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1 General introduction

The existence of life is based on the existence of water. Water is not only used in
metabolic processes during growth and development of organisms, it also plays a
critical role as a solvent and transport vehicle for nutrients and metabolites. Water
transport across cell membranes (osmosis) still is a hot research topic as indicated by
the delivery of the Nobel prize in chemistry to Peter Agre in 2003 for the discovery of
aquaporins (water channels, AQPs) in the early 1990s. Before the discovery of AQPs,
water movement across cell membranes has been thought to be via simple diffusion
through the lipid bilayer (e.g. Liittge, Kluge & Bauer 2002). However, this could not
explain that membrane water permeability of some cells, such as erythrocytes and renal
epithelia, is extremely high (Macey 1984). Actually, even earlier than that, scientists
started to discuss that pores or channels could exist in biological membranes, and that
water may also transport across water-filled pores. The selectivity of these pores has
been discussed as well at that time (Koefoed-Johnsen & Ussing 1953; Dainty 1963;
House 1974; Stein 1986; Finkelstein 1987).

The discovery of the proteinaceous AQPs started in the late 1980ies. The first AQP
gene — CHIP28 of erythrocytes (‘channel forming integral membrane protein’; MW =
28 kDa; now called AQP1) — was cloned by Denker et al. (1988). The expression of
CHIP28 in Xenopus oocytes subsequently enhanced the swelling rate of the cells in
hypotonic buffer indicating that CHIP28 facilitated water transport across the
membrane. The process was reversibly inhibited by mercurials such as HgCl, which is
now accepted as a common inhibitor of AQP activity (Preston et al. 1992; 1993). y-TIP
from the tonoplast of Arabidopsis was the first AQP gene which was identified in
plants. It was functionally expressed in Xenopus eggs by Maurel et al. (1993). Later,
AQP activity was also shown for homologues residing in the plant plasma membrane

(e.g., Daniels, Mirkov & Chrispeels 1994; Kammerloher et al. 1994).

AQPs are membrane proteins that belong to the major intrinsic protein (MIP) family,
with members found in nearly all-living organisms (Agre, Bonhivers & Borgnia 1998).

AQPs have six membrane-spanning alpha helices with cytoplasmically oriented N- and



C- termini (Fig. 1). The cytosolic loop (loop B) between the second and third trans-
membrane domain and the extra-cytosolic loop (loop E) between the fifth and sixth
trans-membrane domain form short helices that are relatively hydrophobic and insert
into the membrane from opposite sides. These two loops contain highly conserved Asn-
Pro-Ala (NPA) motifs and form an aqueous channel at its narrowest, and hence, the
selective point (Murata et al. 2000). Studies of the transport properties of AQP pores
demonstrated that, in accordance with their small internal diameter, AQPs are highly
selective for water largely by excluding bigger molecules and charged ions. AQPs just
allow the passage of one water molecule after the other in a single file. Actually, MIPs
that specifically transport water are named AQPs. To date, 35 MIPs have been identified
in plants, which can be classified into four different subfamilies based on their sequence
similarity: PIPs (plasma membrane intrinsic proteins); TIPs (tonoplast intrinsic
proteins); NIPs (nodulin26-like intrinsic proteins) and SIPs (small basic intrinsic
proteins) (Weig, Deswarte & Chrispeels 1997; Chaumont et al. 2001; Johanson et al.
2001; Javot & Maurel 2002).
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Figure 1. Schematic model of the structure of an AQP showing the principal features of the protein.
Alpha helices are represented as rectangles. There are six trans-membrane domains (TM1-TM6) with N
and C termini sitting in the cytosol connected by five loops (A-E). Two helical domains (HB and HE) in
different loops dip halfway into the membrane from opposite sides and form the ‘single file’ aqueous
pore. Loops B and E contain the highly conserved NPA motifs which should be positioned one above the

other in the three-dimensional structure (modified after Chaumont et al. 2001)



Although water transport across membrane pores has been proposed before (Dainty
1963; House 1974; Finkelstein 1987), the discovery of the molecular structure of AQPs
and detailed studies of their function did bring a revolution into investigations of plant
water relations, at least where membranes are involved (Steudle & Henzler 1995;
Maurel 1997; Kjellbom et al. 1999; Tyerman et al. 1999; Steudle 2000, 2001; Maurel &
Chrispeels 2001; Javot & Maurel 2002; Tyerman, Niemietz & Bramley 2002;
Chaumont, Moshelion & Daniels 2005; Luu & Maurel 2005). There is accumulating
evidence that AQPs play an important role in plant water relations at the levels of cells,
tissues, organs, and whole plants. AQPs facilitate the rapid, passive exchange of water
across cell membranes. Most (75% — 95%) of the water permeability of plasma

membranes is due to AQP activity (Henzler, Ye & Steudle 2004).

As during the transport of ions across ion channels, the flow of water is always downhill
(passive) across AQPs. However, the open/closed state of AQPs may be ‘gated’ in order
to regulate water relations. Quite a bit of current research on plant water channels is
focusing on this gating of AQPs; i.e. on opening or closing mechanisms which are
thought to play a key role in the adaptation of plants to different kinds of factors or
stresses and, perhaps, in the cross-linking of events such as between water relations and
plant nutrition or oxidative and osmotic stresses (Clarkson et al. 2000; Javot & Maurel
2002; Tyerman et al. 2002; Pastori & Foyer 2002). Many internal (metabolic) factors or
external (environmental) stresses have been found to cause a gating of AQPs (switches

between open and closed states) as following:

(i) Metabolic control of AQP activity:

e pH and pCa: both H and Ca® contributed to switch membrane AQPs from an

active to an inactive state (Gerbeau et al. 2002; Tournaire-Roux et al. 2003).

e Protein phosphorylation: provided a metabolic control of AQP activity which
could be activated by protein phosphorylation (Johannson et al. 1996).



(if) Environmental control of AQP activity:

e Osmotic stress or salinity: cell or root hydraulic conductivity decreased with
increasing medium concentration or salinity (Steudle & Tyerman 1983; Azaizeh,

Gunse & Steudle 1992).

e Temperature: cell hydraulic conductivity increased as increasing temperature

(Hertel & Steudle 1997; Lee, Chung & Steudle 2005 a, b).

e Heavy metals: mercurials (HgCl,) bind to SH-groups of cysteine residues of
AQPs changing the conformation of AQPs. The subsequent closure of AQPs
could be recovered by scavengers such as 2-mercaptoethanol (Henzler &
Steudle 1995; Tazawa, Asai & Iwasaki 1996; Zhang & Tyerman 1999; Niemietz
& Tyerman 2002; Virkki ef al. 2002).

e Nutrient deprivation: lowered root hydraulic conductivity (Carvajal, Cooke &

Clarkson 1996; Clarkson et al. 2000).
e Drought: deceased root hydraulic conductivity (Martre, North & Nobel 2001).

e Hypoxia: reduced hydraulic conductivity of cortical cells of wheat roots (Zhang

& Tyerman 1999).

e Development of plant: a higher level of cell membrane AQP gene expression in
younger (elongating) regions than older (mature) regions (Hukin et al. 2002;

Eisenbarth & Weig 2005).

¢ Diurnal rhythm: related to diurnal synthesis and degradation of channel proteins

(Henzler et al. 1999).

e Mechanical stimuli (energy-input model): big pressure pules resulted in the
input of kinetic energy to the channel constriction (NPA motif of AQPs) which
may cause a conformational change of the channel protein (Wan, Steudle &

Hartung 2004; Lee ef al. 2005b).



e Plant stress hormone ABA: had a positive effect on AQP activity to re-open
closed channels induced by pressure pulses or low temperature (Freundl, Steudle
& Hartung 1998, 2000; Hose, Steudle & Hartung 2000; Wan et al. 2004; Lee et
al. 2005b).

This list may get longer in the future. In most of the examples presented, precise
mechanisms by which stresses or other factors actually gate the open/closed states of
AQPs are not yet known. Intense research is underway in different labs to clarify
mechanisms. Eventually, we may end up with a picture analogous to that available for

ion channels (Khakh & Lester 1999).



The studies referred to in this dissertation focused on two new gating mechanisms
of AQPs in plants by different stresses.

* One is called ‘cohesion/tension (C/T) mechanism’ for the gating of AQPs at
high external concentration/salinity. Internodes of Chara corallina, have been
used in these studies to work out the concentration dependence of cell hydraulic
conductivity (Lp) during osmotic stress (Ye, Wiera & Steudle 2004). A
cohesion/tension model has been developed which explains the osmotic
dehydration of AQPs. The model proposes an exponential decrease of the cell
membrane permeability to water (hydraulic conductivity; the cell Lp) with
increasing osmolyte concentration. Pore volumes of AQPs (V.) in the plasma
membrane of Chara internodes have been estimated from the ‘dehydration

curves’ (Ye, Muhr & Steudle 2005). Alternatively, pore volumes were estimated

from ratios between osmotic (P, = Lp-RT/ V) and diffusional (P,) water flow.

P¢/P4 ratios should represent the number of water molecules (N) in a single-file
water channel pore (Levitt 1974), which refers to the pore volume. Since Py
could have been underestimated due to effects of unstirred layers (USLs), which
in turn, affect calculations of the N values and pore volumes, a quantitative re-
examination of the role of USLs during measurements of transport parameters of
water and solutes has been performed with internodal cells of Chara corallina

(Ye, Kim & Steudle 2006).

» The other mechanism studied the ‘oxidative gating’ of AQPs which was first
found in experiments with Chara corallina (Henzler, Ye & Steudle 2004).
Besides the Chara system, this mechanism was also tested in a higher plant in
experiments with roots of young corn seedlings (Ye & Steudle 2006). Oxidative
gating caused a dramatic decrease of AQP activity both in Chara and root cells.
Cell Lp reversibly decreased by a factor of 10 or more in the presence of
reactive oxygen species (ROS) members. Hydroxyl radicals (*OH) appeared to
be the most effective inhibitor of AQPs. Inhibition recovered after removal of
ROS from the medium. Oxidative gating of AQP in the presence of ROS may
indicate an interaction between the redox status (oxidative stress) and water

relations (water stress) in plants.



1.1 Water and solute flows

Water and solute transport processes (‘flows’) across cell membranes or more complex
barriers separating different compartments such as internal and external environment of
a cell are particular irreversible processes (Kedem & Katchalsky 1958; 1963 a, b). The
study of water and solute flows using pressure probe techniques has a theoretical
background, which is derived from principles of irreversible thermodynamics,
sometimes referred to as the “KK theory”. In general terms, this theory considers flows
(J;) which are driven by certain forces (Xj), and the entropy production in the system
(sum of J; x Xj). If the system is operating close to thermodynamic equilibrium,
relationships between flows and forces are usually linear, i.e., flow = conductance x
force holds. For an ideal osmometer, it holds for the water (volume) flow (Jy in m*-m"
2.5 that
J, =Lp-AY, (1)
where Lp is the hydraulic conductivity (in m-s"-MPa™; A¥ (in MPa) is the difference of
water potential in both sides of the membrane or barrier which is the driving force of Jy.
In the presence of just a passive, diffusional solute flow (J in mol-m™s™), we have:
J,=P-AC,, @)

where P (ms™) is the permeability coefficient and AC, the concentration difference
which is the driving force of J;. However, Eqns (1) and (2) are not complete because
they neglect interactions or couplings between flows, which are more realistic and
provided by the theory. For example, when water and solutes move through pores (such

as water channels), they may interact with each other.

The KK theory provides a correct and complete quantitative description of transports
across a membrane (barrier). For the sake of simplicity, the theory is applied here to a
single cell in a medium to work out cell water relations and interactions between water
and solute flows. If (i) the cell interior (superscript ‘i’) and the medium (superscript ‘0”)
are treated as a two-compartment system; (ii) only the water (volume) flow (Jv) and the
flow of a single solute (J) are considered; (ii1) flows out of the cell are defined as

positive and flows in to the cell as negative, we get for the flows (Steudle 1993):
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1 dv ;
o=~ pp o, RTC ), ()
A dt - _
hydraulic flow osmotic flow
and
1 dn] < — .
Jy=—— T p(Cl-C+(-0)C,J, + T, )
t . ~ J - ~ J \_Y_}
diffusion flow solvent drag active transport

respectively. Here, J, [m-s”'] water (volume) flow
vV  [m’] cell volume
A [m?]  cell surface area
t [s] time
Lp [m-(s-MPa) ] hydraulic conductivity
P [MPa] hydrostatic pressure (turgor) of the cell as referred the

reference of atmospheric pressure

o, [1] reflection coefficient

R [J-(mol-K)']  gas constant (= 8.314)
T [K] absolute temperature

C; [mol'm®] osmotic concentration

J;  [molm?s'] solute flow

n [mol] number of molecule in mol

P, [m-s'] permeability coefficient

C. [mol'm™] mean concentration in both sides of the membrane

J. [mol-m>s'] active transport flow

In Eqn (3), volume flow Jy is shown as a change of cell volume with time, which is
referred to unit area of cell surface (A). Hence, Jy has the dimensions of a velocity and
denotes the speed by which water molecules pass the membrane. The water (volume)
flow has two components: (i) a hydraulic flow (Lp-P) driven by the hydrostatic pressure
gradient, Lp is the hydraulic conductivity of the cell membrane; and (ii) an osmotic
water flow driven by the difference in osmotic pressure (Lp-osAmg; Amg = RT‘(CSi -

Cs"), van’t Hoff’s law). The osmotic term is modified by another coefficient, the
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reflection coefficient os. The physiological meaning of oy is that of ‘passive selectivity’
of the membrane for a given solute. It is evident that o is a quantitative measure of the
deviation of the osmotic cell from being ideally semipermeable. It denotes the
interaction between water and solutes as they cross the membrane. In the case of an
ideal osmometer which has a semipermeable membrane, just the solvent (water), but no
solute can pass through (Ps = 0; o, = 1). In this case, the osmotic force driving the water
will be identical with the water potential difference, i.e. AY = - Ang = - RT-(CSi —C):

Jv:—l-d—V:Lp~P—Lp~RT(C§—C;’):Lp~A‘P, (5)
A dt ‘ ‘
which is identical with Eqn (1). On the other hand, when o, = 0, the membrane does not
distinguish between the solute and water; both pass at the same rate. The reflection
coefficient can also be interpreted as a measurement of the interaction between solute
and water molecules as they cross the membrane (see above). Usually, o ranges
between zero and unity. For most of the solutes naturally present in the cell sap of plant
cells (ions, sugars, metabolites etc.), reflection coefficients will be close to unity. There
are also exotic cases, when o < 0. This phenomenon that can be observed in plant cells
is called anomalous or negative osmosis. As shown in this thesis, anomalous osmosis
takes place during the closure of water channels, when rapidly permeating solutes move

across the membrane at a rate which is higher than that of the water (Steudle & Henzler

1995; Henzler, Ye & Steudle 2004; Ye & Steudle 2005).

Eqn (4) contains three different components of the solute flow (J;). A diffusional
component, Ps-(Csi-CSO), relates concentration gradients to the flow according to Fick’s
first law of diffusion by the permeability coefficient, P,. The second term is called
‘solvent drag’. It quantifies the interaction between solute and water as they cross the
membrane, or the amount of solute dragged along with the water flow, e.g. in
membrane pore such as AQPs. This term is zero, when the solutes are completely
excluded from the membrane and o5 = 1. The last term on the right side (Js*) is the
active component of the solute flow. It represents the interaction of solute flow with
metabolic reaction, like splitting of ATP into the ATPase. This component is usually
neglected during solute flow, but determines the absolute level of cell turgor which, for

example, refers to the active pumping of ions (Steudle 2001; Gaxiola ef al. 2001). There
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1s no equivalent for a primary active pumping of water in Eqn (4), because there is no
evidence for such a direct coupling between water flow and the degradation metabolic
energy (i.e., for an ATP-driven water pump; Steudle 2001). The existence H,O-
ATPases is highly unlikely, because such water pumps would be short-circuited by the

high water permeability (Lp) of cell membranes.

1.1.1 Elastic modulus

The elastic modulus (€) is an important physiological parameter that relates volume and
pressure of the cell. It characterizes elastic properties of the cell wall, i.e. its mechanical
rigidity. The definition of ¢ is the change in cell turgor (dP) caused by a given change of
the relative cell volume (dV/V):

E= VZ—I; ~ % (6)

High values of elastic moduli refer to a low extensibility or a rigid cell wall, i.e., big
changes in pressure cause small changes of cell volume. Low values of €, on the other
hand, mean a highly extensible cell wall. Different from plastic (viscous) properties of
the walls, elastic properties refer to reversible changes in cell volume, which are typical
for mature cells. The plastic (viscous) properties, on the other hand, dominate extension
growth (Cosgrove 1998; Fricke 2002). The elastic modulus can be directly measured
with the aid of a pressure probe by producing defined changes in cell volume (AV) and
measuring the responses in cell turgor. According to Eqn (6), the elastic modulus has
the dimensions of a pressure and is usually given in MPa. In Eqns (9) and (11), € relates
the volume of the cell (or of changes thereof) to the cell turgor pressure. Hence, it
allows to work out the cell hydraulic conductivity, Lp (the osmotic water permeability
Pr) from P(t) curves. Typically, Lp is worked out from the ‘half time of pressure

relaxations’.
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1.1.2 Hydrostatic pressure relaxations

In hydrostatic experiments, cell turgor pressure is rapidly increased or decreased in
response to an imposed change in cell volume with the aid of a pressure probe (Fig. 2).
The difference in turgor pressure, AP, causes water flow out of or into the cell.
When cell turgor pressure is ‘relaxing’ back in such an experiment to a value close to
the original, the resulting exponential P(t) curve is called ‘relaxation’:

P(t)y=P, +(P,—P,)-exp(-k, -1). (7)
Here, P, is the original value of turgor pressure (P); P4 is the maximum value of P; Pg is
the end value of P; k, is the rate constant of the water flow process, which is the inverse

of time constant (1) of the process:

P (8)
T

w

Turgor pressure, P

Time, t

Figure 2. Schematic graph of ex- and endosmotic hydrostatic pressure relaxations. When the turgor
pressure (P) is increased from P, to P,, water flows out, P exponentially relaxes back to Pz which may

slightly differ from P, due to small changes in osmotic concentration of the cell sap.

Time constant for water flow (t) is the time required for 63 % (1/e) of the change in
turgor pressure from the maximum (or minimum) value (P,) to the end value (Pg). It is
given by the product of the resistance of water permeability and the cell capacitance:

1 V

Tt A ©)
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Here, Lp-A is the hydraulic conductance (inverse of a hydraulic resistance) and V- (¢ +
') the storage capacity of a cell for water; ©' = osmotic pressure of cell sap. Usually,

half time (77}, ) rather than time constant is given, which refer to the time required for

half (50 %) of a change in turgor or volume from P4 to Pg, i.e., to [(Ps - Pg)/2]. Half
time 77, is related to time constants by:

T, =7-In(2). (10)
By combining Eqns (7) to (10), we get the equation for calculating hydraulic

conductivity (Lp) which is usually given in units of m-s"-MPa™":

Vv In(2
p= _% _ (11)
4 T)(e+7')
This equation is used to work out Lp from hydrostatic relaxations of turgor by
measuring 7,7, and determining cell shape dimensions (V and A) such as for a

cylindrical internode of Chara or of cortical cells of corn roots (see Chapters 2 and 5).

The osmotic pressure of the cell (') is estimated form the steady-state cell turgor (P,)

and from the 7° of the medium by P, =7'- 7°.

1.1.3 Osmotic pressure relaxations

1.1.3.1 Monophasic osmotic pressure relaxation in the absence of a solute flow
(Js = 0).

In osmotic experiments, the concentration of the medium is changed by addition or
removal of solutes to induce water flows. In the absence of a solute flow (Ps = 0 and o
= 1), the response is monophasic. Theory shows that the half time of the osmotic
response (ky) should be the same as during the hydrostatically induced water flows. A

typical response curve can be seen in Fig. 3.

The basic theory (see section 1.1) shows that in the absence of solute flow, changes in

turgor will be given by:
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dP Lp-A-(e+7)) &
- = P—-P + - -Az; |=k, -(P-P,). 12
dr v i e B

Here Az, = is external change in osmotic pressure which provides the force driving the

imp

process. The coefficient in front of the brackets on the right side of Eqn (12) is the rate
constant of water exchange (ky, see Eqn (8)). The term [&/(¢+ x.)] denotes for

changes in concentration in the cell during shrinking or swelling. As & >> 7' holds, this

term is close to unity.
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Figure 3. Schematic graph of monophasic osmotic pressure relaxations. There is only the water transport
in the presence changes of osmotic pressure of the medium, when a non-permeating solute is added to or
removed from the medium. Pressure changes are symmetric in both cases and half times of responses are

the same as during hydrostatic relaxations (Fig. 2).

Overall, the changes in turgor (P, — Pg) in response to changes of osmotic concentration

at equilibrium are given by:

PEzPo—( £ i]-m;m,. (13)
e+,

This means that changes in turgor should exactly be identical with those in osmotic

pressure.
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1.1.3.2 Biphasic osmotic pressure relaxations in the presence of a permeating
solute (Js # 0; os < 1; Steudle & Tyerman 1983)

This case was met in many experiments in this thesis, for example, when testing effects

of high concentration on the open/closed state of AQPs.

solute phase

Turgor pressure, P

Time, t

Figure 4. Schematic graph of biphasic osmotic pressure relaxations. When a permeating solute is added
to the medium, water is sucked out in response to difference in osmotic concentration and turgor pressure
decreases. This is called water phase. In solute phase, turgor pressure increases back to the original value,
because water follows the solute resulting in a new equilibrium on both sides of the membrane. Removal

of the solute causes a symmetric change in pressure, but in another direction.

In the presence of permeating solutes, osmotic response curves are biphasic as can be
seen in Fig. 4. There is a first rapid phase during which turgor pressure rapidly
decreases or increases due to an exosmotic/endosmotic water flow. The ‘water phase’ is
rapid because of the high permeability of the cell membrane to water. It is followed by a
‘solute phase’. The second phase is due to the permeation of water into or out of the cell
tending to equilibrate the concentration gradient across the cell membrane, turgor
subsequently increases or decreases as the osmotic gradient changes. Eventually,
equilibrium is attained, when the concentration within the cell and in the medium is the
same. It should be noted that, what is seen during a pressure probe experiment, are
water movements rather than solute movements. However, the latter cause the water

flow and, therefore, the rate constant (ks oc Ps) just depends on the solute (P) rather than
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on the water permeability (Lp). Rates of solute phases strongly depend on the nature of

solutes used. Solutes which are soluble in the lipid phase of the membrane cause short
half times (7}, ); those which are polar (ions, hydrophilic solutes), have long half times

(Henzler & Steudle 1995; Hertel & Steudle 1997).

The solute permeability (Ps) is obtained from the rate/time constant of the solute phase
(ke; To):

Q) _

kg =—
T,

PS-; - p -G (14)

' A- T1j2 .
Here, T}}, is the half time of the solute phase; permeability coefficient (P;) of the solute

is determined by measuring k; and the geometry of the cell (volume, V; surface area,
A). P has unit of m:s™. It is a measure of the speed by which solutes move across the

membrane.

In the presence of a permeating solute added to the medium at t = 0, the P(t) or V(t)
curves are calculated according to the Steudle/Tyerman theory (Steudle & Tyerman
1983; see also: Steudle & Henzler 1995; Ye & Steudle 2005):

viy-vy P@)-F,  o,-Ax]-Lp

v & (e+rx)p-P ook ) -exp(ck, 0] )

Eqn (15) describes a biphasic pressure response as schematically depicted in Fig. 4.
When the osmotic solute is added, there is a rapid decrease in turgor (volume) due to a
rapid water efflux (mainly determined by the first term in the brackets on the right side
of Eqn (15)). Then, water is again taken up because of the equilibration of permeating
solutes across the membrane (solute phase; see above). The theory assumes that both
the internal and the external compartments are stirred, i.e., USLs can be either excluded
or incorporated into ky, (Lp) or ks (Ps) (see Ye et al. 2005). The other assumption is that
the permeability of the tonoplast for both water and solute is much bigger than that of
the plasma membrane (Kiyosawa & Tazawa 1977; Maurel ef al. 1997; Ye et al. 2005).

The reflection coefficient (o) is obtained from biphasic response curves at Jy = 0, i.e.,

by considering the minima or maxima of pressure in Fig. 4 (Steudle & Tyerman 1983).



18

However, it has to be noted that there is some solute flow during the first (water) phase.
We have:

_ PO _Pmin(max) ‘g+7z-l
AR

s

o : exp(ks ' ZLmin(max)) . (16)

The second term on the right side corrects o for shrinking or swelling of the cell during
osmotic process (see Eqn 12). The third exponential term corrects the uptake of solute
during the time (tminmax) required to reach the minimum or maximum value of the

pressure in the first (water) phase.

It should be noted that the Steudle/Tyerman theory neglects the drag of solutes by the
water flow (middle term on the right side of Eqn 4). However, it has been readily shown
by numerical simulation that effects of solvent drag are usually small even in the

presence of rapidly permeating solutes with a small o, (Steudle & Brinckmann 1989).

1.2 Composite transport model

1.2.1 Composite transport model at the cell level

Usually, the transport properties of membranes are described assuming a homogenous
membrane structure. Homogeneity has been also assumed in Eqns (7) to (16). However,
a closer look to the transport pattern shows that it is more realistic to treat membrane as
composite structures. This takes into account that there are arrays in the membrane
which would allow the passage of water (such as AQPs) and other which would allow a
preferred passage of solutes such as special solute transporters or the bilayer. In the
simplest case, we may treat the cell membrane being composite of two arrays to
describe water and solutes trans-membrane movement: water channels (aquaporins)
array (superscript ‘a’) and lipid bilayer array or the rest of the membrane (superscript
‘b’). The latter array would largely allow the passage of solutes. According to the KK
theory, transport properties of both arrays may be characterized by different sets of

transport coefficients (Lp®, P’ 6" and Lp®, P,’, o).

In such a system, the overall volume (water) flow is then given by:
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J, =y J ) (17)
Here, # and 7 represent the fractional area of both arrays, which separated form the
overall area (A) of membrane (' = AYA; ¥ = A%A; ¥ + ¥ = 1). y*Lp* and y*-Lp" are
the hydraulic conductances of the two arrays (referred to unit area). They are arranged

in parallel, and it holds that:

Lp=y“Lp* +}/pr”. (18)

This means that the elements of composite membrane will contribute to the overall Lp

according to their hydraulic conductance.

va Lpbl PSbi O-Sb

V2

a: aquaporin arrays

b: lipid bilayer or the rest of the membrane

Figure 5. Schematic graph of a composite membrane model, where two arrays are arranged in parallel
according to the KK theory (Kedem & Katchalsky 1963a): water channels (aquaporins) array (a) and lipid
bilayer or the rest of the membrane array (b). Transport properties of arrays are characterized by two

different sets of transport coefficients (for detailed explanation see text).

The overall reflection coefficient (o;) is expressed in terms of a weighted mean of the
two different arrays (water channel array, ‘c,”, and the rest of the membrane, ‘c>’).
According to basic irreversible thermodynamics (Kedem & Katchalsky 1963a; House

1974), the overall o, is given by:
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a a b b
o VP e VLD (19)
Lp Lp

The overall solute permeability (Ps) will be larger than expected from the contribution
of the arrays to the absolute surface area. The difference is due to a solvent drag effect,

as expressed the last term on the right side of the equation:

a b
P =y P+ Bl 4 (0! — oty RTL G 20)
Lp
Here, a is the mean concentration of solute in the membrane (= (CSi — C")/2). It can

be seen from Eqn (20) that the solvent drag will vanish, if reflection coefficients of the
two paths are equal, or one of arrays is blocked for water flow, i.e., when either Lp* = 0
or Lp®=0.

There is also a composite transport when two different membranes are arranged in
series (Kedem & Katchalsky 1963b; House 1974). Plant cells contain a double-
membrane system, i.e., the plasma membrane and the tonoplast (vacuolar membrane),
which is in principle, a series composite structure for the transport of water and solute.
It has been shown, however, in the literature that the permeability of tonoplast is far
higher than that of the plasma membrane, i.e., by a factor of two orders of magnitude

(see above; Maurel et al. 1997; Niemietz & Tyerman 1997).
1.2.2 Composite transport model at the tissue (root) level

In principal, the concept of composite transport should also apply to plant tissue. It
should be most relevant to roots (Steudle 2000; 2001). In the root (as in other tissue),
there are three different pathways for radial water flow. The first is the apoplastic path
around protoplasts, which including cell walls, intercellular spaces and the lumens of
tracheary elements of xylem. The second is the symplastic path, which transport water
and solutes across plasmodesmata within the cytoplasmic continuum (excluding the
vacuoles). The third is the transcellular or vacuolar path in which water moves from one
cell to the next across membranes. Due to the high permeability of membranes to water,
the latter route is special for water. Experimentally, symplastic and transcellular
components of water flow cannot yet be separated. Therefore, they are summarized as a

cell-to-cell or protoplastic pathway (Fig. 6). There could be, of course, combinations of
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pathways in that water may travel within the symplast for some distance and may then
cross the plasma membrane and move within the cell walls. In the root, the Casparian
bands of the endo- and exodermis should more or less interrupt the apoplastic passage.
According to the basic principles outlined above for the membrane, this should have
been remarkable effect on the overall transport coefficients of roots (Lp;, Py, o), as
measured with root pressure probes (Steudle & Frensch 1989; Steudle & Peterson 1998;
Ye & Steudle 2005).

cortex

exodermiz
thizoderrnis /\ endoderrniz shele
M "J

Cazparian band

plasmodeszmata
apoplastic path

symplastic path cel-to-cel path

m—— tranzcellular path

Figure 6. Composite transport model in tissue (root). Three pathways for the movement of water and
solutes are indicated. The apoplast provides a porous path to water, solutes and even for nutrient ions, but
may be interrupted by Casparian bands in the endo- and exo-dermis. The symplastic path is through
plasmodesmata and the cytosol of cells. For the transcellular path, water and solutes have to cross many
membranes (two for each cell layer). Since the symplastic and transcellular pathways cannot be separated

experimentally, they are summarized as a cell-to-cell path (for detailed explanation see text).

Water flow across the root cortex should be largely apoplastic. This changes at the
endodermis because of the Casparian band, which interrupts the apoplastic path. There
is a protoplastic transport step at the endodermis, which is thought to be the rate-limit of
water transport across roots. In the stele, the situation is similar to that in the cortex.

However, the relative contribution of pathways to overall water uptake or root hydraulic
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conductivity may be highly variable depending on the conditions, namely the
development of apoplastic barriers, which depends on growth conditions (Steudle &
Peterson 1998). This has been explained by establishing a composite transport model
according to the root structure (Steudle & Frensch 1989; Steudle 2000). The model
shows that the different pathways may be used with different intensity, which results in
the plasticity of water uptake as observed. Besides the intensity of water flow, the
physical nature of driving forces is important. In the presence of hydrostatic pressure
gradients, water flow is largely around protoplasts (apoplastic) because this path
represents a low hydraulic resistance. Steudle & Peterson (1998) showed that there
should also be some apoplastic flow across the endodermis, i.e., Casparian bands appear
to be somehow permeable to water too. Ranathunge, Steudle & Lafitte (2005) provide
experimental evidence for some permeability of Casparian bands even for ions in roots
of rice and corn. The existence of a permeability of Casparian bands to water may
results in a high overall hydraulic conductivity of the root (root Lp;). On the other hand,
water flow in the present of osmotic gradients is rather low as observed in the absence
of transpiration (for instance during draught condition or at night) and during
phenomena such as root exudation. Osmotic driving forces only cause a water
movement in the presence of membranes. Provided that osmotic gradients applied do
not create hydrostatic forces within the root, an osmotic water flow across the root has
to pass many layers of membranes which results in a low overall root Lp; (Zimmerman
& Steudle 1998). The composite transport provides some kind of ‘coarse’ regulation of
water flow across root, which is a consequence of the composite root structure. The
composite transport model readily explains the variability of root hydraulic properties in

terms of changes in driving forces which cause a switching between the pathways used.

1.3 Single file water transport in water channels (aquaporins): p/p,

ratios determine the number of water molecules (N) in a pore

In this section, we consider water flows across individual pores such as AQPs, in which
flow is only in a single file. This means that water (and solute) molecules cannot pass

each other while moving through (‘no-pass pore’). We consider both a bulk flow of
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water, which is either driven by a hydrostatic or by an osmotic pressure difference, and
a diffusional water flow in the absence pressure gradients. The latter type transport can
be only measured using isotopic water, i.e., heavy or titivated water. The approach is
based on Levitt’s (1974) basic paper, who adopted the famous theory of diffusion
developed in Einstein’s PhD thesis (1906) just one hundred years ago (Einstein 1905).
P#/P4 ratios play an important role in research on the transport properties of AQPs (e.g.
Finkelstein 1987; Henzler & Steudle 1995; Mathai et al. 1996; Hertel & Steudle 1997;
Niemietz & Tyerman1997; Zhu, Tajkhorshid & Schulten 2004).

1.3.1 Bulk flow of water (ps) across a single-file pore

We consider a single-file or no-pass pore of a length of L in which N water molecules
are aligned. For the derivation of the bulk (osmotic) permeability coefficient of the pore

(py) we use an osmotic gradient (Am;) in the following.

Bulk water flow P;

mm ___—No-pass pore
Q% S 8 € 8§ &

\:\f\,?m & 1o

When N water molecules cross the membrane, the volume work, W,,, done during this
process is:
W, =V, -N-Ax,. (21)
Here W =V, /N, = volume of an individual water molecule (Np = Avogadro’s
(Loschmidt) number). Since work is force multiplied by length, we also have:
w,=F,, L. (22)

Hence, we have for the osmotic force acting across the pore:



24

Ar L L

V, N-Az, V, -N-kT-A
ol 7, _Vy N n, [Newton} (23)
pore

Here, An_ is the concentration difference in molecules of solute per unit volume (kT-An

= RT-AC;). When the water molecules in the pore move at a certain steady, v, this

causes a frictional drag, F; . also in Newton per pore. The velocity is related to F,, by

drag>

the frictional coefficient of the pore, y:
deg =—y-N-v. (24)

At steady flow, F, = - Firag holds. By combining Eqns (23) and (24), we obtain for the
velocity:

V:M, (25)
L-y

The osmotic water flow, @ , in molecules of water per second & pore can be then
written as:

v —v kT-
o, =NV _ "V kz N an. (26)
L y-L

By definition, we have then for the bulk flow across a single pore:
O, =-p,-An. (27)
Hence, we arrive at an expression for the osmotic permeability of a single pore of:

vy -kT-N _v,-D,-N
7/-L2 12 :

Pr= (28)

According to the Einstein/Stokes relationship, kT/y represents the diffusion coefficient
of water within the pore (Dy). It can be seen that p; is proportional to the diffusive
mobility of water and the number of molecules in a pore. It is inversely proportional to

the square of pore length.

1.3.2 Diffusive (isotopic) flow of water (pq) across a single-file pore

We consider the same single-file pore as above, except that it now contains a tracer
molecule (e.g., heavy water) besides the normal water. First, we consider the force
acting on that tracer molecule as it moves down a gradient in tracer concentration set up

across the membrane.
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As during bulk flow, a tracer molecule moving across the pore at a steady velocity of

‘v’ will experience a frictional force, F. Analogous to Eqn (24), we have:

F=N-y-v. (29)
The tracer flux as related to friction would be:
o N v NI (30)
L N-y-L

N* denotes the mean number of tracer molecules in the pore. If there is no force
counteracting the downhill diffusion of tracer, there will be a steady diffusive flux of
tracer from the concentrated to the less concentrated solution across the membrane
given by:

O =—p, -An’ (31)
where p, 1s the diffusional permeability coefficient of the pore for water. Ang* denotes

the difference in concentration of tracer between the left and right compartments

separated by the membrane (Ang* = n* - n *). At equilibrium, it should hold that:

O =-0", (32)

therefore,

pa-bn’ = (33)

N-y-L’
In the experimental situation, the differences in tracer concentration refer to differences
in free energy. At equilibrium, the ratio of n*/mn* must satisfy the Boltzmann
distribution, which exactly defines the equilibrium in terms of the difference in energy

between left and right. The latter energy is given by F-L. We get for the ratio:
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n In =e ™M, (34)

From this we work out the difference in concentration between right and left side as:
—An;=(n, —n)=n_-(1-e™"7). (35)

During tracer experiments, Ang* is usually rather small. Hence, the balancing force

(pressure) should be small, too. Eqn (35) may be written as (e¥*T >> 1 - F-L/kT):

—An, L (36)
kT

where n* is the average concentration of tracer in the two compartments, i.e.,

n" =(n, +n,)/2. When we combine Eqns (33) and (36), we obtain for p,;:

v, kT -N'
py=—l (37)
7/L -N-n .VW

Here, the numerator and denominator have been multiplied by the volume of a water
molecule (ﬁ ). n* ; represents the fraction of heavy water in the bulk solution. This

should equal N*/N. Eqn (37) simplifies to:

vy kT _ v, -D,
= = 38
pd }/.LZ L2 ( )

By comparing Eqns 28 and 38, we arrive at the simple result that:

Byl (39)
P Pd

As indicated, this relation should also hold for the cell or overall membrane level (P¢
and P4 in units of m-s” instead of m’-s”'-molecule™ for pr and pq). This, however, is only
true when the membrane pores rather than the bilayer dominate the overall P; or Py.
When there is a substantial contribution of the bilayer, this may be accounted for if the
contribution of the bilayer is known (Finkelstein 1987; Hertel & Steudle 1997). During
water movement across the bilayer in the absence of pores, P¢#/P4 = 1 should hold.
Equation (39) was used in this thesis to work out numbers of molecules in membrane
pores (see Chapter 3). The diffusional water permeability was measured in a tracer

experiment using heavy water. The bulk flow water permeability was derived from Lp

(P, =Lp-RT /V,). In both cases, the cell pressure probe was employed for the

measurements.
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1.3.3 Restrictions to this procedure

(i) Experimentally, P; (Lp) can be measured with high accuracy and rather free of
effects of unstirred layers (USLs). This is not true for P, namely in big cells (see

below and Chapter 6). So, N may be overestimated.

(i) When aiming at p/p, ratios of water channels (aquaporins), these may not be
directly accessible by the P/P ratios of cell membranes because of the effects of the

bilayer (rest of the membrane, see above).

1.4 Unstirred layers (USLSs)

Due to effects of unstirred layers, solute concentrations that govern the permeation of
solutes and water across cell membranes, i.e., the concentrations adjacent to the
membrane/solution interfaces differ from the concentration in the bulk solutions. When
bulk concentrations are used to quantify the driving forces such as an osmotic pressure
difference driving a water flow (Jy) or a concentration difference driving a solute flow
(Js), the ‘real’ forces may be overestimated because of the existence of USLs. As a
consequence, transport parameters such as the hydraulic conductivity (Lp), the
permeability (Ps) and reflection (o) coefficient are underestimated. For uncharged
substances like organic solutes and water, there are two different types of USLs. One is
the ‘sweep away effect’” which occurs in the presence of a water flow across cell
membrane (measurement of Lp; Dainty 1963). The other one is the ‘gradient dissipation
effect” which exists in the presence of a solute flow across the membrane

(measurements of P or 6; Barry & Diamond 1984).

1.41 Sweep away effect

Water flow (Jv) across the membrane tends to ‘sweep away’ or dilute the solution on
one side of the membrane, while increasing the local concentration on the other side.
Solutes are moved to the membrane surface with the water (but do not permeate as fast

as the water and they are swept away). Overall, this reduces the osmotic driving force at
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the membrane surface reducing a water flow induced by a change in cell turgor or

external osmotic concentration. The hydraulic conductivity is reduced. In the presence

of a steady water flow, the concentration right at the membrane surface, C.", should be

given by (Dainty 1963):

J -5
C" =Cl exp| -2 . 40
s s Xp[ D J (40)

Here, C’ is the concentration in the bulk solution; & is the thickness of the unstirred

layer and D the diffusion coefficient of the solute. The effect increases with an
increasing Jy as well as with the increasing thickness of the unstirred layer ¢, but
decreases with an increasing mobility of the solute (increasing diffusion coefficient D).
Often, thicknesses of USLs are hard to access experimentally. They are subject to
external stirring of the medium, but this cannot completely remove the layers. During
hydrostatic experiments with the pressure probe, an upper limit of USLs may be worked
out. According to the definition of the cell elasticity (elastic modulus, €), we have:

= V;l—l; ~ Vg—“;. (41)

Here V is volume of the cell; AP and AV are changes of turgor pressure and volume of
the cell. Assuming that all of the water is extruded instantaneously during a relaxation

building up an unstirred layer, the maximum value of §_, can be given as:

X

5maX:A_V:V'AP:1.£. (42)
A A-¢ 2 ¢
This refers to a cylindrical cell such as a Chara internode. A is the surface area and r is

radius of the cell and, neglecting the contribution of cell ends,

VidA=nm-r*-1/27r-r-1=r/2.

However, this procedure to work out effects of USLs may underestimate the effect of
sweep-away during hydrostatic experiments of pressure probes, because it assumes that
water flow is even throughout the entire cell surface, which may not be true. Due to the
composite structure of cell membranes, water flow should be largely confined to certain
arrays in the membrane such as aquaporins (AQPs). Effects of flow constriction should

result in higher water flow density in these arrays than in the rest of the membrane
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tending to increase effects of sweep-away, also by an increase of &, . Hence, one

would expect a rather large effect of USLs during hydrostatic experiments using the

pressure probe (for a detailed discussion, see Chapter 6).
1.4.2 Gradient dissipation effect

The °‘gradient dissipation effect’ is due to the permeation of solutes across cell
membrane (Barry and Diamond, 1984). The effect denotes the tendency gradients of the
solute concentration adjacent to the membrane to level off. Gradient dissipation is
important in the presence of rapidly permeating solutes during passive solute flows.
Since concentration differences represent the driving forces, the ‘gradient dissipation
effect’ is of interest for osmotic water transport besides the solute flow. The solutes
exhibit a high permeability to cell membrane so that on one side of the membrane a
depletion of solutes takes place while on the other side the local concentration increases.
In the presence of rapidly permeating solutes such as HDO or acetone, gradient
dissipation should contribute to the absolute values of Ps and o as measured with the

pressure probe from biphasic pressure relaxations. The overall measured ‘permeation

meas

resistance’ per unit area of the solute (1/ P"“*) contains the true diffusional resistances

for the membrane (1/P ) and that of the two USLs on both side of the
membrane 5’ /D! and &'/ D:, respectively (6° and &' = equivalent thicknesses of

USLs on the two sides of the membrane; D’ and D! = diffusion coefficients of the

solute which may be different on both sides):

1 1 5 &
-=—++ +—.

Psmeas PY D: D;

(43)

This assumes steady state, a planar, homogenous membrane, and linear concentration
profiles within the layers. For the cylindrical Chara internodes used in this thesis, we

may denote the radial distances from the center of the cell to the boundaries of USLs by

‘a’ (internal) and ‘b’ (external). (Fig 1A in Chapter 6). In the steady state, assuming D/

= D! = D, , the overall measured permeation resistance 1/ P"“* can be written as:
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L _ 1, R 2 (44)
Psmeas ])S Ds a

It should be noted that, Eqns (43) and (44) relate to linear concentration profiles within
the USLs. In the presence of USLs at both sides of the plasma membrane of a Chara

cell, for D! = D! = D,_, the measured value of reflection coefficient (o“* ) would be

given as (Steudle & Frensch 1989):

meas __ I/R o
‘ 1/P.+R/D,-(In(b/a)) *

(45)

By the first factor on the right side of Eqn (45), the measured coefficient would be
smaller than the true one (o, ). If Dy would be different in the medium/cell wall from

that in the cytoplasm, a more extended expression may be used (Steudle & Frensch

1989). Eqn (44) may be re-written to separate external from internal USLs, i.e.:

1 1 R b R R
—_ - — 4+ =2 o+ —In=. (46)
P, F, D, R Dy a
measured true membrane resistance of resistance of
resistance resistance external USL internal USL

For the unsteady state which is closer to reality, an analytical solution lacking or in the
presence of a membrane surrounding a cylindrical Chara cell may be used to work out
the ‘equivalent thicknesses’ of USLs. Hence, a quantitative examination of the role of
USLs, i.e., the contribution of USLs to the overall permeability of solutes used,

becomes possible (for details see Chapter 6 and Fig. 8 of the chapter).

