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Abstract. Nitrogen is available to the plant in the form of obtained for NH is compared with ones obtained foi K
NH; in the soil solution. Here it is shown that a voltage- and N&. This information allows the fluxes through the
independent K channel in the plasma membrane of rye K* channel of the three major monovalent cations pre-
(Secale cereald..) roots is permeable to NH The sent in the soil solution to be predicted.

channel was studied following its incorporation into pla-

nar l-palmltoyl-z-oleoyl phosphatidyl ethanolamine bi- Key words: Ammonium (NH)) — K*-channel — Per-

neation — Planar Lipid Bilayer — Plasma membrane —

greater when assayed in the presence of 100NH ,Cl Rye Gecale cereale.)

than 100 nm KCIl. However, the probability of finding
the channel openP() was lower in the presence of 100
mm NH,CI (P, = 0.63) than in 100 m KCI (P, = 0.8),
suggesting thaP, can be regulated by the (permeant)
ions present in solution. When assayed in equimolar

concentrations of NECI (cis) and KCI grans), the zero- Ammonium is a major source of plant nitrogen. Knowl-
current (reversal) potential for the channgl.() exhib-  edge of the mechanism(s) by which ks taken up by
ited a complex concentration dependence. At low catiorPlant roots is therefore of basic importance in under-
concentrations, the apparent permeability of Nidla-  standing the nitrogen nutrition of plants.

tive to K* (PNH4/PK) was grea‘[er than 1.0. However, as Unidirectional N"K influx into plant cells, measured
the cation concentration was increaseg J/P« initially ~ over a period of less than 15 min using labeled ammo-
decreased to a minimum of 0.95 at $rbefore increas-  hium ([**NJNHZ or [**N]NH3) or the ammonium ana-
ing again to a maximum of 1.89 at 300MmAt cation  logue methylammonium {fC]CH,NH?3), follows “dual-
concentrations above 300wm Py,,,/Px decreased isotherm” kinetics (either approximating the sum of two
slightly. This implies that the pore of the channel can beMichaelis-Menten components or a Michaelis-Menten
occupied by more than one cation simultaneously. Am-lus a linear component) as the Hlldr CH;NH3 con-
monium permeation through the pore was simulated uscentration in the extracellular medium is increased
ing a model which is composed of three energy barrierdBertl, Felle & Bentrup, 1984; Deane-Drummond, 1986;
and two energy wells (the ion-binding sites). The modelPresland & McNaughton, 1986; Vale, Volk & Jackson,
(3B2S) allowed for single-file permeation, double cation 1988; Wang et al., 1998 Kosola & Bloom, 1994). This
occupancy, ion-ion repulsion within the pore and surfaces thought to represent the sum of two transport mecha-
potential effects. Results indicated that energy peaks an@isms: (i) an “active” transport mechanism (Mechanism
energy wells were situated asymmetrically within the!l), which operates at low Nfconcentrations (<1 nn
electrical distance of the pore, that cations repel eaclm between 32um and 188um) and transports NHinto
other within the pore and that the vestibules to the poréhe cell against its electrochemical gradient with a ca-

contain negligible surface charge. The energy profilePacity (V) that increases with decreasing external
NH; supply and tissue NjHconcentration (e.g., Wang et

al., 1993), and (ii) a passive, electrophoretic transport
- mechanism (Mechanism I1), which facilitates §lhflux
Correspondence tdP.J. White at higher NH concentrations (> 1 mn).

Introduction
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At present, interest is focused on the molecular iden-et al., 1995; Uozumi et al., 1995). Itis not known wheth-
tity of these NH-transport mechanisms. Recently, a er voltage-independent’channels are similarly perme-
gene AMTY) encoding a high-affinity NE| uptake sys- able to NH,.
tem was identified by functional complementation of a Recently the gating kinetics and permeability of a
mutant yeast strain defective in NHiptake Bacharo-  voltage-independentXchannel in the plasma membrane
myces cerevisiastrain 26972c) with cDNA fromAra-  of rye roots were documented (White & Tester, 1992;
bidopsis thaliana(Ninnemann, Jauniaux & Frommer, White & Lemtiri-Chlieh, 1995; White & Ridout, 1995).
1994). Methylammonium uptake into mutants express-This channel is selective for monovalent cations and,
ing AMT1 exhibited saturation kinetics withl&,, of 60 ~ When assayed at concentrations of 100, the selectiv-
M, was competitively inhibited by ammonium withka ity sequence determined from measurements of both uni-
of about 10um and was inhibited by protonophores tary conductance and relative permeability was”Rb
(Ninnemann et al., 1994). Th&MT1 gene was highly K" > Cs" > Na" > Li* (White & Tester, 1992). The
related to an NE transporter from yeast (Marini et al., channel has a multiple ion residency pore, for which the
1994) and sequence homologies to genes of bacterial aratial parameters and energy profiles for the permeation
animal origin indicate that this type of transporter is con-Of both K" and Nd have been determined (White &
served over a broad range of organisms. The low affinityRidout, 1995). Here itis shown that NHIso permeates

