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Probing water compartments and membrane permeability in plant
cells by 'H NMR relaxation measurements
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assTRACT 'H NMR relaxation times (7, and T,) in parenchyma tissue of apple can identify three populations of water with different
relaxation characteristics. By following the uptake of Mn?* ions in the tissue it is shown that the observed relaxation times originate from
particular water compartments: the vacuole, the cytoplasm, and the cell wall/extracellular space.

Proton exchange between these compartments is controlled by the plasmalemma and tonoplast membranes. During the Mn?*
penetration experiment, conditions occur that cause the relaxation times of protons of cytoplasmic water to be much shorter than their
residence time in the cytoplasm. Then the tonoplast permeability coefficient P4 for water can be calculated from the vacuolar T, and T,

values to be 2.44 105 m-s™".

INTRODUCTION

NMR relaxation time measurements have been widely
used to investigate the physical properties of water in
various plant tissues (1, 2). The '"H NMR spin-lattice
(T,) and spin-spin (T,) relaxation times of water are
related to the water content of the plant tissue, the proper-
ties of water in different parts of the tissue, and interac-
tions with macromolecules (1, 3-5). T, and/or T, have
been used to describe the plant water status (6-8).
Within plant cells different water compartments can be
discriminated. Between these compartments water mole-
cules or protons are in exchange, resulting in averaging
of the intrinsic relaxation times and the observed relative
amplitudes of water in these compartments, preventing
the direct assignment of relaxation times to particular
compartments. The amount of averaging depends on the
exchange rates, the intrinsic relaxation times, and the
cell morphology. The exchange rates between the com-
partments are controlled by the (proton) permeability of
the membranes separating the compartments and/or by
the diffusion process by which water molecules reach the
membranes.

Generally, 'H relaxation of water in plant tissue is
multiexponential and much faster than that of bulk
water. Multiexponential decay has been suggested previ-
ously to reflect water in different plant cell compart-
ments (4, 5, 9). If correct, this would be very valuable for
the study of the sub cellular water distribution of plant
tissue and for the understanding of the transport proper-
ties of water molecules in sub cellular compartments.
Multiexponential decay curves must be interpreted with
caution, however, since multiexponential relaxation can
have several different causes: cellular heterogeneity, sub-
cellular compartmentation (1, 10), and even the pres-
ence of relaxation sinks at the boundaries of homoge-
neous compartments (3). In addition, even the most ad-
vanced analysis of multiexponential decay requires high
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quality decay curves to be able to reliably resolve several
(typically up to four) components.

Here, we report the results of a detailed study of pro-
ton relaxation of water in parenchyma storage tissue of
apple fruit, as affected by the penetration of paramag-
netic Mn?* ions into the tissue via extracellular spaces.
The Mn?* ions penetrate successively into the extracel-
lular space, cytoplasm, and vacuole. The paramagnetic
ions enhance the proton relaxation rates of water in con-
tact with these ions. The combination of accurate relax-
ation time measurements, 7T,, T, and T,-weighted T,
(10), and the Mn?* penetration process can be used to
assign particular proton relaxation components to water
in particular cell compartments.

MATERIALS AND METHODS

NMR measurements

The experiments were carried out using a 20-MHz single-coil pulsed '"H
NMR spectrometer (11). T, was measured using a modified Carr-Pur-
cell-Meiboom-Gill (CPMG) pulse sequence (12). T, was measured
using a saturation recovery (SR ) sequence and T,-weighted T', using a
SR-CPMG sequence (10). This latter sequence allows the simulta-
neous determination of (SR) T, and (CPMG) T, values and in addi-
tion T,-weighted T, values by plotting the analyzed T, amplitudes as
functions of the recovery time, resulting in correlated observed T, and
T, values in compartmentalized systems. Experimental details are as
reported elsewhere (10).

