oscillations of TRP obseived m appioxnnately 25CX of all ex
periments, weie more frequent at lower concentiations The lowest concentiation 
that induced TRP oscillation was 10~6 mol/1 HCI IV A possible explanation foi 
the obseived oscillations of TRP could be the íapid depletion of mtiacellulai en-
eigy souice eontnbutmg to the electiogenic plasmalemma lt'dox s\stem and its 
oscillatory renewal from the upper solution/tianspoit pathways, chaiactenstic foi 
chained biochemical systems with a time lag 

The obseived depolanzation of TRP, induced bv external election acceptois 
that cannot peimeate thiough plasma membianes, can be explained by election 
tianspoit thiough the plasma membianes of suiface root cells The magnitude of 
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F i g u r e 4 . Results of parallel measun mi nts of the e ffee t of 0 1 mmol/1 potass ium hexa-
ehloioindate IV on t lit change of t ians- ioot potential ( A T R P — ) activ it\ o f t h e i c d o x 
system(s) and proton extrusion f he a c t m t v of t he redox svstem(s) was measu ied by 
de te imining the change m the concentiat ion ol oxitli/ed foim of hexachloioirielate due 
to its leduct ion bv the loot A[1IC I IV] ( • ) P io ton extiusion was de te immed as the 
change m pioton < oncentiatioii A[I I + ] (O) Vveiaged euive ( T R P ) and aveiageel values 
with s t a n d a i d eriors (indicated by veitical bais) a ie piescnted 

TRP changes induced by both acceptois used aie close to those obseived in mtia 
cellulai micioelectiode measineiiients of menibiane potential changes peifoimed 
on maize root cortex cells (Dormg c t al 1990) These íesults piovide dnect evi
dence that íedox piocess(es) occuinng across plasma membianes of suiface loot 
cells paiticipate m the generatron of TRP 

The krnetics of TRP changes induced by HCI IV and associated leduction of 
HCI IV and pioton extrusron by maize loots aie shown m Fig 4 It is obvious 
fiom the íesults piesentecl that a lrrgher rate of reduction of hexachloiorrrelate than 
of proton extrusion was obtained Also, one could notice that TRP repolarizatron 
was followed by a gradual rrrcrease of proton extrusron and a slight deciease of elec
tion acceptoi leduction íate ~ 15 mm following acceptoi addition to the bathing 
medium A companson of the calculated rates of electron acceptor reduction and 
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Table 1 Reduct ion of election acceptor (e~) pioton ext ius ion (AH + ) and s t imulat ion 
of oxygen consumption ra te aftei 60 mm t i ea tmen t with election acceptors Oxygen con
sumpt ion rate (v) is expiessed as peicent of the oxvgcn consumption la te befoie the 
addit ion of the acceptois (VQ)* 

T iea tment e " AH+ 0 2 e ~ / A H + 

( m o l g r W " 1 h _ 1 ) ( m o l g l W - M i ' ) v / v 0 x 100 la t io 

0 1 mmol/1 HCI IV ( 4 0 ± 0 1 ) 1 0 - 6 ( 2 7 + 0 4 ) 1 0 120 + 0 2 1 4 7 
1 0 mmol/1 IIC I III (2 7 + 0 6) 10 r (+6 + 1 5) 10" 8 120 ± í 0 70 7 

* t h e aveiage value of the late of oxygen consumption bv excised loots meismeel pno i 
to acceptor addition (VQ) was 31 ± 0 //mol 0> g fitsh weight h 

proton extrusion measuied 60 mm aftt i addition of 1 mmol/1 HCF III and 0 1 

mmol/1 HCI IV are presented m Table 1 The reduction of election acceptois 

shown m oui expeiiments was accompanied with only a slight stimulation of pio

ton efflux and acidification of the bathing medium The obsened íates of HCF 

III and HCI IV leduction by maize loots aie of the same oidei of magnitude as 

those lcpoited by othei authois (Fedenco and Giaitosio 1983 Qui et al 1985 

Doling et al 1990) Howevei the le\el of pioton extiusion was low compaied to 

the quantity of tiansfeiied elections resulting m a high e / H íatio especially m 

the case of HCF III These íesults aie ehffeient from the pioton flux measuiements 

peifoimed on a numbei of plant objects including maize loots (Cianc 1989) In the 

case of maize loot segments rt has been shown that HCF Ill-elicited a srginficant 

stimulation of potassium efflux (Koclnan and Luc as 1985) This disc lepancy of oui 

lesult compaied to those of othei authois might be explained by chaige balancing 

by othei ion fluxes e g the involvement oi potassium efflux Other possibrlities 

include secondaiy pioton uptake (possibly associated with t ianspoi t of other com