NH, uptake system is thought to be mediated by an iofn€ channel and the energy profile for fiigermeation
channel. has been estimated. Thus, it is now possible to predict

It has often been suggested that Nand K* might the fluxes of the three major monovalent cations present

share the same transport mechanisms (Epstein, 1979 th.e soil sol_u.t|0n thr(_)ugh this Cha.””e'- U.”.der physi-
Marschner, 1995). This hypothesis was originally pro_ploglcal conditions, this channel might facilitate I§JH
posed on the basis of identical atomic radii and chemica\nflux across the plasma membrgne of root cells in re-
similarity of K* and NH;, and is supported by circum- sponse to the eleﬁglcal potential generated by the
stantial evidence that Kand NH, exhibit mutual com- plasma-membrane HATPase.
petition for transport and that the concentration-
dependence of Kand NI_-E infqu are similar. N Materials and Methods
Like NH influx, K* influx into plant cells exhibits
a biphasic response to increasing &oncentration (re-
viewed by Kochian & Lucas, 1988). Two high-affinity PLANT MATERIAL AND PLASMA MEMBRANE |SOLATION
transport mechanisms mediating Kflux at the plasma
membrane have been identified. Both are symporters}ye (Isica'etc_e“t’a'd‘?a cv. Rheid_o'? Wis QTOKVY“ hélifgonif\ﬁ_l:y ina
H H H H [ complete nutrient medium containin: an M as
a|1d K’ Irlﬂux IS dlreCtly. coupled to the. influx (.)f elther descrl)'ibed by White (1993). Plants vgvergm;arvested 14Mdays ;fter sow-
H" or Na". Electrophysiological analysis @frabidopsis ing.
root-cell protoplasts has demonstrated the presence of @ plasma-membrane vesicles were obtained by aqueous-polymer
H*/K* symport (Maathuis & Sanders, 1994) and a genawo-phase partitioning of a microsomal fraction from rye roots. The
(HKT]_) encoding a NaK* symport has been identified procedure followed White & Tester (1992) except that the homogeni-
by functional complementation of a mutant yeast Strainz_ation medium _addition_ally included mehenylmgthyl sulfqnylfluo-
defective in K uptake (Sacharomyces cerevisiatrain ride, 4 mv dithioerythritol and 0.5%_ (w/v) polyvinylpyrrolidone as
. protectants. Plasma-membrane vesicles were stored at a concentra-
CY162) with cDNA from wheat roots (Schachtman & tion of 1 mg protein mi* at —20 °C in a medium containing 5nm
Schroeder, 1994; Rubio, Gassmann & Schroeder, 1995).{[2-hydroxy-1, 1-bis(hydroxymethyl)ethyl]-amino} ethanesulfonic
When expressed iXenopusoocytes and assayed at an acid (Tes), titrated to pH 7.5 using N-mettydglucamine (NMDG).
extracellular cation concentration of IvpnHKT1 medi-
ated NH, influx at approximately 15% the rate of 'K
influx (Schachtman & Schroeder, 1994). Thus, HKT1 |oN CHANNEL RECORDINGS

.may be respon.5|_ble for a Compon?nt Of hlgh_.affl.mtyl\lH Electrical recordings of ion channel activity were obtained following
influx. Lovy-afflnlty, eleptrophoretlc K I,nﬂux IS “kely the incorporation of plasma-membrane vesicles into planar lipid bilay-
to be mediated by an inwardly-rectifying or a voltage- ers (PLB) composed of 30 msynthetic 1-paimitoyl-2-oleoy! phos-
independent Kchannel (Maathuis & Sanders, 1993; Ko- phatidylethanolamine (PE) dispersed in n-decane, as described by
chian & Lucas, 1993; Gassmann et al., 1993; SchroedekVhite and Tester (1992). The bilayer (0.2 mm in diameter) separated
Ward & Gassmann, 1994). Several inwardly-rectifying solutions of 500ul containe_zd with_in a styrene copolymer cup (t_d:ie

K* channels exhibit an appreciable permeability tOZNH chamber) and 5 ml contained within an outer Perspex container (the

. . ) P - transchamber). All aqueous solutions were filtered (pore diameter 0.2
These include the inwardly rectlfylng*KchanneI(s) n wm) and buffered with 5 m Tes, titrated to pH 7.5 using NMDG.

protoplasts from root ha|.rs of Wheat_ (_Gassmann &plasma-membrane vesicles were added taitehamber and fused to
Schroeder, 1994) and the inwardly-rectifying KATT K pilayers by stirring in the presence ofcisttrang 410:100 nw KCl or
channel (Schachtman et al., 1992; Bertl et al., 1995; CaolH,Cl gradient. When channel activity was detected, unfused vesicles