Plant material

Apple parenchyma tissue (Cox, var) was chosen because of its rela-
tively uniform cell size and low metabolic activity, which is constant
for several hours. Small samples were taken from the inner part of the
fruit (+25 mm?) and measured directly or after exposure to a 50-mM
MnCl,-200-mM mannitol solution. The NMR sample tubes were
sealed during measurements. The cells in this part of the fruit had an
average cell diameter of +132 um, and are approximately spherical.
Different samples from the same fruit were immersed in the solution
for various times (from a few minutes to 22 h). Just before the T, and
T,-weighted T, measurements, a sample was taken out of the solution
and blotted with paper to remove excess liquid. The remaining film of
Mn?2* solution covering the apple tissue did not interfere with the mea-
surement of the intracellular water 'H relaxation. Different samples
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TABLE 1 T, and T,-weighted T, values and their relative
amplitudes P of untreated apple tissue measured using

the CPMG and SR-CPMG sequence
Fraction T, T,-weighted T, P
K ) %
a . 1.02 1.37 75.2
b 0.19 0.68 16.4
c 0.03 0.35 84

were used to study the time-dependent effect of Mn2* penetration on
the values of the T, and the T,-weighted T',. T, measurements could be
performed in the presence of the solution in view of the short time
required for a T, measurement. The uptake of Mn?* was followed for
one particular piece of apple tissue in the course of time.

RESULTS AND DISCUSSION

Initial observations

T,-weighted T, and T, relaxation time measurements of
fresh tissue, not treated with Mn2* solution, yield decay
curves that were found to be optimally described by
three exponentials (Table 1). One fraction, labeled P,,
has a relative amplitude of 75.2% of the total water sig-
nal, and has the longest T, and T,-weighted T, times.
The second fraction (P, ) represents 16.4%, whereas the
third fraction (P,) represents the remaining 8.4% of the
water signal, and has the shortest relaxation times. T,
measurements on 13 different samples revealed a stan-
dard deviation of 4% for T,,, 9% for T'5,, and 9% for T,,.
By contrast with T, and T,-weighted T, results, T, mea-
surements resulted in the observation of two exponen-
tials. The fraction with the longer T, represents 80% and
that with the shorter T, 20% of the water signal.

On the origin of fractions

The effect of paramagnetic ions on the relaxation times
of the three fractions depends on the period, during
which the tissue has been immersed in the solution. Fig.
1 A and B show the 1/T, values of the three observed
fractions and the corresponding amplitudes, respec-
tively, of water in apple tissue exposed to a Mn?* / manni-
tol solution versus the penetration period. All curves are
normalized to their initial values 1/T;, defined as the
initial values of 1/ T,,, 1/ T5,, and 1/ T, respectively, of
the fresh tissue before the start of the penetration, and
thus coincide at ¢ = 0 at the value of 1 for each curve (the
horizontal dashed line at the value of T3 /T, = 1 isgiven
for reference). The amplitudes and T /T, values were
plotted versus the square root of time because this en-
ables a contraction of the long time scale and it was ex-
pected that the Mn?2* penetration resembles a diffusion
process. The curve of Fig. 1 4 can be divided into three
regions, I, I, and I1I, for T, and T,,, and two regions for
Ty. Fig. 1 B shows that the Mn?*/mannitol solution
does not introduce dramatic changes in the water bal-

ance. Since a 50-mM Mn?* solution is hypotonic for
apple tissue, mannitol has been added while mannitol
acts as an osmoticum and prevents the distortions of the
water balance. T, decays, although biexponential, re-
sulted in penetration curves that could also be divided
into three regions for each separate T', value (results not
shown). A similar three-phase pattern during Mn?* up-
take has also been observed for water in maize roots
based on a single intracellular 7', value (4). When the
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FIGURE 1 The effect of penetration of Mn?2* jons in time on the pro-
ton relaxation of water in apple tissue: (4) normalized relaxation rates
T3/T,.(a)(O) Ta; (D) (A) Tay; (¢) (V) To.. (B) the amplitudes of the
fractions corresponding to the three relaxation rates. The NMR mea-
surements were carried out in the presence of a 50-mM Mn?2*-200-
mM mannitol solution. The fast decaying component of this solution
with a T, value of 0.5 ms is not shown here.
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penetration experiment starts with tissue that has been
vacuum-infiltrated with the Mn?2*/mannitol solution
before being exposed to that solution, a two-phase ab-
sorption curve is observed for T,, and T,,, and a single
phase for T, (Fig. 2). Comparison of Fig. 1 4 and 2
shows that phase I in Fig. 1 4 is absent in Fig. 2, evidently
as a result of vacuum-infiltration.

