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Mild rehydration from the gaseous phase of the developing and mature lyophilized wheat photosynthetic
membranes was investigated using hydration kinetics, adsorption isotherm and high power proton relaxometry.
Hydration time courses are single exponential for all target air humidities; the hydration time t" equals to
(11.9 £ 3.6) h for the mature membranes, and (17.0 & 3.2) h for the developing membranes. The sorption isotherm
is sigmoidal in form and well fitted using the Dent model; the mass of water saturating primary binding sites
equals AM/mo = 0.033 £ 0.013 and 0.025 £ 0.007 for the mature and for the developing membranes, respectively,
where mg is the dry mass of the sample, and AM is mass of water taken up. Proton free induction decays
distinguish: (i) an immobilized proton (Gaussian) component, So, originating from protons of solid matrix of
lyophilizate; (ii) a Gaussian component, S1, from water bound to the primary water binding sites and localized
in proximity of paramagnetic ions; (iii) an exponentially decaying contribution, L1, from water tightly bound to
lyophilizate surface; and (iv) exponentially decaying loosely bound water pool, Ls. A significant contribution of
water “sealed” in the structure of lyophilized membrane (from the fraction S1 and Li) is detected. The mass
of “sealed” water fraction is AMs/mo = 0.047 £ 0.023 and 0.072 4 0.021 for the mature and for the developing

membranes, respectively.

PACS numbers: 82.56.Na

1. Introduction

Drought stress is one of the main factors limiting plant
growth. The physiological responses of plants including
reduction in photosynthetic activity, stomata closure, al-
teration in respiratory rates and changes of osmotic po-
tential result, among others, from inhibition of the pho-
tosynthetic electron transport and perturbations of mem-
branes structure [1]. Plants differ in their susceptibility
to drought stress. Apart from a number of species which
are tolerant to a mild water deficit, among higher plants,
one can find a plant group resistant to almost complete
desiccation named resurrection plants [2]. Not only they
can survive equilibration with air of 0% relative humidity
but also they resume normal metabolic processes upon
rehydration. A pronounced example of drought and cold
resistance are lichens. They can perform photosynthetic
activity below 0°C, at the temperatures below the ice
crystallite formation in extracellular spaces. They can
take water directly from gaseous phase ([3] and references
therein).

While considerable body of evidence has been accumu-
lated about mechanisms involved in protecting plant cells
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from dessication-induced damage, less is known about
the molecular mechanisms accompanying rehydration of
the cells and subcellular structures. A convenient model
for studying a recovery from the state of dessication are
freeze-dried photosynthetic membranes.

There is still no agreement, how far the lyophilizate of
photosynthetic membranes resembles (and/or preserves)
the structure of the native membrane. It is still in de-
bate whether photosynthetic membrane lyophilizates re-
tain lamellar phase. However, upon rehydration they re-
turn to lamellar phase with the significant contribution of
the small membrane fragments from the disrupted lamel-
lae [4, 5].

A key factor for understanding the molecular mecha-
nism of recovery of metabolic activity of cell structures
during rehydration is knowledge about number and dis-
tribution of water binding sites, sequence and kinetics
of their saturation, as well as formation of tightly and
loosely bound water pools at different steps of rehydra-
tion process.

Mild rehydration was performed from gaseous phase in
the atmosphere with controlled humidity. The hydration
kinetics, the sorption isotherms, and proton free induc-
tion decays (FIDs) for different hydration level were ana-
lyzed. Photosynthetic membranes were isolated at early
stages of greening (24 h of light after 6 days in darkness),
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or from fully developed chloroplasts [6]. For all samples
the hydration kinetics was well fitted by the single expo-
nential function, whereas the sorption isotherm revealed
the sigmoidal form [7, 8], with decreased contribution of
high affinity water binding sites as compared to that for
lichen thalli [9, 10]. The hydration isotherm observed
by proton FIDs shows the presence of water “sealed” in
the structure of lyophilizate, which is not removed by the
freeze-drying procedure.

