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Foreword
FRONTIERS IN POTASSIUM NUTRITION:

New Perspectives on the Effects of Potassium
on Crop Plant Physiology
A publication which includes the Proceedings from the C-2 Symposium on Potassium Nutrition in Plants
American Society of Agronomy/Crop Science Society of America Annual Meetings
Indianapolis, Indiana USA, November 4, 1996

Sponsored by the Crop Science Society of America and the Potash & Phosphate Institute

The objective of this book is to integrate information about potassium (K) effects on cell physiology and
metabolism and molecular aspects of K transport across membranes, with an understanding of how the
nutrition of this major plant cation affects crop plant growth, development and performance. The publica-
tion is presented in two complementary sections. The first section covers basic perspectives focusing on
how K movement across plant cell membranes and within the plant is both facilitated and regulated and
also how K status interacts with basic aspects of cell function. This basic information regarding K trans-
port and interaction with physiological function will provide a background context for the following sec-
tion, which focuses on developing a new and fuller understanding of how K nutrition and cultural man-
agement interact with crop plant performance and quality factors. This integration of basic and applied
aspects of K nutrition will incorporate work done on a range of plants, including arabadopsis, maize,
wheat, cotton, citrus, and alfalfa.

The rationale underlying this proceedings is based on several factors. Widespread occurrences of K
deficiency during recent years have been observed in several major crop plants grown in the U.S. Al-
though K plays a vital role in numerous plant functions, our understanding of the physiology of K nutri-
tion and how it impacts growth and development of any one crop plant is far from clear. Recent advances
in our understanding of the molecular nature of plant K transport proteins and K interaction with meta-
bolic function provide an excellent context for a new evaluation of how management of K nutrition in crop
plants can impact growth and yield. Finally, new technologies have emerged which allow for the molecu-
lar/genetic manipulation of crop plants. Thus, new understanding of the underlying mechanisms of plant
K nutrition can be applied to the engineering of crop plants for enhanced performance under a range of
environmental conditions. The aim of the symposium was to bring together scientists working on different
crops and, focusing on various aspects of K nutrition, to develop through the interactions facilitated by the
symposium a better overall understanding of the role K has in plant growth and function.

The impetus for the proceedings was a “special symposium” at the American Society of Agronomy
meetings in 1996. It was decided at that time that there was sufficient “new” information on K covering
numerous basic and applied fields to warrant a book to bring this information together and make it easily
available to all interested. Dr. Konrad Mengel from the Institute fur Pflanzenernahrung, Suedenlage,
Germany, presented the opening talk, which provided an overview of the involvement of K in plant me-
tabolism at the whole plant level. The development of a basic understanding of K involvement in cell and
plant function was also facilitated during the first session by presentations on K involvement in protein
and carbohydrate metabolism and the molecular, biophysical, and physiological aspects of K transport.
Information on K ion channels was presented within the context of stomatal function, cytosolic homeosta-
sis, regulation of K transport, and interaction of K uptake with salinity stress. Presentations by other
prominent authorities covered topics such as K uptake by crop plants, K fertilizer management and root
system function, plant/soil interactions, and the role of K in leaf gas exchange, fiber quality, and stomatal
conductance of crops grown under water limitation. A final chapter was provided on agronomic manage-
ment of K in the twenty-first century to provide an overview of where we are and what is in store in the
near future. The information presented in this proceedings should facilitate the development of new goals
for basic studies aimed at expanding our understanding of plant physiology and the application of such
information to the improved cultural management of crop plants. The cloning of genes encoding K trans-
port proteins and the characterization of the function of these transporters have identified specific targets
for genetic engineering of crop plants for enhanced performance under environmental stress. It is our
belief that the publication of a compendium of information related to such a significant topic of plant
physiology and crop management will be of immense benefit to those scientists working in this research
area, as well as to students and others who are new to the field.

Derrick Oosterhuis and Gerald Berkowitz (editors)
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In memory of Horst Marschner, 1929-1996

Horst Marschner died September 23, 1996 after a very short illness from malaria, which he probably
contracted when visiting research projects in West Africa over the summer. Dr. Marschner was one of the
foremost experts in plant mineral nutrition. His book, Mineral Nutrition of Higher Plants (second edition,
1995 from Academic Press, London) is used as a textbook in many universities around the world. All who
worked with him knew him as a stimulating and generous teacher, mentor, and colleague.

Dr. Marschner was born in 1929 in Zuckmantel, now in the Czech Republic. After the end of the war,
the family moved to Thiiringia, which became part of the German Democratic Republic. He worked as a
farmer and went to an agricultural school before he started to study agriculture and chemistry at the
University of Jena. He earned a Ph.D. in agricultural chemistry in 1957 and then joined the Institute for
Research on Cultivated Plants in Gatersleben. During these years, he developed not only his interest in
modern techniques for studying plant nutrient uptake but also a distrust of mixing dogmatic political
interests with scientific research. Thus, in 1960, he and his wife decided to go to West Germany, took a
train to Berlin, and joined the research group at Stuttgart-Hohenheim. In 1966, he become full professor
of plant nutrition at the Berlin Technical University and, since 1977, was director of the Institute of Plant
Nutrition at the University of Hohenheim.

Despite the success of his professional career and his heavy workload, he maintained an interest in new
developments in agronomy, botany, and soil science. Personally modest, his office door was always open to
students or visitors, and he tried always to understand and learn from the people he met. His reputation
as a referee for scientific journals, as well as for funding agencies or government bodies, was particularly
high because of his wide knowledge and experience and his interest in the progress of science without
personal bias.

Dr. Marschner enjoyed discussing ideas with his co-workers, both students and established scientists.
He combined a sharp mind with a simple but persuasive way of presenting his research findings. At the
beginning of his career, he mainly studied the uptake of mineral nutrients, but then extended this to
include nutrient transport and use within the plant. Starting in the 1970s, his research greatly advanced
the understanding of rhizosphere processes and iron uptake by plants. Later, he also concentrated on
environmental aspects of plant nutrition, e.g., the side effects of high rates of agricultural fertilizer use,
heavy metal contamination of soils, and the effect of changes in forest ecosystems on the uptake and use of
nutrients by trees. Dr. Marschner also published extensively on the adaptation mechanisms of plants to
adverse soil conditions and low nutrient supply.

Frontiers in Potassium Nutrition %
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Chapter 1:

Integration of Functions and Involvement of Potassium Metabolism

at the Whole Plant Level

Konrad Mengel

Institute of Plant Nutrition of the Justus Liebig University

Siidanlage 6, D-35 390 Giessen, Germany

Introduction

In recent years, substantial new research
progress has provided further insights into the role
of potassium (K) in plant metabolism, particularly
in the area of membrane transport of K*. It has
been found that most K* fluxes are mediated by K+
selective channels present in different tissues of
plants, animals, and fungi®'. Potassium ion chan-
nels are structurally the simplest in the superfam-
ily of cation channels and are characterized by a
short section in the pore region which is respon-
sible for the K* selectivity®’. Both outwardly and
inwardly rectifying K* channels are present in
which the K* flux follows the electrical potential
gradient'® ®°. A variety of different types of chan-
nels occurs, including Ca?" or Na* activated K*
channels, K* channels which open due to mem-
brane hyperpolarization [voltage-gated channels'?]
and others controlled by cyclic nucleotides. Living
cells, including those in plant tissues, have numer-
ous mechanisms for controlling influx and efflux
of K* across biological membranes?. The need for
this diversity of K* channels is not yet completely
understood, but it is evident that K* is very mobile
in all biological tissues.

Potassium ion fluxes across membranes are fre-
quently associated with ion pumps. In this context,
proton pumps such as the plasmalemma H* AT-
Pase®!, the H* ATPase in chloroplasts?? and the H*
ATPase and the H* pyrophosphatase of the tono-
plast™ are of utmost importance. The action of these
pumps results in the hyperpolarization of mem-
branes, which drives the passive uptake of K*
through rectifying K*channels*!. Potassium ion up-
take is not only brought about by the passive in-
flux of K* through channels. Recent experiments
have shown that uptake of K* may occur against
the electrochemical gradient of K* across the plas-
malemma in the form of a H*/K* cotransport™ %8,
even a Na*/K* cotransport is proposed as an active
mechanism of K* uptake™.

Most of the work mentioned above was carried
out with plant parts, plant organelles, and with
isolated membranes. Experimental work carried
out using whole plants has not received much at-
tention in the last decade. For a complete under-
standing, however, the complex mechanism of crop
growth and the synthesis of important molecules
in relation to K* nutrition in the whole plant must
be considered. For crop production, it is of special
interest to know which process directly or indirectly
involved in growth and synthesis is the most sen-
sitive to K* supply.

Frontiers in Potassium Nutrition/Mengel, K.

Certainly the studies cited above document re-
markable progress in understanding the role of K*
in plant metabolism. This new knowledge contrib-
utes to a better understanding of the functions of
K+ in crop production as outlined below.

Potassium Uptake and K* Long-Distance
Transport

When young intact corn (Zea mays) plants are
placed with their roots in distilled water, protons
are released from the roots into the outer medium
and, over a period of several hours, the initial pH
of the water is depressed from 6.0 to 4.8 (Figure
1). On replacement of this pH-depressed water by
distilled water at pH 6.0, a similar pH depression
again takes place. This process can be repeated
several times, showing the same pattern of pH de-
pression as indicated by the fluctuating line in Fig-
ure 1. The lower line in Figure 1 shows the treat-
ment in which the water of the root medium was
not replaced; the upper line shows the control (wa-
ter without plants)®. Addition of vanadate retarded,
whereas fusicoccin promoted, the proton release.
At low temperature, no proton release was ob-
served. From these results it was concluded that
plasmalemma H* ATPase activity does not require
cations in the outer solution, and that its pumping
mechanism is strong enough to overcome the H*
buffering capacity of the root apoplast.

pH
6.0

5.57

5.01

1-'700 2‘100 1'00 éoo éoo 1'300
Time of day

900 1é 30

a - Control without plants
e - Continuous Hy0
A - Replaced Hy0

Figure 1. Proton excretion of roots from young intact maize
plants into distilled water. The change of pH is re-
flective of H* release by roots®.



If, however, the outer solution contains cations,
H* release rates are higher for the cation species
applied according to the following sequence Na* <
Ca? < Mg?* < K*, the highest rate being obtained
with K*. The H* release rate in the presence of ex-
ternal K* is about four times higher than into dis-
tilled water. Transferring plants from a nutrient
solution into distilled water resulted in an imme-
diate electrical potential shift from -120 to
-190 mV. Presumably, at this hyperpolarization of
the plasma membrane, the activity of the proton
pump is restricted because a steeper electrochemi-
cal H*gradient has to be overcome in order to pump
protons. It can be assumed that the uptake of cat-
ions drives the proton pump by depolarizing the
plasma membrane.

This effect is particularly true for K*, which is
taken up at the highest rate. The K* is thought to
have an additional beneficial effect on the ATPase
activity®.

Potassium ion uptake likely occurs via passive
influx through the plasmalemma K* channels. This
uptake mechanism is not a K*/H* antiport as was
formerly supposed*?. However, it is the plasmale-
mma H* pump which initiates the K* uptake, and
the K* taken up maintains the activity of the pump.
The plasmalemma ATPase is of universal impor-
tance for the “biochemical pH stat” of the cytosol
and for the uptake of numerous metabolites includ-
ing plant nutrients such as nitrate and phosphate.
For this reason it has been called the master en-
zyme by Serrano®'. As discussed above, the inten-
sity of H* pumping depends on the presence of cat-
ions, especially of K* in the outer solution. This
positive K* effect may not only result from a de-
pression of the electropotential gradient across the
membrane but also from the cytosolic K* concen-
tration. As reported by Briskin and Poole®, K* pro-
motes the dephosphorylation of the ATPase dur-
ing the proton-pumping process.

From the relationship between the plasma mem-
brane ATPase and passive K* influx through K*
selective channels, a simple mechanism of K* up-
take may be postulated. Different types of K* chan-
nels may allow only passive influx or efflux of K*
according to the K* electrical potential difference
across the membrane. There is experimental evi-
dence from various plant tissues of the presence of
two principal types of rectifying K* channels, one
inwardly and one outwardly directed™ " 8. The
outwardly directed channel is blocked by Ca** or
Ba?* 8 This is an interesting finding which shows
that K+ efflux out of the cell may be blocked by
high concentrations of Ca** in the outer solution.
Although these results of Bouteau et al.® were ob-
tained with protoplasts of lactifers isolated from
Hevea brasiliensis, they may have a more general
application to root cortical cells. These cells could
lose K* under energy stress, affecting the negative
cytosolic charge. If, however, Ca* were present in
the outer solution in a concentration of about 5 mM,
the outwardly-directed K* channels would be

e

blocked and no major K* loss would occur. Since
the soil solution Ca** concentration even in acid
soils is in the order of 5 mM, major K* losses are
minimized during a transient energy stress. This
effect of Ca?* is in good agreement with earlier re-
sults of Mengel and Helal** who found that with
whole plants Ca?* in the outer solution did not af-
fect K* uptake by roots but blocked K* efflux. This
phenomenon was known as the Viets effect in the
older literature.

Figure 2 shows the results of experiments car-
ried out with young intact maize plants exposed to
a nutrient solution with normal nutrient concen-
trations except for K*, the concentration of which
was lowered to 25 mM. Plants were kept in this
solution for four days; in one treatment with con-
tinuous light and in the other treatment in the
dark’®. During the first 8 h, in both treatments the
K* concentration of the nutrient solution was low-
ered but after this period the plants kept in the
dark began to release K* in a near linear fashion
throughout the experimental period. The absolute
loss of K* was low and the K* concentration of roots
was hardly affected, presumably due to the Ca*
concentration in the outer solution which was at 5
mM. Plants kept in the light lowered the K* con-
centration to a level of about 10 mM. It may be
deduced that plants in the dark lacked the energy
for retaining K* in the root cells. This view is in
accord with the diurnal rhythm of K* uptake re-
ported by Le Bot and Kirkby* and Macduff and
Dhanoa*t. Also, Schubert and Mengel™ (with whole
plants of Zea mays), and Mengel and Malissiovas®®
(with whole plants of Vitis vinifera) found that pro-
ton excretion by roots was higher in the light than
in dark.

80

80+ Dark
=
=2 40 f‘/c/
'x -

20-

i Light
2 20 12 20 14 8 16 10
Time of day

Figure2. K* concentration changes in the nutrient solution
with young intact maize plants with light and dark
application over a period of four days™.

