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Cooperative Block of the Plant Endomembrane lon Channel by
Ruthenium Red

Igor I. Pottosin, Oxana R. Dobrovinskaya, and Jesus Muhiz
Centro Universitario de Investigaciones Biomedicas, Universidad de Colima, 28047 Colima, México

ABSTRACT Effects of ruthenium red (RR) on the slow Ca®"-activated Ca®* -permeable vacuolar channel have been studied
by patch-clamp technique. Applied to the cytosolic side of isolated membrane patches, RR at concentrations of 0.1-5 uM
produced two distinct effects on single channel kinetics, long lasting closures and a flickering block of the open state. The
first effect was largely irreversible, whereas the second one could be washed out. The extent of flickering block steeply
increased (z6 = ~1.35) with the increase of cytosol-positive voltage, dragging RR into the channel pore. At least two RR ions
are involved in the block according to Hill coefficient n = ~1.30 for the dose response curves. The on-rate rate of the drug
binding linearly depended on the RR concentration, implying that one RR ion already plugged the pore. The blocked state was
further stabilized by binding of the second RR. This stabilization was in excess of that predicted by independent binding as
the dependence of unblocking rate on RR concentration revealed. A cooperative model was therefore employed to describe
the kinetic behavior of RR binding. At zero voltage the half-blocking RR concentration of 36 uM and the bimolecular on-rate
constant of 1.8 X 108 M~ " s~ were estimated.

INTRODUCTION

Ruthenium red (RR) is a synthetic crystalline inorganicat least two RR ions, bound deep within the channel pore in
polycationic dye originally used in electron microscopy for a cooperative manner.

staining of cells and tissues due to its strong binding to

phospholipids, fatty acids, and mucopolysaccharides (Luft,

1971). It has a bulk valence of 6 and linear structure, give

by formula [(NH;)cRU-O-RU(NH),,-O-Ru(NHy)]®*, with 'MATERIALS AND METHODS
an approximate thicknessf 8 A and a length of 15 A Plant material and solutions

(Gomis et al., 1994). This compound has been first shown to

T . . + FreshBeta vulgarigwhole plants) were obtained twice a week from a local
inhibit the mitochondrial C& transport (Moore, 1971). market and kept at 4°C in the darkness before use. Vacuoles were isolated

Since the work on C& release channels from sarcoplasmic mechanically from the tap root slices as described previously (Dobrovin-
reticulum (SR), RR was considered as a “classical” inhibitorskaya et al., 1999). The osmotic pressure of the vacuolar sap was verified
of C& -induced C&" release (Smith et al., 1985, 1988). by a cryoscopic osmometer (Osmomat 030, Gonotec GmbH, Berlin, Ger-
Consequently, RR has been widely used as a diagnostic tofrany) and that of experimental solutions was adjusted accordingly by

T : sorbitol. Bath solution contained (in mM): 100 KCI, 0.1 Ca5 HEPES-
to reveal the mobilization of Ga from intracellular stores, KOH (pH 7.5), and the patch pipette-filing one was the same but 0.1 mi

particularly from the endoplasmic reticulum (ER). This was CaCl, was substituted by 5 mM EGTA. Solutions containing ruthenium red
anticipated, for example, in recent studies o Csignaling  (RR), ammoniated ruthenium oxychloride, were prepared from 3 mM stock
in plant cells (Price et al., 1994; Bauer et al., 1998). On thesolution. All chemicals were analytical grade (Sigma Chemical Co, St.
other hand, there is emerging evidence that RR at the saméuis, MO). The RR batch contained 10.3% RR as determined by absorp-
(submicromolar to micromolar) concentration range alsd®©" &t 534 nm.

effectively inhibits some plasma membran€€and C&* -

permeable channels both in animal and plant cells (Gomis et

al., 1994; Hamilton and Lundy, 1995; White, 19967 &ios Patch-clamp measurements and analyses

and Tester, 1997; Matet et al., 1998; Ma and Michel, _ , . _

1566) This sty howed et R, o concenraions used ", 1 125 2 o recss s (vl oo
Suppress Cé-induced C&" release, inhibited @é—per- standard pipette solution. Current measurements were performed using an
meable channel from plant non-ER membrane, the so callegixopatch 200A integrating patch-clamp amplifier (Axon Instruments, Fos-

