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Involvement of Plasma Membrane Redox System
in the Generation of Trans-Root Electrical Potential
Difference in Excised Maize Root
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Abstract. Possible involvement of the plasma niembiane bound 1edox system 1n
the generation of the tiaus-100t electrical potential difference (TRP) arising across
8 day old maize (Zea mays L hybud ZPSC704) 100ts was studied Excised 100ts
were exposed to artificial mmpermeable election acceptors (potassium hexacyano-
ferzate III and potasstum hexachloiomdate IV) m exteinal solution, and TRP
response oxvgen consumption tate piroton efflux and reduction of the election
acceptols wete analyzed The effect of hexacyanoferiate IIT (HCF III) was tested
at thiee concentiations (01, 05 and 1 0 mmol/1), and hexachloromridate IV (HCI
IV) m the concentiation 1ange 1077 - 510~ mol/l Both election acceptors de-
polanized the tians-100t potential an order of magmtude lower concentiations of
hexachloronidate producing a much more 1apid depolaiization of greater magni-
tude The 100ts had a hugher capacity to 1educe 0 1 mmol/] hesachloronidate than
1 mmol/l hexacyanoferiate Also an mcieased level of acidification induced by
HCI IV than HCF III could be obseived The rate of oxygen consumption showed
an maease of about 20% 1 both cases These 1esults prove that election trans-
plasia membrane transport process(es) contithute to the total trans-100t electiical
potential difference acioss an excised maize 100t

Key words: Exased 100t — Hesachlotonmidate (IV) — Hexacyanofenate (11I) —
Plasma membrane election transport — Tians-100t potential — Zea mays L

Introduction

More than thuty years ago 1t was shown that an election motive force (e mf)
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appeals across plant 100ts, when measmed by placing two macro-electiodes into
the solutions i contact with the two ends of excised 10ots Fust 1eports (Bowling
and Spanswich 1964 Helmv et al 1971) considered such a trans 100t electical
potential difference (TRP) of 1oots as classical diffusion potentials appearing as
a result of 1onic concentration gradients and transport along the root The use of
metabolic imhibitors demonstiated that TRP 15 also huked to cellular metabolism
and electiogenic processes m the 100t (Shone 1968, Davis and Higimbotham 1969
Radenovic et al 1980) The electiogenic component of TRP 1s a 1esultant of at
least two clectiogonic processes one bemng located at ¢pidermal cell membranes
and the other one at svinplast/xylenmn mtertace {(De Boer ¢t al 1983) Owur study
of the effect of metabolic inibitors on TRP 1 waize 100ts indicatcd the existence
of an electrogenic system contitbuting to the TRP to a gieater extent than that
would be obtamed if the membrane ATPases wete the sole contuibutor (Vuletic and
Vudimic 1996) Since the existence of an dectiogenie plasma membiane 1edox puwmp
was postulated m 1980 (Ivankina and Novah 1980) and plasma membrane election
transport demonstrated by 1eduction of external artificial election acceptors (Craig
and Crane 1981) a number of studies have shown that membiane redox systems aie
a ubiquitous charactenstic of all examined plant cells and tissues Depolaiization
of membrane potential accompanying the 1eduction of external election acceptors
Las been demonstiated m a number of cell types exammed mcduding maze 100t
cells {Dormg et al 1990 Donug and Bottgar 1994) Such results are consistent
with the presence of transplasina membranc clection transpoit system suggesting
the imvolvement of the plasmalemma redox system(s) m membiane eneiglzation

The aum of this study was to prove that the electrogenic component of the
trans-100t electiical potential difference 15 also assoaated with the plasma mem-
brane bound redox systcm of marze 100ty cells We did this by exposing excised
matze 100ts to artificial election acceptors potasstum hovacyanofeniate I (HCFE
III) and potassium hexachloromdate IV (HCI IV) 1 external solution and ana-
lyzing the TRP 1esponse ovygen consumption 1ate proton efflux and reduction of
the clection acceptors

Materials and Methods

Plant material

The experimental object used was the primary 1oot of marse (Zea mays L hyvbnd
ZPSC704) After 3 days of germmation at 25°C maize plants were giown for 5
daysm aerated half stiength Ionopp solution 1 a coutrolled environment (12 h day
24/18°C, 40 W m~—2, 75% RH) The 100ts weie excised a day before the experunent
and placed 1n Iucite holders for TRP measutements The cut end of the root was n

contact with solution contaimng 100 mmol/l suciose 10 mmol/l KCl, 0 5 mmol/!
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CaCly, pH 55, previously determined to be the optimal composition for sucrose
replenishment 1 the lower pait of the 100t (Vutinic and Vuletic 1995) The test

of the 100t was immeised mn a non-buffered bathing solution containing 1 mmol/1
KCl, 01 mmol/l CaCl,