2. Materials and methods

Fully developed (mature) thylakoid membranes free of
stroma proteins were isolated from wheat ( Triticum aes-
tivum L.) var. Jara, grown for seven days in white light
(20 W m~2). Photosynthetic membranes at earlier stage
of greening were isolated from wheat seedlings grown for
six days in darkness and subsequently illuminated for
24 h with white light. The isolation procedure was as
described previously [11], however, a 0.067 M phosphate
buffer, pH 7.3 containing 0.5 M sucrose was used instead
of Tris-HCI buffer. Obtained preparations of photosyn-
thetic membranes were freeze-dried and stored desiccated
at +4°C in darkness. Prior to the hydration courses
the lyophilizate was incubated for 48 h over silica gel
(p/po = 0%).

The hydration time-courses were performed with con-
trolled humidity, at room temperature (t = 22°C), over
the surface of HsPOy4 (p/po = 9%), over the surfaces of
saturated solutions of CaCly (p/py = 32%), NayCraO7
(p/po = 52%), NaQSQO?, (76%), KQCI‘O3 (88%), NaQSO4
(93%), and over a water surface (p/pyp = 100%). After
completing the hydration courses, the dry mass of the
photosynthetic membrane was determined upon heating
at 70°C for 68 h. Higher temperatures were not used
as they could cause decomposition of some organic con-
stituents of the membrane [12].

Proton FIDs were recorded on WNS-65 high power re-
laxometer (Waterloo NMR Spectrometers, St. Agatha,
Ontario, Canada). The resonance frequency was 30 MHz;
the trasmitter power was 400 W; the pulse length 7/2 =
1.25-1.50 ps. The high power of the pulse allowed us
to observe the total proton signal. FIDs were acquired
using Compuscope 2000 card in an IBM clone computer,
and averaged over 1000 accumulations. Repetition time
was 2 s.

The data obtained were analyzed using the one-
-dimensional, FID analyzing procedure of the two-
-dimensional data (in time domain) NMR signal-
-analyzing program CracSpin written at the Jagiellonian
University, Cracow [13].

3. Results

The hydration courses for lyophilized wheat photosyn-
thetic membranes performed from the gaseous phase at
the relative humidity, p/po, in the range between 9% and
100%, were fitted well by a single exponential function
(see Fig. 1)

Am/mg = B" 4+ AM[1 — exp(—t/t")], (1)
where Am/myg is the relative mass increase, B" is the
saturation hydration level for the very tightly bound wa-
ter fraction (not removed by incubation at p/py = 0%),
t? is the corresponding hydration time constant, and A"
is the saturation level hydration for bound water. The
value of B", averaged over all hydration courses equals to
0.021 + 0.004 for mature membranes, and 0.022 & 0.005
for developing membranes. Although B exceeds that
value (0.009+0.003) for ethylenediamine tetraacetic acid
(EDTA) washed photosynthentic membranes [14], it is
noticeably lower than that for Antarctic lichens [9, 10].
This may suggest lower density of primary water binding
sites on the surfaces of lyophilized photosynthetic mem-
brane compared to the total surface of the cell compo-
nents of thallus. The hydration time constant for bound
water fraction ¢, equals (11.943.6) h and (17.0£3.2) h
for the mature and for the developing photosynthetic
membranes, respectively. A saturation hydration level
of bound water fraction, A", increases gradually with in-
creased humidity.
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Fig. 1. The rehydration of wheat photosynthetic mem-
brane lyophilizate from gaseous phase at different values
of relative humidity, p/po, recorded as relative mass in-
crease, expressed in units of dry mass, Am/mo. (a) Ma-
ture photosynthetic membranes, (b) developing mem-
branes. The error bars are within the plot symbols.

The total saturation hydration level C" = AP + B,
obtained at a given relative humidity, p/py, was taken
for construction of sorption isotherm.