SV (slow vacuolar) channel. The rapid block was caused byer City, CA). Single channel measurements were done on excised outside-
out (cytoplasmic side of the membrane faces the bath) patches. The
convention of current and voltage was according to Bertl et al. (1992), i.e.,
the sign of voltage refers to the cytosolic side, and positive (outward)
. ] ) o _currents represent an efflux of cations into the vacuole. The records were
Address reprlnt rt_equests ‘to Iggr Pottosm,_Centro Unlver5|t§r|o de "_“’eSt'TiItered at 10 kHz by a low-pass Bessel filter, digitized using a DigiData
gaciones Biomedicas, Universidad de Colima, Av. 25 de Julio s/n, Villa de; 5o |nterface (Axon Instruments), and recorded directly on a hard disk of
San Sebastian, P.O. Box/Apdo Postal #199, 28047 Coll_ma, COk_"CME . an IBM-compatible PC. For analyses the records were additionally filtered
Tel.: 52-331-25818, ext. 145; Fax: 52-331-27581; E-mail: pottosin@cgiC.¢ 5 k7. |n selected cases (FigalLthe cutoff filter frequency was set to
ucol.mx. 1 kHz, or, for the measurements of mean single channel currents, filtering
© 1999 by the Biophysical Society at 67 Hz was used to dump the fast flickering caused by RR. Analyses were
0006-3495/99/10/1973/07 $2.00 carried out using the pClamp 6.0 software package (Axon Instruments).
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a stable activity of the SV channels in the range of potentials
+30 mV +70 mV 30-120 mV, the concentration of cytosolicCaas high as
100 uM was required (Dobrovinskaya et al., 1999). Before
control the application of RR simultaneous openings of up to 10
MWW individual SV channels could be detected in typical tono-
plast patch. The experiment was designed in such a way that
in a RR-treated patch single channel activity could be mon-

M l 1+0'3 #MRR Mm itored most of the time, with a little contribution of double

w channel openings. Hence, to test the higher concentration of
RR the patches with higher channel activity in control
500 ms +3 uM RR conditions were selected; vice versa, the lower concentra-
- Kbk rabbigeilu tions were tested on patches originally containing few active
channel copies. A comparison of the fast closed-open ki-
netics in a typical patch containing single SV channel under
b the control conditions and in another patch treated by 0.5
+1 uM RR(+70 mV) washout uM RR is presented in Fig. 2. In both cases the increase of
positive voltage caused increased flickering of the single
MN@MMM WS ' l ‘ channel currents. In control conditions this effect was
caused mainly by a voltage-dependent block by cytosolic
ca™* (I. 1. Pottosin, unpublished results). Application of RR
100 ms caused a drastic increase of the frequency of fast closures at
high positive potentials£70 mV). Hence, the contribution
FIGURE 1 Two different_modes of rut_henium red action_ on.the slow of fast closures observed under control conditions was in-
vacuolar channel. Ruthenium red applied to the cytosolic side of the . .. . . .
isolated tonoplast patch caused long-lasting channel closures and rapﬁjgnIflcant m, RR'tr?ated patCheS’ and, as in C(_)ntrOI C(,)n,dl_
voltage-dependent block of the channel open staje () The rapid  tions, the distributions of closed and open times within
voltage-dependent block was reversible. Original records were filtered at bursts of single channel activity could be fairly fitted by
kHz (a) and 2 kHz b). monoexponential functions (Fig.[8. As can be seen from
the example of dwell-time analysis at 100 mV, RR (QM)
caused a 14.5-fold decrease of mean open time, and mean
RESULTS closed time increased by a factor of 1.7 (Figh)2 Similar
Two modes of RR action on the SV channel analysis has been performed for a set of holding voltages
with different RR concentrations. We took advantage of the
slow kinetics of the SV channel, so the closures lastirig)