Electrophysiological measurements

Trans-root potential measurements were performed simultaneously with oxygen
consumption measutements using the arnangement as desciibed w our eailiel paper
(Vuéinic and Vuletic 1995) The measurements weie performed on the excised and
mounted 100ts after renewing the solution m the lucite holder in contact with the
cut end of the 100t, and placing the 10ots mto an experimental tube thiough which
the bathing solution flowed at a 1ate of 1 ml mm™" This bathing solution was
substituted with a solution contaming additional substances as shown in Results
The election acceptors were added as soon as steady state TRP was obtained
(usually m about 30 mim) Potassiumn concentiation was held constant dunng the
measurements of TRP changes mduced by potassium hexacyanoferiate III due
to the stiong potassium dependent effect on TRP diffusion potential (Helmy et
al 1971) aud ligh concentiations of potassium added wm the foom of HCE III
The kinetic traces presented i the Results section are averaged 1esults of 5 10
mdividual expermments as explained i the paper hy Vucinic and Vuletie (1995)

Orygen consumption

Oxygen consumption by thc 100t was measured during a perod of temporaily
stopped flow prior to and following mhibitor addition and attammment of a new
steady-state, bv placing a Claik type O; electiode (Yellow Spings Instiuments
Co  Yellow Sprungs U S A ) mto the bathing solution

Miscelluneous

All the measurements weie performed at 25°C The proton flux measuiements and
monitonng of reduction of artificial election acceptors weie performed by sam-
pling the bathing solution mto which three excised 1o0ots held by lucite holders
were inmelsed pH measurements wete cairtied out m unbuffered bathing solution
by means of a pH-meter Plasmalemma clection tiansport reducimg capacity (1e
dox system activity) was deternuned spectiophotometiically (HP 8451 diode airay
spectrophotometer) by monitorug the concentiation of oudized foims of hexa-
cyanofeirate and hexachloronmidate at 420 and 488 nm 1espectively To exclude
the possible effects of turbidity the measuiements were compensated by values at
480 and 700 nm, 1espectively (Dorng et al 1990) Control expernments without
plants weie performed to compensate for possible side 1eactions with solution The
chemicals used were puiity grade Potassium hexachloronidate was obtammed fiom
Aldiich Chem Co
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Results and Discussion

Our 1ecent 1esults on the eftects of metabohe mlubitors on the TRP (Vuletic and
Vuénie 1996) demonstiated only a moderate effect of plasma membiane ATPase n
hibitois on the mitial phase of TRP depolatization as opposed to the rapud and pro-
nounced effect of carbonyl cyamde m chlorophenylhydiazone N-ethyl maleimide
and 1espuatory mhibitors Assuming that the imitial phase 15 mainly due to the
effect on the cortical layer of the 100t cells and thenr plasma membianes, these 1e-
sults suggest the existence of memhiane bound electiogenic system(s) contiibution
to the overall TRP and proton gradient to a greater extent than that accounted
solely by the membiane ATPases

The addition of either impermeable artificial election acceptor HCIIV or HCF
IIT mduced depolanzation of TRP (Figs 1 and 3) HCI IV, possessing a much

ATRP

0 20 40 60 80 1 60
Time (min)
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Figure 1. Lxamples of 0 | mmol/] hcxachlotmidate IV (HCT 1V) induced changes m the
trans-root electrical potential difference (TRP) lrace a) shows a typical time couise of
TRP depolarization with the two patameters numerically analvzed (A TRP., . maximal
amplitude of initial depolaiization A TRPeg level of 1RP depolarization attamed 60 min-
utes after election acceptor addition to the bathing solution) Trace b) gives an «xample
of occasionally observed slow oscillations of TRP obtaied following addition of electron
acceptor
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Figure 2. ( oncentiation depcndence ot the eflcet of potassium hexachlorommdate IV on
IRP (@) ATRP,., maximal amplitude of mitial depolaiization (0) AIRPgo level of
TRP depolatization attained 60 minutes after clection acceptor addition

higher 1edox potential (+870 mV) mduced depolaiization which was much greate:
than that caused by HCF IIT (+360 mV) although the concentiation of the for

met was one otder of magnitude lower (0 1 mmnol/l ¢« 1 mmol/l respectively) The
rapid depolatization induced by HCIIV (4 440 5mV min~!) reaching a maximum
within 5 10 min was followed by a partial o1 complete repolarization In the case of
HCF TII the mitial depolaiization was not as fast (1 240 2 mV min~™!) and subse

quently did not 1epolatize to such an extent (at lugher concentirations) The effect
of HCF III on TRP was tested at thiee concentiations (01 05 and 1 0 mmol/l)