For the wheat photosynthetic membrane lyophilizate
the adsorption isotherm reveals a sigmoidal form (Fig. 2),
which is usually well fitted by the Dent [7, 8] and/or the
BET [15] model. Both models distinguish two types of
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water binding sites on the surfaces of the system investi-
gated, namely, (1) “primary” water binding sites (directly
to the adsorbent surface); and (ii) “secondary’, usually
weaker, water binding sites (to the primary bound wa-
ter molecules, to the previous water layers, or to the low
affinity surface binding sites). The difference is that the
BET model takes a fixed value of the ratio of the num-
ber of binding sites covered by n water molecules to that
covered by n — 1 water molecules, b = S,,/S,,_1|p=1 = 1
(which is an artificial assumption), whereas in the Dent
model this ratio may be varied between 0 and 1 (to some
extent simulating the droplet formation). The molecu-
lar parameters are the escape rate for primary binding
sites, Cy; the escape rate for the secondary binding sites,
C; and the binding rate, a. The parameter b can be
expressed as b = (apg)/C.

0.2 )

Mature membranes

Am/mo

Developing membranes Q

0.0 0.2 0.4 0.6 0.8 1.0
h (=p/p,)

Fig.2. The sorption isotherms for lyophilizate of wheat
photosynthetic membranes. The values of h (= p/po)
represent the relative humidity and the values of rela-
tive mass increase, Am/my, are taken as the saturation

values, C" = A" + B", from hydration kinetics Eq. (1).
(a) Mature membranes, (b) developing membranes.

The isotherm for both models is described by the for-

mula

Am  AM bih 9

mo o mo (1—bh)(1+b1h—bh)’ ( )
where h is relative humidity p/po, expressed in absolute
units, and AM/mg is the mass of water saturating pri-
mary binding sites. At A = 1 the contribution of empty
primary binding sites, S, is expressed through the recip-
rocal of by as 1/by = Sy/S1|h=1 = Co/(apo).

The data fits to Eq. (2) yield the values of sorption
isotherm parameters. The mass of water saturating the
primary water binding sites, AM/mg = 0.033 £ 0.013
for mature membranes and 0.025+0.007 for developing

membranes, which resembles very tightly bound water
amount detected in hydration kinetics. For mature mem-
branes the model parameter b, indicating the applicabil-
ity of the Dent model, is equal to 0.863 £ 0.045, whereas
for developing membranes it is 0.900 4 0.027. The con-
tribution from empty binding sites at h = 1 is given by
1/b; = (37.1 £ 64.3)% (expressed as percentage) for ma-
ture membranes and (16.9+40.6)% for developing mem-
branes. The instability of 1/b; excludes fine discussion
on the empty binding site proportion in mature and in
developing photosynthetic membranes.

Proton free induction decay of photosynthetic mem-
branes is well fitted by the superposition of two Gaussian
components coming from the immobilized protons, with
the amplitudes Sy and 57, respectively; and two expo-
nential components from mobile protons, Ly and Lo,

FID(t) = So exp(—(t/T¢ 0)*) + S exp(—(t/T¢;1)°)

+Lyexp(—t/T5p,) + Lo exp(—t/T5p, ), (3)
where T¢, ; and T ; are the proton spin-spin relaxation
times of immobilized components taken as the 1/e-value
of Gaussian solid signals; 757 and 7157 are the relax-
ation times of proton liquid fractions, L, and Lo, respec-
tively. A typical FID is shown in Fig. 3. The 1/e-value
instead of the one-half value for solid Gaussian curve al-
lows one a direct comparison between the several char-
acteristic time constants describing FID [16-18].
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Fig. 3. (a) Proton free induction decay recorded
for lyophilizate of mature wheat thylakoid membrane
recorded at 30 Hz; the pulse length 7/2 = 1.25 us. The
relative mass increase was Am/mo = 0.036. Solid line
represents a least squares fit of Eq. (3). (b) The resid-
ual function calculated as a difference between fits and
recorded values of FID signal, which for any recorded
point does not exceed 2.46%.