P.J. White: Ammonium Permeation through a Plasma Membran€hannel 91

were removed by perfusing tloés chamber with either 100 mKCl or This varied inversely with the electrical distanc® from the occupied
100 mv NH,CI. Further changes in the identity or concentration of the well to mimic a coulombic interaction, and was calculated/dd,
permeant cation were effected either by perfusing a chamber with 3@vhere A is the ionic-repulsion energy parameter. Two parameters
volumes of the required concentration of cation chloride or by the (Ry;sandRy, .9 Were included in the model to describe surface charge
addition of an appropriate volume ofM8NH,Cl or KCI. Experiments  effects. These parameters correspond to the radii of circles (expressed
were performed at room temperature (20 to 24 °C). in angstrom, A units) containing one electron charge in dseand
Current was monitored under voltage-clamp conditions using atransvestibules of the pore respectively, from which the fixed surface
low noise operational amplifier with frequency compensation, con-charge densities at the vestibule of the pore can be calculated (
nected to the bilayer chambers by calomel electrodes and&@3l salt e/mR?). Since the PE bilayer is essentially uncharged under the experi-
bridges. Data were stored unfiltered on Digital Audio Tape (DTC- mental conditions, surface potentials are assumed to arise from charged
1000ES; 44.1 kHz sampling; Sony, Japan) and simultaneously disamino acid side chains and/or nonprotein domains forming part of the
played on a digital storage oscilloscope (Gould 1602; Gould Electron-molecular structure of the channel. They are calculated according to
ics, Hainault, Essex, UK). Membrane potentials were recocidith the Gouy-Chapman double-layer theory and therefore represent
respect tatrans, which was held at ground. Since plasma-membranecharged planar surfaces. The effect of applied voltage was modeled by
ion channels become oriented with their cytoplasmic face exposed taddition of the zero-voltage energy to an electrical work term propor-
the trans chamber (White & Tester, 1992), the sign of the membranetional to the valence of the ion and electrical distance. It was assumed
potential is opposite to that conventionally used in electrophysiologicalthat the electrical field, which is the algebraic sum of the electrical
studies on plant cells in vivo. Movement of cations from ¢figeto the fields induced by the applied voltage and the asymmetry of the surface
trans chamber is indicated by a positive current and appears as apotential, dropped linearly through the energy profile and it was added
upward deflection in current traces. The amplitude of single channepoint by point to compute the free energy of each peak and well. Rate
currents was determined directly from channel recordings filtered atconstants for transitions between permissible states were formulated by
100 Hz using an 8-pole low pass Bessel filter (902LPF, Frequencythe standard Eyring rate theory expression equal to the product of a
Devices, Haverhill, MA). pre-exponential ternkT/h, (wherek/his Boltzmann'’s constant divided
The probability of the channel being open at any given voltage by Planck’s constant) and an exponential function of the energy dif-
(the channel open probabilityy,) and the time constants of channel ference, exp{G/RT). A similar expression was used for bimolecular
open- and closed-states at 60 mV were determined using a microconrate constants describing the entry of ions from the internal or external
puter-based system after appropriate digitization (Cambridge Elecsolutions, except that the pre-exponential factor was also multiplied by
tronic Design, Cambridge, UK). Recordings of channel activity were the molar activity of the ion in solution divided by the molar concen-
replayed, filtered using an 8-pole low pass Bessel filter (902LPF) andtration of water (55.%1). Thus, the reference energy state of the model
sampled by the computer. THg of the channel was calculated from corresponds to 5518 solution. To compare the energy values reported
current frequency distributions of electrical recordings filtered at 100here to models that use am reference state, 4.02T units must be
Hz and sampled at 500 Hz obtained over a period equivalent to readded to the values in the Table.
cording a single channel for 25 to 40 min, as described by White and
Tester (1992). Kinetic time constants were calculated as described by
White and Tester (1992), using an electrical recording of an individual RELATIVE |ONIC PERMEABILITIES
channel of 7.5 min duration obtained at 60 mV in symmetrical 1860 m
NH,CI, which was filtered at 500 Hz and sampled at 2.5 kHz. To Apparent relative ionic permeabilities were defined by the zero-current
facilitate comparisons with previous studies (White & Tester, 1992) it (reversal) potential E.,), determined by linear interpolation, when
was assumed that the channel exhibited at least two open states, wiipntrasting salt concentrations or ionic species were present irishe
time constants,, andr,,, and three closed states, with time constants andtranschambers, according to the conventional Goldman-Hodgkin-
Ten» Tep ANdT.5, SUbscripts being numbered successively from the short-Katz (GHK) formulation (Hille & Schwarz, 1978). All ionic species
est to the longest time constant. Duration frequency distributions weravere corrected for activities using published activity coefficients (Rob-
fitted by maximum likelihood and estimates of time constants are giveninson & Stokes, 1959). Although ion activities are used exclusively for
as mean + SE. all calculations, for ease of discussion the concentrations given in the
text and figures are absolute concentrations unless indicated. Data are
from characteristic experiments and are representative of at least two

MATHEMATICAL MODELING experiments.