The low K* concentration of about 10 mM in the
nutrient solution shown in Figure 2 was lower by
about a factor of 10" than the cytosolic K* concen-
tration which is in the order of 100 mM. From this
K+ concentration difference it can be deduced, us-
ing the Nernst equation, that under equilibrium
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conditions the electropotential difference between
the outer solution and the cytosol should be about
230 mV. Such a difference is rated as very high for
intact plants. It seems more likely that at this low
K* concentration in the outer solution, an active
K* uptake mechanism comes into play as recently
described by Schachtman and Schroeder™ as a
K*/H* cotransport or even a K*/Na* cotransport as
suggested by Rubio et al.”’. The latter Na*/K*
cotransport, however, has been questioned by
Walker et al.®. The K_ in wheat roots found by
Schachtman and Schroeder™ for the K+/H~*
cotransporter was 50 mM K* which is relatively
high when compared with the low K* concentra-
tion shown in Figure 2. One may speculate as to
whether a K* transporter with an even higher af-
finity for K* may be present in corn roots. Such
high affinity K* transporters may depress the K*
concentration at microsites of root surfaces to very
low concentrations, promoting K* release from K*-
bearing minerals®®. Under such conditions
interlayer K* of micas present in the silt fraction is
strongly exploited by plants®. In the long run, this
form of soil mineral K* mining leads to the destruc-
tion of soil minerals®”.

From the above considerations, it is evident that
the plasma membrane of plants contains diverse
K* uptake systems which may be grouped into two
main categories, the channels allowing a passive
flux and the transporters mediating an active up-
take of K*from the nutrient solution into the cyto-
sol. The channels may be directed inwardly and
outwardly. They may be voltage-gated or activated
by cations or cyclic nucleotides®!. As yet, we do not
know all the uptake systems for K* located in the
plasma membrane of plants, nor do we know how
they are regulated or the response of such systems
to insufficient K* supply. It is known, however, that
the internal K* status plays a decisive role in this
regulation. At high intracellular K* levels, the K*
uptake rates are low and vice versa®. It seems rea-
sonable to suppose that with this broad spectrum
of K* uptake systems, plants my well adapt to vary-
ing K* concentrations in the soil solution.

The tonoplast is a further membrane which must
be traversed by K*. According to Hedrich and
Schroeder?!, the plasmalemma much resembles the
plasma membrane of fungi and animals while the
tonoplast is similar to the membrane of lysosomes.
The vacuolar membrane, the tonoplast, contains
two types of proton pumps, a H* ATPase and a py-
rophosphatase™. The vacuolar H* ATPase differs
from that of the plasmalemma in that it is not in-
hibited by vanadate but is inhibited by halides. The
vacuolar pyrophosphatase is ubiquitous in the plant
kingdom but otherwise only known in a few pho-
totrophic bacteria. It is selectively stimulated by
K* and requires Mg?* presumably for allosteric
modulation. The enzyme not only pumps H* but
also facilitates active K* transport, which is obvi-
ously of utmost importance for the transport of K*
into the vacuole. Ion channels in the tonoplast are

Frontiers in Potassium Nutrition/Mengel, K.

characterized by a low selectivity for monovalent
cations?!. The vacuole may contain K* concentra-
tions in the range of 100 mM, so the pyrophos-
phatase pumping K* into the vacuole seems to be
of high importance in that this active pumping
mechanism may overcome the electrochemical
equilibrium for K* between the cytosol and the
vacuole. Since the negative charge in the vacuole
is lower than in the cytosol, active K* uptake will
frequently be necessary. It also has to be borne in
mind that vacuolar K* is an important osmoticum.
The stoichiometric relationships of the vacuolar py-
rophosphatase have not yet been completely eluci-
dated. There is evidence that per molecule
pyrophosphate hydrolyzed, three monovalent cat-
ions can be translocated and that the complex has
three negative binding sites for which H* and K*
may compete’. Potassium ions in the vacuole also
serve as a K* store and are accumulated under con-
ditions of high K* supply and retranslocated into
the cytosol if required*® 4,

Long distance transport of K* in whole plants is
brought about by movement in the xylem and ph-
loem. Xylem flow itself is promoted by K*. Baker
and Weatherley? found that K* increased the exu-
dation rate of Ricinus communis. A similar obser-
vation was made by Mengel and Pfliiger®” with Zea
mays. It is supposed that K* released into xylem
vessels depresses their water potential and thus
induces water flow into the xylem sap. This posi-
tive K* effect is not only true for water transport,
but also for the translocation of organic and inor-
ganic solutes in the xylem sap®’. The K* concentra-
tion in the xylem sap is in a range of 10 to 20 mM?3¢
and 60 to 110 mM in the phloem sap®’, which means
that K* is translocated with high rates in vascular
tissues to various plant parts and organs. From
this, it follows that the K* translocated via the xy-
lem sap into upper plant parts is partially recycled
in the phloem sap to the roots*. An important func-
tion of K* in the xylem and phloem sap is to bal-
ance negative charges, in the xylem sap mainly
nitrate, in the phloem sap mainly organic anions*.

Physiological Source

Photosynthesis is the most important physiologi-
cal mechanism in green plants. This process in-
volves the transfer of solar energy into chemical
energy with ATP and NADPH being the first forms
of chemical energy produced in the photosynthetic
process. The synthesis of these two coenzymes is
positively influenced by K* as is shown in Figure
3 from early work of Pfliiger and Mengel®. The
experiments were carried out with chloroplast sus-
pensions from plants well supplied and less well
supplied with K*. From the lower part of Figure 3
showing photophosphorylation (ATP synthesis), it
is evident that the rate of photophosphorylation
was higher in the chloroplasts with the higher K*
supply. Increasing K* concentration in the suspen-
sion as depicted on the x-axis of Figure 3, how-
ever, had no impact on ATP synthesis. The upper



part of Figure 3 shows the rate of photoreduction
as measured by the reduction of ferricyanide. A
considerable increase in photoreduction occurred
as the result of the K* status of the chloroplasts
and also from the K* additions to the suspension.
The experiments were carried out with Helianthus
annuus, Spinacia oleracea, and Vicia faba, the re-
sults of the latter being shown in Figure 3. With
all three species, the same positive impact of K* on
photosynthetic activity was observed. More recent
experimental results are helpful in interpreting the
findings cited above. Berkowitz and Peters® found
an ATPase located in the inner envelope of chloro-
plasts pumping protons out of the stroma and in-
ducing a K* flux into the stroma through K*selec-
tive channels. The importance of K* for the proton
pumping by the envelope-located ATPase was
shown by Shingles and McCarty®? who found that
in the treatment with no K*, the activity of the AT-
Pase was very low while in the treatment with K-,
the activity measured by the hydrolyzed phosphate
was increased by a factor of 30. According to
Berkowitz and Peters®, were it not for a system to
pump protons out of the illuminated chloroplast,
the increase in stromal pH developed as a conse-
quence of H* pumping into the thylakoid lumen
would quickly dissipate. This high pH is a prereg-
uisite for an efficient transfer of light energy into
chemical energy which was evidenced by the higher
rate of O, produced by photolysis in the treatment
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Figure 3. Photoreduction (upper part) and photophosphory-

lation (lower part) of a suspension of broken chlo-
roplasts obtained from Vicia faba at varying assay
suspension K* concentrations. Plants were culti-
vated with a high (K,, 3.0 mM) or low (K, 0.1 mM)
growth medium K* concentration®.

with an elevated K* concentration®. The finding
confirms the results of Pfliiger and Mengel®® shown
in Figure 3. The favorable effect of K* on the CO

assimilation of wheat was shown by Pier ané
Berkowitz®’. The influence of K* was particularly
pronounced under conditions of an insufficient wa-
ter supply, an observation which is of practical rel-
evance.

The positive impact of plant K* status on CO,
assimilation and energy turnover is shown in
Table 1 from the work of Peoples and Koch®. Low
K* concentrations in alfalfa leaves were associated
with low CO, assimilation rates and high mitochon-
drial respiration. These results demonstrate that
under the condition of a poor K* status, leaf me-
tabolism requires an additional ATP supply from
respiration and thus draws from stored energy in
the tissue. Increasing leaf K* concentrations also
promoted photorespiration, but its absolute con-
tribution to the energy status of leaves was low as
compared with the CO, assimilation rates. From
the interesting results of Peoples and Koch®, the
general conclusion may be drawn that the K- sta-
tus of leaves is of fundamental importance for the
energy status of the whole plant because high CO,
assimilation rate leads to high rates of organic car-
bon fluxes from the leaves into other plant parts,
particularly into storage organs and into meristem-
atic sinks. As will be shown below, this effect is of
paramount importance for crop growth and pro-
duction.

Table 1. Effect of K* on CO, assimilation, photorespiration
and mitochondrial respiration as related to K*
concentration in alfalfa leaves (after 64).

mg K/ CO, Mitochondrial Photo-
gDM assimilation respiration respiration
------- mg/dm?h------- dpm/dm?
12.8 1.9 76 4.0
19.8 21.7 33 59
384 34.0 3.1 9.0
Phloem Transport

In the older literature, numerous researchers
reported that K* promotes phloem transport®. The
question as to whether this is an indirect effect
originating from the beneficial influence of K* on
photosynthesis was treated by Mengel and Viro®.
The main results of this investigation are shown
in Table 2. Potassium nutrition had no influence
on photosynthesis but the distribution of labeled
photosynthate was clearly influenced by K*. The
proportion of labeled material in tomato fruits is
much higher in the treatment with the higher K*
supply, suggesting that phloem transport responds
more sensitively to K* supply than does photosyn-
thesis. Investigations of phloem sap collected from
Ricinus communis supplied in one treatment with
0.4 mM K* and in one treatment with 1.0 mM K*
yielded the results shown in Table 3 from the work
of Mengel and Haeder®. Concentrations of the ma-
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jor solutes in the phloem sap were not influenced
by K* with the exception of malate and K*. The
solute potential was significantly higher, and the
phloem flow rate in the treatment with high K*
supply was almost twice as high as compared with
the low K* supply. Consequently, long distance
transport of photosynthates was considerably bet-
ter in the plant with the higher K* status. The
higher solute potential in these plants indicates
that sieve tubes were better able to attract water
and thus improve the “push” of the phloem flow
according to the “push and pull” concept of Geige?".
Geiger and Conti' did not find a positive influence
of K* on the export of organic carbon from the leaves
of Beta vulgaris. The lowest K* concentration used
by these authors, however, was 2 mM, a high con-
centration which is still about 10 times higher than
that generally found in the soil solution. In the work
of Mengel and Haeder®? with Ricinus communis
and in the work of Mengel and Viro® with toma-
toes, the lowest K* concentration was 0.4 mM and
these plants did not show K* deficiency symptoms.

Table 2. Effect of K* supply on the distribution of *C and
4CO, assimilation in tomato plants. In treatments K|
and K, plants were grown with 1 or 10 mM K* in the
nutrient solution, respectively (after 61).

K1 K2
- - - - % distribution - - - -

dpm / plant 123x 108 111 x 108

Plant part dpm/FM 110x 10° 120x 10°
Leaves 52.7 49.6
Fruits 6.0 15.2
Stems 37.7 36.6
Roots 3.7 26

Table 3. Concentration of solutes in the phloem sap of
Ricinus communis as related to K* supply. K, and K,
=0.4 and 1.0 mM K+ in the nutrient solution,

respectively (after 52).
K1 K2
K*, mM 47.00 66.00"*
Sucrose, mM 228.00 238.00
Total Amino acids mM 192.00 192.00
Malate, mM 0.83 1.32"
Solute potential, MPa -1.25 -1.45

Flow rate in the K, treatment was almost twice as high asin the K,
treatment.
*,**, *** significant difference at the 5%, 1%, and 0.1% level.

Why K* has this favorable effect on phloem
transport is as yet not completely understood. The
work of Mengel and Haeder® indicates that it is
the process of phloem loading and not processes in
the physiological sink which are directly influenced
by K*. Phloem loading of photosynthate is brought
about by proton cotransport of sucrose and amino
acids across the plasmalemma'! of the companion
sieve cell complex driven by the plasmalemma AT-
Pase (Figure 4). As already discussed, K* trans-
port across the membrane may decrease the elec-
trical potential difference and thus reduce the en-
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ergy demand required for the pumping of protons
across the membrane. In addition, cytosolic K* pro-
motes the ATPase by stimulating the dephosphor-
ylation of phosphate bound to the catalytic site of
the enzyme®.

Apoplast Companion cell Sieve
ATP element
H*<—| —— OH™ +CO; PEP
ADP*FDi y ]
OAA
. \Malate —>
K >
+ 4
(+)](-) K* —

Figure 4. Scheme of ATPase activity in the plasmalemma of a
companion cell driving K* uptake and thus inducing
a surplus of OH- in the cytosol which results in the
synthesis of malate. This model portrays the sieve
element loading K* and malate.

According to van Bel and van Erven?, K* par-
ticularly promotes the uptake of sucrose and
glutamine at higher pH in the apoplast. Such high
pH levels may occur if many protons are recycled
back via proton cotransport with photosynthate
into sieve tubes. Therefore van Bel and van Erven?
suppose that the form of cotransport is dependent
on the apoplastic pH, with K* cotransport occur-
ring at a relatively high pH and proton cotransport
at low pH. In addition to the effect of K* on ATPase
activity, K*/assimilate cotransport across the plas-
malemma of the companion cell could be the basis
for the positive impact of K* on phloem loading. An
indirect indication that a higher K* supply stimu-
lates the plasmalemma ATPase of the sieve tube
companion cell complex is the significantly in-
creased malate concentration in the phloem sap
(Table 3). Increased proton pumping out of the
cytosol is associated with an equivalent increase of
OH- production in the cytosol, which for pH stat
reasons must be neutralized by phosphoenolpyru-
vate (PEP) carboxylation with malate as an end
product. The favorable influence of K* on phloem
loading and phloem flow is of fundamental impor-
tance for supplying the physiological sink with or-
ganic carbon and organic nitrogen and, therefore,
may have an impact on metabolic processes in
physiological sinks as considered below.

Physiological Storage Sinks and
Secondary Plant Metabolism

Table 4 shows the effect of K* nutrition on the
incorporation of *N in wheat grain proteins. In-
corporation rates were higher for all four protein
fractions, although the K* concentration in the
grain was virtually the same under both treat-
ments. Potassium concentrations in the leaves,
however, were 16 mg/g DM in the treatment with
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0.3 mM K* in the nutrient solution and 34 mg/g
DM in the treatment with 2 mM K* in the nutrient
solution®!. The improved protein synthesis as a re-
sult of the higher K* supply obviously was not be-
cause of a direct effect of K* on protein synthesis,
but resulted from a higher import of photosynthate
which leads to higher levels of amino acids and
energy in the form of sucrose. This assertion is
supported by the finding that grain of the high K*
supply treatment not only showed a higher rate of
grain protein synthesis, but also the concentrations
of 5N labeled and non labeled soluble amino acids
were higher in the treatment with the better K+
nutrition. Apart from this example, K* may also
directly promote protein synthesis by enzyme acti-
vation as shown below. The positive effect of K* on
grain filling and single grain weight® is in agree-
ment with findings of Koch and Mengel®®, who re-
ported that K* favored the translocation of assimi-
lates to the ears of spring wheat and also had a
positive effect on the import of organic carbon in
wheat grains®. Analogous results have been re-
ported for the import of organic carbon into potato
tubers?® and for the import of assimilates in root
nodules of Vicia faba with a favorable impact on
nodule growth® and N, fixation®®. The oil concen-
tration in rape seeds (Brassica napus, L. ssp.
oleifera) was almost doubled with 1.4 mM K* in
the nutrient solution as compared with 0.2 mM K+,
Lipid and protein production in oat grains were
favorably influenced by adequate K* nutrition*®.
Lipid production in particular requires much en-
ergy, and there are good reasons to assume that
under low K* treatments the provision of develop-
ing seeds with organic carbon for oil production is
insufficient.