The hydration dependences of the proton relaxation
times for dehydrated lyophilizates of wheat thylakoids
are shown in Fig. 4. The relaxation time T¢, 5 ~ 20 us
(for the shortest Gaussian component) depends only
weakly on hydration level of the sample with the value
T¢ o =~ 20 ps. This value is close to the value obtained for
the other photosynthetic membrane lyophilizates [14], for
lichen thalli, and for numerous solid tissues such as den-
tine, dental enamel, the shells of moluscs, bark and bast
(e.g. [17] and references therein). Thus, we assigned the
immobilized proton component Sy to (i) the solid matrix
of the wheat thylakoid lyophilizate.
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Fig. 4. The hydration dependence of proton FID relax-
ation times for (a) mature wheat thylakoid membranes,
and for (b) developing membranes. Solid Gaussian, So
— closed squares, immobilized water (Gaussian) com-
ponent, S; — dashed squares, tightly bound water, L
component — dashed triangles, and loosely bound wa-
ter, Lo fraction — open triangles.

At initial stages of rehydration the amplitude of the
second (ii) Gaussian component, S7, increases with hy-
dration level which means that this component comes
from water bound to the surfaces of the lyophilizate.
The Gaussian form of the decay and the short value of
1/e-time, T¢ ,, suggests that S; component comes from
immobilized fraction of water, bound to the primary
binding sites on the membrane surface. As the value
of T¢, | does not change monotonically with the hydra-
tion lével, and equals to ca. 50 pus, we suggest that it is
a homogeneus fraction of water. The contribution of the
Sy fraction at the hydration level equal to Am/mg =0
is called S1,9. The Gaussian signal fraction S; vanishes
in the case of the thylakoid membranes washed in 1 mM
EDTA [14], that also removes the non-functional param-
agnetic manganese pool [19-21]. Related to a decrease
in partial molar volume and entropy, the ordering effect
of water molecules that surround hydrated paramagnetic
ion has been already suggested for ions in solution [22].
Evidently, the ordering effect for ion immobilized on the
surface should be magnified.

The observed water components are differentiated by
their mobility and, thus, for L and Lo, by their binding
and/or proximity to the thylakoid (immobilized matrix)
surfaces.

The amplitude of exponentially decaying mobile frac-
tion L; (iii) increases with the increasing hydration level.

However, its value of spin—spin relaxation time equals ca.
80 ps, and this value does not change monotonically with
the hydration level. This resembles the tightly bound wa-
ter signal for the photosynthetic membrane lyophilizates
[14], for lichen thalli, and for solid tissues such as den-
tine, dental enamel, the shells of moluscs, bark and bast
(e.g. [17] and references therein), as well as that of the
control porous glass [23]. Thus, we assigned the L sig-
nal component to tightly bound water (presumably first
hydration shell). The intercept that yields the contribu-
tion of the L fraction at the hydration level equal to
Am/mg = 0, is called Ly 9/So.

The amplitude of the (iv) long exponential component,
Lo, linearly increases with the increasing hydration level
with the dependence Lo/Sp = (2.879 % 0.254)Am/my
for the mature membranes, whereas for photosynthetic
developing membranes with the dependence: Ly/Sy =
(2.386 £ 0.131)Am/mg (see Fig. 5). The relaxation
time 75, increases with the increasing hydration level
(Fig. 4), which suggests that this component may be an
average of some proton subsystems being in fast exchange
regime [24]. For higher hydration levels the 75, = values
are of the order of 1 ms. Thus, the Lo component is a
loosely bound water fraction, or free water. The spin—
spin relaxation times 757 measured in FID experiment
are shortened by By 1nh0m0geneltles [25]:

1 1 AB
T* T : 2 x )
2

where 75 is spin—spin relaxation time, 7 is gyromagnetic
ratio, and A By is a change of magnetic field By within the
sample. Although the solid and short exponential com-
ponents in the FID experiment are not changed by A By
as compared to those measured by the Carr—Purcell-
Meiboom-Gill (CPMG) echo train, the measured T3,
are significantly shortened and may be average T3y, val-
ues of several loosely bound water pools, e.g. extra- and
intramolecular loosely bound water pools.
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Fig. 5. The S1/So, L1/So, and L2/So hydration de-

pendences for (a) mature, and (b) developing wheat
thylakoid membranes.