Estimates of energy profiles for permeant monovalent cations an
channel spatial characteristics were obtained using the FORTRA
computer program AJUSTE (Alvarez, Villarroel & Eisenman, 1992) as
descr_lbed by White and Ridout (1995). Parameters were estimated b&HANNEL-GATING KINETICS AND OPEN PROBABILITY
unweighted least squares. The model chosen (a 3B2S model) had en-

ergy profiles consisting of three energy barriers and two ion-binding . .
sites (energy wells), and allowed for single-file permeation, doubleWWhen assayed in the presence of symmetrical 180 m

cation occupancy, ion-ion repulsion and surface potential effects. ThdNH,CI, channel gating (Fig. 1) resembled that observed
energies of the unoccupied channel at zero voltage (in terms of mulin the presence of 100 mKCI (White & Tester, 1992).
tiples of the thermal energy, RT) were defined by three peaks G1, GHowever, the frequency of transitions between open- and
and G3, and two wells, U1 and U2, with the postscript referring to the"closed-states of the channel was much greater in the
position relative to theis compartment. The distances D1 to D5 refer presence of NECI than in the presence of KCI (226

to the position of successive peaks and wells in the electrical field . . |
relative to thecis compartment. The effects of ion-ion interactions events/min were detected in NG compared to 35

(electrostatic and/or allosteric) were simulated by the addition of an€vents/min in KCI). In the presence of NEl, there was
energy factor to the peaks and wells adjacent to an occupied wellan apparent absence of brief openingg)(andr,, was

esults
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Fig. 1. Electrical recordings of a PE bilayer containing a singfeddannel from the plasma membrane of rye roots assayed in symmetrical 100
mm NH,CI at a voltage of 60 mV. The top recording represents 6 min of data filtered at 100 Hz and illustrates primarily the long closures of the
channel £.3). The bottom recording represents 30 sec of data filtered at 500 Hz illustrating the brief clasyr@sd(r.,) of the channel, which
occurred during the burst of activity indicated by the bar beneath the top recording. The unitary current through the channel wascharpre!

open statec, channel closed state.

shorter (420 + 15.1 msec) than in the presence of KCkymmetrical 100 m KCI (White & Tester, 1992; White,
(5.7 sec; White & Tester, 1992). By contrast, the time1995; White & Ridout, 1995; White & Lemtiri-Chlieh,
constants of all three closed states were similar in thedt995). Previous estimates of unitary chord conductance
presence of NECIl and KCI. The mean durations of the in the presence of symmetrical 100MnKCI vary be-
shorter closuresrf; andr.,) were 0.9 + 0.04 ms and 30 tween 38.5 pS and 54.4 pS, but the larger conductances
+ 3.8 msec in the presence of NEl compared to 1.1 obtained recently at HRI East Malling are a more appro-
msec and 51 msec in the presence of KCl (White &priate comparisonsgeeWhite & Ridout, 1995 for a dis-
Tester, 1992). The mean duration of the longest clocussion). When determined for individual channels in
sures;t.3, Was estimated at about 11 sec in the presencthe present experiments, the ratio of unitary chord con-
of NH,ClI, a value similar ter; obtained in the presence ductances in the presence of symmetrical 1@0MH ,Cl
of KCI (10.6 sec; White & Tester, 1992). relative to 100 mn KCIl was 1.27. This value is consis-
When assayed in the presence of symmetrical 10@ent with the unitary chord conductances obtained in the
mMm NH,CI the P, of the channel was voltage- presence of symmetrical 100MTKCI in previous mod-
independent and approximated 0.63 (Fig. 2). This comeling studies at HRI East Malling (White & Ridout,
pares with a value of approximately 0.8 @5 assayed in  1995).

the presence of symmetrical 100MKCI (White & When assayed in the presence of symmetrical
Tester, 1992) and is consistent with the longgyand  NH,CI solutions the unitary current through the channel
shortert,, observed in the presence of 100unKKCl. exhibited complex relationships with voltage (Fig. 3).