Any permeation of water and solutes is inevitably suffering from the effects of USLs.
The question is how large the contributions of USLs to the overall permeability are.
Recently, Tyree, Koh & Sands (2005) argued that USLs play a substantial or even
dominating role in measurements of transport coefficients with pressure probe in Chara
corallina. These authors neither had own results nor experience with pressure probes,
and were supplied with original data from this thesis. They employed a simple
simulation model to support their view. However, they erroneously (i) assumed too high
values of external and internal USLs; (ii) neglected the vigorous external stirring

situation in the experimental set-up, and (ii1) overlooked the sensitivity of pressure
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transducer used in the experiments. Based on experiments results and theoretical
analyses, a re-examination of the role of USLs showed that the conclusions of Tyree et

al. (2005) have neither an experimental nor a theoretical basis (for details see Chapter
6).
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This dissertation can be divided into following sub-sections:

I A cohesion/tension mechanism explains the gating of water channels (aquaporins)

in Chara internodes by high concentration (Ye, Wiera & Steudle 2004).

IT A cohesion/tension model for the gating of aquaporins allows estimation of water

channel pore volumes in Chara (Ye, Muhr & Steudle 2005)

IIT Oxidative gating of water channels (aquaporins) in Chara by hydroxyl radicals

(Henzler, Ye & Steudle 2004).
IV Oxidative gating of water channels (aquaporins) in corn roots (Ye & Steudle 2005).
V A re-examination of the role of unstirred layers (USLs) during the measurement of
transport coefficients of Chara internodes with the cell pressure probe: minor role

of USLs (Ye, Kim & Steudle 2005).

VI Advances in the studies on water uptake by plant roots (Zhao, Deng, Zhang, Ye,
Steudle & Shan 2005).
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1.5 Material and Methods

1.5.1 Growth of Chara corallina

Mature internodal cells of Chara corallina (50 t0120 mm long and 0.8 to 1.0 mm in
diameter) were used in experiments. Chara had been grown in artificial pond water
(APW) in tanks that contained layers of autoclaved mud from a natural pond.
Compositions of APW were 1.0 mM NaCl, 0.1 mM KCI, 0.1 mM CacCl, and 0.1 mM
MgCl,. Tanks were placed in the laboratory and illuminated for 24 h a day with a 15 W

fluorescent lamp (Electronic, Germany) positioned 0.2 m over the water surface.
1.5.2 Growth of corn seedlings

Seeds of corn (Zea mays L. cv. Helix, Kleinwanzlebener Saatzucht AG, Einbeck,
Germany) were germinated on filter paper soaked in 0.5 mM CaSOy for 3 d at 25 °C in
the dark. When seminal roots were 30 to 50 mm long, seedlings were transferred to 7-L
containers which accommodated 20 seedlings each. Compositions of the growing
solution were in mM: KH,PO,4 1.5, KNO; 2.0, CaCl, 1.0, MgSO4 1.0 and in pM:
FeNaEDTA 18, H;BO; 8.1, MnCl, 1.5. The growing condition was day/night 12 h
photoperiod with 300 mmol-m*s' photosynthetically active radiation, and 24/19 °C
day/night temperature. Roots (250 to 400 mm long) of 8 to 10 days old seedlings

(including time required for germination) were used in the experiments.
1.5.3 Pressure probe for Chara internodes

As shown in Fig. 7, a cell pressure probe (completely filled with silicone oil) was
introduced through the protruding node adjacent to a Chara internode which had been
placed in a glass tube with an inner diameter of 3 mm and fixed by a clamp. APW or
test solutions were pumped through the other end of the glass tube along the cell (flow
rates were 0.2 — 0.3 m-s™), so that the solution around the cell was vigorously stirred.
This minimized the thickness of external unstirred layers (USLs). Cell turgor pressure

was measured by an electronic pressure transducer and was recorded by a computer
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connected to the output of the transducer. Two types of experiment can be performed
with the aid of the probe. (i) In the hydrostatic experiments, the oil/cell sap meniscus
forming in the tip of the capillary was moved forward or backward and was then kept
stable after each move until termination of a pressure relaxation; (ii) osmotic
experiments were conducted by changing the osmotic pressure (concentration) of the

medium while keeping the position of meniscus constant throughout.
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Figure 7. Schematic drawing of a cell pressure probe for giant single cells (Chara corallina). An oil/cell
sap meniscus was forming in the tip of the capillary. The position of this meniscus was used as a point of
reference during the measurements. Water flows were induced either by changing the pressure in the
system using a metal rod (hydrostatic experiments) or by changing the osmotic pressure (concentration)

of the medium (for a detailed explanation see text).
1.5.4 Pressure probe for higher plant cells

A root segment was fixed by magnetic bars on a metal sledge which was arranged at an
angle of 45°. It was covered by one layer of paper tissue at the top and at the bottom to
keep the root wet. The center part of the root was lying open at a length of *10 mm, and
solution was running down along the root and at the edges of the metal plate. An
average rate of solution flow along the root was around 0.2 m-s"'. The measuring
principle of this type of pressure probe was identical with that for giant Chara cells.
However, due to the tiny size of higher plant cells, the measurement required a precise
adjustment of the meniscus to follow and measure the small volume changes produced
by shifting the meniscus. Compared with the equipment used during the Chara

experiments, there were three modifications: (i) the diameter of the glass capillary was
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reduced to 5 ~ 10 pum; (ii) the volume of the pressure chamber of the probe was
substantially reduced as compared with the other type, and (iii) meniscus movements
were performed with the aid if a little motor, which allowed a sufficiently fine
adjustment of the position of the meniscus and tending to avoid vibrations which would

cause leakages around the tip inserted in a cell.
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Figure 8. Schematic drawing of a cell pressure probe for higher plant tissue cells. The oil/cell sap
meniscus in the tip of the glass capillary was used as a reference point. The meniscus was adjusted and
water flows induced with a motor driving a metal rod into or out of the probe (for detailed explanation,

see text).

1.5.5 Pressure probe for roots

End segments of roots were placed in a glass tube (inner diameter: 6 mm) with the basal
cut end protruding, which was connected to a root pressure probe. Segments were fixed
to the probe by silicone seals (Zhu & Steudle 1991). Root medium was flowing along
the roots by gravity from a reservoir sitting about 0.5 m above the glass tube at a rate of
0.3 — 0.5 m-s”, and circulated back to the reservoir by a peristaltic pump. After
tightening the silicone seals in steps with the aid of a screw, root pressure (P;) began to
increase and became steady within 1 to 3 h (Hose et al. 2000). In hydrostatic
experiments, pressure relaxations were induced by changing the volume of the system
i.e., changing the position of the meniscus with the aid of the probe. The osmotic

experiments were performed by changing the osmotic pressure (concentration) of the
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medium. After experiments with a given root, it was cut at a position close to the seal.
When root pressure decreased immediately to close to zero following the cut, and half
times of pressure relaxations became much shorter as compared with the original values
(less than 1.0 s), this indicated that root xylem within the seal remained open. If there
was no or a delayed effect upon cutting, this indicated that root xylem was interrupted

during tightening or later. Results from these experiments were discarded (Peterson &

Steudle 1993).
- Microscope

O

Xylem

Figure 9. Schematic drawing of a root pressure probe for measuring water and solute transport across
roots. A root segment is tightly connected to the probe by silicone seals. Part of the glass capillary is
filled with silicone oil and the other by water so that a meniscus forms in the capillary. Water flows can
be induced either by changing the pressure in the system using a metal rod (hydrostatic experiments) or

by changing the osmotic pressure (concentration) of the medium (for detailed explanation, see text).
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1.6 Results and Discussion

1.6.1 Gating of aquaporins by high concentration — cohesion/tension mechanism

An inhibition of cell membrane Lp by high concentration is known for a long time, but
the mechanism is not well understood (Kiyosawa & Tazawa 1972; Steudle & Tyerman
1983). Isolated internodes of Chara corallina have been used to study the gating of
aquaporins (water channels) in the presence of high concentrations of osmolytes of
different size (molecular weight). The ‘osmotic gating efficiency’ of osmolytes was
quite different, i.e., inhibition of aquaporin activity increased with increasing both
concentration and size of osmolytes (reflection coefficients). As cell Lp decreased, P
increased indicating that water and solutes used different passages across the plasma
membrane. Similar to earlier findings of an osmotic gating of ion channels (Zimmerberg
& Parsegian 1986), results from long term and reversible experiments with Chara
internodes support the view that osmotic dehydration in terms of a cohesion/tension
mechanism is an important trigger of water channel activity in Chara and, perhaps, in
higher plants, too. According to the cohesion/tension model, osmotic solutes are
excluded from water channels. This, in turn, results in a reversible deformation or even
a collapse of channel protein as tensions (negative pressures) develop within
aquaporins. According to theory, the effect of osmotic gating of AQPs decreased
exponentially with increasing concentration. The ‘osmotic efficiency’ of osmolytes
increased with increasing size (molecular weight) of the substances used, as one would

expect (see Chapter 2).

1.6.2  Estimation of water channel pore volumes in the plasma membrane of

Chara corallina

The cohesion/tension model of the gating (osmotic dehydration) of aquaporins predicted
that, the water permeability (hydraulic conductivity; Lp) of turgid, intact internodes of
Chara corallina decreased exponentially as the concentration of osmolytes applied in
the medium increased (Ye, Wiera & Steudle 2004). The change in the activity of AQPs

was measured by a pressure probe for concentration series of osmolytes which were
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applied on both sides of the membrane. Because the larger the molecular size of the
osmolyte, the more efficient it was in reducing cell Lp at a given concentration,
osmolyte of different molecular size (molecular weight; MW) and reflection
coefficients (o5) were used in the experiments. Pore volumes were calculated from
‘dehydration curves’, which required the measurement of responses over large ranges of
concentration. Since the osmolytes had to be applied in the medium and in the cell at the
same concentration, the selection of big osmolytes was limited to those which were
sufficiently permeating. In the thesis, I used different glycol ethers of different MW
such as: ethylene glycol monomethyl ether (EGMME), diethylene glycol monomethyl
ether (DEGMME), and triethylene glycol monoethyl ether (TEGMEE). Small
osmolytes were: heavy water (HDO), hydrogen peroxide (H,O,), acetone, and 2-

propanol.

These compounds were applied in concentrations of up to 2000 mM, whereby the
concentration was changed in steps to avoid plasmolysis. In order to check for
reversibility, concentrations were then lowered in steps again until the original medium
was obtained. The procedure showed that changes in Lp, Py and o, were reversible
within 90 - 95 %. Furthermore, it showed that turgor pressure (and, hence, the osmotic

concentration of cells) was constant within 5 % of the original value of above 0.55 MPa.

In the presence of the big osmolytes DEGMME and TEGMEE, dehydration curves
were best described by the sum of two exponentials (as predicted from the theory in the
presence of two different types of AQPs with differing pore diameters and volumes).
AQPs with big diameters could not be closed in the presence of the smallest osmolyte
acetone, even at very high concentrations. The cohesion/tension theory allowed pore
volumes of AQPs to be evaluated, which was 2.3 + 0.2 nm’ for the narrow pore and
between 5.5 + 0.8 and 6.1 = 0.8 nm’ for the wider pores. The existence of different
types of pores was also evident from differences in the residual Lp, i.e., the residual cell

Lp decreased with increasing size of osmolytes.

Alternative to the procedure just described for the osmotic treatment, pore volumes

were estimated from ratios between osmotic (Pf) and diffusional (P4) water flow.
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According to Levitt’s (1974) theory, ratios of P¢/P4 should directly yield the number of
water molecules (N) in an AQP, which is related to pore volume (see section 1.3). N
values ranged between 35 and 60, which referred to volumes of 0.51 and 0.88 nm”/pore.
Values of pore volumes obtained by either method were bigger than those reported in
the literature for other AQPs. This may be due to reasons that either the water channels
in Chara are somewhat wider than just the diameter of a water molecule, or that the
mouth parts of channels contributed to the calculated overall pore volume in the

presence of osmolytes, or both (see Chapter 3).

1.6.3 Oxidative gating of water channels (aquaporins) in Chara

Hydroxyl radicals (*OH) as produced in the Fenton reaction (Fe’" + H,0, = Fe’"+ OH™
+ *OH) have been used to reversibly inhibit water channel activity in the plasma
membrane of internodes of Chara corallina. Compared to conventional agents such as
HgCl,, *OH turned out to be more effective in blocking water channels and was less
toxic for the cell. When internodes were treated for 30 min, cell hydraulic conductivity
(Lp) decreased by 90 % or even more. This effect was reversed within a few minutes
after removing the radicals from the medium. Unlike HgCl,, *OH reduced the
permeability of small unchanged solutes indicating some transport of these solutes
across the pores in addition to water. For rapidly permeating lipophilic solutes, the
blockage of water channels with *OH resulted in negative reflection coefficients and
anomalous osmosis. This as expected from the composite transport model. Two possible
mechanisms by which *OH acts on water channels were speculated. One is that
aquaporins were oxidized by *OH attacking the channel from inside the pore to cause
conformational changes of the proteins and its closure. The other alternative is that C =
C double bonds of the plasma membrane were attacked by *OH, resulting in the

formation of aggressive radicals which attacked aquaporins from outside (see Chapter

4).
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1.6.4 Oxidative gating of water channels (aquaporins) in corn roots

An oxidative gating of water channels (aquaporins: AQPs) was observed in experiments
with young roots of corn (Zea mays L.) as already found in experiments with the green
alga Chara corallina (see above and Chapter 4). In the presence of 35 mM hydrogen
peroxide (H,O) in the root medium, half times of water flows (as measured with the aid
of pressure probes) increased at the level of both entire roots and individual cortical
cells by factors of 3 and 9, respectively. In the presence of H,O,, channel closure caused
anomalous (negative) osmosis at both the root and cell level, when using the rapidly
permeating solute acetone. This was interpreted by the composite transport structures of
both the root and cell. In the presence of the lipophilic solute acetone, channel closure
caused a situation in which the solute moved faster than the water and the reflection
coefficient (o) reversed its sign. As during the experiments with Chara internodes,
effects were reversible at both the root and cell level, when H>,O, was removed from the
medium. Unlike the gating by mechanical stimuli (Wan et al. 2004) or by low
temperature (Lee ef al. 2005 a, b), the stress hormone ABA had no ameliorative effect
on restoring the original conformation of channel proteins and re-opening closed
channels, possibly, because the oxidative gating in the presence of H,O, or *OH
radicals caused a chemical modification of AQPs. The precise mechanism of the
oxidative gating of AQPs in the presence of the ROS (*OH or H,0,) is not yet
understood. Three alternatives may be possible: AQPs were (i) directly attacked
(oxidized) by *OH, or (ii) oxidized by other aggressive radicals which were
subsequently produced by *OH. (ii1) Alternatively, H,O, may have elicited changes in
cytoplasmic Ca>" concentration via cell signaling cascades resulting in channel closure.
In either case, AQP activity could be regulated by an oxidative gating or signaling
initiated by the presence of H,O, or *OH radicals. There may be a common interaction
between the redox state (oxidative stress) and water relations (water stress) during the

life of plants (see Chapter 5).
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1.6.5 Quantitatively re-examination of the role of unstirred layers during

measurements of transport parameters of water and solutes

Using rapidly permeating solutes (acetone, 2-propanol, dimethylformamide (DMF)),
effects of unstirred layers (USLs) on measurements of water and solutes transport (Lp,
Ps and o) across cell membranes of isolated Chara internodes were rigorously re-
examined. There are two types of USL effects, i.e., sweep-away effect and gradient-

dissipation effect (see Section 1.4). In order to test effects of USLs due to sweep-away,

half times of water flow across cell membrane (7,7, ) were measured with small (AP ~ +

0.04 MPa) or big (AP = = 0.4 MPa) peak size of pressure pulses. Water flow induced by
big pulses should have been larger by an order of magnitude than that in the presence of

small pulses. The thickness of USLs built up by sweep-away during big pulses should

have had a bigger effect on 7/, than during the small ones. However, there was no

significant difference in 7}, . The reason was due to the fact that maximum thicknesses
of USLs induced by water flow were too small to cause a significant effect (Eqn (42)),
even in the presence of effects of a flow constriction due to the existence of aquaporin
array in cell membranes. Pressure clamp experiments should have induced a larger
amount of water flow as compared with pressure pulses. The results indicated that
sweep-away effect in the presence of a pressure clamp caused transient increases of 77,
(decreases of hydrostatic Lpy) by about 20 %, which could have been affected by the

flow constriction or concentration polarization effects, or both.

Effects of stirring of the external solution around the internodes were measured for the
osmotic hydraulic conductivity (Lp,), permeability (Ps) and reflection (o5) coefficients
by varying flow rates (Vmeq) of between 0.02 and 55 m-s™. Measured parameters (Lp,, Ps
and o) increased as increasing of flow rates for the three different osmolytes of
different permeability: acetone, 2-propanol and DMF. Lp, tended to saturate at values
close to Lpy at rates of vieq = 0.20 m-s™, while smaller values of Vyeq Were required to
saturate Ps and 6 (Viea = 0.10 m-s'l). There was no further increase of Lp,, Ps and o,
when the vigorous external stirring was increased by flushing air bubbles through the
tube at high rates. Taking the cell wall tortuosity into account, an upper limit of the

thickness of external USLs of 30 um at high stirring rates was estimated. Comparison of
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calculated values for solutes diffusion into a cylinder lacking or containing a membrane
with experimental data of solute uptake by the same diameter intact Chara internodes
showed significant differences. When used acetone as test solute, from the calculations,
upper limits of the equivalent thickness of diffusive internal USLs were estimated to be
117 and 97 um for a cylindrical cell (R = 0.4 mm) lacking or with a membrane,
respectively. For less permeating solutes like DMF, the up limits were 108 and 95 pm,
respectively. Results indicated that the real equivalent thickness of internal USLs should
have been smaller by a factor of 2 to 3 than the upper limits. Overall, it was concluded
that measurement of Lp was free of effects of USLs during hydrostatic experiments. For
Ps and o, the effects of USLs may not be negligible, but even for the most rapidly
permeating solutes like heavy water (HDO) and acetone, USLs should have resulted in

an underestimation of P and o, by less than 25 ~ 30 %.

1.7 Short summary

e The concentration dependence of cell hydraulic conductivity (Lp) can be
explained in terms of a cohesion/tension (C/T) mechanism for the gating of
water channels in the plasma membrane of Chara internodes. Osmolytes in the
presence of both sides of the membrane, i.e., excluded from water channels,
caused a reversible deformation or even collapse of the channel protein as
tensions (negative pressures) develop within the pores. Inhibition of water
channel activity increased with both concentration and size of osmolytes
(reflection coefficients), i.e., the bigger the osmolytes, the lower was the
concentration which induced a reversible closure of aquaporins (AQPs). The
C/T mechanism may be relevant for higher plant Lp, too, e.g. in the presence of

high salinity.

e As theoretically expected according to the C/T mechanism, the cell Lp of turgid,
intact internodes of Chara corallina decreased exponentially as the
concentration of osmolytes applied in the medium increased due to a C/T

mechanism of the gating aquaporins. Pore volumes of water channels estimated



43

from the ‘dehydration curves’ using different osmolytes with different
molecular sizes over large ranges of concentrations indicated that, there may be
populations of AQPs with differing pore diameters and volumes existing in
the plasma membrane instead of just one type. AQPs with bigger volumes just

responded to big osmolytes and were not affected by solute of low MW.

Pore volumes obtained both from the ‘dehydration curves’ and from ratios
between osmotic (Pf) and diffusional (P4) water flow (P¢Pyq = the number of
water molecules (N) in an AQP) were bigger than those reported in the
literature for other AQPs. This may be due to reasons that either water channels
in Chara are somewhat wider than just the diameter of a water molecule, or
that the mouth parts of channels contributed to the calculated overall pore

volume, or both.

An ‘oxidative gating’ of aquaporins had been proposed both in Chara
internodes and in corn root. In the presence of hydroxyl radicals (*OH) or
hydrogen peroxide (H20;), hydraulic conductivity was reduced by a factor of
more than 10 for Chara and by factors of 9 and 3 for root cortical cells and
entire roots, respectively. Effects were largely recovered after removal of *OH
or H,O, from the medium. Three alternative mechanisms of the ‘oxidative
gating’” were speculated that, AQPs were (i) directly attacked (oxidized) by
*OH, (ii) oxidized by other aggressive radicals which were subsequently
produced by *OH, or (iii) closed due to changes in cytoplasmic Ca*'
concentration elicited by H,O, via cell signaling cascades. There may be an
interaction between the redox states (oxidative stress) and water relations

(water stress) in plants.

In the presence of high concentration of osmolytes, cell Lp decreased, while
solute permeability coefficients (Ps) increased suggesting that water and solutes
use different passages across the plasma membrane, i.e., water mainly uses
AQPs across cell membrane while solutes diffusing through the bilayer.

However, *OH reduced the permeability of small uncharged solutes indicating
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that AQPs were not ideally selective for water, some solutes may also partly

transport across the pores.

Anomalous (negative) osmosis has been demonstrated both at the cell level
(Chara internodes and root cortical cells) and at the organ level (entire root in
the presence of a rather complicated osmotic barrier). This has been interpreted
by the composite transport structures of both the cell and root. In the presence
of a rapidly permeating solute like acetone, channel closure caused a situation in
which the solute moved faster than the water, and the reflection coefficient

(os) reversed its sign.

Unlike other gating mechanisms such as mechanical stimuli or low temperature,
the stress hormone ABA had no ameliorative effect during the ‘oxidative
gating’ of AQPs (Wan et al. 2004; Lee et al. 2005b). This may indicate that the
chemical modification of AQPs in the presence of oxidative stress required a
biochemical (reduction of oxidized AQPSs) rather than just a physical action
(change of activation energy of transition between conformational states) to re-

open closed channels.

A rigorous re-examination of the role of unstirred layers (USLs) during
pressure probe experiments with Chara internodes showed that USLs had no
measurable effect on the hydrostatic water permeability (Lpn), even when
considering an effect of a flow constriction due to the composite structure of the
cell membrane, i.e., the existence of AQP arrays. Thickness of external USLs
of 30 um at high external stirring rates was estimated including the cell wall
(thickness: 5 to 10 um). In osmotic experiments, USLs should have resulted in
an underestimation of Ps and o5 by less than 25 ~ 30 %, even for the most
rapidly permeating solutes like heavy water (HDO) and acetone. Based on
diffusion kinetic theory and using acetone as the test solute, upper limits of
equivalent thicknesses of diffusive internal USLs were estimated to be 117
and 97 pm for a cylindrical cell (R = 0.4 mm) lacking or containing a
membrane, respectively. Results indicated that cell membrane acts as the rate-

limiting resistance allowing substantial time for an internal mixing by
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diffusion. The real equivalent thicknesses of internal USLs should be smaller
than the estimated upper limits which were calculated by assuming a completely
stagnant and homogenous internal compartment. It may be safe to estimate the

equivalent thickness of internal USLs of 50 um.
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Abstract

Isolated internodes of Chara corallina have been used to study the gating of aquaporins
(water channels) in the presence of high concentrations of osmotic solutes of different
size (molecular weight). Osmolytes were acetone and three glycol ethers: ethylene
glycol monomethyl ether (EGMME), diethylene glycol monomethyl ether (DEGMME),
and triethylene glycol monoethyl ether (TEGMEE). The °‘osmotic efficiency’ of
osmolytes was quite different. Their reflection coefficients ranged between 0.15
(acetone), 0.59 (EGMME), 0.78 (DEGMME), and 0.80 (TEGMEE). Bulk water
permeability (Lp) and diffusive permeabilities (Ps) of heavy water (HDO), hydrogen
peroxide (H»0,), acetone and glycol ethers (EGMME, DEGMME and TEGMEE) were
measured using a cell pressure probe. Cells were treated with different concentrations of
osmotic solutes of up to 800 mM (= 2.0 MPa of osmotic pressure). Inhibition of
aquaporin activity increased with both concentration and size of solutes (reflection
coefficients). As cell Lp decreased, Py increased indicating that water and solutes used
different passages across the plasma membrane. Similar to earlier findings of an
osmotic gating of ion channels (Zimmerberg & Parsegian 1986), a cohesion/tension
model of the gating water channels in Chara internodes by high concentration is
proposed. According to the model, tensions (negative pressures) within water channels
affected the open/closed state by changing the free energy between states and favour a
distorted/collapsed rather than the open state. They should have differed depending on
the concentration and size of solutes that are more or less excluded from aquaporins.
The bigger the solute, the lower was the concentration which induced a reversible

closure of aquaporins, as predicted by the model.

Key words: aquaporins, Chara, cohesion/tension, gating, hydraulic conductivity,

reflection coefficient, water channels.
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Introduction

For a long time, water movement across cell membranes has been thought to be either
due to transport across non-selective pores or to diffusion through the lipid bilayer
(Dainty 1963; House 1974; Stein 1986; Finkelstein 1987). Since the discovery of
aquaporins or water channels, however, more and more studies demonstrated that water
channels represent the main selective pathway for water to move through the
membranes of both plant and animal cells (Macey 1984; Preston ef al. 1992; Verkman
1992; Maurel 1997; Steudle & Henzler 1995; Tyerman et al. 1999; Kjellbom et al.
1999; Murata et al. 2000). As ion channels, at least a subset of water channels is thought
to be gated, although much less is known about the precise mechanisms of the gating of
water channels (Yasui et al. 1999; Nemeth-Cahalan & Hall 2000; Kozono et al. 2002).
The gating of water channels could play an important role in regulating water transport
across cell membranes (Tyerman et al. 1999; 2002; Steudle 2000a, b; 2001). The
activity of water channels could be decreased by different stresses such as high osmotic
pressure, salinity, anoxia, heavy metals, nutrient deprivation, pH, calcium, and oxidative
stress (Steudle & Tyerman 1983; Zhang & Tyerman 1991; Azaizeh et al. 1992; Birner
& Steudle 1993; Steudle & Henzler 1995; Tazawa et al. 1996; Carvajal et al. 1996;
Martinez-Ballesta et al. 2000; Henzler 2001; Gerbeau et al. 2002). Direct
phosphorylation activates the hydraulic conductivity of channels (Johannson et al.

1996). The stress hormone ABA may transiently open aquaporins (Hose et al. 2000).

In this paper, we concentrate on a cohesion/tension mechanism of the gating of water
channels in the presence of high concentration of osmotic solutes. For characean
internodes, an inhibition of cell membrane Lp by high concentration is known for a long
time, but the mechanism is not well understood (Kiyosawa & Tazawa 1972; Steudle &
Tyerman 1983). For ion channels, Zimmerberg & Parsegian (1986) suggested that the
open/closed states might be gated by osmotic pressure. According to the model,
osmolytes, excluded from channels, may cause tensions (negative pressures) in the
interior of channels which affect the difference in free energy between states by a term
due to volume work. This should result in a reversible deformation of the protein. The

proposed cohesion/tension mechanism is different from that known for the xylem of
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higher plants which has been much discussed in the past decade (Steudle 2001; Tyree &
Zimmermann 2002). In the xylem, the closed state is represented by embolized vessels.
In aquaporins, however, mechanically distorted or collapsed membrane pores

(aquaporins) represent the closed state.

We test whether or not this mechanism may work for the aquaporins (water channels) of
Chara which are known to be affected by osmotic pressure. We used isolated internodes
of Chara corallina for these studies. The aquaporins of this species have not yet been
characterized from a molecular point of view. However, there are already very detailed
functional studies (see lit. cited above). The Chara system has the advantage that it
represents an isolated intact plant cell; no vesicles, as used with the stopped-flow
technique: It is very stable, even when cells are subjected to substantial stresses for long
periods of time. As osmotic solutes, we used acetone (MW: 58 Da) and glycol ethers of
different size (monomethyl ethers of ethylene glycol and diethylene glycol, monoethyl
ether of triethylene glycol; MW: 76 to 178 Da). The Chara membrane was permeable to
these osmolytes which could be, hence, applied on both sides of the membrane at the
same concentration. Solutes were not harmful, even when treating cells for several days
at concentrations of up to 800 mM (equivalent to 2.0 MPa of osmotic pressure).
Depending on its size, solutes should be excluded from channels to a different extent.
Hence, we expected characteristic differences in changes of the bulk permeability for
water (hydraulic conductivity, Lp) and of the permeability of solutes which use water
channels to cross membranes. We also expected characteristic changes in reflection
coefficients as shown for other inhibitors of water channel activity (Steudle & Henzler
1995; Tazawa et al. 1996; Henzler 2001; Tyerman et al. 1999; 2002). Expectations with
respect to a cohesion/tension model of aquaporins could be verified suggesting that the
model may be correct. However, there were deviations from expectations suggesting

that treatments with the glycol ethers did also affect transport properties of the bilayer.
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Materials and methods

Plant material

Chara corallina was grown in artificial pond water (APW; composition in mole m™: 1.0
NaCl, 0.1 KCl, 0.1 CaCl; and 0.1 MgCl,) in tanks which contained a layer of natural
pond mund (Henzler and Steudle, 2000). Temperature was kept at 23 — 25 °C. Tanks
were placed on the ground of the laboratory, and were illuminated for 24 h a day with a
15 W fluorescent lamp (Electronic, Germany) positioned 0.2 m over the water surface.
Chara internodes used in cell pressure probe experiments were 60 to120 mm in length

and 0.8 to 1.0 mm in diameter.
Calculation of transport parameters (Lp, Ps and o)

Three parameters were calculated from ‘hydrostatic’ (hydraulic conductivity, Lp) and

‘osmotic’ experiments (permeability, Ps, and reflection coefficient, 5) as previously
described (Steudle, 1993). In hydrostatic experiments, turgor pressure (P) was rapidly
changed with the aid of a cell pressure probe to induce water flows across the cell
membrane in both directions. Hydraulic conductivity (Lp) was calculated from

w

hydrostatic pressure relaxations, in which the half time (7;7,) of water exchange

between cell interior and the medium was measured (Hertel & Steudle 1997):

v, @

A Th(s+x) M

P

Here, V = cell volume; A = cell surface area; T = osmotic pressure of cell sap; ¢ is the
elastic coefficient of the cell (elastic modulus). A and V were obtained from measuring
diameter and length of cylindrical internodes; @' was calculated from the initial cell
turgor (P,) and the osmotic pressure of the medium (APW), as P, = 1 - ° (n° = osmotic
pressure of the medium as measured with an osmometer); elastic modulus ¢ = V x
dP/dV = V x AP/AV was determined from relative changes of cell volume (AV/V) and

the instantaneous changes of turgor (AP) using the probe.
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In osmotic experiments, permeating test solutes (HDO, H,0,, acetone, ethylene glycol
monomethyl ether (EGMME), diethylene glycol monomethyl ether (DEGMME),
triethylene glycol monoethyl ether (TEGMEE )) were added to the medium (APW). The

osmotic pressure of the medium was changed in time intervals which were short
compared to 7,7, . In the presence of permeating solutes, osmotic response curves were

biphasic (Steudle & Tyerman 1983; Steudle 1993). There was a first phase during
which turgor pressure rapidly decreased or increased due to an exosmotic/endosmotic
water flow. The ‘water phase’ was rapid because of the high permeability of the cell
membrane to water. It was followed by a ‘solute phase’. During the second phase,
turgor increased/decreased again due to the passive flow of solute into or out of the cell
tending to equilibrate the concentration of permeating solutes on both sides of the cell
membrane. Rates of solute phases strongly depended on the nature of solutes used.

Solutes which were soluble in the lipid phase of the membrane had short half-times

(T}},); those which were polar (ions, hydrophilic solutes), had long half-times (Henzler

& Steudle 1995). Permeability (Ps) and reflection (o5) coefficients were calculated from
response curves using the following equations (Steudle & Tyerman 1983; Steudle
1993). For the solute permeability coefficient, we used:

pyszlnﬁszY )
AT, 4

where k; is the rate constant of solute exchange. For the reflection coefficient, we used:

F,—P, e+
__o0 min(max)
Os = X exp(k -t . 3
* RT-AC’ e P i) G)

Here, P, — Pminmax) is the maximun change in cell turgor pressure; 4C,° was the given

change of osmotic pressure of the medium.

Measurement of transport parameters (Lp, Ps and o)

As described previously, an internode was freed from adjacent internodes and branches
and placed in a glass tube (inner diameter: 3 mm) with one node protruding at one end
and was fixed by a clamp to make the cell secure and to avoid vibrations which may
have induced leakages (sudden pressure drops) during the measurements (Henzler &

Steudle 1995; Hertel & Steudle 1997). The probe was introduced through the protruding
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node. Artificial pond water (APW) or test solutions were pumped through the other end
of the glass tube along the cell so that the solution around the cell was vigorously
stirred. This minimized the thickness of external unstirred layers (Steudle & Tyerman
1983). APW was rapidly exchanged by solutions with different osmotica and osmotic

pressures in times which were much shorter than 7}, or 7}, . During the experiments,

cells were illuminated by an Osram halogen lamp through glass fiber optics.

When the pressure probe was inserted into the internode through the protruding node,
an oil/cell sap meniscus was formed in the tip of the probe. This served as a point of
reference during measurements. With the aid of the probe, the position of the meniscus
was changed forward or backward and was kept stable after the change. This resulted in

pressure relaxations. Lp was calculated from the 7/, of relaxations. Effects of external

concentration on the activity of aquaporins or water channels were determined using
concentration series of several osmotic solutes (acetone, EGMME, DEGMME, or
TEGMEE). To avoid plasmolysis, concentration was increased in four steps of 200 mM.
When turgor pressure was stable following a step change in concentration, four
hydrostatic pressure relaxations were induced to measure Lp at that concentration.
Small hydrophilic test solutes like HDO and H,O, have been shown to use water
channels to pass through the cell membrane (Henzler & Steudle 1995; 2000). Acetone
largely uses the bilayer to move across the cell membrane. Solutes were added to the
medium to determine concentration effects on Ps and o,. Because of their big molecular
size, solutes such as EGMME, DEGMME and TEGMEE were expected to not using

water channels to pass the cell membrane (Tablel).

Cell turgor was higher than 0.55 MPa. Within + 0.02 MPa, turgor remained constant
during the experiments with a given cell which lasted for 7 to 8 h. To remove solutes
taken up by the internodes, the external concentration of the medium was reduced in
steps of 200 mM until APW was reached again. Lp, Ps and o5 were re-examined to

ensure that effects were completely reversible.
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Table 1. Name, reflection coefficient, molecular weight and molecular structure of the solutes used in
experiments. Reflection coefficients (o) were measured at concentrations of 3.55 M for HDO, 60 mM for
H,0,, 160 mM for acetone and 60 mM, 40 mM, 25 mM for EGMME, DEGMME, TEGMEE,

respectively. Values are means + SD (n = 6).

solute reflection molecular molecular

name coefficient(cs) weight(g/mol) structure

HDO 0.004 £ 0.001 19 HDO

H,0, 0.36 £0.04 34 H,0,

acetone 0.15+0.03 58 CH;COCH;

EGMME 0.59 £0.03 76 HOCH,CH,OCH3

DEGMME  0.78 £0.05 120 HOCH,CH,OCH,CH,0OCHj;
TEGMEE 0.80 £ 0.07 178 HOCH,CH,OCH,CH,OCH,CH,OCH,CHj3

EGMME: ethylene glycol monomethyl ether
DEGMME: diethylene glycol monomethyl ether
TEGMEE: triethylene glycol monoethyl ether

Results

In Figure 1, typical hydrostatic pressure relaxations and biphasic osmotic response
curves are shown for two individual cells A and B. Cells were either treated by 820 mM
acetone (Fig. 1A) or with the smallest glycol ether EGMME (Fig. 1B). Table 2
summarizes the results from all 32 cells treated either with 820 mM acetone or
EGMME. It can be seen from the figure and table that treatment with high external
concentrations increased half times of water exchange during hydrostatic pressure
relaxations by a decrease of hydraulic conductivity (Lp; Eq. (1)). In the presence of the

bigger solute, effects on 7,7, (Lp) were bigger than in the presence of acetone (see also

Fig. 3).
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Table 2. Half times of the exchange of water (TJV2 ~ 1/Lp) and of permeating solutes (HDO, H,0, and
acetone; 1}, ~ 1/P,) across the cell membrane of Chara internodes as measured in control medium
(APW) and during high concentration treatments of 820 mM acetone or EGMME (see Fig. 1). TJVZ and

T}, of HDO and H,0O, increased due to the closure of water channels in the presence of high
concentration. Different from water, HDO and H,0,, acetone mainly used bilayer to pass through cell

membrane, and its le/z (P) did not change significantly. Mean values are given + SD.

Test No. of 820 mM acetone 820 mM EGMME
solutes cells (n) control treated control treated
TL0s1 Tp,ls] TL0s1 Tp,ls]
H,O 16 2.1£03  3.0+0.4 2.0£0.3  3.6x0.6
HDO 16 22.842.3 29.1+2.8 242438 30.5+4.8
H,O» 16 39.6t4.3 51.6£8.5 39.8£5.3 55.248.3
acetone 16 36.9t4.4 382439 36.0t4.1 38.6£5.9

It can be seen from Fig. 1A, B and Table 2 that the permeability of HDO and H,0,
decreased in the presence of acetone and EGMME (7}, increased), but there were no

significant differences in the effects of the osmolytes. HDO and H,O, largely use water
channels to cross the plasma membrane of Chara (Hertel & Steudle, 1997; Henzler &
Steudle, 2000). The permeability of HDO is usually denoted as the diffusional
permeability of water (P4) which is smaller than the bulk water permeability (Lp or Py)
when compared in the same units. For Chara, Steudle & Henzler (1995) found a P¢#/Pq4
ratio of around 25. High concentrations did not significantly affect the permeability of

acetone.
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Fig. 1 Typical hydrostatic relaxations of cell turgor pressure (top) and biphasic osmotic response curves
as measured by cell pressure probes in two Chara internodes, when water channels were partly closed by

treatment with 820 mM acetone (A) or 820 mM EGMME (B). The control was artificial pond water

(APW). There was an increase in the half time of water exchange, TJVZ, which corresponded to a
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decrease in cell hydraulic conductivity, Lp (1/Lp ~ Tl%, Eq. (1)). Half times for solutes, le , of HDO
and H,0, decreased as well. These solutes largely use water channels to cross the membrane. Different
from HDO and H,0,, acetone mainly used bilayer to pass through membrane, and its lez remained

constant. In osmotic relaxations, solutes were first added at concentrations indicated, and then removed
again from the medium. For H,O,, final turgor pressures obtained in response curves were not identical
with original values. This was due to the action of catalase in the cell which tended to keep the final

concentration of H,0O, in the cell smaller than that outside. Average values of changes in TJVZ and T,),

for all 32 cells used are given in Table 2.

Table 3. Reflection coefficient (o5) of H,O, at control (APW) and at concentrations of high osmolarity
(820 mM = 2.05 MPa of osmotic pressure) of either acetone or EGMME. There was a significant
decrease of o, during treatments with EGMME (t-test; p = 0.05), but for treatments with acetone the
decrease of o, was not significant (t-test; p = 0.05). In some of the cells (No. 9 and 10), the decrease in o
in the presence of EGMME was down to 60% of the original value. In these cases, the second phase was

missing in biphasic responses (Fig. 2).

Reflection coefficients (o,) of HO, [1]
Cell No. control 820mM acetone control 820mM EGMME
1 0.38 0.36 0.33 0.31
2 0.33 0.32 0.33 0.25
3 0.38 0.30 0.27 0.20
4 0.31 0.25 0.36 0.35
5 0.44 0.37 0.40 0.30
6 0.33 0.33 0.35 0.29
7 0.40 0.39 0.31 0.23
8 0.40 0.33 0.36 0.32
9 - - 0.37 0.21
10 - - 0.31 0.19
Mean 0.37 0.33 0.34 0.27
+ SD 0.04 0.05 0.04 0.06

For H,0,, biphasic pressure relaxations looked somewhat different from those of the
other solutes (bottoms of Figs. 1A, B). This is due to the fact that H,O, was subject to

metabolic degradation in the cells due to the presence of catalase (Henzler & Steudle
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2000). Hence, a concentration difference between the medium and cell interior is

maintained in the steady state. Effects due to the degradation of H,O, were taken into
account when calculating the Ps and o of H,O, from 7;},. High concentration

treatments caused reflection coefficients of H,O, to decrease (Table 3).
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Fig. 2 In some cells (2 out of 10 cells), the inhibition of water channels by high concentration of osmotic
solutes sitting in both sides of the membrane resulted in response curves in which the solute phase was
completely missing (A) or nearly so (B). This was due to the fact that flow of H,O, was strongly reduced.
Hence, all the H,O, entering the cell was immediately metabolized. In this case, reflection coefficients
were reduced to 60% of the original value. For the cell shown in Fig. 2B, the turgor pressure slightly
decreased during the experiment. This indicated that the cell was tending to become leaky in the presence

of two stresses applied (osmotic and oxidative stresses). However, this case was fairly rare to happen.

Fig. 2 shows that in some cells (2 out of 10 cells), the inhibition of water channels
resulted in response curves in which the solute phase was completely missing. This was
due to the fact that flow of H,O, was strongly interrupted. Hence, all the H,O, entering

the cell was immediately metabolized. Similar results have been obtained earlier, when
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channels were closed by HgCl, (Henzler & Steudle 2000). In this case, reflection

coefficients were much reduced as can be seen in Fig. 2.

o
o
o

Il 320 MM acetone
1 820 mM EGMME

(0]
o
|

(o]
o
|

N
o
1

b 1 a az2 C as sV A4

N
o
1

Treatment/control of Lp (Pg ) x 100

o
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Fig. 3 Effects of high concentration (820 mM acetone and EGMME) on the hydraulic conductivity and
the diffusive permeabilities of different solutes (HDO, H,O, and acetone) across Chara internodes
(means of n = 16 cells £ SD). Relative changes are given rather than absolute values to avoid the
variability between cells. It can be seen that osmolytes applied at high concentration reduced water and
solute permeabilities. The permeability of acetone which moved across the bilayer, was not significantly
affected (t-test; p = 0.05). Effects of the bulky EGMME on cell Lp significantly differed from those of
acetone (p = 0.05), but there were no significant differences between osmolytes with respect to changes in

the permeabilities of HDO, H,O, and acetone as denoted by the symbols in the columns.

Fig. 3 summarizes effects of the small osmolyte acetone (820 mM) and the big osmolyte
EGMME (820 mM) on the hydraulic conductivity and the permeabilities of HDO,
H,0,, and acetone. To avoid problems with differences in the absolute values of
transport coefficients between cells, relative changes are given = SD. It can be seen
from the figure that effects on Lp (bulk water flow) were largest. There was no
significant effect on the permeability of acetone although it appeared that P, was

slightly reduced. The difference between the small osmolyte acetone and the bigger
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osmolyte EGMME in the effect on the bulk water flow (Lp) was significant (p = 0.05).
However, there were no differences in the effects of the two osmolytes on the diffusive
water flow (HDO) or the permeability of H,O,. Although HDO and H,O, differ in size,
there was no significant difference in the inhibition of permeability neither in the
presence of high acetone nor EGMME. However, permeabilities of both solutes were

significantly reduced as compared with that of acetone.