Table 4. Effect of K* on the incorporation of *N into grain
proteins of wheat and K concentration in grains. K,
and K, = 0.3 and 1.0 mM K* in the nutrient solution,

respectively (after 80).
K1 K2
Albumin, mg >N / kg 42.4 67.0
Globulin, mg >N / kg 36.4 49.2
Prolamin, mg >N/ kg 108.0 151.0
Glutelen, mg >N/ kg 130.0 194.0
K-concentration mg K/ DM 4.9 5.0

One may speculate that for the synthesis of sec-
ondary plant metabolites, the supply of energy is
of importance and thus also the K* status of plants.
As shown in Table 5, K fertilizer application had
a marked impact on tomato yield and particularly
on the concentration of vitamin C in fruits!. To-
mato fruits suffering from K* deficiency may show
“green back” which is a lesion in the tissue around
the petiole and affects the fruit quality consider-
ably®. According to Sun Xi and Rao Li-Hua (un-
published observations), the epicuticular wax of
cotton leaves is poorly developed in plants suffer-
ing from K* deficiency. This wax affords a protec-
tion of leaves against water loss and pathogen at-

tack. The positive effects of K* listed above are re-
lated both to the photosynthetic efficiency and the
phloem transport promoted by K* and presumably
not by direct enzyme activation by K-*.

Table 5. Effect of K fertilizer application on yield and quality
of tomato fruits (after 1).

Treatment, Yield, DM, Vitamin C,
kg K,O/ha t/ha % mg/ kg
0 63.4 44 173
66 65.5 49 192
133 849 54 221
199 74.1 54 263
266 62.8 44 221

The situation may be different, however, in cases
where sucrose is stored, e.g. in the storage tissue
of sugar beets and sugar cane. Here the sucrose
transport into the vacuole may be influenced by
K+ as shown in Figure 5. Saftner and Wyse™ re-
ported that sucrose is translocated across the tono-
plast via K* sucrose cotransport coupled with a K*/
H* antiport. This action drives K* out of the vacu-
ole back into the cytosol where a K* concentration
of 100 to 120 mM is required for maximum sucrose
import into the vacuole. Saftner et al.” reported
that the sucrose concentration in cells of sugar beet
storage roots was 62 mM in the apoplast, 76 mM
in the cytosol, and 514 mM in the vacuole. Sucrose
uptake by the cells was characterized by a biphasic
pattern in relation to the sucrose concentration
applied, displaying both a linear component and a
saturable component. The latter was accounted for
by passive influx of sucrose across the plasmale-
mma and the linear component by transport across
the tonoplast. The fact that this sucrose uptake is
linear over a sucrose concentration range from 0
to 300 mM indicates that a very efficient sucrose
uptake system exists which is likely to be a K*/
sucrose cotransport system driven by a H*/K-*
antiport. This sucrose uptake mechanism contrasts
with the concept of Briskin et al.!® for sugar beet
roots. They postulate a sucrose/proton antiport in
which the H* gradient between the vacuole and
cytosol drives sucrose import, and the regenera-
tion of the gradient is brought about by tonoplast
proton pumps. Getz et al.?, investigating sucrose
uptake by tonoplast vesicles isolated from sugar
cane storage tissue, also postulated a sucrose/ pro-
ton antiport. The problem of sucrose import into
the vacuole is not only of importance for sucrose
but also for fructan storage tissues®®, since fructan
storage depends also on the import of sucrose into
vacuoles. In grasses, fructans represent a transient
storage form. Fructans and sucrose are involved
in cell expansion of grass leaves and likely serve
as an osmoticum’. Sucrose may also substitute for
K* as an osmoticum as was recently found for guard
cells by Talbott and Zeiger®®. The question of su-
crose import into vacuoles merits further investi-
gation. It needs to be clarified whether K* plays an
essential role which cannot be substituted by other

Frontiers in Potassium Nutrition



mechanisms. The problem also has practical rami-
fications for K* nutrition of sucrose storing crops®.

Cytosol || Vacuole
Sucr. > Sucrose/H"*
H* antiport
ATPase - H*
PPase > H*
Sucr Sucrose K*
K"/ cotransport
K* .
H* K*/H*antiport

Figure5. Scheme of vacuolar sucrose loading with ATPase
and pyrophosphatase as proton pumps. Sucrose
uptake is shown as occurring via sucrose/ proton
antiport'® % and as sucrose/K* cotransport’.

Meristematic Physiological Sinks

The uptake of sucrose and amino acids from the
apoplast into the cytosol of meristematic cells is
driven by a plasmalemma ATPase which is stimu-
lated by indole acetic acid™. Acidification of the
apoplast from ATPase activity not only promotes
the loosening of cell wall structures®, but also pro-
vides the protons for the H*/cotransport of sugars
and amino acids across the plasmalemma. Het-
erotrophic cells are fed by the phloem sap which is
composed (for most plant species) mainly of sucrose,
amino acids, and K* (see Table 3). As mentioned
above, K* uptake stimulates the proton pump and
thus promotes the uptake of sugars and amino ac-
ids. The latter is required for protein synthesis,
and the former serves as energy source and also
provides organic carbon skeletons for biosynthe-
sis.

The consumption of organic osmotica such as
sugars and amino acids leaves K* as the most im-
portant inorganic osmoticum in meristematic cells,
balancing the organic anions produced by the
break-down of sugars and amino acids. Potassium
plays a still more important role in proteins syn-
thesis*’. According to Wyn Jones and Pollard®!,
there is good reason to assume that transcription
as well as the the binding of tRNA to ribosomes
requires K*. Most important in this context is that
these processes demand high K* concentrations in
the range of 120 to 150 mM. Presumably, protein
synthesis in meristematic cells is the most K* sen-
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sitive process. This suggestion is supported by ex-
perimental work carried out with whole plants.
Figure 6 shows the uptake and metabolism of **N
labeled nitrate by young tobacco plants®’. Plants
sufficiently supplied with K* took up more labeled
nitrate than plants with low K*supply. More im-
pressive, however, is the finding that the percent-
age of labelled N used for protein synthesis was
several times higher in the high K* treatment. It
is evident from Figure 6 that rather than nitrate
uptake, or amino acid synthesis, it was protein syn-
thesis which was most significantly influenced by
K*. It should be emphasized that the tobacco plants
under the low K* treatment showed no K* defi-
ciency symptoms. Analogous findings were ob-
served for protein synthesis in roots and root nod-
ules of Vicia faba® and Medicago sativa®®. In the
work with barley, saline conditions depressed the
K* concentration in leaves with the consequence
that protein synthesis in the shoots was much re-
duced. Increase in K* supply restored protein syn-
thesis®2. In this treatment the K* concentration in
the shoots was 55 mmol/kg fresh matter. These
results indicate that it is the K* concentration in
the tissue, and presumably the cytosolic K* con-
centration, which plays a decisive role in protein
synthesis.

All of the experiments noted above were under-
taken with young plants; the ®*N applied was
mainly incorporated in proteins within the grow-
ing vegetative tissue. This assumption is in agree-
ment with results of Scherer et al.”?, who found
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Figure 6. Total uptake of **N (nitrate) of tobacco plants from
the nutrient solution with plants well and less well
supplied with K*, and the percentage of **N labelled
nitrate, amino acids and protein. Plants of both treat-
ments were at first grown at 1 mM K+ in the nutrient
solution. After 5 weeks of growth, K* was replaced
by 1 mM Na* (-K), or maintained (+K) in the growth
medium, and plants of both treatments were grown
for an additional 12 days. N labelled nitrate was
then added to the growth medium of plants exposed
to both treatments. Numbers at the top of each box
refer to-the total amount of >N (mg) per plant¥’.



with whole young wheat plants that growth was
the most sensitive process influenced by K* nutri-
tion. At the beginning of growth retardation in the
plants subjected to low K*, the leaves contained
higher glucose, fructose, sucrose, and fructan con-
centrations than the leaves of well supplied plants.
This finding confirms that it was not supply of as-
similate which affected growth process, but rather
restricted protein synthesis resulting from too low
a K* concentration in the meristematic cells.

Plant Water Status

Tonic K is an important osmoticum. Since it may
occur in high concentrations in the vacuole and in
the cytosol®, its osmotic function is universal and
contributes to a) the uptake of water from the soil
solution by root cortical cells, b) adaption to saline
conditions, c) retention of water in leaves, and d)
maintenance of turgor pressure in specialized cells
such as guard and motor cells®®, the phloem®* % and
in most other plant tissues. In this respect, the tur-
gor of growing tissues is of particular interest be-
cause these tissues are predominantly supplied by
the phloem sap. Potassium is the most important
inorganic osmoticum in phloem sap. Several re-
searchers have reported that K+ is essential for cell
expansion particularly in combination with phyto-
hormones!® "4 Mengel and Arneke*’, working with
whole plants of Phaseolus vulgaris, found that op-
timum K* nutrition significantly increases the tur-
gor of cells of young leaves and is associated with
cell expansion. The increase in turgor resulted from
a decrease in the solute water potential due to a
higher K+ concentration (Figure 7). Cell expan-
sion was negligible at a turgor pressure <0.5 MPa.
This turgor threshold value is in agreement with
data of Sionit et al.?® for wheat. It thus appears
that in growing tissues, K* not only plays a role in
protein synthesis but also in cell expansion.
Pfeiffenschneider and Beringer®® reported that cell
size in the medulla of mature storage roots of
Daucus carota was much enlarged by an optimum
K+ supply. According to Beringer et al.5, starch syn-
thesis in potato tubers was not affected by a very
high K* supply but the high K* concentration in
the tuber cells increased the quantity of water re-
tained per g tuber dry matter and thus decreased
the starch concentration in tubers.

The osmotic function of K* is not a specific one;
K* may be replaced by other osmotica, particularly
Na* and sucrose. The substitution of Na* for K*
depends much on plant species and only in
natrophilic species does this substitution play a
major role®s. Even in sugar beet which is known as
a natrophilic species, Na* may substitute for K* in
leaf growth but not for the growth of storage roots*?.
This may be due to the fact that in the phloem sap,
which supplies the sugar beet storage tissue, the
K* concentration is high, and the Na* concentra-
tion is low. Substitution of sucrose for K* as an
osmoticum can result in a waste of photosynthate.
As reported by Tallbott and Zeiger®, sucrose re-
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Figure 7. Pressure potential (¥p), water potential (¥), and sol-

ute potential (Ws) in young leaves of Phaseolus vul-
garis. K, = treatment with 0.1 mM K*; K, = treatment
with 4 mM K* in the nutrient solution®.

places K* in guard cells during a day’s cycle. The
osmotic functions of K* in guard cells and its im-
pact on stomatal opening and closure are well
known?®. More recent research has shown that the
plasmalemma of guard cells is well equipped with
numerous K* channels®.

The various functions K+ achieves for the plant
water status are of practical importance because
an optimum K* supply results in an efficient use of
water by crops™ . In this respect the finding of
Pier and Berkowitz®” merits particular interest.
They reported that the depressive effect of water
stress on CO, assimilation of wheat plants was
much counteracted by a high K* supply.

Summary

Potassium ions are taken up by plant roots and
distributed rapidly throughout whole plants be-
cause of very efficient uptake systems. These sys-
tems may be grouped into two major types: K* chan-
nels which allow a selective passive K* flux and K*
transporters which mediate cotransport across
membranes. Both uptake systems are driven by
proton pumps, the activity of which is promoted by
K*. Potassium ion concentration in the xylem sap
is 10 to 20 mM and 50 to 100 mM in the phloem
sap. Long-distance transport of K* in the entire
plant is therefore very efficient and K* can be
quickly transported in acropetel and basepetal di-
rection to all tissues.

The most important function of K* in the funda-
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mental physiological source, the chloroplast of the
actively photosynthesizing leaf, is the efficient
transfer of light energy into chemical energy due
to the increased pH difference across the thylakoid
membrane. This general effect, together with the
promoting influence of K* on phloem loading, pro-
vides an ample supply of sugars and amino acids
to the physiological sinks and thus promotes the
synthesis of proteins, carbohydrates and lipids as
well as important molecules of secondary plant me-
tabolism. The most sensitive effect of K* is its
unique activation of protein synthesis in
meristemtic tissues, which requires cytosolic K*
concentrations in the range of 120 to 150 mM. In
addition, K* is an essential osmoticum in elongat-
ing cells of growing tissues. Both effects, the im-
pact of K* on protein synthesis in meristematic tis-
sues and the impact on cell elongation, indicate
the paramount role K* plays in vegetative growth.

The function of K* as osmoticum is of particular
significance in various cell types such as guard cells
and motor cells. The general osmotic function of
K+ in cortical root cells favors the exploitation of
soil water and the adaption to saline soil condi-
tions. In leaf cells, water retention is improved by
K*. Both processes, water uptake by roots and wa-
ter retention by leaves, contribute to efficient wa-
ter use.

Synopsis for Future Research Imperatives

Optimum supply of crops with K+ is of utmost
importance for crop production. This supply de-
pends on K+ fertilizer application and on the dy-
namics of K* in soils. On a global scale, it is often
difficult to achieve optimal K* supply to crops, par-
ticularly on soils which are by nature of low fertil-
ity, such as the Oxisols frequently present in third
world countries. These soils are poor in K* bearing
minerals, their cation exchange capacity is low, and
K* is easily leached out of the rooting profile. Un-
der such conditions, K* fertilizer application should
be made at frequent and low rates according to the
crop development. Crop types should be developed
which can take up K* rapidly during the early stage
of growth and from which the crop may profit in
later stages. Generally, determinate crops need K*
primarily in the vegetative stage and less so in the
reproductive stage. Investigations should be car-
ried out on K* uptake systems, channels and trans-
porters which enable the plant to take up high rates
of K* over a short period and store vacuolar K* in
large quantities.

On soils with high concentrations of K* bearing
minerals such as micas, K* uptake systems are re-
quired which can depress the K* concentration of
the soil solution to a very low level so that interlayer
K*is released. It may be supposed that substantial
differences exist between the various crop species
in this capability. Mengel and Rahmatullah® re-
ported that elephant grass (Pennisetum
purpureum) could draw sufficient K* from the sand
fraction of a mica rich Entisol on which other crops
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(maize, barley, wheat) suffered severely from K*
deficiency. Such findings require elucidation.

