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ABSTRACT The effects of p-benzoquinone (BQ) on photosynthetic and respiratory electron transport in a single algal
protoplast (radius, 100 um) was investigated quantitatively by amperometric measurements using microelectrodes. Under
light irradiation (25 KkLx) in the presence of 1.00 mM BQ, a single protoplast consumed BQ by (2.9 + 0.2) X 10~ '® mol/s and
generated p-hydroquinone (QH,) by (2.7 + 0.3) X 10~ "3 mol/s, suggesting that BQ was quantitatively reduced to QH,, via the
intracellular photosynthetic electron-transport chain. The generation of QH, increased with light intensity and with concen-
tration of BQ added to the outside solution but became saturated when the light intensity was above 15 kLx or the BQ
concentration was higher than 0.75 mM. The addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea, a photosynthetic electron-
transport inhibitor, decreased the generation of QH, upon light irradiation, suggesting that BQ accepts electrons from a site
in the photosynthetic electron-transport chain after the photosystem Il site. The presence of 1.00 mM BQ increased the
generation of photosynthetic oxygen by ~(2.6 = 1.0) X 10~ '® mol/s, which was ~1.5-2 times larger than that expected from
the consumption of BQ. The electrons produced by the additional generation of oxygen is used to reduce intracellular species
as well as to reduce BQ.

INTRODUCTION

The quantitative detection and monitoring of redox speciesukawa et al., 1998a,b). Many laboratories, including ours,
inflowing or outflowing from a cell at the single, living cell have done intracellular electrochemical measurements using
level is extremely important to elucidate biological func- microelectrodes to monitor intracellular reactions; however,
tions because cellular energy production by respiration anthe insertion of microelectrodes physically injures cells and
photosynthesis are based on biological redox reactions. Thaight trigger undesired intracellular reactions. It is, there-
effects of electron-accepting redox species on biologicafore, desirable to characterize a cell by extracellular mea-
electron-transport chains have been studied conventionallyurement to obtain data on the intact, living cells.

by oxygen electrodes (Barr et al., 1975; Inoue and Nish- We report here the quantitative investigation of the ef-
imura, 1971; Saha et al., 1971) or by spectrophotometrid¢ects of p-benzoquinone (BQ) on photosynthesis in a single,
measurements (Vernon and Shaw, 1969; Katoh and Pietrdiying protoplast by extracellular measurements. We placed
1967) in solutions suspended with chloroplasts and mitoa carbon-disk or an Au-disk microelectrode very close to a
chondria. It is, however, difficult to quantitatively deter- single cell and monitored the localized concentrations of
mine the fluxes of oxygen and electron mediators to or fromBQ and hydroquinone (Q) to determine the consumption

a single, living cell. We have recently determined the evo-rate of BQ and the generation rate of Q&t the single-cell
lution of oxygen from a single protoplast by using a micro- level. We also investigated the influence of light intensity,
electrode (Matsue et al., 1992). Microelectrodes have beeBQ concentration, and electron-transport inhibitors, such as
proven as an effective tool to probe the concentration oB3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), on the
redox species at the single-cell level. Amperometric meageneration rate of Qffrom a single, living cell. In addition,
surements using microelectrodes allow for refined data irphotosynthetic oxygen evolution from a single protoplast
localized space on the scale of the tip size and have beemas determined by microamperometric measurement. The
used for the imaging of living cells (Tsionsky et al., 1997) oxygen evolution is markedly accelerated in the presence of
and for the study of cellular processes such as catechoBQ in a solution.

amine release (Wightman et al., 1996, 1988), NO release

(Malinski and Taha, 1992), photosynthesis (Matsue et al.,

1993, 1992), respiration (Lau et al., 1992), oxidative stresMATERIALS AND METHODS

(Arbault et al., 1995), and membrane permeability (Ya-the carbon-disk electrode and the Au-disk electrode used in this study

were prepared as follows. The carbon fiber (Union Carbide, Danbury, CT)
pitch fiber; 10um in radius) was slightly etched electrochemically (60 Hz,
AC voltage with 5-10 V) in a solution containing 0.5 mM 4Cr,O, and

.0 M H,SQ,. An Au wire (10 um in radius) was also etched electrochem-
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turntable (Narishige model EG-6) to give disk-shaped carbon and Au
electrodes. The radii of the carbon-disk and the Au-disk microelectrode 3.6,
were determined from steady-state voltammograms of 1.00 mM BQ and
4,00 mM Fe(CN§~ and found to be 7.zm for the carbon disk and 8©m

for the Au disk. From microscopic measurements, the radius of the carbon
tip, including an insulating glass sheath, wasif), and the radius of the

Au tip was 13um. The other end of the carbon fiber was connected to a
Cu wire with conductive paste (DOTITE, Fujikura Kasei) and used for the
lead to an external amplifier. The Au wire was spot welded with Cu wire
for the external lead.