The non-zero contributions of both tightly bound wa-
ter fractions, S7 and Li, in dry lyophilizate equal to
S1,0 and L, respectively, and they may suggest the
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presence of “sealed” water pool, which does not leave
the wheat photosynthetic membrane during lyophiliza-
tion procedure [14].

The hydration of total liquid signal, (S;+ L1+ La)/So,
expressed in units of solid, Sy, is well fitted by the linear
function (see Fig. 6)

(Sy + L1 + Ly)/So = (3.927 + 0.585) Am/my

+(0.224 £+ 0.064) (5a)
for mature membranes, whereas for the developing mem-
branes by the function

(Sl + L1+ LQ)/SO = (2988 + O3O7)Am/m0

+(0.213 £ 0.038). (5b)
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Fig. 6. The (S1+L1+L2)/So hydration dependence for

(a) mature wheat thylakoid membranes, and for (b) de-
veloping membranes rehydrated from lyophilizate. The
solid line was calculated from Eq. (5).

The linear form of the total liquid signal hydration
dependence suggests the absence of water soluble solid
fraction in the samples. Otherwise, the hydration depen-
dence is described by the rational function [18, 26].

The slope of the total liquid signal hydration depen-
dence (S1 + Ly + L2)/Sp yields a scaling factor of NMR
signal to mass of water taken up, thus, allows to eval-
uate the contribution of sealed water fraction in units
of dry mass. For the mature membranes the contribu-
tion of sealed water AMg/mo = 0.057 £ 0.018 (equal
to S1,0 + L1,0); whereas for the developing membranes
the contribution of sealed water equals AMg/my =
0.071 +0.015.

The total liquid signal hydration dependence may be
used to construct the NMR-isotherm, with the same
sorption parameters (AM/myg, b, and by) obtained from

gravimetry. Only the constant water component, A,
“sealed” in membrane structures, and the proportionality
coefficient k, scaling NMR signal in units of water mass,
should be fitted. The proportionality coefficient depends
on the ratio of the screening effect on the liquid signal
to that on the solid signal caused by paramagnetic ions
present in the system. This method allows the combina-
tion of the classic sorption isotherm with NMR hydration
data.
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Fig. 7. Sorption isotherm fitted to total FID proton

signal for water hydrating (a) mature wheat thylakoid
membranes and (b) developing membranes. Open cir-
cles — experimental data, solid line — the Dent model
Eq. (6) , dotted line — “sealed” water signal.

The normalized amplitude of NMR total liquid signal
expressed as a function of h was fitted to the function
(see Fig. 7)

S1+ Ly + Lo
So

—A+k

(h)

AM bih 6
mo (1 —bh)(1+bih —bh)’ (6)
The solid line was calculated from Eq. (6) with best-fit
parameters k = 4.715 + 0.601 and A = 0.174 + 0.060
for mature membranes, and k£ = 2.968 + 0.306 and
A =0.213+0.038 for developing membranes. The values
of A and k parameters yield AMg/mo = 0.037 + 0.014
and AMg/my = 0.072 £ 0.015 for mature and develop-
ing membranes, respectively. These parameter values are
consistent with values obtained from the hydration de-
pendence of total liquid signal (Fig. 6, Eq. (5)).

4. Discussion

The mass of water saturating the primary water bind-
ing sites (very tightly bound water fraction in hydration
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kinetics), AM/my, in lyophilized photosynthetic mem-
branes is lower than in dry lichen thalli [3]. The differ-
ence in the number of empty “primary” water binding
sites at h = 1, is not clearly seen because of high errors
of the 1/b; parameter fitted. However, both parameters
monitoring water binding on membrane surface suggest
the decreased “primary” bound water fraction in mature
photosynthetic membranes compared to developing ones.
This may reflect the proportions of hydrophilic and hy-
drophobic components in these membranes. Fully devel-
oped antenna complexes containing high proportion of
photosynthetic pigments may contribute to a more hy-
drophobic character of the mature photosynthetic mem-
branes.