Effect of high concentration on Lp
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Fig. 4 Relative effect of concentration of the three big osmolytes (glycol ethers EGMME, DEGMME and
TEGMEE) on bulk water permeability (Lp) of Chara internodes. Solutes were added in steps of 200 mM,
and solute equilibration between medium and cell interior was waited for after each step. Lp decreased as
the concentration on both sides of the membrane increased from 200 mM to 800 mM. The bigger the
molecular size of the solute, the bigger was the effect on Lp (n = 6 cells for each type of measurement).
As in Fig. 3, mean values of relative changes are given rather than absolute values to avoid differences in
the absolute values of Lp between cells. Different symbols in columns denote significant differences

between solutes at a given concentration (t-test; p = 0.05).

In Fig.4, effects on Lp are compared for the three big osmolytes EGMME, DEGMME
and TEGMEE (Table 1) for four different concentrations (200, 400, 600, and 800 mM)
which correspond to osmotic pressures of 0.5, 1.0, 1.5 and 2.0 MPa, repectively. There

was a clear trend for Lp to decrease with increasing external concentrations of the three
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osmotic solutes. Effects significantly increased with increasing molar weight of
osmolytes (p = 0.05), except for the smallest concentration of 200 mM. At 200 mM,
effects only differed significantly between the smallest (EGMME) and the biggest
solute (TEGMEE). At the highest external concentration of 800 mM, reductions in cell
Lp were as large as 41% to 59% depending on the solute.

Effect of high concentration on P, of glycol ethers

350
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300 | |@DEGMME
B TEGMEE
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100 A

Treatment/control x 100
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Fig. 5 Relative effect of concentration of the three ‘big‘ osmotic solutes (glycol ethers EGMME,
DEGMME and TEGMEE) on the permeability of these solutes (P). Different from the water (Fig. 4), P
increased as the concentration around the cell membranes increased from 200 mM to 800 mM. The bigger
the molecular size of the solute, the bigger was the increase of Py (n = 6 cells for each type of
measurement). As in Figs. 3 and 4, means of relative changes are given = SD. Different symbols in

columns denote significant differences between solutes at a given concentration (t-test; p = 0.05).

The cell membrane was permeable to all three big osmolytes EGMME, DEGMME and
TEGMEE. Permeability coefficients were obtained from biphasic pressure relaxations.
Different from (bulk) water permeability (Figs. 1 to 3), permeability coefficients of big
osmotic solutes increased with both increasing external concentration and size of
osmolyte (Fig. 5). Compared to the control, Py of EGMME, DEGMME and TEGMEE

increased to 107%, 127% and 156% respectively, when the external concentration was
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200 mM. At 800 mM, the Py of EGMME, DEGMME and TEGMEE increased to 143%,
168% and 272% of the control, respectively. The opposite effect of high concentration
on water than on solute permeability indicates that they use different pathways to cross

the membrane.

Reflection coefficients of untreated cells increased with the size/molecular weight of
osmolytes for EGMME, DEGMME and TEGMEE as one would expect (Table 1).
Increase of high external concentration resulted in a decrease of o (Fig. 6). However,
the tendency was not as clear as that of Lp and Ps. At a first sight, this is surprising. For
a homogeneous membrane, G5 should be reduced with an increasing value of Py/Lp. In
the absence of an interaction between solute and water flow (i.e. in the absence of

membrane pores used by both water and solutes), it should be valid that (Katchalsky &
Curran , 1965; Vs = molar volume of solute):

-
o, =11 @)
Lp-RT

As the effects of Py/Lp ratios on o in Fig.6 were much smaller than expected from

Eq.(4), this simple model of the membrane does not apply.



74

Effect of high concentration on o of glycol ethers
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Fig. 6 Relative effect of concentration of the three ‘big® osmotic solutes (glycol ethers EGMME,
DEGMME and TEGMEE) on reflection coefficients of these solutes (o). o, values tended to decrease as
the concentration around the membrane increased from 200 mM to 800 mM. However, the tendency in
the changes was not as clear as that of the Lp and P, (n = 6 cells for each type of measurement). Absolute
values of reflection coefficients in the presence of artificial pond water were: EGMME: o, = 0.59;
DEGMME: o, = 0.78; TEGMME: o, = 0.80 (measured at a concentration of 25 to 60 mM of solute in the
medium, see Table 1). As in Figs. 3, 4 and 5, means of relative changes are given + SD. Different

symbols in columns denote significant differences between solutes at a given concentration (t-test; p =

0.05).
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Fig. 7 (A) Recovery of hydraulic conductivity (Lp ~ 1/ Tl‘/vz) in a Chara internode following a treatment
by 800 mM EGMME which increased half time of water exchange (Tlv/vz) by 75% and decreased Lp

accordingly. The original levz (Lp) was re-attained when the external concentration was brought back in
steps to that of the original medium (APW) and keeping the cell there for 2h. (B) Recovery of

permeability of EGMEE (P, ~ 1/7}},) in a Chara internode following a treatment of 800 mM EGMME.

Osmotic treatment reduced half time (le/'2) of solute permeability of EGMME by 27% and increased P
accordingly. After changing the medium back to APW and incubating the cell in APW for 47h, the

original value of lez (Ps) was re-attained. Changes in the reflection coefficient (c;) were completely
reversed as well. (C) Recovery of permeability of DEGMME (P; ~ 1/ Tl‘jz) in a Chara internode

following a treatment of 800 mM EGMME. Treatment reduced half time (77, ) of flow of DEGMME by
29% and increased P, by accordingly. After changing back to APW and incubating the cell in APW for
65h, the original value of T1>2 (Ps) was re-attained. Changes in the reflection coefficient (o) were

completely reversed as well.

Experiments with individual cells were performed over time intervals of as long as 7 to
8 h. Therefore, it was necessary to carefully check for reversibility. To do this, solutes
were removed from internodes by lowering the external concentration in steps of 200
mM, and Lp, Ps and o5 were again measured. A set of typical curves with 800 mM
EGMME treatment in a single internode is shown in Fig. 7. Test solutes added or
subtracted from the basic medium were £ 60 mM EGMME and + 40 mM DEGMME,
respectively. The half time of water flow increased by 75% during EGMME treatment

Fig. 7A), but 7}, of EGMME and DEGMME decreased by 27% (Fig. 7B) and 29%
1/2

(Fig. 7C), respectively. It can be seen that the half time of water was completely
recovered within less than 2h. However, for the solute permeability of EGMME and
DEGMME, time intervals required to restore the original Ps were as long as 47 h and 65
h, respectively. Reflection coefficients of the test solutes were completely reversible
after changing the medium back to APW (Fig. 7). Compared with original values of cell
turgor of 0.55 to 0.70 MPa, changes in turgor were as small as + 0.02 MPa at the end of

the experiments.
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Discussion

The data clearly demonstrate that the Chara system was remarkably stable and allowed
reversible measurements with a single internode for time periods of as long as two to
three days, depending on the osmotic stresses applied. It took a long time to remove the
high molecular weight glycol ethers from Chara internodes (47 h and 65 h for EGMME
and DEGMME, respectively). However, absolute values of transport coefficients (Lp,
Ps, o) were completely reversed even for these solutes, when the medium was changed
back to APW. Cell turgor pressure remained constant within + 4 % during long term
experiments. Hence, the integrity of cell membranes was not affected. It appears that the
osmotic treatment with glycol ethers was not harmful to the cells, even for
concentrations of as high as 800 mM (equivalent to 2.0 MPa of osmotic pressure).
Additional experiments showed that there was no significant effect on the cytoplasmic
streaming of Chara internode under even higher concentration than used in the present
study (concentration of glycol ethers of up to 1.2 M; data not shown). Obviously, there
were much less side effects during the osmotic treatment than during treatment with
HgCl, which caused drops in turgor when treatment was longer than about 10 or 20 min
(Henzler & Steudle 1995). Hence, for Chara the gating by high concentration represents
a procedure alternative to the standard use of mercurials to study effects of the closure
of water channels on water permeability (Lp), but also on membrane selectivity (os) and
solute permeability (Ps). Appropriate solutes should be not harmful to cells and should
exhibit a relatively high solute permeability at a relatively high o to achieve high

concentrations on both sides of the cell membrane within reasonable time intervals.

In the presence of high concentrations of glycol ethers applied to both sides of the
membrane, both the bulk water permeability (Lp) and diffusional permeabilities of
HDO and H,0, were reduced. The chemical structures of the latter two solutes are
similar to that of water. It has been shown that they largely use water channels to cross
the membrane (Henzler & Steudle 1995; 2000). The permeability of acetone was not
affected which should mainly use the bilayer, although there is some slippage across
water channels for Chara (Hertel & Steudle 1997). The present results indicate a

stronger effect of high external concentration on the bulk (hydraulic or osmotic) than on
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the diffusional (heavy) water flow (P4) across water channels. This may be interpreted
by different mechanisms. For a macroscopic pore, the bulk water flow increases with r*
(r = radius of the pore; Poiseuille’s law), but diffusional water flow should increase with
the cross-sectional area of the pore, i.e. with r*. Although the macroscopic picture may
not exactly hold for narrow pores exbiting a single-file transport of water, there could
be, nevertheless, substantial differences (see discussion in Steudle & Tyerman 1983). It
is interesting that besides the high Pr /P4 ratios found earlier for Chara (see Results),
there was also a big difference in the temperature dependence of Lp and Py in Chara.
According to Hertel & Steudle (1997) the bulk water flow (Lp, Pr) was much more
affected by changes in temperature than the diffusional water flow (Pg4). This has been

interpreted by differences in the mechanism as well.

According to Fig.1, there were big differences between reflection coefficients of

hydrogen peroxide and heavy water, although both largely use water channels to cross

the cell membrane (o, of HDO: 0.004; o, of H>O,: 0.36). Differences in 7;,, were much

smaller indicating a Ps of H,O, which was smaller by only a factor of less than two as
compared with HDO. Henzler & Steudle (2000) reported similar findings during
inhibition with HgCl,. They interpreted the result assuming that there was a population
of water channels present, part of which did not allow the passage of H,O, because they
were too narrow. When water channels were closed in the presence of 50 uM HgCl,,
this resulted in a decrease of the reflection coefficient for HO, and an increase of the
half time of the solute phase. This was observed here, too, when channels were closed
in the presence of high concentration (Fig. 1A, B). Compared with the mercury
experiments, effects on the reflection coefficient were less pronounced, although for a
few cells changes in the reflection coefficient were as large as a factor of two. This
latter result is similar to the effects observed in the presence of HgCl,. Overall, the
present results do point into a direction similar to that discussed by Henzler & Steudle
(2000). They favour the idea that there was a population of water channels of different
diameter, some of them used as aquaporins whereas others were functioning as

‘peroxoporins’.
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Q big osmotic solute

l cell membrane

Fig. 8 Cohesion/tension model of the gating of water channels in membranes of Chara internodes by high
concentration. The model does not include variations in the diameter of channels (see text). During the
experiments, osmolytes were present on both sides of the membrane. Since solutes were excluded from
aquaporins, tensions were set up in the pores which caused a reversible mechanical deformation of the
protein as tensions (negative pressures) increased and a closure of the channel. The bigger the size of a
solute, the higher its efficiency in exerting tensions within pores. Highest concentrations used in this
study were 800 mM which was equivalent to 2 MPa or 20 bar of osmotic pressure. At a complete

exclusion from pores, this refers to tensions of 20 bar or minus 20 bar of hydrostatic pressure in the pores.
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Zimmerberg & Parsegian (1986) suggested that the open/closed states of ion channels
might be gated by osmotic pressure. These authors used osmotic solutes which were
much bigger than those used in the present paper and were completely excluded from
channels (PEG, MW: 20,000; polyvinylpyrolidone, MW: 40,000; dextran, MW:
500,000). Hence, they should have caused tensions (negative pressures) in the water in
the channels to balance the water potential between pores and medium. A term for the
volume work (V. -AP;) was added to the Boltzmann distribution of open and closed

states by Zimmerberg & Parsegian (1986; see also Finkelstein 1987), 1.e:
t, —(AG -V, -AP) - AG V. -AP,
— =exp = exp - exp .
t RT RT RT

c

()

According to Eq. (5), the ratio of time (t,) spent in the open state to time (t.) spent in the
closed state exponentially depends on the difference of free energy between states. In
Eq. (5), AG’ is the difference in free energy which does not include the volume work
term (V. AP.; V. = volume of water channel, and AP, = difference in hydrostatic
pressure in the channel minus that in the surounding medium). When the water in
channel pores is under tension, AP, is negative (Fig. 8). According to Eq. (5), there
should be no critical tension (concentration), but a continuous decrease in Lp as found.
In principle, the concentration dependence of Lp (Fig. 4) should allow to work out the
channel volume, V.. However, to work out reliable values of V., this would require to
extend the range of concentrations to larger than 800 mM. This work is underway. It
would be interesting to see if the volume depends on the size of osmotic solutes which
could be more or less excluded from the mouth of channels tending to vary V.. This
effect would have to be separated from effects of reflection coefficients of smaller than
unity for small solutes which should reduce AP, at a given external concentration. The
interpretation of results may be complicated by the fact, in Chara, there is a population
of water channels of different size rather than just one channel (Henzler & Steudle
2000). If channel volume would vary depending on the accessibility of the entry of
aquaporins, channels would have to be treated as mosaic structures with different arrays
in series according to the theory of Kedem & Katchalsky (1963b; Ye & Steudle, in

preparation).
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The physical mechanism based on the tension in aquaporin pores may be questioned in
favour of ‘metabolic’ models. For example, osmotic stresses may cause changes in
cytoplasmic pH which, in turn, could affect aquaporins (Gerbeau et al. 2002). However,
when employing such a model, one has to explain why the glycol ethers of different size
had such a different effect. It is hard to imagine that cytoplasmic pH is regulated by the
size (reflection coefficient) of osmolytes. With respect to pH, it is interesting to note
that, in Chara, variation of external pH between pH = 7 and 11 had no effect on overall

transport coefficients (Lp, Ps and o,; Tyerman & Steudle 1984).

The cohesion/tension mechanism proposed here may well explain the known effect of
external osmotic pressure on the Lp of Characean cells (Dainty & Ginzburg 1964;
Kiyosawa & Tazawa 1972; Steudle & Tyerman 1983). Similar results have been
reported for corn roots in the presence of high salinity (Azaizeh & Steudle 1991;
Azaizeh et al. 1992). At an external concentration of NaCl of 100 mM, Lp; of roots was
reduced by a factor of 0.6, but Lp of root cells was reduced by a factor of as large as 4
to 6. For maize, differences between the cell and root level have been explained in terms

of a dominating apoplastic transport in the presence of a hydrostatic pressure gradient.

In the model of Zimmerberg & Parsegian (1986), big osmolytes present on both sides of
the membrane gate the open/closed state of channels. When solutes are not completely
excluded from water channels, channels should have a reflection coefficient of less than
unity. The tension caused at a given concentration should increase with increasing
reflection coefficient of channels. The bigger the size of the solute, the stronger should
be the effect, i.e. the reduction of Lp at a given concentration, as found. On the other
hand, a solute like acetone which is known to slip across channels to some extent
(Steudle & Henzler 1995; Hertel & Steudle 1997), should cause much smaller effects if
any, as was also found. The findings provide strong evidence in favour of a
cohesion/tension model of water channels (Fig. 8). They may indicate conformational
changes of aquaporins which were reversible. When the medium was changed back to
original, the original Lp was completely re-attained in less than 2 h. This time interval
was short compared with that required for Py (47 h and 65 h for EGMME and

DEGMME, respectively). Different from the conventional cohesion/tension model as
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used during long distance transport of water in higher plants (Steudle 2001), there are
no problems of cavitation even when the water in the narrow pores is under tension.
Diameters of water channels may be of an order of 0.2 to 0.4 nm (diameter of a water
molecule). Formally, this is equivalent to a capillary pressure of as large as 730 to 1460
MPa, but, certainly, the meaning of capillary pressure has to be questioned in a single-
file pore. However, considering the strong interactions (hydrogen bonding) between
water and polar walls of channels, the tensions which could be sustained by such a pore
should be enormous. Hence, it should be quite difficult to remove the water imbibing

aquaporins.

The permeability coefficient (Ps) of glycol ethers increased as external concentration
increased. As cell Lp decreased with increasing concentration, the opposite effect on
solute permeability is strong evidence that water and solutes used different passages
across the plasma membrane. Within the limits of accuracy, no slippage of solutes
across water channels was detected as it was found with low molecular weight organic
solutes such as alcohols, amides, H,O,, or acetone (Hertel & Steudle 1997; Henzler &
Steudle 2000). Increases in Py were as large as 270%. The increase of P is not yet
completely understood. It may be related to the chemical structure of the glycol ethers
used. They are composed of a hydrophilic hydroxyl group and a rather long
hydrophobic tail (Table 1). Hence, they may dissolve in the membrane bilayer at a
relatively high concentration. The effect of a substantial partitioning of solutes between
the water and the lipid phases may increase the permeability of the bilayer. It is,
however, not affecting the function of water channels which quickly recover from the
osmotic stress. Interestingly, the shorter ethylene glycol molecule with its two-hydroxyl
groups is virtually impermeable and exhibits a reflection coefficient of close to unity
(data not shown). Effects of partitioning should be bigger for the longer rather than for
the shorter glycol ethers, as found. Equilibration between phases may take some time.
This could explain the finding that reversal of solute treatment took as long as 47 to 65
h depending on the size of solutes. In the past, similar effects of relatively long times of
recovery have never been observed with smaller solutes such as low molecular weight
monohydric alcohols (methanol, ethanol, propanols etc.). With acetone, recovery was

immediate as well.
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Reflection coefficients (os) had the tendency to decrease with increasing osmotic
concentration of the different glycol ethers, but effects were not as clear as in the
presence of HgCl, or low molecular weight solutes (Steudle & Tyerman 1983; Steudle
and Henzler, 1995, 2000; Hertel and Steudle, 1997). Rather than using the simple model
of a homogeneous membrane (Eq. (4)), the composite transport model has been
employed to explain the effects of reduction in Lp and o5 in the presence constant or
rather small changes of P;. In the composite transport model, the overall reflection
coefficient is explained in terms of a weighted mean of two different arrays (water
channel array, ‘a’, and bilayer array or rest of the membrane, ‘b”). Transport properties
of arrays are characterized by different sets of transport coefficients (Lp®, Py, o," and
Lpb, P, csb). According to basic irreversible thermodynamics (Kedem & Katchalsky

1963 a, b), the overall oy is given by:

a.La b'Lb
S:yL p-af+7/L r.o?l. (6)

P P

O

Here, v* and y” represent the fractional contribution of arrays ‘a’ and ‘b’, respectively (y*
+ yb = 1). Hence, (y"-Lp")/Lp and (yb-Lpb)/Lp represent the relative contribution of arrays
‘a’ and ‘b’ to the overall hydraulic conductivity of the membrane. The model has been
shown to apply during the inhibition of Lp by HgCl, or high concentrations of low
molecular weight solutes (Steudle & Henzler 1995). In these applications, it was
assumed that treatments just affected the open/closed state of water channels but not the
transport properties of the bilayer. The fact that it does not apply here, may be then due
to changes in the transport properties of the bilayer such as its hydraulic conductivity
and the reflection coefficient. In part, changes may be compensating which may result
in a moderate effect on the overall 6. A quantitative model (as during the inhibition by
HgCl, and low molecular weight solutes) could be only made, when the changes in the
transport properties of the bilayer would be known in detail. These data, however, are

difficult to obtain experimentally.

In conclsion, our data from long term experiments with Chara internodes support the
view that osmotic dehydration in terms of a cohesion/tension mechanism is an
important trigger of water channel activity in Chara and, perhaps, in higher plants, too.

Findings of a gating of water channel activity by high concentration are in line with
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earlier findings for ion channels. The cohesion/tension model assumes that osmotic
solutes are excluded from channels. This, in turn, results in a reversible deformation or
even collapse of channel protein as tensions (negative pressures) develop within
aquaporins. In accordance with the model, there was no critical tension (concentration)
at which channels were blocked. Increasing size (molecular weight) of osmotic solutes
made them more efficient to induce the deformation. The glycol ethers used in this
study should have been largely excluded from aquaporins but moved across the bilayer.
They may have been more or less accessible to the mouthpart of channels. Different
pathways for water and solutes were demonstrated by the fact that increasing
concentration decreased water permeability of the membrane (cell Lp) but increased
solute permeability (Ps). The data show that changes in transport properties (Lp, Ps, o)
were completely reversible, even when experiments with a given internode lasted for 2

to 3 days.
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Abstract

The water permeability (hydraulic conductivity; Lp) of turgid, intact internodes of
Chara corallina decreased exponentially as the concentration of osmolytes applied in
the medium increased. Membranes were permeable to osmolytes and, therefore, they
could be applied on both sides of the plasma membrane at concentrations of up to 2.0 M
(5.0 MPa of osmotic pressure). Organic solutes of different molecular size (molecular
weight, MW) and reflection coefficients (os) were used (heavy water HDO, MW: 19,
os: 0.004; acetone, MW: 58, o,: 0.15; dimethyl formamide [DMF], MW: 73, o,: 0.76;
ethylene glycol monomethyl ether [EGMME], MW: 76, o 0.59; diethylene glycol
monomethyl ether [DEGMME], MW: 120, c,: 0.78 and triethylene glycol monoethyl
ether [TEGMEE], MW: 178, o: 0.80). The larger the molecular size of the osmolyte,
the more efficient it was in reducing cell Lp at a given concentration. The residual cell
Lp decreased with increasing size of osmolytes. The findings are in agreement with a
cohesion/tension model of the osmotic dehydration of water channels (aquaporins;
AQPs), which predicts both reversible exponential dehydration curves and the
dependence on the size of osmolytes which are more or less excluded from AQPs (Ye,
Wiera & Steudle 2004). In the presence of big osmolytes, dehydration curves were best
described by the sum of two exponentials (as predicted from the theory in the presence
of two different types of AQPs with differing pore diameters and volumes). AQPs with
big diameters could not be closed in the presence of osmolytes of small molecular size,
even at very high concentrations. The cohesion/tension theory allowed pore volumes of
AQPs to be evaluated, which was 2.3 + 0.2 nm” for the narrow pore and between 5.5 +
0.8 and 6.1 + 0.8 nm” for the wider pores. The existence of different types of pores was
also evident from differences in the residual Lp. Alternatively, pore volumes were
estimated from ratios between osmotic (Ps) and diffusional (P4) water flow, yielding the
number of water molecules (N) in the pores. N values ranged between 35 and 60, which
referred to volumes of 0.51 and 0.88 nm®/pore. Values of pore volumes obtained by
either method were bigger than those reported in the literature for other AQPs. Absolute
values of pore volumes and differences obtained by the two methods are discussed in
terms of an inclusion of mouth parts of AQPs during osmotic dehydration. It is

concluded that the mouth part contributed to the absolute values of pore volumes



93

depending on the size of osmolytes. However, this cannot explain the finding of the

existence of two different types or groups of AQPs in the plasma membrane of Chara.

Key words: Chara corallina; aquaporins; cohesion/tension; gating; hydraulic

conductivity; pore volume; reflection coefficient; water channels.

Introduction

There is accumulating evidence that water channels (aquaporins; AQPs) play an
important role in plant water relations at all levels of organization (cell, tissue, organ
and whole plant). AQPs facilitate the rapid, passive exchange of water across cell
membranes. (For reviews see: Steudle & Henzler 1995; Maurel 1997; Kjellbom et al.
1999; Tyerman et al. 1999; Steudle 2000, 2001; Maurel & Chrispeels 2001; Javot &
Maurel 2002; Tyerman, Niemietz & Bramley 2002). Most (75% — 95%) of the water
permeability of plasma membranes is due to AQP activity (Henzler, Ye & Steudle
2004). Since the pioneering work of Agre and co-workers, there has been much effort
expended in identifying the molecular structure of water channels (Jung et al. 1994;
Murata et al. 2000; Ren et al. 2001). This has shown that AQPs are transport proteins
with a molecular weight of about 30 kDa and that they span the membrane six times
thereby forming a narrow, hydrophilic pore (Verkman & Mitra 2000). Work on the
transport properties of AQPs demonstrated that, in accordance with their small
diameter, AQPs are highly selective for water largely by excluding bigger molecules.
AQPs just allow the passage of one water molecule after the other in a single file.
However, some of the AQPs identified so far have proved to be permeable to small
neutral solutes as well such as glycerol or urea (Agre, Bonhivers & Borgnia 1998; Biela
et al. 1999; Borgnia et al. 1999; Dean et al. 1999; Gerbeau et al. 1999; Guenther &
Roberts 2000).

In the turgid, intact internodes of the green alga Chara corallina, it has been

demonstrated that small organic solutes such as ketones, amides or monohydric alcohols
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use water channels in addition to the bilayer to cross cell membranes (Henzler &
Steudle 1995; Hertel & Steudle 1997; Henzler et al. 2004). Hence, AQPs of Chara are
not ideally selective for water. Henzler & Steudle (2000) presented evidence that some
of the Chara AQPs allow a rapid passage of hydrogen peroxide and may serve as
‘peroxoporins’ as well as ‘aquaporins’. The data of these authors indicated the existence

of different AQPs with differing diameters and, thus, pore volumes.

Recently, Ye, Wiera & Steudle (2004) proposed a cohesion/tension (C/T) model for the
gating of water channels. The model was based on the fact that osmotic solutes
excluded from AQPs, should cause a tension (negative pressure) within the pores,
leading to a reversible deformation or even collapse of channel protein as tensions
increase (in response to increasing solute concentration). Tensions of 2.0 MPa (20 bars)
or even higher have been induced by Ye ef al. (2004). Deformation or collapse of AQPs
was evident from a reversible decrease of hydraulic conductivity of the cell membrane
(Lp). The larger the size (molecular weight) of the osmotic solute used, the more

efficient was the reduction of Lp.

In the present paper, these experiments are continued. Further evidence for the validity
of the C/T model of Ye et al. (2004) is presented. According to the model, different
osmotic solutes should differ in their efficiency to close water channels, depending on
their size in relation to the diameter of membrane pores. For example, a relatively small
solute which could pass through an AQP should exert a smaller tension at a given
concentration than a bigger one. According to the model, solutes have to be presented in
the same concentration outside and inside the cell. So, they have to be sufficiently
permeable on one hand while sufficiently large on the other. Different ethylene glycol
ethers fulfil these requirements. They also vary in size. Acetone was used as a typical
small organic solute which has been shown to pass across AQPs in addition to the
bilayer (Henzler et al. 2004). The change in the activity of AQPs was measured by a
pressure probe for concentration series using the different osmolytes of different
degrees of exclusion from pores. Pore volumes were calculated from ‘dehydration
curves’, which required the measurement of responses over large ranges of

concentration. Using the extrapolation technique of Steudle & Henzler (1995),
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reflection coefficients of AQPs of solutes (os") were obtained as well. For the first time,
the experiments provide estimates of the volumes of AQPs (V.) of the plasma
membrane of an intact plant cell. In alternative experiments, numbers of water
molecules in water channels were estimated by comparing the osmotic (Pr) and
diffusional (P4) water permeability. According to Levitt’s (1974) theory, ratios of Py/Py
should directly yield the number of water molecules in an AQP, which is related to pore
volume. Results indicate that the plasma membrane of Chara may contain a population
of different AQPs rather than just one type, an idea previously suggested for different
reasons (Henzler & Steudle 2000). Volumes of AQPs deduced from numbers of water
molecules in AQPs (P¢/P4 ratios) were smaller than those calculated from dehydration
curves. This suggested that either the channels are somewhat wider than just the
diameter of a water molecule, or that the mouth parts of channels contributed to the

overall V,, or both.

Material and methods

Plant material

Internodes of Chara corallina used in the experiments were grown in artificial pond
water (APW; composition in mole-m™: 1.0 NaCl, 0.1 KCI, 0.1 CaCl, and 0.1 MgCL) as
described previously (Ye et al. 2004). Internodes (length: 50 to 150 mm; diameter: 0.8
to 1.0 mm) were isolated from adjacent internodes and whorl cells and fixed in a tube
(inner diameter: 3 mm) to allow rapid circulation of APW around the cells and rapid

exchange of media to minimize external unstirred layers.

Determination of Lp, Prand Py

The water permeability of the plasma membrane of Chara internodes (hydraulic
conductivity, Lp) was calculated from half times of water exchange (7,/,) as measured

with the cell pressure probe:
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Vv In(2)
P A T et M
Here, V = cell volume; A = cell surface area; ¢ is the clastic coefficient of the cell
(elastic modulus) and ' = osmotic pressure of cell sap, which was calculated from cell
turgor and external osmotic pressure. The osmotic permeability (Pf) in m-s’ is
proportional to Lp in m-s'-MPa™, and was calculated from the relation (Hertel &
Steudle 1997):
P, = Lp;RT @)

w

(R = gas constant; T = absolute temperature; V. = molar volume of liquid water). The
diffusional permeability of solutes (Ps) and of isotopic water (P4) was estimated from
half times of solute exchange as obtained from solute phases of biphasic pressure/time
curves (Henzler et al. 2004):

Vv

vV  In(2)
P(P)="x—"="k, 3)
4T, A4

Here, T}}, is the half time of solute (HDO) exchange, and k, the corresponding rate

constant. For a detailed description of these equations, see earlier publications by
Steudle (1993) and Henzler & Steudle (1995). The cell pressure probe (completely
filled with silicone oil) was introduced across the node into the fixed Chara internode
(Henzler & Steudle 1995; Hertel & Steudle 1997; Henzler et al. 2004). Using the probe,
the oil/cell sap meniscus forming in the tip of the capillary, was moved forward or
backward and was kept stable after each move. From the half time of pressure

relaxations, Lp and Pr were calculated as a control (Eqns 1 and 2).
Effects of high solute concentration on the transport of H,O and HDO

Heavy water (HDO; 3.8 to 4.8 M) was used for testing the diffusional water
permeability (P4) of the membrane. Control values of P4 were calculated from biphasic
response curves (Steudle & Tyerman 1983; Steudle 1993; Eqn 3). To determine effects
of concentration on Lp, Pr and Py, solutes with different molecular weights were added
to the medium. One solute was acetone which largely moves across the bilayer of the

cell membrane. However, a limited transport of acetone across water channels is known
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to occur (Henzler & Steudle 1995; Hertel & Steudle 1997; Henzler et al. 2004). Other
solutes were dimethylformamide (DMF); ethylene glycol monomethyl ether (EGMME);
diethylene glycol monomethyl ether (DEGMME); and triethylene glycol monoethyl
ether (TEGMEE), all of which were expected to be excluded from water channels
because of their relatively large molecular size (Table 1). To avoid plasmolysis,
concentrations were increased in steps of 0.2 M and proceeding to the next was delayed
until full recovery of turgor. At each step, four hydrostatic pressure relaxations were
induced to measure Lp at that concentration. Maximum concentrations were 2.0 M for
acetone and 1.2 M for DMF and the three glycol ethers. HDO (the same concentration
as in the control) was added to the medium in the presence of 1.2 M acetone or 1.2 M

TEGMEE to measure changes of P, in response to that treatment. Whether or not the

effects of acetone and TEGMEE on aquaporins were additive was determined. To do
this, cell Lp was first measured in the presence of 1.0 M acetone, later adding 0.2 M
TEGMEE and measuring Lp again. Alternatively, Lp was first measured in the presence
of 0.8 M TEGMEE, and again later after adding 0.4 M acetone. To remove solutes
taken up by the internodes, the external concentration of the medium was reduced in
steps of 0.2 M until the solution was APW again. Lp, Prand P4 were re-examined to
ensure that effects were completely reversible. For a given cell, the whole time course
of experiments lasted for 4 to 12 hours. During treatments, cells did not lose turgor

pressure (0.6 to 0.7 MPa) within £ 0.05 MPa or * 8 %.

The reflection coefficient of the water channel array (os")

It has been shown that the transport properties of the plasma membrane of Chara may
be described in terms of a composite transport model (Henzler & Steudle 1995).
According to the model, the overall reflection coefficient () is expressed in terms of a
weighted mean of two different arrays (water channel array, ‘a’, and the rest of the
membrane, ‘b’). Transport properties of arrays are characterized by different sets of
transport coefficients (Lp®, Py, o and Lpb, P, o). According to basic irreversible

thermodynamics (Kedem & Katchalsky 1963), the overall oy is given by:

s

a a b b
}/ Lp o ;l ]/ Lp b ) ( 4)
Lp Lp
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Here, v* and y° represent the fractional contributions in area of arrays ‘a’ and ‘b’,
respectively (v* + y° = 1). Hence, (y*Lp*)/Lp and (y’-Lp°)/Lp represent the relative
contributions of arrays ‘a’ and ‘b’ to the overall hydraulic conductivity of the
membrane:

Lp=y"Lp" +y"Lp". (5)
If we assume that the contribution of the lipid array to the overall water transport is

constant (i.e. Lpb, o

= constant) and that water channels just switch between an open
and closed state, Eqns 4 and 5 can be used to evaluate the reflection coefficient of water

channels (cy"). For a given solute, these equations yield (Henzler & Steudle 1995):

1
o, =0~y -Lp’ '(Uf—Uf)‘E : (6)

Thus, plotting the measured quantities o, and 1/Lp against each other should yield a
straight line and the reflection coefficient of water channels (") from the intercept with
the oy axis. It should be noted that, when there are different types of water channels
which exhibit a different dependence on concentration, o5* denotes a weighted mean of
the reflection coefficients of these different channels (see Discussion). In any case, we
may distinguish between an array with variable values (c5" and Lp®) and an array with

constant values (Gsb and Lpb; bilayer or ‘the rest of the membrane’).

Calculation of the pore volume of water channels

Zimmerberg & Parsegian (1986) presented a model of the gating of ion channels by the
osmotic pressure of the medium on both sides of the membrane. According to the
model, solutes excluded from channels cause a dehydration of membrane pores. This, in
turn, results in a deformation or even collapse of channel protein as tensions (negative
pressures) develop within pores. Ye ef al. (2004) extended this idea to the aquaporins of
Chara to explain the dependence of cell Lp on solute concentration. External osmotic
pressure of solutes not accessible to the pores should have caused tensions in the water
in channel pores to balance the water potential between pores and medium. As for ion
channels, Ye et al. (2004) suggested that tensions cause a reversible collapse of the

AQP protein and affect the ratio between the number of open and closed states of
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channels. The ratio between the number of open channels in untreated Chara (n,) and
the number of open channels during treatment with external permeating solutes (n)
should be given by a Boltzmann distribution. This means that the ratio of n/n, should
depend on the difference in free energy between the two states (AG). The latter just
refers to the pressure dependence of free energy (volume work: V-AP.), whereby AP, =
hydrostatic pressure in the channel minus that in the surrounding medium, and V. is the
internal volume of the pores. In the presence of external solutes, AP, is negative. It is

zero in its absence. We get (see Ye et al. 2004):

izizexp(— AG )=eXp(VC.APC). (7)

n, Lp ky, T ky,-T

o o

According to this equation, the Lp of treated cells should decline exponentially as the
tension created within a channel in the presence of external solutes increases. In Eqn 7,
kg = Boltzmann constant (kg = R/Nr; R = gas constant; Np = Avagadro’s number =
6.023 x 10% particles per mole); T = absolute temperature. The tension created in the
channels is related to external concentration (C,,) by van’t Hoff’s law, i.e:
AP =—-RT-C, . (8)
Hence, we predict an exponential decrease in Lp as the external concentration increases:
LL—i:E+F-exp(—k-Cm). 9)

As compared with Eqn 7, a term ‘E” has been added in Eqn 9. It represents the residual
Lp which is not affected by pore dehydration in the presence of external solutes. The
parameter ‘F” refers to the component of Lp, which is due to concentration dependent
AQPs. Component ‘E” may be caused by the permeability of the bilayer or by pores
(AQPs or other transporters) that are not affected by concentration. Lp/Lp, — C;, curves
have been fitted exponentially with high correlation factors (see Results). Lp, is the
original hydraulic conductivity, when C, = 0. Hence, £ + F' = 1. According to Eqn 9,
Lp/Lp, — Cm curves should become horizontal lines when all channels responsive to
external osmotic pressure are closed due to the cohesion/tension mechanism. The
decline constant £ is a measure of the intensity by which solutes of different sizes
(molecular weights) affect Lp. According to the C/T model, one would expect that
effects of solutes are less pronounced when molecules were not completely excluded

from the pores, i.e. when reflection coefficients of pores (c5") were smaller than unity.
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In this case, the pressures in the pores would be given by AP, = — 6"-RT- Cy,, and Eqn 7

should read:

LLTi=E+F-eXp(—Gf-IOOO-NL-VC-Cm). (10)
The factor of thousand arises from the fact that C,, should be given in mol-m” rather
than in the usual unit mole-L™ or M (as done here). Measurements of the concentration
dependence of Lp should allow one to work out k values (in M™") and channel volume
V., (in 10%" m*/pore = nm*/pore = 1000 A*/pore) provided that the reflection coefficient
of the pore (o) is known for a given solute. From Eqns 9 and 10 we get:

V.= m . (11)
In Eqn 9, only one type of channel of volume V. has been assumed. However, the
results of this paper suggest that there are two different types or groups of channels of
different volumes V. and V., present, which may also differ in their reflection
coefficients (o4 and o) for a given solute. In this case, Eqn 9 has to be extended to:
Lp
L—p0:E+F-exp(—kl -C,)+G-exp(—k,-C,) , (12)
where k) and k; are defined according to Eqn 11. As in Eqn 9, the meaning of E is that
of the residual water permeability, when all channels exhibiting concentration
dependence are closed. The terms F and G reflect the overall contributions of channels
1 and 2 to Lp, in the open state. Different from Eqn 9, the concentration dependence
described by Eqn 12 should not be represented by a single exponential; rather, it should
split into two superposed exponentials, which may be separated from each other
provided that the differences in pore volumes are big enough (Fig. 2B). On the other
hand, when there are channels for which the reflection coefficient of an osmolyte is
virtually zero, these channels should not close in the presence of this solute,

independent of its concentration as shown for acetone in this paper.
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Results

Reflection coefficients of water channels (cs%)

According to Eqn 6, plotting the measured overall reflection coefficients (cs) against the
inverse of hydraulic conductivity (1/Lp) as measured for different concentrations yields
the reflection coefficient of the water channel array (o;") from the intercept with the o
axis. This is shown in Fig. 1A for acetone which goes through AQPs (overall c,* = 0.32
+ 0.07; n = 6 cells) and in Fig. 1B for TEGMEE, which does not (overall c* = 1.01 +
0.06; n = 6 cells). For other solutes, reflection coefficients are summarized in Table 1.
They vary depending on the size and on the molecules’ polarity. Linear relationships
between o” and 1/Lp such as those shown in Fig. 1 have been verified before not only
for Chara, but also for higher plant cells (Steudle & Henzler 1995). As pointed out in
the Material and Methods section, ;" values would refer to a weighted mean in the

presence of different AQPs.

Reflection coefficient, o

1/Lp [10° m™ s-MPa]
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Fig. 1. Plots of the overall reflection coefficients (c;) of Chara internodes versus the inverse of hydraulic
conductivities (1/Lp) for six individual cells of Chara corallina as denoted by different symbols.
Internodes were treated by two different permeating solutes with increasing concentrations (A: acetone;
B: TEGMEE). As expected from Eqn 6, plots yielded a straight line. From the intercept of the lines with
the o, axis, reflection coefficients of water channel arrays (c,") were obtained for acetone (mean + SD: &,

=0.32+0.07) and for TEGMEE (c,*= 1.01  0.06).
Residual water permeability and decline constants of Lp/Lp, — Cr curves

As the external osmolyte concentration increases, one would expect an exponential
decrease of Lp given by a certain decline constant k and a residual water permeability £
(Eqn 9). Fig. 2A shows that Lp/Lp, decreased exponentially as the concentration of
osmolyte increased. For all test osmolytes, single exponential fits of Lp/Lp, — Cy, curves
(Eqn 9) resulted in high correlation factors of r* > 0.99. It can be seen from Fig 2A and
B that there was significant difference among residual water permeabilities for
osmolytes which differed substantially in size such as acetone and TEGMEE (t-test; P <
0.05). Residual water permeabilities (given as a percentage of the original Lp,)
decreased as the size (molecular weight) of test solutes increased. For example, for
acetone (the smallest solute used) £ = 52%; for TEGMEE (the biggest) £ = 33 % (Fig.
2B; Table 1). This indicated that there were bigger and smaller channels present, and

the bigger channels could not be closed in the presence of even considerable
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Fig. 2 (A) Effect of concentrations of five osmolytes (acetone, dimethylformamide and three glycol
ethers) on bulk water permeability (Lp) of Chara internodes. As the concentration on both sides of the
membrane increased from 0.2 M to 2 M (acetone) or to 1.2 M (DMF and glycol ethers), Lp decreased for
all osmolytes (n = 6 cells = SD for each osmolyte). Points represent the mean values of relative Lp
(compared with control at zero concentration, Lp,) (n = 6 cells for each concentration). Lp/Lp, curves
were fitted exponentially (Eqn 9; r* > 0.99). The bigger the molecular size of the solute used, the greater
was its effect in reducing Lp. In (B), it is shown for TEGMEE that the fit in (A) contained two
exponentials as expected in the presence of two different groups of AQPs with different pore volumes.
Subtracting results of the dehydration curve for acetone (I, representing the small channels) from that for
TEGMEE (I, representing all channels) resulted in the response curve for the wide channels (III, Eqn 12).
From the different decline constants k; and k,, channel volumes have been calculated (Eqn 11; Table 1).
Error bars in (B) denote SD values (n = 6 cells), whereby the error bars in III represent the propagated
errors from I and II. For each concentration and curve, mean values were significantly different from

those of the other two, (t-test; P < 0.05), except for curves II and III at concentrations of 0.2 and 0.4 M.

concentrations of the small solute acetone, presumably because of a rather low o” of the
big channels for acetone. A careful inspection of the dehydration curves for the big
solutes EGMME, DEGMME, and TEGMEE showed that they would be better fitted as
the sum of two exponentials according to Eqn 12 rather than by just one exponential
(Eqn 9). The subtraction of the TEGMEE curve from the acetone curve of Fig. 2B
showed that the TEGMEE curve contained two different components, one due to a big
channel and one due to a small channel, as could be also verified from semilog plots
(data not shown). Obviously, the different decline constants referred to different types
of channels. Bigger channels responded to TEGMEE but not to acetone, whereas
smaller channels responded to both acetone and TEGMEE. As for TEGMEE, there was
also a splitting into two components for DEGMME and EGMME which resulted in two
different & values and pore volumes (Table 1). However, a splitting of the DMF curve
could not be done, presumable because the sizes of the acetone and DMF were too

similar.

Pore volumes of water channels in Chara

When volumes of water channels were calculated using a single exponential (Eqn 9)

and the o," values of Fig. 1, volumes ranged between 2.5 + 0.1 and 7.3 + 0.2 x 10%" m’
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or 2.5 + 0.1 to 7.3 + 0.2 nm’ (data not shown), whereby the highest pore volume
referred to the smallest osmolyte acetone, because of the low o for acetone. In view of
the results of Fig. 2B, this cannot be true. It is more likely that the small (‘acetone’)
channels have a o," ~ 1 for acetone which did not affect the big channels, because they
were too wide. The same should be true for the other solutes. Therefore, using the
assumption of a " = 1 for all solutes, values of V. ranged from 2.1 + 0.1 to 3.8 £ 0.2
nm’ tending to increase with increasing size of the solute. However, when Eqn 12 was
applied to split up effects in the presence of different channels, two different types of
channels could be classified. When subtracting the contribution of the small ‘acetone’
channel (V. = 2.3 nm’) from the dehydration curves in the presence of EGMME,
DEGMME and TEGMEE, the volume of the bigger channel component was found to
be 5.5 + 0.8 to 6.1 + 0.8 nm’ (last column of Table 1). For DMF, no separation of
components was possible (see above). The data strongly indicate that channels of two

different sizes are present.