These results suggest that channel gatingRywhay be At low NH,Cl concentrations (<10 ) the unitary cur-
regulated by the (permeant) ions present in solution, butent was greater at negative voltages than at the corre-
this phenomenon was not investigated further. sponding positive voltages. However, at higher JOH
concentrations (>10 s the converse was true. In ad-
dition, at low NH,Cl concentrations the unitary current
UNITARY CONDUCTANCE tended to saturate at extreme voltages, but atGIH
concentrations above about 3vnthe unitary conduc-
The unitary chord conductance (determined between tance increased with increasing voltage. The unitary
30 mV) in the presence of symmetrical 10mNH,Cl  chord conductance of the channel (determined between +
was 61.3 + 1.1 pS (mean s£ 15 experiments). This 30 mV) increased with increasing N8I concentrations
value is greater than that recorded in the presence qfFig. 3). It did not follow Michaelis-Menten kinetics.
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Open probability (P,) modeled using an energy profile which is composed of
10T three energy barriers and two ion binding sites (or energy
wells), which allows for single-file permeation, double
08+ . cation occupancy, ion-ion repulsion within the pore and
surface potential effects (White & Ridout, 1995). This is
2e%, ! oo ° called a 3B2S model. The 3B2S model was fitted to the
i ¢ LIPS data obtained under the contrasting ionic conditions em-
ployed in this paper (Table). Parameters were estimated
0.4 7T using data either from experiments performed in the
presence of NECI alone (Figs. 3 and 4) or from all
02T experiments (Figs. 3-5). It was noted previously that at
high concentration&,., in the presence of equimolar
— : : — NH,CI (cis) and KCI trans) deviated significantly from

100 -50 0 50 100 zero (Fig. 3). This implies that the central energy peaks
for K* and NH, differ (Hille & Schwarz, 1978; Hille,
1992). The difference in the central energy peaks for
Fig. 2. The relationship between the probability of finding thé¢ K NH; and K" can be calculated from theR,/P« (1.58)
channel from the plasma membrane of rye roots in an open Rgte ( obtained under bi-ionic M NHZ (cis):K* (trang), as
and voltage, when channel activity was assayed in the presence ‘Hescribed by Hille (1992). The central energy peak for

symmetrical 100 m NH,CI. Data were obtained from electrical re- + . )
cordings of a single PE bilayer containing from 1 to 5 individual NH, was 0.46 RT lower than for Kand, since the cen

channels during a characteristic experiment performed over a perio@ral energy peak for Kwas fixed at —5.00 RT for the
equivalent to recording a single channel for 25 to 40 min at eachreasons given by White & Ridout (1995), the central
voltage. The line represents the megn energy peak for Ni was fixed at —5.46 RT.

) Estimates of the energy profile for NHbermeation
This has also been observed for both &d N& per-  gpained from experiments in which NHvas the only
n"_neatlon of the channel (White & Rldogt, 1995) and in- .ation present implied that thes energy peak (G1) was
dicates that _the channel has a multiple ion-residency POrRywer than thetrans energy peak (G3) and that the cen-
structure (Hille, 1992). tral energy peak (G2) was the lowest. The depths of both
the cis energy well (U1) and thé&rans energy well (U2)
for NH; permeation were similar, but U2 was slightly
deeper than ULl. The dissociation binding constal$ (
When the NHCI concentration on th&ans side of the  for NH}, referenced to the more conventionatlsolu-
channel was held constant whilst the )@ concentra-  tion concentration, approximated 4.6vnfU1) and 3.5
tion on thecis side of the channel was varied between 1mm (U2) in an unoccupied channel at zero volts. Both
mm and 1wm (Fig. 4), E,e, varied according to the Nernst the energy peaks and the energy wells forjNt¢rme-
equation (Fig. #. This indicates that the channel was ation were situated asymmetrically within the electrical
ideally selective for Ni7 over CI. _ distance of the pore, as was observed previously for both

When assayed in equimolar concentrations ofk+ and N& permeation (Table; White & Ridout, 1995).
NH,CI (cis) and KCI grans), E, exhibited a complex  Notably, thetransenergy well was closer to the center of
concentration-dependence (Fig).5This phenomenon  ne pore than itsis counterpart. As was also observed
has also been observed in the presence of equimolgjeyiously, the vestibules to the pore contained negli-
(cis:trang NaCl:KCI (White & Ridout, 1995) and pro- gipje surface charge and cations repelled each other
vides further eV|de'nce that the pore structure of the changithin the pore. A cation residing in an energy well
nel can be occupied simultaneously by more than ongyq,iq rajse the energy of the adjacent, unoccupied well
cation. When the _c_atlon concen_tratlon was 11 the by 4.24 RT, thereby reducing the affinity for NHbind-
apparent permeabmty.of NHrelative to K (PNH4/ Px) ing by a factor of 69.4. This generates a characteristic
was 1.25. As the cation concentration was increasede|ationship between unitary conductance and cation
Puna/Pi initially decreased to 0.95 at 3wmbut then  -,ncentration (Hille & Schwarz, 1978; Hille, 1992). The
mcreased again to a maximum of 1.89 at 300.mit predicted unitary conductance of the channel (deter-
cation concentrations above 30MnPy,,/P decreased  ineq petween + 30 mV; Fig.IBinitially increased as
slightly. the NH; activity was increased, reaching a maximum of
286 pS at (unphysiological) NHactivities between 12
and 35w, before declining as the NHactivity was in-
creased further.