20 pA

o

20 pA

Dual effects of RR on single Ga-activated C&"-perme-

able SV channels of the vacuoles from the red beet storage S . ;

. ; o . s caused by intrinsic channel gating have been ignored

tissue cells are illustrated in Fig.al At concentration 0.1-1 . S o
and only closed-open transitions within bursts of activity

uM RR produced long term closures, reducing the open .
probability by about 10-fold as an average, whereas at 3 ere analyzed. In all cases the resulting closed and open
' Ime distributions could be well described by monoexpo-

M RR only few percent or none of the initial activity nential functions. Voltage dependence of mean closed and
remained f = 30 separate cytosolic-side-out patches). This pen times in the presence of i1 RR is given in Fig. 3

effect was largely irreversible, and also a large scattering of A imatel i tial d f th
its magnitude in individual patches facing the same concen® "\ approxt|.ma ey(js,ymme ;l(f[hexponen |a| egat)( orthe
tration of cytosolic RR was observed. Hence, no systematiEnean open time and Trise ot the mean closed time was
study of the dose dependence was possible. The effe&bserved. The probability of finding the channel in the

showed little if any voltage dependence as patrticularly émbloc_ked stateP, steeply decreased with thg increase in
typical recording in Fig. 1a evidenced. In parallel, RR potential. Two approaches were used to quantify the voltage

caused a rapid flickering block of the channel open Stategependencg . First, P, has been calculated as a relative
ime spent in the open unblocked state:

increasing at increased positive holding potential, e.g.j‘
traces at 70 mV in Fig. & compared to those at 30 mV. The
latter effect was reversible (Fig. i) and the kinetics of p — Topen )
block could be resolved at 2 kHz. Therefore, we have ® (Topent Teiosed

studied the mechanism of the SV channel fast block by RR.

where 7,,c, and 7 05eq are mean open and closed times
within a burst at given potential, respectively. In the alter-
native approach single channel records were additionally
The voltage dependence of fast block of the SV channel wakow-pass filtered at 67 Hz, and the mean open level current
generally studied on separate cytosolic-side-out patches faamplitudes have been measured and taken relative to the
ing desired RR concentration in the bath. To maintain thecontrol current. Both approaches provided reasonably con-

Voltage dependence of the fast block by RR
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FIGURE 3 Voltage dependence of the fast block of SV channel by

b control (+100 mV) *0.5uMRR (+100 mV) ruthenium red. Characteristic dwell times in the presence oful/5RR
@ o (a). Open [J) and closedm), each point is a mean of at least three separate
§10_ 5 100 1 determinations (meart: S. D.) plotted against voltage&olid linesare
= a monoexponential fits; mean open timeg(V) = 7.8 + 1.9 ms X
5 5 104 exp(=0.027+ 0.003 V/mV) and mean closed timg(V) = 0.072+ 0.006
§ S ms X exp(0.024= 0.01 V/mV). ) The open channel probability within

10'5 z 10_5 z a burst of activity for 0.1uM (@), 0.5 uM (M), and 3uM (A) RR was

open time / ms open time / ms calculated as relative time spent in the open state (Eqg. 1). Alternatively, the
time-averaged single channel currents within bursts of activity were mea-

@ @ sured and taken relative to the contrapén symbo)s The data sets
8 & 100 4 obtained by both of these methods were fitted to the Woodhull (1973)
5107 g model of voltage dependent block (Eqsdlid lineg, yielding zero voltage
g é 10 1 dissociation constant&4(0), of 41+ 13, 74= 25, and 63+ 10 uM, and
2 2 the value of effective blocking charge movement across the transmembrane

105 TR 10‘5 3 potential dropzs, of 1.30 + 0.10, 1.43+ 0.10, and 1.47= 0.07 for 0.1,

’ closed time / ms " closed time /ms 0.5, and 3uM RR, respectively.