Table 1. Pore volumes of water channels calculated from Lp/Lp, —
Values of the decline constants, k, and of the residual Lp/Lp,, E, were obtained from Lp/Lp, — C,, dehydration curves (Fig. 2A, B). Overall reflection coefficient of
water channels (o) for different osmolytes were estimated from the intercept with o axis by plotting the measured quantities o, against 1/Lp (Fig. 1; Eqn 6). Pore
volumes of water channels in the column next to the last were calculated using Eqn 9, assuming a single type of channel and a reflection coefficient of unity for all

solutes including acetone. In the last column, the model of two different types of channels has been employed, whereby the acetone data refer to the small and the other
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C., dehydration curves of osmolytes of different molecular size and reflection coefficients (o).

data to the big channels (Eqn 12; Fig. 2B). Values are means = SD; n = 6-10 cells.

solute Molecula overall values of £ values of Overall Pore volumes Pore volumes (nm”)
r weights  reflection in Eqn 9 decline reflection (nm3) calculated calculated assuming
(g/mol) coefficient (maximum constants, k& coefficients assuming only two types of channels
(os) change of (M'l) (Eqn of water one type of (Egn 12). Data for
Lp/Lp, 9) channel channel (Eqn 9) acetone refer to small
in percent) arrays (") channels and for the
other solutes to big
channels (Fig. 2B)
acetone 58 0.15+0.03°¢ 52+0.8 1.41+£0.11 0.32+0.07 23+0.2 23+0.2
DMF 73 0.76 + 0.06 ¢ 38+ 1.8 1.25+0.07 0.83+0.13¢ 2.1+0.1 -
EGMME 76 0.59+0.03¢ 46+ 1.1 1.73+0.08 0.78 £0.05 2.9+0.1 56+1.1
DEGMME 120 0.78 £0.05° 37+24 1.99+0.20 1.03+0.10 33+0.3 55+0.8
TEGMEE 178 0.80 £0.07°¢ 33+2.5 231+0.15 1.01£0.06 38+0.2 6.1+0.8

¢ data from Ye et al. 2004, o, were measured at concentrations of 160 mM for acetone and 60 mM, 40 mM, 25 mM for EGMME,
DEGMME, TEGMEE, respectively; 4 data from Steudle & Tyerman 1983.
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Combined treatments with a small (acetone) and a large (TEGMEE) osmolyte
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Fig. 3 (A) Treatment with either 0.2 M TEGMEE (big solute) or 1 M acetone (small solute) reduced cell
Lp of Chara internodes down to 77% and 59% of the control, respectively. In the presence of 1 M
acetone, the addition of 0.2 M TEGMEE resulted in a further significant reduction of Lp as compared
with the treatment with 1 M acetone (n = 6 cells; P < 0.05). (B) When Chara internodes were treated first
with 0.4 M acetone or 0.8 M TEGMEE, cell Lp was reduced to 77% and 47% as compared with control,
respectively. In the presence of 0.8 M TEGMEE, the subsequent addition of 0.4 M acetone had no further
significant effect on reducing Lp (n = 5 cells; P > 0.05). Dashed lines indicate the maximum residual

value of Lp in the presence of high concentrations of acetone (52% of original Lp,).
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The striking difference in the residual Lp between acetone and the bigger osmolytes
(Fig. 2) suggested that, for example, the more efficient TEGMEE closed more and,
perhaps, a population of channels different from those which were affected by acetone.
If true, the addition of TEGMEE should still have a substantial effect on Lp, even when
the small-diameter channels had been already closed by fairly high concentrations of
acetone. On the other hand, when all channels had been closed at a high concentration
of TEGMEE, the addition of acetone should have no further effect. Fig. 3 demonstrates
that this was the case. An internode was treated with 0.2 M TEGMEE which reduced Lp
to 77% of the control value (Lp,); 1.0 M of acetone decreased Lp to 59% of Lp,. When
a mixture of both solutes was added to the same cell (i.e. adding 0.2 M TEGMEE in the
presence of 1.0 M acetone), the relative reduction of Lp was 50%; the reduction was
significantly greater than that of either single treatment (means £ SD, n = 6 cells, P <
0.05). Hence, in the presence of a rather high concentration of acetone, a relatively low
concentration of TEGMEE did have an additional effect. However, when TEGMEE was
present at rather high concentration, the addition of a substantial amount of acetone had
no significant further effect (Fig. 3B). The results from Figs. 2B and 3B suggest that
there are different water channels in Chara which differ in their sensitivity depending

on the size of solutes.

Number of water molecules (N) within the pore

According to Levitt’s (1974) theory, the number (N) of water molecules within a
narrow pore where molecules move in a single file (i.e., one by one and without passing
each other) is given by the ratio between the osmotic (Py) and diffusional (P4) water
permeabilities. Pr is directly related to the hydraulic conductivity, Lp. The diffusional
water permeability was determined in a separate experiment using isotopic water

(HDO). We have:

P, .
N=-L= . (12)
Pd
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Fig. 4. The ratios between osmotic (Py) and diffusional (P4) water flow directly yield the number (N) of
water molecules aligned in water channels. When Py and P4 were measured in control (APW) with the aid
of a cell pressure probe, N was 47 on average (n = 12 cells + SD), suggesting that there are 47 water
molecules aligned in a water channel of Chara. Treatments with 1.2 M acetone or 1.2 M TEGMEE
reduced the value of N to 34 and 23 (n = 6 cells for each treatment), respectively. Please, note that 6
different cells have been treated with TEGMEE and acetone, respectively, because a treatment with both
solutes would not have been possible for a single cell. Nevertheless, for each cell both Pr and P4 have

been measured in control and treatment.

This relation refers to the situation where all water passes across channels and there is
no parallel passage across the bilayer (or rest of the membrane). This assumption is not
met in the presence of a significant water flow across the bilayer (see Discussion). From
the results shown in Fig. 4, we calculated that there were 47 water molecules aligned in
a water channel when Pr and Py were measured in control (APW). Treatments with 1.2
M acetone or 1.2 M TEGMEE reduced N to 34 and 23, respectively. Changes were
significant (t-test; P < 0.05). For a non-porous pathway such as the bilayer, N = 1 should
hold. Therefore, the results of Fig. 4 indicate a higher relative contribution of the bilayer
passage as water channel activity decreased at high external concentration. The more
effective solute TEGMEE had a stronger effect than the less effective acetone, as

expected.
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Discussion

The results support the view of a cohesion/tension mechanism operating in water
channels of the green alga Chara as reported earlier by Ye ef al. (2004). The mechanism
is thought to be the reason for the effect of high solute concentration around the
membrane on its hydraulic conductivity. This effect has been known for a long time, but
had not previously been explained satisfactorily (Dainty & Ginzburg 1964; Tazawa &
Kamiya 1966; Steudle & Tyerman 1983). The problem is of general interest. An
inhibition of cell Lp by high solute concentration or salinity is known not only for
characean species. For example, growing maize in a solution of 100 mM NaCl (with an
associated build up of osmotic active substances in the cells) reduced the Lp of root
cortical cells by 68 to 83% (Azaizeh, Gunse & Steudle 1992). The fact that this osmotic
stress was smaller by a factor of six to ten than the stresses used in the present study
suggests that AQPs of root cells may be more sensitive to mechanical stresses caused by
the C/T mechanism than those of Chara (Wan, Steudle & Hartung 2004). Differences
between species may be due to differences in the fine structure of AQPs (although the
primary sequence of AQPs and the resulting structural fold should be largely
conserved), or to differences in the interaction of AQPs with the bilayer into which
AQPs are anchored. Because of experimental difficulties, quantitative studies of effects
of osmotic stresses on water transport across plant membranes are still rare. In isolated
cells of Chara, such effects can be studied rigorously, because both external and
internal concentrations can be changed in a defined way over large ranges, provided that
permeating osmolytes are used. Effects can be followed over hours on one individual

cell. This is usually not possible for cells in a tissue.

We were limited in the use of osmolytes. On one hand, we wanted to cover a large
range of reflection coefficients, i.e. a large range of exclusion from pores and, hence,
used compounds with a rather large range of molecular weights. On the other hand, to
test the C/T model solutes had to permeate into the cell to act on both sides of the
membrane. Therefore, we used only uncharged solutes. Because of their low
permeabilities, salts such as KCl (present in the vacuole of a Chara cell in high

concentration) could not be used. They would have required enormous time intervals for
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equilibration, if any. At the lower end, we used HDO and acetone as small, rapidly
permeating substances. For larger molecules with high reflection coefficients, we
employed glycol ethers and the bulky dimethyl formamide. These solutes are tolerated
by the cells at high concentration and provide rather large overall reflection coefficients

of up to o5 = 0.80 in the presence of a reasonable solute permeability (Ye et al. 2004).

The data provide additional strong support for the C/T mechanism of a gating of water
movement through AQPs in that (i) the dehydration of membrane pores in the presence
of osmotic solutes depended exponentially on the concentration of osmolytes as
theoretically expected in the presence of a flip-flop between different conformational
states of AQPs (Eqns 9 and 12). (i1) There was a distinct effect of the size of osmolytes.
It is known from other experiments that small osmolytes such as acetone and
monohydric alcohols can slip through water channels whereas bigger ones do not
(Henzler & Steudle 2000; Henzler et al. 2004). However, it had not yet been
demonstrated that this might result in different residual water permeabilities as proposed
by the model. The differences in the ‘osmotic efficiency’ between osmolytes as
expected by the C/T theory was verified. (iii) The model predicts that the switching
between different conformations of AQPs should be reversible, and this was found, too.
When osmotic stresses were withdrawn, cell Lp re-attained the original Lp,. Membrane

integrity was not affected.

The absolute values of pore volumes presented in this paper are large. Depending on the
solutes used they ranged between 2.1 + 0.1 and 3.8 + 0.2 nm’, when using the single-
channel approach of Eqn 9 and values of o" of unity. This procedure represents an
oversimplification as curves should be fitted by two exponentials in the presence two
types of channels (as indicated by the different values of residual Lp in Fig. 2). The
results of Fig. 3 show that not all channels reacted to acetone even when it was present
in high concentrations. They did react, however, to the bigger molecules of the glycol
ethers. Hence, it is reasonable to assume that the overall value of o for acetone should
be separated into a low value for the wider channels and into a rather high value for the
smaller channels. A relation similar to that used in Eqn 6 should hold within the

population of different AQPs, whereby different types of channels would contribute to
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o according to their water permeability. Hence, the reflection coefficient of the narrow

channels may be close to unity for acetone.

When considering the fact that there were two different types of channels of differing
size present, the values of channel volumes (diameters) have to be split up according to
Eqn 12 (Fig. 2B; Table 1). This results in absolute values of the small and big channels
of 2.3 £ 0.2 nm’ and 5.5 £ 0.8 to 6.1 + 0.8 nm’/channel, respectively. These high values
may contain a contribution of the vestibules of channels. A cylindrical AQP pore of a
diameter of 0.4 nm (= 4 A ~ diameter of water molecule) and of a length of 5 nm (=
about half of the thickness of a plasma membrane), has a volume of 0.63 nm”, which is
smaller by a factor of 4 to 10 than those given above. The electron diffraction studies of
Ren et al. (2001) indicated a length of the narrow part of the AQP-1 pore of red blood
cells of only 1.8 nm, which would allow the single-file alignment of about 5 water
molecules with a diameter of about 0.4 nm. This would result in a pore volume of only
0.23 nm’. The reason for the larger value obtained for Chara internodes could be that
either the AQPs of these cells are rather big or that the osmotic dehydration technique

used to measure them produces large values by incorporating mouth parts, or both.

When osmolytes are not only excluded from the narrow, single-file part of channels but
also from their mouth parts, an overestimation of channel volume (narrow part) may
result. For example, when we assume that the mouth parts at both sides of narrow part
are shaped as truncated cones with a diameter at the entering part of the mouth of 0.8
nm (twice the diameter of the core part), and of a length of 2 nm (as the core part), we
end up with an overall volume of 1.4 nm’, which is closer to that measured in this work.
Dimensions such as those used here for mouth parts may be realistic (Zhu, Tajkhorshid
& Schulten 2004), but more precise data would be required. They are not yet available
for Chara. A narrow inner part of the channel (such as that of AQP1) and of two
additional mouth parts acting as single-file pores would increase the number of water
molecules from 5 to 15. However, in the mouth parts, channels may not strictly behave
as no-pass pores for water, and the figure of 15 is, hence, a lower limit. The effects of
mouth parts could account for some of the differences observed. They cannot, however,

account for the fact that the small osmolyte acetone could not affect the big channels
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even when applied at very high concentration. This is strong indication for the presence

of different types of channels.

Zimmerberg & Parsegian (1986) found large pore volumes for ion channels. Their
values range between 22 and 48 nm’ (including mouth regions). This is larger by a
factor of 4 to 21 than our values obtained from osmotic dehydration. Zimmerberg &
Parsegian (1986) subjected their membrane preparations (mitochondrial voltage-
dependent anion channels from rat liver and from Neurospora, reconstituted into planar
phospholipid bilayers) to big osmolytes which should have been completely excluded
from the channel interior including mouth parts (polyethyleneglycol, MW: 20,000;
polyvinylpyrolidone, MW: 40,000 and Dextran 1500, MW: 500,000). Membrane pores
closed in the presence of osmotic pressures of only 3 bar (0.3 MPa equivalent 120 mM),
1.e. at tensions of as small as 3 bar. Channel closure was measured as a decrease in the
electrical conductance of ion channels. Zimmerberg & Parsegian (1986) thought that the
high sensitivity to tensions of their pores was due to the rather wide diameter of the
channels. They speculate that there should also be channels of smaller diameters which
should resist much higher tensions, as found here for the water channels of Chara. For
Chara, we could use much smaller osmolytes than Zimmerberg & Parsegian (1986),

just because of the smaller diameter of AQPs.

In the present study, the fairly large volumes of pores obtained from dehydration curves
coincided with rather large values of the number of water molecules in the channels (N)
obtained in an alternative experiment by comparison of the osmotic (P¢) and diffusional
(isotopic, P4) permeability to water. Values ranged between N = 35 and N = 60 for
untreated cells (N = 47 on average). These data are bigger than those obtained earlier
for Chara from P¢/Pq4 ratios (N = 27; Henzler & Steudle 1995; N = 31; Hertel & Steudle
1997). Literature data for other objects also indicated smaller N values. For example,
Finkelstein (1987) and Mathai et al. (1996) found N = 10 to 13 for red blood cells. In
wheat root membrane vesicles, Niemietz & Tyerman (1997) reported an N = 3 to 7.
Somewhat larger values were given for symbiosome membrane vesicles of soybean root
nodules (N = 18; Rivers et al. 1997). Overall, values from different sources and for

different objects range from N = 3 to 47 (including this paper). Using a van-der-Waals
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volume of water molecules of 1.46 x 10 nm’ (14.6 A%), this would be equivalent to a
range of 0.04 nm’ to 0.69 nm’/pore. Hence, our data for Chara are at the upper edge of
values reported so far. The reason may be either that Chara does have such big pores
(perhaps, less likely in view of the fact that AQPs are highly conserved; see above) or
that our method of measurement incorporated mouth parts as discussed above. Wider
mouthparts lacking a single-file transport of water may explain the differences between

pore volumes obtained from dehydration curves and those from P¢/Pq ratios.

It has to be noted though that N values from P¢/P4 ratios may represent overestimates
because of problem with unstirred layers during the measurement of P4. Extensive
experience with the measurement of rapidly permeating solutes in Chara (such as
HDO), however, shows that effects of internal unstirred layers are smaller than one
might expect (see discussions in Henzler & Steudle 1995, 2000; Hertel & Steudle 1997;
Ye et al. 2004). It may be reasonable to assume that effects were probably not larger
than 25%. Hence, the P¢/P4 ratio of 47 would have to be corrected to 35. However, even
when corrected for unstirred layers, measured ratios do not straightforwardly represent
P¢#/P4 ratios of aquaporins. Rather, they are overall values for the entire membrane.
When we denote the P(Pg4) values of the AQP array(s) by Pragr and Pyaqp, respectively,
and those of the rest of the membrane by Pgm and Py, we should get Pagp/Paagp from

the relation (Finkelstein 1987):

Prip _ Py =Py, . (13)
PdAQP Pd _Pdrm

Here, Prand P4 denote the measured overall values. When water is only moving either
across the bilayer or the water channel array, Pg, and Py would refer to the bilayer,
where Pr = P4 could be assumed in the absence of pores. Bilayer values of the water
permeability have been obtained for red blood cells (Pr= 3.0 x 10 m-s'; Mathai et al.
1996). They have been used to correct for the bilayer component assuming that Pgy, =
P4m after blocking the porous passage (Finkelstein 1987; Mathai et al. 1996).
Analogous data are difficult to obtain for Chara. During the most drastic closure of
water channels in Chara in the presence of hydroxyl radicals, the residual Lp (Pr) was
as small as 5-10% of the original (Henzler et al. 2004). In absolute terms, it was 2.2 to

8.6 x 10° m-s™ and is similar to that of the residual water permeability of red blood cells
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(see above). However, under these conditions Py/P4 ratios were still as large as 11. This
residual figure for P¢/P4 should contain (i) effects of unstirred layers as well as (ii) other
‘porous’ transporters for water which were not affected by the AQP inhibitor, and (iii)
remaining AQPs also not affected by the harsh treatment. Anyhow, when using the
residual values for Chara (as obtained after the treatment with hydroxyl radicals) in Eqn
13, P¢/Pq4 ratios for AQP arrays would increase from 47 to 62. We conclude that our
measured values of N, even though rather large, may represent a lower limit of the true
values, because we did not correct for the rest of the membrane (Eqn 13). They may be
an upper limit, because we did not correct for internal unstirred layers. At least in part,

the opposing effects may cancel.

The finding of differences in residual Lp values indicates the existence of different
types of channels. The small osmolyte acetone may close only relatively narrow
channels. It may largely pass through wider channels which could be only closed in the
presence of bigger solutes. In this way, both the striking difference in the efficiency of
osmolytes as well as the trend in the differences in pore volumes may be explained. The
results of measurements with mixtures of small and big solutes support this view.
Support also comes from the fact that, unlike the bigger solutes, the smaller acetone had
reflection coefficients of the entire AQP array substantially smaller than unity (Table 1).
The results are in agreement with earlier results of Henzler & Steudle (2000). These
authors used hydrogen peroxide as an osmotic solute and concluded that it could rapidly
pass through some but not all of the water channels. Hence, there are ‘real’ water
channels and also some which could have been termed ‘peroxoporins’. Since H,O, is an
important metabolite and may act as a signal substance during pathogenic attacks, this

view may be of some general importance.

In conclusion, the present results indicate a dehydration of aquaporins (water channels)
in the plasma membrane of Chara by a cohesion/tension mechanism in the presence of
high osmolyte concentrations. As expected from the C/T model, osmolytes of different
size (in relation to the diameter of AQPs) differently affected cell Lp, i.e. the efficiency
of the osmotic dehydration of membrane pores at a given concentration of osmolyte.

The results suggest that there are AQPs of bigger and smaller diameter (volume) that
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may select differently between osmolytes. The small solute acetone permeated across
bigger but not across the smaller, whereas bigger solutes were completely excluded
from all pores. Dehydration curves obtained in the presence of big osmolytes split into
two exponentials which allowed evaluation of the volumes of bigger and smaller
channels. Pore volumes estimated from exponential dehydration curves according to the
C/T theory suggested pore volumes substantially larger than those reported for other
membranes. We think that this is due to differences in channel volumes (diameters).
The effect may also incorporate an exclusion of osmotic solutes from the mouth parts of
AQPs, which should increase with increasing molecular size of osmolytes, but this can
not completely explain the effect. The finding of relatively big pore volumes coincided
with rather high numbers of water molecules in the pore as revealed from P¢/Py ratios
which ranged between 35 and 60 water molecules per pore. Compared with other AQPs,
both the volumes of small (contributing to 48 % of the overall water permeability) and
big (contributing to 20 % of the overall water permeability) water channels in the
plasma membrane of Chara internodes were relatively large. This may be due to the
fact that, to some extent, the measured volumes contained volumes of mouth parts.
However, there may be also differences in the fine structure of channel protein due to
interactions between AQPs and the bilayer. Channel volumes were small compared with
those of ion channels. In comparison to AQPs of higher plants and ion channels, AQPs
from Chara appeared to be fairly resistant to mechanical stress. Within the frame of the
C/T model, high tensional forces of up to 5.0 MPa (50 bar) were required to close AQPs

depending on the size of channels and that of the solute used.
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Abstract

Hydroxyl radicals (*OH) as produced in the Fenton reaction (Fe*" + H,0, = Fe’" + OH™
+ *OH) have been used to reversibly inhibit aquaporins in the plasma membrane of
internodes of Chara corallina. Compared to conventional agents such as HgCl,, *OH
proved to be more effective in blocking water channels and was less toxic to the cell.
When internodes were treated for 30 min, cell hydraulic conductivity (Lp) decreased by
90% or even more. This effect was reversed within a few minutes after removing the
radicals from the medium. In contrast to HgCl,, radical treatment reduced membrane
permeability of small lipophilic organic solutes (ethanol, acetone, 1-propanol, and 2-
propanol) by only 24% to 52%, indicating some continued limited movement of these
solutes across aquaporins. The biggest effect of *OH treatment on solute permeability
was found for isotopic water (HDO), which largely used water channels to cross the
membrane. Inhibition of aquaporins reduced the diffusional water permeability (P4) by
about 70%. For the organic test solutes, which mainly use the bilayer to cross the
membrane, channel closure caused anomalous (negative) osmosis, i.e. cells had
negative reflection coefficients (os) and were transiently swelling in a hypertonic
medium. From the ratio of bulk (Lp or osmotic permeability coefficient, Py) to
diffusional (P4) permeability of water, the number (N) of water molecules that align in
water channels was estimated to be N = P¢/Py = 46 (on average). Radical treatment
decreased N from 46 to 11, a value still larger than unity, which would be expected for a
membrane lacking pores. The gating of aquaporins by *OH radicals is discussed in
terms of a direct action of the radicals when passing the pores or by an indirect action
via the bilayer. The rapid recovery of inhibited channels may indicate an easy access of
cytoplasmic antioxidants to closed water channels. Since hydrogen peroxide is a major
signaling substance during different biotic and abiotic stresses, the reversible closure of
water channels by *OH (as produced from H,O, in the apoplast in the presence
transition metals such as Fe*" or Cu") may be downstream of the H,O, signaling. This
may provide appropriate adjustments in water relations (hydraulic conductivity), and a

common response to different kinds of stresses.
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Introduction

Water channels (aquaporins) play an important role in water relations. In plants, 75 to
95% of trans-membrane movement of water is across these proteins (Steudle & Henzler
1995; Maurel 1997; Kjellbom ef al. 1999; Tyerman et al. 1999; Steudle 2001; Maurel &
Chrispeels 2001). Current research on plant water channels is focused on the gating of
aquaporins; i.e. on opening or closing mechanisms which are thought to play a key role
in the adaptation of plants to different kinds of stresses and, perhaps, in the cross-
linking of these stresses (Steudle 2000; Javot & Maurel 2002; Tyerman, Niemietz &
Bramley 2002; Pastori & Foyer 2002). Numerous internal or external factors control the
gating of water channels such as their phosphorylation, the action of the water stress
hormone ABA, pH, pCa, osmotic pressure and salinity, heavy metals, and temperature
(Steudle & Tyerman 1983; Johannson et al. 1996; Hose, Steudle & Hartung 2000; Wan,
Steudle & Hartung 2004; Gerbeau et al. 2002; Ye, Wiera & Steudle 2004; Azaizeh,
Gunse & Steudle 1992; Henzler & Steudle 1995; Zhang & Tyerman 1999; Niemietz &
Tyerman 2002; Hertel & Steudle 1997; Lee et al. 2003). Low nutrients, drought, anoxia,
time of day or root development may be factors as well (Clarkson et al. 2000; Wan &
Zwiazek 1999; Martre, North & Nobel 2001; Zhang & Tyerman 1991; Henzler et al.
1999; Tsuda & Tyree 2000; Barrowclough, Peterson & Steudle 2000; Hukin et al.
2002). Recently, a mechanical gating of water channels has been proposed. In root
cortical cells, Wan et al. (2004) initiated channel closure by pulses of turgor pressure
which induced a proportional diminution in water flow. The pulses resulted in an
injection of kinetic energy to the channel protein causing a conformational change and
its closure. A different mechanism was proposed by Ye et al. (2004). These authors
induced substantial tensions (negative pressures) in the water-filled pores (aquaporins)
of Chara, which then collapsed causing a reversible interruption of water flow and a
decrease of water permeability. The cohesion/tension mechanism may explain the

finding that, at least in some species, water permeability is reduced in the presence of
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high external solute concentration, e.g. salinity (Steudle & Tyerman 1983; Azaizeh et
al. 1992). Mechanical gating may play a role during the adjustment of water
permeability of living tissue surrounding xylem vessels that are under tension in
transpiring plants. Such a mechanism has been proposed for roots (Passioura 1988;
Kramer & Boyer 1995; Steudle & Peterson 1998). It has been known for a long time
that root hydraulic conductivity (Lp;) increases as the tension in the xylem increases due

to a high demand for water by the shoot.

In this paper, we describe a new type of an effective and reversible gating of water
channels by hydroxyl radicals (*OH), which may be called an ‘oxidative gating’.
Oxidative gating may be involved in ‘cross-talks’ between different stresses such as
cold, drought, and high light (Xiong, Schumaker & Zhu 2002). It is also known that
reactive oxygen species (ROS) such as superoxide anion radical, H,O,, and *OH act as
stressors (Pastori & Foyer, 2002). During an oxidative burst, they are produced to
protect plants against an invasion by pathogens (Wojtaszek, 1997). ROS play a role as
signaling agents as well (Pei et al. 2000). For the latter function, most is known for
hydrogen peroxide and nitric oxide (Neill, Desikan & Hancock 2002a; Neill et al.
2002b). Recently, it has been shown that the green alga Chara corallina can tolerate
levels of H,O; of as high as 350 mM (Henzler & Steudle 2000). However, it turned out
that Chara is highly sensitive to very low concentrations of hydroxyl radicals and that
*OH substantially affects the water permeability of its membranes. Hence, there may be
an interrelation between oxidative stress (redox state) and water relations, and this may
hold for other species as well. To demonstrate the action of the highly reactive oxidant
*OH, hydroxyl radicals were produced in this research by the Fenton reaction (Fe*" +
H,0, = Fe’* + OH™ + *OH) outside of isolated Chara internodes. In the presence of
Fez+, internodes could tolerate H,O, only at concentrations of up to a fraction of a
millimole. With the aid of a cell pressure probe, effects of *OH on the water
permeability (hydraulic conductivity, Lp) were measured as well as those on the
permeability (Ps) and reflection coefficients () of certain solutes which moved across
the membrane rapidly (acetone, monohydric alcohols, heavy water). As with mercurials
(Henzler & Steudle 1995), *OH induced anomalous (negative) osmosis in the presence

of the test solutes. Effects were more pronounced than with the conventional inhibitor
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mercuric chloride (HgCl,). Among the reactive oxidative species such as hydrogen
peroxide or superoxide anion radical, the hydroxyl radical is the most reactive
compound. The molecule contains an unpaired electron and tends to rapidly attack and
oxidize neighbouring molecules, namely organic compounds. When *OH takes an
electron from another non-radical, that molecule becomes a radical. This may initiate a
chain reaction of electron removal that will eventually result in destruction of bioactive
macromolecules such as proteins, sugars, membrane lipids, nucleotides, and organic
materials (Tien, Svingen & Aust 1982; Stadtman 1993; Samaha et al. 1999; Nakamura,
La & Swenberg 2000). The action of *OH radicals on water channels of Chara was
largely reversible. As with the precise mechanism by which *OH acts on aquaporins,
the mechanism of the recovery of aquaporin activity is not yet clear. Different
mechanisms are discussed such as an action of cytoplasmic antioxidants (e.g. ascorbate)
directly on the aquaporin or indirectly by peroxidation of unsaturated lipids in the

bilayer.

Material and methods

Plant material

Chara corallina was grown in artificial pond water (APW; composition in mole-m™: 1.0
NaCl, 0.1 KCI, 0.1 CaCl; and 0.1 MgCl,) as described previously (Henzler & Steudle
1995) in tanks that contained a layer of natural pond mud. Plants were continuously
illuminated with a 15 W fluorescent lamp (Electronic, Germany) positioned 0.2 m over
the water surface. Chara internodes freed from adjacent cells were incubated in APW
for several hours before the experiments were started. Internodes used in experiments

were 50 to150 mm in length and 0.8 to 1.0 mm in diameter.

Determination of transport parameters (Lp, Ps and o)

There are three important transport parameters that can be measured by cell pressure

probes (Steudle 1993). The hydraulic conductivity (Lp) is a measure of water
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permeability, the solute permeability coefficient (P,) denotes the passive permeability of
the cell membrane for a given solute, and the reflection coefficient (c,) is a quantitative
measure of the ‘passive selectivity’ of the cell membrane for that solute as compared to
water. Usually, plant cell membranes would have a 6, between zero and unity. When o,
= 0 the membrane does not distinguish between solute and water. Both pass at the same
rate. When o, = 1 the membrane is ideally semipermeable. In this case, only water can
pass through the membrane and Ps = 0. The respective solutes are completely ‘reflected’
by the membrane. There are also cases in which 6 < 0 (Henzler & Steudle 1995). This
refers to the striking situation that a cell does not shrink but swells in hypertonic media
because, during osmosis, solutes are getting into the cell faster than the water can get
out. This phenomenon, which can be observed with plant cells, is called ‘anomalous

(negative) osmosis’. Equations for calculating Lp, P and o are:

14 In(2
Ly=tx— (1)
A4 Tj(e+7")
Vo oInQ) V
P, = — X =—K.
AT, A ,and (2)
F,-P, e+
o min(max)
o, = X exp(k, ¢,
K RTAC: £ p( K mm(max))~ (3)

Here, V = cell volume; A = cell surface area; T = osmotic pressure of cell sap; € is the
elastic coefficient of the cell (elastic modulus); ks is the rate constant of solute
exchange; Py — Ppin(max) 1S the maximum change in cell turgor pressure; RT-AC," was the
given change of osmotic pressure of the medium. For a detailed description of these
equations, the reader is referred to earlier publications such as Steudle (1993), Henzler

& Steudle (1995), or Ye et al. (2004).

Effects of *OH on the transport of water and solutes

As described earlier, the cell pressure probe (completely filled with silicone oil) was
introduced through the protruding node adjacent to a Chara internode which had been
placed in a glass tube of inner diameter 3 mm and fixed by a clamp (Henzler & Steudle

1995; Hertel & Steudle 1997). APW or test solutions were pumped through the other
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end of the glass tube along the cell (flow rates were 0.15-0.2 m-s™), so that the solution
around the cell was vigorously stirred. This minimized the thickness of external
unstirred layers (Steudle & Tyerman 1983). In order to induce pressure relaxations, the
oil/cell sap meniscus forming in the tip of the capillary, was moved forward or
backward and was kept stable after each move. From the half time (7,),) of pressure
relaxations, Lp was calculated as a control (see Eq. (1)). Solutes for testing the
permeability of the membrane were heavy water (HDO at 3800 to 4750 mM; Merck,
Darmstadt, Germany), acetone (134 to 173 mM), ethanol (110 to 140 mM), 1-propanol
(155 to 173 mM) and 2-propanol (144 to 166 mM). Control values of Ps and o, were
calculated from biphasic response curves (Steudle & Tyerman 1983; Steudle 1993; Eqgs.
2 and 3). Hydroxyl radicals were produced by the Fenton reaction:
Fe*' + H,0, = Fe*" + OH + *OH 4)
in the presence of 0.6 mM H,O, and 3 mM FeSO4 added to APW. This should have

produced *OH at a very low concentration (see Discussion). Following the addition of
H,0,, changes in half times of water flow (7,),) were measured during pressure
relaxations which were produced every two minutes using the probe. After about 30
min, a steady half time of pressure relaxation (7,7,) was attained. After reaching the
maximum 7,7, (minimum Lp), test solutes (HDO, acetone, ethanol, 1-propanol and 2-
propanol) were added to the medium to measure changes of their P, and o in response
to the radical treatment. For acetone, however, measurements of P, and o, were also

performed for some cells during the period of increasing of 7}/, .

To remove *OH, internodes were rinsed with control medium (APW). Again, using the

cell pressure probe, 7,7, was checked every two minutes to test for the reversibility of

the effects of *OH. When control values of 7}/, were re-attained, the same test solutes

(HDO, acetone, ethanol, 1-propanol and 2-propanol) were used to re-examine the
reversal of their effects. For a given cell, the whole time course of the experiments
lasted for 2 to 4 h. During treatments, cells did not lose turgor pressure (0.6 to 0.7 MPa)
within + 0.03 MPa or £ 5 %.
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Results

In the presence of *OH, the activity of aquaporins was dramatically inhibited. Fig. 1A

shows the time course of changes in 7/, (~1/Lp) during radical treatment for a given

Chara internode. 7,7, increased continuously during treatment and attained a constant

w

value after about 30 min. In the example shown in Fig. 1A, T}}, increased by a factor of

15. Hence, Lp was reduced by 93% in this case. Reductions in Lp varied from 90% to
95% (n = 15 cells). This value was significantly larger than that measured earlier in the

presence of 50 uM HgCl, which only reduced Lp by 75% in Chara (Henzler & Steudle

1995). As T,7, increased, there was also an increase of the half time of permeation of

the test solute acetone (7}),; Fig. 1B). 7;), was approximately doubled which resulted

in a reduction of the solute permeability by a factor of two. Even though this was much
less than the reduction in Lp, it was still substantial. In earlier experiments with HgCl,,
there was no significant change in P for lipophilic solutes such as acetone (Table 1;
Steudle & Henzler 1995). This had been interpreted by assuming a different pathway
for the solutes; i.e. preferentially across the bilayer (Steudle & Henzler 1995; Hertel &
Steudle 1997). The present results show that this conclusion has to be modified and that
there is some movement of small uncharged solutes across water channels in Chara (see

Discussion). As shown in Fig. 1, removal of *OH by washing the cell with control

medium (APW), resulted in re-attaining both the original 7,7, and 7,5, to a good

approximation (90% recovery for water and 92% for acetone).
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Fig. 1. Increase of half times of both water exchange (levz ; A) and acetone permeation (Tl“/'2 ; B) in an
internode of Chara (1}, ~1/ Lp; T}, ~1/ P) caused by a treatment with *OH radicals. Closure of water
channels was complete after about 30 minutes of treatment. An increase in 7/, by a factor of 15

indicates a decrease of Lp by the same factor. Tls/2 increased by a factor of 2 indicating that some of the
solute did use aquaporins to cross the membrane. After removal of *OH radicals from the medium, the

original levz was re-attained within a few minutes indicating a fast recovery of water channel activity.
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Fig. 2. Effects of *OH treatment on hydrostatic and osmotic pressure relaxations as measured with a
pressure probe in the steady state. Compared with the control, hydrostatic half times increased by a factor
of 10. With the permeating solute acetone, responses were biphasic. Reflection coefficient in the control

was smaller than unity (o, = 0.13). Water channel closure resulted in anomalous osmosis (negative
reflection coefficient, o, = - 0.46). Because the solute entered the cell faster than the water could get out,

the internode was swelling in hypertonic solution. From the second phase of responses, permeability
coefficients of acetone were calculated (Eq. 2). Treatment affected solute transport much less than that of
the water. A substantial amount of solute was permeating across water channels which were not
completely selective for water. Removal of *OH from the solution resulted in a recovery of permeabilities

for water and solute and of reflection coefficients by 90% (Lp), 96% (P ) and 85% (o) of the original

values.
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Typical relaxation curves (hydrostatic and osmotic) in response to *OH treatment are
shown (steady state) in Fig. 2, again using acetone as the permeating test solute.
Hydrostatic pressure relaxations are given on the left side of the figure. Usually, in the
presence of a permeating solute such as acetone, osmotic response curves were biphasic
(right side of the figure; Steudle & Tyerman 1983; Steudle 1993). There was an initial
phase during which turgor pressure rapidly decreased or increased due to an exosmotic
or an endosmotic water flow, respectively. This so-called ‘water phase’ was rapid
because of the high permeability of the cell membrane to water. It was followed by a
‘solute phase’. During this second phase, turgor increased or decreased again due to the
passive flow of solute into or out of the cell tending to equilibrate the concentration of
permeating solutes on both sides of the membrane, and water followed the movement of

the solute (Fig. 2A). As shown in Fig. 1A, blockage of water channels with *OH

increased 7,7, by a factor of 10 or even more (Fig. 2B). Most interestingly, upon water

channel closure, the response to hypertonic solution was a transient increase in turgor
(anomalous osmosis). The permeating solute (acetone) entered the cell faster than the
water could get out. As a consequence, the cell did not shrink (turgor pressure decrease)
but was swelling (turgor pressure increase) in hypertonic solution. The phenomenon of
anomalous (negative) osmosis is described by a negative reflection coefficient. For the

example given in Fig. 2B, o, decreased to — 0.46. Again, the figure shows a two-fold
inhibition of solute permeability. When *OH was removed from the medium, the

inhibition of water and solute flow was reversed within a short period of time, 77,

recovered to 90% of the original value, and the solute parameters (P and o) recovered

by 96% and 85%, respectively (Fig. 2C).

In the presence of hydrostatic or osmotic gradients of pressure, there should be a bulk
water flow across aquaporins that should differ from the diffusional water flow through
aquaporins as measured with isotopic water (heavy water, HDO). The ratio between the
bulk (Pg; see Eq. (5)) and diffusional (P4) water permeability is a measure of the number

of water molecules within the pores (Levitt 1974). When closing aquaporins by radical
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Fig. 3. Summary of the effects of *OH radical treatment on Lp and Py (= Lp - RT/ ?W ), and on the

diffusional water permeability, P4, as measured with heavy water (mean values = SD; n = 5 to 15 cells).
(A) Closure of water channels by *OH radicals reduced Lp (Pg) to 10% of control. After removing *OH
radicals from the medium, Lp (Pg) recovered to 85% of its original value. (B) Comparison between Py and
P4 shows that P; >> P,. Inhibition of aquaporins reduced the diffusive permeability of isotopic water
(HDO) to 30% of the control. This effect was reversed to 95% of the original when *OH was removed.
(C) From the ratio of bulk to diffusive permeability of water (P¢P,), the number (N) of the water
molecules that align in water channels was estimated to be N = 35 to 60. In the presence of closed

channels, N decreased to 11.

treatment, we should thus expect to see big changes in the P¢/Py ratio as most of the
water is now using the bilayer to cross the membrane. Diffusional water flow across the
bilayer should result in P¢/Pq4 ratio of unity. Measured changes of Lp (Pf) and P4 values
are given in Fig. 3 (mean £ SD; n = 5 to 15 cells). Following the inhibition of water
channels by *OH, cell Lp decreased to about 1/10 of the control value indicating a
closure of most of the channels. The osmotic permeability Pr shown in Fig. 3B is just
proportional to Lp according to the relation:
p AT

w

)

Reductions of Lp and Py were as large as 90% of the control (Fig. 3A). However, the
reduction in P4 was 70% as compared with the control, i.e. smaller (Fig. 3B). The
average value of P¢/Py4 ratio was 46 in the control and 11 following the *OH treatment.
The reduction of Py/Pq4 ratio was significant (P < 0.05). *OH can be removed simply by
washing Chara internodes with control medium APW. After the removal of *OH, water
permeability Lp and Prrecovered to 85% of the controls within a few minutes (see also
Fig. 1) indicating that water channels re-opened rather quickly due to the action of
repair mechanisms of the cell. Ratios of P¢/P4 recovered to a large extent as well. The
results indicate that *OH treatment caused a reduction of the porous channels as
compared with the bilayer pathway, although ratios were still substantially bigger than

unity after channel closure.
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Fig. 4. Summary of diffusional permeabilities (P,) and of reflection coefficients (o) for some small,

lipophilic organic solutes and heavy water as affected by *OH treatment (mean values = SD; n =5 to 6
cells). To cross the membrane, organic solutes should largely use the bilayer. Heavy water should use
aquaporins. Upon channel closure, there was a reduction of solute permeability which was the biggest for
heavy water. The reflection coefficient of this solute, however, increased upon channel closure and did
not decrease as was the case for the other solutes (acetone, ethanol, 1-propanol, and 2-propanol). Note
that because of the small absolute value of the reflection coefficient of HDO, this is given as a multiple of

10. Effects nearly recovered after removal of *OH radicals.
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Isotopic water (HDO) should be a good tracer for normal water. It should mainly use
aquaporins to diffuse across cell membranes as verified in Fig. 3B. Hence, the effect of
channel closure on P4 was the largest for this solute (reduction by 70%). For other test
solutes, reduction of P ranged between 24% and 52% (acetone, 52%; ethanol, 46%; 1-
propanol, 37%; 2-propanol 24%). The difference between HDO and the other solutes is
evident from the fact that channel closure caused a decrease of the reflection

coefficients of the latter to even negative values of down to — 0.50. However, o, of

HDO increased, although absolute values were close to zero (Fig. 4). In terms of the
composite transport model (Steudle & Henzler 1995), the result is understandable. Upon
complete channel closure, reflection coefficients should assume values of the bilayer,
which should be quite low or even negative for lipophilic solutes. However, for HDO,
reflection coefficients of the bilayer should be bigger than those of water channels
(Henzler & Steudle 1995). Hence, o, of HDO remained positive and increased by a
factor of 3. As observed for water permeability, permeability and reflection coefficients
of test solutes tended to not completely recover after removal of *OH. However,

original and recovered values were not significantly different (P > 0.05).

Discussion

For the first time, hydroxyl radicals (*OH) have been used to reversibly inhibit the
activity of water channels in internodes of Chara by an ‘oxidative gating’. The effect
was as large as one order of magnitude for water, and was much bigger than that of
conventional aquaporin inhibitors such as HgCl,. Mercuric chloride has the
disadvantage that it is quite toxic and inhibits many cell functions. When keeping its
concentration low, it appeared that toxic effects of *OH were less pronounced than
those of HgCl,. It should be noted that the actual concentration of *OH generated in the
present study must have been quite low. In the presence of a fraction of a millimole of
H,0,, the actual concentration of *OH should have been in the nanomolar range due to
its extremely short half-life (10'9 s; Caro & Puntarulo 1996; Agarwal, Saleh & Bedaiwy

2003). In the absence of Fe%, Chara internodes can tolerate H>O» in concentrations of
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up to 350 mM without affecting turgor and water transport across cell membranes

(Henzler & Steudle 2000). We verified that 3 mM FeSO, by itself did not affect 7},
and 7}), even during long treatments. Hence, the effective agent was *OH. Cell turgor

pressure was between 0.6 to 0.7 MPa. Turgor remained constant within £ 0.03 MPa

during the experiments, indicating that the integrity of cell membranes was maintained.