The permeation of Kand N4 though the K channel in Estimates of parameters for Niermeation did not
the plasma membrane of rye roots has recently beenhange when experiments in the presence of,GIH

Voltage (mV)

RELATIVE |ONIC PERMEABILITIES, Pej:Pyna
AND Pypa:Px

ENERGY-BARRIER MODELS FORMONOVALENT
CATION PERMEATION
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A Current (pA) B Current (pA) C Current  (pA)
2T 47T 8T

-200-150-101 50 100 150 200 -200-150-100
Voltage (mV)

50 100 150 200 -200-150-10 50 100 150 200
Voltage (mV) Voltage (mV)

D Current (pA) E Current (pA) F Current  (pA)
5T 20T a0 T
15 T 30T
10T 2T

1071

-200-150 50 100 150 200 -200-150-1 50 100 150 200 -200-150 1o 50 100150200
54 Voltage (mV) Voltage (mV) ) Voltage (mV)
L 20 +
-10 + -15 =+ -30 =
G Current  (pA) H Current  (pA) I
60 T 60 T 200
st T g *
9 150
20 1 g
20 1
0 .g 100
C
-200-150 50 100 150 200 8
-200-150 50 100 150 200 [ Voltage (mV) & 50
20 + Voltage (mV) i 5
0
.40 + -60 — 0.0 0.1 02 03 04 05 06 0.7

NH} activity (M)

Fig. 3. (A-H) Unitary current vs. voltage relationships for thé ghannel in the plasma membrane of rye roots incorporated into a PE bilayer.
Solutions containedc(s:trang (A) 1:1, @) 3:3, (C) 10:10, P) 30:30, E) 100:100, F) 300:300, ) 600:600 and ) 1000:1000 mn NH,CI. (1)

The relationship between unitary chord conductance (determined between + 30 mV) grattNfity. The curves are derived from a theoretical
3B2S model using the parameters for ]Nshown in the Table under ‘multiple cationic species.’

alone were combined with experiments performed undeare similar for NH and K', that the central energy peak
bi-ionic equimolar NHCI (cis):KCI (trans). Further- is lower for NH; than for K, that thecis energy well for
more, estimates of parameters fof ermeation in the NH is equal to or shallower than that fof' and that the
latter experiments were similar to those obtained previtransenergy well is deeper for Njthan K. Comparing
ously (Table; White & Ridout, 1995). Comparing the the energy profile for N§l permeation with that for Na
energy profile for NH permeation with that for Kper-  permeation suggests that both tisand central energy
meation suggests that both ttis andtransenergy peaks peaks are lower for NfHthan for N&, that thetrans
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A Current  (pA) B Current  (pA) C Current  (pA)
5T 5T 5T

100 -100
Voltage (mV)

100

Voltage (mV) Voltage (mV)

°
10 + 10T
-16 =~ -15 = -15 =
D Current (pA) E Current  (pA) F Current (pA)
5T 1071 15T

-100 100
Voltage (m . S
ge (mV) 50 100
Voltage (m
. o M) —
-100 50 100
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-10 = 10 = [ ) 5 = g ( V)
G Current (pA) H Current (pA) |
20T 25T 120
’E‘ (]
15 T ° 207 % 80
o® w
15 3 40
5 l
o
> 0
o
o
. . 3 -401 e
I + i L o«
. 0 v5|(': 100v 50 100 3210123 45
¢ 5= Voltage (mY) -5~ \Voltage (mV) Ln ( INH 3 Jans/ INH ] )

Fig. 4. (A-H) Unitary current vs. voltage relationships for thé ghannel in the plasma membrane of rye roots incorporated into a PE bilayer.
Solutions contained:{s:trang (A) 1:100, 8) 3:100, C) 10:100, P) 30:100, E) 100:100, F) 364:100, ) 600:100 andKl) 1000:100 nm NH,CI.

The curves are derived from a theoretical 3B2S model using the parameters fahididn in the Table under ‘multiple cationic specie$) The
relationship between the measured reversal potefitjg)) (@nd the natural logarithm of the Ntgradient imposed ( [NE],and[NHZ] i €Xpressed

in terms of activities). The line represents the Nernst potential for ided] $étectivity.

energy peak is similar for NjHand N4, and that both the  lent cations (Hille & Schwarz, 1978). Such differences

cis andtrans energy wells are deeper for NHhan for  account for the complex relationships betwdgg, and