1/T, in Fig. 1 A initially increases during the time
that is required for Mn2* to reach the cell wall by diffu-
sion through the extracellular space and becomes con-
stant during phase II. T',; can be ascribed to water in the
extracellular space and cell wall. The steady state value is
reached at 7 = 0 in Fig. 2 because now the cell wall / extra-
cellular space is immediately filled due to vacuum-infil-
tration. The T, values found for cell walls depend on the
water content, e.g., for ivy bark a value of 5-10 ms was
found (9) and apple cell wall preparation, rehydrated up

to 85% by weight of water, yielded a value of 30 ms (5). -

Our T, value of untreated apple tissue of +£30 ms corre-
sponds with these values. During period I (Fig. 1 A4),
1/ Ty, and 1/T,, also show an initial increase, but to a
much lesser extent than 1/7,., and become constant
long before 1/T,, has reached its steady-state value. If
there is exchange of protons over the plasmalemma, an
increase of the 1/ T, value of water in the extracellular
space/cell wall results in an increase of 1/ T, of water in
- the cell.

After the initial loading period of +2.75 h a gradual
change in the 1/T,, over several hours was observed
(Fig. 1 A phase II) as is also observed for 1/T,, in the
first part of Fig. 2. This second phase represents the in-
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FIGURE 2 Dependence of the normalized relaxation rates T3/ T, of
water protons of apple tissue on the penetration of Mn?* ions, after
vacuum-infiltration with the solution before the measurement. Further
details: see legend of Fig. 1.

A:vacuole

B: cytoplasm
C: cell wall/extracellular space

FIGURE 3 A model to explain relaxation measurements in vacuolated
plant tissue. Water in the vacuole, cytoplasm, and cell wall / extracellu-
lar space can be discriminated. Within these compartments diffusional
averaging results in single exponential relaxation behavior. Proton ex-
change across the plasmalemma and the tonoplast membranes results
in a further averaging of the intrinsic relaxation times of water in these
compartments.

flux of Mn?* into the cytoplasm, and indicates that T,
corresponds to cytoplasmic water. Region III, after +16
h, represents the influx of Mn?2* into the vacuole, T,,
corresponding to vacuolar water. Water in the vacuole is
expected to have the longest relaxation times and the
largest fraction, as is observed at ¢ = O (see Table 1).

Water heterogeneity within the three compartments
mentioned above results in single exponential relaxation
decay due to diffusive exchange (13). The vacuole is
much larger than the range of sizes suggested for the ob-
servation of multiexponential relaxation within one ho-
mogeneous compartment (3), therefore vacuolar water
can only give rise to a single relaxation time. Diffusive
exchange between the compartments, averaging the pro-
ton magnetization, is slowed down by the plasmalemma
and tonoplast. These arguments support the idea that the
observed relaxation times, one by one, correspond to the
three above-mentioned compartments. Exchange of
water protons over the tonoplast and plasmalemma is
reflected in the measured values of P,, Py, P,, and T 5,
T, T 5, since the observed values depend on the ratio
between the exchange rates and the relaxation rates. The
above mentioned results are interpreted using a model
presented in Fig. 3.

The effect of exchange between the compartments
with respect to the relaxation rates within the compart-
ments is evident in the results of the manganese penetra-
tion experiment. After an initial increase 1/ T,, becomes
constant again during phase II (Figs. 1 4 and 2) and
most likely occurs as soon as the relaxation rate of water
in the cytoplasm becomes faster than the exchange rate
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TABLE 2 T, and T,-weighted T, values of apple tissue
measured after exposure to a Mn?*/mannitol solution during 6 h

Fraction T, T,-weighted T,
S R}
a 0.66 0.66
b 0.038 0.08
¢ 0.003 0.02

over the tonoplast. When this condition is fulfilled, the
relaxation rates of water in the vacuole become a func-
tion of the intrinsic relaxation rates of vacuolar water
and the proton exchange rate between vacuole and cyto-
plasm (14). Since vacuolar water at this field strength is
expected to have equal intrinsic 7% and T values (1) the
observed relaxation times of vacuolar water are then
solely determined by the exchange rate over the tono-
plast, which equally affects T, and T,. Therefore, the
observed T, and T, of vacuolar water become equal if
the relaxation rate in the cytoplasm is much shorter than
the exchange rate. This is verified by T,-weighted T,
values measured after exposing the tissue to the Mn?*
solution during a period of 6 h (Table 2). Whereas at ¢ =
0 T,-weighted T,, is longer than T,,, their values be-
come equal during the period 4-16 h (Fig. 1 4).