FIGURE 2 Rapid kinetics of the voltage-dependent SV channel block bydoe not permeate:
ruthenium red. Original records were filtered at 2 kHz. The extent of rapid S p :

block steeply increased with the increase of voltagje DPwell-time dis- _ -1
tributions p) for the non-blocked channel (control) and for the one exposed Po={1+ ([RR]/Kd(O))quZSVF/RT)} (2)

to 0.5uM ruthenium red (RR). For each experiment 15 s of single channelWhereKd(O) is dissociation constant at zero voltagés the
record at 100 mV, the short stretch of which is presentedajnwas

analyzed. The long lasting closures separating the bursts of activity wergalencle of blockers is the electrical distance to th? blndlng
removed from the analysis. The rest of the counted closed and open ever®t€,V is membrane voltage, arid R,andT have their usual
could be described by monoexponential functisnligl lineg with char-  meanings. Fits of the voltage dependence at additional RR
acteristic times of 6.40 ms and 0.37 ms for open and closed distributions igoncentrations yielded the following values kf(0) uM

control, and 0.44 ms and 0.64 ms for those in the presence of RR%ZS): 72 + 29 uM (1_29 + 0.10) 88+ 31 uM (1.28 +

respectively. Note that there was a more than 10-fold increase in th
number of counted events in dwell-time distributions upon application of '09)’ 75+ 27 uM (1'39 * 0'12)’ 91x 43 uM (1'40 =

RR compared to control. 017), and 44+ 11 uM (132 * 014) at 0.2, 0.3, 1.0, 2.0
and 5.0uM RR, respectively.

sistent sets of data points (Figh® The sets of data points
at 0.1, 0.5, and 3uM RR (Fig. 3 b) were fitted by the

Woodhull (1973) equation of the voltage-dependent blockWe selected three holding potentials of 50, 70, and 100 mV,
assuming that RR binds to a single site within a channel andhere the concentration dependence of the RR block was

Concentration dependence of the RR block
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analyzed. Examples of single channel recordings at 70 m\average (Fig. 4, solid lineg. Hence, at least two RR ions
and different RR concentrations are shown in Fig. 4t participated in the blocking reaction.

RR concentration~5 uM the channel openings became too  Additional evidence for binding of multiple RR ions was
brief and only partly resolved at 2 kHz, resulting in an obtained from the analysis of the concentration dependence
apparent decrease of mean open channel amplitude, hencefadwell times. As it is predicted by simple binding mech-
substantial portion of closed-open transitions was missednism, the blocking rate (reciprocal mean open time,
(results not shown). Therefore, we have restricted ourselvel,,.) was linearly dependent on the [RR] (Fig. &.

to the concentration range of 0.1 toiBV RR. The dose Therefore, the first RR bound already produced a noncon-
dependence of the RR effect on the open probability at threductive (blocked) state of the channel, although the un-
holding potentials is presented in Figb4ln all three cases blocking rate (1#,,..q decreased with the increase of [RR],
the dose dependence was steeper compared to that predictat this decrease was more prominent at a higher voltage
by simple Michaelis-Menten type of bindingdshed lines  (Fig. 5b). If RR were bound to a single site within a channel
The data points at 50, 70, and 100 mV could be wellpore at a time, the unblocking rate would depend solely on
described by curves with a Hill coefficient of 1.30 as anmembrane voltage and not on RR concentration.

DISCUSSION
+0.1 utM RR

a
Ruthenium red as Ca?* antagonist
WML 1 V ’ ‘Tmm* In this work we have observed two distinct modes of RR
+03 M RR action on the SV channel, an irreversible inhibition, re-

M flected by long-term closures, and rapid voltage-dependent
mm me ' ' WW l“ m flicker-block of the open channel, which was largely revers-

ible. The two modes of block, the irreversible and the

UM RR s e reversible, qould _be compared with the effects of RR on the

- sarcoplasmic reticulum Ga release channel. When the

Jm channel was activated by €aor nucleotides, RR mainly
b Mt orap caused an irreversible long-lasting closure of the channel