The mechanism by which *OH acts on aquaporins is not yet understood. The highly
reactive nature of *OH stems from its unpaired valence electron that causes high
oxidative reactivity. *OH attacks and damages any organic matter such as nucleic acids,
membrane lipids, proteins, nucleotides, and carbohydrates. The rates at which *OH
reacts with organic material are extremely high. Rate constants of 10’ to 10"" M™.s™
have been reported with almost every type of molecule found in living cells (Halliwell &
Gutteridge 1989). Due to its high reactivity, it is unlikely that *OH produced in the
medium moved across the Chara cell wall of 5 to 10 um without being completely
absorbed in reactions with wall material such as during the oxidative scission of plant
cell wall polysaccharides (Fry 1998). It is more likely that *OH radicals were produced
close to the plasma membrane where Fe** should have been located due to negative fixed
charges in the wall. Since *OH does not bear charges and is even smaller than water, it
should be able to pass rapidly through the aquaporins right after its generation close to
the membrane. Within the channel, it may attack cysteine or other residues as shown in
the literature (Preston ef al. 1993; Sanchez-Gongora et al. 1997; Caselli et al. 1998; Soto
et al. 2002). Oxidation of aquaporins, in turn, may cause a change in the conformation of
the protein and result in channel closure. In an alternative scenario, *OH may oxidize
lipids by attacking C = C bonds and, thus, change the milieu around water channels (e.g.
its polarity). Attack of the protein by lipid radicals, in turn, could result in a channel
closure. To date, we can only speculate about possible mechanisms. There is no evidence
regarding which of the proposed mechanisms is more likely. In the experiments it took
about 30 minutes to reach the maximum effect of inhibition of channels. This could be
explained by either mechanism, and a dynamic balance between damage and repair by

antioxidants produced in the cytoplasm.
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Plants possess very efficient scavenging antioxdant systems that protect them from
destructive oxidative reactions. The fact that inhibition of water channels was reversed
within a few minutes after removal of *OH from the medium indicated an effective
repair mechanism(s) which should be related to cytoplasmic antioxidants such as
ascorbate, glutathione or NADPH. Ascorbate usually acts as the reducing component
which is then scavenged by glutathione and NADPH (Foyer & Lelandais 1993; Foyer,
Descourvieres & Kunert 1994; Schiitzendiibel & Polle 2002). When channel closure is
caused by lipid oxidation, recovery would be due to regeneration of the lipids around the
channels and regeneration of oxidized protein from ‘outside’. On the other hand, when
the channel protein is oxidized from °‘inside’, the big scavenger molecules may have
problems to act on the inside of the pore. However, the channel inside may become
accessible during the conformational change, i.e. exposing oxidized parts to the

cytoplasm.

Reversible closure of aquaporins by nanomolar concentrations of *OH in Chara are
similar to those obtained in the presence of the conventional water channel blocker
HgCl, (Chrispeels & Maurel 1994; Henzler & Steudle 1995; Tazawa, Asai & Iwasaki
1996). When Chara internodes were treated with 50 uM HgCl, for 10-15 min, cell Lp
was reduced by 75%. It recovered in the presence of 5 mM of the scavenger 2-
mercaptoethanol (Henzler & Steudle 1995), which removed the mercury from SH groups
of the protein. However, HgCl, caused side effects when applied for longer periods of
time. As a consequence, there was irreversible damage evidenced by a continuous
decline in cell turgor pressure even when HgCl, was removed immediately after the
experiment (Steudle & Henzler 1995; Zhang & Tyerman 1999). It was not possible to
use concentrations of HgCl, higher than 50 uM in order to produce reductions of larger
than 75%. Although there was not a complete recovery after *OH treatment (Fig. 3A),
the present results indicate that *OH is much more effective and less toxic than HgCl, in
blocking water channels in Chara. In longer terms, there may be a complete recovery of
water and solute permeability from *OH treatment, an idea that is currently being tested.
The fact that more water channels could be closed in the presence of *OH than by using
HgCl, may be due to the existence of a population of different water channels instead of

just one type. Some of the channel proteins may have SH groups and could be attacked
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by HgCly; some of them do not have such groups or they are not accessible by
mercurials, and are not sensitive to HgCl, (Daniels, Mirkov & Chrispeels 1994; Beila et
al. 1999; Krajinski et al. 2000). However, these aquaporins may be accessible to *OH,
and more types of water channels may be affected by *OH. This idea is consistent with
results of molecular studies showing that plants have quite a number of putative

aquaporins (Weig, Deswarte & Chrispeels 1997; Chaumont ef al. 2001).

Unlike HgCl,, water channel closure by *OH also affected transport of small organic
solutes such as acetone. Solute permeability was substantially reduced for monohydric
alcohols as well. As one would expect, the effect was biggest for heavy water (HDO).
This solute should largely use water channels to cross the membrane (Ye et al. 2004).
The effect of *OH on solute permeability supports the earlier view of a limited passage
of small organic molecules across water channels in Chara (Steudle & Henzler 1995;
Henzler & Steudle 1995; Hertel & Steudle 1997). It is in line with results from other
research on aquaporin selectivity indicating that aquaporins may allow the passage of
substances such as glycerol, urea, and amino acid or even to small peptides
(Kammerloher et al. 1994; Rivers et al. 1997, Agre, Bonhivers & Borgnia 1998;
Borgnia ef al. 1999; Dean et al. 1999; Gerbeau et al. 1999).

The movement of small organic solutes through water channels in Chara should have
consequences for the overall osmotic properties of cell membranes and also to their
selectivity as expressed by the reflection coefficient (c5). A composite transport model
of the plasma membrane has been used to explain absolute overall values of reflection
coefficients and how they would change upon channel closure (Henzler & Steudle
1995). According to the model, there are two different arrays (water channels and lipid
bilayer) in the cell membranes which contribute to the overall reflection coefficient of a
given solute. The o5 measured with a cell pressure probe in present experiments would,
thus, be a composite of water channel and lipid bilayer arrays. For HDO that should
largely use the water channel path, o5 increased by a factor of 3 upon the closure of
water channels by *OH as expected from the model. The o, of the lipid bilayer should
be small or even negative for rapidly permeating solutes like acetone, ethanol, 1-

propanol, 2-propanol and so on, which mainly diffuse across cell membranes through
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the bilayer. In this case, water channel closure should result in a decrease of o5 (even to
negative), as found. Changes of o for HDO (increase), acetone and ethanol (decrease to
negative) were more pronounced when water channels were blocked by *OH than with
HgCl, (Table 1). The effect on o5 can be dramatic. It is in line with the composite
transport model. This is clear evidence for the role of water channels and their ability to
allow the passage of uncharged small solutes besides water. As expected, passage was
the biggest for HDO, but the contribution to the other solutes can be substantial as well
depending on how effective the solute was fitting into the pore. Size and polarity of test
solutes should have been important, and their ability to form hydrogen bonds within the

pore.

At the present, we are not in a position to calculate the precise number of water
molecules in the pore of a Chara aquaporin. According to Levitt’s (1974) theory, the
ratio between bulk or osmotic (Pr ~ Lp; Eq (5)) and diffusional (P4) water flow directly
yields the number (N) of water molecules aligned in water channels; i.e.:
b Lp RT _
P, V, P,

(6)

This assumes that water transport through water channels can be identified with the
overall hydraulic conductivity (Lp), whereas P4 can be identified with the diffusional
water permeability of channels. Present results shown in Fig. 3C suggest that there are
46 (on average) water molecules aligned in a water channel of Chara, which is larger
than estimates from previous results (31 molecules/channel, Hertel & Steudle 1997; 27
molecules/channel, Henzler & Steudle 1995). It is also larger than the figure reported
for red blood cells (10 molecules/channel, Finkelstein 1987). In part, the difference
between Chara and red blood cells had been explained by the existence of unstirred
layers which may have a dramatic effect on Py but not on Pg resulting in an
overestimation of N (Steudle & Tyerman 1983; Henzler & Steudle 1995; Hertel &
Steudle 1997). Using the same set-up for the internodes in a perspex tube as done here,
Steudle & Tyerman (1983) measured the response in rates of transport (water, solutes)
to the rate of stirring of the external medium. They concluded that, at maximum,
external unstirred layers could be as thick as 50 um. In view of diffusional exchange

rates of 20 to 50 s for heavy water and for the rapidly permeating solutes, there should
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have been no significant effect on Py, Ps and o (see Discussion in Henzler & Steudle
1995, and in Hertel & Steudle 1997). At a radius of internodes of = 0.5 mm, internal
unstirred layers could be as large as a few 100 um, which is not negligible. However,
there was some stirring by protoplasmic streaming and a substantial reduction by the
cylindrical geometry of cells so that effects should have been much smaller (see
Discussion in Hertel & Steudle 1997). Solute phases of HDO and of the other rapidly
permeating solutes were nicely exponential throughout. This indicated that the

contribution of internal unstirred layers was rather low. If unstirred layers build up, this

would increase 7)), during the solute phase. Hence, effects on P4 should have been

relatively small. However, the present data do not allow to really quantify the number of
molecules aligned in a channel (although providing an upper limit). This would have
been possible, if treatment by *OH would have closed all membrane pores which could
allow a passage of water; i.e. all aquaporins as well as all other transporters such as
pumps and ion channels. Then the assumption could be made that, after closure, Ps= Py.
Hence, it would be possible to work out P¢ and P4 of the aquaporins themselves and its

true N value as has been done for red blood cells (Mathai et al. 1996).

The physiological significance of the gating of water channels by *OH radicals needs to
be addressed briefly. Hydrogen peroxide (and nitric oxide, NO) are known to be
involved during signal transduction in response to many different stresses such as
drought, high salinity, oxygen deprivation, chilling, and osmotic stress (Xiong et al.
2002). However, it is obvious, at least for Chara, that there is no direct effect on water
transport of the systemic compound H,O,. Previous results indicated that the alga
tolerates concentrations of H>O, as high as 350 mM. Aquaporins in Chara were highly
permeable to this solute, which has a chemical structure similar to that of water
(Henzler & Steudle 1995; 2000). Indeed, aquaporins appeared to act also as
‘peroxoporins’. In the present paper, we show that there is a strong response to locally
produced, short-lived and highly reactive hydroxyl radicals which are also thought to
act during ROS signaling (Neill et al. 2002 a, b). Hence, the apparent signaling of H,O,
in Chara is a consequence of its conversion into *OH radicals in the apoplast in the
presence of a transition metal. This type of a downstream mechanism of the signaling of

H,0, may be important in higher plants. *OH may be produced in cell walls close to the
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membranes in response to the major systemic signal substance H,O, in the presence of
transition metal ions such as Fe*” or Cu” (Fry 1998). Experiments with higher plant
tissues are underway to test this hypothesis. In a tissue apoplast, it is, however, more
difficult than for an isolated cell to produce *OH radicals in a defined way close to

plasma membranes.

In conclusion, the results show that the activity of water channels in the cell membranes
of Chara corallina can be substantially and reversibly inhibited by *OH. Compared
with conventional blockers of aquaporins such as mercurials, *OH turned out to be
more effective in blocking aquaporins and less toxic for cells. Water permeability (Lp)
was reduced by more than 90 % when using *OH and recovered to 85 % of the control
when *OH was removed. Unlike HgCl,, *OH reduced the permeability of small
unchanged solutes indicating some transport of these solutes across the pores in addition
to water. For rapidly permeating lipophilic solutes, the blockage of water channels with
*OH resulted in negative reflection coefficients and anomalous osmosis as expected
from the composite transport model. From the ratio of bulk to diffusive permeability of
water, the number of water molecules that line up in channels was estimated to be N =
46 on average. This figure may represent an overestimate due to effects of unstirred
layers, and a number of some twenty molecules/channel is, perhaps, more realistic.
Treatment with *OH reduced N substantially as expected from the model. At present,
we can only speculate about the mechanisms by which *OH acts on water channels.
Two alternatives may be possible. One is that aquaporins were oxidized by *OH
attacking the channel from inside the pore to cause conformational changes of the
proteins and its closure. The other alternative is that C = C double bonds of the plasma
membrane were attacked by *OH, resulting in the formation of aggressive radicals
which attacked aquaporins from outside. Regardless of which of the mechanisms will
turn to be true in the future, our results indicate a regulation of water channel activity by
an oxidative signaling initiated in the presence *OH. This may also exist in higher
plants providing an interaction between the redox state (oxidative stress) and water

relations (water stress).
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Abstract

An oxidative gating of water channels (aquaporins: AQPs) was observed in roots of
corn seedlings as already found in the green alga Chara corallina (Henzler, Ye &
Steudle 2004). In the presence of 35 mM hydrogen peroxide (H,O,) — a precursor of
hydroxyl radicals (*OH) — half times of water flows (as measured with the aid of
pressure probes) increased at the level of both entire roots and individual cortical cells
by factors of 3 and 9, respectively. This indicated decreases of the hydrostatic hydraulic
conductivity of roots (Lpy) and of cells (Lpy) by the same factors. Different from other
stresses, the plant hormone ABA had no ameliorative effect neither on root Lpy, nor on
cell Lpyn, when AQPs were inhibited by oxidative stress. Closure of AQPs reduced
permeability of acetone by factors of 2 in roots and of 1.5 in cells. This indicated that
AQPs were not ideally selective for water, but allowed the passage of the small organic
solute acetone. In the presence of H,O,, channel closure caused anomalous (negative)
osmosis at both the root and cell level. This was interpreted by the fact that, in case of
the rapidly permeating solute acetone, channel closure caused a situation in which the
solute moved faster than the water and the reflection coefficient (o) reversed its sign.
When H,O, was removed from the medium, effects were reversible, again at both the
root and cell level. The results provide evidence for an oxidative gating of AQPs and
thus inhibiting water uptake by roots. Possible mechanisms of the oxidative gating of

AQPs induced by H,O, (*OH) are discussed.

Key words: hydraulic conductivity; hydrogen peroxide; hydroxyl radicals; negative

osmosis; oxidative stress.
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Introduction

The gating (opening and closing) of water channels (aquaporins: AQPs) is thought to be
of key importance in the regulation of water transport across plant cell membranes.
There are numerous internal or external factors that cause a gating of AQPs such as high
concentration or salinity, pH, pCa and heavy metals (Steudle & Tyerman 1983;
Azaizeh, Gunse & Steudle 1992; Henzler & Steudle 1995; Gerbeau et al. 2002;
Niemietz & Tyerman 2002; Ye, Wiera & Steudle 2004; Ye, Muhr & Steudle 2005). The
activity of AQPs can also be affected by temperature, nutrient deprivation or hypoxia
(Hertel & Steudle 1997; Zhang & Tyerman 1999; Clarkson et al. 2000; Lee, Chung &
Steudle 2005a, b). It has been shown that protein phosphorylation can provide a
metabolic control of AQP activity (Johannson et al. 1996). The plant stress hormone
ABA has an ameliorative effect tending to either keep AQPs open or cause a rapid
transition from the closed to the open state (Freundl, Steudle & Hartung 1998, 2000;
Hose, Steudle & Hartung 2000; Wan, Steudle & Hartung 2004; Lee, Chung & Steudle
2005b). Other experiments have shown that there may be a diurnal rhythm in AQP
activity which is related to diurnal synthesis and degradation of channel proteins
(Henzler et al. 1999). Recent results of Wan et al. (2004) indicated a mechanical
inhibition of AQPs, which may be important during rapid changes in cell turgor as they
occur during osmotic stress or rapid changes in transpiration. The list of factors may get
longer in the future. In most of the cases, the precise mechanism by which stresses or

other factors affect the open/closed states of AQPs is not known.

Recently, Henzler, Ye & Steudle (2004) described a new type of an oxidative gating of
AQPs in the green alga Chara corallina. Hydroxyl radicals (*OH) as produced during
the Fenton reaction (Fe’" + H,0, = Fe’" + OH™ + *OH) had been used to inhibit AQP
activity in the plasma membrane of Chara internodes. When cells were treated with
*OH radicals for about 0.5 h, cell hydraulic conductivity (Lp) decreased by 90 % or
even more. The effect was reversed within a few minutes after removal of the radicals
from the medium. Aroca et al. (2005) found that treatment with 100 uM hydrogen
peroxide decreased root hydraulic conductance of a chilling-sensitive maize genotype,

but had no effect on a chilling-tolerant genotype. These authors referred the changes to
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a membrane damage caused by H,O, accumulation during chilling treatment to the
chilling-sensitive genotype which did not recover upon the increase of AQP abundance
and activity. Since hydrogen peroxide is a major signaling substance during different
biotic and abiotic stresses (Xiong, Schumaker & Zhu 2002; Pastori & Foyer 2002),
Henzler et al. (2004) speculated that the reversible closure of water channels by *OH as
produced from H,0; in the apoplast in the presence of transition metals such as Fe*" or
Cu’ (Fry 1998), may be a downstream reaction during H,O, signaling. It may provide
appropriate adjustments in water relations and a common response to different kinds of
stresses from which plants may suffer during their life.

In the present paper, the idea of an oxidative gating of AQPs is pursued further in
experiments with young roots of corn (Zea mays L.). Because the nutrient solution
already contained FeNaEDTA as Fe’*, Fe* should also be present as a result of the
reaction with the superoxide anion (O,") such as follows: Fe** + 0,7 = Fe*' + 0, or
other reactions either within cells or in the root apoplast (Chen & Schopfer 1999;
Liszkay, Zalm & Schopfer 2004). Therefore, we used just hydrogen peroxide at a
concentration of 35 mM instead of a mixture of H,O, and Fe’' to produce *OH radicals
(as during the Chara experiments of Henzler ef al. (2004), where mixture of 3 mM Fe**
and 0.6 mM H,0;, were used). The relatively high concentrations of H,O, were not
harmful to the roots, which reversibly tolerated them when applied for 2 — 3 h. Pressure
probes were used to measure effects on cell (in the outer cortex) and entire root
hydraulic conductivity. Anomalous osmosis could be reversibly induced in the presence
of the lipophilic solute acetone at both the root and cell level. The phenomena have
been interpreted in terms of the composite structure of cell membrane and of roots
(Steudle & Henzler 1995; Steudle & Peterson 1998). The stress hormone ABA had
ameliorative effect during the inhibition of root Lp, and cell Lp by treatment like
mechanical stimuli or low temperature (Freundl et al. 2000; Hose et al. 2000; Wan et
al. 2004; Lee et al. 2005b). In the present paper, this effect has been tested as well
during the ‘oxidative’ gating of AQPs.
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Material and methods

Plant material

Seeds of corn (Zea mays L. cv. Helix, Kleinwanzlebener Saatzucht AG, Einbeck,
Germany) were germinated on filter paper soaked in 0.5 mM CaSO, for 3 d at 25 °C in
the dark. When seminal roots were 30 to 50 mm long, seedlings were transferred to 7-L
containers which accommodated 20 seedlings each. For detailed information of growing
conditions, the reader is referred to earlier publications such as Freundl et al. (1998),
Hose et al. (2000), and Wan et al. (2004). Roots of 8 to 10 days old seedlings (including
time required for germination) were used in the experiments. At that time roots were

250 to 400 mm long.

Root pressure probe experiments

End segments of roots were placed in a glass tube (inner diameter: 6 mm) with the basal
cut end protruding, which were connected to a root pressure probe. Segments (80 to 120
mm long) were fixed to the probe by silicone seals (Zhu & Steudle 1991). Root medium
was flowing along the roots by gravity from a reservoir sitting about 0.5 m above the
glass tube (0.2 m long) at a rate of 0.30 — 0.50 m/s, and circulated back to the reservoir
by a peristaltic pump. The flexible silicone rubber tubes connecting reservoir and glass
tube also had an inner diameter of 6 mm. According to Poiseuille’s law, this should
have resulted in an average flow rate of 4 m/s or to a peak value in the center of the
tubing of 8 m/s. This rate was much too high. It would have caused leakages in the roots
or would even break them. Hence, the speed was reduced by a two-way stopcock
between the reservoir and the glass tube which also allowed to change solutions using
two different reservoirs (see Fig. 1 in Hertel & Steudle 1997; Azaizeh & Steudle 1991).
Average rates of water flow were regulated to 0.30 — 0.50 m/s which did not cause too
much shaking of the roots or even damages, but reduced unstirred layers to a minimum
(Steudle & Tyerman 1983). Water flow within the rubber tubing and the glass pipe was
turbulent as the water stream was injected into the tubing through borings in the

stopcock which had a diameter of 2 mm and were arranged at an angle of about 30°.
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Turbulences within the system could be seen from the movement of little air bubbles
which occasionally passed through (namely, when changing solutions). In tests, they
were made visible using finely suspended matter (murky solution obtained by shaking
sand for gardening with the root medium). Turbulences were largely created by the fact
that there were changes in diameter and that flow was forced to deviate from straight
direction (see above and below). Also, the Reynolds number (Re) was already close to
the critical value of 2000, where laminar flow tends to become turbulence (Re = 1800 to
3000). During its travel along the tubing (0.5 m), turbulences tended to even out, but
were reinforced by a constriction (3 mm in diameter) at the entrance to the glass tube
which caused an increase in the rate of the water stream (Bernoulli) before releasing it
into the wider glass tube. The breaking of the water stream at the root should have
caused turbulences as well. At high rates of water flow, roots tended to tremble
depending on their length and mechanical rigidity. Trembling or even shaking was quite
intensive with the softer wheat roots (14 d old and raised hydroponically) rather than
with the tougher corn roots (S.Q. Zhang, personal communication). Roots were
approximately centered in the glass tube. Often, their shape deviated from that of a
straight cylinder by slight curvatures. Due to the turbulences in the glass tube, rates of
water flow in its center should have been close to the measured average value rather
than to the higher rates which one could calculate assuming an ideal laminar streaming
(Poiseuille’s law). The set-up allowed to quickly push out the solution from the glass
tube. When changing solutions, the mixing area between old and new solution should
have been no longer than 50 mm. At a root length of 100 mm, this would relate to a
time of 0.4 s for a complete exchange of media around a root. This was small compared
to the rate of water exchange across roots in osmotic experiments (around 30 s). Hence,
the time required for an exchange of media was not rate limiting during these

experiments.

After tightening the silicone seals in steps with the aid of a screw, root pressure (P;)
began to increase and became steady within 1 to 3 h (Hose et al. 2000). In hydrostatic

experiments, pressure relaxations were induced with the aid of the probe to measure the

hydrostatic half time (7,,,,) of radial water exchange across the root (7}",,, o 1/Lpus;

Lpn: = hydrostatic root hydraulic conductivity). As described by Hose et al. (2000),
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hydrostatic relaxation curves were composed of two exponential phases brought about
by different rates of changes of P, with time: the initial rapid phase covered about 80 %
of the entire pressure (volume) change, and was followed by a slow reversible phase
(about 20 % of the entire change) which is related to concentration polarization effects

at the endodermis (Steudle & Frensch 1989). In the present study, the initial phase of

the hydrostatic relaxation curve was used to measure 7, ,,. In osmotic experiments, the

original root medium was rapidly exchanged by a solution which contained 320 mM
acetone (0.8 MPa of osmotic pressure) in the root medium in addition to the other

contents. From the first phase (water phase) of the biphasic pressure responses, osmotic

root hydraulic conductivity was calculated from the osmotic half time (7", o 1/Lpor;

Lpor = osmotic root hydraulic conductivity). In order to work out 7., ,, the portion

around the minimum (maximum) was not incorporated (about 10 % of the overall
pressure change). This portion contains significant interactions between water and

solute flows tending to increase the rate (Steudle & Tyerman 1983; Tyerman & Steudle

1984). It was not used to work out 7, ,. From the second phase (solute phase), the
permeability of acetone across root (Py) was calculated from the half time of acetone

flow (T}},, o« 1/ Py). From the biphasic curves, the reflection coefficient of roots (o)

was worked out. For the calculation of Lp,, Py and o the reader is referred to earlier
publications such as Henzler ef al. (1999) and Hose et al. (2000). After re-attaining a
stable root pressure, the acetone solution was replaced by the original root medium.
Then the root was treated for 0.5 h with 35 mM H,O, applied to the root medium.
Following this treatment, again hydrostatic and osmotic experiments were performed to

observe the effects. In the presence of 35 mM H,0,, ABA [(%)-cis-trans-] was added to
the medium at a concentration of 1 pM and hydrostatic 7,,,, was observed for 0.5 to 1

h. Eventually, the medium was exchanged for the original root medium to check
whether or not effects were reversible. After experiments with a given root, it was cut at
a position close to the seal. When root pressure decreased immediately to close to zero,
and half times of pressure relaxations became short as compared with the original
values (less than 1 s as compared to 4 to 12 s observed for the intact system in
hydrostatic and 20 to 60 s in osmotic experiments), this indicated that root xylem within

the seal remained open. If there was no or a delayed effect upon cutting, this indicated
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that root xylem was interrupted during tightening or later. Results from these
experiments were discarded (Peterson & Steudle 1993). For a given root, the whole time
course of the experiments lasted for 8§ to 10 h (including time to get steady root
pressure). Root pressure (0.1 to 0.2 MPa) changed within £ 0.03 MPa during the

experiments.
Cell pressure probe experiments

The same type of cell pressure probe was employed as that used by Henzler et al.
(1999) or Wan et al. (2004). A root segment (length: 80 to 120 mm) was fixed by
magnetic bars on a metal sledge which was arranged at an angle of 45°. It was covered
by one layer of paper tissue at the top and at the bottom to keep the root wet. The center
part of the root was lying open at a length of 10 mm and solution was running down
along the root and at the edges of the metal plate. An average rate of solution flow was
calculated dividing the overall water flow of around 800 mm’/s (0.8 ml/s) by the
estimated cross section of solution flow along the root (most of the flow that was
running down the metal sledge) and along the edges of the sledge, which was 4 to 5
mm’. Hence, the flow rate along the root was at least 0.16 to 0.20 m/s, and the flow
turbulent displaying some flickering in shape. Higher rates of solution flow were not
possible because higher turbulences at the root surface would have interfered with
measurements with the cell pressure probe tending to cause leakages due to vibrations

of the root and/or the tip of the micro-capillary of the probe.

Using the probe, cortical cells from the 2™ to 4™ layer were punctured at a distance of
about 50 mm from the root tip. In the oil-filled micro-capillary of the probe, a meniscus
formed between cell sap and oil. Cell turgor was rebuilt by gently pushing the meniscus

to a position close to the surface of the root. In hydrostatic experiments, pressure
relaxations were applied to measure the hydrostatic half time (7)),) of water flow
across the cell membrane which is inversely proportional to the hydraulic conductivity
of the cell membrane (7)), o 1/Lpp; Lpn = hydrostatic cell hydraulic conductivity). To

avoid a mechanical inhibition of AQPs, peak sizes of pressure change were less than 0.1

MPa (Wan et al. 2004). As during the experiments at the root level, osmotic
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experiments were conducted by adding acetone to the circulating medium at a final
concentration of 200 mM. Even at the high rates of solution flow along the root
segments, there may have been reductions in the osmotic concentration of the volatile
solute during its passage down the sledge. This was regularly checked using an
osmometer (Gonotec, Berlin, Germany). The osmotic half times (7}, o 1/Lpo; Lpo =
osmotic ‘cell’ hydraulic conductivity) were measured from the water phase of
responses. Different from the hydrostatic cell experiments, half time of water exchange
from cell osmotic experiments referred to a complex barrier which was not as well-
defined as that during the experiments with the root pressure probe. The tissue barrier
was less thick (cell pressure probe in the second to fourth layer) than that during root
experiments. It was somewhat variable depending on which layer was punctured.

Hence, only relative changes in Lp, (7)),,) could be worked out rather than absolute

values, as in the cell experiments using hydrostatic gradients (see above).

Half times of acetone transport (7,),) were measured from the solute phase which

referred to the inverse of solute permeability of the same complex barrier between cell

and medium rather than just to the membrane of the cell punctured (7}),). As for Lp,,

relative changes in P (7}),) rather than absolute values could be given because of the
variability of the thickness of the tissue layer. After treating the root with 35 mM H,0,,
the same experiments as in the control were performed to observe effects of H;O, on
water and acetone transport. In some experiments, ABA [(£)-cis-trans-] was added to
the medium in the presence of H,O; resulting in a final concentration of 1 uM of ABA.
Following this addition, 7, was observed for 0.5 to 1 h. To check whether or not
effects were reversible, the same experiments as in the control were repeated after
changing back to the original root medium. Cell turgor was between 0.4 to 0.6 MPa.

Within + 0.04 MPa, turgor remained constant during the experiments for a given cell

which lasted for 2 to 4 h.
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Results
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Fig. 1 (a) Typical hydrostatic relaxations of root pressure and biphasic osmotic response curves as

measured by a root pressure probe in a root excised from a corn seedling and treated with 35 mM H,0,.

w

Compared with the control, hydrostatic half times (7)],,) increased by a factor of 2.5. In osmotic

experiments with the permeating solute acetone responses were biphasic. (b) Treatment with 35 mM

H,0, caused anomalous (negative) osmosis (root was swelling in hypertonic solution, because the solute
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entered the root faster than the water could get out). Also, it increased half times (7)},,) of acetone

permeability (Pg;) from 190 s to 480 s (on average). (c) Removal of H,O, from the medium resulted in a

restoration of Lp,, Py, and of normal osmosis as in the control.

In the presence of 35 mM H,O,, the radial permeability of water across corn roots
(hydrostatic root Lpp,) was substantially inhibited. As for Chara internodes, we refer
this to the existence of reactive oxygen species (ROS), namely of *OH, which should
have been generated in the presence of Fe*” in the root (see Introduction). As can be

seen from Fig. 1, hydrostatic half times of root water permeability (7}",,,) increased

from 8.6 s to 21 s (on average) in the presence of 35 mM H;0,, i.e. root Lpy, decreased
by a factor of 2.5. When removing H,O, from the medium, the original 7}",,, recovered
within 0.5 to 1 h. In the presence of acetone which rapidly permeated the root, osmotic
response curves were biphasic as shown in Fig. 1A (Frensch & Steudle 1989; Steudle
1993). This is so, because roots behave like osmometers permeable to both water and
solutes (Steudle & Brinckmann 1989). The first phase during which root pressure
decreased or increased with a half time of between 20 and 60 s due to an
exosmotic/endosmotic volume flow, is dominated by water and is called ‘water phase’
(Steudle & Jeschke 1983; Steudle 1993). During the ‘solute phase’, root pressure
increased/decreased again due to the passive flow of solute tending to equilibrate the

concentration of permeating solutes on both sides of the barrier (medium and xylem),

and water follows. Osmotic half times (7),,,) measured from the water phase were

longer than hydrostatic 7', by a factor of four. This indicated that osmotic root
hydraulic conductivity (Lpo:) was smaller than hydrostatic root hydraulic conductivity
(Lpnr) by the same factor. As 7,),,,, HyO, treatment increased 7., by a factor of two.

The effects were reversible as can be seen from Fig. 1c.

Since acetone was rather permeable for root cell membranes, its reflection coefficient in
roots was close to zero (os = 0.04 + 0.02; n = 5 roots). However, in the presence of
H,0,, the osmotic response of the root to the permeating solute reverted its direction.
The reflection coefficient of acetone changed from 0.04 = 0.02 to - 0.04 + 0.01.

Although absolute values of the reflection coefficients were small, anomalous osmosis
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was clearly observed: acetone entered the root faster than the water could get out, and
root pressure was increasing instead of decreasing (see Discussion). This meant that the
root was not shrinking but was swelling in the presence of the hypertonic solution (Fig.
1b). Removal of H,O, from the medium again resulted in normal osmosis as in the
control (Fig. 1¢). Hence, H,O; caused a substantial decrease in the water permeability of
the root. H,O, also reduced the permeability of the root for acetone as half time of

acetone permeation increased from 190 s to 480 s (on average).
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Fig. 2 Summary of the effects of 35 mM H,0, and of 1uM ABA on half times (a: 7-;11:1/2 o 1/Lpp; b:
T.",,, o 1/Lp) of root hydraulic conductivity (n = 6 roots + SD). Relative changes are given rather than
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absolute values to avoid the variability between roots. Treatment of H,0, increased 7, and 7", , by
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factors of 3 and 3.8, respectively (Lpy, or Lp,, decreased by the same factor). The addition of ABA in the

presence of H,0, had no significant effect on 7}, ,. Removal of H,O, from the medium resulted in a

recovery of both 7," , and T ,. Different symbols on the top of each column denote significant

differences between results. (t-test; p <0.01).

Relative changes of half times of water flows in response to H,O, treatment are

summarized in Fig. 2 for the root level. It can be seen from the figure that increases in

hydrostatic 7,”,,, (a) and osmotic 7", , (b) were similar. On average, 7, , increased by

a factor of three, i.e. Lpy should have decreased by the same factor. The stress hormone
ABA, which has been found to transiently increase root hydraulic conductivity (Hose et
al. 2000), had no positive effect on water permeability of the roots in the presence of

H>0,. The osmotic half time, 7, ,, increased by a factor of 3.8, when roots were

treated with H,O,. After the removal of H,O, from the medium and washing the root
with control medium, the original half times restored within 0.5 to 1 h in both types of

experiments.

Results from the root level, paralleled those found at the level of individual cortical
cells. However, at the cell level, effects on water flow were more pronounced than those

at the root level. Treatment with 35 mM H,0, dramatically inhibited AQP activity and

increased half times of water permeability across cell membranes (hydrostatic 7,),,). In

the example given in Fig. 3, hydrostatic 7,},, increased from 0.8 s to 8.0 s (on average),

i.e. by one order of magnitude. When removing H,O, from the medium, the effect was
completely reversible. As at the root level, closure of water channels by treatment of 35
mM H,0, resulted in anomalous osmosis and increased half times for water and acetone

permeation (Fig. 3b). Again, removal of H,O; from the medium resulted in a reversal to

normal osmosis (as in the control; Fig. 3c). As for 7}),,, a similar effect on osmotic half

time (7);,,) was found. It is clear that H,O, treatment was effective in reversibly closing

water channels in cortical cells of corn roots, though the function-repair mechanisms are

not yet known.
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Fig. 3 Typical curves of hydrostatic and osmotic pressure relaxations as measured with a cell pressure

probe in an individual cortical cell of corn root as affected by H,O, treatment. (a) With the permeating

solute acetone, responses were biphasic in osmotic experiments. (b) Half times (Th‘f /) of water flow

increased by a factor of 10 as compared with the control indicating that water channel activity was

substantially inhibited. As at the root level, the cell was swelling in a hypertonic acetone solution

(anomalous osmosis) in the presence of 35 mM H,0,. Half times (Tl‘;z) of acetone permeability

increased from 55 s to 83 s (on average). (¢) Removal of H,O, from the medium resulted in restoration of

Lp, P to a good approximation and of normal osmosis, as in the control.
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Fig. 4 Summary of the effects of 35 mM H,0, and of 1uM ABA on half times (7, hvlv/z oc 1/Lpy) of cell
hydraulic conductivity (n = 6 cells + SD). As in Fig. 2, relative changes are given to avoid the variability
between cells. Half time (Y;X/z) of cell hydraulic conductivity (Lpy) increased by a factor of nine as
compared with the control indicated that the activity of aquaporins was substantially inhibited by the

treatment with H,O,. In the presence of H,0O,, addition of ABA had no effect on T}X/z . Removal of H,0,

from the medium resulted in a recovery of 7, hvf/ , - Different symbols on the top of each column denote

significant differences between results. (t-test; p <0.01).

Relative changes in half times of cell hydraulic conductivity as found during treatment
with H,O, are summarized in Fig. 4 (hydrostatic experiments). During water channel
closure in the presence of H,O,, 7)), increased by a factor of 9 indicating that
hydrostatic cell hydraulic conductivity decreased by the same factor. As at the root
level, ABA had no positive effect on water permeability across cell membranes in the

presence of H,O,. Cell hydraulic conductivity was recovered within 15 to 30 min after

the removal of H,O, from the medium. As roots recovered, results indicated that H,O,
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treatment did not simply cause an overall damage of membranes (Aroca et al. 2005).
Also, in case of an unspecific damage, there should have been an increase of Lp and P

upon treatment rather than a decrease.
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Fig. 5 Summary of the effects of 35 mM H,O, on half times (7}, « 1/ Py T;}, o 1/ Py) of acetone
permeability across roots (a) and ‘cells’ (b) (n = 6 roots or cells £ SD). Relative changes are given to

avoid the variability between roots or cells. Treatment with H,O, doubled T:1 ;> (Py decreased by a factor

of two) and increased lez of acetone permeability by 50 % as compared with the control indicated a
substantial amount of acetone was permeating across AQPs which were not completely selective for
water. Both 7, and T}}, were recovered after the removal of H,O, from the medium. Different

symbols on the top of each column denote significant differences between results. (t-test; p < 0.05).

Hydrogen peroxide increased half times of acetone permeability at the level of both
cortical cells (Fig. 5a) and entire roots (Fig. 5b) by factors of 1.5 and 2, respectively, as

compared with control. This meant that permeabilities of acetone were reduced by the
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same factors. When H,O, was removed from the medium, the original permeabilities
were recovered. These results resemble previous findings that AQPs in Chara are not
ideally selective for water, but allow the passage of small organic solutes as well, at

least to some extent (Hertel & Steudle 1997; Henzler et al. 2004).

Discussion

The results indicate an ‘oxidative gating’ of aquaporins in the membranes of root cells
of young corn seedlings which, in turn, caused a reversible reduction of the overall
water permeability of roots. At least qualitatively, the effects are similar to those
obtained recently for the plasma membrane of Chara corallina (Henzler et al. 2004). As
for the isolated internodes of Chara, channel closure in root cell membranes caused
anomalous osmosis in the presence of a rapidly permeating solute acetone, i.e. closure
of AQPs resulted in the curious situation that the solute moved faster than the water and
the reflection coefficient became negative (o, = - 0.04 as compared to values of 6 = -
0.50 for Chara; Henzler et al. 2004). Responses demonstrated at the cell level were
more pronounced than at the root level. Overall, the results suggest an oxidative gating

of AQPs in corn roots similar to that already found for Chara.

It may be argued that during the experiments at the cell and root level, external unstirred
layers play an important role or were even dominant during water and solute movement.
However, the high rates of solution flow around roots in both types of experiments (cell
and root pressure probes) guaranteed that effects of external unstirred layers should
have been small. Water around roots and root sections was in turbulent motion (see MM
section). Hence, the thickness of unstirred layers should have been no bigger than 50
um (Steudle & Tyerman 1983). According to the Einstein-Smoluchowski relation for a
plane sheet, this would refer to a half time of 0.6 s for the complete equilibration with
the external solute acetone (D = 1.1 x 10° m*s™; t;, = 0.281-(5-10°)%/(1.1-10™); Jost
1960). Rates of water exchange across the unstirred layer should have been much faster

than those across the root in the osmotic experiments (7", =20 to 60 s in the untreated

root). A thickness of 50 pm would refer to a acetone permeability of 2.2 x 10° m-s™,



170

which is much larger than that measured for cell membranes (Steudle & Tyerman 1983;
Henzler et al. 2004). Hence, the unstirred layer still adhering to the root even in the
presence of vigorous stirring should not contribute much during the experiments with
the root pressure probe. In the hydrostatic experiments with individual cortical cells,
unstirred layer effects should have been even smaller. In these experiments, only a small
amount of water is moved across the membrane forming a layer of only a fraction of a
micron (sweep-away effect; Dainty 1963; Steudle, Smith & Liittge 1980; Steudle &
Tyerman 1983; Steudle 1993).

In Chara internodes, treatment with hydroxyl radicals (*OH as produced by the Fenton
reaction in the presence of a fraction of a millimole of H,0,), reversibly reduced cell Lp
by more than 90 % (Henzler et al. 2004). It has been verified that *OH rather than H,O,
was the inhibiting agent. In the absence of Fe* in the medium, Chara cells tolerated
H,0O, at concentrations of up to 350 mM without affecting cell Lp (Henzler & Steudle
2000). In the present study, the equivalent test could not be made because the roots
should have contained sufficient Fe*" or cations from other transition metals (see
Introduction and Chen & Schopfer 1999). In the presence of 18 uM of FeNaEDTA
(much less than that in the experiments with Chara), a concentration of as large as 35
mM H,O, was required to cause effects similar to those in Chara. This may point to the
fact that *OH radicals produced in roots were also used in reactions other than the
inhibition of AQPs or that AQPs of roots were less sensitive to *OH radicals than those
of Chara internodes, or both. For Chara and root cells, changes in hydraulic
conductivity were reversible. For Chara, it has been proposed that, because of the high
reactivity of radicals, *OH radicals were most likely produced close to the cell
membranes (see Henzler ef al. 2004 for details). This may be also true for corn roots.
Besides the idea that AQPs were directly attacked by *OH radicals, there may be
another mechanism in which C = C double bonds of the plasma membrane were
attacked by *OH resulting in the formation of aggressive radicals which attacked
aquaporins laterally from inside the bilayer. Both types of chemical attacks may have
resulted in conformational changes of the water channel proteins and their reversible
closure. Which type of mechanism is valid cannot be decided from the present results.

However, there may have been a similar mechanism by which chemical alterations were
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removed, most likely by the reduction of oxidized groups of AQPs (Henzler et al.
2004). Alternatively, H,O, is thought to be a messenger molecule involved in signal
transductions, when plants suffer biotic or abiotic stresses (Xiong, Schumaker & Zhu
2002; Pastori & Foyer 2002). Hence, the regulation of water channel activity by an
oxidative signaling in the presence of reactive oxygen species (ROS) could play a role
as part of a downstream reaction to stresses such as during a response to low
temperature, drought or high light intensity stress or during a pathogen attack
(Wojtaszek 1997; Pei et al. 2000; Neill, Desikan & Hancock 2002), probably, by
eliciting the activation of Ca*" permeable channels in cell membranes, which in turn,
block water channels via intracellular Ca®" signaling (Gerbeau er al. 2002; Mori &

Schroeder 2004).

The addition of a rapidly permeating solute to the root medium resulted in biphasic
osmotic response curves (Steudle 1993). This type of response has been demonstrated in
the past for different roots and quite a number of solutes including those which rapidly
permeate membranes (e.g. Steudle, Oren & Schulze 1987; Steudle & Brinckmann
1989). In the biphasic responses, there is a ‘water phase’ due to an exosmotic volume
flow (largely water) which causes a pressure decrease. This is followed by a ‘solute
phase’ due to the passive flow of the solute and water is again taken up (pressure
increase). Responses of roots are analogous to those of isolated cells, though not
completely identical (Steudle et al. 1987). At the cell level, there are cases in which
turgor pressure increases in the presence of a hypertonic solution (anomalous osmosis;
Steudle & Henzler 1995; Henzler et al. 2004). To date, anomalous osmosis could be
only induced in the presence of rather ‘exotic’ solutes which exhibit a permeability
which is already similar to that of water (such as acetone). The phenomenon refers to
the striking situation that a cell does not shrink but swells in the hypertonic medium.
Here, we present evidence that anomalous osmosis may be also demonstrated in roots,
i.e. for an entire organ and in the presence of a rather complicated osmotic barrier. At a
first glance, anomalous osmosis takes place, when solutes (osmolytes) are getting faster
into the cell or root than the water can get out (see above), namely, when AQPs are
closed and osmolytes are more rapidly permeating the membrane or barrier. However,

this simple interpretation in terms of a change in the ranking between water and solute
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permeability cannot completely explain the story. The biphasic pressure/time curves (or
volume/time curves) in the presence of a permeating solute can be described by (cell or

root level; Steudle & Tyerman 1983; Steudle et al. 1987):

4 0
VO -Vy _PO-F _y % AP

V, &£ k,—k,

lexp(~k, - ) — exp(~k, -1)]. (1)

Here, V(t) = cell volume; V, = cell volume at t = 0; P(t) = cell turgor pressure; P, = cell

turgor pressure at t = 0; A = cell surface area; Az = change in the external osmotic

pressure; ky = Lp- A(e+7x.)/V = rate constant of water flow; k= P.-A/V = rate

constant of solute flow. Due to the presence of AQPs, water movement across
membranes/roots is usually much faster than that of solutes, i.e. ky, > ks holds. If solute
transport is relatively faster than that of water, i.e. k; > ky, this will change the sign of
the term within the brackets in Eqn 1. However, ks > ky, will also change the sign of the
denominator on the right side of Eqn 1, i.e. the effect of a change from ky,, > ks to k; >
ky will cancel. Hence, the explanation of the anomalous osmosis is not due to the
relative of ky vs. ks. According to Eqn 1, it is due to a change in the reflection
coefficient (o) from positive to negative values. Although often correlated with the
permeabilities of water and solutes (P and Lp; see below), os is an independent

parameter required to describe osmosis besides Lp and Ps.