Maximum depolarization of the mitial phase induced by HCF III was 8 mV and
1t mcreased sigmficantly only m the 01 05 mmol/l 1ange (Fig 3) Concentration
dependcuce of TRP changes mnduced by HCI IV was tested 1 the concentration
range 107" —5 10~* mol/1 (Fig 2) The mitial depolaiization (ATRP,,.«) exhibited
saturating hinetics with maximal depolanzation of ~ 30 mV at saturating concen

trations The concentration dependence of TRP depolarization measuied after 60
min tieatment (ATRPqg) did not exhibit a classical saturating kinetics and a
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Figure 3. Kinetic traces of the effect of different concentrations of potassium hexacyano
fettatc 111 on IRP The concentiation of k™ i the bathing mcdium prior to and after
acceptor addition was hept constant The average values of steady state tians 100t poten
tial (TRPg) before HCF 11T addition arc presented (5 10 expennments the sertical bars
mn each of the traces showng += S k)

statistically significant merease occuried above 5 1075 mol/1 HCI IV (Fig 2)

In some ecxperiments TRP changes following election acceptor addition ex-
lubited osallations with a4 penod of ~ 40 munutes A typical example 15 shown
m Fig 1b Such osallations of TRP obseived i approximately 25% of all ex-
periments, weie moie flequent at lower concentiations The lowest concentiation
that induced TRP oscillation was 107° mol/l HCI IV A possible explanation for
the observed oscillations of TRP could be the 1apid depletion of mtiacellular en-
e1gy soutce contiibuting to the electiogemc plasmalemma redox system  and 1ts
oscillatory tenewal from the upper solution/tiansport pathways, characteristic for
chamed biochemical systems with a tune lag

The observed depolaiization of TRP, induced by exteinal election acceptors
that cannot peimeate thiough plasma membianes, can be explamed by election
tiansport thiough the plasma membianes of smface root cells The magnitude of
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Figure 4. Results of parallel measmie ments of the ¢ffect of 0 1 mmol/] potassium hexa-
chloroinidate IV on the change of tians-100t potential (ATRP — ) activity of the redox
system(s) and proton extrusion lLhe activity of the redox system(s) was measuied by
determining the change i the concentration of oxidized form of hexachloromrdate due
to its 1eduction by the 100t A[HCI IV] (@) Proton cxtinsion was determned as the
change 1 proton concentiation A[lIT] (0) Averaged curve (TRP) and averaged values
with standard errors (indicated by vertical bars) are presented

TRP changes induced by both acceptors used are close to those observed m mntia
cellular microelectiode measurements of membiane potential changes performed
on maize 100t cottex cells (Doung ¢t al 1990) These 1esults provide duect evi-
dence that redox process(es) occurting actoss plasma membianes of sutface 100t
cells participate 1 the generation of TRP

The kinetics of TRP changes mduced by HCI IV and associated reduction ot
HCI IV and pioton extiusion by maize 100ts ate shown mm Fig 4 It 1s obvious
fiom the results piesented that a higher 1ate of 1eduction of hexachloromdate than
of proton extrusion was obtained Also, one could notice that TRP 1epolaiization
was followed by a gradual increase of proton extiusion and a shght deciease of elec-
tron acceptor 1eduction 1ate ~ 15 min followmng acceptor addition to the bathing
medium A compatison of the calculated 1ates of election acceptor 1eduction and



484 Vuletic and Vucinic

Table 1 Reduction of election acceptor (e”) proton extiusion (AH") and stunulation
of oxygen consumption rate after 60 min treatment with election acceptors Oxvgen con-
sumption rate (v) 1s expressed as percent of the oxvgen consumption rate bcfore the
addition of the acceptors (vg)™

Treatment - AHT O, e‘/AH+
(molg TW™'h™!) (molg IW™' h 1) v/vp x 100 1atio

01 mmol/l HCT IV (40£01) 1076 (27£04)10 ~ 12002 147

10 mmol/IHCT TIT (274+06) 10 © (36£13)107¢ 12030 767

* Lhe avarage value of the 1atc of oxygen consuniption by ¢xcised 1oote me sured priot

to acceptor addition (vo) was 31 £ 6 pmol Oy g ficsh weight ' !

proton extrusion measured 60 min aftar addition of 1 mmol/1 HCF IIT and 01
mmol/l HCT IV are presentcd m Table 1 The 1eduction of electron acceptors
shown m owr expermments was accompamed with only a slight stunulation of pro-
ton efflux and acidification of the bathing medium The observed 1ates of HCF
III and HCI IV reduction by maize 100ts are of the same order of magnitude as
those reported by other authors (Fedetwco and Giattosio 1983 Qui et al 1985
Doring et al 1990) However the level of proton extiusion was low compaied to
the quantity of transferied elections 1esulting m a lugh e /H ratio especially
the casc of HCF III These 1esults are different fiom the proton flux measuiements
perfoimed on a number of plant objects mcluding maize 100ts (Cranc 1989) In the
case of maize 100t segments 1t has been shown that HCF IIl-ehcited a significant
stimulation of potassium efflux (Ivochian and Lucas 1985) This discrepancy of our
result compated to those of other authors might be explamed by chaige balancng
by other 1on fluxes ¢ g the mvolvemcnt ot potasstum efflux Other possibilities
include secondary proton uptahe (possibly associated with transport of other com-
pounds) differtence i age use of excised 100ts variety of plants o1 bathing media
etc Fuither experimentation 1s tequued to explan the observed difference