(Smith et al., 1985, 1988), whereas in ryanodine-modified
channel, which becomes locked in the open subconductance
state, the fully reversible rapid block by cytosolic RR dom-
inated (Ma, 1993). Dual effects of RR on the SV channel
might be related to the dual role of €aas the channel
unique activating agent (Pottosin et al., 1997) and as a
permeant ion (Ward and Schroeder, 1994). Here we have
studied in detail the rapid channel block by RR, which may
be attributed to a direct effect on the ion-conducting path-
way. The nature of the slow irreversible block by RR and its
possible relation to the mechanism of the channel activation
by C&" is a purpose of future studies.
Ruthenium red, besides its binding to phospholipids and
i fatty acids (Luft, 1971), reportedly affected the function of
0.1 1 ; i di i :
[RR]/ M many caImum—bmdmg proteins (Mgsuoka et al., 1990;
Amann and Maggi, 1991) and of various Cachannels. It
FIGURE 4 Concentration dependence of the ruthenium red block. Ex-Was not surprising, therefore, to find here that RR also
amples of single channel recordings (filtered at 2 kHz) at holding potentia@ffected large conductance Lapermeable SV channel of
of 70 mV and different concentrations of RR are presented ifo) The ~ plant vacuolar membrane. It would be emphasized, how-
open probability within a burst of activity was calculated (Eq. 1) on the ever, that vacuolar site of action of RR yet has not been
z.afi.sbotf. CharatmsegsﬁcvC':)Se‘;oa”dvof:)” “mdesl'o%btai\r;ez)"%mtd""e”'tim%uspected, although RR block of Laoscillations in plant
Istriputions  ai m y m , an m . Data are . - .
presented as meah S.D. (h = 3-5).Solid linesare best fits of a data by cells was te}ken _as evidence for®Camobilization from the
the Hill equation, with &, of 3.77 = 0.11, 1.43+ 0.06, and 0.38- 0.03  endoplasmic reticulum (Bauer et al., 1998). The SV channel
uM, and Hill coefficients of 1.26+ 0.05, 1.32+ 0.07, and 1.32- 0.14for IS blocked in a voltage-dependent manner by some organic
50, 70, and 100 mV, respectively. For the comparison, same data sets wetlyes such as quinacrine and 9-amino-acridine (Weiser and
fitted by a simple Michae_lhis-Menten type (Hill coefficient,= 1) dose entrup, 1993) and by polyamines (Dobrovinskaya et al.,
dependepce. The proba}bmty that the data sets at 5Q, 70, and 100 mV cou 999), with half-blocking concentrations at 100 mV ranging
be described equally fair by either of the two equatidhdgst) was 0.12, !
0.13, and 0.23, respectively, which indicates the preference of the coogfOmM 0.3 to~100 uM compared to 0.3&M for RR found
erative model. in this study (Fig. 4). For the comparison, the half-blocking
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~0.1 uM (at 100 mV), respectively, were reported (Ma,
1993; Ma and Michel, 1998). In sarcoplasmic reticulum
(SR), RR inhibited also alternative (non-ryanodine receptor)
Ca&" release pathway, albeit at higher concentrations
(Sukhareva et al., 1994). Also the mitochondriafCap-
take is blocked at higher (micromolar) RR concentrations
01l compared to the block of ryanodine receptor-mediatedf Ca
g release from SR (Griffiths, 1997). External RR caused a
e voltage-independent block of all types of Cachannels in
01 [RR],:LM chromaffin cells Ky = 7 uM; Gomis et al., 1994), N- and
P- type (but not L-type) CGd channels in brain synapto-
somes Ky = 2-6 uM and 70-250uM; Hamilton and
Lundy, 1995), L-type cardiac G4 channelsK, = 0.8 uM;
Malécot et al., 1998), and with an affinity at low micromolar
range (irreversibly) blocked €& channels from plasma
membrane of the wheat root (Riros and Tester, 1997). It
could be concluded that RR is one of the most efficient
inhibitors of the SV channel discovered so far, and com-
pared to the effects on ion channels from animal cells, the
T B potency of the RR block of the SV channel is on the top of
0.1 R}/ 1M the list. The activity of C&"-activated C&"-permeable SV
: channel, which is an ubiquitous component of vacuoles in
higher plant cells, is almost completely suppressed by RR at
c ) concentration of a few micromolar (Fig.d), the range of
concentrations commonly used to abolisif Ceelease from
endoplasmic reticulum. That is why the use of RR as a
diagnostic inhibitor of C&" release in plants deserves ad-
ditional precautions.