Reagent grade p-benzoquinone (BQ), 2,5-dichloro-1,4-benzoquinone,
K,Fe(CN), KsFe(CN), and 3-(3,4-dichlorophenyl)-1,1-dimethylurea * off
(DCMU) were purchased from Wako Pure Chemicals (Tokyo, Japan) and 2.4
used without further purification. A protoplast with a radius of 108 was
made from marine algBryopsis plumosé&y a method described in detail
elsewhere (Tatewaki and Nagata, 1970) in synthetic artificial sea water
containing 480.2 mM NaCl, 2.3 mM NaHGQ11.1 mM CaC}, and 83.8 12 *Off
mM MgCl,. The single protoplast was isolated and transferred to a mea-
surement solution of synthetic artificial sea water containing 1.00 mM BQ.

then carefully polished with a diamond grinder (number 5000) on a (a) *on
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The measurements were begtu20 min after the protoplast was prepared 0.2 mM

in artificial sea water containing 1.00 mM BQ. All aqueous solutions were 0.8

prepared with distilled and deionized water. The position of the microelec-

trode was controlled by a three-dimensional manipulator system (Shimazu, 0.6 —

MMS-77) under an inverted microscope (Nikon, DIAPHOT 300). The 100 sec
image was monitored on a CRT (NEC, PC-TV 455) through a CCD color 0.4 - >

video camera (Sony, DXC-107A). Redox current was amplified with a

Oxidation current of QH, (nA)

current amplifier (Nihon Kohden, CZE-2300). The electrode potential and 0.2
data acquisition were controlled with a personal computer (NEC, Tokyo, b
98Note, SX/E) equipped with a 12-bit AD/DA board (AB 98-57B, Adtec, 0
Tokyo). The reduction of BQ near the protoplast was monitored by ?0" Time {sec)

amperometry at-0.20 V versus Ag/AgCl and the oxidation of Qldt 0.80

V or 0.50 V versus Ag/AgCI. The reduction current of the oxygen was FIGURE 1 Responses of reduction current for B 4nd the oxidation
measured by differential pulse amperometry (DPA, 0-20—0.60 —  current for QH, (b) upon light irradiation (25 kLx). A carbon microelec-
—0.90V, 0.50—3.00— 0.50 s) using a carbon-disk electrode to avoid the trode was placed approximatelyudn away from a protoplast membrane.
negative effects of BQ in solution. All measurements were performed atrhe potential was held at0.20 V versus Ag/AgCl for BQ and 0.80 V
25°C in a shielded box to remove electrical noises from external sourcesyersus Ag/AgCl for QH. The reduction current of BQ immediately de-
Light irradiation was performed with a built-in light source in the micro- creases upon light irradiation whereas the oxidation current of @H
scope. These amperometric responses were converted into localized cogteases. This phenomenon indicates that BQ is reduced tp bHa

centrations of BQ, Qk and oxygen by using calibration lines. The photosynthetic electron-transport chain in the protoplast.
diffusion coefficients of BQ and Qfiwere determined by potential-step

amperometry, and both were found to be 820 ° cm?/s. The diffusion
coefficient of oxygen is 2. 10 ° cn?/s (Ikeuchi et al., 1995; Tsushima