Na®. monovalent cation concentration when assayed in the
The apparent selectivity of the channel is determinedoresence of equimolacig:trang NaCl:KCI (seeWhite

by differences in the energy-barrier profiles for monova-& Ridout, 1995) and NHCI:KCI (Fig. 5I). This can be
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Fig. 5. (A-H) Unitary current vs. voltage relationships for thé ghannel in the plasma membrane of rye roots incorporated into a PE bilayer.
Solutions contained equimolar NI (cis) and KCI trans) at concentrations oY) 1, (B) 3, (C) 10, @) 30, () 100, F) 300, G) 600 and H) 1,000

mm. (I) The relationship between reversal potentigL() and the K activity in thetranschamber. The curves are derived from a theoretical 3B2S
model using the parameters shown in the Table under ‘multiple cationic specie$'vittiK™).

illustrated by reference to the relationship betwé&ep,

energy peaks are similar for NFand K", Py4:P«c ap-

proximates unity under these conditions (FiD- 5As the

cation concentration is increased, the heights of all en-
and cation concentration in the presence of equimolaergy peaks and the depths of all energy wells influence
(cis:trang NH,CI:KCI (Fig. 51). Theoretically, at low E,.,. In thisregion, differences in the depths of thens
cation concentrations \RP4:P< depends only on the energy well and the heights of the central energy peak
heights of the highest energy peaks. Since the highedtetween NH and K will determineE,,,. Thus Ry4:P«
alters. Finally, at high cation concentratiofs,, is de-

termined solely by the relative heights of the central



P.J. White: Ammonium Permeation through a Plasma Membran€Hannel 97

Table. Estimated parameters for the 3B2S double ion-residency model fgr KiHand N& permeation
of the K* channel in the plasma membrane of rye roots

Single species Multiple cationic species
NH; NH; K* K* Na*
Gl 2.51+0.08 2.69+0.10 3.56+0.59 1.36£0.16 3.55+0.09
G2 -5.46 -5.46 -5.00 -5.00 -5.00
G3 4.13+0.10 4.16 +0.10 3.96+0.24 4.42+0.12 447 +£0.19
U1l -9.40+0.10 -9.14+0.11 -9.40+0.32 -11.48+0.23 -7.99+0.39
u2 -9.68£0.15 -9.49+0.14 -6.93+£0.49 -6.86 £0.15 -8.39+£0.29
A 1.40 £0.05 1.39£0.05 1.85+0.09
D1 0.00
D2 0.25
D3 0.50
D4 0.58 +0.01 0.59+0.01 0.60 +0.02
D5 0.92+0.01 0.94+0.01 0.93+0.03
Rqcis 1,000 176.9 +156.0 1,000
Rstrans 433+28 409+25 68.6 +15.4
N 477 729 264
SUMSQ 268.4 522.4 7.5

Parameters were estimated from unitary curnentvoltage relationships obtained in the presence of
either a single permeant cationic species (Figs. 3 and 4 fdj) NHup to two cationic species (Figs. 3,4,5

for NH; and K'; Fig. 7 in White and Ridout (1995) for Kand N4&). Standard errors are given for
parameters that were free to vary. SUMSQ is the residual sum of squares and N is the number of
experimental points. The solution reference state is &5Barameters for bi-ionic Kand N& are taken

from White and Ridout (1995).

@ Parameter estimates are on the boundary of the parameter space.