T T TYTTT
NIRRT S VR

R \RRAAL

1/ Typen (17 M8)

1 /Tclosed (1 /ms)

0.1

0.5

Po

T T T T T TT

Mechanism of rapid RR-induced block in the
0{’\1 1 Ll LA SVChanneI

: 1 , N ,
o [RR]/ M Experimental results on the kinetics of rapid block of the SV

channel by RR could be summarized as follows. 1) Assum-
FIGURE 5 Dose dependence of the on- and off-rates of ruthenium redd the WO(_)th” .(197_3) mOdel of the voltage dependent
block and of the probability of unblocked state. Data are presented ablock and single-site binding, RR appears to block the SV
mean= S.D. ({ = 3-5). @) The reciprocal of the mean open time is channel by entering the pore to an electrical distahice

linearly dependent on concentration. Double- logarithmic plot was selectedvo 23. based oz = 1.36 as an average and a valence of
for a better resolution of data points at low RR concentrations. Holding,. | . )

voltage was 50 mV@®), 70 mV (), and 100 mV {). Solid linesthrough 6_+' 2) AnaIYSIS of the dose-depender)ce (?f blPCk (Fig) 4

the data points are obtained by linear regression, with slope factors oyi€lded a Hill Foefﬂmem of~1.3, which |mp.I|es that at
0.63* 0.07uM 'ms (50 mV), 1.35+ 0.07uM 'ms * (70 mV), and  least two RR ions are involved. 3) The reciprocal of the
2,52+ 0.23 M 'ms™* (100 mV). ) Off-rate of RR block decreased channel mean open time (blocking rate) linearly depended
with the increase of concentration. The reciprocal mean closed times at 58n [RR] (Fig 5a) Thus already the first RR ion entering

mV (@), 70 mV @), and 100 mV A) were plotted against RR concen- . .
tration. The data points for all three potentials were fitted simultaneouslythe channel pore plugged it. 4) The unblocking rate de-

by Eq. 7 6olid lineg, fixing the bimolecular on-rate constants,{ to the ~_creased with the increase of [RR]. The most economic
values of slope factors at correspondent potentiats and assuming two ~ explanation of this fact is that with the increased [RR]
identical binding sitesk, = 1). Simultaneous fit yielded the following increased the probability of double occupancy of the chan-
parameter valuest = 8.2 + 1.3 andk, rates (in ms?) of 10.1 + 0.53 nel pore by RR, each ion blocking the pore. Consequently,
(50 mv), 85+ 0.51 (70 mV), and 4.9+ 0.33 (100 mV). For the . " .

comparison, the best fits by Eq. 7 assuming non-cooperative binding ( the blocked state is additionally stabilized gnd the.channel
1) are showndashed linels (c) The probability to be unblocked at 50 my becomes unblocked only when both blocking RR ions are
(@), 70 mV @), and 100 mV 4), calculated on the basis of dwell times, removed.

was replotted from Fig. 4. Solid linesare predictions of Eq. 6, with the To explain the dose-dependent kinetics of the RR block,

same values of parametetsk,,, andk,; as ones resulted from the fitting the following blocking mechanism was considered:
of dose dependence of dwell timesadrandb at corresponding potentials.