World food production depends much on avail-
able water which in rain-fed agriculture frequently
is the limiting production factor. On such locations
it should be ascertained to what degree optimum
K* nutrition may improve water efficiency and
which processes are particularly affected by water
stress. In this respect the finding of Pier and
Berkowitz® is of particular interest; showing that
under water stress high K* rates counteracted the
negative effect of water stress on CO, assimilation.
This observation needs further physiological elu-
cidation and testing under practical conditions of
farming.

In many parts of the world soil fertility is threat-
ened by salinity. As shown by Cramer et al.}4, un-
der such conditions more Ca?* is required to coun-
teract the deleterious effect of Na* on plant mem-
branes. In addition, the surplus of Na* in saline
media depresses the uptake of K* with the conse-
quence of low K* concentrations in meristematic
tissues and depressed protein synthesis®® 33. By
means of modern techniques, such as genetic engi-
neering, crop plant genotypes should be developed
with K* channels equipped with a very high selec-
tivity for K* and with a very low frequency of Na*
conducting channels in the plasmalemma of corti-
cal root cells. This example indicates that in fu-
ture a close cooperation is needed between research
in gene technology and crop physiology. The physi-
ological, biochemical and biophysical obstacles
which must be overcome in order to improve crop
growth, particularly in problem areas suffering
from salinity and low water availability, should be
focused on in future work.
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Chapter 2:

Cytoplasmic Potassium Homeostasis: Review of the Evidence and Its

Implications

R. Gareth Wyn Jones

Centre of Arid Zone Studies and School of Biological Sciences, U. W. Bangor, Bangor LL57 2UW, Wales, U.K.

Introduction

While the evolution of scientific hypotheses is
rarely of major interest to active researchers, it may
be timely after 20 years to review the concept of
cytoplasmic K* homeostasis in plants and related
ideas?* 32 33,83, 86,87 gnd their impact on our under-
standing of cellular and whole plant K* nutrition
and of plant metabolism in general.

It is also instructive to cast our minds back not
just 20 years, but to 1936. In that year Hoagland
and Broyer? observed that the rate of K* uptake
was regulated by the K* content of the roots—what
would now be referred to as negative feed-back
control. Since then this basic observation has been
examined in detail by a number of authors® 3 . Simi-
larly, Pitman and others®* showed that K* uptake
into shoots is regulated by the (K* and Na*) con-
tent of the shoots. There is, therefore, a wealth of
evidence for the tight regulation of tissue K* con-
centrations and that these, in turn, contribute to
cellular osmo- and turgor-regulation in many in-
stances® 2> 87, Nevertheless, the mechanisms by
which such regulation occur are unclear and in-
deed the recent data confirming, unequivocally,
cytoplasmic K+ homeostasis over a wide range of
external and vacuolar K* levels”™ pose new chal-
lenges to our understanding.

In this chapter I wish (i) briefly, to review the
hypothesis, (ii) to summarize the data obtained
using the new triple barrel micro-electrode tech-
nique’ because of its importance in validating the
hypothesis, (iil) to emphasise the important insights
gained by generalizing the hypothesis to
symplasmic and phloem solute selectivity and
transport, and (iv) to examine the implications of
these generalizations to the relationships among
metabolic activity, cytological structures, and sol-
ute accumulation in one illustrative tissue, namely
the meristematic and adjacent elongating zone of
the cereal root.

Review of Hypothesis

The hypothesis, as originally presented in 1976
and subsequently modified and elaborated, may be
summarized as in Table 1.

The original hypothesis offered no coherent ex-
planation for the K* specificity of the cytosol (cyto-
plasm). It rested on rather limited data from higher
plants, depending heavily on the results of Dieter
Jeschke’s laboratory?®, but buttressed by a wealth
of comparative animal data, summarized in
Steinbach’s model®® and in Pitts®® or Prosser®’. The
concepts were also motivated by the need to ex-

Frontiers in Potassium Nutrition/Wyn Jones, R.G.

plain the apparent paradox of the high K* selectiv-
ity of halophytes even when the leaves are absorb-
ing high levels of Na* and Cl- to achieve gross leaf
osmotic adjustment. Such halophytic plants also
are more sensitive when grown in high K+ salt
media than in Na*salts in the 50 to 100 mol/m?
range.

Table 1. Elements in K* homeostasis model.

1. Preferential cytoplasmic accumulation of K* (apparent concentra-
tion range circa 100-150 mol/m?).

2. Preferential vacuolar accumulation of Na*, CI-, organic acids, sug-
ars, etc. up to several 100 mol/m? (cytoplasmic levels ranging from
a few mol/m? to perhaps 30-50 mol Na* and CI- in some halo-
phytes).

3. Preferential cytoplasmic accumulation of compatible organic sol-
utes for osmoregulation or in dessicated tissue, e.g. embryos,
pollen, etc. (occurs when y> 350 to 400 mosmol/kg or-0.8t0-1.0
MPa).

4. Preferential cytoplasmic accumulation of K* (homeostasis) under
K*-depleted conditions. (Vacuolar solute potential generated by
other salts or available organic solutes, e.g. sugars or amino ac-
ids).

Later, following Lubin and Ennis* and Weber
et al.”, in animals, cytoplasmic K* -selectivity was
attributed quantitatively to the ionic requirements
of the translation step of protein synthesis!* %. In
the mid 1980s the hypothesis was extended to ac-
count for K* behaviour under K*-limited conditions
and for the well-known curves relating growth to
K+ tissue content and K* supply, including the phe-
nomenon of “luxury consumption”, Figure 1 (com-
pare Marschner?’ and earlier textbooks). The pro-
posal that cytosolic K* levels are preferentially
maintained in an apparent concentration range of
100-150 mol/m? at the expense of a falling vacuolar
K- level, leads to the following simple interpreta-
tion. The steep dependence of growth on K* tissue
levels and supply (see Figure 1) was associated
with an inability to meet the rigorous biochemical
(cytoplasmic) requirement for the ion, while the
shallow dependence (luxury consumption) was con-
sidered to reflect the more reflexible, biophysical
role of K* salts in generating the vacuolar solute
potential (Wvac)®* . A number of mobile solutes
are capable of fulfilling this function.

This hypothesis suggests an explanation for both
the high K* selectivity of Na-salt accumulating
halophytes and their greater sensitivity to modest
external K*-salinities. While such plants are ca-
pable of fulfilling their cytoplasmic K*-requirement,
they probably lack the ability to sequester high K*
concentrations in their vacuoles without a concomi-
tant increase in the cytoplasmic K* to toxic levels.

13



Growth or tissue [K"]

K" supply or tissue |K ]

Figure 1. Schematic relationship of: (i) growth (y axis) versus
tissue [K*] and (ii) tissue K* (y axis) versus K* sup-
ply.

While this hypothesis was principally concerned
with K* nutrition, it was apparent that the con-
cept had much wider implications for the behaviour
of a great range of inorganic and organic solutes.
The hypothesis can be summarized in the phrase:
“the promiscuous vacuole and the fastidious cyto-
plasm.” The ‘fastidiousness’ of the solute specific-
ity of the cytoplasm, as well as the highly conserved,
biochemical behaviour, is observed uniformly
throughout all eukaryotic cells and is indeed found
in Eubacteria (only the Archaebacteria behave dra-
matically differently). It is possible to claim that
‘cytosol is a cytosol is a cytosol is a cytosol’, to mis-
appropriate Gertrude Stein’s famous aphorism. The
best estimates for the ranges of cytosolute concen-
trations (ignoring any compatible solute accumu-
lation) are given in Table 2.

The contrast between the “conserved” solute
behaviour of the cytosol and also, where data are
available, cytoplasmic organelles, e.g. chloroplasts
(for example, 64) and the enormous flexibility of
vacuolar solute composition and concentrations is
striking. It is reflected in such historic data sets as
those of Mott and Steward** studying carrot ex-
plants, some of whose results are reproduced in
Table 3. The differences in solute concentrations
in the different explants can be interpreted as re-
flecting (a) the degree of vacuolation of the tissue
and (b) the flexible and opportunistic character of
vacuolar accumulation.

Yet volumetric and cytological relations between
cytoplasm and vacuole mean not only that the vacu-
olar contents dominate the whole tissue analyses
in all but meristematic zones and specialised struc-
tures, e.g. pollen and stamens, but raise specific
difficult issues. How, for example, are the solute
contents of the two compartments of such differ-
ing volumes regulated, partly independently? (dif-
fering ion specificities) and partly in coordination?
(preventing the Donnan swelling of the cytosol)
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Table 2. Cytosolic (cytoplasmic) solute concentration

ranges’.
pH 72-74
K+ 100 - 140 mol/m®
Na+ <5 - 30 mol/m?®
Mg? 2 - 4 mol/m?®
Ca* 0.1 - 2 mmol/m3
HPO * 5- 20 mol/m®
NO, 4 - 5 mol/m?
Slojks <1 mol/m?
Cl <10 - 50 mol/m?
Organate™ 2-10 mol/m?®
Protein™ see??
yCyt*s 300 - 350 mosmol/kg

'Apparent concentration range not activity.

2Cation charge = Anion charge.

3As the permeability of protein™ is very low, the cytosol is a Donnan
phase in relation to the vacuole.

“Cytoplasmic compatible solutes accumulated at solute concentra-
tions greater than circa 400 mosmol/kg; these include proline,
glycinebetaine, sorbitol, mannitol, glycerol, pinitol and various
cyclitols and dimethylsuiphonio propionate.

Refs.: 32, 33, 83

while maintaining osmotic and hydrostatic equi-
librium across the tonoplast? The main ion chan-
nels and pumps across both the plasma membrane
and the tonoplast are being characterized. Their
ionic specificities and orientation are consistent
with the model, but as yet do not explain how the
various regulatory functions are achieved (see 78).

It is important to recognize and acknowledge
that the hypotheses elaborated above depend
heavily on the ideas and results of others, espe-
cially Steinbach and Schoffenields (from marine
animal physiology), Brown and Borowitzka (fun-
gal physiology), and plant physiologists, Dieter
Jeschke, Horst Marschner, Michael Pitman,
George Stewart, Barry Osmond, Hank Greenway
and Tim Flowers, as well as my colleagues in
Bangor and Rothamsted, whose work is quoted
extensively in this chapter. In the last 20 years a
number of apparent anomalies have been eradi-
cated as definitive evidence supporting the model
has been obtained, e.g. in Dunaliella salina®. The
extensive studies of the Purdue group*® have also
added significantly to the weight of supporting
evidence. In Table 3, a summary of analytical data
related to K* compartmentation, mainly in higher
plants, is presented.

Some of the papers presenting results at vari-
ance with the hypothesis (e.g. 20, 66) are either
technically suspect, e.g. use the freeze substitution
methodology, or are internally inconsistent if os-
motic and turgor relations as well as ionic data are
considered. Nevertheless, it is possible that lower
K* levels may be accommodated in the cytoplasms
of mature halophyte leaves of limited metabolic
activity'®. Despite the consistent pattern, no tech-
nique has produced precise, unequivocal values for
the cytosolic K* activity (a,) nor the capability of
relating in vivo K* activity or concentration to
metabolic events. Furthermore, the semi-quantitive
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Table 3. Some estimates of cytoplasmic and vacuolar
(serum) concentrations of K+.

K* concentration
Species and tissue Extn Cyt Vac Ref
--------- (mol/m3) - - - ------
Higher plants
Hordeum vulgaris,
root cortical cells 25 92 79 53
H. dist, root apical cells 0 110 20 26
H. vulgare, root
cortical cells 0 71-119 9-12 52
H. vulgare, root cells 0.01 133 21 42
0.1 140 61
H. vulgare, root
meristematic cells 0 194 —_ 23
6.0 200 —
A. thaliana, root cells 0.01 115 40 36
Pisum sativum, root cells 10 43 122 8
P. sativum, epicotyl cells 1.0 145-193 54-56 37
10.0 160-180 78-79
Avena sativa, coleoptile 10.0 140-215 155190 50
Allium cepa, root cells 1.0 100 83 38
Z. mays, root 1.0 99-108 — 6
Acer pseudoplatanus,
cell suspensions 7.0 175b 70 63
Z. mays, root 6.0 129-162 54-62 18
Suaeda maritima,
leaf cells — 0-16<¢ 1-24 19
Atriplex spongiosa,
apical cells 200 70
bundle sheath cells 150 30
Carrot callus, growing
incipient vacuole ué (110) — 44
growing vacuolated cells ub ? (68)
Lower plants
Chara australis 0.1 160° 64 76
Chara australis 112 112 71
Nitella pulchella 101 116
Conocephalum conicum 0.1 101b — 75
10.0 108b —
extn. cyt.
Animals (serum)  (muscle)
Homo sapiens 4 160 54
Frog (Rana) 3 126 59
Mytilus edulis 13 158

aconcentration (c) x activity coefficient (f) = activity (a)
®concentration entrapolated from activities determined by ion
electrodes

cvalues for cytoplasm determined with beam partially located in cell
wall or vacuole

see ref. and text for comments on freeze substitution methodology

model, although correlating well with the selectiv-
ity and polarity of the plasma membrane and tono-
plast fluxes, offers few regulatory insights.

The recent work of David Walker, with Tony
Miller and Roger Leigh, in first developing and then
cleverly exploiting a triple barrelled micro electrode
capable of detecting simultaneously, a, , a,,_, pH,
and E,, is therefore of major significance. It allows
unambiguous cytosolic K* activities to be deter-
mined as well as the vacuolar values. Both the tech-
nique and the results are dealt with in detail in
the chapter by Leigh et al. in this volume.
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In Figure 2, the relationships among cytosolic,
vacuolar and tissue K* activities in wheat roots are
nevertheless reproduced because they provide such
compelling evidence for the hypothesis under dis-
cussion. The cytosolic a,, does not vary over a six-
fold change in the vacuolar concentration. The
homoeostatically maintained cytosolic K* activity
may be used to calculate the apparent chemical
concentration if the activity coeffecient is known
or a realistic value assumed. While the accurate
cytosolic value is not known, it is probably rela-
tively low, perhaps 0.6 to 0.7, given the low values
recorded for unicationic multianionic salts®? and the
importance of HPO, > and protein™ (Table 2) as
counter anions in the cytosol. This suggests cyto-
solic chemical concentrations in the range 100-140
mol/m?, in excellent agreement with the hypoth-
esis and the in vitro biochemical evidence.
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Figure2. The relationship between tissue K* concentration

and vacuolar (open symbols) and cytosolic (solid
symbols) a, in epidermal and cortical cells of low
(square) and high salt (circles) barley roots. (See ref.
78 and chapter 7 in this volume).
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The combination of the triple barrelled micro
electrode technique with the vacuolar micro-sam-
pling and micro-analytic techniques developed by
Deri Tomos and his colleagues (see reference 73)
offer exciting opportunities to explore how the os-
motic and Donnan and electrical equilibria are
regulated across the tonoplast, remembering that
the cytosol with a fixed anionic charge on the cyto-
solic proteins is a Donnan phase. More reliable
values for the activity and osmotic coefficients of
major solutes in plant cells could also be obtained
by combining these new techniques.