Proton NMR data revealed the presence of significant
fraction of water, which is retained in dry lyophilizate.
As both S; fraction and L; fraction contribute to sealed
water pool, this pool, equal to S; ¢ + L; o, is not dis-
tinguished by the proximity to the lyophilizate surfaces
but it is rather formed in closed spaces present in freeze-
-dried membranes. Its mass AMg/mg (in units of mg
and averaged over the values obtained using several ap-
proaches) equals AMg/mo = 0.047 + 0.023 for the fully
developed membranes, and AMg/mg = 0.072+0.021 for
the membranes at the early stage of greening. In the
case of both membrane types, the contribution of sealed
water, AMg/mg, exceeds twice the contribution of water
saturating primary water binding sites, AM /my.

The fraction of “sealed” water may be a water in
the lumenal space of thylakoid vesicles, or retained in
supramolecular structures formed by proteins and lipids.

The formation of various lipid phase structures can
be described by the concept of lipid molecular shape
[27]. This approach explains why the most abun-
dant lipid in thylakoid membranes, monogalactosyldia-
cylglycerol (MGDG), with its small polar headgroup and
long polyunsaturated acyl chains, form preferentially Hyy
phase, whereas digalactosyldiacylglycerol (DGDG) pro-
ducing a more cylindrical shaped molecule forms L,
phase. The presence of Hy; phase has been detected in
the native photosynthetic membranes [5, 28] as well as
in model systems containing MGDG [29]. Moreover, in
mixtures of MGDG and DGDG and in the mixtures of
all thylakoid lipids, cubic phase structures are formed
[30, 31]. In this type of structure, the water forms two
independent and interwoven branched channels. At each
branching point, three branches meet. A monolayer of
lipids surrounds each water channel. The hydrocarbon
chain from one monolayer meets ones from the other,
forming a branched bilayer between water channels. The
occurrence of such unique lipid structures in thylakoid
membranes seems to offer a good explanation for the high
fraction of “sealed” water found in our studies.

In the darkness, etioplasts are present which contain
inner membranes differentiated into prothylakoids and
one or two prolamellar bodies. In the light, the prolamel-
lar bodies loose their regular structure and disperse into
planar membranes. During this process the membrane is

first perforated and later the holes close and thylakoids
are formed. It was found that in relatively short time,
after the 2 h illumination, the activity of photosystem I
(PSI) appeared followed by photosystem II (PSII) activ-
ity, which requires about 6 h light treatment.

Moreover, during development, the amount of lipids
per plastid increases three times. The fact that the lag
phase for lipids, which is 6-8 h from the beginning of
the light treatment, is longer than that for chlorophyll
biosynthesis points to the reorganization into the devel-
oping thylakoid.

However, considering the difference between develop-
ing and mature membranes, the key factor seems to be
their architecture. In the case of matured chloroplasts,
there is a profound increase in the number of membranes
arranged in the grana stacks [31]. It has been found
that mediated by the light harvesting complex (LHCy)
stacking of thylakoid membranes is observed only in the
presence of MGDG, that is considered as a driving force
of this process. The recent work of Simidjiev [32] shows
that MGDG interacts strongly with LHCy;. Importantly,
these are LHCy; helices, which presumably force MGDG
to adopt a bilayer structure. What is still unknown is the
mechanism of the membrane stacking in the presence of
MGDG. One must bear in mind that uncharged galac-
tose headgroup of MGDG is difficult to hydrate. It could
be expected that rather than hydrogen bonding to water,
strong hydrogen bonds will be formed between adjacent
galactose headgroups. This hydrogen bonding potential
may lead to the formation of stacked membranes in the
presence of MGDG. Worth mentioning is the fact that
thylakoid membrane stacking process is still in progress
for developing membranes even when the photosystems
activity is already observed. Altogether, such reasoning
is consistent with our studies suggesting higher number
of empty “primary” water binding sites found for the ma-
tured membranes compared to that of developing ones.
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