T, measurements reveal the same three-phase pattern,
the shortest and the longest 7', decreasing continuously
during Mn?* penetration, but at different rates (results
not shown). Although the effect of exchange over the
tonoplast affects T, the effect of Mn?* penetration on
T, is less than on T,. This can be explained when the
backflux of magnetization from cytoplasm to vacuole
cannot be neglected with respect to T, relaxation before
the influx of Mn?* into the vacuole becomes manifest.
Then a continuous decrease of T, values is observed.

Calculation of the proton permeability
coefficient of the tonoplast

The mean residence time ¢, for water in the vacuole can
be calculated from the observed T,, or T,-weighted T,,
during the period of 4-16 h (Fig. 1 4), using the Con-
lon-Outhred technique (14). If backflux of magnetiza-
tion from cytoplasm to vacuole can be neglected by
making 1/T, very large, the observed vacuolar relax-
ation rate, 1/T,, is given by

YT, =1/T, + 1/1, (1)

where 1/ T} is the intrinsic relaxation rate of the vacuole.
The initial observed T,-weighted T, and T,,, in the ab-
sence of Mn?*, do not equal the intrinsic relaxation
times of the vacuole, but are also affected by exchange
between vacuole and cytoplasm. The vacuolar sap is a
relatively dilute solution of ions and vacuolar water and
can be considered as bulk water with 75 = T} ~ 2.4 s.
Therefore, T, should be equal to T,, which is indeed

observed for the plateau in region II, with observed val-
ues T,-weighted T, = T, = 0.66 s. From Eq. 1, ¢, can
now be calculated and was found to be 0.9 s. When ¢, is
controlled by the membrane permeability and not by
rate-limiting diffusion the proton permeability coeffi-
cient P, of the tonoplast can be calculated. This condi-
tion is fulfilled, assuming a spherical geometry for the
vacuole, if 3Dt,/r? > 1. We determined from NMR dif-
fusion measurements for apple tissue r = 66 um and D =
2.2107°m?s~! (Snaar, J. E. M., and H. Van As, unpub-
lished results) yielding 3Dt,/r?> = 1.36. The tonoplast
permeability is therefore rate-limiting. The P, can be cal-
culated using

Py =V[(4L) = r/(3t,) (2)

A value for P4 of 2.44 1075 m s™! is calculated for the
tonoplast.

Published water permeability measurements for
plants indicate a wide range of values. Values differing
by a factor of 10 or more have been measured with NMR
e.g., the P, for ivy bark was estimated to be 3-10~*
m-s~! (9), for Nitella cells a value of 2.5- 10> m-s™!
has been reported (15). A mutual comparison cannot
simply be made, nor can it be assumed that the widely
different P, values represent a difference between spe-
cies, due to variation in membrane permeability, since
the methods by which the values are obtained are differ-
ent. For example, the relaxation time found for a sample
without paramagnetic ions has been used as the intrinsic
T,orT,(4),and the P, obtained from a two-component
solution (9) may represent the tonoplast P, or an aver-
aged tonoplast/plasmalemma P, on the other hand.

General remarks

Up to now the interpretation of relaxation data, T, or
T,, has been based on analysis of decay curves into, at
the most, two exponentials. The long relaxation times
are ascribed to intracellular bulk water, and the short
times to cell wall and extracellular bulk water. Water in
the cytoplasm has either been included in the intracellu-
lar fraction (9) or has been associated with the mem-
branes and cell wall (4, 5). By contrast, we found two T',
and three T,-weighted T, and T, relaxation times as a
result of our improved method (10) to measure these
relaxation times. Differences between fast or interme-
diate/slow exchange between vacuole and cytoplasm
with respect to T, and T, relaxation, respectively, can
explain the different number of exponentials found for
T, or T,. Whereas the T,-weighted T, times reflect T,-
and T,-exchange kinetics (10), again three T,-weighted
T, values are observed. The difference between T';- and
T,-exchange kinetics also explains the different time de-
pendence of T, and T, for apple tissue exposed to Mn?*:
the T, results show different patterns for each T, compo-
nent, in contrast to the 7', results. This difference does
not necessarily hold for all types of plant tissue. Gener-
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ally, accurate T, measurements yield more detailed in-
formation on the partitioning of water in subcellular
compartments in plant tissue than 7, measurements.
The combination of measurements of different relax-
ation times gives not only insight in the origin of frac-
tions but also on the transport properties of water.
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