pounds) diffeience m age use of excised loots vanety of plants oi bathing media 

etc Ftnther expenmentation is lequned to explain the obsened difference 

It is obvious that the loots had a highei capacity to i educe HCI IV than HCF 

III Also an increased level of acrdrhcation induced by HCI IV compaied to HCF 

III could be obseived Contiol experiments m wdnch the la te of leduction of the 

acceptois was measuied m solution aftei taking out the loots and shown to be of 

the same magnrtude as that observed in the case of blank experiments peifoimed 

m bathing solution without roots excluded the possibility that it weie reducmg 

agents excieted by roots that aie responsible for such leduction The diffeience ob

served m the pioton excietion and leduction of the two election acceptois used can 

be explarned by then drfferent oxidation-reduction potentials, and then dissnmlar 

abrlrty to mteract wrth the electron t ianspoi t system at diffeient sites A number 
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of diffeient redox proton pumping domains have been postulated to function in 
senes by Bottger and coworkers (Dorrrrg et al 1990, Bottger et al 1991), and the 
much strongei oxidizei HCI IV would be capable of pumping protons at a greater 
number of such pioton loops than HCF III Such an explanation is also supported 
by our electrrcal measurements, m which HCI IV induced a greater change in TRP 

Also included aie the íesults of the measurement of oxygen consumption by 
the loots pnoi to and following the addition of election acceptois The aveiage 
late of oxygen consumption, pnoi to electron acceptor addition, was 34 + 6 //.mol 
0 2 g fresh weight - 1 h _ 1 and both HCF III and HCI IV tieatment íesulted in an 
mciease of about 20% The increased oxygen consumption íate aftei tieatment 
with election acceptors obtained m oui expenments, is contiadictoiy to the model 
proposed by Bottger and Luthen (1986), wheie a deciease would be expected if 
oxygen was the natural election acceptoi competing foi the leducmg powei with 
artificial acceptois The explanation foi this contiachction could be sought m the 
involvement of some secondaiy piocess(es) mcieasmg the oxygen consumptron, 
since measuiements of oxygen consumption in oui expeiiments weie peifoimed at 
the end of the lespective measuiements (about 60 mm aftei the addition of the 
election acceptois) 

A number of diffeient pioteins and enzymes have been shown to be able to 
transfei electrons, and m some cases piotons, acioss plasma membranes, such as 
dehydrogenases, nrtrate reductase oxidases, etc (see Bottger et al 1991) They are 
coupled to the mtiacellulai metabolism mainly via leduced pyridine nucleotides, 
NADPH and/or NADH serving as mtiacellulai electron donois It is also a well 
known fact that this plasma membrane bound íedox system dnectly affects the 
cellulai menibiane potential difference The íedox system was shown to affect the 
menibiane potential of isolated plasma menibiane vesicles (Hassichm et al 1987), 
nrdrvidual cells (Thiel and Ivnst 1988) oi multicellulai plant tissues such as leaf 
(Beinstem et al 1989) oi loot (Doling et al 1990) etc The physiological íole of 
the plasma menibiane bound redox systems is still unclear Thus, it is thought to 
participate in the eneigization of the membranes, cell wall metabolism and íegu-
lation of plant development (Bottger et al 1991) However, what are the natural 
election acceptors and where is the site of then electron acceptance (rntiacellular 
oi extiacellular) still remarns uncleai The most probable natural acceptors are 
nrtrate semrdehydroascorbate and oxjgen 

To conclude, oui íesults have shown the involvement of tians-plasma mem
brane election tiansport processes, rnduced by artrficral non-peimeable electron 
acceptois m the bathing medium washrng the apoplast, m electiogenesis of the to
tal electiical potential difference appealing at the two ends of a maize loot Thus, 
a complex phenomenon such as TRP shown to be the íesult of a numbei of elec-
trogemc piocesses in diffeient loot cells (Vuletic and Vučmrc 1996), also has a 
component that is due to the partrcipation of one or moie of plasmalemma bound 
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íedox systems The question that lemains uniesolved rs what is the contnbution 
of such redox plasma membrane leactions to net chaige transfer in vivo, and what 
(if any) is the identity of the (possrble) natuial electron acceptors Our demon
stration that TRP is dnectly lrnkeel to the plasmaleriima bound election tianspoit 
and redox system of root cells means that the method of measurement of electri
cal potential difference acioss multicellular tissues such as loot, hypocotyl 01 leaf 
makes rt possible to study the physiological íole of the íedox system(s) and then 
coupling to as yet unidentified natuial election acceptois m a new and lelatively 
simple manner 

A c k n o w l e d g e m e n t s . T h i s woik was supported by a lesearch giant m biophysics from 
Mimst iy fo i Science and Technology T h e a u t h o i s aie giateful to Piof Ľ Nothnagel fiom 
the Umveisity of California Riveiside foi the gift of potas s ium hexachloionidate 
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