etal., 1994). These values were used to determine the concentrations at tn@ht was turned off. The above results suggest that the BQ
surface of the protoplast. that was added to the outside solution permeated through
the cell membrane to accept two electrons from the photo-
RESULTS AND DISCUSSION synthetic electron-transport ch.ain to yield QM/hich dif-
fuses to the extracellular medium. The transient responses
We investigated the Hill reaction (Hill, 1937), the electron when the light was turned on and off show that the release
transfer from the photosynthetic electron-transport chain t@f QH, lags behind the consumption of BQ. This transient
an electron acceptor, by microelectrochemical measuremewapture of BQ without the instantaneous release of Gah
at a single-cell level. Fig. 1 shows responses of the redudse attributed to a cellular pool of the BQ/QIrfedox couple
tion current for BQ and the oxidation current for Qbpon  under light irradiation. The cellular pool could affect the
light irradiation at a carbon-disk microelectrode that wasphotosynthetic activity and other intracellular reactions. A
placed close to a single protoplast (distaneé,um) in the  similar response was also observed when 2,5-dichloro-1,4-
presence of 1.00 mM BQ. The reduction current of BQbenzoquinone was used as the redox mediator, but an im-
immediately decreased after light irradiation and reached permeable mediator such as Fe(€N)Yasukawa et al.,
steady state in 120 s, indicating that the concentration of BQA998a) showed no response. High permeability for redox
at the protoplast surface decreased due to the consumpti@pecies is hecessary to observe these kinds of light-induced
of BQ by the Hill reaction. The reduction current of BQ responses in the redox current.
returned to its original level when the light was turned off. From the amperometric responses, the consumption of
The oxidation current for Qk showed the opposite re- BQ and generation of Qjby the photosynthetic Hill reac-
sponse; the concentration of QHapidly increased upon tion at the single-cell level were determined. If it is assumed
light irradiation and decreased to its original level when thethat diffusion is spherical and the concentration of redox
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species inside the protoplast is uniform in a steady state, theariations in the concentrations of BQ and Q&b a func-
generation rate of redox specie ¢an be expressed by tion of distance from the surface of the protoplast are shown
(Cussler, 1984) in Fig. 3. Under light irradiation, the concentration of BQ
decreases significantly whereas the concentration of QH
f=4mrD(C— C), 1) increases in the region close to the protoplast due to the
wherer, (cm) is the radius of the protoplagt* (mol/cm?) photosynthetic Hill reaction. The decrease in the BQ con-
is the concentration of redox species at the bulk solutian, centration and increases in the Qléoncentration in the
(mol/cnt) is the concentration of redox species at the surdarkis a consequence of the consumption of BQ and release
face of the protoplast, arld is the diffusion coefficient. We 0f QH, by respiratory electron transport (lkeda et al., 1996;
measured the steady-state reduction current of BQ and tHgabinowitz et al., 1998).
steady-state oxidation current of Qldt various electrode- ~ Under spherical diffusion conditions, concentratia2) (
protoplast distances to determine the surface concentratid¥ the redox species in the steady state can be expressed by
of BQ and QH in a steady state. Fig. 2 shows the responseéCussler, 1984)
for the redox current as the carbon microelectrode moved
stepwise to the surface of a single protoplast. The reduction C=(Cs=CH)rd(r +ry + C*, (2)
current of BQ and the oxidation current of Qldhanged
stepwise and were synchronized with the step-by-steijherer is the distance from the protoplast surface. In Fig.
movement of the microelectrode. It should be noted thaB ¢, the concentrations of BQ as a functionmf(r + ry
each step in the redox response is very flat; thus, the redo¥ere plotted to determine the surface concentrations of BQ.
reaction at the microelectrode should be in a steady stat&rom the intercepts at/(r + rgd = 1, the surface concen-
The steady-state redox current at each step was converté@tions of BQ were found to be 0.65 mM under light
into a localized concentration using a calibration line. Theirradiation (25 kLx) and 0.90 mM in the dark. The substi-
tution of these values into Eq. 1 gives the consumption rates
of BQ by a single protoplast. We determined the consump-
tion rates of seven different protoplasts and found the value
to be (2.9+ 0.2) X 10 **mol/s under light irradiation (25
500 400 300200 dark kLx) and (0.8 + 0.3) X 10 *3 mol/s in the dark; thus,
3.6 - 7050 photosynthesis under 25 kLx light consumed B¢3—4
SOMW”"‘ times more than respiration in the dark. Similarly, the sur-
distance 200 : . . .
: face concentrations and generation rates of @bm single

—
()
-~

Reduction current of BQ (nA)

3.2 — .
mOL light protoplasts were also determlned. The results are summa-
70 rized in Table 1. The generation rates of Qirfbm a single
2.8\ 500sec 5’\__ protoplast under light irradiation and in the dark are bal-
P 30 ;6“"""" _ anced with the consumption rates of BQ, indicating that BQ is
o4 10 5 am almost quantitatively reduced to QHby the photosynthetic
’ Time (sec) and respiratory electron-transport chains in the protoplast.
The amperometric response is, in general, affected by the
(b) shielding effect of the cell membrane (Schroeder et al.
1.2 1996) and by the cellular regeneration or consumption of
g i 105 Q.Em redox species (Fosset et al., 1991) when the microelectrode-
-~ 200 sec 20— protoplast distance is within the size of electrode diameter.
C 08 50 ?_9_—' In the present case, these undesired effects were small as
,2 - 70 —  light evidenced by the fact that the changes in concentrations of
g 04 distance 1'99;-'— BQ and QH with distance follow the theoretical relation-
é . 30023(.,.51 dark ship (Fig. 3,c andd). As BQ and QH easily permeate the
2 *50Mam protoplast membrane (Yasukawa et al., 1998a), interference
2 oL 30020010070 50 30 20 10 in the diffusion region by the membrane does not signifi-
3 500400 cantly affect the amperometric response.
Time (sec) The light intensity affects the generation of Q#om the