k. x [RR] K", x [RR]

ke
cytosolic RR concentrations for the SR ryanodine receptor 00 =——=10<«<— 01 = 11 ©)
and for the cyclic-nucleotide gated channels of 0.22 and Kon Kon
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Where 00 is fully unblocked open state, and 10 and 01 arequation, assuming a single binding site (Figb)3or the
single- and 11 double-blocked states, respectively. Thivalues ofé of 0.16 and 0.23, respectively. A parallel loca-
scheme could be further reduced, tion of two RR ions in the pore is the simplest explanation
of both concentration and voltage dependence. It may be
more accurate to suppose that the two RR ions are located
0 1 2 (4) atadifferent depth and the two binding sites also differed
by their affinity, but on the basis of the data presented in this

k,,x[RR] K. x[RR]/ (1+1/k,)

kon/(14K) Kon A
study, justification of more complex models was hardly
lumping 10 and 01 together, where new states 00, 1= possible. Apparently, depending on the choice of structural
01 + 10, and 2= 11. The reciprocal of the open time will interpretation, the electrical distance left by RR on the way
be linearly depended on [RR]: to the deepest binding site within the channel pore may be
between 0.16 (both ions located at the same depth) and 0.23
UTopen= ke + ko RR] = ko[ RR] (5)  (second ion does not contribute to the voltage dependence).

wherek_ was introduced to explain the channel closures inThe effective electrical distance of 0.16 or up to 0.23

S , traversed by the long RR ion carrying two positively
the absence of [RR]. Substituting /K o by akyd/Ko . ! .
wherea describes the relative stabilization of the binding Ofcharged groups at the ends and one in the middle might

the second RR by the presence of the first oae=( 1 :ﬁﬂeft the averbage of dlistplace?entsl\?ftthglse ;:r?argﬁs a;!ong
independent bindingy < 1 or « > 1 negative or positive Ie tr.anisr;e[n rane vo ag? ngop. ola yt’ the te ec |;/ed
cooperativity) the probability of the unblocked state (0)eec rica’ distance in case o was close fo that reporte

according to the Eq. 4 could be expressed as following: for th? SV. channel leCk by. cytogol!c sperm|d|n¢ e_md
spermine, linear polyamines with a similar charge distribu-

P, = {1 + ky{RR](1 + ko)/koit + (Kol RR]/Kot)?keat} 2 (6) tion and a length, comparable to RR (Dobrovinskaya et al.,

1999).
And combining Egs. 1, 5, and 6 yielded the following The resting transtonoplast voltage difference seems to
expression for the unblocking rate: follow K™ equilibrium potential, which is close to zero

under normal physiological conditions (Bethmann et al.,
1995). Therefore, we attempted to approximate the values
of block parameters at zero voltage (Fig. 6). Extrapolation
Simultaneous fitting of the dose dependence of unblockindo zero voltage yielde&4(0) = ~36 uM. The mechanism
rate at 50, 70, and 100 mV (Fig.l§ by Eq. 7 yieldedx = of the SV channel block by RR qualitatively resembles that
~8, i.e., binding of the first RR ion favors the binding of the reported for ryanodine modified SR €arelease channel
second one (positive cooperativity). The blocked state wagMa, 1993). For the latter also at least two RR ions are
therefore over-stabilized. Alternative fits under the assumpinvolved in block. The block of SR G4 release was less
tion of independent bindinga{ = 1) poorly explained the voltage-dependent, the slope of l&g was —0.011 mV *
data points in Fig. 3. Eq. 3 describes sequential binding

mechanism, i.e., RR entering from the bulk solution always

1rtosed= (Kort/ (1 + ke))/(L + Kol RR]e/ (Kott(1 + 1/ke)))

bind to the same site. However, an alternative parallel -4 10
scheme, assuming that the both binding sites are simulta-
neously accessible, provided solutions mathematically o i 5
equivalent to Eqs. 5-7 (results not shown). Though, forany s -5 | >« _ / 19 %
scheme an over-stabilization of the double-blocked state ~ Pt | .
was required for the explanation of the steep dose depen- ﬁ, L7 > 3
dence of the open probability (Figsbdand 5c¢) and of the 2 6t 48 §
dependence of the unblocking rate on RR concentration | 1 ~
(Fig. 5b).