A number of studies have established that pro-
tein synthesis is curtailed in K*-deficient tissues
and that such tissues accumulate free amino ac-
ids®* 43 49, These observations are compatible with
the in vitro biochemical evidence showing a require-
ment in eukaryotic systems for 120 to 150 mol/m?
K* for efficient polysomal translation!!. However,
there is no quantitative evidence in plants show-
ing that an in vivo decline in protein synthesis is
specifically and quantitatively related to the cyto-
sol a,, as predicted by the model. The triple
barreﬁed micro electrode will allow this prediction
to be tested with quantitative results to establish
whether the steep phase of the K* response curve
is indeed related to a specific decline in K* biochemi-
cal activity.

Symplasm and Phloem

The significance to higher plant metabolism of
the extension of cytosol into a symplasmic con-
tinuum via plasmadesmatal connections is well
documented (e.g. reference 30) as are its implica-
tions for K* and other nutrient transport, for ex-
ample, in relation to trans-root fluxes or secretory
cells (e.g. reference 3). The strong evidence now
available for high K*-selectivity and homeostasis
in the cytosol can clearly be extrapolated to the
symplasm in general and potentially to any cell
type or tissue dependent on symplasmic transport
for its solutes. An important observation in this
context is that of Stelter and Jeschke® who found
in the halophyte, Altriplex hortensis, that xylem-
loading has a high Na*>K* selectivity in contrast
to the K*>Na* selectivity found in glycophytes. In
the absence of this evidence, it would be difficult,
if not impossible, to reconcile the high leaf Na* and
CI- levels of dicotyledenous halophytes, the ionic
demands of the symplasmic phase of trans-root
transport, and low cytosolic Na* and Cl- activities
in the root cortical and stelar cells as predicted by
the hypothesis and confirmed by experimental data
(e.g. T1).

Raven® originally emphasized the close relation
between symplasmic and phloem ion composition
and concentration. While his paper concentrated
primarily on H* and Ca?', the same insight can be
extended to other ions and to organic solutes®. In
Table 4, data on the ionic composition of phloem
are presented to support this contention but addi-
tional evidence would be desirable using more
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modern techniques.

Given the evidence of the fundamental ionic con-
tinuity of cytoplasm, symplasm and phloem, it is
possible to extrapolate the “fastidious cytoplasm”
hypothesis to explain, interpret and illuminate
many aspects of whole plant nutrition.

Table 4. Phloem electrolyte composition.

Mol/m?®
K+ 20-112
Nar 0.06-30
Cl- 5-30
HPO, > 3-10
Ca* 0.2-0.5
Mg?* 2-4
Organic Acid ™ ~40

Major organic phloem transport solutes include sucrose, pinitol,
mannitol, and sorbitol.

The chemical composition of phloem sap and
various tissues from Aster tripolium (Table 5)
shows preferential K* accumulation and Na* and
Cl- exclusion in the phloem sap over a huge range
of external electrolyte concentrations. Osmotic ad-
justment is achieved partly by sucrose accumula-
tion although a large osmotic contribution is unac-
counted. It would be of great interest to know if
this deficit in the phloem sap of sea water grown
plants is compensated for by solute (glycinebetaine),
accumulation. As might be anticipated, the largely
phloem-fed florets of the salt marsh plants are rela-
tively high in K* and low in Na* and CI- while ac-
cumulating betaine and sugars, whereas leaf
(largely vacuolar, xylem-fed) samples are domi-
nated by Na* and Cl-. A similar pattern is revealed
by the low salt (NaCl) levels found in salt-grown
barley seeds'$, the high glycinebetaine levels of
wheat aleurone and embryonic tissues?, the low salt
content of salt-grown tomatoes derived from wide
hybridization® and the high glycinebetaine, pro-
line and pinitol levels found in pollen and other
reproductive tissues of different species'* #. Dra-
matic data were reported recently by Girousse et

Table 5. Chemical composition of Aster tripolium tissues®.

Phloem Sap

Fresh- Sea-

water water Leaves® Florets®

Measured osmolality

(mosmol/kg) 599 1544
K* (mol/m?3) 86 100 72 133
Na* (mol/m?) 0.35 31 360 56
CI- (mol/m?) 5 28 320 51
Sucrose equiv. (mol/m?) 302 672 — —
Free sugars (mol/m?) — 9 67
Glycinebetaine (mol/m?) — — 18 82
Amino acids (mol/m?) — — 12.8 58
Osmality accounted for

(mosmol/kg) 460 920 — —_

aSeerefs. 8, 14, and 82
®Samples collected from a salt marsh
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al.’2 showing selective accumulation of the compat-
ible solute proline in alfalfa phloem sap when the
osmotic potential exceeded -0.8 MPa, again in line
with the hypothesis. Similarly, there are extensive
data showing that the solutes accumulated in both
shoot and root apices follow the same ‘symplasmic’
pattern.

The extensive and detailed research of Jeschke,
Pate, and their colleague on solute circulation in
higher plants also sustains the same interpreta-
tion. Indeed their work does much more, as it shows
that the degree of selectivity in phloem for K* over
Na* varies from one plant species to another 2% %,
In Figure 3 data on ion circulation in barley are
reproduced. They show the importance of K*-se-
lective phloem transport to the preferential accu-
mulation of ion in both the shoot and root apices,
reinforcing a wealth of static analyses previously
reported (e.g. 15, 26, 45, 70, 71). Of particular in-
terest, therefore, is the evidence for the importance
of phloem transport of K* in maintaining the ob-
served K* levels in root tips. This occurs even
though external K* is being taken up by the root
epidermal and, possibly, cortical cells for subse-
quent xylem transport to the expanding and the
expanded, highly vacuolated, photosynthetically-
competent leaves and, in the final analysis,
retransport to all other tissues. These results also
show that Na* is retained in the older leaves so
that the total leaf K*/Na* falls from 42.5 in leaf 4
(young) to 3.3 in leaf 4 (old). The high K*/Na* ratio
of leaf 4 and of the root tissue is more a reflection
of phloem discrimination than the K*/Na* selectiv-
ity in the uptake or xylem transport phases. In a
species such as Lupin, the capability for phloem
K*/Na* discrimination is lower, which may be one
element in the greater salt sensitivity of that spe-
cies®. Similarly, Lessani and Marschner? observed
that the percentage of Na* retranslocated and ex-
creted from roots was much smaller in salt-toler-
ant sugar beet than the salt-sensitive bean, pre-
sumably due either to better vacuolar retention
and/or greater phloem exclusion of Na* or both. A
very similar phenomenon may well be involved in
the well documented variability in ability of Na* to
“spare” the K* requirement of crops in fertilizer
trials (at the high ‘biophysical’ concentration range,
Figure 1) and the Na* stimulation of mainly fresh
weight growth in some species®.

Potassium Supply Route, Growth and
Homeostasis

Early in this chapter, although the important
role of K* as a contributor to cellular osmotic po-
tential and turgor generation was recognized, it
was not discussed in any detail. In the final sec-
tion of this chapter I wish to explore a number of
interrelated issues in greater detail, especially the
relationships between tissue K* concentrations,
turgor generation and homeostasis and cytoplas-
mic K* selectivity observed in some tissues but not
apparently in others.
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Leaf 4

> Leaf 3

Leaf 2

N
/) Leaf 1

Rate of K* (A) and Na* (B) flow between single leaves
and the root of barley (cv. California Mariout) at 1
mol/m?® K* and 1 mol/m?® Na*. The figures represent
ion movements and increments in individual organs.
Thickness of arrows is drawn in proportion to trans-
port rates: xylem hatched, phloem black. Squares
in leaves and roots represent ion increments due to
growth and/or to increases in tissue ion concentra-
tions. (See ref. 80 for details.)

The strong K* selectivity of meristematic, young
tissues was demonstrated clearly in Figure 3. The
same phenomenon is revealed, rather differently,
in a simple set of experiments® (Owen and Wyn
Jones, unpublished observations) in which the lon-
gitudinal osmotic potential and K* profiles were
determined in 6-day-old wheat seedlings grown
either in ‘low-salt’ CaSO, only or ‘high-salt’i.e. in
KCl plus CaSO, media (see 7) (Figure 4A and 4B).
Even such whole tissue, therefore “highly vacuola-
ted” data, reveal some interesting trends. There is
a relatively strong conservation of both osmotic
potential (1) and K* in the root apical centimeter
and the basal portion of the shoot. In low salt seed-
lings both sap © and K* fall rapidly away from these
partially meristematic/elongation zones, especially
in roots.

There is also a very large step in sap and K*
concentration at the root/shoot nodal interface
which raises a number of interesting issues. From
the work of Pritchard and Tomos using similar
material, it is also clear that in wheat and barley
seedlings grown in the standard unsalinized me-
dia, the turgor pressures of leaf cells are signifi-
cantly higher, at 0.8 to 1.0 MPa®%", than those ob-
served in the root cortical cells of the same plants
(0.3 to 0.65 MPa). Given the gradients shown in
Figure 4, the size of the seedlings, and the cul-
ture regime, it seems probable that these differ-
ences in osmotic and turgor pressures and K* con-
centrations of mature leaf and root cells reflect in-
trinsic properties of the cell rather than a transpi-
ration-induced difference.

The pressure probe and micro-analytical tech-
niques allow the apparent conservation of osmotic
potential (280-300 mosmol/kg) and K* (32-65 mol/
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Figure 4A. Longitudinal ® and K* profiles of 6-day-old low salt
(0.5 mol/m*® CaSO,) wheat seedlings. Length of sec-
tion indicated on y-axis.

Figure 4B. Longitudinal & and K* profiles of 6-day-old high salt
(10 mol/m? KCI + 0.5 mol/m?® CaSO,) wheat seedlings.
Length of section indicated on y-axis.

m?) in the terminal segments (circa 1 cm) of low’
and ‘high’ salt roots to be explored in greater de-
tail. Such studies have been carried out primarily
to explore the control of root cell elongation. How-
ever, a reexamination of these data suggests fur-
ther implications for our understanding of K* nu-
trition.

It was observed® that the rate of root elonga-
tion in low salt wheat seedlings could be manipu-
lated readily by the addition of low (a few mol/m?)
concentrations of simple salts to the growth me-
dium. As shown in Table 6, the fastest growth of
the young seedling roots occurred in a ‘low salt’
(CaSO,)-only medium. However, the growth rate
is independent of turgor pressure even when mea-
sured in the zone of the maximum rate of elonga-
tion. This zone could be identified both by cytologi-
cal studies and by measuring the local elongation
rate every millimeter from the root tip. A very tight
homeostatic regulation of turgor pressure indepen-
dently of the elongation rate is a consistent fea-
ture of a number of studies® %" %-%, While this por-
tion of the root also tends to accumulate K* selec-
tively to a rather constant concentration (see Fig-
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ures 3 and 4 and ref. 26), both the turgor pres-
sures and K* contents of cells 3 to 4 cm from the
meristem are highly variable. In those cells and
those in the main cortical section of the root, the
turgor and osmotic pressures change in response
to the availability and uptake of mobile electrolytes
or organic solutes, for example, being very high in
KNO,-grown cells but very low in CaSO, or in
CaSO, plus Na* salt-grown cells. As has been
known for several decades (e.g. 53), these latter
tissues, deprived of readily available external
solutues, accumulate simple sugar and/or organic
acids as major osmotica*.

Table 6. Differential relationships between elongation
growth and turgor pressure in wheat roots?.

Turgor pressure
Growth Growth % of 3 mm from 32-40 mm
solutions® rate  control meristem from meristem
(mm/24h)  ---------- (MP@) ----------
32+0.6 0.63+0.02
CaSO, (40)° 100 (10) 0.30+0.01 (10)
CasoO, 3005 0.67 £0.01
+NaCl (40) 94 @ 0.35+0.01 (11)
CaSO, 22+0.6 0.63+£0.01
+Na,SO, (40) 69 (10) 0.300.01 (10)
aSee ref. 59

©0.1-1.0 mol/m® concentration
°Figures in brackets refer to number of recordings

The general picture that emerges, therefore, is
of tight turgor regulation in the elongation zone
where turgor pressure is an essential prerequisite
to growth, although the rate of elongation is itself
determined by changes in the rheological proper-
ties of the walls, not by the modulation of the hy-
drostatic pressure* %’. As there is a convincing
weight of data supporting the general hypothesis
of cytosolic but not vacuolar K+ homeostasis, it
might be tempting to speculate that K* uptake from
the apoplast might be a part of the mechanism of
turgor regulation in very young cells, as indeed
appears to be the case in bacteria?!. Although there
are no direct data on the cytosolic K* levels in the
elongating zone, recent work on single cell turgor,
osmotic pressure, and solute concentrations of in-
dividual vacuoles of epidermal and cortical cells
reveals an interesting but complex picture. This
work was carried out for technical reasons on maize
roots?®.

The tight regulation of turgor (0.48 = 0.082 MPa)
was again observed even in roots exposed for 24
hours to an osmotic stress of 400 mol/m? (-0.96 MPa)
mannitol, the cells in the elongation zone being able
to achieve total osmotic and turgor compensation
(Figure 5). The vacuolar K* concentrations were
highest in the youngest (smallest) cells and fell
quite rapidly as the cells (vacuoles) expanded, even
when adequate K* was available in the external
medium. A similar behavior was found in control
and osmotically-challenged roots. Increased levels

Frontiers in Potassium Nutrition



of hexose, amino acids, and mannitol absorbed from
the external medium made large contributions to
osmo-regulation and turgor homeostasis in the
plants, although about 20 percent of the osmotic
pressure could not be accounted for by the mea-
sured solutes. The preferential accumulation and
the apparent concentration of K*, largely indepen-
dently of the external osmolarity and K* supply, in
the youngest, least vacuolate cells, fits well with
previous observations and the general hypothesis.
It is reasonable to suggest that the conservation of
the K+ content of these cells and of the meristem-
atic cells is related to their intense biochemical
activity (cell division, protein synthesis, respira-
tion, cell wall synthesis etc.). It may well be that
the solute content of young vacuoles mirrors that
of the cytosol from which they emerge. However,
there is clearly no correlation between vacuolar K*
and turgor through the elongation zone and noth-
ing to link K* directly to turgor regulation in what
is clearly a critical phase in plant growth and de-
velopment. Efforts to detect clear evidence for ei-
ther turgor-regulated K* (3Rb*) influxes or turgor-
modulated changes in cell membrane potentials in
the terminal few mm of wheat roots have been
unsuccessful (Frick and Wyn Jones, Miller and
Leigh, unpublished). Thus there is nothing to in-
dicate that the mechanism of turgor homeostasis
is associated with a turgor-regulated H*-efflux or
K*-influx at the plasma membrane. It seems un-
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Figure 5. Water and solute relations of maize roots. Turgor,
osmotic pressure and individual solute concentra-
tions of individual epidermal and cortical cells. Seed-
lings grown in 0.5 mol/m? CaCl, continuously (a) and
(b), or for the 24 hours prior to analysis with 400
mol/m* mannitol (0.96 MPa) (c) and (d). The sym-
bols in (a) and (b) denote the following: turgor (e),
and osmotic pressure (O). The symbols in (c) and
(d) denote the following solutes: K* (m), Cl~(*), phos-
phorus (e), hexose (O), total amino acids (a). and
mannitol (v). (See ref. 58 for details.)
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likely, therefore, that either the type of turgor-regu-
lated K* fluxes found in bacteria or the turgor-regu-
lated electrogenic H*-efflux observed in red beet
storage tissue® can account for the tight turgor
homeostasis in the root elongating zone.