In a homogenous membrane lacking pores (which provide the only way of a direct
interaction between water and solute flow), the reflection coefficient should be related
to the water and solute permeability by (e.g. Dainty 1963; Steudle & Henzler 1995):

AN A
* Lp-RT P,

i

)

N
w

~

Here, V, is the partial molar volume of the solute; P, is the diffusional water

permeability and ¥, the molar volume of liquid water. The physical meaning of the

second term on the right side of the equation is that it represents the contribution of
solute flow to the overall volume flow. A comparison of measured and calculated
values of reflection coefficients shows that measured values are usually substantially

smaller than those calculated from Ps and Lp (e.g. Table 1 of Steudle & Tyerman 1983).
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In the past, this has been referred to the existence of water-filled pores and to a
frictional interaction between water and solute as they cross the membrane (Dainty

1963; Steudle & Tyerman 1983):

UYZI_ VSPS _ Ks'f:vw . (3)
‘ Lp-RT  f,+ f.

In this classical equation, the last term on the right side denotes the frictional

interaction; K| is the partition coefficient of solute ‘s’ between membrane pores and the
membrane; f, represents the frictional interaction between solute and water in the
pores and f, the interaction between solutes and the wall of the pores. The frictional

term, f,, , describes the per mole force which acts on water and solute molecules, when

they pass the pore in opposite directions during an osmotic experiment in the presence
of a permeating solute. The model assumes rather wide pores where water and solutes
may pass each other. However, recent evidence showed that most of the water uses
narrow and rather selective AQP pores, where the water is aligned in single files (no-
pass pores; e.g. Jung 1994; Maurel 1997; Ren et al. 2001). It turned out that AQPs
allowed the passage of small uncharged solutes (such as acetone and a limited amount
of other solutes; Steudle & Henzler 1995; Henzler ef al. 2004). The coupling in single-
file pores tends to reduce reflection coefficients, but effects should be small according
to the limited stochiometric coupling between solutes and water during their passage
across the membrane (Finkelstein 1987; Hertel & Steudle 1997). How do we then get to
negative reflection coefficients and anomalous osmosis? According to Eqns 2 and 3, the
membrane is looked at as a homogenous structure, i.e. water and solutes are just passing
through the pores, and the passage across the parallel bilayer (or other structures) is not

taken into account explicitly. This model cannot explain negative reflection coefficients
for lipohilic solutes upon channel closure ( f;, = 0). The finding is, however, explained

when the composite structure of membranes is taken into account (composite transport

model of membrane; Steudle & Henzler 1995). In terms of this model, channel closure

could result in a negative reflection coefficient according to Eqn 2 provided that V, - P,

> V.- P, holds for a lipophilic solute such as acetone. When the porous passage (AQPs)

is closed, the overall transport properties of the membrane should assume those of the
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bilayer (or of the rest of the membrane), i.e. overall reflection coefficients could be
negative for these solutes, as found (Henzler & Steudle 1995; Henzler et al. 2004).
Hence, the water/solute movement across the membrane is explained in terms of the
composite nature of membrane transport following the basic treatment of Kedem &

Katchalsky (1963a) for parallel transport elements.

In tissues, such as corn roots, the KK concept should apply as well (Steudle et al. 1987;
Steudle & Peterson 1998; Tyerman et al. 1999). Different from the membrane, series
arrays would have to be considered in roots besides the parallel such as different tissues
(rhizodermis, cortex, stele) or special barriers such as the exo- and endodermis with its
Casparian bands. Again, basic concepts should apply both for the parallel and series
arrangement (Kedem & Katchalsky 1963a, b; House 1974). With respect to the parallel
elements, the apoplast has to be considered besides the other two pathways. One would
expect a reflection coefficient of close to zero for acetone in the apoplast and a
relatively high diffusional permeability along this structure. In untreated cells of the root
cortex, the reflection coefficient should be small but positive (for Chara the o of
acetone was 0.15; Ye et al. 2004). According to the parallel arrangement of pathways,
the basic theory predicts that the overall reflection coefficient should have been between
zero (apoplast) and 0.15 (cell-to-cell passage), as found. Reflection coefficients of
different pathways should have contributed according to their individual conductances,
which, however, are not known. When channels were closed in root cells, this should
have caused a negative reflection coefficient (in Chara, this resulted in a substantially
negative reflection coefficient for acetone of o5 = - 0.50). In the root, one would expect
an overall value of between zero and this value, as found too. Hence, the measured
switching between normal and anomalous osmosis is explained by the composite
transport model, as are the rather low absolute values of oi. The same refers to the
osmotic experiments with cortical cells which differed from those of entire roots just by

the somewhat variable thickness of the layer of tissue around them.

According to the composite transport model for the radial transport of water across the
root cylinder (Steudle 2000; 2001), root Lp, very much depends on how intensively the

two parallel pathways across the root are used, i.e. the apoplastic and the cell-to-cell
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path. The latter rather than the former would be very much determined by AQP activity.
It has been shown readily that the relative contribution of the two components is highly
variable depending on the nature of driving force (osmotic vs. hydrostatic) and root
anatomy (e.g. Steudle & Peterson 1998; Lee et al. 2005a). In the presence of hydrostatic
pressure gradients, water flow should be largely around protoplasts, i.e. apoplastic,
because this path represents a low hydraulic resistance (high Lp). On the other hand,
water flow in the presence of osmotic gradients is low in that osmotic driving forces
cause water movement largely across membranes, i.e. an osmotic water flow across the
root has to pass many membranes, which then results in Lp,, smaller than Lpy, (Zhu &
Steudle 1991; Steudle & Frensch 1996). Under conditions of salinity stress that inhibits
AQP activity of corn root cells, effects on cell Lp were substantially bigger than those
on root Lp;, as shown here, too (Azaizeh et al. 1992). However, the results of Azaizeh et
al. (1992) also showed that inhibition of cell Lp also affected hydrostatic root Lpy,
indicating a contribution of membranes along the path, too (see below and Steudle
1992). On longer terms, the apoplastic path may be affected by anatomical changes such
as the formation of barriers (Zimmermann et al. 2000; Lee et al. 2005a). In the short-
term treatment with H,O,, it is most likely that the transport step at the endodermis
included a bigger membrane component than in the rest of the root (see below and
Zimmermann & Steudle 1998). Nevertheless, effects in response to the oxidative gating
were much bigger at the cell (reduction by a factor of 9) than at the root or tissue level

(reduction by a factor of 3).

At a first sight, the finding that the fold change of osmotic Lp,, caused by treatment was
similar to the fold change in hydrostatic Lpy, (3.8 fold vs. 3 fold) seems to contradict the
interpretation in terms of the composite structures, which is usually in terms of parallel
transport elements. During the hydrostatic experiment, water flow should largely bypass
protoplasts along the apoplast, which should not be affected by the H,O, treatment.
During the osmotic experiment, however, it should be largely along the cell-to-cell path.
If the latter is true, we may calculate Lp,,, assuming that all the water moved across cell
membranes arranged in concentric cylinders and not in the apoplast. Per cell layer, two

membranes would have to be crossed. The overall root osmotic hydraulic conductivity



176

(Lpor) would relate to individual cell hydraulic conductivity (Lp) by (Steudle &
Brinckmann 1989):

13 “
Lpor Lp i=1 1 .

Here, n is the number of membrane layers which would have to be crossed by the water

(twice as many as cell layers); 1, is the radius of the root and r; the radius of the ith

membrane layer. For a typical corn root of 1 mm in diameter (such as those used in the

present study), 12 — 14 cell layers would have to be crossed by the water. Taking

average diameters of cells in different layers from an earlier paper (Table II of Zhu &

Steudle 1991), Zn:r—“ was calculated to be 74. Using a typical cell Lpy of Lpy, = 6.0 x 10
=1 I

®m-s"-MPa™ (equivalent to a T, = 0.8 s), this should have resulted in a Lp,; = 8.0 x

10® m-s-MPa™. This value is close to that measured with root pressure probe (Lpo =

7.0 x 10® m-s”"-MPa™'; equivalent to a T, =35 s). The estimate supports the view of a

largely cell-to-cell movement of water in osmotic experiments.

On the other hand, the passage of water during a hydrostatic root experiment is not
completely free of membrane components, namely, in the endo- or exodermis where
Casparian bands tend to interrupt the apoplastic flow (see above; Steudle & Peterson
1998; Zimmermann & Steudle 1998; Zimmermann et al. 2000). The present findings
agree with this view. When it holds that endodermal cell Lp can be identified with that
of other cortical cells, we would expect a reduction by a factor of nine (Fig. 3) of root
Lpor provided that the endodermis represents the dominating hydraulic resistance and
Casparian bands completely interrupt water flow (in the classical view of the function of
the bands). However, the latter is not true, and the finding of a reduction of ‘only’ 3.8
(instead of nine fold) is understandable. The similar fold change in hydrostatic and
osmotic root Lp,, does not mean that, in both types of experiments, water flow was
predominantly from cell to cell and that the hydrostatic root Lp, of untreated roots was
larger by a factor of four because of unstirred layers in the apoplast. If this were true,
apoplastic unstirred layers would have been by-passed by the high cell-to-cell
permeability. A rigorous treatment of apoplastic diffusional unstirred layers has shown

that they would contribute to less than expected to the overall root Lp; (Steudle &
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Frensch 1989). These authors assumed thickness of unstirred layers of as large as the
entire cortex (300 pm) and a stellar unstirred layer of as large as 50 pm. Assuming a
reduction of solute diffusibility within the root apoplast by a factor of 5 to 20, they
arrived at the conclusion that the contribution of unstirred layers was as small as 7 %.
Apoplastic diffusive mobility should be similar for the solutes used by Steudle &
Frensch (1989) as for the acetone used here. Hence, it should have been similar, too.
Also, it has to be kept in mind that, during composite transport, the parallel pathways
interact with each other, e.g., by a rapid equilibration of water (‘local equilibrium’;
Steudle 1992). Hence, treating the apoplast on both sides of the endodermis as an

ordinary diffusional unstirred layer would be premature.

In plant roots, the stress hormone abscisic acid (ABA) is produced under unfavourable
conditions such as water shortage (Zhang, Schurr & Davies 1987). It is transported to
the shoot as a signal which induces closure of stomata in leaves. It has been reported
that in corn roots, ABA increased root and cell hydraulic conductivity (Freundl et al.
1998; 2000; Hose et al. 2000; 2001). Recently, it was found that ABA has a positive
effect on AQP activity, when channels were closed by mechanical stimuli or at low
temperature (Wan ef al. 2004; Lee et al. 2005b). It was concluded that ABA tended to
restore the original open state of channel proteins by a mechanism which is not yet
known. However, ABA had no such effect in the present study, when AQPs were
blocked by an oxidative gating. This may be due to the fact that the gating mechanism
of AQPs by oxidation is different from that by mechanical stimuli or low temperature.
We hypothesize that ABA could not recover chemical modifications of AQPs during
the treatment with H>O, or *OH. This may require a biochemical (reduction of oxidized
AQPs) rather than just a physical action (change of activation energy of the transition

between different conformational states to re-open closed channels).

In conclusion, the closure of AQPs of young corn roots caused responses in cell Lp and
root Lp, which were similar to those found in Chara internodes. Water permeabilities at
the root and cell level were substantially and reversibly reduced indicating an inhibition
of AQP activity by oxidative stress (*OH radicals and/or H,0O,). As in earlier root

experiments, the inhibition of AQPs at the cell level resulted in a decrease of cell Lpy



178

which was bigger than that of the root or tissue Lpy,. Unlike Chara, a much higher H,O,
concentration was required in corn roots, which may be due to the fact that either AQP
responsiveness in roots was smaller or that *OH radicals were also used in other
processes, or both. As for the Chara system, anomalous osmosis (negative reflection
coefficients) could be reversibly induced during oxidative stress in the presence of the
rapidly permeating solute acetone which should have largely used the bilayer to pass
through the root cylinder. Oxidative stress inhibited cell Lpy by a factor of nine, which
was larger than the inhibition at the root level (factor of three). Differences in the
inhibition are readily explained in terms of the composite transport model of the root,
which also explains the switching between normal and anomalous osmosis in the
presence of the rapidly permeating solute. As during the application of other stresses,
hydrostatic root Lpp, was also affected by oxidative treatment. This indicated that the
apoplastic passage was partially interrupted, most likely at the endodermis. Unlike the
gating by mechanical stimuli (Wan ef al. 2004) or by low temperature (Lee et al. 2005
a, b), the stress hormone ABA had no ameliorative effect on restoring the original
conformation of channel proteins and re-opening closed channels, possibly, because the
oxidative gating in the presence of *OH radicals caused a chemical modification of
AQPs. The precise mechanism of the oxidative gating of AQPs in the presence of the
ROS (*OH or H,0,) is not yet understood. Three alternatives may be possible: AQPs
were (i) directly attacked (oxidized) by *OH, or (ii) oxidized by other aggressive
radicals which were subsequently produced by *OH. (iii) Alternatively, H,O, may have
elicited changes in cytoplasmic Ca®" concentration via cell signaling cascades resulting
in channel closure. In either case, AQP activity could be regulated by an oxidative
gating or signaling initiated by the presence of H,O, or *OH radicals. There may be a
common interaction between the redox state (oxidative stress) and water relations

(water stress) during the life of plants.
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Abstract

The impact of unstirred layers (USLs) during cell pressure probe experiments with
Chara internodes has been quantified. The results show that the hydraulic conductivity
(Lp) measured in hydrostatic relaxations was not significantly affected by USLs even in
the presence of high water flow intensities (‘sweep-away effect’). During pressure
clamp, there was a reversible reduction in Lp by 20 %, which was explained by the
constriction of water to aquaporins in the Chara membrane and a rapid diffusional
equilibration of solutes in arrays where water protruded across aquaporins. In osmotic
experiments, Lp, and permeability (Ps) and reflection (os) coefficients increased as
external flow rate of medium increased indicating some effect of external USLs.
However, the effect was levelling off at ‘usual’ flow rates of 0.20 to 0.30 m-s™ and in
the presence of vigorous stirring by air bubbles suggesting a maximum thickness of
external USLs of around 30 um including the cell wall. Since diameters of internodes
were around 1 mm, internal USLs could have played a significant or even dominating
role, at least in the presence of the rapidly permeating solutes used (acetone, 2-propanol
and dimethylformamide). Comparison of calculated (diffusion kinetics) and of
measured permeabilities indicated an upper limit of the contribution of internal USLs
for the rapidly moving solute acetone of 29 % and of 15 % for the less rapidly
permeating dimethylformamide. The results throw some doubt on recent claims of
Tyree et al. (2005) that, in Chara, USLs rather than the cell membrane dominate solute

uptake, at least for the most rapidly moving solute acetone.

Key words: aquaporin, cell pressure probe, Chara corallina, hydraulic conductivity,

permeability coefficient, reflection coefficient, unstirred layers
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Introduction

The solute concentrations that govern the permeation of solutes and water across cell
membranes are the concentrations adjacent to the membrane/solution interfaces, which
are usually not measurable. Due to ‘unstirred layers (USLs)’, these concentrations differ
from the concentration in the bulk solutions which are usually measured. When bulk
concentrations are used to quantify the driving forces such as an osmotic pressure
difference driving a water flow (Jy) or a concentration difference driving a solute flow
(Js), the ‘real’ forces may be overestimated due to the existence of USLs. As a
consequence, transport parameters such as the hydraulic conductivity (Lp), the

permeability (Ps) and reflection (o;) coefficient are underestimated.

Concentration changes at the membrane surface may be either caused by a volume flow
(induced by either hydrostatic or osmotic gradients) or they are caused by solute
transfer. The first type of a diffusion vs. convection is referred to as a ‘sweep-away
effect’ (Dainty 1963). The second type in the presence of purely diffusional USLs, has
been denoted as a ‘gradient-dissipation effect’ tending to increase as solute permeability
increases (Barry & Diamond 1984). For tissue cells, sweep-away can be studied using
the cell pressure probe (Steudle, Smith & Liittge 1980), but the evaluation of gradient-
dissipation is difficult, as the entire tissue around a cell will act as an USL. Rather than
the plasma membrane, the latter should usually dominate the exchange of water and
solutes (Steudle & Frensch 1989; Ye & Steudle 2005). Isolated, giant cells of algae
have been used in the past and recently to study USLs using different techniques such as
isotopic exchange of solutes, transcellular osmosis, or the cell pressure probe (Dainty &
Ginzburg 1964a; Steudle & Tyerman 1983; Steudle 1993; Hertel & Steudle 1997;
Henzler & Steudle 2000; Ye, Wiera & Steudle 2004). Most of these data refer to
internodes of Chara corallina. USLs of isolated cells can be treated as additional
permeation resistances in series to the cell membrane. They add to the overall transport
resistance. It has been shown that the contribution of sweep-away is usually small and
that of gradient-dissipation more significant although not dominating, even in the
presence of rapidly permeating solutes such as monohydric alcohols, acetone,

formamide, dimethylformamide or isotopic water (heavy water; HDO). For the most
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rapidly permeating solute HDO, a value of 25 % of underestimation was recently given
(Ye, Muhr & Steudle 2005). In isolated giant cells or suspensions of small cells or
vesicles, the thickness of external USLs can be efficiently reduced by stirring. However,
the cell interior cannot be stirred. For small cells or vesicles, dimensions of a few um
provide a small upper limit of USLs (Finkelstein 1987; Niemietz & Tyerman 1997), but
for giant cells this is not the case. For example, for the cylindrical internodes of Chara
with a diameter of around 1.0 mm, the thickness of internal USL could, in principle, be
identical with the radius, i.e. the thickness could be 500 um in the worst case. However,
it has been shown that it is substantially smaller than the radius (Hertel & Steudle 1997;
Henzler & Steudle 2000). Hence, transport coefficients (Lp, Ps (P4), and o) measured
with the probe are usually dominated by the membrane rather than by internal USLs. At
least for isotopic water and the most rapidly permeating test solutes used so far, the
system behaves like two compartments. This is in agreement with older findings that
removal of the tonoplast did not affect cell Lp in Chara (Kiyosawa & Tazawa 1977),
and with more recent data that indicate a much higher Lp of the tonoplast than of the
plasmalemma (Maurel ef al. 1997). Recent measurements demonstrated that there are
different AQPs in the plasma membrane of Chara, which, in part, transport small
organic solutes besides the water (Hertel & Steudle 1997; Henzler & Steudle 2000;
Henzler, Ye & Steudle 2004; Ye & Steudle 2005). The comparison of the osmotic (Py =
Lp-RT/Vy; Vy is the molar volume of liquid water) with the diffusional water
permeability (P4) allowed conclusions about the amounts of water molecules aligned in
AQPs which relate to P¢/Py ratios. However, when P4 was underestimated due to a
substantial contribution of USLs, ratios would be overestimated. Hence, it is important
to know the contribution of USLs, namely, when discussing basic mechanisms of water
and solute flow across membranes (Hertel & Steudle 1997; Henzler et al. 2004; Ye et
al. 2005).

Recently, Tyree, Koh & Sands (2005) argued that transport coefficients measured with
the probe in Chara are subject to substantial or even dominating effects of USLs. In
part, this should be due to the experimental arrangement of characean internodes fixed
in tubes which are perfused with solution at a certain rate to minimize thicknesses of

external USLs (Steudle & Zimmermann 1974; Steudle & Tyerman 1983). Tyree et al.
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(2005) used results from a simulation model to support their view. These authors tested
USLs ranging from 0 to 120 pm and from 0 to 350 pm for external and internal layers,
respectively. They concluded that the permeation resistance of external and internal
USLs may be larger by a factor of five than that of the plasma membrane and should,
therefore, dominate the overall rate of permeation. According to Tyree et al. (2005), no
conclusions can be drawn from the pressure probe experiments with Chara about the

true permeation properties of membranes in the presence of rapidly permeating solutes.

In this paper, we present a rigorous re-examination of the role of external and internal
USLs using rapidly permeating solutes (as in Tyree et al. 2005). We consider the roles
of sweep-away and of gradient-dissipation on measurements of cell Lp, P, and c,. We
provide quantitative evidence that (i) the thicknesses of USLs claimed by Tyree et al.
(2005) have no basis. (ii)) We show that Tyree et al. (2005) are wrong in their
conclusions about the vigorous stirring in the experimental set-up used so far in
experiments with Chara. (ii1)) We demonstrate that the analysis of pressure relaxations
by Tyree et al. (2005) is based on false assumptions about the resolution of the pressure
probe. (iv) Our data strongly support the view that the conventional sweep-away does
not play a role during pressure relaxations. (v) New evidence is presented that during
pressure clamp, there is a reversible reduction of cell Lp by 20 %. This is explained by a
combined action of a constriction of water flow in the membrane to arrays containing
AQPs and a local effect of elevated concentration on the open/closed state AQPs. (vi)
When there is an efficient stirring of the medium, the upper limit of the thickness of
external USLs was estimated as 30 um. (vii) The theoretical comparison of the rates of
uptake (loss) into a cell cylinder either lacking a plasma membrane or containing it with
measured rates revealed an upper limit of 50 um for the thickness of internal USLs.
Hence, for rapidly permeating solutes, this may cause an underestimation of Ps and o,
by less than 25 ~ 30 %. (viii) It was concluded that most of the points raised by Tyree et
al. (2005) lack a sound physical basis or are based on wrong assumptions, largely,

because no original experimental data were presented to support the conclusions.
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Theory

At any permeation of water and solutes, there are, in principal, errors due to unstirred
layers (USLs) caused by the fact that concentrations right at the membrane surfaces
change. A lack or surplus of solutes has to be levelled off by an equilibration with the
bulk media on both sides of the membrane. Equilibration may be rapid or slow
compared to membrane permeation tending to make the effect of USLs either small or
substantial. The ‘sweep-away effect’ refers to the action of a net water flow (Jy). At a
steady Jy, there is a balance between convective and diffusive solute flow at the
membrane. As a result, the solute concentration right at the membrane is increased on
the side, to which bulk solution is swept. It is decreased on the other side from which
solutes are swept away (Fig. 1B). Consequently, the osmotic component of the overall
driving force for water is overestimated. An underestimation of the bulk water
permeability (hydraulic conductivity; Lp) is caused. The ‘gradient-dissipation effect’
refers to relative rates of diffusion of solutes across membranes and its supply from the
bulk solution. When permeation is relatively rapid as compared with the supply, the
latter could affect the overall solute transport between compartments or may even
dominate it. In this case, the actual concentration gradient driving permeation across the
membrane is smaller than that between the bulk solutions. There are three resistances in
series, the permeation resistance of the membrane (1/Ps) and the two diffusional

resistances related to USLs.

In the presence of a steady water flow, the amount of solutes moved to the membrane or

moved away from it by convection would be equilibrated by a diffusional counter flow

of the solutes. The effect of changes of concentrations at the membrane surface (C!")

may be calculated as a function water flow (Dainty 1963; Steudle & Tyerman 1983):

s

J, -5
cr=C’. =, 1
s s eXp( D ] (1)

for just one side of the membrane. Here, C” is the concentration in the bulk solution; &

is the thickness of the USL, and D; the diffusion coefficient of the solute. The effects on
the two sides of the membrane would be additive, but both Dy and 6 may be different.

For example, the external solution may be stirred while the internal is stagnant and &
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different. Dy may be smaller in the cell wall than in bulk medium or cytoplasm.
According to Eqn 1, the effect increases with an increasing Jy as well as with an
increasing thickness of the USL, but decreases with an increasing diffusional mobility
of the solute. Often, thicknesses of USLs are hard to access experimentally. They are
subject to external stirring, but this cannot completely remove them. During hydrostatic
experiments with the probe, an upper limit of the thickness of USLs may be worked out
for the hydrostatic type of experiment. In these experiments, cell volume is changed by
a AV inducing a change of pressure (AP). According to the definition of the cell
elasticity (elastic modulus; €), we have:

e=v il Ly AP 2)
v AV

Here V is volume of the cell. Assuming that all of the water is extruded instantaneously

during a relaxation building up an USL, the maximum value of the thickness (J,,,, ) can

ax

be worked out (Steudle et al. 1980; Steudle & Tyerman 1983). For a cylindrical cell
such as a Chara internode, we have:
_AV _V-AP_R AP

_AV _L.An 3
max A A.g 2 8 ()

where A is the cell surface area and R its radius. It can be seen that for typical

experimental values of R = 0.40 mm, AP = 0.05 MPa and € = 30 MPa, the 6_, would

X

be as small as 0.3 pm. Using realistic values of Jy and D (Eqn 1), this results in a rather

small sweep-away, even in the presence high external solute concentrations, C’ (see

Results section). However, the above treatment may underestimate the role of sweep-
away. It assumes that water flow is even throughout the entire cell surface. This may not
be true. Water flow should be largely constricted to certain arrays in the membrane such
as aquaporins (AQPs). In the literature, constrictions of water flow have been discussed
on the tissue scale such as for epithelia (Barry & Diamond 1984), but not yet for
membranes in the presence of AQPs, where the concept should apply as well. When
water flow across a membrane is largely across AQPs, the water flow density in these
arrays should be higher than in the rest of the membrane tending to increase sweep-
away in these arrays. In order to correct for the channelling of water, a flow-constriction
factor, ¢, has been used, which denotes the fraction of the conducting area to the overall

area (¢ < I; Barry & Diamond 1984). The actual flow density across the conducting
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array would be then Jy/¢. There should be also an effect of flow constriction on the
actual thickness of USLs in the arrays where AQPs are located tending to increase the o.
However, effects of flow constriction are, perhaps, substantially smaller than expected,
because the water layers built up on parts of the cell surface should rapidly even out

(see Discussion).

In the presence of rapidly permeating solutes such as HDO or acetone, gradient
dissipation should contribute to the absolute values of Ps and o, as measured with the
pressure probe from biphasic pressure relaxations. As outlined in the Introduction,
gradient dissipation tends to level off gradients of solute concentration across the
membrane resulting in a local depletion of solutes on one side of the membrane and its

enrichment on the other (Fig. 1). The overall measured ‘permeation resistance’ per unit

area of the solute (1/P"*) contains the true diffusional resistances for the membrane
(1/P,) and that of the two USLs on both side of the membrane5° /D! and &'/D;,

respectively (85° and &' = equivalent thicknesses of USLs on the two sides of the

membrane; D’ and D! = diffusion coefficients of the solute which may be different on

both sides):

1 1 5 &
-=—+ +—:".

I)Smeas R D;) D;

“4)

Again, this assumes steady state, a planar, homogenous membrane, and linear
concentration profiles within the layers. For the cylindrical Chara internodes used in
this paper, we may denote the radial distances from the center of the cell to the

boundaries of USLs by ‘a’ (internal) and ‘b’ (external) (Fig 1A). Hence, the thicknesses
of the external USL (&°) and of the internal USL (8" ) would be §° =(b—R) and &' =
(R — a), respectively (Fig 1B and C). In the steady state, assuming D’ = D! = D_, the

overall measured permeation resistance 1/ P"* can be written as:

S

Psmeas Pb DS a
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A: unstirred layers in a cylindrical cell (schematic)

external USL

cell membrane

B: sweep away (planar membrane)

water flow: Jy

internal .
G 9, =b-R
T membrane T
o i \ om im
c’-C! " =G,

i external
v ‘O b
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0'=R-a

water flow: Jy

solute flow: Jg
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C: gradient dissipation (planar membrane)
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P solute flow: J;
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-
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Figure 1. (A) Schematic picture of external and internal USLs in a cylindrical cell. (B, C) Concentration profiles of a solute ‘s’ at a planar membrane separating two

compartments with different concentrations (schematic; ‘0’ = external and ‘i’ = internal, respectively). 0’ and O " are the thicknesses of USLs on the two sides of the

membrane (for further explanations, see text).
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Steudle & Frensch (1989) give this equation, which they extensively discuss with
respect to the role of USLs during solute permeation across roots with the endodermis
being the main barrier (R = E) and, the cortex and stele the USLs, across which solutes
have to diffuse, preferentially in the apoplast. It should be noted that, as Eqn 4, Eqn 5

relates to linear concentration profiles within the USLs. In the presence of USLs at both

sides of the plasma membrane of a Chara cell, for D! = D! = D_, the measured value

of reflection coefficient (o) would be given as (Steudle & Frensch 1989):

meas __ l/Pv

s - .O-v' (6)
1/P +R/D, -(n(b/a)

By the first factor on the right side of Eqn 6, the measured coefficient would be smaller
than the true one (o, ). If Ds would be different in the medium/cell wall from that in the

cytoplasm, a more extended expression may be used (Steudle & Frensch 1989). Eqn 5

may be re-written to separate external from internal USLs, i.e.:

1 1 R b R R
—_ - — 4+ =2 + —= (7)
P F, D, R D, a
measured true membrane resistance of resistance of
resistance resistance external USL internal USL

In Eqns 5 to 7, the natural logs of ratios appear because of the cylindrical geometry of
cells. It is easily verified from the equations that, for b = a or (R-a), (b-R) << R, Eqn 7

reduces to the situation of the planar membrane (Eqn 4).

In a typical permeation experiment, solutes are added to the stirred medium and pass the
membrane. Within the cell, mixing is largely by diffusion, which may take some time.
Depending on the relative rate of the internal mixing as compared with that required for
solute transfer across the membrane, internal diffusion may rate-limit the overall
process as suggested by Tyree et al. (2005) for the rapidly permeating solute acetone.
An analytical solution in the presence of a membrane surrounding a cylindrical Chara
cell may be found when considering just internal and no external USLs. In this case

(Crank 1975),
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. SR+

is valid during the uptake of solute into the cylindrical cell, whereby M; denotes the

T exp[—ﬂ,f {%ﬂ ()

amount of solute in gram or mole in the cell at time t and M., the amount when uptake is
completed and M¢/M,, = 1. The pB, are the roots of f-J, (ﬂ)—L-JO(ﬂ): 0, where J;
and J, are Bessel functions and L = P, - R/ D. It should be noted that, unlike Eqns 4 to

7, Eqn 8 refers to the unsteady state. Re-writing Eqn 8 in terms of the mean

concentration in the cell, <C¢>, rather than amounts, one gets:

C,—(C) & A | o [ Dt
D Yy Y s exp[ / (Rz J] v

where C,, is the concentration of the medium. The equivalent relation describing the

elution of solute from a cylindrical cell previously loaded with solute, is given by:

M, (C) & 417 e g2 [ Pt
Vo —Z—) ep[ B, [R H (10)

2 2 2
or or n=1 ﬂn '(ﬂn +L

M, (Co) denotes the original content (concentration) of the cell prior to elution by a

medium which does not contain the solute. For given experimental values of L, the S,
of Eqn 9 are tabulated (see, for example, Table 5.2 of Crank 1975). The absolute
amounts of the exponential terms in the series on the right sides of Eqns 9 and 10
rapidly decline with time. After a sufficiently long period of time, only the first term
(B,) has to be taken into account. The physical background for this is that for small t
values diffusion across the internal USL will be rapid. However, as this diffusive USL
develops within the cylinder, the rate is slowing down. The USL tends to reach a certain
quasi-steady thickness, and the overall permeability of the barrier (membrane plus
internal USL) tends to become constant in this quasi-steady state. In this case, we have:

c,—(C,) 41> | (Dt
C, BB+ eXp{ / [ R’ )] (h

during an uptake experiment. For a typical experimental value of L = 2.36

(acetone; P = 4.2 x 10° ms; R = 0.40 mm), 4, = 1.68 may hold. Under these

conditions, Eqn 11 indicates an upper limit of around 40 % for the contribution of

internal mixing for the rapidly permeating solute acetone (see Discussion). This is in
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agreement with numerical solutions (data not shown). When considering the uptake or
loss of less permeating solutes such as 2-propanol or DMF, the contribution of internal
mixing is less (Fig. 8). This is a consequence of the series arrangement of permeation
barriers (membrane and internal USL; see Discussion). In the absence of a membrane,
i.e., when Py — o and USLs dominate permeation (as claimed by Tyree et al. 2005), the
equation corresponding to Eqn 8 is (Crank 1975):

0 n=l1

where the &£ are roots of a zeroth order Bessel function, and &, = 2.405, 5.520, 8.654,

11.792, 14.931, 18.071, etc. (Jost 1960). Neglecting roots of higher order, we get:

M 4 , [ D, -t
L=1- -exp| —2.405% .| —=— ||, 13
M, 2.405° p{ ( R’ ﬂ (13)

analogous to Eqn 11.

Material and methods

Plant material

Chara corallina was grown in artificial pond water (APW; composition in mM: 1.0
NaCl, 0.1 KCI, 0.1 CaCl, and 0.1 MgCl,) as described in earlier publications such as
Henzler ef al. (2004) and Ye et al. (2005). Chara internodes used in experiments were

40 to 100 mm long and 0.7 to 1.0 mm in diameter.

Determination of cell wall elasticity () and transport parameters (Lp, Ps and o)

Using a cell pressure probe, three transport parameters were measured (Steudle 1993):
(1) the hydraulic conductivity (Lp) is a measure of water permeability across the cell
membrane; (ii) the permeability coefficient (Ps) denotes the passive permeability of the
cell membrane for a given solute; (iii) the reflection coefficient (o;) is a quantitative

measure of the ‘passive selectivity’ of the cell membrane for a solute as compared to
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that for the water. Cell Lp was evaluated from both hydrostatic (— Lpy) and osmotic
(— Lpo) pressure relaxations and calculated from half times (rate constants) of such
relaxations and cell geometry (V = volume, A = surface area) and the elastic modulus
(¢) of the cell which was determined separately (Eqn 2):

AV )

T4 T (9

P

In the osmotic experiments with rapidly permeating solutes (acetone), the permeation of
the solute contributed to the water phase of relaxations, namely close to the minima
(maxima) of biphasic curves (Steudle & Tyerman 1983; Tyerman & Steudle 1984; Ye

& Steudle 2005). Using semi-log plots, these ranges were omitted when determining
T}7,, as well as the short period in the beginning of curves which was due to the time

required for the exchange of solutions in the tube which contained the Chara
internodes. Pressure signals coming from the pressure transducer (Honeywell; type
26PCGFA6D) were continuously recorded, amplified and digitized using the sensor
interface from Burster, D-96593 Gernsbach, Germany (types 92101 & 92101-Z001;
RS232/RS485), which also contained the starter set with the software. Relaxations
(water & solutes) were analyzed using exponential fits which also allowed semi-log

plots and statistics.

Permeability (Ps) and reflection (o) coefficients, were determined from the biphasic
pressure (volume) relaxations according to the theory of Steudle & Tyerman (1983):

V-V, PO-F o, Az -Lp
v, & (e+x")Lp-P,

[exp(~k,, - 1) —exp(k, -1)]. (15)

From the half time (rate constant) of the solute phase, 7,7, (¢ 1/ks), Ps was given by:

V. In(2 V
p =L@ Yy (16)
A ]11/2 A

As for the water, ranges around extrema in pressure were not included in the analysis.
From the minimum (maximum) changes in pressure (Pminmax)), 0s Was derived

according to (Steudle & Tyerman 1983):

P, —P, i

o min(max) E+T

O s = X eX kc .tminmax . 17
‘ RT -AC? & p(k ) (7
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Here tminmax) 18 the time required to reach Ppinmax). Values of osmotic Lp,, Ps and o
may contain contributions of USLs which would tend to underestimate the real
coefficients as discussed in the Theory section (see also Steudle & Tyerman 1983;
Steudle & Frensch 1989; Henzler & Steudle 2000; Ye et al. 2005; Ye & Steudle 2005).
USLs may develop during experiments in which transient flows of water and solutes are
induced to measure transport coefficients. One would expect effects of external stirring
on the measurement of coefficients (see Results). However, Eqns 15 to 17 either hold

only in the absence of USLs or in a steady state, when thicknesses of USLs are constant.

Hydrostatic experiments with small or big pressure pulses and pressure ‘clamp’

Pressure pulses (AP) of different sizes were used to induce transient water flows across
the membrane (Jv) of different intensity (AP oc Jy). With the aid of the probe, the oil/cell
sap meniscus was moved forward or backward and was kept in a constant position after
each move. This resulted in pressure relaxations. According to Eqn 14, hydrostatic Lpy

was calculated from half times (7}},) of pressure relaxations. In control experiments,

conventional small peak sizes of pressure pulse (AP = + 0.04 MPa) and big peak size of

pressure pulse (AP = £ 0.4 MPa) were performed to measure 7,7, of water flows across

the cell membrane. According to Eqn 3, different AP (Jy) should result in different &ax,
1.e., the effects of sweep-away were varied. Experiments were repeated in the presence
of high concentrations of osmotic solute presented at both sides of the membrane (1.0 M
acetone and 1.0 M 2-propanol). This should have increased the effect which was
expected to be bigger at high AP than at lower one (Eqn 3). The biggest sweep-way
effects may be expected during pressure clamp, when turgor pressure was clamped at a
reasonable AP ~ £+ (0.2 MPa for about 5 seconds to move larger amounts of water across
the membrane tending to build up an USL. The AP was limited to about 0.2 MPa in
these experiments, due to the rather small diameter of the capillary in the tip region.

Following pressure clamps, 7,, of water flows were measured from pressure

relaxations by fixing the meniscus right at the end of the clamp. When the original
turgor was re-attained, pressure relaxations were repeated at a time of between 10 and

20 s after the termination of the clamp. These experiments should show how USLs built
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up during the clamp affected 7,7, (Lpn) and of how rapid USLs would dissipate away
by diffusion following its build-up.

Effects of external flow rate (Vmeq) 0N Ps, o5, and Lp,

In order to induce turbulent water flow within the glass tube that contained the cells
(internal diameter: 3 mm; length: 250 mm), solutions were injected across a stopcock
and a constriction (Ye & Steudle 2005). To vary the intensity of turbulent flow within
the pipe, the average flow of solution (Vmes) Was varied between 0.02 m-s” (nearly
stagnant) and 0.55 m-s™' by adjusting the stopcock in the experimental set-up (see Fig. 1
of Hertel & Steudle 1997). Average flow rates were calculated by dividing the volume
passing through the tube in a given time by the cross-sectional area of the tube
containing the Chara internode. Depending on the flow rate, it took 2.0 to 0.1 s to
completely replace the solution around the shortest (40 mm long) and 5.0 to 0.2 s to
replace it around the longest (100 mm) internodes used. At high rates, the turbulent
water flow should have minimized the thickness of USLs attached to the cell surface.
To test whether or not the stirring by the speed of the external solution was sufficient to
minimize the thickness of USLs, an additional stirring was provided in some
experiments by injecting air bubbles into the pipe which were flushing across the tube at
a frequency of 160 to 200 bubbles per minute. Effects of stirring of the turbulent
solution around the internodes were measured for the osmotic hydraulic conductivity
(Lpo), and permeability (Ps) and reflection (o) coefficients. Three different osmolytes
of different permeability were employed at different concentrations: acetone (300 mM),
2-propanol (120 mM), and DMF (60 mM). Values of osmotic Lp,, Ps and o5 were

derived from biphasic pressure (volume)/time curves (Eqn 15).
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Results

Figure 2 shows typical pressure relaxations obtained during hydrostatic experiments

with an individual Chara internode. To test for effects of USLs due to ‘sweep-away’,
half times of water flow across the cell membrane (7,7, ) were measured with small (AP
~ + 0.04 MPa) or big (AP = + 0.4 MPa) peak sizes of pressure pulses. Since the
intensities of water flow across the cell membrane were proportional to the size of

pulses (Eqn 3), the Jy induced by big pulses should have been larger by an order of

magnitude than that in the presence of small pulses.

Control in APW
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Figure 2. Effects of pressure pulses of different peak sizes on Tl‘fz during hydrostatic pressure
relaxations induced in a Chara internode. Rates of water flow across the membrane (Jy) were increased

by increasing the size of pulses by about an order of magnitude. This, however, did not increase 7},
(decrease Lpy; Lpy, o 1/ levz ). (a) It is concluded that USLs due to sweep away do not play a significant

role during relaxations. (b) There was also no effect of increases in peak size on 7,7, in the presence of a

solute such as 1.0 M acetone on both sides of the membrane, although high concentration should have

increased sweep away according to Eqn 3. However, due to the gating of AQPs in the presence of high
concentration, 7,}, increased (Lp, decreased) by a factor of about 1.5, when cells were treated with 1.0

M acetone (Ye et al. 2004). (c) Effects of the cell elastic modulus (&) around the steady state turgor (0.65

MPa) were too small in the presence of the small pulses (AP ~ + 0.04 MPa) and had no effect in the
presence of big positive pulses (AP ~ + 0.4 MPa). They may have caused a tendency in Tl‘;z to increase

in the presence of the negative pulses (AP ~ - 0.4 MPa). The latter effect, however, was not caused by a

change in Lpy, (see text).

The thickness of USLs built up by sweep-away during big pulses should have had a

bigger effect on 7,7, than during the small ones. However, there was no significant

difference in 7,7, when comparing the results both in the presence of just APW (Fig.

2a) or of 1.0 M acetone (Fig. 2b). The reason is that in either case thicknesses of USLs
were too small to cause significant effects, even in the presence of a flow constriction
(Table 1). For the cell used in Fig. 2, ¢ = 34 MPa, R = 0.40 mm, and 0 m.x was
calculated to be 0.24 and 2.4 um for small and big pulses, respectively (Eqn 3; without
considering flow constriction by AQPs). It may be argued that cell elasticity (&) could
have changed with cell turgor pressure during the peaks and this could have
compensated for the effect, at least for positive AP (Eqn 3). However, it can be seen
from Fig. 2¢ that changes of € around the steady state turgor of 0.65 MPa were too small
both in the presence of small (AP ~ + 0.04 MPa) or big positive pulses (AP =~ + 0.4
MPa). It may have caused the slight increase of 7;}, in the presence of the big negative
pulses (AP = — 0.4 MPa), but the Lp, should have remained constant due to the
compensating decrease of ¢ with decrease of cell turgor pressure (Eqn 14). Results

suggested that hydraulic conductivity (Lp, oc1/7,7,) as measured by pressure relaxations
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should be rather free of effects of USLs (see Discussion). There was no difference,

when cells were subjected to 1.0 M acetone or 2-propanol. This treatment should have

increased absolute values of (C” — C”) and, therefore reduced Jy and Lpy. It should be

noted that in Fig. 2b, T}7, increased (Lpy decreased) by a factor of about 1.5, when cells

were treated with 1.0 M acetone. This was due to a gating of AQPs in the presence of

high concentration (Ye et al. 2004; 2005).

Table 1. Half-times (7}, ) of hydrostatic water flow across cell membranes of Chara as measured either

in APW and in the presence of 1.0 M acetone or 1.0 M 2-proponal. Tl‘;z increased due to the gating of

AQPs by high concentration. T1‘/Nz measured with small pressure pulses (AP ~ + 0.04 MPa) were not

significantly different from those measured in the presence of big pressure pulses (AP = £ 0.4 MPa) both

in APW and at high external concentration. Relative changes of the mean of Tlv/v2 are given as mean = SD

(n= 6 cells).