energy peak and, since this is lower for jthan for K, within the pore and energy profiles for individual cations
Puna:Px IS greater than unity at extreme concentrationsare sufficient to simulate the unitary current vs. voltage
Similarly, when determined in the presence of equimolar(l/V) relationships obtained under a wide variety of ionic
(cis:itrang NH,Cl:NaCl, Ryy.:Pya IS expected to be conditions (Figs 3-5; White & Ridout, 1995). However,
greater than unity at low cation concentrations since thesomel/V relationships observed in the present paper did
extreme energy barriers are lower for \tthan for N&,  not correspond exactly with the model predictions. For
at medium cation concentrationg,:Py, Will decrease  example, the model predicts current saturation at high
but remain greater than unity, and at high cation concenvoltages at cation concentrations below 8 ,mvhich we
trations Ry4:Pya Will approximate 1.6 since it is deter- did not observe in equimolacié:trang NH;:K™ (Fig. 5),
mined by the difference in heights of the central energyand a greater curvature tdV relationships obtained
peak. when contrasting NECI concentrations are present on
either side of the channel (Fig. 4). In addition, the 3B2S
model was unable to simulate precisely the complex re-
. . lationship betweerk,,, and cation concentration when
Discussion assayed in equimolarcié:trang NH;:K* (Fig. 9). In
particular, it was unable to simulate the trend kg, to
become less negative at cation concentrations between
ENERGY-BARRIER MODELS FORMONOVALENT 300 mm and 1m. It is possible that a more complex
CATION PERMEATION energy-barrier model, for example, one composed of
four energy barriers and three energy wells (a 4B3S
model), could provide a better fit to botfV relation-
A 3B2S model has been used to describe the permeatiaships and the complex relationship betwé&eg, and cat-
of NHj;, K* and N4 through the pore of a Kchannel in  ion concentration when assayed in equimolar ;NH
the plasma membrane of rye roots. Parameters for spdeis):K™ (trans). However, for the most part, the simple
tial characteristics of the channel, ionic interactions3B2S model simulates the data well.
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PHYSIOLOGICAL ROLE(S) OF THE CHANNEL neous NH concentration in the soil solution may vary
substantially, from submicromolar to millimolar concen-
The physiological role of the channel studied in this pa-trations, depending upon fertilizer application (Mar-
per will be determined by its tissue location, selectivity schner, 1995). The membrane potential required for
and regulation by voltage and/or chemical effec-channel-mediated NHuptake (a voltage more negative
tors. Since we have used whole roots for the preparatiothan Ey,,, at a given extracellular NHconcentration
of plasma-membrane vesicles, the tissue location of thean be estimated if cytoplasmic NHoncentration is
channel is unclear. However, a Kurrent with similar ~ known. For example, assuming the ionic strength of the
properties to the voltage-independerit¢hannel studied cytoplasm to be 200 m E,,,, of -186, =130, and -83
in PLB is present in protoplasts of epidermal cells frommV can be calculated for root cells of rice plants with
rye roots (White & Lemtiri-Chlieh, 1995). This ‘instan- cytoplasmic concentrations of 3.72, 20.55 and 30.68 m
taneous’ K current has been associated with the voltageNH}, grown in nutrient solutions containing 2, 100 and
independent K channel on the combined bases of: (i) its 1000um NH, respectively (Wang et al., 1998 These
insensitivity to voltage, (ii) its low selectivity between values compare with measurements of membrane poten-
monovalent cations and (iii) its unique pharmacologytial of -116 and -89 mV in identical root cells of rice
(White & Lemtiri-Chlieh, 1995). plants grown at 2 and 10@m NH; (Wang et al., 1994)
The voltage-independent *Kchannel is relatively and an estimated membrane potential of between —80
nonselective among monovalent cations, especially wheand —100 mV for plants grown at 10Q01 NH; based on
these cations are present at high concentrations (Fig. 5the apparent relationships between Nhflux (Wang et
White & Tester, 1992; White & Lemtiri-Chlieh, 1995; al., 199%) and membrane depolarization (Wang et al.,
White & Ridout, 1995). In PLB, it shows neither inac- 1994) with increasing extracellular NH This implies
tivation nor voltage-dependerR, (Fig. 2; White & that, since the apparent potentials measured by impale-
Tester, 1992), although some controRyfby (permeant) ment electrodes may be 20 to 50 mV more positive than
ions is indicated by differences B, when assayed in the actual plant cell resting potentialfo¢ discussion consult
presence of symmetrical 100MKCI (P, = 0.8) and Gassmann, Ward & Schroeder, 1993; Gassmann &
100 mv NH,CI (P, = 0.63). These properties allow the Schroeder, 1994; Schroeder et al., 1994), channel-
channel to facilitate both the influx and efflux of mono- mediated NH uptake is feasible at extracellular §H
valent cations, the direction of transport being dependentoncentrations above about 126 and that the voltage-
upon the electrochemical gradient on a particular cationindependent K-channel in the plasma membrane of rye
This is determined both by the trans-plasma membraneoot cells can mediate NHiptake in well fertilized soils.
voltage differencek,,) and the concentration gradient of Furthermore, under these conditions net;Nktake can
the cation. In nonsaline environments, the monovalenbe maintained by the rapid assimilation of [ito am-
cation with the highest concentration in both the soilides and amino acids (Lee & Ratcliffe, 1991). Similarly,
solution and the cytoplasm of the cell iS KMarschner, the removal of other monovalent cations from the cyto-
1995). This fact, together with the improved selectivity plasm will enable their net uptake and accumulation.
for K™ against Naat low cation concentrations (White & Unfortunately, the ability to accumulate a variety of
Ridout, 1995), suggest that thé Kux will dominate the  monovalent cations via this channel is not without its
current through this channel. For this reason, it has beedrawbacks: the accumulation of N&n saline environ-
suggested that the voltage-independehtckannel may ments or a toxic monovalent cation such as” @s a
function to stabilizeE,, at a negative value close to the polluted soil could be harmful to the plant.
Nernst (equilibrium) potential for potassiurk,(; White
& Lemtm_Chl.leh’ ;995) In a ma””er analogous tO_ItS This work was supported by the Biotechnology and Biological Sci-
counterparts in amm.al cells (Hille, 1992). Thls function ences Research Council. | thank my colleagues at HRI East Malling,
is vital if the root cell is to compensate electrically for the especially Mr. Martin Ridout for assisting me with AJUSTE and Mr.
many electrogenic transport processes occurring at than calvert for producing the figures presented in this paper.
plasma membrane, not only as roots explore the soil and
take up mineral nutrients but also as they respond to
stimuli triggering the influx of signaling ions such as References
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