protoplast (Fig. 4). The magnitude of the response for the
FIGURE 2 Responses of the reduction currents for B dnd the ~ OXidation current of QBlto light irradiation increased with
oxidation current for QH (b) when a carbon microelectrode moved step- an increase in the light intensity, although the pattern of the
wise to the surface of the protoplast under continuous light irradiation (25responses was not significantly affected by the light inten-
kLx) and in th_e dark. The potentials were set—a).ZOVver_sus _Ag/AgCI SiW. The inset in Fig. 4is a p|0'[ of the response current
for BQ reduction and at 0.80 V versus Ag/AgCl for Qldxidation. The inst the light int itv. Th ti f Ol al t
redox currents show staircase responses that are synchronized with tﬁegams_ elg ,m en5| Y- . € generation o Q almos
movement of the microelectrode. The localized concentrations of BQ androportional to light intensity up tq 15 kI'_x..The response
QH, were determined from the step heights using calibration lines. becomes saturated when the light intensity is larger than 15
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FIGURE 3 The variation of the localized concentration of B) §nd QH, (b) as a function of distance)(from the surface of the protoplast. The
concentration of BQ decreases rapidly in the vicinity of the surface of the protoplast whereas the concentratigrinafé€ides.q andd) Plots of the

concentration versus/(r + ry) (rs, protoplast radius). The surface concentrations of BQ and &Hhe protoplast membrane are determined from the
intercepts atJ/(r + rg = 1 of these plots.

kLx. This saturation intensity is similar to the value reportedthe presence of 5.0aM DCMU than that without DCMU

in a recent study (Yasukawa et al., 1998a) in which oxyger(Fig. 6). This concentration of DCMU can sufficiently in-
generation from the algal protoplast by photosynthesisibit the photosynthetic activity of algal cells as the DCMU
shows saturation at light intensity higher than 15 kLx. Theconcentration that gives 50% inhibition of electron transport
response of the Qjbxidation current is also affected by the

initial concentration of BQ in the solution (Fig. 5). The

response to the light irradiation (25 kLx) increases with the Z 06
BQ concentration but tends to be saturated when the BQ 0.6 - off* :::0-4A ..."°
concentration is above 0.75 mM. 05 8 0-(2)?7 L
The addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea Toal-[ | °f'*8 0 5 10152025
(DCMU), a photosynthetic electron-transfer inhibitor, dras- z i Light intensity (kLx)
tically reduces the response. The response of the oxidation § 0.3 _5' Off*
current for QH to light irradiation is~10 times smaller in © 02 * ! Off*
01} a b 4 c d
0 ﬁ*on on on on
T_ABLE 1 Generation r_'ate (mol/s) of BQ, QH,, and O, from a - 500 S0
single algal protoplast in the presence of 1.00 mM BQ Time (sec) >
Species In the dark Under light irradiation (25 kLX)
_ _ FIGURE 4 Response of oxidation current for on light irradiation
BQ ~(08=03)x 10,2 ~(29=02)x 10,12 at an Au microelzctrode (0.50 V versus Ag/AgQC‘hIr;) thatghad been placed
QH, (0.4+0.2)x 10 (2.7£0.3)x 10 . o o
o, (3.6+0.7)x 1012 approxmate?ly Tum away‘ from the p.rotoplast membrane. L|_ght intensity:
o (1.0~ 0.3)x 1013 (a) 18.0 kITx, b) 12.3 KLX, © 4.8 KLx, (d)' 1.3 ka'. The magnitude of.th.e
2 response increases with the light intensity. The inset shows the variation of
The protoplast radius was 1Q0m. the oxidation current as a function of light intensity. The response is

*Without BQ in solution. saturated when the intensity is larger than 15 kLx.
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1.2 7 shows the responses of oxygen reduction current to light
L o © ® irradiation (25 kLx) in the presence of 1.00 mM BQ. The
reduction current rapidly increased upon light irradiation

0.8 - . and then decreased rapidly to give a steady-state value.