The rapid block of the SV channel by RR, applied to the -7 e 7
cytosolic side, steeply increased when voltage is made more 0 50 100
positive. As it became clear that at least two RR ions are V/mv

involved, a simple Woodhull equation of the voltage-depen- , _
FIGURE 6 Estimates of parameters of ruthenium red block at zero

dent block is no longer applicable. We have refitted, tlf]ereiloltage. Dissociation constants at 50, 70, and 100 mV have been obtained

fore, the data in Fig. ® by an equation similar to Eq. 6, from dose-response curves in Figoditted by the Hill equation. Resulting
introducing the voltage dependena8)(of the k,/k ¢ ratio  log K, values were plotted against voltag)( extrapolation of linear fit
and assuming a cooperative binding € 8.2) of two RR  (slope —0.0199 + 0.0005 mV ) to zero voltage yielded log4(0) of
ions to equivalent binding sites located in parallel at the #44* 0.04 Ki(0) = 36 = 3 uM). The values ok, were obtained from
. . . . linear fits presented in Fig. &, and extrapolation of lodk,, (®, slope
same electrical dIStanCé’, Th|§ reSU|ted_ in the value of 0.0118+ 0.020 mV %) to zero voltage yielded a value of 8.25 0.15
ZS = 0.95 + 0.01 fOf an IndIVIdua| RR on CompaI’Ed tO (kon(o) =177+ 0.77 X 108 M’l Sfl). Standard errors for |0§d and |og

1.40 = 0.05 obtained by conventional fit to the Woodhull k,, values were smaller than the symbol size.



Pottosin et al. Plant lon Channel Block by Ruthenium Red 1979

compared to—0.020 mV-1 for the SV, which was mainly Hamilton, M. G., and P. M. Lundy. 1995. Effect of ruthenium red on
caused by lesser voltage dependence of the on-rate constangggi%i'?sens”"’e Cd channels.J. Pharmacol. Exp. Ther273:
Whereas the nlean residence times of RR within the pore %ille, B. 1992. lonic Channels of Excitable Membranes, Ed. 2. Sinauer
SV and SR C#' release channels were close to each other, associates, Sunderland, Massachusetts.

the on-rates differed by almost one order of magnitude. Foruft, J. H. 1971. Ruthenium red and violet. I. Chemistry, purification,
the SV channel the value of bimolecular on-rate constant at methods of use for electron microscopy and mechanism of aciioat.

zero voltagek,(0) = 1.8 X 10 M~* s * was estimated ~_<eS-171:347-368. , _ , ,
Ma, J. 1993. Block by ruthenium red of the ryanodine-activated calcium

- : —1 -1
(Fig. 6) coTpared to approximately 1x110° M~ *s™* for release channel of skeletal muscleGen. Physiol102:1031-1056.
the SR C&" release channel (Ma, 1993). The value of thema, 3., and W. C. Michel. 1998. Drugs affecting phospholipase C- medi-

on-rate constant for RR in the SV channel was neverthelessated signal transduction block the olfactory cyclic nucleotide-gated
at the upper limit reported for the diffusion of various current of adult zebrafishl. Neurophysiol79:1183-1192.

organic blockers (Hille, 1992). It could be an overestimateMalécot, C., V. Bito, and J. A. Argibay. 1998. Ruthenium red as an
effective blocker of calcium and sodium currents in guinea-pig isolated

however, as due to the attraction by negative charges of ventricular heart cellsBr. J. Pharmacol124:465-472.

phospholipids and/or the channel protein itself, the localmasuoka, H., M. Ito, T. Nakano, M. Naka, and T. Tanaka. 1990. Effects of

concentration of RR in the proximity of the channel mouth ruthenium red on activation of E4-dependent cyclic nucleotide phos-
could be substantially higher compared to that in bulk Phodiesteraséiochem. Biophys. Res. Commd69:315-322.

luti Moore, C. L. 1971. Specific inhibition of mitochondrial €atransport by

solution. ruthenium redBiochem. Biophys. Res. Commu2:298—-305.

Piferos, M., and M. Tester. 1997. Calcium channels in higher plant cells:
regulation and pharmacology. Exp. Botany48:551-577.
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