The results described above, together with other
recent observations, suggest that a radically dif-
ferent explanation should be considered. In this
the activity of the cells in the meristematic and
adjacent elongating zones is viewed as being largely
buffered from the external medium because of the
orientation of the symplasmic transport pathway
and its dominant role in nutrient supply. In such a
model, direct solute uptake from the apoplast or
the external medium would be relatively unimpor-
tant despite the rapid hydraulic contact between
root tip cells and the external medium5”%. Jeschke
and Wolf?” were able to demonstrate in Ricinus that
external K* supply is not required to maintain the
root apical K* concentration at the high level which
is needed for growth.

Not only do the results already outlined suggest
that external electrolytes have only a minor role
in turgor regulation and osmo-regulation in elon-
gating maize roots, but other studies in maize show
that the time course of turgor recovery after an
osmotic challenge is more rapid in the proximal
than in the distal part of the elongation zone. Since
the solutes that are accumulated are characteris-
tically cytoplasmic-symplasmic-phloem solutes,
these observations imply that the distal zone is
preferentially supplied. These results indicate that
the phloem and interrelated symplasmic elements
play a vital role in solute supply even beyond the
protophloem. A technique for the real-time imag-
ing of phloem unloading into Arabidopsis root tips
using the fluorescence probe® carboxy fluorescein
has been developed*’. The rapid translocation of
the dye to the root tip was observed, followed by
unloading into discrete concentric files of cells. The
two prominent unloading zones corresponded with
two protophloem files of seive elements. Of par-
ticular interest to this discussion is the observa-
tion that symplasmic transport followed the un-
loading into the elongation zone with basipetal
transport into the more mature cells. In light of
studies of root tip sugar transport, and also
Pritchard’s® results, Farrar et al.® also concluded
that preferential symplasmic transport to the mer-
istem followed by basipetal loading of the more
mature cells best accounted for their observations.

The basic concept, which can perhaps be termed
the “fountain model”, suggests that root meristems
are supplied preferentially with sugars, amino ac-
ids, inorganic nutrients etc. as the raw material
for cell division, metabolism, and turgor genera-
tion by directionally orientated symplasmic trans-
port from the base of the sieve tubes. Once the re-
quirements of these cells are satisfied, the root then
“back fills” sequentially into first the proximal then
the distal portion of the elongation zone. As elon-
gation and associated vacuolation occur, the sol-
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ute specificity of the vacuolar solutes may gradu-
ally change to reflect the increased flexibility or
“promiscuity” of this organelle and the increasing
availability of exogenous or xylem-derived solutes.
For example, as first observed by Jeschke and
Stelter? and shown in Figure 5, the initial phase
of vacuolation uses K* salts, while Na* is accumu-
lated a little later, even in the vacuole of the rela-
tively salt tolerant species, barley.

This model further implies that the tight link
between turgor and solute accumulation, which is
an essential requirement of homeostasis in an ex-
panding system, is not due to a turgor-regulated
influx from the apoplast as this author, for one,
certainly envisaged. Rather it is the symplasmic
flow that must be turgor-controlled, possibly by
some plasmadesmatal-gating mechanism. The abil-
ity of plasmadesmata to close (seal) rapidly when
turgor is lost in an adjacent cell is well known? 5,
and more recent authors have suggested this is due
to pressure-mediated plasmadesmatal-gating.

Although there are few data, it may be logical to
speculate that higher plants (sugar beet) have tur-
gor-regulated plasma membrane fluxes (e.g. H* flux
mechanism) in tissues depending on apoplastic
supply and requiring tight turgor regulation. In
contrast, turgor-gated plasmadesmatal fluxes
would occur in symplasmically fed tissues such as
root apices. Either system could contribute to cy-
tosolic K* homeostasis although in different ways.

Not all plant cells, however, control their turgor
tightly®!. In some, such as more mature root corti-
cal and epidermal cells, turgor homeostasis is weak,
although cytosol ¥+ is still tightly controlled. As
discussed previously?, this flexibility in the behav-
ior of the main body of the root may be a mecha-
nism to ensure that carbon, nitrogen, and other
nutrients are directed to root growth and the ex-
ploration of fresh soil when water or nutrients are
in short supply or potentially toxic. Cortical osmo-
regulation would be an expensive diversion of pho-
tosynthate as the upper horizons of a soil dry out
or are exhausted and both mass flow of water and
diffusive supply very restricted.

It has become clear that data on mineral nutri-
tion?” %!, phloem transport?, cytology, turgor and
osmotic regulation®®, and carbohydrate supply are
all combining to provide an explanation for root
tip metabolism which emphasizes its dependence
on symplasmic supply with a characteristic solute
signature which is relative independent (other than
in hydraulic terms) of its immediate exterior.

If this working hypothesis is accepted, then one
question that arises is how, in the elongating zone
of the root or shoot, the cell is capable of integrat-
ing solute supply from two possible sources in a
biphasing system of different solute specificities
while maintaining turgor constant? The concept
further emphasizes the importance of the tissue
structures within which the transport functions are
operating™.
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It is also interesting that the turgor pressures
observed in expanding and mature shoot and root
cells of the same well watered plants are so differ-
ent, leading to the possibility of genetically deter-
mined different ‘set points’ in the two elongation
zones of the same plant. Indirect selection for tur-
gor pressure has been observed in beet™ and bar-
ley'”. Thus, there is a possibility that the median
turgors of cell types in a given plant, as well as in
different species, is under specific genetic control.

Finally, returning to Hoagland and Broyer?, it
is still not clear how the negative feedback from
the total tissue K*, i.e. the vacuolar K-, to regulate
the plasmalemma influx into the cytosol can oc-
cur. The models of Glass'® and others are improb-
able and a trans-cytosolic regulatory message seem
more likely. Similarly, even though such cells only
regulate their turgor loosely, it is again not clear
yet how they are able to integrate the vacuolar sol-
ute composition, be they electrolytes or non-elec-
trolytes, and combine solute flexibility and
opportunism with volume and osmostic control
across the tonoplast.
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Introduction

The molecular characterization of ion channels
and analysis of the structure:function aspects of
this class of proteins is one of the more active ar-
eas of biological research today. An appreciation of
the advances in our understanding of the mecha-
nistic aspects of transport facilitated by these pro-
teins is predicated on an understanding of some
basic concepts of transport of charged particles
across biological membranes. Therefore, this chap-
ter will start with a presentation of some “core”
concepts relevant to transport. After presentation
of this background information, our current un-
derstanding of the molecular structure of plant K
channels will be reviewed. This review will focus
on the few plant K channels which have recently
been cloned. The cloning and sequencing of these
channels native to plants have led to an initial un-
derstanding of the structure of this family of plant
proteins. A plethora of information is currently
available regarding how the structure of cloned K
channels native to animal membranes is related to
their function. Therefore, the well-developed model
of animal K channel molecular structure will be
used as a basis to characterize how ion conductance
facilitated by plant K channels is affected by their
structure. This presentation should leave the
reader confronted by the double-edged conundrum
endemic to biological research: The more we learn
about a particular biological system, the more we
know we have yet to unravel; and, it is often the
case that the magnificent elegance and complexity
of nature are reflected in the conservation of
“simple” solutions which have evolved to solve a
particular biological challenge.

Basic Concepts of Membrane Transport

Ions and Membranes

Like all other nutrients which are taken up by
plants from the soil solution and which must be
transported across both cell and organelle mem-
branes, K is ionic and exists in solution as a charged
particle. Potassium, as is the case with all ions, is
solubilized in an aqueous solvent (i.e. the soil solu-
tion or cell cytosol) by hydrogen bonding of water
molecules acting as dipoles. Concentric layers of
water molecules (referred to as the sphere of hy-
dration) surround the cation. The partial negative
charges at the oxygen end of water molecules align
around the cation in the first layer. The second
and subsequent shells of water molecules align with
the partial positive charges at the hydrogens form-
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ing hydrogen bonds with the partial negative
charges at the oxygens of water molecules in an
adjacent shell. Models of nutrient uptake across
plant membranes originally speculated that
charged particles such as inorganic ions (a) cannot
traverse the hydrophobic, lipid portion of mem-
branes, and (b) move across cell membranes in a
hydrated state, i.e., along with their shell of water
molecules. Ion channels are one class of proteins
which fulfill the first part of this model in that they
provide a hydrophilic conduction pathway for ions
to traverse the lipid bilayer. We now know the lat-
ter part of this axiom to be incorrect; the layers of
water molecules are “stripped” off the ion and are
replaced by the charged side-chains of specific
amino acid residues which line the ion-conducting
pathway of the channel protein. Thus, one of the
conserved, fundamental features of all ion chan-
nel proteins is the amphoteric nature of their struc-
ture: They have a hydrophobic (outer) portion
which allows them to integrate into the lipid bi-
layer of a membrane and a (inner) portion of the
protein which forms a hydrophilic pore as an ion-
conducting pathway.

Electrochemical Gradient

In addition to determining the nature of the
transmembrane conduction pathway, the fact that
K is a charged particle in solution also impacts the
forces which drive flux of this cation across mem-
branes. The driving force for K movement is the
electrochemical gradient which exists across a par-
ticular membrane. The “chemical” component of
this driving force is the difference in K concentra-
tion on either side of the membrane. The electrical
component of the driving force for K flux is the
difference in voltage across the membrane, or mem-
brane potential (Em). The action of the plasma-
lemma H-pump ATPase dominates the electrical
properties of plant cell membranes?¢. Proton pump-
ing out of the cell by this enzyme results in a
strongly negative (~ -120 to -200 mV) cytosolic volt-
age with respect to the cell exterior?”. This Em
drives K uptake by the plant cell against a concen-
tration gradient. The Nernst equation tells us that
an Em of this magnitude could allow for passive
accumulation of K moving into cells through K
channels to a level two orders of magnitude greater
than external [K]. In fact, cytosolic K is typically
100-150 mM in plant cells while K in the soil solu-
tion is often < 1 mM?. Potassium channel proteins
act as passive conduits for K flux across mem-
branes; it is the electrochemical driving force across
the membrane which will determine whether, and
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in which direction, K will move. Actually, K chan-
nels function in a far more regulated fashion than
simple “pores” in a membrane. Various parts of the
K channel protein act in specific manners to facili-
tate regulated, albeit passive, flux across a particu-
lar membrane. With respect to voltage-gated chan-
nels, the membrane potential has a number of ef-
fects on ion conductance through these transport
proteins. As mentioned above, the membrane po-
tential is one component of the total force which
drives passive flux through the ion-conducting
pathway formed by these channel proteins. How-
ever, the transmembrane voltage differential also
facilitates gating of this conductance. The electric
field across the membrane facilitates movement of
portions of these proteins (the voltage sensing re-
gion), which then results in the opening of the pore,
i.e., an increase in conductance. Other portions of
these channels also respond to transmembrane
voltage by changing the conformation of the pro-
tein such that (eventually) an imposed membrane
potential can also result in spontaneous closing of
the conductance pathway.

Potassium Channel Structure:
Pore-forming Subunits

Overview

The following information is summarized from
a number of recent reviews of K channel structure®
918,33 More detailed information about the selec-
tivity, rectification, and gating of K channels is
presented in Chapter 5. Potassium channel pro-
teins can be categorized as either voltage- or ligand-
gated. Most of the K channels (and all of the plant
K channels) cloned so far are voltage-gated. Elec-
trophysiological studies have documented the pres-
ence of both inward-, and outward-rectified, volt-
age-gated K channels in the plasmalemma of a
range of plant species and cell types®. However,
cDNAs encoding only inward-rectifying voltage-
gated plant K channels have been cloned to date.
We therefore can presently formulate a structural
picture of only this class of plant K channels. This
review will, consequently, focus on this group of
transport proteins.

The first (animal) K channel was cloned in 1988
by extensive genetic analysis and chromosome
mapping of a Drosophila mutant with a phenotype
displaying uncontrolled shaking®. The translation
product of the gene containing the mutation was
deduced to have homology to the known primary
structure of cloned Ca and Na channel proteins.
Expression of this ‘Shaker’ gene in a heterologous
system resulted in the induction of K-selective cur-
rents which had biochemical properties similar to
currents through K channels in native Drosophila
membranes*?. The observation that expression of
the Shaker gene was sufficient alone to result in
functional K channels led to the supposition that
the Shaker polypeptide formed a transmembrane,
ion-conducting K-selective channel protein. Sub-
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sequent work led to the demonstration that a func-
tional K channel protein can be formed by the as-
sembly of four of these Shaker polypeptides?®. Sev-
eral dozen Shaker homologs have been cloned from
a variety of animal species.

Pore-forming Subunits

‘Shaker’-type animal K channel polypeptides
share a similar tertiary structure, as detailed in
chapter 5. These polypeptides have six membrane-
spanning regions (S1-S6). One of these transmem-
brane regions (S4) is a ‘voltage-sensor’. It is cur-
rently thought that the positively-charged amino
acid residues on this transmembrane portion of the
polypeptide move (within the membrane) in re-
sponse to an imposed transmembrane electrical
gradient. Movement of this section of the polypep-
tide facilitates voltage-gating of the currents
through the pore. In the case of animal K chan-
nels, movement of the voltage-sensor causes the
pore to close at hyperpolarizing (i.e., a change from
a negative resting potential to a more strongly
negative Em) voltages. This results in outward rec-
tification of currents through the channel. At mem-
brane potentials which would drive inward cur-
rents (i.e., hyperpolarization would increase the
electrical component of the force driving influx of
the cation), the voltage sensor closes the channel.
A conserved region of Shaker polypeptides, between
S5 and S6 (the ‘P’ region) forms the pore of the
channel. It is currently thought that the ion-con-
ducting pathway of K channels is formed by the
alignment of the P regions of four K channel
(Shaker-type) polypeptides along a central axis
perpendicular to the plane of the membrane’2. The
most highly conserved region of K channel pore-
forming poly-peptides is within the P domain and
includes the nine amino acids (TMTTVGYGD)
which have been highlighted as the ‘signature se-
quence’ of K channels'®. It is this stretch of amino
acids which forms the inner vestibule of the pore
and confers selectivity to the ion currents through
the channel. This signature peptide is present (with
one or two conservative substitutions) in the se-
quences of all plant K channels published to date.