Half-times (7}, ) of hydrostatic water flows across cell membranes of Chara

cell )
No.
experiments in APW treatment with 1.0 M acetone (cell 1
to 3) or 1.0 M 2-proponal (cell 4 to 6)
AP~ + AP~ + relative AP~ + AP~ + relative
0.04 MPa | 0.4 MPa | change of the | 0.04 MPa | 0.4 MPa | change of the
mean (%) mean (%)
1 24+02 | 25102 4 33+£03 | 3.7£0.2 12
2 22+0.1 | 23+£0.1 5 32+0.1 | 3.3£0.2 3
3 1.7+£0.1 | 2.0+£0.2 18 36+£02 | 41104 14
4 25+£02 | 2.6%0.1 4 5104 | 52£09 2
5 28+03 | 3.0£04 7 5003 | 55£0.6 10
6 25402 | 2.6+0.1 4 43+02 | 44£04 2
mean: 7 mean: 7
SD: +5 SD: +5
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Figure 3. Effects of ‘sweep-away’ during a pressure-clamp experiment. In order to increase amounts of

water moving across the membrane, a steady-state pressure clamp was used, where the pressure was
clamped at a AP of £ 0.2 MPa for 5 s. Immediately following this treatment, half times (Tl;vz) increased

by 24 % at a AP = + 0.2 MPa (¢ = 40 MPa) and by 14 % at a AP = - 0.2 MPa (¢ = 38 MPa). The insets in
(a) and (b) provide semi-long plots of either (P- P.) or (P, - P) vs. time showing that, during hydrostatic

pressure relaxations, there were no significant changes in the USLs, i.e., a tendency of Tlv/v2 to decrease

as Jy decreased during the relaxations. Tlv/v2 reached the original values after about 20 s after termination

of relaxations indicating that the USLs or other polarization effects rapidly dissipated away by diffusion
after that time. There were slight differences between the original values of cell turgor pressure (P,) and
the steady pressure following the pressure clamp which was due to either a concentration (exosmotic

water flow; a) or dilution of cell sap (endosmotic water flow; b). For further explanation, see text.
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Table 2. Half-times (7}/,) of water flows across cell membranes of Chara as measured during
hydrostatic pressure relaxation and following a pressure clamp for 5 seconds at AP = + 0.2 Mpa. It can be

seen that the clamp increased Tl‘;z by 20 % as compared with the control (AP = + 0.04 MPa). Relative

changes of the mean of T1‘72 are given as mean = SD (n = 6 cells).

Half-time (7}, ) of hydrostatic water flows across cell membranes of Chara (s)
cell
No. Control (AP ~ + 0.04 MPa) | pressure clamp for 5 sec | relative change of
(AP ~ £ 0.2 MPa) the mean (%)
1 25402 3.1£0.2 24
2 1.7£0.1 20£0.2 18
3 22+£0.2 24+0.1 9
4 48+0.3 57+£04 19
5 2.7+0.1 33+£0.2 22
6 29+0.2 34+£03 17
mean: 18
SD: £5

In order to increase the amounts of water flowing across the cell membrane (Jy x t), a
pressure-clamp was used to produce a steady water flow or nearly so. In Fig. 3, the
pressure was clamped for 5 s at a AP of = 0.2 MPa causing an amount of water flowing
across the membrane larger than that in the relaxation experiments of Fig. 2 in the
presence of small pulses. Effects of sweep away during pressure-clamp experiments
were tested by directly going from the clamp to the relaxation mode. It can be seen that
clamping resulted in an increase of 7,7, by about 20 % as compared with the control
(for statistics, see Table 2). The effect vanished rapidly (within less than 20 s). When
the original turgor pressure was re-attained, subsequent pressure relaxations following
the clamp showed 7,7, values which were not different from the original (Fig. 2a and
b). The slight increase of steady turgor during pressure clamp was caused by the

displacement of water from the cell during exosmotic water flow resulting in an
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increase of its osmotic concentration. There was a slight decrease of turgor, when water
was taken up by the cell. These changes remained during subsequent relaxations.
Relative changes of steady turgor of = 2 % agreed with the estimated relative changes of
cell volume. The changes in the overall thickness of USLs during pressure clamp were
2.4 — 3.2 um in the absence of flow constriction of AQPs (see Theory and Discussion
sections). The relaxation back to steady-state pressure could be fitted by a single
exponential (see insets of Fig. 2). The results indicate that ‘sweep-away-effects’ in the

w

presence of a pressure clamp may have caused transient increases of 7/, (decreases of

Lpn) which could have been affected by flow constriction or concentration polarization

effects (see Discussion).

Fig. 4 indicates that Lp, increased with increasing external stirring (mean external flow
rates) tending to reach saturation at rates of between 0.20 and 0.30 m-s" (depending on
solute used). This is similar to results of Steudle & Tyerman (1983), who used mannitol
as the osmolyte. At saturation, Lp, values were identical with the Lpy, values measured
in the presence of the same solutes at the given concentration. Changing the direction of
water flow (endosmotic; en (closed symbols) vs. exosmotic; ex (open symbols)) did not

change the dependence of Lp, on viyeq.

Figure 4. Effects of external stirring on 7}/, (Lp,) in osmotic experiments. In order to vary thicknesses

of external USLs and solution exchange along Chara internodes during osmotic experiments, external
stirring was varied by changing mean flow rates along tubes (Vyeq in m-s™). Three different concentrations
and osmolytes of different permeability (P;) and reflection (o) coefficients were used: (a) 300 mM

acetone, o, = 0.12; (b) 120 mM 2-propanol, 65 = 0.34; and (c) 60 mM dimethylformamide (DMF), o, =
0.57. It can be seen that Lp, (Tl;vz) was quite low in nearly stagnant solution tending to increase with

increasing flow rates. Depending on the solutes used, saturation of Lp, was reached at flow rates between
0.20 and 0.30 m-s, the latter range being the standard flow rate usually used in earlier experiments. The
data in the figure refer to three different internodes (a to c¢). Horizontal lines denote values of hydrostatic
Lpy, determined in the absence of the solute (i.e. in APW ----- ) or in its presence (----). It can be seen that,
at saturation, Lp, values were identical with the Lp;, values measured in the presence of solute. It should
be noted that the response of Lp, to vi,eq should incorporate (i) the reduction of the thickness of USLs as
turbulences increase, (ii) effects of progressive coverage of cells following exchanges of solution, and

(iii) effects of the concentration dependence of Lp, as coverage proceeds. The latter two points may
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dominate at low flow rates. The data show that changing the direction of water flows (endosmotic (closed

symbols) vs. exosmotic (open symbols)) did not change the dependence of Lp, on Vpeq.
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Figure 5. Effects of external stirring (flow rates) on (a) permeability coefficient (P;) and (b) reflection
coefficient (o) of Chara internodes for the three osmolytes and cells of Fig. 4 (300 mM acetone, circles;
120 mM 2-propanol, squares; 60 mM DMF, triangles). Both P, and o, were reduced in nearly stagnant
solution (Vineq < 0.02 m-s™). Saturation was reached at a vyeq > 0.1 m-s™', which was smaller than the rates
required for reaching a saturation value of osmotic Lp, (Fig. 4). This indicated that external stirring had

less effect on P and o, than on osmotic Lp,,.

In Fig. 5, typical effects of external stirring on permeability (Ps) and reflection (o)
coefficients are shown as worked out from biphasic osmotic relaxation curves for three
different osmolytes and cells. It can be seen that in a nearly stagnant solution, where
replacement of the solution around the internodes should have been rate limiting, Ps and

os were rather small. Both P (a) and o5 (b) increased as vpeq increased. Saturation
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values were attained at smaller rates (Vieq = 0.10 m-s'l) than during the measurement of
Lpo (Vmea = 0.20 m-s™). This would be expected considering the different half times of

water and solute transport across the membrane (see Discussion).

Figure 6. (a) Vigorous stirring of external solution by injecting air bubbles into the water stream along
the pipe. Air bubbles (red arrows) were rapidly flushed through at frequencies of between 160 and 200 air
bubbles per minute, which caused a tremendous stirring by sweeping away the solution around the Chara
internodes. For the sake of a clearer view on the air bubbles, (b) was taken under conditions of a slow

motion of air bubbles.

In some experiments, the stirring in the presence of high rates of vmeq was enhanced by
injecting air bubbles into the water flow along the pipe. This caused a tremendous
sweeping away of the solution along the internodes as can be seen in Fig. 6 and on a
video at http://www.homepage.steudle.uni-bayreuth.de. The effect of the stirring by air
bubbles did not further increase the osmotic Lp,.
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Figure 7. Analysis of a typical hydrostatic relaxation of cell turgor pressure as measured by a cell
pressure probe. Lines (a) are fits of the data using P = P, + AP -exp(—In(2)-¢/1,},) . The solid line is

the best fit with the P, value of 0.596 MPa. Dashed lines are fits with P, values fixed either at 0.596 +
0.001 MPa or at 0.596 - 0.001 MPa. Closed circles are the original data of hydrostatic relaxation. (b)
Natural logarithm of (P- P.) versus time for the pressure relaxation data from (a). The circles and triangles
represent the logs of (P- P.), when P, is 0.596 MPa (closed circles), 0.596 + 0.001 MPa (closed triangles),
and 0.596 - 0.001 MPa (open triangles). The solid line is the fit of natural logarithm of (P- P.) with P, =
0.596 MPa. The results show that small variations of P, of an order similar to the resolution of the
pressure probe (£ 1 kPa) caused a bending of log plots upward or downward. Hence, a wrong choice of P,
within the limits of accuracy may suggest that pressure relaxations have more than one exponential phase.
This type of systematic errors should be avoided by cutting off the pressure range where P-P, gets close to

the resolution of the probe.



210

Usually, the hydrostatic relaxations measured with the pressure probe could be nicely
fitted by a single exponential. The same was true for the solute phases of biphasic
responses in the presence of permeating solutes, provided that analyses are not made
just around the minima or maxima of P(t) curves (Tyerman & Steudle 1984). However,
when relaxations approached the final value of turgor pressure (P.), semi-log plots of
the differences of (P — P.) vs. time tended to become scattered, when (P — P.) got close
to the resolution of the probe (around 0.002 MPa; Steudle & Tyerman 1983). When the
fitted P, value slightly differed from the real one, there could be either a bending up or
down in the plots (Fig. 7). As discussed by Steudle & Tyerman (1983) and others, this is
due to a systematic error, which results from the facts that, under these conditions, (P-
Pe) represents a small difference of two rather big figures. As P — P, errors get fairly
large. Data from this part of relaxations should not be used for analysis. Bending of
semi-long plots in one way or the other in this range of relaxations are artefacts. In Fig.
7, the effect is demonstrated by varying the P, in steps of = 0.001 MPa which is close to

the resolution of the transducer in the probe.

To work out upper limits of thicknesses of USLs during experiments with permeating
solutes, both ordinary steady state diffusion (Eqns 4 to 7) and unsteady state diffusion
kinetics in the presence of a membrane were employed (Eqns 8 to 11). During steady

state, the maximum thickness of an internal USL was estimated assuming that the

measured P"“ just reflects the permeation across internal USLs rather than across the

membrane, i.e., USLs dominated permeation. Neglecting the external USL, we then get

for acetone (P =4.2 x 10°ms’; Dy=12x 10" m*s'; R=040 mm) a &' =204

um. In the presence of an additional external USL of 30 pum, this value is reduced to
189 um. In terms of unsteady state diffusion, we first made the approach that the
membrane was not rate limiting at all (Ps — ), i.e., there was free diffusion across the
boundary of a cylinder having the same diameter as a cell (R = 0.40 mm; Eqn 13; in the
absence of an external USL). This result was then compared with the uptake into a
cylinder bounded by a membrane (Eqn 11). Eventually, results were compared with
data measured with an intact Chara internode using the probe. Fig. 8 provides typical

results for the rapidly permeating acetone and the less permeating DMF (D = 1.0 x 10
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m”s”; Poling, Prausnitz & O’Connell 2001). Natural logs for solute uptake into a
cylinder bounded by a membrane and free diffusion within the stagnant inside of a
cylinder are plotted against time according to Eqns 9 and 12, respectively. It can be seen
from the figure that during free diffusion, uptake was rather rapid during the first 10 s as
already discussed in the Theory section. During later stages, the process could be
described by a single exponential, when the internal USLs formed rate-limited further
uptake (quasi-steady state). Hence, a straight line was obtained in the semi-log plot of
the relative uptake/loss versus time. From the rate constant (slope kp) during this phase,
an equivalent thickness of the USL could be obtained which was 117 um (R = 0.40

mm) and 108 um (R = 0.37 mm), respectively. In the presence of a membrane with
measured P =42 x 10° m-s” containing resistance of membrane and USL (R =
0.40 mm in the example), the maximum thickness of the internal USL reduced to 97 pm

(Eqns 5 and 11). The maximum values of 117 and 97 pm are substantially smaller than

the steady state value of 204 um given above. Results indicate that for the most rapidly

permeating acetone (P = 4.2 x 10° m-s™), the contribution of internal USLs was
maximally 40 %. The equivalent calculation for the less permeating DMF ( P™* = 1.8 x

10° m-s™) resulted in a steady state equivalent thickness of 124 pm and maximum
thicknesses of 108 and 95 pm, respectively (R = 0.37 mm), and the contribution of
internal USLs was maximally 18 %. This means that the effect caused by internal USLs
substantially decreased as Py decreased (see Discussion). Accordingly, internal USLs

contributed to 40 % (acetone) or 18 % (DMF) of the measured permeability.
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Figure 8. Kinetics of the uptake of a rapid (acetone: overall P =4.2 x 10° m-s™") and a slow (DMF:
overall P = 1.8 x 10° m-s™") solute into two typical Chara internodes as measured with the pressure

probe (slope: k"““). Semi-log plots of relative amounts of solute taken up by the cells are given, i.e.,

In[(P. — P(t))/(csRT-C,,)] as a function of time t (P. = final value of cell turgor pressure; C, =
concentration of solute in the medium). They are compared with the calculated diffusion into cylinders

with the same diameter (i) either lacking a plasma membrane (open triangles; rate constant kp; Eqn 12) or

(i1) containing it in series to internal USLs (open circles; k:"tal; Eqn 9). Furthermore, the uptake in the
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presence of just the membrane in the absence of USLs is given (P"""" = 7.0 x 10° ms™ and 2.2 x 10°¢

m-s™ for acetone and DMF, respectively). It can be seen from the figure that the effect of the internal USL
was larger for the rapidly permeating acetone than for the less permeating DMF. For diffusion into the
cylinders, relative amounts were given by (C,, - <C¢>)/C,,, where <C> denotes the average concentration
in the cylinder (Eqn 9). Diffusion kinetics of acetone uptake (open triangles in (a); Ds = 1.2 x 10 m*s™)

is given for a cylinder lacking a membrane of the same diameter of 0.80 mm as the cell. For DMF (open

triangles in (b); D, = 1.0 x 10° m*s™) and the diameter was 0.74 mm. The calculation of k""" (closed
triangles) from k"““ was based on the procedure given by Stevenson (1974), which assumed completely
stagnant conditions in the cells. k;oml was produced from the analytical solution in the presence of the

estimated k:" emb (PSWWb) and the inner USL arranged in series (Eqn 9). The data show that the

measured curves (closed circles) differ from those of calculated in the absence of a membrane (open
triangles) in that bended parts close to t = 0 are missing or can not be resolved in the presence of the
membrane. Bended parts during diffusion kinetics relate to the building up of a diffusional USL in the
outer part of cylinders. When this layer is quasi-steady, the process can be described by a single
exponential, i.e., the layer acts like a membrane. In the absence of membranes, bended parts close to t =0

result in intercepts with the ordinate which are significantly smaller than zero. Comparing the measured
values of k"“ with calculated values of k" “mb " the maximum contribution of internal USLs to the

overall measured permeability coefficients were estimated to be 40 % for acetone and 18 % for DMF. For

further explanation, see text.

The semi-log plots of Fig. 8 demonstrate the effects of USLs in terms of slopes which
represent rates of uptake. Slopes were biggest in the absence of membranes (slope: kp)

followed by slopes in just the presence of the membrane without any USL (slope:

k”"). The combined effect of USLs and membrane resistances resulted in the smallest
slopes (slope: k). Using calculations based on measured data, the figure shows that,

in this case, calculated curves (slope: k”“) and measured values (slope: k““) were

nearly identical. However, measured values resulted in intercepts often > 0, which was,

of course, not the case for calculated data. When diffusive USLs were rate-limiting (as

assumed by Tyree et al. 2005), the curve with the measured data points in Fig. 8 (k")

should have been close to the uptake curve in the absence of a membrane (kp) rather

than to k”“. Also, the intercept with the ordinate should have differed significantly

from zero. This was not the case. It should be noted that all calculation were based on
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the assumption of a completely stagnant and homogenous internal compartment which

may be questioned (see Discussion).

Discussion

(A) Present results

During hydrostatic relaxations, Lpy was not significantly affected by sweep-away, even
in the presence of water flows across the membrane (Jy), which were bigger than usual
by a factor of ten. Sweep-away did not play a role because maximum thicknesses of
USLs (0max) remained as small as fractions of a micrometer, i.e., they were substantially
smaller than the thickness of the cell wall (5 to 10 um) or of the cytoplasmic layer (a
few um). Calculations assumed a maximum (peak) Jy during the entire relaxation and
are, therefore, pessimistic with respect to the effects of USLs. Sweep-away also
remained small in the presence of high external concentration which should have
increased the effect. However, all these estimates did not incorporate the constriction of
water flow across AQPs, which could have been crucial. The effect should refer to both
Jv and 0. The estimation of flow constriction would require the knowledge of the
density of AQPs and of the hydraulic conductivity of individual subunits (Ip). At
present, there are no data of the density of AQPs of Chara and of their lp. However,
there are data for the water channels of red blood cells (AQP1). The Ip of a single water
channel subunit of AQP1 is Ip = 4.0 x 10%* m® H,0O-s™-MPa™-(AQP subunit)’ (Walz et
al. 1994; see also Wan, Steudle & Hartung 2004). This may be used for a rough
estimate of the effect of flow constriction neglecting the contribution of the bilayer
which is only 5 to 10 % of the overall Lp (Henzler ef al. 2004). A typical value of cell
Lp of Chara is 1.6 x 10° m*>m™>s'-MPa™. Hence, we get an AQP density of Lp/lp =
4.0 x 10" (AQP subunits)-m™>. Given a cross section of about 10 nm* for an AQP
subunit (Walz et al. 1994), this results in a value for ¢ of 0.04. Hence, Jy and o should
be each corrected by a factor of as large as 25. However, the measured effect was small
if any. One reason could be that, as the water protrudes out of AQPs, it may be rapidly

evened out by creeping along the hydrophilic membrane surface surrounding the pores.
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It is, perhaps, more likely that, as columns of distilled water protrude either into the
cytoplasm or wall space, they are rapidly evened out by lateral diffusion of solutes into
them. According to Eqn 12, the time constant required for this diffusional equilibration
should be as short as 4 ns (using a radius of 1.8 nm of the columns (equivalent to a cross
sectional area of AQP subunits of 10 nm?, see above); and a diffusion coefficient of 1.0
x 107" m*s™ of the solutes). This time constant is much shorter than that of water flow
equilibration. As a consequence, changes of the local concentration by sweep-away or
concentration polarization should be substantially smaller than expected from the
overall enhancement by constriction by a factor of 625 (25 x 25). Accordingly, there
was no effect of sweep away during hydrostatic relaxations, even in the presence of big
peak sizes. Only during pressure clamp, when rather large amounts of water were
continuously moved across AQPs, the effect was measurable, i.e., there was a
significant dilution/concentrating effect around the vestibules of AQPs. In addition, we
may think that there could have been effects of concentration polarization and dilution
within the non-selective mouth parts (vestibules) of channels. There is evidence that at
least some of the AQPs of Chara have a rather large internal volume suggesting that
volumes of vestibules may be substantial (Ye et al. 2004, 2005). It is also known that
Chara exhibits a reversible inhibition of AQP activity in response to elevated
concentration (Kiyosawa & Tazawa 1972; Steudle & Tyerman 1983). The latter has
been interpreted in terms of a cohesion/tension mechanism (Ye et al. 2004, 2005).
Hence, high concentrations created on one side of the membrane could result in a
channel closure. Experiments are underway to test the different hypotheses by varying
both the size of osmolytes and its chemical nature (electrolytes vs. non-electrolytes;
polar vs. non-polar). For these experiments, pressure probes have been modified in
order to extend the range of water flow intensity and of its duration. The AQP activity
of Chara did not change in response to considerable water flow densities, i.e.,
substantial inputs of kinetic energy into AQPs do not seem cause conformational
changes of AQPs as found in other systems (Wan et al. 2004; Lee, Chung & Steudle
2005). Therefore, Chara should be a suitable object to test the idea of concentration

polarization effects close to or within the vestibules of AQPs during extreme rates of Jy.
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Different from Lpy, the osmotic Lp, depended on external stirring in accordance with
the earlier findings of Steudle & Tyerman (1983). This has been referred to the
existence of external USLs. For low vyeq and nearly stagnant conditions, the effect was
rather big, and Lp, small. However, it would be premature to assume that, in this case, it
was just the diffusion of solute from bulk solution to the membrane surface across an
extended external USL which was rate limiting. As already mentioned in the Results,
there are two other factors, which should be even more important at low flow rates. One
is the fact that, during a slow exchange of solution, there will be no ‘instantaneous’
replacement of solution around the internodes. At low rates of stirring and relatively

long lengths of internodes, complete exchange of solution will require up to 5 s (see

MM section), which is longer than 7,7, . The other factor is the fact that the Lp of Chara

decreases with increasing external concentration, which may also happen with a certain
delay and proceed as solution is exchanged along the cell. Hence, at low flow rates,
values of low osmotic Lp, cannot be directly referred to increases in the thickness of

external USLs.

The fact that Lp, and Lp, were close at high rates of stirring, enabled Steudle &
Tyerman (1983) to estimate the thickness of external USLs (as measured in a set-up
similar to the present and at high stirring) to be less than 50 um. The present data
support this view, that due to vigorous stirring, external layer thickness was minimized.
This view was strongly supported by the experiments in which air bubbles were
introduced into the system at high frequency that efficiently swept away solution from
around the cylindrical cells except for a thin boundary layer at their surface. This
vigorous external stirring did not furthermore increase Lp,. Overall, the results show
that the conclusions of Tyree et al. (2005) about the stirring and in earlier experiments
with the probe are premature. Because of possible complications by external USLs and
by the effect of elevated concentration, the Lp of Chara was usually measured in the
past hydrostatically such as in the paper by Henzler ef al. (2004). Tyree et al. (2005)

ignored this important point.
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(B) Rebuttal to Tyree et al. (2005)

Tyree et al. (2005) stressed that hydrostatic relaxations could not entirely be described
by a single exponential and were bending off at their very ends in semi-log plots. They
criticized the ‘usual procedure’ of Steudle & Tyerman (1983) and others for not
analyzing this part and just cutting it off. However, Tyree et al. (2005) overlooked that
the reason for the cut off is that in a range where measured pressure differences (P(t) —
P.) get close to the sensitivity of the pressure measurement. Hence, errors in the
differences are quite big in these ranges. Systematic errors may be produced which may
result in either a bending upwards and downwards of semi-log plots. In the pressure
probe literature, the point has been stressed several times (e.g., Steudle & Tyerman
1983; Henzler & Steudle 2000). The literature also provides the reason for the cut off. It
is touching to realize that Tyree ef al. (2005), rather than accepting the physical limit of
the resolution of the probe, think that the output from the transducer given as accurate
as 0.1 kPa (0.0001 MPa) can be taken as the resolution of the pressure measurement. As
a consequence, curves were bending for Tyree ef al. (2005) as P(t) approached P.. The
authors interpreted their artifact as an effect of a ‘membrane movement’ which is

strange.

Tyree et al. (2005) claim that during the osmotic experiments of Henzler et al. (2004),
stirring was not sufficient. They think that the flow of solution around the internodes
fixed in a glass tube of an inner diameter of 3 mm was not turbulent and stirring not
vigorous. On p. 3, para 4, of their paper, Tyree et al. (2005) state that the flow in the
tube was laminar at all rates used. Hence, there should have been USLs of substantial
thickness. The claims of Tyree ef al. (2005) have no physical basis. In the experiments
of Henzler et al. (2004) and of others, cylindrical Chara internodes (lengths of 40 to
150 mm; thickness of around 1 mm) were centered in a tube of an inner diameter of 3
mm and of a length of 250 mm and fixed at one end in a slid (see, for example, Fig. 1 of
Hertel & Steudle 1997). From the other end of the tube, solutions were applied via a
tube across a stopcock which reduced the speed from a few m-s™ to a speed that would
be tolerated during the experiments without causing leakages of the cell due to an
intense trembling of the internode (Ye & Steudle 2005). There was also a constriction

(teflon tube of an inner diameter of 2 mm that was fitted into the entrance of the glass
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tube over a length of 80 mm). Flow was turbulent at the entrance because of the
stopcock, and it was furthermore stirred when it left the constriction to reach the
internode after a passage of 70 to 130 mm. According to basic fluid dynamics, this path
is not sufficient to make the turbulent flow laminar. This length (l.) would be (see
textbooks of fluid dynamics, e.g., White 1999):
[,=0.06xRe-d . (18)

Here, d is the diameter of the tube and Re the Reynolds number, which is around 750
for a cylindrical pipe having a d = 3 mm (viscosity of water = 1.002 x 10~ Pa-s at 20
°C and flow rate of 0.25 m-s™). Hence, we may estimate a distance of 1. = 135 mm for a
laminar flow to develop which was not available. Even if basic fluid dynamics would
not apply for Tyree et al. (2005) and there were a laminar Poiseuillian flow profile
arriving at the internode, the existence of the latter would tend to disturb the parabolic
flow pattern making it turbulent again. After a sufficiently long distance along the
annulus of solution around the Chara internode, flow would tend to become laminar
again. The maximum flow rate should establish close to the center of the annulus,
whereby the velocity profile should be that of a parabola wrapped around the Chara like
a doughnut. However, this will not happen over distances of as short as 40 to 150 mm,
and flow should remain turbulent. The question is just how thick the remaining laminar
boundary layer adjacent to the cell is, which is not affected by turbulence. This question
is difficult to address theoretically. Therefore, we used two different approaches to test
it, i.e., we varied viyeq and we flushed air bubbles around the cell at high frequency,
which displaced most of the solution tending to even enhance the vigorous stirring (see
video). The result of both procedures was that we could not further reduce thicknesses
of USLs, which adhered as thin films close to the cell surface. Hence, we may
conservatively estimate the thickness of external USLs to be around 30 pm (including
the cell wall) at sufficient rates of stirring. The value of Tyree et al. (2005) of 100 um in
the experiments of Henzler et al. (2004) clearly overestimated 6°. It would have been
adequate for Tyree ef al. (2005) to provide some own data and experience on the subject

prior to judging about the experiments of Henzler et al. (2004).

On p. 3 (left column), para 3, and on p. 4 (left column), para 5, of Tyree et al. (2005),

state that in their simulations, the system of two USLs and a membrane soon assumed
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conditions of steady state, where the Steudle/Tyerman theory applied (which they seem
to accept; Eqn 15). According to Tyree et al (2005), this happened at times of
substantially smaller than the time required to reach the extrema of pressure during
biphasic responses (around 10 s for acetone). The finding is not new. Tyerman &
Steudle (1984) used a turgor-minimum technique to analyze the kg (Ps) obtained around
the maxima (minima) for different solutes. The result was that the ks (Ps) measured
around the minimum was similar to that obtained from solute phases. Because the solute
flow is buried within the water phase at time periods of close to zero, it is not possible
to use the pressure probe to directly measure kg (P;) at times close to zero. However,
there are P values from isotopic measurements where Py was worked out from the
initial uptake for some of the solutes studied (Dainty & Ginzburg 1964b). These data
are rather free of USLs and agree with those measured with the pressure probe. We do
agree with Tyree et al. (2005) that the system very soon becomes steady with constant
thicknesses of USLs. However, this just indicates that USLs developed fast and that

their thickness should have been relatively small.

Tyree et al. (2005) did not realize that their simulations contained the solvent drag
which was neglected in the Steudle/Tyerman theory (1983). In simulations of biphasic
responses, Riidinger, Hierling & Steudle (1992) showed that the solvent drag had no
significant effect on the shape of curves. From their simulations, these latter authors
concluded that Eqn 15 could be used to describe the entire course of P(t) during
biphasic pressure relaxations. In principal, there could be another type of interaction
between solutes and water which was not considered by Riidinger et al. (1992) and is
not incorporated in Eqn 15. This is active solute (ion) transport which may change
during osmotic treatments. However, this effect should be quite small for Chara, but
should be considered during biphasic responses of roots measured with the root pressure
probe, as shown in the simulations of Steudle & Brinckmann (1989).

Unlike osmotic Lp,, values of both Ps and o5 were only slightly smaller at low flow
rates and tended to saturate earlier. This is expected because of the longer half-times of
solute exchange which would reduce effects of external USLs. Assuming an external
USL of a thickness of = 30 um, a half time of 0.2 s would be required for the filling of
this layer with solute (acetone; Dy = 1.2 x 10° mz-s'l; Jost 1960; Ye & Steudle 2005).
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This can be neglected at values of 7;7,> 30 s (Ye & Steudle 2005). Nevertheless, effects

of USLs on permeability coefficient (Ps) and reflection coefficient (o) were very much
dependent on the property of solutes. USLs could more likely act as rate-limiting
diffusion barriers for rapidly than for slowly permeating solutes (Barry & Diamond
1984). This was found in the present paper. Three different solutes were used with a
sequence of the Ps as Pgaccione) > Ps2-propanol) > Psomr). A tendency sequence of USLs

effects on Py and o5 was (acetone) > (2-propanol) > (DMF).

Tyree et al. (2005) argue that values of Ps and o of acetone measured with a CPP were
considerably underestimated. Assuming external and internal USLs of as large as 100
um and 350 um, respectively, they arrived at the conclusion that true values of P and o
of acetone of Henzler et al. (2004) could have been underestimated by a factor of as
large as five (see p. 4, right column of Tyree et al. 2005). This meant that USLs instead
of the cell membrane represent the rate-limiting resistance of acetone permeation
through Chara internodes. The argument of Tyree et al. (2005) fails. They assumed
steady state diffusion during most of the biphasic responses measured with the pressure
probe. Hence, there will be a series arrangement of permeation resistances (2 USLs plus
membrane) according to Eqn 7 of the Theory section. Since this is true and agrees with
Tyree et al. (2005), Eqn 5 may be used to evaluate maximum thicknesses of USLs,

when 1/Pg can be neglected as compared to the diffusional resistances, i.e. when Py —

. In the example used in Table 1 of Tyree ef al. (2005) (P =4.2 x 10° ms™; Dy =

1.2 x 10” m*s™; R = 0.40 mm), one gets a limiting ratio of b/a of 2.1 from Eqn 5. For 6
out of 9 combinations of the table the b/a ratio was bigger indicating a negative P,
which is not possible. Hence, there is either something wrong with the values given in
Table 1 of Tyree et al. (2005) or the table does not refer to steady state as does the rest

of their paper.

The conclusions of Tyree et al. (2005) are contradictive in view of the comparison
between free unsteady state diffusion into a cylinder and the values measured with the
probe (Fig. 8). If Tyree et al. (2005) were right, the uptake kinetics measured with the

probe should be similar to the type of kinetics obtained in the absence of a membrane
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which shows two distinct phases. However, this was not observed in the experiments.
No building up of an internal USL was observed. When uptake curves were
extrapolated back to t = 0 in the semi-log plots of Fig.8, their intercepts with the
ordinate were close to zero. Hence, these layers should have had a rather small impact

on the measurement of transport coefficients.

According to Tyree et al. (2005), changes in membrane properties such as the closure of

AQPs should have had little if any effect on the P of rapidly permeating solutes

such as acetone (Ps = 4.2 x 10° m-s™) or HDO (P4 = 7.0 x 10° m's™) as demonstrated
by Henzler et al. (2004). This is so because membrane treatment should not affect
USLs. However, this was not the case in the experiments of Henzler et al. (2004) and
others. For example, when using hydroxyl radicals (*OH) to inhibit AQP activity, there
was a substantial decrease of the P4 of HDO by a factor of 3 and of the P of acetone (in
part, also using AQPs to cross the membrane) by a factor of 2. When Tyree et al. (2005)
were right and USLs had permeation resistances of larger by a factor of five than those
of membranes, this would result in a decline of the real membrane P (P4) by factors of 6
and 11 for acetone and HDO, respectively. This would mean that there were a
tremendous permeability of acetone across water channels. Absolute values are unlikely
to be true in view of other findings of changes in P; and P4 upon channel closure
(Henzler & Steudle 1995; Mathai et al. 1996). Similarly, the re-examination of
reflection coefficients (negative for acetone upon channel closure) would result in
extreme values. Tyree et al. (2005) avoid to discuss these consequences although the
effects of a closure of AQPs on permeability and reflection coefficients are dealt with in

the paper of Henzler et al. (2004).

Tyree et al. (2005) claim that they obtained the estimated thicknesses of USLs of up to
350 um (Henzler et al. 2004; see also Henzler & Steudle 2000). This is a misquote.
Henzler et al. (2004) discuss the possibility that internal USLs of the solute HDO may,
in principle, be as large as the radius of the cells, which sets a geometric upper limit (see
Introduction). However, they conclude that the idea that USLs extend across the entire
cell has to be rejected for different reasons. The most important, perhaps, is that a rate-

limitation by internal USL could not explain that the experiments clearly showed a rate
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limitation by membrane transport (see Discussion on p. 333 of Hertel et al. 1997).
Henzler & Steudle (2000) conclude that, ‘although there may be some influence of
internal USLs, on the absolute values of the Ps and o5 of H,O, (Ds = 1.3 x 107 mz-s'l),
membrane permeation and the subsequent degradation of the substrate in the cell should
have dominated the process measured’. For the rapidly permeating solute HDO, Ye et
al. (2005) estimate the contribution of internal USLs in P4 as 25 %. The earlier
statements about the thickness of internal USLs have been overlooked by Tyree et al.

(2005).

In the present paper, we show that, under conditions of vigorous external stirring,
external USL may have a thickness of 30 um, at maximum (including the reduction of
D; in wall pores and the tortuosity during the passage of solutes within wall pores). The
contribution of internal USLs was estimated by the data presented in Fig. 8 (see last
para of Results). According to these data, the overall measured permeability of a Chara
cell for acetone was equivalent to a thickness of an internal USL of 204 um. In the
presence of the membrane plus an internal USL, the thickness of the latter was reduced
to 97 um (at maximum), which was equivalent to 40 % of the entire permeation
resistance. It should be noted this estimation refers to a completely stagnant and
homogenous internal compartment. However, this was not the case. There is some
internal mixing by cytoplasmic streaming and by the shaking of the cell during the
experiments (see discussion in Stevenson et al. 1975). Hence, the underestimation by 40
% has to be taken as an upper limit. Preliminary results in which the concentration of
solute right at the surface of the inner side of the plasma membrane was followed during
permeation experiments, indicated an actual underestimation of around 20 % for
acetone and of around 2 % for DMF, which may turn out to be more realistic (Ye, Kim
& Steudle, unpublished results). Hence, we may end up with an internal USL of a
thickness of around 50 pum. It has to be stressed that the effects of USLs which have
been worked out here for acetone should be similar to those for HDO. Permeability of
this solute is bigger by a factor of two than that of acetone, but this should be
compensated for by a bigger diffusion coefficient (Ds = 2.4 x 10° m>s”'; Reid &
Sherwood 1966). Values of the diffusional permeability of isotopic water have been

often compared with those of the bulk permeability (P oc Lp) to work out the internal
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size of aquaporins (see Introduction; Ye et al. 2005). In an analysis similar to the
present study, Sehy et al. (2002) provide evidence that the contribution of internal
mixing by diffusion to the overall rate of uptake of HDO by spherical oocytes of
Xenopus laevis (R = 0.6 mm) was 30 % (39 % were actually reported in the paper for

the ratio of P"" /P™* i.e., 2.7 x 10° m-s/1.9 x 10° m-s™ = 1.39). This percentage is

smaller than that given here for acetone in Chara. However, the oocytes used by Sehy et
al. (2002) had a spherical geometry so that the contribution of internal mixing should
have been smaller at the same radius. Stevenson et al. (1975) used cylindrical tubes of
collagen and cellulose acetate (as used during the purification of blood in kidney
machines; R = 0.14 to 0.35 mm) to work out the contribution of unsteady experimental

condition to the overall permeability. Using Eqn 11, they worked out a membrane

permeabilities of urea of around P™ = 6.0 x 10° m-s™ from isotopic experiments.
They then compared these values of P""", which they calculated from empirical

relation between P"“ and P""". When the external solution was vigorously stirred,

the difference was found to be between 10 and 15 % for urea for both types of tubular
membranes. Considering the smaller diameter of the tubes used by Stevenson et al.
(1975), this is similar to the result obtained here for acetone. Stevenson et al. (1975)
concluded that unsteady experimental conditions do not significantly affect the

measurement of membrane permeability.

In conclusion, the re-examination of the role of USLs during pressure probe
experiments with isolated internodes of Chara showed that effects of internal and
external USLs do not play a significant role when hydrostatic pressure pulses are
applied to induce monophasic pressure relaxations. Careful consideration of the
limitations of the pressure probe to resolve relaxations indicated that the claim of Tyree
et al. (2005) of an additional phase in relaxations is due to an artifact. Tyree et al.
(2005) overlooked limitations in the resolution of the probe. During hydrostatically
driven water flow, an effect of high flow rates was only observed in the present paper
during pressure clamp when using substantial step changes in turgor pressure. Effects
could not completely be explained by conventional sweep away where the water flow

density is evenly distributed within the cell membrane, but may be due to a sweep away
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in the presence of a considerable constriction of water flow through AQPs including a
concentration polarization of solutes within the vestibules of AQPs. A rigorous
examination of the stirring of the solution surrounding the internodes during osmotic
experiments indicated that external USLs had a small thickness of less than 30 um. The
conclusions drawn by Tyree et al. (2005) that, in standard pressure probe experiments,
water flow around the internodes is laminar, lacks a physical basis. The earlier
conclusion that flow is turbulent and the medium vigorously stirred was strongly
supported by experiments in which air bubbles were flushed through the tubes
containing Chara internodes. The additional stirring caused complete replacements of
solution around the cells which did not result in a further increase of measured transport
coefficient in osmotic experiments. By applying unsteady-state diffusion kinetics, upper
limits of equivalent thicknesses of internal USLs were provided for cylindrical
compartments lacking or containing a membrane. These were 117 or 97um, respectively
(for acetone; R = 0.40 mm). This is smaller than the maximum figure of 350 pm
erroneously assumed by Tyree et al. (2005). The real equivalent thickness of USLs was
estimated to be smaller by at least a factor of 2 to 3 than the upper limits. This in turn
would provide an upper limit of around 50 um for the most rapidly permeating solutes
(acetone, HDO). It should be smaller for other solutes having a more favourable ratio of
Dy/P; (e.g., monohydric alcohols, H,O,, or DMF). The quantitative estimates are in line
with earlier findings, which showed that closure of water channels massively affected
overall Lp, P, and o,. These results are hard to explain in the presence of a dominating

effect of USLs.
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Abstract

In the past decade, our understanding of the mechanisms of water uptake by plant roots
at the cell, tissue, and whole-plant levels rapidly progressed due to the introduction of
new techniques and concepts. Some aspects of this work are reviewed, mainly including
the composite structure of roots and effects of the distribution of roots in the soil. The
nature of water flow in plant roots is discussed. A link is provided between root
hydraulics and the expression and function of aquaporins. This relates to the regulation
of water transport and to the signalling between roots and shoots. The composite
transport model of root is mentioned which represents a physical model of water uptake.
This is part of a comprehensive analysis of recent findings of studies on water uptake by
plant roots and contributes to our current understanding of the basic mechanisms that

govern the water uptake by roots.

Key words: aquaporins; water uptake; root anatomy; water channel; composite

transport model; soil-plant-atmosphere continuum.

Introduction

Water uptake by plant roots is controlled or is even regulated by different physical and
physiological processes. Water supplied to plants by its roots has a major influence on
the shoot water status, and, in turn, on plant growth and development. Water moves
from the surface of a root to the root xylem through a series of tissues. Each of these
tissues represents a hydraulic conductance that changes during root development and in
response to environmental factors (Steudle, 1994; 2000; 2001). In different root
habitats, root anatomy has to adapt to specific physical and water constraints. Water
transport properties of roots are adjusted to the physiological demand of the whole plant
(Javot and Maurel, 2002). In recent years, our understanding of water uptake by and
transport within plant roots has been substantially improved by new tools, which
operate at the molecular, cell, tissue, organ, plant, and ecosystem levels. Techniques

such as cell and root pressure probes, stopped flow, the use of transgenic plants, and of
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stable isotopes provided a fast progress in water transport research (Steudle, 1993;
2001; Kramer and Boyer, 1995; Maurel, 1997; Steudle and Peterson, 1998; Tyerman et
al., 1999; 2002;). A better understanding of the mechanisms of water uptake by plant
roots should be vital for improving water use efficiency (WUE) in agriculture. The
present article reviews the progress in recent years for people who want to update their

understanding of basic mechanisms of root hydraulics and plant water relations.

Distribution of root systems in soil

The spatial distribution of roots in soil determines the ability of plants to take up soil
water and nutrients in order to sustain plant growth and development. A large number of
studies confirm that deeper root systems enable plants to access water not available to
shallow rooted plants, and to balance rather high rates of transpiration during periods of
water deficit (Zhu et al., 2002). Usually, plants in drier environment develop deeper root
systems. A survey of global patterns of root distribution and depth was given by
Jackson et al. (1996) and Canadell et al. (1996). On a global average, desert vegetation
reaches a maximum root depth of 13.4 m, with 31% of the total root biomass below 0.3
m soil depth, Temperate forests have a maximum rooting depth of 3.7 m, with 35% of
the root biomass below the 0.3 m soil depth. The root systems of temperate grassland
reach a maximum depth of only 2.4 m, and root biomass accounts for 17% of the total.
Differences in rooting depths and ability of plants to extract soil water are likely to
influence survival and productivity in the natural or artificial ecosystem. However, large
varieties of root distribution in soil profile prevented the establishment of any definitive
model for crops, irrespective of the soil environment (Liedgens and Richer, 2001). The
effects of many parameters such as root growth rate, soil water, fertilizer, soil
compaction, and root system structure are not yet well defined. For example, root
extension characteristics are significantly inhibited by soil compaction and limited by
the distribution of water. Soil compaction affects plant growth in many ways. Roots do
not develop well or penetrate well in compacted soil. Often, shallow root systems and
malformed (tight, small etc.) roots are symptoms of compacted soil. Plants are

generally stunted, and moisture and nutrient stresses may occur. However, under certain
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conditions soil compaction may contribute to root water uptake and improve WUE in
dry land farming (Liu et al., 2001). Usually, drought tolerant crops have deep
explorative root systems (Counor and Sadras, 1992). Many researchers think that better
adaptability of cultivars to dry growing conditions was attributed to deeper rooting.
Deng et al. (2003) think that improving root growth to use deeper soil water may
promote the efficiency of the use of water supplied to plants in the field. However,
during the development of wheat, root growth had an adverse effect on water use
efficiency (Zhang et al., 2002). The latter authors think that the increase of the ability of
roots to take up water may compensate for the decrease in the size of root systems. The
general principle of relating the distribution of root systems to water uptake patterns
may hold. However, there are not many studies which actually confirm or disprove it.
The reason for this is that there is, for technical reasons, not much data which show the
true distribution of roots in soil. In the future, the situation may be improved by the use
of ingenious methods or advanced instruments such as underground reflecting
technology and root tracker (automatic detecting implement of root growth) (Zhang et

al., 1997).