It 15 obvious that the 100ts had a higher capacity to reduce HCI IV than HCF
I Also an mcreased level of aadification induced by HCI IV compared to HCF
IIT could be obseived Control experiments m which the 1ate of 1eduction of the
acceptors was measuied 1 solution after taking out the 100ts and shown to be of
the same magnitude as that observed 1 the case of blank experiments peiformed
m bathing solution without roots excluded the possibility that it were 1educing
agents excieted by 100ts that are 1esponsible for such 1eduction The difference ob-
served 1n the proton excretion and reduction of the two election acceptors used can
be explamed by then different oxidation-reduction potentials, and then dissimilai
ability to interact with the electron tianspoit system at different sites A number
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of different 1edox proton pumping domains have been postulated to function n
series by Bottger and coworkeis (Dorng et al 1990, Bottger et al 1991), and the
much stionger oxidizer HCI IV would be capable of pumping protons at a greater
number of such proton loops than HCF III Such an explanation 1s also supported
by out electiical measutements, in which HCIIV induced a greater change m TRP

Also mcluded are the results of the measumiement of oxygen consumption by
the 100ts prior to and following the addition of election acceptors The average
1ate of oxygen consumption, prior to electron acceptor addition, was 34 &+ 6 ol
0, g fresh weight=' h™! and both HCF III and HCI IV treatment resulted m an
mcirease of about 20% The ncreased oxygen consumption tate after tieatment
with election acceptors obtaned m our experiments, 1s contiadictory to the model
proposed by Bottger and Luthen (1986), where a decrease would be expected 1f
oxygen was the natural election acceptor competing fo1 the reducing power with
artificial acceptors The explanation for this contiadiction could be sought m the
involvement of some secondary process(es) mcreasing the oxygen consumption,
smce measurements of oxygen consumption i our experiments wetre performed at
the end of the respective measurements (about 60 mn after the addition of the
election acceptors)

A number of different proteins and enzymes have been shown to be able to
transfer elections, and 1n some cases protons, ac1oss plasma membranes, such as
dehydiogenases, mitiate teductase oxidases, etc (see Bottger et al 1991) They are
coupled to the intiacellular metabolism manly via reduced pyridine nucleotides,
NADPH and/or NADH se1ving as mtiacellular election donois It 15 also a well
known fact that this plasma membrane bound 1edox system duectly affects the
cellular membiane potential difference The 1edox system was shown to affect the
membiane potential of 1solated plasina membiane vesicles (Hassidim et al 1987),
imndividual cells (Thiel and knst 1988) o1 multicellular plant tissues such as leaf
(Bernstem et al 1989) o1 woot (Doung et al 1990) etc The physiological 10le of
the plasma membiane bound 1edox systems 1s still unclear Thus, 1t 15 thought to
participate 1n the eneigization of the membianes, cell wall metabolism and 1egu-
lation of plant development (Bottger et al 1991) However, what are the natural
election acceptors and wheie 1s the site of then election acceptance (intracellular
o1 extiacellular) still remaimns unclear The most piobable natural acceptors are
nitiate semidehydioascoibate and oxygen

To conclude, our 1esults liave shown the mvolvement of tians-plasma mem-
brane election tiansport processes, mduced by aitificial non-permeable electron
acceptors 1n the bathing medium washing the apoplast, in electiogenesis of the to-
tal electiical potential difference appeaiing at the two ends of a maize 100t Thus,
a complex phenomenon such as TRP shown to be the 1esult of a number of elec-
trogenic processes 1 different 100t cells (Vuletic and Vuémié 1996), also has a
component that 15 due to the participation of one o1 more of plasmalemma bound
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redox systems The question that remains umesolved 1s what 15 the contuibution
of such 1edox plasma membiaue 1cactions to net chaige transfer in vivo, and what
(aif any) 15 the 1dentity of the (possible) natmal election acceptors Our demon-
stration that TRP 1s duectly linked to the plasmalemma bound election tianspoit
and redox system of 100t cells means that the method of measurement of electri-
cal potential difference acioss multicellular tissues such as 100ot, hypocotyl o1 leaf
makes 1t possible to study the physiological 10le of the 1edox system(s) and then
couphing to as yet unidentified natmal election acceptors m a new and relatively
sumple manner
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