An intriguing anomaly in the conservation of
structure between cloned animal Shaker polypep-
tides and plant K channels cloned to date lies in
the S4 region. The S4 regions of cloned plant K
channel pore-forming polypeptides share signifi-
cant primary and secondary structural homology
to animal Shaker polypeptides. However, the plant
homologs of Shaker-type animal K channels are
inward rectifying, while the Shaker-type animal
channels are outward rectifying. Expression stud-
ies with chimeric channel complexes’ have shown
that the S4 voltage sensor of plant inward rectify-
ing channels likely acts in a similar fashion as the
S4 region of animal Shaker channels, but may move
in an opposite direction in response to imposed
voltage gradients, hence the resulting reversal of
current rectification.
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Potassium Channel Complexes Contain
More than One Type of Subunit

Introduction

Most of what is currently known about the mo-
lecular structure of K channel proteins has been
formulated from analysis of deduced amino acid
sequences as determined from the nucleotide se-
quences of cloned K channel ¢cDNAs. Study of na-
tive K channel proteins is a daunting task, prima-
rily due to the fact that channels are among the
lowest in abundance of all known classes of en-
zymes. It should be remembered that channel pro-
teins are, in fact, enzymes; their catalytic function
is the regulated conductance of ions across a mem-
brane. In order to carry out this enzymatic activ-
ity, channels move from a closed to an open state.
Passive flux of ions, stripped of their shells of hy-
dration through the ion conducting pathway or pore
of the channel protein, corresponds to the activity
of this class of enzymes. The rate at which ions can
flow through the pore of channel proteins is typi-
cally orders of magnitude greater than the cata-
lytic rate of most enzymes. Thus, only a few chan-
nel proteins need to be present in a native mem-
brane in order to facilitate regulated conductance
of a specific ion across this barrier. The high ‘enzy-
matic’ activity of channel proteins, then, typically
results in their extremely low copy number in a
given native membrane system. This characteris-
tic of ion channels has made work with native ion
channel proteins technically challenging.

Purification of a Potassium Channel

The first ion channel purified from any native
membrane was the Na channel. Purification of this
protein was accomplished by using a radiolabeled
neurotoxin which bound tightly, and specifically
to Na channels, and by using the electricity-gener-
ating organ of the electric eel (which is ~70 per-
cent by weight channel protein!) as a source of the
target channel'. More recently, a similar strategy
was followed by two different research groups?3!
to successfully undertake the first purification of a
native K channel protein. The mamba snake venom
polypeptide dendrotoxin was radiolabelled and used
to follow the target K channel protein during puri-
fication steps, and mammalian brain cortex syn-
aptosomes (enriched in channels) were used as a
protein source. As expected, the purification pro-
tocol yielded a polypeptide which had a similar size
as known Shaker-type K channel polypeptides, and
N-terminal peptide sequencing revealed homology
to corresponding portions of known Shaker chan-
nels, confirming the identity of the purified pro-
tein as a pore-forming, K channel polypeptide3®. The
purification protocol used in this initial work with
native K channel proteins also identified a second
smaller molecular weight polypeptide which at first
was thought to be a contaminant. However, subse-
quent peptide sequencing of the low molecular
weight “contaminant” allowed for sequence-specific
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oligonucleotides to be generated. PCR and subse-
quent expression library screening yielded a full-
length cDNA, encoding this low molecular weight
polypeptide which co-purified with the K channel
pore-forming subunit®*.

Evidence for the Presence of a B Subunit in
Potassium Channels

One of the more powerful techniques used in
the study of ion channels is the functional expres-
sion of their cloned ¢DNAs in a heterologous ex-
pression system such as the Xenopus laevis (South
African clawed frog) oocyte. The oocyte is a conve-
nient expression system because it has low endog-
enous ion channel activity. Potassium channels can
be expressed and the induced currents studied
without the confounding influence of background
K currents.

An important step in our understanding of the
molecular structure of K channels occurred when
the cDNAs encoding the two polypeptides purified
from native brain synaptasome membranes were
coexpressed in oocytes. Coexpression of a cDNA
encoding the low molecular weight polypeptide
along with the cDNA encoding the pore-forming,
Shaker-type subunit altered the gating properties
of the induced currents®. These results demon-
strated for the first time that (at least some) na-
tive K channel proteins are composed of two dif-
ferent types of subunits; an o subunit which, as
described earlier, forms the selective ion conduct-
ing pathway across membranes and o B subunit
which (in some cases) was shown to alter gating
properties of currents through the ion conducting
portion of the channel formed by the o subunits.

Characterization of B Subunit Structure and
Function

The forementioned preliminary work character-
izing (animal) K channel B subunits provided the
following details of their structural and functional
contribution to K channel proteins. Native K chan-
nel proteins are currently thought to be composed
of four o (~ 70-80 kD) and four B (~ 30-40 kD) sub-
units®. The B subunit polypeptides are hydrophilic
and have putative phosphorylation cites; each B
subunit is therefore thought to be cytoplasmic, and
bind to the portion of an o subunit protruding into
the interior of the cell’’. Not much is known just
yet about how the B subunit physically interacts
with the K channel o subunit. Some speculations
in this area have been made based on sequence
analysis of cloned B subunit polypeptides. It has
been suggested? that B subunits may affect o sub-
units, and exert an effect on K channel activity,
through an oxidoreductase function. They may use
cytosolic reductant (NADH) to reduce amino acid
residues on the o subunit. The basis for this hy-
pothesis is as follows. Chouinard et al.’® and
McCormack and McCormack? have noted that K*
channel B subunits share some sequence homol-
ogy with members of a superfamily of enzymes that
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utilize reduced pyridine nucleotide as a cofactor and
catalyze a broad range (i.e., with regard to sub-
strate) of oxidoreductase reactions. Members of this
enzyme superfamily are functionally quite diverse;
nonetheless, they demonstrate substantial conser-
vation of primary sequence related to the presence
of secondary structural elements in these proteins.
Specifically, amino acid motifs corresponding to the
B sheets present in the o/p barrels formed as part
of the tertiary structure of aldo-keto reductases are
conserved!’, Potassium channel § subunits demon-
strate sequence homology to these regions of the
oxidoreductase enzymes. Attributing an oxidoreduc-
tase function to f subunits remains speculative.
This enzymatic activity has not yet been demon-

.strated in preparations of either purified native or
in vitro translated  subunit polypeptide.

This oligomeric structure of a K channel pro-
tein complex is represented in Figure 1. It is not
yet clear whether only some, most, or all native K
channel proteins share this oligomeric structure
and are comprised of two different types (i.e. o and
B) of subunits. Recent studies with native K chan-
nel protein complexes in animal cell membranes
as reviewed by Catterall® and in situ RNA hybrid-
ization studies with mammalian brain tissue (D.
Parcej, personnel communication) indicate that B
subunits may be components of all K channels and
are ubiquitous in animal cell membranes. As will
be discussed later in this chapter, work from our
laboratory with Arabidopsis thaliana cell mem-
branes suggests that this may also be the case in
plants.

Figure 1. Model of the three-dimensional structure of K
channel proteins, shown traversing a cell mem-
brane. In the center of the figure, a K channel com-
plex is shown with four membrane-spanning o sub-
units, with a B subunit bound to the cytoplasmic por-
tion of each a polypeptide. On the right, the channel is
portrayed with the front half removed, revealing the
pore formed by the alignment of the
o subunit P regions.

The initial functional characterization of the f
subunit?® 32 indicated that the presence of this
polypeptide in K channel protein complexes affected
(voltage-dependent) inactivation of currents. As
compared to channels formed from only four o sub-
units, addition of the f subunit transformed some
non-inactivating K channels into fast-inactivating
types and increased the inactivation rate of K chan-
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nels formed from other o subunits. Although most
of these functional studies have reported effects of
the B subunit on inactivation kinetics of channels!®
21,2432 there is one report of a § subunit altering
the voltage dependence (i.e. voltage at which cur-
rent flows through the channel) and kinetics of volt-
age-dependent activation of K channels!?. At this
point, cDNAs encoding several different animal 3
subunits have been cloned. It should be pointed out
that some of these cloned B subunits have failed to
induce inactivation of currents through the part of
the channel formed by the four o subunits in
coexpression studies? 2432, The function of these
subunits is still a subject of active research. More
recent studies!® %7 suggest a different, and more
fundamental role that these B subunits may play
in K channel function. This work suggests that 3
subunits may act as chaperone-like polypeptides
and play a role in biosynthetic maturation and sur-
face expression of the holoenzyme K channel com-
plex. This latter putative role of f subunits may be
more relevant to the situation in plants. Most na-
tive plant K channels display non-inactivating volt-
age-dependent currents. The function some of the
animal B subunits play in facilitating inactivation
of the channel may not be physiologically relevant
to the role K channels play in plant cell membranes.
For a more thorough discussion of this topic, read-
ers are referred to chapter 5, and to a recent re-
view by Schroeder et al.?3,

Ball and Chain Inactivation

Gating mechanisms are typically critical to the
physiological function of ion channels in animal cell
membranes because channels contribute to the
generation of action potentials of excitable cells. A
combination of currents (usually Na and K) results
in the rapid depolarization and then repolarization
of the cell membrane potential over the course of
several milliseconds in these excitable cells. The
action potential is generated by the specific open-
ing, then rapid closing of ion channels. The closing
of the channels occurs in response to the rapid
changes in Em which occur during the action po-
tential (i.e. the channels are voltage gated, and as
the Em changes, the percentage of channels which
are open changes). However, channels which are
open at a given membrane potential close over time
(i.e. resulting in the maintenance of a fully open
state and maximal conductance for a brief, ~ milli-
second duration), even if membrane potential is
held constant. At a given Em, currents through
(many) animal K channels demonstrate rapid time-
dependent inactivation (the conductance through
the channel decreases). As mentioned above, the
role K channels play in plant physiological func-
tion typically does not warrant such rapid changes
in conductance. Most K currents recorded from
native plant membranes demonstrate only com-
paratively slow, or no inactivation.

Although there are some other mechanisms
which facilitate inactivation of currents through
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animal K channels, the most common means by
which conductance is decreased through the ion-
conducting pathway formed by the four o subunits
is by N-terminal “ball and chain” inactivation. The
following information detailing this system of chan-
nel gating is summarized from the review presented
by Jan and Jan?.

Nitrogen-terminal inactivation of currents
through the ion-conducting pathway is facilitated
by the voltage-dependent movement of a portion
of the channel protein into the inner mouth of the
channel pore, occluding the conductance pathway.
The portion of the protein which physically occludes
the pore is envisioned to have the tertiary struc-
ture of a ball. The (overall) hydrophilic ball struc-
ture is known to be present on the portion of the K
channel protein which protrudes into the interior
of the cell. The ball structure is “tethered” to the
rest of the channel protein by a “chain” formed by
hydrophilic amino acids which have little constraint
imposed on their movement by the structure of the
rest of the protein. This inactivation ball is thought
to be formed by the first (N-terminal) ~ 20 amino
acids of the o subunit in the case of some specific
animal K channel proteins. Not all animal K chan-
nel o subunits are inactivated by an N-terminal
ball-and-chain structural component of the o sub-
unit. A similar length of amino acids at the N-ter-
minus of some (but not all) animal  subunits can
also form this ball structure. Current models of K
channel structure suggest that the presence of this
N-terminal ball structure in some B subunits is
thought to confer the ability of these polypeptides
to affect the gating properties of K channel pro-
teins of which they are a component.

Different K channel B subunits are expressed
from a single locus by alternative splicing. The B
subunits cloned from animals to date can be cat-
egorized from analysis of their deduced sequences
into three different splice variants. These polypep-
tides all share a highly conserved central core re-
gion and differ primarily with regard to the vary-
ing length of their N-terminal extensions. Animal
B subunits with relatively long N-terminal exten-
sions include regions which form the ball and chain,
conferring on them the ability to facilitate gating
of the K channel protein. Those that lack this ex-
tension have no effect on gating properties but have
been demonstrated to enhance surface expression
of the K channel complex.

B Subunits in Plant Potassium Channels

Work from this laboratory!® %% 41 ]ed to the clon-
ing of the first two plant K channel  subunits,
KAB1 and KOB1 from Arabidopsis thaliana and
rice, respectively. These p subunits share 45-50
percent overall amino acid identity with animal K
channel B subunits, but show a higher degree of
sequence conservation in regions corresponding to
the putative oxidoreductase functional domains.
Based on the forementioned analysis of animal 3
subunit structure:function, both KAB1 and KOB1
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can be classified as “short” B subunit polypeptides,
lacking the N-terminal extension forming the in-
activation ball of longer animal B subunits. As
shown in Figure 2, the N-terminal region of KAB1
(and KOB1, not shown) is shorter than the short-
est animal B subunit cloned to date. The N-termi-
nus of the plant B subunit polypeptides represents
the beginning of the “core” region shared by all of
the (animal) f subunit splice variants.

Bk MSMALCNLNGDG 12
Hk SAAQSTSQSQSPAATAAAAPLLPHSHSHTLQPESTPLLLGHEQSGSAAPEGSGGGD 68
Hk VADGAVTSTIEMPTVVADDAGVPPLPLPLPOSTPOPLLMALPANLNFITGPTTQQLM 124
Hk IGNGAMGVIPSTNI DNTSI VTIYRCRAPIASLDCMEEFSGR 180
ratkvgl MOVSIACTEHNLKSRNGEDRLLSKQSSTAPNVVNAARAKFRTVATIARS 49

hKvg3 MHLYKPACADIPSPRLGLPKSSESALKCRWHLAVTKTQPQAACKPVRPSGAAEQKY 56
ferKvf3 MHLYKPACADIPSPKLGLPXSSESALKCRRHLAVTKPPPQAACWPARPSGAAERKF 56

hKvg2 MYPESTTGSPARLSL 15
bovKvp2 MYPESTTGSPARLSL 15
ratkKvp2 MYPESTTGSPARLSL 15

Hk SISLGSNPALPLRHGSTPTPGLI GLR PVESP 2 236
ratKvfl LGTFTPQHHISLKESTAKQTGI s R R
hXvp3 VEKFLRVHGISLQETTRAETGI
ferkvg3 LEKFLRVHGISLQETTRAETGI
hKvp2 ROTGSPGMIYSTRYGSPKRQLQ!
bovKvp2 RQTGSPGMIYSTRYGSPKRQLQ
ratKkvp2 RQTGSPGMIYSTRYGSPKRQLQFYI
KAB1 MORH

Figure2. Alignment of the N-termini of (deduced) K channel B
subunit amino acid sequences. Numbers on the right
refer to the position in each sequence of the amino
acid directly to the left. The B subunit sequences
shown in this figure are the Drosophila polypeptide
from the hyperkinetic locus (Hk), the B1 (ratkvf1)
and B2 (ratKvp2) polypeptides from rat brain, the $2
(hKvB2) and B3 (hKvp3) polypeptides from human
atrium, the B2 polypeptide from bovine brain
(bovKvp2), and KAB1 from Arabidopsis thaliana. A
cysteine (C) residue is present near the N-terminus
of Hk, ratKvp1, hKvB3, and ferKvf3, while this amino
acid residue is absent from the shorter N-termini of
the B subunits (hKvB2, bovKvf2, ratkvp2, and KAB1)
which have not been found to affect gating of cur-
rents through o subunits. This cysteine residue is
thought to be involved in B subunit binding to the a
subunit in K channel proteins which show B subunit
inactivation (see ref. 40 for further discussion).
Amino acid identity in the beginning of the central
core region of the B subunit sequences is portrayed
by shading.