Effects of root anatomy/morphology on water uptake
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Fig. 1 Radial and axial water flow across a young root. Usually, the radial rather than the axial hydraulic

resistance limits water flow (for further explanation, see text).
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Single root functioning during water uptake is based on root structure and anatomy.
There is no way to understand root water uptake without knowing root structure and
anatomy in sufficient detail. Most individual roots have a central vascular cylinder
surrounded by the cortex which usually makes up the bulk of the root (Fig. 1). To pass
from the soil solution into vascular tissues, water has to flow radially across a series of
concentric cell layers. These layers include the epidermis, exodermis, several layers of
cortex, endodermis, pericycle, xylem parenchyma cells and finally the vessel (Steudle
and Peterson, 1998). The cell walls of exo- and endodermal cells have particular
structures, Casparian bands, which mean effective barriers to water uptake as do suberin
lamellae (Zimmermmann and Steudle, 1998). It is generally accepted that endodermal
Casparian bands represent tight apoplastic barriers to solutes and prevent their backflow
from the stele (Tester and Leigh, 2001). Due to the hydrophobic properties of suberins,
suberization substantially reduces the water permeability of roots, whereby the aliphatic
rather than the aromatic suberin is more effective in making the apoplast impervious for
water (Schreiber et al., 1999; Zimmermann et al., 2000; Hose et al., 2001). Suberization
of roots increases with increasing plant age and during stress (drought, high salinity,
etc). This decreases the root hydraulic conductivity (hydraulic conductance per unit root
surface area in m-s”-MPa™, Steudle, 2000). Some researchers studied how changes in
root structure caused by environmental stress are reflected into changes of root water-
transport properties (Peyrano et al, 1997). For technical reasons, it is still difficult to
quantify water uptake or hydraulic conductivity of different root zones (Frensch et al.,
1996). Compared to shoots, much less is known about the ‘hydraulic architecture’ of
roots (Steudle, 2000). Following the differentiation of cells and tissues along developing
roots, profound changes in the hydraulic properties of both the axial and radial path
have been observed (Melchior and Steudle, 1993). There are many differences among
species, habitats and even individual root. The complexity of water transport across
plant roots relates to the structural variability of roots during their growth and
development. The relation between the function and structure/anatomy of roots should

be further studied.
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Pathways for water, driving forces, and hydraulic resistances of roots
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Fig. 2 Radial water flow across the root cylinder (schematic). For the sake of simplicity, the cortex and
stelar tissue are indicated by just one cell. Across the protoplast, there are two parallel passages, i.e. the
symplastic and apoplastic passage. They are usually summarized as a cell-to-cell component. The
apoplastic component is more or less interrupted at apoplastic barriers such as the Casparian bands of

exo- and endodermis.

Under natural conditions, water uptake by roots and loss from leaves are driven by
variable forces. Nevertheless, plants keep a proper balance of water by continuously
adjusting the water conductance of roots (Weatherley, 1982). There are three pathways
of water transport which co-exit in living root tissue (Fig.2): apoplastic, symplastic and
transcellular paths (Steudle, 1989). To date, the symplastic and transcellular
components cannot be separated experimentally. Therefore, they are summarized as a
cell-to-cell component. During the radial transport of water across the root cylinder,
there could be combinations of the three pathways, which may make allowance for a
rapid exchange of water between pathways (Steudle, 2000). Different pathways may
dominate in response to changes of the physical nature of the forces that drive the water
across roots (Steudle and Peterson, 1998). For technical reasons, the relative
contribution of the different pathways to the overall water uptake has not yet been

studied in sufficient detail. However, there are some quantitative data around from
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comparative measurements of root hydraulics at the cell and root level (Steudle 1994;

2000; 2001; Steudle and Peterson, 1998).

Biophysical analyses have established that, in plant tissue, water moves passively along
water potential gradients (Steudle, 1994; Schultz, 2001). When plants transpire,
evaporation of water vapor from the stomatal cavity results in highly negative pressures
(tensions) in xylem vessels, which draw water from the roots up into the aerial parts
(Wei et al., 1999; Steudle, 2001; Tyree and Zimmermann, 2002). In the absence of
transpiration, i.e., when stomata are closed during the night or during periods of water
stress, residual water movement is driven by the active pumping of solutes (nutrient
ions) into the root. This creates an osmotic driving force that results in a positive,
hydrostatic root pressure. Root pressure pushes the sap up along the xylem (Javot and
Maurel, 2002). Because of its lack of selectivity with respect to water and solutes, the
apoplast can not maintain osmotic driving forces (Steudle, 1994). Water transport in the
apoplast is essentially driven just by hydrostatic forces. External pressure can change
root hydraulic conductance. For example, the root hydraulic conductivity measured at
high pressure differences or water flows is usually remarkably larger (the hydraulic
resistance smaller) than that measured at low pressure differences. The possible cause of
the non-linear pressure/flow characteristics may be that the water content in intercellular
spaces increases with increasing hydrostatic pressure difference between soil solution
and root xylem, hence, increasing the apoplast water flow (Liu et al., 2002).
Alternatively, water flow may change osmotic driving forces (‘dilution model’ of
Fiscus) (Fiscus, 1975), or may affect the hydraulic conductivity of cell membranes
(aquaporins). In the composite transport model of the root (see below), the effect is due

to a switching of water flow between pathways.

In contrast to the apoplast, cell membranes allow to establish and maintain osmotic
gradients along the cell-to-cell path. In addition to hydrostatic forces, these gradients
will drive water flow (Steudle, 1994; Steudle and Peterson, 1998). In the past, the
movement of water across cell membranes in roots has been often described as an
osmotic process (Kramer and Boyer, 1995). Recent evidence, however, indicated that

this view has to be modified (Steudle, 2000). This is so, because the hydraulic
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conductivity of root should differ depending on specific conditions, namely, in the

presence or absence of hydrostatic pressure.

Water transport from root to shoot involves both axial and radial hydraulic resistance in
plants. Vascular plants have evolved two types of highly modified cells, tracheids and
vessel members, strands of which provide an axial pathway with an exceedingly low
resistance to water flow. The importance of the removal of the protoplasts for reduction
of the axial resistance to water flow can be demonstrated both theoretically and
experimentally (Steudle and Peterson, 1998). According to Poiseuille’s law, axial
resistances can be worked out. They can be measured as well (Steudle, 2001; Tyree and
Zimmermann, 2002). Many researches indicated that effects of vessel maturation on the
axial resistance were enormous (Steudle and Peterson, 1998). Usually, axial resistances
of roots are much smaller than radial. However, this may change at high rates of
transpiration which may cause cavitations (embolism) of water in vessels. Cavitations
interrupt water flow and reduce axial hydraulic conductivity of roots substantially

(Peterson et al., 1993; Holbrook et al., 1999).

In roots with mature vessels, it is the radial rather than the axial resistance which limits
water uptake (see above). For the early metaxylem of young maize root, axial resistance
is smaller by 1-2 orders of magnitude than that for the radial flow (Steudle and
Peterson, 1998). Overall, radial resistances result from a series of smaller resistances in
plant roots. Experimental results obtained with young roots of maize, indicated that, the
major resistance to water flow was evenly spread over the living tissues of the root,
which is in contrast to the usual concept that in roots the major resistance to water flow
is in the endodermis. However, the situation may change during later development of
roots and in different species (Miyamoto et al., 2001).To date, there are only a few
results of hydraulic properties of individual parts in roots to water uptake (such as in
rice: Ranathunge et al., 2003). Novel methods are required to quantify the specific
effects of different root tissue such as the role of the exo- and endodermis (North and
Nobel, 1996; Zimmermann and Steudle, 1998; Zimmermann et al., 2000; Miyamoto et
al., 2001; Ranatunge et al., 2003). Changes in the hydraulic resistance at the tissue level
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may be derived from the propagation of changes in water potential across the root

cylinder, and during root growth and development (Westgate and Steudle, 1985).

Water balance and movement in plants is driven by gradients in water potential.
Catenary models have been proposed for the movement of water between soil and
atmosphere in analogy to the flow of electricity in electric circuits (soil-plant-air-
continuum, SPAC: van den Honert, 1948). At steady water flow across a plant, we have

in analogy to basic laws of electricity (Ohm’s law):

water flow = (\Psoil ‘\Proot surface) / Rsoil
= (\Proot surface'lnylem)/ Rroot
= (v :gj::m - \Ili?;lfem)/ Riylem
= (Tleaf‘lpair )/ Rleaf.

Water flow = total water potential gradient / total resistance (Tyree, 1997; Steudle and
Peterson, 1998). In the root cylinder, water potential will drop along the different tissues
which are arranged in series (epidermis, exodermis, cortex, etc). The analogy with
electrical circuits holds both on the ‘microscopic scale’ (e.g., when comparing pathways
for water across cells within tissue), and at a macroscopic level (e.g., when comparing

different zones along roots: Steudle and Peterson, 1998).

Water transport at the level of root membranes

The flow of water in and out of plant cells is largely regulated by water channels or
aquaporins sitting in plasma membranes (Fig. 3). Plant water relations and water flow in
plant tissues have been well characterized, but the presence of aquaporins not
established until the early 1990s. The first aquaporin was identified in human
erythrocytes in Peter Agre’s lab who received the Nobel Prize for the “discovery of
water channels” earlier this year (Preston et al., 1992; Zeidel et al., 1992; Walz et al.,
1994). Aquaporins (water channel proteins) are major intrinsic proteins (MIPs) of a

molar weight of around 30 kDa (Maurel and Chrispeels, 1994; Maurel, 1997; Murata et
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al., 2000). They are found in vacuolar and plasma membranes of plants. Aquaporins
facilitate the transport of water across cell membranes (Fig. 3), and 75%-95% of the
water permeation of plasma membranes is due to aquaporin activity (Steudle and

Henzler, 1995).

Exiracellular

{ A R AN L
S >

Cytoplasm

H,0

Fig. 3 Structure of an aquaporin (water channel of AQP1 adapted from Heymann et al., 1998). 75% to
95% of the water permeability (hydraulic conductivity) of plant cell membranes due to the existence of
aquaporins. There are six main transmembrane helical rods and two short ones (the latter not marked as
such) which form the channel in the center of the protein. Four of the functional subunits such as that

shown in the figure are arranged in the membrane as a stable tetramer.

Aquaporins are highly selective membrane-spanning pores that facilitate the rapid,
passive exchange of water across membrane (Walz et al., 1997; Johansson et al., 2000).
Water flow through cells has been observed to be with direction, with the flow probably
due to distinct types of water channels at either pole of the cell (Maurel, 1997), that is to
say, one type represents a distinct group within the ubiquitous membrane intrinsic
protein family. Direct correlations between membrane water permeability and
expression of aquaporin mRNA have been shown (Steudle and Henzler, 1995; Henzler
et al., 1999; Javot et al., 2003). Usually, water transport across water channels is a bulk
flow driven by either osmotic or hydrostatic forces. It is not diffusional in nature. It is

possible to inhibit water channel activity by chemical reagents such as mercurials
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(HgCl,), which bind to SH-groups of cysteine residues and change the conformation of
AQPs. Other heavy metals have been used as well (Javot and Maurel, 2002). Wang et
al. (2003) used a pressure-flux approach to measure the effect of drought stress on the
water transport across roots of tomato in the field. In these experiments, HgCl, served
as an inhibitor of aquaporins. The results indicated that aquaporins was in drought
stressed roots and mediated water transport. A pressure-flux approach was used to
evaluate the effects of HgCl, on water transport in tomato roots. Addition of HgCl, to a
root-bathing solution caused a large and rapid reduction in pressure-induced root water
flux, and root system hydraulic conductivity was reduced by 57% (Maggio and Joly,
1995). Mercury-sensitive processes in aspen roots play a significant role in regulating
plant water balance by their effects on root hydraulic conductivity (Wan and Zwiazek,

1999).

The diurnal variation in root hydraulic conductivity mentioned above was found to be
closely correlated with aquaporin gene expression (Clarkson et al., 2000). A link has
been established between rapid changes in root Lp (hydraulic conductivity) and the
expression and function of aquaporins. The activity of aquaporins may provide a tight
coupling between root uptake and water physiology of whole plant (Javot et al., 2002).
However, the possible functional redundancy of close aquaporin homologues may limit
the detection of phenotypes. Accurate biophysical measurements are badly required to
reveal the function of single aquaporins during water uptake both at the cell and root
level. The study of aquaporins provides a solid molecular basis to physiological and
biophysical investigations of root water transport. An integrative knowledge of cell-
specific expression, localization and functioning of root aquaporins is still lacking
(Javot et al., 2002). This should be done both at transcript and at the protein level, such
as by comparing constitutively expressed and inducible aquaporins. Nevertheless, a
better understanding of the roles of aquaporins in water uptake can be expected in the

near future.
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Regulation of water transport in roots

Fast and reversible regulation of trans-membrane water transport relates to the activity
of aquaporins. In plant roots, water channel activity may be controlled by metabolism
(Johansson, 2000). It may be triggered or even gated by environmental factors (Steudle
and Henzler, 1995). The growth-inducing signals of light and the hormones abscisic
acid and gibberellic acid affect aquaporins and putative aquaporin genes in Arabidopsis
(Kaldenhoff et al., 1993). Thus, water channels may be looked at as a tool to provide
some ‘fine regulation’ of water uptake in tissues, when the apoplastic path cannot be
used in the absence of transpiration or when roots are heavily suberized (Steudle and
Peterson, 1998; Steudle, 2000). Regulation along the cell-to-cell path may be affected
by external factors such as drought, high salinity, nutrient deprivation and temperature
(Carvajal et al., 1996; Henzler et al., 1999; Steudle, 2000). With regard to the possible
upstream signal transduction pathways responsible for regulating the opening and
closing of aquaporins it is probable that specific membrane proteins monitor the water
potential difference across the membrane, and either directly interact and regulate
aquaporins (by phosphorylation and dephosphorylation) or regulate aquaporins
indirectly, such as by regulating protein kinases and phosphatases, or gating by a
cohesion/tension mechanism (Johannson et al., 2000; Ye et al., 2004). In cortical cells
of corn, high rates of water flow across aquaporins caused a reversible deformation of
channel protein and a closure of channels. The intensity of water flow affected the
extent of deformation and the time required for a relaxation back to the native (ground)
state (Wan et al., 2004). The effect was independent of the direction of the change of
turgor which induced the water flow. It has been interpreted as an effect of the kinetic
energy injected into the pores which was largely transmitted to the aquaporin (Wan et
al., 2004). Despite this progress, the molecular mechanisms that link hormone action, or
stress stimuli of different kind to the activity of aquaporins in root cell membranes are

still poorly understood.

Fine regulation of the water balance may also include alternatives such as osmotic

adjustment, photosynthesis, respiration, and changes of key gene expression. However,
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these mechanisms do not necessarily imply a regulation of water balance at the level of

cell hydraulic conductivity.

Coarse regulation may co-exist with fine regulation. While coarse regulation is physical
in nature, and strongly depends on root structure, water channel activity is under
metabolic control as well. When regulated by physical means, water channel activity
may be rapidly adjusted in response to adverse conditions. This would tend to avoid
tissue dehydration, while maintaining tissue water potential as high as possible, or by
tolerating low tissue water potential. Plant water status and uptake are associated with a
lot of adaptive traits. These coarse regulations mainly involve minimizing water loss
and maximizing water uptake. Water loss is minimized by closing stomata or stomatal
limitation, by reducing light absorbance through rolled leaves (Ehleringer and Cooper,
1992), a dense trichome layer increasing reflectance (Larcher, 2000), or by other means.
Water uptake, on the other hand, is maximized by adjusting the allocation pattern,
namely increasing investment in the roots, enhancing root depth or extending root

system distribution.

In order to keep water in balance, plants can regulate water transport in roots or shoots
by sensing the water status in plant or in soil (Yang et al., 2001). Thus, root/shoot
communication is being increasingly studied at the molecular level. The return of root
pressure after water stress was associated with the complete recovery of leaf diffusive
conductance, leaf-specific photosynthetic rate, and soil-leaf hydraulic conductance
(Stiller et al., 2003). Altering speed of changes of water status (potential) in plant or soil
may result in totally different responses in terms of a regulation or adaptation to stress.
The time is an important factor in shaping plant responses according to genotype and
environment. Root-to-shoot signaling requires that chemical or physical (hydraulic)
signals travel through the plant in response to stresses sensed in roots. The nature of the
primary mediators of cellular process—water status, turgor, ratio of bound and free
water, hormones, alteration in cell membranes and others—are still under debate
(Chaves et al., 2003). After the first stress reorganization events, cell to organ responses
diverge in different pathways, such as during the involvement of ABA (ABA-dependent
and ABA-independent pathways) (Zhu, 2002). ABA is a major regulator of plant water



242

balance. It acts as a stress hormone involved in the adaptation to various environmental
conditions (Gazzarrini and McCourt, 2001). ABA affects the hydraulic conductivity of
roots and cells, that is, ABA facilitates water uptake by roots and the cell-to-cell
component of transport of water across the root cylinder when soil starts drying,
especially under non-transpiration conditions, when the apoplastic path of water
transport is largely excluding (Hose et al., 2000). There is a considerable overlap
between abiotic stress signaling pathways with specificity to water conditions in or
outside of plants present. For example, this occurs at the level of initial stress perception
(Knight and Knight, 2001). Signaling pathways may contribute to a complex network,
interconnected at many different levels. A revived interest in hydraulic components of
signaling is apparent. However, little is still known as to how chemical and hydraulic

signals are integrated into the overall regulation of plant water.

Composite transport model of root: physical model of water uptake

The composite transport model mentioned above (Fig. 2) explains the variable uptake of
water by roots and the response of root hydraulics to different factors. In the model, the
cohesion-tension mechanism of ascent of sap plays an important role (Steudle, 2001). It
is based on detailed measurement of root hydraulics both at the level of excised roots
(root hydraulic conductivity, Lp,) and root cells (membrane level, cell Lp) using
pressure probes and other techniques (Azaizeh et al.,, 1992; Melchior and Steudle,
1993). The composite transport model integrates apoplastic and cellular components of
radial water flow across the root cylinder. It well explains why the hydraulic
conductivity of roots changes in response to the nature and intensity of water flow
(Steudle, 2000). In fact, the composite transport model is based on the composite
structure of root. The variability of root hydraulic properties in terms of changes in
forces is used which cause a switching between the pathways. The model tends to
optimize the water balance by adjusting root hydraulics according to the demand from
the shoot. Thus, the composite transport model provides some kind of an integration of

views to explain the variability of water uptake.
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Fig. 4 Soil-Plant-Air-Continuum (SPAC). Water is transferred from the soil through the plant to the
atmosphere. The force driving the water across the SPAC is the gradient in water potential which is in the

direction from soil towards the atmosphere.

The basic assumption is that the force driving water from the soil through the plant to
the atmosphere (Fig. 4) is the gradient in the energy level of the water along this
pathway. In the soil, this level is expressed by the water potential of the soil around the
root. The vapor pressure of the air is a measure of the level of free energy of water in
the atmosphere which is almost always lower than that of the water in the soil. Hence,
the driving force is in the direction from soil towards the atmosphere. The pathway from
the soil up to the evaporating surfaces in the leaves is assumed to consist of a continuum
of liquid water where the strong cohesive forces between water molecules provide a
strong chain that can sustain the strong driving forces (tensions). Therefore, Philip
(1966) proposed a more integrated physical model of the Soil Plant Atmosphere
Continuum (SPAC). The concept of SPAC resulted in the introduction of mathematical
models of water uptake by root systems. SPAC involves some aspects of water
movement in the soil such as unsaturated hydraulic conductivity and water diffusivity as
well as water uptake by plant roots, water movement in plant roots as described by

hydraulic resistances and capacities (Shao and Huang, 2000). The water transport rate
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(Jy) can be calculated from the follow equation: J, = Lp*(Awyy), Where J, is the volume
flow of water across the membrane per unit area of membrane and per unit time (m*-m"
%.5™"). Water movement through the root system is a very important component of the
SPAC. Dynamic hydraulic properties of roots differ between species and between
different parts of the same roots (depending on age). To some extent, mathematical
models can be used to account for a quantitative description of water uptake by roots.
Such models of water uptake by roots can be looked at as a basis of agricultural
moisture management of dryland farming used to optimize irrigation systems. However,
in the future, present physical models need to be extended to incorporate detailed plant
anatomy (such as apoplastic barriers), root biochemistry and the gating of water

channels.

Conclusions

A higher WUE at a given water uptake is a desirable trait for plants. Improving the
water use efficiency (WUE) of plants has been always an important goal during plant
breeding and for cultivation practices. The effective use of precipitation and
optimization of WUE are critical for promoting crop productivity of dry land farming
systems (Shan, 1998; Shan and Chen, 1998; Shan, 2002). The focus should be on
whole-plant processes that enhance or maintain water uptake by roots, increase the
plant's capacity to retain water in a desiccating environment, or maintain a positive
carbon balance during prolonged periods of water shortage. Avoidance of severe water
deficit requires coordination at the whole level between the control of water loss from
transpiring shoots and water absorption through root systems. Thus, it is important to
understand the regulation of water transport in plants and the basic mechanisms of water
uptake by roots. Only in this way it is possible to combine the present knowledge of
plant adaptation and water use with available technology to control the efficient use of
limited water resources. So far, relatively little is known about the processes that govern
or even regulate root water uptake. From transport and anatomical studies it is clear that
the composite structure of roots and the distribution conditions of roots play a key role

during the regulation of water uptake by roots. With new regulatory mechanisms to be
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discovered in plants, the water transport properties of membranes now appear as a new

and important focus in modern plant physiology and agronomy.

During variable periods of water supply, roots are optimized in their abilities to use
water resources in the soil. Future work should concentrate on a more detailed mapping
of hydraulic resistance in the root cylinder and how this would change in response to
water and other stresses. There are only a few alternatives to the composite transport
model to explain the finding of variable root water uptake (Fiscus, 1975; Wheatherley,
1982; Boyer, 1995), which is crucial for our understanding of overall plant water
relations. Although a link has been established between root hydraulics and expression
and function of aquaporins, the knowledge of cell-specific expression, specified
location and function of root aquaporins is largely lacking, mainly due to the high
diversity of aquaporin isoforms in plants. In the future, analysis of single knock-out
aquaporin mutants will hopefully provide evidence for the multiple functions of
aquaporins in the growth and development of plants and in their adaptive response to
stresses. Further investigations are necessary to determine the molecular structure of the
water pores and the mechanisms of its selectivity and gating. There are, to date, no
novel approaches to estimate the relative contribution of the three water transport
pathways to the overall uptake on hydraulic conductivity of roots. With respect to water
stress signaling, we are still far from having a clear picture. Models of water uptake by
root systems are still only semi-quantitative and require completion. In order to set up
good quantitative (physical) models, we must combine mathematical principles and
computer technology with biological principles, including some biophysics and
biochemistry. Studies of root physiology and of key genes that regulate water transport,
should complement traditional studies of shoot physiology and stomatal control of water

loss, are fundamental for the understanding of plant water balance.

Many researchers have contributed a large amount of valid work in the mechanisms of
water uptake by roots. Yet there are still a lot of aspects, which need perfection and
improvement. Intense research is underway in different labs to clarify mechanisms.
Therefore, the future promises to see a much clearer picture of the basic mechanisms for

water uptake by plant roots.
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8 Summary

The dissertation focuses on studies of the gating of water channel activity (aquaporin;
AQP) in plants by different stresses. Pressure probe techniques have been employed to
study water and solute flows across cell membranes (internodes of giant green alga
Chara and of cortical cells of corn root) and across an entire organ (roots of young corn
seedlings). Based on detailed information on the function of AQPs, two new gating
mechanisms of AQPs have been proposed. One is the ‘cohesion/tension (C/T)
mechanism’ for the gating of AQPs, which is used to interpret the effect of high
concentration on cell hydraulic conductivity (Lp) during osmotic stress. The other one is
the ‘oxidative gating mechanism’ of AQPs in the presence of hydroxyl radicals (*OH)
or of hydrogen peroxide (H,0,).

Gating of AOPs by osmotic stress

Evidence for an osmotic gating of AQPs was provided from measurements of effects of
high concentration on cell Lp in Chara internodes. The osmotic dehydration is thought
to be caused by the fact that the exclusion of solutes from AQPs creates tensions
(negative pressures) within the water channel pores, when the osmolyte is present on
both sides of the membrane (as in the experiments). This should have affected the
open/closed state by changing the free energy between states favouring a reversible
distorted/collapsed state rather than the open. The contribution of different states should
be governed by a Boltzmann distribution as already indicated in results with ion
channels by Zimmerberg & Parsegian (1986). These authors studied the reversible
closure of ion channels in the presence of fairly big osmolytes (MW: 20,000 to 500,000
Da), and deduced volumes of the pores from these studies. Inhibition of water channel
activity in Chara was affected by much smaller osmolytes (MW: 58 to 178 Da), but
required much higher concentrations. As expected from the C/T model, effects
increased with increasing size of osmolytes besides the concentration. The bigger the
reflection coefficient (o) of the solute, the lower was the concentration required to
induce a reversible closure of AQPs. As cell Lp decreased, solute permeability

coefficients (Ps) increased and reflection coefficients decreased. This indicated that
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water and solutes used different passages across cell membrane, i.e., water mainly used

AQPs, while solutes were largely diffusing through the bilayer.

The C/T model of osmotic dehydration of AQPs predicted that cell Lp should decrease
exponentially with increasing the osmolyte concentration as found. According to the
theory of Zimmerberg & Parsegian (1986), pore volumes of AQPs (V.) in the plasma
membrane of Chara internodes were estimated from ‘dehydration curves’. The analysis
of osmotic responses showed that there were narrow pores with a volume of 2.3 + 0.2
nm’, which could be closed in the presence of the small solute acetone, and bigger ones
with a volume of between 5.5 + 0.8 and 6.1 + 0.8 nm’. The latter could not be affected
by the small solute, even when presented at very high concentrations. The existence of
different types of pores was also evident from differences in the residual Lp obtained at

high concentrations. The residual cell Lp decreased with increasing size of osmolytes.

Alternatively, pore volumes were estimated from ratios between osmotic

(P, =Lp-RT/ V) and diffusional (P4) water flow as derived from measurements of

hydraulic and isotopic water flows. According to Levitt’s theory (1974), which is based
on Einstein’s (1905) theory of diffusion in liquids, P¢/P4 should represent the number of
water molecules (N) in a single-file pore transporting water. Values of N ranged
between 35 and 60, which referred to volumes of 0.51 and 0.88 nm®/pore. This value
was substantially smaller than that obtained during osmotic dehydration (see above), but
bigger than values from literature which range between N = 3 to 7 (Niemietz &
Tyerman 1997) and N = 27 to 31 (Henzler & Steudle 1995; Hertel & Steudle 1997). The
difference may be due to an underestimation caused by unstirred layers, which would
affect P4 rather than Py (Lp). These effects have therefore been examined (see below)
showing that, in Chara, unstirred layers may underestimate P4 by up to 25 %, and have
virtually no effect on cell Lp (Pf). Hence, it was concluded that most of the pore
volumes determined by either method was real. This may be due to (i) the fact that
water channels in Chara are somewhat wider than just the diameter of a water molecule,
and/or (ii) that mouth parts of channels contributed to the overall pore volume, when

using the dehydration technique.
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Gating of AOPs by oxidative stress

Evidence for a new type of ‘oxidative gating’” of AQPs was derived from experiments
with Chara internodes, which was then tested for higher plant tissue cells as well (root
cortical cells of corn). Chara internodes tolerated H,O; in the medium of up to 350 mM
for up to 2 hours without obvious damages. However, in the presence of millimolar
concentrations Fe>™ in the medium, only a fraction of one mM of H,O, could be
tolerated, and there were substantial, reversible reductions of cell Lp under these
conditions. Changes have been referred to the presence of hydroxyl radicals (*OH) as
produced during the Fenton reaction (Fe’" + H,0, = Fe’" + OH™ + *OH). Compared to
conventional agents used to inhibit AQP activity such as mercuric chloride (HgCl),
*OH proved to be more effective in blocking water channels, and was less toxic to the

cell.

In experiments with young corn roots, in the presence of hydrogen peroxide (H,O,),
half times of water flows increased at the level of both entire roots and individual
cortical cells by factors of 3 and 9, respectively, i.e., hydraulic conductivity decreased
by the same factors. The effect was referred to reversible inhibition on AQP activity
suggesting an oxidative gating mechanism similar to that found for Chara. There may
be a common interaction between the redox state (oxidative stress) and water relations

(water stress) in plants.

Anomalous (negative) 0smosis

For solutes rapidly permeating through cell membranes, closure of water channel
resulted in anomalous osmosis (negative reflection coefficients), i.e., in the striking
situation that a cell did not shrink but swelled in a hypertonic medium. For the first
time, anomalous osmosis has been demonstrated in roots as well, i.e., for an entire organ
and in the presence of a rather complicated osmotic barrier. The phenomenon has been
interpreted in terms of the composite transport structure of both the cell membrane and
the root. In the presence of a rapidly permeating solute like acetone, channel closure
resulted in a situation that the solute moved faster than the water, and the reflection
coefficient (o) reversed its sign. Upon water channel closure, the permeability

coefficients (Ps) of lipophilic solutes were also reduced indicating that AQPs are not



256

ideally selective for water. AQPs should allow small organic lipophilic solutes to pass

through in addition to the water.

The plant stress hormone ABA had no ameliorative effect during the ‘oxidative gating’
of AQPs to re-open the closed channels as found earlier in the lab with other stresses
like mechanical stimuli or low temperature (Wan et al. 2004; Lee et al. 2005b). This
may be due to reason that the chemical modification of AQPs in the presence of
oxidative stress required a biochemical (reduction of oxidized AQPs) rather than just a
physical action (change of activation energy of transition between conformational

states) to re-open closed channels.

Unstirred layers

When measuring the permeation of water and solutes, there are inevitable errors due to
unstirred layers (USLs) caused by the fact that concentrations right at the membrane
surface change. There are two types of USLs, one is called ‘sweep-away effect’, which
refers to the action of a net water flow; the other type is termed ‘gradient-dissipation
effect’ referring to relative rates of diffusion of solutes across membranes and its supply
from the bulk solution. As a consequence, transport parameters such as the hydraulic
conductivity (Lp), the permeability (Ps) and reflection (os) coefficient are
underestimated. During the experiments with giant cells of green algae Chara corralina,
a quantitative re-examination indicated a minor role of USLs for the measurement of
transport coefficients for water and solutes with the cell pressure probe. The results
show that cell Lp, measured in hydrostatic pressure-relaxation experiments was not
significantly affected by the ‘sweep-away effect’, even when peak sizes of pressure
pulses (£ AP) were increased by one order of magnitude above normal. During pressure
clamp at high + AP, there was a reduction in Lp, by 20 %, which was reversible within
20 s. This may be explained by the constriction of water to aquaporins (AQPs) in the
Chara membrane and a rapid diffusional equilibration of solutes in arrays where water
protruded across AQPs. As the rate of stirring of the medium (flow rate, vieq) increased,
the osmotic hydraulic conductivity Lp, increased as well. Saturation of Lp, occurred at
Vmed = 0.20 — 0.30 m-s'l, when absolute values of Lp, reached a values of close to Lpy,

which has proven to be rather free of effects of USLs. Substantially smaller values of
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Vmed Were required to saturate Pg and o5 (Vimed = 0.10 m-s’l). There was no further
increase of Lp,, Ps and o5, when the vigorous external stirring was furthermore
increased by flushing air bubbles through the system at high rates suggesting a
maximum thickness of external USLs of around 30 um including the cell wall. During
osmotic experiments, the cell membrane of Chara internodes acts as a rate-limiting
resistance allowing substantial time for an internal mixing of solutes by diffusion. Even
for the most rapidly permeating solute acetone, USLs should have resulted in an
underestimation of Py and oy by < 30 %. For the less permeating solute
dimethylformamide (DMF), it reduced to 15 %. Based on analytical solutions from
diffusion kinetics and measured experimental results, upper limits of the ‘equivalent
thicknesses’ of diffusive internal USLs were estimated to be 117 and 97 um for a
cylindrical cell lacking and containing a membrane, respectively (cell radius R = 0.4
mm; test solute: acetone). For DMF, upper limits of the ‘equivalent thicknesses’ are
estimated to be 108 and 95 um, respectively. It was concluded that the ‘real equivalent
thicknesses’ of internal USLs was substantially smaller than the upper limits estimated.
It is probably safe to assume thickness of internal USL of around 50 um in the presence

of rapidly permeating solutes.
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9  Zusammenfassung

Die Dissertation befasst sich mit der Steuerung der Aktivitdt von Wasserkanélen in
Pflanzen (Aquaporine; AQPs). Druckmesssondentechniken wurden eingesetzt, um
Wasser- und Teilchenfliisse durch Zellmembranen (Internodien der Armleuchteralge
Chara und Zellen in der Wurzelrinde von Mais) und durch ganze Organe zu messen
(Wurzeln von Mais-Keimlingen). Aufbauend auf detaillierten Informationen iiber die
Funktion der AQPs, werden zwei neue Steuermechanismen von AQPs vorgeschlagen.
Der eine ist der “Kohésionsmechanismus” (C/T) fiir die Steuerung von AQPs, welcher
die Abhéngigkeit der hydraulischen Leitfihigkeit (Lp) von der Konzentration erklért.
Der andere ist der “oxidative Steuermechanismus” von AQPs in der Gegenwart von

Hydroxylradikalen (*OH) oder von Wasserstoffperoxid (H,0,).

Steuerung von AQPs durch osmotischen Stress

Evidenz fiir ein osmotisches “Gating” von AQPs ergab sich aus Messungen der
Konzentrationsabhingigkeit der hydraulischen Leitfdhigkeit (Lp) von Chara-
Internodien. Nach dem C/T-Modell fiir die Steuerung der Aktivitit der AQPs,
entwickeln sich Spannungen (negative Driicke) innerhalb der Wasserkanile, weil die
hohe Osmolytkonzentration zu beiden Seiten der Membran das Wasser aus den Kanélen
herauszieht. Dieses sollte einen Effekt auf den Offen oder Geschlossen-Zustand haben,
indem sich die freie Energie zwischen beiden Zusténden dndert, was den Geschlossen-
Zustand (kollabierte Kanéle) gegeniiber dem Offen-Zustand bevorzugt. Der Beitrag der
verschiedenen Zustinde sollten sich nach Art einer Boltzmann-Verteilung ergeben, wie
es bereits die Ergebnisse von Zimmerberg und Parsegian (1986) an lonenkanédlen
zeigen. Diese Autoren untersuchten den reversiblen Verschluss von lonenkanélen in
Gegenwart von relativ groBen Osmolyten (MW: 20,000 bis 500,000 Da) und
berechneten Porenvolumina aus den Ergebnissen ihrer Untersuchungen. Bei Chara war
die Inhibierung der Wasserkanalaktivitit bereits durch wesentlich kleinere Osmolyte
beeinflusst. Sie erforderte allerdings wesentlich hohere Konzentrationen. Wie nach dem
C/T-Modell zu erwarten war, nahm die Inhibierung nicht nur mit zunehmender
Konzentration sondern auch mit zunehmender Gréfe der eingesetzten Osmolyte in der

erwarteten Weise zu, d.h. mit zunehmendem Reflexionskoeffizienten (o) der
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Substanzen. Je groBer die Osmolyte waren, desto niedriger war die Konzentration,
welche zu einem reversiblen SchlieBen der AQPs fiihrte. In Gegenwart hoher
Osmolytkonzentrationen nimmt die hydraulische Leitfdhigkeit (Lp) ab, wihrend der
Permeabilititskoeffizient (Ps) zunimmt. Das zeigt, dass Wasser und Teilchen die
Zellmembran auf verschiedenen Wegen passieren; das Wasser nutzte hauptsdchlich die

AQPs, wihrend Teilchen groBtenteils durch die Lipiddoppelschicht diffundierten.

Das C/T-Modell der osmotischen Dehydratation der AQPs sagt voraus, dass die
hydraulische Leitfdhigkeit (Lp) mit steigender Konzentration der Osmotika im Medium
exponentiell abnimmt, was auch experimentell gefunden wurde. Nach der Theorie von
Zimmerberg und Parsegian (1986) wurden Porenvolumina der AQPs in der
Plasmamembran von Chara aus den Dehydratationskurven bestimmt. Die Analyse der
osmotischen Antworten ergab neben engen Poren mit einem Volumen von 2.3 + 0.2
nm’ auch gréBere Poren mit Volumina zwischen 5.5 + 0.8 and 6.1 + 0.8 nm’. Selbst in
Gegenwart hoher Osmolytkonzentrationen konnten grof8porige AQPs nicht durch kleine
Osmotika geschlossen werden. Die Existenz verschiedener Porentypen zeigte sich auch
in Unterschieden in den Restwerten von Lp bei hoher Konzentration: die Restwerte

nahmen mit der GroBe der eingesetzten Osmotika ab.

Alternativ zur osmotischen Dehydratation wurde das Porenvolumen auch iiber das
Verhiltnis zwischen dem osmotischem (Pf) und Diffusions-Wasserfluss (P4) bestimmt.
Nach der Levittschen (1974) Theorie, die auf Einstein’s (1905) Theorie der Diffusion in
Fliissigkeiten zurlickgeht, repriasentiert P¢/Py die Anzahl der Wassermolekiile (N) in
einer Single-file-Pore, d.h. in einem AQP. Die Werte fiir N lagen zwischen 35 und 60,
was einem Porenvolumen von 0.51 und 0.88 nm’/Pore entspricht. Dieser Wert war
deutlich kleiner als der mithilfe der osmotischen Dehydratation bestimmte Wert (s. o.),
aber immer noch groBer als Literaturwerte, die zwischen N = 3 bis 7 (Niemitz &
Tyerman, 1997) und N = 27 bis 31 liegen (Henzler & Steudle 1995; Hertel & Steudle
1997). Der Unterschied mag auf die Unterschitzung von P4 durch ungeriihrte Schichten
zuriickzufiihren sein. Dieser Effekt wurde deshalb im Detail untersucht und auf bis zu
25 % bei P4 abgeschitzt. Da Py (Lp) praktisch nicht durch USLs beeinflusst war, reicht

dies nicht aus um die Unterschiede zu erklidren. Die Griinde fiir die Unterschiede
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konnten sein, dass (i) die Wasserkanéle in Chara etwas grofler im Durchmesser sind als
ein Wassermolekiil, oder dass (ii) die Vorhofe der eigentlichen Kanile wéhrend der

osmotischen Dehydratation zu den berechneten Gesamtvolumina beitragen oder beides.

Steuerung von AQPs durch oxidativen Stress

Die Experimente mit den Internodien von Chara ergaben Hinweise auf einen neue Typ
eines Gating durch oxidativen Stress, der dann auch bei den Wuzelrindenzellen von
Mais gefunden werden konnte. Chara-Internodien tolerierten H;O, im Medium in
Konzentrationen von bis zu 350 mM (2 Stunden) ohne messbare Schiden. Dagegen
tolerierten die Zellen in Gegenwart millimolarer Konzentrationen von Fe®" nur
Bruchteile eines mM H,0,. Sie reagierten mit drastischen Reduktionen der
hydraulischen Leitfihigkreit unter diesen Bedingungen. Die Anderungen im Lp der
Zellen wurden der Gegenwart von Hydroxyl-Radikalen (OH*) zugeschrieben, die unter
diesen Bedingungen entstehen (Fenton-Reaktion: Fe*™ + H,0, = Fe’ + OH + *OH).
Das Zell-Lp wurde um einen Faktor von mehr als 10 reversibel reduziert. Verglichen
mit konventionellen Mitteln wie HgCl, erwies sich *OH als ein effektiverer Blocker
der Wasserkandle, der darliberhinaus weniger toxisch fiir die Zellen war. In
Experimenten mit jungen Maiswurzeln nahmen die Halbwertszeiten des Wasserflusses
in der Gegenwart von Wasserstoffperoxid (H,O,) auf dem Level einzelner Zellen der
Wurzelrinde und der ganzen Wurzel um von Faktoren 9 bzw. 3 zu, d.h., die
hydraulische Leitfahigkeit nahm um denselben Faktor ab. Die Ergebnisse zeigen ein
oxidatives Gating dhnlich dem bei Chara. Sie lassen Interaktionen zwischen dem

Redoxstatus (oxidativer Stress) und der Wasserverfiigbarkeit (Wasserstress) vermuten.

Anomale (negative) Osmose

Fiir schnell durch die Zellmembranen permeierende Teilchen fiihrte ein SchlieBen der
Wasserkanidle zu anomaler Osmose (negativer Reflexionskoeffizient), d.h. zu der
merkwiirdigen Situation, dass eine Zelle in einem hypertonen Medium nicht schrumpft
sondern anschwillt. In der vorliegenden Arbeit konnte die anomale Osmose auch in
Wurzeln gezeigt werden, dass heiBit flir ein ganzes Organ und in Gegenwart einer
ziemlich komplizierten osmotischen Barriere. Das Phédnomen wird anhand der
“zusammengesetzten” Struktur von Zellmembranen und Wurzeln erklirt (“composite

transport”). In der Gegenwart eines schnell permeierenden Stoffes wie Aceton
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verursacht das Schlieen der Wasserkanéle eine Situation, in welcher die Teilchen
schneller durch die Zellmembran (den Bilayer) wandern als das Wasser, und der
Reflexionskoeffizient (o) dndert sein Vorzeichen. Beim SchlieBen der Wasserkanile
wurde der Permeabilititskoeffizient (Ps) von lipophilen, kleinen Teilchen dariiberhinaus
abgesenkt, was zeigt, dass die AQPs nicht ideal selektiv fiir Wasser sind. AQPs sollten
auch fiir kleine organische Molekiile permeabel sein, wie dies von anderen Systemen

her bereits bekannt ist.

Das Pflanzenstresshormon ABA hatte keinen positiven Effekt auf Status der AQPs nach
oxidativem Stress, wie dies etwa mechanischem Stress oder bei Kiltestress gefunden
worden ist (Wan et al. 2004; Lee et al. 2005). Der Grund ist moglicherweise daran zu
suchen, dass die chemische Modifizierung der AQPs bei oxidativem Stress eine
biochemische (Reduktion von oxidierten AQPs) anstatt einer physikalischen Aktion
(Anderung der Aktivierungsenergie des Ubergangs zwischen zwei Konformationen)

erfordert, um geschlossene Kanéle wieder zu 6ffnen.

Ungerihrte Schichten

Wenn Wasser und darin geloste Stoffe durch Membranen permeieren, sind Fehler durch
ungeriihrte  Schichten (Unstirred Layers; USLs) unvermeidlich, weil die
Konzentrationen direkt an der Membran von denen in den freien Losungen abweichen.
Es gibt zwei verschiedene Typen von USLs. Der “Sweep-Away-Effekt” ist das Resultat
eines Netto-Wasserfluss. Der “Gradient-Dissipation-Effekt” auf die relative
Diffusionsrate eines gelosten Stoffes liber eine Membran und dessen Nachlieferung aus
der Losung Losung zuriickzufiihren. Als Folge von USLs werden fiir die
Transportparameter wie die hydraulische Leitfahigkeit (Lp), die Permeabilitit (Ps) und
den Reflexionskoeffizienten (o) zu geringe Werte ermittelt. Bei der Untersuchung von
Internodialzellen von Chara mit Hilfe der Zelldruckmessonde konnte durch eine
quantitative  Uberpriifung eine relativ geringe Rolle der USLs auf die
Transportkoeffizienten nachgewiesen werden. Die osmotische hydraulische
Leitfahigkeit Lp, erhoht sich mit steigender Geschwindigkeit, mit der das Medium an
den Zellen vorbeigefiihrt wird (Vied). Lpo wird bei vipeq = 0.20 — 0.30 m-s’ gesittigt und

erreicht fast den Wert fiir Lpy, welches mit Hilfe von hydrostatischen Druck-Impulsen
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(monophasische Druckrelaxationen) bestimmt wird und sich als unabhéngig von USLs
zeigt. In den osmotischen Experimenten erweist sich die Zellmembran der Chara-
Internodien als limitierender Widerstand, welcher die notwendige Zeit fiir ein Mischen
der gelosten Salze innerhalb der Zelle liefert. Sogar fiir sehr schnell permeierende Stoffe
wie schweres Wasser (HDO) oder Aceton sollten Py und o um lediglich 25 ~ 30 %
unterschitzt werden. Auf Grund der Diffusions-Kinetik-Theorie wurde die Dicke der
diffusiven inneren USLs fiir eine zylindrische Zelle mit einem Radius R = 0.4 mm mit
120 pm abgeschitzt werden. Die wirkliche Dicken der inneren USLs wesentlich kleiner
als die angenommenen 120 pm sein sollten; bei intensiver Rithrung diirfte die Dicke der
dufleren USL diirfte nicht groBer als 30 pm und die der inneren nicht goBer als 50 um

sein.
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