Switching the light off returns the reduction current to the
original level. As the reduction current is directly propor-

Oxidation current of QH, (nA)
o
[=2]
i

04 o tional to the localized concentration of oxygen (Matsue et
al., 1992) the current response reflects the change in the
02 @ . )
oxygen concentration at the surface region of the protoplast.
0 ~f | | , | The response without BQ was studied recently (Matsue et
0 05 1 15 5 al., 1992); the peak of the oxygen concentration appearing
Concentration of added BQ (mM) immediately after light irradiation is related to the rate of

photosynthetic electron transport (i.e., light reaction), and
FIGURE 5 Relationship between the oxidation current of the releasedN€ OXygen concentration in the steady-state appearing later
QH, and the concentration of BQ that was added to the outside solutions limited by the generation of photosynthesis-related chem-

under light irradiation (25 kLx). A carbon microelectrode (0.80 V versus jcals such as NADP and ADP (i.e., dark reaction). The
Ag/AgCl) was placed approximately &im away from the protoplast

) response pattern was significantly affected by adding BQ
membrane. The concentration of @become saturated when the concen- . to th It di With 1.00 mM BO in th di
tration of BQ is above 0.75 mM. INto the culture meaium. Vvi . m Q In the meaium,

the response of the oxygen reduction current showed no
peak and remained constant at a level of the peak height that
in intact algal cells is 1.0< 107 t0 5.0X 10’ M (Izawa  Was observed without BQ. This indicates that the oxygen
and Good, 1972; Matsue et al., 1993). DCMU Se|ective|ygeneration in the presence of 1.00 mM BQ is controlled by
blocks the electron transfer to plastquinone in photosysteri’€ Photosynthetic electron-transport process throughout the
Il (Mets and Thiel, 1989; Izawa and Good, 1972). The factlight irradiation period. As BQ can efficiently accept two
that DCMU lowers the photo-induced intracellular reduc-€lectrons from the electron-transport chain, the generation
tion of BQ to QH, indicates that BQ accepts electrons from ©f 0xygen proceeds efficiently without the regeneration of
a site in the photosynthetic electron-transport chain after thehotosynthesis-associated chemicals by the dark reaction.
photosystem I site. In the dark, however, the addition of Steady-state oxygen generation from a single protoplast
5.00 uM DCMU did not obviously affect the oxidation under continuous light irradiation (25 kLx) was determined
current of QH that was generated from the protoplast. Py the same method as used for BQ and,@Rd was found
DCMU does not inhibit the respiratory electron-transportt0 be (1.0 0.3)x 10" **mol/s without BQ and (3.6- 0.7)
chain of the algal protoplast at this concentration level. X 10~ mol/s with 1.00 mM BQ in the solution (see Table
We also determined the variation of reduction current ofL)- It appears that the additional electron flow from the
oxygen upon light irradiation to investigate the interactionPhotosynthetic electron-transport chain to BQ generates ex-
of BQ with the intracellular electron-transport process. Fig.

off*
2 v

off <

0.5 <
g F 500 sec § 1.8 3 0.1 mM
g0 1 - : :
o P S 16 :
S 0.3 P & :
5 o b‘,mf : 14-—~.~.: ; >c.~.-.--f
5 L H 1 3
3 0.2 ; ‘ . 5 |~
S Mt ! ' ~ ] 400 sec
g on| DCMU} on T

0

Time (sec)

Time (sec)

FIGURE 7 Responses of oxygen reduction current upon light irradiation

FIGURE 6 Responses of oxidation current for Qipon light irradia- (25 kLx) without @) and with @) 1.00 mM BQ in solution. A carbon
tion (18 kLx) without @) and with @) 5.0 uM DCMU in solution. An Au microelectrode was placed approximatelywin away from a protoplast
microelectrode (0.50 V versus Ag/AgCl) was placed approximateiyril membrane. The reduction current for the oxygen was measured by differ-
away from the protoplast membrane. The addition of DCMU drastically ential pulse amperometry (DPA, 0.8 —0.60— —0.90 V vs. Ag/AgCl,
reduces the response of the oxidation current. DCMU inhibits the photo0.50 — 3.00 — 0.50 sec). The generation oxygen rate in the presence of
system-ll-driven electron-transport to block the reduction of BQ via the1.00 mM BQ is large compared with that without BQ. BQ functions
photosynthetic Hill reaction. The site from which BQ accepts electrons isefficiently as an electron-acceptor to accelerate the photosynthetic electron
in the photosynthetic electron-transport chain after photosystem II. transfer to increase the oxygen generation.
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