We have examined the effect KAB1 coexpression
has on plant K channel o subunits (X. Zhang and
G. Berkowitz, unpublished data). Coexpression (in
frog oocytes) of KAB1 with the plant K channel o
subunit KAT1 did not alter any gating parameters
of the induced currents. However, at a given hy-
perpolarizing voltage, whole-cell (inward) K cur-
rents were increased in the presence of KAB1. We
interpret this result as consistent with the possible
role B subunits have on assembly and expression
of the channel complex. Greater whole-cell currents
would result from an increase in the level of func-
tional expression of the channel complex. Thus,
plant K channel B subunits such as KAB1 may
enhance the stability of the oligomeric channel com-
plex during expression and insertion into mem-
branes.

Results from a series of experiments we have
recently undertaken (J. Ma, X. Zhang, G.
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Berkowitz, unpublished data) offer a final, intrigu-
ing point regarding gating and inactivation of cur-
rents through plant K channel o subunits. As dis-
cussed above, native plant K channels do not dem-
onstrate inactivation gating typically found in ani-
mal (voltage gated) K channels. We also are un-
aware of any cloned plant o subunit which displays
inactivating currents upon functional expression
or any plant B subunit which confers inactivation
upon coexpression with a subunits. These findings
suggest that inward rectifying voltage-gated plant
K channels are incapable of inactivation. In order
to evaluate the capacity of plant o subunits to un-
dergo inactivation, we generated a chimeric con-
struct of the plant K channel o subunit KAT1 which
contained a portion (the NAB domain, see below)
of the N-terminus of a Shaker-type animal K chan-
nel, Kv1.4. The animal o subunit Kv1.4 is capable
of facilitating N-terminal inactivation. It contains
the N-terminal “ball and chain” sequence. Gener-
ating the KAT1 polypeptide with the NAB domain
allowed for co-assembly of heteromeric channels
containing plant (i.e. KAT1 with the added NAB
domain) and animal (Kv1.4) o subunits. Functional
expression of these heteromeric channels in oocytes
resulted in inward K currents (i.e. currents through
channel complexes containing KAT1). However,
these inward currents underwent fast inactivation,
presumably due to the ball of a Kv1.4 peptide oc-
cluding the pore of the heteromeric channel. These
results suggest that plant inward rectifying K chan-
nel o subunits are capable of inactivation, if a ball
portion of the protein is present to bind to the in-
ner vestibule of the pore.

The Molecular Structure and Assembly of
Plant Potassium Channels

o:0. Subunit Binding

Animal outward rectified (i.e. ‘Shaker-type) K
channels can be divided into four subfamilies;
Shaker (Kv1), Shab (Kv2), Shaw (Kv3), and Shal
(Kv4)% 9 18,30 Heteromeric complexes can form be-
tween o subunits within each of these families, but
not across these subgroupings of channels*.
Protein:protein interaction studies have demon-
strated that a conserved region in the N-terminus
of these polypeptides, referred to as the NAB do-
main, is responsible for the promotion of a:c sub-
unit binding and for preventing these associations
between o subunits of different subfamilies?? 43 44,
The NAB domain is apparently not present in the
N-terminus of plant K channel o subunits; the ba-
sis for oo subunit binding in plants has not yet
been characterized in the published literature.
However, sequence analysis has led us to an in-
triguing speculation regarding the structural ba-
sis for plant K channel o:o subunit associations.

Our speculations regarding plant K channel a:o
subunit interactions began with a homology analy-
sis (Figure 3) of cloned plant (Figure 3A) and ani-
mal (Figure 3B) K channel o subunits. The re-
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sults of such an analysis indicate that, as discussed
previously, there is a high degree of primary se-
quence conservation in regions of these polypep-
tides which are known to be involved with various
aspects of K channel function. In both plant and
animal K channel o subunit polypeptides, the pore
region and the membrane spanning regions (S1-
S6, including the voltage sensor S4) demonstrate
relatively high degrees of sequence conservation.
As shown in Figure 3B, animal K channel « sub-
units have a long (mostly hydrophilic) N-terminal
region prior to the conserved, membrane spanning
(S1-S6) sequences. The only conserved portion of
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Figure 3. Similarity plots of (A) the plant K* channel a sub-
units KAT1, AKT1, AKT3, and KST1, and (B) for eight
animal Shaker-related K* channel a subunits. These
similarity analyses were generated using GCG (Ge-
netics Computer Group, Madison, WI) software;
PILEUP program for sequence alignment followed
by PLOTSIMILARITY to generate plots of sequence
similarity. The numbers on the horizontal axis rep-
resent relative position in the alignment, and do not
correspond to the actual amino acid residue posi-
tion in an individual sequence. The vertical axis rep-
resents relative similarity in arbitrary units. The
heights of the peaks are indicative of the relative
degree of sequence conservation (higher values in-
dicate greater conservation). Average similarity for
the sequences plotted in each analysis is portrayed
by the broken line. In addition to the membrane span-
ning regions of the proteins (S1 through S6 and the
P region), the “PAB” box, cyclic-nucleotide binding
(CNB) domain, and tail region of plant polypeptides
are indicated, and the A box and B box of the NAB
domain of animal polypeptides are indicated.
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this N-terminal leader sequence is the NAB do-
main, which is made up of a conserved “A Box”
and “B Box”**. Plant K channels, in contrast, have
a very short N-terminal sequence preceding the
S1-S6 domains (Figure 3A). This short N-termi-
nal region of plant K channel o subunits has a rela-
tively low degree of sequence conservation and does
not contain regions homologous to the NAB domain
found in animal channels. In contrast to the short
N-terminus of plant o subunits, the (hydrophilic)
C-terminal region of plant o subunits extending
beyond the last membrane spanning sequence (S6)
is quite long. This extended C-terminus of plant o
subunits shows little sequence conservation with
the exception of a region we denote as a “PAB” box
(see discussion below) next to the S6 sequence, a
putative cyclic nucleotide binding domain (dis-
cussed in ref. 33), and a region we refer to as the
“tail” at the extreme C-terminus of the polypep-
tide (Figure 3A). These regions of sequence con-
servation in plant o subunits in the portion of the
polypeptide C-terminal to the S6 sequence contrast
with the low degree of homology in the C-terminus
of animal o subunits, as shown in Figure 3. In-
triguingly, we have noted some sequence indentity
between the PAB box (‘Plant A and B box’) of plant
K channel o subunits which is towards the C-ter-
minus of the (S1-S6) membrane-spanning regions
and the A and B boxes of the NAB domain of ani-
mal K channel o subunits, which is present at an
entirely different portion of the polypeptides, N-
terminal to the (S1-S6) membrane-spanning re-
gions. The comparison shown in Figure 4 identi-
fies regions of the PAB domain of the plant o sub-
unit KAT1 which have some sequence identity (29
percent and 38 percent, respectively) to the A and
B boxes of the NAB domain in the N-terminus of
animal o subunits. We also note some homology in
secondary structure amongst these regions of the
polypeptides (Figure 4). This analysis led us to
speculate that regions C-terminal to S1-S6 (spe-
cifically the PAB box) of plant o subunits may play
a role in o:o subunit binding and channel assem-
bly. The identification of a region towards the C-
terminus of plant o subunits as critical for subunit
recognition and channel assembly would be in
marked contrast to mechanisms facilitating o:o
subunit interactions in animal K channels. Re-
search from many different labs using a variety of
approaches has demonstrated that o:o and o:p in-
teractions and assembly of functional animal K
channels are dependent on the o subunit N-termi-
nus (including regions around the NAB domain),
and that the C-terminal portion of the o subunit
polypeptide is not required for channel assembly?
16, 19, 20, 38, 44.

Results of current research in our laboratory (J.
Ma and G. Berkowitz, unpublished data) are con-
sistent with a role for the plant o subunit C-termi-
nus (including the PAB box) in subunit binding,
assembly of the channel complex, and functional
expression of plant K channels. A summary of the
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Figure 4. Alignment of the C-terminal tail region of the plant o
subunit KAT1 with the A box and B box of the N-
terminal NAB domain of the animal K channel a sub-
unit Hkv1.4; deduced amino acid sequences are
shown using single letter abbreviations. Numbers
on the left of the sequences correspond to the posi-
tion of the amino acid directly to the right of the
number. Predicted secondary protein structure is
portrayed on the top for the Hkv1.4 sequence and
on the bottom of the KAT1 sequence. Secondary
protein structure was developed using the PHDsec
program (available from the EMBL WWW server:
www.embl-heidelberg.de/predictprotein.html). H de-
notes predicted helix structure, E denotes B strand,
and blank regions denote no regular structure, or
presumed loops. Regions of primary sequence iden-
tity are shaded.

experimental evidence supporting this conclusion
is as follows. Deletion of the first (i.e. N-terminal)
28 amino acids of KAT1 did not affect functional
expression in oocytes. These results suggest that
in plant o subunits, a significant portion of the to-
tal N-terminal region upstream from the first mem-
brane spanning region (i.e. S1 starts at 1.66) is not
required for functional assembly of plant o sub-
units. (Marten and Hoshi?? published similar re-
sults.) A significant portion of the KAT1 C-termi-
nus can be deleted (D541-677, i.e. the C-terminal
137 amino acids) without effects on functional ex-
pression. Apparently, the most extreme portion of
the C-terminus of plant o subunits, including the
conserved tail region, is not critical for functional
channel expression. However, deletion of a C-ter-
minal portion of KAT1 which includes the PAB box
prevents functional expression. We further inves-
tigated the effect the PAB box of KAT1 has on sub-
unit assembly using assays of protein:protein in-
teraction (methods described in ref. 40). We found
that a C-terminal portion of KAT1 (amino acids
308-677) which includes the PAB box was able to
bind to the full-length KAT1 polypeptide in vitro.
We also determined that the KAT1 N-terminus
(amino acids 1-54) is able to bind full-length KAT1.
These results together support a model of plant K
channel o0 subunit interaction which is quite dif-
ferent than our current understanding of the ba-
sis for o subunit assembly in animal K channels.
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We currently speculate that instead of the N-ter-
minal NAB domain, the C-terminal PAB box is criti-
cal for o subunit interactions and channel assem-
bly. However, our current model includes involve-
ment of the N-terminus in o subunit interactions.
We believe that the N-terminus of one o subunit
can physically interact, and bind with the C-ter-
minus of another plant K channel o subunit. These
o subunit interactions are portrayed as part of the
physical model of plant K channel assembly shown
in Figure 5.
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Figure5. Model of protein:protein interactions between plant
K channel subunits. Three o subunits are shown at
the top of the diagram, and three § subunits (arrow
structures) are shown at the bottom. The P, or pore
region of the a polypeptides, is portrayed as a hair-
pin loop (formed by amino acids 256 through 273)
at the top of each subunit. For the a subunit in the
center of the diagram, the entire primary sequence
is portrayed as an unbroken line. This model por-
trays regions of binding between both a.and B sub-
units. The B subunits are portrayed as binding to
other B subunits adjacent in the protein complex,
and also to the N terminal region (near amino acid
34) of one o subunit and the C terminal region (after
amino acid 333) of an adjacent a subunit. The por-
tion of the B subunit binding to o polypeptides is
portrayed as including amino acids 289-328 in the b
polypeptide.

]

Involvement of the p Subunit in Plant K Channel
Assembly

Our demonstration that coexpression of KAB1
with KAT1 increases whole cell currents in oocytes,
as discussed previously, is suggestive of a role for
B subunits in efficient assembly and expression of
the plant K channel protein complex. Further stud-
ies of protein:protein interactions between plant K
channel subunits (J. Ma and G. Berkowitz, unpub-
lished data) support this contention. We found that
the plant B subunit KAB1 bound to both the N-
terminus (amino acids 1-54) and the C-terminus
(amino acids 333-677) of the o subunit KAT1. We
localized one specific region of the B subunit re-
sponsible for these physical associations as the C-
terminus (amino acids 289-328) of the KAB1 se-
quence. Deletion of this region of the B subunit
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prevented binding to both the C-terminal and N-
terminal regions of plant o subunits. The model of
physical interaction between plant K channel sub-
units shown in Figure 5 incorporates these results;
aregion of the B subunit including amino acids 289-
328 is portrayed as interacting with the N-termi-
nus of one and the C-terminus of another o sub-
unit. Our protein:protein interaction studies also
demonstrated a physical interaction in vitro be-
tween plant B subunits. We used the yeast two-
hybrid system?® to investigate the in vivo physical
interactions between plant K channel § subunits.
Results from the yeast two-hybrid system demon-
strated that the physical interaction between plant
B subunits (i.e. between KAB1 and KAB1) could be
prevented if one of the constructs had either the
first 28 (D1-28), or the last 39 (D289-328) amino
acids deleted from the KAB1 sequence. Collectively,
the results of our functional expression, and
protein:protein interaction studies suggest the fol-
lowing model (portrayed in Figure 5) of plant K
channel subunit interaction and protein assembly.
The C-terminus of one B subunit binds to the N-
terminus of an adjacent B polypeptide. A region of
the B polypeptide including amino acids 289-328
can bind to the N-terminal region of one o subunit
and the PAB box region towards the C-terminus of
an adjacent o polypeptide. The same two regions
of adjacent o subunits also physically interact. The
presence of (presumably) four B subunits, interact-
ing with each other and with adjacent o subunits,
stabilizes the assembly of the channel complex.

Expression of Plant K Channel Subunits 7z Situ

Recent studies from a number of different groups
have begun to provide us with a better understand-
ing of the expression patterns of plant K channel
polypeptides. The A. thaliana K channel o subunit
KAT1 is expressed primarily in leaves, specifically
in guard cells?, while the o subunit AKT1 is pri-
marily expressed in roots* of the same plant spe-
cies. The KAT1 subunit is likely involved in K
movements facilitating turgor changes in guard
cells, while AKT1 plays a role in passive uptake of
K into plants. The AKT2, cloned from the same
plant species, is expressed in leaves, but this o sub-
unit has not yet been functionally characterized®.
KST1, a homolog of KAT1 cloned from potato, is
also likely expressed in guard cells of leaves®. The
A. thaliana B subunit KAB1 is expressed in leaves,
flowers and roots*. Since the o subunits KAT1 and
AKT1 are expressed in leaves and roots, respec-
tively, and KAB1 expression is ubiquitous, we
speculate that in vivo, the f subunit KAB1 can bind
to different o subunits. Our in vitro binding stud-
ies support this assertion; KAB1 was found to bind
to both KAT1 and AKT1, but not an animal K chan-
nel o subunit (J. Ma and G. Berkowitz, unpublished
data). Homologs of KAB1 have been identified in
seven of 15 plant species tested®. Expression of the
KAB1 h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>